Urban daytime boundary layer height determination and
its relationship with high pollutant concentrations in Barcelona

Author: Miguel Garcia Dalmau

Supervisor: Mireia Udina Sistach, mudina@ub.edu
Facultat de Fisica, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spainﬂ

Abstract: The planetary boundary layer height (PBLH) is a key parameter to diagnose the
amount of pollutant concentration since it takes part in vertical dispersion, limiting the volume
where the pollutants can be dispersed. Nevertheless, there is not a reference technique to compute
it. In this work, 4 different algorithms -Parcel Method (RSDO0), Gradient Detector (WW), Function
Adjustment (ERES) and BL-View Enhanced Gradient using a Candidate Selector (CEIL)- are
applied to Barcelona non-rain midday radiosounding and ceilometer data from August 2015 to
December 2018 in order to estimate PBLH, focusing on pollutant episodes. The results suggest
that RSDO algorithm use is more suitable during summer, when boundary layer is highly developed.
Instead, CEIL yield better results during colder seasons, when boundary layer is not highly developed
and, thus, noise do not dominate over backscatter signal. WW is useful to detect strong temperature
gradients and ERES is effective at detecting cloud presence. Among the four algorithms, WW and
CEIL are selected to study high pollution concentration days. The PBLH median for NO2 and
PM; episodes is lower than the 25th percentile for all days studied, which suggest the role of low
PBLH in pollutant accumulation. WW and CEIL point higher PBLH for tropospheric Os episodes

influenced by high temperature and clear sky conditions.

I. INTRODUCTION

Boundary layer (BL) is the lower atmospheric layer,
from the surface up to few kilometres above it. BL
main characteristic is being affected by the surface, which
forces the atmosphere to react to derived effects (forc-
ings) caused by its presence, such as sensible and la-
tent heat transfer, terrain induced flow modification, fric-
tional drag and pollutant emission, among others, in a
short timescale of one hour or less (Stull||1988). Under
the influence of high pressure large scale forcings and
clear skies, over land, the BL shows a marked diurnal
cycle: it starts developing vertically after sunrise, when
convection begins to dominate over dissipative stresses,
and reach its maximum height -usually between 10 m and
3000 m- before sunset. As night approaches, surface cools
and develops a radiative surface inversion which avoids
the turbulence processes and creates a stable nocturnal
boundary layer. Above it, remains the residual layer:
part of the daytime originated BL which maintains its
characteristics.

Daytime BL is dominated by turbulence, usually
driven by convection. The solar heating creates eddies
(thermal turbulence) which produce mixing, so that me-
teorological variables tend to uniformity. In a ideal pro-
file, BL shows a neutral stratification with constant po-
tential temperature, constant water vapour content and
constant pollutant concentration -except directly over
surface, where strong temperature and humidity gradi-
ents are expected due to stronger turbulence. The en-
trainment zone is located at the top of BL: it is a transi-
tion zone between the BL and the free atmosphere char-
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acterized by a sharp potential temperature increase (en-
trainment inversion) and a water vapour decrease. It
usually defines the top of the BL, except when clouds
are present. In this case, if cloud height is lower than the
entrainment zone, BL top is usually defined at the cloud
base.

BL depth or BL height (hereafter PBLH) strongly in-
fluences the pollutant vertical dispersion. High pollutant
concentrations are often related to high pressure large
scale forcings leading to stability and low dispersion. In
that situations a PBLH can be well defined. If PBLHs
are low, the volume of air where the pollutants can be
mixed is limited and its concentration tends to increase
due to poor vertical dispersion. High pollution levels are
linked to health problems causing globally more than 2
million premature deaths every year (WHO|[2005)). The
main pollutants that affect large cities, and the standard
air quality thresholds are usually exceeded, are nitrogen
dioxide, particulate matter and troposferic ozone.

NOa, a toxic gas at high concentrations originated from
fuel combustion processes, have been shown to reduce
lung function (WHO|2005). PM;( are defined as any par-
ticulate matter -e.g. dust, which in Mediterranean areas
may be transported from nearby North African deserts;
soot, ashes, metal particles and pollen- with a diame-
ter lower than 10 micrometers. Health effects are broad,
mostly related to cardiovascular and respiratory systems
(WHO| 2005). Tropospheric O3 is a secondary pollu-
tant formed in complex chemical reactions with nitro-
gen oxides and volatile organic compounds in presence of
high-intensity ultraviolet radiation. Its affectations range
from agricultural losses (Aryal/1999) to chronic effects in
human health, specially those related to the respiratory
system (WHO|2005). O3 is not a pollutant that usually
affects main cities, but may become a regional issue if
precursors emitted in urban areas are transported.
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Because of its relation to vertical dispersion, PBLH is
a key parameter to pollutant prediction and diagnose, es-
pecially for models. Nevertheless, there is not a unique
approach to compute PBLH. Many authors have ex-
plored various calculation methods based on different at-
mospheric characteristics: |Holzworth, (1964]), Okel|(1988)),
Seidel et al| (2010), |Wang and Wang| (2014), among
others, developed algorithms using radiosounding data
to detect the entrainment zone or a elevated inversion.
Ceilometers, originally used to detect cloud height, also
serve to estimate PBLH since an ideal backscattering pro-
file shows a decrease near the entrainment zone that it is
able to be detected by this devices (Vaisala|[2014). This
is used, for instance, in |Eresmaa et al.| (2006), |Endlich
et al.|(1979)) and |de Hazj et al| (2007).

