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Resum

L’orografia t¢ un impacte molt important en la circulaci6 del vent i en la
precipitacié a totes les escales, des de la microescala fins a la macroescala. La complexitat
1 la singularitat de les interaccions entre el relleu i I’atmosfera fan que el seu estudi sigui
complicat. En aquesta tesi es pretén aportar nous coneixements sobre aguestes
interaccions, posant émfasi en 1’estudi de la microescala i la mesoescala. Per a fer-ho ens
hem focalitzat en la resolucié de problemes concrets. D’aquesta forma, s’han utilitzat
diferents metodologies i fonts de dades per a tractar cadascuna de les tres parts en que

esta composta aquesta tesi.

En la primera part s’ha realitzat una caracteritzacié dels extrems absoluts de
precipitacié a Espanya a diverses escales temporals. Utilitzant tots els registres de les
bases de dades de precipitacié d’AEMET es presenten els récords historics de pluja per a
escales que van dels 10 minuts fins als 2 anys. S’ ha estudiat que ’escalat d’aquestes dades
és compatible amb una llei potencial del tipus R = a D® on R és la precipitacid per a una
pluja extrema de durada D. Finalment s’ha caracteritzat la variabilitat regional i estacional
d’aquest escalat. Els resultats de 1’analisi mostren que la proximitat al mar i la influéncia
orografica son elements claus en la localitzacié d’aquests extrems a Espanya. Tot i aixi,
I’orografia té una influencia menor per a escales curtes mentre que aquesta €és major a

escales llargues.

En la segona part s’ha estudiat la precipitacid hivernal i les circulacions de
muntanya a la vall de la Cerdanya (Pirineus Orientals) des del punt de vista microfisic,
utilitzant dades de sensors no convencionals, tant remots com in-situ. En concret, s’ha
analitzat les mesures del disdrometre Parsivel i del Micro Rain Radar (MRR) obtingudes
durant la campanya experimental Cerdanya-2017 realitzada en el marc del projecte
ATMOUNT, i s’han desenvolupat i aplicat noves metodologies per a 1’analisi d’aquest
tipus de dades. Després de descriure els episodis de precipitacié ocorreguts durant la
campanya s’ha analitzat la precipitacio global, tant de la neu com de la pluja des del punt
de vista microfisic. S’ha examinat com responen els perfils de precipitacio a diferents
fenomens, com per exemple, al pas d’un front calid, i s’ha observat i comprovat la
existéncia d’un desacoblament entre la precipitacio solida i la circulacié atmosférica a

nivells baixos de la vall.



En la tercera part s’ha estudiat com interacciona la circulacié atmosferica a nivells
baixos davant I’orografia costanera del litoral catala. En concret, s’ha identificat i
analitzat la resposta ageostrofica mesoescalar de I’aire en forma de corrents de densitat
atrapades per la costa (CTDs en les seves sigles en anglés), que pot comportar greus
conseqiiéncies en seguretat 1 perdues economiques a 1’acroport de Barcelona. Després de
realitzar una climatologia d’aquest fenomen a la zona per tal de caracteritzar-lo, s’ha
estudiat en detall I’origen dinamic d’aquestes pertorbacions mitjangant analisis d’escala i
dels seus mecanismes de forgament. També s’ha analitzat el rol que té I’escalfament dilirn
en el desenvolupament i durada d’aquest fenomen, per tal de millorar la seva

predictibilitat en el futur.

Aquests estudis pretenen contribuir en 1’aprofundiment del coneixement de les
interaccions orografiques tant en la precipitacido com en les circulacions mesoescalars
induides pel relleu, de forma que a la llarga puguin contribuir a la millora les estimacions
de precipitacio en zones d’orografia complexa aixi com els models conceptuals i numerics

de prediccio.



Resumen

La orografia tiene un impacto muy importante en la circulacion del viento y en la
precipitacion en todas las escalas, desde la microescala hasta la macroescala. La
complejidad y la singularidad de las interacciones entre el relieve y la atmosfera hacen
que su estudio sea complicado. En esta tesis se pretende aportar nuevos conocimientos
sobre estas interacciones poniendo énfasis en el estudio de la microescala y la mesoescala.
Para realizarlo nos hemos focalizado en la resolucion de problemas concretos. De esta
forma se han usado distintas metodologias y fuentes de datos para tratar cada una de las

tres partes que componen esta tesis.

En la primera parte se ha realizado una caracterizacion de los extremos absolutos
de precipitacion en Espafia a distintas escalas temporales. Usando los registros de las
bases de datos de precipitacion de AEMET se presentan los récords histéricos de lluvia
para escalas que van desde los 10 minutos hasta los 2 afios. Se ha estudiado que el
escalado de estos datos es compatible con una ley potencial del tipo R = a D donde R es
la precipitacion medida para una lluvia extrema de duracion D. Finalmente se ha
caracterizado la variabilidad regional y estacional de este escalado. Los resultados del
analisis muestran que la proximidad del mar y la influencia orografica son elementos
clave en la localizacién de estos extremos en Espafia. A pesar de ello, la orografia tiene
una influencia menor para escalas cortas mientras que esta es mayor para escalas de

tiempo largas.

En la segunda parte se ha estudiado la precipitacion invernal y las circulaciones
de montafia en el valle de la Cerdafia (Pirineos Orientales) desde el punto de vista
microfisico, utilizando datos de sensores no convencionales, tanto remotos como in situ.
En concreto, se han analizado las medidas del disdrometro Parsivel y del Micro Rain
Radar (MRR) obtenidos durante la campafa experimental Cerdanya-2017, realizada en
el marco del proyecto ATMOUNT, y se ha desarrollado y aplicado nuevas metodologias
para el andlisis de este tipo de datos. Después de describir los episodios acontecidos
durante la campafia, se ha analizado la precipitacion global, tanto de nieve como de la
lluvia des del punto de vista microfisico. Se ha examinado mediante casos de estudio
como responden los perfiles de precipitacion a distintos fendmenos, como por ejemplo el

paso de un frente calido. También se ha observado y comprobado la existencia de un



desacoplamiento entre la precipitacion sélida y la circulacion atmosférica a niveles bajos

del valle.

En la tercera parte se ha estudiado como interacciona la circulacion atmosférica a
niveles bajos ante la orografia costera del litoral catalan. En concreto, se ha identificado
y analizado la respuesta ageostrofica mesoescalar del aire en forma de corrientes de
densidad atrapadas por la costa (CTDs en sus siglas en inglés), que pueden comportar
graves consecuencias en seguridad y pérdidas economicas en el aeropuerto de Barcelona.
Después de realizar una climatologia de este fendmeno en la zona para asi caracterizarlo,
se ha estudiado en detalle el origen dindmico de estas perturbaciones mediante el analisis
de escala y de sus mecanismos de forzamiento. También se ha examinado el rol que tiene
el calentamiento diurno en el desarrollo y duracién de este fendmeno, para asi mejorar su

predictibilidad en el futuro.

Estos estudios pretenden contribuir a la profundizacién del conocimiento de las
interacciones orograficas tanto en la precipitacion como en las circulaciones
mesoescalares inducidas por el relieve, de forma que a la larga puedan contribuir a
mejorar las estimaciones de precipitacion en las zonas de orografia compleja, asi como

los modelos conceptuales y numéricos de prediccion.



Abstract

The orography of a region has a large impact on the precipitation and the
circulation of the wind at all scales, from the microscale to the macroscale. However, the
study the interactions between the relief and the atmosphere is difficult due to their
singularity and complexity. This thesis intends to improve the knowledge of those
interactions, with emphasis on microscale and mesoscale. To do this, several
methodologies and data sources have been used to deal with each of the three parts in
which this thesis has been divided.

The first part characterizes the absolute extreme precipitation records in Spain on
different temporal scales. Using all the records of the AEMET precipitation databases,
the highest historical point-based rainfall values are presented for scales ranging from 10
minutes to 2 years. It has been stablished that these data are compatible with a power-law
scaling R = a D® where R is the maximum rainfall record achieved during duration D.
Finally, the regional and seasonal variability of the scaling law have been characterized.
The results of this analysis show that the proximity to the sea and the orographic influence
are key elements to achieve a record in Spain. However, the orography has less influence

on short scales and higher influence in large scales.

Winter microphysical precipitation and mountain circulations in the Cerdanya
valley (Eastern Pyrenees) have been studied in the second part of this thesis using non-
conventional instrumentation both remote sensing and in-situ measurements. In particular,
data from a Parsivel disdrometer and from a Micro Rain Radar (MRR) measured during
the experimental campaign Cerdanya-2017 has been analyzed. New methodologies for
the analysis of this kind of data have been developed and applied. Having described the
precipitation events occurred during the campaign, global precipitation for both the snow
and rain have been analyzed from the microphysical perspective. The results in this part
show the response of the precipitation profiles for different phenomena, for example a
warm front passage or the existence of a decoupling between the snow and the low-level

valley induced circulations.

The third part studies the interaction of the low-level atmospheric circulation and
the coastal orography on the Catalan coast. Specifically, the mesoscale ageostrophic
reaction of the air have been identified as Coastally Trapped Disturbances (CTDs). CTDs

may become a weather hazard for low-level aircraft operations on the Barcelona airport
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and may produce substantial economic losses. A climatology of CTDs in this area has
been performed in order to characterize these phenomena, and the dynamic origin of the
disturbances have been studied using scale analysis and examining their forcing
mechanisms. Finally, the role of the diabatic heating on the development and duration of

CTDs have been analysed in order to improve their future predictability.

The results of these studies aim to contribute to a better understanding of the
orographic interactions for both the precipitation and the mesoscale circulations in such
a way they serve to eventually improve the precipitation estimates in complex orography

areas and to make progress in the conceptual models and the numerical weather prediction.
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INTRODUCCIO

“When things are easy, | hate it”
—Ernest Shackleton—

1. Motivacio i estructura de la tesi
Des de temps antics es coneix que les muntanyes modifiquen les condicions

meteorologiques presents en elles i els seus voltants. Sén ampliament coneguts molts
vents que tenen origen en les muntanyes i als quals se’ls hi ha donat noms que avui en dia
encara s’usen com la Tramontana o Tramuntana a Italia i a Catalunya, el Bora als
Balcans, Chinook en les grans planes de Nord America o el Fohn a Suissa i Alemanya.
Les formacions de navols que es generen a les zones de muntanya també sén forca
conegudes, destacant les bandes de navols formats per les ones de muntanya, els nivols
lenticulars o els niivols de bandera que han esdevingut simbol d’algunes muntanyes com
el Penyal de Gibraltar o a la Ciutat del Cap. La influéncia de les muntanyes en el temps
arriba també al refranyer popular, on la dita “S/ els ndvols van cap a la muntanya, posa el
blat a la cabanya; si van cap al pla, posa’l a soleiar” indica com la precipitacié es veu

influenciada per la presencia de les muntanyes.

Aixi, ’interés per entendre com el relleu modifica les condicions meteorologiques
va motivar a que poc després del naixement de les primeres observacions

meteorologiques cientifiques al segle XVII es realitzessin ja les primeres observacions
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especifiques sobre les muntanyes i que al finals del segle XIX es comencessin a fer
observacions completes i sistematiques en observatoris situats en zones de muntanya
(Barry 2008). Tot i aixi, aquests primers observatoris presentaven molts problemes: molts
d’ells han patit grans discontinuitats degut a dificultats pressupostaries o s’han ubicat en
zones de facil accés i no son totalment representatius de la zona. No fou fins als anys 80s
del segle XX quan es van comengar a desenvolupar les primeres campanyes de camp per
tal d’entendre la influéncia de les zones alpines en la meteorologia. Experiments de camp
com I’ALPEX, el MAP (Medina et al. 2005) o el PYREX (Bougeault et al. 1997)
incrementaren notoriament el nostre coneixement de com les zones d’orografia complexa
modifiquen els vents, els fluxos d’energia, la precipitacio, etc. Tot i aixi, I’estudi de com
I’orografia influencia les condicions meteorologiques de I’entorn dista molt d’estar
completa. Les muntanyes modifiquen de moltes formes diverses les caracteristiques
meteorologiques, 1 cada serralada o muntanya ho fa d’una forma diferent, depenent de la

seva altura, latitud, continentalitat, orientacio, etc.

Aguesta tesi pretén aportar nous coneixements en relacio a la influéncia de
I’orografia complexa en les circulacions atmosferiques locals i mesoescalars aixi com en
la precipitacio. Degut a ’amplitud que té aquesta matéria, hem contribuit en diversos
aspectes mitjancant diferents metodologies focalitzant-nos en la resoluci6 de problemes
concrets. D’aquesta forma, aquesta tesi esta organitzada en tres blocs o parts concretes
cadascuna amb I’explicacio dels seus métodes i els coneixements previs per tal de poder
emmarcar la investigacio. En la primera part estudiem com es distribueixen els extrems
absoluts de precipitacié a diferents escales temporal i com la proximitat al mar i
I’orografia repercuteixen en l’assoliment d’aquests extrems. En una segona part ens
centrem en la microfisica de la precipitacio, i especialment en com les circulacions locals
d’origen orografic modifiquen 0 no la distribuci6 de mides de les particules precipitants.
Finalment, en la tercera part estudiem a fons com les situacions de Tramuntana i
I’orografia costanera a Catalunya generen recurrentment circulacions mesoescalars
anomenades pertorbacions costaneres atrapades, un fenomen que fins ara no s’havia
descrit en aquesta zona i que implica canvis sobtats a les circulacions a nivells baixos que

potencialment poden impactar seriosament les operacions aeronautiques a la zona.

2. Objectius

Els objectius cientifics d’aquesta tesi doctoral es descriuen a continuacié en un

marc general o objectius transversals, i uns objectius més concrets o especifics.



2.1. Objectius Transversals

OT1. Analisi de la influéncia de I'orografia complexa en els processos de precipitacié a
diferents escales temporals i espacials.
L’orografia influeix en els processos de precipitacio a diferents escales temporals i

espacials, des de la microescala fins a la macroescala seguint la classificacio d’Orlanski
(1975). Es pretén ampliar el coneixement sobre com son les interaccions entre 1’orografia

i els nuvols precipitants, posant émfasi en 1’analisi conjunt de diferents escales.

OT2. Analisi de les circulacions for¢ades per I'orografia i els fenomens associats.
A part de la precipitacio, 1’orografia afecta a la circulacio troposferica interactuant amb

ella de diferents formes. A Catalunya es coneixen bé les interaccions a escala sinoptica
pero encara es desconeixen moltes interaccions a escales més petites en les diferents
serralades del territori. Es pretén millorar el coneixement de les circulacions
atmosfeériques forgades per I’orografia a mesoescala i estudiar els efectes que provoquen

aquestes interaccions.

2.2. Objectius Especifics

OE1. Determinacid i analisi dels extrems absoluts de precipitacio a Espanya.
Per tal de caracteritzar els episodis de precipitacid és important saber com es distribueixen

els seus extrems. Pero la precipitacio no es comporta igual a diferents escales. Es proposa
I’estudi de la precipitacio extrema mesurada in-situ per diferents escales temporals i
regions, analitzant el seu escalat i la influéncia orografica en la seva consecucio.

OE2. Desenvolupament de metodologies per a I'analisi d'observacions no convencionals.
Durant la campanya experimental ATMOUNT en que s’emmarca una part de la tesi,
s’obtingué una série d’observacions meteorologiques no convencionals a la vall de la
Cerdanya. La combinacio unica d’aquest tipus d’instrumentacié permet 1’analisi en detall
de I’evolucié microfisica del diferents episodis. Perd per poder analitzar tots aquests
episodis és necessari desenvolupar primerament les metodologies i tecniques de treball.
Es proposa 1’elaboraciéo de tecniques comparatives per poder extreure la maxima

informacio de les diverses observacions.

OE3. Analisi de casos d’estudi de precipitacio de muntanya des del punt de vista microfisic.
La complexitat de les interaccions entre els nuvols precipitants i ’orografia ha fet que

aquest sigui un camp d’estudi recurrent en la meteorologia. Actualment hi ha en curs

diversos programes internacionals d’investigacio sobre aquest tema. Es proposa estudiar

17



18

en concret, mitjangant casos d’estudi, els efectes en la precipitacio de les estructures
cinétiques associades a les ones de muntanya, un tema que recentment ha sorgit arran de

diverses campanyes experimentals i el qual encara es desconeixen forca detalls.

OEA4. Estudi de les circulacions i efectes orogrdfics en les masses d’aire durant episodis de
tramuntana-mestral.
Recentment s’ha observat que els episodis de tramuntana-mestral poden produir un

fenomen d’intensificacié del vent en el litoral central catala que suposen un perill
aeronautic. Es proposa realitzar una climatologia del fenomen i identificar la situacié que

causa aquesta intensificacio.

OE5. Analisi de I'origen i mecanismes associats a les irrupcions de vent a la costa del
Mediterrani nord-occidental.
Després d’analitzar la distribucié climatologica del fenomen, es proposa caracteritzar els

mecanismes que els generen mitjangant casos d’estudi. L’estudi detallat d’aquests casos,
analitzant els elements critics per al seu desenvolupament permetra millorar la
predictibilitat d’aquest fenomen i una millora en la seguretat aeronautica durant aquest

tipus de situacio.



PART |l. PRECIPITACIONS EXTREMES EN
ZONES D'OROGRAFIA COMPLEXA

“Meteorology is full of excitingly
fashionable chaos and complexity”
—Terry Pratchett—

1. Conceptes previs
1.1. Precipitacio i orografia complexa

Un dels factors fisics que més modifica la precipitacid, tant a escala local com
global son les muntanyes (Houze 2012). A mesura que els navols precipitants interactuen
amb les muntanyes, les circulacions mesoescalars i la microfisica de la precipitacid és

fortament influida per les caracteristiques del terreny.

A escala global aquesta influéncia és molt evident (Roe 2005). La figura I-1
mostra la precipitacio global en la Terra superposada a una visio idealitzada de la
circulacié atmosférica global i als eixos de les principals barreres orografiques. La
circulacié atmosferica global és el principal factor en la distribucié global de la
precipitacio, i explica molt bé per exemple, la distribucio de molts dels deserts del mon.
Tot i aixi hi ha moltes variacions en la distribucio global de la precipitacio, especialment
longitudinals, que la circulacio global no pot explicar. Vegi’s com a exemple el canvi

longitudinal sobtat que es dona al Con Sud d’América del Sud. Al superposar els eixos
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de les grans serralades al mapa de precipitacid, veiem com moltes d’aquestes variacions
poden ser explicades per la preséncia de grans serralades; en I’exemple anterior per la
serralada dels Andes. Aixi, al llarg de les grans serralades la precipitacié normalment es
maximitza alla on els vents predominants carregats d’humitat impacten sobre la serra,
mentre que a sotavent dels vents predominants es crea una caracteristica ombra

pluviometrica (Roe 2005).

Figura I-1. Distribucié mundial de la precipitacio en relacio a la circulacié atmosférica
global idealitzada (a dalt) i les grans serralades (a baix).

Malgrat que la influencia de les muntanyes en la precipitacié a gran escala és
relativament simple, a escales més petites, la relacié entre 1’orografia i la precipitacio és
molt més complexa (Roe 2005). En una revisio holistica sobre aquesta matéria, Houze
(2012) identifica fins a 12 mecanismes pels quals 1’orografia afecta als nivols precipitants
(figura 1-2). Aquests mecanismes son resumits a continuacio:

(@) Ascens estable. Quan la massa d’aire que s’aproxima a la barrera és estable i
flueix muntanya amunt, a mesura que 1’aire es refreda, pot arribar al seu nivell



de condensacio i formar un navol estratiforme a sobrevent (figura I1-2a). Un
cop condensats, si el creixement dels hidrometeors continua, aquests poden
caure en forma de precipitacio. Aquest fenomen pot ocorrer de forma aillada
o embegut dins d’un sistema frontal. A sotavent, el ndvol generalment
s’evapora, tot i que a vegades se’n poden formar de nous si es produeixen ones
de muntanya de propagacio vertical (Jiang and Smith 2003).

(b) Alliberament d’inestabilitat condicional. Si 1’aire en comptes d’estable és

condicionalment inestable i es forcat a ascendir fins al seu nivell de conveccid
lliure, es formara un navol convectiu (figura I-2b). Aquest mecanisme va
sovint acompanyat de precipitacions intenses, i poden ser extremes en el cas
de que es produeixi un fort transport d’humitat cap a les muntanyes en forma
de Low Level Jet (LLJ) (Lin et al. 2001; Chen et al. 2005) o, per exemple, si
un ciclo tropical interseca les muntanyes (Lin and Witcraft 2006; Quetelard et
al. 2009).

(c) Ascens dilirn. L’aire de les vessants de les muntanyes, a l’escalfar-se

ascendeix i convergeix sobre la cresta de les muntanyes (figura 1-2c). Si arriba
al nivell de condensacié lliure creara un nuvol que pot produir precipitacio
convectiva, en general durant la segona meitat del dia. Es pot donar que
I’escalfament del terreny generi també ones de gravetat que formin noves
cel-lules convectives lluny de les muntanyes (Mapes et al. 2003).

(d) Descens nocturn. El refredament nocturn del terreny genera corrents

descendents que poden convergir amb aire inestable i humit situat a la base de
les muntanyes (figura I-2d). Si les muntanyes es situen a prop de la costa, la
brisa nocturna pot interaccionar amb 1’aire maritim potencialment inestable
produint fortes precipitacions tal i com ocorre durant la tardor al Mediterrani
(Mazon and Pino 2015).

(e) Ascens sobre terreny poc elevat. Com en el mecanisme (a), un nuvol

(f)

precipitant al ascendir per la muntanya genera un maxim de precipitacio a
sobrevent, pero si la muntanya no té una altura suficient, les descendéncies no
evaporen la precipitaci6 a sotavent i el nuvol aixi com les particules
precipitants s’advecten a sotavent del tur6 (figura I-2e).

Procés seeder-feeder. En aquest procés es formen dues capes de navols
separades, un navol precipitant (el seeder) que és advectat sobre un turd que
presenta un navol orografic (el feeder) sobre el seu cim (figura I-2f). Les
particules precipitants del navol elevat creixen per acrecié de hidrometeors
dins del navol orografic, incrementant la precipitacio sobre el turé (Bergeron
1965).

(9) Conveccid associada a ones de muntanya. A sotavent de la muntanya, el

moviment ascendent de les ones gravitatories pot disparar o ajudar al
desenvolupament de la conveccio si les condicions ambientals sén adequades
(Kirshbaum and Bryan 2007), per exemple (figura 1-2g,h).
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Figura I-2. Mecanismes pels quals la orografia afecta als navols precipitants. Font:
Houze (2012).

(h) Efectes de blogueig en la precipitaci6. L’aire a sobrevent d’una serralada que

(i)

és molt estable o que té una velocitat transversal a la cresta molt petita (i.e. té
un nombre de Froude baix) queda bloquejat i no és capag de superar 1’obstacle.
Aquest aire bloquejat pot afectar als sistemes frontals o als sistemes convectius
mesoescalars (figura 1-2i,j), per exemple, aturant-los corrent amunt de la
muntanya (Reeves and Lin 2007). Si el bloqueig es parcial 1’aire pot retornar
a I’equilibri en forma de salt hidraulic, que pot produir un nou ntvol
precipitant a sotavent de la muntanya (Bhushan and Barros 2007).

Inhibicio i dispar de la conveccié profunda. Quan es produeix conveccid
profunda prop de les grans serralades, la configuracio dels vents i I’orografia
pot inhibir-la o enfortir-la. Per exemple, els corrents descendents a sotavent
de les serralades poden generar una inversio que inhibeixi el desenvolupament



de grans navols convectius (figura I-2k). Pero si es trenca la inversio, I’energia
emmagatzemada pot ser alliberada de cop i volta generant violentes tempestes.
Les convergencies sobre un tur6 a prop de les muntanyes (figura I-2l), en un
front, en una dry line o en un corrent de densitat son altres mecanismes que

poden trencar la inversio.
Aquests mecanismes exemplifiquen com [’orografia complexa modifica la
precipitacié ajudant en molts casos a que aquesta s’intensifiqui. ES per tant raonable
pensar que moltes de les precipitacions més abundants puguin estar associades amb

interaccions amb el terreny. Aquest tema ¢és investigat al llarg d’aquest capitol.

1.2. Precipitacions extremes
L’estudi dels registres de les precipitacions extremes, és a dir, els maxims absoluts
de precipitacio registrats, ha estat un tema recurrent durant décades degut a les seves
implicacions per als dissenys hidraulics, per als sistemes d’avisos d’inundacions, per a
les analisis climatologiques, i més recentment en el context del canvi climatic. Ja a la
década de 1920, Wussow (1922) va estudiar els episodis de precipitacio extrema a
Alemanya per periodes compresos entre els 30 minuts i les 24 hores, i va descobrir que

els registres de precipitacié maxima R, expressada en mm, incrementaven amb la duracio

D, en minuts, d’acord a la funcié R = +/20D, i.e. mostrant una dependéncia potencial
entre la quantitat de precipitacié i la duracid, amb un exponent de 0.5. En els anys 50,
Jennings (1950) presenta una col-leccio dels extrems mundials per a 39 periodes de temps
diferents compresos entre 1 minut i 2 anys. Jennings dibuixa aquestes dades en un grafic
log-log de forma que les dades mostraren una dependéncia lineal, consistent amb la
dependencia potencial abans comentada. Més tard, Paulhus (1965) actualitza els registres
de Jennings amb nous valors i considerant 29 registres ajusta una envolvent a les dades
usant un escalat potencial, obtenint 0.475 per al exponent. Aquesta relacié ha estat
anomenada com a Jenning'’s scaling law en diferents estudis com el de Galmarini et al.
(2004), Zhang et al. (2013b,a) o Brefia-Naranjo et al. (2014) i representa la maxima
precipitacié possible donat un periode de temps, de forma que queda limitada per factors
fisics com la disponibilitat d’humitat, la inestabilitat atmosferica, la dinamica a gran
escala o factors orografics. A la figura I-3 es mostra la ubicacié dels maxims mundials

més actualitzats.

Per entendre i estudiar aquest escalat s’han realitzat esforcos substancials, per
exemple, usant la teoria multi-fractal (Hubert et al. 1993), la autocorrelacié estadistica

(Galmarini et al. 2004) o models estocastics autoregressius truncats (Zhang et al. 2013a).
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En el marc de la fisica de sistemes complexos, els processos de precipitacio s’han descrit
formalment, a I’igual que altres sistemes naturals com els terratremols, com a processos

critics auto-organitzats (Peters et al. 2002; Peters and Christensen 2002).
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Figura 1-3. Distribucid geografica dels records de precipitacié mundials. Font: (NWS
2017).

Una aproximacio similar es la que usa Monjo (2016) definint un index n
adimensional descrit com I’exponent de la funcid potencial que s’ajusta a les majors
precipitacions per a distints periodes de temps per a una determinada localitzacio, i que
usa per analitzar episodis de precipitacio individuals. Moncho (2009) i Moncho et al.
(2011) ho aplicaren per tal d’analitzar precipitacions extremes i corbes de Intensitat-
Duracid-Freqliencia. De fet 1’exponent de la funci6 potencial de la llei de Jennings és 1
menys 1’index n. Monjo i Martin-Vide (2016) usaren una versio de I’index n per mesurar
la concentracid climatica de la precipitacio diaria de precipitacié al voltant del mon,
mostrant un comportament fractal. Finalment, altres estudis han adrecat les propietats de
les precipitacions a diferents escales per a localitzacions determinades tal com Burlando
i Rosso (1996), Carmen Casas et al. (2010) o Pérez-Zanon et al. (2016).



2. Metodologia i Dades

2.1. Extrems de precipitacié a I'Estat espanyol

Per tal d’obtenir els extrems de precipitacié per a diferents durades a 1’Estat
espanyol, hem realitzat 1’analisi complet de totes les bases de dades de 1’ Agencia Estatal
de Meteorologia (AEMET) que cobreixen tot el territori espanyol, incloent la peninsula
Ibérica, les illes Balears i I’arxipelag canari (Figura I-4). Les caracteristiques més
importants de les quatre bases de dades utilitzades estan recollides en la Taula I-1. Les
dades han passat diferents controls de qualitat pel Departament de Climatologia
d’AEMET (AEMET 2009) de forma que cada registre té un flag de qualitat amb dos
possibles estatus: valid i sospitos (els registres no valids s’han eliminat de les bases

utilitzades). D’aquests dos estatus, només les dades valides s’han usat en aquest analisi.

Taula I-1. Metadades de les quatre bases de dades de precipitacio d’AEMET.

Nombre de  Any d’inici de Mediana de I’any

Nom Nombre de registres

pluviometres la série d’inici
BD 10Min 959 1973 2006 3.1E+06 Dies
BD Horaria 959 1973 2006 7.5E+07 hores
BD Diaria 10681 1855 1968 9.2E+07 Dies
BD Mensual 11063 1805 1966 3.2E+06 Mesos

S’ha calculat una llista de la maxima precipitacio per a diferents periodes de temps
compresos entre 10 minuts i 2 anys, a partir de les bases de dades abans mencionades. Els
periodes de temps seleccionats estan basats en els donats per Galmarini et al. (2004) i
NWS (2014). Els valors dels extrems de precipitacié van ser calculats utilitzant sumes
sobre finestres mobils de diferent llargada. Cal tenir en compte que en un determinat
periode de temps poden haver-hi dades sense precipitacio, i.e. els extrems obtinguts no
necessariament impliquen precipitacié continua per al periode considerat. Els extrems de
precipitacié calculat usant aquest métode es poden veure a la Taula I-2. A I’annex C
proporcionem també el ranking de les 10 maximes precipitacions per cada periode de
temps. Cal destacar que recentment, durant I’octubre de 2018 es poden haver superat
alguns d’aquests records, en concret a tots els periodes compresos entre 10 minuts fins a
6 hores. Aquestes dades han estat validades just abans de la finalitzacidé d’aquesta tesis i
no s’inclouen per tant a I’estudi, pero s’ha afegit a I’annex C com quedaria la taula en cas

de que totes fossin validades.
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Taula 1-2. Records de precipitacio observats per diferents durades de temps per als
Records d’Espanya (RE) amb els seus respectius Records Mundials (RM), aixi com la
seva relacio. Cada RE té un nombre d’identificacio (Id.) per relacionar-los amb les

figures I-51 1-6.
Récords de Espanya (RE) Records Mundials (RM)

. Id. Localitzacio PCP (mm) Data Localitzaci6 PCP (mm) Proporcié

Periode
(%)

de temps
10 min 1 Cuevas de Nerja, Malaga 41.6 21 Set 2007 N/A N/A N/A
20 min 1 Cuevas de Nerja, Malaga 74.2 21 Set 2007 Romania 206 36.0
30 min 2 Sineu, llles Balears 87.8 12 Oct 2012 Xina 280 314
60 min 3 Santa Cruz de Tenerife 129.9 31 Mar 2002 Xina 401 324
2 hores 4 San Sebastian, Gipuzkoa 193.0 1 Jun 1997 Xina 489 39.5
3 hores 4 San Sebastian, Gipuzkoa 204.7 1 Jun 1997 USA 724 28.3
4 hores 5  Huercal-Overa, Almeria 216.3 28 Sep 2012 N/A N/A N/A
5 hores 5 Huercal-Overa, Almeria 248.3 28 Sep 2012 N/A N/A N/A
6 hores 5  Huercal-Overa, Almeria 275.0 28 Sep 2012 Xina 840 32.7
9 hores 6 Oliva, Valencia 306.4* 3 Nov 1987 La Reunié 1087 28.2
12 hores 6 Oliva, Valencia 408.5* 3 Nov 1987 N/A N/A N/A
18 hores 6 Oliva, Valencia 612.8* 3 Nov 1987 La Reunié 1589 38.6
1dia 6 Oliva, Valencia 817.0 3 Nov 1987 La Reunié 1825 44.8
2 dies 7 Xavia, Alacant 878.0 1-2 Oct 1957 india 2493 35.2
3 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunié 3929 24.9
4 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunié 4869 20.1
5 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunié 4979 19.6
Gdies g  Sauces, SantaCruzde 984.8  24-29 Feb 1988 La Reunio 5075 19.4

Tenerife
7 dies 9 Grazalema, Cadiz 1023.2 14-20 Des 1958 La Reunié 5400 18.9
8 dies 9 Grazalema, Cadiz 1099.2 14-21 Des 1958 La Reunié 5510 19.9
9 dies 9 Grazalema, Cadiz 1226.2 14-22 Des 1958 La Reunié 5512 22.2
10 dies 9 Grazalema, Cadiz 1273.6 13-22 Des 1958 La Reunié 5678 224
11 dies 9 Grazalema, Cadiz 1277.2 12-22 Des 1958 La Reunié 5949 21.5
12 dies 9 Grazalema, Cadiz 1280.0 12-23 Des 1958 La Reunié 5949 215
13 dies 9 Grazalema, Cadiz 1282.2 11-23 Des 1958 La Reunié 6072 21.1
14 dies 9 Grazalema, Cadiz 1282.2 11-23 Des 1958 La Reunié 6082 21.1
15 dies 9 Grazalema, Cadiz 1284.8 9-23 Des 1958 La Reunié 6083 21.1
20 dies 9 Grazalema, Cadiz 1454.1 3-23 Des 1958 N/A NA N/A
31dies 10 Cortes de‘la Frontera, 1674.0 18 Nov — 18 Des N/A N/A N/A
Malaga 1989
1 mes Caldera Taburiente, Santa 1556 1 131 Gen 1979 india 9300 175
natural Cruz de Tenerife

2mesos 10  COMes ‘,\’j{;f;;o”tera' 24200 Des 1995 — Gen 96 india 12767 19.0
3mesos 11 Casteloais, Ourense 2866.8 Nov 1959 — Gen 60 india 16369 175
4mesos 11 Casteloais, Ourense 3269.9 Nov 1959 — Feb 60 india 18738 175
5mesos 12 Casas do Porto, A Corufia 3835.8 Nov 2000 — Mar 01 india 20412 18.8
6 mesos 12 Casas do Porto, A Corufia 4176.1  Oct 2000 — Mar 01 india 22454 18.6
9mesos 12 Casas do Porto, A Corufia 4680.1  Ago 2000 — Abr 01 N/A N/A N/A
12mesos 12 Casas do Porto, A Corufia 5503.4  Abr 2000 — Mar 01 india 26461 20.8
18 mesos 13 Dodro, A Corufia 7523.6  Oct 1984 — Mar 86 N/A N/A N/A
24 mesos 11 Casteloais, Ourense 8991.5 Feb 1958 — Gen 60 india 40768 22.1

Per a periodes compresos entre 10 minuts a 1 hora, hem utilitzat una base de dades

generada a partir de la base 10-minutal que conté els maxims ja calculats de precipitacio

en 10, 20, 30 i 60 minuts per a cada dia. Entre 2 hores i 18 hores hem utilitzat una base

de dades horaria. Hem calculat els records per diverses duracions utilitzant sumes mobils.

La base horaria esta construida a partir de la base 10-minutal i per tant les series temporals

contingudes tenen la mateixa cobertura temporal. Els registres continguts tant en la base

de dades 10-minutal com en la base de dades horaria comencgaren el 1980 amb un nombre



minim d’estacions automatiques. Des de llavors, el nombre d’estacions s’ha anat
incrementat paulatinament. Avui en dia hi ha més de 900 estacions meteorologiques
automatiques distribuides per tot I’Estat espanyol, sent la més antiga de 1973. Aquesta
quantitat és relativament petita comparada amb el nombre d’estacions de les bases de

dades seguents.

Figura I-4. Localitzacions dels pluviometres continguts en la base de dades subdiaria (a
dalt) i diaria (a baix), aixi com la regionalitzacié considerada: Atlantic (ATL, blau),
Mediterrania (MED, vermell), Continental (CON, lila) i Subtropical (SBT, taronja).

Per a periodes compresos entre 1 dia i 31 dies hem utilitzat la base de dades diaria
(de 07:00 a 07:00 UTC) detallada a Ramis et al. (2013), mentre que per als periodes
compresos entre 2 mesos i 2 anys hem utilitzat una base de dades mensual creada a partir
de la base de dades diaria. Hem realitzat sumes mabils per a tota la base de dades per tal
de calcular els records per a diverses durades. Aquestes bases de dades estan construides

a partir d’una xarxa molt més gran de pluviometres (més de 9000 avui en dia, la majoria
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manuals) i contenen series temporals molt més llargues que les bases subdiaries (1’estacid

més antiga comenca a principis del segle XIX).

La diferéncia entre la quantitat i la Ilargada de les séries entre les diferents bases
de dades comporta una clara discontinuitat entre els récords subdiaris i supradiaris. Un
exemple d’aquesta discontinuitat es dona en el récord de Oliva en 1 dia (817 mm). Els
extrems proporcionals a 9, 12 i 18 hores per a aquell dia (306 mm, 409 mm i 613 mm
respectivament) superen amb escreix els records calculats a partir de la base de dades
diaria, i per tant hem escollit aquests valors proporcionals per a substituir-los. En la
metodologia d’aquest capitol hem decidit estudiar tots els possibles récords per a totes les
estacions i escales temporals disponibles, ja que si utilitzéssim només les escales
temporals i espacials disponibles de forma homogenia, limitariem la possibilitat de

capturar récords absoluts ja que el volum de les dades seria molt més petit.

Per a I’analisi de les dades, hem agrupat les estacions pluviométriques en quatre
dominis geografics. EI domini mediterrani (MED) considera la definicié pragmatica de
Romero et al. (1998) incloent totes les estacions en les comunitats autbonomes que tenen
costa en contacte amb el mar Mediterrani. De forma analoga hem definit el domini
Atlantic (ATL) com totes les estacions localitzades a les comunitats autonomes que donen
a1’ Atlantic excepte Andalusia que és considerada al domini MED. Les altres regions dins
de ’Espanya peninsular s’han classificat com estacions continentals (CON) i cap d’elles
queden a prop del mar. Finalment les estacions localitzades a les Illes Canaries s’han

classificat com a estacions subtropicals (SBT).

2.2. Extrems de precipitacié mundials

Hem obtingut els récords mundials mesurats per pluviometres a partir de la base
de dades de la NOAA National Weather Service (NWS 2017). Aquestes mesures
representen els actuals records de precipitacio registrats a tot el mén. La NOAA National
Weather Service registra en primer lloc els maxims de la base de dades de la WMO (1994),
i avui en dia manté la base de dades de records de precipitacié més actualitzada del mon.
La darrera actualitzacio foren diversos records compresos entre 3 i 9 dies i registrats al
crater Commeron a la illa de la Reunion, quan el cicl6 tropical Gamede creua a través de
I’illa en 2007 (Quetelard et al. 2009). La majoria d’aquests récords mundials els hem
inclos també a la Taula 1-2. Aquesta llista ha estat utilitzada en altres estudis relacionats
amb precipitacions extremes (e.g. Galmarini et al. 2004 i Zhang et al. 2013b)



3. Resultats
3.1. Discussio dels records de precipitacio

A la Taula I-2 presentem els valors llistats dels records de precipitacio obtinguts
a I’Estat espanyol (RE) i els corresponents records mundials (RM), aixi com la seva
relacié en percentatge (%). Aquesta taula s’ha obtingut després d’examinar les bases de
dades de precipitacio d’AEMET tal i com s’ha descrit en ’anterior seccio. En aquesta
seccio discutim els valors obtinguts considerant dos grups: de 10 minuts a 18 hores i de
24 hores a 2 anys. Aquesta separacié correspon aproximadament a la microescala i
mesoescala (10 minuts a 18 hores) i a I’escala sinoptica i la planetaria (24 hores a 2 anys)

segons la classificacio classica d’Orlanski (1975).

3.1.1. De 10 minuts a 18 hores

La precipitacio total recollida en un punt durant un cert temps és igual al producte
de la intensitat de la precipitacid6 (que depén de la velocitat vertical de Daire, la
disponibilitat d’humitat i de 1’eficiéncia de precipitacio) i de la duracio de I’episodi
(Doswell et al. 1996). Trenberth et al. (2003) exposa que la disponibilitat d’humitat en
I’atmosfera és molt escassa ja que 1’aigua precipitable a latituds mitjanes dificilment
sobrepassa els 40 mm, mentre que I’eficiéncia de precipitacid rarament supera el 70%,
tot i que en general és molt més baixa (Schoenberg Ferrier et al. 1996; Anip and Market
2007). Per tant, durant un episodi de precipitacié extrema, part del subministre d’humitat
ha de provenir de ’adveccié d’humitat, mentre que una altre part prové de fonts locals
com pot ser I’evaporacié de 1’aigua sobre la superficie local. El rati de reciclatge indica
la relacio entre aquestes dues fonts d’humitat, sent major quan major és la quantitat
d’aigua provinent de I’evaporacio superficial. Per exemple, el rati de reciclatge és major
durant I’estiu que durant 1’hivern segons Trenberth (1999), quan I’evaporacid és major i

I’adveccio es veu més limitada.

A escales molt petites, tipicament d’uns pocs minuts fins a una hora, molta de la
humitat atmosferica local ha de ser alliberada per tal de produir precipitacions extremes,
tipicament associades a la conveccié profunda. Aquests episodis necessiten una gran
quantitat d’aigua precipitable sobre una amplia area, aixi com mecanismes que alliberin
forts corrents ascendents com els presents en les tempestes convectives organitzades. No
és necessari en aquests casos la intervencié orografica per obtenir precipitacions intenses,
tot i que aquesta també pot influir. Aquests tipus de processos poden océrrer en quasi

totes les arees tropicals o en les latituds mitjanes durant 1’estiu (veure Taula I-2), tal i com
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argumenta Galmarini et al. (2004). Per tant és raonable pensar que Espanya té el mateix
potencial de desenvolupar, per curts periodes de temps de 1’ordre d’uns pocs minuts,
pluges extremes tant intenses com les produides a qualsevol altre pais de latituds mitjanes
on s’han registrat records mundials com Romania o Alemanya —206 mm en 20 minuts i
126 mm en 8 minuts, respectivament, d’acord amb ¢l NWS (2014). La probabilitat de
capturar algun d’aquests episodis depén de la densitat espacial d’observacions i de la
longitud temporal de les observacions. Per aquestes raons, i degut a les limitacions
temporals i espacials de les bases de dades 10-minutals explicats a la seccié 1-2.1, els RE
a aquestes escales poden estar subestimats en comparacio amb les dades de escales majors,
com les que contenen les bases de dades diaries i mensuals. Per tant, els extrems a escales
curtes poden veure’s incrementats de forma relativament rapida, amb una base de dades

més amplia i llarga, tal i com s’ha comprovat durant I’octubre de 2019 (veure I’annex A)

Per escales temporals que van entre algunes desenes de minuts fins a unes poques
hores, a part de moviments verticals d’aire organitzats, per mantenir intensitats intenses
de precipitacio es necessita un transport constant d’humitat des de fonts properes durant
unes poques hores, o fins i tot de fonts més llunyanes durant uns dies. Aquesta situacio
s’observa durant ’episodi #5, que correspon amb el HyMEX Intensive Observation
Period 8 (IOP8) (Jansa et al. 2014). En aquest episodi, que ha estat ben estudiat per
Réhner et al. (2016) i Khodayar et al. (2016), s’ha demostrat la importancia de
I’alimentacié de la humitat per tal de mantenir la intensitat de la precipitacio (Réhner et
al. 2016). A més a més, s’ha observat que en alguns episodis de precipitacié extrema en
la Mediterrania occidental, la humitat pot provenir tant de fonts properes com el Mar
Mediterrani o fonts molt més llunyanes com I’Ocea Nord Atlantic (Duffourg and Ducrocq
2011; Trapero et al. 2013; Roéhner et al. 2016).

Es molt probable que els récords de precipitacions extremes a I’Estat espanyol
obtinguts per periodes fins a 18 hores puguin ser subestimats comparats amb els periodes
més llargs. Es especialment il-lustratiu el periode de 9 a 18 hores, que presenten récords
estimats a partir del maxim en 24 hores (817 mm, episodi #6), considerant la precipitacio

caiguda de forma estacionaria, tal i com s’ha explicat en la seccio 1-2.1.

3.1.2. Deldiaa?2anys
Fins ara hem discutit les dades a escala subdiaria, que molt probablement esta

subestimada ja que la resolucio espacial i temporal és limitada. Per a escales per sobre del



dia, aquest argument ja no és valid ja que la base de dades usada conté més de 10000
pluviometres i té una llargada de quasi dos segles en I’estacié més longeva. Si comparem
els RE amb els RM, I’episodi que s’acosta més a les RM es dona en el periode de 1 dia,
quan el 3 de novembre de 1987 es van recollir 817 mm a Oliva (Valéncia; episodi #6)
(Riosalido et al. 1988; Romero et al. 2000), que representa un 44,8% del RM en un dia.

Recentment s’ha publicat un ranquing de récords de precipitacié diaria i
multidiaria (Ramos et al. 2014, 2017; d'ara endavant Ram47) utilitzant una base de dades
diaria en un grid de 0,2° de resolucid, en el que han considerat tant la intensitat com 1’arca
afectada. Es remarcable la diferéncia entre els récords de precipitacio en un sol punt i els
récords en una area extensa com els de Ram47. Per exemple, la major precipitacio en un
dia a Oliva correspon al 309é record a Ram47. De forma similar, els récords de
precipitacio de 1’episodi #7 (el récord entre 2 i 5 dies) no apareix en cap dels top100 per
3 a5 dies en Ram47. L’episodi #9 (el récord entre 7 i 20 dies) apareix com el 24¢ 1 el 20¢
extrem per episodis de 7 i 10 dies, respectivament. Aquests exemples mostren que els
extrems de precipitacio generalment no es corresponen a episodis que afecten grans arees,
sobretot en periodes curts de temps, el que ve a indicar que altres fenomens d’escala més

local com la conveccid o el realgament orografic poden jugar-hi un rol important.

De 3 a 7 dies hi ha un periode interessant on la precipitacié no s’incrementa degut

a la naturalesa excepcional d’un sol episodi (episodi #7, 978mm en 3 dies); aquest episodi

no es supera fins ’episodi de 6 dies, una situacio de pluges subtropicals a les illes Canaries.

Els episodis #2 i #3 ocorregueren a la regi6 costanera de Valéncia, la regio que presenta
la major variabilitat en la precipitacio en tot I’Estat espanyol (Martin-Vide 2004). Aquesta
regid també es coneguda per presentar pocs dies de pluja a I’any comparat amb altres
arees de la Peninsula Iberica (IM-AEMET 2011). A partir dels 7 dies, els records de
precipitacié a Espanya canvien de localitzacid i se situen a la serra de Grazalema primer

i a Galicia després, dues de les regions més humides d’Espanya.

Per a escales d’uns quants dies 0 més ja no es necessita una gran gquantitat de
transport d’humitat en poc temps, sind una entrada d’humitat constant al 1larg del temps
durant molts dies consecutius (Casanueva et al. 2014). Aquest és el motiu pel qual la
distribucio6 geografica dels records canvia de la regié Mediterrania a la regié Atlantica de
Galicia (des de P’episodi #11 al #13), on els vents de 1’oest predominants a la zona
advecten aire humit i temperat regularment. D’acord amb els resultats de la Taula I-2, els

percentatges del rati entre els RE i els RM disminueixen del 44,8% en 24 hores fins al
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17,5% per 1, 3 i 4 mesos. De fet, a partir del periode de 4 dies, els percentatges es queden
sempre per sota del 23%. Una possible explicacid per a aquest comportament és que la
humitat a latituds mitjanes es distribueix en forma d’arees relativament estretes i
transitories conegudes com a rius atmosferics (Zhu and Newell 1998), i la presencia o
I’abséncia d’aquests cinturons de humitat precipitant sobre un punt actua com a factor
limitant per a precipitacions extremes a escales temporals llargues. Per tant, ’entrada
d’humitat a latituds mitjanes és irregular comparat amb 1’entrada que hi pot haver en els
tropics, on es donen la major part de RM a escales llargues. Alli, les circulacions de gran
escala tropicals, com els monsons sobre el continent indi, aporten una entrada d”humitat
constant que permet precipitacions més estables durant molt de temps i que es
magnifiquen alla on es troben la primera orografia, com a Cherrapunji a I’india. En canvi,
les precipitacions a latituds mitjanes per diversos dies 0 mesos no poden durar molt de
temps, i per aixo els RE es queden al voltant del 20% dels RM a partir dels 4 dies. Aquesta

relacio aproximada es manté al menys fins a periodes de 2 anys 0 més.

3.2. Escalat dels records

3.2.1. Ajust

La figura I-5 mostra un grafic log-log de la precipitaci6 mesurada P (mm) en
funcio de la durada D (minuts) dels records d’Espanya (RE) i dels récords mundials (RM).
Per ambdos conjunts de dades hem calculat ’ajust log(P) = a + b log(D) (linia
gruixuda en la figura 1-5) utilitzant una regressio per minims quadrats, que en forma de
llei potencial es pot expressar com a R = 43.6 D%! (r> = 0.958) per als RM, i coma R =
21.8 D%#2 (r? = 0.978) per als RE on R es la precipitacio en mm i D és la durada en minuts.

En primera aproximacié ambdds, RM i RE mostren un escalat proper a una llei
potencial. La prova de bondat de I’ajust per a lleis potencials (Gaudoin et al. 2003) mostra
que ambdds conjunts de dades son compatibles amb un escalat potencial (per p<0,05in
= 40 la llei potencial es rebutja quan r? < 0.887). En ambdo6s casos, només uns pocs
episodis de pluja contribueixen a generar la major part dels récords registrats. Les
localitzacions dels episodis de RE es mostren a la Figura 1-6. Es important remarcar que
tots els RE estan situats a prop del mar, tant per durades curtes com llargues. Les
localitzacions s’agrupen en el Mediterrani i Canaries per escales temporals curtes i
mitjanes, i a prop de la costa gallega per a escales llargues. Cal destacar també que,
excepte el réecord de Sineu (Illes Balears, episodi #2) i Huercal-Overa (Almeria, episodi

#5), tots els altres records es localitzen en zones de terreny complex. Aixo suggereix que



tant la proximitat a una font d’humitat com és el mar, com 1’orografia complexa (aquesta
ultima especialment per escales per sobre de les 6 hores) son ingredients critics per
desenvolupar quantitats de precipitacio extremes. Aquest fet és consistent amb estudis

climatologics previs com els de Romero et al. (1998) i Ramis et al. (2013).
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Figura I-5. Récords pluviometrics observats per diferents periodes temporals al mon
(cercles negres) i a I’Estat espanyol (cercles buits). Les linies continues corresponen a
[’ajust potencial mentre que les linies discontinues indiquen [l’envolvent de [’escalat. Les
linies puntejades mostren la proporcié respecte dels RM prenent el seu ajust com a
referéncia (i.. 0.50 correspon al 50% del RM). Els nombres a les etiquetes verdes mostren
el 1d. de [’episodi que produi el récord (veure Taula 1-2).

Tal i com ja s’ha discutit, els records de precipitacio per a durades inferiors a un
dia poden estar subestimats i poden pertorbar 1’escalat. Tot i aixi, hem observat que 1’ajust
és compatible amb una llei potencial. Aixo implica que algunes discontinuitats tenen poc
efecte en la bondat de I’escalat. Per tant, podem assumir que la discussio de les propietats
de I’escalat esta poc afectat per aquesta discontinuitat. Aixo s’aplica tambe a la discussio

de la seccio 1-3.3.
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Figura I-6. Distribuci6 geografica dels RE i les localitzacions utilitzades en aquest estudi.
Els nombres en verd mostren el Id. de I'episodi que produi la precipitacio extrema (veure
taula I1-2). Els nombres més baixos (alts) indiquen escales de temps més curtes (llargues)

3.2.2. Envolvent

En comptes d’utilitzar un ajust de les dades per caracteritzar els records de
precipitacié mundials, Paulhus (1965) va usar I’envolvent superior, i.e. major o igual a
totes les dades, amb un escalat potencial. Tot i aixi, Paulhus no va descriure el metode
especific per derivar la linia envolvent. Per trobar aquesta corba, suggerim utilitzar una
linia paral-lela a I’ajust potencial de les dades (i.e. amb la mateixa pendent b) de forma
que coincideixi amb el punt més llunya per sobre de la recta, i que per tant tots els altres
punts quedin igual o per sota de I’envolvent. Es a dir, donats tots els punts possibles del
conjunt de dades (Di, Pi), el punt més llunya (Dsup, Psup) a la linia d’ajust es determina

trobant el punt a la maxima distancia per sobre:

|b ' Di - Pi + a|
Max{ N }} (LD

Amb aquest punt podem obtenir la linia envolvent log(P) = a.,, + b log(D), calculant

(Dsup» Psup) = {(Di:Pi)

una nova interseccio a,,, de la segiient forma:

Aeny = b * (_Dsup) + Psup- (L 2)



Utilitzant aquest metode 1 les dades més actualitzades, hem obtingut I’envolvent superior
dels RM, R = 60.5 D%%7 i ’envolvent superior dels RE, R = 39.3 D%4%2, Aquesta corba
envolvent s’ha dibuixat també a la Figura 1-5 (linia discontinua), tant pels RM com pels
RE.

