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A B S T R A C T

Jet Streams (JS) are powerful upper-tropospheric winds that significantly influence weather and climate. As 
anthropogenic climate change alters temperature gradients, subtropical JS are expected to shift poleward, which 
can have unforeseen consequences on midlatitude Earth systems. Here, we demonstrate, for the first time, the 
impact of the steady poleward migration of the Northern Hemisphere subtropical JS on Marine Primary Pro-
duction (MPP). Using over two decades of data (2000–2023), we establish a direct relationship between the JS 
latitudinal position and MPP variability in the Northwestern Mediterranean Sea. The observed northward 
migration of approximately 75 km over the study period aligns with a consistent decline in chlorophyll con-
centrations, representing a 40 % reduction, with rates reaching up to − 5% per year. This is attributed to the 
steady northward seasonal shift of the JS position, which drives changes in northern wind-stress and Ekman 
pumping, subsequently reducing upwelling occurrence and intensity. While the primary influence of JS position 
on MPP is seasonal, we demonstrate that its impact extends to non-seasonal components as well. Unlike other 
studies linking JS shifts to short-term wind stress variations and isolated upwelling events, our findings highlight 
a long-term impact on MPP. Our findings suggest that JS dynamics is a dominant driver of MPP variability in the 
Northwestern Mediterranean Sea and point to equivalent situations in other marine regions worldwide. The 
cascading effects of reduced MPP have the potential to significantly impact marine ecosystems and resources, 
with broader implications for fisheries and the carbon cycle.

1. Introduction

Jet streams (JSs) are strong meandering upper-troposphere fast air 
currents that play a pivotal role in shaping weather patterns and climate 
dynamics on both regional and global scales (Woollings et al., 2010). 
Two primary types of near-tropopause JSs exist: the polar jets, located 
9–12 km above the sea surface and embedded in the Polar front; and the 
subtropical jets, which are positioned at the poleward edge of the 
Hadley cell, at 10–16 km altitude (Holton and Staley, 1973; Bluestein, 
1993). These features are pivotal to the understanding of atmospheric 
circulation, as they influence global energy transfer and drive variability 
in weather systems and climate. Subtropical jets, in particular, exhibit 
significant variability in strength and position, with profound implica-
tions for midlatitude daily weather and long-term climate (Archer and 

Caldeira, 2008; Hudson, 1979; Barnes and James, 2015; Stendel, et al., 
2021).

Due to the alteration of midlatitude meridional temperature gradi-
ents because of anthropogenic climate change (Vallis et al., 2015; 
Woolings et al., 2023), subtropical JSs are expected to shift poleward 
(Meehl et al., 2007; Woollings and Blackburn, 2012; Vallis et al., 2015; 
Williams, 2016; Woollings et al., 2023). These shifts can profoundly 
affect atmospheric circulation patterns, modulating storm tracks, pre-
cipitation regimes, and the hydrological cycle (Hudson, 1979). More-
over, they may intensify vertical wind shear and atmospheric turbulence 
in midlatitude zones (Lv et al., 2021), with potential downstream effects 
on atmosphere–ocean interactions. Understanding JS variability and 
assess its impacts on interconnected Earth systems, including oceanic 
and biological processes, remains a critical and underexplored frontier.
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One factor linked to subtropical JS migration is the observed 
expansion and intensification of the Azores High (Asiri et al., 2020; 
Cresswell-Clay et al., 2022), a semipermanent anticyclone that governs 
wind patterns over the northeastern Atlantic and western Mediterranean 
(Davis et al., 1997; Webster, 2004). This expansion, especially over 
North Africa and the southern Mediterranean, has contributed to both 
the northward shift of the JS (Woollings et al., 2023) as well as a vertical 
displacement from 200 hPa to 250 hPa (Asiri et al., 2020). As the JS 
migrates, it alters the position and intensity of winds, which are the main 
drivers of coastal upwelling in many midlatitude marine systems 
(Bakun, 1990; Lenoir et al., 2020).

In the northwestern Mediterranean Sea, upwelling is driven by 
persistent northwesterly and northerly winds that induce offshore 

Ekman transport, facilitating the upwelling of nutrient-rich deep waters 
(Millot, 1979; Millot, 1990; Bakun & Agostini, 2001; Katara et al., 2008; 
Fraysse et al., 2014; Many et al., 2021). Therefore, the strength and 
frequency of these winds could be largely influenced by the latitudinal 
shifts of the JS. However, quantifying this contribution remains com-
plex, as JS dynamics interact with other synoptic and mesoscale atmo-
spheric features (Griffin & Martin, 2017; Fedorova et al., 2018; Asiri 
et al., 2020; Osman et al., 2021). While previous studies have linked JS 
variability to changes in upper-ocean dynamics and marine productivity 
(Bane et al, 2001; Bane et al, 2007; Checkley and Barth, 2009; Barth 
et al., 2007; Le et al., 2022), direct observational evidence linking JS 
shifts to upwelling in this region remains scarce. Moreover, there re-
mains a significant gap in understanding the long-term impacts of these 

Fig. 1. Overall study domain, showing mean geopotential height (colour scale) from ERA5 reanalysis products on pressure levels, and the mean Jet 
Stream (JS) position (black dashed line) during the study period (2000–2023) (cf. Methods). JS position, northern wind stress, and Ekman pumping are 
calculated across the 32◦–50◦N latitudinal window along the central longitude of 4.0◦E over the extended Gulf of Lion (black rectangle, 40◦–44◦N and 2◦–7◦E). 
Chlorophyll concentrations are averaged within the defined black square (cf. Materials and Methods).

J. Crespin et al.                                                                                                                                                                                                                                  Progress in Oceanography 235 (2025) 103494 

2 



shifts, particularly in the context of climate change.
Recent findings suggest that north–south shifts in the JS position can 

create a dipole effect in forest productivity and radial-growth anomalies 
across Europe (Dorado-Liñán et al., 2022; Xu et al., 2024). These find-
ings suggest a broader atmospheric influence on primary production, 
underscoring the need to explore similar dynamics in marine ecosys-
tems. In oceanic systems, JS variability may influence nutrient trans-
port, wind-driven mixing, and upwelling; all vital for sustaining 
phytoplankton productivity (Gruber, 2011).

Our research aims to address these questions by examining the 
climatological position of the JS over a domain extending from central 
Europe to the western Mediterranean Sea and the adjacent North African 
landmass (32◦–50◦N; 2◦W–8◦E), and its impacts on the extended Gulf of 
Lion region (EGoL, 40◦–44◦N; 2◦–7◦E) (Fig. 1). This region is among the 
most productive areas in the Mediterranean Basin (Bosc et al., 2004; 
Bănaru et al., 2013; Stambler, 2014; Coll et al., 2024) and is charac-
terized by intense atmosphere–ocean interactions, deep winter convec-
tion events, dense shelf water cascading, and frequent upwelling (Canals 
et al., 2006; Fourrier et al., 2022; Katara et al., 2008; Macias et al., 2018; 
Many et al., 2021; Mayot et al., 2017; Touratier et al., 2016; Keller et al., 
2024; Renault et al, 2012; Tamburini et al, 2013). These features make it 
an ideal natural laboratory for investigating climate-driven atmospheric 
changes and their cascading effects on marine ecosystems. Furthermore, 
the recent documented decline in Marine Primary Production (MPP) in 
this region (Gómez-Jakobsen et al., 2022) highlights the urgency of 
identifying its underlying drivers, especially considering the Mediter-
ranean’s rapid warming trends and increasing variability (Hidalgo et al., 
2022).

