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Abstract: The Maritime Continent (MC), located between the Pacific and Indian Oceans, is a critical 
region for global weather and climate systems due to its complex geography, intense precipitation, 
and vital role of air-sea interactions. Accurate modeling of coupled ocean-atmosphere dynamics in 
this region can potentially improve weather forecasts and climate projections. This study presents 
the development and evaluation of a fully coupled operational forecast model, integrating the UK 
Met Office atmospheric model (Unified Model v11.1) with the Nucleus of European Modelling of 
the Ocean (NEMO v3.6), at a horizontal resolution of 4.5 km, specifically tailored for the MC. The 
coupled model is designed to enhance atmospheric forecast accuracy by capturing air-sea 
interactions. Model performance was assessed using observational datasets and reanalysis 
products, focusing on precipitation, wind speed, and air temperature. Results show an improved 
forecast accuracy for the coupled model over a standalone atmospheric model. A case study on 
Typhoon Nakri further demonstrates an improved 10 m wind speed simulations with the coupled 
model, aligning more closely with reanalysis data. Air temperature forecasts, especially during 
nighttime and at longer lead times, also benefited from ocean-atmosphere coupling, with 
verification against meteorological stations confirming improved accuracy in regions with strong 
oceanic influence.  

Keywords: Coupled model; High resolution model; Unified Model; NEMO; Air-Sea interaction 

1. Introduction 

Atmospheric circulation and precipitation are strongly influenced by oceanic mean states and 
anomalies. Sea surface temperature (SST) anomalies play a key role in modifying surface wind 
patterns, atmospheric stability, and precipitation, significantly impacting global atmospheric 
circulation (Small et al., 2008; Chelton & Xie, 2010; Seo et al., 2014, 2019; Ma et al., 2016; Frolov et al., 
2021). Large-scale SST anomalies drive diabatic heating or cooling in the atmosphere, which in turn 
modifies wind stress and heat fluxes at the ocean surface. These coupled air-sea interactions manifest 
both positive (Bjerknes, 1969; Xie and Philander, 1994) and negative (Ramanathan and Collins, 1991) 
feedback, contributing to the complexity of ocean-atmosphere coupling via SSTs. The strength of this 
coupling varies regionally, from the equator to the poles, with tropical regions exhibiting stronger 
dynamical coupling, as SSTs in these areas significantly influence wind stress and atmospheric 
circulation patterns. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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One such key region is the Maritime Continent (MC), situated between the Pacific and Indian 
Oceans, roughly bounded by 8°S–8°N, 90°–130°E (Ramage, 1968). The MC is composed of numerous 
islands including those within the Indonesian and Malay archipelagos and is characterized by 
complex geography and shallow seas. Located in the Indo-Pacific warm pool, the MC is a region of 
extensive moisture evaporation and intense rainfall, which makes it a critical source of latent heat for 
large-scale atmospheric circulation (Ramage, 1968; Gianotti et al., 2012; Krishnamurti et al., 1973; 
Yamanaka et al., 2018; Ruppert et al., 2019; 2020; Jiang and Li, 2018; Simpson et al., 1993; Neale and 
Slingo, 2003). Simulating rainfall over the Maritime Continent (MC) is particularly challenging due 
to the region's complex factors, including convection processes, coastal breezes, cloud cover, and 
varied land topography (Qian, 2008). The interplay between these factors affects rainfall patterns, 
making it difficult to accurately predict precipitation. Therefore, improving the representation of 
these processes in regional models is essential for enhancing weather forecasting and long-term 
climate projections. On the oceanic side, the MC is crucial due to its role as a low-latitude link between 
the tropical Pacific and Indian Ocean circulations via the Indonesian Throughflow (ITF) (Godfrey, 
1996; Gordon et al., 2012; Qu et al., 2009; Lee et al., 2019; Xue et al., 2020). Therefore, accurate modeling 
of oceanic and atmospheric variables over the MC is necessary for a comprehensive understanding 
of both regional and global weather and climate dynamics. 