In this study, we explore the daytime PBLH in the
urban area of Barcelona, and its relation with high pol-
lution episodes. Two objectives can be defined: i) eval-
uate four different PBLH determination algorithms, two
of them based on radiosoundings measurements: Parcel
Method (Holzworth||1964), hereafter RSD0, and Gradi-
ent Detector (Wang and Wang 2014), hereafter WW;
and the other two based on ceilometer data: Function
Adjustment (Eresmaa et al.|[2006), hereafter ERES, and
Vaisala BL-View Enhanced Gradient (Vaisalal2010) ap-
plying Candidate Selector (Montolio et al|/2018)), here-
after CEIL. The second objective is ii) study the rela-
tion between PBLH and high pollutant concentration
episodes in the urban area of Barcelona.

II. METHODOLOGY
A. Study area

This study is centred in the Low Emission Zone
Rondes de Barcelona (ZBE), which was set up in
2017 affecting partially or entirely the municipalities
of Barcelona, Cornella de Llobregat, Esplugues de
Llobregat, I’'Hospitalet de Llobregat and Sant Adria de

Besos, in Catalonia region -NE Iberian Peninsula, see
figure [I}. Tt affects a densely populated area -the five
councils register a population over 2 million people in
an area of roughly 129 km? (IDESCAT|2020)-, forming
an urban continuum. The main purpose of the Low
FEmission Zone is to improve air quality in one of most
vulnerable zones of the Catalan Special Protection Zone
(ZPE), 40 municipalities around Barcelona city where
legal pollutant thresholds are frequently exceeded. Some
measures included the application of traffic restrictions
in case of an activation of the environmental episode
procedure due to high pollutant concentration. This
restrictions became permanent to the most pollutant
vehicles since January 2020 (BCN-CC/2020)).

Reial Decret 102/2011 (RD| 2011) fixes maximum
pollutant concentration in Spain following 2004/107/EC
and 2008/50/EC European Directives (ED)|2019). Table
[ presents the legal thresholds set for NOy, PMjo and
Os.

XVPCA (Xarza de Vigilancia i Proteccid de la Con-
taminacid Atmosférica) is the public network responsible
of pollution measurements in Catalonia. It operates
under the supervision of the Catalan Territory and
Sustainability Department. XVPCA station network
counts, nowadays, with 79 automatic stations and 107
manual stations, distributed in the 15 Air Quality Zones
(ZQA) in which Catalonia is divided, also shown in figure
Nowadays, all municipalities included in ZBE are part
of ZQA 1 - Barcelona Area. The stations are classified
according to urbanization degree -urban, suburban
or rural- and to main pollution source -background,
industrial or traffic- (XVPCA af2014]).

Barcelona Area usually exceeds legal pollutant thresh-
olds (Vidal et al|[2019). From 2015 to 2018, NOy VLa
was exceeded each year in the traffic measurement
stations of Eixample and Gracia, while NO; VLd and
LLA were never reached, as well as PMig VLd. PM;jq
annual mean was gradually reduced, and VLa had not
been exceeded in any station since 2016. O3z VOPS
superations are registered in Palau Reial in 2015 and in
Sant Adria de Besos during 2015 and 2018.

Table I. Concentration thresholds for NOz, PMjo and Os in Spain.

Pollutant Name Parameter Value
VLd (Human health protection hourly threshold) Hourly mean 200 pg/m> *
NO; LLA (Alert threshold) Hourly mean 400 pg/m?
VLa (Human health protection annual threshold) Annual mean 40 pg/m?
PMyo VLd (Human health protection daily threshold) Daily mean 50 pg/m® =¥
VLa (Human health protection annual threshold) Annual mean 40 pg/m?
VOPS (Human health protection value) 8h moving average day maximum 120 pg/m”® ***
O3 LLI (Information threshold) Hourly mean 180 pg/m®
LLA (Alert threshold) Hourly mean 240 pg/m®

* no more than 18 times within a civil year.

no more than 35 times within a civil year.
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no more than a mean of 25 days for every civil year in a 3 year period.
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1. Area de Barcelona 9. Emporda

2. Vallés - Baix Llobregat  10. Alt Llobregat

3. Penedes - Garraf 11. Pirineu Oriental
4, Camp de Tarragona 12. Pirineu Occidental
5. Catalunya Central 13. Prepirineu

14. Terres de Ponent
15. Terres de I'Ebre

6. Plana de Vic
7. Maresme
B. Comargues de Girona

Figure 1. Catalan ZQA (red line), ZPE (red shade) and ZBE
(orange shade).

Territory and Sustainability Department implements
measures against atmospheric pollution. Until January
2020, two different procedures were applied for PMq
and NOs episodes: preventive warning and environmen-
tal episode.

Preventive warning is the low pollution scenario and is
the previous phase to an environmental episode. PM;jq
preventive warning occurs when daily mean of the pre-
vious day is higher than 50 ug/m?3 in more than one
ZPE station and the forecasting for the following day
estimates a PM1g daily threshold exceedance. NOy pre-
ventive warning is activated when hourly mean in more
than one ZPE station is superior to 160 pug/m? and the
24-h forecast does not state a level decrease.

