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Abstract Climate-induced warming events increasingly

threaten coral reefs, heightening the need for accurate

quantification of baseline temperatures and thermal stress

in these ecosystems. To assess the strengths and weak-

nesses of NOAA satellite sea surface temperature and

in situ measurements, we compared 5 yr of these data on

Kiritimati atoll, in the central equatorial Pacific. We find

that (1) satellite measurements were similar to in situ

measurements (* 10 m depth), albeit slightly warmer,

with measurements converging once above Kiritimati’s

maximum monthly mean; (2) in situ loggers detected

subsurface cooling events missed by satellites; (3) thermal

baselines and anomalies were consistent around the island;

and (4) in situ degree heating week (DHW) calculations

were most comparable to NOAA DHWs when calculated

using NOAA’s climatology. These results suggest that

NOAA’s satellite products accurately reflect conditions on

central Pacific reefs, but that in situ measurements can

identify localized events, such as subsurface upwelling,

that may be ecologically relevant for corals.

Keywords NOAA CoralTemp � Kiritimati � Kiribati � Sea
surface temperature (SST) � Degree heating weeks �
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Introduction

With climate change-amplified pulse heat stress events

threatening the persistence of many of the world’s coral

reefs (Hoegh-Guldberg et al. 2007; Hughes et al. 2018), the

need for accurate quantification of temperatures on these

ecosystems is more critical than ever. Temperature loggers

deployed at depth on reefs have the potential to most

accurately record the thermal conditions corals are expe-

riencing, but these instruments vary widely in quality, and

their use can be limited by expense, accessibility, and

instrument loss. Satellite-derived sea surface temperature

(SST) products (e.g., NOAA Coral Reef Watch 2018; Liu

et al. 2012), which measure temperature at the ocean’s skin

(top * 0.1 mm), have provided consistent global SST

coverage on coral reefs since the early 1980s. Although

satellite SST products, such as those used by NOAA Coral

Reef Watch, are ‘‘sea-truthed’’ and corrected using moored

buoy (* 20 cm depth) temperatures (Gleeson and Strong

1995; Strong et al. 2011), measurement depth is their major

inherent limitation for the evaluation of thermal stress on

reefs. This is because skin temperature is more variable

than temperature at depth, and can be influenced by wind

speed (Donlon et al. 2002) as well as diurnal temperature

fluctuations (Gentemann and Minnett 2008). Satellites also

may not detect localized events such as subsurface

upwelling, which can significantly influence warming
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trajectories on individual reefs (Sheppard 2009; Kar-

nauskas and Cohen 2012). Therefore, by combining con-

sistent, broad spatial-scale SST with localized

measurements, the integration of satellite SST and in situ

measurements can provide a more accurate view of thermal

stress affecting coral reefs.

Previous studies that have compared satellite SST

products with in situ measurements found high correlations

and good agreement between methods for coral reefs

(Montgomery and Strong 1994; Aronson et al. 2002;

Hendee et al. 2002), and those in temperate locations have

found mean daily temperature differences ranging from

- 0.62 �C to ? 1.39 between data sources (Wellington

et al. 2001; Stobart et al. 2016). Satellite SST products

have also been validated against coral bleaching records,

with good results (McClanahan et al. 2007). For example, a

comparison of satellite SST and several in situ temperature

measurements in Okinawa found agreement in determining

the onset, development, and dissipation of a warming event

(Strong et al. 2002).

Despite the central Pacific Ocean’s importance as one of

the main regions of El Niño warming, in situ temperature

records of nearshore reefs in this area are scarce (but see

Hoeke et al. 2009). Two islands in this region, Kiritimati

(01�520N, 157�240W) and Jarvis (0�220S, 159�590W), were

the hardest hit locations globally during the 2015–2016 El

Niño, with both experiencing unprecedented heat stress and

exceeding 25–30? DHWs (Brainard et al. 2018). Here, we

compare overall temperatures and degree heating weeks

(DHWs) between NOAA’s CRW satellite SST measure-

ments and high-resolution temperature logger data from

Kiritimati’s reefs, over a 5-yr period.

