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Abstract. Wind-driven upwelling of subsurface ocean waters to the surface ensures nutrient-rich waters reach the epipelagic
zone, supporting some of the most diverse ecosystems and largest fish stocks in the global ocean. In early 2025, the Gulf of
Panama experienced a collapse of the local upwelling system not previously observed in historical records, with notable impacts
on regional physical and biogeochemical conditions. Predictability of upwelling collapse in relatively local systems on seasonal
timescales has yet to be assessed. Here, the predictability of upwelling in the Gulf of Panama is explored in an operational
seasonal forecasting system. First, the extreme weakening of the northerly jets driving upwelling and the corresponding extreme
sea surface temperatures of 2025 are shown to have been accurately predicted a season in advance. Crucially, hindcasts from the
period 1993 to 2024 demonstrate high probabilistic and deterministic skill, and also capture the strong upwelling of 1998. By
validating against a high-resolution global ocean reanalysis, an increase in temperature forecast skill with depth is uncovered,
making the case for exploiting subsurface information for improved early-warning and description of upwelling events. Lastly,
the occurrence of warm upwelling, specifically in 1998, raises a discussion of the most suitable upwelling indicators for the
region. The seasonal forecast system sufficiently resolves wind stress-derived Ekman Pumping and the exceptionally weak
vertical ocean velocity in 2025. This study demonstrates the capability of seasonal forecasts to provide early warning of

upwelling collapse.

1 Introduction

Upwelling is the oceanic process by which cooler, nutrient-rich water is transported from the subsurface to the surface, most
commonly driven by wind. The high nutrient concentration of upwelled waters enhances productivity and supports large
populations of marine species, ensuring rich biodiversity and large stocks for the fishing industry. While the largest upwelling
regions in the global ocean are the Eastern Boundary Upwelling Systems (EBUS) (Bograd et al., 2023), upwelling also occurs
on local scales in bays and gulfs (Largier, 2020). Upwelling collapse can induce abrupt changes in the aquatic food web and
drastic reductions in fish stocks upon which local economies may rely (Rykaczewski and Checkley, 2008). Early warning of
impacts linked to abnormal seasonal upwelling conditions, such as reduced nutrient availability and elevated sea temperatures,
has the potential to assist regional authorities, fisheries, and communities in anticipating shifts in fish stock abundance and

location, and in mitigating resulting impacts to activities within the Blue Economy.
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To promote the uptake of forecasts for ocean services, it is necessary to assess the predictability of upwelling in specific
locations and ideally demonstrate the long-term reliability of forecasting systems in capturing anomalous conditions and rare
instances of collapse. The predictability of upwelling is strongly linked to the prevailing wind systems, which control both
offshore Ekman transport associated with Coastal Ekman Upwelling and wind-stress curl associated with Ekman Pumping.
In the EBUS, upwelling is predictable on seasonal timescales, as shown for the California (Siedlecki et al., 2016; Amaya
et al., 2024) and Benguela (Sylla et al., 2026) systems. Predictability of local upwelling systems, and in particular the skill of
forecasting systems, is less explored.

The Gulf of Panama (GoP), situated in the Eastern Tropical Pacific Ocean, is home to a seasonal upwelling system driven by
a narrow northerly wind jet (D’Croz et al., 1991). Upwelling typically occurs between January and March, and enhancement
of nutrients and chlorophyll in this season has been observed within the Gulf and further equatorward towards the coasts of
Colombia and Ecuador (D’Croz et al., 1991; D’Croz and O’Dea, 2007). Upwelling plays a dominant role in the variability
of the abundance of species which sustain the local food web (Miglietta et al., 2008), as well as fishing stocks, catches and
strategy (Team, 2015). Unlike in neighboring bays, corals in the GoP have historically been at lower risk of bleaching due to the
cooling influence of upwelling (Randall et al., 2020). In 2025, an exceptional weakening of winds induced a suppression of the
upwelling system that led to warmest sea surface temperature (SST) readings on record over the past 40 years (O’Dea et al.,
2025). The warm waters then spread throughout the tropical Eastern Pacific along the coast of Ecuador (Ormaza-Gonzailez
et al., 2026). The impact of the 2025 event on local ecosystems and fisheries has yet to be reported, but such oceanic conditions
were unprecedented in the historical observational record.