Modeling atmospheric and oceanic variables over the MC presents challenges, particularly given 
the region’s intricate land-sea configuration and the presence of strong local mesoscale circulations. 
A significant portion of the MC is ocean-covered, making accurate representation of two-way air-sea 
feedback processes critical for improving weather and climate models. Models focusing solely on 
either the atmosphere or the ocean fail to fully capture the complex dynamics occurring at the ocean-
atmosphere interface (Xue et al., 2020). Fully coupled atmosphere-ocean models are essential for 
simulating these interactions and the resulting surface dynamics (Xue et al., 2020). However, the 
effects of coupling the atmosphere and ocean models on precipitation remain a topic of ongoing 
research and debate. While coupling often leads to improvements in simulating sea surface 
temperature (SST) and air-sea heat fluxes, its impact on precipitation patterns is more variable. Some 
studies have shown that coupled models significantly enhance the accuracy of precipitation forecasts, 
whereas others report minimal or no improvements (Aldrian et al., 2005; Wei et al., 2014; Thompson 
et al., 2018). The disagreements between previous studies suggest that the benefits of coupling 
depend on factors such as model configuration, resolution, and the specific meteorological 
characteristics of the MC region. Higher resolution models tend to better simulate extreme rainfall 
events by capturing localized convection and orographic effects (Li et al., 2017; Dipankar et al., 2020). 

The development of coupled atmosphere-ocean models at convective scale resolution has 
advanced significantly in recent decades, with applications extending to both research and 
operational forecasts. In high-resolution regional modeling, capturing convection scales is critical due 
to their strong influence on diurnal cycles and the offshore propagation of convective systems. 
Convection-resolving models allow for the direct representation of convective processes, which 
traditional parameterizations cannot accurately capture. This is essential for understanding and 
predicting phenomena like diurnal heating, which drives daily temperature fluctuations and storm 
development. Enhancing weather forecasts through coupled modeling systems is now recognized as 
a priority for further development (e.g., Lewis et al., 2019). However, despite advances, the prediction 
of atmospheric variables over the MC continues to involve a high degree of uncertainty, largely due 
to gaps in knowledge concerning the coupled system and its key drivers (Christensen et al., 2007; Xue 
et al., 2020). Previous studies have highlighted the necessity of incorporating coupled models to more 
accurately simulate atmospheric and oceanic variables over the MC (Thompson et al., 2018; Xue et 
al., 2020). This underscores the necessity to develop high-resolution coupled ocean-atmosphere 
models tailored specifically for the MC. The model development and preliminary assessment of 
ocean forecasts are detailed in Thompson et al. (2021). In this study, we evaluate the performance of 
the regional atmosphere-ocean coupled model with a focus on atmospheric forecast accuracy, 
validating against observations and reanalysis datasets. Section 2 provides an overview of the 
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models, data, and methodologies used, while Section 3 discusses the results. We conclude with 
recommendations for further improvements in Section 4. 
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2. Models, Data, and Methodology 

2.1. Models 

This study employs a newly developed fully coupled atmosphere-ocean prediction system 
specifically designed for the Maritime Continent (MC) region. The model covers a domain extending 
from 90°E to 141°E and 18°S to 25.6°N (Fig. 1), encompassing the tropical eastern Indian and western 
Pacific Oceans on a regular latitude-longitude grid. To avoid potential numerical instabilities from 
steep bathymetric features, such as the Mariana Trench, the eastern boundary is set at 141°E 
(Thompson et al., 2021). Both the atmospheric and oceanic components share this domain, for an 
easier coupling infrastructure with a horizontal resolution of 4.5 km. There are two experiments ran 
to assess the performance of the coupled system (i) the coupled system, refered as MCao, (ii) the 
atmosphere only version as MCa. Within the MCao configuration, the atmospheric and oceanic 
components are denoted MCAao and MCOao, respectively. Detailed descriptions of the atmosphere 
and ocean models are provided in the subsequent sections. 

 
Figure 1. MC model domain used in this study is shown in black box covering the maritime continent 
region in the red box. 

2.1.1. Atmospheric Model 

The atmospheric component of both MCao and MCa utilizes the SINGV v5 science configuration 
(Huang et al. 2019; Dipankar et al., 2020), which closely resembles the RA1T (Regional Atmosphere 
v1 in the Tropics) configuration of the Met Office Unified Model (Bush et al., 2020). SINGV v5, 
described extensively by Huang et al. (2019), has been operational since 2019 at the Meteorological 
Service Singapore, running at a finer resolution (1.5 km) over the domain from 95°E to 109°E and 6°S 
to 7°N. Its dynamical core uses the non-hydrostatic semi-Lagrangian and semi-implicit ENDGAME 
system (Wood et al., 2014), operating on an Arakawa C-grid with a terrain-following vertical 
coordinate system. The model consists of 80 vertical levels, with high resolution near the surface (5 
m spacing in the boundary layer) and a model top at 38.5 km. A model integration time step of 120 s 
is used to ensure the numerical stability. 
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The model incorporates the Prognostic Cloud fraction and Prognostic Condensate scheme (PC2; 
Wilson et al., 2008) and boundary layer parameterization is based on a hybrid approach by Boutle et 
al. (2014), combining the 1D scheme of Lock et al. (2001) with the 3D Smagorinsky-Lilly scheme (Lilly, 
1962). The microphysics and radiation schemes are based on Wilson and Ballard (1999) and Edwards 
and Slingo (1996), respectively, with shortwave and longwave radiation divided into six and nine 
bands (Manners et al., 2011). The Joint UK Land Environment Simulator (JULES, Best et al., 2011) 
serves as the land surface scheme, offering nine surface fraction types. Further model formulations 
and scheme details are elaborated in Thomson et al. (2021).  

