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Abstract The western tropical Pacific Ocean (WTPO) features complicated ocean circulation systems
and has the warmest world open-ocean waters. Small upper ocean temperature change there can exert
significant impact on the regional coral reef ecosystems. In the past three decades, moderate to severe
coral bleaching events have been observed in the WTPO surrounding Palau in 1998, 2010, 2016, 2017,
and 2020. Reflecting the diversity of El Nifio-Southern Oscillation (ENSO) variability, the observed coral
bleaching severity does not correspond simply to the amplitude of an ENSO index, such as Nifio-3.4.

By conducting an upper ocean temperature budget, we found the time-varying upper ocean circulation
advection acted to damp the anomalous surface heat flux forcing and played critical roles in controlling
the surface ocean thermal conditions around Palau. This happened either directly via the advective
temperature flux convergence, or indirectly through the pre-conditioning of upper ocean thermal
structures.

Plain Language Summary This study investigated the role of upper ocean circulation
variability in modulating the ambient environment of coral reef ecosystems in the Western Tropical Pacific
Ocean (WTPO), in particular, those leading to warming events that exceed the temperature threshold

for coral bleaching around the island of Palau. Reef ecosystems rely on a relationship between the coral
polyps and symbiotic algae that lives within the coral. Bleaching occurs when increased temperatures or
environmental cause the algae to be expelled and unless the stress is removed the coral will die within
weeks. Around Palau, moderate to severe coral bleaching occurred in 1998, 2010, 2016, 2017, and 2020.
Combining in-situ water temperature data with analysis of the output from a data-assimilated ocean state
estimate, we present evidence/results that the coral bleaching severity in the WTPO does not depend
simply on the intensities of the conventional tropical El-Nifio and La Nifia events. Regional intrinsic
ocean variability and upper ocean thermal structures pre-conditioned by the interannually-varying WTPO
circulation both played critical roles in controlling the observed thermal stress levels for coral reefs around
Palau.

1. Introduction

The western tropical Pacific Ocean (WTPO) is where many major low-latitude oceanic currents originate,
bifurcate, and interact. The North Equatorial Current (NEC) flows westward, carrying wind-driven conver-
gent Sverdrup transport across the interior Pacific (Figure 1a). After encountering the Philippine coast, the
NEC bifurcates into the northward-flowing Kuroshio and the southward-flowing Mindanao Current (MC;
Nitani, 1972; Qiu & Lukas, 1996). Part of the MC intrudes into the Celebes Sea and feeds the Indonesian
Throughflow (ITF), and the remaining part veers eastward to form a component of the North Equatorial
Countercurrent (NECC; Gordon & Fine, 1996; Kashino et al., 2001; Lukas et al., 1991). A similar situa-
tion also exists in the tropical South Pacific where, upon reaching the Australian coast, the westward-flow-
ing South Equatorial Current (SEC) splits into the northward-flowing North Queensland Current and the
southward-flowing East Australian Current (Kessler & Gourdeau, 2007; Roemmich et al., 2005). After pass-
ing by the Solomon Sea, the NQC connects to the New Guinea Coastal Current/Undercurrent (NGCC/
UC) system. A part of the NGCUC peels off in the Bismarck Sea to form the eastward-flowing Equatorial
Undercurrent (EUC) and some of its water continues northwestward and crosses the equator to contribute
to the formation of the NECC and ITF (Fukumori et al., 2004; Gouriou & Toole, 1993; Johnson et al., 2002).
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Figure 1. (a) Upper ocean circulation schematic in the western tropical Pacific Ocean. Currents shown are: Subtropical
Countercurrent (STCC); North Equatorial Current (NEC); Mindanao Current (MC); Mindanao Eddy (ME); North
Equatorial Countercurrent (NECC); Halmahera Eddy (HE); Indonesian Throughflow (ITF); Equatorial Undercurrent
(EUC); New Guinea Coastal Undercurrent (NGCUC); South Equatorial Current (SEC); and North Queensland Current
(NQQ). (b) Sea surface height standard deviation map based on AVISO merged satellite altimeter data of 1993-2019. (c)
Mean SST map of 1993-2019 based on OI-SST dataset of Reynolds et al. (2007). Solid thick contours denote the 28°C
isotherms. (d) Correlation coefficient map of upper ocean (0-60 m) temperature variability relative to that at Palau
based on ECCOvA4r4 state estimate (i.e., gray line in Figure 2c).