Using reanalysis and satellite-derived datasets, we investigate the 
links between JS position, wind forcing (northward wind stress, NWS), 
Ekman pumping (UPW), and chlorophyll concentration (CHL), a widely 
used proxy for MPP. Our analysis spans 2000–2024 and draws on ERA5 
and Copernicus Marine Service reanalysis products. Further details are 
provided in the Materials and methods section. By analyzing atmos-
phere–ocean coupling mechanisms, we aim to assess whether JS 
migration contributes to the ongoing decline in MPP.

Through this work, we aim to enhance our understanding of the 
complex interactions between JS dynamics and marine productivity, 
ultimately contributing to the broader discourse on climate change 
impacts on marine ecosystems. By identifying key atmosphere–ocean 
coupling mechanisms, our findings could inform future climate adap-
tation strategies and marine resource management in the Mediterranean 
Sea and other midlatitude coastal regions.

2. Materials and Methods

2.2. Methodology

To investigate the potential relationship between JS position and 
MPP, we used a set of environmental and oceanographic variables, 
including geopotential Height (HGT) to determine the JS position, 
Northern Wind-Stress (NWS), Ekman pumping (UPW), satellite-derived 
chlorophyll concentrations (SAT-CHL), and depth-integrated chloro-
phyll concentrations (CHL) from reanalysis data. Chlorophyll concen-
trations serve as proxies for MPP, and we used two different types of 
chlorophyll data to capture both surface and depth-related processes. 
The choice of NWS and UPW was driven by their established role in 
modulating upwelling and oceanographic conditions that influence 
MPP, with chlorophyll being a key proxy for measuring primary pro-
ductivity. The analysis was conducted using Python, with specific 
packages cited throughout.

The successive positions of the subtropical JS in the Northern 
Hemisphere were determined by computing the maximum HGT 
meridional gradient at 250 hPa, following the approach of Lv et al. 
(2021) over the 30◦–50◦N latitudinal range along the central longitude 
(4◦E) of the EGoL region (Fig. 1). This methodology follows Bane et al 

(2001) and ensures that the jet’s core is accurately located. The 250 hPa 
pressure level was chosen as it represents the altitude where the sub-
tropical JS is most prominent, exhibiting the strongest wind speeds and 
clear gradients (Lv et al., 2021).

To assess the role of wind stress in oceanographic processes, we used 
wind components at 10 m above sea level (u10 and v10 components, 
representing zonal/eastward and meridional/northward winds, respec-
tively) to compute the Northward Wind Stress (NWS), averaged over the 
same 30◦–50◦N latitudinal range (Fig. 1). The NWS was calculated using 
the following equations (1): 

τy = Cd⋅ρ⋅Ws⋅v10 (1) 

where τy is the northern wind stress, ρ is air density (1.2 km⋅m− 3), Cd is 
the drag coefficient (1.3⋅10-3) (Taylor, 1916; Kalnay et al., 1996), and 
Ws is the wind speed, computed as (2): 

Ws =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u10

2 + v10
2

√
(2) 

This method quantifies the role of wind stress in driving oceano-
graphic processes such as upwelling, which in turn impacts MPP.

Ekman pumping or upwelling (UPW), a proxy for upwelling strength, 
was computed following Smith (1988) (3): 

WEK =
1

ρswf
∇× τ (3) 

where WEK represents the Ekman upwelling velocity, ρsw is sea-water 
density (1025 kg⋅m− 3), f is the Coriolis parameter, and ∇⋅ τ is the 
wind stress curl, calculated as (4): 

∇× τ =
∂τy

∂x
−

∂τx

∂y
(4) 

where τx and τy are the zonal and meridional wind stress components, 
respectively.

UPW quantifies the vertical movement of water induced by wind 
stress curl (Von Schuckmann et al., 2019). While UPW is a primary 
driver of upwelling strength, other factors such as local bathymetry and 
water column stratification (Wang et al., 2013) can also influence up-
welling, though they are not explicitly considered in this study.

Two types of chlorophyll data were used: surface chlorophyll con-
centrations (SAT-CHL) derived from multi-sensor satellite observations 
and depth-integrated Chlorophyll (CHL) concentrations from the 
Copernicus Marine Service Med Biogeochemistry reanalysis dataset. 
SAT-CHL provides insights into the immediate impact of surface pro-
cesses such as light and nutrient availability on primary production. In 
contrast, the depth-integrated CHL, calculated from the surface to 60 m 
depth, includes deeper chlorophyll concentrations that are more rele-
vant for assessing the overall productivity of the system, including 
subsurface dynamics that contribute to seasonal variations in primary 
production. The 60-meter depth level was chosen because it encom-
passes the mixed-layer depth and extends to a sufficient depth to account 
for the vertical distribution of phytoplankton and the dynamics of pri-
mary production throughout the water column, ensuring a more 
comprehensive representation of MPP throughout the year. The use of 
both surface and depth-integrated chlorophyll data allows for a more 
comprehensive assessment of MPP, capturing both immediate surface- 
level processes and deeper dynamics.

The time series of each variable were filtered to eliminate high- 
frequency variability using two different rolling window techniques 
following Bane et al, 2001 methodology. A primary 8-day rolling win-
dow was applied to the data to remove the weather-band noise and 
short-term variability that could obscure longer-term patterns in the 
data. Then, a secondary 35-day rolling window was also applied to 
capture the broader inter-annual variability by smoothing out short- 
term fluctuations. This window size was chosen because it allows for 
the extraction of meaningful trends that are not dominated by short- 
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term weather events or smaller cycles (such as weekly or bi-weekly 
patterns). The 8-day window was applied prior to the 35-day rolling 
window to ensure that short-term variations were adequately removed 
before evaluating longer-term trends.

The two windows were applied sequentially, with the shorter win-
dow first to address high-frequency noise and the longer window 
applied afterward to capture broader variability. This approach ensures 
that both small-scale and large-scale variability are properly accounted 
for in the analysis, providing a clearer understanding of the underlying 
patterns.

After filtering, we computed two-dimensional time-evolving means 
for each of the key variables (JS position, NWS, UPW, SAT-CHL, and 
CHL) to capture the variability in both temporal and spatial dimensions. 
The two dimensions refer to time (temporal evolution) and space (the 
variation across the variables and their respective geographical loca-
tions). These time-evolving means were calculated for each variable by 
averaging over time at each spatial location or depth level, allowing us 
to track how each variable evolves and interacts over the course of the 
study period.

Pearson correlations, p-values, and cross-correlations between the 
variables were calculated using the scipy.stats.pearsonr and scipy.signal 
functions from Scipy (Virtanen et al., 2020). These statistics were used to 
quantify the strength and significance of relationships among the 
variables.