Treball de Fi de Master

Environmental episode is the high pollution scenario
and is activated when pollutant levels are high and there
is an unfavourable prediction. For PMjq, two situations
are considered: i) when daily mean of the previous day is
higher than 80 pg/m? in more than one ZPE station and
the forecast for the following day estimates a PMj( daily
50 pg/m? threshold superations, or ii) more than con-
secutive 3 days with 50 jg/m? daily mean exceedance in
more than one ZPE station and there is an unfavourable
forecast. NOs environmental episode is activated when
hourly mean in more than one ZPE station is superior to
200 jg/m? and the 24-h forecast does not signal a level
decrease or when another justified circumstance requires
it. NOs environmental episode declaration may lead to
traffic restriction measures. Outside the ZPE, each case
and measures applied are evaluated individually.

B. Data

To develop this work, data from 4 sources are used:
radiosounding, ceilometer, ZBE pollutant stations and
data from a meteorological station.

Atmospheric radiosoundings (RSD) are instruments
used to measure meteorological variables at different
heights. They are equipped with temperature, humid-
ity and pressure sensors, GPS position and time trac-
ing to obtain wind, and a radio to transmit data to the
ground station. The sonde is attached to an helium bal-
loon which lifts it over 30 km height. They are launched
around the world usually twice every day, reaching the
top of the atmosphere at 00:00 UTC and 12:00 UTC, giv-
ing a global state of the vertical atmosphere.

Catalonia has one radiosounding station -model MO-
DEM M10- run by the Catalan Meteorological Service
and located at the Faculty of Physics of the University
of Barcelona (41.385°N, 2.118°E) at 98 m above the sea
level. Barcelona radiosounding is performed since 1998,
and runs automatically since 2013. From December 2008,
Barcelona radiosounding is integrated into the Global
Meteorological Network .

In this study, data from RSD launched at midday is
used, considering the launching time at 11:10 UTC, from
August 2015 to December 2018 -1248 days in total-.

Ceilometers are instruments used to estimate cloud
base height and vertical visibility. Its functioning is based
on sending a light pulse and measure the backscatter
signal returned mainly by cloud droplets. Nevertheless,
other particle contribution, like dust particles, is also re-
flected in the backscatter profile. This feature is used to
compute PBLH .

Ceilometer data has been obtained from a CL31
Vaisala Ceilometer set in the same location as the RSD.
It is equipped with an InGaAs diode laser which sends
910 nm light pulses. It has a high measure range, from
almost 0 km to 7.6 km, and a 10 m resolution. Data is re-

ported every 16 s (Vaisala|2014). Barcelona Ceilometer

data is available from August 2015, when it was installed.

Barcelona, January 2020
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Table II. ZBE pollutant stations (XVPCA b[2018). Classification is related to urbanization (U=urban, S=suburban, R=rural)
and main pollution source (B=background, I=industrial and T=traffic).

Station Location Address Class Automatic measurements
1. Barcelona - Ciutadella 41.386°N, 2.188°E| Parc de la Ciutadella | U/B NOx,03, CO, SO2
2. Barcelona - Eixample 41.385°N, 2.154°E| Av. Roma / c¢. Urgell |U/T NOx, PMjq, Oz, CO, SO,
3. Barcelona - Gracia - St. Gervasi|41.399°N, 2.153°E Pl. Gal-la Placidia U/T NOx, PMjop, Oz, CO, SO2
4. Barcelona - Observatori Fabra® |41.418°N, 2.124°E Observatori Fabra S/B NOx, Os
5. Barcelona - Palau Reial 41.387°N, 2.116°E | Palau Reial de Pedralbes| U/B |[NOx, PM1g, PMa2 5, O3, CO, SO,
6. Barcelona - Poblenou 41.404°N, 2.205°E Pl. Doctor Trueta U/B NOx, PMig
7. Barcelona - Sants 41.378°N, 2.133°E| Jardins de Can Mantega | U/B NOx
8. Barcelona - Vall d’Hebron 41.426°N, 2.147°E | Parc de la Vall d’Hebron | U/B NOx, PMjp, Oz, CO, SO2
9. L’Hospitalet de Llobregat 41.370°N, 2.115°E| Av. Torrent Gornal U/B NOx, PMig
10. Sant Adria de Besos 41.426°N, 2.222°E c. Olimpic U/I NOx, PMig, O3

* From 2018-03-09.
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Figure 2. Pollutant stations in ZBE and surrounding area.

To collect, analyse and present backscattering data,
CL31 Vaisala Ceilometer is equipped with Vaisala
Boundary Layer View Software (BL-VIEW). BL-VIEW
generates two files each day: “Level 2” files have
backscattering information encrypted, and “Level 3”
have the estimation of up to three planetary boundary
layer and cloud heights using the Enhanced Gradient
method (Vaisala|[2010]), which will be later explained in
analysis methods section .

