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Introduction
The South China Sea (SCS) is a vital region 
because it has economic, ecological, and climatic 
importance. Since it’s the largest in Southeast 
Asia as a semi-closed marginal sea, encompasses 
an impressive variety of ecosystems and serves 
as the habitat for a diverse range of marine 

creatures. The SCS is among the most climate-
sensitive continental shelf regions with regard 
to changes in temperature, sea levels, and 
biogeochemical cycles. Several countries such 
as Malaysia, Vietnam, Thailand, Philippines, 
China, Taiwan, and Hong Kong are part of this 
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The South China Sea (SCS), one of the world’s most productive and 
commercially valuable fishing grounds and vital coral reef systems 
is particularly vulnerable to climate-induced ocean changes. Rising 
temperatures, ocean acidification, shifts in salinity, and other environmental 
factors driven by climate change pose uncertain but potentially profound 
risks to human and natural systems in the region. This study focused on three 
upwelling zones in SCS, located between 100 ºE – 119 ºE and 0 ºN – 13 
ºN, western SCS (Vietnam), southern SCS on the east coast of Peninsular 
Malaysia (ECPM), and eastern SCS (Sabah). Using a coupled physical-
biogeochemical model at ~ 7 km resolution under the RCP8.5 scenario, this 
study projects marine environmental changes from 1990 to 2060 to assess 
the impacts of climate change on nutrient dynamics and overall ocean health. 
Eight surface physical–biogeochemical parameters: SST, SSS, diatom, NO3, 
NH4, O2, microphytoplankton, and microzooplankton were observed across 
monsoonal (SWM & NEM) and decadal trends (1990 – 2060). The SCS 
recorded a regional SST increase of ~1.3°C and a salinity drop of over 0.3 
psu throughout the study period. Biogeochemical parameters also showed 
declining trends, indicating potential shifts in primary productivity. Surface 
O2 concentrations significantly decreased (-10 mmol O2/m

3), suggesting 
broader implications for ocean health. These biogeochemical declines were 
most pronounced in the western, eastern, and southern SCS, largely driven by 
rising SST and changes in wind patterns. This study highlights a significant 
warming of up to 5.2%, salinity decline exceeding -1.5%, and widespread 
reductions in phytoplankton and zooplankton biomass reaching -19.9% 
by mid-century. These environmental shifts are likely to impact marine 
biodiversity, disrupt small-scale fisheries, and pose risks to food security 
across the region. This study provides valuable insights into the changes of 
physical and biogeochemistry trends under climate change, supporting future 
adaptation strategies for ecosystem management and coastal resilience.  

© UMT Press
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region. Located in Southeast Asia, the SCS is 
the largest marginal sea in that the region and it 
has a significant impact on regional and global 
climates (Hu et al., 2000). The bathymetry of 
the SCS features the Sunda Shelf, a shallow 
continental shelf in the southern region with 
an average depth of less than 100 m, connected 
to a deeper continental slope and central basin 
(Roseli et al., 2022).

The SCS exhibits seasonal variability driven 
by (Tan et al., 2006), two distinct monsoon 
seasons: The Northeast Monsoon (NEM) and the 
Southwest Monsoon (SWM). The NEM, which 
occurs from between December and February 
(DJF), brings cool, wet winds from the Asian 
continent, leading to lower sea temperatures. In 
contrast, the SWM, which occurs from between 
June and August (JJA), brings warm, dry winds 
from the Indian Ocean, leading to higher sea 
temperatures. Transitional periods between 
these monsoons typically occur in April and 
October (Thia-Eng et al., 2000; Roseli & Akhir, 
2014). The NEM brings higher annual rainfall 
to Southeast Asia than the SWM (Hastenrath, 
2015). Additionally, the SCS is affected by inter-
annual and decadal sea-level changes linked to 
El Nino Southern Oscillation (ENSO) and the 
Pacific Decadal Oscillation (PDO) in Pacific 
Ocean, as well as the Indian Ocean Dipole (IOD) 
in the Indian Ocean (Soumya et al., 2015).