Next, to determine the significant frequencies of the variables, we 
applied discrete Fast Fourier Transforms (FFT) using the numpy.fft 
function from Numpy (Harris et al., 2020). Temporal and spatial means, 
climatologies, variances, trends, and annual cycles were also calculated 
as preliminary statistics. Initially, trends were computed using the 
numpy.polyfit and numpy.poly1d functions also from Numpy (Harris 
et al., 2020). Subsequently, we applied the Mann-Kendall test to eval-
uate trends in our data. The Mann-Kendall test is a non-parametric 
statistical method designed to detect trends in time series data without 
the assumption of a specific distribution (Mann, 1945; Kendall, 1970). 
For this analysis, we utilized the pymannkendall library in Python 
(Hussain & Mahmud, 2019).

To remove both seasonal and long-term signals from the time series, 
we used the seasonal_decompose function from the statsmodels.tsa.sea-
sonal library (Seabold & Perktold, 2010). This decomposition separates 
the time series into seasonal, trend, and residual components, allowing 
us to focus on the anomalies and underlying variability that are not 
explained by the seasonal cycle or long-term trends. The deseasonali-
zation process was critical for isolating non-seasonal variations, partic-
ularly those related to inter-annual and decadal climate variability.

Principal Component Analysis (PCA) was applied to the correlation 
matrices of HGT, NWS, CHL, and UPW to identify dominant patterns of 
variability in these variables. This method reduces the dimensionality of 
the data while preserving the most significant modes of variability. FFTs 
were then applied to the obtained PCAs to identify their significant 
frequencies.

The variance patterns of JS position and CHL concentration beyond 
seasonal cyclicity were further investigated by means of an Empirical 
Orthogonal Functions (EOFs) analysis of the deseasoned and detrended 
HGT, NWS, and UPW time series. This method decomposes the data into 
independent modes (or dominant patterns) that are ranked according to 
the amount of variance in the dataset, therefore revealing underlying 
spatial structures within the relationships between different variables. 
EOFs and PCAs were performed using the eofs Python package (Dawson, 
2016).

Additionally, to explore the causal relationships between the JS 
position and MPP (as represented by CHL concentration), we applied a 
convergent cross mapping causality test. This approach is grounded in 
the theory of non-linear dynamical systems and aims to distinguish 
genuine causal relationships from spurious correlations in time series 
data (Sugihara et al., 2012; Ye et al., 2015; Qing et al., 2023). The 
convergent cross mapping test works by examining whether the 

historical record of one variable (Y) can reliably predict the state of 
another variable (X) if the former is causally influencing the latter.

We implemented the tests’ methodology using the causal-ccm Python 
package (Javier, 2021), which applies the method by estimating the 
optimal embedding dimension (E) and applying time lags (τ). We used 
an embedding dimension of 5 and a temporal lag of 20 days (τ = 20), 
which were selected after testing various configurations to ensure 
robustness in the results. Both the original and the deseasonalized and 
detrended time series were analyzed to assess the causal relationships 
under different temporal conditions.

To assess the presence of significant temporal and spatial anomalies, 
we applied a rolling standard deviation (STD) analysis with a 35-day 
window to JS, SAT-CHL, and CHL to evaluate fluctuations and the 
extent of variability over time. The 35-day window was chosen because 
it captures medium-to-long-term fluctuations that are indicative of inter- 
annual variability, which is of particular interest in understanding the 
dynamics of the JS and MPP. This window allows for the identification 
of significant variability while smoothing out shorter-term noise.

For the calculation of anomalies, we used a reference period from 
January 1, 2000, to December 31, 2014, to compute both yearly and 
monthly anomalies. This reference period established the baseline 
climatology, with anomalies calculated as deviations from the mean for 
each corresponding month and year. Specifically, monthly anomalies 
were derived by subtracting the mean of each month (across the refer-
ence period) from the corresponding values in the time series. Similarly, 
yearly anomalies were calculated by subtracting the mean for each year 
(from the reference period) from the corresponding annual values in the 
dataset.

For spatial anomalies, we utilized Mediterranean Sea chlorophyll-a 
trend data from the Observations Reprocessing dataset (cf. 2.1 Data), 
based on multi-sensor satellite observations (‘OMI_-
HEALTH_CHL_MEDSEA_OCEANCOLOUR_trend’). This dataset expresses 
trends as a percentage per year (% per year), representing relative 
changes compared to the reference climatology (1997–2014). Only 
statistically significant trends (p < 0.05) were included in this analysis.

The selection of reference periods for climatological anomalies fol-
lows a structured approach based on data availability and methodo-
logical consistency. For spatial trends, the reference period was 
constrained by the dataset provided by the Copernicus Marine Service, 
ensuring comparability with other studies and facilitating integration 
with global and regional climatological assessments.

To maintain methodological consistency for temporal anomalies, the 
reference period was defined using the full extent of our available 
dataset. Specifically, the depth-integrated CHL dataset spans from 
January 1, 2000, to May 31, 2023; the SAT-CHL covers the period from 
January 1, 2000, to December 2, 2024; and the JS position dataset ex-
tends from January 1, 2000, to December 9, 2024. This approach en-
sures a robust baseline climatology for temporal anomalies, reflecting 
the internal consistency of the dataset.

Thus, the difference in reference periods arises from the necessity to 
maintain internal consistency within our dataset for temporal anomalies 
while adhering to standardized datasets for spatial trends. This meth-
odology ensures rigor while aligning with established climatological 
baselines used in oceanographic studies.

To evaluate broader atmospheric influences, a monthly time-series 
contour plot was created to highlight the seasonal cycle and intra- 
annual variability. To evaluate the broader atmospheric context, the 
North Atlantic Oscillation (NAO) (NCEI, 2023) and Western Mediter-
ranean Oscillation (WeMO) (Martín-Vide and López-Bustins, 2006) 
indices were analyzed. While these indices are often linked to environ-
mental variability in the NW Mediterranean Sea, no direct relationship 
was observed between these indices and the key variables in this study 
(Supp. Fig. 6).
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Fig. 2. Time-series of pairs of key variables showing their relationships for the 2000–2023 period. The plots show the JS position along 4◦E against (A) 
Northern Wind Stress (NWS), (B) Ekman pumping (UPW), (C) monthly surface satellite-derived chlorophyll concentration (SAT-CHL), and (D) depth-integrated 
chlorophyll concentration (CHL). SAT-CHL and CHL are averaged across the extended Gulf of Lion (EGoL) subregion (black square in Fig. 1). Note that, in plots 
B, C and D, the JS position time-series are inverted to better illustrate the connection with its paired variable. Correlation coefficients (r), accompanied by their p- 
values (all p < 0.0001) and 95 % confidence intervals (CIs) within brackets, are shown in the upper left corner of all plots.
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3. Results

3.1. Multidecadal connection between key variables and the jet stream

The time series of the above variables averaged across the EGoL 
subregion, along with their correlation coefficients (Fig. 2A–D), reveal 
that the JS position is negatively correlated with UPW (− 0.55), surface 
chlorophyll concentration (SAT-CHL, r = -0.52), and depth-integrated 
CHL concentration (− 0.45). Notably, all variables exhibit a pro-
nounced seasonal cycle (Fig. 2A–D).

Given that depth-integrated CHL offers a more detailed representa-
tion of MPP by accounting for vertical integration, this dataset will serve 
as the primary focus of our analysis. SAT-CHL remains an essential 
complementary dataset to confirm that similar behavior and trends are 
likewise observed in satellite measurements, thereby enhancing the 
robustness of the results.