Pollutant data is obtained from XVPCA network.
Hourly-mean automatic records are free public data, and
can be downloaded from Open Data web-page (Dades
Obertes|[2020). In particular, this study uses XVPCA
measurements from the 10 automatic stations located in-
side the ZBE (see Table [[I and figure . More specifi-
cally, pollution episodes are selected as cases when i) a
legal threshold is exceeded or ii) a preventive warning or
an environmental episode are declared.

To filter data depending on weather, meteorological
data from the station located at Faculty of Physics of
the University of Barcelona was used. It registers with
a ten-minutes temporal resolution, temperature, relative
humidity, maximum and mean wind force, wind direc-
tion mean and typical deviation, rain, pressure and short

Treball de Fi de Master

wave and long wave radiation. Of all available meteoro-
logical variables from the station only rain has been used,
to distinguish between wet and dry days.

C. Analysis methods

This study has initially used all available Barcelona
radiosounding, ceilometer, pollutant and meteorological
data from August 2015 to December 2018; that is 3 years
and 5 months, 1248 days in total. Data is filtered using
two criteria: i) days with precipitation between 6:00 UTC
and 11:10 UTC are disregarded (93 days) to avoid possi-
ble effects due to the rain. ii) When there is a comparison
between two algorithms, days when PBLH cannot be es-
timated either by one of the two algorithms compared
are dismissed.

Next, the algorithms to calculate the PBLH from ra-
diosounding and ceilometer are described.

1. Determination of Radiosounding PBLH

PBLH computed with radiosounding data is estimated
using two different methodologies:

e Parcel Method (RSDO) (Holzworth| [1964). Air
parcels with a higher temperature than the environ-
ment are lifted until both temperatures are equal.
RSDO estimates PBLH for a convective dominated
boundary layer as the height where air parcel evo-
lution following a dry adiabatic evolution from sur-
face intersects with the environment temperature
profile. If the equilibrium temperature is located
between two radiosounding heights, a linear adjust-
ment is made.

o Wang and Wang| (2014) “Gradient Detector”
(hereafter WW), considering |Levi et al| (2020])
modifications. As the typical temperature and hu-
midity profiles show sharp variations at BL top,
PBLH can be identified as the height where max-
imum gradient of potential temperature (#) and

Barcelona, January 2020
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minima specific humidity (g), relative humidity (U)
and refractivity (V) gradients are located. Specific
humidity is calculated from RSD variables:

rq €
ToPp—€

where rq = 287.05 Jk¢g'K~! and r, =
461.50 Jkg—'K~! are the specific constants for dry
air and water vapour respectively, e is the water
vapour pressure, calculated using e = U - E, where
FE is the saturation water vapour pressure, com-
puted from Magnus-Tetens expression, and U is the
relative humidity given by RSD data. Refractivity
allows to consider joined effects of humidity, pres-
sure and temperature, and it is calculated using:

(1)

qrRT =

P e
T + 373000 T2 (2)
where p is the pressure expressed in hPa and T is
the temperature in K. As they are needed for the
computation, derivatives of temperature, refractiv-
ity and specific and relative humidity are obtained
with a 4th order discrete approximation. Gradi-
ent peaks are located using an automated func-
tion from Scipy, a Python module, equipped with
a quality filter to dismiss unreliable PBLH.

N =776

2. Determination of Ceilometer PBLH

PBLH determination using ceilometer data is per-
formed using both ceilometer generated “Level 2” and
“Level _3” files. In this work, 2 methods are considered:

e Function Adjustment (Eresmaa et al.[2006)), here-
after ERES. In this method, 90 m height moving
mean and 10-minutal mean backscattering profile
is fitted to an idealized profile given by:

B,.,+B, Bn,—B z—h

where: B,, is the mean backscattering in the BL,
B,, is the free atmosphere mean backscattering, h is
the PBLH, Ah, the entrainment zone width and erf
is the Gauss error function. Variable adjustment is
estimated using an automated Scipy function. In
order to avoid noise dominance over backscattering
signal, profiles are cut at 2250 m or when a strong
response is detected, usually caused by clouds.

e BL-VIEW Enhanced Gradient method (Vaisala
2010) applying |Montolio et al| (2018]) algorithm,
hereafter CEIL. BL-VIEW propose up to three can-
didates for PBLH indentified as the minima of the
backscattering gradient, since the backscattering
profile is characterized by a sharp decrease in the
entrainment zone. Before the proper PBLH compu-
tation, the algorithm filters high backscatter values
mainly caused by clouds and precipitation. Then,

B(z) = erf(
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it averages data with a space range of 80 m (near
the ground) to 360 m (over 1500 m) and with a
time window between 14 and 52 minutes depend-
ing on the weather (Vaisala|2010|) to minimize noise
effects. BL-VIEW defines PBLH as the most pro-
nounced minima. Instead of applying this criteria,
Montolio et al| (2018]) algorithm takes into con-
sideration previous time evolution and analyse the
most probable values to select PBLH.