3.3. Variabilitat regional i estacional dels records

3.3.1. Variabilitat regional

La figura 1-7 mostra els records de precipitacié per a cada estacié per a cinc
periodes determinats; la resta de periodes es troben a 1’Annex C. En la figura 1-8a es
mostren els récords de precipitacido per a cada domini en que s’ha dividit el territori
espanyol a la seccié 2 d’aquest capitol. De les dades s’observa que en escales curtes
d’entre 10 minuts i 3 hores els récords de precipitacié queden bastant ben distribuits dins
de I’Estat espanyol (Figures I-7a i b). De fet, a la Figura 1-8a s’observa com en aquests
periodes de temps, els records assolits provenen de tres regions diferents (MED, ATL i
SBT). Aquestes observacions concorden amb 1’afirmacié de Galmarini et al. (2004) de
que a escales curtes els records ocorren indistintament tant en latituds mitjanes com als

tropics.

Per a escales d’entre 4 hores i 5 dies, els récords en la regio6 MED clarament
dominen sobre les altres regions. La regié MED té tots els ingredients que permeten tenir
les pluges més extremes en aquestes escales: un mar calid que aporta humitat i
inestabilitat potencial que permet que s’alliberi tota aquesta humitat en forma de pluja,
ciclons de petita escala que mobilitzen la humitat i proporcionen transport constant cap a
la tempesta (Jansa 1997), i terreny complex que pot elevar la humitat i intensificar-la

localment.

La variabilitat diaria de la precipitacio ha estat estudiada per Martin-Vide (2004)
on va elaborar un index de concentracié (Cl) que avalua la contribucio dels dies de major
precipitacié en la quantitat total. Si comparem la distribucio de RE per un dia (figura I-
7¢) amb la distribucid del CI diari s’observa una gran similitud en les seves respectives
distribucions, dividint I’Espanya peninsular en dues parts: la fagcana mediterrania i la resta
de la peninsula. La major diferéncia entre les distribucions del Cl i els RE es deu a que

I’altim esta més concentrat a prop de la costa.

35



") s6

a) 10 minutes b) 60 minutes

35 ’V{wx{:“ﬂf\‘%
VAT R ey

)
S
PMAX10

B
=)
=)
PMAX1D

300

5400

4800
4200
3600
3000 §
>
3
2400
1800

1200

Figura I-7. Distribucio dels récords de precipitacioé (mm) observats a Espanya. Els punts
de color mostren la maxima precipitacié recollida a cada localitzaci6 en a) 10 minuts, b)

1 hora, c) 1 dia, d) 1 mesid) 1 any.

Com ja va comentar Ramis et al. (2013) en la seva caracteritzacid dels récords de
precipitacié diaris en la Espanya peninsular, molts dels extrems (superiors a 500 mm)
ocorren a prop de la costa mediterrania, excepte un Unic episodi que ocorregué als
Pirineus (700,5 mm a I’estacio de Benasque en 1923). Aquest punt és 1’inic que excedeix

dels 500 mm fora de la regi6 MED i va ser probablement molt influenciat per factors

orografics.
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Figura 1-8. Com la figura I-5 pero mostrant els récords especifics i l’escalat per a) cada
domini regional (cercles de colors per a cada regid i cercles buits per el record de totes
les regions) i b) per a cada estacio de [’any. Els records mundials s’inclouen com a
reféncia.
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Per escales per sobre del mes, els RE tendeixen a concentrar-se a les serralades de
la costa oest (figures I-7d i €). Quan més llarg és el periode de temps majors son les
quantitats dels records de la fagcana Atlantica comparats amb la fagcana mediterrania.
Aquest fet s’explica degut a 1’ocea Atlantic i particularment els efectes dels rius
atmosferics, que aporten una humitat constant a la regié ATL que pot ser alliberada degut
al ascens mecanic afavorit per les muntanyes. Cap altre lloc a Espanya conté una entrada
tant constant d’humitat durant tot I’any (Casanueva et al. 2014) i per tant, una successio

de fronts durant molts mesos pot produir una quantitat considerable de precipitacio.

Curiosament, tot i que les cinc regions son climaticament distintes, entre elles no
s’observen grans diferencies en 1’escalat. Aquest fet és particularment evident en
I’exponent, que queda en valors compresos entre els 0.39 i els 0.44. Degut a que els
records de precipitacio a escales curtes no sén molt diferents entre regions, la variacié de
I’exponent es deu sobretot a la quantia dels récords a escales llargues, que a I’hora estan
relacionats amb la variabilitat del transport d’humitat al llarg de ’any. Tal i com hem
explicat préviament, la regié ATL pateix un transport constant d’humitat (Fernandez et
al. 2003; Gimeno et al. 2010) que implica periodes més llargs de pluges que en d’altres
regions i per tant un major exponent. Pel contrari, la regio SBT té una clara sequera
estacional que produeix extrems més baixos a escales llargues i per tant un exponent mes

baix. Les regions MED i INT tenen un exponent més proper a I’exponent per a tot 1’Estat.

En general, els exponents per a estacions concretes (figura 1-9) tenen valors més
alts en les estacions de la regio ATL i valors més baixos en les estacions de la regi6 SBT,
de forma consistent amb els resultats mostrats en la figura 1-8a. Cal remarcar que la
majoria d’estacions de les regions MED i INT mostren també exponents molt baixos,
especialment al sud-est de la Peninsula, la regié més seca de 1’Estat espanyol. De fet,
s’observa un gradient est-oest de I’exponent a Espanya, que es distribueix de forma molt

similar també a la Cl discutida previament.

El patro general de la distribucié dels exponents per a estacions concretes queda
distorsionat per a les estacions situades a les grans muntanyes: Pirineus, Sistema Central
o fins i tot a la Serra Tramuntana al nord de I’illa de Mallorca, que queden ben definits al
tenir un exponent major. Es conegut que la precipitacié anual és normalment major o més
regular en les muntanyes degut als efectes orografics; per tant, no és cap sorpresa que

aquestes estacions mostrin exponents majors.



Aquests resultats estenen els resultats obtinguts per Meseguer-Ruiz et al. (2017),
que relacionaven la dimensi¢ fractal de la precipitacio a la recurréncia regular de
precipitacio a traves de les escales, per als records de precipitacio. La variabilitat regional
s’observa encara més quan disminuim 1’escala de les regions utilitzant les provincies
espanyoles (veure I’Annex C). En aquest cas, les provincies molt seques del sud-est
d’Espanya, com Murcia 0 Almeria, presenten un exponent baix (~0.3) mentre que les
provincies més humides situades al nord-oest d’Espanya com Ourense o A Corufia tenen

indexs molt majors (~0.5).
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Figura 1-9. Distribucio espacial de I’exponent per a estacions singulars a Espanya. Els
pluviometres mostrats han estat escollits d’acord a la seva longitud en les bases de dades
subdiaries i supradiaries.

3.3.2. Variabilitat estacional

La figura I-8b mostra 1’escalat de la precipitacio a Espanya per a cada estacio de
I’any. Les diferéncies en I’exponent entre estacions son més evidents que entre regions.
A Thivern, el contingut d’humitat a 1’atmosfera és relativament petit, i per tant, quan
s’allibera 1 produeix precipitacions intenses, els valors dels récords en escales curtes
queden lluny dels seus respectius valors a I’estiu. Tot 1 aixi, a I’hivern, els fluxos
d’humitat a Espanya poden arribar a ser molt estables durant tota 1’estacio, ja que el jet
polar circula a latituds més baixes, el que implica que els récords a escales llargues siguin
relativament majors que a escales curtes i que, per tant, el valor de I’exponent sigui forga

gran, proper al 0.5.
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En canvi, el contingut d’humitat de 1’atmosfera pot arribar a valors maxims a
I’estiu, i I’elevada inestabilitat és capag d’alliberar tota aquesta humitat en unes poques
hores, especialment a prop del mar Mediterrani. Per aquesta rad, no és dificil trobar
episodis on es registrin més de 100 mm en unes poques hores. Tot i aixi, durant I’estiu el
transport d’humitat és més intermitent. De fet, la Peninsula Ibérica 1 les Illes Canaries es
caracteritzen per estar sotmesos a grans sistemes de altes pressions a 1’estiu, que no
permeten que hi hagin grans precipitacions a escales temporals llargues (Esteban et al.

2006). Aixo explica el exponent tan baix que caracteritza 1’estiu a Espanya.

La primavera i la tardor contenen exponents amb valors intermedis (al voltant de
0,4) 1 sOn estacions de transicid entre els régims d’hivern i estiu. Tot i aixo, molts dels
extrems en quasi totes les escales ocorren a la tardor, quan la inestabilitat s’incrementa
degut al pas de talvegs en alcada que aporten aire relativament fred sobre un mar, el

Mediterrani, que es mante encara relativament calid.

En la Taula I-3, hem examinat les diferéncies estacionals per a cada regié. Els
resultats mostren que totes aquetes caracteristiques (exponents més baixos a 1’estiu i més
alts a I’hivern) son comuns per a totes les regions, inclus aquelles amb els climes més

diferents com son ATL i SBT.

Taula I-3. Propietats de [’escalat potencial per a cada estacio i domini geografic

DJF MAM JIJA SON
a b R? a b R? a b R2 a b R2

ATL 45 053 0992 6.5 051 0989222 0.36 0.973 114 0.44 0.983
INT 3.6 0.58 0.993 11.4 0.41 0.982 154 0.37 0977 125 0.44 0.981
MED |10.8 0.46 0.985 12.2 0.44 0.983 254 0.33 0970 228 0.41 0.976
SBT 13.1 0.46 0.983 28.1 0.32 0.968 7.5 0.29 0976 16.3 0.40 0.978
SPAIN |12.0 0.48 0.985 20.7 0.39 0.976 30.8 0.32 0.967 22.8 0.41 0.976

4. Conclusions del capitol
En aquest capitol hem documentat els récords de precipitacié a Espanya per a un

ampli rang d’escales temporals que va dels 10 minuts fins als 2 anys i hem analitzat els
efectes de la proximitat a la costa i de la preséncia d’orografia complexa en la consecuciod
d’aquests records. Tot i que hi ha estudis que documenten alguns episodis de precipitacio
extremes per algun pais o per una area determinada (vegi's per exemple Hand et al. 2004,

Cerveny et al. 2007 o Shein et al. 2013), no existeixen estudis de extrems absoluts amb



un rang tant complet, excepte per a localitzacions determinades (Casas et al. 2010; Pérez-
Zanon et al. 2016).

A escales curtes de menys de 3 hores els records es mostren distribuits
uniformement sobre I’Estat espanyol, mentre que entre 4 hores i 20 dies, els récords es
concentren en el mediterrani i a vegades sobre les Illes Canaries. Per escales per sobre del
mes, els récords s’acaben concentrant a la costa Atlantica, on els vents de ponent aporten

una entrada més constant d’humitat.

L’escalat dels extrems a Espanya s’ha comparat amb 1’escalat mundial. Aquesta
relacié té una gran variacié que va des del 45% per un dia fins al 18% a escales llargues.
Ambdds conjunts de dades son compatibles amb una llei potencial, tot i que els records
per a Espanya en periodes inferiors a un dia poden estar molt subestimats degut a la
quantitat de dades disponibles per a escales subdiaries.

Hem caracteritzat la distribucid espacial 1 I’escalat regional 1 estacional dels
records de precipitacié a Espanya mostrant que les principals caracteristiques que

influeixen en les precipitacions extremes i que afecten a 1’escalat son:

(@) el contingut d’humitat de 1’atmosfera (e.g. aigua precipitable) per a escales

curtes de temps,
(b) el transport constant d’humitat per a escales llargues de temps
(c) proximitat al mar i
(d) orografia complexa.

Pel que fa aquesta ultima hem vist que a escales molt curtes I’efecte pot ser menys
important que la conveccio en si, ja que alguns episodis (#2 o #5) es donen lluny de
I’orografia complexa. Per a escales d’un o més dies 1’orografia complexa esta present en

tots els episodis, tot i que també hi esta en episodis més curts.
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PART Il. PROCESSOS DE PRECIPITACIO EN
OROGRAFIA COMPLEXA

“Love is life’s snow.

It falls deepest and softest into the gashes

left by the fight — whiter and purer than snow itself”
—Fridtjof Nansen—

1. Conceptes previs
1.1. Distribucio de mides de les gotes de pluja

L’estructura de la distribuci6 de mides de gotes de pluja (DSD, de I'anglés Drop-
Size Distribution) és un dels temes d'interés centrals de la fisica de la precipitacio. La
DSD és una funcié que es defineix com la quantitat de gotes de pluja per a una
determinada mida de gota (Figura Il-1) i canvia segons el tipus de precipitacio i els

processos fisics que I’han produit.

Els primers analisis de la disdrometria de les pluges en els anys 40 varen mostrar
que la DSD segueix un patré simple. En concret, Marshall and Palmer (1948) varen

aproximar la DSD a una funcié exponencial de la forma

45



46

N(D) = N, exp(—AD) (1L 1)
on N(D) és el nombre de gotes per unitat de volum i unitat d’interval de mida (m=3mm-),

A és el parametre de pendent (mm™) i D és el diametre de les gotes (mm).

Estudis posteriors van mostrar que la funcié exponencial es desviava lleugerament
respecte les mesures experimentals. Per tal de corregir aquesta desviacié van haver
diversos intents de refomular-la de forma que s’ajustés millor als resultats obtinguts
experimentalment. De totes les reformulacions que s’han realitzat, la més estesa ha estat

I’aproximacié mitjang¢ant una funcié gamma de tres parametres (Ulbrich 1983)

N(D) = NyD* exp(—AD) (1L 2)

on W és el parametre de forma.

Els avantatges d’aquesta expressié son en primer lloc la seva simplicitat, la
capacitat de reproduir diferent varietat de formes de DSD a partir del parametre \, i
finalment que és la extensié natural de la funci6 exponencial, de forma que quan p = 0,

la funcié gamma es redueix a la funcid exponencial (Atlas and Chmela 1957).

4..............|..............
(2) ——Rain drop
3 ===Gamma fitting -
2
E
- 1
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Figura 11-1. Exemple de distribuci6 de mides de la precipitacio i ajust a la funcié gamma.
Font: Wen et al. (2017)

Tots els parametres de la formula es poden aproximar usant els moments de la

DSD (Tokay and Short 1996) els quals es poden definir de la forma

M, = J D"N(D)dD (11 3)



Aixi podem determinar els diferents parametres de la DSD a partir del parametre

adimensional
MZ
n=— (I1.4)
M,M,
I les seguents relacions
(7 —11n) = [(7 = 11n)* — 4(n — 130y — 12)]"/?
U= (I.5)
2(n—=1)
1/2
M,
An+u+1
Ny = B (1. 7)
n+pu+1)
on I'(x) és la funcié gamma completa
I'(x) = f u*"le tdu. (11.8)
0

A més a més dels parametres que defineixen I’estructura de la DSD, existeixen
altres parametres d’interés que poden ser deduits a partir del métode dels moments (Tokay
and Short 1996; Testud et al. 2001; Bringi et al. 2003; Rosenfeld and Ulbrich 2003;
Ulbrich and Atlas 1998). El primer d’ells és la reflectivitat Z (mm® m3) que es pot
relacionar amb la potencia del senyal electromagnétic retrodispersat per un blanc al radar

I que es defineix com

Z = fDGN(D)dD. (11.9)

El segon parametre és la intensitat de precipitacié R (mm ht)

R= 0.6nf v(D)D3 N(D)dD (1. 10)

on v(D) (m s?) és la velocitat de caiguda de la gota que pot ser aproximada per 1’equacio

empirica d’Atlas et al. (1973) o d’Atlas and Ulbrich (1977), respectivament

v(D) = 9.65 — 10.3 exp(—6D) (I 11)
v(D) = 17.67D°7. (I1.12)

El tercer és el contingut d’aigua liquida LWC (g m~) que es pot calcular fent

LWC = %pwa?’N(D)dD (11.13)
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on pw és la densitat de I’aigua (1 kg m™).

Finalment podem calcular també altres parametres com el diametre del volum

mitja de les gotes Dm (mm):

D, = s I1. 14
m — M3' ( " )
el diametre de la mediana del volum de les gotes Do (mm):
3.67+u
= I1.15
0 A ) ( )
la intersecci6 generalitzada Nw (mm™ m=3):
4* W
N = <_) .16
o la concentracié d’hidrometeors Nt (mm™ m3):
1+u
_ NoDg™Fr(1+ ) (1L.17)

T (3867 +pw)t+r

1.2. Variacions de la DSD per diferents processos de precipitacid
La DSD de la precipitacio pot canviar segons els processos que es produeixin.
Aixi, Rosenfeld and Ulbrich (2003) formularen les modificacions en la DSD esperades

per a diferents processos fisics quan actuen sols mantenint la resta constant.

(a) Coalescéncia: Aquest procés ocorre quan les gotes grosses capturen les gotes
petites degut a la diferéncia de velocitat de caiguda entre elles. Per tant, quan
actua aquest procés es reduiran les gotes petites mentre que creixeran les
grosses (Figura 11-2a). Per tant esperem que Do augmenti mentre que la
concentracio de gotes (Nt) es reduird. També provoca que augmenti el
parametre p de I’equacié I1.2.

(b) Trencament: Si les gotes es fan molt grans tendeixen a trencar-se. El
trencament implica la creacid de gotes petites a partir de gotes grans (Figura
I1-2b). Per tant, quan actua aquest procés trobem que Do disminueix mentre
que Nt augmenta.

(c) Coalescéncia i trencament combinats: El trencament de les gotes és més
important per a gotes grans, mentre que la coalescencia és més important per
a gotes petites. Per tant si ambdos processos ocorren junts disminuiran tant les
gotes més petites com les més grosses augmentant les grosses mitjanes
(Figura 11-2c). Aix0 provoca que augmenti encara més el parametre p en
comparacio amb la coalescencia actuant ailladament.



(d) Acrecié: En aquest context ens referim a acrecié com la captura dels
hidrometeors que formen els navols per les gotes precipitants. Per tant, si
aquest proces actua, totes les gotes, independentment de la mida, augmentaran
(Figura 11-2d). Per tant Nt es mantindra constant, no aixi la Do que
augmentara.

(e) Evaporacio: L’evaporacio tendeix a disminuir la mida de les gotes de totes les
mides. Perd no ho fa en totes per igual. Les gotes petites son meés susceptibles
a evaporar-se que les gotes grans, disminuint més rapidament la seva mida i
evaporant-se completament abans que les gotes grans (Figura I1-2e). Per tant,
I’evaporacio produird una disminucio de Nt i un augment de la p. Tot i la
disminucio general de la mida de les gotes, 1’asimetria pot fer que la Do creixi.
També pot donar-se el procés contrari de creixement per condensacié de vapor
en la superficie de la particula cosa que faria créixer les gotes, especialment
les més petites (Lolli et al. 2018).

(f) Corrents ascendents: Els corrents ascendents provoquen un retard en la
caiguda de les gotes i a més a mes una seleccid per mides. Les gotes petites
son transportades a nivells alts, mentre que les grosses seran capaces de caure.
Aguest fenomen ocorre especialment en les tempestes, on les gotes petites
s’acaben concentrant en I’enclusa de la tempesta. L’efecte en la DSD és
similar que en 1’evaporacié (Figura 11-2f).

(9) Corrents descendents: Els corrents descendents generen un flux contrari al
dels corrents ascendents, és a dir, incrementant la caiguda de gotes cap a terra.
Els detalls, en el canvi, de la DSD son incerts, pero probablement pot actuar
de forma inversa als corrents ascendents (Figura 11-2g).

(h) Homogeneitzacio: El cisallament del vent i els corrents ascendents poden
portar a una seleccid en les mides de les gotes, especialment en les
supercel-lules (Atlas and Chmela 1957; Dawson et al. 2015). Aquest procés
porta a formar una DSD molt estreta (Figura 11-2f), formant una distribucio
amb una p molt elevada i disminuint drasticament la Nt.

1.3.La DSD en la diferents tipus de precipitacio i en la precipitacio de muntanya
Amb la globalitzacio dels radars i els metodes d’observacio disdrométrics s’ha
generalitzat I’observacio i classificacié d’episodis de precipitacio segons els diferents
parametres disdrometrics. Rosenfeld & Ulbrich (2003) analitzaren el diametre de les
gotes i el contingut d’aigua liquida de 23 estudis previs entre els que hi havia
precipitacions maritimes, continentals, pluges tropicals i huracans i precipitacions
orografiques calides. En el seu analisi descrigueren les caracteristiques dels diferents tipus

de precipitacio:
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(a) Els navols maritims contenen concentracions baixes de particules grans i
precipiten facilment degut a processos calids com la coalescéncia. En els
navols maritims, la coalescéncia és tan rapida que la pluja es desenvolupa i
cau rapidament mentre el navol encara creix. En els processos maritims, per
tant, les gotes de pluja no sén capaces de créixer molt i es caracteritzen per
tenir un diametre en general petit i una concentracié molt alta, essent, a més a
més, molt susceptibles al trencament.

(b) Els navols continentals tenen una gran concentracio de particules molt petites
de forma que els processos de coalescéncia queden suprimits. Al suprimir la
coalescéncia, les gotes dels navols tenen que créixer en altura per comencar a
precipitar. A més a més, en la conveccio continental es donen forts corrents
ascendents que porten a fer créixer les gotes superrefredades mitjancant
processos freds, i.e. on la fase solida hi és present. Els hidrometeors solids
poden créixer molt sense trencar-se i finalment cauen i es desfan, tot i que
encara poden continuar creixent per acrecio de gotes de navol.

(¢) La pluja orografica d’origen maritim amplifica els processos que es donen en
els navols maritims i genera un gran nombre de gotes molt petites. Aixo
comporta que s’observin reflectivitats molt petites per a una certa intensitat de
la precipitacid i que per tant se subestimi la precipitacié si no es modifica la
relaci6 Z-R del radar. Aquest fenomen s’observa habitualment en la
Mediterrania Occidental durant els processos de pluja calida habituals de les
costes a l’est de la peninsula Ibérica, que tenen una orografia molt
pronunciada.

(a) (b) [:(‘;;] inicial {d]]
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coalescéncia i
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Figura I1-2. Descripcions esquematiques de l'efecte de diferents processos en la
modificacié de la DSD. Adaptat de Rosenfeld i Ulbrich (2003)



Figura 11-3. Model conceptual dels mecanismes dominants de la precipitacio en I'espai
log(Nw)-D0. Els punts grisos representen cada punt del dataset usat per Dolan et al.
(2018). Els grups ombrejats representen diferents agrupacions realitzades mitjancant un
analisis de components principals. Els contorns a tracos representen els grups
relacionats amb processos convectius o estratiformes. Font: Dolan et al. (2018).

A partir de les dades de diferents disdrometres i radars Bringi et al. (2003) troba
una relacio inversa entre la Nw i la Dm per la pluja estratiforme que reflecteix la
procedencia de la pluja estratiforme des de grans flocs de neu (Nw petita i Dm gran) fins
a petites i compactes particules de graupel (Nw gran i Dm petita). També observaren les
diferéncies entre la conveccié maritima (amb Dm mitjana i gran Nw) i la conveccio
continental (amb Nw mitjana i Dm molt gran). Diferents estudis han observat aquests o
altres parametres en diversos tipus de precipitacions de tot el mdn, com per exemple en
els monsons asiatics (Kirankumar et al. 2008; Narayana Rao et al. 2009; Wen et al. 2016),
en les tempestes de les grans planes dels EUA (Friedrich et al. 2013b,a), en el mediterrani
(Cerda 1997; Cerro et al. 1997; Chapon et al. 2008; Baltas et al. 2016) o en zones de
muntanya de diferents continents (Hachani et al. 2017; Chen et al. 2017; Zagrodnik et al.

2018). Recentment, usant disdrometres d’arreu del mon, Dolan et al. (2018) ha realitzat
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una agrupacio dels régims primaris de la DSD identificant els mecanismes principals que

domina en cadascun (Figura I1-3).

Precisament en una zona de muntanya és on es desenvolupa la campanya
estudiada en aquesta part de la tesi, i és on més pot variar la DSD i els processos
relacionats degut a la gran varietat de mecanismes amb que les muntanyes modifiquen la
precipitacié (Houze 2012). Amb aquest objectiu es realitzen al mén diversos experiments
(entre els quals hi ha el nostre) per tal d’estudiar i d’identificar els mecanismes i la
microfisica que subjacent als processos de precipitacié orografica. Aixi per exemple, en
anteriors campanyes com I’ALPEX (Alpine Experiment), el MAP (Mesoscale Alpine
Program) o ’IMPROVE (Improvement of Microphysical Parametrization through
Observational Verification Experiment) entre d’altres, s’han identificat una série de
diferents mecanismes que actuen a les muntanyes com per exemple:

(@) A sobrevent de les muntanyes es forma una capa de cisalla que indueix

processos dinamics que afavoreixen la turbulencia i promou el creixement dels

hidrometeors i de la precipitacié en aquestes regions (Houze and Medina
2005; Medina et al. 2005) (figura I1-4a)

(b) Els ascensos inestables sobre les muntanyes poden augmentar la eficiéncia de
la precipitacio per riming de particules superrefredades (Medina and Houze
2003) (figura 11-4b).

(c) Els petits corrents ascendents i descendents dins d’una capa turbulenta
comporten també un creixement dels hidrometeors per riming en les
muntanyes costaneres (Yuter and Houze 2003; Houze and Medina 2005) i per
agregacio o acrecié en les muntanyes de I’interior on el contingut d’aigua
liquida és menor (Geerts et al. 2011; Aikins et al. 2016)

(d) Les ones de muntanya poden tenir un efecte molt deébil en els processos de
precipitacié (Kingsmill et al. 2016)

Actualment s’estan duent a terme altres campanyes de mesura de la precipitacio
entre les que destaca la campanya als monts Olimpics als EUA (OLYMPEX), que pretén
mesurar I’impacte i els processos de precipitacid sobre les muntanyes costaneres (Houze
et al. 2017; Zagrodnik et al. 2018). La campanya d’observacio Cerdanya-2017 en canvi,
ens centrarem en ’estudi dels processos de precipitacid en una vall tancada, propera al

mar Mediterrani perd amb relativament poca influéncia maritima.



(a) * " [(0) Unblocked and unstable case |
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Figura 11-4. Model conceptual dels mecanismes dinamics i microfisics responsables del
reforcament orografic durant: (a) Les tempestes amb estratificacio estable. Font: Houze
& Medina 2005. (b) El reforcament orografic durant les tempestes amb flux inestable i
no bloquejat. Font: Medina & Houze (2003).

2. Campanya d’observacio Cerdanya-2017
Entre el desembre de 2016 i maig de 2017 es va dur a terme a la vall de La

Cerdanya (Pirineus Orientals) una campanya de mesures de camp per a la investigacié de
tres fenomens meteorologics que es donen en les zones de muntanya: cold air pools, ones
de gravetat i precipitacions orografiques. El treball realitzat en aquesta part de la tesi
s’emmarca en el grup de mesura de precipitacio orografica, que es focalitza en 1’estudi de

la intensificacio de la precipitacid tant en regims estables com convectius.

La campanya, anomenada Cerdanya-2017, va implicar un esfor¢ conjunt de
diversos grups d’investigacié de la Euroregio Pirineus-Mediterrania i va suposar la
instal-laci6 d’instrumentacié diversa per a la mesura intensiva d’aquests fenomens
dividits en: estacions meteorologiques automatiques (EMAS) repartides per tota la vall i
un punt principal d’observacio situat a I’aerodrom de Das on es va instal-lar la major part
d’instrumentacio especial (figura 11-5a). A continuacio es descriu 1’area on s’ha realitzat

I’estudi i els instruments principals utilitzats en aquesta part de la tesi.

2.1.Area d’estudi
L’area d’estudi es situa en una amplia vall o fossa (d’uns 15 km en el seu eix
menor) dels Pirineus Orientals que té una orientaci6 ENE-WSW, a diferéncia de la
majoria de valls pirinenques amb orientacio N-S (figura 11-6). La part més profunda de la
vall, on la instrumentaci6 fou col-locada, es situa 1100 m d’altitud i s’estreny cap a 1’est-

sud-est envoltat al nord-oest i al sud-est per muntanyes per sobre dels 2000 m i fins a
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2900 m d’altitud. Es per tant una vall bastant tancada en quasi totes les direccions.
Diverses valls més petites drenen a la amplia vall de La Cerdanya i durant I’hivern és
habitual que es produeixin fortes inversions al fons de la vall (Pagés et al. 2017; Mir¢ et
al. 2018).

Figura 11-5. (a)Instrumental instal-lat a Das durant la campanya experimental. (b) Sensor
Parsivel. (c) Micro Rain Radar. Cortesia d’en Joan Bech



La vall de la Cerdanya presenta un fort gradient de precipitacio en funcio de
I’algada. Mentre que a la part interna de la vall s’assoleixen només uns 600 mm any?, en
les muntanyes dels voltants la precipitacié pot excedir dels 1400 mm any (Xercavins
1985). A aquest efecte se’l refereix com 1’ombra pluviométrica de la Cerdanya. L’estacio
plujosa a la Cerdanya ¢€s 1’estiu, a diferéncia de la majoria d’arees mediterranies del
voltant on la major part de la pluja de I’any es recull a la tardor (mapes no publicats
d’AEMET). Els patrons de les nevades també mostren una dependéncia clara amb
I’algada de I’estacid, de forma que les estacions de la vall interna tenen menys de 20 dies
de nevada a I’any en comparacié amb els més de 40 dies de nevades que es produeixen
en les muntanyes dels voltants, especialment en la serralada nord que queda més exposada
al vents hivernals del nord (Xercavins 1985). L’hivern ha estat historicament considerada
I’estacio seca a la Cerdanya, tot i aixi, aquestes dades poden estar esbiaixades degut a
estudis recents sobre la subestimacio de la precipitacié solida per a la majoria de

pluviometres (Rasmussen et al. 2012).

Madrid
S e

e

Valencia
Q

Spain

Figura 11-6. (a) Localitzacio i (b) mapa topografic de la vall de la Cerdanya. Els
pluviometres de la xarxa Cerdanya-2017 estan senyalats com a cercles (taronja els de
balanci i groc els de pesada). El cercle buit vermell indica la posicié del centre principal
de mesura a Das.

2.2. Pluviometres
Durant la campanya experimental Cerdanya-2017 es va utilitzar una xarxa
pluviometrica especifica creada a partir d’una selecci6 d’EMAS administrades per la
Agencia Estatal de Meteorologia (AEMET), el Servei Meteorologic de Catalunya (SMC),
IInstitut d’Estudis Andorrans (CENMA) 1 una xarxa creada ad-hoc aportada per
MeteoFrance, que disposaren de dos tipus de pluviometres diferents: de balanci i de

pesada. Els pluviometres poden tenir diverses fonts d’error; entre elles s’ inclouen algunes
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sistematiques com les procedents de la desviacid del vent, I’evaporaci6 o les esquitxades
(WMO 2014). Aquests errors se suposen en general petits per a la precipitacio liquida
(inferiors a 20 %) i la mesura obtinguda es considera sense corregir. En canvi, no passa
el mateix amb la mesura de la precipitacio solida, on els errors poden arribar a ser de fins
al 80 % o més, especialment quan el vent és fort (Rasmussen et al. 2012; Kochendorfer
et al. 2017a). Degut a que la campanya es va desenvolupar en condicions hivernals i que
la precipitacio caiguda en alguns episodis va ser en forma solida, les mesures dels episodis
estudiats, s’han corregit usant les funcions de transferencia desenvolupades per Buisan et
al. (2017) per als pluviometres de balanci i per Kochendorfer et al. (2017b) per als

pluviometres de pesada.

2.3. Disdrometre Parsivel

El Particle Size Velocity (Parsivel; Loffler-Mang and Joss 2000)) fabricat per
I’empresa OTT és un disdrometre optic amb un sensor laser (figura 11-5b). Quan un
hidrometeor passa per davant del feix, part del laser és ocultat reduint el voltatge de
sortida. EI Parsivel assumeix que les particules de precipitacid son esferoides de pluja.
Segons la reduccio i la durada del senyal, el Parsivel determina la mida i la velocitat de
la particula. El Parsivel classifica les particules en 32 intervals de diametre i en uns altres
32 intervals de velocitat, obtenint finalment una matriu cada 60 s amb la quantitat de gotes
mesurades per cadascun dels 32x32=1024 intervals. Respecte a altres tipus de
disdrometres, s’ha observat que el Parsivel té tendencia a subestimar les particules petites
i a sobreestimar les particules grans (Raupach and Berne 2015). Durant la campanya s’ha
utilitzat un disdrometre Parsivel de la generacié. L’annex A mostra ’analisi de les

mesures del Parsivel per a una série disdrometrica sintetica.

2.4. Micro Rain Radar

El Micro Rain Radar (MRR; Peters et al. 2005) fabricat per I’empresa Metek €s
un radar meteorologic portatil que funciona com a perfilador vertical i opera usant un
esquema FM-CW (Frequency Modulated Continuous Wave) en la banda K (24.230 GHz).
L’instrument opera transmetent un senyal de microones i mesurant la radiacié dispersada
per les particules precipitants cada 10 segons. L’espectre Doppler es divideix en 64
intervals de velocitat que van de 0 a 12 m s i en 32 intervals d’algada amb una amplitud
seleccionable de 10 a 300 m. Per la campanya observacional de La Cerdanya hem escollit
un valor de 100 m per interval d’altitud, el que ens permet mesurar les particules

precipitants des de 300 fins a 3000 m, ja que els primers dos intervals i I’altim estan



afectats pels efectes propers al terra i el soroll respectivament. El postprocés del fabricant
assumeix només particules caient de 0 a 12 m s%; aquest rang tant petit pot portar a errors
d’aliasing durant pluges convectives (Tridon et al. 2011) o en els moviments ascendents
que es poden produir especialment quan les particules de precipitacié cauen en forma de

neu.

2.5. Altres instruments
Durant la campanya experimental Cerdanya-2017 es van instal-lar altres
instruments menys especifics per a les mesures microfisiques de la precipitacié com el
scanning Doppler wind lidar (LIDAR), el Wind Radio acoustic sounding system (WR),
I’Eddy Covariance Station (ECS), el Ultra-High frequency wind Profiler (UHF), el
MicroWave radiometer (MWR) o sondejos atmosfeérics llancats en dies concrets durant
la campanya de camp. Alguns d’aquests instruments s’han utilitzat per a completar les

mesures i les analisis microfisiques i de circulacid durant els diferents episodis estudiats.

2.6.DSD de la precipitacio liquida mitjancant el Parsivel
A partir de la distribucié de mides obtingudes mitjancant el disdrometre Parsivel
hem utilitzat el metode de les diferéncies finites per aproximar els diferents parametres
de la DSD (Friedrich et al. 2013a,b) tenint en compte ’area de mesura del feix laser del

Parsivel i el temps de mostreig:
32
10° n(D,)

N(D;) =
(D) — 180mm(30mm — 0.5D;)v;AD;At
2

(1. 18)

on n(D;) és la quantitat de gotes comptades del diametre D; i velocitat mitjana vi durant el

temps At.

Com que el Parsivel és susceptible a mostrar certs errors, especialment
subestimant les gotes petites i sobreestimant les grans, hem realitzat diverses correccions
als valors de N(Di): hem filtrat les particules majors de 7.5 mm ja que dificilment les
gotes de pluja poden arribar a aquests diametres, hem aplicat els coeficients de correccio
de (Raupach and Berne 2015), i finalment hem filtrat també els instants de temps en que
R<0.2 mm. Aixi, un cop realitzades les correccions hem obtingut els moments de la DSD

a partir de la expressio:

32

M, = z DEN(D)) (I1. 19)

l
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que és analoga a 1’equaci6 I1.3 i hem calculat els parametres de la DSD a partir de les
relacions 11.4, 11.5, 11.6 i 11.7.

La reflectivitat radar, la intensitat de precipitacid i el contingut d’aigua liquida els
hem calculat mitjancant les seves respectives expressions en diferéncies finites analogues

a les equacions 11.9, 11.10 i 11.13:

32
Z =10 log (2 DfN(Di> (I1. 20)

32

R = o.6nz v(D)DEN(D;) (I1. 21)

{
32

T
LWE =2p, Z DIN(D)). (I1. 22)
i

Per a la resta de parametres s’ha utilitzat directament les seves expressions
mostrades a les equacions 11.4, 5, 6, 7, 14, 15, 16 i 17. Per la velocitat de caiguda de la

gota hem utilitzat I’equacio empirica de Atlas et al. (1973) descrita en I’equaci6 I1.11.

Aquest postprocés es va aplicar a les mesures del disdrometre Parsivel quan aquest
estava situat al observatori de la facultat de fisica de la UB. Les dades derivades s’han
utilitzat en sinergia amb LIDARS i models analitics amb dades de radiosondejos per
calcular parametres pluviometrics derivats en algada (Lolli et al. 2018). La implementacio
operativa d’aquest procediment pot servir per validar missions satel-leitals com el Global

Precipitation Mission experiment (GPM).

2.7.Parametres derivats per a la precipitacio solida
2.7.1. Parsivel
Com s’ha esmentat en la seccio 11-2.2, el Parsivel assumeix que la precipitacio és
liquida i que per tant cau en forma d’esferoides. Tot i aixi, Battaglia et al. (2010) demostra
que el Parsivel pot ser adaptat per a la mesura de la neu, tot i que amb certes limitacions.
Per a estimar la mida d’un floc de neu, suggereix que el Parsivel permet determinar la
dimensio6 horitzontal més ampla (WHD, de 1’anglés widest horitzontal dimension) a partir

del diametre equivolumetric mesurat de forma que

WHD = Deq 23
= o (11. 23)

on ar, ¢és la relaci6 axial (definit com la relacié entre 1’al¢ada 1 ’amplada) 1 es considera



1 DFAR < 1mm
aP4R = {1.075 — 0075DF4R 1 mm < DPAR < 5mm (11.24)
0.7 DFAR > 5mm

Segons Battaglia et al. (2010), aquest és I’nic parametre de mida que pot ser
mesurat per al Parsivel, tot i que en realitat no té cap significat microfisic. Les estimacions
de la WHD tenen grans incerteses per a particules de mides menors; s’ha observat una
subestimaci6 del 20% per a particules petites (Battaglia et al. 2010). La velocitat no pot

ser corregida usant el disdrometre Parsivel (Battaglia et al. 2010).

A partir de les mesures del Parsivel també és possible obtenir el factor de
reflectivitat radar equivalent (Ze) per a la neu, usant I’algoritme desenvolupat per
(Loffler-Mang and Blahak 2001) de forma que

i II.
e K : M,i !F ; ( )

on ni, Di i vi son el nombre de particules, el diametre mitja i la velocitat mitjana d’una
classe, t el temps, F I’area de mesura, Ck €s el factor de correccié que té en compte les
diferents propietats dieléctriques del gel i I’aigua liquida i és 0.195, finalment, Cwm,i €s un

factor per corregir el diametre mesurat i es calcula com

6m 2
k
Cus: = I1.26
Mt <pi7tD,§> ( )

Per aplicar aquest factor de correccid és necessari assumir una relacié mida-massa
de la formam = aD (Smith 1984). Locatelli and Hobbs (1974) presenta diverses relacions
mida-massa per a 14 especies diferents de cristalls de neu. Els resultats d’aquesta

correcci6 es mostren a ’annex B.

2.7.2. MRR

Tot i que el MRR va ser desenvolupat primerament per a mesurar precipitacié
liquida, s’ha demostrat que és capa¢ de mesurar precipitacio solida també amb certes
limitacions (Kneifel et al. 2011). Tot i aixi, les orientacions preferencials i les relacions
d’aspecte de les particules precipitants poden influenciar en les estimacions del radar
(Garrett et al. 2015). Maahn and Kollias (2012) van presentar un algoritme per millorar
el processament del senyal del MRR per a la precipitacié solida a 1’hora que permet
detectar els moviments ascendents de les particules, que amb el postprocés del fabricant

podia causar aliasing. Amb aquest algoritme, el MRR ha pogut ser aplicat per a I’estudi
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microfisic de bandes de neu en tempestes hivernals a la costa est dels Estats Units
d’Ameérica (Stark et al. 2013), ha permés analitzar la convecci6 d’efecte llac (lake effect)
al Llac Ontario (Minder et al. 2015), ha permés estimar la relacio reflectivitat vs. intensitat
de neu (Ze-SR) a I’ Antartida (Souverijns et al. 2017), o calcular el balan¢ superficial del
gel antartic (Gorodetskaya et al. 2015) i la disminucio de la precipitacio degut als vents
catabatics (Grazioli et al. 2017b).

3. Precipitacio durant la campanya
3.1. Descripcio de la campanya

Durant la campanya experimental Cerdanya-2017 diverses tempestes hivernals
foren observades intensivament. Definim els episodis com a grups de precipitacio
continua o discontinua amb caracteristiques similars o relacionats amb un mateix
fenomen meteorologic (e.g. pas d’un front) i separats per al menys 3 hores. En concret,
42 episodis de precipitacid foren observats i analitzats utilitzant les dades recollides pel
MRR que funciona durant tota la campanya i, quan estigueren disponibles, les dades del
Parsivel, que tingué diferents periodes de funcionament. Les mesures aportades per les
diverses EMASs, el ceilometre i el radiometre s’usaren com a suport per 1’analisi dels

diferents episodis. Tots aquests episodis estan resumits en la Taula 11-1.

Del total dels episodis, sis han estat classificats com a episodis de nevada, és a dir
sense cap mena de precipitacié liquida, mentre que uns altres 15 han estat classificats com
situacions de pluja. Quan la reflectivitat no arribava a I’interval de menor altitud en el
MRR, I’episodi es classifica com a virga. Els episodis restants han estat classificats com
a mixtes o de transicié entre pluja i neu o viceversa. Com és d’esperar els episodis de
nevada dominen en gener i febrer, mentre que els episodis de pluja dominen en els mesos
de marc i abril. Tot i aixi es donaren sovint episodis tardans de neu, que es produiren fins
ben bé al final de la campanya; en concret, 1’altim episodi de neu es dona del 25 al 27
d’abril. Cal destacar que en aquests episodis, a diferencia dels episodis primerencs de
gener, la neu es dona quasi sempre en episodis mixtos de pluja i neu degut al pas de fronts

gue modifiquen de forma important la temperatura a nivells baixos.



Taula 11-1. Llistat d'episodis de precipitacio mesurats durant la campanya Cerdanya-

2017
Dia Hora Dia Hora Durada . Extensio Continuita .
EVENT Any  Mes d'inici  d'inici final final (h) Tipus vertical* t Parsivel
1 2017 1 10 1030 10 13:30 3 Neuamixt ~voderada- - I
Poc profund
2 2017 1 10 19:00 11 1:00 6 Neu Poc profund  Continu Sl
3 2017 1 13 3:00 13 18:00 15 Virga-Neu Poc profund Continu SI
4 2017 1 14 2:00 14  22:00 10 Virga-Neu Poc profund Dispers Sl
5 2017 1 14 22:00 16  15:00 41 Neu Moderada Continu Sl
Profund-
6 2017 1 25 14:00 26  15:00 25 Neu Moderada- Dispers NO
Poc profund
7 2017 1 27 7:00 28 6:00 23 Neu Moderada Continu NO
8 2017 1 28 17:00 28 20:00 3 Virga Moderada -
9 2017 2 2 7:00 3 20:00 13 Pluja Moderada- o, ¢ NO
Poc profund
10 2017 2 2 800 3 13:00 5 NeuaMixt ~ Moderada- o o s NO
Poc profund
11 2017 2 3 20:00 4 8:00 12 Neu to Pluja Poc profund Dispers NO
12 2017 2 4 1500 5 11:.00 20 Pluja Pocprofund o NO
-Moderada
13 2017 2 5 13:00 6 7:00 18 Neu Moderada Continu NO
14 2017 2 6 17:00 7 0:00 7 Pluja Poc profund  Continu NO
15 2017 2 7 18:00 8 1:00 7 Pluja o Mixt Moderada Dispers NO
16 2017 2 7 3:00 7 6:00 3 Virga Profund - NO
17 2017 2 11 14:00 12 3:00 13 Pluja o Mixt Moderada Dispers NO
18 2017 2 12 13:00 12 15:00 2 Virga Moderada -- NO
Profunda-
19 2017 2 12 19:00 14 7:00 36 Pluja or Mixt Moderada- Dispers NO
Poc profund
20 2017 2 24 2:00 24 2:00 1 Pluja Moderada Curt NO
21 2007 2 28  17:00 28 19:00 2 PrObf\;’ilftme"t Profund Curt NO
22 2017 3 3 18:00 4 4:00 10 Pluja a Mixt Profund Continu NO
23 2017 3 4 16:30 4 18:00 1,5 Neu Profund Curt NO
24 2017 3 6 5:00 6 10:00 5 Pluja Moderada Dispers NO
25 2017 3 7 15:00 7 20:00 5 Pluja Moderada Dispers NO
26 2017 3 8 2:00 8 5:00 3 Virga Poc profund Dispers
27 2017 3 12 2:00 12 22:30 10,5 Pluja i Virga Moderada Dispers NO
28 2017 3 22 22:00 23 12:00 14 P'“‘il'e'\:"‘t ' Moderada  Dispers sl
Pluja, Mixt i Profund- _
29 2017 3 24 8:00 25 18:00 34 Moderada- Dispers Sl
Neu
Poc profund
30 2017 3 27 12:00 27  21:00 9 Pluja Moderada Dispers NO
31 2017 3 31 10:00 31 14:00 4 Virga Profund Dispers
32 2017 3 31 18:00 31 21:00 3 Pluja Profund - NO
33 2017 4 1 2:00 2 1:00 23 Virga Alt- Poc Dispers NO
profund
34 2017 4 5 18:00 5 21:00 3 Pluja-Xafec I rontera- - NO
Poc profund
35 2017 4 8 17:00 8 18:00 1 Pluja-Xafec Profund Curt NO
36 2017 4 9 14:00 9 15:00 1 Pluja-Xafec Profund Curt NO
37 2017 4 13 17:00 13 18:00 1 Pluja-Xafec Profund Curt NO
38 2017 4 14 15:00 14  20:00 5 Virga Profund Dispers NO
39 2017 4 15 13:00 15 16:00 3 Pluja Profund Dispers NO
40 2017 4 23 16:00 23 19:00 3 Pluja Profund Dispers NO
41 2007 4 25 500 27 16:00 59 Pluja a Neu Profund- i cers Pparcial
Moderada
42 2007 4 30 3:00 30 23:00 20 Pluja Moderada- = p, o sl

Poc profund

Profund > 3 km, Moderada entre 2.5 i 3 km, Poc profund < 2.5 km
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Molts dels episodis consistiren en precipitacions intermitents o en episodis curts i
només 7 d’ells conformaren episodis de precipitacié continua; la majoria d’aquests ultims
es produiren al gener. Cap a I’abril es comengaren a observar xafecs curts de tarda tipics
de la conveccio primaveral. Pel que fa a la profunditat de la precipitacié també s’observen
diferencies entre 1’inici i el final de la campanya: a I’inici €s més facil veure precipitacions
poc profundes que s’inicien per sota dels 2500 m sobre el terra, en canvi, al final de la
campanya tendeixen a dominar estructures altes on la precipitacié comencga molt per sobre

dels 3000 m que ens permet mesurar el MRR.

3.2. Estructura vertical dels episodis de precipitacio solida durant la campanya

La inhomogeneitat d’hidrometeors durant els episodis de precipitacié liquida

degut a la variabilitat de I’alcada de desgel no ens permet observar de forma sistematica
I’estructura vertical de 1’atmosfera durant la campanya hivernal. No obstant, no hi ha
aquest problema durant els episodis de precipitacié solida. En aquests casos no ocorre cap
canvi de fase per sobre dels sensors, i per tant, els canvis que s’observaran seran
unicament deguts als canvis en la circulacid i als processos microfisics que es donin

preferentment en la vertical de la vall de la Cerdanya.

La reflectivitat radar és un indicador de la quantitat i mida dels hidrometeors i per
tant es pot usar com a proxy del creixement dels hidrometeors. Els flocs de neu, degut a
la seva lleugeresa, permeten tragar els moviments de ’aire (Toloui et al. 2014). Per tant
podem usar I’amplada espectral mesurada pel MRR (la distribuci6 de velocitats Doppler
en un interval del radar) com a proxy per la turbulencia. Finalment la velocitat Doppler
ens indicara a la velocitat a la que cauen els hidrometeors, tenint en compte que la
velocitat mesurada és el component vertical de la suma vectorial de la velocitat terminal
de la particula precipitant i els corrents verticals de 1’aire. La figura I1-7 mostra els
histogrames de reflectivitat, amplada espectral i velocitat Doppler mesurats amb el MRR
durant els episodis classificats com a nevada en la taula 11-1.

(a) La reflectivitat mesurada a nivells alts esta compresa entre 0 i 10 m s, amb
una mediana d’uns 4 dBZ. A mesura que disminueix en alcada la reflectivitat
augmenta fins arribar a ’alcada de les muntanyes. A partir d’aquesta alcada,
la reflectivitat es manté molt constant en tota la vertical per sota amb valors

compresos entre els 0 i els 20 dBZ, amb una mediana situada al voltant dels
10 dBZ.

(b) L’amplada espectral és baixa a nivells alts i se situa entre 0.1 i 0.7 m s™* entre
2500 i 3000 m, amb una mediana d’uns 0.3-0.4 m s*. Entre els 2500 m i els



700 m s’observa una capa amb valors mitjans d’amplada espectral més grans.
Aquests valors arriben fins als 1.6 m s en els casos més extrems i als 0.8 m
st de mediana en la zona situada entre els 1200 i 1600 m, on es donen els
valors maxims d’amplada espectral. Cal tenir en compte que els valors minims
son similars als de la capa meés alta, el que indica que aquesta capa presenta
una alta variabilitat. Per sota dels 700 m els valors tornen a disminuir fins a un
maxim de 1 m s i una mediana de 0.5 m s,

(c) Lavelocitat Doppler dels hidrometeors pot ser tant ascendent com descendent
fins a +2 m st i amb un balang general proper a 0 per sobre de I’alcada de les
muntanyes, tot i que s’observa un lleuger increment de les velocitats
descendents a mesura que 1’algada disminueix. Per sota d’aquest nivell la
velocitat dels flocs de neu augmenta més rapidament, sent totalment
descendent i amb una mediana al voltant d’1 m s en els Gltims 1000 m.
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Figura 11-7. Histogrames de reflectivitat (Z, esquerra), amplada espectral (Spectral
Width, centre) i velocitat Doppler (Doppler velocity, dreta) amb [’alcada mesurats pel
MRR durant els episodis de nevada de la campanya. La linia discontinua blanca
representa el valor de la mediana i la linia negra horitzontal indica [’al¢ada de les
muntanyes mes altes.

L’estudi estadistic de la climatologia de I’estructura vertical de la precipitacio en la vall
de la Cerdanya ens mostra el patr6 general de comportament que es dona entre la
circulacié atmosferica i els processos microfisics per aquesta zona especifica. A nivells
alts de la muntanya, per sobre dels 2000 m, els cristalls de neu es creen i creixen. Aquests

cristalls estan forga influenciats pels corrents verticals que poden ser ascendents, pero a

63



64

mesura que creixen els efectes de la gravetat augmenten poc a poc. Aixi, per sota dels
1800 m, a I’al¢ada dels pics més alts que envolten la vall, s’observa com ja dominen
clarament les velocitats descendents. Una estructura remarcable és la que genera un
augment de la turbuléncia just per sota de ’algada maxima de les muntanyes. L’analisi
visual de diferents episodis sembla indicar que aquesta estructura és producte d’una linia
de cisallament que es forma en la vall i que separaria 1’aire estancat de la vall de I’aire de
I’atmosfera lliure. Aquest augment de la turbuléncia esta relacionat amb un increment de
la velocitat vertical dels hidrometeors, perd no s’observa pas un increment de la
reflectivitat, que implicaria un creixement dels flocs de neu. Aquest fet indica que els
hidrometeors en la Cerdanya son probablement insensibles a la turbuléncia generada per
aquesta capa. Per tant, I’augment de velocitat Doppler €s probable que sigui més degut a
I’abséncia de corrents verticals en 1’aire estancat de la vall que al creixement dels flocs

de neu per mescla turbulenta.