The deseasoned and detrended time series (cf. Methods) reveal key 
aspects of the relationship between JS position and MPP (Fig. 3A–C). 
The seasonal component, which reflects atmospheric dynamics and MPP 
processes, exhibits a strong inverse correlation (r = -0.80) (Fig. 3B). In 
contrast, the residual components of JS position and CHL concentration 
(deseasoned and detrended) show a weak but statistically significant 
positive correlation (r = 0.27, 95 % CI: 0.15–0.39) (Fig. 3C). This in-
dicates that while the overall relationship beyond seasonal influences is 
limited, specific years show stronger coupling, as evident from visual 
inspection of certain time periods.

3.2. Yearly variability of coupling amongst variables

Building on the multidecadal relationship between JS position and 
MPP, we further examined the yearly variability of the coupling between 
JS position and key variables NWS, UPW, and CHL (Fig. 4). This analysis 

Fig. 3. Components of monthly Jet Stream (JS) position and Chlorophyll (CHL) time series for the study period from 2000 to 2023. (A) Monthly JS position 
(inverted) compared to monthly surface CHL concentration. (B) Seasonal components of the JS position and CHL time series, with interannual variability removed 
and trends detrended. (C) Residual components of the JS position and CHL time series after removing both seasonal and long-term trends. Correlation coefficients (r), 
along with their p-values (all p < 0.0001) and 95 % confidence intervals (CIs) in brackets, are displayed in the upper left corner of each plot.
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highlights how the strength of these relationships fluctuates year-to- 
year. Detrended and deseasonalized correlations are also shown for 
each variable (denoted with an asterisk). Correlation coefficients (r) are 
displayed in each cell, with p-values explicitly noted for non-significant 
correlations (p > 0.05).

The correlation between JS position and NWS remains consistently 
positive across the study period, with notably higher values in specific 
years. For example, strong positive correlations (r ≥ 0.7) occur in 2005, 
2015, and 2021, indicating robust coupling between the JS and NWS. 
Detrended and deseasonalized correlations (JS-NWS*) maintain a 
similar pattern, though with reduced magnitude in certain years (e.g., 
2003, 2011, 2014, and 2016) (Fig. 4).

The inverse relationship between JS position and UPW is likewise 
consistent throughout the period, with the strongest negative correla-
tions (r ≤ -0.7) observed in years such as 2004, 2008, 2011, 2013, and 
2020. In these years, the JS position appears to have a tightly coupled 
relationship with UPW. For detrended and deseasonalized data (JS- 
UPW*), the correlations follow a similar trend, with values more 
frequently exceeding r = -0.70, thus confirming the robustness of the 
inverse relationship even after the removal of seasonality and long-term 
trends.

When focusing on upwelling intensity averaged across the EGoL re-
gion (UPWs), relationships with CHL vary more substantially across 
years. While the raw UPWs–CHL correlation generally remains weak or 
insignificant, the detrended and deseasonalized UPWs–CHL* correlation 
reveals stronger patterns in certain years (e.g., 2005, 2012, 2014, 2015), 
suggesting that regional upwelling’s influence on marine productivity 
becomes more apparent after adjusting for background variability.

The relationship between JS position and CHL also presents some 
variability depending on the years. Most years exhibit moderate to 
strong negative correlations (e.g., 2000, 2004, 2007, 2009, 2014, and 
2018), but specific years show weaker correlations (e.g., 2005, 2008). 
Interestingly, the detrended and deseasonalized CHL correlations (JS- 
CHL*) highlight additional variability, with positive correlations in 
some years (e.g., 2005, 2012, and 2020) that contrast with the general 
negative relationship.

Year 2005 exhibits a strong coupling between JS and NWS, indi-
cating an intensification of atmospheric control over wind stress dy-
namics. In this year, JS-UPW correlations are robust across both raw and 
deseasoned and detrended datasets. For JS-CHL, however, a strong 
positive correlation (r = 0.67) is observed, but only in the deseasoned 
and detrended data (JS-CHL*). In 2012, strong correlations are again 
evident, including a notable negative correlation for raw JS-CHL data (r 
= -0.58). Similarly, in 2015, a strong coupling is observed, but in this 
case with a negative coefficient for deseasoned and detrended UPWs- 
CHL and JS-CHL (UPWs-CHL* and JS-CHL*, repectively).

An additional pattern emerges between regional upwelling and 
chlorophyll variability. Years characterized by negative or weak corre-
lations between UPWs–CHL* tend to coincide with negative correlations 
between JS–CHL*. These dynamics are particularly evident in years such 
as 2001, 2004, 2015, 2018, and 2022, where both JS–CHL* and 
UPWs–CHL* exhibit similarly low or negative values. Notably, these 
same years also exhibit weaker agreement between raw and deseasoned 
and detrended correlations of JS with NWS (e.g., lower JS–NWS and 
JS–NWS*), suggesting reduced coherence in atmospheric forcing across 
timescales.

Fig. 4. Heatmap of annual correlation coefficients between variables from year 2000 to year 2022 using a “cool-warm” colour scale. Columns labelled with 
an asterisk (*) correspond to correlations between deseasoned and detrended variables. The higher the colour intensity, the stronger the positive (reddish) or negative 
(bluish) correlation amongst variables. Due to the availability of Copernicus Marine Service MED-BGC reanalysis chlorophyll data only until May 2023 (cf. Sect. 2), 
correlations were computed on an annual basis up to 2022. CHL: depth-integrated chlorophyll concentration. JS: jet stream position. NWS: northern wind stress. 
UPW: Ekman pumping or upwelling averaged across whole domain. UPWs: Ekman pumping or upwelling averaged across EGoL region. Correlation coefficients with 
non-significant p-values (p > 0.05) are annotated next to the corresponding values.
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An exception to this pattern is 2019, which shows a low UPWs–CHL* 
correlation but a very strong positive JS–CHL* correlation (r = 0.79). In 
that year, the raw JS–NWS correlation is weak (r = 0.19), but the 
deseasoned and detrended correlation is strong (JS-NWS*; r = 0.61), 
highlighting a case where short-term variability masks a more persistent 
underlying coupling between atmospheric dynamics and biological 
response.

Indeed, some years with stronger JS-NWS* correlations (e.g., 2005 
and 2012) also show stronger JS-CHL* coefficients. Conversely, years 
with weak JS-UPW* correlations tend to exhibit similarly weak JS-CHL* 
coefficients, highlighting the influence of upwelling on MPP.

Years with non-significant correlations (p > 0.05) are clearly indi-
cated in Fig. 4, reflecting periods of weaker coupling. For instance, JS- 
NWS correlations in 2000, 2010, and 2018 and JS-CHL* correlations 
in 2002, 2010, or 2021, show negligible or inconsistent patterns, 
emphasizing the year-specific nature of these relationships.

Together, these patterns highlight periods when JS variability is less 
tightly linked to both surface forcing and biological response across the 
EGoL region. This reinforces the idea that effective coupling between 
physical drivers and biological response is not always sustained, and 
that regional productivity can become decoupled from both upwelling 
intensity and jet positioning under certain atmospheric or oceano-
graphic regimes.