2.1.2. Ocean Model 

The ocean component of MCao is based on the regional Ocean PArallelise (OPA) engine within 
the NEMO framework (v3.6_stable, revision 6232; Madec et al., 2016). NEMO, a hydrostatic, 
Boussinesq model, is widely used for climate and operational forecasting. The model uses an 
orthogonal curvilinear grid with Arakawa C-grid staggering, and its bathymetry is derived from the 
General Bathymetric Chart of the Oceans (GEBCO) 2014 dataset 
(https://www.gebco.net/data_and_products/historical_data_sets/#gebco_2014, last access: 9 
December 2020) at 30-arc-second resolution. The ocean model includes 51 vertical levels with a 
terrain-following (sigma) coordinate system, utilizing a stretching function by Siddorn and Furner 
(2013). The baroclinic and barotropic model time steps are set to 120 s and 8 s, respectively. 

Vertical mixing is handled by the Generic Length Scale (GLS) turbulence model (Umlauf and 
Burchard, 2013), with additional mixing due to internal tide breaking (St. Laurent et al., 2002). Bottom 
drag is parameterized using a logarithmic layer, with drag coefficients ranging from 0.0001 to 0.15. 
Sea surface height (SSH) and barotropic velocities are subject to Flather boundary conditions (Flather, 
1976), while tracers and baroclinic velocities use a flow relaxation scheme (FRS; Davies, 1976). Solar 
radiation penetration are modeled using the red–blue–green (RGB) scheme (Lengaigne et al., 2007). 
Further ocean model specifications are detailed by Thompson et al. (2021). 

2.1.3. Coupled Configuration 

Coupling between the atmosphere and ocean models is facilitated through the Ocean 
Atmosphere Sea ice Soil coupler (version 3.3), interfaced with the Model Coupling Toolkit (OASIS3-
MCT) libraries (Valcke, 2013). The Earth System Modelling Framework (ESMF) regridding tools are 
leveraged to generate interpolation weights for remapping exchange fields (Craig et al., 2017). The 
exchange of fluxes between the models is carried out with an hourly frequency. The atmosphere 
model transmits non-solar heat flux, net shortwave radiation, precipitation, net evaporation, and 
zonal and meridional wind stress heat flux to the ocean model, receiving sea surface temperature 
(SST) and zonal and meridional surface current fields in return. Mean sea level pressure (MSLP) is 
excluded from the coupled exchange to avoid numerical issues, with external data from ECMWF 
instead supplying MSLP to the ocean model (Thompson et al., 2021). 

2.2. Data and Methodology 

The atmosphere-ocean coupled forecast model operated as a pre-operational forecast system, 
initialise daily and run for 120 hours, from 1 October 2019 to 15 November 2019. Both coupled (MCao) 
and atmosphere-only (MCa) simulations were performed for the same period to assess coupling 
impacts. The atmospheric model is driven at the boundaries by ECMWF (European Centre for 
Medium Range Forecast) IFS (Integrated Forecast System) forecasts, a medium-range global weather 
prediction system available up to 10 d at a horizontal resolution of 0.1 ∘ 
(https://www.ecmwf.int/en/forecasts/datasets/). Lateral boundaries for the Ocean model are driven 
by daily Mercator forecast (https://marine.copernicus.eu/). It is a global ocean reanalysis and forecast 
product based on NEMO v3.1 forced by the ECMWF IFS meteorological variables, provides oceanic 
variables with 0.0833∘ horizontal resolution (Lellouche et al., 2018). While no spin-up was required 
for the atmospheric model due to sub-daily adjustments, a 5-year spin-up was performed for the 
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ocean model (Thompson et al., 2021). This comprehensive setup ensured that the MCao model was 
initialized with accurate and reliable oceanic conditions, optimizing the performance and predictive 
capabilities of the coupled system. Tidal boundary conditions for the ocean model are provided by 
the Finite Element Solutions (FES2014b) dataset, a global finite-element mesh with increasing 
resolution in coastal and shallow waters regions (Lyard et al., 2006), incorporating 15 major tidal 
constituents (Q1, O1, P1, S1, K1, 2N2, Mu2, Nu2, N2, M2, L2, T2, S2, K2, and M4). The database is 
produced by assimilating long-term altimetry data and tidal gauges, distributed on a 
global 0.0625x0.0625 grid (http://www.aviso.altimetry.fr/en/data/products/auxiliary-
products/global-tide-fes.html). Monthly runoff climatology from Dai and Trenberth (2002) and 
chlorophyll data from SeaWiFS satellite observations are used for runoff forcing and to compute light 
absorption coefficients in the ocean model respectively. In the coupled system, the MCAao is 
initialized daily at 00:00 UTC using ECMWF IFS analysis, while MCOao receives initial conditions 
from the previous day's simulation (T0 minus 1), driven by 6-hourly ECMWF IFS surface analysis 
and daily-mean Mercator Ocean forecasts at the lateral boundary. The MCao forecast run is driven 
by LBC from 3-hourly ECMWF IFS forecasts in the atmosphere and daily Mercator forecasts in the 
ocean. Since MSLP is not exchanged between MCAao and MCOao, 3-hourly ECMWF IFS forecast 
data are provided to MCOao. Both MCao and MCa forecast runs cover a 45-day period with a forecast 
lead time of 6 days.  

