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The interdecadal change of the winter-spring tropospheric temperature over Asia and its impact on the South China Sea summer monsoon (SCSSM) onset are investigated in this study. The SCSSM onset experiences a significant advance around the mid-1990s, which is attributed to the positive interdecadal anomaly of meridional temperature gradient in the mid-upper troposphere in May over the South China Sea monsoon region. This positive interdecadal anomaly can be traced back to the previous winter and spring, mainly associated with the mid-upper tropospheric warming in the East Asian subtropics. During the interdecadal anomalous seasonal evolution of the East Asian subtropical mid-upper tropospheric temperature, advection of the warm temperature anomaly by climatological mean wind overtakes the effects of anomalous adiabatic cooling and diabatic cooling, leading to a net interdecadal seasonal warming in winter. In spring, the adiabatic heating caused by the interdecadal anomalous subsidence flow cannot offset the effects of interdecadal anomalous cold advection and diabatic cooling, resulting in a net interdecadal seasonal cooling. However, the interdecadal seasonal cooling in spring is not strong enough to offset the interdecadal seasonal warming in winter, preserving an interdecadal mid-upper tropospheric warming over the subtropical East Asia in late spring. This interdecadal warming provides a favorable condition for the interdecadal advance of the SCSSM onset. Both observational analyses and numerical experiments suggest that the interdecadal change of atmospheric thermodynamic processes in winter−spring is related to the interdecadal warming in the tropical western Pacific. The enhanced convection and condensation heating over the regions from the South China Sea to the Philippines, forced by the tropical western Pacific warming, stimulates an anomalous anticyclone in the upper troposphere and warming in the whole troposphere over the subtropical East Asia.
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INTRODUCTION
The South China Sea (SCS) is located in the center of the Asian-Australian monsoon system, connecting the Indian Ocean and the Pacific. The SCS summer monsoon (SCSSM) affects not only the local climate, but also other areas through the energy and water cycle, and is closely associated with other monsoon systems (Murakami and Matsumoto, 1994; Wang et al., 2009; Jiang et al., 2018). The onset of SCSSM marks the end of the dry season in East Asia and the northwest Pacific, accompanied by the arrival of the summer rainy season. With the stepwise northward advance of the summer monsoon in East Asia, the monsoon rainband is established in South China, the Yangtze and Yellow River Basins in sequence, and Baiu in Japan and Changma in Korea occur at last (Tao and Chen, 1987; Ding, 1992; Qian et al., 2002; Wang and Lin, 2002; Ding and Chan, 2005). The abnormal onset timing of SCSSM has a great impact on the distribution of precipitation in eastern China, and even causes disasters such as floods and droughts. Some studies suggested that the relationship between the SCSSM onset and the precipitation over eastern China is regulated by the thermal state of the western Pacific warm pool. When the tropical western Pacific warm pool warms up, there is enhanced convection over the region from the Philippines across the SCS to the Indo-China peninsula, resulting in an early onset of SCSSM and more obvious northward jump of the western Pacific subtropical high, and eventually leading to less precipitation in the middle and lower reaches of the Yangtze River and more precipitation in the northern part of China, and vice versa (Huang and Sun, 1994; Huang et al., 2005). He and Zhu (2015) further pointed out that the positive (negative) SST anomaly in the tropical Indian Ocean in spring and summer can excite an anomalous anticyclone (cyclone) over the western Pacific via stimulating the Kelvin wave response, resulting in late (early) SCSSM onset and more (less) precipitation over lower reaches of the Yangtze River and the south of Japan from May to September. Actually, the SCSSM onset shows distinctive interannual and interdecadal variabilities (Wang et al., 2009; Kajikawa et al., 2012; Kajikawa and Wang, 2012; Xiang and Wang, 2013; Yuan and Chen, 2013; Luo and Lin, 2017). Therefore, it is of great significance to better understand the influence factors and physical mechanisms affecting the SCSSM onset.
Li and Yanai (1996) indicated that the Asian summer monsoon is first established in the Bay of Bengal, and then erupts successively in the Indo-China Peninsula and the SCS, and the Indian monsoon breaks out at last. Such sequence of the Asian summer monsoon onset is consistent with the seasonal reversal of the meridional temperature gradient (MTG) in the mid-upper troposphere south of Tibetan Plateau. As for climatological mean state, the SCSSM outbreaks in mid-May with the transition from easterlies to westerlies in the lower troposphere and from westerlies to easterlies in the upper troposphere, and MTG switches from negative to positive over the SCS. The positive mid-upper tropospheric MTG provides a favorable thermal condition for maintaining the circulation background of easterly vertical shear over the SCS and the SCSSM onset (Jian and Luo, 2001; Wu and Wang, 2001). The seasonal reversal of the MTG over the SCS is caused by a faster seasonal rising in the mid-upper tropospheric temperature over the northern SCS and surrounding area, which is primarily contributed by the warm advection process, than over the equatorial region (Jian and Luo, 2001). Mao et al. (2004) also suggested that the Asian summer monsoon onset is closely associated with the MTG overturning in the mid-upper troposphere.