The WTPO circulation described above is highly variable (Figure 1b) because not only is it influenced by the
regional monsoonal wind forcing and intrinsic instabilities, but the oceanic circulation in the western basin
is also subject to the perturbations originating in the eastern Pacific basin due to planetary Rossby wave
propagation (Cabrera et al., 2015; Kessler & Cravatte, 2013; Qiu & Chen, 2012). Climatically, upper ocean
circulation variations play important roles in mass and heat budget/balance in the WTPO and in regulating
the warm pool evolution and the life cycle of ENSO (Borovikov et al., 2001; Vialard et al., 2001; Wang &
McPhaden, 2001). For example, the time-varying NECC controls the convergent surface warm water from
the warm pool to the east, and changes in the EUC transport can modulate the upper ocean stratification to
which the eastern equatorial Pacific cold tongue sea surface temperature (SST) is sensitive. A comprehen-
sive review on both regional and global climate by the WTPO variability can be found in Hu et al. (2015).

Defined commonly by the threshold water temperature >28°C, the Pacific warm pool occupies a vast upper
ocean region in the western Pacific from 15°S to 18°N (Figure 1c). As the warm pool migrates seasonally,
its associated SST signals exhibit a well-defined annual cycle. At Palau (7.5°N, 134.6°E) near the center of
the warm pool, the seasonally-varying SST has a typical amplitude of 2°C (Figure 2a). Larger upper ocean
temperature change, however, can occur in concert with the tropical ENSO variability. For example, the
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(a) Daily Reynolds SST and Logger Temperature (2m) at Palau
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Figure 2. (a) Daily sea surface temperature (SST) time series at Palau (gray line) based on Reynolds et al. (2007) OI-
SST dataset versus 2 m temperature logger time series (black line). Conditions above the 30°C threshold are considered
conducive for coral bleaching. (b) Nifio-3.4 index. (c) Daily upper ocean temperature in the 0-60 m layer around Palau
from the temperature logger measurements (black line) and the ECCOv4r4 state estimate (gray line). (d) Yearly-

mean surface net heat flux (red line) versus advective temperature flux convergence (blue line) anomaly time series

in a 5° X 5°box surrounding Palau from ECCOv4r4. Here, yearly mean is taken from October of a previous year to
September of the current year when seasonal upper ocean temperature values peak.

Palau SST in 1998 summer exceeded 31°C and was 5°C warmer than that in the preceding summer during
the 1997 EI Nifio.

The SST variability in the WTPO exerts a profound impact on coral reefs and the ecosystems they sup-
port. Elevated upper ocean temperature imposes thermal stresses on corals and can lead to their bleaching,
a condition where the symbiotic zooxanthellae algae found inside the cells of coral polyps are expelled,
leaving the tissue largely colorless and the white coral skeleton visible (Colin, 2018; Hughes et al., 2018;
Langlais et al., 2017). At Palau, corals were extensively bleached during summer 1998 with water temper-
atures >30°C from surface to 90 m depth and the mortality rate was estimated at 90% or more on the outer
reef slopes (Figure 2a, Bruno et al., 2001; Colin, 2009). This bleaching episode followed the intense 1997 El
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Nifio event (Figure 2b). Coral bleaching at a reduced level compared to 1998 also occurred in 2010 at Palau
(Schramek et al., 2018; van Woesik et al., 2012). Unlike 1998, however, this bleaching episode took place af-
ter the moderate El Nifio of 2009. Following the super El Nifio in 2015, severe coral bleaching was expected
at Palau in 2016. After an initial moderate bleaching with the upper ocean hitting >30°C in June, however,
water temperatures dropped in summer 2016 associated with a westward propagating Rossby wave and no
major bleaching was materialized (Colin, 2018; Qiu et al., 2019; Schonau et al., 2019). If we define the upper
ocean thermal stress by integrating the observed 2 m temperature data (Figure 2a) exceeding 30°C over a
calendar year, 1998 has a score of 46.1°C days, 2010 a score of 52.9°C days, and 2016 a score of 16.6°C days,
respectively. During 1992-2020, two other years that have a score higher than 2016 are 2017 (21.6°C days)
and 2020 (50.0°C days). Unlike in 1998, 2010, and 2016, neither 2017 nor 2020 was preceded by noticeable
El Nifio events (Figure 2c).