Seasonal forecasting systems are typically reliable in the Eastern Tropical Pacific, where interannual variability is largely
governed by the El Nifio Southern Oscillation (ENSO), but the local-scale skill of wind and ocean upwelling forecasts in the
GoP has not been assessed. An ocean biogeochemical model forced by dynamical seasonal forecasts of the atmosphere and
ocean displayed significant skill in the GoP even at several months lead time (Rousseaux et al., 2021), indicating the ability to
capture interannual variability in upwelling conditions. The lack of publicly available data on subsurface ocean conditions, in
both the seasonal forecasting systems and ocean reanalyses often used for validation, complicates the validation of upwelling.
While Ekman Pumping provides an indicative velocity for the water column influenced by winds, vertical velocity can provide
an explicit indicator of the motion of subsurface waters at specific depth levels. Instead, indicators for upwelling are typically
derived from local temperature, wind stress gradients and sea level pressure (Bakun, 1973; Jacox et al., 2018), and do not
explore subsurface conditions. Local phenomena may override or interact with upwelling to induce warm anomalies (Berkel-
mans et al., 2010), potentially rendering proxy indices unreliable. Lastly, while the horizontal resolution of the atmospheric
models used in seasonal forecasting systems (0.5°-1°) may be sufficient for capturing upwelling in the relatively large EBUS,
the adequacy of the derived indicators has not yet been tested for more local-scale systems such as the GoP.

In this study, we demonstrate the reliability of an operational seasonal forecast system in capturing the driving processes of
upwelling in the GoP region, and show that the unprecedented weakening of 2025 was accurately forecast. Section 2 contains
descriptions of the observations and reanalyses used to represent wind, ocean temperature and upwelling, as well as the Euro-

Mediterranean Centre on Climate Change Seasonal Prediction System (version 4; CMCC-SPS4). Section 3 briefly describes
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the Ekman Pumping indicator used in the study. Section 4 presents the forecasts of 2025, a validation of the hindcast period and
comparison of upwelling indicators. Finally, Section 5 summarises the study and discusses implications and needs for early

warning of upwelling conditions in the GoP and beyond.

2 Datasets
2.1 ERAS Reanalysis

ERAS is a global atmospheric reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) which
provides hourly fields with a horizontal spatial resolution of 0.25° (Hersbach et al., 2020). ERAS is based on the Integrated
Forecasting System (IFS) Cy41r2 (ECMWF, 2016) and uses a 4D-Var ensemble assimilation scheme for the atmosphere.
Remote Sensing scatterometer data is assimilated to provide information on near-surface wind over the global oceans; multi-
platform data, including ERS1 & 2, QuikSCAT, Oceansat-2, and METOP A& B ASCAT scatterometers, ensures coverage from
1993 onwards. In this study, daily and monthly means of zonal and meridional surface turbulent wind stress components, and

total surface heat flux (composed of latent heat, sensible heat, longwave and shortwave radiation) are used from 1993 onwards.
2.2 Copernicus Marine Service (CMS) Wind Stress

The CMS provides a bias correction of ERAS wind stress and derived stress-equivalent winds using Metop-B and Metop-
C ASCAT scatterometer observations. Here, it is used to highlight the change in representation of upwelling indicators with
resolution. The dataset includes the derived wind stress curl fields over ocean at 0.125° resolution from November 2007 onward

we use monthly fields. For brevity, this product is referred to as the “CMS".
2.3 OSTIA Sea Surface Temperature

The Operational Sea Surface Temperature and Ice Analysis (OSTIA) is a global, gap-filled record of daily foundation SST
from 1993 onwards, built from in-situ and satellite data (infrared and microwave radiometers), and provided at 0.05° resolution

(Donlon et al., 2012; Good et al., 2020).
2.4 In-situ Temperature Loggers

Automated temperature loggers at Isla Pacheca, situated in the central northern area of the GoP (8.660°N, 79.050°W), provide
a record of ocean temperature at 6m depth. The data was made available by O’Dea et al. (2025) and covers the period 1995
to 2025, with the exception of 2021. Here, daily values of average of nighttime temperatures was calculated to ensure fair

comparison with foundation SST provided by OSTIA.
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2.5 GLORYS12 Ocean Reanalysis

