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ABSTRACT. Coiba Island and the associated Special Zone of Marine Protection represent an 
important, yet poorly studied marine reserve along the Pacific coast of Panama. While efforts have 
recently began to establish monitoring programs in the region, a range of historical, marine-related 
environmental measurements already exist, derived from satellite-based observations. The goal of this 
paper was to use long-term datasets for key variables to provide qualitative insights (i.e. descriptive 
oceanography) of climatological conditions and interannual variability in the Pacific Panama region. 
These are underpinned with numerical assessments, providing an important baseline for ongoing and 
future studies, particularly in the Coiba Island/Gulf of Chiriqui region. In particular, we examined 
20 years (January 2003-December 2022) of wind stress, sea surface temperature (SST), and chloro-
phyll-a (Chl-a), spanning the neritic and pelagic regions of the Pacific Panama coast. During the dry 
season (northern winter), the well-known, seasonal, regional Panama wind jet appeared across the 
Gulf of Panama, leading to surface mixing and SST cooling that eventually extended across most 
of the Panama Bight. West of the Azuero Peninsula, SST increased and surface warming extended 
further offshore from January through April. The SST in the Gulf of Chiriqui during this period was 
about 1 °C warmer on average than east of Coiba Island. By July and August, offshore SST gradients 
became largely longitudinal, cooling occured across the season, and the SST on either side of Coiba 
Island was nearly the same. The influence of the Panama jet in the Gulf of Panama was clear in the 
Chl-a data as well, with upwelling-driven values peaking in February/March (up to 11 mg m-3, with 
a monthly climatological value of around 2 mg m-3 during this period). During the rest of the year, 
the Chl-a concentration in this region averaged around 0.5-1.0 mg m-3. In the Gulf of Chiriqui and 
the region east of Coiba Island, the climatological monthly averages were roughly 0.3-0.5 mg m-3 
and 0.4-0.6 mg m-3, respectively. Somewhat surprisingly, very high Chl-a values were present in the 
satellite data for the Gulf of Chiriqui during May 2007 and June 2008, peaking at 16 mg m-3 and 
32 mg m-3 at a location just west of Coiba Island, respectively. It remains unclear as to the cause of 
these apparent blooms. Even when the high Chl-a values were excluded in the calculation of clima-
tological averages in the Gulf of Chiriqui, however, there is a suggestion of modest seasonality in 
Chl-a values, with slightly elevated values (~ 0.4 mg m-3) peaking around May and October. During 
the extreme El Niño event of 2015-2016, the monthly-averaged SST along the Panama Pacific coast 
was warmer than average, with elevated levels of up to + 2 °C and lasting 12 months in the Gulf of 
Chiriqui. In the Gulf of Panama, the monthly-averaged SST anomalies were up to + 1.7 °C, although 
the temperatures returned to near-seasonal averages after roughly 5 months.
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INTRODUCTION

The country of Panama is an isthmus in Central 
America, located at roughly 7-10° N, 77-83° W, 
between Costa Rica and Colombia (Figure 1). The 
largest marine features on the Pacific side of Pan-
ama are the Gulf of Chiriqui to the west and the 
Gulf of Panama to the east; the Azuero Peninsula 
is a major geographic between the two gulfs. Nu-
merous islands dot the coastal waters: Coiba Island, 
for example, sits on the southeastern edge of the 
Gulf of Chiriqui, on the edge of the continental 
shelf; the Pearl Islands are clustered on the eastern 

side of the Gulf of Panama, about 60 km from the 
shelf edge. 

The Pacific Panama coast also represents part of 
the eastern boundary to the Eastern Tropical Pacific 
(ETP). Early key research focused on the tuna fish-
eries and the associated environmental conditions 
in the ETP (Smayda 1966; Wyrtki 1966). Much of 
the attention in the past 50 years or so, however, 
has focused on the importance of the ETP as a com-
ponent of the Earth’s global climate system (the El 
Niño- Southern Oscillation, ENSO). An excellent 
set of review papers were published in 2006, span-
ning overviews of atmospheric conditions (Ama-
dor et al. 2006), oceanographic conditions (Fiedler 
and Talley 2006; Kessler 2006; Willett et al. 2006), 

Caracterización de las condiciones oceanográficas cerca de la Isla Coiba y el Pacífico de Panamá utilizando 20 años de mediciones 
satelitales de estrés del viento, TSM y clorofila-a

