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Deriving fine-scale patterns of
sea surface temperature in coral
reef habitats using the Landsat 8
thermal infrared sensor

Xiu-Ling Zuo1, Ke-Fu Yu1, Bin-Ni Qin1, Xiao-Peng Duan1,
Zuo-Fang Yao1* and Fen-Zhen Su2*

1Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, School of Marine Sciences,
Guangxi University, Nanning, China, 2State Key Laboratory of Resources and Environmental
Information System, Institute of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences, Beijing, China
The available sea surface temperature (SST) products are too coarse to assess the

fine-scale (<1 km) SST variations related to coral bleaching. In this study, we

proposed an optimal SST inversion model using Landsat 8 thermal infrared

sensor (TIRS) images to derive fine-scale SST patterns in the coral reef habitats

of the Xisha Islands, South China Sea. Our study included two parts: 1) six SST

inversion models were developed using the radiative transfer method and the

split window (SW) algorithm in the hot season and cool season, from which the

optimal SST inversion model was determined; and 2) the optimal model was

applied to 47 Landsat 8 TIRS images to derive the SST spatial and temporal

pattern among the geomorphic zones of six reefs in hot and cool season

conditions. Compared with the measured sea temperature data and the

verified MODIS SST products, the SST6 model using the SW algorithm was

optimal, with an RMSE of approximately 0.64°C in the hot season. The average

SST results usually had a pattern of reef flat > lagoon > reef slope/offshore sea.

The reef flat was usually approximately 0.05°C–0.2°C hotter than the lagoon in

the hot season. The SST in the lagoon also increased from south to north and the

shallow lagoon was usually warmer than the deep lagoon in the hot season. Our

results suggested that scleractinian corals in the reef flat and the lagoon were

more susceptible to bleaching-level thermal stress than other geomorphic

zones. During the cool season, the SST fluctuated markedly among coral reefs

and geomorphic zones.
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1 Introduction

Coral reef ecosystems have rich biodiversity and high

productivity, but they are vulnerable to various environmental

stressors induced by climate change (Bellwood et al., 2004).

Abnormally high sea temperature is one of the most serious

threats affecting coral reefs and it can lead to frequent large-scale

coral bleaching and coral degradation in various regions of the

world (Skirving et al., 2019; Eakin et al., 2022). The thermal stress

indicators developed using sea surface temperature (SST) are often

used in thermal stress intensity evaluation and coral bleaching alerts

(Liu et al., 2014; Zuo et al., 2015; Qin et al., 2023). High-resolution

SST data can identify more detailed spatial variations in thermal

stress, which are essential for the conservation and management of

coral reef ecosystems.

Remote sensing can obtain long-term, continuous, and large-

scale SST data in comparison with field surveys. Hereher et al.

(2021) explored the spatio-temporal relationship between the

distribution of coral reefs in the Red Sea and SST using the 4 km

MODIS SST product. Zhang et al. (2013) analyzed the spatial

distribution trend of thermal stress in Coral Bay on Ningaloo

Reef using the Global 1-km SST (G1SST) product and found that

the SST in the inner lagoon was usually higher than that in the

offshore sea, and the entire reef SST was higher under extreme

weather conditions. Caballero-Aragon et al. (2023) used the 1 km

SATcoral–SIMAR product developed on the basis of the

Operational SST and Ice Analysis and Group for High Resolution

SST data to investigate the spatial pattern of SST and thermal stress

between shallow reefs and deep reefs in the Cuban archipelago. Van

Wynsberge et al. (2020) used G1SST products to study differences

in SST in the Raroia atoll lagoon and forereef and found that their

SST variations in the cool season and warm season showed opposite

trends. However, the above studies on SST variations related to

coral reef areas mostly adopted kilometer-scale SST products.

Research suggests that the occurrence and severity of coral

bleaching has spatial heterogeneity at a finer scale (<1 km) (Safaie

et al., 2018). Thus, the resolution of the present SST products is too

coarse to study the fine-scale spatial variation of sea temperature in

small coral reef areas.

High spatial resolution thermal infrared satellite data, such as

HJ 1B TIRS, Landsat 7 ETM+, and Landsat 8 TIRS, with resolutions

from 30 m to 300 m, can be used to derive high-resolution SST data

(Lamaro et al., 2013; Pan et al., 2014; Simon et al., 2014; Jaelani and

Alfatinah, 2017; Liu et al., 2020). The Landsat 8 TIRS products

provide dual thermal infrared bands, which better meet the need for

low-cost SST data with higher spatial resolution (30 m) in coral reef

areas. At present, there are few studies on the use of SST data on the

basis of Landsat 8 TIRS in coral reef habitats. Attamimi and

Saraswati (2019) inverted the SST data for coral reefs in Bunaken

National Park using Landsat 7 ETM+ and Landsat 8 TIRS images,

but they did not further analyze the spatial pattern in SST. Rajput

and Ramakrishnan (2021) found that SST in the lagoon had high

heterogeneity and was different from that in the surrounding sea

using inverted Landsat 8 TIRS data in the Lakshadweep Islands, but

they did not further analyze the differences in SST patterns among

geomorphic zones on coral reefs. Because coral cover and diversity
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have little difference within geomorphic zones but large differences

between geomorphic zones (Zuo et al., 2017), fine-scale SST analysis

according to local conditions is essential for the protection of

coral reefs.

