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Abstract

:

This paper assesses the reliability of regional climate downscaling products from the Coordinated Regional Downscaling Experiment-Southeast Asia (CORDEX-SEA) in reproducing the present-day wind at the East Coast of Peninsular Malaysia (ECPM). A total of five CORDEX-SEA products, namely CNRM-CM5(RegCM4), CSIRO-Mk3-6-0(RegCM4), EC-EARTH(RegCM4), HadGEM2-ES(RegCM4) and MPI-ESM-MR(RegCM4), with a resolution of 25 km, were compared to reference data from the European Centre Medium-Range Weather Forecasts (ECMWF) fifth generation atmospheric reanalysis ERA5 spanning 1980–2005. This study focused on the period of the southwest monsoon, specifically the months of June, July and August (JJA), as wind during this season is known to play an important role in generating upwelling at the ECPM. The results obtained show that only three of the CORDEX-SEA products, CSIRO-Mk3-6-0(RegCM4), HadGEM2-ES(RegCM4) and MPI-ESM-MR(RegCM4), were able to reproduce the wind in terms of wind speed, wind stress curl and wind pattern as effectively as ERA5. An ensemble was made from these three CORDEX-SEA products, and it was found that the ensemble was able to reproduce a value of the Upwelling Index (UI) that was similar to the reference data, albeit with some bias. Hence, only the three stated CORDEX-SEA products and their ensemble are suitable to be used for future climate change studies within the region.
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1. Introduction


Located in the southwestern part of the South China Sea (SCS), the Malay Peninsular is surrounded by the SCS to the east and the Malacca Strait to the west. The SCS is one of the largest marginal seas in the western Pacific, located between 0–25° N and 99–122° E, and is surrounded by multiple countries, including Malaysia, Vietnam, the Philippines and China (Figure 1). The SCS is dominated by the East Asian Monsoon, meaning the Peninsular Malaysia is influenced by the northeast monsoon during the boreal winter and the southwest monsoon during the boreal summer [1,2]. The southwest monsoon occurs from late May to September, while the northeast monsoon occurs from October to March. During the southwest (northeast) monsoon, the wind mainly flows from the southwest (northeast) direction [3]. The north–south orientation of the coastline and the southwesterly prevailing wind during the southwest monsoon cause upwelling along most of the western coast of the SCS [4,5,6,7].



Upwelling is an important process in the marine environment because it brings cold and nutrient-rich water from deeper layers to the surface, replenishing nutrient-depleted surface water phytoplankton growth and so enhancing primary productivity and fishery production [8,9]. At the east coast of Peninsular Malaysia (ECPM), upwelling occurs during the southwest monsoon from June to August with the prevailing southwesterly wind serving as an essential mechanism in generating upwelling [3,10].



Previous studies have found that climate change can affect the upwelling process, whereby the change in global climate can cause upwelling in coastal areas to intensify [11]. For this reason, numerous studies have been conducted to assess the impact of climate change on upwelling at different places [12,13,14,15,16,17]. However, no previous research has been conducted to investigate upwelling at the ECPM in the context of climate change.



Many products have been developed under the Coupled Model Intercomparison Projects (CMIPs) to project future climate using general circulation models (GCMs) [18]. However, the resolution of GCMs, which is typically between 100 and 300 km, is too coarse, making their use in climate change impact assessments at local scales impractical. As a result, numerous regional climate models (RCMs) have been employed to downscale the GCMs. Here in Southeast Asia, the Southeast Asia Regional Climate Downscaling/Coordinated Regional Climate Downscaling Experiment-Southeast Asia (SEACLID/CORDEX-SEA; hereafter referred to as CORDEX-SEA) has successfully downscaled a substantial number of GCMs in order to provide the scientific community with free, high-resolution, regional climate change simulations for Southeast Asia [19,20].



Since the CORDEX-SEA product would have enough resolution to study ECPM upwelling and could potentially be used to study the impact of climate change on ECPM upwelling, this study aims to assess the ability of the CORDEX-SEA products in reproducing historical ECPM patterns. Although there are many factors that can cause upwelling to occur, such as local bathymetry, topographic effects and the nature of the coastline, this paper focuses on wind, which is the most important process that causes upwelling along the ECPM [3,10,21]. Thus, in this study, the ability of the CORDEX-SEA product in recreating the features of wind speed and wind stress curl during the ECPM upwelling season, i.e., the southwest monsoon, will be assessed.



