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ABSTRACT 

This study presents an analysis of air-sea heat fluxes in Southeast Asia using outputs 

from 30 Coupled Model Intercomparison Project Phase 6 (CMIP6) models, evaluated 

against ERA5 reanalysis data. The CMIP6 multi-model ensemble mean (MME) 

estimation reveals that the net shortwave radiation gain for the ocean over the baseline 

period 1995–2014 (SW, 209 ± 6.6 Wm-2) is counterbalanced by losses of latent heat flux 

(LH, -137.8 ± 7.2 Wm-2), net longwave radiation (LW, -50.8 ± 1.7 Wm-2), and sensible 

heat flux (SH, -13.6 ± 1.1 Wm-2). The resulting annual net heat gain (Qnet) for CMIP6 

MME (6.8 ± 11.4 Wm-2) underestimates ERA5’s result (21.3 ± 11.8 Wm-2), despite a 

high spatial correlation (0.87) between the two products. The primary contributors to 

zonal and seasonal Qnet biases are discrepancies in SW and LH, followed by biases in 

SH and LW. Regarding the future change of heat flux under three Shared Socio-

Economic Pathways (SSP) 1-2.6, 2-4.5, and 5-8.5, Qnet gain, SW gain, and LH loss are 

projected to significantly increase, while LW loss and SH loss are projected to weaken. 

Models with higher projected sea surface temperature (SST) warming tend to exhibit 

larger changes in heat fluxes, resulting in the highest and lowest changes obtained under 

SSP5-8.5 and SSP1-2.6, respectively. LW loss decreases with increasing SST due to 

enhanced downward longwave radiation, though this is partially offset by an increased in 

upward longwave radiation. The LH loss increase and SH loss decrease with increasing 

SST are associated with the thermodynamic effect rather than the dynamic effect over 

the study region. 

1. Introduction

Air-sea heat fluxes (HFs) at the interface between the air and the ocean include

shortwave radiation flux (SW), longwave radiation flux (LW), sensible heat flux (SH), 

latent heat flux (LH), and their sum referred to as the net HF (Qnet). A positive (negative 

value) of Qnet indicates a heat gain (loss) for the ocean, i.e. the SW gain is greater (less) 

than the LW, LH, and SH losses. These HFs play an important role in air-sea interactions 

on various scales (Yu and Weller, 2007). For instance, variations in Qnet affect the 

temperature and density of seawater, which can drive ocean currents and subsequently 

contribute to the redistribution of heat on a global scale (Cayan, 1992; Josey et al. 1999; 

Trenberth et al. 2009). Moreover, the heat exchanged between the ocean and the 

atmosphere influences key atmospheric processes, such as evaporation and convection 
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(Fairall et al. 2003; Yu 2007). As such, understanding and accurately determining Qnet 

across different spatio-temporal scales is crucial for correctly assessing global and 

regional changes. However, making accurate estimation of Qnet remains challenging due 

to large uncertainties in the datasets of each HF component, which are obtained from 

various sources such as satellite-based observations, ship-based measurements, or 

reanalysis data (Brunke et al., 2003; Yu et al., 2004; Zhang et al., 2004). Previous studies 

revealed that satellite estimates tend to exhibit a heating bias for the ocean, whereas 

reanalysis estimates tend to exhibit a cooling bias (Park et al., 2005; Valdivieso et al., 

2017). Song and Yu (2013) indeed showed that the reanalysis group, which includes 

NCEP1 (Kalnay et al., 1996), NCEP2 (Kanamitsu et al., 2002), and ERA-Interim (Dee et 

al., 2011), exhibits relatively low Qnet values, ranging from 1 to 11 Wm-2 on a global 

average. In contrast, the ship-based product NOCSv2.0 (Berry and Kent, 2009) yields a 

Qnet of 25 Wm-2, and the satellite-based product OAFlux + ISCCP (Yu et al., 2008; 

Zhang et al., 2004) indicates a Qnet of 30 Wm-2. 

The estimation of Qnet and its four components also relies on model outputs. Global 

Climate Models (GCMs) play a crucial role in providing and comparing climate 

projections across the different phases of the Coupled Model Intercomparison Projects 

(CMIP), including Phase 5 (CMIP5; Taylor et al., 2012) and Phase 6 (CMIP6; Eyring et 

al., 2016). These models are fundamental for understanding past, present, and future 

climate changes, forming the foundation of the Assessment Reports published by the 

Intergovernmental Panel on Climate Change (IPCC) (e.g. IPCC, 2021). Ensuring an 

accurate representation of HFs in these GCMs is needed for reliable climate projections 

and estimating HFs at the global and regional scales helps to evaluate and improve these 

models. CMIP5 GCMs have been shown to often overestimate LH in the tropics, 

although they could effectively capture LH spatial and temporal patterns (Cao et al., 

2015; Zhang et al., 2018). Wild (2020) demonstrated that the multi-model means of the 

latest CMIP6 GCMs produced a better global average of flux components compared to 

previous model generations, especially regarding surface downward SW and LW 

radiations. Furthermore, the representation of the Wind-Evaporation-Sea surface 

temperature (WES) feedback in CMIP6 models, which is crucial for ensuring the 

reliability of future projections, has shown improvements compared to CMIP5 (Amaya 

et al., 2017; Xia et al., 2023).  

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0389.1.
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 It is worth mentioning that there is existing literature analyzing biases in the CMIP6 

multi-model ensemble for HFs and related variables (e.g., Dhage and Widlansky, 2022; 

Jin et al., 2023; McKenna et al., 2024; Naskar et al. 2024), but detailed analysis and 

discussions specifically focusing on Southeast Asia are sorely lacking. For instance, 

Mckenna et al. (2024) analyzed the outputs of 20 CMIP6 GCMs and found that biases in 

atmospheric processes are a primary cause of biases in sea surface temperature (SST). 

Additionally, Naskar et al. (2024) used 12 CMIP6 GCMs over the North Indian Ocean 

and indicated that the future rise in LH can be attributed to an increase in SST.   Previous 

studies have extensively investigated the role of SST in air-sea heat exchanges (Barsugli 

and Battisti, 1998; Gao et al., 2013; Wu et al., 2007; Zhang et al., 1995; Zhang and 

Mcphaden, 1995). An increase in SST results in increased evaporation, which in turn 

contributes to the transfer of heat from the ocean to the atmosphere by LH (Zhang and 

Mcphaden, 1995). It is noteworthy to mention that the relationship between LH and SST 

is more complex than a simple monotonic increase. As shown by Zhang and Mcphaden 

(1995), LH increases with SST up to a certain point, after which it levels off and tends to 

decrease when SST exceeds 28°C. Additionally, Kumar et al. (2017) found that for a 

general area in the tropics, at low SST, the change in LH and SST is primarily influenced 

by contributions from humidity deficit (thermodynamics), whereas at high SST, the 

change is dominated by contributions from wind (dynamics). However, they highlighted 

that the Bay of Bengal and the north Arabian Sea are exceptions to the above global 

relationship, attributed to strong seasonality in monsoon-related variables. 

Southeast Asia (SEA), which encompasses the Maritime component, is situated in 

the Indo-Pacific Warm Pool region, a geographically diverse area located between the 

Indian Ocean and the Pacific Ocean (described in more detail in subsection 2.a). It plays 

a particular role in global climate dynamics. The climatic conditions prevailing across 

SEA land are primarily characterized by high temperatures and humidity, significantly 

influenced not only by the monsoonal circulation patterns (Matsumoto, 1997; Tangang et 

al., 2020; Juneng and Tangang, 2005), but also by factors such as the seasonal shift of 

the Intertropical Convergence Zone (ITCZ) (Schneider et al., 2014), large-scale drivers 

like the Walker circulation, the Madden-Julian Oscillation (MJO), the El Niño Southern 

Oscillation (ENSO), the Indian Ocean Dipole and other oceanic factors such as SST 

(Xavier et al., 2014; Magnaye et al., 2023; Nguyen-Thanh et al., 2023; Nguyen-Le et al. 

2024). Conversely, the air-sea coupling processes involved in the functioning of SEA 
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climate significantly influence those large-scale climate phenomena. Prior studies 

demonstrated that SST is related to the monsoon strength and patterns (Meehl, 1994; 

Yang and Lau, 1998), thereby interconnected with precipitation patterns in the region 

through air-sea interactions (Chang et al., 2000; Ngo-Thanh et al., 2018; Nguyen-Le et 

al., 2015; Nguyen-Thanh et al., 2023). Hence, to better understand the behaviors and 

changes in the SEA climate, it is important to accurately understand and represent air-sea 

interactions, specifically HFs. However, determining the exact HF values over SEA 

remains challenging. The oceanic region in SEA is a heat gain area, showing a 

considerable range of Qnet estimates, particularly over the western marginal part of the 

Western Pacific Ocean with estimates ranging from 10 to 50 Wm-2 (Qu et al., 2004, 

2006; Song and Yu, 2013; Valdivieso et al., 2017; Wang et al., 2019). In terms of future 

trends, earlier investigations in the SEA region have only focused on changes in specific 

variables such as rainfall (Ngai et al., 2022; Supari et al., 2020; Tangang et al., 2020) or 

surface wind (Herrmann et al., 2020; 2022). No study to date has thoroughly quantified 

HFs over SEA, particularly regarding their future trends across various greenhouse gas 

concentration scenarios. 