3.3.Climatologia de la DSD de la precipitacio liquida durant la campanya

Al contrari que amb els perfils verticals, els diferents parametres de la DSD
mostrats a la seccio I1-1.1, no poden ser determinats amb la neu degut a la seva anisotropia
(veure discussio a I’apartat 11-2.7.1), pero si amb la precipitacié liquida. Aqui mostrem
les propietats de la pluja mesurada durant la campanya Cerdanya-2017.
Desafortunadament, el Parsivel no funciona durant gran part de la campanya, per el que
només hem pogut estudiar la DSD de la precipitacio observada durant uns pocs episodis
de pluja o de pluja i neu (veure Taula I1-1). Per realitzar aquesta climatologia, hem filtrat
tots els minuts en que la classificacié automatica del Parsivel (que realitza en funci6 de
la distribucié de diametres i velocitats) va detectar pluja o plugim, i per evitar mesures
espuries que no forma part de la precipitacié hem filtrat també tots els valors amb R < 0.2
mm ht. Després de tots aquests filtres hem obtingut un total de 1760 mesures d’un minut

entre gener i abril de 2017.

La taula 11-2 mostra els valors mitjans, la desviaci6 estandard i els percentils 0%,
25%, 50%, 75% i 100% per a diferents parametres de la DSD i la figura I1-8 mostra la
distribucio de tres d’ells, Dm, log(Nw) i LWC. Pels episodis mesurats durant la campanya,
el valor mitja obtingut de D és de 1.17 mm (per Do é€s 1.13 mm) amb valors en general
compresos entre 0.94-1.35 mm. Curiosament tot i ser una campanya hivernal, aquests
valors son molt propers als valors totals mesurats en estudis que tenen en compte una gran

diversitat de precipitacions. Per exemple, Dolan et al. (2018) troba un valor global de Do



idéentic estudiant precipitacions de tot el mén. Tot i aixi, aixo no significa que sigui una
mesura representativa de la pluja en totes les estacions de I’any. Per exemple Wen et al.
(2016) i Hachani et al. (2017) obtenen valors similars de Dm per al total de precipitacions
durant el monsé estiuenc asiatic i el mediterrani frances respectivament, pero aquests
coincideixen també amb els valors de Dn, de la pluja estratiforme. Per tant, aquest valor
pot indicar tant la presencia de pluges de tipus diferents que amitjanats donen 1.17 mm,
o0 de precipitacié solament estratiforme amb aquest valor de Dm.

Taula I1-2. Mitjana, desviacio estandard i percentils dels parametres disdrometrics de la
precipitacié en forma liquida durant la campanya Cerdanya-2017

DO Dm Nw LWC R z lambd mu
(mm) (mm) (mm-1m-3) (g m-3) (mm h-1) (dBZ) (mm-1)

mean 1.13 1.17 4344 0.090 3.2 21.7 15.2 10.9
std 0.33 0.35 5067 0.120 4.3 8.2 14.7 10.9
min 0.55 0.56 6 0.006 0.2 3.5 1.2 -2.4
25% 0.92 0.94 1027 0.012 0.4 14.6 5.9 3.8
50% 1.08 1.12 2378 0.038 1.3 21.7 10.5 7.8
75% 1.29 1.35 5825 0.125 4.3 28.6 19.1 144
max 5.17 5.23 33372 1.303 45.2 43.1 173.7 122.0

El valor mitja de log(Nw) en canvi, es de 3.64 bastant menor que els valors mitjans
que donen Dolan et al. (2018) per a precipitacions d’arreu del mén (3.95). També és
menor que les mesures de Wen et al. (2016), Das et al. (2017) o Seela et al. (2017) per a
precipitacions a 1’est asiatic, amb valors tots ells per sobre de 4. En canvi, aquest valor si
quy s’aproxima al valor mitjafsjue obtenen Wen et al. (20%§) per a les precipitacions
estratiformes (3.78). Bringi et al. (2003) demostraren que la precipitacié estratiforme, a
diferéncia de la conveccid, €s en mitjana similar arreu del mon, pel que és probable que
la majoria de minuts de precipitaci6 mesurada a la campanya Cerdanya-2017 sigui
estratiforme. Tot i aixi, la gran dispersio de mesures i els valors tant extrems a les cues
de Dm i Nw indiquen que precipitacions d’altres tipus hi son presents en un percentatge
petit. Aquest fet queda en evidencia al veure en la Taula 1l-1, en que s’observa que la
major part dels episodis en que es va poder observar precipitacié liquida, foren la majoria

estratiformes, excepte per uns pocs episodis curts de conveccid primaveral.

El contingut d’aigua liquida en les gotes de precipitacio mostra el patré logaritmic
tipic d’aquesta magnitud i presenta un valor mitja molt baix (0.09 g m), comparat amb

els valors mitjans obtinguts per molts estudis com per exemple Dolan et al. (2018) i Wen
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et al. (2016). Els valors baixos de LWC poden corroborar parcialment la precipitacio
estratiforme (Dolan et al. 2018), pero tot i aixi son sensiblement més baixos als valors de
pluja estratiforme mesurats a la Xina oriental per Wen et al. (2016). Aquesta diferéncia
pot ser deguda a una certa continentalitat de la precipitacid en la vall de la Cerdanya (el
LWC és similar per exemple al obtingut per Chen et al. (2017) en el plato tibeta), que
queda lleugerament aillada dels fluxos humits del Mediterrani i de 1’Atlantic.
Probablement, el fet de mesurar en una vall tancada pot influir en el contingut d’aigua
liquida. Seria interessant per tant en un futur mesurar les propietats disdrometriques a

banda i banda de la vall.
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Figura 11-8. KDE (adimensional) de a) Dm (en mm), b) log(Nw) (adimensional) i ¢) LWC
(en g m?) de la precipitacio liquida durant la campanya mesurats pel Parsivel.

La figura 11-9 mostra les relacions entre Dm, Nw i LWC agrupats per diferents
intensitats de pluja. A major intensitat, els valors mitjans de Dm, Nw i LWC augmenten,
pero les distribucions queden molt superposades per Dm i Nw. En canvi, les distribucions
de LWC queden perfectament separades segons la intensitat de pluja. La relacié Dm —
log(LWC) és positiva, mentre que la relacié Dm — log(Nw) és negativa, tal i com mostren
nombrosos estudis realitzats a tot el moén (e.g. Bringi et al. 2003; Dolan et al. 2018). Tot
i aixi, les distribucions en els parametres de la campanya hivernal a la Cerdanya sén més
similars a les dades de latituds altes obtinguts per (Dolan et al. 2018) que per a latituds
mitjanes com, per exemple, quasi abséncia de mesures amb Dm per sobre de 2 mm, fet

que probablement es deu a I’abseéncia de mesures estivals.
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Figura I1-9. KDE (adimensional, grafics en la diagonal) i correlacio (resta de grafics)
entre la Dm (en mm), log(Nw) (adimensional) i LWC (en g m™®) segregats per intensitat de
pluja (R_bin en mm h') de la precipitacio liquida durant la campanya: de 0.2 a 0.5 mm
hlenlila,de 0.5a1 mmh?enblau,de 1a5mmh?encolorolivaide5a50mmhen
rosa.

Per posar en context totes les mesures obtingudes durant la campanya Cerdanya-
2017 hem representat la distribucié Do — log(Nw) de la campanya sota el diagrama de
Dolan et al. (2018) en la figura 11-10. Com s’observa, la majoria de punts de mesura estan
situats a la banda estratiforme del grafic, el que és conseqiient amb I’analisi dels
parametres efectuat previament. Sembla que el procés que més domina és el de la pluja
estratiforme debil que es dona quan petites particules glagades que creixen per 1’efecte
Bergeron entren a la capa de desgel creant gotes de mida petita i reflectivitats per sota
dels 25 dBZ, compatibles amb els valors mitjans de reflectivitat de la taula 11-2. Certs
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episodis durant la campanya presenten caracteristiques convectives i han quedat
representats en el grafic. Els processos que es donen durant aquests episodis no arriben a
ser conveccio profunda continental tipica de ’estiu on les particules de gel creixen
ajudades per les corrents ascendents fins a produir mides grans dels hidrometeors; tampoc
es donen processos de precipitacio calida on domina la rapida expulsio de gotes en els
navols. En canvi, es dona una conveccié moderada, amb gotes de mida mitjana, amb Dm

al voltant de 1 mm, i amb valors moderats de log(Nw), al voltant de 4.
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Figura 11-10. Distribucié de mesures durant la campanya en [’espai Dm— l0g(Nw)
superposats al diagrama de Dolan et al. (2018) amb els processos de precipitacio

dominants.
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4. Casos d'estudi
Del total d’episodis observats presentem 3 casos diferents que han estat

seleccionats degut a la seva llarga extensio temporal, gran quantitat de precipitacio i
diversitat entre ells. EI primer cas és un episodi de neu i pluja produit el 24-25 de marg
de 2017, degut al pas d’un vortex mediterrani, interessant degut a la seva gran diversitat
d’hidrometeors i fenomens observats gracies a la combinacié d’instruments durant la
campanya. En el segon cas, produit al final de la campanya el 30 d’abril de 2017, es
mostra un episodi primaveral tipic amb el pas d’un front fred que acaba produint
precipitacions intermitents en forma liquida. Finalment, el tercer cas correspon a un
episodi de nevades continues juntament amb ones de muntanya produit entre el 15 i 16
de gener de 2017. Per aquest episodi s’ha realitzat un estudi més exhaustiu per analitzar
si les estructures cinétiques produides per les ones de muntanya sén capaces de modificar

els processos de precipitacio.

4.1.24-25 de mar¢ de 2017

4.1.1. Descripcio sinoptica

Aquest episodi es caracteritza per una depressio freda profunda aillada de la
circulacio general i localitzada a I’oest de la peninsula ibérica amb un nucli fred a -33 °C
ales 12:00 UTC del 24 de marc de 2017. A nivells baixos, a part de la depressié principal,
I’estructura més important fou la depressio secundaria i els fronts associats a la baixa que
es forma a Algeria durant els dies anteriors i que el 24 de marg es dirigiren cap al nord
creuant la Mediterrania Occidental davant el pas del talveg de la depressié en algada. A
mesura que la depressié avanca cap al nord organitza un flux calid i humit del sud-est a
nivells baixos que incidi quasi perpendicularment sobre la serralada dels Pirineus durant
la nit del 24 al 25 (figura 11-11). Durant la matinada del 25 de marg, la depressié en alcada
es dividi en dos vortexs en nivells alts i baixos (des de superficie fins a 300 hPa) que
comencaren a girar entre ells en forma de sistema merry-go-round. Durant el mati del 25
la depressio s’ana reorganitzant sota el vortex secundari fins a crear una estructura en
forma de coma ben separada del vortex principal en algada. El nucli de la coma del vortex
secundari amb un front fred associat finalment creua per sobre dels Pirineus a les 12:00
UTC. L’episodi finalitza quan els dos centres ciclonics convergiren de nou en un de sol

al nord-oest d’Espanya.
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4.1.2. Estructura vertical de la troposfera baixa i mitjana

Durant aquest episodi fou Ilancat un Unic radiosondatge el 24 de marg a les 22:34
UTC, just quan el flux del sud-est es reforcava en els Pirineus i poc abans del pas del
talveg retrograd que dividi el vortex en alcada. El perfil de temperatura (figura 11-12a,b)
mostra un sol estrat forca homogeni des de nivells baixos fins a 10 km sobre el nivell del
mar (a.s.l.)., en el que la temperatura potencial augmenta lentament en al¢ada. Per tant
estem davant d’un perfil condicionalment inestable i for¢a humit en general, especialment
per sota dels 4000 m (5100 m a.s.l.). Només la capa més propera al terra, d’uns 100 m,
mostra una inversid i en consequiencia estabilitat. El perfil de vent (figura I1-12c,d) mostra
una velocitat i direccié forca homogénia, 30 m s de I’ESE, per sobre dels 900 m (2000
m a.s.l.). La humitat és forca alta entre els 900 i els 3900 m. En la capa de sota, la humitat

decreix, el vent afluixa i gira a NE, tot i que el perfil de temperatura no mostra cap canvi

en el seu gradient.
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Figura Il-11. Situacid sinoptica el dia 25 de mar¢ de 2017 a les 00:00 UTC. (a) les linies
negres corresponen a les isohipses en mgp a 500 hPa, en colors la temperatura a 500
hPa i les linies granes a la velocitat del vent en m s a 300 hPa; (b) les linies negres
corresponen a les isohipses en mgp a 850 hPa, en colors a la humitat especifica a 850
hPa i les linies vermelles a la temperatura en °C a 850 hPa. L estrella vermella indica la
situacio de Das.

4.1.3. Evolucié a mesoescala i microfisica

La figura 11-13 mostra 1’evolucid d’aquest episodi a la vall de la Cerdanya. Aquest
episodi es caracteritza per ser molt variable en temperatura i hidrometeors. L’inici de
I’episodi fins a les 16:30 UTC del 24 de marg i es caracteritza per 1’arribada de 1’estructura
nuvolosa associada al front calid de la baixa. Aquesta arribada és observada pel
ceilometre i el MRR com una progressiva disminucio de la base dels navols i de la
precipitacid que a primeres hores s’observa en forma de virga. La precipitacio en

superficie s’inicia a les 12:00 UTC en forma de neu 1 la reflectivitat s’intensifica poc



abans de les 15:00 UTC, hora a partir de la qual es comencen a observar particules de
precipitacio forga grans. Aquesta hora coincideix també amb una disminuci6 de I’algada
de creixement de particules, que se situa entre els -10 i els -20 °C, zona optima per a la
creacio de dendrites, particules que son facilment agregables. L’augment de la mida degut
a les particules agregades pot explicar I’augment de la reflectivitat radar. L’UHF mostra
durant aquesta fase un desacoblament molt marcat entre I’atmosfera lliure molt ventosa i
el fons de la vall en calma, que va disminuint gradualment des dels voltants dels 2500 m
d’al¢ada fins als 1400 m. El radiometre observa un augment progressiu de la temperatura
per sobre dels 1000 m associat al front calid. Es destacable, en canvi, el descens de la
temperatura que es dona a nivells baixos durant el pas del front. Hipotetitzem que aquest
refredament a nivells baixos durant el pas del front calid es deu a 1’absorcié de calor
latent per a la sublimacié de la precipitacié solida. En la seccio 11-4.1.3 analitzem aquest

efecte amb més detall.
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Figura I1-12. Radiosondatge de Das llancat el dia 24 de mar¢ de 2017 a les 22:34 UTC.
El parametres representats son (a) Temperatura en °C, (b) temperatura potencial en K,
(c) velocitat del vent en m s-1, (d) direcci6 del vent en graus, (e) humitat relativa en (%),
(f) frequeéncia de Brunt-Vaisala en s-1, (h) parametre d’Scorer en m-2 i (i) velocitat
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d’ascens de la sonda en m s-1. L’alcada es mostra en m. L al¢ada de Das son 1100 m
sobre el nivell del mar.
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Figura 11-13. Evolucié de [’episodi del 24-25 de marg¢ de 2017 observat pel MRR i el
Parsivel. (a) Reflectivitat MRR (sobre la linia negra continua horitzontal) i Parsivel (sota
la linia negra) en dBZ, temperatura observada pel radiometre (linies negres) en °C i
alcada de la base dels navols observada pel ceilometre; (b) amplada espectral del MRR
(sobre la linia negra) i tipus d’hidrometeor (sota la linia negra), (c) velocitat Doppler
del MRR (sobre la linia negra) i velocitat mesurada pel Parsivel (sota la linia negra) en
m st; (d) concentracio de particules en funcio del diametre del Parsivel en m® mm™,
S’anoten diversos processos observats durant l’episodi. Les altures representades en (a),
(b) i (c) sén sobre el nivell de terra.
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La fase de I’episodi que va des de les 16:30 UTC del dia 24 fins a les 8:00 UTC
del 25 es caracteritza per la naturalesa liquida dels hidrometeors en superficie. Aquesta
fase s’inicia amb un ascens de temperatura molt sobtat que produeix que la fase dels
hidrometeors canvii de solid a liquid i que coincideix amb la finalitzaci6 de les calmes al
fons de la vall i amb una entrada de vent del nord-est. En gran part d’aquesta fase la base
del nivol es situa proxim a la isoterma 0. S’observa en els perfils de velocitat Doppler
com sota la isoterma 0 tendeix a créixer la velocitat de les gotes de pluja a mesura que
cauen i es desfan en la zona de desgel. A partir de les 20:00 UTC cal destacar tambe un
augment de la turbuléncia a diferents alcades i que dura fins a les 06:00 UTC. En aquest
periode, les particules que arriben a terra son en general petites i no superen els 4 cm;
disminueixen en mida en els periodes en que la precipitacid s’interromp ja que
segurament arriben nomeés particules petites transportades pel vent des de navols propers.
Durant la fase liquida s’observa també una signatura caracteristica del MWR: la presencia
d’un bias calid de temperatura en els moments de pluja més intensa; aquest bias és un
artefacte del radiometre degut a ’emissi6 de 1’aigua liquida en freqiiéncies similars a les

usades pel MWR (Knupp et al. 2009).

Finalment, a partir de les 8:00 del dia 25 torna de nou a nevar sobre Das. Ja des
de forca abans, concretament des de les 2:00 UTC, es comenca a notar la entrada gradual
del front fred, ja que la temperatura en tot 1’estrat comenca a disminuir. A diferencia del
front calid, aquest cop la temperatura a nivells baixos es comporta de forma similar a
nivells alts i cap a les 7:00 UTC es dona un canvi sobtat de vent que passa a bufar del
WSW. Com hem comentat, cap a les 8:00 UTC la cota de neu es desploma a nivell de
terra i en el Parsivel es tornen a observar particules grans corresponents a flocs de neu
agregats. La precipitacié en aquesta fase sembla que es forma entre els -10 i els -20 °C,
zona optima per a la creacio de dendrites, que és consistent amb la creacié d’agregats. La
turbuléncia disminueix de nou durant aquesta fase. Tot i aixi a vegades es donen petites
zones de turbulencia més elevada que es relacionen amb una velocitat de caiguda major i
un creixement de la mida de les particules, segurament degut a I’agregacié mecanica de

les dendrites.

4.1.4. Efecte de la sublimacio en el pas del front calid
En I’anterior seccié hem observat que al pas del front calid inicial, la temperatura
a nivells baixos en comptes de pujar presentava un refredament forca acusat. Aquest

refredament és observat també a nivell de terra. Aixi, mentre que I’estacié de Das marcava
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ales11:30 UTC del dia 24, 5.3 °C de temperatura, un 36% d’humitat i una pressio de 890
hPa, cinc hores més tard, a les 16:30 UTC s’observa una temperatura de -0.2 °C, una
humitat del 99% i una pressio de 898 hPa. Per tant es dona un refredament total de 5.5 °C
en el transcurs de cinc hores. Degut a la paradoxa d’observar un refredament al pas d’un
front calid, hem formulat la hipotesi de que aquest refredament és degut a la sublimacié
dels flocs de neu caient. Aquest fet seria compatible amb 1’augment d’humitat relativa
observada en superficie i a la disminucio de I’algada del nuvol a mesura que la baixa
troposfera en la vall s’humidifica. Per comprovar la hipotesi farem una estimacio del
canvi de temperatura que suposaria sublimar la humitat guanyada en superficie en el
transcurs d’aquestes cinc hores. Per a fer-ho considerarem que 1’aire en superficie esta
estancat i que tota 1’energia absorbida per sublimar els flocs de neu és obtingut de 1’aire
circumdant homogeéniament en tota la vall. Aquestes suposicions son raonables ja que el
vent en superficie es mantingué quasi en calma durant tota la fase de refredament, essent

la velocitat mitjana a 10 m d’algada durant aquest periode de 1.7 ms™.

Estimem en primer lloc la quantitat de humitat guanyada en superficie entre les
11:30 UTC i les 16:30 UTC. Per a aix0 podem utilitzar I’equacié de August-Roche-

Magnus per calcular la pressi6 de vapor de saturacid per a ’inici i al final del refredament:

17.625T )
T + 243.04/)
on e, (T) és la pressid de vapor de saturacié i T és la temperatura en °C. Si multipliquem

es(T) = 6.1094 exp ( (11. 27)

el resultat per la humitat relativa dividit per 100 obtindrem la pressi6 de vapor de 1’aire
e(T,RH) a cada moment. A partir d’aquest valor podem calcular la humitat especifica

d’ambdos instants fent:

e(T,RH
5 & )'

q =62 (1. 28)

on q és la humitat especifica en g Kgaie® i p és la pressio de 1’aire. Substituint a les
expressions per els valors observats obtenim que a les 11:30 UTC hi ha 2.2 g Kgaire™
mentre que a les 16:30 UTC hi ha 4.2 g KQaire ™. Es a dir, I’aire ha guanyat en el transcurs
de 5 hores 2.0 g d’H20 per cada kg d’aire. Si suposem que tota aquesta humitat és
obtinguda de sublimar els flocs de neu caient, veiem que 1’energia necessaria per a

sublimar aquesta quantitat d’aigua €s:



1 mol H,0
————=—51.1kJ mol™?

AQ = mHZO Lsub = 2 gHzo kg;l%'e 18 g H20 (11.29)
= 5.7 k] kggire-
Suposant ara que tota aquesta calor és extreta de 1’aire de forma que es refreda a pressio

constant obtenim:

_8Q_ 57 K kgaire
¢, 1012kJ K kg, }

aire

AT =5.6°C. (11. 30)

Tot i ser una estimacio, aquest valor s’ajusta molt bé a les observacions (un canvi de
la temperatura de 5.5 °C) i per tant amb la hipotesi efectuada de que el refredament al
fons de la vall és produit per la sublimacio de la neu. A vista dels resultats es pot dir, fins
i tot, que altres efectes com I’escalfament diabatic o 1’adveccio serien en aquest cas

negligibles respecte a aquest efecte.

4.2. 30 de abril de 2017
4.2.1. Descripcio sinoptica
La situacio sinoptica durant aquest episodi es caracteritza per un talveg que es
mogué rapidament d’oest a est sobre 1’ocea nord-Atlantic, produint un flux del sud-oest i
divergéncia a nivells alts sobre els Pirineus (figura 11-14). Vinculat al talveg, una baixa
profunda es forma al sud-oest de les illes Britaniques. El front fred associat a la baixa
creua la peninsula Iberica de oest a est fins arribar als pirineus orientals, captant el

instrumental de la campanya el pas d’aquest front.
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Figura 11-14. Com la figura 11-11 pero el dia 30 d’abril de 2017 a les 12:00 UTC.

4.2.2. Estructura vertical de I'atmosfera
Durant aquest episodi es varen llangar dos radiosondatges, el primer a les 12:05
UTC abans del pas del front i el segon a les18:09 UTC just quan el front estava passant.

Les condicions termodinamiques préevies al front (no es mostra) indiquen la presencia
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d’una capa profunda fins a uns 3000 m sobre el nivell de terra (a.g.l.) ben mesclada i forca
humida per sota d’una capa molt seca i també amb un gradient forga adiabatic. Entre les
dues capes es dona una forta inversié que les separa (al voltant dels 3000 m a.g.l.). Les
imatges de satel-lit mostren el desenvolupament d’ones atrapades i ones de propagacio
vertical que probablement es donaren a conseqiiéncia d’aquesta inversio. Al pas del front,
aquesta divisio queda diluida (figura 11-15). El front, que es veu modificat per les
muntanyes, refreda i humidifica sobtadament la zona de la inversié mentre que modifica
Ileugerament la capa inferior augmentant la seva estratificacio (augmenta el nombre de
Brunt-Viisild). Com en el cas anterior 1’estratificacié que genera es condicionalment

inestable. El vent, que es de 'WSW, presenta poca cisalla a nivells baixos, pero

s’incrementa a nivells mitjans.
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Figura 11-15. Com la figura 11-12 pero el dia 30 d’abril de 2017 a les 18:09 UTC.

4.2.3. Evolucié a mesoescala i microfisica

El pas del front va ser observat per I’instrumental instal-lat a Das. Hem representat

aquest episodi, que va durar menys de 12 hores, a la figura 11-16. La estacié meteorologica



de Das, mostra una disminucio gradual de la temperatura al pas del front que cau 9 °C en
12 hores. A nivells alts aquesta baixada és menys acusada i comenca més tard, el que ens
indica que sinopticament podem classificar 1’estructura de anafront. La precipitacidé que
es dona durant el pas frontal no es continua sin6 que en les primeres fases de 1’episodi és
forca intermitent. Comenca amb precipitacions intermitents forca debils, amb poca
concentracio de gotes molt petites (< de 2 mm) i a mesura que s’acosta més el front la
reflectivitat va incrementant aixi com la quantitat i mida de les gotes que s’observen en
superficie. Durant aquestes pluges intermitents s’observa molt bé la zona de desgel que
ve delimitada per un augment sobtat d’amplada espectral i de velocitat Doppler de

caiguda i que es situa entre els 1000 i els 1500 m durant la primera meitat de 1’episodi.

El moment de més intensitat del front es dona de 18:00 a 19:00 UTC, quan la
reflectivitat en tota la columna augmenta, en especial per sota la zona de desgel on supera
els 35 dBZ. Durant aquesta hora la concentracié de gotes augmenta molt, i les particules
gotes de pluja arriben fins als 4 cm. Cal destacar el fort augment de la temperatura a
nivells alts del MWR, que augmenta de cop 10 °C (de -10 a 0 °C a 2500 m a.qg.l.) per
tornar als valors inicials al baixar la precipitacid. Augments sobtats similars, d’igual o
menor magnitud ocorren també durant les precipitacions intermitents previes i posteriors,
aixi com en I’episodi del 24-25 de mar¢ de 2017 (seccio 11-4.1.3) i s6n deguts a I’emissio

de les gotes d’aigua en les bandes de recepcio6 del radiometre.

Després de les 19 UTC la precipitacié disminueix i esdevé de nou intermitent. La
concentracio i la mida dels hidrometeors torna a disminuir fins a un maxim de 2 mm i la
alcada de desgel disminueix fins a situar-se entre 500 i 1000 m a.qg.l. La part final continua
aixi fins a les 22:00 UTC quan s’observa la tltima particula sobre terra. Més tard encara

s’observa virga gracies al MRR que ens permet mesurar en algada.

Finalment, per acabar d’analitzar aquest pas de front, hem representat en la figura
[1-17 la distribucié de mesures obtingudes pel Parsivel en I’espai Do—log(Nw) durant
aquest episodi. Destaca la varietat de processos que s’hi donen, tant convectius com
estratiformes, que son representatius de tots els descrits durant la campanya en la seccio
3.3 d’aquest capitol. Cal destacar que la major part de punts classificats com a convectius
es donen entre les 18:00 i les 19:00 UTC durant la part més intensa de 1’episodi, mentre

que la resta de 1’episodi destaca per una menor concentracié de gotes.
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Figura 11-16. Com la figura 11-13 pero el dia 30 d’abril de 2017.
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Figura 11-17. Com la figura 11-10 pero el dia 30 d’abril de 2017.

4.3. 15-16 de gener de 2017
Entre els dies 15 i 16 de gener, un gran episodi de nevades i torb ocorregué en els
Pirineus produint temperatures extremadament baixes, grans nevades i vents molt

intensos que generaren varies incidencies com cotxes atrapats, carreteres tallades i
accidents menors.

4.3.1. Descripcid sinoptica

La situacid sinoptica es caracteritza per una amplia dorsal situada sobre 1’ocea
nord-Atlantic i un igualment ampli talveg situat sobre el continent Europeu (figura 11-18).

Com a resultat, entre les dues estructures s’establi un fort flux de nord que bufa tots els

4.0
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nivells troposférics que afecta a la peninsula Ibérica. A nivells alts destaca una branca
meridional del jet polar amb velocitats de 40 m s™ a 300 hPa que flui directament des del
nord d’Europa fins a la Peninsula. Entre la dorsal i el talveg es forma una frontera
baroclinica estacionaria associada a un fort gradient horitzontal de temperatura equivalent
i, conseqlientment de inestabilitat simétrica (Kurz 1998; Markowski and Richardson
2010), que produi una estructura nuvolosa a nivells baixos sobre les illes Britaniques i
Franca que impacta perpendicularment en els Pirineus amb el flux incident de nord.
Aquesta estructura llarga i prima originada a latituds subtropicals esta també associada a
grans quantitats de humitat especifica a 700 hPa i indica la presencia d’un riu atmosferic.
El riu atmosféric es mantingué quasi-estacionari entre el 15 i el 16 de gener, periode
durant el qual la branca descendent de la dorsal advecta gradualment aire calid i humit
cap al sud, i1 la imatge de satel-lit (no es mostra) suggereix la formaci6 d’ones de muntanya
durant el dia 15. L’episodi finalitza quan el jet es desplaga cap a I’est i la massa d’aire
oceanica a nivells baixos, relativament calida i humida, fou desplagada per una massa
d’aire continental freda i seca durant la tarda del 16 de gener. Aquest fet es produi a
conseqiiencia de I’extensio de ’anticiclé atlantic en forma de falca que altera el flux del

nord girant-lo a nord-est i permeté I’entrada d’aire provinent de 1’Europa Central.

@
4

Figura 11-18. Com la figura 11-11 pero el dia 15 de gener de 2017 a les 18:00 UTC.

4.3.2. Estructura vertical de I'atmosfera

La figura I1-19 mostra els perfils verticals de la temperatura, temperatura potencial
1 velocitat 1 direccio del vent obtinguts per el radiosondatge llengat des de I’aerodrom de
Das el 15 de gener a les 12:37 UTC. Els perfils de temperatura (figura 11-18a,b) mostren
un estrat adiabatic dins de la vall associat relacionat amb una capa limit molt ben mesclada

que queda tapada per una inversio de temperatura a ~2400 m a.g.l. per sobre de la qual



I’aire perd humitat. En aquesta capa s’observa una gran cisalla del vent horitzontal,
especialment en els nivells més baixos; per sobre de la inversio la velocitat i direccio del
vent es mantenen quasi constat en algada (figura 11-19c,d). El vent del nord domina en

tota la vertical excepte en els nivells més baixos on gira provenint de 1’est (figura I1-19d).
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Figura 11-19. Com la figura 11-12 pero el dia 15 de gener de 2017 a les 12:37 UTC

La freqiiéncia de Brunt-Vaisila (N) i el parametre de Scorer (1) (figura 11-19f,g),
augmenten de sobte en el nivell d’inversio revelant una zona d’estabilitat en aquest estrat.
La termodinamica de la atmosfera mostra que les condicions son favorables a la creacio
de ones de vent atrapades des de la cresta de la muntanyaa 1700 m a.g.l. (~2800 m a.s.l.)
fins a uns 2400 m a.g.l. (3500 m a.s.l.), ja que el vent horitzontal creix amb I’al¢ada i la
estabilitat es manté quasi constant, i per tant 1> disminueix amb 1’algada (Scorer 1949).
Tot i aixi, la capa limit ben mesclada pot ser capag d’absorbir les ones reflexades cap a
baix (Smith et al. 2002). En canvi, per sobre dels 2400 m a.g.l. les condicions son

favorables al desenvolupament de ones de muntanya de propagacio vertical, al ser el vent
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horitzontal constant amb 1’al¢ada i al créixer la estabilitat amb 1’algada en un estrat d’uns
centenars de metres. Aquesta ona de muntanya fou confirmada per la imatge WV de
satél-lit, que evidencia que les ones arribaren a la troposfera mitjana-alta. Cal destacar
que el radiosondatge fou llancat aiguies a baix de la serralada i per tant les mesures poden
estar distorsionades per 1’activitat de la ona. Tot i aixi, podem assumir que les mesures
per sobre de la linia de crestes de les muntanyes, serien molt similars de les que tindriem

aiglies amunt de la serralada (Strauss et al. 2016).

4.3.3. Evolucio a mesoescala
La figura 11-20 mostra 1’evolucié de ’episodi sobre Das observat per diferents
mesures derivades del MRR i del disdrometer Parsivel. Hem dividit I’episodi en tres fases

segons la senyal de reflectivitat mesurada per el MRR i la PSD obtinguda pel Parsivel:

(a) Fase 1: La primera fase va de les 5:00 a les 8:00 UTC del 15 de desembre. El
MRR observa durant aquesta fase xafecs de neu amb paquets de reflectivitat
augmentada. En consonancia, el Parsivel mesura una considerable quantitat de
particules molt grans, tal i com es d’esperar de I’agregacio dins dels paquets.

(b) Fase 2: Es dona des de les 8:00 UTC a 23:00 UTC, quan tant la reflectivitat
derivada del MRR com la del Parsivel disminueix de cop. En aquesta fase la
precipitacié sembla ser més constant i menys intensa. Les particules que
arriben al terra son la majoria molt petites (WHD < 3 mm).

(c) Fase 3: Ocorre des de les 23:00 del 15 fins a les 13:00 del 16 de desembre,
quan la reflectivitat creix de nou, i augmenta la variabilitat temporal degut a
nous xafecs de neu. En aquesta fase s’observaren les particules més grans i la
major quantitat de particules per a qualsevol mida de tot I’episodi (figura II-
20).

Els hidrometeors lleugers com flocs de neu tenen la capacitat de tragar els moviments i la
turbuléncia de 1’aire (Toloui et al. 2014). Per tant, el MRR ens permet inferir les
estructures cinematiques de escala local produides per la muntanya. En concret, podem
utilitzar els perfils la velocitat Doppler i I’amplada espectral mesurada pel MRR, com a
proxy dels moviments verticals i la turbuléncia sobre Das, respectivament. A continuacid
descrivim ambdds parametres per separat.
(a) Velocitat Doppler: Durant tota la primera fase i fins a les 15:00 del dia 15
dominen les corrents ascendents per sobre dels 1500 m a.g.l.. A partir
d’aquesta hora les corrents ascendents comencen a reduir-se paulatinament i

les velocitats de caiguda comencen a dominar. La caiguda de les particules en
els nivells alts del MRR dominen fins aproximadament a les 5:00 UTC del 16



de desembre, quan de cop i volta apareixen noves corrents ascendents que
s’estenen fins als nivells més baixos en les c¢l-lules més intenses.
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Figura 11-20. Com la figura 11-13 pero [ ’episodi del 15-16 de gener de 2017.

(b) Amplada espectral: Durant la primera fase de precipitacio els valors
d’amplada espectral dominen a tots els nivells d’alcada. Quan les torres de
reflectivitat s’acaben, la turbuléncia per sobre dels 2000 m a.g.l. disminueix
de cop, tot i que els valors alts d’amplada espectral es mantenen en nivells
baixos. A les 16:00 UTC, coincidint amb una forta disminucié de la
temperatura i amb un canvi del vent, la turbuléncia minva a nivells baixos. A

i
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partir d’aquest moment 1 fins a les 4:00 UTC, s’observen tres capes
desacoblades entre elles, que es mantenen fins i tot quan les torres de
reflectivitat s’inicien de nou. Després de les 4:00 UTC la turbuléncia torna a
augmentar en nivells mitjans i alts pero la capa baixa es manté de desacoblada.
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Figura 11-21. Evolucio del episodi del 15-16 de gener de 2017 observat pel UHF. Els
vectors representen el vent horitzontal, la velocitat vertical s’indica en colors.

Per investigar més a fons com es modifiquen les circulacions locals sobre la
muntanya en el dia 15 de desembre hem analitzat les dades del perfilador de vent UHF,
situat al peu de la muntanya a uns 2.4 km al NW del MRR. Les dades del UHF mostren
un fort vent horitzontal provinent del NNW que domina en nivells alts durant tot el dia
(Figura 11-21) que és consistent amb la situacio descrita a la secci6 4.1.1 d’aquest capitol.
Per sota, entre 800 i 2000 m a.g.l. s’observa una forta cisalla del vent horitzontal on el
vent augmenta amb 1’altura. Hem dividit la situacio observada amb el UHF durant el dia

15 en 3 fases:

(a) La primera fase des de les 00:00 fins a les 9:00 UTC, forts vents del nord 20
m s predominen sobre les crestes de les muntanyes (~ 1700 m a.g.l.)
augmentant en algada fins a superar els 30 m s a 3000 m a.g.l.. En canvi, al
fons de la vall, el vent horitzontal és débil i variable, amb menys de 2 m s
Durant aquesta fase les descendencies dominen el flux per sota de les crestes
de la muntanya, mentre que s’observen de tant en tant corrents ascendents a
nivells alts.

(b) La segona fase que va des de les 9:00 UTC fins a les 16:00 UTC hi ha un
augment del vent, augmentant fins a 30 m s als cims de les muntanyes i fins
a 40 m st a 3000 m a.g.l.. El vent també augmenta a prop de la vall,
especialment sobre les 9:30 UTC i sobre les 14:00 UTC, amb una velocitat
moderada de més de 8 m s, Pel que fa a la velocitat vertical, es genera un
corrent ascendent sobre de les crestes que es reforca durant la tarda, i.e. 1.8 m
51 2400 m a.g.l. sobre les 14:00 UTC.

(c) Latercera fase comenca a les 16:00 UTC i acaba a les 21:00 UTC. El vent
horitzontal disminueix de sobte a valors similars als de la primera fase, amb
vents molt fluixos entre la superficie fins a 1200 m a.g.l.. Mirant en detall,
s’observa una component de sud que apareix durant unes dues hores de 17:00
fins a les 19:00 UTC indicant una inversio del vent entre 150 m i 850 m a.g.l.,

Wertical Velocity [mi's]



oposat al vent en algcada 1 suggerint la formacié d’un rotor sota la ona de
muntanya (no es mostra). Les maximes ascendencies s’observen durant aquest
periode amb un maxim de 2.57 m st a les 17:10 UTC a 2250 m a.g.l., dins
d’una columna molt profunda d’ascendéncies entre 1200 i 4000 m a.g.l. que
podria indicar que el UHF esta capturant la zona de retorn del rotor.

(a) morning (b) afternoon

Figura 11-22. Representacio esquematica de (a) la ona de muntanya durant el mati i (b)
la ona de muntanya i el rotor sobre la vall per la tarda. Els simbols vermells indiquen la
presencia de turbulencia moderada.

La comparacio de la velocitat vertical del MRR i del UHF mostra petites
diferencies que ens permet analitzar ’estructura de la ona de muntanya. Les fortes
velocitats verticals que es donen al mati en el MRR per sobre de les crestes de la muntanya
corresponen al limit ascendent de 1’ona de muntanya. La imatge del satél-lit Terra (no es
mostra) confirma la localitzaci6 de 1’ona situada el seu limit ascendent sobre el MRR. El
patré de distribuci6 espacial vertical del MRR es similar al obtingut per al UHF durant la
tarda, el que suggereix que ambdds instruments capturen la mateixa estructura de la ona
que es situa sobre el MRR durant el mati i sobre el UHF per la tarda. De fet, tal i com
suggereixen les imatges de satel-lit, la ona de muntanya, que es manté estacionaria durant
el mati, es desplaca cap al NW durant la tarda on torna a quedar estacionaria. Aquest
desplacament pot ser atribuit a un escurcament de la longitud d’ona degut a la disminucio
de la velocitat horitzontal del vent sobre la muntanya. Quan aixo ocorre, sorgeix un rotor
que es captat no només per el UHF sin6 també per el Wind RASS-Sodar (WR) (no es
mostra) i que confirma que el rotor apareix elevat al menys 150 m sobre la superficie. La
figura 11-22 resumeix la evolucioé temporal i I’estructura general de la ona de muntanya i

del rotor durant aquest episodi.
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4.3.4. Impacte de les estructures cinematiques de la muntanya en els processos

de precipitacio
Com hem vist en I’anterior seccid, aquest episodi destaca per presentar ones de
muntanya que generaren diverses estructures cinematiques variables amb el temps, com
I’ascens o el descens de la ona, el rotor, etc. A més a més tot i I’estabilitat, presenta
precipitacié abundant en forma de nevades. En aquesta seccio volem observar quin és

I’impacte d’aquestes estructures en els processos de precipitacio.

Si observem de nou la figura 11-20, observem que durant 1’evolucié de 1’episodi
es donen processos de precipitacid transitoris que a primera vista semblen no relacionats
amb les estructures cinematiques de la ona de muntanya. Si comparem la reflectivitat del
MRR amb la velocitat Doppler i I’amplada espectral, no s’observa una relacié simple
entre la variabilitat de la precipitacio i els canvis en la velocitat vertical o la turbuléncia,
emfatitzant la gran complexitat inherent en aquestes relacions. Tot i aixi no podem
extreure cap conclusié definitiva amb aquestes observacions ja que la variabilitat a petita
escala pot estar emmascarada per la variabilitat a gran escala observada.

Per investigar aquesta guiestio de forma més precisa hem analitzat dos periodes de
3 hores dins de la mateixa estructura de precipitacié en la fase 2, perd amb diferents
circulacions de muntanya.

(@) El primer periode seleccionat esta compres entre les 10:00 UTC i les 13:00

UTC quan la longitud d’ona de 1’ona de muntanya era suficientment amplia
com per tenir la seva fase ascendent sobre el MRR.

(b) El segon periode seleccionat esta compres entre les 17:00 i les 20:00 UTC i es
caracteritza per la presencia del rotor, amb el MRR situat a la seva branca
descendent.

Com es pot observar en la figura 11-20, la circulacio del vent i la turbuléncia
il-lustrada per la velocitat vertical 1 I’amplada espectral del MRR semblen ser ben
diferents entre els dos periodes. Pel que fa als patrons de precipitacio relacionats amb la
reflectivitat del MRR i la PSD del Parsivel, els dos periodes mostren més similituds.
Durant el periode B, la reflectivitat decreix lleugerament respecte el periode A pero la
PSD sobre el terra es molt similar. A continuacié comparem les observacions del MRR i

del Parsivel per ambdos periodes.



Observacions del MRR
Per observar com els canvis en les estructures cinematiques afecten a la

precipitacié en la vertical hem representat en la figura 11-23, I’espectrograma de

reflectivitat, velocitat i amplada espectral per als dos periodes. L’amplada espectral i la
velocitat vertical mostren grans variacions entre els dos periodes

(a) Durant el periode A, la amplada espectral mostra valors alts situats entre 1.0 i

1.5 m st a nivells baixos, i valors del voltant de 1.0 per sobre dels 2000 m

a.g.l. La velocitat vertical mostra un gradient vertical que va des de velocitats

descendents al voltant dels 2 m s™ a nivell de terra fins a velocitats ascendents

al voltant dels -2 m s? a nivells alts, que son el resultat de solapar els

moviments verticals del vent amb la velocitat de caiguda de les particules
respecte de I’aire?

(b) Durant el periode B, s’observen clarament tres capes desacoblades: la capa
més baixa i la capa més alta amb turbuléncia baixa, per sota de 0.5 ms?, i una
capa turbulenta entre mig (Medina et al. 2005), amb valors compresos entre
0.5i 1.0 m s Les velocitats de caiguda entre 0 i 2 m s dominen en aquest
periode per a tots els nivells. S’observa un lleu increment de la velocitat de
caiguda a mesura que 1’algada disminueix dins de la capa de cisalla.

Els dos periodes mostren caracteristiques similars respecte a la reflectivitat: un
increment des de 3000 m a 2000 m a.g.l. on els cristalls de neu poden estar creixent, una
banda amb valors de reflectivitat estabilitzats i finalment un decreixement de la
reflectivitat a nivells baixos que pot estar relacionat amb la sublimaci6 de la neu per
I’efecte del vent (Geerts et al. 2011; Burford and Stewart 1998; Grazioli et al. 2017a). La
principal diferencia en la reflectivitat del MRR entre els dos periodes és la magnitud, que
és uns 5 dBZ per sobre en tot el perfil durant el periode A comparat amb el B. El
creixement de la neu en ambdds periodes es situa per sobre de la isoterma -15 °C suggerint
que la formacié de cristalls es dona per sobre de la zona de creixement de les dendrites
(Kobayashi 1967). S’ha observat que les dendrites son molt sensibles a 1’agregacio degut
a D’entrellagament mecanic (Rauber 1987), per tant, la manca d’increment de la
reflectivitat a mesura que decreix 1’algada per sota de la isoterma -15 °C indica la abséncia
de agregaci6 dendritica. Comparant la reflectivitat del MRR amb I’amplada espectral, no

s’observa una clara associaci6 entre el creixement de la neu i la turbuléncia durant aquesta

part de I’episodi.

! La velocitat terminal tipica dels flocs de neu és al voltant d’1 m s (Geerts et al. 2011) tot i que
pot fluctuar forca respecte la mitjana (Mitchell and Heymsfield 2005).
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Figura 11-23. Espectrograma de reflectivitat, amplada espectral i velocitat Doppler per
(@) el periode A i (b) el periode B. En vermell es mostra la temperatura mitjana del
periode i en groc la alcada mitjana de la base dels navols.

Observacions del Parsivel
La figura 11-24 mostra la PSD mitjana per ambdos periodes de 3 hores (linies

gruixudes). Es evident que ambdds periodes mostren una distribucio6 similar de mides que
confirma els nivells de reflectivitat similar a nivells baixos que hem observat amb les
dades del MRR. Per visualitzar la variabilitat i verificar que la similitud no es una
coincidencia degut al amitjanament de llargs periodes, hem representat també les tres
distribucions d’una hora per al periode A i el periode B. Tot i que la variabilitat és més
gran per a particules petites (menys de 1 mm), especialment per al periode B, s’observa

que la distribucié de la majoria de mides de les particules d’entre 1 1 3 mm mostren el



mateix escalat potencial. A més a més, la figura mostren que la PSD en aquest periode es

totalment diferent al dels altres periodes en tot el cas d’estudi (figura 11-25).
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Figura 11-24. (a) DSD amitjanada per diferents intervals mesurats pel Parsivel (periode
Aenblau i periode B en vermell. (b, c) Distribucio de mides i velocitats per al (b) periode
A'i (c) periode B.

Hem comparat també la matriu de velocitats i diametres dels dos periodes en la
figura 11-24b,c. Curiosament, tot i que ambdos periodes tenen una PSD molt similar,
I’espectre de velocitats mesurat per el Parsivel és completament diferent. El periode A
mostra un gran espectre de velocitats que van de 0 a 6 m s per a particules petites, en
comparacié amb el periode B, on els valors de velocitats varien d’entre 0.5 i 2.5 m s per
a totes les particules. Aquesta diferencia pot ser explicada per la major turbulencia a prop
de terra que s’observa durant el periode A (figura 11-23a) i que elimina tota sensibilitat de
les particules de neu a la velocitat vertical (Garrett and Yuter 2014). En canvi, la

disminucio de la turbulencia durant el periode B esta més associat al regim dilirn que a
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les estructures cinematiques de la muntanya d’acord amb les observacions en superficie.
Val la pena observar que en la Figura 11-24a, I’ampli espectre de particules no comporta
un creixement de les particules de neu ni per agregacio ni per riming tal i com esperariem
que generessin els petits corrents ascendents i descendents dins d’una capa turbulenta

(Yuter and Houze 2003; Houze and Medina 2005; Geerts et al. 2011; Aikins et al. 2016).
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Figura I1-25. (a) DSD amitjanada per a cadascuna de les fases del episodi i (b) DSD
amitjanada cada 3 hores per a tot el episodi.

5. Conclusions del capitol
En aquest capitol hem analitzat les dades de precipitacié no convencional (MRR

i Parsivel) obtingudes durant la campanya Cerdanya-2017 i hem estudiat amb detall tres

episodis ben diversos de processos de precipitacio hivernals i primaverals a la vall.

Durant aquesta campanya s’han observat diversos fenomens amb una gran
diversitat de sensors que ens permeten tenir una visio de conjunt de com es relacionen
entre ells. Per exemple, en prediccio operativa sovint es diu que durant el pas d’un front
calid les nevades poden ser intenses degut a que ’aire fred s’estanca als fons de les valls
I costa més de reemplagar. Aqui hem vist que és igualment o més important 1’efecte de la
sublimacid de la neu en la disminucio de la temperatura a nivells baixos que permet
mantenir les nevades durant més temps. Aquest fet t¢ implicacions importants en la
prediccié de nevades. Si I’aire estancat al fons de la vall previ a la precipitacid és molt
sec, sera necessari tenir en compte el refredament produit per la sublimacié de la neu, ja

que encara que la temperatura inicial sigui major a I’esperada per a un episodi de nevada



i que s’esperi I’entrada d’aire més calid, hem vist que la temperatura pot disminuir mes

de 5 graus produint nevades en zones on no s’esperaven.

L’analisi dels perfils del MRR durant els episodis de nevades mostren la presencia
d’una capa de cisalla persistent sobre la vall. Aixi s’ha confirmat en 1’estudi de 1’episodi
del 15-16 de gener de 2017, on a més a més s’ha observat que les estructures cinétiques
creades per les ones de muntanya o el refredament nocturn pot, en aquest cas, estar
desacoblat dels processos de precipitacié en fase solida confirmant els analisis de
Kingsmill et al. (2016), que no van trobar evidencia de modificacié de la precipitacio a
Park Range (Colorado) durant les mesures de camp. Kingsmill et al. (2016) argumentaren
que la variabilitat a gran escala pot amagar les interaccions muntanya d’escala més petita.
Degut a que els dos periodes analitzats tenen una variabilitat minima entre ells, els nostres
resultats suggereixen gue sota certes condicions les estructures cinematiques generades
per les ones de muntanya i els rotors no modifiquen la distribucié de particules
precipitants a nivells baixos i no contribueixen a una major agregacio. L’ambient fred i
continental dels Pirineus durant aquest episodi, pot explicar I’abséncia de riming que
tendeix a ocorrer més sovint en muntanyes costaneres degut al increment de LWC en els
navols hivernals (Houze and Medina 2005; Medina and Houze 2015; Aikins et al. 2016).
La falta d’agregaci6 pot ser explicada per la falta de creixement dendritic, es a dir que les
particules creades a dalt del navol probablement cauen pristines a través de la capa
turbulenta sense experimentar agregacié mecanica al llarg del seu recorregut cap a terra
(Rauber 1987). Resultats recents de la campanya experimental SNOWIE que estudia
I’impacte de la sembra de la precipitacio en els nivols orografics hivernals han trobat un
desacoblament freqiient entre la capa de nuvols orografica on es forma la precipitacio i la
capa d’aire atrapada a nivells baixos de la vall. En el nostre estudi també trobem aquest
desacoblament entre les condicions a nivells baixos i les condicions a nivells més alts
per0 afectant també els perfils de precipitacid. Aquests resultats sén importants per les
implicacions que tenen en les mesures satel-leitals. Els satél-lits tenen una zona cega
proxima a la superficie, especialment en zones d’orografia complexa (per exemple, en el
cas del CloudSat es de 1200 m). Els efectes en aquesta zona, sovint un creixement de la
mida de les particules precipitants, s’han d’estimar 1 son objectes de molts estudis. Els
nostres resultats il-lustren la dificultat d’estimar aquests efectes ja que poden variar de

una zona a una altre i en una mateixa zona segons les condicions atmosfeériques presents.
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Finalment 1’analisi disdrométric de la precipitacio liquida durant la campanya
hivernal confirma que el baix contingut de LWC és una constant a la vall, potser degut a
les condicions geografiques que fan que estigui tancada tant per als fluxos de 1’ Atlantic
com per als fluxos del Mediterrani. En les mesures, tot i que incompletes, durant la
campanya, s’han trobat dos régims de precipitacio principals, que poden conviure en un
mateix episodi com en el pas de front del 30 de abril de 2017. Aquests regims son la
precipitacié estratiforme lleugera degut al desgel de hidrometeors solids petits que han
crescut per deposicié de vapor, o conveccido moderada amb corrents ascendents menors

que durant 1’estiu perd amb abséncia de processos calids.
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PART Illl. CIRCULACIONS MESOESCALARS
FORGCADES PER L’'OROGRAFIA COMPLEXA

“I cannot command winds and weather”
—Horatio Nelson—

1. Conceptes previs
1.1. Circulacio del vent i orografia complexa

La presencia de muntanyes sobre la terra conforma una de les causes més
importants de modificacié de la circulacié atmosférica general. De fet, I’orografia inicia
o modifica una gran quantitat de moviments en una amplia varietat d’escales (veure figura
I11-1), des de la microescala fins a 1’escala planetaria (Sawyer 1959). Aquestes
modificacions es poden dividir en dues grans families: forcament termic del vent i

modificacio dinamica del vent (Barry 2008).

1.1.1. Forcament termic del vent
L’escalfament atmosféric diferencial que es forma degut a I’orografia és capag
d’iniciar circulacions mesoescalars que no requereixen la presencia de vents de gran

escala (Markowski and Richardson 2010). De fet, aquestes circulacions sén més acusades

99



en absencia de vents d’escala sinoptica, juntament amb un cicle dilirn de gran amplitud
térmica. Per tant, els vents forgats térmicament prendran més importancia durant 1’estiu,
amb cel sere i en preséncia d’un panta barométric. Els vents d’origen térmic normalment

es subdivideixen en vents de vessant i vents de vall.

