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Abstract. Rising oceanic temperatures and increased heat content have triggered a decline in 

marine biodiversity and the degradation of ecosystem services. This study employs the Coupled 

Model Intercomparison Project Phase 6 (CMIP6) to analyze variables within the Nutrient-

Phytoplankton-Zooplankton-Detritus (NPZD) framework. Focusing on two contrasting Shared 

Socioeconomic Pathways (SSPs) - SSP1-2.6 (low-warming scenario) and SSP5-8.5 (high-

warming scenario) - we assess future impacts of climate-related factors on marine ecosystems 

across major oceanic regions. Under the high-warming SSP5-8.5 scenario, global ocean 

temperature rise, coupled with declining surface pH levels, nitrate concentrations, and plankton 

biomass/productivity, is evident. Regional reductions in plankton biomass/productivity, 

especially pronounced at higher latitudes, are observed in both SSP scenarios. Nutrient cycling 

emerges as a pivotal factor influencing plankton communities, particularly ammonium regulation 

in the Southern Ocean. This research emphasizes the urgent need to curb greenhouse gas 

emissions to mitigate global warming’s profound effects on marine ecosystems. 
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1.  Introduction 

Ocean warming, a critical aspect of global climate change, results from anthropogenic greenhouse gas 

emissions, bearing profound implications for marine biodiversity and ecosystem services [1]. The 

Intergovernmental Panel on Climate Change (IPCC) reports a notable rise in Earth’s surface temperature, 

now surpassing 1.1°C above pre-industrial levels, with far-reaching effects on the climate system [2]. 

This concerning temperature elevation extends beyond higher temperatures, significantly impacting 

various aspects of the climate system [3,4]. 

The increase in sea surface temperature (SST) by approximately +0.7°C has triggered more frequent 

marine heatwaves, disrupting ocean circulation and contributing to a loss of marine biodiversity [5-8]. 

Furthermore, ocean warming drives rising sea levels, heightening vulnerabilities for coastal areas, with 

the global mean sea level presently experiencing an acceleration of about 0.084 mm per year squared 

[1]. Marine ecosystems confront challenges from ocean heatwaves’ risingthe heightened frequency, 

intensity, and duration of ocean heatwaves [6,9]. These heatwaves have prompted shifts in species 

towards polar regions and are projected to reduce tropical diversity [1]. These changes, coupled with 

ocean acidification and deoxygenation, present severe threats to marine organisms, altering 

physiological traits, compromising habitat viability, and reshaping species distributions [10-12]. 
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Understanding marine organisms’ response to warming is vital for mitigating impacts on marine 

ecosystems [13], necessitating a comprehensive understanding of physical and biogeochemical 

processes within the marine environment. The Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) 

models serve as crucial predictive tools [14-16]. 

NPZD models form the fundamental framework for comprehending interactions and feedback 

between biotic and abiotic components in the marine ecosystem [16]. Nutrient dynamics, phytoplankton 

productivity, zooplankton energy transfer, and detritus’ role in nutrient recycling are vital for the health 

and resilience of marine ecosystems [17, 18]. Phytoplankton constitute the foundation of marine food 

webs and play a crucial role in carbon sequestration through photosynthesis [19]. Zooplankton, 

consuming phytoplankton, are pivotal in transferring energy from primary producers to higher trophic 

levels [20]. Furthermore, detritus, organic matter produced when phytoplankton dies and sinks to deeper 

ocean layers, aids in nutrient recycling through bacterial utilization and dissolved organic nitrogen 

degradation [19]. However, warming poses a threat to these components, potentially disrupting the 

equilibrium of marine ecosystems [5]. 

The Coupled Model Intercomparison Project Phase 6 (CMIP6) aims to comprehend the Earth 

system’s response to external forces and assess forthcoming climate changes in diverse scenarios [21]. 

It has introduced an advanced framework for climate projections by integrating new shared 

socioeconomic pathways (SSP) and enhancing model resolutions [21]. These scenarios offer valuable 

insights into plausible climate and socioeconomic trajectories, contributing to our comprehension of 

future climate radiative forcing levels [21]. Compared to its precursor, CMIP5, CMIP6 represents a 

notable advancement, showcasing enhanced spatial resolution and refined physical parameterizations 

[22]. Projections from CMIP6 indicate increased climate sensitivity, resulting in more pronounced 

warming compared to previous CMIP5 models under equivalent radiative forcing conditions [5,23]. 