Furthermore, this study also creates an ensemble from the viable CORDEX-SEA products with the intention of determining whether the intensity of upwelling is able to be reproduced by the ensemble. The reason this study is interested in investigating the ability of the ensemble in reproducing the upwelling intensity is that such an approach is often used by scientists in studying future climate changes [22]. According to Osman et al. [23], greater predictive accuracy can often be achieved by combining a number of forecasting or predicting models to produce an overall combined or integrated forecast or prediction. This statement is also supported by [24,25], which state that a multi-model ensemble is more reasonable than individual model results. The ensemble can be used as a baseline for other studies pertaining to wind simulation or projection in the future.




2. Materials and Methods


2.1. Data


In this study, five regional climate downscaling simulations within the framework of the Coordinated Downscaling Experiment South-East Asia (CORDEX-SEA) [22,26,27,28] were used. Launched in November 2013, CORDEX-SEA is the fourteenth domain of CORDEX, a program of the World Climate Research Programme (WCRP). The CORDEX–SEA project was carried out by a consortium of many institutions from within and outside Southeast Asia and represents the most comprehensive set of simulations over SEA thus far [28]. The CORDEX-SEA products provide high-resolution climate change scenarios (25 km × 25 km) for the Southeast Asia region. Table 1 shows the overview of the models and their simulated period, which is offered by CORDEX-SEA and used in this study.



The reference data used to evaluate the CORDEX-SEA model performances were obtained from the European Centre Medium-Range Weather Forecast (ECMWF) fifth generation atmospheric reanalysis (ERA5) with a horizontal resolution of 0.125° × 0.125°. ERA5 is generated using 4D-Var data assimilation and model forecasts in CY41R2 of the ECMWF Integrated Forecast System (IFS), with 137 hybrid sigma/pressure (model) levels in the vertical and the top level at 0.01 hPa [29]. Additionally, ERA5 estimates a wide range of atmospheric, land and oceanic climate variables hourly. The data cover the Earth on a 30 km grid and resolve the atmosphere using 137 levels from the surface to 80 km in altitude [29]. Furthermore, the ERA5 dataset contains one (hourly, 31 km) high resolution realization (referred to as “reanalysis” or “HRES”) and a reduced resolution ten-member ensemble (referred to as “ensemble” or “EDA”). The ensemble is required for the data assimilation procedure, but as a by-product also provides an estimate of the relative random uncertainty [30]. Many studies have been conducted using the ERA5 data around the globe with a focus on wind-based analysis, indicating that the reanalysis is suitable and reliable for research pertaining to wind [31,32,33,34,35,36,37].




2.2. Domain & Upwelling Season of Interest


The study domain spans 100° E to 107° E and 1° N to 7° N (Figure 1, red box), the site where ECPM upwelling tends to occur. The water circulation at the SCS is largely influenced by the monsoon system as the SCS experiences strong seasonal variation that is typically associated with the northeast and southwest monsoon systems [38,39,40]. Thus, the ocean circulation along Peninsular Malaysia is highly dependent on the monsoon. The monsoon controls the sea-surface currents as well as the exchange of water between the east coast of Peninsular Malaysia and the adjacent bodies of water. Surface currents flow north to south along the east coast of Peninsular Malaysia to the Java Sea during the northeast monsoon in December to February. Conversely, the currents flow from south to north during the southwest monsoon in June to August [41]. As a result, the current circulation system within the SCS main basin is cyclonic during the northeast monsoon and anti-cyclonic during the southwest monsoon [3]. The southeast monsoon seasonal wind is favorable for the formation of upwelling as, when the wind is blowing from south to north along the ECPM, offshore Ekman transport will be generated, inducing coastal upwelling. This is similar to the upwelling that occurs at the Vietnam coast [42]. Thus, the wind that occurs along the ECPM coast during the southwest monsoon season will be the main focus of this study.




2.3. Model Assessment Methodology


2.3.1. Wind Stress Curl & Wind Speed Climatology


Wind is widely acknowledged as the most important component in generating upwelling around the world, and earlier research [10,43] has shown that wind speed and wind stress curl are both important in shaping upwelling along Peninsular Malaysia’s east coast (ECPM). Therefore, this study focuses on assessing the ability of the CORDEX-SEA downscaled simulations to reproduce the historical wind speed and wind stress curl climatology over the ECPM upwelling region during the JJA seasons of 1980–2005.



