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Observations indicate that the winter precipitation over Southeast Asia (SEAP) shows significantly increased trends from 1979 to 2014, which can be partly reproduced under the historical all-forcing simulations from the 12 Coupled Model Intercomparison Project Phase 6 (CMIP6) climate models. By analyzing separate external forcings run with the Detection and Attribution experiments, we find that the effects of anthropogenic forcing rather than natural variation play a primary role in driving the increasing of SEAP trends simulated in the historical all-forcing experiments. Further analysis indicate that the observed increasing trend is closely associated with the decadal shift of the Southeast Asian precipitation after the mid-1990s, which could be also driven by anthropogenic forcing to some extent. Anthropogenic forcing can favor a La Niña-like pattern of sea surface temperature (SST) warming in the tropical Pacific and result in the decadal increase of SEAP via the enhanced zonal SST gradient and the Pacific Walker circulation. This study thus provides some evidence of the impacts of anthropogenic forcing to drive recent changes in the winter SEAP.
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1 INTRODUCTION
Over the past several decades, prominent changes have been observed in global climate under global warming (e.g., Hoerling et al., 2010; Zhang et al., 2013; Li et al., 2015; Donat et al., 2016; Lu et al., 2020; Guo et al., 2022). In such, human-induced precipitation changes are among the most intuitive and serious impacts of climate changes, with potential effects on water resources, human society, infrastructure, agriculture, and ecosystems in most areas around the world (e.g., Liu et al., 2013; Polson et al., 2014; Lewis and Karoly, 2015; Li et al., 2017; Mukherjee et al., 2018; IPCC, 2021; Zhao et al., 2022). For example, Zhang et al. (2013) indicated that anthropogenic forcing has contributed to the strengthening of extreme precipitation over the land areas of the North Hemisphere during 1951–2005. They estimated that anthropogenic forcing strengthens the annual maximum 1 day precipitation in sampled North Hemisphere areas by 3.3% averagely. Hence, improving the knowledge of anthropogenic contribution to precipitation changes is a crucial issue of climate science. It can advance our understanding on the causes for climate changes in the observation, and is necessary and vital for decision makers to help guide their adaptation and mitigation strategies.
At present, a large number of studies have been denoted to examine the human-driven precipitation changes in many regions of the world, including East Asia (e.g., Li et al., 2017; Lu et al., 2020; Guo et al., 2022), India (Mukherjee et al., 2018; Singh et al., 2019), South America (Vera and Díaz, 2015), Europe (Peña-Angulo et al., 2020; Tabari et al., 2020), United States (Mascioli et al., 2016), Australia (Lewis and Karoly, 2015), and so on. For example, Zhao et al. (2021) suggested that the anthropogenic effect induced warming can reduce the land-sea thermal contrast. It then weakens the precipitation trends over the East Asian transitional climate zone via the weakening of Asian summer monsoon and moisture transport. However, there is still insufficient knowledge of impacts of anthropogenic forcing on regional precipitation changes in tropical developing countries such as Southeast Asia.
Southeast Asia, located in the Indo-Pacific sector, has an obvious monsoon climate with the most abundant precipitation occurred in boreal winter (e.g., Chang et al., 2005; Juneng and Tangang, 2005; Yang and Wu, 2019; Yang et al., 2020; Dong et al., 2021). Previous studies indicated that the Southeast Asian precipitation (SEAP) in boreal winter usually exerts remarkable influences on both the tropical and extratropical climate. On the one hand, precipitation is a primary water source for the socioeconomic development in most of the agriculture-based Southeast Asian countries (Kripalani and Kulkarni, 1997; 1998; Lau and Yang, 1997; Dong et al., 2021). On the other hand, the precipitation anomalies can induce large diabatic heating in the tropical regions, which further result in significant climate anomalies over the extratropical regions such as East Asia and North America via the excited atmospheric Rossby waves (e.g., Lau and Yang, 1997; Jia et al., 2015; Yang et al., 2019; Dong and Wang, 2022). Thus, investigating the variations and causes of the winter SEAP is an important issue for hydrological cycle and climate changes.