3.3. Dominant frequencies and variance patterns

To further explore the temporal structure and underlying variability 
of the JS position and its connection to NWS, UPW, and CHL, Fast 
Fourier Transforms (FFTs) were applied to the time series of these var-
iables. The results reveal highly similar spectra, with nearly identical 
dominant frequencies characterized by a clear intraseasonal oscillation 
or cyclicity of approximately 10–12 days (Fig. 5). This shared cyclicity 
indicates a coherent atmospheric forcing structure across the EGoL 
region.

In contrast, CHL spectrum only partially reflects this 10–12-day 
signal, suggesting that biological processes are influenced by, but not 
strictly coupled to, the high-frequency variability observed in JS, NWS, 

and UPW. The weaker or less distinct 10–12 day peak in CHL may result 
from integration of multiple physical drivers, biological buffering, or 
lags in response times that dampen high-frequency variability. This 
observation highlights more complex and temporally integrated nature 
of marine productivity compared to its physical drivers.

Time-lagged cross-correlation analysis between JS position and 
UPW, as well as between JS position and CHL concentration, highlights 
distinct time-response dynamics for the two variables (Fig. 6). For UPW, 
the strongest negative correlation occurs within a lag of 0 to 1 days 
(Fig. 6A), indicating a fast physical response to shifts in JS position. In 
contrast, CHL concentration exhibits the highest correlations at a lag of 
15 to 40 days (Fig. 6B), reflecting a delayed biological response to JS 
oscillations.

Furthermore, the ~15–40 day delay in CHL response aligns well with 
the frequencies identified in the FFT analysis (Fig. 5), linking intra-
seasonal variability in JS positioning to productivity cycles in the EGoL. 
This supports the idea that short-term atmospheric fluctuations can 
imprint on marine ecosystems over longer timescales, modulated by the 
timing and efficiency of biological processes.

The first three EOFs modes for HGT, NWS, and UPW reveal the 
distinctive behavior of these variables in the entire Northwestern Med-
iterranean Sea, and particularly within the focus EGoL subregion 
(Fig. 7). Specifically, the maximum latitudinal gradient in the HGT 
EOFs, which represents the average deseasoned and detrended JS po-
sition for each mode, shows that in Mode 1 (55 % covariance), the JS 
crosses the EGoL subregion. In contrast, in Mode 3 (7 % covariance), the 
JS is located slightly southward, near the southern boundary of the EGoL 
(Fig. 7A).

For NWS (Fig. 7B), Mode 1 (50 % variance) and Mode 2 (19 % 
variance) clearly differentiate the EGoL subregion from the rest of the 
domain, with this distinction being particularly pronounced in Mode 2. 
Similarly, the EOF analysis of deseasoned and detrended UPW (Fig. 7C) 
reveals that 17 % (Mode 2) and 9 % (Mode 3) of the variance are 
concentrated along the EGoL coastaline, emphasizing localized up-
welling patterns near the coastline.

To better understand how large-scale atmospheric pressure anoma-
lies influence marine processes in the region, we performed a PCAs on 

Fig. 5. Fast Fourier Transforms plot for depth-integrated chlorophyll concentration (green), jet stream position (blue), northern wind stress (orange), and Ekman 
upwelling (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the monthly averaged HGT and compared it with monthly CHL and UPW 
anomalies. For CHL, the first PCA mode (Fig. 8A) shows a moderate 
positive correlation with HGT (r = 0.53, p < 0.0001), indicating that the 
dominant mode of atmospheric variability is linked to CHL fluctuations, 
likely through seasonal-scale synoptic forcing. The second mode shows a 
weaker but statistically significant negative correlation (r = –0.14, p <
0.05), while the third is not significant (r = –0.03, p > 0.05) (Fig. 8B–C). 
These findings are supported by FFT-based spectral correlation of the 
PCA modes (Supp. Fig. 1A), where Mode 1 shows a strong match in 
frequency content (r = 0.94, p < 0.0001), further reinforcing the 
connection between seasonal atmospheric dynamics and surface CHL 
variability. A moderate correlation (r = 0.43, p < 0.0001) is also 
observed for the second mode (Supp. Fig. 1B), and a weak correlation for 
the third mode (r = 0.24, p > 0.05) (Supp. Fig. 1C).

For UPW, we observe a similarly strong correlation between the first 
PCA mode of HGT and monthly averaged UPW (r = 0.70, p < 0.0001; 
Fig. 9A), highlighting the role of atmospheric pressure gradients and 
wind forcing in modulating coastal upwelling. Mode 2 shows no sig-
nificant relationship (r = 0.02, p > 0.05), while Mode 3 is weakly but 
significantly correlated (r = 0.19, p = 0.0012; Fig. 9B–C). FFT analysis 
again confirms these relationships, with the highest spectral coherence 
for Mode 1 (r = 0.99, p < 0.0001), and moderate correlations for Modes 
2 and 3 (r = 0.32 and r = 0.36, respectively; Supp. Fig. 2).

Together, these results demonstrate that seasonal to sub-seasonal 
atmospheric patterns, tightly linked to the JS variability, have a 
measurable influence on both upwelling and MPP in the study region.

3.4. Convergent cross mapping causality test

To assess the causal relationship between JS position and depth- 

integrated CHL, we employed the convergent cross mapping causality 
test. This analysis was conducted on both the original data (Fig. 10A–B) 
and the deseasoned and detrended data (Fig. 10C–D) to ensure that the 
observed relationship extended beyond seasonal components.

The results consistently show strong correlation coefficients, sup-
porting a robust causal link between JS position and CHL concentration. 
The first column of Fig. 10 (panels A and C) presents the test results for 
the full time series, while panels B and D display results for the half time 
series. Notably, the causality strength coefficient (r) remains consis-
tently high across all cases, with statistically significant p-values 
(<0.001). For both full and deseasoned data, correlation coefficients 
exceed 0.98, reinforcing the reliability of the causal relationship. 
Interestingly, when analyzing only half of the time series, the correlation 
is even higher, likely due to reduced variability or noise in shorter 
subsets of the 20-year dataset.

To further validate these findings, we conducted additional tests, 
summarized in Table S1. These explored different time series lengths (L) 
and various time lags (τ, in days). Across all cases, the highest correla-
tions consistently emerged around a 20-day lag, coherent with Fig. 5, 
and the causality remained exceptionally strong (r > 0.95) for all tested 
time series lengths.

3.5. Temporal trends and anomalies

After examining the multidecadal connections (cf. Sect. 3.1), the 
year-to-year variability (cf. Sect. 3.2), dominant frequencies and vari-
ance patterns (cf. Sect. 3.3), and causality relationships (cf. Sect. 3.4), 
we now analyze their long-term temporal trends and anomalies to 
contextualize the observed variability within overarching trends and 
assess the cumulative changes over the study period.