The wind stress curl is described based on the sum of Ekman driven flows (in X and Y) in the surface ocean (Ekman layer). Both the wind stress and Ekman transport vary with position, which can result in convergence or divergence of the water within the Ekman layer. At the ECPM, the current circulation system within the SCS main basin is cyclonic during the northeast monsoon and anti-cyclonic during the southwest monsoon [3]. An anti-cyclonic (cyclonic) wind at the ECPM would cause surface divergence (convergence) which would result in upwelling (downwelling) into (out of) the Ekman layer, which shows a positive (negative) wind stress curl.



The wind stress curl was calculated from the meridional and zonal wind stress using the mathematical formula adapted from [44]. The wind stress curl was defined as follows:


  τ =   ∂  τ γ     ∂ x    −   ∂  τ x   y   



(1)




where    τ x    and    τ γ    represent the zonal and meridional components of wind stress.    τ x    and    τ γ    can be calculated from Equation (2) adapted from [45]:


   τ x  =  ρ α   C d   V  m a  g x     



(2)






   τ γ  =  ρ α   C d   V  m a  g y     



(3)




where    ρ a    = 1.22 kg m−3 is the air density and    C d    = 1.4 × 10−3 is a dimensionless drag coefficient and Vmag is the wind speed magnitude. The subscript x corresponds to the zonal components and the subscript y to the meridional.



The wind speed, on the other hand, was defined as follows:


   V  m a g   =    U 2  +  V 2     



(4)




whereby U is the zonal wind component and V is the meridional wind component.




2.3.2. Bias Calculation


Biases in climate models are characterized by differences in statistical distributions between the simulations and reference data. The calculation of bias is calculated by means of the following equation:


Bias = Model – Reference



(5)







Hence in our case, the “Model” is the CORDEX-SEA product while the “Reference” is ERA5.




2.3.3. Upwelling Index


The upwelling index is a wind-based index used to measure the strength of upwelling occurrences. The first step of calculating the upwelling index is to calculate the Ekman transport. This can be calculated in terms of the wind speed,    V  m a g     by means of the following equation:


   Q x  =    ρ a   C d     ρ w  f     (  V  m a  g x   2  +  V  m a  g y   2  )   1 / 2    V  m a  g y     



(6)






   Q y  = −    ρ a   C d     ρ w  f        V  m a  g x   2  +  V  m a  g y   2      1 / 2    V  m a  g x     



(7)




where    ρ a    = 1.22 kg m−3 is the air density,    ρ w    = 1025 kg m−3 is the sea water density,    C d    = 1.4 × 10−3 is a dimensionless drag coefficient and f is the Coriolis parameter defined as twice the vertical component of the Earth’s angular velocity, Ω, about the local vertical given by f = 2Ω sin (θ) at latitude θ. The subscript x corresponds to the zonal components and the subscript y to the meridional. The upwelling index (UI) can be calculated as the Ekman transport component in the direction perpendicular to the shoreline using the following formula:


   UI =  − ( sin   φ −  π 2     Q y  + cos   φ −  π 2     Q x  )  



(8)




where φ is the angle of the unitary vector perpendicular to the shoreline pointing landwards. Positive (negative) UI values mean upwelling-favorable (-unfavorable) conditions.



In this study, the applicability of the CORDEX-SEA simulations in reproducing ECPM upwelling was assessed by using the CORDEX-SEA model simulated wind to calculate the UI at the ECPM and comparing these simulations with those of ERA5.






3. Results


3.1. Model Performance


Wind Speed Magnitude and Wind Stress Curl


Figure 2 depicted the wind speed derived from ERA5 and the five CORDEX-SEA products. ERA5 shows increasing values of wind speed as it moves further offshore, with the highest wind speed being 4.5 m/s. The CORDEX-SEA products that show similar values to those of ERA5 are HadGEM2-ES(RegCM4), MPI-ESM-MR(RegCM4) and CNRM-CM5(RegCM4), although the locations of the wind speed peaks in the offshore region are very different to those in ERA5. Meanwhile, EC-EARTH(RegCM4) and CSIRO-Mk3-6-0(RegCM4) underestimated the value of offshore wind, producing a simulated highest wind speed of around 3–3.5 m/s.