Comparison of the Landsat 8 TIRS retrieval methods for SST in

different coastal areas (Xing et al., 2015; Jaelani and Alfatinah, 2017;

Jang and Park, 2019; Liu et al., 2020) shows that the optimal SST

retrieval methods have regional dependence. Among them, the

radiation transfer equation method (RTM) and split window

(SW) algorithm have higher accuracy in retrieving SST (Xing

et al., 2015; Zhang et al., 2015; Jaelani and Alfatinah, 2017; Liu

et al., 2020). For example, Zhang et al. (2015) concluded that the

RTM model with an RMSE of less than 1°C was the most accurate,

followed by the SW algorithm with an RMSE of approximately 3°C

in the sea around Hongyanhe nuclear power station in China.

Jaelani and Alfatinah (2017) concluded that the SW algorithm

generally had higher accuracy than other models in all tested waters.

Liu et al. (2020) also suggested that SW algorithm was better than

the RTM for deriving SST in the Daya Bay area in China. Overall,

the SST retrieval method of RTM has strong compatibility (Zhang

et al., 2015; Jaelani and Alfatinah, 2017), but it is easily affected by

the atmospheric environment. The widely-used SW algorithm

requires few parameters and less computation, but its regional

compatibility is poor (Xing et al., 2015; Zhang et al., 2015; Jaelani

and Alfatinah, 2017; Jang and Park, 2019). The applicability and

accuracy of RTM and SW methods using Landsat 8 TIRS images in

coral reef habitats need further evaluation.

In this study, we took coral reefs in the Xisha Islands in the

South China Sea (SCS) as the study area. Six SST inversion models

were constructed on the basis of the RTM and SW approaches using

14 Landsat 8 TIRS satellite images. The models were built in the hot

season (average SST >29°C) and cool season (average SST<26°C).

The optimal SST inversion model was determined and further

applied to 47 Landsat 8 TIRS images of six reefs. Our aims were

to 1) obtain the optimal SST inversion model from Landsat 8 TIRS

images with 30 m resolution for coral reefs, and 2) investigate the

fine-scale spatial and temporal pattern of SST among geomorphic

zones in coral reefs in the Xisha Islands. This study not only

provides methodology for retrieval of high resolution SST satellite

data for coral reef habitats, but also provides details of the SST

spatial pattern for reef ecosystem conservation and management.
2 Materials and methods

2.1 Study area

The coral reefs of the Xisha Islands are located in the northwest

of the SCS (Figure 1). There are more than 30 coral reefs, with 37–

38 genera and 204 species of scleractinian corals (Morton and

Blackmore, 2001). The Xisha Islands belong to the tropical marine

climate system. The hot season is from May to September and the

cool season is from November to the following April. The monthly

mean SST is approximately 25–30°C (Zuo et al., 2015). The Xisha

Islands are affected by a monsoon circulation, with northeast winds

in the cool season and southwest winds in the hot season. The SST
frontiersin.org
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patterns among the geomorphic zones of six reefs—Bei Reef,

Langhua Reef, Lingyang Reef, Panshi Islet, Qilian Islet and

Yuzhuo Reef—in the Xisha Islands were investigated.
2.2 Dataset

2.2.1 Landsat 8 satellite TIRS data
The thermal infrared spectrum of Landsat 8 images are bands

10 and 11, ranging from 10.6 mm to 12.51 mm with 30 m spatial

resolution. By observing the MODIS SST and the cloud cover, a

total of 47 Landsat 8 images of Xisha Islands in 2014-2021 in the hot

season(average SST>29°C) and in the cool season(average SST<26°

C) were downloaded from the USGS EarthExplorer (http://

earthexplorer.usgs.gov/). The local time of image acquisition was

approximately 10:50 am. These images covered all the months

except October, when high cloud coverage existed. Ten images

were used as experimental data and four images were adopted as

validation data (Table 1). A total of 47 Landsat 8 images (Table 2)

were further used to study the SST pattern among coral reef

geomorphic zones in the six coral reefs (Bei Reef, Langhua Reef,

Lingyang Reef, Panshi Islet, Qilian Islet and Yuzhuo Reef) in the hot

season and the cool season.

2.2.2 MODIS SST
Because the coral reefs in the study area were far from the

mainland, validated MODIS SST products were used to evaluate the

accuracy of the Landsat SST inversion models owing to their

verification by the long-term buoy data and ship reports (Liu

et al., 2020). MODIS SST L3 level products were acquired from

NASA Ocean Color (https://oceancolor.gsfc.nasa.gov/), with

temporal resolution of 1 day and a spatial resolution of 4 km.
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Because the Terra satellite had no detection area within the study

area, the Aqua MODIS SST products most synchronized with the

acquisition time of Landsat 8 images were downloaded (Figure 1).

The local imaging time of Aqua MODIS SST was approximately

13:30, which was a 2.5 h time difference compared with that of the

Landsat 8 images.