(a) Vents de vessant. Aquests vents es formen a partir del gradient horitzontal de
temperatura potencial que es genera a partir de 1’escalfament o refredament
diabatic de I’aire proper a la superficie de la vessant en comparacié amb aquell
a la mateixa alcada que pel fet d’estar allunyat de la superficie no queda
afectat. Aixi, I’escalfament diiirn genera un vent ascendent o anabatic produit
per la major flotabilitat de 1’aire proper al vessant, mentre que el refredament
nocturn forma un vent descendent o catabatic que cau vessant a baix per
gravetat.

(b) Vents de vall. Els vents de vall es formen per la diferencia entre 1’amplitud
dilirna que hi ha entre el pla i la vall produida pel diferent volum d’aire que és
escalfat o refredat entre les dues localitzacions. Aixi, la diferencia de
temperatura entre el pla i la vall genera una diferencia hidrostatica de pressio
gue mobilitza I’aire vall amunt durant el dia i vall a baix durant la nit.

Ones de
propagacio
vertical

Ones atrapades a sotavent

ORotors O

Brises de
vall

®

Erizes de

Yssanl

®

Bloqueig

Figura ll1-1. Diferents exemples d’interaccio de circulacions mesoescalars de muntanya.

1.1.2. Modificacio dinamica del vent
La modificacié dinamica del vent aglutina una gran quantitat de fenomens a

escales diverses que es produeixen a partir del flux de 1’aire sobre un terreny complex. A



diferencia del forcament térmic, en aquest cas és necessari un moviment previ de ’aire

que interactui amb 1’orografia per a que tingui lloc el fenomen. L’estabilitat de I’aire que

flueix té un efecte determinant en la modificacié dinamica del vent. A continuacié veiem

alguns fenomens que es poden donar:

() Efectes d’escala planetaria. Els grans sistemes muntanyosos presenten una

alcada significativa respecte a ’al¢ada d’escala de I’atmosfera (uns 8.5 km);
per tant és logic que siguin capagos de modificar la circulacio atmosferica
general. Un dels efectes més caracteristics a aquesta escala son les ones que
es formen com a resultat de la conservacio de la vorticitat potencial quan els
vents de I’oest creuen una gran serralada.

(b) Ones de muntanya. Son una forma d’ones de gravetat interna que es

(©

produeixen en fluxos amb estratificacid estable. Es donen quan les forces de
restauracio de la flotabilitat actuen sobre una parcel-la d’aire al ser elevada
mecanicament per les muntanyes. Depenent de la velocitat del vent i del perfil
vertical de temperatura de I’atmosfera, aquestes ones poden ser atrapades a
sotavent o de propagacio vertical. Si les ones de propagacio vertical tenen
molta amplitud es poden trencar generant una gran turbuléncia. Si es formen
ones atrapades a sotavent amb una capa estable molt propera a la cresta de la
serralada, el flux pot esdevenir supercritic i generar tempestes de vent
descendents a la vessant de la muntanya. A sotavent es poden generar també
rotors que contenen una forta turbuléncia.

Efectes de bloqueig. Si la velocitat transversal del vent sobre una serralada (U)
no és suficient per sobrepassar 1’algada de les muntanyes (h) donada una
determinada estratificacid descrita per la frequéncia de Brunt-Vaiséla (N) —
cas que es dona quan el nombre de Froude de muntanya (Frm = U / Nh) es
menor que 1— al menys part del flux quedara bloquejat pel terreny. Els efectes
del bloqueig es noten fins a una distancia anomenada radi de Rossby (Lr =
Nh/f, on f és el parametre de Coriolis). Quan aixo passa, 1’aire es desvia cap a
I’esquerra a I’hemisferi nord i s’accelera en forma de jet. Aquest efecte és
major quan el nombre de Burger (B = Nh/ Lf, on L és I’lamplada mitjana de la
muntanya) que té en compte les forces de rotacid i el pendent del terreny es
major a 1. Quan Frm ~ 1 i B > 1 es diu que la barrera presenta un salt
hidrodinamic; en aquests casos, es genera un fort gradient de pressio que
produeix una forta resposta del flux.

1.2.Sistema de vents Tramuntana — Mestral

El sistema de vents Tramuntana-Mestral té lloc durant els episodis de vent de nord

o nord-oest sobre la conca nord-occidental del Mediterrani, quan el flux, caracteritzat per

un baix nombre de Froude, incideix sobre la cara nord dels Pirineus (Georgelin and

Richard 1996). Aquesta serralada orientada d’est a oest amb 400 km de llarg és un dels

majors embornals de quantitat de moviment meridional de la regié (Bessemoulin et al.
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1993) i forca que el flux a nivells baixos de nord i nord-oest es desvii al voltant de la
barrera muntanyosa, de forma que es canalitza i s’accelera fins a la conca mediterrania a
través de dues grans depressions: el mestral per la vall de I’Ebre i la tramuntana per la
depressié que s’estén entre el Massis francés i els Pirineus (figura 111-2). La interaccio
entre el flux i la serralada crea una pertorbacid del camp de pressié a escala sub-sinoptica
(Bénech et al. 1998) que crea un dipol de pressi6 mesoescalar amb una meso-alta a

sobrevent dels Pirineus i una meso-baixa a sotavent (Figura I11-2a).

0 200 400 600 800 1000 1200 1400 1600 1800 2000m

a)

Figura I11-2. a) Area d’estudi amb la situacié dels Ilocs mencionats en aquesta part, aixi com el
model conceptual del sistema Tramuntana-Mestral. Cal notar que Mestral i Cierzo fan referéncia
al mateix vent. Les linies grogues mostren els principals fluxos al voltant de les muntanyes. La
“A” vermella i la “L” blanca indiquen el dipol orografic de pressio. La linia discontinua
vermella indica la linia de convergencies recurrent. B) Domini utilitzat en la simulacié numérica
(en colors, mostrant ’al¢ada) i les regions mostrades als panells (a) i (c) (en vermell). c) Posicio
de la serralada litoral (en verd) i prelitoral (en lila). Els punts vermells i els nombres indiquen
respectivament la posicio i algada de les muntanyes més altes de cada serralada.

El sistema de vents Tramuntana-Mestral va ser ampliament estudiat durant
I’experiment PYREX (Bougeault et al. 1990, 1997; Genovés et al. 1994; Flamant and



Pelon 1996). Bénech et al. (1998) i Koffi et al. (1998) demostraren que I’asimetria del
flux durant els episodis de nord induits per I’efecte de Coriolis causen que la Tramuntana
sigui més forta que el Mestral. Campins et al. (1995) va estudiar la estructura principal de
la Tramuntana i va trobar que la aquesta consistia en un jet a nivells baixos just a sota
d’una capa d’inversi6 situada al voltant dels 1000 m d’altura. Observaren també que la
Tramuntana és primer accelerada per la forca barica tot i que parcialment compensada
per la forca de friccid. Quan la tramuntana arriba al mar I’efecte de la friccié disminueix
sobtadament, 1’acceleracio s’incrementa i arriba a la serva maxima intensitat sobre el Golf
de Lled (Vazquez 1995; Georgelin and Richard 1996). Un cop I’acceleracio arriba al seu
maxim, el flux esdevé inercial i es desaccelera per friccié esdevenint una corrent de
densitat (Campins et al. 1995). Com a resultat de tot aquest procés es forma un front fred
mesoescalar entre 1’aire fred 1 sec de la Tramuntana i la massa d’aire calida i humida

previa, caracteristica del Mediterrani (Jansa 1959).

Degut a la forca de Coriolis, la Tramuntana gira en direccié anticiclonica
(Campins et al. 1995) i forma, de manera recurrent, linies de convergéncia al nord-est de
la costa catalana i del Mar Balear quan es troba amb el Mestral, un aire relativament calid
i sec (Pascual and Callado 2002) (Figura Il1-2a). Aquesta linia de convergéncia no és
sempre estatica i ocasionalment es mou cap al sud arribant a Barcelona en forma d’entrada
brusca i reforcada del nord-est. Aquestes entrades de nord-est poden arribar fins a 70 km
h™t 0 més i ocorren a vegades sense cap mena de nuvolositat que la identifiqui, esdevenint
un perill meteorologic per als avions durant I’enlairament i 1’aterratge a 1’aeroport de
Barcelona (Gonzalez and Pascual 2013). El pilots d’avio preguntats descriuen aquest
fenomen com un canvi brusc de vent de cua a cara entre els 2000 i 3000 peus, consistent

amb les mesures de Campins et al. (1995).

1.3. Pertorbacions costaneres atrapades

Les pertorbacions atrapades per la costa (CTDs de I’anglés Coastally Trapped
Disturbances) sén un cas particular de pertorbacions orografiques atrapades definides
com a pertorbacions a la baixa atmosfera que estan “lateralment confinades contra una
barrera muntanyosa, horitzontalment per la forca de Coriolis i verticalment per una
estratificacio estable” (Reason 1994). La tipica CTD presenta escales que son de 1’ordre
de 1000 km al llarg de la costa i de 100 km perpendicularment a la costa; el temps de vida
de una CTD és d’entre 21 6 dies i la seva presencia habitualment implica una inversio del

camp de vent tipic, aixi com boira i estrats (Reason and Steyn 1990).

103



104

Les CTDs han estat estudiades en moltes regions del mon on la circulacio
atmosférica dominant a nivells baixos aixi com les caracteristiques geografiques
afavoreixen la seva ocurréncia. Entre aquestes zones es pot citar per exemple la costa de
1’Ocea Pacific a Nord América, a on se’ls anomena inversions de vent atrapades a la costa
(CTWR de I’angles Coastally Trapped Wind Reversals) (e.g. Mass and Albright 1987;
Nuss et al. 2000; Rahn and Parish 2008; Parish et al. 2015), Sud Africa (Gill 1977; Reason
and Jury 1990) i el sud-est d’Australia (Reason et al. 1999) entre d’altres. A la Peninsula
Ibérica han estat també descrites a la costa cantabra com a Galernas (Arasti 2001) i a les

costes de Malaga (Sanchez-Laulhé and Polvorinos 1995).

En les seguents seccions examinarem circulacions mesoescalars a la Mediterrania
nord-occidental amb moltes caracteristiques similars a les CTDs classiques perd que
presenten escales temporals i espacials més curtes. Especificament, les CTDs
mediterranies examinades tenen escales horitzontals no majors de 200 km al llarg de la
costa, 50 km perpendiculars a la costa i un temps de vida d’hores en comptes d’uns quants
dies. A més a més, aquestes CTDs no porten associades boira o estrats baixos que
finalment creen el contrast de densitat que forca la creacio de les CTWR (Rahn and Parish
2008). Tot i aixi, aquests episodis produeixen canvis sobtats en la direcci6 i forca del vent
que no sol ser ben simulat pels models numerics de predicci6 operatius. La millora de la
prediccié d’aquests episodis és critica, ja que s’han reportat diverses incidéncies a
I’ Aeroport de Barcelona - El Prat relacionades amb aquests episodis, sent el episodi del

10 de setembre del 2017 un cas d’excepcional perillositat.

2. Metodologia
2.1. Descripcio del model HARMONIE-AROME

El model HARMONIE-AROME (a partir d’ara HARMONIE per simplificar) és
un model de mesoescala no hidroestatic i convection-permitting. Aquest model s’ha
utilitzat per simular i investigar dos casos on el sistema Tramuntana-Mestral genera CTDs
a la Mediterrania nord-occidental (veieu el domini de la simulacio a la figura I11-2b).
L’HARMONIE esta desenvolupat per el consorci HIRLAM i esta basat en el model
AROME (Seity et al. 2011) del consorci ALADIN dins del marc de treball del consorci
HIRLAM-ALADIN.

L’HARMONIE ha estat integrat cada 60 segons en un grid de 2.5 km de resolucio

horitzontal i 65 nivells verticals hibrids de sigma-pressio, amb major resolucio vertical en



la baixa troposfera (21 nivells en els primers 1000 m) per tal de millorar la descripcio de
les zones més afectades pels processos mesoescalars. Amb aquesta resolucio s’espera que
I’HARMONIE pugui simular de forma suficientment acurada tant la capa fronterera com
les interaccions de 1’atmosfera amb els Pirineus i les serralades costaneres, les CTDs i els
fluxos mesoescalars associats. A més a més, 1’area de la simulacio és suficientment
amplia com per incloure totes les circulacions mesoescalars relacionades amb el sistema
Tramuntana-Mestral. Les simulacions d’HARMONIE s’han executat fins a 24 hores amb
sortides cada hora, usant com a condicions de contorn el model global del ECMWF-IFS
aT1279 (~16 km).

2.2. Experiments numerics de sensibilitat
Per al cas del 30 de Mar¢ de 2013 s’han realitzat una seérie d’experiments de
sensibilitat del sistema Tramuntana-Mestral i les CTDs amb [’escalfament diabatic
variant la constant solar (S) de ’esquema de radiacié d’ona curta de Morcrette (ECMWF
2016). Tot i que s’han simulat diversos experiments amb distintes S, ens centrarem a
descriure els dos gue ens han semblat més rellevants:

(@) SWO06: on la S és multiplicada per un factor de 0.6, és a dir, decreixent el seu valor
original en un 40% i,

(b) SW12: on la S és multiplicada per un factor de 1.2, és a dir, incrementant el seu
valor original en un 20%.
2.3. Analisis dels mecanismes de forcament
Per tal d’estimar el balang de forces dinamic i validar que els mecanismes de
forcament dels CTDs mediterranis sén comparables als estudiats per Rahn and Parish

(2008) hem calculat cada terme de 1’equacié del moviment horitzontal:

av

—==-V-VW-VO—-fkXV+R

ot —0m— T i«—/-l_ (M. 1)
e COR

simulada per ’THARMONIE a 1000 hPa. El terme de 1’esquerra de I’equacio Ill.1
correspon a I’acceleracio local del vent horitzontal (ACC), el primer terme de la dreta és
la adveccio horitzontal del vent (ADV), el segon terme és la forca barica (PGF), el tercer
terme és la forga de Coriolis (COR) i I’ultim terme és el residu que inclou tant la friccio

amb la superficie, la mescla turbulenta com la adveccio vertical del vent.

105



106

3. Climatologia de les CTDs a |"aeroport de Barcelona
En ser les CTDs un fenomen mai estudiat a les costes catalanes és necessari

primerament conéixer la seva distribucio climatologica de forma que ens permeti
caracteritzar els aspectes més rellevants d’aquests tipus d’episodis a la zona on més
afectacid tenen, que és a I’acroport de Barcelona. Per a realitzar aquesta climatologia hem
seleccionat els casos entre 2010 i 2016 on les ratxes de vent (definides com la mitjana
mobil maxima en 3 segons en 10 minuts) a I’Estacié Meteorologica Automatica (EMA)
0201D situada al centre meteorologic d’AEMET a Barcelona superaren els 14 m s (50
km h) quan la direccio estigués compresa entre els 20° i els 100° (entre NE i E). Per tal
de filtrar els vents sinoptics de NE i quedar-nos només amb els vents associats als sistemes
de Tramuntana-Mestral, a ’EMA de Reus, havia de bufar un vent entre 180° i 360°
(associats al Ponent o al Mestral). Finalment es realitza una inspeccié visual de les dades
observacionals (temperatura, humitat i vent) a ’estacio de Barcelona per tal de comprovar
la preséncia d’un canvi sobtat de massa d’aire per tal d’acceptar o rebutjar cada cas
individualment. El llindar de 14 m s es va escollir per tal de filtrar les entrades de NE
suficientment fluixes com per tenir dubtes de la seva classificacié i quedar-nos amb les

gue tenen consequencies operacionals.

La taula I11-1 mostra la llista d’episodis ocorreguts entre el 1 de gener de 2010 i
el 1 de desembre de 2016. Destaquem primerament que la Tramuntana bufa de forma més
sovint durant el semestre fred de ’any, quan la circulaci6 sinoptica associada al jet polar
es mou a latituds més baixes. Tot i aixi, com podem observar en la Figura I11-3, la majoria
d’episodis ocorren entre marg i octubre. Aix0 suggereix un comportament estacional
centrat en D’estacio calida. Es destacable a més a més que les CTDs ocorren més
habitualment a la primavera que a I’estiu central, aixo és degut a 1’estacionalitat de la
Tramuntana. Per altre banda, s’observa que 1’arribada de les CTDs a Barcelona ocorre
habitualment per la tarda 1 el vespre. Tots dos factors suggereixen que I’escalfament de

la terra és un ingredient clau per a que les CTDs es desenvolupin.

Un examen qualitatiu basat en analisis sinoptiques i mesoescalars operatives, aixi
com en imatges de satél-lit ens porta a classificar les CTDs en dos tipus de patrons
sinoptics preferents:

(a) Les CTDs vinculades al patrdé A estan relacionades amb un talveg a 500 hPa
creuant el nord de la Peninsula Iberica aixi com al seu front fred associat. Quan el

front en superficie arriba al Golf de Lleo, I’aire fred s’estén per tot el Mar Balear,
formant un front d’escala meso-alfa que finalment arriba a Barcelona. Aquest



patré és sovint associat amb les entrades de NE sobrepassant la marinada del sud-

oest.

(b) Les CTDs vinculades al patr6 B ocorren quan el talveg a 500 hPa ja ha creuat la
Peninsula Iberica i es troba situat sobre el mar Mediterrani. La circulacio a nivells
baixos darrere el talveg flueix des de I’oest o el nord-oest. La Tramuntana bufa
directament cap al mar Mediterrani. Hem observat que tots els casos dins d’aquest
patré presenten nuvols convectius amb fronts de ratxa movent-se cap al sud i
formant un mesofront que finalment és capag d’arribar a Barcelona. Durant aquest
patro, les entrades de NE sovint sobrepassen un vent de ponent ben establert.

Taula I11-1. Climatologia d entrades de NE que sobrepassen els 14 m s™ (50 km h™*) a Barcelona
entre el 2010 i el 2016. ® indica el cas d’estudi de Gonzalez i Pascual (2013) i @ els casos
estudiats en la seglient seccio (ES10 i ES13).

Esquema
ID Data Temps Ratxa (m/s) Direccié sinoptic
ESO01 17/10/2010 15:40:00 15 68 Mixt
ES02 17/07/2011 11:30:00 16,3 83 A
ESO03 26/08/2011 18:40:00 15,3 95 A
ES04 19/10/2011 21:00:00 14,1 76 A
ESO5 05/03/2012 16:20:00 15,7 74 Mixt
ES06 19/04/2012 19:10:00 14,3 74 A
ES07® 12/06/2012 16:10:00 23,2 72 B
ES08 21/06/2012 19:10:00 14,8 86 A
ES09 24/02/2013 16:40:00 15 87 —
ES10@ 30/03/2013 17:10:00 15,6 81 B
ES11 02/04/2013 16:50:00 15,5 69 B
ES12 08/04/2013 17:00:00 14,4 77 B
ES13®@ 28/05/2013 15:20:00 18,8 69 A
ES14 26/2/2014 18:00:00 15,2 73 B
ES15 29/6/2014 19:10:00 14,7 87 B
ES16 20/7/2014 18:10:00 17 81 B
ES17 29/7/2014 14:10:00 20,2 84 B
ES18 13/8/2014  9:40:00 15,8 86 A
ES19 1/12/2014 0:30 15,7 84 —
ES20 15/5/2015 14:20:00 18,4 68 B
ES21  15/8/2015 16:30:00 14,9 85 B
ES22  24/8/2015 16:50:00 14 64 A
ES23 2/3/2016  20:30:00 14,1 100 A
ES24  23/4/2016 16:10:00 14,9 76 B
ES25 22/5/2016 18:30:00 14,1 98 A
ES26 29/5/2016 19:00:00 14,9 75 B
ES27  17/9/2016 20:10:00 14,9 90 B
ES28  25/9/2016 17:30:00 17 40 B
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Dels 28 episodis identificats entre el 2010 i el 2016, quatre (14 %) no han pogut
ser classificats com a patrd A o patr6é B (episodis EO1, E05, E09 i E19). Dos d’ells (EO1
i EO5) presenten caracteristiques mixtes dels dos patrons pero sense preponderancia de
cap d’ells; els altres dos (E09 1 E19) son produits per una mesobaixa a I’est de Catalunya
que porta aire fred des del Golf de Lled. En aquest segon cas, tot i que 1’efecte observat
és identic, la situacio sinoptica és completament diferent. Per tal de descriure amb més
detall les caracteristiques de les CTDs més habituals (les que han estat classificades en

els patrons A o B) hem estudiat a fons dos episodis caracteristics, un per a cada patro.
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Figura 111-3. Histograma de les entrades de NE segons any (dalt-esquerre), mes (dalt dreta) i
hora local (a baix).

4. Casos d’estudi
En aquesta seccid examinem dos*cc casos d’estudi de CTDs que afectaren a

’aeroport de Barcelona, en concret, els casos del 28 de maig de 2013 i del 30 de marg del
2013 mitjangant simulacions d’HARMONIE per tal d’analitzar els forgaments que
generen els CTDs del tipus A i del tipus B respectivament.

4.1.28 de maig de 2013
4.1.1. Descripcid sinoptica
La figura I11-4a mostra I’analisi sinoptic del dia 28 de maig de 2013 a les 12:00
UTC. Al nivell de 500 hPa s’observa un talveg ben definit amb un nucli fred sobre el nord
de Franca. L’eix del talveg s’estén fins a la Peninsula Ibérica. Aixi, el Mediterrani nord-

occidental se situa aigues avall del talveg, sota un flux difluent a nivells mitjans i alts amb



un intens gradient de temperatura creuant els Pirineus de nord-oest a sud-est. El fort
gradient de temperatura també s’observa a 850 hPa al voltant dels Pirineus i el Golf de
Lleo i indicant la preséncia d’un front fred (Figura I11-4b). Darrere del front, el sistema
de vents Tramuntana-Mestral es desenvolupa. Un fort gradient de pressié a nivell del mar
entre un anticiclé situat sobre les Acores i un sistema de baixes pressions situat sobre el
Canal de la Manega, porta un fort i llarg flux de nord-oest cap als Pirineus. El camp de
pressié a nivell del mar sinoptic es veu pertorbat sobre dels Pirineus generant el

caracteristic dipol orografic de pressio formada per la serralada.

Figura I11-4. Analisi sinoptic del ECMWF del 28 de maig de 2013 a les 12:00 UTC. a) Isohipses
(Iinies continues, en gpdm) i temperatura (linies discontinues, en °C) a 500 hPa. b) pressio a
nivell del mar (linies continues, en hPa), temperatura a 850 hPa (linies discontinues, en °C) i
fronts en superficie.

4.1.2. Evolucié mesoescalar

Alafigura I11-5 es mostra I’evolucio de I’episodi a partir de les imatges de satél-lit
del canal HRVIS del Meteosat Segona Generacié (MSG) juntament amb les simulacions
del model HARMONIE. Les imatges de I'HRVIS (figura IllI-5a) mostren forca
nuvolositat a les 12:00 UTC sobre una gran area del Mediterrani nord-occidental,
principalment a I’interior, i cél-lules obertes sobre el Pirineu occidental, associades amb
la massa d’aire fred. Tot i que no hi ha moltes ombres, ja que el sol és a prop del seu zenit,
es pot observar la presencia d’un filament de nivols en forma de corda més desenvolupats
que la resta. Aquests navols coincideixen amb una zona de forta convergéencia en forma
d’arc que simula ’THARMONIE (figura IlI-5b), i que esta relacionada amb un canvi
abrupte de temperatura pseudo-equivalent que arriba a valors de fins a 10 K en uns pocs

km. Aquests canvis tan abruptes en la temperatura pseudo-equivalent (6ep) indiquen la
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presencia de fronteres que delimiten masses d’aire, i que es troben alla on es formen les
zones de convergéncia en forma de corda (figura I11-5b). La figura I11-5¢c mostra la
preséncia d’una pertorbacié en forma de dipol mesoescalar del camp d’altura
geopotencial a 1000 hPa, i una asimetria en el patré de vents entre la Tramuntana i el
Mestral, consistent amb els estudis previs de Bénech et al. (1998) i Koffi et al. (1998),

respectivament.

D’acord amb la simulacidé de ’'HARMONIE, tres masses d’aire col-lisionen
formant una zona de convergéencia en forma de “Y” sobre Catalunya. La figura 111-6
mostra la temperatura a 1000 hPa i la humitat especifica de cada massa d’aire a les 16:00
UTC. Ambdues variables defineixen la ep dibuixada en la figura I11-5e. L’escala de
colors continua d’aquestes variables realca el canvi abrupte que es dona en les fronteres
entre les masses d’aire. Aixi, la massa d’aire de la Tramuntana (TrAM) es freda i seca,
amb una temperatura al voltant dels 287 K i una humitat especifica per sota dels 7 g kg™
Aquesta massa d’aire esta relacionada amb forts vents del nord que generen la
Tramuntana. Per altra banda, la massa d’aire del Mestral 0 el Cer¢ (CiAM) és molt seca

(per sota dels 4 g kgl), i calida (293 K), particularment a la sortida de I’Ebre.

Com s’ha explicat a la Seccio 111-1.2, tant la TrAM com la CiAM tenen un origen
comu sobre ’ocea atlantic, i es formen quan la massa d’aire Atlantica es forcada a
moure’s al voltant dels Pirineus. Per una banda la TrAM reté quasi tota la seva humitat i
temperatura al creuar per una depressio plana i baixa. Per I’altre, la CiAM perd quasi tota
la seva humitat quan creua sobre les muntanyes basques a ’oest del Pirineu, 1 s’escalfa
diabaticament durant les hores diiirnes a mesura que descendeix la Vall de I’Ebre (veure
la figura 111-5). Per la nit, aquest aire sec perd rapidament la calor (no es mostra) seguint
el cicle ditirn. La massa d’aire restant, situada sobre el Mar Mediterrani (figura 111-6) és
la massa d’aire mediterrania (MedAM) descrita per primera vegada en el treball classic
de Jansa (1959). La MedAM ¢és la massa d’aire més representativa durant I’estacio calida
sobre el Mar Mediterrani quan 1’aire a capes baixes queda relativament estancat, i es
caracteritza per una gran quantitat d’humitat a nivells baixos amb valors que sobrepassen
els 9 g kgi per temperatures que son lleugerament més altes que les de la TrAM. Si
considerem que la flotabilitat de la MedAM és cero, la TrAM té flotabilitat negativa al
tenir temperatures potencials més baixes, mentre que la CiAM presenta flotabilitat
positiva al caracteritzar-se per temperatures potencials més altes. En general els canvis en

la humitat contribueixen més a la 6¢p que els canvis en la temperatura; aixi es mostra a la



figura 111-5, on la TrAM i la CiAM tenen valors baixos de 6ep, a diferencia de la MedAM

que presenta valors alts.
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Figura -5, Evolucio de [’episodi del 28 de maig de 2013 a les 12:00, 16:00 i 18:00 UTC. Els
panells a,d,g mostren les imatges de MSG HRVIS. EI mesofront esta senyalat amb fletxes roses.
Els panells b,e,h mostren la temperatura pseudo-equivalent (colors), la temperatura potencial
(Iinies negres) i les zones de convergéncia per sobre de 0.3:10° s (en grisos) simulades. Els
panells c,f,i mostren la direccio del vent (fletxes), velocitat (colors) i el geopotencial a 1000 hPa
(linies negres) simulat. Les elevacions sobre els 1000 m s ’han ombrejat en negre. Les seccions
transversals de la figura I11-7 s indiquen en els panells e i h.

Les imatges d’HRVIS en la figura 111-5d mostren I’avang de la TrAM en forma
de mesofront a expenses de la MedAM i la CiAM a les 16:00 UTC. En les seccions
transversals paral-leles a la costa (figura 111-7a) PTHARMONIE mostra una diferéncia
térmica d’uns 3 °C entre la TrAM i la MedAM, suggerint que el flux és forcat pel contrast
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térmic en forma de corrent de densitat on la TrAM actua com una bossa d’aire fred
escampant-se pel Mediterrani. A partir de les 16:00 UTC, sobre el front de la tramuntana,
I’HARMONIE simula un reforcament del vent al voltant de la costa, mentre que a mesura
que s’endinsa cap al mar el flux s’afebleix, tal i com faria una CTD. Darrere del front de
la Tramuntana, el vent és fort i s’orienta paral-lel a la costa dirigint-se cap al sud-oest
(figura I111-5f). Tot i aixi, simula un petit component cap a terra que pot estar associat tant
a I’efecte de curvatura com a I’efecte de Coriolis —consistent amb els estudis previs de
Campins et al. (1995)— aixi com al flux termic cap a terra. Aquest petit component cap

a terra sera un element clau en la generacié dels CTDs.
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Figura I11-6. @) Temperatura potencial i b) humitat especifica simulada per ’HARMONIE el 28
de maig de 2013 a les 16:00 UTC a 1000 hPa. El punt blau indica la posici6 de la ciutat de
Barcelona.

D’acord amb les dades observacionals mostrades a la figura 111-8, una entrada del
NE arriba a Barcelona a les 15:20 UTC. En pocs minuts, el vent gira i s’intensifica fins a
assolir ratxes de 18.8 m s (67.7 km h'l), i la temperatura baixa 3.8 °C en 10 minuts i 6
°C en 30 minuts. Tot i aixi, "THARMONIE a les 16:00 UTC situa el front encara al nord
de Barcelona, amb una hora de retard respecte a les observacions. Tot i que hi ha
diferencies importants com ara la velocitat del front, podem observar que en general
I’HARMONIE reprodueix bé el seu moviment. La comparacio del vent simulat a 1000
hPa i les dades observacionals del escaterometre avancat (ASCAT) del satel-lit METOP
al passar per la zona a les 20:24 i a les 21:00 UTC (no es mostra) dona suport a la

consisténcia de la simulaci6 amb les dades observacionals. Aix0 indica que



I’HARMONIE és capag¢ de simular els mecanismes de forcament claus de 1’episodi, tot i

que alguns poden estar subestimats.

Height (hPa)

Height (hPa)

1000

. . :
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Figura 111-7. Seccions transversals de la temperatura pseudo-equivalent (colors), vent projectat
al pla transversal (fletxes) i temperatura potencial (linies negres) al llarg dels segments AB (a i
¢) i els segments A’B’ (b i d) mostrats en les figures I11-5e,h per al 28 de maig de 2013 a les 16:00
UTC (a,b) i ales 18:00 UTC (c,d).

4.1.3. Analisis de les seccions transversals

La seccio transversal paral-lela a la costa a les 16:00 UTC en la Figura Il1-7a
mostra una estratificacid6 molt estable sobre 1’aire darrere del front, que presenta una
estructura en forma de corrent de densitat. El cap i el cos d’aquesta corrent de densitat
arriben aproximadament als 850 hPa. El cap s’identifica en la imatge de ’'HRVIS com un
navol en forma de corda (figures 111-5a,d) a conseqii¢ncia de I’elevacio for¢ada. En canvi,
I’ambient fortament estratificat al darrere d’ell no permet elevacions importants sobre una
capa densa. Degut a la estabilitat estratificada, algunes ones de Kelvin-Helmholtz es
desenvolupen darrere del front incrementant la mescla turbulenta entre la MedAM (per
sobre) i la TrAM (per sota), de forma molt similar a les simulacions numeriques descrites
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per Xu et al. (1996). El nombre de Richardson varia entre 0.20 i 0.50, indicant condicions

favorables per les desenvolupament d’inestabilitat de Kelvin-Helmholtz.
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Figura 111-8. a) Temperatura (vermell) i temperatura del termometre humit (verd), b) velocitat
del vent (groc) i ratxes (marro) i c) direccio6 del vent (groc) i de les ratxes (marrd) observats per
la EMA 0201D situada a Barcelona el 28 de maig de 2013.

Les figures 111-5h,i mostren la interaccio entre les 3 masses d’aire simulades per
I’THARMONIE a les 18:00 UTC, quan el mesofront col-lisiona amb la CiAM, tal i com
es veu en les observacions del satel-lit (figura I11-5g). En aquest moment la frontera de la
TrAM incrementa la diferéncia termica fins a5 K i la convergéncia s’intensifica. La figura
I11-7b mostra que la CiAM, amb menor flotabilitat, és forcada a sobreposar-se per damunt
del front, incrementant I’estabilitat estatica de la columna d’aire darrere del front, que
implica una reduccio la algada de la capa fronterera i a un esmorteiment de les ones de
Kelvin-Helmholtz (vegi’s les fletxes blanques). En canvi, el cap de la corrent de densitat
s’aprofundeix i sobrepassa els 800 hPa, probablement degut al cisallament vertical del
vent que apunta en direccié al moviment de la corrent (Xue 2000). Cal tenir en compte

que la simulaci6 de ’THARMONIE presenta una pertorbacié major del camp de vent a les



18:00 UTC (figura I11-5i) associada a la frontera termica entre la TrAM i la MedAM
(figura I11-5h). Aquesta s’estén cap al mar uns 50 km, que aproximadament correspon al
radi de Rossby per a aquest flux (Taula I11-2), el qual és dinamicament coherent amb les
CTDs.

La figura I11-7c mostra la secci6 transversal A’B’ a les 16:00 UTC just abans de
I’arribada de la corrent de densitat, i il-lustra que la MedAM es restringeix a les capes
més baixes de I’atmosfera sobre el mar, amb un debil vent transversal a la costa. Més cap
a I’interior, la CiAM es dirigeix rapidament cap a la costa. A les 18:00 UTC, després que
el front creui la seccio A’B’ (figura I11-7d), acaba quedant una fina capa de la MedAM
(0ep alta) per sobre la TrAM més densa i per sota la CiAM menys densa. Darrere del front,
la desacceleracio del vent i la interrupcid de la capa limit marina suggereix un bloqueig

del vent direcci0 a terra a causa de les muntanyes.

Al final de ’episodi, el front avanga estacionariament fins a les 20:00 UTC quan
de cop, el front es frena i el vent disminueix. El front simulat esdevé estacionari a les
22:00 UTC a uns 100 km al sud de Barcelona. Val la pena remarcar que la 0 i la 6¢p de la
CiAM, a diferencia de la TrAM i la MedAM, disminueixen un quants graus per la tarda
(no es mostra) degut al refredament diabatic associat al cicle ditrn i a la baixa quantitat
d’humitat present en la massa d’aire. En conseqiiéncia, es dona una disminucio del
contrast termic i per tant en la diferéncia de densitat de la frontera, que afebleix laCTD i

finalment I’ atura.

4.1.4. Analisi d’escala
Un calcul aproximat mostra que la freqiiencia de Brunt-Vaisala (N) en la capa
limit de la corrent de densitat és d’uns 1,5-102 s, indicant una gran estabilitat a aquesta
capa. L’analisi d’escala mostra que el régim hidrodinamic per les condicions
orografiques:
(a) Esta quasi bloquejat per la Serralada Litoral amb valors del nombre de

Froude de muntanya (Frm) i del nombre de Burger (B) de 1.1 i 9
respectivament en la taula 2

(b) Esta totalment bloquejat per la Serralada Prelitoral amb valors de Fry ~
0.3iB~15.

Els valors per la serralada litoral son molt proxims als valors de maxima resposta

al bloqueig descrit per Overland and Bond (1995) que es donen quan Frn~1iB > 1.

115



116

Taula 11-2. Analisi d’escala per a cada cas d’estudi, incloent el vent incident (U), la fregiiencia
de Brunt-Viisdld (N), ['alcada (H) i longitud (L) caracteristiques de la muntanya, el nombre de
Froude de muntanya (Frn), el nombre de Burger(B) i el radi de Rossby (Lg)

U N H L Frm B Lr
Serralada UNIH?  HNFL? HNFof?
[ms-1] [s-1] [m] [m] [m]

28 maig Litoral 5 1,50E-02 300 5000 1,1 9,0 50000
2013  Prelitoral 1,50E-02 1000 10000 0,3 15,0 50000
30 mar¢ Litoral 2,00E-02 300 5000 0,8 12,0 50000
2013  Prelitoral 2,00E-02 1000 10000 0,3 20,0 50000

U L

4.1.5. Analisi dels forcaments

La figura 111-9a mostra els termes de 1’equacié del moviment a les 16:00 UTC
quan el front simulat és madur i no ha arribat a Barcelona encara. EI major gradient en el
camp d’algcada geopotencial i1 el vent convergent determina la posicié del front. A la part
sud-oest del grafic, on la CiAM és present, el terme d’adveccié es dominant i apunta cap
a I’est. El residu s’oposa a 1’adveccié i el flux queda quasi en balang. En la part sud-est
del grafic, corresponent a la MedAM, el balan¢ del vent és quasi-geostrofic (la forca
barica contraresta la for¢a de Coriolis, cancel-lant I’acceleracio). El front de la TrAM és
accelerat principalment per la fora barica cap al sud-oest seguint el fort gradient de pressio
que es dona en el front de la corrent de densitat. EIs components advectius i del residu
compensen part del forcament baric. Darrere del front, una débil forca de Coriolis aplica
un petit gir del vent costaner cap a terra. L’analisi d’escala del nombre de Rossby, al
voltantde 1 (V ~10 m s i L ~ 100 km) suggereix que les forces rotacionals poden afectar

Ileugerament al flux.

A les 19:00 (figura 111-9b), darrere del front, on la TrAM ha quedat ben establerta,
el balang esdevé antitriptic (Schaefer and Doswell 1980), de forma que el residu
compensa la forca barica. Aquesta analisi suggereix que els forcaments a nivells baixos
durant aquest episodi sén molt similars als de la CTWR estudiada per Rahn and Parish
(2008) tot i que les causes inicials son molt diferents: el flux fred de la Tramuntana dona
origen a aquesta CTD Mediterrania, mentre que el refredament radiatiu d’ona llarga en la
regié ennuvolada dona origen a la CTWR estudiada per (Rahn and Parish 2008). Tots
aquests indicis ens porten a concloure que aquest episodi es consistent amb una corrent

de densitat ageostrofica que queda atrapada a la costa.
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Figura I11-9. Vents (barbes, en m s-1), alcada geopotencial a 1000 hPa (linies grises, en gpm) i
vectors que representen els termes de [’equacio del moviment (veure llegenda) simulats per
[’"HARMONIE el 28 de maig de 2013 a les a)16:00 UTC i b)19:00 UTC. La linia discontinua
vermella delimita les diferents masses d’aire etiquetades al costat.
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4.2.30 de marg de 2013

4.2.1. Descripcid sinoptica

L’analisi de temperatura i geopotencial a 500 hPa el 30 de mar¢ de 2013 a les
12:00 UTC (figura I11-10a) mostra un ampli talveg amb I’¢cix situat a I’est de la Peninsula
Ibérica. En aquest cas, la costa del mediterrani nord-occidental esta, per tant, situada
aigiies amunt del talveg i a I’est d’una petita dorsal situada a I’oest de la Peninsula. L aire
fred en alcada advectat pel talveg proporciona un ambient idoni per al desenvolupament
de la conveccio profunda. A nivells baixos (figura I1I-10b) un sistema d’altes pressions
relatives situat al sud-oest de la Peninsula Iberica juntament amb la depressié situada
sobre el golf de Génova, generen un intens gradient de pressio que produeix un fort flux
de vent des de I’Ocea Atlantic dirigit directament cap a Italia. Per tant, a ’inici de
I’episodi, el sistema de vents Tramuntana — Mestral esta ja ben desenvolupat sobre el
Mediterrani Nord-Occidental com suggereix la preseéncia d’una meso-baixa ben marcada

a sotavent dels Pirineus (figura 111-10b).

Figura I11-10. Com en la figura 111-4 pero pel 30 de marg de 2013 a les 12:00 UTC.

4.2.2. Evolucio mesoescalar

La sequéncia de "THARMONIE durant les primeres 6 hores del dia per aquest cas,
mostra com la Tramuntana i el Mestral escombren de matinada la MedAM. La simulacio
sembla consistent amb el camp de vents derivat de les observacions de I’ASCAT a les
9:21iales 10:06 UTC (no es mostra). A diferencia de I’episodi del 28 de maig de 2013,
en aquest cas, a les 13:00 UTC (figura I11-11) no s’observen tres masses d’aire ben
definides sin6 dues. D’acord amb les caracteristiques a nivells troposferics baixos (figura

I11-12), les masses d’aire al nord i al sud dels Pirineus s’identifiquen com a TrAM i CiAM,



respectivament. Com en el cas anterior, la CiAM es pot descriure com una massa d’aire
seca i calida mentre que la TrAM és relativament freda i lleugerament seca. La major
nuvolositat sobre la TrAM ens permet diferenciar-la de la CiIAM en el HRVIS a les 13:00

UTC (figura Ill-11a). Les dues masses d’aire queden separades per una linia de

cisallament, una caracteristica sovint present en la Tramuntana (Jansa 1987).
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Figura Il1-11. Com en la figura 111-5 pero pel 30 de marg de 2013 a les 13:00, 15:001i 17:00 UTC.

Les imatges de satel-lit mostren com, sobre el Pirineu Oriental catala, la conveccio
es dispara degut a I’escalfament diiirn i a la convergéncia a nivells baixos (figura 111-11d).
Dins de la TrAM, les diferents tempestes generen fronts de ratxa per davant de bombolles
d’aire fred en superficie que s’observen per petites pertorbacions en el camp d’algada
geopotencial i que surten de la zona convectiva progressant cap al sud (no es mostra).



Aquestes masses d’aire fred convectives refreden encara més la capa a nivells baixos
propers a la linia de convergencia amb la CiAM i enforteixen el contrast termic amb
aquesta (el refredament extra és d’uns 2 K d’acord a les figures I11-11b,e). Segons la
simulacio a les 15:00 UTC (figura 111-11e), quan la diferéncia de temperatura entre 1’aire
fred convectiu i la CiAM arriba a 5 K, la linia de convergéncia comenca a avangar cap al

sud-oest en forma de corrent de densitat, i es forma una CTD sobre la costa (figura Il1-

11f).

En aquest cas, s’observa com la corrent de densitat no esta directament
relacionada amb la Tramuntana, ja que la TrAM es manté separada de 1’aire fred
convectiu de les tempestes. L’aire convectiu s’observa clarament en la figura 111-12 com
una massa d’aire molt freda (284 K a 1000 hPa), ben delimitada de la TrAM, dirigint-se
cap al sud-oest contra la CiIAM. Aquesta és una diferencia molt significativa respecte el
cas previ on I’origen de ’aire fred és totalment no convectiu. Aquest cas és per tant més
similar al del 12 de juny de 2012 (Gonzalez i Pascual 2013), on s’observa un flux
convectiu similar, on la corrent de densitat es produeix a partir del front de ratxa. Ambdos

casos, tenen el mateix patrd sinoptic definit com a B en la seccid I11-3.
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Figura 111-12. Com en la figura I11-6 pero pel 30 de marg¢ de 2013 a les 15:00 UTC.

Les figures I11-11d i g mostren que la frontera d’aquest flux convectiu no general
nuvolositat, i no s’observa cap senyal en el canal HRVIS que reveli la seva presencia.
Desafortunadament, a diferencia de la matinada, no hi ha observacions disponibles de
I’ASCAT durant el periode en el que les CTD es van desenvolupar, i per tant no es

possible comparar el model amb observacions per teledeteccio. Per tant hem de fixar-nos



en les observacions instrumentals per localitzar el front de ratxa. Com s’observa en la
EMA de Barcelona (figura 111-13), el mesofront arriba a les 16:40 UTC quan el vent de
I’oest va canviar de cop a nord-est a mesura que la seva velocitat augmentava.
Curiosament, les ratxes de vent no mostren un increment significatiu respecte el vent de
ponent anterior; aixo és degut a que el vent de ponent a Barcelona és molt ratxejat, en
comparacio a la velocitat mitjana, mentre que el gregal ho és menys. Com a consequéncia
de I’entrada de nord-est, la temperatura baixa de cop 5 °C en 40 minuts. En aquesta ocasio,
a diferencia de la CTD del 28 de maig de 2013, el front arriba lleugerament despres que
en les simulacions de THARMONIE.
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Figura I11-13. Com en la figura 111-8 pero pel 30 de marc de 2013.

4.2.3. Analisi d’escala i de les seccions transversals

L’analisi d’escala d’aquest cas mostra una major estabilitat que en el cas anterior
(N~2-102s%). Els parametres Frn i B s6n 0.8 i 12 respectivament per la Serralada Litoral
i 0.3 12 per la Serralada Prelitoral (Taula I11-2), establint per tant un ambient apropiat
per a generar una forta resposta davant del blogueig. Aquests resultats, aixi com les

seccions transversals similars als de 1’episodi anterior (no es mostra), suggereixen que
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I’aire fred convectiu durant aquest episodi té caracteristiques de flotabilitat similars a les

de la Tramuntana en el cas del 28 de maig de 2013.

4.2.4. Analisi dels forcaments

L’analisi dels termes de 1’equacié del moviment (figura I11-14) a les 16:00 UTC,
quan el front simulat arriba a Barcelona, mostra que 1’acceleracio del front de ratxa esta
principalment forcat per la forga barica i I’adveccid. La forga barica aporta un for¢ament
paral-lel a la costa, mentre que 1I’adveccio el forga en direccid cap a terra. Per tant, el vent
acaba tenint un petit component perpendicular a la costa, causat principalment per
I’adveccid, mentre que I’acceleracié de Coriolis afegeix un forgament addicional. Aquest
forcament modifica lleugerament el balang antitriptic paral-lel a la costa, on part del
residu s’oposa a la forga barica, mentre que 1’altre part s’usa per compensar part del
forcament perpendicular. En resum, podem concloure que el front de ratxa convectiu juga
el mateix rol que la Tramuntana en el cas del 28 de maig de 2013, esdevenint una corrent

de densitat que queda atrapada a la costa.

Outflow

CiAM |

Figura I111-14. Com en la figura I11-9 pero pel 30 de marg de 2013 a les 15:00 UTC.

4.2.5. Estudide sensibilitat a I'escalfament diabatic
En la seccid 3 d’aquest capitol, hem suggerit la relacié entre I’escalfament diabatic
i les CTDs al Mediterrani nord-occidental, ja que tendeixen a ocorrer durant 1’estacid

calida de I’any i entre la tarda i el vespre. Per tant, per aquest cas hem realitzat, mitjangant



una série de simulacions de ’HARMONIE, un analisi de sensibilitat a la radiacié d’ona

curta com a proxy de I’escalfament diabatic, tal com hem descrit en la secci¢ 2.

En la figura 111-15 comparem 1’experiment SW12 amb I’experiment SW06 que
representen els experiments amb la radiacio d’ona curta augmentada i disminuida,
respectivament (vegi’s la seccid 2 d’aquest capitol), a les 15:00 UTC. Quan el forcament

diabatic es modifica, les caracteristiques principals que canvien son la intensitat,

I’extensio 1 la localitzacid de les principals zones de convergencia associades amb la CTD.

Hem trobat molt pocs canvis amb el flux aigiies amunt, nomeés una velocitat del vent
quelcom més debil quan la constant solar s’incrementa, degut a la major friccié causada
pels moviments turbulents ditirns (figures 111-15 b i d). A part d’aixo, quan s’augmenta la
radiacio d’ona curta (experiment SW12), la CTD s’estén i s’accelera, mentre que quan es
disminueix la radiaci6 d’ona curta (experiment SW06), t¢ una menor extensio i es
desaccelera (vegi’s les figures Il1-15b i d comparada amb la figura 111-11f, i les figures
I11-15a i c comparades amb la figura I11-11e). Aquest fet és logic si es té en compte que
quan la radiacio d’ona curta s’incrementa, la CIAM és més propensa a escalfar-se que la
TrAM o que I’aire fred convectiu, al ser la primera més seca. Aix0 produeix un major
gradient de temperatura entre la corrent de densitat i I’ambient, que porta a un increment
de la velocitat del corrent de densitat segons la segiient relacio idealitzada (Markowski
and Richardson 2010):

(11.2)

on U, és la velocitat de la corrent de densitat, 6, és la pertorbacié de temperatura
potencial virtual en superficie, 8, és latemperatura potencial virtual mitjana de 1’ambient,

g és la acceleracié de la gravetat i H la algada del corrent de densitat.

Aguesta expressio concorda amb el fet de que per la nit, quan la temperatura de la
CiAM disminueix com a resposta del refredament diabatic, el mesofront esdevingui
estacionari (no es mostra). Aixo implica que, si I’escalfament diabatic és gran (petit), el
gradient del potencial de temperatura entre 1’aire fred i I’ambient o la CiAM, augmentara
(es reduira) i les CTDs tindran una vida més llarga (curta) arribant més (menys) al sud.
Aixo pot explicar per qué les CTDs es donen més sovint tant durant la meitat calida de

I’any com al vespre, quan el forcament diabatic és major.
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Figura 111-15. Com en la figura Il1-11e,f pero per I’experiment SW12 (a,c) i SW06 (b,d).

5. Conclusions del capitol
Cada any, es produeixen diverses entrades del NE a 1’aeroport de Barcelona en

forma de CTD, on poden causar situacions potencialment perilloses en les operacions

aeroportuaries. En aquesta part de la tesi es reporten per primera vegada aquests episodis.



A més a més, es realitza una climatologia i es descriuen les seves caracteristiques
meteorologiques essent descrites finalment com a CTDs estudiades en d’altres parts del

mon.

Les CTD en el Mediterrani nord-occidental es donen quan un flux sinoptic del
nord amb un nombre de Froude baix és desviat pels Pirineus i és dirigit cap a la
Mediterrania, generant el sistema de vents Tramuntana-Mestral. En aquest sistema es
desenvolupen al menys dues masses d’aire amb diferents caracteristiques, una de més
calida al sud, i una altre de més freda al nord. Si entre la frontera de la massa d’aire freda
1 la massa d’aire calid s’assoleix un gradient de temperatura suficient, la massa d’aire
freda comenca a fluir en forma de corrent de densitat. Degut a la mesobaixa que es
desenvolupa a sotavent dels Pirineus 1 a I’efecte de Coriolis, la massa d’aire fred tendeix
a corbar-se anticiclonicament, generant un component de vent en direccié a terra que pot
ser bloquejat per I’orografia si la flotabilitat de la massa d’aire freda és molt baixa,
esdevenint una CTD. Les CTDs ocorren quan B> 1 i Fm ~1, valors descrits per Overland
and Bond (1995) com els que presenten una major resposta al bloqueig orografic.
L’origen de I’aire fred pot ser molt divers: hem trobat que es pot originar tant per la propia
Tramuntana, com per un corrent convectiu fred o front de ratxa o fins i tot pel propi
refredament (o manca d’escalfament) diabatic de 1’aire més humit al nord de la frontera.
L’aire calid també té diferents origens i pot generar-se pel propi mestral o per 1’aire calid
i humit d’origen mediterrani. Hem identificat diferents patrons que poden produir CTDs:

(@) Un talveg de geopotencial a nivells mitjans troposférics amb un front en

superficie associat creuant la Peninsula Ibérica pel nord en condicions calides.
L’entrada freda la forma el front fred de la Tramuntana que s’estén pel Golf
de Lleo sobre el Mar Mediterrani en forma de mesofront d’escala alfa, que
tendeix a corbar-se anticiclonicament, convergint amb la MedAM i la CiAM.

En aquest cas no hi ha conveccio associada i la TTAM actua com a corrent de
densitat desbordant la brisa marina préviament establerta.

(b) Un talveg de geopotencial a nivells mitjans troposférics que ha creuat
préeviament el nord de la Peninsula Ibérica escombrant la MedAM.
L’escalfament diiirn i les convergéncies a nivells baixos disparen la conveccid
a l’est dels Pirineus. En aquest cas, I’entrada freda la forma D’aire fred
convectiu que incrementa el gradient térmic amb la CiIAM generant una
corrent de densitat.

(c) Una mescla dels dos casos anteriors. No hem estudiat en detall aquests casos,
pero estudis recents que s’estan realitzant suggereixen que I’entrada freda pot
ser generada també per un escalfament diferencial entre la CiAM, molt seca, i
la TrAM més humida.
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(d) Formes alternatives com una baixa mediterrania. No hem estudiat aquests
casos.

Orographic
Interaction

b) Orographic
Interaction

5

\ s

Orographic
Interaction

Figura I11-16. Model conceptual de CTD en la Mediterrania nord-occidental mostrant la
massa d’aire de la Tramuntana (TrAM), la massa d’aire del Mestral (CiAM), la massa
d’aire mediterrania (MedAM) i la interaccio orografica per (a) el patré A, (b) el patré B
i (c) un nou patr6 identificat recentment perd no estudiat encara.

