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Temperature Variability on Coral Reefs Versus Gridded
SST — The Long and the Short of It

1,2,3

A. M. Dolman' © and T. Laepple

lAlfred—Wegener—lnstitut Helmholtz-Zentrum fiir Polar und Meeresforschung, Potsdam, Germany, >MARUM—Center for
Marine Environmental Sciences, University of Bremen, Bremen, Germany, 3Faculty of Geosciences, University of Bremen,
Bremen, Germany

Abstract Coral-based temperature reconstructions and gridded sea-surface-temperature (gSST) data sets
both provide valuable insights into tropical climate variability. However, coral records often exhibit greater
interannual to decadal variability than is observed in gSST products or Earth System Models (ESMs). This
discrepancy is often attributed to large differences in spatial scale: coral records reflect conditions over areas of
only a few square centimeters, while gSST and ESM grid cells span 1 to 10,000 km?. In situ temperature loggers
on coral reefs allow us to isolate the effects of spatial scale from other non-climatic influences on coral
temperature records. Many logger studies focus on hourly to monthly timescales, temperature biases, and
whether gSST can capture temperature extremes associated with coral bleaching and mortality; however,
paleoclimate reconstructions provide an understanding of variability on longer timescales. Here, we compare
the power spectral density and coherence of logger temperature and gSST on daily to decadal timescales using
logger data from 42 sites on the Great Barrier Reef. We find that temperature variations recorded by loggers on
reefs are well correlated with and have the same amplitude as gSST variations at decadal to annual timescales.
Therefore, the excess decadal variability commonly seen in coral-based temperature reconstructions cannot be
attributed to a general effect of spatial scale.

Plain Language Summary Coral-based temperature records are used to study past ocean
temperatures. However, these records sometimes show more year-to-year and decade-to-decade variation than
gridded temperature data sets from satellite- and ship-based measurements. One possible explanation is that
corals measure temperature at a very small local scale, while global data sets average conditions over large
areas. To test this idea, we analyzed data from temperature loggers placed at 42 sites across the Great Barrier
Reef and compared them to gridded sea-surface temperature (gSST) data sets. We looked at how well the two
matched at timescales from days to decades. Our results show that the variability of reef logger temperatures and
¢SST is very similar at annual to decadal timescales. This means that the extra variability often seen in coral-
based temperature reconstructions is unlikely to be caused by differences in spatial scale alone.

1. Introduction

Tropical climate variability is a key driver of global climate variability with important modes on inter-annual
(Indian Ocean Dipole, Saji et al., 1999, and EI Nifio-Southern Oscillation, Timmermann et al., 2018), inter-
decadal (Pacific Decadal Oscillation, Mantua et al., 1997; Power et al., 1999) and multidecadal timescales
(Atlantic Multidecadal Oscillation, Schlesinger & Ramankutty, 1994). We rely on reconstructions from
temperature-sensitive proxies to quantify past climate variability over timescales longer than, and in periods prior
to, the instrumental record. Much of our knowledge of past variation in tropical sea-surface-temperature (SST)
comes from Sr/Ca and 5'%0 isotopes archived in coral skeletons (Correge, 2006; Felis, 2020). The temperature
signals they contain can be reconstructed at monthly resolution, making it possible to count annual temperature
cycles and have highly accurate chronologies. As such, corals provide a valuable information source against
which to compare the tropical sea-surface-temperature variability simulated by earth system models (ESMs) (Dee
et al., 2017; Laepple & Huybers, 2014; Parsons et al., 2017).