2.2.3 World Ocean Database 2018 data
The World Ocean Database (WOD) is a uniformly formatted

and quality controlled collection of ocean profile data, including

conductivity temperature depth (CTD) data, profiling float (PFL)

data and other datasets (Sun et al., 2022). The 2018 WOD data were

acquired and extracted from the National Centers for

Environmental Information (https://www.ncei.noaa.gov/products/

world-ocean-database) as in situ SST data to verify the MODIS SST

and Landsat inverted SST data. First, the CTD-measured SST

profile data from August to October during 2014–2017 and at 1

m depth were selected. Secondly, the selected CTD data were

further screened to be within a time difference of ±1 h and ±2.5 h

of the MODIS SST acquisition time. Then, the PFL-measured SST

profile data (Figure 1) within a time difference of 2.5 hours

compared with the Landsat 8 image acquisition time and within a

distance of 200 m were selected to verify the accuracy of the optimal

Landsat 8 inversion model. A total of 38 CTD-collected SST data

and 7 PFL SST data were finally adopted (Figure 1).
2.3 Methods

2.3.1 Workflow
The conceptual workflow for data processing and algorithms of

the satellite derived SST is depicted in Figure 2. First, the screened
FIGURE 1

Study area of the Xisha Islands in the South China Sea and locations of field SST data: (A) ● is the field SST location of profiling float (PFL) data within
2.5 hours of Landsat 8 imaging time; ▲ indicates the field SST location of conductivity temperature depth (CTD) data within 1 hour of MODIS SST
imaging time; ○ indicates the field SST location of CTD within 2.5 hours of MODIS SST imaging time; □ is the Landsat 8 satellite image area; (B) the
coral reefs in the Xisha Islands, the dashed box indicates the validation reefs of SST inversion results by MODIS SST.
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Landsat 8 data were preprocessed, and then the MODIS SST data

were verified by using theWOD data. TheMODIS SST data were also

cloud removed. The above data were used to construct models based

on Radiation Transfer EquationMethod and SplitWindow algorithm

and inverted the SST in Landsat 8 TIRS images. The accuracy of SST
Frontiers in Marine Science 04
data obtained by the inversion of the all models were analyzed, and

the optimal inversion model was selected. Finally, the monthly SST

distribution pattern of coral reefs and the distribution characteristics

of SST among geomorphic zones were analyzed by using the SST data

inverted by the optimal inversion model.
TABLE 1 Screened Landsat 8 satellite images.

SST Spatial Resolution(m) Path/Row
Acquisition Date
(Year-Month-Day)

Acquisition
Time (Local)

Cloud(%)
Application

Hot 30 122/048 2014-08-12 10:54 5.07 Model

Hot 30 122/049 2014-08-12 10:54 2.91 Model

Hot 30 122/048 2016-06-14 10:54 5.02 Model

Hot 30 122/049 2016-06-14 10:54 1.34 Model

Cool 30 122/048 2018-03-16 10:53 1.45 Model

Cool 30 122/049 2018-03-16 10:53 2.33 Model

Cool 30 122/048 2019-03-03 10:54 0.44 Validation

Cool 30 122/049 2019-03-03 10:54 4.76 Validation

Hot 30 122/048 2020-07-27 10:54 8.96 Validation

Hot 30 122/049 2020-07-27 10:54 1.25 Validation

Hot 30 122/048 2020-09-13 10:54 18.82 Model

Hot 30 122/049 2020-09-13 10:54 0.49 Model

Hot 30 122/048 2021-07-30 10:54 11.66 Model

Hot 30 122/049 2021-07-30 10:54 1.09 Model
TABLE 2 Landsat 8 TIRS images used for SST analysis of geomorphic zones in the six reefs.

Coral
reef

Hot season Cool season

Number
of

Images

Acquisition Date
(Year-Month-Day)

Number
of

Images

Acquisition Date
(Year-Month-Day)

North
Reef

10
2014-08-12、2014-09-13、2015-06-28、2016-07-16、
2017-08-04、2018-06-20、2018-08-07、2020-07-27、
2021-07-14、2021-07-30

13
2014-02-17、2014-03-21、2015-02-04、2016-01-06、2016-01-
22、2018-03-16、2018-11-11、2019-03-03、2019-03-19、2020-
01-17、2020-03-05、2020-03-21、2022-02-07、2022-03-27

Langhua
Reef

4
2015-08-15、2017-08-04、2019-07-09、2021-07-14

13
2014-02-17、2016-01-22、2018-03-16、2019-01-30、2019-02-
15、2019-03-03、2019-03-19、2020-03-21、2021-03-08、2022-
01-22、2022-02-07

Lingyang
Reef

15

2014-08-12、2014-09-13、2015-06-28、2015-08-15、
2016-06-14、2017-08-04、2018-06-20、2019-05-22、
2019-06-07、2019-07-09、2019-08-10、2020-07-27、
2020-09-13、2021-07-14、2021-07-30

12

2015-02-04、2015-03-08、2016-01-22、2018-03-16、2018-10-
10、2019-01-30、2019-03-03、2020-01-17、2020-03-05、2020-
03-21、2021-03-08、2021-04-09