The world’s oceans are getting warmer, 
more acidic, and losing oxygen, causing marine 
species to shift their geographical ranges. It is 
estimated that the changes will accelerate in this 
century (IPCC, 2019). The SCS is particularly 
vulnerable to the impacts of marine climate 
change due to its dense coastal population 
(Neumann et al., 2015) and heavy reliance on 
marine resources (Barange et al., 2014). Climate 
change is expected to affect marine fisheries 
through changes in ocean conditions, including 
rising sea temperatures, shifting currents, and 
altered coastal upwelling patterns (Brander, 
2010; Sumaila et al., 2011; Weatherdon et al., 
2016; Lam et al., 2020). 

Modelling studies suggest a potential 
decline in fish production and associated revenue 
in the region under future climate scenarios 
(Stobutzki et al., 2006; Barange et al., 2014; 
Teh et al., 2019). Additionally, climate change is 
linked to increasing typhoon intensity and more 
frequent flooding events in the SCS, although 
considerable uncertainty remains regarding 
historical patterns and future projections (Lee et 
al., 2012; Ying et al., 2012; Loo et al., 2015; 
Knutson et al., 2020). 

Ongoing climate change is expected to affect 
ocean biogeochemistry in multiple ways. Rising 
sea temperatures are projected to strengthen 
ocean stratification, which can reduce vertical 
nutrient transport and limit the availability of 
nutrients for surface-dwelling phytoplankton, 
ultimately decreasing primary productivity 
(Steinacher et al., 2010). These changes may 
also contribute to shifts in the distribution 
and abundance of marine species, including 
commercially important fish populations, as 
they respond to changing habitat conditions 
(Pinsky et al., 2013).

To better understand and project these 
complex changes, climate scenarios such as the 
Representative Concentration Pathways (RCPs) 
are used. These scenarios predict the future 
greenhouse gas concentrations based on socio-
economic assumptions. The four RCPs range 
from very high (RCP8.5) through to very low 
(RCP2.6) future concentrations. The numerical 
values of the RCPs (2.6, 4.5, 6.0, and 8.5) refer 
to the concentration in 2100 (van Vuuren et al., 
2011) and were adopted in the Fifth Assessment 
Report on Climate Change (IPCC) in 2014 as a 
basis for the report’s findings. 

RCP8.5, a high-emission “business-as-
usual” scenario was selected for this study, 
which envisioned continued fossil fuel use, 
limited climate change policy implementation, 
and rapid growth (IPCC, 2014). It provides a 
strong basis for assessing worst-case climate 
impacts in the SCS, a region of high productivity 
and complex hydrography. RCP8.5 is widely 
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used to stress-test marine ecosystems (Jacobs 
et al., 2021) and remains closely aligned with 
historical emission and mid-century projections 
under current policies (Schwalm et al., 2020). 
While lower-emission scenarios support 
mitigation planning, RCP8.4 helps evaluate 
maximum risk for marine adaptation strategies. 

The influence of climate change on physical 
and biogeochemical conditions in Southeast 
Asia is a crucial consideration for addressing 
climate action and supporting life below the 
water as outlined in the United Nations (UN) 
Sustainable Development Goals 13 and 14. 
Although global climate models offer a broad 
perspective on environmental change (IPCC, 
2019), their coarse and temporal resolution 
limits their ability to capture the ecological, 
social, and economic impacts of climate change 
on regional seas. 

Although the central and northern regions 
of the SCS have been widely studied for 
their physical and biogeochemical variability 
(Cai et al., 2009; Ning et al., 2009; Ma et al., 
2013), the three major upwelling zones remain 
comparatively understudied. This research 
addresses that gap by examining long-term 
changes in physical and biogeochemical 
conditions under a climate change scenario 
across these key upwelling regions in the SCS. It 
is hypothesised that regional warming, combined 
with spatial variations in biogeochemical 
cycling and weakening seasonal wind stress over 
upwelling zones may drive a sharper decline in 
nutrient levels and productivity (Marshal et al., 
2025).

Materials and Methods
Model Description and Setup
In this study, researchers used simulated outputs 
from a three-dimensional modelling framework 
that coupled an ocean circulation model with a 
marine biogeochemistry and lower trophic level 
ecosystem model (Figure 1).