El model conceptual de les CTDs esta descrit en la figura 111-16. Tot i que tots els
casos presenten origens molt diferents de la massa d’aire freda, la interaccid entre el
corrent de densitat i ’orografia al llarg de la Serralada Litoral és similar, creant un balang
antitriptic on el vent és accelerat ageostroficament. Aquest mecanisme que accelera les
CTDs en el Mediterrani nord-occidental és per tant molt similar a les CTWR estudiades
a la costa de California. Tot i aixi, el temps sensible que produeixen ambdds fendomens és
molt diferent. Com que les CTDs al Mediterrani nord-occidental porten aire relativament



fred i sec sobre un mar calid, no es formen les boires i estrats tipics de les CTWR a la
zona de California, tot i que en certs casos la nuvolositat pot incrementar-se. En canvi,
els principals perills que comporten les CTDs estudiades son els efectes en les operacions
acronautiques, especialment a I’acroport de Barcelona degut a la seva situacié. A més a
més, aquetes entrades del NE estan associades a una disminucio sobtada de la temperatura
juntament a un augment de la humitat. Aquests fenomens ocorren al llarg de tot el
mesofront, pero I’efecte és major a la costa on el vent queda localment accelerat per
I’orografia, especialment en 1’area de Barcelona, on suposem que els efectes d’obertura
que produeix la desembocadura de la vall del Riu Llobregat poden jugar un cert rol en la
magnificacio de 1’episodi (per a més informaci6 llegeixi’s la discussio de les influéncies
de vall en les CTDs a Reason et al. 2000).

Després de fer una analisi de sensibilitat utilitzant el model HARMONIE-
AROME, hem vist que D’escalfament per radiaci6 d’ona curta influeix en el
desenvolupament i el moviment de les CTDs, repercutint en la seva capacitat d’arribar
més al sud, en particular a 1’aeroport de Barcelona en incrementar el gradient de
temperatura potencial entre la corrent de densitat i 1’aire circumdant. Aixo pot explicar la
distribuci6 anual i diaria de la climatologia d’episodis de CTDs, amb una freqiiéncia

maxima durant 1’estaci6 calida i al vespre.
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RESUM | CONCLUSIONS

“There is no such thing as bad weather,

only different kinds of good weather”
—John Ruskin—

1. Avaluacio dels objectius
Durant la tesi s’han estudiat i desenvolupat els objectius inicialment proposats.

Cada objectiu ha motivat una part de la tesi i/o un o diverses publicacions o
comunicacions cientifiques. A continuacié es resumeixen les principals aportacions

realitzades durant la tesi doctoral en base a cada objectiu establert.

1.1. Objectius Transversals
Els objectius transversals definits en la Introduccié d’aquesta emoria sOn els eixos

respecte als quals la tesi doctoral ha girat. Segons s’indicava a la Introduccid eren:

OT1. Analisi de la influencia de I’orografia complexa en els processos de

precipitacio a diferents escales temporals i espacials.

OT2. Analisi de les circulacions for¢ades per I’orografia i els fenomens

associats.

Tot i que eren objectius molt amplis es poden considerar complerts durant aquesta

tesi. En els diferents problemes concrets que hem resolt, s’han tractat un o ambdos
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objectius transversals. Per una banda s’ha analitzat la influéncia orografica en les
precipitacions extremes a diferents escales (Part 1) i els processos de precipitacio a
microescala i mesoescala en zones de muntanya (Part I1); aquests resultats pereten afirmar
que s’ha assolit el OTL1. Per altra banda s’ha estudiat de forma observacional com es
modifiquen les circulacions de microescala i mesoescala a la vall de la Cerdanya i com
influeixen en la precipitacid hivernal (Part II), i s’ha analitzat com I’orografia de la costa
central catalana influeix en 1’acceleraci6 del vent a I’aeroport de Barcelona descrivint un

fenomen no identificat fins ara (Part 111); aquests resultats permeten assolir el OT2.

1.2. Objectius Especifics
Els objectius especifics indiquen els problemes concrets que s’han resolt durant la
tesi. A continuacié es discuteixen un a un detalladament, i es descriu la produccio6

cientifica que cadascun d’ells ha comportat.

OE1. Determinacio i analisi dels extrems absoluts de precipitacio a Espanya.
S’ha realitzat un analisi de les més de 10000 estacions i 200 anys de mesures de

precipitacio a Espanya i s’han establert els extrems absoluts de precipitaci6 per a diverses
escales temporals que van des de 10 minuts fins a 2 anys, aixi com per a diverses regions
1 estacions. S’ha analitzat ’escalat d’aquests extrems 1 s ha caracteritzat temporalment 1
regionalment. S’ha establert que la distancia al mar i la influéncia orografica son elements
claus per tal d’assolir precipitacions extremes en qualsevol escala, sent 1’orografia menys
important a escales curtes i més important a escales llargues. Finalment s’ha desenvolupat
una metodologia per tal d’establir 1’envolvent superior, es a dir el maxim teoric a
qualsevol escala en el cas de que les precipitacions extremes segueixin un escalat
potencial. Aquests resultats s’exposen en la Part I de la tesi, en I’article de Gonzalez and
Bech (2017) ©Royal Meteorological Society aixi com en diverses comunicacions

realitzades (MetMed, Jornades Fontseré i Jornadas Cientificas de la AME).

OE2. Desenvolupament de metodologies per a I'analisi d'observacions no convencionals.
S’han programat funcions especifiques per a comparar mesures entre diferents

instruments, en especial aquells relacionats amb la precipitacié com el Parsivel o MRR.
Aquestes funcions s’han programat en Python 1 inclouen la lectura dels fitxers en els seus
diferents formats, la elecci¢ i aplicacio de diversos postprocessos proposats en diferents
estudis tant per precipitacio liquida com per a precipitacié solida, la comparacié de dades

entre diferents instruments i la visualitzacio dels resultats. Aquestes tecniques s’exposen



en la Part Il de la tesi i en els Annexes A i B. També s’han utilitzat en 1’article de Lolli et
al. (2018).

OE3. Analisi de la precipitacié de muntanya des del punt de vista microfisic.
S’han descrit els episodis de precipitacidé ocorreguts durant la campanya experimental

Cerdanya 2017 i s’ha analitzat la precipitacio global de la campanya des del punt de vista
microfisic. S han estudiat en profunditat diversos episodis ocorreguts durant la campanya
en forma de casos d’estudi examinant una gran diversitat de fenomens microfisics en
precipitacio liquida i solida com per exemple la sublimacié de la neu en el pas d’un front
calid, la classificacié microfisica de la precipitacié liquida i solida o el desacoblament de
la precipitacid solida respecte la circulacid a nivells baixos de la vall. Aquesta ultima part
s’exposa a l’article en revisié de Gonzalez et al. (2019). La resta de resultats s’exposen a
la Part II de la tesi, I’article en revisi6é d’Udina et al. (2019) i1 en diverses comunicacions

en les quals s’ha participat (MetMed, ICAM, ERAD, HyMeX Workshop i ICLP)

OEA4. Estudi de les circulacions i efectes orogrdfics en les masses d’aire durant episodis de
tramuntana-mestral.
S’ha elaborat una climatologia d’episodis de tramuntana-mestral que presentaven

intensificacions al litoral central catala. L’analisi de les caracteristiques mesoescalars
d’aquestes circulacions ha resultat consistent amb la formacié de pertorbacions
orografiques atrapades o en aquest cas concret, pertorbacions atrapades per la costa
(CTDs en les seves sigles en angles), que han estat identificades i descrites per primer
cop a la zona. Els resultats s’exposen en la Part III juntament amb els de I’OES a I’article
de Gonzalez et al. (2018) ©Royal Meteorological Society i a la comunicacio realitzada al
Simposio Nacional de Prediccion.

OES5. Analisi de l'origen i mecanismes associats a les irrupcions de vent a la costa del
Mediterrani nord-occidental.
Un cop identificat el fenomen en I’OE4, s’ha estudiat amb detall I’origen dinamic i els

mecanismes de forcament de les CTDs mitjancant simulacions numeériques d’alta
resolucio. L’analisi d’escala i dels mecanismes de forcament ha confirmat que es tracten
de CTDs i ens han permes trobar indicis per millorar la predictibilitat d’aquest fenomen.
Els experiments de sensibilitat addicionals han mostrat el rol de I’escalfament diiirn en
aquests fenomens. Aquesta investigacio contribuira a una millora de la predictibilitat d’un
fenomen critic en la seguretat aeronautica i que causa grans perdues economiques a

I’aeroport de Barcelona. Aquests resultats s’exposen en la Part 111 i juntament amb els de
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I’OE4 a D’article de Gonzalez et al. (2018) 1 a la comunicaci6 realitzada al Simposio

Nacional de Prediccion.

2. Linies d’investigacio futures
Durant la consecuci6 dels resultats anteriors s”han aprés noves técniques i analisis

que permetran a 1’estudiant continuar la seva carrera investigadora en futurs projectes i

linies de treball. Es proposen diferents linies d’investigacio on aprofundir en els

coneixements assolits durant 1’elaboracio de la tesi.

1.

2.

3.

L’estudi de la precipitacid en entorns orografics és molt ampli i és necessari
aprofundir encara més en les seves diverses vessants per tal de millorar la
prediccié de fenomens adversos associats a la interaccid dels nuavols
precipitants amb el relleu, ja sigui en I’estudi de les tempestes hivernals com
de les tempestes d’estiu. Amb els coneixements assolits es pot continuar
aquesta linia de treball analitzant noves observacions, aixi com casos d’estudi
i simulacions numeriques.

A I’estiu del 2020 es preveu la realitzacio d’una nova campanya internacional
(LIAISE) per estudiar I’evapotranspiracio i els fluxos d’energia i d’humitat en
zones semiarides a la conca del riu Segre. La col-locacio de nous instruments
de mesura de precipitacio (en concret, disdrometres i radars) permetran la
intercomparacié entre les mesures situades en diferents zones de la conca, com
les examinades en aquesta memaoria de tesi doctoral a a Cerdanya, situada a la
conca alta del riu Segre.

Part de I’activitat laboral i cientifica de ’estudiant a 1’Agencia Estatal de
Meteorologia es realitza a I’ Antartida, un continent amb escasses mesures de
precipitacié degut a les dificultats tecniques i logistiques de la zona. La recent
instal-lacié de nous pluviometres especialment adaptats per a la mesura de la
precipitacid solida permetra establir una estacié de referencia en el continent.
Els coneixements adquirits durant la realitzacio de la tesi contribuiran a la
investigacié d’AEMET de la precipitacio en zones polars.
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ANNEXES

Annex A: Visualitzacio d’'una serie sintetica de particules

precipitants
En aquest annex es mostra una visualitzacidé disdrométrica d’una série sintética

elaborada a partir de 1’ajust gamma (equacio6 I1.2) de particules precipitants utilitzant els

intervals de mesura d’un disdrometre Parsivel.

La figura A-1 representa la matriu disdrométrica (diametre vs. velocitat) per a una
precipitacio estacionaria amb valors mitjans de p=0, A=3mm™*iNo=10*m3mm*a
I’esquerre i de =2, A =3 mm? i No=10° m3mm? a la dreta. El diametre de les
particules a cada instant de temps s ha calculat aplicant la funci6 gamma a valors aleatoris
de p, A i No en una distribucié normal amb o(p) = 0.2, 6(A) = 0.4 mm™ i 6(No) =5 m?
mm™. La velocitat de cada particula s’ha calculat mitjangant un valor aleatori en una
distribucié normal centrada en la velocitat tedrica de la particula calculada usant la relacio
d’Uplinger (1981) i unac =5ms™.

Per tant, la figura mostra com canviaria la distribucio ideal de mides i velocitats
de les particules precipitants en el cas de que es modifiqui el parametre p de la
precipitacid. Per u =0 s’observa com dominen les particules petites de menys de 0.5 mm,

mentre que per W = 2 dominen majoritariament particules mitjanes al voltant de 1 mm.
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Figura A-1. Matriu disdrométrica d’una série sintética amb parametres u = 0, A = 3 mm™ i No
=10°m3 mm™ a l'esquerre ide u = 2, A = 3 mm™ i No = 10° m® mm™ a la dreta (considerant
una distribucié normal amb o(u) = 0.2, o(4) = 0.4 mm™ i 6(No) =5 m> mm™). La visualitzacié
utilitza els intervals d’un disdrometre Parsivel per facilitar la comparacio amb mesures reals. La
linia negra mostra la relacio d’Uplinger (1981).



148



Annex B: Metode per escollir el cristall simple de neu més adequat

amb el MRR i el Parsivel.
Per al’episodi del 15-16 de gener de 2018 (Seccio 11-4.3), hem realitzat una analisi

per identificar quin tipus de cristall de neu és meés probable que observem amb Parsivel i
MRR i en abséncia d’altre informaci6. Per fer-ho hem partit de les mesures de reflectivitat
en l’interval de mesura més proper a terra en el MRR i els hem comparat amb la
reflectivitat efectiva mesurada per al Parsivel usant la metodologia esmentada en la
Seccio 11-2.7.1 per diferents relacions mida-massa obtinguts per Locatelli and Hobbs

(1974). Els resultats es mostren en la figura B-1.
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Figura B-1. Regressio linear entre la reflectivitat MRR calculat al 3r interval d’al¢ada i la
reflectivitat equivalent calculada pel Parsivel utilitzant 14 relacions empiriques diferents de
cristalls. La linia puntejada negre indica la relacié 1:1.

ausp: aggregates of unrimed side
planes

aup: aggregates of unrimed
assemblages of plates, side
planes, bullets and columns

ard: aggregates of densely rimed
assemblages of dendrites

aud: aggregates of unrimed
assemblages of dendrites

dra: densely rimed assemblages
of dendrites

drd: densely rimed dendrites
drc: densely rimed columns

Ig: lump graupel

gl: graupel-like snow lump type
gh: graupel-like snow hexagonal
type

cg: conical graupel

hg: hexagonal graupel



Annex C: Records pluviometrics d’Espanya per a diferents escales.
En la Part II d’aquesta tesi mostrem els récords pluviometrics a multiples escales

temporals per a tota Espanya a partir dels registres de pluviometres d’AEMET. En aquest
annex volem ampliar aquesta informacid per a que pugui servir com a referencia per a
I’estudi d’episodis de precipitacions intenses.

1. Taula I-2 actualitzada després dels episodis de Octubre de 2018

Durant I’octubre de 2018 es van superar tots els récords de precipitacio de la Taula
I-2 (pagina 25) de 10 minuts fins a 6 hores en només dos episodis ocorreguts en Vinaros
(Castello) el 19 d’octubre i Alpandeire (Malaga) el 21 d’octubre. A continuaci6 es mostra

la taula de records a Espanya actualitzada:

Récords de Espanya (RE) Records Mundials (RM)
. Id. Localitzacio PCP (mm) Data Localitzaci6 PCP (mm) Proporci6é
Periode
(%)
de temps
10 min 1 Vinaros, Castelld 44.7 19 Oct 2018 N/A N/A N/A
20 min 1 Vinaros, Castelld 77.0 19 Oct 2018 Romania 206 36.0
30 min 2 Vinaros, Castelld 103.0 19 Oct 2018 Xina 280 314
60 min 3 Vinaros, Castellé 159.2 19 Oct 2018 Xina 401 324
2 hores 4 Vinaros, Castelld 214.8 19 Oct 2018 Xina 489 39.5
3 hores 4 Vinaros, Castelld 235.0 19 Oct 2018 USA 724 28.3
4 hores 5 Alpandeire, Mélaga 259.6 21 Oct 2018 N/A N/A N/A
5 hores 5 Alpandeire, Mélaga 278.8 21 Oct 2018 N/A N/A N/A
6 hores 5 Alpandeire, Mélaga 289.2 21 Oct 2018 Xina 840 32.7
9 hores 6 Oliva, Valencia 306.4* 3 Nov 1987 La Reunié 1087 28.2
12 hores 6 Oliva, Valencia 408.5* 3 Nov 1987 N/A N/A N/A
18 hores 6 Oliva, Valencia 612.8* 3 Nov 1987 La Reunié 1589 38.6
1dia 6 Oliva, Valencia 817.0 3 Nov 1987 La Reunié 1825 44.8
2 dies 7 Xavia, Alacant 878.0 1-2 Oct 1957 india 2493 35.2
3 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunid 3929 24.9
4 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunié 4869 20.1
5 dies 7 Xavia, Alacant 978.0 1-3 Oct 1957 La Reunié 4979 19.6
6dies g  Sauces SantaCruzde 9848  24-29 Feb 1988 La Reuni6 5075 194
Tenerife
7 dies 9 Grazalema, Cadiz 1023.2 14-20 Des 1958 La Reunié 5400 18.9
8 dies 9 Grazalema, Cadiz 1099.2 14-21 Des 1958 La Reunié 5510 19.9
9 dies 9 Grazalema, Cadiz 1226.2 14-22 Des 1958 La Reunié 5512 22.2
10 dies 9 Grazalema, Cadiz 1273.6 13-22 Des 1958 La Reunié 5678 224
11 dies 9 Grazalema, Cadiz 1277.2 12-22 Des 1958 La Reunié 5949 215
12 dies 9 Grazalema, Cadiz 1280.0 12-23 Des 1958 La Reunié 5949 215
13 dies 9 Grazalema, Cadiz 1282.2 11-23 Des 1958 La Reunié 6072 21.1
14 dies 9 Grazalema, Cadiz 1282.2 11-23 Des 1958 La Reunié 6082 21.1
15 dies 9 Grazalema, Cadiz 1284.8 9-23 Des 1958 La Reunié 6083 21,1
20 dies 9 Grazalema, Cadiz 1454.1 3-23 Des 1958 N/A NA N/A
31 dies 10 Cortes de\la Frontera, 1674.0 18 Nov — 18 Des N/A N/A N/A
Malaga 1989
1 natural Caldera Taburiente, Santa 1626.1 1-31 Gen 1979 india 9300 175
mes Cruz de Tenerife
2mesos 10  COrtes ﬁﬂea'liggomera' 24200 Des 1995 — Gen 96 india 12767 19.0
3mesos 11 Casteloais, Ourense 2866.8 Nov 1959 — Gen 60 india 16369 17.5
4 mesos 11 Casteloais, Ourense 3269.9 Nov 1959 — Feb 60 india 18738 175
5mesos 12 Casas do Porto, A Corufia 3835.8 Nov 2000 — Mar 01 india 20412 18.8
6 mesos 12 Casas do Porto, A Corufia 4176.1  Oct 2000 — Mar 01 india 22454 18.6
9mesos 12 Casas do Porto, A Corufia 4680.1  Ago 2000 — Abr 01 N/A N/A N/A
12 mesos 12 Casas do Porto, A Corufia 5503.4  Abr 2000 — Mar 01 india 26461 20.8
18 mesos 13 Dodro, A Corufia 7523.6  Oct 1984 — Mar 86 N/A N/A N/A

24 mesos 11 Casteloais, Ourense 8991.5 Feb 1958 — Gen 60 india 40768 22.1
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Mostrem també els grafics d’acumulacié maxima per cada escala temporal (figura

C-1) per cadascun d’aquests episodis.
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Figura C-1. Com en la figura I-5 superposant les precipitacions maximes per a cada periode
ocorregudes a Vinaros el 19-Oct-2018 (esquerra) i a Alpandeire el 21-Oct-2018 (dreta)

2. Els 10 episodis més extrems per a cada escala de temps a Espanya
Per evitar posar moltes pagines de dades, el lector pot descarregar aquesta informacié a

la seglient adreca electronica en format digital:

https://rmets.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fjoc
5144 &file=joc5144-sup-0001-TableS1.txt



https://rmets.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fjoc.5144&file=joc5144-sup-0001-TableS1.txt
https://rmets.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fjoc.5144&file=joc5144-sup-0001-TableS1.txt

1. Records de precipitacio per a cada escala per provincia
A continuacio es mostren les precipitacions extremes (en mm) per a cada provincia de I’Estat espanyol

DURATION 10m 20m  30m 60m 2H 3H 4H 5H 6H 9H 12H 18H 1D 2D 3D 4D 5D 6D 70 8D kD] 10D 11D 120 13D 14D 15D 20D 31D 2m 3mM am 5M M M 12m 18M 2
[min]

PROVINCE

BARCELONA 30.6 454 53.0 74.4 94.6 101.6 1052 111.2 1246 151.8 163.7 1950 275.0 360.0 4840 517.0 530.0 530.0 530.0 530.0 604.0 604.0 604.0 608.0 660.0 666.0 666.0 713.0 730.0 888.0 1039.0 1197.0 1231.0 1344.6 19457 22136 2789.7 359
TARRAGONA 29.4 457 641 940 1106 1276 146.6 163.6 1648 1652 177.2 197.0 340.0 419.2 4241 457.7 4879 508.0 508.0 508.0 508.0 508.0 508.0 567.0 641.0 666.5 666.5 666.5 7315 749.5 777.8 926.2 1069.3 1089.6 1331.5 1688.8 2183.1 257
GIRONA 30,5 392 500 68.6 753 883 102.1 1151 1241 1319 1360 159.7 430.0 6780 8015 866.5 870.1 874.0 876.7 884.5 885.8 894.4 898.0 901.9 904.6 912.4 913.7 926.7 1049.0 11243 1436.8 1454.0 17059 1743.0 2696.2 3149.2 3904.2 440
LLEIDA 26.4 48.0 52.0 68.0 77.3 81.2 89.5 93.4 93.4 93.4 93.8 93.8 252.0 3140 430.0 570.0 575.0 577.0 588.0 621.0 626.0 629.0 629.0 629.0 629.0 629.0 629.0 629.0 757.5 882.6 1062.8 1191.6 1279.5 14029 1887.8 22239 3207.6 382
CANTABRIA 319 46.0 60.0 96.2 107.8 1152 121.8 1246 1259 1342 142.8 1480 2429 3248 387.8 4193 426.5 4409 473.1 489.1 493.0 497.5 497.5 497.7 512.5 529.7 542.7 692.7 881.4 11131 13999 1837.7 2092.7 2377.0 2780.8 3509.7 5253.0 593
CORDOBA 336 414 600 111.6 1552 1844 201.6 210.2 212.6 2134 213.8 213.8 2180 233.0 311.6 3486 365.6 383.8 398.8 423.7 485.4 522.2 534.2 545.0 575.0 577.0 633.2 695.4 746.6 885.7 1077.0 1251.3 1375.2 15241 1635.6 1977.3 2925.6 341
HUELVA 254 450 656 99.6 117.1 141.2 1448 1464 1584 160.0 160.0 169.9 251.0 252.0 287.0 428.0 447.2 4617 468.9 468.9 483.4 483.4 505.7 524.2 555.7 562.7 582.2 675.0 930.9 11137 15465 16142 1737.3 18544 19746 2366.1 33447 390
SEVILLA 242 37.0 49.0 68.8 73.0 76.2 80.5 89.6 94.0 97.8 1029 130.3 300.5 490.5 490.5 490.5 691.2 691.2 691.7 691.7 691.7 750.0 778.0 798.5 816.5 833.7 839.2 894.0 1030.1 1205.2 1539.3 1635.0 1694.5 1789.3 2050.6 1942.3 2978.1 341
JAEN 194 276 342 41.6 42.8 55.2 58.4 64.0 66.8 72.8 90.4 1063 291.0 313.0 3145 393.2 477.2 5533 595.3 595.3 602.5 602.5 617.0 647.0 657.0 669.0 669.0 692.8 8209 14039 1468.6 1757.3 1960.1 2162.9 2549.6 2773.4 4054.5 481
GRANADA 23.0 328 420 62.0 66.2 73.2 74.2 74.4 74.4 89.2 1102 1432 600.0 600.0 6050 667.0 767.0 767.0 789.2 839.2 860.2 860.2 860.2 860.2 867.7 867.7 867.7 867.7 911.0 1502.2 2302.2 2503.4 2515.5 2579.7 26826 29353 3167.0 356
ALMERIA 213 358 523 843 1348 1834 2163 2483 2749 3019 3146 3162 600.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 730.0 733.0 750.0 859.8 918.8 953.2 1010.5 1196.0 14425 19456 231
CADIZ 272 394 514 62.9 98.9 1297 1505 151.0 151.0 183.6 1959 2356 3489 5357 7109 8224 829.2 921.2 1023.2 1099.2 1226.2 1273.6 1277.2 1280.0 12822 12822 1284.8 1454.1 1642.6 2258.1 2725.0 3093.1 3317.4 3791.7 4250.6 4432.8 709.1 774
MALAGA 416 742 86.0 1006 139.6 1944 2060 209.6 211.6 213.8 227.0 2352 313.0 5040 5680 700.0 8150 822.0 822.0 822.0 846.2 862.0 916.0 935.4 987.0 1039.0 1057.0 1215.0 1674.0 2420.0 2639.0 2770.5 29155 31325 3373.5 3961.1 47489 526
ALICANTE 30.0 500 605 99.8 131.3 150.0 190.0 2452 266.7 269.5 269.5 270.3 4250 8780 978.0 9780 978.0 978.0 978.0 978.0 978.0 978.0 978.0 978.0 978.0 978.0 12780 1278.0 1292.0 1325.5 1397.5 14115 1532.0 1863.5 21785 2220.5 3265.3 355
VALENCIA 327 470 585 1019 160.0 1849 196.2 1962 196.2 197.0 2102 228.0 817.0 864.0 881.0 8383.0 8845 8945 903.5 903.5 903.5 903.5 903.5 903.5 903.5 903.5 903.5 904.0 920.1 1047.4 1133.7 13484 1573.4 1599.2 1770.1 1909.2 2635.1 319
CASTELLON 322 516 522 78.0 824 105.0 1187 1263 1352 166.3 182.1 2049 365.0 470.0 570.0 610.0 6450 661.0 661.0 661.0 661.0 661.0 661.0 661.0 661.0 661.0 661.0 676.4 793.4 954.3 1068.3 12052 1313.7 1381.1 1604.5 1830.7 2188.8 285
TERUEL 242 390 478 57.0 68.6 70.6 71.0 73.8 80.2 82.4 82.4 843 293.0 426.0 4545 4795 4950 495.0 533.3 562.2 577.5 577.5 577.5 577.5 577.5 577.5 577.5 677.7 736.8 879.1 906.7 10516 1358.0 1615.0 1817.0 2062.0 3091.0 382
HUESCA 33.8 494 511 61.0 814 922 105.2 107.8 107.8 1204 1311 166.8 700.5 7355 740.5 7457 748.0 792.0 810.0 815.0 853.0 893.0 955.0 973.0 973.0 973.0 979.0 979.0 1030.0 1536.5 1722.0 2196.0 2561.0 2720.0 34152 4048.0 5339.0 640
ZARAGOZA 31.0 379 425 61.0 65.2 65.2 65.2 65.2 70.7 78.8 79.6 79.8 205.0 276.0 277.0 277.0 337.0 3400 347.0 347.7 347.7 394.7 410.7 412.7 421.0 437.7 452.0 531.3 606.0 703.0 968.0 1023.0 10159 1101.2 13819 1680.0 2269.7 299
GUADALAJARA 214 30.0 344 41.4 45.4 51.0 61.4 63.2 63.2 65.6 69.8 714 1648 178.0 239.0 276.0 309.0 314.0 316.0 319.0 320.1 320.1 320.1 320.1 331.4 336.4 347.4 482.7 513.8 607.5 828.8 1082.5 1316.8 1514.6 1806.2 2297.5 2989.5 348
CUENCA 222 437 576 66.7 70.8 75.0 77.2 78.6 78.6 78.6 78.6 126.6 320.0 320.8 320.8 3850 3850 3953 395.3 397.0 489.0 489.0 499.3 499.3 499.3 531.0 575.0 629.0 865.3 995.2 1133.0 12932 1427.2 16273 2060.1 21925 31941 386
TOLEDO 25.8 352 40.0 55.1 79.8 817 84.8 87.6 93.6 101.0 1056 136.0 170.0 221.8 263.0 3204 3434 364.2 379.2 379.2 416.2 453.7 457.8 457.8 457.8 457.8 457.8 676.1 702.7 882.5 1175.0 1320.5 14340 1550.0 1775.0 1986.5 2895.5 344
ALBACETE 404 545 55.6 65.4 101.8 118.8 1283 1329 1348 1365 137.0 137.2 207.0 279.0 280.0 286.0 292.6 306.5 346.6 3735 401.6 431.7 457.1 477.4 480.4 480.4 480.4 534.2 638.0 755.1 912.2  1200.1 1480.9 1666.2 1964.4 2065.5 3318.6 366
CIUDAD REAL 187 210 294 329 38.8 44.4 49.8 51.0 57.6 61.6 70.2 77.2 2050 205.0 205.0 2263 2423 259.1 280.0 3115 326.5 357.5 384.5 386.5 392.0 435.5 435.5 547.5 661.5 881.5 1037.0 11335 1296.8 1357.5 15189 1817.1 25125 282
LEON 235 411 513 59.5 59.5 59.5 59.5 60.4 72.6 942 101.8 117.8 2201 320.0 4700 5600 7100 725.0 740.0 820.0 835.0 835.0 835.0 850.0 850.0 854.5 854.5 854.5 11015 14825 18903 21344 2690.7 2934.8 3266.7 37229 5199.6 624
BURGOS 27.6 334 444 64.2 92.4 92.6 92.6 92.6 93.0 93.2 93.4 93.4 2750 275.0 3850 4380 4380 488.0 553.0 553.0 559.6 559.6 560.3 560.3 560.3 587.0 626.4 762.7 842.3 975.3 1183.2 1406.6 16185 1867.8 2608.2 3260.1 4647.0 577
VALLADOLID 19.0 347 39.0 42.6 45.1 45.7 47.1 53.6 57.6 62.5 62.5 68.2 168.0 168.0 180.0 210.0 210.0 211.0 211.0 211.0 219.0 219.0 232.0 242.0 254.0 269.0 273.0 285.0 405.0 547.0 735.0 848.0 981.0 1117.0 14044 1516.0 2030.3 240
PALENCIA 247 347 407 49.8 53.5 58.2 61.4 62.4 62.7 80.6 94.4 106.8 217.0 2332 3015 359.3 4169 4343 436.6 449.2 476.0 476.0 476.0 476.0 476.0 514.4 519.6 546.0 690.9 953.2 13742 1623.5 2036.7 2207.7 24151 2871.0 3636.5 446
ZAMORA 192 262 342 43.4 45.0 48.6 50.2 50.2 54.8 73.6 84.0 99.0 212.0 332.0 3467 436.0 4943 527.7 533.2 538.4 549.8 589.0 603.5 622.2 679.6 705.2 708.6 808.1 10639 1366.6 1856.4 2331.1 2727.3 2802.3 3004.5 3371.2 44753 504
SORIA 274 362 452 62.4 64.6 67.4 68.4 69.4 69.8 69.8 74.5 853 2149 216.8 2522 3004 3259 3432 355.1 393.2 413.2 430.5 439.6 4413 442.0 442.8 469.5 539.2 604.8 709.9 10082 1139.0 1489.6 1600.8 1794.9 2073.4 2651.8 319
SEGOVIA 250 280 36.0 39.8 44.2 56.6 60.6 60.6 67.6 82.4 87.2 1181 1544 2167 2369 2373 2373 2373 256.9 290.2 314.8 3417 3417 349.2 374.4 379.0 385.9 449.4 513.7 697.2 890.6 1080.4 12523 13851 17249 20134 2896.8 366
AVILA 324 354 378 40.0 45.8 69.4 87.2 98.2 113.6 143.8 147.6 161.8 280.0 480.0 560.0 633.8 670.0 726.8 787.5 859.8 912.4 977.5 1022.5 10541 1064.2 11009 11284 12439 1461.6 1804.8 21125 2527.5 2776.5 30204 3108.5 38415 5404.5 596
SALAMANCA 39.6 59.8 76.0 84.0 88.8 88.8 88.8 88.8 922 1046 117.8 150.0 230.0 3146 401.0 5020 6042 669.6 696.9 723.7 7316 734.4 7412 762.1 815.3 856.5 868.8 958.6 12945 17169 1902.0 2161.7 2392.3 2546.1 30049 3754.6 4917.4 642
LUGO 348 484 59.0 62.8 63.4 63.8 64.0 64.0 64.0 80.6 1140 143.8 1830 303.0 370.0 4380 4850 512.0 564.0 594.0 668.0 736.0 783.0 785.0 786.0 798.0 824.0 1041.0 1326.0 1563.0 2116.0 2745.0 3018.0 3264.0 3950.0 4990.0 6260.0 725
PONTEVEDRA 202 354 492 65.8 78.6 84.6 96.0 107.6 109.2 130.6 150.0 1822 217.0 3425 483.6 511.1 539.6 575.1 613.0 638.0 676.9 729.3 801.7 811.7 816.4 870.4 9129 1063.4 13729 17623 2209.1 2703.7 3212.8 3496.8 38754 47357 6922.2 816
A CORUNA 223 368 476 66.0 72.1 78.8 91.6 99.2 1056 1162 1376 1729 300.0 500.0 600.0 850.0 850.0 850.0 850.0 850.0 855.0 865.0 8723 883.3 883.3 885.3 889.3 963.9 1352.6 1811.2 26173 2957.6 3835.8 4176.1 4680.1 5503.4 7523.6 875
OURENSE 212 292 388 59.5 74.1 92.6 92.7 92.7 93.3 959 103.8 130.0 2180 3715 417.0 4920 5310 554.0 592.0 615.0 680.0 785.0 860.0 888.0 925.0 948.0 951.0 1092.0 1356.0 1999.8 2866.8 3269.9 3583.4 3806.3 4152.6 54954 72769 899
CACERES 236 322 436 52.8 67.8 70.8 75.1 85.0 93.8 117.0 1404 179.8 216.2 3848 3914 5054 5132 513.2 563.6 585.3 665.3 730.5 757.9 803.2 816.6 816.6 853.2 949.9 10714 1521.8 2047.6 2413.7 2988.7 3040.5 3198.0 3570.2 54914 621
BADAJOZ 29.6 380 458 59.0 62.0 63.8 66.6 70.7 77.0 919 106.7 1164 2159 2451 269.6 326.5 340.1 344.7 344.7 344.7 371.0 388.0 402.0 403.0 445.1 454.7 457.9 569.2 766.1 1021.0 1238.0 1340.0 1409.0 1437.0 1569.5 1917.0 2787.0 326
NAVARRA 286 449 479 61.4 101.7 1185 130.0 130.2 1335 1417 1524 1740 293.0 3112 388.8 453.0 4879 5133 518.9 547.7 551.2 580.9 585.3 615.2 633.5 663.7 697.4 9912 11263 14683 18921 2077.1 2362.1 2549.1 3218.2 41079 5504.1 700
GIPUZKOA 28.0 474 660 103.0 193.0 2047 209.1 2129 220.2 2484 2557 2643 3135 350.0 4169 4339 4357 4357 438.1 493.7 519.7 526.1 546.7 586.9 652.4 678.4 698.4 765.1 905.4 1303.8 1577.1 18341 2098.5 2353.9 2803.1 35915 4901.0 621
BIZKAIA 215 316 432 76.1 1189 1556 169.1 176.1 1763 1763 176.3 181.8 252.6 3442 389.0 411.0 421.0 4489 450.1 451.2 455.6 477.2 478.3 482.3 505.4 506.5 506.5 609.0 729.4 869.4 1147.6 13525 1522.2 1708.5 2147.5 2562.0 3560.6 433
ARABA/ALAVA  30.0 314 3438 42.2 43.0 63.2 72.7 73.1 73.1 73.9 83.8 1026 2143 2381 2587 300.0 300.0 314.4 355.0 357.0 361.4 375.6 405.6 422.8 449.8 454.2 467.6 496.8 834.2 741.0 996.5 11134 1272.0 14119 17258 2192.0 2876.0 374
ASTURIAS 212 314 427 55.3 84.1 96.9 107.0 1165 1293 1441 163.8 186.6 2383 290.0 343.5 3942 406.0 406.0 457.3 464.1 479.5 498.3 512.7 516.3 519.0 581.0 588.0 711.0 930.0 1302.1 1827.2 22417 24722 2672.0 2960.0 3596.0 51150 620
MURCIA 304 512 774 1196 1572 1856 192.6 196.6 203.8 210.6 211.8 2124 330.0 450.0 458.0 468.0 468.0 468.0 523.0 606.0 681.0 717.0 719.0 722.0 722.0 722.0 722.0 722.0 722.0 834.5 887.5 1006.6 1154.4 11929 12212 14810 2017.0 232
MADRID 202 400 50.0 75.0 85.0 86.8 86.8 86.8 86.8 92.0 1219 1416 1522 2650 322.0 360.5 4125 431.0 435.5 439.7 445.1 454.7 477.8 490.3 526.9 558.6 566.7 662.4 846.0 1046.8 1089.0 1199.2 13247 1465.7 1751.6 2379.8 30444 380
LARIOJA 386 468 580 64.6 65.6 66.2 66.2 66.2 66.2 66.2 66.2 75.8 1408 1712 1875 250.1 297.7 297.7 297.7 3255 364.2 402.1 438.9 470.3 510.9 527.4 541.2 581.3 652.8 981.8 1276.1 1582.0 1809.4 1880.0 2065.6 2583.2 3312.4 399
BALEARES 39.0 710 878 99.1 1219 1254 1499 176.6 1876 1947 2093 2482 536.5 6425 6925 7280 7280 8455 865.5 870.2 874.2 895.5 981.6 1019.0 1146.0 1232.1 1264.5 1362.1 1447.2 1852.4 2026.0 2097.0 2292.6 2529.0 2869.6 3626.2 4562.7 481
LAS PALMAS 235 370 498 63.0 96.6 1144 1314 1456 1464 147.0 1470 1484 2782 430.0 6106 731.5 7425 7510 756.5 757.0 757.0 757.0 845.9 882.9 887.2 907.9 9445 10958 1186.8 1217.7 1527.7 16156 1784.6 1950.1 2040.3 2053.0 2469.4 279
SANTA CRUZ 40.0 520 75.0 1299 1883 200.7 206.6 2163 2253 2313 2410 2664 590.0 613.0 777.4 870.0 9533 9848 1010.7 10329 10352 1054.0 1079.9 1102.1 11101 1122.1 11417 1331.0 1626.1 1721.8 1875.0 2462.0 2977.0 3027.0 3299.0 3299.0 4022.0 425
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ABSTRACT: This paper presents a regional and seasonal study of extreme point rainfall scaling from 10 min to 2 years. To
do this, the highest point-based rainfall list based on these temporal periods was calculated from the Spanish Meteorological
Service (AEMET) precipitation databases with more than 11 000 rain-gauge stations, with the longest series ranging from 1805
to 2014 (209 years). This list constitutes the register of single station largest amounts of precipitation in Spain ever recorded for
selected periods, including for example the values for 2 h (193 mm), 24 h (817 mm) or 1 year (5503 mm). Rainfall extremes for
10 min periods are evenly distributed in coastal and inland areas. Daily precipitation extremes are mostly concentrated over the
Mediterranean coast while from durations from one month to two years, extremes are located in southern and northwest Spain.
Extreme data obtained were compared with existing worldwide rainfall records for equivalent periods. Results indicate that
Spanish extreme rainfall scaling relating R depth (in mm) against D duration (in minutes) may be expressed as a potential law
R=21.8 D"?2 (R=43.6 D" for worldwide data). We propose the upper envelope line (greater or equal to extreme rainfall
values) parallel to the potential fit law as a simple method to estimate possible extreme records for different time scales. Using
this method, worldwide envelope may be expressed as R = 60.5 D°%7 and the Spanish envelope as R = 39.3 D"*?2, Further
analysis stratifying results by season and region show that seasonal scaling has more variability than regional scaling. The
methodology described can be readily applied to other regions for which detailed rainfall databases exist. Applications of the

results include using the scaling found as a reference for classification of heavy precipitation events for temporal scales.
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1. Introduction

The study of extreme rainfall point records, i.e. absolute
maximum precipitation amounts registered at specific sta-
tions, has been a relevant research topic for decades given
the implications for water cycle management purposes,
meteorological processes involved, hydraulic design, flood
early warning systems or climatological analysis, more
recently, in a context of climate change. Wussow (1922)
studied point heavy rainfall events in Germany for aggre-
gation periods between 30 min and 24 h and found that
maximum rainfall records R, expressed in mm, increased
with duration D, in minutes, according to R = /20D, i.e.
showing a power-law dependence between depth and dura-
tion with exponent 0.5. Jennings (1950) presented a col-
lection of the world greatest observed point rainfalls for
39 different time periods spanning from 1 min to 2 years,
plotting them in a log—log graph which showed an approx-
imately linear dependence, consistent with a power-law
behaviour. Paulhus (1965) updated the record list of Jen-
nings with some new values and, considering 29 records,
fitted an envelope curve to the data using a power law,
obtaining 0.475 for the exponent. This relationship has

* Correspondence to: S. Gonzalez, DT Catalonia, AEMET. C/Arquitecte
Sert, 1, E-08003, Barcelona, Spain. E-mail: sgonzalezh@aemet.es

© 2017 Royal Meteorological Society

been quoted as Jenning’s scaling law in some studies such
as Galmarini er al. (2004), Zhang et al. (2013a,2013b)
or Brefia-Naranjo ef al. (2015) and represents the max-
imum rainfall amount possible in a given time period
limited by physical factors such as moisture availabil-
ity, atmospheric instability, large scale dynamics o oro-
graphic factors. Substantial efforts have been devoted to
study this scaling law, for example using multifractal the-
ory (Hubert et al., 1993), statistical autocorrelation (Gal-
marini et al., 2004) or stochastic truncated autoregressive
models (Zhang et al., 2013b). In a framework of physi-
cal complex systems, the precipitation process has been
described formally as a self-organized critical process, like
other natural phenomena such as earthquakes (Peters and
Christensen, 2002; Peters et al., 2002).

With a similar approach Monjo (2016) defined a dimen-
sionless n-index, which was the exponent of the power
function fitting the greatest rainfall for different time peri-
ods at a given location to analyse individual rain events
and Moncho et al. (2009, 2011) applied it for analysing
extreme rainfall and intensity—duration—frequency
curves. In fact, the exponent of the power-law scaling
function of Jenning’s law is 1 minus the n-index. Monjo
and Martin-Vide (2016) used an ordered version of
n-index to measure the climate concentration of the daily
rainfall around the world showing its fractal behaviour.
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Figure 1. Geographic distribution of the SE and locations used in this study. Labelled numbers show the episode Id. which produced the extreme
rainfall (see Table 1). Lower (higher) numbers indicate shorter (larger) scales. [Colour figure can be viewed at wileyonlinelibrary.com].

Many other studies regarding extreme precipitation have
been performed based on the analysis of long term rainfall
data and the development of depth against duration rela-
tions which allowed deriving probable depth amounts for
specific return periods — see for example Bell (1969) or
other approaches based on scaling properties of the rainfall
at different scales such as those described in Burlando and
Rosso (1996), Casas et al. (2010) or Pérez-Zanoén et al.
(2015).

The objectives of this paper are (1) to determine abso-
lute extreme point rainfall records in Spain for different
durations, (2) to examine possible power-law scalings of
the extreme values found and, (3) to analyse subsequent
regional and seasonal variability. To achieve these targets a
large data set of more than 11 000 rain-gauge stations rang-
ing from 1805 to 2014 has been used, which is described
in detail in Section 2. In Section 3, we discuss the extreme
rainfall values of Spain for different scales from 10 min
to 2 years. The extreme depth duration scaling for Spain
is characterized in Section 4, and a simple method to esti-
mate extreme rainfalls is proposed. Seasonal and regional
variability of extreme rainfall is analysed in Section 5.
Finally, we present a summary of findings and conclusions
in Section 6.

2. Data sources and extreme rainfall records

2.1

In order to obtain precipitation extreme amounts with
different durations we did a comprehensive survey of
all Spanish Meteorological Service (AEMET) precipita-
tion databases that cover all temporal ranges and the
entire Spanish territory, including mainland Iberian Penin-
sula, Balearic Islands and subtropical Canary Islands
(Figure 1). The most important features of each of the
four databases used are listed in Table 1. Data passed

Spanish extreme precipitation data
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Table 1. Metadata of the four databases used in this study.

Name Number Series Median Number of  Unit
of rain starting of starting registers
gauges  year years
BD10Min 959 1973 2006 3.1E4+06 days
BDHour 959 1973 2006 7.5E407  hours
BDDay 10681 1855 1968 9.2E+07 days
BDMonth 11063 1805 1966 3.2E4+06 months

through several quality controls by AEMET Climatolog-
ical Department (AEMET, 2009) and each checked record
was flagged with two possible status: valid and suspicious
(not valid records were not available in the databases used).
From these two sets, only valid data were used in this
analysis.

A list of maximum rainfall data for different time peri-
ods spanning from 10 min to 2 years was calculated from
AEMET databases. The time periods selected are based on
those given by Galmarini ez al. (2004) and NWS (2014).
The rainfall extreme values were calculated using rolling
sums applied over moving windows. Note that records
in a given time period may include non-rainfall data, i.e.
extreme records obtained do not necessarily imply con-
tinuous precipitation for the period considered. Maximum
rainfall extremes calculated with this method are listed in
Table 2. We provide as well, the ranking of the 10 highest
point-based precipitations for several durations in Table S1
(Supporting information).

From 10 min to 1 h, we used a daily database generated
by 10-min database with the maximum amounts of precip-
itation in 10, 20, 30 and 60 minutes for each day. From 2
to 18 h we used an hourly database. We computed max-
imum extremes for several durations using rolling sums.
Hourly database is derived from the 10-minutely database
so, time series contained have the same temporal cover-
age. Both, 10-minutely and hourly databases, started in
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Table 2. Observed point-based rainfall extremes for different temporal durations for the WE and SE. The ratio between each SE with
their respective WE is also showed. Each SE has an Id number to relate itself with Figures 2 and 3.

Spanish extremes

World extremes

Duration Id Location Depth (mm) Date Location  Depth (mm) Relation (%)
10 min 1 Cuevas de Nerja, Mdlaga 41.6 21 Sep 2007 N/A N/A N/A
20 min 1 Cuevas de Nerja, Mdlaga 74.2 21 Sep 2007 Romania 206 36.0
30 min 2 Sineu, Balearic Islands 87.8 12 Oct 2012 China 280 314
60 min 3 Santa Cruz de Tenerife 129.9 31 Mar 2002 China 401 324
2h 4 San Sebastian, Gipuzkoa 193.0 1 Jun 1997 China 489 39.5
3h 4 San Sebastian, Gipuzkoa 204.7 1 Jun 1997 USA 724 28.3
4h 5 Huercal-Overa, Almeria 216.3 28 Sep 2012 N/A N/A N/A
S5h 5 Huercal-Overa, Almeria 248.3 28 Sep 2012 N/A N/A N/A
6h 5 Huercal-Overa, Almeria 275.0 28 Sep 2012 China 840 32.7
9h 6 Oliva, Valencia 306.4* 0 Nov 1987 La Réunion 1087 28.2
12h 6  Oliva, Valencia 408.5% 1 Nov 1987 N/A N/A N/A
18 h 6 Oliva, Valencia 612.8% 2 Nov 1987 La Réunion 1589 38.6
1 day 6 Oliva, Valencia 817.0 3 Nov 1987 La Réunion 1825 44.8
2 days 7 Javea, Alicante 878.0 1-2 Oct 1957 India 2493 35.2
3 days 7 Javea, Alicante 978.0 1-3 Oct 1957 La Réunion 3929 249
4 days 7  Javea, Alicante 978.0 1-3 Oct 1957 La Réunion 4869 20.1
5 days 7 Javea, Alicante 978.0 1-3 Oct 1957 La Réunion 4979 19.6
6 days 8 Sauces, Santa Cruz de 984.8 24-29 Feb 1988 La Réunion 5075 19.4
Tenerife
7 days 9 Grazalema, Cadiz 1023.2 14-20 Dec 1958 La Réunion 5400 18.9
8 days 9  Grazalema, Cadiz 1099.2 14-21 Dec 1958 La Réunion 5510 19.9
9 days 9 Grazalema, Cadiz 1226.2 14-22 Dec 1958 La Réunion 5512 22.2
10 days 9 Grazalema, Cadiz 1273.6 13-22 Dec 1958 La Réunion 5678 22.4
11 days 9 Grazalema, Cadiz 1277.2 12-22 Dec 1958 La Réunion 5949 21.5
12 days 9 Grazalema, Cadiz 1280.0 12-23 Dec 1958 La Réunion 5949 21.5
13 days 9 Grazalema, Cadiz 1282.2 11-23 Dec 1958 La Réunion 6072 21.1
14 days 9 Grazalema, Cadiz 1282.2 11-23 Dec 1958 La Réunion 6082 211
15 days 9  Grazalema, Cadiz 1284.8 9-23 Dec 1958 La Réunion 6083 21,1
20 days 9  Grazalema, Cadiz 1454.1 3-23 Dec 1958 N/A NA N/A
31 days 10 Cortes de la Frontera, 1674.0 18 Nov—18 Dec 1989 N/A N/A N/A
Malaga
1 natural month Caldera Taburiente, Santa 1626.1 1-31 Jan 1979 India 9300 17.5
Cruz de Tenerife
2 months 10 Cortes de la Frontera, 2420.0 Dec 1995-Jan 96 India 12767 19.0
Mailaga
3 months 11 Casteloais, Ourense 2866.8 Nov 1959-Jan 60 India 16369 175
4 months 11 Casteloais, Ourense 3269.9 Nov 1959-Feb 60 India 18,738 175
5 months 12 Casas do Porto, A Coruiia 3835.8 Nov 2000-Mar 01 India 20,412 18.8
6 months 12 Casas do Porto, A Coruna 4176.1 Oct 2000—Mar 01 India 22,454 18.6
9 months 12 Casas do Porto, A Corufia ~ 4680.1 Aug 2000—Apr 01 N/A N/A N/A
12 months 12 Casas do Porto, A Coruiia  5503.4 Apr 2000—-Mar 01 India 26,461 20.8
18 months 13 Dodro, A Corufia 7523.6 Oct 1984—Mar 86 N/A N/A N/A
24 months 11 Casteloais, Ourense 8991.5 Feb 1958—-Jan 60 India 40,768 22.1

Spanish rainfall records for 9, 12 and 18 hours are estimated from the 24 hours record and are marked with an asterisk (*).

1980 with a marginal number of rain-gauge stations. Since
then, the number of stations has been steadily increas-
ing. By now there are more than 900 10-minutely auto-
matic rain gauges distributed around Spain starting the
oldest one in 1973. This is a relative small number if
compared with the number of stations in the following
database.

From 1 day to 31 days we used the daily (from 07:00
to 07:00 UTC) database detailed by Ramis ez al. (2013)
and from 2 months to 2 years we used a monthly database
created from the daily data. We performed the rolling sums
of the whole database in order to obtain the maximum
amounts for different durations. These networks have more
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rain gauges (more than 9000 nowadays) and are much
longer than sub-daily ones (the oldest one starting in
early 19th century). We grouped rain gauges stations in
four domains showed in Figure 2. Mediterranean domain
(MED) takes the pragmatic definition of Romero et al.
(1998) and includes all stations in administrative regions,
which border the Mediterranean Sea. Similarly, Atlantic
domain (ATL) has been chosen so that rain gauges located
in the regions to the Atlantic. The remaining regions into
peninsular Spain were classified as Continental rain gauges
(CON) and none of them is close to the sea. Stations
that cover Canary Islands are classified as Subtropical rain
gauges (SBT).
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Figure 2. Sub-daily (top panel) and daily (bottom panel) database raingauge locations and regions considered in this study: Atlantic (ATL),
Mediterranean (MED), Continental (CON) and Subtropical (SBT). [Colour figure can be viewed at wileyonlinelibrary.com].

2.2. Limitation of data

As previously described, sub-daily databases contain
~900 rain gauges with data from 1973 while supra-daily
databases use ~9000 rain gauges with data from early
19th century. This difference in amount of gauges and
length of records of the different databases entails a
discontinuity between sub-daily and supra-daily temporal
scales coverage. An example of the effect of this discon-
tinuity is given by the Oliva one day record (817 mm).
The corresponding proportional sub-daily extremes for 9,
12 and 18 h (306, 409, 613 mm, respectively ) exceeded
the records found in the sub-daily database so those
proportional values were selected as records for the
temporal scales given. Therefore, the approach followed
in this study implies evaluating all possible extreme
records for any valid station and temporal scale available.
Considering a period where temporal scales were homoge-
neously covered would limit drastically the possibility of
capturing absolute records as volume data would be much
smaller.

© 2017 Royal Meteorological Society

2.3. World extreme precipitation data

We obtained the world extreme point-based rainfall mea-
surement from NOAA National Weather Service (NWS,
2014). These measurements represent the current extreme
rainfall ever recorded for each scale. NOAA National
Weather Service first retrieved the data from WMO (1994)
and nowadays maintains the most updated extreme rain-
fall data available. The latest update were several records
broken between the 3 and 9 days time spans, registered at
Commerson crater in La Réunion Island when the Trop-
ical Cyclone Gamede crossed trough the island in 2007
(Quetelard er al., 2009). Most of the extremes are listed
in Table 2. Previous versions of this list has been used in
other studies related with the global extreme rainfalls (e.g.
Galmarini et al., 2004; Zhang et al., 2013a).