In this study, we analyze and discuss the representation of HFs over SEA using the 

latest CMIP6 GCMs. Firstly, we examine the historical characteristics of HFs. Secondly, 

we investigate future changes in HFs, particularly in connection with SST changes. 

Lastly, we explore how the dynamic processes of HFs vary across a range of SST values 

in the region. 

2. Data and methodology

a. STUDY AREA

Southeast Asia (SEA) is located in the Indo-Pacific Warm Pool region where high

SST persists, supporting year-round moisture and convective activity (De Deckker, 

2016). The extreme geographic limits of SEA’s land are as follows: the northernmost 

point at approximately 28.54°N latitude in Myanmar, the southernmost point at 

approximately 11°S latitude on Dana Island (Indonesia), the westernmost point at 

approximately 141.05°E in Myanmar, and the easternmost point at approximately 

141.05°E near the border between Indonesia and Papua New Guinea (Fig. 1).  Over land, 

a large part of SEA consists of mountainous terrain, with various rivers that shape some 
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of the region’s most substantial deltas. Desmet and Ngo-Duc (2022) divided SEA's land 

into three main sub-regions: Indochina, the Maritime Continent, and the Philippines. 

Indochina, comprising Cambodia, Laos, Myanmar, Thailand, and Vietnam, is part of the 

Asian summer monsoon region (Matsumoto, 1997) and is distinct from the Maritime 

Continent (including Peninsular Malaysia), which is more influenced by the Australian 

summer monsoon occurring during the boreal winter (Juneng and Tangang, 2005; 

Tangang et al., 2020). The Philippines is considered a separate sub-region due to its 

vulnerable position at the forefront of climatic events such as typhoons originating in the 

Pacific Ocean, and a later annual rainfall peak compared to Indochina (Wang and LinHo, 

2002; Villafuerte et al., 2014).  

Over the ocean, SEA can be classified into different sub-regions, largely independent 

of the classification over land, based on distinct features such as location, bathymetry, 

and water mass characteristics. In this study, we conduct the analysis for the entire SEA 

oceanic region and six specifically determined sub-regions as follows: 

- Region 1 (R1): located in the western and northern equatorial part, encompassing

part of the Bay of Bengal and Andaman Sea. The region’s depth ranges from 500

to 3000 m and its atmospheric conditions are significantly influenced by the

southwest summer monsoon.

- Region 2 (R2): bordered by China to the north, Vietnam to the west, the

Philippines to the east, and Malaysia to the south. The region’s bathymetry

varies, with shallow continental shelves around its edges and deeper areas in the

central parts, where depths can reach up to 5000 m.

- Region 3 (R3): the Pacific Ocean region east of the Philippines and north of

Papua (Indonesia) and Papua New Guinea, encompassing areas such as the

Philippine Sea. This region is characterized by deep oceanic trenches near the

islands, notably the Philippine Trench, which can reach depths exceeding 10,000

m in some areas, transitioning to vast abyssal plains farther offshore.

- Region 4 (R4): encompasses the Sulu Sea and Celebes Sea lying between the

Philippines, Malaysia and Indonesia. The Sulu Sea, in the northwest, features a

relatively shallow continental shelf along its edges and a deeper basin in the

central part, with depths reaching up to 5000 m. The Celebes Sea, to the

southeast, is wider and deeper, with depths exceeding 6000 m in its central area.

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0389.1.
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R4 serves as a transitional zone for water exchange between R2, R3 and the 

Indonesian Throughflow (ITF) region (R5). 

- Region 5 (R5): also known as the Indonesian Throughflow (ITF) region,

connects the Pacific and Indian Oceans through a series of seas and straits within

the Indonesian archipelago. The bathymetry of the ITF region is diverse, with a

combination of shallow continental shelves (e.g., around 200 to 500 m in the

Makassar Strait and Sunda Strait) and deep oceanic basins (e.g., Banda Sea, with

depths exceeding 5000 m).

- Region 6 (R6): the oceanic sub-region in the Indian Ocean, south of R1 and

located to the south and southwest of the Java Islands. Except for the shallow

continental shelves near the coast, the sub-region consists mostly of deeper

oceanic areas, including the Sunda Trench located just south of the Java Islands,

reaching depths of 7500 m. Warm water from the Pacific Ocean is transported to

this sub-region through the ITF region.

The six sub-regions above are linked by key straits, passages, and transition zones 

(Fig. 1), forming complex passageways between the SEA’s interconnected seas, and 

connecting the Indian and Pacific Oceans (Qu et al., 2005; Sprintall et al., 2019; Trinh et 

al., 2024).  

Fig. 1. The Southeast Asia domain. Topography over SEA (shaded) is obtained from 

the Global 30 Arc-Second Elevation (GTOPO30) dataset (U.S. Geological Survey, 

1996). 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0389.1.
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B. CMIP6 GCMS

We selected 30 CMIP6 GCMs that were accessible at the time of data retrieval

(listed in Table 1) to conduct HF estimations on a monthly average basis over SEA. 

Specifically, we chose the first ensemble member (r1i1p1f1) of the pre-industrial control 

experiment of each model, and simulations for the future period 2015–2099 under three 

specific Shared Socioeconomic Pathways (SSPs): SSP1-2.6, SSP2-4.5, and SSP5-8.5 

(Riahi et al., 2017).  

For comparison purposes, we regridded all model outputs to a common 1°x1° grid 

using bilinear interpolation. A land-sea mask based on each model’s configuration was 

applied to compute HFs solely over ocean regions. 

Model 

Institution

/ Country 

Atmospheric 

horizontal 

resolutions Model 

Institution

/Country 

Atmospheric 

horizontal 

resolutions  

 ACCESS-CM24,5,6 Australia 1.875°x1.25°  FIO-ESM-2-0 China 1.25°x0.9° 

ACCESS-ESM1-54,5 Australia 1.875°x1.25°  GFDL-ESM41,2,3 USA 1.125°x1° 

 BCC-CSM2-MR1,2,3 China 1.125°x1.125°  IITM-ESM1,2,3 India 1.875°x1.875° 

 CAMS-CSM1-01,2,3 China 1.125°x1.125°  INM-CM4-81,2,3 Russia 2°x1.5° 

 CanESM54,5,6 Canada 2.8°x2.8°  INM-CM5-01,2,3 Russia 2°x1.5° 

 CAS-ESM2-04,5 China 1.4°x1.4°  IPSL-CM6A-LR6 France 2.5°x1.3° 

 CESM2-WACCM4,5,6 USA 1.25°x0.9°  KACE-1-0-G4,5,6 Korea 1.875°x1.25° 

 CIESM5,6 China 1.25°x0.9°  MIROC61,2,3 Japan 1.4°x1.4° 

CMCC-CM2-SR5 Italy 1.25°x0.9° 

 MPI-ESM 1-2-

HR Germany 0.94 × 0.94° 

CMCC-ESM24,5 Italy 1.25°x0.9° 

 MPI-ESM 1-2-

LR1 Germany 1.87 × 1.86° 

 EC-Earth34,5,6 Europe 0.7°x0.7°  MRI-ESM2-04 Japan 1.125°x1.125° 

 EC-Earth3-Veg6

EC-Earth 

consortium 0.7°x0.7°  NESM36 China 1.875°x1.875° 
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 EC-Earth3-Veg-LR 

EC-Earth 

consortium 1.125°x1.125°  NorESM2-LM2,3 Norway 2.5°x1.9° 

 FGOALS-f3-L1,2,3 China 1.25°x1°  NorESM2-MM Norway 1.25°x0.9° 

 FGOALS-g31,2,3 China 2°x2°  TaiESM14,5,6 Taiwan 1.25°x0.9° 

Table 1. List of CMIP6 GCMs and their respective atmospheric horizontal 

resolutions used in this study. The superscript next to each model’s name indicates the 

model group, i.e. L or H (defined in sub-section 2.c), to which the model belongs in each 

specific scenario:  1L1-2.6, 2L2-4.5, 3L5-8.5, 4H1-2.6, 5H2-4.5, 6H5-8.5. Note that most 

of the models have a horizontal resolution of approximately 100 km for the ocean 

component, except for CIESM (50 km), GFDL-ESM4 (25 km), MPI-ESM 1-2-HR (50 

km), and MPI-ESM 1-2-LR (250 km). 