Fig. 6. Cross correlations between Jet Stream (JS) position, Ekman Upwelling (UPW) (red), and depth-integrated Chlorophyll (CHL) concentration 
(green), as a function of lag time (days). The left panel provides an overview, with the black square highlighting the zoomed area displayed in the right panel. The 
top row corresponds to JS-UPW cross-correlations (A-B), while the bottom row corresponds to JS-CHL cross-correlations (C-D). Horizontal grey dashed lines indicate 
the thresholds for the strongest positive and negative correlations, while the shaded areas in red and green represent the 97.5% confidence intervals (CI). The plots 
illustrate how the correlation coefficients (y-axis) between the variables evolve with varying lag days (x-axis). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The first three Empirical Orthogonal Functions (EOFs) modes for each variable, presented in three rows corresponding to (A) geopotential Height 
(HGT), (B) Northern Wind Stress (NWS), and (C) Ekman upwelling, based on deseasoned and detrended data across the study domain (refer to Fig. 1). Each 
row displays the first three EOF modes for the respective variable, with the percentage of covariance explained by each mode indicated above the plots. In panel (A), 
the thick lime green lines represent the location of the maximum HGT gradient for each EOF mode, which corresponds to the mean jet stream position. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Principal Component Analysis (PCA) for monthly geopotential height and monthly chlorophyll concentration. PCA modes 1, 2 and 3 (A, B and C, 
respectively) are illustrated. Correlation coefficients (r), accompanied by their p-values and 95% confidence intervals (CIs) within brackets, are shown in the upper 
left corner of all plots.
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Fig. 9. Principal Component Analysis (PCA) for monthly geopotential height and monthly Ekman Upwelling (UPW). PCA modes 1, 2 and 3 (A, B and C, 
respectively) are illustrated. Correlation coefficients (r), accompanied by their p-values and 95% confidence intervals (CIs) within brackets, are shown in the upper 
left corner of all plots.
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To this end, Mann-Kendall trend tests were applied to the full time 
series of key oceanographic and atmospheric variables. The JS lat-
itudinal position exhibited a statistically significant increasing trend (τ 
= 0.036, p < 0.001; Fig. 11A), indicating a gradual northward migration 
over the past two decades. Both surface chlorophyll (SAT-CHL; τ =
–0.132, p < 0.001) and depth-integrated CHL (CM; τ = –0.069, p <
0.001) showed significant decreasing trends, suggesting a sustained 
reduction in marine productivity in the region (Fig. 11C–D). Upwelling 
intensity (UPW) also declined (τ = –0.024, p < 0.001), although the 
magnitude of this change is relatively small (Fig. 11E). Conversely, the 
NWS displayed a statistically significant increasing trend (τ = 0.035, p 
< 0.001; Fig. 11B), potentially reflecting shifts in regional wind dy-
namics, albeit with a similarly small effect. Full Mann-Kendall test sta-
tistics, including slope estimates, trend classification, and z-values, are 
provided in Supplementary Table 2.

A key finding from our analysis is the stark contrast in the trends of 
JS position and CHL concentration over the investigated period. Despite 
notable interannual variability (cf. Sect. 3.2), the JS shows a consistent 
northward displacement, amounting to approximately 75 km over the 
study period (Fig. 11A). In contrast, chlorophyll concentrations exhibit a 
steady decline throughout the EGoL subregion (Fig. 11C–D). This 
decline is evident in both depth-integrated CHL for the upper 60 m of the 
water column (Fig. 11C) and surface satellite-derived chlorophyll con-
centrations (Fig. 11D).

While the magnitude of the CHL decline seems relatively small, its 
significance becomes evident when contextualized within the climato-
logical CHL concentrations and ecosystem productivity (Supp. Fig. 3). 

Specifically, for measured SAT-CHL, the trend reveals a reduction from 
~0.21 to ~0.15 mg⋅m-3, representing a ~30 % reduction over two de-
cades. Although the absolute concentrations are relatively low, this 
substantial relative decline highlights a significant shift in MPP and 
ecosystem dynamics. Furthermore, spatial trends indicate a consistent 
negative pattern in CHL concentrations, with rates of decline reaching 
up to − 5% per year Supp. Fig. 4), thus reinforcing the broad-scale 
impact of JS migration on MPP.

Additionally, we observe a clear tendency of yearly positive anom-
alies in the JS position over the investigated period, particularly in the 
last nine years, where almost all years exhibit positive anomalies 
(Fig. 12A). In the most recent two years, these anomalies approached 
nearly 1.5 latitudinal degrees (Fig. 12A). Notably, the two exceptions – 
2018 and 2021 – are years where no significant correlations were found 
between JS position and CHL (Fig. 4), indicating a decoupling of the two 
variables during these years. In contrast, observed SAT-CHL anomalies 
reveal an even stronger negative trend over the same period (Fig. 12B), 
aligning with the overall decline in MPP identified throughout the study.

When analyzing monthly anomalies (Supp. Fig. 5), long-term pat-
terns are less evident due to higher variability. However, two notable 
features emerge: (i) a high frequency of positive JS anomalies, especially 
in the last decade, and (ii) the occurrence of the two largest positive 
anomalies – exceeding 6◦ latitude – within the last five years of the study 
period (Supp. Fig. 5A). In contrast, measured SAT-CHL anomalies (Supp. 
Fig. 5B) show a clear negative tendency over the past eight years, 
reinforcing the observed decline in MPP and its connection to atmo-
spheric forcing.

Fig. 10. Causality test results from the convergent cross mapping analysis between Jet Stream (JS) position and depth-integrated chlorophyll concen-
tration (CHL). Panels (A) and (B) display results for the original time series, while panels (C) and (D) present results for the deseasoned and detrended data. The first 
column (A, C) shows the full time series, and the second column (B, D) focuses on the half time series. Each plot includes the correlation coefficient (r) and cor-
responding p-values (p < 0.001) in the lower right corner, along with the time lag (in days) applied during the analysis.
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The statistical analysis of rolling standard deviations (STDs) for key 
atmospheric and oceanographic variables provides further insight into 
changes in interannual variability over the study period (2000–2024) 
(Supp. Fig. 6A). Notably, the JS position exhibits a significant and pro-
nounced increasing trend in variability (τ = 0.054, p < 0.001), with its 
rolling STD rising from approximately 1.05 to 1.22 degrees latitude over 
two decades (Supp. Fig. 6A). This indicates an increase in the variability 
of the JS latitudinal position, consistent with the observed frequency 
and magnitude of positive, but also negative anomalies in monthly JS 
position (Supp. Fig. 5A).

In contrast, the rolling STD of the NWS displays a significant 
decreasing trend (τ = –0.029, p < 0.001), indicating slightly reduced 
variability in wind stress over time (Supp. Fig. 6B). SAT-CHL also shows 
a stronger significant decrease in variability (τ = –0.081, p < 0.001), 
reinforcing the interpretation of a gradual and persistent decline in 
surface chlorophyll concentration rather than increasing episodic fluc-
tuations (Supp. Fig. 6D). This pattern is further supported by the 
strongly negative trend in monthly SAT-CHL anomalies over the past 
eight years (Supp. Fig. 5B) and the smooth trajectory observed in yearly 
anomalies (Fig. 12B).

No significant trends were observed in the rolling STD of depth- 

integrated CHL (τ = 0.002, p = 0.772) or upwelling intensity (τ =
0.014, p = 0.053) (Supp. Fig. 6C, E), suggesting that the long-term 
decline in integrated chlorophyll and the modest reduction in upwell-
ing intensity are not accompanied by systematic changes in their vari-
ability. Full Mann-Kendall results for variability trends are provided in 
Supplementary Table 3.