GLORYSI12 (version 1) is a global ocean reanalysis built on the NEMO model, driven at surface by ECMWF ERA-Interim
then ERAS reanalyses for recent years, and uses a reduced-order Kalman filter to assimilate along-track altimeter data, SST,
and in situ temperature and salinity vertical profiles (Lellouche et al., 2021). GLORYS12 has a 1/12° horizontal resolution
and 50 vertical levels, and covers the period 1993 onwards. Here, we use monthly subsurface temperature fields. GLORYS12
is the highest resolution reanalysis available globally and for the GoP, and has demonstrated accurate representation of the

Californian (Amaya et al., 2023) and Benguelan EBUS (Russo et al., 2022). Vertical velocity is not a publicly available output.
2.6 CMCC Seasonal Prediction System 4

The Euro-Mediterranean Centre on Climate Change Seasonal Prediction System version 4 (CMCC-SPS4) is an operational
system which provides 6-month forecasts for the Copernicus Climate Change Service. It couples several Earth system com-
ponent models - atmosphere, land, ocean, sea ice and river - including CAMS6 for the atmosphere at a nominal horizontal
resolution of 0.5, and NEMO4 for the ocean at a nominal resolution of 0.25° and with 75 vertical levels. For the hindcast
period, 30 ensemble members are generated using permutations of initial conditions provided by the land, ocean and atmo-
spheric analyses; for the operational period (2025 onwards), 50 ensemble members are generated. A comprehensive technical
description and validation of global climatologies and key climate indices (e.g. ENSO) can be found in (Sanna et al., 2025).

Here, forecasts initialised in October, November and December are used to predict the upwelling season from January to
March. Daily SSTs and monthly subsurface temperatures and wind stress components are taken from the ocean model. Wind
speed components are instead interpolated and only available at 1 degree resolution (see Data Availability).

While multi-model ensembles are often preferred for seasonal forecasting to account for inter-model uncertainty, such an
approach was not feasible for all the analysis performed here, for two reasons. First, subsurface ocean fields are not routinely
available across the broader ensemble of operational forecast systems. Second, available wind-stress fields are coarse (1°
resolution) and likely to be insufficient for deriving local-scale upwelling indices (Capet et al., 2004). We therefore rely on
an in-house forecast system, which provides subsurface ocean output and wind stress fields at 0.25° resolution. To assess the
reliability of this choice, we compare the skill of our system against other operational systems for available surface variables
SST and meridional wind speed. ECMWF 5.1 and Meteo-France 9 from the Copernicus Climate Change Service are used,
as other system were either missing data or not available in "burst" mode i.e. not initialised on the first day of the month as
CMCC-SPS4 is. We find comparable performance (Section 4.2 & Appendix C) with CMCC-SPS4, which supports confidence
in the system’s suitability for the subsurface analysis presented here, despite the inability to directly benchmark subsurface

skill across models.
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3 Methods
3.1 Upwelling Estimation

Wind-driven upwelling may occur in two ways: Ekman Coastal Upwelling and Ekman Pumping (or suction). Ekman Coastal
Upwelling is formed by the alongshore component of wind stress and is crucial in near-coastal zones, while Ekman Pumping
is a response to wind stress curl and is largely responsible for open ocean upwelling.

Ekman Coastal Upwelling (m s—1), is defined as:

gl
puwfL

in which p,,, the potential sea water density, is 1.025 kg m~3, and the Coriolis parameter is 2{2sin(latitude), with Q =

Wcu = (l)

7.21291 x 10~® rad s 1, 7| indicates wind stress alongshore, and L (m) is a characteristic cross-shore length scale representing
the typical offshore extent of the coastal upwelling region (e.g., the width of the upwelling plume or the distance to the shelf
break). The term 7 /(p. f) represents the offshore Ekman Transport per unit coastline length (m?2s~1), which is converted
into a vertical velocity (m s~1) by dividing by L.

Ekman Pumping (m s '), meanwhile, is defined as:

1
Wpump = pif, VT (2)

where V7 is the wind stress curl. ERAS and CMCC-SPS4 provide wind stress components 7, and 7, corresponding to 10m
winds, used to calculate the wind stress curl.