Recently, many studies revealed that the SCSSM onset showed a significant interdecadal advance around 1993/94 (Kajikawa and Wang, 2012; Kajikawa et al., 2012; Xiang and Wang, 2013; Yuan and Chen, 2013; Luo and Lin, 2017). Kajikawa and Wang (2012) suggested the interdecadal warming of the western tropical Pacific accounts for the interdecadal advance of the SCSSM onset. Yuan and Chen (2013) further explained that the interdecadal warming of the tropical western Pacific leads to active convection over there and early eastward retreat of the western Pacific subtropical high, which favors the early onset of the SCSSM. Lin and Zhang (2020) suggested that the interdecadal warming over the western equatorial Pacific modulates the low-level zonal winds around the Kalimantan Island, which affects the subtropical high and the interdecadal advanced SCSSM onset. Xiang and Wang (2013) found more specific results that the early onset of the summer monsoon in the Arabian Sea and the Bay of Bengal is mainly regulated by the zonal sea surface temperature (SST) gradient in the equatorial Pacific, while the early onset of the SCSSM is mainly attributed to the positive SST anomaly near the Philippine Sea.
The previous studies mainly emphasize the influence of SST on the atmospheric circulation and the SCSSM onset, while the influence of the tropospheric temperature in the Asian monsoon region on the interdecadal advanced SCSSM onset around 1993/94 is less explored in terms of internal thermodynamic mechanisms and related external SST forcing. Specifically, the interdecadal change of the tropospheric temperature over the Asian monsoon region from winter to spring and its relationship with the interdecadal advanced SCSSM onset, as well as the responsible thermodynamic mechanisms and the influence of the interdecadal SST warming over the tropical Pacific are still unclear. It should be noted that not only the spring season but also the winter season have been concerned in this study, because the pronounced interdecadal warming in the winter troposphere over the subtropical East Asia plays a pivotal role on the interdecadal advanced SCSSM onset around 1993/94, which has been authenticated in this study. The aim of this study is to address the above issues. This paper is organized as follows. The datasets and methods are described in Datasets and Methods. SCSSM Onset-Related Interdecadal Change of Mid-Upper Tropospheric Temperature over Asia in Winter-Spring illustrates the SCSSM onset-related interdecadal change of the mid-upper tropospheric temperature over the Asian monsoon region in winter and spring. The seasonal evolution and the thermodynamic mechanisms of interdecadal change of the mid-upper tropospheric temperature over the East Asian subtropics are investigated in Mechanisms for Interdecadal Warming over East Asian Subtropics. Then, Interdecadal Change of Tropical Western Pacific SST and its Impacts discusses the effect of the interdecadal change in Indo-Pacific SST on the mid-upper tropospheric warming over the East Asian subtropics in winter and spring, based on diagnostic analyses. Simulation of the Impacts of Diabatic Heating Anomalies Around the SCS and Philippines presents the simulations of the impact of diabatic heating over the SCS-Philippines on the interdecadal advanced SCSSM onset. Finally, a summary and a discussion are presented in Summary and Discussion.
DATASETS AND METHODS
Datasets
The datasets used in this study are the European Center for Medium–Range Weather Forecasts (ECMWF) Interim reanalysis dataset (ERA-Interim; Dee et al., 2011) during the period 1979–2017, including four times daily (00, 06, 12 and 18 UTC) data and monthly mean data of wind, temperature and specific humidity at 18 standard pressure levels from 1,000 hPa to 100 hPa, with a horizontal resolution of 2.5 × 2.5°. In addition, the monthly mean SST data during 1979–2017 are from the Hadley Center (HadISST) with horizontal resolution of 1 × 1° (Rayner et al., 2003).
Definition of the SCSSM Onset Date
According to Lin et al. (2013), the SCSSM onset date is defined to be the first day when the steady westerlies at 850 hPa and easterlies at 250 hPa establish over the SCS region (5°–17.5°N, 110°–120°E) and last for at least 5 days.
Calculation of the Apparent Heat Source
The apparent heat source [image: image] (e.g., Yanai et al., 1973) in this paper is computed by the thermodynamic equation
[image: image]
where T is air temperature, θ the potential temperature, V the horizontal wind, ω the vertical p-velocity, κ = R/cp, R and cp are the gas constant and the specific heat at constant pressure of dry air, and p0 = 1,000 hPa.