RESUMEN. La Isla Coiba y la Zona Especial de Protección Marina asociada representan una reserva marina importante, aunque poco 
estudiada, a lo largo de la costa del Pacífico de Panamá. Si bien recientemente se han iniciado esfuerzos para establecer programas de 
monitoreo en la región, ya existe una variedad de mediciones ambientales históricas relacionadas con el mar, derivadas de observaciones 
satelitales. El objetivo de este artículo fue utilizar conjuntos de datos a largo plazo para variables clave para proporcionar información 
cualitativa (es decir, oceanografía descriptiva) de las condiciones climatológicas y variabilidad interanual en la región del Pacífico de 
Panamá. Estos se basan en evaluaciones numéricas, lo que proporciona una base importante para estudios en curso y futuros, particu-
larmente en la región de la Isla Coiba y el Golfo de Chiriquí. En particular, examinamos 20 años (enero de 2003-diciembre de 2022) 
de estrés eólico, temperatura de la superficie del mar (TSM) y clorofila-a (Chl-a), que abarcan las regiones neríticas y pelágicas de la 
costa del Pacífico de Panamá. Durante la estación seca (invierno del norte), el conocido chorro de viento estacional regional de Pana-
má apareció a lo largo del Golfo de Panamá, lo que provocó una mezcla de la superficie y un enfriamiento de la TSM que finalmente 
se extendió por la mayor parte de la Bahía de Panamá. Al oeste de la Península de Azuero, la TSM aumentó y el calentamiento de la 
superficie se extendió más lejos de la costa desde enero hasta abril. La TSM en el Golfo de Chiriquí durante este período fue alrededor 
de 1° C más cálida en promedio que al este de la Isla Coiba. En julio y agosto, los gradientes de TSM en alta mar se volvieron en gran 
medida longitudinales, se produjo un enfriamiento a lo largo de la temporada, y la TSM a ambos lados de la isla Coiba fue casi la misma. 
La influencia del chorro de Panamá en el Golfo de Panamá también fue evidente en los datos de Chl-a, con valores impulsados por las 
surgencias que alcanzaron su punto máximo en febrero/marzo (hasta 11 mg m-3, con un valor climatológico mensual de alrededor de 2 
mg m-3 durante este período). Durante el resto del año, la concentración de Chl-a en esta región promedió alrededor de 0,5-1,0 mg m-3. 
En el Golfo de Chiriquí y la región al este de la Isla Coiba, los promedios climatológicos mensuales fueron aproximadamente 0,3-0,5 
mg m-3 y 0,4 - 0,6 mg m-3, respectivamente. Algo sorprendente es que en los datos satelitales del Golfo de Chiriquí durante mayo de 
2007 y junio de 2008 estuvieron presentes valores muy altos de Chl-a, alcanzando un máximo de 16 mg m-3 y 32 mg m-3 en un lugar 
justo al oeste de la isla Coiba, respectivamente. Aún no está clara la causa de estas aparentes floraciones. Sin embargo, incluso cuando 
se excluyeron los valores altos de Chl-a en el cálculo de los promedios climatológicos en el Golfo de Chiriquí, hay una sugerencia 
de estacionalidad modesta en los valores de Chl-a, con valores ligeramente elevados (~ 0,4 mg m-3) que alcanzan su punto máximo 
alrededor de mayo y octubre. Durante el evento extremo de El Niño de 2015-2016, el promedio mensual de TSM a lo largo de la costa 
del Pacífico de Panamá fue más cálida que el promedio, con niveles elevados de hasta + 2 °C y con duración de 12 meses en el Golfo 
de Chiriquí. En el Golfo de Panamá, las anomalías promedio mensuales de la TSM fueron de hasta + 1,7 °C, aunque las temperaturas 
volvieron a los promedios casi estacionales después de aproximadamente 5 meses.

Palabras clave: Hidrografía, estrés eólico, temperatura superficial, clorofilas, surgencias.
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biological organisms (Ballance et al. 2006; Fer-
nandez-Álamo and Farber-Lorda 2006; Penning-
ton et al. 2006) and climate variability and change 
(Mestas-Nunez and Miller 2006; Wang and Fielder 
2006). More recent work has been undertaken to 
understand modes of atmospheric variability in the 
ETP (Amador et al. 2016a, 2016b; Garcia-Franco 
et al. 2023). The vast majority of all this research, 
however, has focused on larger-scale studies in and 
over the deep ocean. 

A more limited set of marine coastal studies in 
the Pacific Panama region have focused primarily 
on the Gulf of Panama. Key studies of this region 
have examined coastal circulation (Corredor-Acos-
ta et al. 2001; Rodriguez-Rubio et al. 2003; 
Chaigneau et al. 2006; Devis-Morales et al. 2008) 
and ocean color/chlorophyll concentrations (Ro-
driguez-Rubio and Stuardo 2002; Corredor-Acosta 
et al. 2020; Herrera Carmona et al. 2022). A few 
of these studies do extend to the western edge of 

the Pacific Panama coast. The focus on the Gulf 
of Panama is perhaps not surprising for a number 
of reasons, including the proximity of the Pacific 
entrance/exit to the Panama Canal; the Gulf as part 
of the Panama Bight region, which is adjacent to 
part of the Colombian coastline; and the annual 
wind-driven upwelling in the Gulf and Bight that 
plays an important role in the local ecosystem. 

On the other hand, there has been a growing need 
for improved monitoring and understanding of the 
marine environment in the Gulf of Chiriqui region, 
particularly in the Coiba Island region. In 1992, 
the government of Panama created Coiba National 
Park, a marine reserve including Coiba Island. In 
2004, the government refined and expanded the 
region as the Coiba National Park and its Special 
Zone of Marine Protection, spanning a total of area 
of 4,300 km2. It was subsequently identified as a 
World Heritage Site by UNESCO. Coiba Nation-
al Park is considered a biological sanctuary and 

Figure 1. Pacific Panama study region. Key coastal features include the Gulf of Chiriqui (A), Coiba Island (B), the Azuero Penin-
sula (C), and the Gulf of Panama (D). The Coiba AIP Scientific Station is located on the north side of Coiba Island (black 
circle). Time series were determined for three geographic subregions (squares): coastal Chiriqui (CC), east of Coiba Island 
(EC), and the coastal Gulf of Panama (CP). Bathymetric contours are shown for depths of 150, 300, 500, 1,000, 2,000 and 
4,000 m; the latter two depths are labeled. Dashed lines represent political boundaries.
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hotspot for species and ecosystem diversity where 
elevated functional and demographic connectivity 
with other ETP islands have been demonstrated for 
megafauna, fishes, corals, and zooplankton (Alvara-
do et al. 2012; Guzmán et al. 2021; Brugnoli Olive-
ra et al. 2023). Despite its conservation status and 
reduced visitation, potential threats to biodiversity 
have been identified in the area, including the intro-
duction of invasive species, micro and macro plas-
tic pollution, illegal fisheries, and climate change 
impacts such as coral reef bleaching (Podesta and 
Glynn 1997; Colley et al. 2006; Maté et al. 2009). 
The region also lies within the Eastern Tropical 
Pacific Marine Corridor (CMAR), a multi-national 
initiative for conservation, protection and sustain-
able use of marine resources that also includes the 
Galapagos Islands (Ecuador), Malpelo and Gor-
gona Islands (Colombia) and Coco Island (Costa 
Rica) (Enright et al. 2021). 