Many studies suggested that the spatial-temporal characteristics and variations of SEAP in boreal winter could be driven by the effects of internal variability such as the El Niño–Southern Oscillation (ENSO; e.g., Hamada et al., 2002; Aldrian and Susanto, 2003; Lau and Nath, 2003; Chen et al., 2013; Jia et al., 2016), the East Asian winter monsoon (EAWM; e.g., Wang and Chen, 2010; Huang et al., 2012; Jia and Ge, 2017), and the intra-seasonal oscillation (e.g., Hidayat and Kizu, 2010; Xavier et al., 2014; Dong et al., 2022). For instance, the negative phase of ENSO (i.e., La Niña) often leads to more winter SEAP via enhancing the Pacific Walker circulation and exciting convective activities over Southeast Asia and vice versa (Juneng and Tangang, 2005; Feng et al., 2010). In addition, a stronger EAWM is usually accompanied by enhanced northeasterly winds along the coast of East Asia and more cold air intrusion to the tropics, facilitating more-than-normal SEAP in boreal winter (Wang and Chen, 2010; Dong et al., 2021). Despite these extensive studies mentioned above, the role of human activity on the observed changes of the winter SEAP and the possible causes are still not fully understood.
One way to investigate the effects of anthropogenic forcing on the winter SEAP is by climate models, through which the precipitation changes simulated in a real world are compared with those in a counterfactual world (e.g., Polson et al., 2014; Mukherjee et al., 2018; Lu et al., 2020; Tabari et al., 2020; Zhao et al., 2021). For example, based on the 17 Coupled Model Intercomparison Project Phase 5 (CMIP5) climate models with 105 realizations in the Detection and Attribution Model Intercomparison Project (DAMIP) experiments, Song et al. (2014) found that the weakened trends of the East Asian summer monsoon circulation in the lower troposphere during 1958–2001 are primarily driven by anthropogenic aerosol forcing, which can reduce the land-sea thermal contrast and result in a higher sea level pressure (SLP) in northern China. Here, we use the DAMIP experiments that participate in CMIP6 (Eyring et al., 2016) to perform the detection and attribution analyses. The basic questions we address here are: 1) How does the winter SEAP change during recent decades? 2) Does anthropogenic forcing contribute to the observed changes? 3) If so, what are the possible causes for the changes? Section 2 describes the data and methodology. Section 3 illustrates the observed changes in winter SEAP and elucidates the anthropogenic effects in shaping these changes and analyzes the possible causes. Finally, the summary and discussion are provided in section 4.
2 DATA AND METHODS
The gridded monthly mean precipitation datasets are used from two sources, including the Global Precipitation Climatology Project (GPCP) combined precipitation dataset, version 2.3 (Adler et al., 2003) and the NOAA Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin, 1997), both of which have a horizontal resolution of 2.5° × 2.5° and cover the period from 1979 to the present. Monthly mean skin temperature and SLP data are from the fifth generation of the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5; Hersbach et al., 2020) dataset that spans the period since 1959 and was downloaded with a horizontal resolution of 1.0°× 1.0°.
The simulation data from outputs of 12 CMIP6 climate models (Eyring et al., 2016), including a total of 58 realizations in historical all-forcing and a total of 58 realizations in historical natural forcing runs (Table 1), are used to analyze the relative contributions of natural and anthropogenic forcing on the changes of the winter SEAP. The historical simulation (named as Hist-all) is forced by both natural (solar variability and volcanic aerosols) and anthropogenic forcing (greenhouse gas and anthropogenic aerosols) (Vera and Díaz, 2015; Konapala et al., 2017; Li et al., 2017). The historical natural experiments (named as Hist-Nat) are the same as the historical all-forcing simulations except that they are forced by the natural variations only. In the study, the response of anthropogenic forcing (named as Hist-Ant) is computed as the difference between the all-forcing and the natural-forcing runs (Taylor et al., 2012; Song et al., 2014; Zhao et al., 2021). To better compare the observation with simulation, both observational and model data are bilinearly interpreted into the horizontal resolution of 2.5° × 2.5°. The simulated results are presented based on the multi-model ensemble mean (MME), which is calculated by averaging a variable over all 58 realizations with equal weighting.