In this study, we utilize the CMIP6 framework to forecast and interpret the repercussions of climate-

related factors on marine ecosystems, employing NPZD model variables as a focal point. Our analysis 

endeavors to elucidate how climate drivers influence marine ecosystems, providing insights into the 

potential ecological consequences of global warming. Subsequent sections will delineate the 

methodologies utilized, present our findings, and delve into the broader implications for conserving 

marine biodiversity. 

2.  Methods 

To comprehensively assess model performance, we utilized two advanced models: the Community Earth 

System Model version 2 with Whole Atmosphere Community Climate Model (CESM2-WACCM) and 

the Geophysical Fluid Dynamics Laboratory Earth System Model version 4 (GFDL-ESM4). Both 

models integrate NPZD variables crucial for understanding marine ecosystem responses to 

environmental shifts. Our analysis encompassed a range of physical and biogeochemical variables to 

identify potential drivers influencing oceanic impacts on marine ecosystems under varying radiative 

forcing scenarios. 

For a thorough evaluation of global ocean spatial patterns, we divided the spatial domain into four 

major regions: the North Pacific (30ºN–70ºN, 140ºE–120ºW), the North Atlantic (30ºN–70ºN, 60ºW–

0ºE), the Tropical Ocean (10ºS–10ºN, 180ºE–80ºW), and the Southern Ocean (70ºS–30ºS, 0ºE–0ºW). 

This regional segmentation was designed to reflect distinct geographic characteristics and enhance the 

assessment of model performance in simulating crucial ecosystem variables within the upper ocean 

strata (0-100 m). The selection accounts for biological carbon pump regions, particularly focusing on 

areas with significant chlorophyll a presence. 

For the analysis of long-term trends, we conducted a comparative study using historical model 

outputs compared against present conditions and future projections. Our examination spanned three 

distinct time frames: the historical pre-industrial baseline (1891–1910), a contemporary reference period 

(1995–2014), and two future projections (2081–2100) aligned with the Shared Socioeconomic Pathways 

(SSPs) — SSP1-2.6, indicating a low-warming scenario, and SSP5-8.5, representing a high-warming 

scenario. 
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Table 1. Comparison of Parameters Used in Oceanic Simulations by the CESM2-WACCM and GFDL-

ESM4 Models. 

Model Physical Nutrient Phytoplankton Zooplankton Detritus Simulations 

CESM2-

WACCM 

SST, 

pH, 

Delta 

PCO2 

Iron, Nitrate, 

Phosphorus, 

Ammonium, 

Silicon 

Total 

Phytoplankton 

Chlorophyll, 

Diatom 

Chlorophyll, 

Primary 

Carbon 

Production by 

Phytoplankton 

Zooplankton 

Carbon 

Concentration 

Dissolved 

Organic 

Carbon, 

Downward 

Flux of 

Particle 

Organic 

Carbon 

Historical, 

SSP 1-2.6, 

SSP 5-8.5 

GFDL-

ESM4 

SST, 

pH, 

Delta 

PCO2 

Iron, Nitrate, 

Phosphorus, 

Ammonium, 

Silicon 

Total 

Phytoplankton 

Chlorophyll, 

Diatom 

Chlorophyll, 

Primary 

Carbon 

Production by 

Phytoplankton 

Zooplankton 

Carbon 

Concentration 

Dissolved 

Organic 

Carbon, 

Downward 

Flux of 

Particle 

Organic 

Carbon 

Historical, 

SSP 1-2.6, 

SSP 5-8.5 

3.  Results 

3.1.  Climatological State 

A comprehensive assessment of the CESM2-WACCM and GFDL-ESM4 models has revealed intricate 

interplays between marine biogeochemical and physical processes. The simulation data unequivocally 

illustrate the substantial impact of global climate changes on oceanic physicochemical properties and 

biological productivity. As illustrated in Figure 1, both models delineate contrasting trends in oceanic 

parameters from 1850 to 2100, reflecting distinct global warming scenarios. 

Both the CESM2-WACCM and GFDL-ESM4 models predict an escalation in sea surface 

temperature (SST), with a more pronounced rise under the SSP5-8.5 scenario compared to the SSP1-2.6 

scenario. Specifically, the CESM2-WACCM model indicates an SST increase of 11.03% under SSP1-

2.6 and 26.36% under SSP5-8.5. Conversely, the GFDL-ESM4 model forecasts a more moderate SST 

increase of 5.97% for SSP1-2.6 and 16.52% for SSP5-8.5. 

