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ABSTRACT. As ocean temperatures increase, so does the need for accurate, regular, and widespread
temperature data. This is especially important for researchers studying corals, which can be pushed over their
bleaching thresholds by small, sustained changes in water temperature. Satellite data products offer longitudinal
estimates of sea surface temperature (SST) taken at regular intervals without the ongoing costs and geospatial
limits associated with underwater temperature loggers. However, previous work indicates satellite data are
sometimes characterized by significant temperature biases, particularly in stratified coastal waters. Here, we
compared the foundation sea surface temperature (fSST) estimated from a highly processed, gridded satellite
data set (GHRSST MUR L4 Global SST) to in situ temperature (IST) data collected from coral reef habitats in
the top 20 m of the water column at 19 sites in Panama. Comparisons between Pacific and Caribbean coasts and
between upwelling and non-upwelling seasons provide a robust test of the utility of this product to estimate
subsurface temperatures. The mean differences between fSST and IST show that MUR fSST accurately reflects
temperatures at shallow (<9 m) depths on the Caribbean coast (mean bias <0.55°C + standard error (SE) 0.01°C)
and during the non-upwelling season on the Pacific coast (mean bias <0.26°C + SE 0.03°C). MUR fSST poorly
reflects IST during the Pacific upwelling season, especially at sites 12 m and deeper. In such cases, 66% of
satellite estimates deviated from ISTs by >1°C. Our findings underscore how highly processed SST data
products should be ground-truthed before being used as a substitute for IST, especially in upwelling areas.
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INTRODUCTION

Rising global sea surface temperatures extensively
affect coral reef diversity and the biological processes
within reef communities (Hughes et al. 2018, Bahr et
al. 2020, Cyronak et al. 2020, Cornwall et al. 2021).
Corals often live close to their thermal maxima, and
slight temperature increases can trigger bleaching and
coral death (Lough et al. 2018). In addition to relying
on healthy coral reefs for habitat, many tropical coastal
organisms are also sensitive to increased ocean tempe-
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ratures (Vinagre et al. 2018). Researchers and coastal
ecosystem managers must have reliable and accurate
temperature measurements from the depths inhabited
by these communities to understand the distribution of
marine animals relative to the actual thermal conditions
they experience (Castillo & Lima 2010, Bailey et al.
2019, Benway et al. 2019, Hemming et al. 2020).

Biologists and oceanographers commonly use in
situ temperature (IST) loggers to monitor temperatures
at their study sites. Although this facilitates accurate
measurement of temperatures at a particular site that
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can be linked directly to organismal performance, this
approach has limitations. Obtaining temperatures from
several sites and depths can require significant
investment in loggers and incur the costs associated
with instrument deployment, recovery, and servicing
(Contractor & Roughan 2021). Adequately characte-
rizing ISTs can be particularly challenging in dynamic
coastal environments, upwelling sites, and biogeographic
boundaries, where complex oceanographic processes
can result in spatial and temporal heterogeneity in
temperature (Leichter et al. 2006, 2012, Smale &
Wernberg 2009, Woo & Park 2020). In situ loggers
may be particularly advantageous at detecting
temperature variation that results from diurnal cycles,
internal waves, and other processes that occur on fine
temporal scales (Leichter et al. 2006, 2012, DeCarlo et
al. 2015, Colin & Johnston 2020, Lee et al. 2020, Wyatt
et al. 2020). However, the most accessible and
affordable loggers may produce temperature estimates
that are too imprecise for some applications.

Satellite data products are frequently used as an
alternative to in situ monitoring because they offer real-
time monitoring of coastal temperatures over large
areas (Liu et al. 2014, Hedley et al. 2016). These
datasets are generated from infrared readings of the
surface skin of the ocean taken by orbiting satellites,
resulting in a temporal resolution that is typically
coarser than can be achieved with in situ loggers.
Satellite sea surface temperature (SST) datasets
undergo differing degrees of data processing, which
range from calibrated raw data (Level 1) to gridded and
interpolated models based on blended data products
that may contain both infrared and microwave data
(Level 4) (Dash et al. 2012, Chin et al. 2017). As
ecologists adopt these higher-level products, it is vital
to understand how well they reflect temperatures
experienced by the ecological communities of interest.
This is particularly important in coastal zones, where
complex oceanographic processes and heterogeneous
environmental conditions influence benthic and pelagic
ecosystems (Toth et al. 2017). Satellite data can have
either a warm or cold bias compared to temperatures
from in situ loggers in coastal areas, depending on the
dynamics of the site (Castillo & Lima 2010, Dufois et
al. 2012, Peres et al. 2017, Claar et al. 2019, Gomez et
al. 2020, Pereira et al. 2020, Woo & Park 2020). These
biases may be due to vertical mixing near coastal
boundaries (Stobart et al. 2015, Woo & Park 2020).
Because the performance of SST estimates depends on
the peculiarities of a particular site and may be
impacted by cloud masking, thermal emissions from
the land, air temperature inversions, and fine-scale

oceanographic processes (Peres et al. 2017, Gomez et
al. 2020, Pereira et al. 2020), it is important to
understand their performance for a specific location
before they are applied instead of in situ data.

