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Two Decades of Sea Surface
Temperature Trends in the Bay of
Bengal (2004-2024) from Multi-
Satellite Observations (NOAA,
NASA, Copernicus)

Arnab Guha Neogi'*

ABSTRACT

The Sea Surface Temperature (SST) plays a major role in monsoon dynamics, ocean-
atmosphere interactions, and cyclone activity in the Bay of Bengal, which is one of
the most climate-sensitive regions of the Indian Ocean. This study shows two
decades (2004-2024) of SST variability and long-term trends in the Bay of Bengal
using multi-satellite datasets from NOAA (OISST v2.1), NASA (MODIS-Aqua), and
Copernicus (CMEMS), calibrating them with in-situ observations from NOAA
moored buoys and ARGO profiling floats. The results indicate a clean basin-wide
warming over the study period, with the highest increases observed during the pre-
monsoon and monsoon seasons. Seasonal variability is noticeable, with SSTs
ranging from ~25-26 °C in winter to more than 30 °C in April-May. To enhance
confidence in observed patterns, validation with in-situ data confirmed strong
agreement with satellite products. The rising SSTs are correlated with increasing
monsoon variability, which provides favorable conditions for the strong formation
of tropical cyclones. These findings underscore the importance of SST in framing
regional climate and emphasize the need for monitoring of the Bay of Bengal to

build climate resilience.

Keywords: Sea Surface Temperature (SST), Bay of Bengal; Remote Sensing, Climate

Variability, Monsoon, Cyclone Intensification.

1. INTRODUCTION

Sea Surface Temperature (SST) is a crucial aspect of the global ocean system that
influences the heat exchange between ocean and atmosphere, monsoon circulation,
as well as the development and intensity of tropical cyclones (Reynolds et al., 2007;
Roxy et al, 2020). Changes in SST affect regional weather patterns, ocean
stratification, marine ecosystems, and biodiversity in addition to larger phenomena
like the El Nifio-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD)
(Ashok et al., 2004; Ashok et al., 2001). Over the past few decades, the ocean has
shown a significant rise in SST compared to previous decades (Hansen et al., 2010;
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Kaplan et al.,, 1998). Human activities are the main driver of climate change, which directly changes the physical and chemical
properties of the ocean’s upper layer. Even small changes in SST can lead to significant consequences like sea-level rise, coral bleaching,
changes in ocean circulation, coastal flooding, and intense weather events.

The Bay of Bengal is a geographically unique, semi-enclosed basin in the northeastern part of the Indian Ocean. Due to its tropical
location, it is one of the most sensitive climate regions. The Bay of Bengal is bounded by India and Sri Lanka to the west, Bangladesh to
the north, and Myanmar and the northern part of the Malay Peninsula to the east. The Bay’s southern boundary extends from Dondra
Head (the southern end of Sri Lanka) westward to the northern tip of Indonesian island of Sumatra. Several unique hydrographic and
atmospheric characteristics make the Bay of Bengal vulnerable to SST variability. Major rivers from surrounding regions- including the
Ganges-Brahmaputra-Meghna system, as well as the Mahanandi, Godavari, Krishna, Kaveri and Irrawaddy- all empty into this ocean
basin. This huge input of freshwater creates a highly stratified upper ocean layer, which limits vertical mixing in the ocean. It allows the
upper ocean to heat more rapidly than other basins. Moreover, the South Asian monsoon system influences the Bay of Bengal by
controlling its seasonal cycle of SST, wind, and precipitation. Recent reviews have emphasized ocean-atmosphere feedback
mechanisms during tropical cyclones (Singh & Roxy, 2022).

SST changes in the Bay of Bengal play a vital role in governing regional climate and weather. Small changes in SST can alter the
strength and variability of the Indian summer monsoon, which provides water to nearly one-fifth of the global population (Casey &
Cornillon, 2001). The Bay of Bengal is also a hotspot for tropical cyclones, where SST works as the fuel for cyclone intensification.
Studies have shown that cyclones in the northern Indian Ocean, especially in the Bay of Bengal, have become more intense over the last
few decades, which is primarily linked to warmer surface water (Hidayat et al., 2023).

Satellite remote sensing has revolutionized the SST monitoring, providing high-resolution, continuous and the spatially
comprehensive datasets. But many studies have investigated SST trends as a whole comprehensively on the Indian Ocean, whereas
high-resolution analyses focusing on the Bay of Bengal remain relatively scarce. Most existing works either rely on a single satellite
dataset or study shorter time periods, which limit the accuracy of tangible outputs. With the advancement of satellite remote sensing,
multiple global SST products are now available, including NOAA Optimum Interpolation SST (OISST v2.1), the NASA MODIS-Aqua,
and GHRSST datasets and the Copernicus Marine Environment Monitoring Service (CMEMS SST), which have been widely used to
investigate variables like SST, SSH, Salinity, Ocean Currents, Tides and Waves, Chlorophyll Concentrations, Surface Winds across the
global oceans (Shuva et al., 2022). Though satellite-based SST data are invaluable, they may contain errors due to cloud cover,
atmospheric conditions or the technical errors. Therefore, in situ observations from “NOAA moored buoys” and “ARGO profiling
floats” remain necessary for calibrating and validating satellite products. ARGO floats give autonomous temperature and salinity
profiles across the global ocean at the same time, NOAA buoys provide long-term fixed-point SST records, both of which are easy and
important for improving the accuracy of satellite SST datasets in the Bay of Bengal region.