TABLE 1 | List of the 12 climate models that contributed historical simulations to CMIP6. These simulations include Hist-all (natural plus anthropogenic forcing) and Hist-Nat (natural forcing) runs that cover the period from 1979 to 2014. The number of ensemble members in each experiment is indicated in the bracket.
[image: Table 1]This study focuses on boreal winter (December, January, and February; DJF), in which the SEAP usually reaches a peak in a year (Dong et al., 2021). Since the CMIP6 historical simulations finish in 2014, results are displayed for winters from 1979 to 2014, where the 1979 winter denotes 1979/1980 and so on. The monthly anomaly of a variable is defined as the deviation of its monthly value from the climatological mean during 1981–2010. The linear trends of a climate variable are calculated by the least-squares regression analysis, and their confidence levels are evaluated with the two-tailed Student’s t-test.
3 RESULTS
3.1 Observed and simulated changes in winter SEAP
The performance of the CMIP6 Hist-all runs in simulating the climatological mean winter precipitation over Southeast Asia during 1979–2014 is first investigated (Figure 1). In the observation, the distribution of the winter SEAP displays a south-north dipole structure, with more (less) precipitation located east of the Philippines, west of Borneo, over the Indonesia and over the Sumatra (over the Indochina Peninsula and over the northern Philippines) (Figures 1A, B). The CMAP shows a similar pattern to GPCP but with larger (smaller) amount over the eastern Indonesia (east of the Philippines). The spatial correlation between GPCP and CMAP is 0.89 (significant at the 99% confidence level). The Hist-all MME reproduces well the dominant features of the observed SEAP, while the precipitation amount over the eastern Maritime Continent in the model is larger than that in the observation (Figure 1C). The pattern correlation coefficients between the observation in GPCP and CMAP and historical MME simulation over Southeast Asia (10°S–20°N, 90°–140°E) are .85 and .86, respectively, both of which exceed the 99% confidence levels based on the two-tailed Student’s t-test. It indicates that the Hist-all MME can simulate the observed SEAP climatology reasonably.
[image: Figure 1]FIGURE 1 | Spatial distribution of climatological mean winter precipitation (shadding, unit: mm day−1) over Southeast Asia during 1979–2014 in (A) GPCP, (B) CMAP, and (C) Hist-all MME, respectively.
The distribution of precipitation trends over Southeast Asia during 1979–2014 derived from the observation and simulations is presented in Figure 2. In the observation, significantly positive trends of winter precipitation are observed over most areas of Southeast Asia. They are primarily located around the Philippines, over the South China Sea, the eastern Indochina Peninsula, the Malay Peninsula and the northwestern Sumatra, whereas negative trends are distributed over the southern Indonesia (Figures 2A, B). The precipitation trends are consistent between GPCP and CMAP with the pattern correlation coefficient 99% significant at 0.49. However, there is a conflict of precipitation trends around the Sulawesi between these two gridded datasets. It is a negative trend in GPCP and a positive trend in CMAP. Although the Hist-all MME simulates smaller magnitude of the precipitation trends over Southeast Asia compared with the observations, the spatial pattern of the SEAP trends is well reproduced in the models (Figure 2C). The spatial correlations between the MME simulation and observations are 0.34 and 0.41 for GPCP and CMAP, respectively, both of which are 95% significant even if the effective degrees of freedom are considered (Bretherton et al., 1999). It seems that the historical all-forcing MME simulates a larger reproducibility of the SEAP characteristics in CMAP than those in GPCP. In addition, there are 29 out of 58 realizations (50%) of the Hist-all runs show the same trend pattern over Southeast Asia as those in the historical MME with the spatial correlations exceeding the 90% significance levels, indicating the reliability of precipitation trends simulated in historical all-forcing experiments.
[image: Figure 2]FIGURE 2 | Spatial distribution of winter precipitation trends [shading, shading interval (SI) = .08 mm day−1 decade−1] from 1979 to 2014 over Southeast Asia in (A) GPCP, (B) CMAP, and (C) Hist-all MME, respectively. Values exceeding the 90% confidence levels based on the two-tailed Student’s t-test are drawn with black dots.