The Isthmus of Panama is one complex region of
particular interest to coral reef biologists, where
extensive IST datasets are unavailable. The monsoonal
climate in Panama is driven by seasonal oscillations of
the Intertropical Convergence Zone (ITCZ) (O'Dea et
al. 2012). When the ITCZ is to the south, Panama
experiences low rainfall and strong northerly winds
(O'Dea et al. 2012, Sellers et al. 2021). These winds
give rise to upwelling along the Pacific coast, while
uneven terrestrial topography and complex island
groups drive spatial variability in the intensity of
upwelling (D'Croz & O'Dea 2007, Gomez et al. 2017,
Toth et al. 2017). The Cordillera Central mountain
range in western Panama somewhat blocks the wind,
reducing wind in the Gulf of Chiriqui compared to the
more eastern Gulf of Panama (D'Croz & O'Dea 2007,
O'Dea et al. 2012, Randall et al. 2020). During the rest
of the year, the ITCZ lies over Panama, subjecting the
country to heavy rains, weaker winds, and a cessation
of upwelling. Shallow subsurface temperatures in the
Pacific average 28.6°C in the non-upwelling season and
can fall significantly below 20°C during vigorous
upwelling (Robertson & Collin 2015, Enochs et al.
2021). Possibly because it is protected from cold,
acidic, and hypoxic waters, the development of coral
reefs in the Gulf of Chiriqui is more extensive (D'Croz
& O'Dea 2007, Manzello et al. 2008, Gomez et al. 2017,
Toth et al. 2017).

In contrast, temperatures in the shallow surface
waters of the Caribbean coast are relatively stable, with
seasonal fluctuations between 27-31°C (Kaufmann &
Thompson 2005, Robertson & Collin 2015, Collin &
Chan 2016, Lucey et al. 2021, Adelson et al. 2022).
These temperatures sustain well-developed coral
communities that have been documented in detail from
Bocas del Toro (Guzman 2003, Dominici-Arosemena
& Wolff 2005, Seemann et al. 2013, Rodas et al. 2020)
in the northwest, along the northeast coast near the city
of Colén (Guzman et al. 2020), and along the San Blas
Archipelago (Shulman & Robertson 1996, Guzman
2003, Andréfouét & Guzman 2005). In years when the
Caribbean is particularly warm, coral bleaching occurs
on these reefs (Gardner et al. 2003, Neal et al. 2017).

IST data are limited near the Panamanian coast, with
available data distributed patchily across depths and
geographic locations. We used published in situ
datasets with durations of >1 year from both coasts of
Panama (Fig. 1) to assess the performance of a Level 4
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Figure 1. Map of four chosen regions (Bocas del Toro, Galeta, Gulf of Chiriqui, Gulf of Panama) and sites. The circle site
marker indicates a depth of 3 m, and the square marker indicates a depth of >3 m. The color gradient indicates water depth.

data product, the GHRSST Level 4 MUR Global
Foundation Sea Surface Temperature Analysis (v4.1).
This data set is unique in that instead of directly
measuring ocean skin temperature; it estimates
foundation SST (fSST), the ocean temperature
unaffected by the diurnal warming cycle. fSST is

modeled as occurring early in the day, before diurnal
warming, or at a depth at which sunlight does not
penetrate (https://www.ghrsst.org/ghrsst-data-services/
products/). MUR uses nighttime SST data from a
variety of Level 2 and 3 satellite data products and
measurements from the NOAA In Situ Quality
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Monitoring project (iQuam) to model foundation ocean
temperatures on a spatially and temporally dense, gap-
free global grid (Dash et al. 2012, JPL MUR
MEASURES Project 2015, Chin etal. 2017). Therefore,
this data product may be more effective at capturing
water temperatures at depths relevant to many coral
reefs than data products that estimate skin temperature.
MUR has been previously compared with shallow
(0.5 m depth) IST in three sub-tropical regions
(Vazquez-Cuervo et al. 2019, Pereira et al. 2020, Woo
& Park 2020). Each study observed a positive
temperature bias for MUR estimates, with Pereira et al.
(2020) documenting a notably stronger bias during
upwelling days in upwelling zones in southeastern
Brazil. To our knowledge, MUR fSST has not been
applied in the tropics at depths greater than 0.5 m.
Identifying the conditions under which MUR provides
a high-quality estimate of coastal ISTs will allow coral
reef biologists and coastal ecologists to utilize this tool
most effectively and appropriately.

Here, we specifically examine how well MUR data
perform across sites and depths inhabited by coral reef
communities in Panama. We seek to answer a) whether
MUR fSST is a better approximation of the temperature
measured by loggers at deeper sites than near the
surface and b) how well MUR estimates ISTs under the
challenging oceanographic conditions associated with
seasonal upwelling in Panama.

MATERIALS AND METHODS

Study sites

Nineteen locations on or near coral reefs surrounding
Panama where IST data have previously been collected
were used to study the agreement between satellite
estimates of fSST and ISTs (Fig. 1). The sites span both
the Caribbean and Pacific coasts and represent varying
distances from the mainland and a range of seasonal
upwelling intensities. They were grouped into four
regions (Table 1). On the Caribbean coast, the regions
were the Bahia Almirante in Bocas del Toro Province
and between the city of Coldn and the Costa Arriba in
Coldn Province, subsequently referred to as Bocas del
Toro and Galeta, respectively (Fig. 1). On the Pacific
coast, the regions were the area in the Gulf of Chiriqui
around Coiba Island and the Gulf of Panama between
Panama City and the Perlas Islands, referred to,
respectively, as the Gulf of Chiriqui and the Gulf of
Panama (Fig. 1).