All data obtained and PBLH methods are is statistically
analysed in section [[ITTA] Days when there is an NOy, a
PMi or Oz thresholds are exceeded, or when preventive
warning or an environmental episode are activated, are
identified and separately studied in section [[IT B}

III. RESULTS

A. PBLH methods evaluation

Statistical data from PBLH obtained using all 4
methods is summarized in table [IIl We have to take
into account that all days without rain are considered
here, either clear sky or cloudy days. The mean PBLH
in Barcelona from August 2015 to December 2018 is
between 921 m (CEIL) to 1035 m (WW). Data availabil-
ity is similar among RSD0, WW and CEIL algorithms,
approximately 1100 cases, but it falls to 800 for ERES
method. Table [[I]] also presents similar results for all
4 methods in the computation of the mean, 25th, 50th
and 75th percentiles. Regarding 95th percentile, CEIL
shows the lowest result (near 1500 m), and WW presents
the highest one (over 1950 m) above all algorithms.
This behaviour is also reflected in standard deviation, as
CEIL computations produce the smallest value of all 4
methods, and WW exhibits the largest one.

To study possible time effects, data obtained is divided
into the four seasons. In the results presented in figure
[l is it possible to see that RSDO and CEIL compute
low PBLH in winter and autumn, and slightly higher
during spring and summer. This results are the expected
ones, as forcings -such as convection- are stronger in
warm seasons. On the other hand, WW and ERES
do not perform this annual pattern: WW shows high
PBLH during cold seasons and low in warm seasons,
and ERES displays similar seasonal outcomes -medians
varying from 850 m during autumn to 1000 m in winter-.
Other remarkable results are the low 25th RSDO winter
percentile -lower than 500 m-, meaning that RSDO
calculates the lowest PBLH during winter. In contrast,
spring and summer RSDO 75th percentile are the highest
among all methods. For RSDO, are also remarkable the
superior outliers during spring and summer, higher than
3000 m. ERES presents a lower whisker reaching almost
0 m, in contrast with the other algorithms.
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Table III. Statistical rain-filtered data from PBLH computing algorithms

Measurement

Valid data | Mean (m) | Std (m) | 5th (m) | 25th (m) | 50th (m) | 75th (m) | 95th (m)

RSDO 1101 961 462
WW 1109 1035 472
ERES 802 973 429
CEIL 1077 921 338

3000 + +

2500 1

2000 1

H#H H+ +

15001

PBLH (m)

10001

500 1

Winter Spring Summer Autumn All

Figure 3. Boxplot of all 4 algorithms computed data labelled
by station.

Figure [4] presents RSDO, WW and CEIL data in scat-
ter plots identifying the season where the data was regis-
tered. ERES method has not been calculated due to the
lack of confidence on the results as it will be explained at
the end of this section. This figure is useful to confirm, in
the first case, the seasonal percentile behaviour. There
is a point accumulation for RSDO in the section with
values lower than 500 m during winter and, to a lesser
extent, during autumn, which coincides with the results
given by low RSDO0 percentiles during this seasons. As
explained before, WW may not detect the entrainment
zone as PBLH, but other upper layer temperature inver-
sions, disregarding the season. This can be seen by WW
top values. Lastly, CEIL difficulties to detect very high
PBLH are presented in the lack of points over 2000 m:
just one value, measured in summer, exceeds this level.

In order to evaluate the correspondence between
methodologies, figure [4] also presents the computation of
a first order data adjustment and its correlation coeffi-
cient. The lines fitted equations are:

PBLHgspo = (0.81 + 0.03)PBLHcgrw + (210 + 30),

4
r? =0.348 @

PBLHww = (0.36 = 0.03)PBLHgspo + (700 % 30),

5
r? =0.121 5)

PBLHww = (0,50 + 0.04)PBLHCE1L +4 (570 + 40),
r? =0.127

(6)

The results obtained do not allow to assure data follow
a lineal pattern for any of the three plots. Yet, the slope

Treball de Fi de Master

247 631 921
330 684 993
400 668 894
450 659 890

1246
1264
1215
1143

1778
1962
1834
1531

-closer to 1 m™!- and the r? coefficient obtained between
RSDO and CEIL (equation suggest a better adjust-
ment for this two algorithms. Although the R-squared
results, there is an accumulation in the zone near the
1:1 curve in all of the subfigures. From all 1056 points
available in the comparison between CEIL and RSDO,
579 of them (55%) show a difference between methods
no larger than 200 m, while this value is reduced for
WW-RSD0 and WW-CEIL scatter plots, 491 from 1088
data points (45%) and 495 from 1064 (47%) respectively.
Even though, the adjustment continues being poor,
influenced by non-compensated points due to non-ideal
boundary layer conditions.

From this information and the study of some individual
cases, we can comment about the behaviour and limita-
tions of the different algorithms.

e RSDO method PBLH results are influenced mainly
by three different factors. i) Lower layer RSD data.
RSDO algorithm highly depends on surface temper-
ature and its profile at low levels: the simulated
adiabatic evolution can intersect the temperature
profile in the first meters and compute a too low
PBLH, as top figure [5| shows. Additionally, when
surface potential temperature is the profile min-
ima, this methodology does not give any valid re-
sult (for instance, with strong surface temperature
inversions). This behaviour may explain lower val-
ues during the colder seasons using this algorithm,
which explains the low 25th PBLH percentile in
winter which translates to the results in 5th total
percentile. In a lesser way, a secondary cause of in-
correct early intersection may be the instabilities of
the RSD launching, causing strong shifts on tem-
perature profile in lower layers. The surface tem-
perature have also influence in ii) Development of
the BL. The adiabatic evolution might not intersect
the entrainment inversion causing the detection of
a PBLH candidate inside the boundary layer or in
the free atmosphere (as seen in the center section
of figure . iii) A definition problem, related with
the assumption that an adiabatic evolution is al-
ways held. With cloud presence, PBLH is typically
defined at its base, but RSDO does not consider
cloud formation. So, if there is a saturation be-
fore the adiabatic evolution is completed, it con-
tinues, ignoring the temperature difference caused
by rain droplets formation. Because of that, higher
values are expected when a cloud is formed within
the boundary layer than other methodologies which
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consider cloud formation. On the other hand, when
the BL is strongly developed during warm clear
sky days, this algorithm allows to correctly esti-
mate very high PBLH. This may be the reason of
the high 75th percentile results during spring and
summer and the detection of up to 3300 m outliers
during this seasons.