Both scenarios predict a decline in surface pH levels, signaling heightened ocean acidification. This 

reduction is quantified at 1.97% for both models under SSP1-2.6 and at 6.22% for CESM2-WACCM 

and 6.09% for GFDL-ESM4 under SSP5-8.5. 

Nitrate (NO3) concentrations are expected to decrease under warming scenarios. The CESM2-

WACCM model predicts reductions of 19.62% under SSP1-2.6 and 26.38% under SSP5-8.5, while the 

GFDL-ESM4 model projects decrease of 9.27% and 17.30% for the respective scenarios. Additionally, 

the models exhibit varying trends for iron (Fe) concentrations. CESM2-WACCM anticipates a 0.87% 

reduction under SSP1-2.6 and a 4.66% increase under SSP5-8.5. Conversely, GFDL-ESM4 consistently 

projects increase of 0.87% and 11.00% across the scenarios. These discrepancies highlight potential 

uncertainties within the models, particularly concerning the iron cycle. 

Both models project a decrease in phytoplankton populations, with more pronounced reductions 

under SSP5-8.5: 16.91% in CESM2-WACCM and 17.93% in GFDL-ESM4. For SSP1-2.6, CESM2-

WACCM predicts a 4.29% decrease, while GFDL-ESM4 anticipates a 7.55% decline. Similarly, 
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zooplankton carbon is expected to decrease, with CESM2-WACCM and GFDL-ESM4 estimating 

reductions of 7.48% and 18.42% under SSP5-8.5, respectively. Under SSP1-2.6, these reductions are 

more moderate, at 1.35% for CESM2-WACCM and 7.31% for GFDL-ESM4. Projections for primary 

production (PP) show divergent trends between the models, with CESM2-WACCM expecting slight 

increases of 2.04% for SSP1-2.6 and a marginal rise of 0.18% for SSP5-8.5. Conversely, GFDL-ESM4 

projects a substantial decrease of 16.09% under SSP5-8.5. 

The downward flux of particulate organic carbon (epc100) is also anticipated to decline across 

various scenarios: 1.03% for CESM2-WACCM and 6.80% for GFDL-ESM4 under SSP1-2.6, and 5.80% 

and 16.71%, respectively, under SSP5-8.5. These projections underscore the potential adverse effects of 

global warming on marine ecosystems. The results highlight the critical necessity to comprehend 

variations in nutrient cycles, marine productivity, and plankton dynamics in response to climate change. 

 

Figure 1. Temporal trend of oceanic parameters under various climate change scenarios from the CESM 

and GFDL models. (a) Sea surface temperature (SST), (b) pH, (c) Nitrate (NO3) concentration, (d) Iron 

(Fe) concentration, (e) Phytoplankton biomass, (f) Primary Production (PP), (g) Zooplankton carbon, 

and (h) Down flux of particle organic carbon concentration. Solid and dashed lines represent the 

predictions from the CESM and GFDL models, respectively, with different color coding for various 

warming scenarios. The solid and dotted vertical line represents the historical pre-industrial era (1910) 

and the recent year (2014). Units are ℃, mol/m3, mol/m3, mol/m3/s, mol/m3, mol/m2/s. 
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3.2.  Physiochemical Environment 

Both the CESM2-WACCM and GFDL-ESM4 models exhibit consistent spatial patterns of warming, as 

illustrated in Figure 2. This figure delineates the geographic trends of annual average temperature 

changes across the global upper oceans during three critical periods. Notably, the CESM2-WACCM 

model projects a more pronounced increase in sea surface temperature (SST) compared to the GFDL-

ESM4, particularly under the SSP5-8.5 scenario. For the North Pacific (NP) and Tropical Ocean (TO) 

regions, the warming scenarios indicate the most substantial temperature rises. Under the SSP1-2.6 

scenario, there’s an average SST rise of 1.81°C (CESM) and 1.30°C (GFDL) in NP, and 2.35°C (CESM) 

and 1.94°C (GFDL) in TO. Conversely, the more intense SSP5-8.5 scenario suggests greater warming, 

with increases of approximately 5.18°C (CESM) and 3.30°C (GFDL) in NP, and 6.26°C (CESM) and 

4.25°C (GFDL) in TO. These translate to growth rates of 40.22% and 27.84% in NP, and 23.79% and 

16.29% in TO, respectively. 