Satellite data

High-resolution satellite estimates of fSST from the
GHRSST Level 4 MUR Global Foundation SST

Analysis v4.2 dataset (https://coastwatch.pfeg.noaa.
gov/erddap/griddap/jpIMURSST41.html) were compa-
red with IST data at all 19 sites. This dataset
incorporates nighttime inputs from four satellite
products. It calibrates these with IST data to estimate
daily fSSTs at an extremely high spatial resolution
(0.01° latitudex0.01° longitude / 1.1x1.1 km
resolution) (JPL MUR MEASUREsS Project 2015, Chin
et al. 2017, Woo & Park 2020). These inputs are
sourced from the Moderate-Resolution Imaging
Spectroradiometer (MODIS) and ASMR-E sensors
aboard Aqua, MODIS on Terra, WindSat on Coriolis,
and Advanced Very High-Resolution Radiometer
(AVHRR) aboard the platform NOAA-19. When
combined according to the MUR methodology, these
data inputs inform estimates of foundation ocean
temperatures (Dash et al. 2012, JPL MUR MEASURES
Project 2015, Chin et al. 2017). Daily MUR fSST was
downloaded for each site to compare with logger data.

In situ data

Data published by the Smithsonian Tropical Research
Institute's (STRI) environmental monitoring program
(https://biogeodb.stri.si.edu/physical_monitoring/resea
rch/sst) and Florida Institute of Technology/United
States Geological Survey (https://www.bco-dmo.org/
dataset/776478) were used as our IST dataset. These
data were obtained using Onset HOBO Pro v2
temperature loggers (£0.2°C) for every site except
BDT, consistent across both data sources (Randall et al.
2020; https://biogeodb.stri.si.edu/physical_monitoring/
research/sst). Temperatures collected at BDT (1 m)
were obtained using a Campbell Scientific Model 107
temperature probe (+£0.2°C) attached to a permanent
platform (https://biogeodb.stri.si.edu/physical_monito-
ring/downloads/Temperature_Probe_Model_107.pdf).
All Hobo loggers were deployed on the benthos and
attached to hard substrates between 2 and 18.3 m deep.
In the case of the Bocas del Toro region, five loggers
collected data at different depths at the same
geographic coordinates. The datasets differed in
duration, but we used all available temperature data
between 2009 and 2020 to increase the likelihood that
both El Nifio and La Nifia conditions were captured.

Each logger was sampled at 15- or 30-min intervals,
although the timestamps were often offset from the
hour. Since MUR estimates fSST without diurnal
warming, MUR data are timestamped early in the day.
The timestamp corresponds to 04:00 h in Panama,
which observes the UTC-5 time zone. Daily IST was
extracted from each site at the closest timestamp to
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Table 1. Summary of the sites where in situ water temperatures were recorded, showing the region of Panama, depth,

temporal range, and source of the data.

Location Coordinates Depth (-m) Date Range  Source

Caribbean Sea
Galeta
Galeta Channel (GAL) 9.40°N, 79.85°W 3 01/09 - 12/20  Smithsonian Tropical Research Institute
Isla Grande (GRA) 9.62°N, 79.57°W 3 01/09 - 06/19  Smithsonian Tropical Research Institute
Bahia Las Minas (BAH) 9.40°N, 79.82°W 3 01/09 - 12/20  Smithsonian Tropical Research Institute
Bocas del Toro
Bocas del Toro Platform (BDT) 9.35°N, 82.26°W 1 01/09 - 12/20  Smithsonian Tropical Research Institute
Isla Colon Seagrass (SEA) 9.35°N, 82.26°W 2 01/09 - 12/20  Smithsonian Tropical Research Institute
Isla Colon (IC5) 9.35°N, 82.26°W 4.6 01/09 - 12/20  Smithsonian Tropical Research Institute
Isla Colon (IC9) 9.35°N, 82.26 W 9.1 01/09 - 12/20  Smithsonian Tropical Research Institute
Isla Colon (IC18) 9.35°N, 82.26°W 18.3 01/09 - 12/20  Smithsonian Tropical Research Institute
Cayo Agua (ICA) 9.13°N, 82.04°W 5.2 01/09 - 12/20  Smithsonian Tropical Research Institute

Pacific Ocean

Gulf of Chiriqui

03/16 - 03/18

03/16 - 03/18

03/16 - 03/18

06/09 - 11/11
06/09 - 01/16
06/09 - 02/16

Florida Institute of Technology, US
Geological Survey, Woods Hole Oceano-
graphic Institution

Florida Institute of Technology, US
Geological Survey, Woods Hole Oceano-
graphic Institution

Florida Institute of Technology, US
Geological Survey, Woods Hole Oceano-
graphic Institution

Smithsonian Tropical Research Institute
Smithsonian Tropical Research Institute
Smithsonian Tropical Research Institute