Figure 3 depicts the wind direction and wind stress curl during JJA as derived from the five CORDEX-SEA products and ERA5 during JJA from 1980–2005. In general, southwesterly winds persisted over the ECPM, and these were dominated by the meridional component; these winds ran nearly parallel to the coastline. According to Ekman [46] theory, a wind configuration approximately parallel to the coastline of the ECPM is conducive to upwelling because it generates a net transport of water to the right of the wind direction in the Northern Hemisphere under the effect of the Coriolis force. Furthermore, the ECPM was dominated by positive wind stress curl. Positive wind stress curl promotes ocean surface divergence and forces water upward, contributing to upwelling [47,48,49]. Positive wind stress caused the offshore component of Ekman transport to increase seaward, resulting in ocean surface divergence, forcing the upward movement of water, which causes upwelling, whereas negative wind stress curl caused the offshore component of Ekman transport to decrease seaward, resulting in surface convergence, forcing the downward movement of water, which causes downwelling [47,48,49].



As can be seen in Figure 3, the positive wind stress curl measured by ERA5 at the ECPM was relatively even. Meanwhile, the positive wind stress curl estimated by the CORDEX-SEA products varied spatially, with a higher value (3–4 N/m3) in the north and a lower value (0–2 N/m3) in the south. Furthermore, when compared to ERA5, the CORDEX-SEA products underestimated the positive wind stress curl in general.



However, there seem to be some areas that showed similar values to ERA5, such as MPI-ESM-MR(RegCM4), CNRM-CM5(RegCM4) and HadGEM2-ES(RegCM4), which showed a higher positive wind stress curl at the northern and middle coasts of the ECPM. Nevertheless, even though the values varied spatially compared to ERA5, the CORDEX-SEA products were able to show a positive wind stress curl along the study area. In terms of wind direction, we can observe that only MPI-ESM-MR(RegCM4) and CSIRO-Mk3-6-0(RegCM4) were able to accurately show the same wind direction as ERA5. Meanwhile, the other products showed deviation, with EC-EARTH(RegCM4) and CNRM-CM5(RegCM4) deviating easterly and HadGEM2-ES deviating westerly, and the wind configuration was not parallel to the coastline.



Although all of the CORDEX-SEA products were able to simulate both wind speed and wind stress curl close to ERA5, it was still unclear how much the CORDEX-SEA products differed from ERA5 and how good the CORDEX-SEA products technically are. Consequently, quantitative comparison (bias) and statistical analysis were undertaken to investigate the reliability of the CORDEX-SEA products.





3.2. Model Bias


Model bias was an important metric to consider before selecting or implementing climate projections in the present study because bias is one indicator of a projection’s quality. A model with large biases indicates large errors. In this section, the bias was calculated for four terms: the zonal wind component (U), meridional wind component (V), wind speed and wind stress curl. Figure 4 and Figure 5 depict the bias for the zonal and meridional winds component against ERA5 respectively.



It is important to know the bias of the wind component because the wind component is the main contributor in calculating the wind stress curl and wind speed. Based on Figure 4, it can be observed that most of the products depicted had a negative bias, with the greatest negative value for bias being shown by CNRM-CM5(RegCM4), which was −3 m/s for zonal wind components. Meanwhile, only HadGEM2-ES(RegCM4) showed a positive bias, approximately 0.5–2 m/s, in most of the areas of interest. Overall, all of the products produced an underestimation of the zonal (U) wind component, except for HadGEM2-ES, which had a slightly higher value when compared to ERA5.



Simultaneously, based on Figure 5, it can be observed that most of the CORDEX-SEA products showed a variety of biases in terms of the meridional wind component. Most of the CORDEX-SEA products showed a positive bias (0.5–2.5 m/s) in the northern part of the study area. However, overall, these products resulted in an underestimation, with the greatest underestimation shown by EC-EARTH(RegCM4), which was −3 m/s. Thus, most of the CORDEX-SEA products exhibited a negative bias for both zonal and meridional wind components. The CORDEX-SEA products could therefore be expected to produce lower wind speed and wind stress curl values when compared to ERA5. Thus, the bias of the wind speed and wind stress curl were further examined to test this expectation.