Ekman Pumping is considered to be the dominant process in the region, having been previously used to explain SST and
chlorophyll patterns in the region (Xie et al., 2005). In the GoP, upwelling is caused by strong northerly jets entering the area
through topographic depressions (Legeckis, 1988). Over the Gulf, the meridional wind component dominates over the zonal
component, inducing positive wind stress curl in the eastern part of the GoP; this leads to upwelling via Ekman Pumping
(Eq. 2). Along the Panama and Colombia coastlines to the south-east of the GoP, winds are typically weak and zonal (Fig. 1),
meaning the alongshore wind stress component is negligible and therefore the coastal upwelling of cool water (Eq.1) along
the coast is very weak (Legeckis, 1988). The dominance of Ekman Pumping over Ekman Coastal Upwelling is also evidenced
by the location of the resulting plume of relatively cool upwelled water; the plume originates in the central part of the Gulf,
extends equatorward until 2-3°N, and, crucially, is disconnected from the coastlines of Panama and Colombia (Fig. 1). For

these reasons, Ekman Pumping is used to quantify upwelling in this study.
3.2 Forecast Skill Metrics

The Pearson correlation coefficient between forecast ensemble means and validation data is used to quantify deterministic
skill. A p-value less than 0.05 is used to indicate statistical significance. Statistical significance of the correlation coefficients

was assessed following the method implemented in SciPy’s pearsonr function (default settings). The p-value is obtained by
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Figure 1. Regional Climatology of the Gulf of Panama. Average wind speeds, wind curl and SST for the upwelling season (January-February-
March) over the period 1993-2024 in observational estimates (left) and the December initialisation of CMCC-SPS4 (right).

evaluating the probability that the correlation coefficient of an uncorrelated sample would exceed the observed correlation in
magnitude.

The Relative Operating Characteristics Area Under Curve (AUC) is used to determine the reliability of the ensemble at
capturing anomalous conditions. An AUC of 0.5 represents no skill and is equivalent to a random forecast, while 1 represents
a perfect forecast. Here “events" refer to seasons in which values exceed the upper quintile for temperature or wind anomalies,
and the lower quintile for upwelling. High skill means an observed event year is likely to receive a higher forecast probability

than a non-event year.
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All climatologies correspond to the period 1993 to 2024, with the exception of the in-situ temperature data, upwelling
derived from CMS wind stress, and the chlorophyll, given their shorter coverage periods. Skill scores were calculated over the

period 1993 (or starting date of data) to 2025.

4 Results
4.1 Accurate prediction of extreme temperatures in 2025

The 2025 upwelling season in the GoP was defined by weakened northerly winds, exceptionally warm SSTs and negligible
concentrations of chlorophyll (Appendix A), confirming the weakened upwelling of cooler, nutrient-rich subsurface waters. In
the GoP, as in other upwelling regions (Yu et al., 2020), air-sea coupling is initiated by upwelling: ocean heat intake generally
peaks in mid-March, 2-3 weeks after upwelling as identified by climatological chlorophyll peak in February (Appendix A). In
2025, reduced upwelling led to lower-than-average heat flux into the ocean. The exceptional SSTs are therefore attributable to
severely weakened upwelling, rather than atmospheric forcing.

The resulting persistent and exceptionally warm temperature anomalies are accurately captured by the CMCC-SPS4 system
initialised in December (Fig. 2). In January, anomalies of SST were confined to the GoP before extending equatorward and
peaking in magnitude (> 3°C in the GoP) in March. The monthly SST anomalies extending from the GoP to the coasts of
South America exceed the upper quintile of temperatures experienced over the previous 32 years. The CMCC-SPS4 forecasts
successfully capture the evolution of the regional SST anomalies and, while the magnitude is underestimated by the ensemble
mean, the majority of ensemble members agree on the temperature anomalies exceeding the upper quintile. The ensemble also
agrees strongly on the anomaly onset in early January and intensification until mid-February, after which the members begin to
diverge more rapidly (Appendix B). Nonetheless, the forecasts agree on above-average SST persisting until the end of April.

Weaker-than-average winds are forecast by over 75% of ensemble members from mid-December to mid-February, while
episodes of severe weakening (mid-February) and even reversals of jet direction are captured by individual ensemble mem-
bers (i.e. in December, in which positive northward anomalies exceed climatological values; Appendix B). It is also noted
that exceptionally warm SST anomalies in the Caribbean Sea and near-climatological conditions in the Southern Caribbean
Upwelling System (SCUS) are accurately forecast (Fig. 2). Overall, the exceptionally weak winds and warm temperatures in
the GoP, indicative of a weak upwelling season from January to March 2025, could have been accurately forecast a season in

advance.
4.2 Validation of Hindcasts

A validation of hindcasts with OSTIA SST and ERAS wind speeds from 1993 to 2025 highlights the reliability of CMCC-
SPS4 to capture regional conditions in and around the GoP during the upwelling season. Comparing climatologies over 1993
to 2024 shows that the prevailing wind systems of the wider central American and Caribbean regions are well captured by the

forecasting system (Fig. 1). The magnitude of the northerly jet over the GoP is accurate but the width is exaggerated, likely
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SST Anomaly (°C)