In contrast to the general warming patterns observed in other oceanic regions, the North Atlantic (NA) 

presents a more subdued warming trend. Under the SSP1-2.6 scenario, the CESM model indicates a 

decrease of 0.21°C, equivalent to a 1.48% reduction, while the GFDL model projects an increase of 

0.60°C (4.62%). For the SSP5-8.5 scenario, the CESM model suggests a relatively modest increase of 

3.42°C, or 23.82%, and the GFDL model forecasts a 2.44°C increase, representing an 18.76% 

enhancement. The NA region is affected by the “warming hole” phenomenon, where cooling trends are 

observed due to a decline in the Atlantic meridional overturning circulation, resulting in reduced ocean 

heat transport to this area [24]. 

In the Southern Ocean (SO), steady warming trends prevail across both models, notably pronounced 

in CESM under SSP5-8.5, with projections indicating a rise of nearly 4.48°C from the 1910 benchmark, 

a significant 52.39% increase. CESM SSP1-2.6 forecasts a 2.15°C increase (25.15%), while GFDL 

SSP1-2.6 anticipates 0.95°C (10.62%), and GFDL SSP5-8.5 foresees a 2.71°C rise (30.33%). 

 

Figure 2. Mean projected changes of sea surface temperature (SST) from CESM2-WACCM and GFDL-

ESM4 climate models. Units are ℃. 
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Surface pH levels across all four major oceanic regions are projected to decrease. Both models exhibit 

similar reduction patterns, with multi-model average pH declines ranging from approximately 0.14 to 

0.19 units for the SSP1-2.6 scenario (1.68% to 2.32%) and 0.44 to 0.55 units for the SSP5-8.5 scenario 

(5.44% to 6.76%). The most significant decrease is observed in the NA region, where the CESM SSP5-

8.5 model predicts a decline of 0.55 units (6.76%) and the GFDL SSP5-8.5 model indicates a 0.53-unit 

decrease (6.43%). Conversely, the TO region shows the smallest decline, with both SSP1-2.6 and SSP5-

8.5 scenarios from both models projecting decreases of 0.14 units and 0.44 units, respectively (1.68% 

and 5.44%). 

 

Figure 3. Mean projected changes of surface pH levels from CESM2-WACCM and GFDL-ESM4 

climate models. 

Delta PCO2 (ΔpCO2) across the four major ocean regions display diverse responses to distinct 

climate scenarios. In the NP, both CESM and GFDL simulations consistently depict a decrease in 

ΔpCO2 across all scenarios, notably more pronounced under SSP5-8.5. Specifically, CESM SSP1-2.6 

shows a decrease of 16.97%, while GFDL SSP1-2.6 indicates an 8.77% drop. This downward trend 

intensifies remarkably under SSP5-8.5, with CESM displaying a significant decrease of 123.80% and 

GFDL presenting a remarkable reduction of 424.91%. 

In TO, the CESM model demonstrates a decline in both scenarios, with a decrease of 4.30% for 

SSP1-2.6 and a substantial drop of 117.12% for SSP5-8.5. Conversely, the GFDL model shows a mixed 

response, with a slight increase of 3.39% for SSP1-2.6 and an 86.63% decrease for SSP5-8.5. 

The NA, stands out with an increasing trend in ΔpCO2. CESM SSP1-2.6 indicates a 37.97% increase, 

and GFDL SSP1-2.6 exhibits a 46.18% increase. The rise in ΔpCO2 in NA under SSP1-2.6 is expected 

to be more substantial compared to SSP5-8.5. CESM SSP5-8.5 shows a minimal rise of 1.55%, while 

GFDL SSP5-8.5 predicts a decrease of 36.47%. The SO experiences the most significant reductions in 

ΔpCO2 across all scenarios, with a 577.82% reduction under the CESM SSP5-8.5 model. 
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Figure 4. Mean projected changes of Delta PCO2 from CESM2-WACCM and GFDL-ESM4 climate 

models. Units are Pa. 

3.3.  Nutrients and Trace Elements 

Nutrient concentrations, including nitrate (NO3), phosphate (PO4), silicon (Si), and ammonium (NH4), 

vary by nutrient type and area in the North Pacific (NP), North Atlantic (NA), Tropical Ocean (TO), and 

Southern Ocean (SO). CESM simulations generally predict a more substantial decrease in dissolved 

inorganic nutrient concentrations across these oceanic zones compared to GFDL simulations. In the NP, 

both CESM and GFDL models forecast a downward trend for NO3, PO4, and Si, with more significant 

decreases under the SSP5-8.5 scenario compared to SSP1-2.6. However, NH4 concentrations deviate 

from this pattern, showing an increase of 5.60% projected under SSP5-8.5 in CESM simulations. 