To quantify the accuracy of precipitation forecasts, we used the Fractions Skill Score (FSS), a 
diagnostic tool that measures the spatial accuracy of forecasted rainfall relative to observed rainfall 
(Roberts and Lean, 2008). It is a neighborhood verification method commonly used by operational 
centres to verify high-resolution precipitation forecasts against observations (Mittermaier, 2021). FSS 
is particularly useful for assessing forecast skill at different scales, ranging from localized weather 
phenomena to broader regional trends. FSS scores range from 0 (indicating no skill) to 1 (indicating 
perfect skill), providing a clear measure of model performance. For the 10 m winds and 2 m air 
temperature, model evaluation was performed by computing the Mean Error (ME) and Root Mean 
Square Error (RMSE) between forecasted and observed parameters. The ocean model (MCOao) 
performance has been extensively evaluated in Thompson et al. (2021).  

Validation data include the ERA5 reanalysis for 10 m winds (Herbach et al. 2020). Precipitation 
is compared against Integrated Multi-Satellite Retrievals for Global Precipitation Measurement 
(IMERG-GPM, abb. as GPM, Hou et al 2014). 10 m winds and 2 m temperature are validated against 
WMO land stations included in the MetDB database (MetOffice 2008). The locations of the WMO 
stations used in this study are shown in Fig. 2. As the SST varies with latitude, to better understand 
its impact, we divided our analysis region on three latitude bands: (1) South of the equator up to 10°S, 
(2) North of the equator up to 10°N, and (3) regions outside the 10°S–10°N latitude band. 

 
Figure 2. Locations of the WMO met stations used for the validation of wind speed and air 
temperature. 
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3. Results and Discussion 

In this section, we assess the performance of the newly developed fully coupled atmosphere-
ocean forecast model for the MC. We also illustrate the benefits of ocean-atmosphere coupling by 
comparing the predictive skill of the coupled model (MCao) with the standalone atmospheric model 
(MCa) across key meteorological parameters like precipitation, wind, and air temperature. 

3.1. Precipitation 

We calculated the precipitation FSS for both the coupled (MCao) and uncoupled (MCa) models 
over the full model domain (excluding points near the lateral boundaries). We focused on three-
hourly accumulated rainfall data for the period from 1st to 31st October 2019, using different forecast 
lead times (T+24, T+48, T+132, and T+144) and rainfall thresholds (0.1, 1.0, and 10 mm/hr). The FSS 
vs. scale plots (Fig. 2) show that the coupled model performs noticeably better than the uncoupled 
model at T+24 and T+48. The coupled model (MCao) consistently outperforms the standalone 
atmospheric model (MCa), particularly at T+24 and T+48 lead times, across all three precipitation 
thresholds. The difference in FSS scores between the two models becomes less pronounced as the 
forecast lead time increases. At the longer forecast ranges (T+132 and T+144), the coupled model 
performs slightly better at lower rainfall thresholds. 