CMCC-SPS4 Dec

Figure 2. Forecasts of extreme sea surface temperatures anomalies in the Gulf of Panama in 2025. Top: OSTIA SST; black hatching indicates
where temperatures do not exceed the upper quintile. Bottom: Ensemble mean of forecasts in the December initialisation of CMCC-SPS4;
black hatching indicates where less than 50% of ensemble members predict temperatures exceeding the upper quintile. Black box: wider

upwelling zone, used for time series calculations (e.g. Fig. 3). The climatology corresponds to the period 1993-2024.

due to the coarse topography in the atmospheric model representing poorly the narrowing of the jet by local mountains. For
SST, the forecasts suffer from a regional warm bias in the Tropical Pacific but capture the relatively cool SST patterns caused
by upwelling in the GoP and the SCUS.

When considering the potential impacts on regional fishing activities within and around the GoP, it is important to note that
the larger region influenced by upwelling (Fig. 3) is indicative of conditions inside the bay, where fishing activities are likely
to be concentrated; anomalies of 6m-depth temperature from the in-situ mooring at Isla Pacheca (O’Dea et al., 2025) correlate
strongly with area-average SST from OSTIA (displaying a correlation of 0.83 between the period 1996-2025, excluding the
missing year 2021).

Meridional wind and SST anomalies during the upwelling season are both reliably forecast over the hindcast period (Fig.
3). Correlation scores for both variables over the period 1993-2024 generally decrease with lead time between December
and October, but remain statistically significant. AUC scores, which represent skill of capturing upper quintile events, remain
above 0.5, indicating added-value of random forecasts. SST experiences a greater decrease in skill with lead time compared to
meridional wind. A comparison with other state-of-the-art systems confirms that CMCC-SPS4 performs relatively well, and is
therefore representative of current forecasting capabilities (Appendix C).

The seasonal-average wind anomalies of 2025 are correctly predicted as the maximum values on record (Fig. 3). For SST in
2025, all initialisations forecast positive anomalies but only the December initialisation forecast record values. Generally, years
of strong anomalies in wind speed (1998, 2019) and SST (1998 and 2010) are well captured. The weakened northerlies in 2016
were underestimated, although the forecast anomaly stands out as relatively strong. A false alarm of warm SST anomalies was

made for the same year, although the December forecast reduces the error by roughly a half compared to the October forecast.
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Figure 3. Hindcasts of meridional wind speed and sea surface temperature anomalies in the Gulf Of Panama upwelling region. Time series
represent anomalies of area-averaged values during the upwelling season (January-March) relative to the 1993-2024 climatology. Three fore-
cast initialisations are included: October, November and December. Wind speed convention: negative anomalies indicate stronger northerlies,

while positive anomalies may indicate weaker or reversed northerlies. Values in brackets indicate correlation and AUC scores respectively.

The validation confirms the reliability of CMCC-SPS4 in the region, even at lead times of three months before the upwelling
season.

While it may be expected that intensification of the northerlies (i.e. negative wind anomalies) would be linked to cooler-than-
usual SSTs due to increased upwelling, this is not always observed in the GoP (Fig. 3). For example, in 1998, record inten-
sification of the northerlies, which suggest stronger-than-average upwelling, corresponded with warm temperatures anomalies
which nearly match those of 2025. Observational data confirms that 1998 experienced stronger wind speeds and positive SST
anomalies from December to April, and a premature chlorophyll peak in January (Appendix D). Upwelling, therefore, did
occur in 1998, but was earlier than usual and did not correspond with cool surface temperatures. The upwelling seasons in
1998 and 2025 displayed similar warm extremes in SST and, despite the different wind regimes governing the mechanics of

each year, the forecast system captured both accurately.
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4.3 Subsurface Temperature Forecasts