Materials and methods

Study location

Kiritimati (Christmas Island, Republic of Kiribati) experi-

ences limited intra-annual (seasonal) but significant inter-

annual sea surface temperature variability (from El Niño

events). The eastern and northeastern sides of Kiritimati are

consistently influenced by the trade winds, while the atoll’s

western (leeward) side is subject to upwelling and lagoon

outflow. Due to its local human disturbance gradient

(Watson et al. 2016), and position in the center of the Niño-

3.4 region, Kiritimati has been the focus of a monitoring

program since 2007 (Walsh 2011; Claar and Baum 2019)

as well as extensive coral paleoclimate and paleo-ENSO

studies (Cobb et al. 2003, 2013; Grothe et al. 2016).

Data

We deployed SBE-56 temperature loggers (Sea-Bird

Electronics Inc.; ± 0.002 �C) at 17 sites within six geo-

graphic regions on Kiritimati from 2011 to 2016 (Fig. 1).

Sites within regions have similar oceanographic conditions,

and a centrally located 5-km satellite pixel was chosen

within each region. Loggers were deployed at multiple sites

per region over time (Fig. 1a, Table S1). All loggers were

deployed at * 10 m depth on the forereef (range 8–12 m;

Table S1). In situ data were manually quality controlled to

remove measurements from deployment/retrieval dates,

and data were plotted to ensure that sensors were mea-

suring temperature consistently at depth. Data were stan-

dardized by minute then hourly and finally daily

increments for comparison with the satellite product. Daily

in situ data were calculated with: (1) all temperature data

from each 24-h day and (2) only nighttime temperatures

(20:00:00 to 05:00:00, GMT ? 14).

Satellite SST and DHW data were obtained from the

NOAA Coral Reef Watch (CRW) experimental daily glo-

bal 5-km satellite product, CoralTemp version 1.0 and the

NOAA CRW Daily Global 5-km Satellite Coral Bleaching

Heat Stress Degree Heating Week version 3.1, respectively

(NOAA CRW 2013; Maturi et al. 2017). The CoralTemp

product provides a gap-free (1985–present) SST product

using nighttime-only temperature at a depth of 20 cm

(Skirving et al. 2018). This product is derived from three

datasets: the Operational Sea Surface Temperature and Sea

Ice Analysis (OSTIA) Reanalysis (Jan 1985–Nov 2002),

the NOAA/NESDIS Blended Reanalysis (Nov 2002–Oct

2016), and the NOAA/NESDIS Blended near-real-time

product (Oct 2016–present) (Maturi et al. 2017; Skirving

et al. 2018). SST and DHW values were extracted for each

region on Kiritimati for January 2011–December 2016

(Fig. 1). Since these products contain curated daily data, no

additional processing was necessary for comparison with

in situ data.

Analyses

To compare temperatures, we calculated the mean offset

between satellite and in situ temperature for each region as:

mean((satellite temperature (�C)) - (in situ temperature

(�C))), using (1) all available dates, and (2) all available

dates, excluding El Niño warming. Mean offset is used to

identify consistent differences between datasets; here,

positive values indicate satellite measurements are con-

sistently warmer than in situ temperature. We then calcu-

lated correlations between the datasets using ccf (R

package stat) and visualized them with corrplot.mixed

(Wei and Simko 2017).
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To compare DHW values between the satellite and in situ

datasets, we calculated in situ DHW values for each region

following NOAA’s DHW calculations (Liu et al. 2017),

based on three different maximum monthly mean (MMM)

climatology options: (1) using the baseline NOAA MMM

(ftp://star.nesdis.noaa.gov/pub/sod/mecb/crw/data/5km/v3.