To this point, there has been relatively little re-
search in the Gulf of Chiriqui/Coiba region. Most 
of what has been published has focused on coral 
reef studies (D’Croz and Robertson 1997; Camilli 
et al. 2007, 2008; D’Croz and O’Dea 2007) and 
temperature effects on coral bleaching (Podesta 
and Glynn 1997; Colley et al. 2006). A notable 
exception to this is D’Croz and O’Dea (2007), who 
conducted four cruises in the region, spanning dif-
ferent times of year, and assessed the extent and 
impact of upwelling in the Gulf of Panama and the 
Gulf of Chiriqui. The establishment of Coiba AIP 
(‘Asociación de interés público’ in Spanish) and 
the recent creation of a scientific research station 
on Coiba Island represent significant steps towards 
increasing the capacity for in situ environmental 
assessment and monitoring in the region (Cardona 
et al. 2021; Guzmán et al. 2021; Brugnoli Olivera 
et al. 2023). However, there is a wealth of histori-
cal, publicly-available, nearly continuous (in time 
and space) satellite-based data products that can 
provide information on climatological and anom-
alous conditions in the marine environment. 

Some satellite data have been used in the past to 
characterize marine environmental conditions and 

relationship in the ETP in general (Amador et al. 
2016a, 2016b), with some emphasizing conditions 
in the Panama Bight (Rodriguez-Rubio and Stuar-
do 2002; Corredor-Acosta et al. 2020; Carmona et 
al. 2022). The present study is the first of its kind to 
focus on characterizing seasonal climatologies and 
interannual variability of satellite-derived sea sur-
face temperature (SST) and chlorophyll-a (Chl-a) 
concentrations over the Pacific Panama continental 
shelf, including sites in the vicinity of Coiba Na-
tional Park and its Special Zone of Marine Protec-
tion. We also assessed the apparent impact of the 
2015-2016 El Niño, considered to be one of the 
three strongest and long-lived such events since 
1950 (Santoso et al. 2017; Hu and Fedorov 2019) 
but little discussed thus far in the scientific litera-
ture in terms of the coastal Pacific Panama region. 

MATERIALS AND METHODS

For this study, we examined 20 years (January 
2003-December 2022) of wind stress (estimated 
for 10 m height; 25 km resolution), SST (4 km 
resolution), and Chl-a (4 km resolution). Data were 
accessed through the NASA (U.S. National Aero-
nautics and Space Administration) Giovanni web-
site/interface (see Acker and Leptoukh 2007). Sea 
surface temperature and Chl-a data used here were 
derived from MODIS Aqua data (Level 3). Clima-
tological averages for each month were generated 
from monthly-averaged SST data (NASA OBPG 
2019a) and from 8 d-averaged Chl-a data (NASA 
OBPG 2022), respectively. Monthly wind stress 
climatologies were calculated from the MERRA-2 
(Modern-Era Retrospective analysis for Research 
and Applications version 2) data set of time-aver-
aged, two-dimensional monthly mean values, as-
sessed at 10 m height (GMAO 2015). 

For SST and Chl-a time series, we used the 8-d 
composite data sets (NASA OBPG 2019b; 2022). 
We averaged these data over 4 × 4 pixels (roughly 
300 km2) in three regions (see Figure 1): a location 
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in the coastal Gulf of Chiriqui (CC) region, near 
the edge of the continental shelf and just west of 
Coiba Island; a region east of Coiba Island (EC); 
and a site near the middle of the Gulf of Pana-
ma (CP). Data were downloaded and then subse-
quently analyzed and imaged using Matlab (The 
Mathworks Inc. 2022) and M_Map (Pawlowicz 
2021). A Pearson correlation coefficient, ρ, was 
determined for SST and log10 (Chl-a) at each of 
the three sites. We also examined some of the 
fundamental optical measurements that are used 
to calculate Chl-a estimates. The algorithm used 
to estimate surface ocean Chl-a concentrations is 
described in Hu et al. (2019) and O’Reilly and 
Werdell (2019). It is noted that for high Chl-a con-
centrations (> 0.35 mg m-3), the algorithm uses a 
ratio of the (logarithm of the) relative reflectance, 
Rrs, from the ocean surface at blue and green wave-
lengths. For MODIS Aqua chlorophyll calculations, 
the green wavelength band was centered at 547 nm, 
while there were two dataset options for the blue 
wavelength: 443 nm and 488 nm (O’Reilly and 
Werdell 2019). The algorithm used whichever ratio 
yields the highest value: (Rrs(443 nm)/Rrs(547 nm) 
or Rrs(488 nm)/Rrs(547 nm)). In the present study, 
for illustrative purposes, time series of Rrs(488 nm) 
and Rrs(547 nm) were examined. 

Daily precipitation rate data were examined 
for a region over the coastal Gulf of Chiriqui and 
southwestern Panama (8.125-8.375° N, 81.625-
81.875° W), using the Global Precipitation Mea-
surement (GPM) Integrated Multi-satellitE Re-
trievals for GPM (IMERG) dataset (Huffman et al. 
2023). Data were smoothed with an 8-day running 
average.
 