3.2 Effects of anthropogenic forcing on SEAP changes
To identify the relative contribution of nature and anthropogenic forcing to the winter precipitation trends over Southeast Asia, the simulated trends in response to Hist-Nat and Hist-Ant forcing are respectively shown in Figure 3. No significant precipitation trends are simulated over the most areas of Southeast Asia in Hist-Nat MME except those significantly negative trends over the southern Indonesia (Figure 3A). In contrast, the Hist-Ant forced pattern, largely resembling that in response to Hist-all forcing (Figure 2C), is characterized by significant increases of precipitation trends over the South China Sea, the eastern Indochina Peninsula and the northwestern Sumatra, east of the Philippines, around the Java Sea and the Sulawesi (Figure 3B). The spatial correlation of the SEAP trends between Hist-Ant (Hist-Nat) and Hist-all MME is 95% significant (insignificant) at .80 (.26). Hence, it can be inferred that the observed and simulated precipitation trends over Southeast Asia during 1979–2014 are markedly affected by anthropogenic forcing. The same analyses were also performed in each of the 12 CMIP6 models (not shown), and the results are basically consistent with those in MME that the effects of anthropogenic forcing are more important than natural variation to drive the historical SEAP trends, indicating the model-independency of such a conclusion. Previous studies suggested that the anthropogenic forcings including the greenhouse gas and anthropogenic aerosols both contribute to the changes in regional precipitation (e.g., Hoerling et al., 2010; Polson et al., 2014; Guo et al., 2022). Thus, we further analyze the relative roles of anthropogenic greenhouse gas and aerosols on human-induced precipitation trends over Southeast Asia. Here, the historical greenhouse gas experiments (named as Hist-GHG) that forced by well-mixed greenhouse gas changes with the same ensemble members as Hist-Nat are used, and the response of aerosol forcing (named as Hist-Aer) is calculated as the difference between the anthropogenic forcing and the greenhouse gas runs (Taylor et al., 2012; Song et al., 2014). It can be found that the Hist-GHG MME explains the human-forced positive precipitation trends primarily over the southern Borneo and the Sulawesi (Figure 3C). While those in the Hist-Aer MME are mainly located over the eastern Indochina Peninsula, east of the Philippines, the South China Sea, and the northern Sumatra (Figure 3D). It indicates that both the greenhouse gas and anthropogenic aerosols contribute to some SEAP trends in Hist-Ant MME. However, the spatial correlation between the Hist-GHG (Hist-Aer) and the Hist-Ant MME is insignificant (significant) at –0.05 (0.77) over the whole of Southeast Asia. As a result, the effects of aerosols forcing are more important than greenhouse gas to contribute to the human-forced SEAP trends during 1979–2014.
[image: Figure 3]FIGURE 3 | Same as Figure 2C, but for (A) Hist-Nat, (B) Hist-Ant, (C) Hist-GHG, and (D) Hist-Aer MME, respectively.
In order to obtain a clearer image of the SEAP trends, Figure 4 shows the area-mean trends over Southeast Asia (10°S–20°N, 90°–140°E) during 1979–2014 in the observations and in the simulations. As shown, GPCP displays a significant positive trend over Southeast Asia, with the magnitude at 0.16 mm day−1 decade−1. The trend in CMAP is slightly higher than that in GPCP, with the magnitude 90% significant at 0.26 mm day−1 decade−1. The results are consistent with their spatial distributions as shown in Figures 2A, B. The increasing of precipitation trends over Southeast Asia is partly reproduced by Hist-all MME, whereas its magnitude is smaller than those in the observations, approximately 0.03 mm day−1 decade−1 exceeding the 90% confidence level. It suggests that the SEAP trends simulated in Hist-all MME could explain about 18.8% and 11.5% of the observed trends in GPCP and CMAP, respectively. The Hist-Ant MME accounts for most of the positive SEAP trends (.04 mm day−1 decade−1) modelled in Hist-all MME. On the contrary, the trend in Hist-Nat MME is insignificant and negative (–.01 mm day−1 decade−1). Hence, it reveals that anthropogenic forcing plays a primary role in driving the increasing of the SEAP trend from 1979 to 2014. Further, a separation of anthropogenic forcing indicates that the anthropogenic aerosols rather than the greenhouse gas forcing explain most of the anthropogenic forced SEAP trends, indicating the importance of anthropogenic aerosols forcing. However, these results of separated anthropogenic forcing may have some uncertainties because we adopt the linear assumption to investigate the roles of different external forcings. Whether the responses of climate system in a real world to external forcing, especially the anthropogenic forcings, are strictly linear remains unknown (Song et al., 2014). Since the primary purpose of the study is to distinguish the impacts of anthropogenic forcing and natural variation on the SEAP changes instead of the different roles of anthropogenic contributions, in the following analysis, we only focus on the historical outputs including the Hist-Nat and Hist-Ant simulations. Furthermore, the above results still provide evidence that the anthropogenic forcing definitely impacts the precipitation changes over Southeast Asia.