These above results suggest that the coral bleaching in the WTPO does not depend exclusively on the mag-
nitude of the tropical ENSO variability and that other processes are likely at work and responsible for the
evolution of the observed upper ocean thermal structures. This western tropical Pacific situation is in sharp
contrast to the coral bleaching events in the central and eastern tropical Pacific where the bleaching sever-
ity is reported to be controlled predominantly by the strengths of El Nifios (Barkley et al., 2018; Brainard
et al., 2018). The objective of this study is to elucidate the physical processes responsible for the interannual
upper ocean thermal structure variations that control the coral bleaching in the WTPO. Specifically, we
will focus on diagnosis of upper ocean temperature budget and quantify the relative contributions from
atmospheric forcing, advective oceanic forcing, and pre-existing oceanic circulation conditions leading to
the observed high thermal stress events.

2. ECCO State Estimate

The Estimating the Circulation and Climate of the Ocean (ECCO) model uses the Massachusetts Institute
of Technology general circulation model (MITgcm) that fits in a least squares sense to available satellite
and in situ ocean observations after 1992 (Forget et al., 2015; Fukumori et al., 2021). The least squares fit is
employed to adjust a number of model control parameters, including the surface forcing fields, initial con-
ditions, and interior mixing coefficients. Using these adjusted control parameters, the model is run forward
unconstrained as in other prognostic model simulations. Since no observational data are inserted in the for-
ward integration, the ECCO state estimate is considered to be dynamically and kinematically consistent and
well suited for exploring mechanisms of upper ocean temperature variability (Buckley et al., 2014; Wunsch
& Heimbach, 2013). The ECCOv4r4 data set covers the period of 1992-2017 and has a horizontal resolution
of ~0.8° latitude x 1° longitude and a vertical resolution of 10 m in the upper WTPO of our interest. It is
worth emphasizing that the upper ocean temperature variability from ECCOv4r4 agrees favorably with the
observed upper ocean variability. As shown in Figure 2c, the observed versus simulated daily temperature
time series in the 0-60 m upper ocean at Palau has a linear correlation coefficient R = 0.92.

3. Upper Ocean Temperature Budget Analysis
The governing equation for the upper-ocean temperature change can be written as follows:

o vre L %, K,ViT + E(K, —j 1)
ot pC, 0z 0z
where u(u, v, w) is the three-dimensional velocity vector, q is surface heat flux, p is reference seawater den-
sity, C,, is specific heat of seawater, Vﬁ is the horizontal Laplacian operator, and K}, and K, are the horizontal
and vertical eddy diffusivity, respectively. Dynamically, the last two terms represent parameterized temper-
ature diffusion due to unresolved horizontal/vertical turbulent processes in the ECCO state estimate.

To quantify the relative importance of various processes contributing to the SST changes, it is useful to in-
tegrate Equation 1 from sea surface down to a depth H that is, deeper than the local maximum mixed layer
and then divide it by H (Qiu et al., 2017):
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where Q. denotes the net surface heat flux. Physically, LHS of Equation 2 indicates the time rate of change
in averaged temperature in the upper ocean, the first term on RHS is the advective temperature flux conver-
gence through the upper-ocean water column, the second term on RHS is the net heat exchange through the
air-sea interface, and the last term in parentheses represents the diffusive temperature flux convergence. In
ECCOv4r4, the background eddy diffusivity values are K, = 10> m%/s and K, = 10! m%/s. In the following
analysis, we set H = 60 m because it is the deepest regional mixed layer depth and because the majority
of coral reefs around Palau grow in this upper ocean layer (Colin & Lindfield, 2019; de Boyer Montégut
et al., 2004). For brevity, we denote below the temperature averaged in 0-60 m as Tyn. To evaluate the rel-
ative contributions to the interannual Ty, variability from the three processes on the RHS of Equation 2,
we removed the linear trend and seasonal cycle over 1992-2017 from the daily ECCOv4r4 output and in-
tegrated Equation 2 over the two-year period encompassing the high thermal stress years of 1998, 2010,
2016 and 2017, and their respective preceding years. Due to lack of ECCOv4r4 output, no budget analysis is
conducted for the 2020 high thermal stress event.