In NA and TO, marked reductions in NO3 and PO4 are observed in both models. Si exhibits a more 

distinct decrease in CESM than in GFDL. NH4 shows divergent trends, with GFDL predicting an 

increase (29.43% under SSP5-8.5) in NA, while CESM projects a decrease (37.07% under SSP1-2.6). 

In TO, both models forecast a decrease in NH4 levels under warmer scenarios. The SO demonstrates 

more pronounced reductions in NO3, PO4, and Si concentrations, while NH4 shows an increasing trend.  
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Figure 5. Mean projected changes of dissolved inorganic nitrate concentration from CESM2-WACCM 

and GFDL-ESM4 climate models. Units are mol/m3. 

 

Figure 6. Mean projected changes of dissolved inorganic phosphorus concentration from CESM2-

WACCM and GFDL-ESM4 climate models. Units are mol/m3. 
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Figure 7. Mean projected changes of dissolved inorganic silicon concentration from CESM2-WACCM 

and GFDL-ESM4 climate models. Units are mol/m3. 

 

Figure 8. Mean projected changes of dissolved inorganic ammonium concentration from CESM2-

WACCM and GFDL-ESM4 climate models. Units are mol/m3. 
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Iron (Fe) concentrations, as projected by the CESM model, are generally higher across most regions, 

suggesting anticipation of increased iron levels in these oceanic areas under the specified scenarios. The 

trends in iron concentration changes in the northern hemisphere exhibit fluctuations within a specific 

range. Iron concentrations in NP are anticipated to rise, with CESM projecting increases of 0.32% under 

SSP 1-2.6 and 6.56% under SSP 5-8.5, while GFDL forecasts a 1.03% increase under SSP 1-2.6 and a 

0.75% decrease under SSP 5-8.5. In NA, iron concentrations are projected to decrease, with CESM 

indicating a decline of 0.69% under SSP 1-2.6 and 1.92% under SSP 5-8.5. GFDL projects a 0.66% 

decrease under SSP 1-2.6 and a 3.28% increase under SSP 5-8.5. TO and SO are expected to undergo 

substantial increases in iron levels. Notably, the TO demonstrates the most considerable increase, with 

both CESM and GFDL models projecting remarkable rises of 66.35% and 87.58%, respectively, under 

the SSP5-8.5 scenario. These nutrient and iron trends are more accentuated under the SSP5-8.5 scenario 

in the CESM model, highlighting the model’s heightened sensitivity to changing environmental 

conditions. 

 

Figure 9. Mean projected changes of dissolved inorganic iron concentration from CESM2-WACCM 

and GFDL-ESM4 climate models. Units are mol/m3. 

3.4.  Plankton Communities 

Both the CESM and GFDL models project a consistent pattern of regional decline in the spatial 

distribution of phytoplankton biomass, particularly at higher latitudes. In the NP and NA, significant 

decreases in phytoplankton biomass are anticipated. CESM projects a 7.73% decrease under SSP 1-2.6 

and a 19.09% decrease under SSP 5-8.5 in NP, while GFDL forecasts a slight increase of 1.17% under 

SSP 1-2.6 and 0.72% under SSP 5-8.5 in the same region. In the NA, CESM anticipates a dramatic 

61.59% decrease under SSP 1-2.6 and a 75.43% decrease under SSP 5-8.5, whereas GFDL suggests an 

18.84% decrease under SSP 1-2.6 and a 36.67% decrease under SSP 5-8.5. 

In the TO and SO, variability exists. The CESM model occasionally predicts increases in 

phytoplankton biomass in these regions, with notable variations. For instance, CESM forecasts a 55.28% 

increase under SSP 1-2.6 in TO but a 25.59% decrease under SSP 5-8.5. In contrast, GFDL generally 
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forecasts a decrease, showing a 10.72% decrease under SSP 1-2.6 and a 39.89% decrease under SSP 5-

8.5 in TO. For the SO, CESM projects increases of 14.65% under SSP 1-2.6 and 23.25% under SSP 5-

8.5, while GFDL shows a negligible 0.04% decrease under SSP 1-2.6 and a 4.34% decrease under SSP 

5-8.5. 

 

Figure 10. Mean projected changes of phytoplankton chlorophyll concentration from CESM2-WACCM 

and GFDL-ESM4 climate models. Units are mol/m3. 