The ocean circulation model known as 
the Nucleus for European Modelling of the 
Ocean (NEMO) is a physical ocean circulation 

model designed for both regional and global 
configurations. NEMO outputs simulate three-
dimensional fields of velocity, sea surface 
height, temperature, and salinity. These outputs 
drive the coupled biogeochemical model by 
influencing biological rates and transporting 
biogeochemical tracers (Buttenschon et al., 
2016). 

The biogeochemical and ecological model 
European Regional Seas Ecosystem Model 
(ERSEM) is a comprehensive framework 
that simulates both pelagic and benthic 
environments. It represents key biogeochemical 
cycles, including carbon, nitrogen, phosphorus, 
silicate, iron, and oxygen, it incorporates 
multiple functional types of phytoplankton, 
zooplankton, and benthic fauna. ERSEM also 
includes a detailed microbial loop and the 
marine carbonate system (Buttenschon et al., 
2016).

The model outputs used in this study are 
derived from a coupled physical-biogeochemical 
called NEMO-ERSEM simulation configured 
over the Southeast Asian regional shelf seas, 
including the SCS. The model has a horizontal 
resolution of ~ 7 km with 43 vertical layers, 
covering the period between 1990 and 2060 
at both monthly and daily intervals. The 
outputs are provided in NetCDF (.nc) format 
and adhere to the Climate and Forecast (CF) 
Metadata Convention version 1.7 and the 
Attributed Convention for Dataset Discovery 
(ACDD) version 1.3. Indicators from NEMO-
ERSEM are provided on the basis of the 
Intergovernmental Panel on Climate Change 
(IPCC) Fifth Assessment Report scenarios with 
two RCPS, RCP8.5, and RCP4.5, but only the 
RCP8.5 scenario was used in this study.

The NEMO-ERSEM models were 
driven by projections from global climate 
models developed under the Coupled Model 
Intercomparison Project Phase 5 (CMIP5). 
These global outputs were interpolated onto 
the regional grid and used as open boundary 
conditions for both physical and biogeochemical 
components. Initial conditions for physical 
variables were sourced from the global models  
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while biogeochemical variables were initialised 
using a combination of global datasets and 
hindcast simulations.

Figure   1   provides   an   overview   of   the 
coupled hydrodynamic-biogeochemical modelling
framework. Among the four RCP of atmospheric 
CO2 over the 21st century (van Vuuren et al., 
2011), the high emission RCP8.5 scenario 
was used to force the Hadley Centre Global 
Environment Model version 2 (HadGEM2) Earth 
System Model (Figure 1; left). The HadGEM2-
ES supplied atmospheric forcing, land-based 
runoff, and lateral boundary conditions for the 
regional model domain (Figure 1; middle). These 
inputs were used to drive the regional coupled 
system (Figure 1; right), which integrates the 
NEMO ocean circulation model (Figure 1; top 
right) coupled with the ERSEM ecological-
biogeochemical model (bottom-right) (Clark & 
Lessin, 2019).

Atmospheric Forcing and Boundary Conditions
The model was forced using atmospheric 
inputs and open boundary conditions from the 
HadGEM2-ES global simulation under the 
RCP8.5 greenhouse gas emission scenario. 
(Hadley Centre Global Environment Model 

version 2 (HadGEM2) is fully coupled Earth 
System Model that integrates atmospheric and 
ocean systems, along with terrestrial vegetation, 
ocean biogeochemistry, and atmospheric 
chemistry (Collins et al., 2011; Clark & Lessin, 
2019). HadGEM2-ES is well-suited as a forcing 
field due to its high performance in simulating 
large-scale climate patterns, particularly in the 
tropics and Asia-Pacific region. Developed 
under CMIP5, it provides comprehensive 
atmospheric, oceanic, and land-surface outputs.

Data Analysis
The coupled model was integrated from 1990 
to 2060, producing a three-dimensional field 
of both physical and biogeochemical variables. 
In this study, eight key surface physical-
biogeochemical parameters were selected to 
assess marine ecosystem health and productivity 
levels, based on established relevance on global 
and regional-scale studies (Bopp et al., 2013). 
Diatom nitrogen, along with microphytoplankton 
and microzooplankton biomass were included to 
evaluate food web responses. Oxygen (O2) was 
selected to assess potential deoxygenation while 
nitrate (NO3) and ammonium (NH4) were chosen 
for their roles as essential nutrients influencing 

Figure 1: Overview of the coupled NEMO hydrodynamic and ERSEM biogeochemical model structure, 
driven by HadGEM2 Earth System Model outputs under the RCP8.5 greenhouse gas emission scenario. 