There is also a scale dependence: the FSS of the coupled model increases more with 
neighborhood length scale than that of the uncoupled model. At the lowest threshold of 0.1 mm/hr, 
corresponding to light rainfall, the MCao model demonstrates better forecast skill, as indicated by 
the higher FSS. These improvements are also observed at the 1.0 mm/hr threshold, representing 
moderate rainfall, though the margin of improvement is slightly smaller. At the higher threshold of 
10 mm/hr, corresponding to heavy rainfall, the coupled model still outperforms the uncoupled 
model; however, the difference in FSS between MCao and MCa is less pronounced. This suggests 
that while ocean-atmosphere coupling improves forecasts for light and moderate rainfall, its impact 
on predicting heavy rainfall events is more limited. The forecast skill for heavy precipitation may be 
influenced by other factors, such as model resolution, convective parameterization, and the 
representation of sub-grid scale processes. 

3.2. Wind 

3.2.1. Qualitative Assessment: Typhoon Nakri Case Study 

To assess the performance of the MCao model in simulating extreme wind conditions, we 
conducted a case study on Typhoon Nakri, which occurred in the South China Sea from November 
4 to November 11, 2019. This typhoon provided an excellent opportunity to assess the effectiveness 
of the coupled atmosphere-ocean model in handling the complexities of extreme weather events. 
Typhoons, by nature, involve intricate interactions between the atmosphere and ocean, making them 
an ideal case for testing the benefits of coupling these systems. 

In this study, we compared the spatial distribution of wind speeds simulated by the MCao and 
MCa models with ERA5 reanalysis data. ERA5 is widely regarded as one of the most accurate and 
reliable sources for atmospheric conditions, serving as a benchmark for model validation. To carry 
out the analysis, we focused on the forecast initialized at 00:00 UTC on November 6, which provided 
a snapshot of the typhoon's evolution at lead times: T+48 hours (November 8), T+72 hours (November 
9), and T+96 hours (November 10) after initialization. Wind speeds at 10 meters above sea level were 
analyzed at these time points to evaluate the accuracy of the models' simulated wind fields (Fig. 3). 

The results from the case study indicate that the MCao model exhibited better performance in 
simulating the wind patterns and intensities associated with Typhoon Nakri when compared to the 
standalone MCa model. At the T+96 lead time, for example, the MCa model overestimated wind 
speeds in the vicinity of the typhoon (Fig. 4). Such overestimations can lead to erroneous assessments 
of the typhoon’s intensity and potential impact, which could have serious implications for disaster 
preparedness, evacuation strategies, and emergency response. In contrast, the MCao model 
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demonstrated a much closer alignment with the ERA5 data, especially in the core of the typhoon and 
its surrounding wind field. This closer alignment suggests that the two-way coupling between the 
atmosphere and ocean in the MCao model enhances its ability to capture the complex dynamics of 
the storm. 

  

   
 

Figure 3. FSS score for coupled (red) and uncoupled (blue) for the period of Oct 1-31, 2019 for different 
forecast lead times. Top panel show the lead time of T+24 (left) and T+48 (right), bottom panel show 
the lead time of T+132 (left) and T+144 (right). 
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Figure 4. Comparison of model surface 10m wind speed against ERA-5 valid at 2019 Nov 8th, 9th and 
10th from top panel to the bottom panel in the order of forecast lead times T+48, T+72 and T+96 
respectively. Left panel shows the MCAao, middle panel shows MCa and right panel shows the ERA5 
winds at 10 m level. 

The improved performance of the MCao model can be attributed to the two-way interaction 
between the atmosphere and ocean, a key feature of coupled models. This coupling allows the model 
to more accurately simulate the exchange of energy, momentum, and moisture between the two 
systems, which plays a vital role in determining the intensity and structure of tropical cyclones. 
During extreme weather events like typhoons, feedback mechanisms between the ocean and 
atmosphere are especially important because they can either intensify or weaken the storm. For 
instance, the sea surface temperature can influence the storm’s intensity, while the storm’s winds can 
alter the ocean’s upper layers. By accounting for these interactions, the MCao model provides a more 
realistic representation of the typhoon’s behavior, leading to more accurate forecasts. 

This case study of Typhoon Nakri underscores the significant advantages of incorporating 
ocean-atmosphere coupling into regional climate models. The findings emphasize that coupled 
models, like MCao, are crucial for improving the accuracy of wind forecasts, particularly in the 
context of tropical cyclones, where the dynamic interaction between the ocean and atmosphere is 
paramount. As tropical cyclones are among the most destructive natural disasters, enhancing the 
precision of their forecasts has far-reaching implications for risk management, disaster preparedness, 
and mitigation strategies.  