01/09 - 12/20
03/16 - 03/18

Smithsonian Tropical Research Institute
Florida Institute of Technology, US Geo-

Coiba (COI) 7.40°N, 81.66°W 3
Canales de Tierra (CAN) 7.75°N, 81.58°W 3
Uva (UVA) 7.82°N, 81.76°W 3
Isla Coiba Frijoles (FRI) 7.65°N, 81.72°W 18.3
Isla Coiba Roca Hacha (ROC) 7.43°N, 81.86°W 18.3
Isla Jicar6n Catedral (CAT) 7.23°N, 81.83°W 18.3
Gulf of Panama

Isla Taboguilla (TAB) 8.80°N, 79.52°W 12
Contadora (CON) 8.63°N, 79.03°W 3
Saboga (SAB) 8.63°N, 79.05°W 3
Pedro Gonzélez (PED) 8.42°N, 79.11°W 3

logical Survey, Woods Hole Oceano-
graphic Institution
Florida Institute of Technology, US
Geological Survey, Woods Hole Oceano-
graphic Institution
Florida Institute of Technology, US
Geological Survey, Woods Hole Oceano-
graphic Institution

03/16 - 03/18

03/16 - 03/18

04:00 h within a 13-min buffer to draw comparisons
with the MUR data. Therefore, the single temperature
recorded between 03:47 and 04:13 h each day was
treated as the daily in situ value for 04:00 h.

Analysis

We used two metrics to determine how the fSST
differed from the IST: the mean (and standard error) of
the daily temperature differences (DTDs) between
fSST and IST and the regression slope between IST and
fSST. Each metric was also calculated independently
for the non-upwelling and upwelling seasons to
determine if seasonal differences in coastal oceano-

graphy alter the utility of the fSST to characterize IST.
Based on historical climate patterns (Sellers et al.
2021), we defined the dry, upwelling season as January
1-April 30, and the wet, non-upwelling season as June
1-November 30. December and May were treated as
transition months and removed from our seasonal
analyses to avoid errors due to inaccurate attribution to
upwelling or non-upwelling seasons. DTDs were
calculated, and linear regressions were run for each
location during the upwelling and non-upwelling
seasons.

DTDs were calculated for each site as [fSST-IST].
Positive values indicated that satellite estimates were
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warmer than in situ measures, while negative values
showed that satellite estimates were underestimating
the 1STs. Mean DTDs reflect systematic bias in the
temperatures, while the standard error reflects the
variation around this estimate. The DTD was not
calculated for the days when fSST or IST was
unavailable. Summary statistics, including skew,
kurtosis, minimum, median, and maximum, were
calculated for DTDs at each site across the total dataset
and by season and are provided in the Supplementary
data (Table S1). To understand how seasonality and
location affected satellite and IST differences, DTDs
were averaged per site throughout the period and month
(Table 2, S2).

The slope of the regression line of fSST on IST
indicates if the differences between the estimates are
temperature-dependent. A slope of 1 shows that any
difference is the same across the observed temperature
range. In contrast, a slope of <1 shows that the fSST
values are biased downwards at higher temperatures
compared to lower temperatures. Conversely, a slope of
>1 shows that values are biased upwards at higher
temperatures compared to lower temperatures. Low R?
values reflect more noise or error of the estimate in the
relationship between fSST and IST.

RESULTS

Spatial patterns in mean DTD of MUR

Overall, the MUR fSST and IST showed small
differences (<0.55°C) for sites in the Caribbean and at
shallow sites in the Pacific (Table 2, Figs. 2, 4). The
overall average DTD for our Caribbean sites was
negative (mean DTDayg = -0.30°C; SE = 0.05°C),
showing a pattern of lower fSST temperature estimates
compared to IST measurements. DTD was similarly
small but positive for shallow sites in the Pacific (mean
DTDavg = 0.17°C; SE = 0.08°C) (Table 2), showing a
pattern of higher fSST estimates compared to ISTs.
These subtle biases are of a magnitude similar to the
instrument error of the loggers, which was +0.2°C for
the in situ measurements (Randall et al. 2020;
https://biogeodb.stri.si.edu/physical_monitoring/resear
ch/sst). While there is no comparable instrument error
for MUR fSST, estimates of standard deviation
provided with the temperature data range from 0.37
to 0.42°C (https://coastwatch.pfeg.noaa.gov/erddap/
griddap/jpIMURSST41.html), implying that 95% of
MUR fSST estimates fall within 0.74 or 0.84°C of the
true value. Nevertheless, the consistent difference in the
direction of the DTD across sites in each ocean suggests
that MUR data may subtly underestimate in situ ocean

temperatures compared to fSST on reefs in the
Caribbean and subtly overestimate ISTs compared to
fSST in the shallow Pacific.