3. Discussion of extreme rainfall values

Specific values of Spanish rainfall extremes (SE), and
their corresponding World extremes (WE), as well as
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their proportion (%) are listed in Table 2. This table is
obtained after examining the AEMET rainfall databases
as described in Section 2. In this section are discussed the
values obtained considering two groups: 10 minto 18 hand
24 h to 2 years. This separation corresponds approximately
to microscale and mesoscale (10min to 18 h) and to
synoptic and planetary scales (24 h to 2 years) according
to the classical classification given by Orlanski (1975).

31

Total point-based rainfall is the product of the precipitation
rate (which depends on the air vertical motion, moisture
supply and precipitation efficiency) and event duration
(Doswell et al., 1996). As noted Trenberth et al. (2003),
moisture availability from the atmosphere is very lim-
ited since the precipitable water in mid-latitudes hardly
exceeds 40 mm, and precipitation efficiency is rarely
greater than 70%, being sometimes even lower (Ferrier
et al., 1996; Anip and Market, 2007). So, in an extreme
precipitation event, part of the moisture supply typically
must come from moisture advection, and the other part
through surface evaporation. The recycling ratio shows the
relation between these two sources being higher as much
rainfall comes from local surface evaporation. Recycling
ratio is greater in summer than in winter according to
Trenberth (1999).

At very short scales, typically from a few minutes to
one hour, most of the local atmospheric moisture must be
released to produce extreme precipitation events typically
associated to deep moist convection. Such events need a
large amount of precipitable water over a wide area and
mechanisms that trigger strong vertical air motions like
those present in organized convective storms. This kind of
process can occur over most of Spain as well as other trop-
ical and mid-latitude places (see Table 1), as discussed by
Galmarini ef al. (2004). Therefore, it is reasonable to think
that Spain has the same potential to develop, for short tem-
poral periods of the order of few minutes, extreme rainfalls
as great as any other country that holds short scale precip-
itation records such as Romania or Germany — 206 mm
in 20 min and 126 mm in 8 min, respectively, according
to NWS (2014). The probability of capturing those events
depends on the spatial and temporal density of observa-
tions and the temporal length of the datasets. For these rea-
sons, and because of the temporal and spatial limitations
of the 10-minutely database explained in Section 2, SE at
those scales might be underestimated compared to longer
scales duration present in daily and monthly databases, and
consequently short scales extremes may quickly increase
with a wider and longer database.

For scales between some tens of minutes until a few
hours, besides organized air vertical currents to maintain
the precipitation intensity, it is needed a constant trans-
port of moisture from nearest sources for a few hours or
even from further sources for a few days. This situation
may be exemplified by the event #5, that corresponds with
the HyMEX Intensive Observation Period 8 (IOPS8) (Jansa
et al., 2014). This event has been well studied (Khodayar
et al.,2016; Rohner et al., 2016) and it is demonstrated the

From 10 min to 18 h
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importance of the feeding moisture (Rohner ef al., 2016).
Furthermore, it has been observed for some heavy precipi-
tation events (HPEs) in the Western Mediterranean region
that moisture can be transported from the Mediterranean
Sea as well as from further sources such as the North
Atlantic Ocean (Duffourg and Ducrocq, 2011; Trapero
et al.,2013; Rohner et al., 2016).

It seems likely that extreme rainfall records in Spain
obtained for periods until 18 h may be underestimated
compared to longer periods, especially from 9 to 18 h,
as illustrated by the fact that the records obtained for
those periods were estimated from the maximum 24 h case
(817 mm, event #6) as explained in Section 2.

3.2. From 1 day to 2 years

So far we discussed sub-daily data scales that seems to be
underestimated since the spatial and temporal resolution
is limited. For scales over a day, this argument is not
valid since our database has more than 10 000 rain gauges
that last almost two centuries for the longer station series.
Highest SE compared with WE is for 1-day duration, when
at 3 November 1987 was recorded in Oliva (Valencia) 817
mm (episode #6) (Riosalido er al., 1988; Romero et al.
2000), which represents a 44.8 % of the 1-day WE.

Recently, it has been published a ranking of daily
and multi-day precipitation extreme events for Iberian
Peninsula (Ramos et al., 2014; Ramos et al., 2017, here-
after Ram47) using a high-resolution (0.2°) gridded daily
database, considering both the intensity of the grid point
and the area affected. It is remarkable the difference
between point-based extreme precipitations and those in
Ram47. For example, the highest precipitation for 1 day
in Oliva corresponds to the 309" extreme event in Ramd47.
Similarly, the extreme precipitation records of episode #7
(the most extreme point-based precipitation for periods
spanning between 2 and 5 days) do not appear in any of the
top 100 events for 3-day and 5-day period. The episode #9
(the most extreme point-based precipitation for time spans
between 7 and 20 days) appears as the 24th and the 20th
most extreme events for 7-day and 10-day period, respec-
tively. Those examples show that the point-based extreme
precipitation events generally do not correspond to events
affecting large areas, especially for shorter time durations.

From 3 days to 7 days there is a noteworthy period where
precipitation does not increase due to the exceptional
nature of one single event (event #7, 978 mm in 3 days);
this episode is not overtaken until the 6-day period of
subtropical rainfall in Canary Islands exceeds it. Events
#2 and #3 occurred in the coastal region of Valencia
(E Spain), which has the highest rainfall variability in
Spain (Martin-Vide, 2004) and relatively few precipitation
days per year compared with other areas in the Iberian
Peninsula (IM-AEMET, 2011). Interestingly, from periods
of 7-day onward, the extreme precipitation regions move
to Grazalema mountain range (S Spain) and Galicia (NW
Spain), two of the wettest regions in Spain.

For scales longer than a few days it is not needed a
large amount of moisture transport in a short time but
a constant input of moisture along the time with many
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consecutive days (Casanueva et al., 2014). This is why at
longer scales the geographical distribution changes from
the Mediterranean to the Atlantic region of Galicia (from
event #11 to #13), where westerlies predominate advecting
moist air masses regularly. According to results in Table 2,
the percentages of SE against WE vary from 44.8% (at
24 h) to 17.5% (for 1, 3 and 4 months). Remarkably from
4-day periods, percentages do not exceed 23%. A possible
explanation for this, is that moisture at middle latitudes is
distributed as transient, relatively narrow areas or strings
known as atmospheric rivers (Zhu and Newell, 1998), and
presence or absence of these moisture belts precipitating
over a point, acts as a limiting factor for large scale
extreme rainfall. Hence, in mid-latitudes moisture input
is irregular compared with that in the WE in the tropics,
where large scale tropical circulations as the monsoons
over the Indian subcontinent provides a constant input
of moisture. Therefore, SE heavy rains for several days
or months cannot last long, being SE around 20% with
respect to WE from 4 days onwards. This approximate
relation holds at least until a duration of 2 years.

4. Extreme depth duration scaling

4.1. Data fit

Figure 3 shows a log—log plot of rainfall depth P (mm)
against duration D (minutes) of Spanish rainfall extremes
(SE) and the world extremes (WE). For both datasets, we
computed the fitting line log(P) =a + b log(D) (bold line
in Figure 3) using least squares linear regression, which
in power-law format may be expressed as R = 43.6 D!
(r* = 0.958) for WE and as R = 21.8 D*2 (2 = 0.978)
for SE where R is rainfall depth in mm and D is duration
in minutes.

In a first approximation, both WE and SE exhibit a
close power-law scaling. A power-law goodness-of-fit test
(Gaudoin et al., 2003) shows that both data sets are com-
patible with a power-law scaling (for P < 0.05 and n =
40 the power law is rejected when r*> < 0.887). In both
cases, only few rain events contribute to most of the regis-
tered extremes. The locations of SE episodes are showed
at Figure 1. It is remarkable that all SE are located near
the sea, even for large time spans. Locations are clus-
tered in the Mediterranean and Canary Islands for mid
and short scales and near the Galician coast for longer
scales. It is also worth to notice that except Sineu (Balearic
Islands, extreme #2 in Table 1) and Huercal-Overa (Alme-
ria, extreme #5), all other maximum amounts are located in
areas of complex terrain. This suggests that both, sea prox-
imity and a complex orography (the last one, especially for
scales longer than 6 h) are critical ingredients to develop
extreme rainfall amounts. This is consistent with previous
climatological studies such as Romero et al. (1998) and
Ramis et al. (2013).

As discussed above, extreme rainfalls shorter than a
day might be underestimated and may disturb the scal-
ing. However, we have seen that the event fitting line is
compatible with a power-law scaling. This means that
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Figure 3. Observed point-based rainfall extremes for different durations

for World (solid circles) and Spain (empty circles). Bold lines correspond

to a power-law fitting and dashed lines to the data upper envelope scaling.

Black dotted lines show the proportion with respect to the WE fitting line

as reference (i.e. 0.50 corresponds to 50%). Labelled numbers show the

episode Id which produced the extreme rainfall (see Table 1). [Colour
figure can be viewed at wileyonlinelibrary.com].

some discontinuities have very little effect in the scaling
goodness-of-fit. Therefore, we can assume that the discus-
sion of the extremes precipitation may be hardly affected
by this discontinuity. This applies too for the discussion in
Section 5.

4.2. Upper envelope as a method to estimate possible
extreme records

Instead of using a fit of the extreme data to characterize
extreme world rainfall records, Paulhus (1965) employed
the upper envelope, i.e. greater or equal to all data, with
a power-law scaling line. However the specific method to
derive the envelope line was not described. To find the
envelope curve we suggest using a parallel line to the data
fit (i.e. with the same slope b) which is moved upwards to
reach the furthest depth duration point so all rainfall record
amounts are equal or below the envelope line. Specifically,
from all possible data points (D;, P;), the furthest point

(Dyyp» Pyyp) to the fitline is determined by finding the point
with the maximum distance:

|b-D;—P; +a|
(Dsup» Pup) = 4 (D> P;) IMax § ————

VTl

We get the envelope line log(P)=a.,, +b log(D),
obtaining a new intercept d.,, calculated as:

Aopy = b (—Dsup) +Psup'

Using this method and the most updated data available,
the WE upper envelope may be expressed as R = 60.5
D" and the SE envelope as R = 39.3 D"4?2, The enve-
lope curve is plotted in Figure 3 (dashed line) for both WE
and SE.
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Figure 4. Extreme precipitation [mm] record maps for point-based rain gauge in Spain. Coloured points show the maximum precipitation amount
recorded at each location for (a) 10 minutes, (b) 1 hour, (¢) 1 day, (d) 1 month and (e) 1 year. [Colour figure can be viewed at wileyonlinelibrary
.com].

5. Regional and seasonal variability of extreme
rainfall

5.1,

Figure 4 shows the amount of the most extreme precipita-
tion for each location at different scales, while Figure 5(a)
shows the scaling of the greatest rainfalls for each domain
we divided Spanish territory in Section 2. From 10 min
to 3 h absolute rainfall extremes for each station at short
scales are evenly distributed in Spain (Figures 4(a) and
(b)). In fact, among the records for these time spans, there
are absolute extremes (i.e. the maximum for a given time
duration) from three different regions (MED, ATL and
SBT). This agrees with Galmarini er al. (2004) statement
that short scales extremes can occur indistinctly both in
mid-latitudes and tropics.

For scales from 4 h to 5 days, extreme precipitation
in MED clearly dominates over the other regions. MED
region has all the ingredients that permit to have the

Regional variability
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heaviest rainfalls at daily scales: a warm sea that supplies
moisture and potential instability that may release all this
moisture, small scale shallow cyclones that can mobilize
the moisture and provide constant transport to the storm
(Jansa, 1997), and complex terrain that can locally lift the
moisture, concentrating moisture and rainfall in a small
territory.

Daily variability has been studied by Martin-Vide (2004)
who elaborated a Concentration Index (CI) that evaluated
the contribution of the days with greatest rainfall to the
total amount. SE distribution for 1 day (Figure 4(c))
fits pretty well with the daily CI distribution defined by
Martin-Vide (2004) that already divided peninsular Spain
into two regions, the Mediterranean coast and the rest
of the country. The main difference between CI and SE
distribution is that the last one is more concentrated near
the coast.

As already commented by Ramis eral. (2013),
when they characterized the daily greatest point-based
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Figure 5. As Figure 3 but showing specific records and scaling for
(a) each regional domain (empty circles identify all-regions records)
and (b) for each season for all-regions data. World extremes and scal-
ing are also included for reference. [Colour figure can be viewed at
wileyonlinelibrary.com].

precipitations in mainland Spain, most of the extreme
daily precipitations (over 500 mm) occur near the Mediter-
ranean coastline except one single event at the Pyrenees
(700.5 mm at Benasque station in 1923). This point is the
only one that exceeds 500 mm outside the MED region
and the event was likely influenced by orographic factors.

For scales longer than a month, SE tend to concentrate
at mountain ranges of the western coast (Figures 4(d)
and (e)). The longer the time span the larger are the
amounts near the Atlantic compared with the Mediter-
ranean region. This may be explained because the Atlantic
Ocean and, specially, the atmospheric rivers provide
a constant moisture supply in ATL region that can be
released by mechanical ascent favoured by the moun-
tains. No other place in Spain has such a constant input
of moisture during the whole year (Casanueva et al.,
2014) and therefore, a succession of fronts during sev-
eral months may produce a considerable amount of
rainfall.
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Notice that although the five regions are climatically dif-
ferent, they do not show large differences in the scaling,
especially in the exponent that is comprised between 0.39
and 0.44. Since rainfall at short scales is not much dif-
ferent between regions, exponent is well related with the
wetness of the region and the variability of the moisture
transport rate through the year. As we explained above,
ATL has a constant moisture input (Fernandez et al., 2003;
Gimeno et al., 2010) that implies longer rainy periods for
large scales and therefore a greater exponent. On the con-
trary, SBT region has a clear seasonal drought that pro-
duces lower extremes at large scales, and therefore a lower
exponent. MED and CON regions have an intermediate
exponent close to the average Spanish exponent.

In general, single station exponents (Figure 6) have
higher values in ATL region stations and lower values
in SBT region stations, consistently with results shown
in Figure 5(a). It is worth to note that most stations of
MED and CON regions also show very low exponents,
especially in southeast Spain, the driest region in Spain.
In fact, there is an east—west gradient of exponent in
Spain also well related with the CI previously discussed.
This coincidence in the spatial distribution between CI and
the scaling exponent may be noteworthy considering that
the exponent is built with information from many more
temporal scales and CI is based only on daily rainfall.

The general pattern of single station exponents is dis-
torted by stations located in mountains: Pyrenees, Central
System or even in Serra Tramuntana in north of Majorca
Island (the biggest of Balearic Islands) are well defined
by a higher exponent in their meteorological stations. It is
well-known that annual rainfall is usually larger and more
regular in mountains due to orographic effects therefore is
no surprise they exhibit larger exponents in those regions.

These results extend to most extreme rainfalls, those
obtained by Meseguer-Ruiz et al. (2016) who linked the
fractal dimension of the precipitation to the regular recur-
rence of precipitation through the scales. Regional vari-
ability comes out when we diminish the area of the regions
using Spanish provinces (see Appendix). For these small
regions, very dry provinces of southeastern Spain as Mur-
cia or Almerfa present a low exponent (approximately
0.3) while the wetter provinces located in the northwest
of Spain as Ourense or A Corufia have a higher index
(approximately 0.5).

5.2. Seasonal variability

Figure 5(b) shows depth against duration scaling plot
in Spain for each season. Differences in the exponent
between seasons are larger than between regions. In win-
ter, moisture content in the atmosphere is relatively small
so, when itis released and produces heavy rainfall, greatest
values at short scales are typically lower than in warm sea-
son convective events. Nevertheless, on winter, moisture
fluxes in Spain can be more stable during all season since
polar jet circulates at lower latitudes. This means that in
comparison, greatest rainfalls at large temporal scales are
higher than at short scales and therefore exponent values
become high, close to 0.5.
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Figure 6. Spatial distribution of single station exponent in Spain. Rain gauges displayed are chosen according its length in both sub-daily and
supra-daily databases. [Colour figure can be viewed at wileyonlinelibrary.com].

By contrast, moisture content of the atmosphere may
reach maximum values in summer, and elevated instability
is able to release it in a few hours, especially near the
Mediterranean Sea that offers a great source of moisture.
For this reason, it is not difficult to find events where more
than 100 mm are registered in one or few hours. However,
during the warm season transport of moisture is more
intermittent and Canary and Iberian summer climate is
characterized by high pressure systems that do not permit
to have large rainfalls over long temporal scales (Esteban
et al., 2006). This explains the lower exponent (0.3) that
characterizes summer for Spain.

Spring and autumn have intermedium exponents (0.4)
and are seasons of transition between the winter and sum-
mer regimes. Even so, most of the extremes in almost all
scales occur in autumn.

In Table 3, we examined seasonal differences for each
region. Results show that these features (lower exponents
in summer and larger exponents in winter) are common for
all regions, even those ones with very different climates as
ATL and SBT.

6. Summary and concluding remarks

After a comprehensive analysis of the Spanish precip-
itation databases, this paper has documented the most
extreme rainfall amounts in Spain for a large range of tem-
poral scales. Despite there are studies documenting sets
of extreme rainfall events for a given country or area at
selected time periods (see e.g. Hand et al., 2004; Cerveny
et al., 2007; or Shein et al., 2013), as far as the authors
know, this is the most complete survey of absolute extreme
rainfalls made in a country providing records from 10 min
to 2 years. We complemented this data with a ranking of
the 10th highest rainfall for each time span in Spain and
the highest precipitation for each domain and province
as well (see Appendix and Supporting information).

© 2017 Royal Meteorological Society

For short scales less than 3 h, extreme rainfall events are
widespread distributed through Spain while for scales from
4 h to 20 days rainfalls are concentrated in the Mediter-
ranean and sometimes in Canary Islands. For scales larger
than a month rainfalls are mainly concentrated at the
Atlantic coast, where Atlantic westerlies provide a con-
stant moisture input.

Power scaling of the extreme rainfalls in Spain has been
compared with the extreme rainfalls in the World. This
relation largely varies with the scale, from 45% in 1 day to
18% at large scales. Both data sets are compatible with a
scaling law, even though Spanish data below a day seems
to be clearly underestimated with the amount of data
available.

We characterized the spatial distribution and the regional
and seasonal scaling of extreme precipitation showing
that main features that characterize the scaling and the
extremes rainfalls in Spain are (1) moisture content of
the atmosphere for short scales, (2) constant moisture
transport supply for larger scales, (3) orography and (4)
proximity to the sea.

For different regions, the scaling is characterized for
larger scales more than shorter scales, since the extreme
precipitation for shorter scales is similar for all regions.
Nevertheless, the scaling factor does not change so
much between regions. Conversely, scaling is very dif-
ferent between seasons, being the scaling factor much
greater for winter than for summer. Our results qualita-
tively agree with other indices calculated for the Iberian
Peninsula as CI (Martin-Vide, 2004) or fractal dimension
(Meseguer-Ruiz et al., 2016).

The resulting lists of precipitation extremes may be
used as a reference framework to characterize the amount
of precipitation of HPEs in function of its distance to
the record, thus providing a classification method useful
both for case studies or more exhaustive climatological
analysis. This study should be extended to larger regions
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Table 3. Depth — duration scaling properties for each season and geographical domain.

DJF MAM JJA SON
a b R a b R? a B R? a b R’
ATL 4.5 0.53 0.992 6.5 0.51 0.989 22.2 0.36 0.973 11.4 0.44 0.983
INT 3.6 0.58 0.993 11.4 041 0.982 15.4 0.37 0.977 12.5 0.44 0.981
MED 10.8 0.46 0.985 12.2 0.44 0.983 25.4 0.33 0.970 22.8 0.41 0.976
SBT 13.1 0.46 0.983 28.1 0.32 0.968 7.5 0.29 0.976 16.3 0.40 0.978
SPAIN 12.0 0.48 0.985 20.7 0.39 0.976 30.8 0.32 0.967 22.8 0.41 0.976
and work is under way to examine the scaling properties Table Al. Continued
of absolute rainfall records in the Mediterranean basin. -
Province a b r2
Valladolid 6.3 0.40 0.986
Palencia 6.1 0.46 0.989
dAckmovwled gements Zamora 4.1 0.52 0.993
This work was performed under the framework of the Soria 8.0 0.41 0.985
Hydrological Mediterranean Experiment (HyMeX) pro- SAigﬂ‘;‘”a ,6/(3) g'gg g'ggg
gramme and was partially supported by the Spanish ¢, . 10.0 0.45 0.984
project CGL2015-65627-C3-2-R  (MINECO/FEDER) Lugo 6.0 0.50 0.990
and the Water Research Institute (IJRA) of the Uni- Pontevedra 6.7 0.50 0.990
versity of Barcelona. The authors thank the support of A coruna 6.5 0.51 0.990
Cesar Rodriguez Ballesteros from AEMET climatological ~ Ourense 5.2 0.53 0.992
department for his help in retrieving the records from the =~ C2¢eres G 049 0,290
AEMET d B Badajoz 8.6 0.41 0.985
ata bases. Navarra 9.7 0.45 0.985
Gipuzkoa 18.1 0.38 0.976
Appendix Bizkaia 13.8 0.39 0.979
Araba/Alava 7.0 0.43 0.987
Asturias 7.8 0.46 0.987
Table Al. Extreme rainfall scaling fit for each Spanish province, Murc;a 29.6 0.31 0.966
R = aD", with R in mm and D in minutes, adjusted with records Mad,“fj 9.6 0.41 0.984
from 10 min to 2 years, showing the parameters @ and b and Lafivje [ Hedc 0969
. ,l & ccefﬁc'e " Baleares 19.0 0.40 0.978
ittt Las palmas 13.6 0.41 0.980
T & b 2 Santa cruz de Tenerife 23.0 0.39 0.975
Barcelona 14.8 0.38 0.978
Tarragona 21.9 0.33 0.971
Girona 12.1 0.43 0.981 S 4
Lleida 10.8 0.41 0.9082 Supporting information
ga“;a';"ia ;}i 8"3‘}1 8-33? The following supporting information is available as part
T g 14.8 0.38 0.97¢ ©f the online article:
Sevilla 99 0.43 09g4 Table S1. Ranking of the top ten precipitation amounts
Jaen 5.1 0.49 0.991 recorded in Spain from AEMET rain-gauge databases for
Granada 8.0 0.47 0.986 selected time periods. There are 38 tables for periods
élf:.erla ?(1)-(1) 8.321; g-gg; spanning from 10 min to 2 years. See Gonzalez and Bech
a1z : ’ . 2017) for details.
Malaga 19.0 0.41 0.978 ( )
Alicante 24.9 0.37 0.972
Valencia 26.8 0.35 0.969
Castellon 17.0 0.36 0.975 References
Teruel 9.0 0.42 0.983 AEMET. 2009. Descripcion de las tablas que componen la base de
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1 | INTRODUCTION

| Alfons Callado' | Ernest Werner' | Pau Escriba! | Joan Bech?

The Tramontane-Cierzo wind system is a recurrent feature of the northwestern
Mediterranean basin in front of the Catalan coast (northeast Spain). Associated
with this feature, northeast wind surges occasionally affect the coast and become a
weather hazard for low-level aircraft operations, affecting for example the Barcelona
international airport. This article first reports these surges characterizing them as
Coastal-Trapped Disturbances (CTDs). Climatological features are described, show-
ing that CTDs occur frequently during the warm season and between the afternoon
and the evening. We classified CTDs into two synoptic patterns related to the location
of a mid-level tropospheric geopotential trough and the Iberian Peninsula: pattern
A, with the trough crossing eastwards along the north of Spain; and pattern B, with
the trough over the Mediterranean, after crossing the Iberian Peninsula. To study the
CTDs in detail, numerical simulations were conducted using the non-hydrostatic and
convection-permitting numerical weather prediction model HARMONIE-AROME.
Two cases, one for each synoptic pattern, were studied showing that CTDs generate
in the discontinuity between cool outflows and warmer air progressing southward
as a density current, trapped by the mountain ranges parallel to the coastline. Cool
outflows may have two different sources: in Pattern A the origin of the cold air
is the tramontane itself, while in Pattern B convective outflows associated with
storm downdraughts play this role. Both cases show similarities with CTDs stud-
ied on the California coast, showing an antitriptic and ageostrophic flow behind the
CTD. An additional numerical sensitivity experiment was conducted by varying the
short-wave radiation to explore the effects of diabatic warming on CTDs. It is demon-
strated that a large warming influences CTDs by enhancing the potential temperature
gradient between the density current and the environment, modulating their intensity
and speed.

KEYWORDS

aeronautical hazards, coastal-trapped disturbances, numerical simulation, sensitivity
analysis, tramontane, western Mediterranean

of the order of 1,000 km alongshore and 100 km cross-shore,

Coastal-Trapped Disturbances (CTDs) are a particular case of
orographically trapped disturbances, defined as a lower atmo-
sphere perturbation “laterally confined against a suitably large
mountain barrier by Coriolis effects and, vertically, by stable
stratification” (Reason, 1994). Typical CTD length-scales are

they have a life span of 2 to 6 days, and their presence usu-
ally implies a wind field reversal and strengthening as well
as fog and stratus (Reason and Steyn, 1990). CTDs have
been studied in many regions worldwide where dominant
atmospheric low-level circulation and geographical features
favour their occurrence, such as the Pacific coast of North
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America, where they are referenced as coastally trapped wind
reversals (CTWR: e.g. Mass and Albright, 1987; Nuss e al.,
2000; Rahn and Parish, 2008; Parish et al., 2015), South
Africa (Gill, 1977; Reason and Jury, 1990) and southeastern
Australia (Reason et al., 1999) among others.

In this article, we examine mesoscale circulations in the
northwestern Mediterranean basin with many similar features
of classical CTDs but exhibiting shorter spatial and temporal
scales as well as different forcing mechanisms to those pre-
viously mentioned. Specifically, Mediterranean CTDs exam-
ined have horizontal scales not greater than 200 km along-
shore, 50km cross-shore, the time span is of the order of a
few hours instead of a few days, and they do not bring fog or
low stratus that would create the density contrast that drives
the head of the CTWR. However, these events do produce a
sudden change in the wind field direction and strength which
is hardly captured by operational numerical weather pre-
diction (NWP) models, disturbing aeronautical take-off and
landing operations in coastal airports, as has been reported
at the Barcelona international airport. Moreover, this study
may contribute to a better understanding of low-level circu-
lations of the region which play a crucial role in providing a
source of moisture for heavy precipitation events as pointed
out in recent case-studies examined in the framework of the
Hydrological cycle in Mediterranean Experiment (HyMeX)
programme — see for example Lee et al. (2017), Rohner et al.
(2016) and Bouin et al. (2017), the last two dealing with an
extreme event that holds the all-time record in Spain for 4, 5
and 6 h rainfall amounts (216 mm, 248 mm and 275 mm) as
reported by Gonzalez and Bech (2017).

The main aim of this article is to provide, to the best knowl-
edge of the authors, the first description of coastally trapped
disturbances caused by the tramontane wind on the north-
western Mediterranean, as well as a climatology and process
studies, to improve our understanding of the mechanisms
involved in their formation and evolution. To accomplish
these objectives, a background of regional wind-systems in
the area of study, the Tramontane-Cierzo winds, is provided
in section 2 and a brief climatology of observed events is pre-
sented in section 3. The HARMONIE-AROME NWP model
used and the sensitivity experiments performed are described
in section 4. Section 5 presents and describes the evolution
of two different simulated events. Finally, section 6 compares
the sensitivity of the surges to short-wave radiation. A brief
summary and conclusions are presented in section 7.

2 | BACKGROUND AND AREA OF STUDY

The Tramontane-Cierzo wind system is the western part of
the Mistral-Tramontane wind system and takes place dur-
ing synoptic north and northwesterly flow events over the
northwestern Mediterranean basin, when the incident flow
characterized by a low Froude number hits the north side of
the Pyrenees mountain range (Georgelin and Richard, 1996).

This 400 km long west—east oriented range is a major sink
of meridional momentum (Bessemoulin et al., 1993), forcing
the northerly and northwesterly low-level flow to go around
both the west and east sides of the mountain range, pro-
gressing through two gaps: the Ebro valley on the right-hand
side of the flow direction (Cierzo wind) and the wide area
between the Pyrenees and Massif Central on the left-hand
side (tramontane wind) as shown in Figure la. These ducts
favour an additional acceleration to both flows and canal-
ize them towards the Mediterranean Sea. The interaction of
the flow with the mountain barrier produces a perturbation
in the surface pressure field at sub-synoptic scale (Bénech
et al., 1998) that creates a mesoscale pressure dipole with
a high-pressure system windward of the Pyrenees mountain
range and a low-pressure system leeward (Figure 1a).

The Tramontane-Cierzo wind system was widely studied
during the Pyrenees Experiment (PYREX: Bougeault et al.,
1990; 1997; Genovés et al., 1994; Flamant and Pelon, 1996).
Bénech er al. (1998) and Koffi et al. (1998) showed a flow
asymmetry during northerly flows induced by the Coriolis
effect which causes the tramontane to be stronger than the
Cierzo. Campins et al. (1995) studied the main structure of the
tramontane and found a low-level jet just below an inversion
layer located around 1,000 m in altitude. They also found that
the tramontane was at first accelerated by the pressure gra-
dient force but partially compensated by the frictional effect.
When the tramontane reaches the sea, the frictional effect
abruptly drops off, the acceleration is enhanced and wind
speed reaches its maximum intensity offshore over the Gulf
of Lion (Vazquez, 1995; Georgelin and Richard, 1996). Once
the wind acceleration reaches its maximum, the flow becomes
inertial and is decelerated by the friction, becoming a density
current (Campins et al., 1995). As a result of this process a
cold front is created between the outflow of cold and dry air
of the tramontane and the previously existing warm and moist
Mediterranean air mass.

Due to the Coriolis force, the tramontane turns anticycloni-
cally (Campins et al., 1995), forming a recurrent convergence
line at the Catalonian northeast coast and the Balearic Sea
when it meets the relatively warm-dry Cierzo wind (Pas-
cual and Callado, 2002) (Figure 1a). This convergence line is
not always static, and occasionally moves southward reach-
ing Barcelona as a northeast (NE) surge, where the wind
may get reinforced, changing suddenly from southwest (SW)
to NE and increasing to 70 km/h or more. This wind surge
occurs sometimes with no significant cloudiness and becomes
a weather hazard for aircraft during the take-off and landing
operations at the Barcelona airport (Gonzalez and Pascual,
2013). Aircraft pilots’ reports describe this phenomenon as a
sudden change from tailwind to headwind between 2,000 and
3,000 ft. when they land at the Barcelona airport from the SW
using runway 07 (landing in direction 070° in order to land
against the wind).

In Catalonia there are two mountain ranges parallel to the
coast (Figure 1c). The Catalan Coastal Range is the nearest
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(a) Area of study with the locations mentioned in this article and the conceptual model of the Tramontane-Cierzo system. Arrows show the

principal flows around the mountains. ‘A’ and ‘L’ indicate the orographic pressure dipole. Dashed line indicates the recurrent convergence line. (b) The

domain used by the numerical simulation (in colours, showing the height) and the regions displayed in panels (a) and (c). (c) Position of the Catalan Coastal

range and Pre-coastal range numbers show the position and the height (in m) of the highest mountains for each range [Colour figure can be viewed at

wileyonlinelibrary.com]

to the sea (less than 1 km away), and has a height scale of
about 300 m with the highest peaks between 600 and 750 m.
The Catalan Pre-Coastal Range is about 20 km away from the
sea, and is higher than the former with a height-scale of about
1,000 m and the highest peaks over 1,700 m. The main gap
over both mountain ranges is the relatively narrow Llobre-
gat river valley (about 10 km wide), located a few kilometres
southwest of Barcelona.

3 | NORTHEAST SURGES AT BARCELONA

We checked the observational database of AEMET (Span-
ish Meteorological Service) to characterize climatological
aspects of relevant NE surges at Barcelona associated with
tramontane from 2010 to 2016. We selected the cases when
the wind gusts (3 s running-average maximum value in
10 min) at the AEMET surface station 0201D in Barcelona

Meteorological Centre exceeded 14m/s (50km/h) and its
direction was between 020° and 100° (roughly NE to E).
At the same time, the wind over Reus surface station,
100 km south of Barcelona, had to be blowing from direc-
tions between 180° and 360° (westerlies associated with the
Cierzo) in order to filter out synoptic easterly and north-
easterly flows. Finally, a visual inspection of observational
data (temperature, humidity and wind) at Barcelona station
0201D checking for the presence of a sudden air-mass change
allowed us to accept or reject each case individually. Notice
that we have chosen 14 m/s gusts in Barcelona as a threshold
to filter out weaker surges.

Table 1 shows a list of the events occurred between 1
January 2010 and 1 December 2016. Although tramontane
blows often in the cold season, when the synoptic circula-
tion associated with the jet stream moves to low latitudes,
most episodes are between March and October. This suggests
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TABLE 1 Climatology of NE surges exceeding 14 m/s (50 km/h) at Barcelona between 2010 and 2016

ID Date Time (UTC)
ESO1 17 October 2010 1540
ES02 17 July 2011 1130
ES03 26 August 2011 1840
ES04 19 October 2011 2100
ES05 3 May 2012 1620
ES06 19 April 2012 1910
ES07* 6 December 2012 1610
ES08 21 June 2012 1910
ES09 24 February 2013 1640
ES10® 30 March 2013 1710
ES11 4 February 2013 1650
ES12 4 August 2013 1700
ES13® 28 May 2013 1520
ES14 26 February 2014 1800
ES15 29 June 2014 1910
ES16 20 July 2014 1810
ES17 29 July 2014 1410
ES18 13 August 2014 0940
ES19 12 January 2014 0030
ES20 15 May 2015 1420
ES21 15 August 2015 1630
ES22 24 August 2015 1650
ES23 3 February 2016 2030
ES24 23 April 2016 1610
ES25 22 May 2016 1830
ES26 29 May 2016 1900
ES27 17 September 2016 2010
ES28 25 September 2016 1730

Gust (m/s) Direction (deg) Synoptic pattern
15.0 068 Other
16.3 083 A
153 095 A
14.1 076 A
15.7 074 Other
14.3 074 A
232 072 B
14.8 086 A
15.0 087 Other
15.6 081 B
15:5 069 B
14.4 077 B
18.8 069 A
152 073 B
14.7 087 B
17.0 081 B
20.2 084 B
15.8 086

15.7 084 Other
18.4 068 B
14.9 085 B
14.0 064 A
14.1 100 A
14.9 076 B
14.1 098 A
14.9 075 B
149 090 B
17.0 040 B

“Superscript indicates the Gonzalez and Pascual (2013) case-study.

bThe cases studied in section 4 (ES10 and ES13).

a seasonal behaviour with a maximum centred in the warm
season. Notice that NE surges are more common in spring
or autumn than in summer, due to the seasonality of the tra-
montane. Furthermore, Table 1 shows a preferred time of
occurrence of the wind surges, with a maximum between the
afternoon and the evening. Both facts suggest that land warm-
ing is a key ingredient in these surges as will be discussed in
detail in section 5.

A qualitative analysis based in operational synoptic and
mesoscale charts and satellite imagery allows us to classify
NE surges into two main different synoptic patterns (shown
at Table 1).

e Pattern A is linked to a 500 hPa synoptic trough crossing
northern Spain with an associated surface cold front. When
the front arrives at the Gulf of Lion, the cold surge spreads
over the Balearic Sea forming a meso-alpha front that
eventually reaches Barcelona. This pattern is often asso-
ciated with a NE surge overrunning the well-established
southwesterly sea-breeze.

o Pattern B is associated with a synoptic trough that
has already crossed Spain and is located over the

Mediterranean Sea. Low-level winds behind the trough
flow from west or northwest. The tramontane blows
directly towards the Mediterranean. We found that all cases
in this pattern presented convective clouds with cool pools
flowing out to the south forming a meso-front that even-
tually could reach Barcelona. On this pattern, NE surges
often overrun the established westerly wind (associated
with the Cierzo).

Out of the 28 events found from 2010 to 2016, four events
(14%) could not be classified into patterns A and B (events
EO1, EO5, E09 and E19). Two of them (EO1 and EOS5) pre-
sented mixed features of both patterns but no clear prepon-
derance of either of them; the other two (E09, E19) were
produced by a meso-low east of Catalonia bringing cold air
from the Gulf of Lion, so despite the identical effect upon
wind changes, the synoptic situation is completely different.
In order to describe in more detail the characteristics of the
other CTDs that can be classified into pattern A or B, two
representative events — one for each pattern — are studied in
section 4.
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4 | METHODOLOGY

4.1 | NWP model description

The HIRLAM ALADIN Research on Mesoscale Opera-
tional NWP In Europe-Applications of Research to Opera-
tions at MEsoscale (HARMONIE-AROME, hereafter HAR-
MONIE) mesoscale convection-permitting non-hydrostatic
NWP model (Bengtsson et al., 2017) has been used to
simulate and investigate the Tramontane-Cierzo system and
CTDs along northwestern Mediterranean coasts (see simula-
tion domain in Figure 1b). HARMONIE is developed by the
HIRLAM consortium and it is based on the ALADIN consor-
tium AROME model (Seity et al., 2011) within the framework
of the HIRLAM-ALADIN consortium’s joint project.

HARMONIE version 37hl.1 has been integrated on
event simulations with 2.5 km horizontal resolution, 65
sigma-pressure hybrid vertical levels with higher vertical
resolution in the low troposphere emphasizing lowest atmo-
sphere description with quite high vertical resolution (21
levels in the first 1,000 m) and an integration time step of
60s. With this resolution HARMONIE is expected to prop-
erly simulate CTDs and their related mesoscale flows due to
an accurately enough representation of the boundary layer,
the Pyrenees mountain massif, the coastal mountain ranges
and the coastline. Moreover, the area of the simulation is
wide enough to include all mesoscale circulations related to
the Tramontane-Cierzo system. HARMONIE has been run
on case-studies up to 24h with output every hour taking
boundary conditions hourly from the global European Cen-
tre for Medium-range Weather Forecasts-Integrated Forecast
System (ECMWEF-IFS) at T1279 (~16 km).

4.2 | Sensitivity experiments

HARMONIE sensitivity experiments of the
Tramontane-Cierzo system and CTDs due to diabatic heat-
ing have been done, varying the constant solar value (S)
on the Morcrette short-wave radiation scheme (ECMWE,
2015), called on every 15 min. Several experiments with dis-
tinct S values in the whole HARMONIE domain have been
investigated but only two relevant ones are shown in this
article:

o SWO06: where S is multiplied by a 0.6 factor, decreasing its
original value by 40% and,

e SWI12: where S is multiplied by a 1.2 factor, increasing its
original value by 20%.

The results are discussed in section 5.

4.3 | Analysis of the forcing mechanisms

In order to estimate the dynamical force balance and to vali-
date if the forcing mechanisms of the CTD in Barcelona are
comparable to the CTWR studied by Rahn and Parish (2008),
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we computed each term of the horizontal equation of motion:
ov
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ACC

simulated by HARMONIE at 1000 hPa. The left-hand side
of Equation (1) corresponds to the local acceleration of the
horizontal wind (ACC), the first term on the right-hand side
is the horizontal advection of the wind (ADV), the second
term is the pressure gradient force (PGF), the third term is
the Coriolis force (COR), and the last term is the residual (R)
that includes surface drag, turbulent mixing and the vertical
advection of the wind.

5 | CTD’S CASE-STUDIES

As stated earlier, two cases — one for each synoptic pattern
presented in section 2 — have been studied in detail and are
presented in this section. In each of them the tramontane out-
flow and CTDs were well reproduced by the HARMONIE
model.

5.1 | Pattern A: 28 May 2013

5.1.1

Figure 2 shows the synoptic ECMWF analysis on 28 May
2013 at 1200 UTC. At the 500 hPa pressure level (Figure 2a)
there is a well-defined trough with a cold core over north-
ern France, with its axis extended along the northern Iberian
Peninsula. The diffluent downstream section of the trough
is located over the northwest Mediterranean, and a strong
temperature gradient extends over the Pyrenees from north-
west to southeast. A temperature gradient along the Pyre-
nees and the Gulf of Lion is also evident at 850 hPa where
a cold front is crossing (Figure 2b). Behind the front, the
Tramontane-Cierzo system develops. A high sea-level pres-
sure (SLP) gradient between the high-pressure area around
the Azores and the low-pressure area at the English Channel
yields a long and strong northwesterly flow over the Pyrenees.
The synoptic SLP field is perturbed over the Pyrenees, where
the characteristic mesoscale pressure dipole can be identified.

| Synoptic setting

5.1.2 | Mesoscale evolution

Figure 3 shows the evolution of the episode using Meteosat
Second Generation High Resolution Visible (MSG HRVIS)
images and HARMONIE NWP model output. HRVIS
(Figure 3a) images show at 1200 UTC cloudy skies over
a large portion of the northwestern Mediterranean, mostly
inland, and open cells over the western Pyrenees associated
with the cold air mass. Despite there not being many shad-
ows since the sun is close to the zenith, some enhanced clouds
with a rope shape can be observed. These enhanced clouds are
placed where HARMONIE simulation shows a strong con-
vergence zone (Figure 3b), most of them related to an abrupt
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FIGURE 2 ECMWF synoptic analysis on 28 May 2013 at 1200 UTC. (a) Isohypses (solid lines, in gpdam) and temperature (dotted line, in °C) at 500 hPa.
(b) SLP (solid line, in hPa), temperature at 850 hPa (dotted line, in °C) and surface fronts [Colour figure can be viewed at wileyonlinelibrary.com]

change of pseudo-equivalent temperature that exceeds 10 K
in few kilometres. Steep changes in pseudo-equivalent tem-
perature (f.p) are associated with air-mass boundaries and
rope-shaped convergence zones where these two air masses
meet (Figure 3b). Figure 3¢ shows the pressure perturbation
mesoscale dipole of the geopotential height field at 1000 hPa
and the asymmetry of the wind speed pattern of the tramon-
tane and Cierzo winds, consistent with the previous studies
by Bénech et al. (1998) and Koffi e al. (1998), respectively.

According to the HARMONIE simulation, three low-level
air masses collide into a Y-shaped convergence zone over Cat-
alonia. Figure 4 shows 1,000 hPa temperature and moisture
content of each air mass at 1600 UTC. Both variables define
0., depicted in Figure 3e. Continuous shaded colours (tem-
perature, moisture and 6., fields in Figure 3 and Figure 4)
highlight the abrupt changes at the air-mass boundaries. The
tramontane air mass (TrAM) is cold and dry with temper-
atures around 287K and specific humidity widely below
7 gkg~!. This air mass is related to strong northerly winds
that make up the tramontane. The Cierzo air mass (CiAM)
is very dry (below 4 gkg™'), and warm (293 K), especially
downstream.

As explained in section 2, TrAM and CiAM have the same
common source over the Atlantic Ocean and they form when
the Atlantic air mass is forced to go around the Pyrenees.
TrAM retains almost all its moisture by going across a flat and
relatively low-altitude zone. Conversely, CiAM loses almost
all its moisture when it crosses over mountains west of the
Pyrenees and is diabatically heated during the daytime hours
as it moves along the Ebro valley (Figure 3). At night, this air
mass quickly loses its heat (not shown) following the diurnal
cycle. The remaining air mass located over the Mediterranean
Sea (Figure 4) has already been described by the pioneering
work of Jansa (1959) who called it Mediterranean air mass
(MedAM). MedAM is the most representative air mass dur-
ing the warm season over the Mediterranean Sea when the
air becomes relatively stagnant and is characterized by a large

amount of low-level moisture with values exceeding 9 gkg™!
and temperatures slightly higher than TrAM. Considering
the buoyancy of the MedAM as zero, TrAM has negative
buoyancy and CiAM positive buoyancy. Broadly, changes in
moisture are greater than changes in temperature. This can be
clearly seen in Figure 3 where TrAM and CiAM have low 6.,
values and, in contrast, MedAM presents large values.

HRVIS in Figure 3d shows the advance of the TrAM
boundary corresponding to the tramontane outflow leading
front, against MedAM and CiAM at 1600 UTC. HARMONIE
shows a thermal difference of about 3 °C between TrAM and
MedAM in the alongshore cross-sections (Figure 5a) suggest-
ing that flow is driven by the thermal contrast as a density
current where TrAM acts as a cold pool spreading over the
Mediterranean. From 1600 UTC at the leading edge of the
tramontane, a strong wind surge next to the coast north of
Barcelona can be seen. This surge is enhanced at the coast, and
it weakens offshore like a classical CTD. Behind the tramon-
tane low-level front, wind is strong and mainly oriented along-
shore heading to the southwest (Figure 3f). However, there is
a weak onshore component that can be related to the result
of both the curvature effect of the Coriolis force — consistent
with previous studies of Campins et al. (1995) — and the ther-
mal upslope flow over land. This small inland component is
a key element in the generation of the CTDs.

According to the observational data shown in Figure 6, the
NE surge reached Barcelona at 1520 UTC. In a few min-
utes, the wind shifted and intensified with a gust of 18.8 m/s
(67.7 km/h), and the temperature dropped 3.8 °C in 10 min
and 6 °C in 30 min. However, the outflow simulated by HAR-
MONIE at 1600 UTC is located north of Barcelona, being
the front delayed about 1h with respect to the observations.
Though there are some important differences such as the
velocity of the front, HARMONIE reproduces its movement
quite well. A comparison between simulated 1,000 hPa wind
and data from the Advanced Scatterometer (ASCAT) obser-
vations of the MetOp satellite passes at 2024 and 2110 UTC
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FIGURE 3  Evolution of the 28 May 2013 episode at 1200, 1600 and 1800 UTC. (a), (d), (2) The MSG HRVIS images. Notice the meso-front as an
enhanced cloud structure (marked with arrows). (b), (e), (h) The simulated pseudo-equivalent temperature (shaded colours), potential temperature (contour
lines) and convergence zones over 0.3-1073 s~ (shaded in grey scale) at 1000 hPa. (c), (f), (i) The simulated wind direction (arrows), speed (shaded colours)
and geopotential height at 1000 hPa (contour lines, gpm). In central and right panels coast lines are plotted in red, the location of Barcelona is indicated with a
blue dot, and elevations over 1,000 m according to the model ground are shaded in black. Cross-sections depicted in Figure 5 are marked in (e) and (h) with

letters A, B and A’, B’ [Colour figure can be viewed at wileyonlinelibrary.com]

(not shown) also supports the consistency of the simulation
with observational data. This suggests that HARMONIE is
able to simulate the key forcing mechanisms of the event,
although some of them might be underestimated.

513 |

The alongshore cross-section at 1600 UTC in Figure 5a shows
a strong stable stratification over the outflow, which has a
clear density-current structure. The head and the body of
the density current reach approximately 850 hPa. The head
can be identified in the HRVIS imagery as a rope cloud
(Figure 3a,d) as a consequence of the forced lifting while the

Cross-section analysis

strongly stratified capped environment does not allow strong
updraughts over a deep layer. Due to the stratified stability,
some Kelvin—-Helmholtz waves are developed behind the front
enhancing the turbulent mixing between the upper MedAM
and the lower TrAM, similarly to the numerical simula-
tions described by Xu et al. (1996). The Richardson number
ranged from 0.20 to 0.50 indicating favourable conditions for
Kelvin—-Helmholtz instability development.

Figure 3h,i shows the interaction between the three air
masses simulated by HARMONIE at 1800 UTC, when the
meso-front along the coast reaches CiAM in agreement with
the satellite observations (Figure 3g). The outflow boundary
increases its thermal difference to 5 K and the convergence
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FIGURE 4 (a) Potential temperature (K) and (b) specific humidity (kg/kg) simulated by HARMONIE at 28 May 2013, 1600 UTC. Blue dot shows the
location of Barcelona [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Cross-sections of pseudo-equivalent temperature (shaded colours), wind over the cross-section plane (arrows) and potential temperature (contour
lines) along the (a,c) AB segments and (b,d) A’B’ segments shown in Figure 3e.h at 28 May 2013, (a,b) 1600 UTC and (c.d) 1800 UTC [Colour figure can be
viewed at wileyonlinelibrary.com]

intensifies. Figure 5b shows that CiAM, with lower buoyancy,  contrast, the head wave deepens beyond 800 hPa, probably
is forced to overlay the front, increasing the static stabil-  due to the environmental vertical shear that points in the direc-
ity of the air column behind the head front, which leads tion of outflow motion (Xue, 2000). Notice that there is a
to a reduction of the boundary-layer height and a buffer-  perturbation in the wind field at 1800 UTC (Figure 3i) associ-
ing of the Kelvin—-Helmholtz waves (see white arrow). By  ated with the thermal boundary between TrAM and MedAM
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FIGURE 6

(a) Temperature and dew point, (b) wind speed and wind gust, and (c) wind and wind gust direction from 10 min instrumental observations at

AEMET station 0201D in Barcelona on 28 May 2013 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Scale analysis for each case-study, including the characteristic incident wind (U), the Brunt-Viiisili frequency (N), the mountain range
characteristic height (H), and length (L), the mountain Froude number (F,,,) the Burger number (B) and the Rossby radius (Lg)

U N
Case-study Mountain range (m/s) s
28 May 2013 Coastal S5 1.50E-02
Pre-coastal 5 1.50E-02
30 March 2013 Coastal 5 2.00E-02
Pre-coastal S 2.00E-02

(Figure 3h). It extends towards the sea about 50 km, which
approximately corresponds to the Rossby radius for this flow
(Table 2), which is dynamically coherent with CTDs.

Figure 5c shows the cross-shore A’B’ section at 1600 UTC
before the arrival of the density current front, illustrating that
MedAM is restricted to the bottom layer of the atmosphere
over the sea with weak cross-shore wind. Inland, CiAM flows
strongly offshore over the MedAM. At 1800 UTC after the
front crosses the A’B’ section (Figure 5d) a MedAM thin layer
(higher 6.,) remains between the less buoyant TrAM on the
bottom and the more buoyant CiAM on the top. Behind the
front, low-level onshore wind is blocked by the mountains, as
suggested by the wind deceleration and the marine boundary
layer (MBL) step.

In the last steps of the episode, the outflow front advances
steadily until 2000 UTC and then the wind speed suddenly
drops. The front becomes stationary at 2200 UTC around
100 km south of Barcelona. It is worth remarking that # and
0., of CiAM, unlike TrAM and MedAM, drop in the after-
noon by a few degrees (not shown) as a response to the

H L Fo B T
UN-'H-! HNf' L1 HNF,f~!
(m) (m) (m)
300 5,000 1.1 9.0 50,000
1,000 10,000 0.3 15.0 50,000
300 5,000 0.8 12.0 50,000
1.000 10,000 0.3 20.0 50,000

diabatic cooling associated with the diurnal cycle and the
low moisture content of the air mass. As a result, there is a
decrease in the thermal contrast, and therefore in the density
difference of the boundary that weakens and may eventually
stop the density current.

514 |

An approximate calculation gives a Brunt-Viisili frequency
(N) of about 1.5-107% s~! for the boundary layer, which
indicates a high static stability of the outflow. A scale anal-
ysis indicates the degree of blocking of the hydrodynamic
regime by the topographic features: it is almost blocked by
the Coastal Range — values of mountain Froude number
(Fm) and Burger number (B) of 1.1 and 9, respectively, as
seen in Table 2 — and totally blocked by the Pre-Coastal
Range — Fy, ~ 0.3 and B ~ 15. Values for the Coastal Range
are close to the largest blocking response described by Over-
land and Bond (1995), that is, a stepped flow with an F,, ~ 1
and B> 1.

Scale analysis
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FIGURE 7
vectors representing the terms in the momentum square (see legend)
simulated by HARMONIE on 28 May 2013 at (a) 1600 UTC and (b) 1900
UTC. Dotted line delimits the different air masses labelled at the sides. The
location of Barcelona is depicted as a red point [Colour figure can be

Wind barbs (in m/s), 1,000 hPa height contours (in gpm) and

viewed at wileyonlinelibrary.com]

5.1.5 | Forcing analysis

Figure 7a shows the motion equation terms at 1600 UTC
when the simulated front is still mature and has not reached
Barcelona yet. The largest gradient on the height field and
the convergent wind determines the front position. In the
bottom left of the plot, where the CiAM is present, the advec-
tion term is dominant and is pointing eastwards. The residual
term is opposed to advection and almost balances the flux. In
the bottom right of the plot, corresponding to the MedAM,
the balance of the wind is quasi-geostrophic (the PGF coun-
terweights the Coriolis force, cancelling the acceleration).
The edge of the outflow is mainly accelerated by the PGF
towards the southwest due to the strong pressure gradient at
the density current front. Advective and residual components
compensate some PGF forcing. Behind the front, the weak
Coriolis force provides a small rotation onshore. Scale anal-
ysis of the Rossby number around 1 (V ~ 10 m/s and L ~
100 km) suggests the rotational forces affect the flux to some
extent.