Furthermore, a more detailed analysis examining the impact of ocean-atmosphere coupling on 
other aspects of the typhoon’s behavior—such as its track, intensity, and forecast skill—will be the 
focus of future research. This will provide deeper insights into how coupled models can be further 
optimized to enhance our predictive capabilities and contribute to more effective disaster response 
and resilience planning. 
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3.2.2. Verification Against WMO Stations 

The performance of wind speed forecasts from the MCao and MCa models was evaluated using 
wind speed observations from WMO meteorological stations (Fig. 2) for the period 1st to 31st of 
October. The Root Mean Square Error (RMSE) analysis of 10 m wind speed reveals the comparative 
performance of MCAao and MCa models across different regions: 10°S–Equator, Equator–10°N, and 
areas outside the Maritime Continent (MC), evaluated at three lead times (12–36, 48–72, and 120–144 
hours) (Fig. 5).  

 
Figure 5. Root Mean Square Error of 10 m wind speed (Wspd) for MCAao and MCa simulations 
against the observations from the WMO met stations located between 10S – EQ (top), EQ – 10N 
(middle) and Outside MC domain (bottom) for different lead time. 
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In the 10°S–Equator region (Fig. 5 and Fig. SM1), MCAao provides only slight improvements 
over MCa. At shorter lead times (12–36 hours), the percentage of cases in the “better” category is 
relatively low (6.9%), while the majority of data points fall into the “neutral” category (72.8%), 
indicating comparable performance between the two models for most sub-regions. At longer lead 
times (48–72 and 120–144 hours), MCAao’s performance remains consistent, with minimal shifts in 
the distribution of “better” and “worse” cases (Fig. 5). Regions such as Flores Sea, Makassar show 
minor benefits from MCAao, but these improvements are marginal (Fig. SM1). RMSE analysis 
revealed that most stations displayed neutral performance when comparing the coupled and 
uncoupled models (Fg. SM1). However, ME analysis highlighted subtle differences, with regions 
such as Java, the Banda Sea, and southwest Sumatra exhibiting slight improvements in the MCao 
model. Among the 43 stations in this region, 32% showed improved performance with the coupled 
model, while the remaining stations showed no significant difference (Fig. SM1). 

For the Equator–10°N region (Fig. 5 and Fig. SM2), MCAao exhibits slightly better performance 
compared to MCa, particularly at longer lead times (120–144 hours), where 12.5% of cases show 
improvement, compared to MCa (6.2%) (Fig.5). However, a significant portion of data points remains 
in the “neutral” category (81.2%), suggesting minimal differentiation between the models for most 
sub-regions, including Malaysia, Northern Borneo, and the Celebes Sea (Fig. SM2). A more detailed 
regional analysis revealed specific biases in wind speed forecasts. In northeastern Sumatra, the MCao 
model showed a positive bias during nighttime, leading to an overestimation of wind speeds, while 
during the day, a negative bias resulted in underestimations. In comparison, the MCa model 
exhibited smaller biases and thus performed slightly better in this region. In northwestern Sumatra, 
both models slightly overestimated daytime wind speeds, although the MCao model improved after 
the T+48 forecast lead time (Fig. SM2). Similarly, in the Celebes Sea, the MCao model initially 
overestimated wind speeds but showed improved accuracy for longer lead times, likely due to 
enhanced ocean-atmosphere interactions over extended simulation periods. In the Malaya Peninsula 
regions (Malaysia_SG and Malaysia_West), the MCao model outperformed the MCa model. Overall, 
among the 46 stations in the northern regions, 20% showed improvements with the MCao model, 
13% favored the MCa model, and the remaining 67% displayed neutral performance (Fig. SM2). 

In the regions outside the MC, MCao performance is mixed, with the MCa model generally 
showing better results in most regions (Fig. 5 and Fig. SM3), whereas MCAao provides limited 
improvements in RMSE, with performance gains becoming more noticeable at longer lead times (120–
144 hours). For shorter lead times (12–36 hours), MCAao’s improvements are negligible, with only 
4.4% of cases falling into the “better” category. At 120–144 hours, MCAao achieves a slightly higher 
proportion of “better” cases (8.7%), though the improvements remain regionally dependent (Fig. 5). 
Along the Vietnam coast and the northern region of the Gulf of Thailand, the MCao model slightly 
overestimated wind speeds compared to the MCa model. A similar overestimation is also observed 
in the China_HK region, which may be attributed to the enhanced ocean-atmosphere interactions in 
the coupled system. However, in stations around Australia, the MCao model demonstrated less bias 
compared to the MCa model. Among the 73 stations in this region, 57% displayed neutral 
performance, 34% showed better results with the MCa model, and 9% indicated improved 
performance with the MCao model. 