C. REFERENCE DATASETS

The fifth generation of the European Centre for Medium-Range Weather Forecasts

(ECMWF) reanalysis, ERA5 (Hersbach et al., 2020), is used as the reference dataset for 

the HF components. It is important to note that there are currently multiple heat flux 

datasets, and large disparities may exist among these products (Robertson et al., 2020; 

Zhang et al., 2023). However, not all datasets cover the entire baseline period 1995–

2014 chosen for our present study. Additionally, ERA5 has been demonstrated to 

provide accurate HF estimates in specific regions worldwide (e.g., Mayer et al., 2023; 

Pokhrel et al., 2020). Therefore, although ERA5 is selected as the reference dataset, a 

comprehensive performance assessment of existing heat flux products should be an 

important topic for future studies. 

We used monthly SST data at a 1°x1° resolution from the Hadley Centre Global Sea 

Ice and Sea Surface Temperature (HadISST) (Rayner et al., 2003) as the reference SST 

dataset. 

D. METHODS

The spatiotemporal characteristics of the CMIP6 multi-model ensemble (MME) HF

products are evaluated against ERA5. The MME mean is calculated by averaging the 30 

GCMs’ results. 1995–2014 is designated as the baseline period of this study. HF 

projections in the CMIP6 MME are analyzed under three scenarios: SSP1-2.6, SSP2-4.5, 

and SSP5-8.5, and referred to as MME1-2.6, MME2-4.5, and MME5-8.5, respectively. 
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Future changes are computed by comparing the mid-century (2041–2060) and end-

century (2081–2099) periods with the baseline period.  

In the following, a positive (negative) HF corresponds to a gain (loss) of heat for the 

ocean. A positive HF bias corresponds to an overestimation of heat gain or an 

underestimation of heat loss (and conversely for a negative bias). 

To assess HF sensitivity to future SST rise, we classified the CMIP6 GCMs into two 

groups based on tercile classification of their projected SST changes (ΔSST): one with 

the lowest ΔSST values (below the 33rd percentile, referred to as group L) and the other 

with the highest ΔSST values (above the 67th percentile, referred to as group H). The 

ΔSST was calculated using the following formula: 

𝛥𝑆𝑆𝑇𝑖,𝑗 = 𝐹̅(𝑆𝑆𝑇)𝑖,𝑗 − 𝐻̅(𝑆𝑆𝑇)𝑖,𝑗   (Eq.1) 

where i represents an SSP scenario and j indicates a specific GCM among the 30 CMIP6 

models. 𝐻̅ and 𝐹̅ denote the SST means for the SEA region over the baseline period and 

the future period 2015–2099, respectively. 

The ΔSST values vary, ranging from ~0.25ºC for the BCC-CSM2-MR model under 

SSP1.2-6 to over 2.1ºC for the CanESM5 model under SSP5.8-5 (Fig. 2). With the three 

SSPs, we obtain six model groups comprising 10 models each: L1-2.6, L2-4.5, L5-8.5, 

H1-2.6, H2-4.5, and H5-8.5. The models classified into each group are listed in Table 1.  

An alternative approach would be to group models based on projected wind changes 

rather than SST. However, we prioritize SST-based grouping in this study due to its 

direct impact on HF changes. We acknowledge that a wind-based approach could 

provide complementary insights into HF sensitivity and represent a promising direction 

for future research. Furthermore, based on existing literature (e.g. Amaya et al., 2017; 

Xia et al., 2023), we assume that CMIP6 models generally perform well in simulating 

SST-wind coupling processes, thus supporting the SST-based classification adopted 

here. Nonetheless, we recognize the challenges that persist in representing these 

processes in models (Feng et al. 2023), thereby inducing the need for region-specific 

evaluations in future work. 

To smooth the short-term variability of the data, in the representation of certain 

figures in the following sections, we employ the locally estimated scatter plot smoothing 

technique (LOESS) (Cleveland et al., 1988). 
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Fig. 2. Projected SST changes over SEA from the 30 CMIP6 models under SSP1.2-6 

(orange), SSP2.4-5 (gray), and SSP5.8-5 (green) for the period 2015–2099 relative to the 

1995–2014 baseline. 

In Section 3.b.3, we investigate the underlying processes that explain the changes in 

HF components in association with SST changes.  We begin with the bulk HF formulae, 

which are widely used in climate models due to their easy applicability (Large and 

Yeager, 2004; Yu, 2019): 

𝐿𝑊 = 𝐿𝑑 − 𝐿𝑢 (Eq.2) 

𝐿𝐻 = 𝜌𝐿𝑣𝐶𝐸𝑊𝛥𝑧𝑞          (Eq.3) 

𝑆𝐻 = 𝜌𝐶𝑝𝐶𝐻𝑊𝛥𝑧𝑇          (Eq.4) 

where 𝐿𝑑  represents downward longwave radiation flux; 𝐿𝑢 = 𝜖𝜎(𝑆𝑆𝑇)4 represents

upward longwave radiation, with 𝜎 = 5.67x10−8 Wm-2K-4 denotes the Stefan-Boltzmann

constant and 𝜖 represents the surface emissivity, assumed to be 1.0 to account for the 

small reflected fraction of 𝐿𝑑 (Lind and Katsaros, 1986);  𝑊 represents the 10-m wind

speed; 𝛥𝑧𝑞 and 𝛥𝑧𝑇 represent the differences between 2-m above sea surface and surface

values of specific humidity and temperature, respectively; ρ is the air density at the 

observation level (kg m-3); 𝐿𝑣 is the latent heat of vaporization (2.44 × 106 J kg-1); 𝐶𝐸

and 𝐶𝐻   are the transfer coefficients for latent heat and sensible heat, respectively, with

values of 1.3×10-3 and 0.8×10-3 under stable atmospheric conditions (Smith, 1980; 

Kumar et al., 2017); Cp is the specific heat of air at a constant pressure, assumed to be 
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constant at 1.005 ×103 J kg-1K-1. 

To examine the dependence of HF changes on SST, we differentiate Eqs. 2–4 with 

respect to SST to obtain the slope of these relationships, yielding:  

𝜕𝐿𝑊

𝜕𝑆𝑆𝑇
=

𝜕𝐿𝑑

𝜕𝑆𝑆𝑇
− 4𝜖𝜎𝑆𝑆𝑇3 (Eq. 5) 

𝜕𝐿𝐻

𝜕𝑆𝑆𝑇
= 𝛼𝑊

𝜕𝛥𝑧𝑞

𝜕𝑆𝑆𝑇
+ 𝛼𝛥𝑧𝑞

𝜕𝑊

𝜕𝑆𝑆𝑇
(Eq. 6) 

𝜕𝑆𝐻

𝜕𝑆𝑆𝑇
= 𝛽𝑊

𝜕𝛥𝑧𝑇

𝜕𝑆𝑆𝑇
+ 𝛽𝛥𝑧𝑇

𝜕𝑊

𝜕𝑆𝑆𝑇
(Eq. 7) 

where 𝛼 = 𝜌𝐿𝑣𝐶𝐸 (Jm-3); 𝛽 = 𝜌𝐶𝑃𝐶𝐻 (Jm-3K-1).

Eq. 5 indicates the contributions to the LW dependence on SST of longwave 

radiation directed both downward (first term of the right-hand side) and upward (second 

term) at the surface. Regarding Eqs. 6 and 7, the first term on the right-hand side 

represents the thermodynamic contribution, quantifying the impact of humidity and 

temperature on the LH and SH dependence on SST, respectively. The second term, 

𝛼𝛥𝑧𝑞
𝜕𝑊

𝜕𝑆𝑆𝑇
 and 𝛽𝛥𝑧𝑇

𝜕𝑊

𝜕𝑆𝑆𝑇
, represents the dynamic contribution, quantifying the influence 

of wind speed on the LH and SH dependence on SST. 

It is worth noting that each CMIP6 model may use a different bulk parameterization, 

which is beyond the scope of this study to analyze individually. Thus, the parameters 

used in Eqs. 2–7 represent certain assumptions and may consequently cause imbalances 

when directly using outputs from the models (Yu, 2019).  Therefore, Eqs. 5–7 should be 

considered approximations rather than exact solutions for estimating the contributions to 

the HF dependence on SST. 

3. Results

A. BASELINE PERIOD: SEASONAL AND SPATIAL VARIABILITY OF HEAT FLUXES

Fig. 3 shows the spatial distribution of annual Qnet and its four components averaged

for the baseline period as represented by CMIP6 MME and ERA5. Despite differences in 

magnitude, the spatial distribution of annual Qnet in the two products exhibits a 

remarkable similarity with a Pearson spatial correlation coefficient (r) of 0.87. The 

northern part of the study area has a high annual Qnet loss, while most of the 10ºS–10ºN 

band shows a Qnet gain. ERA5 estimates the average Qnet over SEA to be 21.3 ± 11.8 
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Wm-2. CMIP6 MME, with an annual mean value of 6.8 ± 11.4 Wm-2, underestimates the 

Qnet gain by 14.5 Wm-2 (Table 2). Specifically, a significant negative Qnet bias is 

observed from 10ºN southward. 