For convenience, let
[image: image]
Then, Eq. 1 can be rewritten as
[image: image]
Where [image: image], [image: image] and [image: image] are the local temperature change, the horizontal temperature advection and the vertical adiabatic heating, respectively. The apparent heat source [image: image] is calculated with four times daily data, and then daily mean values are derived.
In addition, since this study will discuss the inter-monthly temperature change, it is necessary to give the thermodynamic expression for determining the monthly mean temperature change between two adjacent months as Eq. 4, and its derivation is shown in Appendix in detail, according to the thermodynamic equation and assuming each month has 30 days.
[image: image]
where Ti,n is the daily mean temperature on the n-th day of the i-th calendar month, F the net effect of all thermal forcing terms on the right side of Eq. 3.
Linear Baroclinic Model
The linear baroclinic model (LBM; Watanabe and Kimoto, 2000) employed in this study is a linearized version of the atmospheric circulation model developed at the Center for Climate System Research, University of Tokyo, and the National Institute for Environmental Studies in Japan. In the numerical experiments, a horizontal resolution of T42 and 20 vertical levels in sigma coordinate system are applied. The climatology of the ERA-Interim data during 1979–2017 is adopted for the basic fields in the LBM simulations in winter and spring. The simulation experiments in this study are run for 30 days, and the mean values of the last 10 days are adopted.
SCSSM ONSET-RELATED INTERDECADAL CHANGE OF MID-UPPER TROPOSPHERIC TEMPERATURE OVER ASIA IN WINTER-SPRING
Figure 1 presents the time evolution of SCSSM onset date during the past 38 years from 1980 to 2017. It can be noticed that the SCSSM onset date shows a pronounced interdecadal shift around 1993/1994, with later onsets during the first epoch from 1980 to 1993 and earlier onsets during the second epoch from 1994 to 2017. The averaged onset dates are 26 May and 13 May during the two epochs, respectively. The interdecadal shift of SCSSM onset date around 1993/1994 is statistically significant at 95% confidence level according to the Student’s t test, and this result is consistent with other studies (Kajikawa and Wang, 2012; Yuan and Chen, 2013; Lin and Zhang, 2020).
[image: Figure 1]FIGURE 1Time series of the SCSSM onset date during 1980–2017. The left Y-axis is the sequence number of day for the SCSSM onset date from 1 January (day). Orange and blue lines denote the mean onset date in 1980–1993 and 1994–2017, respectively. Red dashed curve is the 9 years sliding t-test value (right Y-axis).
Climatologically, the reversal of vertical zonal wind shear and the MTG between 500–200 hPa are rapid over the SCS monsoon region during the SCSSM establishment, which can better evaluate the monsoon onset (Wu and Wang, 2001; Mao et al., 2004). Moreover, the seasonal evolution of the mid-upper tropospheric temperature difference between the subtropical continent and tropical ocean is the most striking. To reveal the SCSSM onset-related interdecadal change features of the mid-upper tropospheric (500–200 hPa) temperature change over East Asia, we conducted regression analysis on the 500–200 hPa mean temperature anomalies against the SCSSM onset date over the Asian monsoon region from winter to spring, and the results are shown in Figure 2. The spatial pattern mainly reflects the in-phase temperature variation in the Asian subtropics in winter and spring. In December (Figure 2A), two significant negative centers are located over the western part of Tibetan Plateau and East Asia, respectively. In January and February (Figures 2B,C), the main negative centers are over the East Asian subtropics. In spring (Figures 2D–F), the striking negative zones cover the subtropics of East Asia, with the centers over the eastern Tibetan Plateau. Considering the interdecadal advanced feature of the SCSSM onset, the abovementioned pronounced centers with negative regression coefficients over the East Asian subtropics imply that mid-upper temperature may also experience pronounced interdecadal warming in winter-spring. The SCSSM onset is closely related to the reversal of the MTG in the mid-upper troposphere over the SCS monsoon region. It is suggested that the positive temperature anomaly in the mid-upper troposphere over the East Asian subtropics in previous winter and following spring is conducive to an early seasonal reversal of the MTG over the SCS monsoon region, and then beneficial to the early onset of the SCSSM.
[image: Figure 2]FIGURE 2Regressions of the monthly 500–200 hPa mean temperature against the SCSSM onset date from previous December to May. The regression coefficients significant at the 95% confidence level are stippled. The “DJF_center” is the demain (25°−32.5°N, 100°−120°E); “North” and “South” denote the northern domain (20°–25°N, 105°–120°E) and the southern domain (2.5°S–2.5°N, 105°–120°E) of the SCS, respectively.