Given that SST is not always a reliable indicator for upwelling from the subsurface, and that wind does not directly highlight
subsurface conditions, forecasts of subsurface information should be used to complement process understanding. The GLO-
RYS12 ocean reanalysis is used here to identify the heterogeneity of seasonal anomalies throughout the water column, with the
aim of providing context to surface anomalies (Fig. 4). In 2025, warm anomalies are restricted to the upper 30m and lie above
relatively cool waters at climatological temperatures - a sign of weak upwelling. In 1998, conversely, warm anomalies were
present throughout the water column, with peak intensity at 40m, implying the upwelling of warm waters. At the end of 1997
and beginning of 1998, ENSO was in a strong positive phase, which lead to the accumulation of warm waters throughout the
upper ocean along the eastern Tropical Pacific and the GoP (Enfield, 2001). This water likely served as the source for warm
upwelling in the GoP in 1998. A similarly strong positive ENSO event peaked in late 2015, but the wind anomaly for the
upwelling season in 2016 was relatively weak, meaning SST remained at average conditions (Fig. 3).

The correlation skill of subsurface temperature increases with depth for October and November initialisations converging at
50m to match the skill of the December initialisations (Fig. 4). Good agreement between GLORYS12 and OSTIA at surface
partially justifies the use of GLORYS12 to validate the seasonal forecast system. High skill at depth may be useful in deter-
mining the conditions of source waters for upwelling, such as detecting the exceptionally warm anomalies at 40-50 m depth in
1998 and the occurrence of warm upwelling.
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Figure 4. Subsurface temperature anomalies for Janaury-March in the upwelling region. Left: Depth-time diagram of subsurface temperature
anomalies in GLORYS12. Right: Correlation skill of CMCC-SPS4 validated against GLORYS12; points indicate correlation of surface

anomalies between forecasts and OSTIA SST.

4.4 Suitability of Upwelling Indicators

The CMCC-SPS4 represents accurately the driver (northerly wind jets) and the response (regional SST patterns) of upwelling,
but the direct validation of upwelling is problematic due to a lack of vertical velocity data. Here, a commonly-used Ekman

upwelling index derived from wind stress curl is first tested for its sensitivity to resolution, and then compared to total vertical
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velocity only available in CMCC-SPS4. ERAS, which has a 0.25° horizontal resolution, agrees with a 0.125° observational-
based model correction of ERAS (Fig. 5) on the location of climatological upwelling and downwelling zones in the region,
although the upwelling band is narrower in the higher-resolution product.

Wind-driven Ekman Pumping (Methods; Eq. 2), derived from ERAS wind stress, identifies weakened upwelling in 2025
(Fig. 6) extending from the GoP to 5°N. CMCC-SPS4 initialised in December, using the wind stress from the ocean model
at a resolution of 0.25°, recreates the climatological upwelling conditions within the GoP (Fig. 5). For 2025, CMCC-SPS4
correctly predicts a negative anomaly which falls into the lower quintile in January and February; the majority of ensembles
members agree on the exceptional nature of the anomaly, although the ensemble mean underestimates the magnitude (Fig. 6).

The persistence of the extreme negative anomaly into March is not captured by the forecast.
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Figure 5. Regional Climatology of upwelling indicators. Climatologies correspond to the upwelling season over the period 1993-2024, with
the exception of CMS which covers 2008-2024. W, represents Ekman Pumping, while W represents total vertical velocity at 10m depth.
Note the different colourbar used for CMCC-SPS4 W.

Given the lack of validation data for vertical velocity, here the CMCC-SPS4 output is compared to the derived Ekman
Pumping (Fig. 6, middle and bottom). Vertical velocity at a depth of 10 m is selected as indicative of upwelling into the base

of the mixed layer, which is shallow during upwelling. In 2025, the forecast vertical velocity, like the derived upwelling, falls

11
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below the lower quintile, which explains why the forecast temperatures exceed the upper quintile (Fig. 2). The persistence of
weakened upwelling into March appears better captured by the vertical velocity forecasts, but also continues into April. While
vertical motion may be induced by other processes besides wind-driven upwelling, the vertical velocity agrees with the Ekman

Pumping estimation on the exceptional nature of the 2025 anomaly at onset and peak of the upwelling season.