4. Discussion and conclusions

Our findings underscore the critical role of atmospheric dynamics in 
shaping MPP patterns, with far-reaching implications for ecosystem 
dynamics and biogeochemical cycles. They also emphasize the signifi-
cant potential impacts of climate change on marine ecosystems at 
regional scales, as demonstrated by the persistent declining trend in CHL 
concentrations in the Northwestern Mediterranean Sea (Colella et al., 
2016; Gómez-Jakobsen et al., 2022). This decline is driven by the steady 
northward shift of the JS latitudinal position. Our analysis robustly 
documents this trend, revealing its persistence beyond the masking ef-
fects of interannual variability. The observed decline in CHL concen-
trations (Fig. 11B–C and Fig. 12B, and Supp. Fig. 5B), at rates of up to 
− 5% per year (Supp. Fig. 4), with an overall decrease of 40 %.

Fig. 11. Mann-Kendall results of Jet Stream (JS) position, Northern Wind Stress (NWS), depth-integrated chlorophyll concentration (CHL), satellite- 
derived surface chlorophyll (SAT-CHL), and Ekman Upwelling (UPW) averaged across the EGoL, with daily time series shown in light gray alongside 
their corresponding 30-day smoothed values in color. The general trends are indicated by Sen’s slope (red lines) derived from the Mann-Kendall test across all 
panels. Panel (A) presents the JS position, panel (B) shows the NWS, panel (C) displays the CHL, panel (D) illustrates the SAT-CHL, and panel (E) depicts the UPW. 
The horizontal scale in the left plots is expanded to visualize seasonal (intra-annual) and interannual variability, while the right plots feature a compressed scale to 
highlight trends within the reference period (2000–2024). The right column also shows the details of the Mann-Kendall test results, including tau (τ), p-value, and 
whether the trend is increasing or decreasing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 12. Yearly anomalies relative to the reference period (2000–01-01 to 2014–12-31) of (A) Jet Stream (JS) position, and (B) surface satellite-derived chlorophyll 
concentration (SAT-CHL).
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The mechanism driving this decline can be understood as a twofold 
process combining seasonal dynamics with a long-term trend. Season-
ally, the typical behavior involves the northward displacement of the JS, 
which reduces favorable conditions for NWS and UPW (Fig. 2). This, in 
turn, diminishes mixing and nutrient replenishment in the surface layers 
of the water column, directly limiting phytoplankton productivity. 
However, as the JS persistently migrates poleward year after year, this 
seasonal mechanism translates into a cumulative, long-term reduction in 
CHL and MPP. Although CHL concentration is an imperfect proxy for 
MPP, influenced by factors such as species composition, light, and 
nutrient availability, it remains a widely used and consistent indicator of 
phytoplankton biomass. We therefore relied on satellite-derived and 
reanalysis CHL data, which offer direct observational coverage and 
temporal continuity. While model-based MPP estimates (e.g., from 
Copernicus products) may provide complementary insights, they often 
vary significantly and remain sensitive to algorithm assumptions ((Lee 
and Marra, 2022); Wu et al., 2024; Ryan-Keogh et al., 2023; Ryan-Keogh 
et al., 2025). Thus, prioritizing observed CHL data allowed us to robustly 
assess productivity trends in relation to JS dynamics.

Contrary to previous studies suggesting that climate change in-
tensifies upwelling-favorable winds (Bakun, 1990; Sydeman et al., 2014; 
Varela et al., 2015) and that the expansion of the Azores High is 
enhancing coastal upwelling in the region (Rykaczewski et al., 2015; 
Sousa et al., 2020), our findings indicate a different trend in the EGoL 
subregion. Moreover, while global warming is known to intensify ocean 
stratification – potentially suppressing nutrient exchange and reducing 
upwelling effectiveness (Behrenfeld et al., 2006; Gruber, 2011; García- 
Reyes et al., 2015) – our results reveal a decline in upwelling events, as 
evidenced by the observed reduction in CHL concentration, consistent 
with Gómez-Jakobsen et al. (2022). This suggests that, in contrast to 
other marine regions where upwelling intensifies in response to atmo-
spheric shifts, the EGoL within the Northwestern Mediterranean Sea 
exhibits a distinct sensitivity to JS-driven dynamics. The steady north-
ward migration of the JS appears to be a significant driver influencing 
wind stress and upwelling processes, leading to a clear decline in pro-
ductivity and underscoring the crucial role of JS position in shaping 
wind-driven oceanographic processes in the region.

Our results also emphasize that the relationship between JS position 
and CHL is not uniformly consistent across years. Instead, interannual 
variability emerges as a defining feature of this coupling, reflecting the 
influence of additional dynamic atmospheric and oceanographic con-
ditions that can either reinforce or disrupt the typical JS–CHL linkage. 
For example, in years such as 2005 and 2012, a stronger alignment 
between JS and CHL is evident, suggesting atmospheric patterns that 
favor enhanced nutrient availability and biological response. For 
example, during 2012, the JS position may have favored regional con-
ditions favourable to intense dense shelf water cascading and open-sea 
convection events in the Northwestern Mediterranean Sea(Durrieu De 
Madron et al, 2012).

However, in other years—like 2002, 2010, or 2021—this relation-
ship weakens significantly, as shown by non-significant or even reversed 
correlations. These findings highlight the importance of considering 
short-term atmospheric anomalies, preconditioning from previous sea-
sons, and local-scale processes (e.g., mesoscale eddies, stratification 
strength) that may modulate nutrient supply independent of JS-driven 
upwelling. We also recognize that spatial mismatches due to horizon-
tal advection could play a role in explaining these discrepancies, with 
nutrient-rich waters potentially being displaced or advected away from 
the regions where upwelling would typically enhance productivity. 
Although we are unable to quantify these spatial lags in the current 
study, we suggest that further investigations incorporating advection 
velocities and current flow analysis would help resolve this complexity.

This interannual variability also reflects the inherently nonlinear and 
regionally specific nature of phytoplankton responses to environmental 
forcing. As emphasized by Salgado-Hernanz et al. (2019), phyto-
plankton dynamics in the region may respond to climate and 

environmental drivers in complex, often non-intuitive ways, depending 
on local oceanographic conditions and species composition. Therefore, 
the strength and even the direction of the JS-CHL relationship can vary 
across years, influenced by a variety of secondary drivers.

The similar periods observed in FFT frequencies for JS, NWS, UPW, 
and CHL again demonstrate the strong interdependence among these 
variables (Fig. 5). Moreover, the cross-correlation alignments further 
reinforce the idea that JS position shifts are a driving factor in CHL 
concentration variations, mediated through their influence on UPW 
dynamics, which have a faster response to JS shifts (Fig. 6). The tem-
poral lag highlights the importance of accounting for delayed responses 
when analyzing the impact of atmospheric processes on marine eco-
systems. Specifically, the inertial period for upwelling development at 
this latitude and the lag between the onset of upwelling and phyto-
plankton bloom formation should be carefully considered when inter-
preting these results. Our causality analysis by means of the convergent 
cross mapping causality test further supports these conclusions, 
demonstrating strong causal relationships between JS position and CHL, 
with the highest correlations observed for lags of 10–40 days in both 
original and deseasonalized and detrended data (Fig. 10 and Supp. 
Table 1). The fact that results hold across full, deseasoned, and detren-
ded time series strengthens confidence in the observed JS–CHL rela-
tionship and suggests that this coupling is not merely a reflection of 
shared seasonal cycles but rather indicates a genuine dynamical linkage.