Figure 3 shows the normalized time series of the mid-upper tropospheric temperature in the winter center (25°−32.5°N, 100°−120°E) as shown in Figure 2C. It indeed presents a remarkable interdecadal warming trend. Both 1993 and 1998 were significant interdecadal shift points at 90% confidence level according to the 9 years sliding Student’s t-test. Furthermore, the interdecadal advance of the SCSSM onset occurred around 1993/94, which is also the interdecadal turning point for the mid-upper tropospheric MTG anomalies over the South China Sea monsoon region in May (Figure 4), and the correlation of the MTG with the SCSSM onset date is −0.51 (over the 99% confidence level). These facts demonstrate that there exists an identical interdecadal shift point for the mid-upper tropospheric MTG over the SCS monsoon region and the SCSSM onset date. Therefore, we take 1993/94 as the interdecadal shift point in the following analyses for the two epochs, i.e., 1980–1993 and 1994–2017.
[image: Figure 3]FIGURE 3Normalized time series (solid line) and its 9 years sliding t-test (blue dashed line) of 500–200 hPa mean temperature averaged in the winter center (25°−32.5°N, 100°−120°E) shown in Figure 1C. The red dashed lines denote the 90% confidence level of t-test.
[image: Figure 4]FIGURE 4Normalized time series of the 500–200 hPa mean MTG (TN–TS, red dashed line) between the northern domain (20°–25°N, 105–120°E) and the southern domain (2.5°S–2.5°N, 105°–120°E) of the SCS (as the boxes named “North” and “South” in Figure 2C, respectively) and the SCSSM onset date (black solid line) during 1980–2017.
MECHANISMS FOR INTERDECADAL WARMING OVER EAST ASIAN SUBTROPICS
Seasonal Evolution of the Interdecadal Change of Mid-upper Tropospheric Temperature
The interdecadal warming of the mid-upper troposphere around 1993/94 over the East Asian monsoon region is observed in all seasons, but the warming magnitudes vary with the seasons, which further leads to the season-dependent interdecadal change of the MTG. In autumn, the interdecadal warming in the mid-upper troposphere is more conspicuous over the tropics than over the subtropics of East Asia, resulting in weak negative MTG anomalies around the SCS monsoon region (Figure 5A). Conversely, the temperature increase is greater in the subtropics of East Asia than in the tropics in winter (Figure 5B), and therefore the interdecadal anomaly of the MTG over the SCS monsoon region turns from negative to positive. By comparing Figures 5A,B, the interdecadal warming magnitude over East Asia is larger in winter than in autumn, especially for southern China (Figure 5D). In spring (Figure 5C), the interdecadal warming pattern over the East Asian monsoon region is rather similar to that in winter, but the warming magnitude is significantly weakened. The seasonal evolution from winter to spring is characterized by relative cooling (Figure 5E). Since the interdecadal cooling of inter-seasonal change from winter to spring in the East Asian subtropics is less than the warming magnitude from autumn to winter, the East Asian subtropics eventually shows interdecadal warming of inter-seasonal change from autumn to spring, while the opposite occurs in the tropics (Figure 5F). Thus, an interdecadal pattern with positive MTG anomalies over the SCS monsoon region starts from winter and persists into spring (Figures 5C,F), which is conducive to the interdecadal advance of the SCSSM onset around 1993/94.
[image: Figure 5]FIGURE 5Epochal differences (K) of the seasonal mean temperature (left panel) and the inter-seasonal change of temperature (right panel) in the 500–200 hPa layer. Left panel:(A) autumn (SON(−1)), (B) winter (DJF(0)), (C) spring (MAM(0)); right panel:(D) winter minus autumn, (E) spring minus winter, (F) spring minus autumn. Label “−1” denotes (1993–2016) minus (1979–1992), and “0” denotes (1994–2017) minus (1980–1993). The stippled areas denote the differences significant at the 95% confidence level.
Based on Figure 5, it has been identified that the most prominent interdecadal warming in the mid-upper troposphere over the East Asian subtropics occurs in winter, which coincides well with the winter negative center in Figure 1C, and is accompanied by a pronounced interdecadal warming of inter-seasonal change from autumn to winter (Figure 5D). However, by examining the interdecadal temperature change month by month, it is verified that the warming over the East Asian subtropics is primarily attributed to the interdecadal warming of inter-monthly temperature changes from November to December and from January to February (see the red dashed line in Figure 6). On the contrary, an interdecadal cooling of the inter-seasonal temperature change is observed from December to January, and a more pronounced cooling is observed during February–March. The seasonal evolution of the interdecadal temperature change in the northern part of the SCS monsoon region is highly consistent with that in the winter center (Figure 6). Moreover, during July to November (except September), the interdecadal change of the mid-upper tropospheric temperature is larger over the southern part than the northern part of the SCS monsoon region, resulting in negative interdecadal MTG anomalies over the SCS. However, during the period of December to May, the interdecadal warming over the northern part of the SCS monsoon region is more pronounced than that over the southern part, therefore, the interdecadal MTG anomaly turns from negative to positive. The sustained positive interdecadal MTG anomalies over the SCS monsoon region during winter to spring, which is primarily attributed to the prominent interdecadal warming of inter-monthly temperature changes from November to December and from January to February over the East Asian subtropics, is pivotal to the interdecadal advance of the SCSSM onset around 1993/94.