ERA5 Wpump
4

%
=
|

Ekman Pumping Anomaly (m.d~1)

CMCC SPS4 Wpymp
=2 =2
@
| |
w N

9 ]
z z
Anomaly (m.d™1)

| o
o © o
o w
Vertical Velocity

CMCC SPS4 W

Figure 6. Comparison of upwelling indicator anomalies for 2025. Top: Ekman Pumping derived from wind stress curl, a representative
velocity for the upper water column, for ERAS; black hatching indicates where values do not fall below the lower quintile. Middle: Ekman
Pumping in the CMCC-SPS4 December initialisation. Bottom: vertical velocity at 10 m depth for CMCC-SPS4. For CMCC-SPS4 maps

(middle and bottom), black hatching indicates where less than 50% of ensemble members predict temperatures below the lower quintile.

5 Conclusions & Discussion

Here, we show that local-scale upwelling conditions in the Gulf of Panama are predictable up to 3 months in advance, and that
the unprecedented weakening of upwelling in 2025 was accurately forecast in December of 2024 (Fig. 2). Forecasts of elevated
temperature and indicators relevant to nutrient concentrations are in demand from a range of end-users, from fisheries and
aquaculture to ecosystem managers (Ciliberti et al., 2023; Hartog et al., 2023). This work proves the potential of operational
seasonal forecasting systems to provide early warnings in the region, and suggests other local-scale or seasonal upwelling
systems should be the target of future studies.

Studies on the predictability of upwelling strength on seasonal timescales have typically focused on the larger Eastern

Boundary Upwelling Systems (Amaya et al., 2024; Sylla et al., 2026), in which indicators of upwelling based on wind speed and
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temperature provide sufficient descriptions of the phenomena. For example, a widely-used indicator is the difference between
coastal and open ocean temperatures, which is suitable for EBUS (Narayan et al., 2010; Sylla et al., 2026). More reliable
alternatives are the Ekman Coastal Upwelling and Ekman Pumping derived from wind stress, yet these may be sensitive to
horizontal resolution (Capet et al., 2004; Bonino et al., 2019). Here, we found that the wind stress fields at 0.25° resolution
provided by the ocean component of the seasonal forecast system sufficiently captured upwelling processes in the GoP (Fig.
6).

The extreme upper ocean temperatures of the GoP in 1998 highlight how upwelling may not always lead to cooler coastal
waters, and suggests that indicators based solely on temperature are unreliable. Firstly, the expected inverse relationship be-
tween wind stress and SST in the GoP during upwelling cannot be assumed (D’Croz and O’Dea, 2007). Secondly, in 1998,
temperature-based upwelling indicators suggested no upwelling took place, yet catches of anchovies were relatively high
(Team, 2015). The apparent mismatch may lead to erroneous conclusions begin drawn about impacts and other stressors on
fish stocks. Meridional wind is still a reliable indicator of Ekman Upwelling in the region, but alone does not indicate whether
warm or cool waters are being upwelled. As an alternative, metrics which incorporate subsurface temperatures have been pro-
posed in other regions, such as in the Great Barrier Reef where warm anomalies have also been linked to enhanced upwelling
(Berkelmans et al., 2010). Moreover, region-specific identification of ideal indices can be based on the response of local bio-
logical indicators to various environmental conditions (Garcia-Reyes et al., 2014; Largier, 2020). Seasonal forecasts were able
to capture two types of upwelling extreme: exceptionally warm (e.g. 1998) and weak (e.g. 2025) upwelling (Fig. 3).

More generally, this work complements recent studies on the predictability of subsurface ocean conditions on seasonal
timescales (McAdam et al., 2022, 2023; Amaya et al., 2024; Balmaseda et al., 2024); such findings should help boost the
uptake and exploitation of seasonal forecasts of the ocean to benefit a greater range of potential users. In the GoP, temperature
anomalies linked to weaker or stronger upwelling are not consistent throughout the historical record, meaning that knowledge
of subsurface conditions can give further context to surface conditions. For example, the record-breaking temperatures of 2025
were restricted to the upper 30m, while in 1998 exceptionally warm anomalies were present at 40m despite strong upwelling

(Fig. 4). Unseen subsurface temperature extremes may impact local ecosystems as much as surface conditions.
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Appendix A: Conditions during the suppressed upwelling season of 2025

The Copernicus-GlobColour product provides daily global gap-filled chlorophyll fields from multiple ocean colour sensors
at roughly 4km resolution over the period 1997-2025. In this study, it is used as a complementary biological indicator of
upwelling. The exceptionally low chlorophyll concentrations throughout the season provide evidence for the impact of the
upwelling suppression on local ocean health (O’Dea et al., 2025) and indciate that the extreme temepratures were not caused

by interactions with the atmosphere but by a lack of cool water being upwelled.