Figure adapted from Clark and Lessin (2019)
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ecosystem dynamics under climate change. Sea 
Surface Temperature (SST) and Sea Surface 
Salinity (SSS) were also included to examine 
how physical changes influence biogeochemical 
processes. Collectively, these variables offer 
a comprehensive understanding of marine 
biogeochemical variability in the study region. 
In this phase, daily data from model outputs 
were first averaged seasonally into SWM, 
represented by June, July, and August (JJA) 
and NEM, represented by December, January, 
and February (DJF) for 70 years. The 70-year 
seasonal dataset was then averaged by decade 
for plotting purposes. Trend analysis was 
performed on the 70-year decadal dataset to 
assess interdecadal variation in future changes 
in physical-biogeochemistry parameters through 
different monsoon seasons.

Following this, the analysis integrated three 
components: Spatial mean climatology maps, 
interdecadal time series trends (between 1990 
and 2060), and percentage change calculations, 
time series plots were used to reveal 
interdecadal variability and potential long-term 
shifts while percent changes highlighted the 
magnitude of projected anomalies across the 
SCS. Anomalies were calculated by subtracting 
the long-term baseline average (1990 – 1999) 
from the projected decadal mean values (e.g., 
between 2050 and 2060) for each physical and 
biogeochemical parameter.

Model Validation
To further ensure the reliability of trend results 
from the coupled physical-biogeochemical 
model, a quantitative assessment was 
performed. The performance of the coupled 
NEMO-ERSEM model was assessed using 
observational satellite data from the MODIS-
Aqua SST Level-3 monthly product. Validation 
was conducted for two monsoon seasons, the 
SWM–JJA and the NEM–DJF across two 
decades (2000–2009 and 2010–2019). Modelled 
SST data from NEMO-ERSEM were spatially 
collocated and temporally averaged to match 
MODIS-Aqua SST at 4-km resolution over the 
SCS domain (100°E–119°E; 0°N–13°N). 

10 representative surface points 
were selected within the model domain,  
corresponding SST values from NEMO-
ERSEM (~7 km resolution) and MODIS-Aqua 
(4 km resolution) were extracted at matching 
geographic coordinates. Statistical performance 
was assessed using the Root Mean Square 
Error (RMSE), Mean Bias Error (MBE), and 
coefficient of determination (R²) to quantify the 
agreement between simulated and observed SST, 
as summarised in Table 1 and further illustrated 
in Figure 2, which depicts consistent temporal 
patterns across both datasets during JJA and DJF 
the periods between 2000 and 2009 as well as 
that of between 2010 and 2019.

Table 1: Statistical validation of NEMO-ERSEM model SST against MODIS-Aqua SST during JJA (SWM) 
and DJF (NEM) for two decades (2000–2009 and 2010–2019). The validation metrics (RMSE, MBE, and R²) 

indicate high model skill and minimal bias

Monsoon Season Decade
RMSE R2 MBE

(°C)
JJA (SWM) 2000–2009 0.1875 0.992 0.1293
DJF (NEM) 2000–2009 0.2711 0.9581 0.0911
JJA (SWM) 2010–2019 0.5627 0.8554 0.161
DJF (NEM) 2010–2019 0.3107 0.9624 0.1214
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Figure 2: Comparison of NEMO-ERSEM modelled and MODIS-Aqua observed SST during JJA and DJF 
for 2000–2009 and 2010–2019. The model shows high consistency with observations, reflected by low 

RMSE and high R² values

As Sea Surface Temperature (SST) 
represents a primary physical driver in coupled 
physical–biogeochemical systems, its validation 
ensures the reliability of the model’s thermal 
structure and surface forcing, which underpin 
all simulated biogeochemical processes. Due 
to limited satellite and in-situ coverage of 
biogeochemical variables in the SCS, the SST 
was selected as the principal parameter for 
model performance evaluation.	