[image: Figure 6]FIGURE 6Monthly evolution of the area-averaged 500–200 hPa temperature differences (K) between two epochs over the domain (DJF_center, 25°–32.5°N, 100°–120°E, red dashed line), the northern part (north, 20°–25°N, 105°–120°E, black solid line) and the southern part (south, 2.5°S–2.5°N, 105°–120°E, blue solid line) of the SCS monsoon region. The red solid line is epochal difference of the MTG (north–south). Numbers “−1” and “0” in brackets on the abscissa denote (1993–2016) minus (1979–1992) and (1994–2017) minus (1980–1993), respectively.
Thermodynamic Mechanisms of Interdecadal Temperature Changes
The evolution of atmospheric temperature is attributed to various thermodynamic processes (e.g., horizontal temperature advection, vertical adiabatic heating, and diabatic heating) within the atmosphere. According to the relationship between the inter-monthly temperature change and the daily thermal forcing terms expressed as Eq. 4, we can clarify the specific thermodynamic processes and mechanisms responsible for the pronounced interdecadal change of the mid-upper tropospheric temperature over the East Asian subtropics during November to February and February to May.
Figure 7A shows the interdecadal differences of the inter-monthly temperature change rate in the mid-upper troposphere during November to February, and it is noticed that the pronounced warming center is located in the subtropical East Asia–northwestern Pacific. The warming center is formed with a primary contribution from the interdecadal enhancement of the horizontal advective heating (Figure 7B), and a slight positive contribution from the intensified diabatic heating along the East Asian coast and a small negative contribution in most areas within the range of 80°–100°E (Figure 7C). In contrast, the vertical adiabatic term shows a prominent cooling effect over the subtropical East Asia, indicating a negative contribution to the East Asian warming center (Figure 7D). Therefore, the interdecadal warming center of inter-monthly temperature change in winter over the subtropical East Asia–northwestern Pacific is a result of significant abnormal horizontal advective heating, which could not be completely offset by abnormal adiabatic cooling and abnormal diabatic cooling. In addition, the warming over the northern SCS and South China is mainly caused by the interdecadal anomalous warm advection and diabatic heating. The tropical Indian Ocean within 5°–10°N, the SCS to the Philippines, and the Maritime Continent are mainly controlled by diabatic heating and adiabatic cooling associated with interdecadal anomalous ascending motion. The weak interdecadal warming due to inter-monthly temperature increment over the Maritime Continent from November to February is caused by abnormal diabatic heating and warm advection, partly counteracted by abnormal adiabatic cooling.
[image: Figure 7]FIGURE 7Epochal differences (K) of the thermal forcing terms for the 500–200 h·Pa temperature change during November to February ((1994–2017) minus (1980–1993)). (A) Inter-monthly temperature change rate (Q11). (B) Temperature advection rate (−Q12). (C) Diabatic heating rate (Q1). (D) Adiabatic heating rate (−Q13). The stippled areas denote the difference significant at the 95% confidence level.
Further exploration indicates that the striking abnormal horizontal advective heating in the subtropical East Asia, as shown in Figure 7B, is mainly caused by the coordination of an interdecadal warming center over the eastern Tibetan Plateau and the climatologically prevailing westerlies over the subtropical region of Asia (Figure 8A). In contrast, the climatological mean temperature field together with the interdecadal wind anomalies leads to interdecadal cold advection over the East Asia (Figure 8B).
[image: Figure 8]FIGURE 8(A) Climatologically mean 500–200 hPa wind (arrows, m/s) and the epochal differences of the 500–200 hPa temperature (color shading, K) in November–February. (B) Climatologically mean 500–200 hPa temperature (color shading, K) and the epochal differences of 500–200 hPa wind (arrow, m/s) in November–February. (C) Same as (A), but for February–May. (D) Same as (B), but for February–May. Climate-mean state: “(−1)” and " (0)" denote the mean state of 1979–2016 and 1980–2017, respectively. For the epochal difference, “(−1)” and “(0)” denote (1993–2016) minus (1979–1992), and (1994–2017) minus (1980–1993), respectively.
Figure 9A shows the interdecadal differences of inter-monthly temperature increment in the mid-upper troposphere from February to May. The evident cooling is observed over East Asia and the tropics of Asian-Australian monsoon region, with a cooling center over the East Asia.
[image: Figure 9]FIGURE 9As Figure 7, but for february-may.