[image: Figure 4]FIGURE 4 | Linear trends of winter precipitation (unit: mm day−1 decade−1) averaged over Southeast Asia (10°S–20°N, 90°–140°E) from 1979 to 2014 in GPCP (red), CMAP (blue), Hist-all (gray), Hist-Nat (green), Hist-Ant (orange), Hist-GHG (light-blue), and Hist-Aer (pink) MME, respectively. The inner numbers indicate the corresponding trends. The oblique line indicates the difference between the area-mean trend and zero exceeding the 90% confidence level based on the single sample t-test.
To evaluate the reliability of the results, the probability density functions (PDF) of area-mean precipitation trends over Southeast Asia (10°S–20°N, 90°–140°E) from the realizations of historical all, natural, and anthropogenic forcings are compared (Figure 5). The observed SEAP trends in GPCP and CMAP (red and blue lines) can possibly happen in an all-forcing world (Figure 5A), and about 15 out of the 58 realizations (25.9%) from Hist-all runs show comparable trend (>.10 mm day−1 decade−1) with the observations. In addition, the observed SEAP trend for GPCP falls inside the 5%–95% confidence interval range (–.147–0.211 mm day−1 decade−1) in a real world simulation. It implies that the increased SEAP trend in the observation can be partly reproduced in Hist-all forcing. On the contrast, the PDF of Hist-Nat simulations can hardly capture the observed trends (Figure 5B), and only three out of 58 realizations (5.2%) displays comparable trend (>.10 mm day−1 decade−1) with the observations. Furthermore, the 5%–95% confidence interval level of SEAP trends in Hist-Nat ranges from –.163 to 0.085 mm day−1 decade−1, and does not contain any observations. The results imply that the positive SEAP trends in the observation is impossible to happen without anthropogenic forcing. The PDF of precipitation trends from Hist-Ant simulations as well as the 5%–95% range (–.196–.210 mm day−1 decade−1) present consistent features with those from Hist-all simulations (Figure 5C), and there are 18 out of 58 realizations (31.0%) showing comparable trend with the observations (>.10 mm day−1 decade−1). The Kolmogorov-Smirnov test shows that the PDF of the area-mean precipitation trends in Hist-all and in Hist-Ant (Hist-Nat) are from the same (different) distribution, statistically significant at the 95% confidence level. Hence, it is suggested that the effect of anthropogenic forcing on the observed SEAP trends is recognizable.
[image: Figure 5]FIGURE 5 | The probability density functions (PDF) of winter precipitation trends (shading, unit: mm day−1 decade−1) averaged over Southeast Asia (10°S–20°N, 90°–140°E) derived from 58 (A) Hist-all, (B) Hist-Nat, and (C) Hist-Ant runs, respectively. The red and blue lines denote the observed trends from GPCP and CMAP, respectively. The black dots indicate the ensemble mean in each experiment, and the horizontal black lines indicate a range of 5–95% from the corresponding distribution. The PDFs are estimated by the kernel-smoothing.