The systematic investigations of SST variability and long-term trends using multi-satellite observations and in-situ calibration
remain scarce on the entire Bay of Bengal. Moreover, for the significant socio-economic vulnerability of the surrounding nations to
climate-driven SST changes, there is an urgent need for a comprehensive analysis to cover the last two decades (2004-2024) of SST
changes. This study covers this gap by conducting a detailed assessment of SST variability and trends in the Bay of Bengal using multi-
satellite datasets from NOAA, NASA, and Copernicus; calibrated and validated with in-situ measurements from NOAA buoys and
ARGO floats. The specific objectives of the study are as follows:

A. Analyze seasonal and interannual SST variability across the Bay of Bengal from 2004 to 2024.
B. Calibrate satellite-derived SST using in-situ data from NOAA and ARGO to improve confidence in the observed trends.
C. Discuss the implications of these SST trends for regional climate systems, monsoon variability, and cyclone activity in the Bay

of Bengal.

2. METHODOLOGY

2.1. Study Area

The Bay of Bengal is located in the northeastern part of Indian Ocean, which extends from 5°N to 25°N and 78°E to 100°E. India and Sri
Lanka in the west, Bangladesh in the north, and Myanmar and the Andaman-Nicobar Islands in the east, are the border of this region.
The southern boundary connects with the open Indian Ocean between Sri Lanka and the island of Sumatra. This study focuses on the

full extent of the Bay of Bengal region.
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Figure 1: The Study area of the Bay of Bengal region (5°N-25°N and 78°E-100°E)

This region is one of the most complex and climate-sensitive regions in the ocean system. Massive freshwater input from large

rivers from surrounding countries contributes to the formation of a highly stratified upper ocean.

2.2. Data Sources

To analyze SST trends over two decades in the Bay of Bengal region, this study utilized multi-satellite datasets calibrated with in-situ
observations. This study used three primary satellite-based SST products. I collected the SST data from these sources in NETCDF
format. The first dataset I used was the NOAA Optimum Interpolation Sea Surface Temperature (OISST v2.1). This product merges
Advanced Very High-Resolution Radiometer (AVHRR) infrared data with in-situ buoy and ship measurements to provide spatially
complete and bias-adjusted SST fields. The original dataset has a spatial resolution of 0.25° x 0.25° with a daily temporal resolution, but
here I used the monthly mean form covering the period 2004-2024.

The second dataset was the NASA MODIS-Aqua SST, which aligned with the Group for High-Resolution Sea Surface Temperature
(GHRSST). This dataset provides ocean color and SST information at approximately 4 km spatial resolution. Here, the data were
processed as monthly averages from the 8-day composites by covering the same period, 2004-2024.

I collected the third dataset from the Copernicus Marine Environment Monitoring Service (CMEMS), which generates multi-sensor
gap-free SST products using AVHRR, AMSR-E, and microwave radiometer data. This dataset has a satisfactory resolution of 0.05° x
0.05° and is also used as monthly averages from 2004 to 2024.

I also validated the satellite-based SST fields using in-situ observations, including long-term SST measurements from NOAA
moored buoys located in the Bay of Bengal and temperature from ARGO floats. The profiling data from ARGO were important for

cross-verification of satellite-estimated data.

2.3. Data Pre-processing

Before analysis, I interpolated satellite data to a uniform resolution of 0.25° x 0.25° using bilinear interpolation. Monthly means were
analyzed from the daily and 8-day composites to reduce short-term fluctuations. To investigate seasonal variability, the data were
divided into four standard monsoon-related seasons: Winter-DJF (December—February), Pre-monsoon/Summer-MAM (March-May),

Monsoon/Southwest monsoon-JJA (June-August), and Post-monsoon/Northeast monsoon-SON (September-November). Besides
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seasonal analysis, I performed a monthly mean analysis for the 2004-2024 period. For each month, a 20-year average was calculated to

produce a set of twelve mean SST maps that represent the typical spatial distribution of SST changes throughout the Bay of Bengal.

2.4. Method of Analysis

The analytical works consisted of several methods. Linear regression was applied to both basin-wide averages and individual grid
points to estimate decadal warming trends expressed in °C per decade. In addition to linear regression, I applied second-order
polynomial regression to find out non-linear warming patterns, primarily to assess whether the rate of SST increase accelerated after
2010.