Panshi
Islet

14

2014-08-12、2015-06-28、2015-08-15、2016-06-14、
2017-08-04、2017-09-05、2018-05-03、2018-06-20、
2019-05-22、2019-06-07、2020-07-27、2020-09-13、
2021-05-11、2021-07-14

11

2015-02-04、2015-03-08、2018-03-16、2019-02-15、2019-03-
03、2019-03-19、2019-11-14、2020-03-05、2021-03-08、2022-
01-22、2022-02-07

Qilian
Islet

8
2014-08-12、2015-08-15、2017-08-04、2018-06-20、
2019-06-07、2019-08-10、2020-07-27、2020-09-13 12

2015-02-04、2015-03-08、2015-11-19、2016-04-11、2018-03-
16、2019-01-30、2019-02-15、2019-03-03、2019-03-19、2020-
01-17、2021-04-09、2022-03-27

Yuzhuo
Reef

12

2014-08-12、2014-09-13、2015-05-11、2015-05-27、
2015-06-28、2015-08-15、2017-08-04、2017-09-21、
2018-06-20、2019-06-07、2021-07-14、2021-07-30

18

2015-02-04、2015-03-08、2016-01-22、2016-04-11、2017-12-
26、2018-03-16、2018-11-11、2019-01-30、2019-03-03、2019-
03-19、2019-11-14、2020-01-17、2020-03-05、2020-03-21、
2021-03-08、2022-01-22、2022-02-07、2022-03-27
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2.3.2 Landsat 8 TIRS preprocessing
Radiometric calibration, brightness temperature calculation

and cloud removal were performed for the TIRS bands of

Landsat 8. First, according to the TIRS header file, the absolute

scaling coefficient was used to calculate the radiance of band 10

and band 11. Second, the brightness temperature was calculated

using the Planck function and the radiance values. Then, by

combining brightness temperature data and the Landsat 8

multispectral optical bands and Top of Atmosphere reflectance

data of the cirrus band, the Fmask3.2 algorithm (Zhu et al., 2015)

was used to remove cloud cover areas in the Landsat 8 TIRS

images. The cloud cover areas in the MODIS SST data were

also eliminated.

2.3.3 Accuracy assessment of MODIS SST data
The reliability of MODIS SST products in different regions

needed to be verified (Jang and Park, 2019). Using the CTD

sampling point (Figure 1) as the center, a 3×3 window was

adopted and abnormal values that deviated from the local median

by more than three times the standard deviation were excluded

from the sliding window. The mean value was calculated as the true

value to compare with the MODIS SST in the same location.

Indicators of bias, root mean square error (RMSE), mean absolute
Frontiers in Marine Science 05
error (MAE), and standard deviation (STD) (Jang and Park, 2019;

Liu et al., 2020; Kang et al., 2021) were used to evaluate the accuracy.

The validation results showed that the MAE of MODIS SST in the

SCS ranged from 0.69°C to 0.72°C, and the STD ranged from 0.78°C

to 0.87°C (Table 3). A previous study showed that the bias of the

MODIS SST ranged from −0.11 to −0.22, and its STD error ranged

from 0.58°C to 0.67°C in the daytime over the SCS after verification

with the SST data from the CTD of actual voyages and the WOD09

database (Qin et al., 2014). This was consistent with our study.

Therefore, the error of MODIS SST was low and it could be used to

verify the Landsat inverted SST in the study area.
2.3.4 Radiation transfer equation method
For the Landsat 8 TIRS images, the artifacts magnitude in band

11 by banding and absolute calibration errors was roughly twice as

much as it was in band 10 (Montanaro et al., 2014). Because the

calibration parameters of band 11 is not ideal, and the atmospheric

transmissivity in band 10 is higher (Xu, 2015), studies commonly

use band 10 to invert SST. The specific calculation can be seen in

equations (1) and (2).

B =
(Lsensor − Lup) − t(1 − e)Ldown

te
(1)
FIGURE 2

The flowchart of the entire study.
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SST1 =
K2

(Ln K1
B + 1)

(2)

where B is the blackbody radiation of the sea surface, Lsensor is

the spectral radiance received by the sensor (W*m−2*sr−1*µm−1),

Lup is the upwelling radiance, Ldown is the downwelling radiance

(W*m−2*sr−1*µm−1), and t is the atmospheric transmissivity. For

band 10, Lup, Ldown and t were calculated using the NASA

atmospheric correction parameter calculator (https://

atmcorr.gsfc.nasa.gov/), which were shown in appendix Table 1

for 14 Landsat 8 satellite images for modelling. e is the sea water

surface emissivity. For band 10, K1 = 774.89 (W*m−2*sr−1*µm−1)

and K2 = 1321.08K.
2.3.5 Split window algorithm
The SW algorithm was initially proposed by McMillan

(Mcmillin, 1980) for NOAA/AVHRR sensors. It primarily uses

the atmospheric transmission difference between two thermal

infrared channels to eliminate the atmospheric influence. A

variety of improved algorithms have been developed since then.