Among the four HF components, LH exhibits the highest spatial correlation (r=0.88) 

between CMIP6 MME and ERA5. Both products show significant LH loss, typically 

ranging from -85 Wm-2 to -160 Wm-2, with the largest losses exceeding -190 Wm-2 in the 

western boundary currents around 18ºN–26ºN and 122ºE–125ºE (part of the Kuroshio 

Current). CMIP6 MME generally overestimates LH loss, especially in the region 10ºS to 

10ºN (over the Indonesian Seas). The regional mean annual LH loss overestimation is 

11.4 Wm-2. 

With values at only about 10% of LH loss, SH loss is relatively small, typically 

around -10 Wm-2. CMIP6 MME exhibits a moderate spatial correlation (r=0.64) with 

ERA5 and generally overestimates SH loss. The mean annual SH loss overestimation for 

the entire region is 1.3 Wm-2.  

Regarding SW and LW, CMIP6 MME accurately captures their spatial patterns (with 

r=0.83 and 0.87, respectively). While there are regions where the models exhibit a 

positive bias in SW, such as the areas from 90ºE–100ºE and surrounding [5ºS, 140ºE], 

the annual mean SW bias over the entire region is negative, with a mean underestimation 

of SW gain of 1.8 Wm-2 (Table 2). In terms of LW, the annual mean shows a narrow 

range (-46 Wm-2 to -52 Wm-2) of spatial variability over the region 10ºS–10ºN. Certain 

areas in the southern hemisphere and the seas near Myanmar (Bay of Bengal) experience 

significant LW losses (>60 Wm-2). CMIP6 MME exhibits almost no regional mean 

annual bias in LW (Table 2). 

In brief, the 14.5 Wm-2 underestimation in annual Qnet gain between CMIP6 MME 

and ERA5 is primarily due to the overestimation of LH loss (by 11.4 Wm-2), and to a 

much lesser extent, due to the underestimation of SW gain (by 1.8 Wm-2) and the 

overestimation of SH loss (by 1.3 Wm-2) in the CMIP6 product. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0389.1.
Brought to you by provisional account | Unauthenticated | Downloaded 07/15/25 02:53 PM UTC



14 

File generated with AMS Word template 2.0 

Fig. 3. Annual mean of (a, b) Qnet, (d, e) SW, (g, h) LW, (j, k) LH and (m, n) SH 

from CMIP6 MME (left) and ERA5 (middle) (Unit: Wm-2). Values in the black boxes of 

the middle column indicate the Pearson spatial correlation coefficients between ERA5 

and CMIP6 MME. Biases between CMIP6 MME and ERA5 are shown in the right 

column (Unit: Wm-2). The dot-hatch pattern indicates areas where the differences are 

statistically significant at the 95% confidence level, based on Student’s t-test. 

It is worth noting that Zhang et al. (2018) analyzed the oceanic latent heat flux from 

the CMIP5 MME product and found a very high spatial correlation coefficient of 0.98 

with observations for the global pattern. Zhou et al. (2022), by examining Atmospheric 

Model Intercomparison Project (AMIP) experiments, which are forced with prescribed 

SST, demonstrated that AMIP runs from the 6th phase of CMIP (AMIP6) exhibit 

relatively high correlations over tropical oceans from 30°S to 30°N, with values of 0.94 

for LH and 0.75 for SH. In the deep tropics (10°S–10°N), AMIP6 shows outstanding 
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correlation coefficients of 0.95 for LH and 0.87 for SH. These correlations are higher 

than the values we obtained in this study with CMIP6 MME for Southeast Asia, which 

are 0.88 for LH and 0.64 for SH. This is expected, as it is more challenging to capture 

regional details (refer to Fig. 4 of Zhang et al., 2018). Additionally, the AMIP 

experiments generally provide better HF values due to their more realistic prescribed 

SST values. Nevertheless, the spatial correlations shown in Fig. 3 still demonstrate the 

adequate performance of CMIP6 MME in representing the HF spatial patterns in the 

region.  

The 30 CMIP6 models generally exhibit the same HF spatial patterns to the MME 

and ERA5 products (Fig. S1–S5). However, some models exhibit strong biases— for 

example, FGOALS-f3-L and MPI-ESM1-2-HR for SW (Fig. S2), FIO-ESM-2-0 and 

MIROC6 for LW (Fig. S3), CAS-ESSM2-0 and NEMS3 for LH (Fig. S4), and IITM-

ESM and KACE-1-0-G for SH (Fig. S5). Among the 30 CMIP6 models, some tend to 

overestimate, while others underestimate specific HF components. As a result, the MME 

products are compensated, bringing the mean values closer to those of the ERA5 

reference.  

Furthermore, the biases in annual HF values are consistent across seasons (Table 2, 

Fig. S6). Among the seasons, DJF appears to exhibit the largest biases in all HF 

components, while JJA shows the least, except for the SW bias in JJA. The biases are 

statistically significant across most of the SEA oceans, particularly in the ITF region.   

Heat 

fluxes 

Annual DJF MAM JJA SON 

CMIP6 ERA5 Bias CMIP6 ERA5 Bias CMIP6 ERA5 Bias CMIP6 ERA5 Bias CMIP6 ERA5 Bias 

Qnet 
  6.8 

±11.4 

21.3 

 ±11.8 

-14.5 -31.6

±16.8

-11.0

±16.8

-20.6 37.0 

 ±10.7 

49.4 

 ±10.8 

-12.4   8.3 

    ± 8.7 

20.1 

 ±8.9 

-11.8   10.3 

 ±10.7 

  27.0 

 ±11.0 

-16.7

SW 
209.0 

 ±6.6 

210.8 

 ±7.3 

-1.8 192.2 

 ±7.7 

195.5 

 ±9.1 

-3.3  225.0 

 ±6.8 

 226.0 

 ±7.7 

-1.0 205.0 

 ± 5.6 

209.3 

 ±4.5 

-4.3 210.2 

 ±7.8 

212.5 

 ±8.1 

-2.3

LW 
-50.8

±1.7

-50.8

±1.8

0.0 -53.1

±1.9

-51.7

±2.0

-1.4 -51.9

±1.8

-51.3

±1.9

-0.6 -49.4

± 1.5

-49.8

±1.5

-0.4 -51.3

±1.9

-50.9

±2.0

-0.4

LH 
-137.8

±7.2

-126.4

±6.9

-11.4 -153.5

±10.2

-139.8

±9.2

-13.7 -123.9

±5.8

-114.4

±5.6

-8.5 -135.6

± 5.9

-128.1

±6.7

-7.5 -135.7

±5.8

-122.7

±6.2

-13.0

SH 
-13.6

±1.1

-12.3

±1.1

-1.3 -17.2

±2.0

-15.0

±1.7

-2.2 -12.2

±1.0

-10.9

±0.9

-1.3 -11.7

± 0.6

-11.3

±0.7

-0.4 -12.9

±0.8

-11.9

±0.9

-1.0

Table 2. Annual and seasonal means of Qnet, SW, LW, LH, and SH averaged over 

SEA along with their respective inter-model standard deviations for CMIP6 MME 

values and interannual standard deviations for ERA5 (mean ± 1 standard deviation) for 

the baseline period 1995–2014, as well as the biases of CMIP6 MME compared with 

ERA5. Units are in Wm-2. A positive (negative) value corresponds to a gain (loss) of 

heat for the ocean. 
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To provide a more detailed depiction of the regional specificities of HFs and of 

their biases, the box plots in Fig. 4 illustrate the distribution of average annual Qnet and 

its four components across the six sub-regions introduced in Section 2a (R1–R6; refer to 

Fig. 1), comparing results from the CMIP6 models and ERA5 reanalysis data. In sub-

regions such as R1 and R3, large uncertainty ranges in the CMIP6 results can be 

observed—for example, Qnet, SW, LH, SH in R3, and SW and LW in R1—indicating 

challenges for models in representing HFs and producing consensual results in these 

areas. The CMIP6 models generally represent the reference HF values well across the 

different sub-regions, with some exceptions over R4 and R5, where the models 

underestimate the Qnet reference values. These underestimated values result from the 

underestimation of SW in R4, as well as LH and SH in both R4 and R5. Notably, R4 

and R5 are located in areas connecting the Pacific and Indian Oceans. Hence, it remains 

challenging for CMIP6 models to accurately simulate ocean-atmosphere flux exchanges 

in such regions with complex land topography, islands, and key straits that are poorly 

represented by coarse-resolution models (see for example Trinh et al. (2024) who 

highlighted the need for high-resolution studies to correctly capture interocean straits 

fluxes), thereby inducing biases. This issue deserves further investigation in future 

studies, possibly using a coupled regional modeling system with higher resolution. 