The interdecadal cooling over East Asia is mainly attributed to a joint effect of anomalous cold advection and diabatic cooling over there (Figures 9B,C). Further examination indicates that the interdecadal cold advection over East Asia is a composite result of strong cold advection, induced by the interdecadal northerly wind and the climatologically negative MTG in the East Asian mid-upper troposphere, and a weak warm advection caused by the negative anomalies of zonal temperature gradient and the climatological westerlies (Figures 8C,D). Moreover, the aforementioned interdecadal diabatic cooling over East Asia is associated with interdecadal anomalous downdraft (Figure 10C). However, the adiabatic heating associated with the abnormal subsidence contributes positively to the warming over East Asia (Figure 9D), and its intensity cannot counteract the effects of diabatic cooling and cold advection, thereby eventually leading to the cooling over East Asia.
[image: Figure 10]FIGURE 10Epochal differences of (A) 200 hPa wind (arrows, m/s) with 500 hPa p-velocity (shading, 10–2 Pa/s), and (B) 850 hPa wind (arrows, m/s) with SST (shading, K) for November–February. (C), (D) same as (A), (B) but for February–May. “(1)” denotes (1993–2016) minus (1979–1992), " (0)" denotes (1994–2017) minus (1980–1993).
In the tropics except the equatorial Indian Ocean, interdecadal cooling is mainly caused by the enhanced adiabatic cooling associated with the interdecadal enhancement of ascending motion (Figures 9D, 10C), while the interdecadal cooling over the equatorial Indian Ocean results from the interdecadal weakening of diabatic heating caused by the weakened ascending motion (Figures 9C, 10C).
INTERDECADAL CHANGE OF TROPICAL WESTERN PACIFIC SST AND ITS IMPACTS
In November-February, a horseshoe-shape pronounced interdecadal warming pattern appears in the tropical-subtropical western Pacific and a weak basin-wide warming in the tropical Indian Ocean. Meanwhile, the interdecadal change in the tropical central-eastern Pacific SST presents a wedge-type cooling pattern (Figure 10B). Corresponding to the above interdecadal SST change, interdecadal anomalous low-level cyclonic circulation exists over the SCS and the Bay of Bengal, anomalous low-level westerlies over the equatorial Indian Ocean, and anomalous low-level easterlies over the tropical central-western Pacific. Therefore, obvious interdecadal anomalous low-level convergence and upper-level divergence are observed over the Maritime Continent, the Philippines and nearby areas (Figures 11A,B), accompanied by interdecadal ascending motion (Figure 10A). Meanwhile, the interdecadal ascending motion over the East Asian coast to the Maritime Continent converges and sinks in north of the Bay of Bengal through vertical circulation, leading to vertical adiabatic warming over there. On the other hand, the enhanced convection over the regions from the SCS to the Philippines results in pronounced interdecadal intensified diabatic heating in the troposphere, resembling that shown in Figure 7C. Meanwhile, an interdecadal anomalous upper-level anticyclone is observed over the regions from the southern slope of the Tibetan Plateau to southern China (Figure 10A), which might be a response to the intensified diabatic heating forcing over the regions from the SCS to the Philippines (e.g., Liu et al., 1999); this is further demonstrated by model simulations in Simulation of the Impacts of Diabatic Heating Anomalies Around the SCS and Philippines. The above mentioned interdecadal anomalous upper-level anticyclone is accompanied by an interdecadal warming center in the mid-upper troposphere through hydrostatic balance (Figure 5B).
[image: Figure 11]FIGURE 11(A) Epochal differences of divergent wind (arrows, m/s), divergence (shading, 10–6/s) and velocity potential function (contours, 106 m2/s) at 200 hPa and for November–February. (B) Same as (A), but at 850 hPa and for November–February. (C) Same as (A), but for February–May. (D) Same as (B), but for February–May. “(1)” denotes (1993–2016) minus (1979–1992), and “(0)” denotes (1994–2017) minus (1980–1993).
In February–May, the interdecadal change pattern of the tropical Indian Ocean-Pacific SST resembles that in November-February overall, indicating its long persistence (Figure 10D). However, the interdecadal warming center of the western Pacific SST has changed. Compared with the winter pattern, the positive SST anomalies in the East Asian coast and its adjacent areas weaken or even turn to be negative, and the positive SST anomaly center in the western equatorial Pacific weakens and moves southeastward to the tropical South Pacific Ocean northeast of Australia, and the interdecadal anomalous southwest–northeast-oriented warm center in the northwestern Pacific becomes significantly prominent. The pronounced interdecadal warming regions in the western Pacific induce an anomalous convergence center in the lower troposphere with an anomalous divergence center in the upper troposphere (Figures 11C,D), accompanied by interdecadal ascending motion (Figure 10C). The interdecadal intensified diabatic heating over the southern Philippines and the eastern Maritime Continent is caused by the obvious anomalous ascending motion (Figure 9C), and it stimulates an anomalous low-level cyclone over the SCS and the Philippine Sea through the Rossby-wave response (Gill, 1980). Such anomalous atmospheric circulation is conducive to the weakening and eastward retreat of the subtropical high over the SCS, beneficial to the early onset of the SCSSM. The anomalous updraft over the tropical western Pacific converges and sinks in southern China through vertical circulation (Figure 11C), resulting in adiabatic heating over there. In addition, similar to the situation in winter described above, the enhanced convection with the intensified condensation heating over the western Pacific may excite an anomalous upper-level anticyclone to the northwest side of the heating center, leading to the mid-upper tropospheric warming over this region (Figures 5C, 10C).