Unlike in the Caribbean and shallow Pacific waters,
we observed a considerable temperature difference
between the fSST and IST in the Pacific sites at 12 m
and deeper (Isla Taboguilla: TAB, Isla Coiba Frijoles:
FRI, Isla Coiba Roca Hacha: ROC, Isla Jicaron
Catedral: CAT; Figs. 2, 4). The mean DTD for these
four sites was 1.23 + SE 0.08°C, suggesting that MUR
data considerably overestimate in situ water tempe-
ratures at deep sites. To determine if this mismatch is
due to seasonal upwelling, we conducted paired t-tests
on mean DTD at each site, paired across the two
seasons. At the deep Pacific sites, mean DTD differed
significantly between the two seasons (paired t-test: t =
6.25; n = 4; P < 0.01), and, in all cases, the mean
temperature bias was higher in the upwelling season
(Table 2). In addition, the DTD distributions are
skewed right in the upwelling season (Fig. 4) to the
extent that on some days, the DTD could be 10°C or
higher (Table 2). We found no such significant seasonal
effect on mean difference in the shallow Pacific sites
(paired t-test: t = 2.51; n = 6; P = 0.05) or in the
Caribbean (paired t-test: t = 1.88; n = 9; P = 0.10),
where there is no upwelling and where DTD is less
skewed (Fig. 3, Table S1).

Temperature dependence of bias

Linear regressions revealed that the regression slope of
fSST on IST for all of our sites is less than 1 (Table 3).
Scatter plots in Figures 5-6 show that the regressions
generally cross the 1:1 reference line within the range
of the observed temperatures, revealing that, in general,
the SST bias is temperature-dependent and that satellite
estimates are cool-biased at higher logged temperatures
and warm-biased at lower logged temperatures relative
to IST. However, this pattern differs somewhat by
region.

Scatter plots illustrate that at the Gulf of Chiriqui,
Gulf of Panama, and Galeta Channel (GAL) in Galeta,
fSSTs overestimated at lower I1STs (Figs. 5a, 6a-b). At
all Galeta sites, fSSTs also underestimated at higher
ISTs (Fig. 5a). At Bocas del Toro, the temperature
dependence of bias was minimal. These sites showed
slopes that were nearly identical to the 1:1 reference
line, with departures generally within the 0.2°C of
instrument error (Table 3, Fig. 5b). Linear models of
fSST on IST in the Gulf of Panama were also typically
strong overall, with R?>0.85 (Table 3).

A strong seasonal signal in the Galeta region caused
a vertical offset between regression lines for the two
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Table 2. Summary of the daily temperature differences (DTDs) between logger and MUR satellite data for 19 loggers from
Panama’s Pacific and Caribbean coasts. Bolding indicates a mean DTD for which the DTD is greater than the £0.2°C

instrument error of the loggers. SE: standard error.

DTD

Location Depth Overall Upwelling Non-upwelling

(-m) Mean + SE Min Max Mean + SE Mean + SE

(°C) (Logger > Sat)  (Sat > Logger) (°C) (°C)
Caribbean Sea
Galeta
Galeta Channel 3 -0.08 £ 0.01 -2.39 2.35 -0.13+0.01 -0.06 + 0.01
Isla Grande 3 -0.32+£0.01 -2.04 1.98 -0.39+£0.01 -0.27 £0.01
Bahia Las Minas 3 -0.55+0.01 -2.27 1.67 -0.68 + 0.01 -0.49 +£0.01
Bocas del Toro
Bocas del Toro Platform 1 -0.24 £0.01 -2.13 2.75 -0.16 £ 0.01 -0.31+0.01
Isla Coldn Seagrass 2 -0.19+£0.01 -2.08 2.85 -0.08 £ 0.01 -0.26 £ 0.01
Isla Coldn 4.6 -0.21+£0.01 -2.71 2.12 -0.12 £0.01 -0.30 £ 0.01
Isla Coldn 9.1 -0.31+0.01 -2.70 2.08 -0.12+£0.01 -0.47 £0.01
Isla Coldn 18.3 -0.39+£0.01 -3.31 2.20 -0.06 + 0.01 -0.62 £ 0.01
Cayo Agua 5.2 -0.44 +£0.01 -3.35 1.89 -0.25+0.01 -0.59+0.01
Pacific Ocean

Gulf of Chiriqui
Coiba 3 -0.13+£0.02 -1.85 2.43 -0.04 £0.04 -0.26 + 0.03
Canales de Tierra 3 0.00£0.03 -1.53 3.70 -0.04 £ 0.06 -0.09+£0.03
Uva 3 0.23+0.02 -1.41 4.01 0.18 £0.04 0.20 £0.03
Isla Coiba Frijoles 18.3 1.03+£0.05 -1.47 9.35 1.79+0.13 0.69 £ 0.04
Isla Coiba Roca Hacha 18.3 1.41+£0.04 -1.48 10.77 3.06 £0.10 0.72+£0.03
Isla Jicaron Catedral 18.3 1.25+0.03 -1.29 11.01 2.68 £0.08 0.54 £ 0.02
Gulf of Panama
Isla Taboguilla 12 1.23+0.026 -2.66 10.03 2,94 +£0.05 0.36 £0.01
Contadora 3 0.19+£0.03 -1.66 5.06 0.51+£0.07 0.01+£0.03
Saboga 3 0.42+0.04 -1.35 6.42 1.06 +0.08 0.08 £0.03
Pedro Gonzélez 3 0.33+£0.03 -1.72 5.18 0.92 £ 0.08 0.01 £0.03