1/climatology/nc/ct5km_climatology_v3.1.nc), extracted

directly from the NOAA climatology; (2) baseline NOAA

MMM minus the mean offset calculated with all available

data; and (3) baseline NOAAMMMminus the mean offset,

excluding El Niño warming. NOAA’s DHW values are

calculated by first summing half-weekly hot spots

(temperatures greater than the MMM) that are greater than

1 �C, over a 12-week rolling window. This value is divided

by two to obtain DHWs, which are measured in �C-weeks.
All analyses were conducted in R (R Development Core

Team 2008). Code for data extraction, visualization, and

analyses is available at https://github.com/daniclaar/KI_

temperature_insitu_NOAA.

Results and discussion

Satellite and in situ temperature data on Kiritimati were

generally consistent over time in each of the six regions,

Fig. 1 Comparison of satellite and in situ temperature measurements at six regions around Kiritimati. Satellite data are continuous throughout

the time series, and in situ data are plotted as available (and averaged when more than one logger was available within the region)
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with a few notable deviations (Fig. 1). The Bay of Wrecks

region exhibited the most consistent temperatures between

satellite and in situ measurements (Fig. 1, Tables 1, S2),

likely due to thorough surface mixing associated with the

predominant trade wind and swell direction. Two

notable subsurface cooling events occurred on Kiritimati’s

leeward side, at the beginning of 2012 and 2016, that

caused significant deviations between satellite (warmer)

and in situ (cooler) measurements (Fig. 1). The first was

driven by a La Niña that persisted through February of

2012, while the second event was likely due to upwelling

as the Equatorial Undercurrent (EUC) resumed normal

speeds as the 2015–2016 El Niño relaxed. The latter is

supported by the lack of this signature in the east-facing

Bay of Wrecks.

Satellite temperatures demonstrated a positive offset

compared to in situ measurements in most regions

(Table 1, Fig. 2), although the magnitude of the offset

varied across temperatures (Fig. 2). This is in contrast to a

study in Belize that found a cool bias in SST (MODIS

Aqua and Terra) compared to in situ measurements (Cas-

tillo and Lima 2010). This difference may have been due to

different logger depths [3–5 m in (Castillo and Lima 2010)

vs. * 10 m in this study], different satellite data plat-

forms, or it may be because local oceanographic/geo-

graphic effects (loggers from (Castillo and Lima 2010)

were deployed on an inner lagoon reef and a barrier reef,

compared to exclusively the fore reef in this study).

Satellite measurements at lower temperatures (e.g.,

24–27 �C) tended to be positively biased compared to

in situ measurements, while those at higher temperatures

(e.g., 29–30 �C) tended to cluster more centrally around the

in situ measurements (Fig. 2). These higher temperatures

are above Kiritimati’s MMM and occurred primarily dur-

ing the 2015–2016 El Niño event. This result aligns with a

study in the Galapagos that found a smaller difference

between AVHRR nighttime satellite data and in situ

measurements during ENSO warming compared to base-

line conditions (Wellington et al. 2001).

There was a high level of correlation between satellite

and in situ temperatures, and among regions (r[ 0.89;

Figs. 2, S1). This is consistent with a previous study in

Belize that found high correlations (r[ 0.85) between

daily averages of satellite-derived SST and in situ tem-

perature at two sites from 1995 to 2001 (Aronson et al.

2002). Extremely high correlation values between satellite

measurements across regions (r[ 0.995; Fig. S1) could be

due to physical autocorrelation (i.e., temperatures are

similar among these sites) or artifacts from satellite optimal

interpolation (i.e., interpolating values for missing satellite

data such as cloudy days), but the fact that in situ mea-

surements were also highly correlated among regions

(r[ 0.95; Fig. S1) suggests that water temperatures are

remarkably stable around Kiritimati, despite varying

oceanographic conditions across regions.

DHW values measured from NOAA CRW around the

atoll during the 2015–2016 El Niño event were within 4%

of one another (Table S3) and were consistently slightly

lower than our calculated in situ DHW values (Figs. 3, S2).