Based on Figure 6, it can be observed that most of the wind speed biases showed an underestimation (0 to −3 m/s) with the underestimation seeming to increase as the location moved away from the coastal area into the ocean. Meanwhile, based on Figure 7 which depict the wind stress curl, the CORDEX-SEA products showed an underestimation of the value (0.5 to 4 N/m3) along the ECPM. This was in line with our previous statement that the bias of the zonal and meridional wind components also directly affected the wind stress and wind stress curl value. Based on the input, it can be seen that, although the CORDEX-SEA products exhibited biases, the bias values compared to ERA5 were quite small. Furthermore, when the wind speed and wind stress curl were examined, they showed similar tendencies to ERA5.



The CORDEX-SEA product biases might be due to the following: (i) The lack of summer air–sea interactions in the model may have resulted in enhanced oceanic forcing over the regions [26], leading to an underestimation of wind speeds on the ocean grid during the southwest monsoon, which would in turn result in stronger atmospheric forcing of the land surface processes compared to those of ERA5; (ii) The simulations may have been influenced by the existence of a cold bias within the CORDEX-SEA products, which is associated with contributions from the radiative and surface fluxes, which in turn cause more cloud cover within the model, contributing to lower surface temperatures [28]; (iii) The parametrization for the CORDEX-SEA might also be the cause of the current bias. The CORDEX-SEA product uses the convection scheme of Emanuel and Zivkovic-Rothman [50] and the Land surface scheme Biosphere–Atmosphere Transfer Scheme version 1e (BATS1e) [51]. This has been analyzed by Tangang (2020) [29] and explained in (Cruz et al. 2017; Chung et al.) [27,52], whose authors state that the combination of these two parameterization schemes would produce a higher rate of cloud cover and an increase in rainfall compared to usual levels. This might be the cause of the underestimation that can be seen on the ocean grid for the CORDEX-SEA product.



Thus, all of the CORDEX-SEA products showed bias in all of the variables tested, a finding that provides important information as to the difference between the CORDEX-SEA products and ERA5 and the extent of these biases. However, bias should not be the only metric that is used to determine model credibility. For this reason, a Taylor’s diagram was plotted to graphically summarize how close a set of patterns match the reference data.




3.3. Taylor’s Diagram


Taylor’s diagram, as proposed by [53], is a way of plotting on a 2-D graph using three statistics to indicate how closely a pattern matches the reference data. Statistical measures of correspondence between the modelled and observed fields provide a practical method for objectively assessing and summarizing the abilities of a model. The Taylor’s diagram indicates the baseline observed point where the correlation is 1 and the RMSD is 0 (Black Dot). If the simulation point is close to the observed point, it means that both the model and reference data are highly similar.



Figure 8 depicts the Taylor’s diagrams constructed for wind speed. In terms of wind speed, it can be observed that all the CORDEX-SEA models were generally able to reproduce the spatial pattern of the wind speed relatively well, with a spatial correlation coefficient >0.6 and RMSD below 1. However, it should also be noted that the CORDEX-SEA models show relatively large variations in terms of their performance. From the Taylor’s diagram, it can be observed that HadGEM2-ES(RegCM4) was the best performing model, followed by CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4), while the weakest performing models were CNRM-CM5(RegCM4) and EC-EARTH(RegCM4). These clear differences in performance among the models are very much related to the ability of the models to reproduce the wind direction correctly. ERA5 depicted that the JJA surface wind around the ECPM tends to blow northward with the offshore wind bending slightly northeastward (Figure 3a). CSIRO-Mk3-6-0(RegCM4) simulated this pattern most faithfully, followed by HadGEM2-ES(RegCM4) and MPI-ESM-MR(RegCM4), while CNRM-CM5(RegCM4) and EC-EARTH(RegCM4) simulated the wind bending northwestward (Figure 3b–f). The reason CSIRO-Mk3-6-0(RegCM4) was not the best performing model was its strong underestimation of the JJA ECPM surface wind speed (Figure 6c).



In terms of the ECPM JJA wind stress curl (Figure 9), all CORDEX-SEA models seemingly had good agreement with that of ERA5, with a spatial correlation >0.8. This could be due to all of the models having correctly simulated the south-to-north wind direction, producing a positive wind stress curl around the ECPM coastal area (Figure 3). That said, it can be observed that model HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4) most faithfully reproduced the JJA ECPM wind stress curl climatological pattern with respect to that of ERA5. Since the calculation of the wind stress curl is very reliant on the simulated wind direction, the best performance of these three models in reproducing the wind stress curl was to be expected.