4. Results

Following the severe coral bleaching event in 1998, a comprehensive temperature monitoring program was
started in Palau by vertical arrays of temperature loggers that collected data from 2 to 90 m depth (Col-
in, 2018; Colin & Johnston, 2020). Figures 3b-3e show the observed upper ocean temperature time series
in 2009-2010, 2015-2016, 2016-2017, and 2019-2020. For completeness, we also plot in Figure 3a the cor-
responding multi-depth temperature time series in 1997-1998 based on the ECCOv4r4 state estimate. As
shown in Figure 2c, the ECCOv4r4 state estimate captures favorably the observed upper ocean temperature
variability at Palau. One common feature detected in 1998, 2010, and 2016 is that reflecting the occurrence
of El Nifio in the preceding year, these years all started with low upper ocean temperatures in the 57-90 m
layer. During March-April, all these three years experienced sharp increase in upper ocean temperatures
on monthly timescales. The 90 m temperature in 2016, for example, jumped from 15 to 28°C within a short
period of less than two months. Despite this common feature in rapid subsurface temperature warming, the
summer SSTs in 1998, 2010, and 2016 evolved diversely, leading to different thermal stress conditions. The
upper ocean temperature signals in 2017, on the other hand, exhibited characteristics very different from
the three above-mentioned high thermal stress years. Only weak temperature modulations were observed
at the 57 and 90 m depths. Rather than warming as in other high thermal stress year springs, 57 and 90 m
temperatures decreased instead in spring of 2017. Upper ocean thermal structures in 2019-2020 evolved
somewhat similarly to those in 2016-2017; a moderate El Nifio took place in late 2018 and early 2019. In-
stead of summer 2019, high thermal stresses were detected in summer of 2020 (Figure 2c).

In light of these diverse upper ocean thermal structure evolutions, we conducted an upper ocean temper-
ature budget analysis to evaluate and contrast the processes responsible for the high thermal stress condi-
tions in 1998, 2010, 2016, and 2017. To do so, we used the ECCOv4r4 output and diagnosed relative roles
played by the surface atmospheric heat forcing, oceanic advective convergence, and eddy diffusive conver-
gence that contributed to the T, changes (Equation 2). Figure 3 (right column) shows the time series of
the time-integrated Ty, budget averaged in a 5° X 5° box surrounding Palau (5-10°N, 132-137°E) in (f)
1997-1998, (g) 2009-2010, (h) 2015-2016, and (i) 2016-2017, respectively. Without loss of generality, all
terms in Equation 2 are set to zero at the beginning of the two-year period and the climatological seasonal
signals have been removed to highlight the interannual variability.

Itis instructive to examine first the high thermal stress events in 1998 and 2016 that followed the two strong-
est El Nifio events in the past century (L'Heureux et al., 2017). During 1997, 2015 when the El Nifio was in
growing and maturing phase, Figures 3f and 3h reveal that changes in T, around Palau were relatively
small (blue lines) and the warming effect by nonseasonal surface heat flux forcing (red lines) was offset by
the cooling effect by the nonseasonal advective + diffusive flux convergences (green and gray lines). These
upper ocean balances were altered in the following 1998 and 2016 La Nifia years. In 1998, the nonseasonal
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Figure 3. Left column: Daily upper ocean temperature time series off Palau from (a) ECCOv4r4 for 1997-1998, and (b-e) temperature logger measurements
for 2009-2010, 2015-2016, 2016-2017, and 2019-2020, respectively. Right column: Time-integrated upper-ocean temperature budget over the period of (f) 1997-
1998, (g) 2009-2010, (h) 2015-2016, and (i) 2016-2017 in the 132-137°E, 5-10°N region surrounding Palau. Blue lines denote the upper ocean temperature
anomalies, red lines time-integrated surface heat flux forcing, green lines time-integrated advective flux convergence, and gray lines time-integrated diffusive
flux convergence. Notice that the y-axis scales are different for the right-column four panels.
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advective flux convergence worked to warm T, by as much as 2°C cumulatively and it explains much of
the net 1.9°C warming in Teom. Although smaller in amplitude, much of the 1.5°C warming in Teo, in 2016
was similarly due to the nonseasonal advective flux convergence forcing. In both 1998 and 2016, the weak
warming effect by the nonseasonal surface heat input was counter-balanced by the cooling effect of the
nonseasonal diffusive flux convergence.