e As WW defines PBLH where it encounters a sharp
temperature, humidity and refractivity variation in
the RSD profile, it is able to correctly identify the
entrainment zone. Nevertheless, it may not differ-
entiate it when the profile shows more than one
sharp variation or middle temperature inversions
(as shown in figure |5 bottom). This is produced
usually in colder months, when the boundary layer
is not highly developed, and may force the algo-
rithm to detect the residual layer top. This be-
haviour may cause the computed values of WW
95th percentile -near 1950 m, the largest value
among all 4 methods-. At the same time, lower
WW values than those yielded by RSDO are accu-
mulated during summer. This may be caused by
the maximum gradient detector quality filter, that
can ignore peaks that may be the correct PBLH op-
tion. Both factors may explain the unexpected sea-
sonal results. Summer lower results compared with
the other seasons may be justified by sea breeze
producing a decrease in PBLH. Besides that, WW
algorithm is able to detect strong temperature in-
versions at low heights even with surface inversions,
situation known as one of the most problematic to
pollutant dispersion.

Despite ERES algorithm allows to a simplification
of the backscattering profile, the restriction of the
idealized profile to a Gaussian error curve limits it.
When the ideal curve does not adjust to the pro-
file, because its smoothness or variability, PBLH is
not computed. This is the main cause of the differ-
ence of the number of valid data between ERES -
approximately 800- and all other algorithms -nearly
1100-. Despite mean results are similar to all other
algorithms, because of the nature of the computa-
tion ERES PBLH often differs from all other can-
didates. The poor profile-curve adjustment may
justify both the small seasonal variation -median
varies from 850 m during autumn to 1000 m in
winter- and the lower whisker results. It detects
with great accuracy, on the other hand, cloud pres-
ence due to the detection of a sharp backscattering
decrease. This introduces another error in the algo-
rithm scheme: if there is a PBLH candidate lower
than the cloud base, ERES would ignore it and in-
dicate the cloud base as PBLH.

CEIL algorithm accurately detects backscattering
gradients, as it can be suggested by the correct sea-
sonal evolution and the analysis of individual re-
sults. But, on the other hand, it may have some
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complications when there is a smooth backscatter-
ing profile or when it has to detect very high PBLH,
as noise may dominate over signal. This may ex-
plain the lack of values higher than 2000 m, since
the algorithm is forced to select a PBLH candidate
from lower levels. This may be problematic during
warm cloudless days, with a strongly developed BL.
If PBLH is near the cloud base, high backscatter fil-
tering may introduce another error source because
it deletes backscattering data from cloud levels, so
the algorithm is unable to detect a valid PBLH at
this heights. Above all, the main issue is that inter-
mediate calculations -time and spatial means, high
backscattering values dismissed, etc.- are unknown
to the user, making the algorithm behave like a
“black box”.

Considering all the statements, it is possible to conclude
that RSDO algorithm use is not fully adequate in win-
ter as it strongly depends on surface temperature, which
may be influenced by radiation inversions, and, conse-
quently, it may not detect the entrainment zone correctly.
On the other hand, works well for clear sky days with
mixed boundary layers with a strong entrainment inver-
sion, usually in warm days, mostly during summer. WW
is affected by the existence of secondary inversions. So,
the algorithm behaves in a good manner when a strong
or a unique inversion are present in the temperature and
humidity profiles. ERES algorithm is not entirely reli-
able since the backscattering profile may not adjust the
Gaussian error curve proposed, not giving a valid result
or inferring a deviated PBLH. Nevertheless it considers
the existence of clouds, detects them, and gives its base
as a PBLH during cloudy days. Lastly, CEIL operates
correctly if the BL is not very developed, since upper lev-
els noise may interfere in the backscattering profile. This
may cause some complications in warm clear sky days.