At 1900 UTC (Figure 7b), behind the front, where the
outflow is well established, the balance within the TrAM
becomes almost antitriptic (Schaefer and Doswell, 1980),
with the residual balancing the PGF. This analysis suggests
that forcings at low levels in this event are very similar to those
in the CTWR studied by Rahn and Parish (2008), although

their initial causes are very different: cool tramontane out-
flow for the Mediterranean CTD, and long-wave radiation
cooling in the cloudy region for CTWR (Rahn and Parish,
2008). We could conclude that in our case, motion is lit-
tle scale-dependent and well described by a density current
ageostrophic acceleration.

5.2 | Pattern B: 30 March 2013

5.2.1 | Synoptic setting

The temperature and geopotential field analysis at 500 hPa on
30 March 2013 at 1200 UTC (Figure 8a) shows a broad trough
with its axis located eastward of the Iberian Peninsula. The
northwest Mediterranean coast is therefore located below the
upstream branch of the trough and eastward of a small ridge
located west of Spain. The cold air advected by the trough cre-
ates the proper environment to support deep moist convection.
At low levels (Figure 8b), relatively high air pressure south-
west of the Iberian Peninsula and the low located over the Gulf
of Genoa generate a mean SLP gradient leading the flow from
the Atlantic Ocean directly to Italy. The Tramontane-Cierzo
wind system is already well developed over the NW Mediter-
ranean as indicated by the associated meso-low leeward of the
Pyrenees (Figure 8b).

5.2.2 | Mesoscale evolution

The HARMONIE simulation sequence indicates that
MedAM was removed from the NW Mediterranean some
hours before the onset of the event by the Cierzo and the tra-
montane (not shown). The simulation is consistent with the
wind field derived from ASCAT observations at 0921 and
1006 UTC (not shown). Unlike the previous event, there are
not three well-defined air masses at 1300 UTC (Figure 9).
According to the low-level air features (Figure 10), air masses
north and south of the Pyrenees are identified as TrAM
and CiAM respectively. As in the previous case, CiAM is
described as a dry and warm air mass while TrAM is a rel-
atively cold and slightly dry air mass. Cloudiness in TrAM
allows us to differentiate it from CiAM in HRVIS at 1300
UTC (Figure 9a), being separated by a shear line, a feature of
TrAM already discussed by Jansa (1987).

Close to the easternmost edge of Pyrenees, atmospheric
convection was triggered (as seen in Figure 9d) by diurnal
heating and low-level convergence. Inside the TrAM, the cool
pool associated with several convective cells is evidenced by
a disturbance in the pressure field coming out of the convec-
tive zone and progressing to the south (not shown). Those
outflows cooled down low-level air near the convergence
zone, enhancing the thermal contrast with the CiAM (about
2 K decrease according to Figure 9b,e). According to the
simulation at 1500 UTC (Figure 9¢), when the temperature
difference between the cold air mass and the CiAM achieves
5 K, the convergence line starts to advance southwestwards as
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FIGURE 8 As in Figure 2 but for 30 March 2013 at 1200 UTC. ‘B’ indicates the centre of the low [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9  As in Figure 3 but for 30 March 2013 at 1300, 1500 and 1700 UTC [Colour figure can be viewed at wileyonlinelibrary.com]

a density current, showing a CDT at the coastal current edge
(Figure 9f).

At this stage, cold air in the density current is not directly
related to the tramontane since TrAM remains separated from

the cool convective outflow of the storms. The outflow is
clearly visible in Figure 10 as a very cold air mass (284 K
at 1000 hPa), well delimited from TrAM, heading southwest-
ward against the CiAM. That is a significant difference from
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the previous case, since the source of the cold outflow on
28 May 2013 is not convective. This makes this case more
similar to the event studied by Gonzalez and Pascual (2013)
(Table 1), where a similar convective outflow was observed by
radar affecting Barcelona airport as a CTD. Both cases have
the same synoptic pattern defined as B at section 2.

Figure 9d,g show that this outflow takes place in clear air
and no signal at HRVIS reveals its presence. Unfortunately,
unlike earlier in the morning, there are no ASCAT observa-
tions available for the period when the CTD is developed so
no further comparisons are possible. Therefore, we should
rely on instrumental observations to localize the outflow edge.
As shown in the Barcelona AWS (Figure 11), the outflow
reached itat 1640 UTC when the wind suddenly changed from
west to east-northeast as the mean wind speed increased. As
a consequence of the outflow, the temperature dropped 5 °C
in 40 min but wind gusts did not show a significant increase
since the previous westerly wind, the Cierzo established at
Barcelona, was already gusty. On this occasion, unlike on
28 May 2013, the CTD simulated by HARMONIE reached
Barcelona slightly ahead of the observation time.

5.2.3 | Scale and cross-section analysis

The scale analysis of this case shows a higher stability (N ~
2-1072 s71) than the previous case. Parameters F,,, and B are
0.8 and 12 respectively for the Coastal Range, and 0.3 and 20
for the Pre-Coastal Range (Table 2), providing the right envi-
ronment for a large blocking response. These results, as well
as similar cross-sections to the previous event (not shown),
suggest that the convective outflow of this event has similar
buoyancy features as the tramontane in the case of 28 May
2013.

5.2.4 | Forcing analysis

The motion terms analysis (Figure 12) at 1600 UTC when the
simulated front reaches Barcelona shows that outflow edge
acceleration is mainly forced by PGF and advection. PGF

provides the primarily alongshore forcing, while advection
is directed onshore. As a result, the wind has some inland
component primarily caused by the advection while Coriolis
acceleration adds additional forcing. The onshore component
slightly modifies the main alongshore balance that is slightly
antitriptic. Part of the residual term opposes PGF and the
other part is used to compensate some onshore forcing. On
the whole, we can conclude that convection outflow plays
the same role as the tramontane in the case of 28 May 2013,
behaving as a density current driven by sharp differences of
temperature and pressure.

6 | SENSITIVITY OF MEDITERRANEAN
CTD’S TO DIABATIC HEATING

In section 2, we suggested a relation between diabatic warm-
ing and CTDs at the NW Mediterranean, since they tend to
occur in the warm season and between afternoon and evening.
In this section, we further explore this possibility by perform-
ing a sensitivity analysis of the short-wave (SW) radiation,
as a proxy of diabatic warming with the HARMONIE simu-
lations, as described in section 3. This change, if performed
also in boundary condition fields, could potentially modify
the synoptic structures relevant for CTD formation and no
consistent comparison with control simulations would be pos-
sible. However, only HARMONIE simulations are changed
and, as the HARMONIE domain is relatively small, and the
simulations start at night, no noticeable changes are found
in the synoptic structures compared to those of the control
simulations.

Figure 13 compares the SW12 experiment with the SW06
(increased vs. decreased SW radiation, see section 3), on 30
March 2013 at 1500 UTC (pattern B). When the diabatic
forcing is modified the main features that change are the inten-
sity, the extension, and the location of the main convergence
zone associated with the CTD. We found very few changes in
the flow upstream, limited to a slower wind speed when the
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solar constant is increased due to the larger friction caused
by diurnal turbulent motion (Figure 13e,f). Aside from this,
when the short-wave radiation is increased (SW12 experi-
ment), CTD extends and accelerates, and when the short-wave
radiation is decreased (SW06 experiment), it has less exten-
sion and decelerates (see Figure 13b,d compared to Figure 9f,
and Figure 13a,c compared to Figure 9e). This is not sur-
prising since when the short-wave radiation is increased, the
sensible heat on dry CiAM warms more than on TrAM. This
yields a greater temperature gradient between the outflow and
the environment that leads to an increase of the density cur-
rent speed according to the idealized relation (Markowski and
Richardson, 2010)

()

where U. is the speed of the density current, #' is the potential
temperature perturbation at the surface, 6, is the mean virtual

As in Figure 6 but for 30 March 2013 [Colour figure can be viewed at wileyonlinelibrary.com]

potential temperature of the environment, g is the gravity
acceleration and H the depth of the outflow.

This expression agrees with the fact that at night, when
the temperature of CiAM drops as a response to the diabatic
cooling, the meso-front becomes stationary (not shown). So,
the diabatic warming of the CiAM may dramatically impact
on the ability of the CTDs to reach further south, in particu-
lar to the Barcelona airport. Hence, when the diabatic effects
are low, the gradient of potential temperature between the
outflow and the environment is reduced and the movement
of the CTD stops sooner. Indeed, in the SW06 experiment,
the meso-front never reaches Barcelona (not shown). Sim-
ilar results were obtained on 28 May 2013 (pattern A, not
shown). This could explain why Mediterranean CTDs are
more frequent in both the warm season and in the evening,
when the diabatic forcing is larger.

7 | CONCLUDING REMARKS

Every year, several NE wind surges associated with CTDs
affect the NW Mediterranean area, causing potentially haz-
ardous situations to low-level aircraft operations, affecting for
example the Barcelona airport (Gonzalez and Pascual, 2013).
In this article, we first report these events as CTDs and show
their main climatological and meteorological features.

CTDs at the NW Mediterranean take place when synop-
tic northerly flow impinges on air with low Froude number
around the Pyrenees and is directed towards the Mediter-
ranean, generating the Tramontane-Cierzo wind system. Due
to the meso-low developed leeward of the Pyrenees and the
Coriolis effect, the tramontane tends to curve anticycloni-
cally producing an onshore component of the wind that can
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be eventually blocked by the orography if the buoyancy of
the air mass is small. This air mass flows as a density cur-
rent as it collides with a much warmer air mass with a higher
buoyancy, like CiAM or MedAM. CTDs occur when B> 1
and F,, ~ 1, described by Overland and Bond (1995) as
the largest blocking response environment. The origin of the
cool air mass may be the tramontane itself or may have a
convective origin and probably it depends on the synoptic
framework. We have identified two different synoptic patterns
producing CTDs:

1 A mid-level geopotential trough with an associated surface
front crossing the Iberian Peninsula in the north in warm
conditions. The cold surge over the Gulf of Lion spreads

over the Mediterranean Sea into a meso-alpha front that
tends to curve anticyclonically, converging with MedAM
and CiAM. In this case there is no convection associ-
ated and TrAM acts as a density current overrunning the
previously established sea breeze.

A mid-level geopotential trough has already crossed the
northern Iberian Peninsula and has swept the MedAM
away. Diurnal heating and low-level convergences in the
easternmost edge of Pyrenees trigger convection. In this
case, the cool outflow from storms enhances the thermal
gradient with the CiAM generating a density current. The
hazardous event at Barcelona airport studied by Gonzalez
and Pascual (2013) is associated with this pattern.



GONZALEZ ET AL.

Quarterly Journal of the

Orographic
interaction

(b) Orographic

i ) £ RMets
Royal Meteorological Society

interaction

FIGURE 14  Conceptual model of the CTD on the NW Mediterranean coast showing the tramontane air mass (TrAM), the Cierzo air mass (CiAM), the
Mediterranean air mass (MedAM) and the orographic interaction area for (a) pattern A, and (b) pattern B [Colour figure can be viewed at

wileyonlinelibrary.com]

Their conceptual model is described in Figure 14. Although
both cases have a very different cool air source, the inter-
action between the density current and the orography along
the coastal range is similar, creating an antitriptic balance
where the wind is accelerated ageostrophically. The mecha-
nism that drives CTDs in the NW Mediterranean is therefore
quite similar to CTWR largely studied on the California coast
(Rahn and Parish, 2008; Parish er al., 2015) although the lat-
ter presents a different cool air source than the one showed
in the two case-studies presented here. This suggests that the
origin of the air source that initialized the CTD is not rel-
evant. Furthermore, the hazardous weather effects produced
by Mediterranean CTD and California CTWR are very dif-
ferent. Since CTDs in the NW Mediterranean area establish
a relatively cool and dry air over a warm sea, no low and
thick stratus or fog are produced abundantly as in Califor-
nia CTWR cases, although the amount of cloudiness may
increase. Instead, as we showed in this article, the principal
hazards are the sudden speed increase and direction shift of
the wind that may affect aeronautical operations, for example
at the Barcelona airport. In addition, NE wind surges are asso-
ciated with a dramatic drop in temperature as well as a sudden
increase of the humidity. This pattern occurs along the cold
meso-front, but its effect is larger by the coast where the wind
is locally accelerated, especially in the area of Barcelona,
where gap effects due to the Llobregat river valley could
play a role in this enhancement (see the discussion of valley
influence on CTD in Reason ez al. (2000)).

Using the sensitivity of HARMONIE-AROME NWP
model simulations we have shown that short-wave radia-
tion warming CiAM largely influences the CTD development
and motion by increasing the potential temperature gradient
between the density current and the environmental air. This
explains the annual and daily distribution in the climatology

of the events with a maximum frequency in the warm season
and between afternoon and evening.
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Abstract: In this paper, we illustrate a new, simple and complementary ground-based methodology
to retrieve the vertically resolved atmospheric precipitation intensity through a synergy between
measurements from the National Aeronautics and Space Administration (NASA) Micropulse Lidar
network (MPLNET), an analytical model solution and ground-based disdrometer measurements.
The presented results are obtained at two mid-latitude MPLNET permanent observational sites,
located respectively at NASA Goddard Space Flight Center, USA, and at the Universitat Politecnica
de Catalunya, Barcelona, Spain. The methodology is suitable to be applied to existing and/or future
lidar/ceilometer networks with the main objective of either providing near real-time (3 h latency)
rainfall intensity measurements and/or to validate satellite missions, especially for critical light
precipitation (<3 mm h™1).
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1. Introduction

Rain and precipitation fundamentally influence life on Earth. = With respect to the
Earth-Atmosphere system, they play a role in pairing water and energy cycles, serving as a proxy
for latent heat in the atmosphere. In fact, precipitation, modulating the latent heat content in the
atmosphere [1], also modifies atmospheric column thermodynamics, affecting cloud lifetime [2].
Moreover, the hydrological cycle, which characterizes the continuous exchange of water in all its
three phases, below and above the earth surface, is strongly dependent on precipitation. As a result,
characterizing rainfall intensity and its variability at a global scale, is crucial not only to improving our
knowledge of the hydrological cycle, but also to reducing uncertainties of global climate change model
predictions for future environmental scenarios. Understanding rainfall accumulation paths, together
with their spatial variability, besides helping in identifying world regions subject to drought and
flooding, is of fundamental importance in reducing global climate models uncertainty to forecasting
global temperature change [3]. In this context and thanks to the technological progress in satellite
remote sensing techniques, the National Aeronautics and Space Administration (NASA) launched
jointly with the Japan Aerospace Exploration Agency (JAXA) the Tropical Rainfall Measuring Mission
(TRMM) followed by the Global Precipitation Measurement (GPM) [1]. The main objective of TRMM
missions was to monitor and study precipitation with satellite measurements in the tropics where
two-thirds of global precipitations occurs.

GPM further extended the measurement range towards the polar regions, (i.e., up to 69°N/S).
NASA is at the forefront for retrievals for vertically resolved microphysical rain drop properties
from ground-based multi-wavelength lidar measurements [4] and their improvement through
comparison with an analytical model solution that uses disdrometer and radiosonde data as inputs [5].
Taking advantage of the experience gained in these previous studies, we develop in this paper a new
methodology to retrieve range-resolved rainfall intensity through a synergy between elastic lidar
measurements, disdrometer data and an analytical model solution. Measurements obtained with this
simple method, if implemented globally through existing or future lidar Level 2 algorithms and output
datasets, will fill a gap to help validate satellite data for light precipitation (intensity <3 mmh~1)
for which current global climate model predictions are in disagreement [1]. Results obtained from
two mid-latitude NASA Micro Pulse Lidar NETwork (MPLNET [6]) permanent observational sites,
one located at Goddard Space Flight Center (GSFC), USA, and the other at the Universitat Politecnica
de Catalunya (UPC), Spain, are presented.

2. Materials and Methods

2.1. MPLNET Lidar Data Measurements

The ground-based lidar systems used in this study are the elastic polarization-sensitive micro
pulse lidar (P-MPL v. 4B, Sigma Space Corp., now LEICA Geosystems, Lanham, MD, USA), which are
deployed at two permanent MPLNET lidar network observational sites. The purpose of the NASA
MPLNET network [6], active since 1999, is to retrieve automatically and continuously the geometrical
and optical aerosol and cloud properties under most meteorological conditions and to the limit of
laser signal attenuation. Measurements and retrievals obtained from worldwide deployed permanent
stations are publicly available at MPLNET website [7]. Multi-year network data were previously
analyzed to assess cloud [7-10] and aerosol [2,11,12] radiative effects.

The P-MPL samples the atmosphere with a relatively high frequency (2500 Hz) using a low-energy
(7 1J) Nd:YAG (neodymium-doped yttrium aluminum garnet) laser at 532 nm. The P-MPL acquisition
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settings at the two sites focused upon in this study follow the NASA MPLNET temporal and spatial
specifications (60 s integration time and 75 m vertical resolution for GSFC and 60 s and 30 m for UPC).
Polarization capabilities rely on the collection of two-channel measurements (i.e., the signal measured
in the so-called ‘co-polar’ and ‘cross-polar’ channels of the instrument, respectively denoted as P, (z)
and P, (z). For reference, these channels are not to be confused with traditional linear depolarization
measurements, where co- and cross-polar channels represent those linear states with respect to the
linearly-polarized laser source (e.g., [13]). The MPL uses a nematic liquid crystal switching between
two states [14,15]. In one of them, the crystal behaves like an isotropic medium, not having an effect on
the wave propagating through it. In the other state, the crystal behaves as a quarter wave plate with
principal axes at 45° with respect to the polarization direction of the transmitted electric field. The total
power, D, is reconstructed as P = P¢, + 2P, [16,17]). The signal, P, multiplied by the squared range is
the basis for retrieving all of the different Level 2 cloud and aerosol products [18,19]. Since the P-MPL
is a single wavelength lidar, however, the retrieval of the vertically-resolved microphysical and optical
aerosol properties are subject to stronger assumptions with respect to multi-wavelength lidars [20].

Among the newly available MPLNET Version 3 (V3) release products, we specifically consider
here the Level 1 V3 Cloud algorithm (beta product) [21], which automatically retrieves the cloud
base height that is used to correctly compute the precipitating drop size distribution from the ground.
The MPLNET systems used are those of the Universitat Politécnica de Catalunya (UPC), Barcelona,
Spain, (41.38N, 2.11E, 115 m a.s.l.) and of the Goddard Space Flight Center (GSFC), USA, (38.99N,
76.84W, 50 m a.s.l.).

2.2. Disdrometer

The disdrometer is an in situ measurement device designed to measure the drop size distribution
(DSD; [22]), represented as the number of drops per unit of volume and per unit of raindrop
diameter. Disdrometers can be based on different measurement principles (high-speed cameras,
Doppler effect, laser-optical, impact, etc.). Two different versions of the Parsivel laser-optical
disdrometer manufactured by OTT [23] are installed at UPC and GSFC, namely the first generation
Parsivel (Parsivel!) and the second generation Parsivel (Parsivel?), respectively. Parsivel systems were
originally developed by PM Tech Inc., now OTT Hydromet, Kempten, Germany. The instrument has a
laser diode (emitting wavelength of 780 nm) generating a horizontal flat beam. The measurement area
is nominally 48 cm? for the first generation Parsivel and 54 cm? for Parsivel?.

When a hydro-meteor passes through the laser beam, it produces attenuation proportional to
its size. A relationship between the laser beam occlusion by the falling particle is applied to estimate
the particle size. Parsivel instruments can measure particle diameters up to about 25 mm classifying
them in 32 size classes of different width. The instrument also estimates the hydro-meter fall velocity
by measuring the time necessary for the particle to pass through the laser beam, and thus it stores
particles in 32 x 32 matrices. The disdrometers high temporal resolution (60 s for this work) permits
study in great detail of physical precipitation variability.

2.3. The Analytical Model Solution

In its original version of the subject model [24], the analytical model solution, based on molecular
diffusivity of water vapor in air, permits calculating the evaporation power of a generic atmospheric
layer in stationary thermodynamic conditions through the variable D*, which is the initial diameter of
a raindrop that evaporates completely after traveling a certain distance in the incident atmospheric
layer. Conversely, for our purposes, instead of D*, we reconstruct backwards the vertically-resolved
profile of the raindrop diameter, starting from Dy, measured at the surface by the disdrometer, up to
the cloud base at the radiosonding (or the atmospheric model) vertical resolution. The analytical model
solution has been previously validated in [5].

In more detail, if the atmosphere is not saturated with respect to the water vapor, a raindrop
evaporates through diffusion, which is assumed to be proportional to the water vapor gradient
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between raindrop surface and the environment [24]. The raindrop mass changes with time ¢ following
Equation (1):
dm

E = 47TrDUqupp, (1)

where m is the mass of the raindrop having radius r; and Dy, is the water vapor diffusivity in air, f,
is the vapor diffusion ventilation coefficient and Ap, is the gradient of water vapor density between
raindrop surface and the atmosphere. f;, can be expressed through v, the air kinematic viscosity,
the diffusivity D,, raindrop terminal fall velocity V and raindrop diameter D [24]:

1 1
v \3/VD\2
fo= 0.78+0.308(D—v> (T) . 2)

In turn, D, and v are depending on atmosphere thermodynamics as pressure and temperature.
The water vapor density difference Ap, can be determined from the atmospheric sounding and
raindrop temperature, which is determined from heat balance raindrop equation:

d
Ld—’f = 47rKf, AT, 3)

where L is the water vaporization latent heat, K is the air thermal conductivity, f}, is the heat ventilation
coefficient, and AT the temperature difference between the environment and the raindrop. As stated
in [24], the error assuming equality between the diffusion ventilation coefficient for vapor and heat is
small and justified by the other approximations. Equation (1) can be rewritten as:

dD 4

VD— = —D ) yA ’ 4

ik 0w v f vBPv 4)
where h is the vertical coordinate measured from a certain reference level downward, p, is the
water density. Ventilation coefficient and diffusivity show a very low variability with height. It is then
possible to represent them by their midlevel values in the considered layer as Dy, and fun. Using those
values and representing the terminal fall velocity as V = V, ("%)O'4 (m subscript indicates density and
velocity midlevel values) [24], Equation (4) becomes:

‘/IHDdD _ pm 0.4 4
T B (?) aDvapudh. -

In Equation (5), the right side is only height i dependent, while the left side is a function of
raindrop diameter D only. Likewise, Apy is just depending on /i and the atmospheric thermodynamics.
Following the approach of Li [24], the left side integral of Equation (5) can be fit using a quadratic
formula as:

D
. 3 ‘/IHD
0 f vm

where ¢; and c; are the best-fit values. As an example, at 800 hPA (midlevel point) corresponding to
a temperature T = 283 K, ¢; = 2.008 cm? s~ ! and ¢; = 30.146 cm s~ . The two coefficients should be
calculated on a case-by-case basis depending on midlevel point and temperature. Our methodology
computes the DSD from surface (measured by the disdrometer) up to cloud base at the same spatial
resolution of the sounding or a complementary atmospheric model. If a generic raindrop exhibits
a diameter Dy (measured by the disdrometer) at the surface, at the top of the first considered layer
(at height hy), its diameter will be D; . In general, if a raindrop exhibits a diameter of D; at range I
(bottom of the layer) through the analytical model solution, it is possible to compute the value of the
raindrop diameter D, at height &, (top of the layer) as:

F(D) dD ~¢;D + c2D?, (6)
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hz
3 - 04 4
(c1D1 + ¢2D?) — (c1D2 + c2D3) = —/ (%) p—Dv,,,Apvdh = E(hy, ho). @)

h]

Again, the function E(hy, hy) defined as the integral of the right side of Equation (7) is fully
determined by the vertical distribution of the thermodynamic variables in the considered layer
(i.e., temperature, pressure and water vapor). Consequently, starting from raindrop diameter
measurements at the surface, it is possible to estimate the raindrop diameter profile up to the cloud
base just knowing the atmosphere thermodynamics. The cloud base height is retrieved using the
operational MPLNET lidar product [21]. If the sounding data are unavailable or too far from the
measurement site, the atmospheric thermodynamics variables can be obtained from NASA Goddard
Modeling and Assimilation Office, version 5.9.1 reanalysis; GEOS-5 [21]), available every three hours
and collocated at each MPLNET station.

For each range bin, at the radiosonde or GEOS-5 model resolution, the atmosphere is assumed to
be steady. The primary limitation of the analytical model solution is that it does not take into account
processes that affect raindrop diameter, such as coalescence and collision. For this reason, this method
is more suitable for light intensity rainfall, where those processes are not significant. Moreover,
since the methodology further depends on lidar/ceilometer measurements, the rain intensity will
affect the instrument signal-to-noise Ratio (SNR). Thus, the lidar/ceilometer signal will only be
available up to the cloud base in light intensity rainfall given the potential limits of signal attenuation
in heavier showers.

3. Results and Discussion

3.1. Seasonal Differences at UPC

The UPC permanent observational site is located on the Remote Sensing Lab (RSlab) building
in Barcelona, Spain. The disdrometer is deployed 600 m away from the lidar at the meteorological
observatory of the Applied Physics Department of the University of Barcelona. For this kind of
application, such a short distance is not relevant in lighter rainfall and both instruments can be assumed
as co-located. We analyzed the variability in seasonal rainfall intensity over 2016 where disdrometer
and co-located MPLNET observations were simultaneously available. The largest rainfall events were
found during the spring (March-April-May; MAM; 2801 min) and fall (September-October-November;
SON, 1278 min) seasons. Rainfall intensity was analyzed at three different levels: 300 m, 800 m and
1300 m above ground level (agl).

During spring (Figure 1a), the peak of the distribution is shifted towards higher rainfall intensities
(around 1.5 mm h~1), while, in fall (Figure 1b), the bulk of rainfall intensity is around 0.6 mm h-1.
This seasonal difference may be explained with different rain processes taking place (i.e., convective vs.
stratiform events). The plots at three different quotes show similar trends, but the highest occurrence
peaks of the rainfall intensity probability density function are shifted with respect to the altitude:
at 300 m the highest peak is centered at 1.58 mm h~!, at 800 m 1.99 mm h~! and 2.51 mm h~! at 1300 m
(Figure 1a). Figure 1b shows less pronounced shift during SON: the highest occurrence peaks of rainfall
intensity is 0.50 mm h~! at 300 m while there is basically no difference at 800 m and 1300 m with
0.63 mm h™1. Due to the lower sample size measurements, the same analysis has not been performed
at GSFC.



Remote Sens. 2018, 10, 1102 60f 11

0.12

©
e
N

—300m | |
——800m

©
2
o
&5

’—300 m

o
o
®
o
o
@

Occurrence
=] o
o o
S (2]
Occurrence
o o
o =)
.Jm [}

o
o
R

O “ " - " T—— N - L N . N beetdd. N " .|
107 10° 10’ 107 10° 10"
R (mmh™") R (mmh™")
(a) Probability Density Function for rainfall events (b) Probability Density Function for rainfall
detected on 2016, Spring (March, April, May; MAM) events detected on 2016, Fall (September, October,
November; SON)

Figure 1. Probability Distribution Function (PDF) for rainfall intensities at three vertical levels
(300 m, 800 m, 1300 m) during Spring (a) and Fall (b) 2016 at the MPLNET Barcelona permanent
observation station.

3.2. Case Study Analysis

Two case studies of the analytical model application at UPC and GSFC are presented and discussed
in terms of vertically-resolved precipitation temporal evolution.

3.2.1. Retrieval of DSD profiles at UPC

On 4 April 2016, Figure 2a shows the composite plot of the depolarized channel signal,
where precipitation contours are visible at around 9:00 am. UT and from 4:00 p.m. UT to 7:00
p-m. UT. Figure 2b shows the V3 L1 cloud algorithm cloud base height retrieval used in the inversion.
Figure 2c depicts rainfall vertical intensity from 7:40 p.m. UT to 7:50 p.m. UT. Combining local
radiosonde data (not showed here) and lidar data, we can state that rain originates from melting ice
(cold rain process), with the freezing level detected at 2250 m AGL, just a few tens of meters below the
cloud base. This is also confirmed by the GEOS-5 model (Figure 2a), where 0 °C isotherm is in very
close agreement with radiosonding. In this rainfall event, the steepest gradient of intensity is 0.03 mm
h~! km~!, which is much smaller than the GSFC case study (see Section 3.2.2).
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Figure 2. Vertically-resolved rainfall intensity computations at different measurement times for
UPC MPLNET station on 4 April 2016. (a) MPL cross-polar channel signal; (b) cloud base height
automatically retrieved by V3 L1 Cloud algorithm; (c) vertically-resolved rainfall intensities, computed
with the analytical model solution using disdrometer data and V3 L1 cloud base height retrieval,

from 7:40 p.m. UT to 7:50 p.m. UT.

3.2.2. Retrieval of DSD profiles at GSFC

GSFC disdrometer and co-located lidar measurements were analyzed from November 2015 to
April 2016. The vertical profiles of rainfall intensity, after applying the analytical model solution from
5:27 p.m. UT to 5:54 p.m. UT on 22 April 2016, are shown Figure 3. Depicted in Figure 3a is the
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composite plot of the depolarization channel signal obtained from the lidar on 22 April 2016. The core
of the precipitation is clearly visible at around 5:45 p.m. UT. Figure 3b shows the cloud base height
retrieval from V3 L1 MPLNET cloud algorithm. In Figure 3¢, we can observe that rainfall intensity is
weak, but increasing with time. The steepest gradient with respect to altitude is recorded at 5:47 p.m.
UT with 0.22mmh~! km~1.

GEOS—-5 Data: GSFC, 2016—04-22 Air_Torrparatura
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Figure 3. Vertically-resolved rainfall intensity computations at different measurement times for
the GSFC MPLNET station on 22 April 2016. (a) MPL cross-polar channel signal; (b) cloud base
height automatically retrieved by V3 L1 Cloud algorithm; (c) vertically-resolved rainfall intensities,
computed with the analytical model solution using disdrometer data and V3 L1 cloud base height
retrieval, from 5:27 p.m. UT to 5:54 p.m. UT.
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3.3. Evaporation Characteristics at UPC

In order to generalize the rain evaporation properties, UPC data measurements were analyzed as
a function of rain parameter differences (i.e., R, the rain rate and Z, an equivalent radar reflectivity)
between the cloud base and the ground. This indicates the impact of evaporation on rain integral
parameters as R and Z. Figure 4a reports the analysis of R. The evaporation results are more marked
(greater AR) for higher cloud base heights and increasing R values at the ground. For relatively
high cloud bases (higher than 3000 m), the R difference with the ground reaches values as high as
6 mm h—L. For lower R values and low cloud bases, AR is roughly constant, never exceeding 1 mm ht,
regardless of the cloud base height. For lower cloud base heights (below 1000 m), AR is rain intensity
insensitive at the ground and does not exceed 0.6-0.8 mm h~!. For cloud base height over 2000 m,
rainfall rate relative difference with respect to the ground exceeds 100%. Figure 4b shows Z properties,
calculated as the sixth moment of the DSD. In contrast with R, the plot highlights that AZ is dependent
only on the cloud base height, with a decrease of a factor two (AZ >= 3 dB) between the cloud base and
the ground (cloud base higher than 2000 m). This can be explained, from a microphysical point of view,
because of the small drop sizes collected in the analyzed data. That is, the lower the rain intensity,
the smaller the drop diameters composing the DSD.

= ] 3500 30 ) 3500
. s ] 1
3000 3000

2500

2000 2000

Cloud base (m)
Cloud base (m)

i 1500

1000

500

AR (mmh™) AZ (dBZ)

(a) Trend of AR as function of R at ground and cloud (b) Trend of AZ as function of R at ground and cloud
base height base height

Figure 4. Trend of the difference between the cloud base and the ground of the rain parameters R and
Z as a function of parameter values measured at ground and at cloud base height.

4. Conclusions

We introduce a methodology for computing vertically-resolved rain parameters (i.e.,
rain intensity) through a synergy between ground-based lidar, in situ disdrometer measurements
and an analytical model solution paired with thermodynamic variables measured by atmospheric
radiosondes (if unavailable, atmosphere thermodynamic variables can be inferred from a NASA
GEOS-5 model). The methodology, applied at two permanent mid-latitude NASA Micro Pulse Lidar
Network datasets, the Goddard Space Flight Center (GSFC) and Universitat Politecnica de Catalunya
in Barcelona, Spain (UPC), is particularly suited for measurements of low intensity precipitation
(rainfall rate, R, <3 mm h™!). If implemented operationally in the network, the methodology can
generate near real-time rainfall intensity as a standard Level 2 product. Low-intensity precipitation
measurements are crucial for better understanding the hydrological cycle and for validating satellite
missions, like the Global Precipitation Mission experiment (GPM) [1].

The analysis of a complete year (2016) of precipitation at UPC (4079 min of data) permitted
assessing rainfall intensity seasonal variability for different cloud base altitude ranges. Slightly different
rain intensity distributions were observed during spring (MAM) and fall (SON), with a higher
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occurrence of a relatively high rain rate during spring (1.5 vs. 0.6 mm h~! mean R), and a lower
rainfall intensity associated with lower altitudes. This implies rainfall evaporation with consequent
atmospheric column cooling. Yearly analysis of UPC MPLNET data shows that the effect of the
evaporation on the rainfall rate has different impacts, depending on both rain intensity at ground and
cloud base height. On the other hand, the radar reflectivity shows a dependence only on the cloud
base height. The comparison between UPC and GSFC indicates that, for approximately the same
rain intensity at the ground, the rain intensity gradients observed in GSFC (0.22 mm h~! km ') are
larger than the ones observed at UPC (0.03 mm h~1 km™1). This result shows that, for this case study,
the GSFC atmosphere is in general drier with respect to UPC.

Both analyzed case studies demonstrate the analytical model capability for reconstructing DSD
from ground to cloud base. This also permits computing all of the significant distribution moments
(i.e., radar reflectivity, liquid water content, mean mass diameter, etc.) besides rain reflectivity.
Future research will focus on assessing light precipitation inter-annual intensity variability from
long-term (>15 years) MPLNET stations, especially in polluted regions, to quantifying for the first time
the aerosol indirect effects on drizzle reduction/suppression.
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Abstract

The 15 January 2017 a strong northern synoptic flow lead to the generation
of mountain waves and heavy snowfall over the eastern Pyrenees, particularly
over the Cerdanya valley near the border between France, Spain and Andorra.
Measurements from several instruments deployed during the Cerdanya-2017
field campaign and satellite imagery revealed the presence of mountain waves
and the formation of an associated rotor underneath the first mountain wave
crest. The evolution and location of the mountain waves were studied using
high temporal resolution data from a UHF wind-profiler and a vertically
pointing K-band Doppler radar, separated a few kilometres in horizontal
distance. A mountain wave with a wavelength about 18 km was detected in
the morning and shortened slightly in the afternoon when a transient rotor,
elevated approximately 150 m above the ground, was formed, disconnected
from the surface flow. A strong turbulence zone was identified at the upper
edge of the mountain wave, above the rotor, a feature observed in previous
studies. The mountain wave and rotor induced circulation was favoured by
the valley shape and the second mountain ridge location, in addition to the
weak and variable winds, established during the sunset close to the valley
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1 Introduction

An atmospheric rotor can be defined as a low-level turbulent closed flow
located underneath a mountain wave crest with a circulation horizontal axis
oriented parallel to the mountain ridge (Kuettner, 1938; Doyle and Durran,
2002). The formation of a rotor is tied to the presence of stationary gravity
waves at the lee of a mountain, generated when the air parcels are excited by
the mountain obstacle in a stably stratified flow. Rotors can lead to severe
turbulence and pose a hazard for the aeronautical activity at the lower tropo-
sphere near mountain ranges (e.g. Darby and Poulos (2006); Schneider et al.
(2017)) The strong turbulence and wind shear within the rotors represent a
danger particularly for the glider community. For example, in 1955 during
the Jet Stream Project Holmboe and Klieforth (1957) a research glider was
destroyed by a rotor. However, gliders may also take profit of the ascending
part of the rotor in order to get elevated and reach the laminar flow (see for
example Worthington (2017)).

Different types of rotors have been documented using observations and
have been reproduced in idealised numerical simulations. Hertenstein and
Kuettner (2005) described two types of rotors in idealised and simplified nu-
merical simulations: (i) a frequent rotor formed under resonant mountain
wave crests and (ii) a much more turbulent and less frequent rotor formed
in association with hydraulic jumps and downslope windstorms. Other ob-
servations and idealised simulations highlighted the importance of elevated
temperature inversion on rotor formation (Vosper, 2004; Mobbs et al., 2005).
Later, Doyle and Durran (2007) analysed the internal structure of rotors
through 2D and 3D large-eddy simulation (LES), revealing differences in the
detailed subrotor structures along the vortex sheet lifted by the lee-waves.
However, recent studies have proved that a wider variety of turbulent flow
structures similar to a rotor can exist (Strauss et al., 2016) and their gen-
eration can be highly transient and intermittent (Kiihnlein et al., 2013),
substantially modifying the idealised two-dimensional structure of a rotor
described in previous studies.

In addition, the atmospheric boundary layer (ABL) structure highly in-
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fluences the rotor characteristics and vice-versa. In this way, wave-induced
boundary layer separation with adverse pressure gradients leads to formation
of atmospheric rotors (Doyle and Durran, 2002) while the ABL thickness and
evolution highly depends on the wave features, such as the wave length, am-
plitude and phase (Jiang et al., 2006; Smith et al., 2006; Smith, 2007), which
modulates the characteristics of the rotor. Besides, the presence of a second
ridge may interfere the lee-wave and impact the rotor formation (Grubisic and
Stiperski, 2009; Stiperski and Grubisic, 2011). In recent theoretical studies
non-hydrostatic effects seem to be essential for rotor formation (Sachsperger
et al., 2016). On the other hand, despite many studies have showed the ef-
fect of the orographic induced vertical motions in precipitation enhancement
(e.g. Houze Jr. (2012); Trapero et al. (2013b,a); de la Torre et al. (2015)) only
a few have examined the interaction between winter storm mountain-wave
kinematic structures and orographic precipitation (Kingsmill et al., 2016;
Valenzuela and Kingsmill, 2017, 2018).

Several field studies have been carried out in the last decades in order to
study mountain waves and their associated processes. In Europe, the Alpine
Experiment (ALPEX) in the 1980s (Hoinka, 1984, 1986), the PYREX ex-
periment in the northern side Pyrenees (Bougeault et al., 1990, 1997) in the
1990s, and more recently the Mesoscale Alpine Experiment (MAP; Bougeault
et al. (2001); Smith et al. (2007)) over the Alps studying strong winds and
fohn events (Gohm and Mayr, 2004; Guéenard et al., 2006). However, fewer
observational campaigns have focused specifically on atmospheric rotors. The
first relevant exploration of rotor structures was the Sierra Wave Project con-
ducted in the early 1950s in the lee of Sierra Nevada (USA) as described in
Grubisic and Lewis (2004). In the same location but several years later, the
Terrain-Induced Rotor Experiment (T-REX; Grubisi¢ et al. (2008)) became a
great success to improve the understanding of the rotor structures and evolu-
tion, as well as the interaction among mountain waves, rotors and boundary
layer. Recent research dealing with atmospheric rotors have studied bora
wind events (Gohm et al., 2008) or strong winds in Iceland (Agustsson and
Olafsson, 2014), mainly reproduced by numerical simulation but with lim-
ited observation datasets. In addition, a few laboratory experiments have
also focused on this topic (Knigge et al., 2010; Stiperski et al., 2017).

In this work we present the results of a mountain wave event and an as-
sociated rotor observed during a winter storm heavy snowfall in the course of
the Cerdanya-2017 field experiment conducted over the eastern Pyrenees, in
Cerdanya basin (Fig. 1), between Occitaine (France) and Catalonia (Spain).

3
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The field campaign target studies were based on previous research in the
area and were the following: a) cold-air pool formation and local wind cir-
culation under stable conditions (Miré et al., 2017; Jiménez-Esteve et al.,
2018; Conangla et al., 2018); b) mountain wave, rotors, and low-level turbu-
lence (Udina et al., 2017) and c) orographic effects on precipitation processes
(Trapero et al., 2013b). The study presented here, mainly based in remote
sensing observations, corresponds to the second part and the main objec-
tives are: (i) to document the formation of a rotor underneath a mountain
wave generated on the Eastern Pyrenees during a snowfall episode; (ii) to
characterise the conditions for a rotor formation and determine the changes
in the flow dynamics induced by the presence of the rotor; (iii) to estimate
the structure of the rotor (horizontal and vertical extension) also identifying
turbulent areas.

The paper is organised as follows. Section 2 introduces the geographical
location and the observing systems in the Cerdanya-2017 field experiment.
Section 3 provides an overview of the mountain waves and precipitation dis-
tribution of the event, from synoptic to local scale. Section 4 presents the
field experiment observations relevant for the rotor analysis. Section 5 dis-
cusses the main characteristics and evolution of the mountain waves and the
rotor. Finally, conclusions and final remarks are given in Section 6.

2 The Cerdanya-2017 field campaign

2.1 Geographical location

The Pyrenees mountain massif is a west to east oriented mountain range
located in southwest Europe along the border between France and Spain
(Fig. 1). In the Eastern Pyrenees the Cerdanya basin (hereafter Cerdanya
valley) sits around 1000 m above sea level (ASL) and, unlike most of the
Pyrenean valleys, it is oriented from ENE to WSW, nearly parallel to the
mountain ranges (Fig. 1). The main study area is approximately a flat
bottomed 10 km x 30 km rectangle and it is surrounded by mountain ranges
with summits exceeding 2900 m ASL: Carlit (2921 m) and Puigpedrés (2914
m) at the north side, Cadi and Moixerd sub-ranges (peaking at 2649 m) at
the south side, and the Puigmal (2910 m) at the southeast (Fig. la). The
main measurement site of the Cerdanya-2017 field campaign was deployed at
the centre of the basin, in the Cerdanya Aerodrome (A in Fig. 1). This site,
located at 1095 m ASL, is a facility well known for the gliding community
(ICAO code LECD).
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Due to the geographical location of the basin, very strong winds occur
with northern synoptic flows, especially during winter when the synoptic con-
figuration favours strong northern advections (Esteban et al., 2005; Lemus-
Canovas et al., 2019). After crossing the first mountain range of the Pyrenees,
mountain waves are likely to be generated in stably stratified atmospheric
layers and therefore rotors are also likely to be formed in association with
these mountain waves over the Cerdanya valley (Udina et al., 2017). The
presence of a secondary and lower mountain ridge at the south may influence
the mountain wave phase and the rotor structure underneath, as discussed
in Stiperski and Grubisic (2011) using idealised numerical experiments and
observed in Stiperski et al. (2017) in the laboratory experiments.

2.2 Observing network

The Cerdanya-2017 field experiment took place in this valley from Oc-
tober 2016 to May 2017. It was a joint effort of several teams from the
Euroregion Pyrenees-Mediterranean, that belong mainly to the University
of Barcelona, the University of the Balearic Islands, METEO-FRANCE and
the Meteorological Service of Catalonia.

The main instrumented site was located at the aerodrome (A) (see scheme
of Fig. 2) with several instruments continuously measuring profiles of differ-
ent meteorological variables. For the present study we will use the Micro Rain
Radar (MRR), the scanning Doppler wind lidar (LIDAR), the Wind RASS-
Sodar (WR), the Automatic Weather Station (AWS) and the Atmospheric
soundings (RS) launched for specific periods during the field experiment, all
of them located at A. Among the other instruments deployed in the area dur-
ing this field experiment, we will present measurements from a Ultra-High
Frequency wind profiler (UHF) radar located a few km to the NW from the
A site and an AWS, number 8, located very close the UHF (see Fig. 1).
Table 1 summarises the instruments and some of their characteristics.

The UHF wind profiler radar, model Degréane PCL 1300 was located in
the village of All about 2.4 km North from the main site, at 1077 m ASL.
Radio waves were emitted and received by 5 antennas in the following di-
rections: vertical, north, east, south and west at a frequency of 1274 MHz.
The UHF radio waves are mainly backscattered by the fluctuations of the
air refractive index (induced by the fluctuations of air temperature and hu-
midity), providing, from the Doppler shift, measurements of the wind profile
up to about 3-4 km above ground level (AGL) from the Doppler shift. The
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Figure 1: Topography of the Eastern Pyrenees region of study showing the location of the
aerodrome (A) with most of the instrumentation: Micro Rain Radar (MRR), scanning
Doppler wind lidar (LIDAR), Wind Radio Acoustic Sounding System (WR), atmospheric
soundings (RS) and an automatic weather surface station (AWS); location of and addi-
tional AWS (number 8) and the Ultra-High Frequency wind profiler (UHF). The main
mountain peaks of Carlit (2921 m ASL), Puigpedrés (2914 m ASL) and Puigmal (2913
m ASL) are also labelled, as well as Andorra, France and Spain and their borders. The
black line corresponds to a cross section used for the terrain elevation in Fig. 13. The
large scale location of the Pyrenees and the studied area is marked with a black point at
the right bottom corner of the figure.
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Table 1: Ground-based instruments used in this study from the Cerdanya-2017 field ex-
periment, their abbreviation, location, measured parameters used in this study, time ac-
quisition. The measured parameters are: horizontal wind components (u, v), vertical wind
component (w), turbulent kinetic energy dissipation rate (), radar reflectivity (Z), virtual
temperature (T, ), air temperature (T), relative humidity (RH ), atmospheric pressure (P).

Instrument Abrev. | Location Coordinates| Parameters | Sampling
rate

Ultra-high fre- | UHF Mountain | 42.3968 N, | u, v, w, € | 3-4 min
quency wind foot 1.8377 E
profiler
Doppler wind li- | LIDAR | Aerodrome | 42.3876 N, | radial 10 min
dar 1.8683 E velocity
Micro Rain | MRR Aerodrome | 42.3864 N, | Z, w (hy- | 1 min
Radar 1.8665 E | dro)
Wind RASS- | WR Aerodrome | 42.3862 N, | T, u, v 15 min
Sodar 1.8667 E
Atmospheric RS Aerodrome | 42.3865 N, |u, v, T,|2s
sounding 1.8681 E BH. P
Automatic AWS A | Aerodrome | 42.3861 N, | u, v, 7T, |1 min
Weather Station 1.8664 E RH
Automatic AWS 8 | Mountain | 42.3934 N, | v, v, T,|1 min
Weather Station foot 1.8298 E RH

i
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Figure 2: Schematic view of the instruments deployed in the Cerdanya valley in a cross
section following the line marked in Fig. 1. At the mountain foot there is the Ultra-High
Frequency wind profiler (UHF) and at the acrodrome (A) the following instruments: scan-
ning Doppler wind lidar (LIDAR), Wind RASS-Sodar (WR), Micro Rain Radar (MRR),
atmospheric soundings (RS) and an automatic weather surface station (AWS). The ver-
tical range for the remote sensing instruments is indicated with grey arrows (Note that
vertical ranges and horizontal distances are not to scale).
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radio waves are not attenuated by rain and clouds at this frequency, so mea-
surements are reliable under all sky conditions. For the analysed episode we
use the low mode data of the three wind components, which obtains a profile
every 3-4 minutes with a vertical resolution of 100 m, up to 4000 m.

The Doppler wind lidar (LIDAR), model Leosphere WLS200S, was in-
stalled at the top of the aerodrome control tower about 10 m above the
ground level, at 1110 m ASL. This instrument has been previously used in an
alpine valley where it provided very useful information on the fine scale wind
dynamics within the valley (Paci et al., 2016; Sabatier et al., 2018). During
the Cerdanya-2017 field experiment, the scanning cycle was composed of a
quasi-horizontal plan (Plan Position Indicator, PPI) and four vertical plans
(Range Height Indicator, RHI) every 10 min, one of them oriented to the
UHF location.

The Micro Rain Radar (MRR), a 24-GHz (K-band) radar manufactured
by Metek (Loffler-Mang et al., 1999), is a portable Doppler weather radar
vertical profiler that operates using a FM-CW (Frequency Modulated Contin-
uous Wave) scheme. The instrument has a sampling frequency of 10 seconds.
The Doppler spectra is divided into 64 bins from 0 to 12 m s~! over 32 range
gate bins. A vertical resolution of 100 m was selected for this study providing
precipitation measurements from 300 to 3000 m AGL since the first two gates
and the last one are affected by near-field effects and noise respectively. The
manufacturer processing software assumes only falling precipitation particles
from 0 to 12 m s~! that may lead to aliasing errors during convective showers
(Tridon et al., 2011; Adirosi et al., 2016) and, particularly relevant for this
study, in upward movements with embedded snow particles. To avoid this
problem, we used the processing developed by Maahn and Kollias (2012)
that improves the system sensitivity for solid precipitation and allows to de-
tect upward movements of the particles. The MRR allows us to monitor the
precipitation variability and the vertical movements assuming that it is the
resulting of overlap the falling velocity of the snow particles and the vertical
velocity of the wind. The MRR was located at the aerodrome at 1099 m
ASL, separated 2.4 km in linear distance from the UHF location (see Fig.
1), therefore data from both instruments could be readily compared and pro-
vide a complementary view of existing mountain waves over the area. In
order to complete the precipitation features at the surface we used an opti-
cal disdrometer Parsivel (Loffler-Mang and Joss, 2000) located next to the
MRR, which provides the size and velocity distribution of the precipitation
particles.
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A Wind Radio Acoustic Sounding System (WR), or Wind RASS-Sodar
manufactured by Sintec, was located at at 1100 m ASL. These instruments
provide virtual temperature profiles up to hundreds of meters by combining
remote sensing of acoustic and radio waves which are emitted by an antenna
in five directions (vertical, north, east, south and west) at 1290 MHz. In addi-
tion, the combined radio-acoustic measurement technique also provide wind
measurements trough the spectral analysis of backscattered energy Doppler
shift.

Finally two AWS were used, one located at the aerodrome (Fig. 1, label
A), at 1097 m ASL, and another, so-called AWS number 8 (Figure 1, label
8), located at 1088 m ASL.

3 Event overview

The 15 January 2017 event occurred during the Cerdanya- 2017 field cam-
paign was characterised by strong winds, mountain waves and relevant snow
accumulation over the Cerdanya valley and the eastern Pyrenees, causing a
big social impact. In order to understand the general large scale features
of the episode, we analyse the synoptic flow structure and the cloud and
precipitation distribution through satellite imagery and radar products.

3.1 Large scale flow

On 15 January 2017 the Iberian Peninsula was affected by a strong north-
ern wind flowing at all tropospheric levels as a result of a wide geopotential
trough located over the continent and a wide geopotential ridge located over
the North Atlantic Ocean (Fig. 3). The flow was driven by a meridional
branch of the polar jet with velocities over 40 m s~! at 300 hPa flowing from
northern Europe to Spain. This type of flow impinging perpendicularly to
the Pyrenees, under stable stratification conditions, leads to the generation
of mountain waves after crossing the mountain range, at its lee side, in a
stably stratified flow. Between the trough and the ridge, a stationary baro-
clinic boundary associated to a strong horizontal gradient of equivalent tem-
perature and consequently of symmetric instability (Kurz, 1998; Markowski
and Richardson, 2011), produced abundant cloudiness at low levels over the
British islands and France moving perpendicularly over the Pyrenees with the
incident northern wind (Fig. 3a). This long and thin structure, originated
at sub-tropical latitudes, is also associated with large amounts of specific
humidity at 700 hPa and indicates the presence of an atmospheric river (Fig.
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3b). The atmospheric river remained almost stationary during the period
between 15 and 16 January during which the descending branch of the ridge
was gradually advecting relatively warm and moist air to the south. The
episode ended when the jet moved east-wards and the oceanic relatively mild
and moist air mass at low levels was replaced in the afternoon of 16 Jan 2017
by a continental cold and dry air mass coming from Central Europe due to a
high-pressure wedge extension of the Atlantic anticyclone extending to north
continental Europe and changing wind flow to a northeast circulation.
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Figure 3: ERA-Interim reanalysis on 15 January 2017 at 1800 UTC. a) Geopotential
height (red dotted lines) and wind speed (shaded) at 300 hPa, and geopotential height
(black lines) at 500 hPa. b) Geopotential height (black lines) and equivalent temperature
(shaded) at 850 hPa, and wind (arrows) and specific humidity (white dashed lines) at 700
hPa.
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3.2 Spatial cloud and precipitation distribution

The Moderate Resolution Imaging Spectroradiometer (MODIS) Terra
satellite crossed the area of study at 1035 UTC. Local time was one hour
after UTC. Fig. 4a shows a 250 m resolution image combining bands 3,
6 and 7, where the land surface is enhanced using green colours, low level
clouds are red and high clouds are white. We can distinguish two deep cloud
bands oriented parallel to the mountain range, one north of the Puigpedrés
crest (purple dot in Fig. 4a) and another deep cloud band that starts over
the location of the UHF (green dot in Fig. 4) and covers the Tosa d’Alp peak
(red dot in Fig. 4a). The cloud structure reveals the presence of mountain
waves over the area, with one cap cloud located at the upstream side and
the next cloud band aligned with the first wave crest nearly parallel to the
mountain range (zoomed in Fig. 4b).