The validation results show a strong 
agreement between the NEMO-ERSEM model 
and MODIS-Aqua SST observations across all 
periods and monsoon seasons. High coefficients 
of determination (R² = 0.86–0.99) indicate 
that the model effectively reproduces observed 
SST variability. RMSE values ranging between 
0.19°C and 0.56°C reflect low temperature 
deviations, confirming good model accuracy. 
The small positive MBE values (0.09°C–0.16°C) 

suggest a slight warm bias, particularly over the 
JJA period between 2010 and 2019, which may 
be associated with enhanced surface heating 
under stronger monsoonal forcing. Overall, 
these results demonstrate that the coupled 
NEMO-ERSEM model reliably captures the 
spatial and temporal SST patterns in the SCS, 
providing confidence in its use for analysing 
future physical–biogeochemical changes.

Study Area
Three upwelling zones in the SCS were selected 
for analysis (Figure 3): Box 1 (10 – 13 ºN, 
108 – 112 ºE) represents the western SCS near 
Vietnam, Box 2 (3 – 6 ºN, 105 - 107 ºE) covers 
the southern SCS near ECPM, and Box 3 (3 – 6 
ºN, 114 – 116 ºE) corresponds to the eastern SCS 
off Sabah. These regions were chosen to capture 
spatial variability across distinct upwelling in 
the SCS.
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Results and Discussion
Mean Climatology and Seasonal Variation 
Presenting mean climatology helps identify 
consistent seasonal patterns and provide a 
baseline to assess long-term oceanographic and 
biogeochemical conditions. It averages data 
over decades to highlight typical seasonal trends 
while minimising short-term variability (Deser 
et al., 2010). In SCS, where monsoon systems 
strongly influence physical and biological 
processes, climatological analysis is crucial for 
comparing seasonal differences in temperature, 
salinity, nutrients, and productivity (Liu et al., 
2002; Zhu et al., 2019). 

Figure 4 demonstrated the seasonal 
mean climatology of eight surface physical-
biogeochemistry parameters during the SWM 
and NEM. SST during SWM was notably 
higher, ranging between 28°C and 32°C while 
cooler temperatures were observed during 
NEM, ranging between 27°C and 30°C. These 
seasonal variations are consistent with Yang et 
al. (2013), who demonstrated that monsoonal 
wind patterns significantly influence surface 
heat fluxes in SCS. SSS exhibited distinct 
spatial patterns, with elevated salinity values (32 

– 33.6 psu) in the western SCS during SWM and 
lower salinity (30 – 32.8 psu) observed during 
NEM, particularly along southern coast (Figure 
4). During dry and warm SWM seasons, with 
less rain, the sea surface becomes warmer and 
saltier in comparison to other seasons (Siang et 
al., 2021).

Biogeochemical conditions in SCS vary 
clearly between the SWM and the NEM. During 
SWM, strong upwelling and mixing bring more 
nutrients to the surface, resulting in higher 
levels of diatom nitrogen (up to 0.5 mmol N/m3) 
observed in the western and southern areas of 
the SCS, NO3 (up to 3 mmol N/m3), particularly 
along the coast of upwelling regions and Gulf of 
Thailand (GoT) and NH4 (up to 0.5 mmol N/m3), 
especially near the coast (Figure 4). 

Surface O2 is also higher over the SWM 
(200-250 mmol O2/m

3) due to stronger mixing 
and higher phytoplankton activity (Ning et 
al., 2004), while NEM shows slightly lower 
O2 level. In contrast, nutrient levels are lower 
during the NEM due to weaker mixing (Lu et al., 

Figure 3: Map showing the bathymetry features of the study area. The red box indicates the region of interest 
for the interdecadal variability, highlighting three upwelling zones: 1 – western SCS (Vietnam), 2 – southern 

SCS (ECPM), and 3 – eastern SCS (Sabah)
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2020; Tao et al., 2025). Microphytoplankton and 
microzooplankton also increase during SWM 
(up to 15 mg C/m3) (Figure 4) due to better 
nutrient supply and higher productivity. These 
values drop during the NEM, reflecting lower 
biological activity (Liu et al., 2002; Calbet & 
Saiz, 2005).