Regarding diatom biomass in the NP and NA, both models indicate reductions, aligning with the 

declining trend of phytoplankton. However, in the TO and SO, the CESM model occasionally indicates 

an increase in diatom biomass, showing significant variations. For instance, CESM forecasts an 84.87% 

increase under SSP 1-2.6 in TO but a 41.96% decrease under SSP 5-8.5. Conversely, GFDL suggests a 

22.68% decrease under SSP 1-2.6 and a 53.09% decrease under SSP 5-8.5 in TO. In the SO, CESM 

projects a 24.91% increase under SSP 1-2.6 and a 49.31% increase under SSP 5-8.5, while GFDL 

forecasts a slight 0.09% decrease under SSP 1-2.6 and a 1.09% decrease under SSP 5-8.5. 
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Figure 11. Mean projected changes of diatom chlorophyll concentration from CESM2-WACCM and 

GFDL-ESM4 climate models. Units are mol/m3. 

The regional differences between high and low latitudes further emphasize the disparity in primary 

production change ratios. The NA and NP witness a decline in primary production, SO demonstrates an 

increasing trend in primary production. In the NP, the CESM model projects a decrease of 2.84% under 

SSP 1-2.6 and 2.10% under SSP 5-8.5, while the GFDL model indicates an increase of 3.81% under SSP 

1-2.6 and 8.63% under SSP 5-8.5. Contrarily, the NA experiences a significant decrease in primary 

production according to the CESM model, showing a 51.43% decrease under SSP 1-2.6 and a 64.16% 

decrease under SSP 5-8.5. The GFDL model also predicts a decrease, albeit less severe, with a 21.08% 

decrease under SSP 1-2.6 and a 42.91% decrease under SSP 5-8.5. In the TO, the CESM model forecasts 

a 41.32% increase under SSP 1-2.6 and a 6.63% increase under SSP 5-8.5. In contrast, the GFDL model 

projects a 5.34% decrease under SSP 1-2.6 and a 30.43% decrease under SSP 5-8.5. Meanwhile, the SO 

experiences a CESM model increase of 16.77% under SSP 1-2.6 and 29.26% under SSP 5-8.5, while 

the GFDL model shows a 2.88% increase under SSP 1-2.6 and a 1.94% decrease under SSP 5-8.5. 
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Figure 12. Mean projected changes of primary production from CESM2-WACCM and GFDL-ESM4 

climate models. Units are mol/m3/s. 

Zooplankton carbon trends, though less pronounced compared to phytoplankton biomass, remain 

notably significant. In both the NP and NA, substantial declines are predicted by both models. However, 

TO and SO display considerable variability. The CESM model shows fluctuations in the TO, with a 9.32% 

increase under SSP 1-2.6 but a 7.21% decrease under SSP 5-8.5. Conversely, the GFDL model indicates 

more consistent decreases, with a 9.51% decline under SSP 1-2.6 and a steeper 32.57% decrease under 

SSP 5-8.5 in the TO. In the SO, the CESM model forecasts a 3.89% increase under SSP 1-2.6 and a 

3.60% increase under SSP 5-8.5, while the GFDL model anticipates a 0.42% increase under SSP 1-2.6 

and a 5.92% decrease under SSP 5-8.5. 
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Figure 13. Mean projected changes of zooplankton carbon from CESM2-WACCM and GFDL-ESM4 

climate models. Units are mol/m3. 

3.5.  Detritus 

The CMIP6 models’ projections for Dissolved Organic Carbon (DOC) and particle organic carbon flux 

(detritus) illustrate distinct spatial responses across oceanic regions. In the North Pacific and Tropical 

Ocean, consistent increases in DOC are observed. The CESM model projects rises of 2.76% and 10.25% 

for SSP1-2.6 and SSP5-8.5 in the NP, and 6.35% and 17.67% in the TO. Meanwhile, the GFDL model 

forecasts increases of 0.38% and 5.33% for the NP, and 4.65% and 2.77% for TO under the same 

scenarios. However, the North Atlantic presents a contrasting trend, with the CESM indicating increases 

of 2.17% and 5.93%, while the GFDL suggests a decrease of 4.18% and an increase of 2.77% under 

SSP1-2.6 and SSP5-8.5, respectively. The Southern Ocean displays the most significant increases in 

DOC, with the CESM projecting rises of 6.52% and 12.34%, and the GFDL indicating 3.34% and 10.37% 

increases for SSP1-2.6 and SSP5-8.5, respectively. Notably, CESM demonstrates more evident changes 

than GFDL. 
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Figure 14. Mean projected changes of dissolved organic carbon concentration from CESM2-WACCM 

and GFDL-ESM4 climate models. Units are mol/m3. 