As mountain waves favour a redistribution of water vapour mixing ra-
tio increasing it in wave crests and decreasing it in wave troughs, satellite
water vapour (WV) imagery is a good tool to explore the wave field struc-
ture (Heller et al., 2017). Figure 4c shows the corresponding image from
the WV channel of the METEOSAT satellite at 1030 UTC, where the cloud
bands can also be seen over the Pyrenees. Although the horizontal resolu-
tion is poorer than in the MODIS image, parallel bands with cold and warm
brightness temperatures (7) oriented parallel to the mountain range can be
distinguished, revealing the presence of the mountain waves after the flow
crossed the Pyrenees. The UHF marked location (green dot) is in a white
band area, revealing low 7'z, high water vapour mixing ratio, under a pre-
cipitating cloud and probably under the first updraft before the wave crest.
In contrast, the Puigpedrés peak is located in a dark, high 75 band area,
corresponding to the downslope flow in the immediate lee of the mountain.

We can also note that the generated lee mountain wave is not trapped far
away south of the Pyrenees, and only two or three crests (troughs) are present
where the water vapour mixing ratio is the highest (lowest). In addition, the
evolution of the METEOSAT satellite imagery (WV, IR and VIS) reveals
stationarity of the lee clouds during several hours, which is another proof of
the dynamics induced by the presence of mountain waves.

The area of study is covered by the C-band Doppler weather radar net-
work of the Meteorological Service of Catalonia (Altube et al., 2016, 2017),
despite in the Pyrenees partial radar beam blockage caused by topography
is not negligible which maybe a problem for stratiform precipitation typical
of the cold season - see discussions in Bech et al. (2003, 2013) and Trapero
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Figure 4: (a) 1035 UTC 15 January 2017 MODIS combined band satellite image; (b)
zoom over Cerdanya; (c) 1030 UTC METEOSAT water vapour channel (WV6.2) image;
(d) zoom over the Cerdanya - colour dots indicate the location of Puigpedrés peak (purple),
UHF wind profiler (green) and Tosa d’Alp peak (red); (e) 1030 UTC CDV weather radar
maximum reflectivity field (dBZ) with a 150 km range and (f) cross section of radar
reflectivity (dBZ) along the segment indicated in e). Range rings in panel (e) are plotted
every 50 km and range and height in panel (f) are expressed in km.
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et al. (2009). Here C-band Doppler data are used to provide an overview of
precipitation over the area of study - no detailed comparison is attempted
with co-located MRR observations discussed later due to potential radar
beam blockage and beam overshooting issues. Weather radar images from
the CDV radar, the one closest to the area of study, during the morning show
precipitation over the Pyrenees extending over the south side (Fig. 4e). The
radar reflectivity cross section (Fig. 4f) indicates echoes extending from 60
to 100 km from the radar reaching heights up to 4 km above sea level. In the
afternoon there is no MODIS imagery available over the region of interest but
the 1700 UTC WV channel image (Fig. 5a, b) shows the deep cloud band
located over the UHF but not the second cloud structure over the southern
face as in the morning, suggesting the mountain wave would have displaced
towards the north and its wavelength would have shortened as will be dis-
cussed in detail in the next sections. This interpretation is consistent with
concurrent weather radar reflectivity observations (Fig. 5¢ and 5d) showing
less extension and intensity of precipitation echoes (restricted to ranges 85
to 95 km from the radar and heights below 3.5 km).

4 Field experiment observations

In the following section we summarise the vertical structure of the atmo-
sphere using the atmospheric sounding. Then, the ground-based instruments
used in this study are explored in detail during the event in order to describe
and characterise the mountain waves and the rotor positioning.

4.1 Atmospheric sounding

An in-valley atmospheric sounding (RS) was launched at 1237 UTC 15
January 2017 from the aerodrome location (point A in Fig. 1). The vertical
profiles of the main magnitudes obtained with the RS are shown in Fig. 6.
As the sounding was launched downstream of the mountain range, the mea-
surements may be disturbed by the wave activity but, as shown by Strauss
et al. (2016), we can assume that above the mountain range crest line the
magnitudes measured downstream would be similar than upstream of the
mountain ridge.

The temperature profiles show a well mixed in-valley flow corresponding
to a well mixed boundary layer (Fig. 6a, b) capped by a temperature in-
version at ~2400 m AGL (~3500 m ASL) (Fig. 6a,b). In addition, there is
a large positive horizontal wind shear from the surface up to 2400 m AGL,
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Figure 5: (a) 1700 UTC 15 January 2017 METEOSAT water vapour channel (WV6.2)
image; (b) zoom over Cerdanya - colour dots indicate the location of Puigpedrés peak
(purple), UHF wind profiler (green) and Tosa d’Alp peak (red); (c¢). 1700 UTC CDV
weather radar maximum reflectivity field (dBZ) and (d) cross section along the segment
indicated in (c).
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but wind speed remains nearly constant above that height (Fig. 6¢). The
northern wind direction dominates the wind profile except for the lower 500
m, where it veers to the east (Fig. 6d). The squared Brunt Vaisala frequency
(N?) and the simplified Scorer parameter (1> = N?/U?) increase abruptly at
the temperature inversion levels, revealing strong stable conditions at these
layers (Fig. 6e,f). The vertical velocity of the radiosonde decreased at these
levels (not shown), as expected when the balloon crossed this stable capping
layer. The thermodynamic conditions were favourable for the formation of
trapped lee waves from the mountain crest line 1700 m AGL (~2800 m ASL)
up to 2300 m AGL (3400 m ASL) (dashed line in Figures 6a, b, ¢, d), where
the horizontal wind increases with height and the stability remains nearly
constant, and therefore [? decreases with height (Scorer, 1949). However,
the well mixed boundary layer is able to absorb downward reflected waves
(Smith et al., 2002). In contrast, above 2400 m AGL the conditions are
suitable for the development of vertically propagating mountain waves, as
the horizontal wind is constant with height and the stability increases with
height during several hundred meters (Durran, 2003). This is confirmed by
the WV satellite imagery, evidencing that the waves reach the upper middle
troposphere.

Ideally, for a northern flow perpendicular to the Pyrenees mountain range,
considering a representative topography elevation (h,, = 2000 m) within a
stable environment (N = 0.01 s71) it yields a Froude number range from 0.5
to 1 for wind speeds from 10 to 20 m s=!. Within this range of values the
flow is affected by non-linearity and therefore flow splitting and wave breaking
can occur downstream of the mountain range. According to Smith (1989)
and Vosper (2004), mountain waves and lee waves will be produced under
these conditions, with chances to be accompanied by wave breaking and rotor
formation. Using the parameters derived from the RS we can estimate the
wave characteristics at the layers just above the mountain peaks, around
2150 m AGL. Given the potential temperature profile we approximate a
simplified Scorer parameter of I> = 1.27x10~7 m~2, where N is the Brunt-
Viisila frequency and U is the wind speed, for a calculated N = 0.01 s—1
and U = 28.7 m s—1 at 2150 m AGL. Following Barry (1992), if vertical
accelerations are neglected, the calculated wavelength (\), i.e. the distance
measured along the direction of propagation of the wave from the midpoint
of one crest to the midpoint of the next crest can be defined as A\ = 27/I.
Therefore, A = 17.7 km at 2150 m AGL during the morning hours, which
is approximately the distance between the two mountain ranges surrounding
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the Cerdanya valley, from the Puigpedrés peak to the Tosa d’Alp.

4.2  UHF wind profiler

Wind profiler observations provide the time evolution of the three wind
components in a vertical air column. The vertical wind component w is a
useful magnitude to determine how the wave is positioned and how it changes
over height and time. As mountain waves are usually stationary, long periods
with strong vertical velocities, will indicate the location of the updraft before
the wave crest (for positive w) or the downdraft before the wave trough (for
negative w) over the wind profiler. However, if the wave crest is located over
the instrument, the vertical velocity can be zero. In addition, if the wave is
not stationary and changes its horizontal wavelength or its amplitude over
time then the vertical velocity will also change (Cohn et al., 2011).

As the wind profiler is located at 1077 m ASL and the mountain crest line
is approximately around 2800 m ASL, the height above ground level (AGL)
where the top of the mountain range is located is ~1700 m AGL. Therefore,
the vertical range measurements up to 4000 m AGL are enough to capture
the flow below the mountain peaks (from the surface to ~ 1700 m AGL) and
the flow above them (above ~1700 m AGL).

Figure 7 shows the time-height plots of the horizontal wind velocity (Fig.
7a) and the vertical wind velocity (Fig. 7b) obtained from the wind profiler
for the 15 January 2017. The white spaces correspond to regions where
the signal was not strong enough. The horizontal wind velocity field of the
wind profiler shows a strong wind from the N-NW direction that dominates
the upper levels during the whole day (Fig. 7a), which is consistent with
the larger scale situation described in Section 3. In addition, there is a
strong horizontal wind shear between 800 and 2000 m AGL, with the wind
velocity increasing with height along the day. From the time evolution of
the horizontal wind field we can distinguish three different periods. The first
one covers from 0000 to 0900 UTC, strong north horizontal winds of 20 m
s~! prevailed at the mountain top heights (~1700 m AGL) increasing up to
more than 30 m s~! at 3000 m AGL. In contrast, at the bottom of the valley
the horizontal wind is very weak and variable, less than 2 m s™!. During
the second period, from 0900 to 1600 UTC there is a wind enhancement,
increasing to 30 m s~ at the mountain top heights and reaching values of 40
m s~ ! at 3000 m AGL. In addition, the wind speed increases near the valley
floor, especially around 0930 UTC and around 1400 UTC, with a moderate
wind speed of more than 8 m s~!. The third time period starts at 1600
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Figure 6: Vertical profiles from the atmospheric sounding launched at 1237 UTC 15 Jan-
uary 2017: (a) air temperature (T), (b) equivalent potential temperature (6.), (¢) wind
speed, (d) wind direction, (e) squared Brunt-Viisili frequency (N?) and (f) Scorer pa-
rameter (I2). Solid horizontal black lines mark approximately the crest line altitude (1700
m AGL or 2800 m ASL) and dashed horizontal black lines mark the base of the thermal
inversion layer (2300 m AGL or 3400 m ASL).
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UTC and finishes around 2100 UTC (Fig. 7 and 8). The horizontal wind
abruptly decreases to similar values than on the first period of the day in
a deep vertical layer with very low wind velocity from the surface up to
1200 m AGL. A detailed analysis indicates the presence of a southern wind
component appearing during 2 hours, from 1700 until 1900 UTC indicating
wind reversal, with opposite direction from the wind aloft, and suggesting
the formation of a rotor below the mountain wave (red rectangle in Fig. 8a).
The SE and S wind component appears in the layers between 150 m and 850
m AGL, therefore 700 m deep. The S counter-flow direction veers from the
SE in the layers from 150 to 500 m to S from 500 to 850 m. As we will see
in the next sections, the rotor appears to be elevated over the surface.

The vertical wind velocity field also changed over time (Fig. 7b). During
the first period, downward motions dominated the flow below the mountain
top levels and intermittent updrafts were observed upper levels. Later, after
0900 UTC there is an updraft above the mountain top heights that is rein-
forced during the afternoon hours, i.e. 1.8 m s~ at 2400 m AGL around
1400 UTC. The maximum updrafts are observed after 1600 UTC, with a
maximum of 2.6 m s~! at 1710 UTC at 2250 m AGL, within a deep column
of upward vertical motion from 1200 to 4000 m AGL. These continuous mea-
surements of the positive vertical velocities during the afternoon hours are
indicating the location of the updraft before the first mountain wave crest
over the UHF. In addition, this is the period when the horizontal wind ceases
and the south horizontal wind component was observed indicating the pres-
ence of a rotor at low levels. As it will be shown in Section 5, the wind
profiler may be capturing the returning part of the rotor at low levels and
the updraft before the first wave crest above.

In addition, we explore the turbulent kinetic energy (TKE) dissipation
rate (¢) from the UHF Doppler spectral width measurements (Jacoby-Koaly
et al., 2002). This magnitude is a good measure to determine the flow tur-
bulence intensity, and it is useful to locate spatially and temporally the tur-
bulence within the rotor (Fig. 8b). The maximum values of € are located
at the time the rotor is formed, between 1600 and 1800 UTC, in the layers
between 1000 and 1500 m AGL, at the upper part of the rotor, which is a
location of the maximum turbulence similar to previous observational studies
of rotors (Kuettner, 1938; Lester and Fingerhut, 1974; Strauss et al., 2015).
These results are similar to those found in Doyle and Durran (2002), where
the maximum TKE extends from the surface to the top of the rotor along
the upstream edge of the first lee wave.
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4.3 Micro Rain Radar

The MRR give us information about the vertical structure and evolution
of the precipitation and the Doppler velocity of the hydrometeors above it.
The evolution of the radar reflectivity above the MRR is shown in Fig. 9a.
During the early morning, until 0900 UTC, relatively high reflectivity values
(over 25 dBZ) with several peaks around 0500 and 0600 UTC alternated
with lower values (15 to 20 dBZ). According to the Parsivel disdrometer, the
particle sizes during the high reflectivity profiles had large diameters (above
10 mm) indicating strong aggregation of the snow particles. The high values
of the Doppler spectrum width in the MRR data reveal increased turbulence
aloft, which may provide conditions for this aggregation. After 0900 UTC,
the reflectivity decreased (around 12 dBZ), and kept relatively constant until
the end of the day, except for two short periods, around 0900 UTC and from
1800 to 1830 UTC, when it diminished. Interestingly, the first minimum
occurs during the beginning of the morning updraft described earlier and the
second minimum matches well with the possible formation of the rotor over
the MRR position.

The vertical Doppler velocity is negative close to the valley surface during
the whole day but becomes positive above 1000 m AGL during morning
hours, from 1000 to 1300 UTC (Fig. 9b). Strong vertical velocities, i.e.
values of 2.5 m s at 2400 m AGL around 1030 UTC, suggest the location
of a strong updraft during several hours over the MRR corresponding to the
upstream edge of the lee wave. The Terra satellite image (Fig. 4a) confirms
the location of the wave, as the edge of deep cloud band is located over the
MRR at that time, where the upward moving air would enhance the cloud
vertical development. As the vertical spatial distribution and the magnitudes
of the vertical velocities of the MRR are similar to those derived by the
UHF during the afternoon, the instruments can be capturing the same wave
structure that is located over the MRR during the morning and is moved
towards the UHF in the afternoon as will be explained in Section 5. Indeed,
the mountain wave remains stationary for a few hours during the morning
and the afternoon, but it is displaced in between. This displacement may
be attributed to a shortening of the wavelength in the afternoon due to a
decrease in the upstream horizontal wind speed (see Fig. 8). In the afternoon,
downward motions prevail over the MRR when the rotor is generated (Fig.
13b). The MRR would then be pointing to the wave crest or the beginning
of the downdraft just after the wave crest, in the upper layers, above ~1500
m AGL. Below this height the downward motions would correspond to the
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Figure 9: observations recorded during 15 January 2017: (a) radar reflectivity and (b)

vertical Doppler velocity. In (b) positive (negative) values indicate upward (downward)
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downstream part of the rotor.

4.4 Scanning wind Doppler lidar

LIDAR Range Height Indicator (RHI) (vertical) scans were used to ex-
plore the spatial kinematic structure of the air low when enough backscatter-
ing particles (either solid aerosol or light precipitation particles) were present,
providing line-of-sight Doppler velocity estimates. RHIs were pointing to-
wards a 315° azimuth so that the LIDAR (located in A, see Fig. 1) scanned
towards the UHF radar (at about 2.4 km), quasi-perpendicularly to the main
mountain range, covering maximum heights about 1000 m AGL to explore
the low-level flow characteristics corresponding to the area under the first
wave crest

Fig. 10 shows a clear southeast wind layer observed from 1701 to 1839
UTC. It is located in a layer of about 350 m thick starting about 150 m above
the aerodrome ground level, therefore filling the layer between 150 and 500
m AGL. This wind layer can be part of the counter-flow in the lower part
of a rotor. Below this layer, a weaker northeast wind of about 1 m s7! is
observed. It is likely that this flow would cause the rotor to be lifted above
the ground. The southeast wind is very well established being stronger from
1720 to 1759 UTC, reaching about 5 m s~ at 1730 UTC. In addition, the
horizontal range of the LIDAR reaches its maximum during this period, at
least 2500 m ASL whereas it was less than 2000 m ASL before. This would
be consistent with an increase of atmospheric aerosol content transported by
the rotor when it attained its strongest intensity.

4.5 Wind RASS-Sodar

Observations from the Wind RASS (WR) provide information of the ver-
tical flow structure at low layers, from the surface up to 400 m AGL at most.
Wind vectors can be determined only when the acoustic backscatter inten-
sity exceeds a certain threshold and the signal-to-noise ratio for the Doppler
shift is high enough. Therefore, the vertical range of the measurements is
variable and it is often shorter than 400 m - no data heights are shown as
white spaces in Fig. 11).

The profile of the horizontal wind speed evolution (Fig. 11) indicates a
moderate (around 4 m s™!) eastern wind at low levels during the late morning.
Just before 1600 UTC the wind speed decreases over the whole column and
becomes weak and variable. Most important is the southeasterly horizontal
wind prevailing from 1700 to 1800 UTC, between 150 to 300 m AGL (red
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Figure 10: Range Height Indicator (RHI) showing Line-Of-Sight (LOS) velocity in a verti-
cal plane (azimuth 315°) pointing to the UHF direction, retrieved from the scanning wind
Doppler lidar located at the aerodrome site A. Positive values (red) indicate scattering
particles moving away from the LIDAR (southeast wind) and negative values (blue) mean
the opposite (northwest wind).

rectangle in Fig. 11), at the same time as the UHF wind profiler and the
LIDAR measured a wind reversal zone (Fig. 8 and Fig. 10). The easterly
shift between the wind measured by the WR (southeasterly wind) and by the
UHF (south wind) may be due to the different location of both instruments,
as the A location location 2.4 km southeast of the UHF location (see Fig. 1).
As the rotor is usually a three-dimensional complex system evolving in time
(Kiihnlein et al., 2013), the structure and direction of the counter-flow may
change during the event from one location to another. In addition, the WR
measurements confirm that the rotor appears to be elevated from the surface
around 150 m, as the flow below that level is much weaker and changing in
wind direction, at least during the hours where the rotor is formed.

4.6 Surface stations

Figure 12 shows the time evolution of the 10-m wind speed and wind
direction (Fig. 12a, b) and 2-m temperature and relative humidity (Fig.
12¢, d) for the automatic weather surface stations A and 8 (see locations in
Fig. 1).

During the morning hours the northern strong wind reached the valley
surface, although around midday the flow turned to the east, as it is char-
acteristic given the orientation and the shape of the valley (red dots in Fig.
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Figure 11: Wind RASS-Sodar (WR) profile evolution of horizontal wind velocity (shaded)
and horizontal wind vectors for the 20170115. Note that the vertical range is different
from the UHF and MRR. The red rectangle corresponds to the time where the rotor was
observed from the UHF. Time axis is expressed in hours and minutes (hhmm).

12a, c¢). After 1600 UTC, when the elevated rotor is present, the wind at the
surface turns very weak and variable, sometimes less than 1 m s~1, a typical
behaviour in northern flow events observed during the Cerdanya-2017 cam-
paign given the orientation and shape of the valley (red dots in Fig. 12a, c)
After 1600 UTC, when the elevated rotor is present, the surface wind speed
becomes very weak and variable, sometimes less than 1 m s, so the wind
direction is constantly changing (Fig. 12a, c¢). In addition, this matches
with the sunset time, that occurred around 1650 UTC. The temperature de-
creased 1 degree and the relative humidity increased almost to 100 % after
1600 UTC, showing the transition from daytime to nighttime and the effects
of surface radiative cooling (Fig. 12b, d) combined with precipitation (see
Fig. 9). As it is expected, the colder the air, the higher the relative humidity.
In addition, the turbulence abruptly decreases, as indicated by the smaller
fluctuation in the temperature and RH temporal series after 1600 UTC than
before that hour (Fig. 12b). This is also confirmed by the evolution of the
turbulent kinetic energy (TKE) from an eddy covariance station located at
A (not shown).

Therefore, when the rotor is observed elevated from the surface, nighttime
light and calm winds dominated the valley surface. Indeed, the rotor could
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have been generated because of the near-surface weak wind conditions, that
could have induced the favourable gradients for the rotor circulation.

5 Discussion

After the observational analysis of the measurements given in the previous
sections, we are able to depict the time evolution of the general flow structure
and the mountain wave and rotor positioning, summarising into two different
time periods: morning and afternoon (Fig. 13).

5.1  Evolution of the mountain waves

On 15 January 2017 a northern large scale flow arrived to the Pyrenees
and produced mountain waves on its lee side. According the satellite imagery
and the RS measurements the mountain waves were vertically propagated
above the mountain but no lee wave train was formed, possibly because the
downward reflected wave was absorbed by the well mixed boundary layer
(Smith et al., 2002). Several observations reveal the non-stationarity of the
wave that was displaced from the morning to the afternoon.

During the morning, satellite imagery reveals two deep cloud bands (Fig.
4a) that were precipitating according to the surface stations and weather
radar observations with higher intensity under the first cloud band, corre-
sponding to the cap cloud formed upwind of the mountain crest. This cap
cloud had the edge over the Puigpedrés peak (purple dot in Fig. 4a) where
the convection was reduced, in the downward part of the mountain wave.
Then, a shallow low level cloud was covering the valley with a horizontal
extension about 10 km, which corresponds to the downdraft of the mountain
wave before the wave trough. In terms of wave features, this distance corre-
sponds to half the wavelength, so the wavelength can be estimated as A ~ 18
km in the morning mountain wave (Fig. 13a). South to the wave trough,
another cloud was present just above the MRR position, at the beginning
of the updraft part of the wave before the first wave crest (Fig. 13a). The
cloud structure, aligned in the southeast-northwest direction, had a width
about 10 km covering the Tosa d’Alp peak (red dot in Fig. 4a). The first
updraft before the wave crest was then located over the MRR that measured
vertical velocities greater than 3 m s~!, revealing a large amplitude gravity
wave (Fig. 13a).

In the afternoon there was a shortening in the wavelength of the mountain
wave, as a consequence of the reduced horizontal incident flow showed by the
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Figure 13: Schematic representation of (a) the lee wave during the morning and (b) the lee
wave and rotor location over the valley during the afternoon. Red symbols in (b) indicate
the presence of moderate turbulence. The underlying terrain shape corresponds to the
cross section marked in Fig. 1, north (N) at the left and south (S) at the right, that is
the cross section following the horizontal wind direction measured by the UHF at 1500 m
AGL at 1700 UTC.
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UHF measurements (Fig. 7a). Indeed, from the evolution of the vertical wind
speed according to the MRR and the UHF we can infer the displacement of
the wave as a consequence of the wavelength shortening in the afternoon.
The first updraft before the wave crest was then located over the UHF,
with relatively strong vertical velocities above 1500 m AGL, similarly than
observed over the MRR during the morning. Following the conceptual picture
in Fig. 13b, during the afternoon a reduced amplitude mountain wave with
A ~ 14 km can be estimated, when the rotor could be formed underneath
the mountain wave.

5.2  Rotor structure

During the morning, the gravity wave positioned as indicated in Fig. 13a
did not allow the rotor to be generated because the second mountain ridge
was located beneath the wave crest, as the wavelength was similar to the ex-
tension of the valley (A ~ 18 km). Then, the valley was dominated by strong
northern winds although the first hundred meters above the ground were
often disconnected from the layers above, mainly when the local circulations
prevailed.

In the afternoon the rotor was formed under the wave crest, when the
horizontal wind decreased and the wavelength was reduced (Fig. 13b), un-
derneath the mountain wave, below the temperature inversion. According to
the LIDAR, WR measurements and surface stations data, the rotor seemed
to be elevated from the surface, with the base of the recirculating flow at
around 150 m. The rotor is evidenced by the southern horizontal flow re-
vealed by the UHF at layers between 150 and 850 m above ground, by the
LIDAR vertical plan and by the WR vertical profiles only at lower layers, be-
tween 150 and 500 m AGL. According to Fig. 13b, the horizontal extension
of the rotor can be approximated as a radius of 2 or 3 km, while the vertical
would be shorter, a radius of 1 or 2 km. However, several smaller rotors and
subrotors can be present within this big rotor as discussed in previous studies
(Doyle and Durran, 2007; Doyle et al., 2009). In addition, the large TKE
dissipation rate values observed over the UHF when the rotor was formed,
indicate the turbulence enhancement in the area corresponding to the up-
stream edge of the lee wave (see red symbols in Fig. 13b), in agreement with
previous research (Doyle and Durran, 2007; Cohn et al., 2011; Strauss et al.,
2016). This rotor was transient, formed during few hours, between 1700 and
1900 UTC, similar to the case described by Kiihnlein et al. (2013).
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The situation during the afternoon is then similar to what is described as
‘transient mountain waves and rotor’ in Strauss et al. (2016) (their Scenario
D), where the flow in the valley is mainly dominated by the mountain wave
induced circulation, favoured by the weak and variable winds close to the sur-
face, established over the valley during the sunset hours (Fig. 13b). In that
sense, the formation of the rotor can be also related to the fact that the valley
flows stopped with the sunset and the calm winds allowed the mountain-wave
induced circulation over the valley. In addition, we think that the presence of
the second mountain range could induce the mountain-wave circulation and
the associated rotor when it was formed. In contrast, the second ridge could
have been an obstacle for the development of the rotor during the morn-
ing hours. The different depth of the rotor counter-low between the UHF
and the LIDAR data might be related to the three-dimensional structure of
the rotor, which is still uncertain and cannot be inferred only using these
measurements. The influence of the nighttime drainage winds from the sur-
rounding smaller valleys, such as La Molina valley at the southeast (Conangla
et al., 2018), might also favour the counter-flow of the rotor. This needs to
be further investigated using larger range observations and meteorological
model simulations.

On the other hand, according to the MRR measured reflectivity, the pres-
ence of the rotor does not seem to affect substantially the precipitation in-
tensity at ground level. However, the influence of moisture and precipitation
intensity on the wave-rotor system and viceversa is an another interesting
feature that needs to be addressed in the future.

6 Summary and conclusions

In this work we have presented the first results of the Cerdanya-2017
field experiment focussing on the analysis of an elevated rotor associated to
a mountain wave event accompanied by heavy snowfall precipitation. Mea-
surements from instrumentation deployed in Cerdanya valley supported by
satellite and radar imagery have revealed the presence of mountain waves
over the valley on 15 January 2017. An associated rotor underneath the first
lee wave is observed through ground based wind measurements from a UHF
wind profiler, a Micro Rain Radar, a LIDAR and a Wind RASS-Sodar.

A vertically propagating mountain wave was formed over the Cerdanya
valley. The continuous wind measurements have allowed to depict the evo-
lution of the mountain wave, with greater wavelength during the morning
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1744 A ~ 18 km, and shortened during the afternoon A ~ 14 km. This estimate
1745 was based on satellite imagery and vertical wind component data measured
1746 from the UHF wind profiler and from MRR observations in different loca-
1747 tions. The rotor associated with the mountain wave was observed during 2-3
1748 hours in the afternoon when the mountain wave wavelength was shorter than
1749 in the morning and the second wave crest was aligned with the second ridge
1;:? of the valley. According to the surface stations, nighttime light and calm
1752 winds dominated the surface when the rotor was formed, which could have
1753 helped the development of the rotor circulation and kept the rotor elevated
1754 from the surface. The observed rotor had a radius of about 2 km in the
1755 horizontal, possibly a little shorter in the vertical. The most turbulent area
1756 within the rotor was located at the upstream edge of the wave, where strong
1757 shear and TKE dissipation rate was observed. The lower part of the rotor
1758 counter-flow was located around 150 m above the surface, disconnected from
1759 the surface weak flows.

1;2? Although the main features of the mountain waves and the rotor are iden-
1762 tified, future investigation is needed in order to address the three-dimensional
1763 structure of the rotor and the interaction with other flows close to the ground
1764 or valley circulations. Numerical modelling can be a useful tool to address
1765 this issues, not only mesoscale models but also LES models in order to re-
1766 solve the turbulence generated within the rotor. In addition, further research
1767 is needed in order to explore the influence of the rotor in the precipitation
1768 intensity and distribution.
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Abstract: Recent studies reported that precipitation and mountain waves induced low
tropospheric level circulations may be decoupled or masked by greater spatial scale variability
despite generally there is a connection between microphysical processes of precipitation and
mountain driven air flows. In this paper we analyze two periods of a winter storm in the Eastern
Pyrenees mountain range (NE Spain) with different kinematic structures and low-level turbulence
as revealed by Micro Rain Radar (K-band), microwave radiometer and Parsivel disdrometer data
during the Cerdanya-2017 field campaign. We find that kinematic structures do not affect neither
the snow crystal riming or aggregation along the vertical column nor the surface particle size
distribution of the snow. This study illustrates that under certain conditions precipitation profiles
and mountain induced circulations may be decoupled which can be very relevant for either
ground-based or spaceborne remote sensing of precipitation.

Keywords: MRR; Parsivel disdrometer; orographic precipitation; mountain waves; rotor; winter
storm; Pyrenees

1. Introduction

Mountains are a major factor in precipitation modification at local and global scales [1]. As
precipitating clouds interact with mountains, subsequent precipitation patterns may be deeply
influenced by the terrain variability. Local-scale mountain circulations have evidenced to influence
the microphysical processes that determine the precipitation particle size distribution (PSD)
reaching the ground. For example, examining field observations from the MAP [2] and IMPROVE
[3] campaigns it has been found that stable baroclinic systems passing over mountains frequently
produce a vertical wind shear layer over the windward slope of the mountain [4]. Using radar
observations, it has been observed that the turbulence and small updraughts produced inside the
shear layer enhance ice riming and raindrop coalescence that contributes to the growth of
precipitation particles [5,6]. However, during a winter observational campaign, Kingsmill et al. [7]
observed a vertically propagating mountain wave forced by the Park Range (northern Colorado)
using an airborne vertically pointing W-band (95GHz) Doppler radar. They studied 10-minutely
spaced cross-sections across the barrier and did not found evidence of impact of the
mountain-wave circulations in the precipitation patterns. Their results suggested that, due to the
complex nature of the interaction in which many scales might be interacting, it would be necessary
to employ different types of observations to further analyse this apparent disconnection between
mountain-waves and precipitation processes.
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To address this issue, in this paper we study the relation between orographic precipitation and
leeward vertically propagating motions forced by the Pyrenees mountain range at different
temporal scales from minutes to hours using a vertically pointing Micro Rain Radar, a Parsivel laser
disdrometer and other instrumentation set in the Cerdanya-2017 (C2017) field campaign [8,9]. Our
initial hypothesis is that mountain circulations modify precipitation features when large scale
variability of the precipitation does not hamper the identification of small-scale interactions.
Instrumentation used in the study is briefly described in Section 2. In Section 3 we describe the
snowfall event analysed showing how the large-scale variability is the main source of PSD
fluctuations. To isolate the mountain induced atmospheric circulations and associated kinematic
structures, two periods with minor variability among them are selected and analysed in Section 4.
The conclusions obtained are drawn in Section 5.

2. Data and Methods

2.1. Rain Gauges

Solid precipitation for the region of study was measured by the C2017 field campaign
automatic weather station network (AWS), consisting in a selection of the AWS of the four different
rain gauge networks managed by the Spanish Meteorological Service (AEMET), Meteorological
Service of Catalonia (SMC), Andorran Study Institute (CENMA) and an ad-hoc network provided
by French Meteorological Service (Météo-France). As it is well known, AWS tend to underestimate
solid precipitation, especially when the wind is strong [10,11]. The measures presented in Figure 1
have been corrected using the transference functions developed by Buisan et al. [12] for
tipping-bucket gauges and by Kochendorfer et al. [13] for single-Alter-shielded weighting gauges.

2800
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Figure 1. Location of the study area (left panel) and accumulated precipitation (mm) and snow
depth increment (cm) (in parentheses, if available) from January 15 to 16 2017 (right panel). Right
panel shows locations of single-Alter shielded weighting gauges (green solid circles), tipping bucket
heated gauges (orange solid circles), Das station where the MRR and the Parsivel disdrometer were
located (red circle) and the location of Malniu station (red triangle). Precipitation amounts are
corrected for undercatch wind effects (see text for details).

2.2. Micro Rain Radar

A Micro Rain Radar (model MRR-2), a compact FM-CW Doppler radar that operates at 24 GHz
(K-band), was employed in this study [14]. The radar uses an offset antenna with a vertical beam
orientation to scan a vertical profile every 10 seconds. Although MRR was first developed to
observe liquid precipitation and has been widely used for this purpose (see for example [15-17]), its
application to snow observation has also been demonstrated [18] despite solid precipitation particle
preferential orientations and aspect ratios influence radar reflectivity estimates posing additional
challenges compared to liquid precipitation [19]. MRR has been recently applied to solid
precipitation studies to analyse snow band microphysics for US east coast winter storms [20],
lake-effect convection at Lake Ontario [21], Ze-SR relationships over Antarctica [22], Antarctic ice
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mass balance [23], precipitation decrease due the katabatic winds [24] and verify spaceborne
snowfall estimates from the CLOUDSAT satellite [25].

In this study MRR data was recorded with 100 m vertical resolution up to 3 km above ground
level, integrating measurements every 60 seconds and applying the post-processing methodology
proposed by Maahn and Kollias [26] which is especially suited for snowfall observations and
provides reliable values of equivalent reflectivity, Doppler velocity and spectral width.

2.3. Parsivel Disdrometer

Particle Size Velocity (Parsivel) is an optical disdrometer whose measurements are based on
the attenuation of a laser beam obscured by falling precipitation particles. From the reduction of the
output voltage and the signal duration, Parsivel determines the particle size and velocity
respectively. In this study an OTT Parsivel disdrometer [27] with I-minute data average was used.

Parsivel assumes that precipitation particles are spheroids, which is a good approximation for
small and medium sized raindrops. However, this assumption largely departs from the reality for
solid hydrometeors such as snowflakes. Nonetheless Battaglia et al. [28] showed that Parsivel data
can be adapted to measure snow precipitation events by calculating the widest horizontal
dimension (WHD) to characterize snowflake size. This is the only size parameter that can be
retrieved from Parsivel solid precipitation data, although according to Battaglia et al. [28] it has no
direct microphysical meaning. WHD estimates have large uncertainties for small particles: [28]
reported a mean underestimation of around 20% for small particles.

The equivalent radar reflectivity factor (Ze) can also be retrieved from Parsivel snow
observations using the algorithm developed by Loffler-Mang and Blahak [29] considering that, due
to the different dielectric properties of solid precipitation particles, some correction factors should
be applied [30]. The method requires to assume a single crystal mass-size relation to perform the
calculations. We considered the study of Locatelli and Hobbs [31] which determined empirical
mass-size relations for 14 solid precipitation types and applied them to compare the Ze between the
disdrometer data and the third lowest bin (300 m above ground level, agl) MRR processed data.
Details of this analysis are described in Appendix A - see the scatter plots of Figure Al and Table
Al. According to this analysis two solid precipitation unrimed particles (types so-called aud and
ausp, described in Table Al) matched much better our data set than the others for the event
studied.

3. Results

3.1.1. Description of the snowfall event

On 15 and 16 January 2017 a major blizzard event occurred in the Pyrenees (NE Spain)
bringing extreme low temperatures, heavy snowfall and gale-force winds. The episode occurred as
a consequence of a strong northern flow under a north-to-south oriented jet and the presence of
symmetric instability and an atmospheric river that impinged directly to the Pyrenees. As reported
in previous studies, intense meridional flow impinging perpendicularly to the Pyrenees mountain
range is a classic characteristic of both warm season [32,33] and cold season [34] heavy precipitation
events due to orographic effects. Upstream sounding observations indicate that this event occurred
under moist-neutral stratification (not shown). Figure 1 displays the precipitation measured and the
snowfall accumulations by the field campaign network and the location of the Cerdanya valley.

3.1.2. Overview of the 15-16 January event

This winter storm was intensively observed during the C2017 field campaign [35] and
generated mountain waves at the lee side of the Pyrenees, a common feature observed at this area
[36]. The main observatory was located at Das and besides an AWS, an MRR and a Parsivel
disdrometer described in the previous section, it also included additional instrumentation such as a
multichannel microwave radiometer, a ceilometer and a wind profiler. Das is located at 1100 m
above sea level (asl), leeward of the main mountain range (maximum heights about 2900 m asl) but
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surrounded by a secondary mountain range (maximum heights about 2500 m asl) in the opposite
direction (see Figure 1).

The evolution of the snowfall event over Das observatory is displayed in Figure 2, showing

MRR reflectivity and Parsivel derived reflectivity (Figure 2a), MRR spectral width and Doppler
velocity (Figure 2b and 2c respectively) and Parsivel PSD (Figure 2d). During the event three main
stages can be distinguished:

d)

a) _— Period A Period B

b)

Stage 1: In the early stage from 5:00 to 8:00 UTC on 15 January, some snow showers with
reflectivity in pockets were observed over Das. During this stage particles measured by the
Parsivel disdrometer were very large as expected from aggregation inside the several pockets
[37].

Stage 2: From 8:00 UTC to 23:00 UTC, MRR and Parsivel reflectivity scaled back and
precipitation resembled to be more constant and lighter. Particles arriving to the ground were
mostly small (WHD <3 mm).

Stage 3: From 23:00 to 13:00 UTC on 16 January, reflectivity was again enhanced increasing the
temporal variability due to new snow showers. During this stage the largest particles of the
event were observed while small particles also increased in number.
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188 Figure 3. AWS observations from Das (solid line) and Malniu (dotted line) of a) temperature, b)
189 relative humidity, ¢) precipitation, d) snow depth and surface pressure (in Das only; yellow line), e)
190 wind speed and f) wind direction. Dates are indicated considering the format MM-DD HH
191 (month-day hour) in UTC.
192 3.2, Impact of local kinematic structures into precipitation patterns
193 We have seen that the main sources of precipitation variability are transient processes driven

194 by synoptic or sub-synoptic variations. But which is the role of the small-scale circulations such as
195  waves and rotors induced by mountains? To answer this question, we closely analysed two 3-hour
196  periods with the same precipitation structure in the stage 2 but with different mountain induced
197 circulations. The first period selected is comprised between 10:00 UTC and 13:00 UTC when the
198 mountain wave was wide enough to produce updrafts over the MRR. The second period selected
199 ranges from 17:00 to 20:00 UTC and is characterized by the presence of a rotor, with the MRR
200 located at its descending branch. As it can be seen in Figure 2, wind circulation and turbulence
201 illustrated by MRR vertical velocity and spectral width reflectivity prove to be very different.
202  Comparing the precipitation patterns of both periods, illustrated by MRR reflectivity and Parsivel
203 PSD, more similarities can be noted. During the period B reflectivity slightly decreases with respect
204 to the period A but PSD at ground level looks fairly constant. It is worth to mention that during the
205 period A the cloud base remains relatively constant (ca. 1300 m agl), it raises and shows sharp
206 variations during the period B.

207  3.2.1.MRR observations

208 To assess how the change in the mountain-wave kinematic structures affects the distribution of
209  the precipitation in the vertical, Figure 4 shows the MRR reflectivity, velocity and spectral width
210 spectrogram of both periods; mean cloud base and temperature levels from microwave radiometer
211 estimates are also indicated in the plots. Spectral width and vertical velocity show large variations
212 between both periods.

213 1. During period A, spectral width shows large values between 1.0 and 1.5 m s at low levels, and

214 values around 1.0 m s over 2000 m. agl. Vertical velocity shows a gradient from downward
215 velocities around 2 m s to upward velocities around -2 m s'! that are the result of overlaying
216 the vertical movements of the wind with the falling velocity of the particles with respect to the
217 air - typical snowflakes terminal velocities are about 1 m s-! [39] but they may fluctuate from

218 the mean [40].
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particles are aggregates of unrimed dendrites or dendrites (below black line). b) Spectral Width
[ms?] from MRR (above black line) and Parsivel derived type of precipitation (yellow colour
indicates snow). ¢) Vertical velocity [ms™] from MRR Doppler speed (above black line) and Parsivel
measured fall velocity (below black line). d) Parsivel concentration of particles as a function of the
widest hydrometeor diameter [m®m]. Vertical black lines in (a) indicate the three stages discussed
in the text. Red and blue dashed lines indicate the mountain wave period and the rotor period,
respectively. Dotted black lines and the grey points in (a) indicate microwave radiometer derived
isotherm levels and cloud base height respectively.

Local scale mountain induced circulations can be inferred from MRR thanks to the ability of

snowflakes to trace the vertical movements and the turbulence of the air [38]. Hence, we can use
MRR Doppler velocity and spectral width profiles as a proxy of the vertical movements and
turbulence over the vertical of Das respectively. We separate the analysis of the evolution of vertical

velocity and spectral width.

Doppler velocity shows a first stage until 15:00 UTC dominated by updrafts beyond 1500 m
agl. over the MRR, revealing the location of the upstream part of a mountain wave. After that,
updrafts steadily reduce and fall velocities dominate. This regime change has been identified as
a mountain wave, diminishing its wavelength around 15:00 UTC and generating a rotor later
[35]. Falling velocities in upper MRR levels dominate until approximately 5:00 UTC on 16
January with the appearance of new updrafts that may be associated to a new mountain wave
and may extend to the low levels during the largest convective cells.
During the first precipitation stage, large values of spectral width dominate at all height levels.
When the towering reflectivity enhancement ceases, turbulence over 2000 m above ground
level dramatically decreases, but large values of spectral width still dominate at low levels. At
16:00 UTC, coinciding with a sudden surface temperature diminution and wind direction
change (Figure 3), turbulence drops-off at low-levels, presumably due to a nocturnal cold pool
formation. From this moment to 4:00 UTC, three decoupled layers are observed even when
reflectivity pockets start again. After 4:00 UTC turbulence gets enhanced again at middle and
upper levels, but the low-level layer remains decoupled.

The evolution of this event illustrates that precipitation processes present transient features

dominated by deeper tropospheric processes unrelated with the mountain kinematic structures
associated with induced circulations. Comparing MRR reflectivity, Doppler velocity and spectral
width, we do not observe a simple relationship between the precipitation variability and changes in

the vertical velocity or turbulence, highlighting the great complexity of the underlying processes.
Nonetheless, as stated in the study carried out by Kingsmill et al. [7], we cannot draw a definite
conclusion from these observations, since small scale circulation variability might be masked by
greater spatial scale variability.
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During period B three decoupled layers can be distinguished: the bottom and the top layer
with very low turbulence, under 0.5 m s, and a middle shear layer [4] with large turbulence
between 0.5 and 1.0 m s'. Falling vertical velocities between 0 and 2 m s' dominate in this
period at all levels. It is observed a slight increase of the falling velocity closer to the ground
inside the shear layer.
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Figure 4. MRR reflectivity [dBZ], spectral width [m/s] and Doppler velocity [m/s] spectrogram for a)
period A and b) period B. Dotted lines indicate average isotherm heights (purple lines) and average
cloud base heights (orange lines) derived from microwave radiometer and ceilometer data

respectively.
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Both periods show similar features regarding the reflectivity: an increase from 3000 m to 2000
m agl where the snow crystals may be growing, a band with reflectivity values stabilized and
finally a reflectivity decrease at low levels that may be related to the snow sublimation by the wind
effect [24,39,41]. The main difference in the MRR reflectivity between both periods is the
magnitude, that is 5 dB greater in all the profile during period A compared with period B. Snow
growing for both periods is located aloft the -15 °C isotherm level suggesting that crystal formation
is outside the dendrite growing zone [42]. It has been observed that dendrites are more sensible to
aggregation due to mechanical entanglement [43], so the lack of increasing reflectivity with
decreasing height below the -15 °C isotherm indicates the absence of dendrite aggregation. The
comparison of MRR reflectivity and spectral width does not indicate a clear association between
snow growth and turbulence during this part of the event.

3.2.2. Parsivel observations

Figure 5a shows the averaged PSD of the two 3-hour periods (bold dashed lines) recorded by
the Parsivel disdrometer. It is evident that both periods show a similar particle size distribution that
confirms the similar reflectivity at low levels observed by the MRR. To visualize the variability and
verify that the similarity is not a coincidence due to temporal averaging, we also plotted the three
averaged 1-hour segments for both mountain wave and rotor periods. Although the variability is
larger for small particles (less than 1 mm), specially for period B, it is shown that the distribution of
most particles sizes between 1 and 3 mm follow the same potential scaling. Additional confirmation
is provided by Figure 6 which shows that PSD in this period is totally different from other periods
of the case study.

We also compared the full spectra of velocities and diameters of the two periods in Figure 5b
and c. Interestingly, despite both periods have an identical PSD, the spectra of velocities measured
by Parsivel are substantially different. Period A shows a broader spectrum of velocities, ranging
from 0 to 6 m s for small particles, than period B, whose values range approximately from 0.5 to
25 m s for all the particles. This difference may be explained by the enhanced near-ground
turbulence during the period A that removes any sensitivity of the snow particles to the terminal
velocity [44] and the decrease of turbulence during the period B, which is probably more associated
to the diurnal regime than to the mountain kinematic structures. It is worth to note that, as
observed in Figure 5a, the broader spectrum of particle velocities does not lead to snow growing
neither by particle aggregation nor riming as it would be expected due the small-scale updraughts
and downdraughts inside the turbulent boundary layer [5,6,37,39].



261

262
263
264
265

Velocity [ms 1|

9of 16

) 10° == 01.151C-D1-1513

== 011517 -D11520
> 01-151C - 01-15 11
LY
A 011511 - 0115 12
7 01-1512 - D115 13
011517 - 011518
01-1518 - D115 19
01-1519 - D1-15 20
102
1 \
£ W
. Ty
E IR
= )
g %
A% Y
Y
Y
10!
—
I‘ ~
7 So
Y
0 1 3 4 5
WHD [mm
s 2017-01-15 10:00:00 - 2017-01-15 13:00:00 0t C ) 3 201/-01-15 1/.00:00 - 201/-01-15 20:00:00 "
7 7 4
10% 5 10}
SR ]
= ¢ <
w3 = w3
b £ &
3 ° 3
3 g 3
= 4
- 10t 10"
10 I
3 4 5 a 1 2 3 & 5
WHD [mm] WHD (]

Figure 5. a) Particle Size Distribution averaged for the time interval measured by Parsivel for
mountain wave period (in blues) and rotor period (in reds). b, c¢) Particle size and wvelocity
distribution for b) period A and ¢) period B. Dates are indicated considering the format MM-DD HH
(month-day hour) in UTC.
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Figure 6. Hydrometeor Particle Size Distribution N(D) measured by Parsivel disdrometer for the
three different storm stages studied. Dates are indicated considering the format MM-DD HH
(month-day hour) in UTC.

4. Discussion and conclusions

During the 15 and 16 January 2017, a major snowfall event was observed using remote sensing
instruments in the Cerdanya valley at the Pyrenees mountain massif (NE Spain). In this study, we
analysed two periods with the same synoptic and sub-synoptic features but with different local
scale kinematic structures induced by the mountain ranges. As evidenced by ground-based Parsivel
observations, changes in mountain-wave kinematic structures had a minimum effect over the PSD
observed leeside of the Pyrenees during the stationary stage of this winter storm. Nonetheless, they
affected the velocity distribution near the ground. Unexpectedly, the broader range of particle
velocities due the overturning cells did not imply a greater aggregation or crystal modification as
suggested by Parsivel-MRR comparisons. The relatively cold and dry continental environment of
the Pyrenees may explain the absence of rimming which is more prone to occur over coastal
mountains due the increased liquid water inside the winter clouds [6,37,45]. The lack of aggregation
may be explained by the lack of dendritic growth, so the particles grown aloft probably fall pristine
through the turbulent layer without experiencing mechanical aggregation during their path [43].
The low-level sublimation may also contribute to obtain identical PSD in both periods.

Our results agree and complete those of Kingsmill et al. [7] who did not find evidence of
mountain modification of precipitation profiles in Park Range, Colorado during field
measurements. Kingsmill et al. [7] argued that large scale variability may hide small mountain
interactions. As the two periods analysed had minor variability among them, our results suggest
that under certain conditions, kinematic structures generated as a result of mountain induced
gravity waves and rotors do not modify the precipitation particle distribution at low levels and do
not contribute to a larger aggregation. Recent results from the SNOWIE field campaign about
winter orographic clouds and precipitation [46] found a frequent decoupling between the
orographic cloud layer where precipitation was formed and the near-surface air layer, which was
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trapped at the bottom of the valley. In our study, we also find a decoupling between ground-level
conditions and higher levels but affecting precipitation profiles as well.

These results illustrate the high variability of winter precipitation profiles in complex terrain
and contribute to improve our understanding of discrepancies between surface precipitation and
ground-based or spaceborne remote sensing estimates based on measurements performed above
ground level over the so-called blind zone [47]. This is particularly relevant for recent studies using
CloudSat or GPM core satellite data [48-50].
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Appendix A

To analyze which type of solid precipitation particle matched best our data we compared the
equivalent radar reflectivity factor (Ze) retrieved from Parsivel with the third lowest MRR bin, the
first usable bin according to Maahn and Kollias [26].

To retrieve the Parsivel Ze we used the algorithm developed by Loffler-Mang and Blahak [29].
Ze was estimated, after Smith [30] by

n;DE
7, aC z it
g K . M, tFt’i
L
where Ck is the complex refraction index for ice (0.195), n: are the number of measured precipitation
particles in a class with a mean diameter Di and mean velocity vi during time ¢, F is the measuring

area, and Cwm,i is a correction factor that takes into account of the mass-size relation m=aD?® of the ice
crystal and it is calculated using the following formula

(ﬁm- .
Cop : = | ————
M. :ﬂ:DJE)

Figure A1 provides a comparison between MRR Ze observed and the Parsivel Ze calculated to
analyze which type of crystal matched better our data. Table Al provides the numerical values of
Figure Al.
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Figure 1. Linear regression between MRR reflectivity and MRR Ze calculated by Parsivel using 14
different mass-size empirical relations of crystals. Dashed black line indicates the 1:1 relation.



334 Table 1. Linear regression (parameters a, b of MRR_Ze= a + Parsivel_Ze * b and correlation coefficient r) of reflectiviy Ze calculated using the third lowest MRR bin (300

335 m) and Parsivel data using different mass-size empirical relations of crystals according to Locatelli and Hobbs [31]. Columns correspond to the whole event (All), and
336 stages 1, 2 and 3 (see Figure 2).
All 1 2 3
Solid Precipitation particle type b a r b a T b a T b a r
Aggregates of unrimed side planes (ausp) 0.657 929 0813 0430 1217 0707 0777 7.05 0.672 0.630 1062 0.720

Aggregates of unrimed assemblages of plates, side planes, bullets and 0555 814 0828 0375 1108 0721 0672 633 0.678 0438 1049 0.648
columns (aup)

Aggregates of densely rimed assemblages of dendrites or dendrites (arp) 0555 8.14 0.828 0375 11.08 0721 0672 633 0.678 0.438 1049 0.648

Aggregates of unrimed assemblages of dendrites or dendrites (aud) 0.657 5.86 0812 0430 993 0.707 0.777 299 0.672 0.630 733 0.720
Densely rimed assemblages of dendrites (dra) 0513 734 0828 0353 1040 0.723 0618 556 0.668 0374 1031 0616
Densely rimed dendrites (drd) 0473 1078 0826 0331 1269 0.723 0562 9.82 0.653 0321 13.04 0588
Densely rimed columns (drc) 0473 755 0826 0331 1042 0.723 0562 597 0.653 0.321 10.84 0588

Lump graupel 3 (1g3) 0403 158 0819 0291 589 0722 0457 -0.56 0.616 0.245 780 0542

Lump graupel 2 (1g2) 0389 355 0817 0283 725 0721 0434 178 0.606 0230 916 0532

Lump graupel 1 (1g1) 0361 534 0813 0266 845 0.720 0391 393 0587 0206 1046 0516
Graupel-like snow lump type (gl) 0513 550 0828 0353 914 0723 0618 334 0.668 0.374 897 00616
Graupel-like snow hexagonal type (gh) 0454 9.08 0824 0320 1144 0723 0534 785 0.644 0.299 1202 0575
Conical graupel (cg) 0420 396 0821 0301 768 0723 0482 203 0.626 0261 906 0552

Hexagonal graupel (hg) 0374 533 0815 0274 850 0721 0411 385 0597 0.217 1034 0524

337
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