Figure 6 shows the 5-year running mean of the winter precipitation anomalies averaged over Southeast Asia (10°S–20°N, 90°–140°E) during 1979–2014. In the observation, the regional mean SEAP in GPCP (red line) and in CMAP (blue line) both show an increasing trend (Figure 6A), with the increasing rate 95% significant at .17 and .27 mm day−1 decade−1, respectively. The Hist-all MME (black line) simulates the similar precipitation evolution over Southeast Asia to the observations, with an increasing rate 95% significant at .03 mm day−1 decade−1. The correlation coefficients of the SEAP series between the Hist-all forcing and observations in GPCP and CMAP are .66 and .70, respectively, both of which exceeding the 99% confidence levels based on the two-tailed Student’s t-test. The precipitation evolutions simulated in Hist-Nat and Hist-Ant MME show comparable relations with that in Hist-all MME (Figure 6B), and their correlation coefficients are .46 and .49, respectively, exceeding the 95% confidence levels. However, the increased SEAP trend in Hist-Nat MME is near zero during 1979–2014, and that in Hist-Ant MME is 95% significant at .03 mm day−1 decade−1. As a result, the increasing of the winter SEAP trend during 1979–2014 is primarily dominated by anthropogenic forcing. In addition, a close inspection on these historically simulated SEAP series reveals that the Hist-all simulated SEAP evolution before the 1990s and after the 2000s can be well captured by Hist-Ant MME, and their correlation is 95% significant at .72 during the period 1979–1990 combined with 2001–2013, larger than that in Hist-Nat MME with the insignificant correlation coefficient at .22. Nevertheless, Hist-Nat MME presents better simulation of SEAP evolution in Hist-all MME during the 1990s, and their correlation coefficient is .90 for 1991–2000, above the 95% confidence level, while that for Hist-Ant is −.50 below the 90% confidence level. These results imply that the historical evolution of the winter SEAP from 1979 to 2014 simulated in Hist-all MME could be caused by both the natural forcing and anthropogenic activity. Although the effect of anthropogenic forcing may be more important, the contribution of natural forcing to the SEAP evolution should not be ignored.
[image: Figure 6]FIGURE 6 | The 5-year running mean of the winter precipitation anomalies (unit: mm day−1) averaged over Southeast Asia (10°S–20°N, 90°–140°E) during 1979–2014. (A) GPCP (left y-axis), CMAP (left y-axis), and Hist-all MME (right y-axis) are indicated by the red, blue, and black lines, and (B) Hist-Nat (left y-axis) and Hist-Ant (left y-axis) MME are indicated by the green and orange lines, respectively. The dashed dark-green and purple lines in (A) denote the mean value of precipitation anomalies during 1979–1994 and 1995–2013 for GPCP and CMAP, respectively.
3.3 Possible causes for human-induced SEAP changes
As shown in Figure 6A in the observation, there is a notable decadal shift of the mean SEAP that occurred after the mid-1990s, in accord with that reported in Dong et al. (2021). A moving Student’s t-test with a 9-year window applied to the observed and simulated SEAP series confirms the decadal shift, and the shift points are detected in 1995 for GPCP and CMAP (Figures 7A, B) and in 1994 for Hist-all MME (Figure 7C), respectively. To better quantify the decadal shift, the whole period 1979–2014 was divided into two sub-periods, 1979–1994 and 1995–2013, to represent negative and positive phases of the winter SEAP, respectively. In the observation, the mean SEAP during 1979–1994 in GPCP (CMAP) is –.168 (–.279) mm day−1, while that during 1995–2013 is .234 (.365) mm day−1. These in Hist-all MME during the two sub-periods are –.032 and .029 mm day−1, which can be well simulated by Hist-Ant MME (–.021 and .024 mm day−1). The differences of their mean values between these two sub-periods for observations, Hist-all, and Hist-Ant MME are 90% statistically significant based on the two-tailed Student’s t-test. In contrast, the Hist-Nat MME fails to simulate the decadal shift of the winter SEAP, and its mean values for 1979–1994 and 1995–2013 are –.011 and .005 mm day−1, respectively, with the difference of mean values below the 90% confidence level. These results indicated that the decadal shift of the winter precipitation over Southeast Asia that transforming from a negative to a positive phase after the mid-1990s causes the significantly increased precipitation trend during 1979–2014, which could be partly reproduced by anthropogenic forcing. To validate the result, the winter precipitation differences between 1995–2013 and 1979–1994 over Southeast Asia in observations and in historical simulations are further shown in Figure 8, and they present a large similarity to those in Figures 2, 3A, B. The spatial correlation between the decadal difference and the linear trend of SEAP in each pair is above .80, exceeding the 99% confidence level based on the two-tailed Student′s t-test, indicating a close relation between the SEAP trend and the precipitation decadal variation. The Hist-all MME (Figure 8C) well reproduces the decadal features of the winter SEAP in the observations (Figures 8A, B), with the spatial correlations 95% significant at .39 and .42 for GPCP and CMAP, respectively. In addition, the decadal increasing of precipitation over Southeast Asia can be mostly captured by anthropogenic forcing (Figure 8E), while natural forcing only captures the decadal increases of precipitation southeast of the Philippines and over the southern Thailand (Figure 8D). Hence, these results highlight the dominance of anthropogenic activity on the decadal changes of the winter SEAP during 1979–2014.