Overall, the temporal lags are consistent with the time needed for 
upwelling-driven nutrient supply to propagate through the food web 
and stimulate detectable increases in phytoplankton biomass. Previous 
studies have reported similar lags, typically on the order of weeks to 
months, depending on the ecosystem and intensity of the physical 
forcing (e.g., Duarte et al., 2000; Volpe et al., 2012; Chacko, 2017; 
Mayot et al., 2017; Basterretxea et al., 2018; Kalloniati et al., 2023). 
Such time scales reflect the cumulative nature of MPP responses, which 
involve nutrient uptake, phytoplankton growth, and biomass accumu-
lation, all of which may blur or shift high-frequency signals observed in 
the physical environment.

Our findings also reveal that the JS is not only migrating northward 
but exhibiting increased positional variability over time, as shown by 
the significant positive trend in its rolling STD (Supp. Fig. 6A). This 
trend indicates that climate change is driving both a systematic shift and 
a more erratic JS behavior (Mann et al., 2017; Trouet et al., 2018), 
consistent with the hypothesis of a weakened, “wavier” jet stream 
(Stendel et al., 2021). Such increased variability can disrupt the ex-
pected cyclic forcing, leading to more unpredictable atmospheric and 
marine conditions on interannual timescales. Indeed, the notable con-
centration of JS positive anomalies in recent years suggests increasingly 
frequent atmospheric disruptions (Coumou and Rahmstorf, 2012; Leh-
mann and Coumou, 2015; Mann et al., 2017; Trouet et al., 2018) that 
could amplify CHL declines and further impact the marine ecosystem. 
Nevertheless, our study is limited in its ability to resolve the full suite of 
oceanic processes contributing to CHL variability. For instance, ocean 
currents, eddies, or mesoscale circulation patterns may redistribute 
productivity spatially, complicating the link between local atmospheric 
forcing and observed surface CHL.

While our study focuses primarily on the physical-biological 
coupling, the observed decline in CHL and inferred MPP may have 
broader implications beyond phytoplankton dynamics. In particular, 
long-term reductions in primary productivity could lead to cascading 
effects on the regional marine food web and fisheries. Similar 
atmospheric-forcing-driven delays in upwelling and their biological 
consequences have been reported in other systems, such as the Califor-
nia Current (Barth et al., 2007; Checkley & Barth, 2009). In the Medi-
terranean Sea, ecosystem modeling by Piroddi et al. (2017) identified 
primary productivity as the strongest environmental driver shaping 
biomass trends of both commercial and non-commercial species. Their 
findings suggest that productivity declines can propagate through tro-
phic levels, potentially reducing fishery yields and altering food-web 
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structure.
In summary, while the cyclic behavior of JS-CHL interactions un-

derscores a key driver of marine productivity, the increasing variability 
and erratic behavior of the JS introduces a new layer of complexity. 
Nonetheless, while JS position has become increasingly variable, its 
overall poleward shift remains a dominant and consistent driver of CHL 
decline in the EGoL subregion (Fig. 12B and Supp. Fig. 5B).

Our findings contribute to a deeper understanding of the complex 
interactions between large-scale atmospheric circulation patterns, 
including the upper troposphere, and marine biogeochemistry under the 
current climate change scenario. By elucidating the mechanisms linking 
JS position shifts, NWS, and UPW to MPP declines, our work highlights 
the vulnerability of MPP in the Northwestern Mediterranean Sea and 
emphasizes the importance of monitoring atmospheric forcing as a key 
driver of marine ecosystem changes.

However, additional in-situ observational data – particularly on 
nutrient concentrations, mixed layer depth, phytoplankton composition, 
and other MPP estimates – would be beneficial to further refine the 
mechanistic pathways initially proposed here. As this is one of the first 
studies to systematically link JS variability to CHL and MPP patterns in 
the Mediterranean Sea, it naturally cannot encompass the full 
complexity of the system. Future research using complementary meth-
odologies, including high-resolution modeling, will be essential to build 
upon and expand these initial findings.

Our study underscores the need for continued multidisciplinary 
research to better understand atmosphere–ocean feedbacks and their 
effects on a variety of spatial and temporal scales. It also opens the door 
to future investigations, raising new questions about why JS position, 
NWS, UPW, and CHL exhibit stronger coupling in certain years, and 
exploring the underlying mechanisms that link these variables more 
intimately, including the role of ocean currents in transporting upwelled 
waters and potential bloom displacement beyond the study region.

2.1. Data

The ERA5 reanalysis products (Hersbach et al., 2023a; 2023b), 
available from the Copernicus Climate Change Service (C3S) through 
the Climate Data Store (CDS) (https://cds.climate.copernicus.eu/), were 
utilized in this study. These datasets provide both single-level and 
pressure-level data, spanning the period from 1940 to the present, with a 
temporal resolution of 1 h and a spatial resolution of 0.25◦. For the 
analysis of geopotential Height (HGT), Northward Wind Stress (NWS), 
and Ekman pumping (UPW), we focused on 12-h data from January 1, 
2000, to December 9, 2024 to maintain consistency with the other 
datasets used in this study.

MPP variability was assessed using daily chlorophyll concentrations, 
which serve as a proxy for MPP. We utilized data from the Mediterra-
nean Sea Biogeochemistry Reanalysis dataset (Copernicus Marine Ser-
vice MED-Biogeochemistry, MedBFM3 system, version 1), which has a 
horizontal resolution of approximately 1/24◦ (~4 km) (Teruzzi et al., 
2021). This dataset spans from January 1, 2000, to May 31, 2023 
(‘MEDSEA_MULTIYEAR_BGC_006_008′) (MDS, 2024).

Additionally, we incorporated daily and monthly gap-free Level-4 
satellite-derived chlorophyll data from the Copernicus Marine Service 
multi-processing product, which has a 1 km spatial resolution. The 
dataset spans from January 1, 2000, to December 2, 2024 (‘OCEAN-
COLOUR_MED_BGC_L4_MY’)(MDS, 2024). These datasets provide 
comprehensive satellite-derived chlorophyll data across varying tem-
poral and spatial scales, facilitating an integrated analysis of surface and 
depth-integrated chlorophyll data.

For the analysis of spatial trends, chlorophyll-a trend data from the 
Observations Reprocessing dataset (‘OMI_HEALTH_CHL_MEDSEA_O-
CEANCOLOUR_trend’) was used (MDS, 2024). This dataset, based on 
multi-sensor satellite observations, provides trend data covering 
1997–2023.

In addition to the biogeochemical datasets, North Atlantic 

Oscillation (NAO) indices were obtained from the National Centers for 
Environmental Information (NCEI, 2024), while Western Mediterranean 
Oscillation (WeMO) indices (Martin-Vide and Lopez-Bustins, 2006) 
were accessed from the Climatic Research Unit at the University of East 
Anglia (Climate Research Unit, 2024).
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