Interdecadal Variability
To evaluate the impact of climate change, this 
study analysed monsoonal variability and long-
term decadal trends in surface anomalies of 
physical and biogeochemical parameters using 

time series plots across three upwelling regions 
in the SCS, as shown in Figure 5. The observed 
fluctuations within the study area are likely 
influenced by climate variability under RCP8.5 
scenario conditions. The SST anomalies show 
strong warming, reaching +1.3°C throughout 
both seasons, likely due to reduced convective 
cooling and intensified surface heat flux under 
RCP8.5 (Fang & Wu, 2008; Zhu et al., 2024). 

Notable SST anomalies peaks correspond 
to major El Niño and IOD events. Marshall 
et al. (2025) reported that strong El Niño 
events occurred in 1997/1998, 2009/2010, and 

Figure 4: Mean climatology of eight surface physical-biogeochemical parameters including: SST, SSS, 
diatom nitrogen, NO3, NH4, O2, microphytoplankton, and microzooplankton from 1990 to 2060 – (a) JJA 

(SWM) and (b) DJF (NEM)
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2015/2016, while La Niña events followed in 
1998/1999, 2010/2011, and 2016/2017. Positive 
IOD phases were recorded in 1997, 2009, 
and 2015, with negative IODs in 1998, 2010, 
and 2016. During these periods, the southern 
SCS experienced notable increases in SST, 
underscoring the combined impact of ENSO 
and IOD on surface conditions. Meanwhile, 
SSS shows declines (down to -0.3 psu) during 
both seasons observed in three upwelling 
zones in SCS (Figure 5). These decreasing 
trends suggest enhanced freshwater input and 
reduced surface salinity driven by intensified 
precipitation, linked to monsoon intensification 
and anthropogenic hydrological cycles under a 
global warming scenario (Chou et al., 2013). 

Oxygen levels decline significantly during 
the SWM and the NEM to -10 mmol O2/m

3, 
especially in eastern SCS, linked to stratification 
and reduced ventilation (Breitburg et al., 2018). 
Both NH4 (-0.04 to 0.02 mmol N/m3) especially 
in western SCS and NO3 (-0.023 to 0.23 mmol 

N/m3) particularly in eastern SCS increase across 
seasons, suggesting enhanced remineralisation 
and nutrient supply (Fu et al., 2012). Diatom 
nitrogen drops in SWM (-0.04 mmol N/m3), 
particularly in the southern area of the SCS, 
indicating nutrient limitation (Roxy et al., 2015) 
but moderate changes throughout the NEM 
while microphytoplankton declined throughout 
the SWM (from +1.5 to -2.0 mg C/m3), but 
slightly increased throughout the NEM (up to 
+1.8 mg C/m3). Microzooplankton consistently 
decreased across both seasons (from +1.8 to 
-1.5 mg C/m3) (Figure 5), which is indicative 
of disrupted trophic interactions and reduced 
grazing efficiency as primary production shifts 
under warming conditions. These trends align 
with projections of altered monsoon-driven 
nutrient dynamics in SCS under climate change, 
potentially reshaping phytoplankton community 
composition and productivity (Chen et al., 2023; 
Zhang et al., 2023).
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Figure 5: Interdecadal variability of surface physical-biogeochemistry parameters during (a) JJA (SWM) 
and (b) DJF (NEM). The blue line represents western SCS, red line represents eastern SCS, and green line 

represents southern SCS

According to Marshal et al. (2025), the 
study suggests that interannual biogeochemical 
variability is primarily driven by ENSO events  
while SST anomalies are influenced by the 
combined effects of ENSO and IOD. These 

climate drivers modulate upwelling intensity, 
nutrient availability, and thermal structure, 
ultimately shaping ecosystem responses and 
productivity patterns in the region. The ENSO 
plays a key role in influencing and upwelling 
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and nutrient dynamics such as NO3, thereby 
affecting the productivity patterns (Kok et al., 
2019). The IOD can amplify or modify ENSO 
effects, leading to complex SST anomalies and 
shifts in monsoonal winds and rainfall patterns 
(Luo et al., 2010; Cai et al., 2012; Nur’utami 
& Hidayat, 2016; Zhang et al., 2019). The 
interplay between ENSO and IOD significantly 
shapes physical and biogeochemical variability, 
as reflected by the aligned peaks and throughs in 
observed anomalies (Marshal et al., 2025).