Validation of satellite SST products against in-situ data was done by direct comparison at collocated time points. I used three
statistical metrics for this evaluation: the correlation coefficient (R) to assess the strength of the relationship, the root mean square error
(RMSE) to quantify the average magnitude of error, and the mean bias error (MBE) to identify any systematic over- or under-
estimation.

Necessary tests were conducted using the Student’s t-test at the 95% confidence level. Additionally, the non-parametric Mann-

Kendall test was used to detect monotonic trends without assuming linearity.

3. RESULTS

3.1. Long-term Trends in SST (2004-2024)

Overall mean SST values across the two decades in the Bay of Bengal are shown on the time series plot (Figure 2). SST values usually
oscillate between ~27 °C and ~32 °C, which indicates a clear seasonal cycle. Peak SST events, which primarily take place in summer and
pre-monsoon months, are shown in red dots. The gradual upward shift to these peaks over time indicates a slowing warming trend in

this region.

32

30

Mean SST (°C)

28

27

2004 2009 2014 2019 2024
Year

Figure 2: Basin-averaged monthly mean SST (°C) time series in the Bay of Bengal (2004-2024) showing warming trend along with

interannual variability. Red dots show peak SST events.
The monthly average SST (Figure 3) shows the seasonal variability more clearly. The winter months of January and February have

the lowest temperatures (~28 °C) while April and May have the highest values (~30-31 °C). SST values gradually decline to the end of
the year after the monsoon season (June-September). This cycle shows how ocean-atmosphere interactions vary over the two decades.
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Figure 3: Monthly average SST (°C) in the Bay of Bengal (2004-2024). Bars show the monthly average SST over the two decades.
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Figure 4: Frequency distribution of Mean SST (°C) in the Bay of Bengal (2004-2024), indicating a higher occurrence of warmer SSTs over
time.

The frequency distribution of SST (Figure 4) shows that the highest frequency of data falls between 28.8 °C and 30 °C. It indicates
this temperature range is the most common in this region. Extreme values are less frequent above 31 °C but increasingly common in
recent years.

3.2. Seasonal and Monthly Variability
Sea Surface Temperature (SST) varies both seasonally and monthly in the Bay of Bengal during the 2004-2024 study period. The

distribution of SST throughout the annual cycle is shown in the monthly mean boxplot (Figure 5), where temperature rises gradually
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from winter (January-February) to a peak in the summer (April-May). Average SST rose continuously in April and May. The warmer
months, mainly March through June, have wider interquartile ranges, which suggests more SST variability. Besides, outliers, which

represent episodic warming events, are more common during this time.

Mean SST (°C)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5: Monthly mean SST (°C) distribution of Bay of Bengal using Boxplot from 2004 to 2024.

The monthly mean heatmap (Figure 6) also shows the temporal evolution of SST variability across two decades. The seasonal cycle
is clearly visible, with colder temperatures from December to February and a sharp rising trend starting in March. Particularly in the
years after 2010, persistently high SST values (>30 °C) are evident around April and May, indicating a warming trend in recent decades.
While the monsoon season (July-September) shows comparatively steady but lower values, the pre-monsoon season, the post-monsoon
season (October-November) also exhibits somewhat increased SST.
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Figure 6: Heatmap of Monthly Mean SST (°C) across the Bay of Bengal (2004-2024).
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3.3. Spatial Distribution of SST
According to the long-term mean SST map (Figure 7), the northern Bay of Bengal usually shows lower SST values than the southern

basin due to the significant freshwater input from major rivers and strong stratification that reduces surface warming. However, the

SSTs in the south and central regions of the Bay remain comparatively warmer having mean values frequently exceeding 28 °C.
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Figure 7: Mean Sea Surface Temperature across the Bay of Bengal (2004-2024)

The monthly mean SST maps (Figure 8) show noticeable seasonal variability. In January and February, SSTs are at their lowest,
especially in the northern Bay, where the values drop below 24 °C. From the beginning of March, temperatures increase gradually until
they peak in May and June, when SSTs exceed 30 °C across most of the regions in the Bay of Bengal. SST values gradually decrease after
the southwest monsoon, but high temperatures are increased in October and November, which cause the intensification of post-

monsoon CYCIOHES.
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Figure 8: Monthly mean SST distribution of Bay of Bengal (2004-2024)
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Figure 9: Bay of Bengal seasonal mean SST (°C) from 2004 to 2024

Seasonal mean maps also demonstrate this variability (Figure 9). The northern Bay experiences the lowest SSTs during the winter
season (DJF), while the central and southern regions experience the highest SSTs during the summer season (JJA). Moderate SST values
appear in the transitional seasons (MAM and SON). Here, SON shows comparatively warmer conditions than MAM. These seasonal
variations show how monsoonal winds, riverine inputs, and vertical mixing processes greatly influence the Bay of Bengal’s SST

distribution.