3.4. Upwelling Index


Another vital part of the experiment was to provide an insight into whether the CORDEX-SEA products were able to recreate the phenomenon of upwelling in our study region based on the value of the upwelling index. The upwelling index is defined as the strength of the wind forcing on the ocean. Based on Figure 10, it can be observed that all of the CORDEX-SEA products showed a positive value in terms of the upwelling index, which means that upwelling does occur in our region of study. However, the value of the upwelling index did vary between each individual model, with some showing a higher value and some depicting a lower value. The highest value of UI was shown by HadGEM2-ES(RegCM4), while the lowest value was depicted by EC-EARTH(RegCM4). In order to provide an objective overview of how well each of the CORDEX-SEA models and the ensemble performed in reproducing the UI, Taylor’s diagram was used to compare the simulations from the models and ensemble to those of ERA5 in terms of the spatial correlation, normalized standard deviation and root mean square difference (Figure 11). From the Taylor’s diagram, it can be observed that the best performing model was HadGEM2-ES(RegCM4), which had a spatial correlation of 0.84, the UI standard deviation closest to that of ERA5 and the smallest RMSD. This can be attributed to the ability of HadGEM2-ES(RegCM4) to simulate the UI pattern that most closely resembled that of ERA5 (Figure 10). CSIRO-Mk3-6-0(RegCM4) came next due to its simulated UI, which showed a spatial correlation of 0.81 with respect to ERA5 and a normalized RMSD of ~0.6. CSIRO-Mk3-6-0(RegCM4), however, did not reproduce the UI spatial standard deviation well, which may be because it did not simulate the UI gradient correctly (Figure 10c). The third model worth mentioning is MPI-ESM-MR(RegCM4), which simulated a UI spatial pattern with a correlation coefficient of 0.75. However, MPI-ESM-MR(RegCM4) was noticeably lackluster in reproducing the UI standard deviation and RMSD. Models CNRM-CM5(RegCM4) and EC-EARTH(RegCM4) noticeably underperformed in terms of the simulation of the UI spatial pattern. Such an outcome was to be expected because these two models were unable to capture the UI’s shape and contour well, as indicated by Figure 10.



Based on the CORDEX-SEA product evaluation so far, it was decided that only three of the CORDEX-SEA products were suitable to be used as an ensemble as they were able to recreate the same phenomenon as ERA5 and exhibited a strong spatial correlation with ERA5, albeit with some deviation in values. Thus, using the three best CORDEX-SEA products, namely HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4), an ensemble was produced. This ensemble was able to produce very similar values to those of ERA5 in capturing the features of the UI. This concordance was not perfect. However, the ensemble of the CORDEX-SEA products showed better results than those obtained using most of the CORDEX-SEA products individually (Figure 10). From the Taylor’s diagram, it can be noted that the ensemble UI performance was slightly weaker compared to HadGEM2-ES(RegCM4) but outperformed all other models (Figure 11).





4. Discussion


The objective of this paper was to investigate the ability of the CORDEX-SEA products to recreate wind features that are critical in the generation of upwelling at the EPCM and to provide insight into which CORDEX-SEA products are suitable for use in forming an ensemble. The wind stress curl and wind speed were investigated during the southwest monsoon for the period 1980–2005 in terms of the climatology, bias, Taylor’s diagram and temporal correlation. In terms of climatology, it was discovered that the CORDEX-SEA products were capable of reproducing the wind stress curl along the ECPM, despite an apparent underestimation of the value, implying that there was a bias for the CORDEX-SEA products.



From the view of the wind direction, some of the CORDEX-SEA products indicated that the wind flowed in a different direction compared to ERA5. For example, during the southwest monsoon, the wind is supposed to blow southwesterly, yet some of the CORDEX-SEA products were blowing southeasterly instead. It has been previously reported [54] that directional deviation is dependent on wind speed and wind direction variability, whereby low deviation will occur where speed and directional variances are small. On the other hand, high deviation would occur in areas with either high speed or high direction variability, or both. Thus, this explains the wind direction deviation.



Based on the wind speed at the ECPM, three out of five of the CORDEX-SEA products, namely HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4), were able to reproduce similar wind speeds as ERA5, while the remaining two products were not able to show similar results to the others, and tended to underestimate these values instead. However, in terms of wind pattern, all of the CORDEX-SEA products were able to reproduce the same pattern as ERA5, namely the trend of an increasing wind speed pattern as it moves further offshore. This means that the products were good at simulating the wind speed within the area of study, albeit with an underestimation of values. This also raises the possibility that the previous deviation in the wind direction might not be due to wind speed but rather to the wind direction variability only.