However, the temperature signal experienced by individual coral colonies, which record the temperature signal at
a spatial scale from a few mm of a single polyp to several meters over a large Porites colony, may differ
significantly from the gridded temperatures from satellites or simulated by ESMs, which represent means over
many square kilometres (e.g., MPIOM high resolution version: 0.4 X 0.4°, approximately 44 X 44 km or
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2000 km?, (Jungclaus et al., 2013)). Indeed, calibrated coral records frequently suggest more inter-annual and
inter-decadal temperature variability than is seen in either instrumental or gridded gSST (hereafter gSST) (Dee
etal., 2017; Dolman et al., 2025; Laepple & Huybers, 2014; Parsons et al., 2017; Scott et al., 2010 and references
therein). This excess variability is often attributed to the large difference in spatial scales represented by coral-
based reconstructions and gSST. It is argued that corals record temperature fluctuations on much smaller
spatial scales that are not captured by the larger boxes of gridded temperature products, and that temperature
variations are much larger at these reef-scale resolutions (DeLong et al., 2007; von Reumont et al., 2016).
Similarly, when records from closely located colonies do not correlate well with each other, or the correlation with
gSST is poor, it can be unclear whether these differences are due to very local temperature anomalies or metabolic
effects from the coral (e.g., Evans et al., 2000; Pfeiffer et al., 2009).

While there are undoubtedly real differences in temperature variations over small spatial distances in complex 3D
reef environments (Cyronak et al., 2020; Lee et al., 2020; Safaie et al., 2018), the importance of these spatial
differences likely depends on timescale, as temperature anomalies will spread out over time due to mixing and
diffusion in the ocean and atmosphere; thus, local processes which decorrelate colony-scale and gSST fluctua-
tions on day-to-day or shorter timescales may diminish in importance at inter-annual and longer timescales (Jones
et al., 1997; Kunz & Laepple, 2024). Contrary to the diffusivity argument, the physical structure of reefs and
coastal environments influences ocean currents and is persistent over geological timescales. Coral colonies live at
different depths in on-shore versus off-shore environments, and are frequently located near coasts where currents
bringing cooler/warmer water can shift on inter-annual to decadal timescales. Therefore, persistent spatial dif-
ferences cannot be discounted out of hand. Furthermore, even given a link between spatial and temporal scales,
the actual timescale at which a given pair of spatial scales becomes linked still needs to be determined.

Addressing these questions by comparing gSST with temperature reconstructions from the corals themselves is
challenging because corals are complex biological organisms, it would be difficult to separate spatial and spatial-
scale effects from other sources of uncertainty such as inter-colony differences in the calibration with temperature
(Correge, 2006), the potentially timescale dependent effect of overgrowth of the skeleton (“biosmoothing” Gagan
et al., 2012), varying growth rate effects (Barnes et al., 1995), or other biological changes effecting the “vital
effects” of the organism over time (Cohen, 2002; Meibom et al., 2003). To sidestep these issues, we take
advantage of in situ temperature loggers located in typical coral reef environments. Temperature loggers record
the local temperature signal at approximately the same spatial scale as individual coral colonies; therefore, if
logger temperatures and gSST agree with each other, then this removes the spatial scale as an explanation for the
average discrepancy between gSST and temperature reconstructions from corals.

Existing studies comparing reef-located logger temperatures with gSST have focussed on daily or shorter
timescales, often concerned with how well satellite-based SST products can predict or represent the conditions
experienced by corals (Bos & Pinsky, 2025); in particular biases in temperature (Castillo & Lima, 2010; Gomez
et al., 2020; Margaritis et al., 2025) and whether they miss temperature extremes that can trigger bleaching and
coral mortality (Bos & Pinsky, 2025; Lachs et al., 2025; Margaritis et al., 2025; Safaie et al., 2018). However, in
the context of past climate reconstruction, we are typically concerned with variation on longer timescales and at
larger spatial scales. Examining monthly resolution logger and satellite SST data from Jarvis Island, Alpert
et al. (2016) found no statistical difference in their mean and variance over an approximately 10-year period;
however, this and other time-domain analysis mixes the variation across monthly to decadal timescales. The total
variance of a monthly resolution SST timeseries will be dominated in most cases by the variance of the annual
cycle. Any differences at other timescales might be obscured by either agreement or disagreement in the annual
cycle amplitude. Here we use frequency based analyses (power spectra) to isolate variance at different timescales.
Additionally, we analyze daily anomalies, removing the influence of the annual cycle on other frequencies. We
compare logger and gSST variations at shorter (daily) and longer inter-annual to decadal timescales, and consider
on what timescales temperature records from individual coral colonies should be representative of larger spatial
scale gSST from models and instruments, as well as the timescales at which gSST can inform us about conditions
experienced by coral colonies. We use composite logger deployments of at least 10 years to (a) compare the power
spectral density (PSD) of in situ versus satellite gSST at daily to decadal temporal scales, and (b) measure the
coherence of logger and gSST temperatures to examine correlation across daily to decadal timescales.
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Figure 1. Locations of the 42 coral reef sites with 10 or more years of unbroken in situ temperature logger measurements.