Surprisingly, utilization of the baseline NOAA MMM

provided the closest approximation to the NOAA CRW

DHW product during this El Niño event on Kiritimati. We

had expected that, due to satellite data’s positive offset,

applying NOAA MMM climatology to in situ data would

result in an underestimation of DHW. However, because

satellite and in situ temperature measurements were more

consistent during El Niño than during non-warming con-

ditions, the DHW values during warming from these two

sources end up being very similar. The addition of positive

offsets to the NOAA CRW MMM climatology produced

DHW values that were considerably higher (Fig. 3).

Although it is possible that these latter DHWs calculated

more accurately reflect the thermal stress experienced by

corals on Kiritimati, because our in situ data do not extend

long enough to calculate in situ MMM from them, we are

Table 1 Mean offset and mean monthly maximum (MMM) climatology for each Kiritimati region; including all available data, and excluding

measurements during El Niño warming

Region Mean offset MMM

All data (�C) Not including El Niño (�C) NOAA NOAA - offset (all data) NOAA - offset (no El Niño)

Vaskess Bay 0.32 0.37 27.97 27.65 27.60

South lagoon 0.54 0.61 28.01 27.47 27.40

Mid lagoon 0.49 0.58 28.02 27.53 27.44

North lagoon 0.59 0.66 28.02 27.43 27.36

North shore 0.36 0.44 28.02 27.66 27.58

Bay of Wrecks - 0.04 - 0.07 27.96 28.00 28.03

MMM from NOAA climatology, NOAA climatology minus mean offset (all data), NOAA climatology minus mean offset excluding El Niño
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unable to test whether this is the case for Kiritimati reefs.

In this case, it seems sensible to utilize the baseline NOAA

MMM for in situ thermal stress calculations, because it

produces a thermal stress product that is directly compa-

rable with NOAA’s widespread and globally utilized DHW

product. We expect that the effect of including/excluding

offsets to ‘‘correct’’ in situ MMM could vary significantly

in other local thermal regimes (e.g., those with seasonal

variability) and suggest that additional research is needed

to determine whether using the baseline NOAA MMM for

in situ calculations is advisable for other regions of the

world. We note that in particular, NOAA MMM method-

ology can be limited in equatorial regions due to weak

intra-annual temperature variability, emphasizing the need

to validate these conclusions in different oceanic regions.

An additional consideration when using in situ data for

thermal stress calculations (such as DHW) is whether to

include all data or nighttime-only measurements. NOAA’s

satellite product utilizes nighttime-only measurements in

order to account for diel warming of the surface ocean,

which can be extreme (e.g., greater than a few �C), and
potential fine-scale stratification of the ‘‘skin’’ (i.e., the top

few millimeters of the sea surface visible to satellite

measurements). Exclusion of daytime data from in situ

datasets is, however, likely unnecessary since the magni-

tude of diel warming at depth (e.g., reefs[ 5–10 m depth)

is typically much smaller and loggers by default measure

Fig. 2 Scatterplot of daily

in situ versus satellite

temperatures showing offset.

Each point represents 1 d, and

color is scaled from low (light

yellow) to high (dark purple)

in situ temperature. The gray

line represents the 1:1 line of

satellite to in situ temperature

Coral Reefs

123



the temperatures that corals are actually experiencing

during both day and night. For Kiritimati, we found only

miniscule differences (mean offset = 0.0005 �C; Table S4)
between daily mean temperatures that had been calculated

with daytime ? nighttime versus nighttime-only measure-

ments (Fig. S3).

In conclusion, we found general consistency between

satellite and in situ measurements on Kiritimati, with the

exception of a slight warm bias in satellite measurements

that occurred primarily outside of the 2015–2016 El Niño.

Overall, NOAA’s 5-km CoralTemp product accurately

represented conditions experienced throughout the

2015–2016 El Niño event on these Central Pacific corals.

However, the presence of in situ loggers allowed us to

detect fine-scale cooling events, which may have ecologi-

cal significance for coral recovery after warming. We

therefore recommend that when possible, a combination of

in situ and satellite measurements be used to enable

researchers to leverage the consistency of satellite data

with the fine-scale local accuracy of measurements on the

reef.
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