seasons. In Galeta, fSST estimates of the same IST
were up to 1°C higher in the non-upwelling season than
in the upwelling season (Fig. 5a). There was also a
seasonal bias offset at the deep Gulf of Chiriqui sites,
where MUR estimates were higher in the upwelling
season than in the non-upwelling season for the same
IST (Fig. 6a). Linear regressions for Gulf of Chiriqui
and Gulf of Panama sites showed slopes consistently
closer to 1 in the non-upwelling season. Canales de
Tierra (CAN) is an exception to this trend (myp = 0.47,
Mnonup = 0.41), though the CAN sample size was
smaller than that of other sites (n = 410; Table 3, Fig.
2). Seasonality had little effect on the temperature
dependence of bias for the Bocas del Toro sites. The
non-upwelling and upwelling season regression lines
for these sites had similar slopes across seasons (Table
3, Fig. 5b). Two exceptions to the above trend were Isla
Coldn (IC18) and Cayo Agua (ICA), which indicated
seasonal signals with a flatter slope in the non-
upwelling season (myp = 0.81, Mnon-up = 0.58 and myp
= 0.91, mnon-up= 0.67, respectively).

Under what circumstances can fSST accurately
estimate IST?

The acceptable accuracy of IST estimates will vary
depending on the nature of the research. However, our
data indicated that MUR more consistently estimated
accurate Caribbean temperatures than Pacific tempe-
ratures. MUR estimates were within 1.0°C of ISTs 89%
of days in the Caribbean, compared to 69% in the
Pacific. In fact, at the deep Gulf of Chiriqui sites and
Isla Taboguilla (TAB), 21% of the days had a DTD >
2.0°C, and 5% had a DTD > 5.0°C. Further, the average
DTD range of the deep Gulf of Chiriqui sites (FRI,
ROC, CAT) was over twice that of IC18 in the
Caribbean despite the equivalent depth of the sites
(Table 2, Figs. 3b-4a).

DISCUSSION
The number and sophistication of available satellite

data products estimating ocean temperature is growing
(Hedley et al. 2016), but only a few Level 2 or 3 pro-
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ducts have been evaluated across a variety of locations
and oceanographic conditions for their capacity to
estimate coastal temperatures accurately (Pearce et al.
2007, Castillo & Lima 2010, Smit et al. 2013, Claar et
al. 2019). Our results confirm that a Level 4 satellite
data product, GHRSST MUR L4 Global SST, performs
adequately as an alternative to in situ data monitoring
for some uses for shallow waters in Panama. Overall,
the MUR estimates were within 1°C of logged
temperatures 83% of the time and were within 0.5°C
60% at the 3 m sites in the Pacific and the Caribbean.
However, the accuracy with which MUR temperatures
reflect reef temperatures depends on the oceanographic
characteristics of the nearshore environment. MUR
estimates  differed substantially from logged
temperatures at the 12-18 m sites, especially during the
upwelling season. This demonstrates that MUR is a
fairly good proxy for ISTs during all but the upwelling
periods.

Large discrepancies between satellite-derived SSTs
and ISTs during upwelling have been previously
reported for other regions and other data products.
Results from analyses of Pathfinder SST data in the
four major Eastern Boundary Upwelling Systems found

large differences. However, this could be attributed to
filtering unusually cold readings from the dataset
(Dufois et al. 2012). Likewise, three different Level 4
data products failed to reflect drops in surface
temperatures measured by buoys during upwelling off
the coast of southern Brazil (Pereira et al. 2020). This
difficulty in modeling water temperature below the
surface skin during upwelling is unfortunate, as a
satellite data product that accurately models ocean
temperature in upwelling areas would be invaluable to
biologists. Upwelling areas are some of the most
productive coastal areas, as upwelling drives
phytoplankton blooms, which are critically important
for coastal ecosystems and fisheries (Largier 2020).
However, upwelling events are also associated with
hypoxic events and reductions in pH (Grantham et al.
2004). Reduced temperatures due to upwelling also
shape the abundance and distribution of coral
communities in the tropical eastern Pacific, as
temperatures can drop below viable ranges for corals
(<18°C; Furnas 2011), which can thin the frameworks
of coral reefs and decrease the maximum depth at
which corals develop (D'Croz & O'Dea 2007, Toth et
al. 2017). For these reasons, it would be valuable to
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assess how well MUR data in other upwelling regions
capture upwelling, as greater coverage from buoys and
more well-developed oceanographic models for well-
studied regions may result in better agreement between
MUR fSST and in situ data.

The accuracy of MUR estimates of IST also
depends on the temperature. Most importantly, MUR
underestimate IST at the higher end of the temperature
range at our sites. At ISTs higher than ~29°C, MUR
estimates were consistently lower than ISTs. These
temperatures are close to the thermal limits of many
tropical shallow-water organisms, including sea
urchins, seagrasses, fishes, and corals, which have
thermal safety limits of only a few degrees at these high
temperatures (Savva et al. 2018, Collin et al. 2021,
Bennett et al. 2022, Klepac & Barshis 2022, Marba et

al. 2022). When exposed to multiple stressors, like
deoxygenation, thermal safety margins can be reduced
further (Lucey et al. 2021, Alderdice et al. 2022).
Accurate assessments of environmental temperatures
near these thresholds are vital for understanding real-
world thermal tolerances under field conditions. Since
MUR temperatures are calculated using nighttime SST
and underestimated IST when temperatures are high,
reliance on only satellite-derived fSST risks crucially
underestimating the thermal stress experienced by
organisms in shallow tropical waters.