[image: Figure 7]FIGURE 7 | The moving Student’s t-test of the area-mean precipitation anomalies over Southeast Asia, as illustrated in Figure 6A, with a 9-year window in (A) GPCP, (B) CMAP, and (C) Hist-all MME, respectively. The dashed red lines indicate the 90% confidence levels based on the two-tailed Student’s t-test.
[image: Figure 8]FIGURE 8 | The differences of precipitation anomalies (shading, SI = 0.16 mm day−1) over Southeast Asia between 1995–2013 and 1979–1994 in (A) GPCP, (B) CMAP, (C) Hist-all, (D) Hist-Nat, and (E) Hist-Ant MME, respectively. Values exceeding the 90% confidence levels based on the two-tailed Student’s t-test are drawn with black dots.
Early studies suggested that the Pacific sea surface temperature (SST) pattern such as ENSO is the most crucial factor in modulating the winter precipitation over Southeast Asia via the Pacific Walker circulation and anomalous ascending/descending motions over the Maritime Continent (Feng et al., 2010; Dong et al., 2021). Hence, to examine the possible causes for the decadal increasing of SEAP during 1979–2014, the role of SST should be investigated. Figure 9 shows the linear trends of skin temperature over ocean from the ERA5 reanalysis data and the historical simulation with different external forcings. In the observation, a warming trend with a La Niña–like pattern has been identified in the Pacific (Figure 9A). The SST warming shows a typical pattern of a horseshoe–like structure, with faster warming in the tropical western Pacific than that in the tropical eastern Pacific, indicating the zonal SST gradient in the tropical Pacific to be stronger (An et al., 2012; Yeh et al., 2012). In the North Pacific, there are some SST signals similar to the Victoria mode, which is the second dominant mode of the North Pacific variability and is closely associated with the ENSO (Bond et al., 2003). The results are consistent with previous studies (e.g., Hua et al., 2018; Luo et al., 2018; Jiang and Zhu, 2020; Zhang et al., 2021), in which a La Niña–like warming pattern in the tropical Pacific and the strengthening trends of Victoria mode over the North Pacific (Bond et al., 2003; Ding et al., 2015) have been observed during recent decades. This non-synchronous warming trend of the Pacific SST has been well reproduced by the Hist-all MME and the Hist-Ant MME in spite of their smaller magnitudes (Figures 9B, D). The spatial correlation of the SST trends between Hist-all and observation (Hist-Ant) is .41 (.95), exceeding the 95% confidence level based on the two-tailed Student’s t-test. In contrast, these features of the SST trends hardly happen in a natural forcing world (Figure 9C). The composite difference of the SST anomalies between 1995–2013 and 1979–1994 (not shown) shows consistent results with those in linear trends. Thus, it is indicated that anthropogenic forcing can facilitate a La Niña–like SST warming pattern in the Pacific during 1979–2014. Previous studies have found that the fast warming in the tropical Indian ocean (e.g., Luo et al., 2012; Zhang et al., 2019; Zhang et al., 2021) and the Atlantic ocean (e.g., McGregor et al., 2014; Li et al., 2016), which could be driven by anthropogenic greenhouse gases forcing and aerosol forcing (Booth et al., 2012; Myhre et al., 2013; Hua et al., 2018), respectively, may contribute to the recent La Niña–like pattern in the Pacific via the strengthening of Pacific trade winds and the equatorial upwelling. In addition, the anthropogenic greenhouse forcing could also weaken the ENSO amplitude directly, which in turn causes a La Niña–like mean state in the Pacific (Kohyama et al., 2017). As a result, the view concluded in the paper that anthropogenic forcing facilitates a La Niña–like SST warming can be supported by the above studies.