Fig. 5 illustrates the similar latitudinal structures of the zonally averaged annual and 

seasonal means of Qnet and its four components from CMIP6 MME and ERA5. The 

annual mean clearly indicates a Qnet gain zone around the equator (i.e., 12ºS–10ºN) and 

a Qnet loss at higher latitudes. CMIP6 MME consistently underestimates Qnet, with the 

largest annual bias of approximately -50 Wm-2 observed around 2°N. This 

underestimation could be attributed to the region’s strong equatorial dynamics, 

including, among others, the ITCZ, monsoon systems, equatorial waves, specific warm 

pools, and the interplay between ocean and atmospheric processes, which are 

challenging to be fully represented by existing CMIP6 models. Furthermore, certain 

models operating at relatively coarse resolutions (e.g., 1°x1° or coarser) may be limited 

in their ability to resolve fine-scale processes that significantly influence HFs in this 

region. 
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Fig. 4. Box plots of average annual Qnet, SW, LW, LH, and SH over the six sub-

regions (R1–R6). The CMIP6 boxes (blue) represent statistics from the 30 models, 

while the ERA5 values (red star) represent the HF averages during the baseline period. 

The annual zonal mean Qnet profile is predominantly depicted by the SW 

component. CMIP6 MME underestimates SW gain between 0º to 20ºN, with the largest 

bias of -25 Wm-2 also observed around 2ºN. Meanwhile, both LW and SH losses are well 

represented by CMIP6 MME, exhibiting only minor biases. There is a slight negative 

(positive) LW bias in the southern (northern) hemisphere and a minor SH bias of 

approximately -2 Wm-2 across the entire latitudinal band. CMIP6 MME overestimates 

the LH loss, with the maximum overestimation of approximately 15 Wm-2 to 20 Wm-2 

occurring around the equator. 

In terms of seasonal variation, Qnet exhibits pronounced variations at different 

latitudes, excluding the equatorial region. The biases in Qnet of CMIP6 MME compared 

to ERA5 are noticeable in all seasons, particularly in the region between 10ºS and 10ºN. 
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SW undergoes the most significant seasonal variation among the HF components, 

primarily due to its dependence on the seasonal march of the sun. The SW gain 

underestimation is strongest during DJF, reaching 31 Wm-2 around 5ºN, and weaker in 

other seasons. Meanwhile, LW shows varying biases at each latitude depending on the 

season, with the largest bias observed during DJF between 5ºN and 20ºN. For LH, strong 

zonal variations of LH loss are observed during DJF and JJA. The bias of LH loss is the 

most pronounced compared to other HF components, especially during SON from 10ºN 

to 10ºS, with LH biases ranging between -30 Wm-2 and -20 Wm-2. Finally, the zonal 

variations of SH are prominently observed during winter in the northern hemisphere, 

above 20ºN. CMIP6 MME generally exhibits a slight overestimation of SH loss, 

typically by less than 5 Wm-2, across different seasons and latitudes. 

In summary, the zonal mean profile of the HF components during DJF determines 

their annual profile. SW and LH typically show the most significant latitudinal 

variations. The substantial variability observed among the models leads to disparities in 

the estimates of HF components between CMIP6 MME and ERA5. Table 2 

quantitatively details that the SEA region experiences a total net heat gain in MAM, JJA 

and SON, and a total net heat loss in DJF, with the strongest gain observed in MAM. 

CMIP6 MME consistently exhibits negative biases compared to ERA5 across all seasons 

and for all HF components. It is of interest to note that the standard deviations of the 

CMIP6 HF components are comparable to those of ERA5. 
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Fig. 5. Zonal mean values (Unit: Wm-2) of Qnet, SW, LW, LH, and SH computed 

from the annual and seasonal means (December–February, DJF; March–May, MMA; 

June–August, JJA; September–November, SON) for the baseline period. Red and black 

lines represent CMIP6 MME and ERA5, respectively. Gray lines indicate the zonal 

mean profiles of the 30 individual CMIP6 models. Dashed black lines depict the 

interannual variability in ERA5 based on ±1 standard deviation. 

Fig. 6 shows that, despite varying magnitudes, the seasonal cycles of Qnet and its 

four HF components are generally well represented by the CMIP6 models, with 

correlations exceeding 0.96 except for LW (r=0.62). The semiannual cycle in Qnet, 

characterized by its first maximum in April and a second maximum in October, is 

primarily depicted by SW and LH. The SW peaks observed in April and October 
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coincide with the times when the Sun crosses the equator. LH also displays a strong 

semiannual pattern, whereas LW and SH exhibit weaker semiannual cycles. 

Consistent with the results discussed above, CMIP6 MME underestimates Qnet 

compared to ERA5 throughout the year, primarily due to the systematic overestimation 

of LH loss which exceeds 10 Wm-2 for the entire year. CMIP6 MME generally 

represents the HF components SW, LW and SH in terms of magnitudes. However, 

notable discrepancies are observed in SH during boreal winter, with differences of up to 

3 Wm-2, and in SW and LW from June to September, with differences of up to 4.5 Wm-2 

for both variables. It is important to note that SW and LW are strongly influenced by 

cloud radiative effects. Given the frequent occurrence of strong deep convection in SEA, 

predominantly during June–September (Chen et al., 2000; Wu and Chen, 2021), the 

notable discrepancies in SW and LW mentioned above could be associated with the 

large uncertainties of the models in representing convective activities in the region (Ngo-

Duc et al., 2017). 

Fig. 6. Seasonal cycle of (a) Qnet, (b) SW, (c) LW, (d) LH, and (e) SH averaged over 

the SEA region from ERA5 (black line) and CMIP6 MME (red line) for the baseline 

period (Unit:  Wm-2). Gray lines indicate the seasonal cycles of the 30 individual CMIP6 

models. Black dashed lines show the range of interannual variability in ERA5 based on 

±1 standard deviation. The r values indicate the temporal correlation coefficient between 

ERA5 and CMIP6 MME (p-value <0.05). 

A wide range of performance is observed among individual models within CMIP6 

for each HF component. Some models accurately estimate one component but exhibit 

high inaccuracy with others, resulting in significant discrepancies in Qnet (Table S1). 

For example, models like INM-CM4-8 and INM-CM5-0 have SW estimates of 
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approximately 210 Wm-2, which is close to ERA5's 210.8 Wm-2, but they significantly 

overestimate LH loss (~142 Wm-2 compared to ERA5's 126.4 Wm-2). Conversely, 

models like CAS-ESM2-0 and EC-Earth-Veg underestimate SW (approximately 194.6 

Wm-2 and 203.9 Wm-2, respectively, compared to ERA5’s 210.8 Wm-2), although they 

have reasonably accurate LH loss estimates compared to ERA5. 

B. FUTURE PROJECTIONS

1) Future projections in the multi-model ensemble mean

It is well known that biases remain in CMIP6 simulations, as shown above and in

previous research (e.g. Desmet and Ngo-Duc, 2021; Pimonsree et al. 2022; Li et al. 

2022; Nguyen-Duy et al. 2024). To date, there exist several approaches to alleviate the 

influence of model biases in climate projections. The simplest approach is the delta 

method, assuming that the biases are systematic, i.e. the biases observed during the 

historical period will persist in future projections (Teutschbein and Seibert, 2012; Jose 

and Dwarakish, 2022). Therefore, the difference between the future and the baseline 

period is expected to cancel out the model biases. The second approach involves 

applying a bias correction method, such as quantile mapping (QM), transfer cumulative 

probability distribution method (CDF-t), or quantile delta mapping (QDM), to the 

historical period to derive a transfer function, which can then be applied to future 

projections (e.g. Guo et al., 2018; Trinh-Tuan et al., 2019; Tong et al. 2020). Using an 

ensemble of multiple models is another effective way to alleviate biases from individual 

GCMs, thereby improving the reliability of future climate projections (e.g. Räisänen, 

2007; Wang et al., 2023). In our present study, we employ both the delta approach and 

an ensemble of multiple CMIP6 models to gain insights into future HF changes over the 

region. 

Projected changes in annual HFs over the SEA region based on CMIP6 MME under 

SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios are illustrated in Figs. 7 and 8. In this 

section,  positive (negative) values of changes in HFs (ΔQnet, ΔSW, ΔLW, ΔLH, and 

ΔSH) indicate an increase (a decrease) of air to sea flux in future periods relative to the 

baseline period, i.e. an increase of gain for the ocean or a decrease of loss (decrease of 

gain or increase of loss).  
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CMIP6 MME projects a general increase in Qnet gain across all examined scenarios 

for both the mid-century (2041–2060) and end-of-century (2081–2099) periods, relative 

to the baseline period (Fig. 7). Among the scenarios, SSP5-8.5 exhibits the most 

substantial increase, while SSP1-2.6 demonstrates the weakest increase for both 

temporal spans. Specifically, CMIP6 MME projects an average increase of 1, 1.2, and 

1.9 Wm-2 in annual Qnet on average over the entire SEA for the mid-century under 

SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively, and of 0.8, 1.3, and 3.4 Wm-2 by the 

end of the century. These changes show a marked spatial variability, and increases are 

statistically significant and more prominent south of the Maritime region (around 5ºS, 

corresponding to the R5 and R6 sub-regions), gradually weakening toward the north. 