Our findings have important implications for
researchers planning to use MUR data to track
temperatures in coral reef ecosystems. The results
corroborate existing findings that satellite datasets are
not always adequate substitutions for IST monitoring in
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Table 3. Summary of the linear relationships between logger and MUR satellite data. Results are shown for the entire
dataset and subsets of the data for the upwelling (UP; January 1-April 30) and non-upwelling (NU; June 1-November 30)
seasons.

Location Depth Pearson's correlation (R) Linear regression slope
(-m) Overall upP NU Overall upP NU
Caribbean Sea
Galeta

Galeta Channel
Isla Grande
Bahia Las Minas
Bocas del Toro
Bocas del Toro
Platform

Isla Col6n Seagrass
Isla Colén

Isla Colén

Isla Colén

Cayo Agua

Pacific Ocean

Gulf of Chiriqui

Coiba

Canales de Tierra

Uva

Isla Coiba Frijoles

Isla Coiba Roca Hacha
Isla Jicar6n Catedral
Gulf of Panama

Isla Taboguilla 12
Contadora 3
Saboga 3
Pedro Gonzélez 3

Correlation strength Linear slope

Il B EEE B e

08<r<l 06<r<08 04<r<06 08<m<1 06<m<08 04<m<0.6




MUR SST as proxy for IST

281

32 32
o o o
[ [ [
o 30 o 30 e
IS £ 1S
2 3 RC}
828 228 2
o I o
© © R?=0.62 ©
D261 0261 2 )
26 28 30 32 26 28 30 32 26 28 30 32
Logger temp (°C) Logger temp (°C) Logger temp (°C)
BDT (1 m) SEA (2 m) IC5 (4.6 m)
32 32 32
8 8 R2=0.73 8 R2=0.48
& o0 o 30 o 30
1S £ 1S
2 2 2
828 228 828
2 g 7 2
© © AR R2=0.73 © R?=0.68
D 261 - D261 9261
" 26 28 30 32 26 28 30 32 26 28 30 32
Logger temp (°C) Logger temp (°C) Logger temp (°C)
IC9 (9.1 m) IC18 (18.3 m) ICA (5.2 m)
32 32 32
© R?=0.43 S © R?=0.19 dg © R?=0.43 ,
.30 . 8 G o 30 o 30
£ £ £
2 3 8}
228 828 828
o o o
© R?=0.64 [$] R?=0.48 ©
9261 D261 9261
26 28 30 32 26 28 30 32 26 28 30 32

Logger temp (°C)

Season == Upwelling

Logger temp (°C)

Logger temp (°C)

Non-Upwelling == Transitional
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coastal sites (Leichter et al. 2006, Pearce et al. 2007,
Smale & Wernberg 2009, Castillo & Lima 2010,
Dufois et al. 2012, Smit et al. 2013, Stobart et al. 2015,
Claar et al. 2019, Colin & Johnston 2020, Pereira et al.
2020) and emphasize that this unreliability is of
particular concern in upwelling zones. In laboratory
studies, organismal performance has been shown to
change drastically when exposure temperatures
increase by 0.5-1.0°C for only 2 h (Collin et al. 2021).
IST monitoring remains the only method to reliably

provide habitat temperature estimates with known
accuracy and precision, and the only way to capture fine
temporal variation (Leichter et al. 2006, 2012, DeCarlo
et al. 2015, Lee et al. 2020, Wyatt et al. 2020). Before
using satellite data as proxies, researchers should
conduct ground-truthing to determine whether there are
temperature-dependent or seasonal biases in local
conditions and if the accuracy of the satellite data is
sufficient for their purposes. However, when this is
impossible, our data suggest that MUR can provide
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fairly reliable temperature estimates in shallow tropical
waters that are not experiencing upwelling.
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Table S1. Summary statistics of daily temperature differences between loggers and MUR satellite data with additional
breakdown by upwelling (UP; January 1-April 30) and non-upwelling (NU; June 1-November 30) season. Negative
temperature values indicate an underestimate of in situ temperature by MUR satellite temperature, and positive temperature
values indicate an overestimate.

- Skew Kurtosis Median (°C) Min (°C) Max (°C)

5 E _ _

£ £ 52 5 2 &8s 2 35 2 35 2

- A o) o) e}

Caribbean Sea
Galeta
Galeta Channel 3 033 003 052 419 413 402 -009 -0.10 010 -239 -1.92 2.22 2.35
Isla Grande 3 -0.07  -0.56 0.19 3.70 3.18 365 -031 -0.34 -0.29 -1.83 -2.04 0.59 1.98
Bahia Las Minas 3 004 -017 o011 355 311 350 -055 -0.65 051 219 -2.27 0.82 1.67
Bocas del Toro
Bocas del Toro Platform 1 020 061 011 394 540 334 023 -017 030 -176 -2.13 2.75 2.06
Isla Colon Seagrass 2 0.10 0.61 0.01 3.69 5.20 295 -019 -011 -0.25  -158 -1.95 2.85 155
Isla Colon 46  -0.09 062 -0.26 433 519 378 020 -0.14 027 -162 -271 212 1.62
Isla Colon 91 -020 063 -0.25 381 436 333 029 -017 044 -129 -270 2.08 1.61
Isla Colon 18.3 -0.09 0.73  -0.08 3.31 4.10 289 -0.37 -0.08 -0.61 -1.33 -3.31 2.20 1.40
Cayo Agua 5.2 0.04 07 -011 413 437 407 -045 -0.30 058 -161 -3.35 1.89 1.37
Pacific Ocean