The downward flux of particle organic carbon (epc 100) exhibits varied trends across regions. In the 

NP and NA, declines are anticipated. CESM projects decreases of 1.77% and 5.63% in NP, and 40.11% 

and 52.30% in NA for SSP1-2.6 and SSP5-8.5, respectively. GFDL predicts reductions of 1.28% and 

4.52% in NP, and 21.20% and 35.03% in NA under the respective scenarios. The TO displays variability 

between models and scenarios. CESM suggests a 24.34% increase in TO under SSP1-2.6 but a 2.62% 

decrease under SSP5-8.5, while GFDL anticipates decreases of 7.26% and 25.78%. Conversely, the epc 

100 shows an increase in the SO, with CESM forecasting rises of 11.63% and 18.35%, whereas GFDL 

expects a decrease of 0.80% under SSP1-2.6 and a 7.89% decrease under SSP5-8.5. 
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Figure 15. Mean projected changes of down flux of particle organic carbon concentration from CESM2-

WACCM and GFDL-ESM4 climate models. Units are mol/m2/s. 

These diverse patterns in DOC and detritus flux among regions emphasize the intricate interactions 

between climate change scenarios and oceanic carbon cycles, signaling potential ramifications for 

nutrient recycling and carbon sequestration processes, notably in the NA and SO regions. 

4.  Discussion 

Our study reveals the significant impact of climate change on the climatology, physiochemical 

environment, and plankton communities of the world’s oceans. Various studies have indicated an 

accelerating rate of SST increase. While all regions experience effects, the nature and extent of changes 

vary. The North Pacific and Tropical Ocean are projected to experience substantial temperature rises, 

contrasting with the North Atlantic, which might cool due to the “warming hole” phenomenon. Notably, 

the overall SST change in the Atlantic, Pacific, and Indian Oceans from 1950 to 2009 ranged around 

0.3–0.6 °C as per AR5 Climate Change 2014: Impacts, Adaptation, and Vulnerability [25]. Forecasts 

suggest an SST increase of 0.5°C until 2030, surpassing 1°C by 2050 compared to the 1995-2014 

increase [26]. In contrast, the North Atlantic experiences minimal warming trends in SST attributed to 

the decline in Atlantic Meridional Overturning Circulation [27]. Recent reports [28,29] have also warned 

of swift SST warming’s detrimental impact on aquatic life. Our analysis emphasizes the intricate and 

region-specific responses of global warming to SST, aligning with previous literature. It can be inferred 

that global warming will manifest rapidly and heterogeneously across diverse oceanic regions. 

Across the four major oceanic regions, projections indicate a decline in key nutrients like nitrate, 

phosphate, and silicon, while ammonium exhibits an increasing trend, notably in the Southern Ocean. 

Expectations generally point toward a reduction in phytoplankton biomass and primary production, with 

the North Atlantic potentially experiencing the most significant impact. The Tropical Ocean, however, 

might encounter more variability and fluctuations in this regard. Interestingly, the Southern Ocean 

anticipates an increase in phytoplankton, potentially propelled by rising ammonium levels despite an 

overall decrease in nutrients. Predictions suggest detritus trends will parallel those of phytoplankton 
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biomass and zooplankton carbon, decreasing in the North Atlantic and increasing in the Southern Ocean. 

However, the models show less clarity regarding changes in zooplankton, emphasizing the necessity for 

further research to comprehensively comprehend these dynamics. These observed contrasting responses 

in high-latitude zones and the Southern Ocean, coupled with the Tropical Ocean’s variability, underscore 

the intricate and diverse nature of oceanic ecosystems and their susceptibility to environmental changes. 

Across these regions, nutrients like nitrate, phosphate, and silicon are expected to decline due to 

ocean surface warming induced by global warming, leading to stratification and reduced nutrient supply 

[30]. This stratification inhibits ocean upwelling, preventing nutrient-rich cold water from reaching the 

ocean surface, thereby reducing nitrate, phosphate, and silicon levels [31,32]. Notably, ammonium 

concentrations are on the rise in the Southern Ocean, accumulating at the ocean surface due to increased 

heterotrophic ammonium production and higher nitrification rates [33,34]. Iron concentration exhibits 

more variability across regions, showing increased levels in the Tropical Ocean due to the 

macronutrient’s limitation on phytoplankton growth, causing decreased biological iron uptake [35,36]. 