4. DISCUSSION

The analysis of two decades of SST data (2004-2024) reveals a strong seasonal cycle in the Bay of Bengal, where the winter months
(December—February) show cooler conditions, while the pre-monsoon and monsoon seasons (May—-August) exhibit peak warming. The
heatmaps and monthly boxplots verified a warming pattern ~25-26 °C in January and >30 °C in May-June, which matches the previous
results on Indian Ocean thermal dynamics (Gao et al., 2020). Solar radiation is the primary factor of this seasonal cycle. Moreover, in the
northern bay, constrained vertical mixing influences it because freshwater inputs from major rivers create a shallow, stratified surface
layer than warms rapidly (Chowdhury et al., 2017). Years with significant SST anomalies at the interannual scale are likely to be
associated with basin-wide climate factors such as ENSO and the Indian Ocean Dipole (IOD), which both affect the atmospheric
circulation, monsoon rainfall, and cyclone activity (Liu et al., 2015).

Calibrating the multi-satellite data with in-situ measurements from NOAA buoys and ARGO profiling floats improved the
robustness of the observed SST variations. Slight variations were seen during cloud cover or extreme weather which cause high
consistency in sensors. There challenges were noted in earlier validation studies (Banzon et al., 2016; Casey & Cornillon, 1999; Merchant
et al., 2019). The involvement of ARGO profiles added confidence by capturing vertical temperature structures and ensuring that
satellite-based SST accurately represented surface conditions. This calibration step improves the reliability of long-term SST trends and
reduces uncertainties.

The warming trends observed in the analysis have a significant impact on regional climate systems. Monsoon variability is affected
by the elevated SSTs that enhance evaporation and latent heat fluxes. Many research studies show that anomalously warm pre-
monsoon SSTs in the Bay lead to intensify low-level winds, altered rainfall distribution, and greater unpredictability in the Indian
summer monsoon (Roxy et al., 2015; Sandeep & Ajayamohan, 2015). These studies show that continued SST rise may boost monsoon
fluctuations in the future. Warmer SSTs also provide the energy needed for rapid cyclone intensification. In recent years, extremely
severe cyclone such as Amphan and Mocha aligns with the threshold SST values (>28 °C) identified in the analysis during the pre-

monsoon and monsoon seasons, which prove their role as a catalyst for cyclone development (Swapna et al., 2022).
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Steady surface heating is causing ocean stratification that reduces vertical mixing and limits oxygen and nutrient exchange, which
may affect the marine ecosystems. Marine heatwaves in the Bay of Bengal are causing coral bleaching events directly (Krishnan et al.,
2020). This shows the ecological vulnerability of the Bay of Bengal’s coastal nations, where millions depend on marine foods for their
livelihoods.

Overall, this study demonstrates that the Bay of Bengal is undergoing systematic warming with both seasonal and interannual
effects that extend well beyond the ocean surface. By combining multi-satellite datasets with in-situ validation, the results display a
reliable picture of two decades of SST change by showing how rising SSTs are reshaping climate systems, intensifying cyclones, and

threatening marine ecosystems in this region.

5. CONCLUSION
This study explored two decades (2004-2024) of sea surface temperature (SST) variability in the Bay of Bengal using multi-satellite

observations from NOAA, NASA, and Copernicus by calibrating the data with in-situ measurements from NOAA moored buoys and
ARGO floats. The analysis showed a noticeable seasonal cycle where SSTs rising from low values in winter to peak values during pre-
monsoon and summer monsoon months. There were also interannual fluctuations, where anomalies were connected to significant
climate variables as ENSO and the Indian Ocean Dipole. These findings confirm that both local seasonal forcing and global climate
oscillations shape the SST variability in the Bay of Bengal.

The analyzed long-term warming of the Bay of Bengal has significant regional implications. SST rising amplify evaporation and
latent heat flux, which influence the variability of the South Asian monsoon. It also provides the thermal energy that is required for
rapid cyclone intensification, which contributes to the increasing frequency of extremely severe cyclonic storms in the basin.
Furthermore, the socio-economic vulnerability of millions of people who live along the Bay’s coastline is elevated by persistent
warming, which strengthens ocean stratification and harms fisheries, coral reef systems, and marine ecosystems.

Overall, this study highlights the urgent need for continued high-resolution monitoring of SST in the Bay of Bengal, supported by
the integration of satellite and in-situ data. Integrating coupled ocean-atmosphere models and evaluating marine heatwaves and their
biological effects should be the main goals of future research. In one of the world’s most vulnerable ocean basins, these kinds of

initiatives are essential for improving monsoon prediction, cyclone forecasting, and the creation of regional climate resilience plans.
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