—=- Climatology ~—— 2025 301 == Climatology ——— 2025

Chl (mg.m~3)
G

Meridional Wind Speed (m.s™)

Total Surface Heat Flux (W.m~2)

—-= Climatology ~—— 2025

Dec Jan Feb Mar Apr

Figure A1l. Oceanic and atmospheric conditions during the 2025 upwelling season. Values for meridional wind, chlorophyll concentration,
sea surface temperature (SST), and net surface heat flux for the wider upwelling region (Figure 1) are shown. Climatological values from
1993-2024, or 1998-2024 in the case of chlorophyll, are represented by dashed lines. One and two levels of standard deviation of the same

periods are shown by dark and light shading respectively. Heat flux convention: positive into the ocean.
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285 Appendix B: Forecasts of daily conditions during 2025 upwelling season

This analysis displays the behaviour of the 40-member forecast ensemble, highlighting where members largely agree or diverge.

Meridional Wind Anomaly (m.s™1)

4 4 == OSTIA = CMCC-SPS4 Dec N

SST Anomaly (°C)

ek, A8

Dec Jan Feb Mar Apr

Figure B1. Forecasts and observations of daily meridional wind and sea surface temperature anomalies during the 2025 upwelling season.

Dark and light shading represent the inter-quartile range and full spread of ensemble members, respectively.
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Appendix C: SKill of surface variables in other operational forecasting systems

CMCC-SPS4 is compared to other operational systems for available surface variables SST and meridional wind speed, to

demonstrate how well it represents state-of-the-art forecasting systems.

15

mmmm ERA5 === CMCC-SPS4 (0.75/0.77) ECMWF-5.1 (0.67/0.83) == MF-9 (0.66/0.74)

Meridional Wind Speed (m.s™1)

15

mmmm OSTIA == CMCC-SPS4 (0.75/0.89) ECMWF-5.1 (0.54/0.68) === MF-9 (0.73/0.85)
1.0 1

0.5 A

0.0 A

SST (°C)

—-0.5 1

—-1.0

-1.5

1995 2000 2005 2010 2015 2020 2025

Figure C1. Hindcasts of meridional wind speed and sea surface temperature anomalies in Copernicus Climate Change Service seasonal
forecast systems ECMWF version 5.1 and Meteo-France version 9. Time series represent anomalies of area-averaged values during the
upwelling season (January-March) relative to the 1993-2024 climatology. Wind speed convention: negative anomalies indicate stronger
northerlies, while positive anomalies may indicate weaker or reversed northerlies. Values in brackets indicate correlation and AUC scores

respectively.
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290 Appendix D: Conditions during the strong upwelling season of 1998

The upwelling season of 1998 experienced the most intense northerly jet and near-record temperatures on par with 2025, and

was marked by premature upwelling in early Janaury.
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Figure D1. As in Figure A1, but for the 1998 upwelling season.
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Data availability. Seasonal forecast output for wind speed and sea surface temperature are available via the Copernicus Climate Change
Service (C3S) Climate Data Store (CDS) at

https://doi.org/10.24381/cds.181d637e. ERAS are also available on the CDs at 10.24381/cds.adbb2d47.

Forecasts of wind stress, subsurface temperature and vertical velocities for the study region are available on

Zenodo: https://doi.org/10.5281/zenodo.21723336.

This study has been conducted using E.U. Copernicus Marine Service Information: “Global Ocean Hourly Sea Surface Wind and Stress from
Scatterometer and Model"

https://doi.org/10.48670/moi-00305 (Accessed on 04-04-2026).

“Global Ocean OSTIA Sea Surface Temperature and Sea Ice Analysis"

https://doi.org/10.48670/moi-00165 Accessed on DD-MM-YYYY; “Global Ocean Colour (Copernicus-GlobColour), Bio-Geo-Chemical, L4
(monthly and interpolated) from Satellite Observations (1997-ongoing)" https://doi.org/10.48670/moi-00281 (Accessed on 03-11-2025).
GLORYS12v1 reanalysis is available from the Copernicus Marine Store at 10.48670/moi-00021 (Accessed on 21-11-2025).

In-situ ocean temperature data from the Isla Pacheca mooring can be obtained from https://doi.org/10.5281/zenodo0.15715993 (O’Dea, 2025).
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