2. Materials and Methods
2.1. AIMS In Situ Logger Data

In situ temperature logger data were downloaded as daily mean values from the AIMS Sea Water Temperature
Observing System (AIMS Temperature Logger Program) (Australian Institute of Marine Science (AIMS), 2017)
using the AIMS Data Platform API and the R package “dataaimsr.”

Sites were initially identified for which data spanned at least a 10-year period. These data consisted of multiple
sequential, 1-3 years duration logger deployments at each site, potentially across several subsites, and included
large gaps. Where there were logger deployments at multiple subsites at the same site and time, two approaches
were used to obtain a single timeseries per site: (a) taking means across subsites, and (b) joining timeseries
together from single subsites at a given time.

(a) Daily mean recorded temperature was calculated for each site by averaging across subsites. The geographical
distance between subsites was calculated to later screen for very distant subsites. The maximum distance
between subsites in the final data set was 5.85 km. The difference in depth between subsites was also
calculated to check for the effects of changing logger deployment depth over time. Gaps of up-to 7 days in
these site-composite temperature series were filled by linear interpolation, and those with gaps longer than
7 days were treated as separate time series (site-runs). These gap-filled site-runs were then screened for
continuous runs of at least 10 years.

(b) For site-runs identified in (a) with multiple subsites, the median longitude, latitude and logger depth were
calculated across all observations. For each timepoint (day), the values from the logger closest to the median
location for that site-run were retained, and any others were discarded. Given a tie in distance to the median
location, the logger nearest to the median depth was used. If there were still multiple deployments (there were
occasionally replicated deployments at exactly the same location), the mean of their values was used. In this
way, at a given time, values at a site always consisted of observations from a single point in space. Gaps of up-
to 7 days were then filled as for method (a). This resulted in 45 10+ year time series at 42 sites (Figures 1, S1
and Table S1 in Supporting Information S1) in which there were 523 interpolated values out of a total of
220547 data points (0.24%).

Method (a) has the potential to reduce the variability of logger timeseries by averaging across spatial variability of
up to 5.85 km between subsites at a site. Method (b) in contrast might exaggerate logger variability by
misattributing spatial variability to temporal variability at the timescale in which loggers were swapped out
(1-3 years). Analyses were run on both data sets with only very tiny quantitative differences in the results. Here
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Figure 2. Mean annual offset between logger temperature and OISST (logger - OISST) averaged across all sites (=1 and 2
SE). In situ reef loggers typically record temperatures approximately 0.2°C cooler than OISSTv2.1. However, there was a
strong anomaly in the years 2006-2008 in which in situ temperatures were on average warmer than OISST.

we present only results from method (b), which more closely approximates the situation where one logger record
presents one hypothetical record from a single coral colony.

2.2. Gridded SST Data

Optimum Interpolation Sea Surface Temperature (OISST) Version 2.1 data (Huang et al., 2021) were down-
loaded at daily resolution on a 0.25 X 0.25° grid from NOAA PSL at https://www.psl.noaa.gov/data/gridded/data.
noaa.oisst.v2.highres.html Accessed 2025.01.23. OISST data were extracted for each of the 42 logger sites using
distance weighted remapping (CDO command “remapdis”) and matched by year and day to the daily resolution
logger temperatures.