RESULTS

A strong southward wind stress was present 
over the Gulf of Panama from January through 
March (in fact it actually began in December), 
concomitant with SST cooling within and south of 

the Gulf, with average SST dropping to as low as 
~ 25 °C (Figure 2). South of the Azuero Peninsula 
and further west, winds were generally southward, 
although their strength tapered off to the west. The 
SST in the Gulf of Chiriqui warms up from January 
through April from about 29 °C to 30 °C during 
the dry season; the warmed region also extends 
offshore across this period. A strong, largely zonal 
SST gradient existed between the Gulf of Chiriqui 
and the Gulf of Panama of up to 5 °C across rough-
ly 200 km; the SST on the west side of Coiba Is-
land was on average about 1 °C warmer than on 
the eastern side.

As March gave way to boreal spring, winds first 
slackened and then blew roughly to the east-north-
east. The strong zonal SST gradient was wiped 
away by May, replaced by a largely meridional 
gradient, with coastal SST in the Gulf of Chiriqui 
and Gulf of Panama ranging around 29-30 °C in 
August. Further offshore in oceanic waters (e.g. 
south of about 6° N) there was a general cooling 
trend in SST from June through November, drop-
ping from about 28 °C to 27 °C. Warmer SSTs 
(~ 29-30 °C) were relegated to the shelf regions 
from June through September. By October, the SST 
over the outer region of the Gulf of Chiriqui and 
off the Azuero Peninsula dropped to near-oceanic 
levels, although warmer SST values (~ 29 °C) were 
present in the Gulf of Panama into November. By 
December, warming of the SST on the western side 
of Pacific Panama had begun again, while some 
southward wind flow occurred over the Gulf of 
Panama and the SST remained fairly cool (~ 28 °C).

The strong seasonal cycle in SST was clearly 
seen in CP and CC (Figure 3). The extent of SST 
cooling and its duration during the January-March 
upwelling period varied extensively, with 2019 rep-
resenting a prolonged period (almost 3 months) of 
significant SST cooling (22-24 °C). On the oth-
er hand, there was a similar degree of cooling in 
2012, but it lasted about half as long. There was 
little sense of a seasonal signal, visually, in the 
EC time series plot. The annual average SST at 
CC, EC and CP was 29.3 °C, 29.0 °C and 28.0 °C, 
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Figure 2. Monthly climatology maps of mean wind stress and SST for January through December, derived from the 20-year data sets. 
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Figure 2. Continued.
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respectively. The greatest range in SST occurred at 
CP (21.3-31.2 °C) and the smallest occurred at EC 
(27.1-29.0 °C). At CC, the range was 25.5-32.2 °C.

Broadly speaking, Chl-a values on the order of 
0.5 mg m-3 or less were observed across the ocean-
ic and most of the coastal regions most of the time 
(Figure 4). In some regions very near the coastline 
(e.g. Gulf of Montijo, between Coiba Island and 
the Azuero Peninsula; along the northern shore-
line in the Gulf of Panama), monthly estimates of 
Chl-a were significantly enhanced (~ 5 mg m-3) 
over much of the year. 

Strong winds associated with the Panama jet 
in January-March were associated with a broad 
band of elevated Chl-a in the Gulf of Panama and 
extending further south, averaging 2-4 mg m-3 over 
the month of February (Figure 4). By April, the fea-
ture has largely disappeared/dissipated and for the 
rest of the year the Chl-values were relatively low. 
Somewhat surprisingly, there appears to be a slight 
elevation in Chl-a estimates in the Gulf of Chiriqui 
region in May and June, up to around 2 mg m-3. 

Some gaps can be seen in the Chl-a time series 
data derived from the 8-d composite images and 
averaged over the regions CC, EC and CP (Figure 
5). Persistent cloud cover, for example, can impede 
the retrieval of Chl-a estimates from satellite data. 
The annual cycle in Chl-a at CP, driven by the 
Panama jet winds, was very clear (Figure 5, bottom 
panel); values ranged from 0.2 to 11.0 mg m-3, with 
peak values typically occurring in February and 
March. No particular seasonal signal was evident at 
EC; the range of Chl-a values was 0.1-2.2 mg m-3. 
Similarly, there was not an obvious annual cycle at 
CC. However, there were five of the 8-day Chl-a 
values at CC that were notably higher than the rest, 
specifically: May 1, 2007 (16.0 mg m-3); May 9, 
2007 (16.0 mg m-3); May 24, 2008 (9.6 mg m-3); 
June 9, 2008 (31.9 mg m-3); and June 17, 2008 
(9.1 mg m-3). The remainder of the Chl-a data 
at CC ranged between 0.1 and 2.0 mg m-3. At 
EC, there was little sense of seasonal variability. 
The Chl-a values here ranged between 0.2 and 
3.2 mg m-3. 

To provide more insight regarding the two pe-
riods of substantially enhanced Chl-a estimates in 
the Gulf of Chiriqui, monthly averaged maps Chl-a 
maps for the Pacific Panama region for April-June 
2007 and for May-July 2008 were generated (Fig-
ure 6). In April 2007, there was some sense of 
elevated Chl-a values in the Gulf of Chiriqui, al-
though it was confined to the nearshore region of 
the shelf. In May, high values (> 3 mg m-3) in the 
gulf extended out to the shelf edge and beyond. At 
the east of Coiba Island and in the Gulf of Panama, 
no such enhancement was present. By June, ele-
vated levels in the Gulf of Chiriqui (N. B. cloud 
cover likely dominated the nearshore region during 
this month). For the 2008 event, there appeared to 
be enhanced Chl-a levels across the inner shelf of 
the Gulf of Chiriqui and along the western edge of 
Coiba Island already present in May. By June, the 
enhanced levels extended all the way across the 
shelf and out about 100 km offshore. By July, high 
values have largely dissipated except for close to 
the shoreline. 