Changes of Physical-biogeochemical Parameters 
The rest of this section discusses the 
mean changes of eight surface physical-
biogeochemistry parameters over the 70-year 
period. It is a valuable metric for assessing 
long-term ecosystem responses to climate 
change, as it allows for direct comparison 
across regions and variables (Laufkotter et al., 
2015; Kwiatkowski et al., 2020). The projected 
changes in SST between 1990 and 2060 indicate 
a consistent warming trend across SCS, with 
stronger increases over the DJF period (3.7% – 
5.2%) as compared to over the JJA period (2.8% 
– 5.2%). Peak warming during DJF is observed 
in the central basin (110 °E) while JJA shows 
maximum increases in northern SCS (> 10° N) 
(Figure 6). 

Coastal areas near Sabah coast exhibit 
relatively lower SST increases during JJA, 
likely due to seasonal upwelling. Similar spatial 
SST patterns have been reported in previous 
studies, where upwelling regions such as the 
eastern SCS showed moderate warming trends 
due to enhanced vertical mixing and cold-
water entrainment (Liu et al., 2020). Significant 
freshening is observed through the SWM, 
with SSS declines exceeding -1.2% along the 
southern and eastern coasts, indicating strong 
freshwater input. During the NEM, localised 
reductions (~ -1.3%) were observed near the 
Sabah coast but were less widespread (Figure 6).

Significant reductions in NH4 all through 
the SWM (-51.9%) and a corresponding 
drop in O2 levels (down to -14.6%), indicate 
intensified nutrient uptake and deoxygenation. 

During SWM, NO3 levels show a moderate to 
strong increase in central and southern SCS, 
with percent changes ranging between 5.5% 
and 65%, peaking notably near 4 °N – 10 °N 
and 104° E – 114° E (Figure 5). In contrast, 
during DJF, NO3 increases are more widespread 
but relatively lower in magnitude, with values 
ranging between -9% and 65%, particularly 
elevated in the Gulf of Thailand (>10 °N). 

Next, during SWM, the coastal zones of 
western and southern SCS show moderate 
increases in diatom biomass, with values 
between -15.9% to 42.1% while much of the 
eastern SCS experienced a more pronounce 
decrease, especially off the eastern Sabah 
coast, with reductions ranging between -35.2% 
and -73.8%. While, during the NEM, most of 
the central values ranging between -3.2% and 
-24.1%, some localised patches reaching below 
-24.1%, especially in offshore and deeper waters. 
Positive changes, reaching up to ~70% were 
only observed near the northwestern coastal 
zone – GoT, indicating localised enhancement 
during winter. 

The projected percent change maps 
reveal a notable decline in phytoplankton and 
zooplankton across both seasons. During NEM, 
phytoplankton exhibited a marked decrease 
of down to -21.9% along the east coast of 
Peninsular Malaysia and Sabah while increases 
of up to +50.9% occurring mainly in the western 
and northern SCS. Similarly, zooplankton 
showed widespread reductions, down to -26.6%, 
particularly around the central southern SCS, 
with limited positive anomalies near the Sabah 
coast. 

During the SWM, the magnitude of the 
change was more pronounced. Phytoplankton 
declined substantially, exceeding -71% along the 
eastern and southeastern areas of the SCS while 
localised increases up to +50% were observed 
off the 1GoT. Zooplankton also experienced 
a sharper reduction, down to -31.8% in the 
same region (Figure 6). These results suggest 
decoupling of lower and upper trophic levels 
under future conditions, particularly in nutrient-
rich upwelling and marginal zones, potentially 
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altering trophodynamic balance and ecosystem 
productivity. 

Increased temperature and reduced salinity, 
as seen in this projection may result in increased 
water column stratification, which can suppress 
vertical nutrient mixing, reduce oxygen 
replenishment at depth. This leads to lower 
primary productivity, especially during the 
SWM, as shown by sharp declines in diatoms, 
phytoplankton, and zooplankton indicating 
weakened energy transfer to higher trophic 
levels (Behrenfeld et al., 2006; Bopp et al., 
2013). 