In contrast to the eastern-Pacific (EP) El Nifio in 1997, the El Nifio event in 2009 is known as a central-Pa-
cific (CP) type in which large-amplitude warm SST anomalies appeared near the dateline of the equatorial
Pacific Ocean (Capotondi et al. 2015, 2020; Kao & Yu, 2009; Kug et al., 2009). The 2015 El Nifio, on the
other hand, has been categorized as a mixture of EP/CP types (Paek et al., 2017). Past studies have shown
that the ocean circulation variability in the WTPO responds differently to the EP versus CP El Nifios (Hsin
& Qiu, 2012; Wang & Wu, 2013). This is indeed also the case for the upper ocean temperature budget sur-
rounding Palau. As shown in Figure 3g, the 1°C decrease in Ty, in 2009 was mostly caused by the nonsea-
sonal surface heat flux forcing and the advective/diffusive flux forcings played minor roles. These balances
during the 2009 CP El Nifio are very different from those diagnosed for 1997 and 2015. In the subsequent
year 2010, the surface heat flux forcing is found to exert little effect and the 1.2°C warming in Ty, around
Palau is by and large caused by the nonseasonal advective flux convergence forcing. This dominance of ad-
vection in controlling the Ty, variability is similar to the situation in 1998 and 2016 when the upper ocean
temperature warming was similarly dictated by the advective flux convergence.

Unlike the above three high thermal stress years, 2017 was an ENSO neutral year. As indicated in Figure 3i,
the nonseasonal advective heat flux convergence played a minor role in this year in modifying T around
Palau. With the benefit of starting from a warm upper ocean pre-conditioned by the 2016 warming, T, in
2017 increased progressively due to the anomalous heat input through the air-sea interface. Compared to
16.6°C days in 2016, the thermal stress at Palau reached a higher score of 21.6°C days in 2017. Dynamically,
the 2017 event likely resulted from the weak 2016 La Nifia condition that followed the 2015 El Nifio, where
a proper equatorial discharge was never accomplished.

5. Discussion

In conducting the upper ocean temperature budget analysis above, we have focused on Ty, at Palau whose
interannual variations corresponded well to the regional thermal stress changes. It is worth emphasizing
that the Ty, variability at Palau is representative of the thermal stress conditions for coral reefs across the
broader WTPO. Figure 1d shows the spatial map of linear correlation coefficient (R) between the Ty, var-
iations at Palau (i.e., Figure 2c) and the neighboring WTPO. High correlation regions with R > 0.5 are seen
in the southern Philippine Sea (0-20°N and 120-170°E), the Celebes Sea, the Sulu Sea, and the region sur-
rounding the Philippines. As such, understanding gained for the T, variations at Palau can be beneficial to
the other parts of the WTPO. The fact that the high correlation values extend into the Celebes Sea, the Sulu
Sea and the region surrounding the Philippines likely reflects the advective effects by the westward-branch-
ing MC and the poleward-flowing Kuroshio (see Figure 1a) that carry the interior ocean thermal stress
signals into the marginal seas.