Anticipations suggest a general decline in phytoplankton biomass and primary production, with the 

North Atlantic potentially facing the most substantial impact. Phytoplankton growth heavily relies on 

nutrient concentration. [37] observed a fivefold increase in phytoplankton growth by elevating nitrogen 

concentration. Additionally, [38] demonstrated an enhanced growth rate of phytoplankton by 

augmenting the concentration of limiting nutrients, regardless of surface irradiation. The expected 

nutrient deficiency might lead to reduced phytoplankton biomass and primary production. However, the 

Tropical Ocean could encounter more variability and fluctuations. Conversely, the Southern Ocean 

anticipates an increase in phytoplankton, possibly due to elevated ammonium levels despite an overall 

nutrient reduction. 

Detritus trends are forecasted to align with variations in plankton abundance and distribution, 

decreasing in the North Atlantic and increasing in the Southern Ocean. Alterations in phytoplankton 

abundance and distribution can significantly influence detritus processes. Phytoplankton serve as major 

CO2 sinks, absorbing nearly one-third of anthropogenic CO2 into their cellular structure and converting 

it into organic carbon [39]. The organic matter produced by phytoplankton either sustains higher trophic 

levels or is transported to deeper ocean layers through processes such as vertical sinking [40]. Changes 

in community composition impact the rate at which particles sink, thereby affecting the amount of 

carbon transported to the deep ocean [41]. 

The models exhibit fewer discernible changes in zooplankton, emphasizing the necessity for further 

research to comprehensively understand these dynamics. The observed contrasting responses in high-

latitude areas and the Southern Ocean, coupled with the Tropical Ocean’s variability, underscore the 

intricate and diverse nature of oceanic ecosystems and their susceptibility to environmental changes. 

The escalating SST, widespread ocean acidification, and shifts in nutrient concentrations serve as 

pivotal elements reshaping marine ecosystems [42]. These changes trigger a cascade effect on the 

biomass of phytoplankton and zooplankton, fundamental components of marine food webs [43]. The 

diversity in responses observed across various oceanic regions emphasizes the need for customized 

conservation and adaptation strategies. Furthermore, alterations in plankton communities and nutrient 

cycling could carry extensive implications for fisheries and global food security. 

In essence, enhancing the resilience of marine ecosystems and safeguarding the multitude of species 

reliant on these habitats necessitate a comprehensive, coordinated strategy encompassing conservation 

practices, sustainable methodologies, and international collaboration [44]. It remains crucial for the 

global community to persist in curbing greenhouse gas emissions to limit the extent of global warming 

and its consequential impact on marine ecosystems. The insights gleaned from this study underscore the 

pressing need for swift, decisive actions to sustain the vitality and well-being of our oceans. Leveraging 

the CMIP6 framework in this research augments our comprehension of the intricate, interrelated 

processes within marine ecosystems. Future studies should incorporate multiple models to consider 

variations in the high climate sensitivity observed in CMIP6, which can impact projected ocean warming 

levels [5, 23]. Furthermore, there is a need for more extensive research into the effects of stratification 

on upper-ocean nutrient cycling and carbon flux to achieve a comprehensive understanding of these 
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complex processes within marine ecosystems. Addressing these challenges collectively enables us to 

strive toward a more sustainable, resilient future for our oceans and the diverse array of life they harbor 

[45]. 

5.  Conclusion 

This study conducted a comprehensive analysis employing the CMIP6 model to underscore the intricate 

and region-specific responses of surface marine ecosystems to climate change. The SSP5-8.5 scenario, 

in alignment with previous projections, demonstrates a more pronounced impact than SSP1-2.6. Lower-

warming scenarios mitigate the severity of warming and acidification, highlighting the critical role of 

mitigation efforts in safeguarding marine ecosystems [5]. Both CESM2-WACCM and GFDL-ESM4 

models consistently project a warming trend and changes in biogeochemical variables, notably with 

CESM simulations indicating more noticeable regional variations compared to GFDL simulations. 

Anticipated are a global increase in sea surface temperature and a substantial decrease in pH levels. 

Furthermore, the study predicts a decline in key nutrient concentrations, including nitrate, phosphate, 

silicon, and varying levels of ammonium and iron. This expected nutrient depletion is likely to result in 

reduced phytoplankton populations and primary production, consequently impacting zooplankton 

consumption. Consequently, the reduction in detritus, or particulate organic carbon, is expected due to 

the decreased biomass of phytoplankton and zooplankton across the ecosystem. 
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