On the basis of the SW algorithm, we established a statistical model

between the MODIS SST at 4 km resolution and the Landsat 8

brightness temperature resampled to 4 km, to obtain the coefficients

of the Landsat 8 TIRS SST inversion models. These coefficients were

then applied to Landsat 8 brightness temperature with 30 m

resolution to obtain 30 m SST data. The specific equations are as

follows:

SSTL = F½T1L, (T2L − T1L)� (3)

SSTH = F½T1H , (T2H − T1H)� (4)

where SSTL is the 4 km MODIS SST. T1L and T2L are the

brightness temperature of band 10 and band 11 of Landsat 8 TIRS

image resampled to 4 km resolution. T1H and T2H are brightness

temperature of band 10 and 11 of the Landsat 8 TIRS images with

30 m resolution. F represents the function relationship between the

brightness temperature of the Landsat 8 TIRS images and SST,

which was constructed by different band combinations of band 10

and band 11.

In this study, the SST4 and SST5 models were constructed using

the traditional SW algorithm (Mcmillin, 1980) and the non-linear

SST algorithm (Jang and Park, 2019), respectively. The SST6 model

was the deformation of the SW algorithm. In addition, SST2 and

SST3 of two single-band statistical methods were added for

comparison.The specific equations and parameters are shown

in Table 4.
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2.3.6 Accuracy and the optimal SST model
The accuracy of the six SST inversion models in cool, hot, and

mixed temperature conditions were evaluated by the MODIS SST

products verified by CTD data. The PFL-measured SST data

(Figure 1) were adopted to evaluate the accuracy of the optimal

inversion model in the Xisha Islands. Indices, including RMSE (Eq.

5), BIAS (Eq. 6), and MAE (Eq. 7), were used to evaluate the

accuracy of the SST inversion models and select the optimal model.

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1(Mi − Li)
2

N

s
(5)

BIAS = o
N
i=1Mi

oN
i=1Li

− 1 (6)

MAE = o
N
i=1 Mi − Lij j

N
(7)

where N is the total number of grids, M is the MODIS SST, L is

the Landsat 8 TIRS inverted SST. RMSE is the overall deviation

between inverted SST and the in situmeasured SST, ranging from 0

to +∞. BIAS is the overestimation or underestimation of the

Landsat 8 inverted SST compared with the in situ measured SST,

ranging from −1 to 1, with a positive value representing

ov e r e s t ima t i on and a nega t i v e va lu e r ep r e s en t ing

underestimation. MAE is similar to BIAS but with absolute

values, which is used to avoid the cancellation of positive and

negative values, ranging from 0 to +∞.

2.3.7 SST spatial pattern among
geomorphic zones

On the basis of the optimal Landsat 8 SST inversion model, the

SST of the six coral reefs at different dates (Table 2) was inverted

using 47 Landsat 8 images. Then, the SST spatial pattern of coral

reefs in each month except October was compared and analyzed.

The average SST of each geomorphic zone for the six coral reefs was

further calculated and compared in the hot season and cool season.

Finally, the average SST of other geomorphic zones minus the

average SST of the lagoon was used to investigate the SST spatial

pattern among geomorphic zones and coral reefs. The geomorphic

data including five zones of the Xisha Islands referenced Duan

(2022) and Zuo et al. (2018), and it had an overall accuracy of 90.7%

(Figure 3). Four geomorphic zones related to coral growth including

the offshore sea, reef slope, reef flat, shallow lagoon, and deep

lagoon, were selected (Figure 3). The offshore area was defined as 1

km outward from the reef slope.
TABLE 3 Verification accuracy of MODIS SST using CTD data under different conditions.

Time difference\h BIAS RMSE\°C MAE\°C STD\°C

± 1h -0.0046 0.8623 0.7204 0.8793

± 2.5h -0.0085 0.8102 0.6947 0.7808
fro
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3 Results

3.1 Accuracy of SST inversion models

Validation results suggested that the accuracy of SST2 and SST3

models are generally low compared with other models (Figures 4 and

5). In the cool season, models of SST1, SST4, SST5 and SST6 had SST

underestimation of approximately 0.5–0.8°C. The SST6 model had

the highest accuracy (RMSE=0.99°C, MAE=0.78°C, BIAS=−0.03)

(Figure 4). In the hot season, the SST4 model (RMSE=0.63°C,

MAE=0.49°C, BIAS=0.01) and SST6 model (RMSE=0.64°C,

MAE=0.50°C, BIAS=0.01) had the highest accuracy (Figure 5). In

the mixed temperature conditions, the SST4 model (RMSE=0.89°C,

MAE=0.68°C, BIAS=−0.01) and the SST6 model (RMSE=0.88°C,

MAE=0.67°C, BIAS=−0.01) were the best (Table 5). Overall, the SST6

was the optimal SST inversion model for coral reefs in the Xisha

Islands in all temperature conditions. The verification using the
Frontiers in Marine Science 07
screened PFL in situ measured SST data suggested that the bias of

SST data inverted by the SST6 model was within 1°C of the PFL data

and the minimum SST bias was 0.08°C (Table 6).
3.2 Fine-scale SST spatial and temporal
pattern of coral reefs

3.2.1 Monthly SST pattern
At the satellite image acquisition time, the lagoon SST was

usually the highest, and it was always higher than the offshore sea

SST in the hot season (May–September) (Figure 6). The lagoon SST

gradually increased from south to north and was the highest in the

area adjacent to the northern reef flat (Figure 6F). The comparison

of SST among the different coral reefs showed that the Lingyang

Reef had the highest relative SST, followed by Panshi Islet, while

Langhua Reef had the lowest relative SST (Figure 6).
TABLE 4 SST inversion models with different band combinations.