Pearson correlation coefficients (ρ) for CC, EC 
and CP, and for the aggregated data were -0.27, 

-0.15, -0.68, and -0.58, respectively (Figure 7). If 
we remove the five anomalously high Chl-a data 
points at CC previously identified, then the correla-
tion coefficients for CC and for the aggregated data 
become -0.34 and -0.61, respectively. 

Time series of Rrs(488 nm) and Rrs(547 nm) 
for an abbreviated time period (2006-2010) at CC, 
EC and CP showed that large Chl-a values at CC 
in 2007 and 2008 were clearly associated with a 
significant drop in reflectance at 488 nm (Figure 
8). A similar result was observed at 443 nm (not 
shown). At CP, seasonal increases in Chl-a in Feb-
ruary and March of each year were also associated 
with reduced values at 488 nm. At EC, the ratio of 
the reflectance at 488 nm and at 547 nm remained 
consistent through the year, coinciding with the ob-
servation of very little variation in Chl-a estimates 
at this location. 

To try to assess what may have been responsi-
ble for high satellite-derived Chl-a values at CC 
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Figure 4. Monthly climatology maps of Chl-a concentration for January through December, derived from the 20-year data sets. 
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Figure 5. Chl-a time series from January 2003 through December 2022 at Gulf of Chiriqui (CC) (A), Coiba Island (EC) (B), and Gulf 
of Panama (CP) (C), based on 8-d averages. Data gaps are typically due to atmospheric effects (e.g. extended cloud cover). 

Figure 4. Continued. 
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in 2007 and 2008, we considered both locally 
wind-driven upwelling and the potential influence 
of significant runoff to the Gulf of Chiriqui (e.g. 
large inputs of terrestrially-derived nutrients; po-
tential contamination of Chl-a estimates due to 
large inputs of terrestrially-derived gelbstoff and/
or colored dissolved organic matter, CDOM) (Har-

vey et al. 2015; Lavigne et al. 2021). In terms of 
locally wind-driven upwelling, the monthly mean 
wind stress near CC was relatively low (4.7 × 
10-2 Nm-2, to the north-northeast) though higher 
than the mean value for May (2.7 × 10-2 Nm-2; to 
the north-northeast). The mean wind stress for June 
2008 at CC (3.0 × 10-2 Nm-2; to the north-north-

Figure 6. Monthly mean Chl-a concentrations across two events where high values were observed in the Gulf of Chiriqui: May 
2007 and June 2008. April-June 2007 (A) and May-July 2008 (B). 
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east) was similar to the climatological mean for 
June (3.5 × 10-2 Nm-2, to the north-northeast). 

Chlorophyll-a estimates at CC during 2006 
peaked at 0.7 mg m-3 around May 1 of that year 
(Figure 9). A modest rainstorm occurred around 
April 27, with a peak average rainfall rate of about 
1.5 cm d-1. The next significant storm arrived 
around May 19, with a peak (8-day running av-
erage) rainfall rate of 2.3 cm d-1. There was little 
suggestion of an increase of Chl-a during this latter 
period. For the 2007 event, Chl-a began to rise 
round day April 23 (2.0 mg m-3), peaking around 
16 mg m-3 by May 1 through May 9. Averaged 
rainfall rates in the Gulf of Chiriqui region were 
roughly 0.7 cm d-1 around April 14. Another slight-
ly strong rainstorm arrived centered around April 

29 and averaged around 1 cm d-1. A third storm 
arrived between roughly May 11 and May 21 with 
average rainfall rates peaking around 2 cm d-1, al-
though this was after the Chl-a event. 

For the 2008 high Chl-a event at CC, there was 
a significant gap in Chl-a estimates between April 
30 (when Chl-a estimates were slightly elevated, 
around 1 mg m-3) and June 9 (when the Chl-a peak-
ed at 32 mg m-3). There were two substantial rain-
fall events, centered around May 11 and May 24 
(with average precipitation rates of up to 2 cm d-1 
and 3 cm d-1, respectively). For 2009, there was a 
major, extended period of rainfall lasting about 2 
weeks, peaking around May 23 and averaging as 
much as 5 cm d-1 across an 8-day period. Chloro-
phyll-a peaked at around 0.8 mg m-3 by May 17. 

Figure 7. Scatterplots of Chl-a v. SST, based on 8-day averages for Gulf of Chiriqui (CC) (A), Coiba Island (EC) (B), Gulf of 
Panama (CP) (C), and all three locations (aggregated data) (D). Pearson correlation coefficients for the four data sets were 
ρ = -0.27, -0.15, -0.68 and -0.58, respectively. If the 5 anomalously high Chl-a values at CC are ignored, then ρ = -0.34 
and -0.61 for (a) and (d), respectively. 
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In terms of probability distributions, Chl-a val-
ues were closer to a lognormal distribution, while 
SST data were more normally distributed (not 
shown). In order to estimate monthly climatology 
values for CC, EC and CP, we have binned and av-
eraged SST and log10 (Chl-a) time series data from 
Figure 3 and 5, respectively, by month. In addition, 
given that Chl-a data from May 2007 and June 

2008 were so anomalously high and their cause 
remains poorly understood, we have excluded the 
previously identified five 8-day average data points 
from this analysis (Figure 10). The seasonal cool-
ing of SST and increase of Chl-a in coastal Panama, 
associated with the Panama jet, was clearly seen. 
In February, the monthly climatological mean SST 
and mean Chl-a at CP were 25.3 °C and 1.8 mg m-3, 

Figure 9. Eight-day averaged Chl-a estimates at CC (thick line) and daily precipitation rate (thin line) over a region of the coastal 
Gulf of Chiriqui and southwestern Panama (8.125-8.375° N, 81.625-81.875° W) for the period 2006-2010. The daily 
precipitation rates were smoothed with an 8-day running average to facilitate comparison with the Chl-a data. 