The above results demonstrate that in winter and spring, the interdecadal positive SST anomalies in the Maritime Continent-tropical western Pacific force enhanced convection and diabatic heating over there. The heterogeneous diabatic heating plays an important role in exciting an anomalous anticyclone and warming in the mid-upper troposphere over the East Asian subtropics.
SIMULATION OF THE IMPACTS OF DIABATIC HEATING ANOMALIES AROUND THE SCS AND PHILIPPINES
A simple baroclinic model (LBM, Watanabe and Kimoto, 2000) is applied to further verify the impacts of the western Pacific SST anomalies on the temperature and circulation change over the subtropical East Asian monsoon region mentioned in the previous section.
In order to achieve a better response of the atmosphere to the SST forcing, the prescribed forcing employs the atmospheric apparent heat source ([image: image]) forcing rather than the SST forcing itself. Actually, the diabatic heating in the atmosphere over the Indio-Pacific Oceans is induced by the underlying SST forcing. Based on the horizontal distribution of interdecadal differences in the observed [image: image] (Figures 7C, 9C), we specified the horizontal structure of the [image: image] forcing field as shown in Figures 12A,B around the SCS and the Philippine Sea, which has been also confirmed by the regressions of the diabatic heating in November–February and February–May against the interdecadal component of the SCSSM onset date (not shown), and set the vertical structure of [image: image] to a gamma distribution with the peak at the 0.55 sigma level (Figure 12C). With the aforementioned settings of the [image: image] forcing field, sensitivity experiments were performed for the basic field of November–February and February–May, respectively.
[image: Figure 12]FIGURE 12Atmospheric heat source settings for the LBM numerical experiments. Horizontal distribution of the specified heat source (K/day) at the 0.55 sigma level in (A) November–February and (B) February–May. (C) Vertical profiles of the epochal differences of the area-averaged heat source observations (K, the lower abscissa) in the respective specified regions of (A) and (B) in November–February (NDJF_REAL, blue line) and February–May (FMAM_REAL, purple line), and the specified heat source at the forcing center (FRC, red line; K/day, the upper abscissa) in sigma coordinate.
Figure 13 shows the response of atmospheric circulation and the mid-upper tropospheric temperature to the atmosphere heating over the SCS-Philippines. Compared with the observations (left panel, Figure 13), the significant mid-upper tropospheric warming and upper-level anticyclone over the subtropical East Asian monsoon region can be well reproduced in both winter and spring (Figures 13E,G), although the simulated warming center in spring shifts slightly southward and the simulated warming magnitude in winter is larger compared to the observation. Especially, the distinct positive MTG anomalies in the mid-upper troposphere over the SCS monsoon region are well simulated qualitatively in winter and spring, with more obvious warming over the subtropical East Asia than over the Maritime Continent, which is beneficial to the interdecadal advance of the SCSSM onset. At low level, the anomalous cyclone near the SCS-Philippines has been also well simulated (Figures 13H,F). In general, the simulation results by the LBM in the East Asian monsoon region are quite similar to the observed interdecadal differences, indicating that the interdecadal SST warming in the tropical western Pacific have great impacts on the subtropical East Asian atmospheric circulation and tropospheric temperature through the convective heating. Here, we only consider the atmospheric heating over the SCS and the Philippines, and the influence of other ocean basins and other external forcings have not been taken into account. This may account for the differences between the simulation and the observation.
[image: Figure 13]FIGURE 13Observation (left panel) and simulation (right panel) results of heat source forcing: (A), (E) 200 hPa wind (vector, m/s) and mid-upper tropospheric temperature (shading, K) for November-February; (B), (F) 850 hPa wind (vector, m/s) and 500 hPa p-velocity (shading, 10–2 Pa/s) for November-February. (C), (G) same as (A), (E) but for February–May. (D), (H) same as (B), (F) but for February–May.
SUMMARY AND DISCUSSION
This study has examined the interdecadal change of the mid-upper tropospheric temperature over Asian monsoon region during winter and spring and its connection with the interdecadal advance of the SCSSM onset around 1993/94. We have further explored the specific physical processes and influence factors of the temperature change according to the interdecadal change of tropical Indo-Pacific SST and atmosphere circulation.