Deoxygenation, with O2 levels dropping by 
up to -14.6%, may lead to hypoxic conditions, 

threatening benthic organisms and sensitive 
fish species. While some mobile species (e.g., 
pelagic fish, cephalopods, crustaceans) may 
migrate to avoid stress, many cannot adapt 
quickly enough to the environmental condition 
changes. However, benthic organisms such as 
molluscs, echinoderms, and sessile invertebrates 
are far more vulnerable. Extended exposure 
to low-oxygen conditions may impair their 
respiration, feeding, and reproductive systems, 
ultimately leading to population collapse 
or species redistribution (Vaquer-Sunyer & 
Duarte, 2008). These changes risk ecosystem 
disruption, biodiversity loss, and reduced 
fisheries productivity (Gruber 2011; Breitburg 
et al., 2018).
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Figure 6: Percentage change of eight surface physical-biogeochemical parameters during (a) JJA represents 
SWM and (b) DJF represents NEM. Percentage change was calculated by taking the difference between 

baseline and future decadal values, dividing it by their average, and expressing the result as a percentage (%)
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While percentage change in spatial 
variations of physical-biogeochemical changes 
across three upwelling zones were discussed 
earlier, Table 2 summarises the most significant 
and region-wide projected changes in the 
SCS region. SST shows a strong warming (~ 
+5.2%) across both seasons and declines in 
sea surface salinity (~ -1.5%), which suggest 
enhanced freshwater input likely driven by 
increased precipitation and runoff (Capotondi 
et al., 2012). Notable reductions in O2 (~ 
-10%), microphytoplankton (~ -19.9%), and 
microzooplankton (~ -10.7%) all through the 
NEM indicate a broader trend of deoxygenation 
and productivity loss, consistent with global 
projections (Laufkotter et al., 2015; Breitburg et 
al., 2018). Nutrient changes (e.g., NH4 and NO3) 
display strong seasonal contrasts, reflecting 
complex monsoon-driven biogeochemical 
dynamics in the SCS (Yang et al., 2024).

Conclusions
This study, using a single regional-scale model 
driven by a single global climate model, offers 
important insights into the potential impacts 
of climate change across the SCS. Projections 
under the RCP8.5 climate change scenario 
indicate intensified surface ocean warming, 
salinity falling, nutrient shifts, deoxygenation, 
and productivity loss particularly during the 
SWM. The projected changes to the mean state 
and seasonality of physical and biogeochemical 
ocean conditions pose significant challenges to 
diverse marine ecosystem. Marine organisms 
may face heightened stress from simultaneous 
exposure to multiple stress factors such as 
warming oceans, deoxygenation, and nutrient 
loss, underscoring the urgent need for substantial 
emission reductions. 

Table 2: Percentage change in surface physical-biogeochemical parameters in SCS from 1990 to 2060 
during SWM and NEM. Values represent the projected percentage change under the RCP8.5 scenario 

based on NEMO-ERSEM model outputs. Notable trends highlight the most significant seasonal 
response across parameters

No. Parameters Unit
Percentage of Change (%)

Notable Trend
SWM (JJA) NEM (DJF)

1 SST °C 5.2 5.0 Strong warming in both 
monsoon seasons

2 SSS psu -1.3 -1.5 Salinity decline

3 O2 mmol O2/m³ -0.3 -10.0 Significant oxygen 
depletion during NEM

4 NH4 mmol N/m³ 21.1 -4.6
Large increase during 
SWM, moderate decline 
during NEM

5 NO3 mmol N/m³ -6.9 12.9 Decline in SWM, increase 
in NEM

6 Diatom nitrogen mmol N/m³ 3.5 -13.6 Slight increase in SWM, 
strong decline in NEM

7 Microphytoplankton mg C/m³ -3.9 -19.9 Notable reduction, 
especially in NEM

8 Microzooplankton mg C/m³ -1.8 -10.7 General decline, strong 
during NEM
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However, the study does not quantify the 
uncertainty associated with these projected 
changes, an essential consideration for informed 
decision-making. To enhance confidence in 
future projections, there is a need for additional 
simulations using a variety of models with 
different climate sensitivities and alternative 
global emission scenarios. This would help 
estimate uncertainty ranges and provide clearer 
confidence levels for changes in different 
variables and locations. In a region known for 
its exceptional marine biodiversity and where 
millions depend on the sea for their livelihoods, 
such projections are vital tools for supporting 
communities in planning and adapting to the 
impacts of climate change.
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