Northern regions around 15ºN over the off-Philippine Sea, in particular R2, R3, and R4, 

do not exhibit statistically significant changes in the end-century under all scenarios. 

Although the projected changes for Qnet and its four components (not shown) in the 

mid-century period are lower than those in the end-century, the spatial patterns remain 

similar. Therefore, for all subsequent analyses, we focus on the projected changes at the 

end of the century. 

Fig. 7. Projected annual Qnet changes (ΔQnet) from CMIP6 MME under SSP1-2.6 

(left), SSP2-4.5 (middle), and SSP5-8.5 (right) for the mid-century (upper panel) and the 

end-century (lower panel) relative to the baseline period. Shading indicates areas where 

changes are statistically significant at the 95% confidence level based onStudent’s t-test. 

Values in the black boxes show the average projected change in heat flux over the entire 

region. 

Among the four HF components, LH exhibits the most substantial decrease, i.e. an 

increase of LH loss, of 4.1, 5.4, and 8.4 Wm-2 across the entire region under SSP1-2.6, 
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SSP2-4.5, and SSP5-8.5, respectively, compared to the baseline period (Fig. 8). These 

changes are particularly pronounced over the central part of the region, between 5°S and 

10°N, where the LH loss increase could exceed 10 Wm-2 under SSP5-8.5. 

The SW gain shows an overall increase throughout the entire region under all 

scenarios, with the largest (smallest) average increase of 2.9 Wm-2 (1 Wm-2) under 

SSP1-2.6 (SSP5-8.5). The increase is predominantly observed along the southern coast 

of China, reaching up to 14 Wm-2, 10 Wm-2, and 8 Wm-2 under SSP1-2.6, SSP2-4.5, and 

SSP5-8.5, respectively. Similar to Qnet, SW also exhibits a significant increase in the 

southwestern Maritime region under all three scenarios, reaching around 5 Wm-2 under 

SSP1-2.6. Meanwhile, a slight SW decrease is projected  in the eastern part, close to 

142º near the equator and around 15°N, under SSP1-2.6, becoming more pronounced 

under SSP2-4.5 and further under SSP5-8.5. 

Both LW and SH also experience an increase across all scenarios, i.e. a decrease of 

LW and SH losses. SSP5-8.5 produces the most substantial LW and SH loss weakening 

of 8.9 Wm-2 and 1.9 Wm-2 on average over the SEA region, respectively. SSP1-2.6 

produces the smallest weakening of 1.8 Wm-2 and 0.3 Wm-2, respectively. 

Overall, the projected changes in Qnet, LW, LH, and SH are the highest under SSP5-

8.5, followed by SSP2-4.5, and the lowest under SSP1-2.6. However, the projected 

change in SW exhibits an inverse pattern, with the largest change observed under SSP1-

2.6 and the smallest change under SSP5-8.5. These contrasting changes in SW could be 

linked to changes in cloud cover and the associated radiative forcing in the atmosphere 

and at the surface. For instance, previous studies have demonstrated that clouds exert a 

positive forcing in both SW and LW in the atmosphere, contributing to atmospheric 

warming (Ceppi et al., 2017). Concurrently, clouds produce a strong negative SW 

forcing at the surface during daytime hours and a weakly positive LW forcing, resulting 

in a cooling effect (Berry and Mace, 2014; Zelinka and Hartmann, 2010). Therefore, the 

offsetting effects between positive and negative radiative forcing by clouds in SW in the 

atmosphere and at the surface could account for the opposite changes in SW compared to 

the other HF components. 
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Fig. 8. As in Fig. 7, but for ΔSW, ΔLW, ΔLH, and ΔSH and the end-century only. 

2) Future projections in low and high warming groups

Fig. 9 illustrates the sensitivity of HF changes to the warming intensity, including

changes for both the low (L1-2.6, L2-4.5, and L5-8.5) and high (H1-2.6, H2-4.5, and 

H5-8.5) warming model groups, as well as for the CMIP6 multi-model ensemble 

(MME1-2.6, MME2-4.5, and MME5-8.5).  

Overall, Qnet, SW, LW, and SH fluxes are projected to increase, while LH loss 

exhibits a decreasing trend across all options. Among the scenarios, the most substantial 

(the least) changes in HFs for both the low and high warming groups are observed under 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0389.1.
Brought to you by provisional account | Unauthenticated | Downloaded 07/15/25 02:53 PM UTC



25 

File generated with AMS Word template 2.0 

SSP5-8.5 (SSP1-2.6), with absolute values ranging from 2 to 15 Wm-2 (1 to 2 Wm-2) for 

all components except SW, which is consistent with the MME results discussed in Figs. 

7–8.  

Within a given scenario, the high warming group consistently projects greater 

changes in HFs compared to the low warming group, except for SW. Specifically, the 

H5-8.5 group consistently projects the most substantial changes for Qnet, LH, LW, and 

SH fluxes, with values of 5, -13, 12, and 3 Wm-2, respectively. In contrast, the L1-2.6 

group projects the smallest changes, with values of 1, -2, 2, and 0.1 Wm-2, respectively. 

Regarding SW, the H1-2.6 group projects the largest change, with an increase of up to 6 

Wm-2 by the end of the century, followed by the H2-4.5 group and, lastly, the H5-8.5 

group. Among the group L models, both the L1-2.6 and L2-4.5 groups show a slight 

increase in SW, while the L5-8.5 group projects a slight decrease of approximately 1 

Wm-2 by the end of the century. 

It is important to note that the positive trends in Qnet over the SEA oceans were 

already pronounced during the historical period, indicating that the ocean experienced 

heat gain, which resulted in observed SST warming during this time (not shown). 

However,  Iskandar et al. (2020), while studying a sub-oceanic region within our study 

domain—the Indonesian sea—found a significant negative trend in Qnet from 1982 to 

2014, favoring a decrease, rather than an increase, in SST. To explain why SST 

continued to rise in this sub-ocean region despite the decrease in Qnet, they attributed 

the past increase to upper layer processes, including an increasing trend in precipitation, 

a decreasing trend in mixed layer depth, the influence of the Indian Ocean Dipole (IOD) 

and La Niña events, and horizontal heat advection associated with the increasing heat 

transport from the Pacific to the Indian Ocean via the ITF (R5). To ensure that our 

results do not contradict those of Iskandar et al. (2020) for the Indonesian sea region, we 

replotted the Qnet trend for the period 1982–2009—matching the period used in 

Iskandar et al. (2020)—and found a similar negative Qnet trend over this region (not 

shown).     

Fig. 9b indicates a decreasing trend during the historical period and an increasing trend 

in the future projections for SW. The SW trend in the historical period corresponds to 

global dimming, which is well documented in the literature (e.g., Stanhill and Cohen, 

2001; Yuan et al., 2021). This dimming phenomenon was partly attributed to increases in 
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man-made aerosols and other air pollutants, which consequently alter the optical 

properties of clouds and the atmosphere. Note that dimming occurred up until the early 

1990s, followed by a widespread brightening (Wild et al., 2005). Previous studies have 

demonstrated that CMIP6 models can reproduce the observed regional dimming and 

brightening in some sub-regions, such as Europe, but perform poorly in other areas, such 

as China (Moseid et al., 2020). Regarding future trends, the increasing SW trend in 

Southeast Asia shown in Fig. 9 aligns with results from previous studies. For instance, by 

analyzing CMIP5 outputs, Wild et al. (2015) attributed this increase to a decrease in cloud 

cover, allowing SW to reach the surface more easily. 

On another note, since 𝛥𝐿𝑊>0 under global warming (Fig.9c), and 𝛥𝐿𝑊 = 𝛥𝐿𝑑 −

𝛥𝐿𝑢 according to Eq.2, we deduce that downward longwave radiation 𝐿𝑑 increases more

rapidly than upward longwave radiation 𝐿𝑢, i.e. 𝛥𝐿𝑑 > 𝛥𝐿𝑢. The significant increase in

𝐿𝑑 under global warming has been demonstrated in previous studies and is attributed to

both atmospheric warming and moistening (Stephens et al., 2012). For instance, the rise 

in greenhouse gases increases atmospheric temperature, which in turn enhances 𝐿𝑑.