Figure 8. Eight-day average relative reflectance, Rrs, at 488 nm (thick line) and 547 nm (thin line) from 2006-2010 at: Gulf of 
Chiriqui (CC) (A), Coiba Island (EC) (B), and Gulf of Panama (CP) (C). 
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respectively. As noted previously, from January 
through April, the mean SST on the western side 
of Coiba Island was roughly 1 °C warmer than the 
eastern side (~ 30 °C versus ~ 29 °C), although 
the two track each other through the rest of the 
year. Climatological monthly averages of Chl-a at 
EC were slightly higher at EC than at CC by about 
0.1 mg m-3 through most of the year. 

In order to assess the impact of the very large 
2015-2016 El Niño event along the Pacific Panama 
coast, we determined the monthly mean SST anom-
alies at CC, EC and CP and CC for January 2015 
through December 2016 (Figure 11). In the Gulf 
of Chiriqui, the monthly-averaged SST anomaly 
was elevated for 12 months (April 2015 through 
March 2016), averaging + 1.5 °C during this pe-
riod and peaking at + 1.9 °C around December 
2015-January 2016 (Figure 11). At EC, the month-
ly-averaged SST anomaly was similarly elevated 
for 10 months (May 2015-February 2016), peaking 

around + 1.6 °C in December 2015. In contrast, 
the monthly averaged SST at CP was elevated for 
roughly 5 months (September 2015-January 2016), 
peaking at about + 1.6 °C and averaging + 0.9 °C.

DISCUSSION

As has been discussed elsewhere, the Panama 
jet largely dominates the wind patterns in January-      
March, generating some deepening of the mixed 
layer in the Gulf of Panama and driving surface 
waters offshore (D’Croz et al. 2001; Rodriguez-Ru-
bio et al. 2003; Corredor-Acosta et al. 2020). Both 
effects lead to upwelling conditions, which drives 
increased productivity in and south of the Gulf of 
Panama for 2-3 months. 

The wind stress across the Gulf of Chiriqui is 
lower during January-March than that over the Gulf 

Figure 10. A) Mean monthly SST climatology at Gulf of Chiriqui (CC), Coiba Island (EC), and Gulf of Panama (CP) from SST 
time series (see Figure 3). B) Monthly Chl-a climatology at CC, EC, and CP, calculated from Chl-a time series (see Figure 
5) and based on mean [log10 (Chl-a)]. 
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of Panama (although the direction of winds across 
the entire region is largely southward). Wind mixing 
is therefore also expected to be lower and there is 
little evidence of upwelling. Furthermore, there is 
no evidence of seasonal upwelling in these regions. 
During the dry season, the SST actually increases 
in the Gulf of Chiriqui and warmer surface waters 
extend further away from the coast. This appears to 
be largely a consequence of the very high incoming 
shortwave radiative fluxes in the region during this 
time (see Amador et al. 2006). Interestingly, the SST 
in the Gulf of Chiriqui and west of Coiba Island is 
about 1 °C warmer than east of Coiba Island during 
this time. The region between Coiba Island and the 
eastern edge of the Azuero Peninsula appears to rep-
resent a transition zone between the two regimes. 
This thermal gradient may represent a seasonal bar-
rier to exchanges between the two gulf regions. 

April and May represent transition months be-
tween dry and wet seasons, with the Panama jet 
disappearing and the ITCZ shifting north (Ama-
dor et al. 2006), establishing wind patterns that 
blow to the east and east-northeast. During this 
time, the SST increases in the Gulf of Panama. As 
July proceeds into August, the ITCZ is roughly 
over Costa Rica and Panama. By June and July, 
SST gradients are quite meridional in general (and 
roughly parallel to the Panama coastline; see also 
Corredor-Acosta et al. 2020). Some net cooling 
of the SST occurs across the region. The SST in 

the Gulf of Chiriqui and the eastern side of Coiba 
Island are nearly uniform for most of this period.

As the ITCZ shifts further southward, mean 
wind patterns remain fairly similar through until 
December. Net cooling of the SST continues across 
much of the domain through until roughly Novem-
ber, although the net impact in the coastal regions 
is lower (~ -0.5 °C from July to October at CC 
and EC; little discernible change at CP) than in 
the pelagic regions (~ -1 °C from July to October). 
This is presumably at least partly due to lower wind 
stress over the continental shelf over Pacific Pan-
ama. By December, preliminary signs of a return 
to the dry season are present, as SST increases 
slightly at CC and EC. 

The El Niño event of 2015-2016 was the largest 
event in the past 25 years. Effects of the event were 
observed in SST anomalies along the Panama coast, 
although the impact appeared greater in the Gulf 
of Chiriqui and east of Coiba Island, both in terms 
of duration and increase in SST (e.g. averaging + 
1.3 °C across 12 months at CC) than in the Gulf 
of Panama (averaging + 0.9 °C across 5 months 
at CP). This would seem to be at least partly a 
consequence of the fact that the Gulf of Chiriqui 
is more exposed to the open ocean, while the Gulf 
of Panama is more sheltered. Such events might 
therefore be expected to have a more dramatic im-
pact on the marine environment (e.g. coral reefs) 
in the Gulf of Chiriqui than in the Gulf of Panama. 