SST inversion models a0 a1 a2 a3 R2

SST2 = a0+a1×T11+a2×T1×T11 192.790 -16.667 0.416 / 0.6366

SST3 = a0+a1×T1+a2/T1 -464.299 11.974 5018.431 / 0.6388

SST4 = a0+a1*T11+a2*(T11-T12) 11.038 0.408 3.389 / 0.9277

SST5 = a0+a1*T11+a2*(T11-T12)+
a3*(T11-T12)*Tsfc

13.360 0.310 2.594 0.027 0.9288

SST6 = a0+a1*T11+a2*(T11-T12)+ a3*(T11-T12)*(T11-T12) 11.427 0.402 3.162 0.047 0.9278
frontie
T11: Brightness temperature of band 10 of Landsat 8; T12: Brightness temperature of band 11 of Landsat 8, unit: °C; a1, a2, a3 and a4: regression coefficients; for SST5 model, Tsfc is an a priori
estimate of the SST, which adjusts the difference between T11 and T12. Tsfc can refer to the climate SST or the estimated satellite SST. In this study, the satellite SST estimated by the RTM SST1
model was adopted as Tsfc.
FIGURE 3

Geomorphic map of the six coral reefs in the Xisha Islands (Zuo et al., 2018; Duan, 2022).
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In the cool season (November to the next April), the SST of the

lagoon was generally lower than the reef slope/offshore SST

(Figures 7B–D, F), but this was not a general phenomenon. The SST

of Lingyang Reef and Panshi Islet was relatively the highest (Figure 7).

Compared with the hot season (Figure 6), the SST difference among

coral reefs in the cool season was larger at approximately 2°C–3°C

(Figure 7), and the difference even reached approximately 4°C between

Bei Reef and Panshi Islet on March 16, 2018 (Figure 7D).

3.2.2 Average SST pattern among coral reef
geomorphic zones

For Lingyang Reef (Figures 8C, I), Bei Reef (Figures 8A, G),

Yuzhuo Reef (Figures 8E, K), and Langhua Reef (Figures 8B, H), the
Frontiers in Marine Science 08
average SST among geomorphic zones in the hot and the cool

seasons usually presented a pattern of reef flat > lagoon > reef slope/

offshore sea. The average SST in the reef flat was usually

approximately 0.05°C–0.2°C higher than that in the lagoon, with

the maximum temperature difference approximately 0.3°C–0.4°C

during the cool season (Figures 8G, I, K, L). The average SST in the

reef slope and the offshore sea was approximately 0.1°C lower than

the SST in the lagoon. The minimum difference in the average SST

in Bei Reef, Yuzhuo Reef, and Langhua Reef was approximately 0.3°

C–0.4°C in cool season (Figures 8G, K, H). The SST fluctuation in

Lingyang Reef in the cool season was relatively large, approximately

±0.5°C (Figure 8I). For Panshi Islet and Qilian Islet, the average SST

among the geomorphic zones in the hot season showed a pattern of
B C

D E F

A

FIGURE 4

The accuracy of six Landsat 8 SST inversion models of SST1 (A), SST2 (B), SST3 (C), SST4 (D), SST5 (E), and SST6 (F) compared with MODIS SST in the
cool season. The red line represents the fitted line for discrete points in cool season, and the blue line represents the fitted line for all data including
hot season and cool season.
B C

D E F

A

FIGURE 5

The accuracy of six Landsat 8 SST inversion models of SST1 (A), SST2 (B), SST3 (C), SST4 (D), SST5 (E) and SST6 (F) compared with MODIS SST in the
hot season. The red line represents the fitted line for discrete points in hot season, and the blue line represents the fitted line for all data including
hot season and cool season.
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lagoon > reef flat > reef slope/offshore sea (Figures 8D, E). The mean

SST of the reef flat was approximately 0.05°C lower than the lagoon

SST, and it was approximately 0.2°C higher than the mean offshore

SST during the hot season (Figures 8D, E). In addition, the SST of

the shallow lagoon was usually 0.1°C greater than that of the deep

lagoon during the hot season (Figures 8A–C, E), while it was usually

0.1°C lower than that of the deep lagoon for all the coral reefs in the

cool season (Figure 8I).