3.3. Air Temperature 

In addition to wind speed analysis, we performed a quantitative evaluation of 2 m air 
temperature (Tair) forecasts from the MCao and MCa models and assessed utilizing Mean Error (ME) 
and Root Mean Square Error (RMSE) metrics, comparing model outputs against observations from 
WMO meteorological stations (Fig. 6 and Fig. SM4-6). The Root Mean Square Error (RMSE) analysis 
of Tair simulations highlights the enhanced performance of the MCAao model compared to the MCa 
model across different regions, including 10°S–Equator, Equator–10°N, and areas outside MC. Across 
all lead times (12–36, 48–72, and 120–144 hours), MCAao demonstrates a clear improvement in 
accuracy, as evidenced by most data points falling below the 1:1 line on the scatter plots, indicating 
reduced RMSE values relative to MCa.  
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Figure 6. Same as Fig.5, but for 2 m air temperature. 

In the 10°S–Equator region (Fig. 6; Fig. SM4), MCAao shows substantial improvements, 
particularly at longer lead times (120–144 hours), where the model captures temperature variations 
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more accurately. The percentage of cases categorized as “better” (cpl better than uncpl) is notably 
higher, while cases in the “neutral” and “worse” categories are minimal. Notably, regions such as 
southwest Sumatra (Sumatra_SW), Java, West Papua (West_Papua), the Banda Sea 
(East_Banda_Sea), and Makassar saw significant improvements in air temperature forecasts, show 
MCao’s ability to better resolve local air-sea interactions and diurnal temperature variations. In 
contrast, regions like southeast Sumatra (Sumatra_SE) and South Borneo showed no notable 
difference between the coupled and uncoupled models (Fig. SM4). Out of 43 stations in the southern 
regions, 79% displayed enhanced performance with the coupled model, while the remainder 
exhibited no obvious difference. 

For the Equator–10°N region (Fig. 6; Fig. SM5), RMSE indicates no significant difference between 
the two models at most stations. However, slight improvements were observed for the MCao model 
in the northeast Sumatra (Sumatra_NE) (Fig. SM5). Regarding ME, areas such as western Malaysia 
(Malaysia_West), Singapore (Malaysia_SG), northeastern Borneo (NE_Borneo), and the southern part 
of the Gulf of Thailand (GT_South) exhibited a slight advantage for the coupled model, particularly 
at longer lead times, highlighting the significance of ocean coupling (Fig. SM5). Among the 46 stations 
in this region, 70% reported improved performance with the coupled model, while 20% indicated 
better results with the uncoupled model, and 10% showed no substantial difference. 

In areas outside the MC (Fig. 6; Fig. SM6), MCao exhibits better performance, despite the greater 
variability in observational conditions and broader geographical extent. At medium- and long-range 
lead times, MCao achieves significant RMSE reductions, provides better overall predictions 
compared to MCa, with fewer cases in the “worse” category. Regions including northern Gulf of 
Thailand (GT_North), South Vietnam, and the Philippines experienced consistent improvements in 
temperature forecasts (Fig. SM6). Other areas, such as North Vietnam, the Gulf of Tonkin, Taiwan, 
China, Hong Kong, and Australia, also demonstrated slight improvements with the coupled model. 
Of the 73 stations in this region, 74% showed enhanced forecast accuracy with the coupled model, 
while the remainder displayed neutral performance, showing no difference between the models. 

4. Summary  

This study investigates the performance of a newly developed fully coupled atmosphere-ocean 
forecast model at convective scale resolution (MCao) in comparison to a standalone atmospheric 
model (MCa) across key meteorological parameters. The goal is to assess how ocean-atmosphere 
coupling influences the predictive skill of these models for precipitation, wind, and air temperature. 
The MC region is particularly complex for weather modeling due to its complicated land-sea 
interactions, diverse topography, and convective processes. 

For precipitation, the MCao model demonstrates significant improvements over the MCa model, 
particularly for short-term forecasts of light and moderate rainfall. The use of the Fractions Skill Score 
(FSS), with data from the Global Precipitation Measurement (GPM) mission, reveals that the MCao 
model consistently achieves higher accuracy for rainfall at shorter lead times (T+24 and T+48 hours) 
and across various rainfall thresholds (0.1, 1.0, and 10 mm/hr). However, for heavy rainfall events 
(above 10 mm/hr), the benefits of coupling diminish slightly, and the differences between the two 
models become less pronounced. As the forecast lead times extend beyond T+132 and T+144 hours, 
the overall accuracy of both models declines, though the MCao model continues to outperform MCa. 
This suggests that while coupling enhances short-term precipitation forecasts, further refinement is 
needed to improve long-term forecasts and accurately predict extreme rainfall events. 