Additionally, the positive feedback mechanism resulting from increased atmospheric 

water vapor due to global warming further amplifies the greenhouse effect and contributes 

to the increase in 𝐿𝑑. Stephens et al. (2012) also found that clouds contribute to the increase

in 𝐿𝑑. Notably, high clouds and low clouds have different impacts on changes in SW and

LW (Chen et al., 2000). High clouds can be transparent to SW, while low clouds strongly 

reflect it; however, both types absorb and emit LW. Consequently, a potential reduction 

in low cloud coverage, leading to an increase in SW as mentioned above, may still be 

offset by an increase in high cloud coverage, greenhouse gases, and water vapor feedback 

in terms of its effect on 𝐿𝑑. This results in a scenario where both SW and 𝐿𝑑  increase under

global warming. 

From a mathematical and experimental perspective, it is known that 𝐿𝑢 is closely

related to the fourth power of SST (Eq.2). Meanwhile, previous studies have proposed 

empirical parameterization formulas for 𝐿𝑑, showing that 𝐿𝑑 is correlated with the fourth

to sixth power of surface temperature (e.g. Dilley and O’Brien, 1998;  Stephens et al., 

2012). Moreover, Stephens et al. (2012) highlighted the strong performance of the sixth-

power relationship. The higher-order dependence of 𝐿𝑑 on surface temperature, compared
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to that of 𝐿𝑢, explains the more rapid increase in 𝐿𝑑 under global warming, as identified

above. 

Fig. 9. Time series of projected changes in annual HFs spatially averaged over the study 

domain relative to the baseline period under SSP1-2.6 (blue), SSP2-4.5 (green), and 

SSP5-8.5 (red) scenarios for the low warming group (L, dotted line), high warming 

group (H, dashed line) and the ensemble mean of the 30 CMIP6 models (MME, solid 

line). Black solid and colored lines, obtained using the LOESS technique, depict 

historical and future HF anomalies, respectively, while gray lines indicate the ensemble 

mean values for each group before applying the LOESS technique. Note that the vertical 

axis limit in Fig. 9(e) differs from those in the other sub-figures to enhance visibility. 
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3) Relationships between projected HF changes and SST changes

Fig. 10 illustrates the relationships between the average HF changes across the entire

SEA region and SST changes within each model group under different scenarios. Both 

the L and H groups exhibit a similar linear relationship with SST changes, characterized 

by highly significant (p-value < 0.05) ascending patterns in Qnet, LW, and SH changes 

with increasing SST, highly significant descending patterns in LH changes, and slight 

descending patterns in SW changes. Pearson correlation coefficients between HF 

changes and SST changes exceed the 99% significance test for all HF components 

except SW. The most significant and positive correlations are observed for Qnet, LW, 

and SH changes, with values of 0.71, 0.96, and 0.92 for the L group and 0.68, 0.93, and 

0.86 for the H group, respectively. LH changes exhibit significant negative correlations 

with SST increase, at -0.72 for the L group and -0.69 for the H group. Regarding SW, 

changes with SST increase do not exhibit correlations significant at the 99% level; but 

the L group shows a more robust correlation (-0.44, p-value <0.05) compared to the H 

group (-0.12, p-value > 0.05). Consequently, the changes in all HF components except 

SW show statistically significant linear relationships with SST changes. 

Fig. 10 also illustrates the dispersion of individual models’ results. The L group 

displays a smaller dispersion compared to the H group. Among the scenarios, SSP1-2.6 

demonstrates the smallest dispersion, followed by SSP2-4.5, with SSP5-8.5 exhibiting 

the largest dispersion.  

Fig. 11, using HF values directly computed and provided by CMIP6 models, shows 

significant positive and linear correlations between 𝛥𝐿𝑊  and the change of downward 

longwave radiation flux 𝛥𝐿𝑑   for both the L and H groups (rL=0.98 and rH=0.93) (Fig.

11a). 𝛥𝐿𝑑   also exhibits strong linear positive correlations with 𝛥𝑆𝑆𝑇 (𝑟𝐿=0.99 and

𝑟𝐻=0.95) (Fig. 11b). Indeed, SST increases lead to higher atmospheric water vapor

content, as described by the Clausius-Clapeyron relationship (Held and Soden, 2006). 

This, in turn, enhances the greenhouse effect, resulting in an increase in downward 

longwave radiation flux (𝐿𝑑). Consequently, this raises 𝛥𝐿𝑑 and, therefore, 𝛥𝐿𝑊

according to Eq. 2. The slope of the linear regression between 𝛥𝐿𝑑   and 𝛥𝑆𝑆𝑇 is

approximately 10.2 Wm-2K-1 for both the L and H groups (Fig. 11b), corresponding to 

the first term on the right-hand side of Eq.5. Meanwhile, an increase in 𝛥𝑆𝑆𝑇 results in a 

rise in the upward longwave radiation term at the surface (4𝜖𝜎𝑆𝑆𝑇3 in Eq.5),
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contributing to a decrease in 𝛥𝐿𝑊. With an approximate SST value of 300 K, the term 

−4𝜖𝜎𝑆𝑆𝑇3 equates to about -6.5 Wm-2K-1. Consequently, we obtain for Eq.5:
𝜕𝐿𝑊

𝜕𝑆𝑆𝑇
=

10.2 − 6.5 = 3.7 (Wm-2K-1), in agreement with the slope of the linear regression line  

between 𝛥𝐿𝑊 and 𝛥𝑆𝑆𝑇 (respectively 3.69 and 3.72 Wm-2K-1 for the L and H groups, 

Fig. 10c). The reduction in LW loss from the ocean, i.e., the increase in LW flux, is 

therefore driven both directly by the increase in SST and indirectly by its effect on 𝐿𝑑,

which acts in opposition to the direct effect. 

Fig. 10. Projected changes in Qnet and its four components versus changes in SST by 

the end of the century relative to the baseline period. Filled upward-pointing triangles 

represent the high warming (H) group, while non-filled downward-pointing triangles 

represent the low warming (L) group. Blue, green, and red colors correspond to the 

scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. Solid and dash-dotted lines 

represent linear regressions for the H group and the L group, respectively. Pearson 

correlation coefficients between 𝛥𝑆𝑆𝑇 and changes for the L group and H group are 

denoted as 𝑟𝐿 and 𝑟𝐻, respectively. Bold values indicate p-value <0.05 and italic values

indicate p-value >0.05. Values of 𝑚𝐿 and 𝑚𝐻 are slopes for components showing a

highly statistically significant linear relationship (p-value <0.01) for groups L and H, 

respectively. 

Fig. 11c illustrates weak and non-significant negative correlations between the 

change of wind speed 𝛥𝑊 and 𝛥𝑆𝑆𝑇. The slopes of the trend lines are negligible, with 

values of -0.01 and -0.008 ms-1K-1 for the L and H groups, respectively. This suggests 

that the 10-m wind speed does not change significantly with sea surface warming, and 
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that the dynamic term in Eqs. 6 and 7 does not substantially contribute to the relationship 

between changes in LH and SH with respect to changes in SST. This finding is 

supported by the weak and non-significant correlations between 𝛥𝐿𝐻 and 𝛥𝑊 (Fig. 11d) 

and between 𝛥𝑆𝐻 and 𝛥𝑊 (Fig. 11e).  

Hence, changes in LH and SH with respect to changes in SST are primarily driven by 

the thermodynamic term, which accounts for the contributions of changes in the specific 

humidity and temperature differences between 2-m above sea surface and surface, 𝛥𝑧𝑞

and 𝛥𝑧𝑇, respectively. Fig. 11f illustrates negative linear relationships between 𝛥(𝛥𝑧𝑞)

and 𝛥𝑆𝑆𝑇 with correlation coefficients 𝑟𝐿=-0.62 and 𝑟𝐻=-0.73, and slopes (i.e. 
𝜕𝛥𝑧𝑞

𝜕𝑆𝑆𝑇

values) of -0.48 and -0.36 g.kg-1K-1 for the L and H groups, respectively. The regional-

mean W values computed during the period 2081–2099 across the three scenarios are 1.6 

and 3.1 ms-1 for the L and H groups, respectively. Therefore, the thermodynamic term in 

Eq. 6, i.e. 𝛼𝑊
𝜕𝛥𝑧𝑞

𝜕𝑆𝑆𝑇
, amounts to approximately -1.8 and -2.7 Wm-2K-1 for the L and H

groups, respectively. These values are in agreement with the slope values obtained from 

the linear regression between 𝛥𝐿𝐻 and 𝛥𝑆𝑆𝑇 in Fig. 10a (-1.8 and -2.6 Wm-2K-1, 

respectively). In brief, the mechanism can be explained by the fact that warmer SSTs 

increase the saturated specific humidity over the ocean, as described by the Clausius-

Clapeyron relationship. Consequently, the difference between the actual water vapor 

content in the air and its saturation capacity is amplified. This increased difference drives 

stronger evaporation from the ocean surface, leading to increased LH loss (Zhang and 

Mcphaden, 1995; Kumar et al., 2017). 