The CORDEX-SEA products were shown to have spatial variability, with a tendency to underestimate or overestimate wind speed and wind stress curl when compared to ERA5, indicating that there was a bias to the simulations of the CORDEX-SEA products. To obtain more information, the bias for the zonal and meridional wind components, as well as wind speed, were computed. The results indicated that the biases of the CORDEX-SEA products were similar, and almost all of the CORDEX-SEA products showed a negative bias, whereby the CORDEX-SEA products produced lower values compared to ERA5.



The disparity between ERA5 and the CORDEX-SEA products might be due to the CORDEX-SEA using an atmospheric only model, which does not factor in the air–sea interaction. Being an atmosphere only model can seemingly affect the reliability of the model in reproducing certain climatic features in this region [26]. Another possible reason for such differences could be related to the CORDEX-SEA products forcing GCMs. As demonstrated by the Taylor’s diagram, the CORDEX-SEA products exhibited a large variation in terms of their performance in reproducing the wind speed and wind stress curl climatology, despite their being produced using the same RCM, i.e., RegCM4. The potential differences in the capability of GCMs in resolving important climatic variabilities over the maritime continent such as MJO, ENSO and equatorial waves [55,56,57,58,59], could have been inherited by these RCMs and resulted in the large discrepancy in wind simulations among the models. This can be explained according to the Garbage in, Garbage out (GIGO) concept, whereby the quality of the output is determined by the quality of the input [60].



Nevertheless, this study found that the CORDEX-SEA products are suitable to be used for the study of future climate change impacts on ECPM upwelling. However, the models used must be carefully selected, and, for ECPM upwelling, HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4) would be the most suitable. After calculating each individual upwelling index for the CORDEX-SEA products and determining that the products were able to recreate the upwelling within the region, an ensemble was created based on three of the CORDEX-SEA products. The ensemble was found to show similar values to ERA5 in terms of depicting upwelling in the region. This means that the ensemble created from the CORDEX-SEA products is suitable for the study of wind and upwelling within the region of study, as it was able to almost recreate the same phenomenon as ERA5 in this study, though with some degree of bias.




5. Conclusions


Overall, based on the result obtained from the statistical analysis, it can be concluded that only three of the CORDEX-SEA products are suitable to be used for the study of wind-driven upwelling around the ECPM, as these products showed good accuracy in simulating the wind pattern. This decision was made based on the biases and Taylor’s diagrams. All of the CORDEX-SEA product were able to reproduce the spatial wind pattern of the wind speed and wind stress curl well, with spatial correlation coefficients of >0.6 and >0.8, respectively, and with both parameters having an RMSD below 1. However, HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR(RegCM4) showed the best performance, whereby they were able to reproduce the wind direction correctly. In addition, due to the wind stress curl being very reliant on the simulated wind direction, there is no doubt that in this scenario the CORDEX-SEA products that are able to correctly simulate the south-to-north wind direction would be the best among the CORDEX-SEA products. Although the CORDEX-SEA products and ensemble showed biases in their simulated values, the most important factor that we considered was their ability to recreate the wind features within the area of study correctly.



The main purpose of this study was to assess the ability of the CORDEX-SEA products to simulate upwelling. Similar to the generation of the wind speed and wind stress curl, the CORDEX-SEA products that were able to generate a UI closest to that of the reference data were HadGEM2-ES(RegCM4), CSIRO-Mk3-6-0(RegCM4) and MPI-ESM-MR (RegCM4). This underscores the huge role played by wind in generating UI at the ECPM. Hence, only three of the CORDEX-SEA products and their ensemble are suitable to be used for studying the impact of climate change on ECPM upwelling due to their strong performance in recreating the wind features that are critical in the generation of upwelling at the ECPM. The assessment of the CORDEX-SEA products and their selection in creating an ensemble are critical for the study of climate change. If the products are seen to produce reliable simulations, then they should be able to produce reliable future climate projections, which can provide reliable information for the scientific community in making future climate change impact assessments, and aid policy makers in decision making.