Gulf of Chiriqui
Coiba 3 0.84 053 103 473 460 652 -0.18 -0.06 032 -174 -185 2.43 2.31
Canales de Tierra 3 144 152  1.36 649 622 886 -0.10 -0.16 -0.11 -148 -153 3.70 2.98
Uva 3 116 126 107 6.54  8.04 625 0.16 0.14 0.14 -141 -1.16 4,01 3.13
Isla Coiba Frijoles 18.3 222 156 110 10.94  6.04 511 070 136 055 -1.44 -1.26 9.35 4.68
Isla Coiba Roca Hacha ~ 18.3 216 095 118 824 311 509 080 232 053 071 -1.48 10.77 5.21
Isla Jicaron Catedral 18.3 213 116  1.05 858  4.00 467 073 207 040 -051 -1.29 11.01 4,08
Bay of Panama
Isla Taboguilla 12 174 051 058 569 250 566 059 268 032 -0.84 -266 10.03 3.06
Contadora 3 200 160 035 1030 6.13 324 009 025 002 -166 -1.34 5.06 159
Saboga 3 199 112 054 857  4.08 349 016 056 004 -135 -1.20 6.42 2.04
Pedro Gonzalez 3 165 097 015 744 388 326 0.3 058 -0.02 -146 -1.72 5.18 1.71
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Table S2. Daily temperature differences (DTDs) averaged by month for each site. Negative values indicate an underestimate
of in situ temperature by MUR satellite temperature, and positive temperature values indicate an overestimate. Values of

NA indicate months of missing data.

Location

Mean DTD (°C)

Jan Feb March  April May June July Aug Sept Oct Nov Dec
Galeta Channel 0.23 -0.08 -0.28 -0.39 -0.10 -0.17 -0.11 -0.10 0.03 0.01 0.00 -0.02
Isla Grande -0.15 -0.31 -0.52 -0.56 -0.32 -0.28 -0.30 -0.24  -0.29 -0.28 -0.36 -0.27
Bahia Las Minas -0.33 -0.67 -0.82 -0.89 -0.52 -0.56 -0.50 -0.43 -0.38 -0.53 -0.56 -0.45
Bocas del Toro Platform  -0.05 -0.16 -0.16 -0.30 -0.34  -0.49 -0.27 -0.20 -0.25 -0.37 -0.29 -0.03
Isla Colon Seagrass 0.00 -0.07 -0.08 -0.18 -0.28 -0.48 -0.26 -0.14  -0.15 -0.28 -0.28 -0.03
Isla Colon (4.6m) -0.03 -0.10 -0.12 -0.23 -0.28 -0.47 -0.30 -0.17 -0.28 -0.37 -0.23 0.01
Isla Colon (9.1 m) -0.13 -0.12 -0.09 -0.16 -0.23 -0.57 -0.55 -0.30 -0.39 -0.54 -0.46 -0.16
Isla Colon (18.3 m) -0.20 -0.06 -0.03 0.08 0.00 -0.48 1.02 -0.42 -0.19 -0.54 -1.07 -0.61
Cayo Agua -0.43 -0.29 -0.17 -0.12 -0.23 -0.57 -0.60 -0.55 -0.54 -0.67 -0.59 -0.48
Coiba -0.09 -0.05 -0.03 -0.01 0.34  -0.05 -0.25 -0.52 -0.20 -0.14 -0.39 -0.34
Canales de Tierra NA NA 0.03 -0.10 0.36 0.06 -0.10 -0.34 0.08 NA NA NA
Uva 0.12 0.07 0.40 0.13 0.64 0.32 0.17 -0.12 0.33 0.44 0.05 0.22
Isla Coiba Frijoles 0.98 2.08 231 1.83 1.34 0.47 0.49 0.74 0.86 0.89 0.69 0.66
Isla Coiba Roca Hacha 1.41 3.59 4.09 3.69 1.29 0.87 0.68 0.70 0.76 0.86 0.47 0.55
Isla Jicaron Catedral 1.38 2.81 3.52 3.21 1.19 0.42 0.35 0.50 0.72 0.76 0.52 0.49
Isla Taboguilla 1.67 3.58 3.86 2.52 0.78 0.32 0.36 0.48 0.45 0.25 0.28 0.52
Contadora 0.10 0.88 0.57 0.54 0.07 -0.10 -0.17 -0.01 0.29 0.14 -0.05 0.08
Saboga 0.23 1.52 1.31 1.22 0.34  -0.06 -0.01 0.14 0.39 0.09 -0.09 0.09
Pedro Gonzalez 0.18 1.45 1.29 0.81 0.24  -0.09 0.01 0.15 0.26 -0.02 -0.27 0.06
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