For wind speed, the performance of the coupled model is evaluated through a case study of 
Typhoon Nakri, a tropical cyclone that occurred over the South China Sea. The MCao model shows 
and improvements in the winds compared to the MCa model, particularly in reproducing the core 
and surrounding wind fields of the typhoon. The MCao model reduces the overestimation of wind 
speeds seen in the MCa model, providing better alignment with ERA5 reanalysis data, especially at 
longer lead times (T+96 hours). This case study highlights the critical role of ocean-atmosphere 
interactions in capturing the feedback mechanisms that influence wind intensity during extreme 
events. Furthermore, the verification of wind speed forecasts using observations from WMO 
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meteorological stations demonstrates regional variability. In areas south of the equator, the MCao 
model shows improvements in some regions (e.g., Flores Sea, Java, Banda Sea), while in northern 
regions (e.g., northeastern Sumatra and the Celebes Sea), the model slightly overestimates wind 
speeds during certain periods. Outside the tropics, the performance is mixed, with the MCa model 
showing better results in certain areas, such as along the Vietnam coast, while the MCao model 
performs better in other locations, like northern Australia. This variability suggests that the 
effectiveness of ocean-atmosphere coupling depends on the specific meteorological characteristics of 
different regions. 

For air temperature, the MCao model generally performs better, particularly in regions where 
ocean-atmosphere interactions are more pronounced. The model demonstrates improved accuracy 
in air temperature forecasts, especially at nighttime and for extended lead times. In southern regions 
of the equator, stations in areas such as southwest Sumatra, Java, West Papua, and the Banda Sea 
show significant improvements in air temperature predictions with the MCao model. In contrast, in 
some northern regions like northeastern Sumatra and parts of Borneo, the standalone MCa model 
occasionally outperforms the coupled model due to lower biases. Outside the 10°S–10°N latitude 
band, the coupled model consistently delivers better forecasts in regions like the Gulf of Thailand, 
Vietnam, and the Philippines. Overall, the MCao model shows enhanced performance in predicting 
air temperature, particularly in regions influenced by strong ocean-atmosphere interactions and 
during periods of prolonged simulation. 

5. Conclusions 

The results from this study provide compelling evidence that ocean-atmosphere coupling 
substantially improves the accuracy of weather forecasts in the Maritime Continent, particularly for 
short-term precipitation, extreme wind conditions, and air temperature. The coupled model (MCao) 
outperforms the standalone atmospheric model (MCa) across multiple meteorological variables and 
regions, underscoring the importance of incorporating two-way interactions between the ocean and 
atmosphere into forecast models.  

For precipitation, the MCao model significantly enhances forecasts for light and moderate 
rainfall, providing more accurate and reliable predictions at shorter lead times. However, its ability 
to forecast heavy rainfall events is less pronounced, and the overall forecast skill diminishes at longer 
lead times, indicating the need for ongoing improvements in model configuration and 
parameterization to better capture extreme rainfall events. Wind forecasts, particularly during 
extreme events like typhoons, also benefit from ocean-atmosphere coupling, as demonstrated in the 
Typhoon Nakri case study, where the MCao model provided more accurate predictions of wind 
intensities and patterns compared to the standalone model. The verification against WMO stations 
further highlights that the coupled model’s improvements are region-specific, with the most notable 
gains observed in areas with significant ocean-atmosphere interactions, such as the Celebes Sea, 
western Malaysia, and northern Australia. 

The results for air temperature reveal that the MCao model provides improved accuracy, 
especially for nighttime temperatures and for longer forecast lead times. The coupled model 
consistently outperforms the standalone model in many regions, though the advantages of coupling 
vary by location and are more pronounced in areas where ocean-atmosphere feedback mechanisms 
are particularly strong. 

In conclusion, this study demonstrates the critical role of ocean-atmosphere coupling in 
enhancing regional weather forecasting for the Maritime Continent. While the coupled model shows 
clear benefits in predicting precipitation, wind, and air temperature, there remain challenges in 
improving forecast accuracy for extreme events and long-term predictions. The findings emphasize 
the need for continued refinement of coupled models, particularly in optimizing parameterization 
schemes, enhancing data assimilation techniques, and increasing model resolution to better simulate 
localized weather phenomena. Future research should focus on addressing these challenges to 
further enhance the predictive capabilities of coupled models, particularly in the context of tropical 
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and extreme weather events, thereby contributing to more accurate and reliable weather forecasts 
and improved risk management strategies for the region. 

Supplementary Material: The following supporting information can be downloaded at the website 
of this paper posted on Preprints.org. 
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