The caveat of this study is that this finding is only applicable to the selected study area, and it is unknown how the CORDEX-SEA product would react under a different region due to the variability of the models. Hence, assessments such as this one need to be repeated in different regions as this can provide a better understanding of the product’s suitability for future studies. On the other hand, since the CORDEX-SEA product could reproduce the characteristics of winds favorable to the occurrence of ECPM upwelling, it would be interesting for future studies to assess the performance of these dynamically downscaled products in reproducing the onset and offset of ECPM upwelling.
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Figure 1. Location of the southern South China Sea. Red box marks the domain of the study (East Coast of Peninsular Malaysia). 
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Figure 2. Mean wind speed during JJA derived from (a) ERA5 (b) MPI-ESM-MR(RegCM4), (c) EC-EARTH(RegCM4), (d) CSIRO-Mk3-6-0(RegCM4), (e) CNRM-CM5(RegCM4) and (f) HadGEM2-ES(RegCM4). 
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Figure 3. Mean wind stress curl and wind direction during JJA derived from (a) ERA5, (b) MPI-ESM-MR(RegCM4), (c) EC-EARTH(RegCM4), (d) CSIRO-Mk3-6-0(RegCM4), (e) CNRM-CM5(RegCM4) and (f) HadGEM2-ES(RegCM4). 






Figure 3. Mean wind stress curl and wind direction during JJA derived from (a) ERA5, (b) MPI-ESM-MR(RegCM4), (c) EC-EARTH(RegCM4), (d) CSIRO-Mk3-6-0(RegCM4), (e) CNRM-CM5(RegCM4) and (f) HadGEM2-ES(RegCM4).



[image: Atmosphere 13 01303 g003]







[image: Atmosphere 13 01303 g004 550] 





Figure 4. Mean zonal(U) wind component bias for JJA derived from (a) MPI-ESM-MR(RegCM4), (b) EC-EARTH(RegCM4), (c) CSIRO-Mk3-6-0(RegCM4), (d) CNRM-CM5(RegCM4) and (e) HadGEM2-ES(RegCM4). 
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Figure 5. Mean meridional(V) wind component bias for JJA derived from (a) MPI-ESM-MR(RegCM4), (b) EC-EARTH(RegCM4), (c) CSIRO-Mk3-6-0(RegCM4), (d) CNRM-CM5(RegCM4) and (e) HadGEM2-ES(RegCM4). 
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Figure 6. Mean wind speed bias for JJA derived from (a) MPI-ESM-MR(RegCM4), (b) EC-EARTH(RegCM4), (c) CSIRO-Mk3-6-0(RegCM4), (d) CNRM-CM5(RegCM4) and (e) HadGEM2-ES(RegCM4). 
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Figure 7. Mean wind stress curl bias for JJA derived from (a) MPI-ESM-MR(RegCM4), (b) EC-EARTH(RegCM4), (c) CSIRO-Mk3-6-0(RegCM4), (d) CNRM-CM5(RegCM4) and (e) HadGEM2-ES(RegCM4). 
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Figure 8. Wind Speed spatial pattern correlations and standard deviation with respect to ERA5 over the study area. 
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Figure 9. Wind stress curl spatial pattern correlations and standard deviation with respect to ERA5 over the study area. 
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Figure 10. Upwelling Index during the period of 1980–2005 during JJA for (a) MPI-ESM-MR(RegCM4), (b) EC-EARTH(RegCM4), (c) CSIRO-Mk3-6-0(RegCM4), (d) CNRM-CM5(RegCM4) (e), HadGEM2-ES(RegCM4), (f) Ensemble and (g) ERA5. 
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Figure 11. Upwelling Index spatial pattern correlations and standard deviation with respect to ERA5 over the study area. 
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Table 1. Overview of five CORDEX-SEA products (CSIRO-MK3-6-o(RegCM4), EC-EARTH(RegCM4), HadGEM2-ES(RegCM4), MPI-ESM-MR(RegCM4) and CNRM-CM5(RegCM4)) and their period of coverage.
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	Models
	Period





	CSIRO-Mk3-6-0(RegCM4)
	1980–2005

2006–2100



	EC-EARTH(RegCM4)
	1980–2005

2006–2100



	HadGEM2-ES(RegCM4)
	1980–2005

2006–2100



	MPI-ESM-MR(RegCM4)
	1980–2005

2006–2100



	CNRM-CM5(RegCM4)
	1980–2005

2006–2100
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