Figure 11. Monthly-averaged anomaly time series of SST at ulf of Chiriqui (CC), Coiba Island (EC), and Gulf of Panama (CP) 
during the 2015-2016 El Niño event. 
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In general, SST at EC changes very little through 
the year, compared to CC and CP. Like CC, EC is 
not strongly influenced by the Panama jet; further-
more, the region is fairly confined by Coiba Island 
to the west and the Azuero Peninsula to the east. 
It is certainly reasonable to assume that longitudi-
nal advection and diffusion are fairly limited here, 
which may help to constrain SST variations. 

How accurate are satellite-derived Chl-a esti-
mates? Certainly, concerns exist because of poten-
tial interference due to the presence of suspended 
particulate matter (SPM) and/or colored dissolved 
organic matter (CDOM) (Harvey et al. 2015; Lavi-
gne et al. 2021). When in situ data are available 
for coastal waters, it is possible to modify the al-
gorithms used for calculating Chl-a (Tilstone et 
al. 2013; Jiang et al. 2017). In regions such as the 
coastal ETP, however, very little in situ observa-
tions have been available to this point. Pennington 
et al. (2006) compared Chl-a measurements in 
the ETP based on available ship-collected Chl-a 
measurements derived from various sources and 
on SeaWIFS (i.e. the predecessor to the MODIS 
Aqua satellite instrument) estimates from 1980-
2005. They looked at both monthly averages and 
an overall average for the period. In the Gulf of 
Panama region, the SeaWIFS values overestimated 
the in situ observations through the year by a factor 
of 2-3 (see figure 8 D from Pennington et al. 2006), 
although the seasonal trends were quite consistent 
across the two data sets. Camilli et al. (2008) com-
pared SeaWIFS data with in situ data from a tow-
fish on a much smaller time and space scale, in a re-
gion between Coiba Island and the mainland during 
a roughly two week period in February 2007. They 
found generally reasonable agreement (averaging 
around 0.20 to 0.25 mg m-3 during this period), 
although the in situ measurements were made at a 
much finer spatial and temporal resolution than the 
satellite data (9 km2 resolution) and showed much 
more variability. 

The only shipboard observations of Chl-a in 
the Pacific Panama region during the 2003-2022 
period, of which we are aware, were presented in 

D’Croz and O’Dea (2007), who made shipboard 
measurements of Chl-a in the Gulf of Chiriqui 
and the Gulf of Panama during December 14-20, 
2004. Those observations can be compared directly 
against the satellite-derived observations. In addi-
tion, D’Croz and O’Dea (2007) made observations 
during three additional cruises that occurred before 
2003. These were compared against monthly clima-
tological means derived for the 2003-2022 period 
(Table 1). In the Gulf of Chiriqui, the shipboard 
and satellite-derived values are generally low and 
compare favorably, typically within a factor of two. 
In the Gulf of Panama, satellite-derived values are 
more often higher than the in situ observations by 
a factor of roughly two, overall. Within the very 
limited datasets available, we suggest that satel-
lite-based and shipboard measurements of Chl-a 
are generally comparable or within a factor of two, 
with satellite values more likely to be higher than 
the in situ observations. 

Overall, the well-known seasonal variation in 
upwelling and primary productivity in the Gulf of 
Panama region is well-represented in the climatol-
ogy data. There appears to be a fairly strong inverse 
correlation between SST and log10 (Chl-a) (ρ = 

-0.68). This is not surprising, given the well-known 
connection between the annual arrival of the Pana-
ma wind jet and the subsequent coastal upwelling 
in the Gulf of Panama. In the Gulf of Chiriqui re-
gion, west of Coiba Island, there appears to be only 
a weak inverse correlation (ρ = -0.27) between SST 
and log10 (Chl-a). If the high Chl-a values from 
May 2007 and June 2008 are excluded, the correla-
tion only increases to ρ = -0.34. Unlike the Gulf 
of Panama, the Gulf of Chiriqui does not have the 
annual wind-driven upwelling driving SST cooling, 
upwelling of nutrients and increases in primary 
productivity. At EC, the correlation is even weaker 
(ρ = -0.15), perhaps partly due to a smaller range of 
SST and Chl-a values than either CC or CP. 

Recently, Herrera Carmona et al. (2022) iden-
tified 11 different dynamic biogeographic regions 
(DBGRs) and assessed monthly climatologies of 
SST and Chl-a from each. This provides an oppor-
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tunity to compare the results described here to their 
analyses. One DBGR, identified as ‘Panama Gulf 
(R7)’, covers much of the Gulf of Panama, out to 
about 75 km offshore, and includes CP roughly in 
the middle of the domain. Another region, labelled 

‘PB Transition (R6)’ (with PB referring to the Pan-
ama Bight) includes the region out to about 125 
km south of R7, as well as a region offshore of the 
Columbia continental shelf (out to about 75 km 
from the coast), the region between Coiba Island 
and the Azuero Peninsula, and the inner half (out 
to about 30 km offshore) of the Gulf of Chiriqui 
(EC lies within this region). The region identified 
as ‘Panama Bight East (R4)’ spans a large swath 
south of R6, but also includes the outer shelf of the 
Gulf of Chiriqui, including CC. 