2.3. Logger Data Issues

While processing and examining the logger and OISST data, it became apparent that there were issues with some
logger data in the period of 2006-2009. The in situ reef loggers typically recorded temperatures approximately
0.2°C cooler than OISST. This is consistent with the warm bias found in OISSTV2.1 for the GBR region (Huang
et al., 2021). However, there was a strong anomaly in the years 2006—2008 in which in situ temperatures were on
average warmer than OISST (Figure 2).

Large offsets between logger temperatures and OISST frequently started and ended with changes in logger
deployment (loggers being replaced with new/reconditioned ones). The same new offset could sometimes be seen
in separate loggers deployed at the same time at different subsites and depths at the same reef site. This occurs for
example, at Kelso Reef in 2005-2006 (Figure S2 in Supporting Information S1) and Dip Reef in 2007-2008
(Figure S3 in Supporting Information S1). The effect is most clear in the difference between the logger tem-
perature and OISST but can also be seen in the logger data. Therefore, there is good reason to be suspicious of
some of the logger data in the 2006-2008 period.

The suggested logger data anomalies have little effect on the power spectrum analysis but destroy the coherence
between logger temperatures and OISST on longer timescales. Therefore, in coherence plots, we indicate whether
timeseries included the years 2006-2008.

2.4. Power Spectral Analysis

To compare the variability of logger temperature and OISST at different timescales, we estimate their power
spectral density (PSD), which expresses the variability in a timeseries as a function of frequency (or equivalently
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periodicity, 1/frequency). To reduce the influence of the annual cycle, which will otherwise dominate estimates of
PSD and variance, we first calculate daily temperature anomalies by subtracting from each value the mean
temperature for the corresponding day of the year calculated for that logger or OISST record. The power spectra
of logger temperature and OISST were then estimated separately for each unbroken timeseries of daily anomalies
(45 site-runs at 42 sites) using the adaptive multitaper method. This method reduces estimation uncertainty and
leakage in the spectral estimates (Springford et al., 2020; Thomson, 1982). We used only three tapers to limit the
loss of frequency resolution and downward bias in power estimates for the lowest frequencies that come from
tapering.

For each site-run, the logger to OISST PSD ratio was calculated by dividing the respective spectra at each
resolved frequency. As these spectra were estimated from time series of the same length, their ratio was unaf-
fected by tapering biases. Mean logger and OISST spectra, and mean PSD ratios were calculated by averaging
spectra and their ratios across site-runs, after interpolating onto a common frequency axis.

2.5. Coherence

As we expected the correlation between logger temperature and gSST to be dependent on timescale, to assess
correlation, we estimated the squared coherency spectrum between pairs of timeseries. The squared coherency is
similar to a conventional squared correlation coefficient but depends on frequency (Storch & Zwiers, 1999).
Coherency was calculated separately for each site-run. As there was good reason to be suspicious of records
covering the period 2006-2008, in coherence plots we indicate whether a timeseries included the years 2006—
2008.

3. Results

We first compare the mean power spectrum (averaged across sites) of the in situ logger and OISST daily tem-
perature anomalies (Figure 3a). Both show a general increase in power spectral density (PSD) with timescale. The
downward spikes at the frequency of the annual cycle (f= 1 yr™") and its harmonics are an artifact of removing the
annual cycle. Across timescales from decadal (f = 1/10 yr™') down to monthly (f = 12 yr"), mean PSD was
nearly identical for in situ logger temperatures and OISST (Figure 3a). At shorter than monthly timescales, the
PSD of the logger and OISST temperatures start to diverge, with the logger PSD falling below that of the OISST.