Our upper ocean temperature budget analyses revealed that the advective flux convergence forcing played
a critical role in many instances in determining the T, evolutions. To gain further insights into what con-
trols the advective flux convergence forcing under the interannually varying conditions in the WTPO, we
plot in Figures 4b-4h the yearly upper ocean anomalous circulation maps in 1997-1998, 2009-2010, and
2015-2017. For reference, the long-term mean circulation map from the ECCOv4r4 product is shown in
Figure 4a. In the 1997 and 2015 El Nifio years, Figures 4b and 4f show that both the NEC and NECC inten-
sified and migrated poleward in accordance with previous observational studies (Johnson et al., 2002; Qiu
& Chen, 2010; Zhao et al., 2013). For the region surrounding Palau, this caused cold temperature advection
from the subtropics and, as revealed in Figures 3f and 3h, the more enhanced NEC/NECC in 2015 resulted
in stronger, negative advective flux convergence in 2015 than in 1997. Although the anomalous circulation
of the NEC and NECC appeared similarly in the 1998 and 2016 La Nifia years, the NECC weakened fur-
ther and had a less equatorward migration in 1998 than in 2016 (cf. Figures 4c and 4g). As a result, a more
pronounced positive advective flux convergence occurred in the WTPO that resulted in a warmer Te, and
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Figure 4. (a) Long-term mean field of 1992-2017. Annual mean anomaly fields in (b) 1997, (c) 1998, (d) 2009, (e) 2010, (f) 2015, (g) 2016, and (h) 2017. Velocity
vectors with an eastward (westward) component are plotted in red (blue). The green dot denotes the location of Palau and gray box indicates the region wherein
the upper ocean temperature budget is analyzed.

severe coral bleaching at Palau in 1998 than in 2016. Compared to 1997 and 2015, the NEC and NECC during
the 2009 CP El Nifio event exhibited very different anomalous features. As shown in Figure 4d, rather than
strengthening, both the NEC and NECC weakened, resulting in weak advective flux convergence in 2009
as opposed to the large negative convergences detected in 1997 and 2015. In 2010, Figure 4e reveals that
strong northwestward flows were generated along the equatorial band south of Palau. It is these anomalous
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northwestward flows that brought warmer equatorial water northward, resulting in anomalously high Teom
and thermal stress values around Palau in 2010.

With 2017 being an ENSO neutral year, the upper ocean circulation anomalies were weak (Figure 4h),
leading to an insignificant advective flux convergence forcing around Palau. The high upper ocean tem-
perature value observed in September 2017, as we noted in the preceding section, was due to the warmer
upper ocean state pre-conditioned in 2016. Since the warmer upper ocean states also occurred in the La
Nifia years of 1998 and 2010, a question arising naturally is why there were no pre-conditioned high ther-
mal stress episodes in 1999 and 2011 similar to 2017. The answer to this question lies in the fact that the
region around Palau in 1999 and 2011 were under anomalous surface cooling (see Figure 2d) that damped
the warmer upper ocean conditions set up in the preceding years. Anomalous surface heating, on the other
hand, prevailed around Palau in 2017 and this led to a higher thermal stress condition in its fall than in 2016
as diagnosed in Figure 3i.

A comparison between Figures 2b and 2d (red line) reveals that the surface heat flux forcing is highly cor-
related with the yearly-mean Nifio-3.4 index at R = 0.77. However, as shown by the blue line in Figure 2d,
the interannually-varying surface heat flux forcing is anti-correlated with the advective temperature flux
convergence forcing at R = —0.54. Due to this anti-correlation, the 0T/0t term, which is controlled by the
sum of these two forcings, shows a much lower correlation (R = 0.37) with the Nifio-3.4 index and is the
reason why a simple ENSO index does not serve as a useful barometer for the upper ocean thermal stress
conditions in the WTPO. In fact, each El Nifio and La Nifio event has been unique (Capotondi et al., 2015,
2020) and the different thermal stress conditions observed at Palau reflects the diversity of the ENSO phe-
nomena existing in the tropical Pacific.

We have examined in this study the upper ocean temperature evolutions and budgets leading to the 1998,
2010, 2016, and 2017 high thermal stress events around Palau. A new such event took place in 2020 and it
presented aspects of the upper ocean temperature evolutions reminiscent of the 2017 event based on cur-
rently available observations. It will be important for future studies to quantify if an upper ocean tempera-
ture budget similar to 2017 is at work and whether the on-going tropical Pacific warming alters the upper
ocean temperature balances during the 2020 event.

Data Availability Statement

The Palau Coral Reef Research Foundation (CRRF) maintains a public website https://wtc.coralreefpalau.
org/that contains the in-situ temperature logger data used in this study. The daily ECCOv4r4 data is availa-
ble at https://ecco-group.org/products-ECCO-V4r4.htm.
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