4 Discussion

4.1 SST inversion models

This study developed six SST inversion models on the basis of

Landsat 8 TIRS images and the RTM and SW algorithms. The

validation results showed that SST6 model using the SW algorithm

was optimal in the sea areas of the Xisha Islands in the SCS. The SST1

model using the RTM method was more stable in the hot and cool

seasons (Figures 4 and 5). However, the SST1 model require

additional atmospheric parameters such as atmospheric

transmissivity, upwelling radiance and downwelling radiance

acquired from NASA website, which was a relatively cumbersome

process. The SST6 model used the atmospheric transmission

difference to eliminate atmospheric influence, and obtained fitting

coefficients by statistically analyzing a large amount of sea

temperature data. Thus, it was simple to develop. However, the

SST6 model has regional dependence and is not transferable

(Xing et al., 2015; Jaelani and Alfatinah, 2017; Jang and Park, 2019;
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Liu et al., 2020). Therefore, the appropriate optimal fitting coefficients

need to be determined in different regions.
4.2 Monthly SST spatial
and temporal pattern

In the hot season, the lagoon SST gradually increased from the

south to the north and reached the highest in the area adjacent to

the northern reef flat (Figure 6F). This may be due to the influence

of the southwest monsoon in the hot season in the SCS. Among all

the coral reefs, Lingyang Reef experienced higher SST than other

coral reefs, followed by Panshi Islet (Figure 6). Coral bleaching

analysis on the basis of satellite data in 2005–2018 suggested that

the Lingyang Reef experienced the highest level of severe bleaching

approximately 33.3% in the Xisha Islands, and Panshi Islet

experienced the severe bleaching approximately 20.6% (Pang

et al., 2021), which was consistent with this study. This finding

indicated that the SST anomaly was one of the important factors

leading to coral bleaching in the Xisha Islands.

In the cool season, influenced by the northeast monsoon, the

lagoon SST was generally lower than the reef slope/offshore sea SST

(Figures 7B–D, F), but this was not a general phenomenon. It can also

be seen from the SST variations between the geomorphic zones that

the average SST of the lagoon in the hot season was clearly higher

than that on the reef slope, while the average SST difference between

these areas was much smaller in the cool season (Figures 4 and 5).

Compared with the hot season, the SST difference among coral reefs

in the cool season was larger, at approximately 2°C–3°C (Figures 6

and 7). The latitude of Bei Reef was higher than the Panshi Islet,

which may be the cause of the 4°C difference between Bei Reef and

Panshi Islet on March 16, 2018 (Figure 7D). Thus, the SST fluctuated

greatly among the geomorphic zones in the cool season. However, the

SST fluctuation was within the suitable range for coral survival and

did not induce cold thermal stress on the reefs.
4.3 SST spatial and temporal pattern
among geomorphic zones

This study suggested that the spatial pattern of SST varied among

the geomorphic zones. Atmospheric conditions and local factors in
TABLE 5 The overall accuracy of six Landsat 8 SST inversion models of
SST1, SST2, SST3, SST4, SST5 and SST6 compared with MODIS SST in the
hot and cool seasons.

Model BIAS RMSE/°C MAE/°C

SST1 -0.0280 1.0291 0.8470

SST2 0.0568 3.1753 2.9789

SST3 0.0568 3.1827 2.9853

SST4 -0.0133 0.8877 0.6789

SST5 -0.0136 0.9538 0.7449

SST6 -0.0129 0.8776 0.6733
TABLE 6 The SST data inverted by the optimal SST6 model and the corresponding field profiling float (PFL) seawater temperature data.

Date Lon/° Lat/° Time/h(UTC) Depth/m SST_PFL/°C SST6/°C SSTD/°C

20180807 111.482 16.614 4.83 6.26 29.91 28.73 -1.18

20180823 111.575 16.775 4.73 6.16 29.55 29.63 0.08

20180924 111.756 17.115 5.34 4.37 29.26 29.44 0.18

20181010 111.796 17.018 5.11 4.47 28.50 28.70 0.2

20181026 111.794 17.032 5.25 5.17 28.96 28.03 -0.93

20181111 111.701 16.971 5.30 5.86 27.87 27.22 -0.65

20181213 111.576 16.961 5.20 5.17 27.07 27.23 0.16
fr
SSTD (°C)=SST6 (°C)−SST_PFL (°C).
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the coral reef area are considered to be the causes of small-scale local

SST variations. First, cloud, wind, solar radiation intensity, air relative

humidity, and other factors related to atmospheric conditions (Falter

et al., 2013; Leahy et al., 2013; Falter et al., 2014), directly or indirectly

affect the heat exchange between the atmosphere and sea surface. For

example, the net atmospheric heating flux is stronger when coral reefs

are located in tropical regions with higher relative humidity (Falter

et al., 2014). In addition, factors related to the local environment and

topography, including wave, tide, current, reef topography, and coral

reef habitat type (Lowe et al., 2009; Lowe et al., 2010; Falter et al.,

2013; Falter et al., 2014; Maina et al., 2016), can affect the small-scale

water retention time and thus influence the accumulation of seawater

heat in the coral reef area.

The average SST variations among geomorphic zones in the hot

season usually presented a pattern of reef flat > lagoon > reef slope/
Frontiers in Marine Science 10
offshore sea (Figures 8A–F). The SST in the reef flat was the highest

among all the geomorphic zones during the hot season, which may

be due to the shallow water and lower hydrodynamic forces.