To examine this more closely, we calculated the logger and OISST PSD ratio for each site-run (continuous logger
timeseries at a site), and the mean across site-runs (Figure 3b). Average logger PSD was only slightly higher than
OISST PSD across a broad frequency range, from decadal to monthly. Over the longer decadal to inter-annual
timescales, the logger to OISST ratio varied from 0.44 to 1.98 between site-runs, with a mean ratio of 1.16
(Table 1), indicating only 16% higher average PSD for logger data than for OISST (Figure 3b). However, at
monthly to inter-daily timescales, the logger to OISST ratio declined below one so that by timescales of 3—4 days
(approx. f = 100 yr™") average logger variability was less than half that of OISST (Fig 2b and Table 1). As the
same PSD does not necessarily imply that the logger and the OISST data are correlated, we also examine the
squared coherency as a function of timescale (Figure 3c). Again, at longer timescales, the coherence between the
logger temperature and OISST was high. Between decadal and inter-annual timescales, squared coherence
averaged 0.90 for site-runs that did not include the problematic 2006-2008 period. Site-runs which included
logger deployments in 2006-2008 were particularly affected by what seems to be a calibration issue which biases
coherence down on longer timescales (see Section 2 and Supporting Information S1). In contrast to the PSD ratio
(Figure 3b), coherence begins to decline at timescales between annual and monthly, so that squared coherence is
only 0.5 at monthly timescales (Figure 3c).

To study the influence of logger depth, we examined the PSD ratio and coherence of logger temperatures and
OISST as a function of logger deployment depth for different timescales (Figure 4). At sub-monthly timescales,
the logger-OISST variance ratio was strongly related to differences in logger depth across site-runs, but this effect
became weaker with increasing timescale. At decadal to annual timescales, there is no relationship between
logger depth and the PSD ratio (Figure 4a). In contrast, while squared coherency declines at faster timescales
(Figure 3c), there is no relationship between coherency and logger depth (Figure 4b).
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Figure 3. A comparison of power spectral density (PSD) and coherence across decadal to inter-daily timescales for in situ
logger and OISST daily temperature anomalies. (a) PSD of in situ logger and OISST daily temperature anomalies averaged
across 45 timeseries (site-runs) at 42 coral reef sites. (b) The ratio of logger to OISST PSD for individual site-runs (gray lines)
and the mean ratio across all site-runs (black line). (c) Coherency between logger and OISST daily temperature anomalies for
each site-run. Lines in gray indicate timeseries that included the years 2006-2008 for which we observed issues with some of
the logger data.

4. Discussion

This direct comparison of gridded satellite SST with reef-located in situ temperature loggers demonstrates that,
despite the very large difference in spatial resolution, there is little difference in variability, and high coherence
between logger and gSST temperatures from decadal down to inter-annual timescales. This means that the large
differences in inter-annual to decadal variability seen between gridded instrumental SST and temperature
reconstructed from corals are unlikely to be due to the difference in spatial scale.
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'71::::’ ll‘;altio of In Situ Logger to OISST PSD at Decadal to Inter-Daily Timescales

Freq. band Freq. band name Mean Standard deviation Min Median Max
(0.09,0.5] Decadal to inter-annual 1.16 0.31 0.44 1.13 1.98
0.5,2] Inter-annual to semiannual 1.20 0.23 0.96 1.17 2.23
2,12] Semiannual to monthly 1.09 0.39 0.61 1.03 2.90
(12,182] Monthly to inter-daily 0.53 0.25 0.18 0.50 1.21

Note. Logger to OISST PSD ratio is calculated for daily anomalies over decadal to inter-annual, inter-annual to semi-annual
(2 cycles per year), semi-annual to monthly, and monthly to inter-daily timescales. Shown are summary statistics across 45

site-runs at 42 reef sites.

In contrast, at inter-daily timescales, the coral-scale and gridded temperature fluctuations are essentially un-

correlated, indicating that OISST contains no information about the daily fluctuations in temperature experienced
by corals. Part of the decorrelation at this temporal scale could be due to the limitations of the gSST product. In
particular, statistical infilling of missing observations from surrounding clear-sky data and model priors may
preserve the correct variability in the OISSTv2.1 product, but not capture the correct phase of variations, and thus

reduce coherency on monthly to daily timescales. These monthly to daily timescale results are consistent with