B. PBLH during pollution episodes

To evaluate PBLH during high pollution days, ERES
and RSDO algorithms are dismissed. As presented,
ERES does not always adjust to the backscattering
profile, giving thus, untrustworthy results. Regarding
RSDO, high pollution episodes are often concentrated
when the temperature profile may show surface or low
level temperature inversions. BL might not be fully
convectively developed, making the adiabatic evolution
not intercept the temperature profile at the entrainment
zone. WW, on the other hand, is able to detect low level
inversions, which may be adequate to pollution days.
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Figure 4. Scatter plots of PBLH computed by RSDO0, CEIL
and WW algorithms. Point colour indicate the season where
the measurement was made: winter (blue), spring (green),
summer (red) and autumn (yellow). The line is traced ad-
justing all points.
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Figure 5. Details of 2016 September 5th (NO2 episode),

2016 November 17th (PM;q episode) and 2017 February 23rd
(PMio episode) midday radiosoundings. There are repre-
sented temperature (T'), dew point (7y) and potential tem-
perature (6) profiles, as well as curves marking the adiabatic
evolution () and an approximation to a saturated adiabatic
evolution in low levels (I, with a slope of -0.6 K/hm). Or-
ange horizontal line represents RSDO PBLH determination
and green horizontal line marks WW computation. Each one
presents a problem relating to RSD0 or WW algorithms cal-
culations: 2017-02-23 (top panel) presents 238 m for RSDO
and 646 m for WW (more reliable), since low surface temper-
ature affects RSDO results; 2016-09-05 (center) marks 1068
m for RSDO and 685 m (more reliable) for WW, as RSD0O
struggles finding the entrainment zone, and 2016-11-17 (last
section) estimates a 767 m RSD0 PBLH (more reliable) and
1556 m for WW, because of the presence of various tempera-
ture inversions that hinder WW calculation.
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It has been considered as “episode” all days in which a
legal threshold is exceeded or if one of the high pollution
scenarios -preventive warning or environmental episode-
is activated. In total, there are 108 days with a total of
121 threshold superations, with episodes in the 3 years
and 5 months analysed: 55 PMyo 50 pg/m? daily mean
superations, 37 superations of 160 pg/m?® NOg hourly
mean, 28 Os exceedance counting for VOPS threshold
and 1 Oz LLI superation. In this counting, there are
included combined episodes, when 2 or more pollutant
thresholds are exceeded the same day: 11 NO; and
PM;q episodes, 1 VOPS and LLI O3, and 1 NOy, PM;o
and O3 thresholds exceedance.

Figure [6] shows the same scatter plot of PBLH calcu-
lation using WW and CEIL algorithms presented in last
sector of figure [l but without seasonality distinction.
Instead, PM;g and NOs episodes are highlighted. We
can see most of the episodes (51 of 80, a 64%) located
in the region where PBLH computed by both methods
are lower than 1000 m. 23 measures (29%) show one
of two methods with a value lower than 1000 m. This
behaviour is related to the method difficulties detected in
the section [[ITA] The 6 remaining values, corresponding
to WW and CEIL heights over 1000 m, are related to
summer days with great boundary layer development.

Figure [7] displays a PBLH boxplot for CEIL and WW
methods, distinguishing between: all cases, pollution
days, high PMj;y and NO; pollution days studied
together and individually, and Os episodes. Data
obtained is shown in table Pollution days present,
as expected, a smaller PBLH than all data, but there
are some differences in relation with the pollutant. NOg
and PM;(y episodes show a low PBLH, with means of
673 m for CEIL NO;3 (a 27% less than all CEIL cases),
791 m for WW NO; (24% lower), 744 m for CEIL PM;y,
(19% less than all WW data) and 746 m for WW PM;q
(28%). Additionally, it can be also seen that the median
of all episodes is near the 25th percentile of all analysed
valid days. This confirms an expected result: low PBLH
favours high concentrations of PMip and NOs, as the
volume of air where pollutants are dispersed is reduced.
Nevertheless, tropospheric ozone behaves in a different
way than NOy or PM1 episodes, as it can be seen by the
mean results for both algorithms. High temperatures
are required to force the reactions responsible to its
formation, which allows the boundary layer to grow as
convection is more thermically developed. This may
explain why PBLH results for O3 are higher than for the
other pollutants. Oz PBLH determination behaviour
differs also in the methodologies: CEIL interquartile
range (IQR) is higher than WW IQR, and influences
all pollution days result. This may be explained by the
impact of high developed BL in the algorithm calcula-
tion: WW may point small intermediate variations, and
CEIL, although may ignore candidates masked by noise,
can still signal a higher candidate than WW.
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Figure 6. PBLH computed by WW and CEIL algorithms.
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Table IV. Statistical data for pollutant episodes for WW and CEIL PBLH computing algorithms.

Measurement Valid data | Mean (m) | Std (m) | 5th (m) | 25th (m) | 50th (m) | 75th (m) | 95th (m)
WW PMi19+NO2+03 112 814 407 265 544 724 1036 1607
WW PM;0+NO, 81 7T 394 265 482 682 991 1556
WW PM;io 55 746 374 255 455 661 973 1375
WW NO; 38 791 443 264 459 686 951 1617
WW O3 32 938 446 374 666 761 1156 1755
CEIL PM10+NO2+03 107 837 416 342 551 667 1144 1627
CEIL PM10+NO2 79 733 374 337 497 618 917 1493
CEIL PM;o 54 744 388 300 477 630 938 1523
CEIL NO2 37 673 379 306 424 583 729 1519
CEIL Og 29 1151 399 555 689 1236 1503 1680
Top and bottom panels in figure [§| present the evolu- 2500
tion of PBLH in NOs or PMg pollution days for both s HEssces
methods during the 3 years 5 months period. Results ® PM10:102 Episories
disaggregated by season and pollutant are presented in 2000 -
table [Vl At first sight, they serve to identify periods . .
of high pollution days accumulation (for instance De- 4
cember 2015, June 2016 and May 2018), whereas there _ 100,
are seasons where pollutant episodes are not registered S . . ..
(for example, 2016 spring or 2017 and 2018 autumns). 6 | 1
Nevertheless, if favourable dispersion conditions are not -3 . A a
met -such as the typical spring and autumn weather . . ° :
variability and rain accumulation-, cases like autumn i y . °.. LI
2015 may happen, with 25 high pollution days. Summer w00 | ' .. - - e
presents a lower number NOs episodes, maybe influenced *, T ‘4: y .« .
by a lower emissions impact derived from vacation time, o : 0
since traffic and mobility are reduced. The episodes ,