In terms of monthly SST climatologies, R7 
and CP track closely (see figure 5, left panel from   
Herrera Carmona et al. 2002). The largest differ-
ences occur during February and March, when CP 
is cooler by as much as 0.7 °C. This may be due 
largely to the fact that CP is in the middle of the 
region where wind-driven upwelling is strongest, 
whereas R7 represents an average over the re-
gion. The R6 and EC are significantly different in 
terms of absolute values, with EC typically being 
2.5-3.5 °C higher than R6. However, both show 
relatively little seasonality. The R4 and CC show 
similar seasonality, with cooler temperatures from 
January through March and warmer temperatures 
the rest of the year. However, CC tends to be sig-
nificantly cooler (by 0.5-1.5 °C) than RC during 

those winter months and slightly warmer (0.3-
0.8 °C) for most of the rest of the year. 

In terms of Chl-a (see Herrera Carmona et al. 
2002, Figure 5, right panel), the general seasonal 
trend at R7 tracks fairly closely with CP, as ex-
pected, with maximal values occurring in January 
through April, although the R7 values are typically 
30% (and up to 75%) higher than those assessed 
at CP. The seasonal pattern for R6 and for R4 is 
actually very similar to R7 and CP, with CP be-
ing typically about 20% larger than R6. On the 
other hand, results at EC and CC are quite dif-
ferent from R6 and R4, respectively. By way of 
example, for February the climatological mean 
for R6 is roughly 1.54 mg m-3, while at EC it is 
0.47 mg m-3. The Chl-a value peaks in February for 
R6, while for EC it peaks in April at 0.63 mg m-3 
(at R6 it has decreased to roughly 0.98 mg m-3). 
Similarly, at R4 the climatological mean peaks at 
around 0.69 mg m-3 in February/March, during 
which Chl-a is low at CC (~ 0.28 mg m-3). At CC, 
the climatological value peaks in May at roughly 
0.42 mg m-3, with the value for R4 being compa-
rable (0.45 mg m-3). There is also a suggestion of 
a second modest peak in Chl-a at CC in October 
that does not show in R4.

In summary, the climatological values for SST 
and Chl-a for R6 (Herrera Carrera et al. 2022) 
and for CP are both quite consistent in terms of 
trends, although the actual magnitudes depend on 
the averaging area. The R7 data may well be bet-
ter for characterizing annual variations in the Gulf 

Table 1. Comparison of average in situ measurements of Chl-a (D’Croz and O’Dea 2007), corresponding to the Gulf of Chiriqui 
(CC) and the Gulf of Panama (CP), and 8-day averaged, satellite-derived Chl-a estimates, corresponding to CC and CP. 
The satellite-derived data (from this paper) are provided in parentheses. The shipboard data represent the median observed 
Chl-a values observed in the upper 20 m of the water column. For the December 2004 data, we use satellite-derived data 
corresponding to December 18, 2004. For the other three shipboard sampling periods, we use the monthly climatological 
values for comparisons (see Figure 10). Measurements are in mg m-3.

 February 2000 June 2001 August 1999 December 2004

Gulf of Chiriqui (CC) 0.29 (0.26) 0.16 (0.36) 0.34 (0.30) 0.17 (0.21)
Gulf of Panama (CP) 1.44 (1.77) 0.83 (0.62) 0.27 (0.52) 0.24 (0.52)
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of Panama because of the larger spatial averaging. 
On the other hand, we believe that climatological 
values for EC and for CC are more reflective of 
conditions in the western half of the continental 
shelf along Pacific Panama (and, in particular, the 
environment around Coiba Island) than those val-
ues for R6 and R4, respectively. The latter two 
regions span a much wider geographical area than 
Pacific Panama, so a lot of local variability is likely 
to be smoothed out.

The anomalously high, satellite-derived Chl-a 
values during May 2007 and June 2008 are per-
haps the most surprising result from this study. The 
notable reduction in relative reflectance at 488 nm 
during these periods is certainly consistent with 
what one might expect, as Chl-a absorbs blue 
wavelengths. Nevertheless, it remains unclear what 
caused these events. While local winds were some-
what stronger in May 2007 than typical for that 
time of year, they appear to have been blowing to-
wards shore, which would suggest initially pushing 
surface waters towards shore (e.g. downwelling). If 
the winds remained steadily blowing to the north 
and north-northeast, surface waters may have 
flowed alongshore to the east. If the mixed layer 
had been quite shallow at the time, perhaps there 
was sufficient wind mixing to carry some nutrients 
into the mixed layer. However, the winds during 
May and June 2008 were relatively weak. There 
also appears no strong evidence of nutrient injec-
tion due to high runoff during either May 2007 or 
June 2008, based on the precipitation data. Corre-
dor-Acosta et al. (2020) suggested other potential 
reasons for enhanced nutrient concentrations that 
can lead to increases in Chl-a, such as localized 
upwelling centers and the geostrophic circulation 
field, but we have little information on these factors 
in the present study. D’Croz and O’Dea (2007) 
postulated that the movement of small pockets of 
cool, deep, nutrient-rich waters onto the shelf and 
up into the upper layers may represent important 
events for primary production in the Gulf of Chiri-
qui, but that it did not appear to be connected to 
the wind-induced upwelling in the Gulf of Panama. 

Without either direct, independent observations 
to validate the high, satellite-derived Chl-a esti-
mates for May 2007 and 2008 or a deeper under-
standing of the reasons why anomalously large 
phytoplankton blooms may have been triggered, 
we are reticent to put complete faith in those esti-
mates. That said, we also have no compelling case 
to ignore them entirely. Certainly, the challenge 
is exacerbated by the lack of a long term, in situ 
observational capacity in the Coiba Island/Gulf of 
Chiriqui region. The establishment and expansion 
of the Coiba AIP scientific station, along with im-
provements to satellite-based and model-based data 
products, may well provide an excellent platform 
from which to address such events in the future. 
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