previous studies that have found that even much higher resolution satellite based SST fails to capture the
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Figure 4. PSD ratio and coherence of the logger and OISSTV2.1 as a function of logger depth. (a) The logger to OISST PSD
ratio against depth at four different timescales. Frequency bands are given in units of cycles per year. The horizontal dashed
line shows a ratio of 1, indicating logger temperature PSD equal to OISST PSD. (b) Squared coherency between logger

temperatures and OISST as a function of depth and timescale.
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temperature conditions experienced by corals at daily timescales, for example, Bos and Pinsky (2025) who
compared AIMS logger data with the 0.01° resolution NASA Multi-scale Ultra-high Resolution Sea Surface
Temperature product, Margaritis et al. (2025), who compared the European Space Agency's Climate Change
Initiative for SST product to loggers at six sites in the Caribbean, or Lachs et al. (2025) who compared CoralTemp
v3.1 (0.05° ~ 5 km grid) and the Multiscale Ultra-high Resolution MUR v4.1 (0.01° ~ 1 km grid) to logger
temperatures in Palau.

In addition to becoming decorrelated, at timescales shorter than monthly, logger PSD declined relative to OISST
and this difference is strongly related to the depth at which the logger was deployed (Figure 4a). The lower PSD in
logger records at inter-daily timescales is likely because fluctuations in temperature at the ocean skin surface on
these timescales are driven by interactions with atmospheric weather patterns, but these are buffered at depths
greater than 1 m due to the thermal inertia of the water buffering the downward propagation of the surface signal.

Importantly, the discrepancies between loggers and gSST at monthly to daily timescales are less relevant to
questions about model-proxy and instrumental-proxy comparisons, as temperature reconstructions from corals are
not typically resolved at higher than monthly resolutions. At inter-annual to decadal timescales, logger and OISST
PSD were approximately equal, and coherency was high, even for loggers deployed at depths of 10 m. Loggers (and
corals) located at depths of 1-10 m should therefore consistently capture decadal temperature signals.

The increasing similarity between point and grid scale temperature fluctuations as timescale increases is likely a
general consequence of ocean circulation and diffusive processes, as the phenomenon is also seen in stochasti-
cally forced climate and energy balance models (Kim & North, 1991; North et al., 2011; Rypdal et al., 2015) and
has been confirmed in global observations of temperature variability on decadal and shorter time scales (Jones
etal., 1997; Kim & North, 1991). Therefore, although this analysis was geographically restricted to the Australian
Great Barrier Reef, we would expect these results to generalize to other reef building regions. Hence, in principle,
temperature reconstructions from point-scale proxies such as coral skeletons should be suitable for comparison
with gridded ESM model output. Likewise, gridded SST products can be used to validate the variation of
temperature-sensitive point proxies on these timescales. Where there are large average differences in variance on
monthly to decadal timescales between proxies and gridded SST, these must be a feature of the proxy that is
unrelated to spatial scale.

5. Conclusions

Whether the temperature variability experienced by coral colonies on reefs is representative of SST variability at
the scale of SST product and ESM model grids will, in general, depend on the temporal scale of interest, and in
specific cases, on the physical characteristics of the local site in relation to the wider ocean. In general, as the
timescale increases, SST variations become more similar in amplitude and more coherent between spatial scales.
This was confirmed by examining temperatures recorded by loggers at 42 reef sites on the Australian Great
Barrier Reef, which had the same average variability and were coherent with gridded SST from annual up-to
decadal timescales. Therefore, discrepancies in variance between coral based temperature reconstructions and
gridded SST cannot in general be explained by the different spatial scales they represent.

Data Availability Statement

Code to download and process the AIMs logger data, and to reproduce the analyses presented in this manuscript,
is publicly available in a Github repository and archived at Zenodo (Dolman, 2025). NOAA OI SST V2 High
Resolution Data set data were provided by the NOAA PSL, Boulder, Colorado, USA, from their website
(NOAA, 2025). In situ temperature logger data were provided by the AIMS Sea Water Temperature Observing
System (Australian Institute of Marine Science (AIMS), 2017). Spectral analysis was performed in R (R Core
Team. (2024).
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