Fig. 11g depicts a positive linear relationship between 𝛥(𝛥𝑧𝑇) and 𝛥𝑆𝑆𝑇, with

correlation coefficients rL=0.8 and rH=0.78, and slopes of 0.40 and 0.38 K.K-1 for the L 

and H groups, respectively. The thermodynamic term of Eq. 7, i.e. 𝛽𝑊
𝜕𝛥𝑧𝑇

𝜕𝑆𝑆𝑇
, amounts to 

approximately 0.75 and 1.1 Wm-2K-1 for the L and H groups, respectively, which is close 

to the slope values obtained from the linear regression between 𝛥𝑆𝐻 and 𝛥𝑆𝑆𝑇 (0.8 and 

0.9 Wm-2K-1, respectively, Fig. 10b). Therefore, the magnitude of SH increase, i.e. SH 

loss decrease, is primarily driven by the temperature difference between the ocean 

surface and the overlying air layer. As SST increases, the emission of longwave 

radiation from the ocean rises significantly, as described by the Stefan-Boltzmann law. 

This release of longwave radiation into the atmosphere warms the adjacent air layers, 
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particularly when the atmosphere has high humidity. As a result, the additional warming 

at the sea surface reduces the temperature difference between the surface and the near-

surface air (i.e., it inversely increases the changes in 𝛥𝑧𝑇, as shown in Fig. 11g), thereby

decreasing SH loss (Thum et al. 2002; Wu and Zhang, 2024). 

Fig. 11. As in Fig. 10, but for projected changes in (a) LW versus 𝐿𝑑, (b) 𝐿𝑑 versus

SST, (c) W versus SST, (d) LH versus W, (e) SH versus W, (f) 𝛥𝑧𝑞 versus SST, (g) 𝛥𝑧𝑇
versus SST, (h) LH versus 𝛥𝑧𝑞, and (i) SH versus 𝛥𝑧𝑇.

4. Conclusions

In this study, we first examined the representation of air-sea HFs over the SEA

region using data from 30 CMIP6 GCMs compared with ERA5 reanalysis for the 

baseline period 1995–2014. Both CMIP6 MME and ERA5 indicate a net heat gain for 

the ocean in the region (with mean values of respectively 6.8±11.4 Wm-2 and 21.3±11.8 

Wm-2, respectively), although CMIP6 MME underestimates Qnet, primarily due to an 

overestimation of LH loss. There is a high spatial similarity in Qnet between CMIP6 

MME and ERA5, with a correlation of 0.87 for the annual average. The zonal average of 

Qnet in CMIP6 MME is consistently lower than that in ERA5, with the largest biases 

occurring during the DJF season and the smallest biases during MAM. These differences 
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are primarily attributed to the biases observed in LH and SW. Notably, CMIP6 MME 

successfully captures the seasonal cycle of all components of air-sea HFs over the SEA 

region. The semiannual cycle of Qnet is well depicted, with primary peaks in April and 

October, mainly attributable to the seasonal variations in LH and SW. 

The projected air-sea HFs were then investigated, revealing consistent increases in 

Qnet gain across all CMIP6 models. These increases are pronounced at the mid-century 

and intensified further by the end of the century under all scenarios, particularly under 

SSP5-8.5. The model group projecting higher SST increases demonstrates a more 

pronounced linear trend in HFs, except for SW. The projected changes in Qnet in 

relation to the changes in SST are primarily attributable to the changes in LW, LH, and 

SH. There is a decrease in LW loss when SST increases, driven by enhanced downward 

longwave radiation, though this is partially offset by an increase in upward longwave 

radiation. The LH loss increase, and SH loss decrease with increasing SST are associated 

with the thermodynamic effect, which changes linearly with SST, rather than with the 

dynamic effect, which does show a significant trend with sea surface warming. 

In numerical modeling, air-sea HFs are commonly estimated using bulk formulae 

(Bonino et al., 2022). However, uncertainties in the parameterizations of these bulk 

formulae can introduce significant biases into HF estimates (Wang et al., 2017; Weare, 

1989; Zhou et al., 2020). Addressing these biases in CMIP models for the Southeast Asia 

region remains a critical area for future research. Moreover, sensible heat flux due to 

rainfall, which can be significant in the tropics (e.g., Ramos et al. 2021; Ibrahim and Sun 

2023; Zhou et al. 2024a,b), is typically ignored in climate models. Given the region’s 

abundant rainfall, incorporating this component alongside the four main HF components, 

would provide a more comprehensive understanding of the HF budget in Southeast Asia. 

Finally, it is noteworthy that all model outputs in this study were regridded to a common 

1°×1° grid—a relatively coarse resolution—to facilitate comparison. Further studies 

using higher-resolution simulations, such as those available through the CORDEX-SEA 

program, could effectively improve regional climate assessments. 
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APPENDIX 

Table S1. Annual means of HF components (W.m-2) and SST (ºC) for each CMIP6 

model, averaged over SEA for the historical period. 

Historical 

No. Models SW LW LH SH Qnet SST 

1 ACCESS-CM2 212.4 -50.4 -151.6 -8.5 1.9 28.6 

2 ACCESS-ESM1-5 220.7 -50.5 -153.8 -8.3 8.1 28.9 

3 BCC-CSM2-MR 216.3 -51.9 -147.6 -9.2 7.7 29.1 

4 CAMS-CSM1-0 207.9 -54.2 -136.7 -11.2 5.8 28.3 

5 CanESM5 208.2 -49.1 -138.3 -13.3 7.4 28.9 

6 CAS-ESM2-0 194.6 -48.4 -125.8 -9.3 11.2 28.3 

7 CESM2-WACCM 206.1 -47.6 -135.8 -13.2 9.5 29.0 

8 CIESM 209.4 -45.5 -143.2 -11.0 9.6 28.5 

9 CMCC-CM2-SR5 206.7 -45.7 -143.6 -12.3 5.1 29.0 

10 CMCC-ESM2 209.2 -46.3 -144.8 -12.1 6.0 28.8 

11 EC-Earth3 204.3 -54.6 -129.1 -13.6 6.9 28.1 

12 EC-Earth3-Veg 203.9 -54.3 -128.7 -13.6 7.3 28.2 

13 EC-Earth3-Veg-LR 201.0 -55.3 -125.5 -13.7 6.5 27.6 

14 FGOALS-f3-L 223.1 -51.6 -147.1 -17.0 7.5 27.8 

15 FGOALS-g3 218.0 -55.8 -140.2 -13.6 8.4 28.5 

16 FIO-ESM-2-0 202.8 -43.8 -137.4 -12.5 9.2 28.1 

17 GFDL-ESM4 206.6 -54.9 -134.5 -12.6 4.6 28.1 

18 IITM-ESM 206.0 -58.6 -136.7 -5.9 4.7 26.9 

19 INM-CM4-8 211.7 -50.8 -142.7 -12.6 5.6 28.2 

20 INM-CM5-0 209.7 -51.2 -144.5 -12.5 1.5 27.7 

21 IPSL-CM6A-LR 207.0 -52.0 -138.5 -14.8 1.7 28.3 

22 KACE-1-0-G 217.5 -52.0 -144.3 -8.1 13.0 28.4 

23 MIROC6 192.6 -44.2 -140.8 -7.4 0.2 28.1 

24 MPI-ESM1-2-HR 225.4 -54.7 -138.7 -20.0 12.1 27.8 

25 MPI-ESM1-2-LR 220.7 -53.1 -138.3 -21.3 8.0 27.4 

26 MRI-ESM2-0 212.2 -51.9 -134.2 -11.4 14.7 28.1 

27 NESM3 192.9 -46.5 -121.1 -19.8 5.5 27.3 

28 NorESM2-LM 205.0 -47.7 -140.2 -15.0 2.1 29.1 

29 NorESM2-MM 208.6 -50.3 -138.9 -14.9 4.5 28.9 

30 TaiESM1 206.3 -46.9 -140.7 -11.6 7.1 28.4 
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Fig. S1. Annual mean of Qnet during the baseline period for 30 individual models 

from CMIP6 (Unit: Wm-2). 
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Fig. S2. As in Fig. S1, but for SW. 
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Fig. S3. As in Fig. S1, but for LW. 
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Fig. S4. As in Fig. S1, but for LH. 
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Fig. S5. As in Fig. S1, but for SH. 
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Fig. S6. Biases between CMIP6 MME and ERA5 for Qnet (1st row), SW (2nd row), 

LW (3rd row), LH (4th row), and SH (5th row) during DJF (1st column), MAM (2nd 

column), JJA (3rd column), and SON (4th column) in the baseline period (Unit: Wm-2). 

The dot-hatch pattern indicates areas where differences are statistically significant at 

95% based on the Student’s t-test. 
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