distribution may suggest that seasonality does not have
a strong effect on high contamination days -besides
the behaviour of NOy summer episodes-, but they are
influenced by large scale meteorological forcings. On
the other hand, results show a low PBLH in most of
NOy and PMjg episodes. A 53% of all episodes for
WW and 59% for CEIL, are under the 25th PBLH total
cases percentile for each method without any significant
differences between NOy and PMq episodes.

IV. CONCLUSIONS

In this paper, 4 different algorithms -Parcel Method
(RSDO), Gradient Detector (WW), Function Adjustment
(ERES) and BL-View Enhanced Gradient (CEIL)- are
tested to calculate the boundary layer height (PBLH)
using the radiosounding and the ceilometer located in
Universitat de Barcelona for the period from August 2015
to December 2018. PBLH mean in Barcelona is between

Table V. PMio and NO2 episodes identified by season where
they were registered. PM19+NO3 episodes are counted twice,
one in each category, but once in the “Total” category.

‘ Winter ‘ Spring ‘ Summer ‘ Autumn ‘

PMio 6 14 12 23
NO- 9 9 3 16
Total 15 20 15 30
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Figure 8. Time - PBLH plots for pollution days calculated
with WW and Ceil algorithms. Background colour is related
to the season: winter (blue), spring (green), summer (red)
and autumn (yellow). Horizontal lines mark 25th, 50th and
75th percentile of total data of each method respectively.
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920 m and 1035 m. This calculation is done for all days
without rain, in all type of sky conditions and all type
of large scale influence. The PBLH computed with this
algorithms usually produced high disparity between re-
sults. Some causes related to this behaviour have been
identified: RSDO may not detect the entrainment zone
inversion limiting the boundary layer because of its de-
pendency of initial temperature values, which yields to
poor results during winter as marked by the low me-
dian during this season; WW may point PBLH candi-
dates from small intermediate inversions, complicating
the PBLH determination if the boundary layer is not well
developed or there is not a marked inversion in entrain-
ment zone; ERES may give unsatisfactory results if the
backscattering profile is not adjustable to a Gaussian er-
ror function, as showed by the decrease of analysed cases
compared to other algorithms, and CEIL may produce
inaccurate computations if the boundary layer is highly
developed, as noise may dominate over backscatter signal
at upper levels. This analysis suggests that RSDO per-
forms well during warm cloudless days, whereas CEIL
may be useful to detect cold days PBLH. WW would be
convenient to use during days with strong temperature
inversions. ERES could be used as a support method
during cloudy days.

The main advantages and weaknesses of all meth-
ods have been taken into consideration to select WW
and CEIL as the analysis methodologies for pollution
episodes. Results suggests the paper of low PBLH in
NO; and PMq episodes, since more than 50% cases are
lower than the 25th PBLH percentile for all data and for
each algorithm (that is, lower than 684 m for the WW
method). On the other side, O3 photochemical origin
and, consequently, the necessity of clear skies and high
temperatures, produces a different behaviour in PBLH
than NOy and PM;g. The conditions needed for its for-
mation favours a high developed PBLH as showed by the
values obtained, which are much higher than NOy and
PMig. With this BL conditions, CEIL and WW may
not be appropriate. Future work may consist in iden-
tifying the adequate method in different meteorological
situations and sea breeze development (Arrillaga et al.
2016]).

Nevertheless, the differences between both methods
used to compute PBLH during pollution days, and the
possible errors involved in its calculations may difficult
its application to determine PBLH with certitude. Only
a 45% of the the computations using both algorithms
show differences lower than 200 m. The linear adjust-
ment done in the last sector of figure [4] and the poor
R-squared obtained (r?=0.127) point out that both algo-
rithms must be improved in order to generate an auto-
matic PBLH computation method reliable to its applica-
tion during high pollution episodes. Once it is developed,
WW method may be applied to modelled radiosoundings
to predict the next day PBLH. In a similar way, RSD0O
and ERES algorithms may be useful to the PBLH pre-
diction, but they must be improved in order to assure its
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correct functioning.

PBLH is not the only factor to high pollution levels.
As it can be seen in figures[land 6] a low PBLH does not
immediately imply high pollution concentration. Impor-
tant factors of horizontal dispersion, wind and terrain for
instance, emissions and pollution transport, must also be
considered. Future work may consist in developing a joint
air ventilation variable considering together both verti-
cal and horizontal dispersion. This may help to predict
of high pollution episodes, and, consequently, to apply
preventive measures to avoid heavy PM;y and NOs con-
centrations.
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