[image: Figure 9]FIGURE 9 | Spatial distribution of winter skin temperature trends (shading, SI = 0.03 K decade−1) from 1979 to 2014 in (A) ERA5, (B) Hist-all, (C) Hist-Nat, and (D) Hist-Ant MME, respectively. Values exceeding the 90% confidence levels based on the two-tailed Student’s t-test are drawn.
In the observation, the zonal SST gradient in the tropical Pacific associated with the La Niña–like SST warming can result in the SLP trends to present a structure of the enhanced east-west pressure gradient during 1979–2014 (Figure 10A), indicating the strengthening of the Pacific Walker circulation. The SST induced SLP trends in the observation can be partly reproduced by Hist-all MME (Figure 10B), and is dominated by anthropogenic forcing (Figure 10D). The spatial correlation of SLP trends in the tropical Pacific between Hist-all and observation (Hist-Ant) is 95% significant at .56 (.96). However, natural forcing plays an unimportant role on the changes in SLP trends (Figure 10C). Therefore, the results indicate that anthropogenic forcing can facilitate the decadal increases of the winter SEAP from 1979 to 2014 via the induced Pacific La Niña–like SST warming and the resultant strengthening of the Pacific Walker circulation.
[image: Figure 10]FIGURE 10 | Spatial distribution of winter SLP trends (shading, SI = 3 Pa decade−1) from 1979 to 2014 in (A) ERA5, (B) Hist-all, (C) Hist-Nat, and (D) Hist-Ant MME, respectively. Values exceeding the 90% confidence levels based on the two-tailed Student’s t-test are drawn.
4 CONCLUSION AND DISCUSSION
In the study, we investigate the effects of anthropogenic forcing on the increasing of the winter precipitation over Southeast Asia during 1979–2014 by analyzing the DAMIP experiments from the 12 CMIP6 models. Results show that the observed climatology and linear trends of SEAP can be partly reproduced under historical all-forcing experiments. A comparison of separate external forcings between Hist-Nat and Hist-Ant MME indicates that the anthropogenic forcing plays a primary role in the increased precipitation over Southeast Asia that simulated in the Hist-all forcing. In addition, anthropogenic forcing contributes to a decadal shift of the winter SEAP from a negative to a positive phase since the mid-1990s, which is strongly associated with the strengthening of SEAP trends from 1979 to 2014. Further analysis indicate that anthropogenic forcing can drive a La Niña–like pattern of SST warming trend in the Pacific, and thus leads to the decadal increase of precipitation over Southeast Asia via the enhanced zonal SST gradient and the Pacific Walker circulation.
It should be noted that the increased precipitation trends over Southeast Asia under different forcing experiments are weaker than those in the observations, as also evident in SST and SLP trends. Dong et al. (2021) indicated that the internal climate variability such as the Interdecadal Pacific Oscillation, the Arctic sea ice, and the EAWM can influence the decadal variations of the winter SEAP. In this study, we find that the increased precipitation trends over Southeast Asia are closely associated with the decadal shift of SEAP. As a result, the observed increasing trend of the winter SEAP could be driven by both the internal climate variability and external forcing. The analyses presented in the paper are based on MME, which can largely remove the internal climate variability. Hence, the discrepancy between simulations and observation indicates that the internal variability may play a dominant role in the decadal increasing of SEAP, while the anthropogenic forcing plays a secondary role. To detect the relative contribution of internal variability and external forcings in driving the SEAP changes is a crucial issue and deserves further study. Last but not least, this study only uses 12 CMIP6 models with a total of 58 realizations in each historical experiment and may not fully estimate and quantify the simulated results due to the model uncertainty. Using more climate models and more realizations may be helpful to nearer the observation. The analysis with more CMIP6 data is planned for the near future.
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