Previous studies have found that the interior or less wave-affected

areas of coral reefs experience more extreme SST than the offshore

sea or more wave-affected areas (Davis et al., 2011). According to

field surveys, the first coral bleaching event in Hawaii in 1996

occurred mainly in shallow water areas with limited circulation,

while there was less coral bleaching in open coastal areas adjacent to

the deep oceans (Jokiel and Brown, 2004). In June 2015, the SST

anomaly on the reef flat of Dongsha Atoll in the northern SCS was

2°C higher than the open-ocean SST anomaly, because of the high

solar radiation and the low advection cooling influenced by an

unusual high pressure system that reduced the tidal and wave-

driven water velocity on the reef flat (DeCarlo et al., 2017).
B

C

D
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F

A

FIGURE 6

SST maps of the six reefs in the Xisha Islands from May to September at the satellite image acquisition time.
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Studies have also found that the SST in the lagoon is higher

than the SST in the offshore sea in the hot season (Zhang et al.,

2013), because the water circulation in the lagoon is poor and the

water retention time is long. The SST on the reef slope and

offshore sea is susceptible to the influence of waves and

upwelling (Jokiel and Brown, 2004; Zhang et al., 2013; Li and

Reidenbach, 2014). In 1998, massive coral death occurred in the

lagoon of the Dongsha Atoll in the northern SCS, while there was

less coral bleaching on the northern and eastern reef slopes
Frontiers in Marine Science 11
because of the intermittent deep-water upwelling caused by

gravity waves (Dai, 2006). In situ temperature measurements

indicated that the maximum temperature in the shallow lagoon

of Dongsha Atoll in 1998 was 1–2°C higher than that on the outer

reef area (Kumar and Balasubramanian, 2012; Tkachenko and

Russ, 2014). The most enclosed Persian Gulf is the world’s hottest

coral sea, where some coral species can withstand hot season

temperatures up to 10°C higher than corals in other places (Coles

and Riegl, 2013).
B
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FIGURE 7

SST maps of the six reefs in the Xisha Islands from January to April as well as November to December at the satellite image acquisition time.
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Previous studies have mainly focused on the SST variation

between the lagoon and the open sea in the hot season. The current

study further investigated the temperature difference among the reef

flat, lagoon, reef slope and the open sea. Overall, our study suggests

that scleractinian corals in the reef flat and the lagoon are more

susceptible to bleaching-level thermal stress than other geomorphic

zones, while the corals in the reef slope will be the last areas affected

in the hot season. The reef flat of atolls in the SCS is a major reef-

building coral growth zone, dominated by branching corals that are

very sensitive to high temperatures (Zuo et al., 2017; Thinesh et al.,

2019). We suggest that detailed SST monitoring and coral bleaching

early warning studies in reef areas need to be further strengthened.
4.4 Limitations

The accuracy of SST data retrieved from Landsat 8 TIRS images

and other thermal infrared satellite data is influenced by factors

such as algorithms, spectral radiation received by the sensor, and

the surrounding environment. There is still room for improvement

in current retrieval methods. Firstly, striping issues arise in the SST

retrieval results owing to the large error of band 11(Kang et al.,

2021), which can be further processed to remove stripes and

improve the data quality. Secondly, further improvement in the

removal of clouds and atmospheric water vapor is needed, which

can introduce errors when resampling for data matching.
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5 Conclusion

The Landsat 8 TIRS images provide an effective and high spatial

resolution data source to retrieve fine-scale SST data for coral reef

habitats. Using Landsat 8 TIRS images, this study developed six SST

inversion models using the RTM and SW algorithms for coral reef

habitats. Accuracy evaluation at hot, cool, and mixed temperature

conditions suggested that the SST6 model using the SW algorithm

was the optimal model for all weather conditions. The RMSE

between the SST6 inverted SST and the MODIS SST was

approximately 0.64°C in the hot season (average SST >29°C). On

the basis of the SST results retrieved by the SST6 model, we found

that the SST patterns among geomorphic zones of coral reefs

differed in time and space. In the hot season, the average SST

usually presented the pattern of reef flat > lagoon > reef slope/

offshore sea. The SST in the reefflat was usually approximately 0.05°

C–0.2°C higher than that in the offshore sea, and the SST in the

lagoon increased from south to north. The shallow lagoon was

usually 0.1°C warmer than the deep lagoon in the hot season.

During the cool season, the SST fluctuated markedly between

different coral reefs and between geomorphic zones and did not

induce cold stress on coral reefs in the study area.

This study provided a fine-scale SST inversion model and

derived the SST pattern among geomorphic zones on coral reefs

during the hot and cool seasons. The driving factors and the

thermal stress intensity on fine-scale coral reef habitats need to be
B C D E F

G H I J K L

A

FIGURE 8

Differences in mean SST of geomorphic zones relative to the mean SST of lagoons. The red horizontal line (-) in each figure represents the median
value; the blue horizontal line (-) represents the values of upper and lower quartiles; the black line (-) represents the maximum and minimum values
excluding extreme values, and the red plus sign (+) represents the 1.5 times quartile difference, indicating that there may be extreme fluctuations in
SST on the day; Figures (A-F) shows the SST differences in hot season; Figures (G-L) shows the SST differences in cool season.
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further investigated. We propose combining multiple influential

factors to establish a fine-scale SST spatial model for real-time

warning of coral bleaching, to better protect and restore coral reefs

according to local conditions.
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