It is suggested that a significant interdecadal warming in the mid-upper troposphere over the subtropical East Asia in winter and spring is closely associated with the interdecadal advance of the SCSSM onset around 1993/94. The resulting enhanced MTG over the SCS monsoon region in winter and spring after 1994 provides a favorable thermal condition for the interdecadal early onset of the SCSSM.
In the mid-upper troposphere over the subtropical East Asia, there is an interdecadal warming due to the inter-monthly temperature increment during November–February, which is attributed to the striking anomalous horizontal advective heating in the subtropical East Asia caused by the coordination of an interdecadal warming center over the eastern Tibetan Plateau and the climatologically prevailing westerlies. While there is an interdecadal cooling due to the inter-monthly temperature reduction during February–May, which mainly results from the interdecadal anomalous cold advection, induced by the coordination of the interdecadal northerly wind anomalies and the climatologically negative MTG in the East Asian mid-upper troposphere, and diabatic cooling associated with interdecadal downdraft anomalies over East Asia. However, the interdecadal cooling during February–May is not intense enough to offset the interdecadal warming during November–February. Eventually, an interdecadal warming in the mid-upper troposphere remains over the subtropical East Asia at the end of spring, providing a favorable condition for the early onset of the SCSSM.
Furthermore, the interdecadal changes of tropical Indo-Pacific SST in winter and spring have great impacts on the interdecadal warming and atmospheric circulation anomalies over the East Asian subtropics. The interdecadal SST warming in the tropical western Pacific induces intensified convection and condensation heating over the SCS-the Philippine Sea and surrounding areas, exciting an anomalous anticyclone and a warming center in the mid-upper troposphere over the East Asian subtropics. These results are further confirmed by numerical experiments. There are some differences in the distribution of interdecadal tropical Indo-Pacific SST anomalies in winter and spring, leading to some differences in the interdecadal anomalies of atmospheric circulation and thermodynamic heating processes over the East Asian subtropics in two seasons. All the results provide a factual basis for understanding the thermodynamic origin of the interdecadal advance of the SCSSM onset around 1993/1994.
The variation of SST in different ocean basins may be related to each other. In addition to the interdecadal tropical Indo-Pacific warming, there also exists significant interdecadal warming in the North Atlantic. The Atlantic Multidecadal Oscillation (AMO) affects the tropical and regional SST through air-sea coupling (Lyu et al., 2017; Sun et al., 2017). As for interdecadal change, AMO can also influence the tropospheric temperature over Eurasia by adjusting the intensity and frequency of North Atlantic Oscillation (NAO) events (Goswami et al., 2006). This study mainly emphasizes the effects of the interdecadal change in tropical Indo-Pacific SST on the interdecadal warming of the East Asian troposphere, but the influence of the mid-high latitude signals and SST anomalies in other ocean basins on the interdecadal warming of the Asian subtropics in winter and spring remains to be further explored in the future.
It should be mentioned that the interdecadal change of the SCSSM onset around 1993/94 is not the sole turning point in recent 38 years. Another secondary turning point appeared around 1998/99 (Figure 1), which is also shown in the mid-upper temperature in winter over the subtropical East Asia as shown in Figure 3. This late 1990s shift has been detected by Huangfu et al. (2015), and they suggested that the large-scale atmospheric and oceanic change associated with this shift exhibits a more systematically significant interdecadal change signal around 1998/99. It was also emphasized that the late 1990s shift of the SCSSM onset was due to the interdecadal warming over the tropical western Pacific around late 1990s (Huangfu et al., 2015; Hu et al., 2018).
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APPENDIX
In this appendix, a thermodynamic expression that determines temperature change between two adjacent calendar months is derived. With the aid of Eq. 2 , the thermodynamic energy Eq. 1 can be simple written as
[image: image]
Where F is the forcing term, representing the net effect of all thermal heating processes, i.e. horizontal advection of temperature, vertical adiabatic heating and diabatic heating. Given Ti,n represents the daily mean temperature on the n-th day of the i-th calendar month, and the local temperature change is calculated with the central difference scheme, then Eq. 4 can be rewritten as
[image: image]
Where [image: image] is 1 day or 86,400 s. Given 30 days in a month and based on Eq. A2, we then have
[image: image]
Adding the terms on the two sides of the formulas in Eq. A3, respectively, we get
[image: image]
Applying the above procedures to a sliding window of time repeatedly, we obtain
[image: image]
Add the terms on the left and right sides of Eqs A5, A6, respectively, and get
[image: image]
Equation A6 states that the inter-monthly change of monthly mean temperature is given by the sum of the weighted daily thermal forcing terms on the right within the two concerned months. For the convenience of calculation, we specify the number of days in each month as 30 days, and the first day or the last day of the month is omitted before calculation for the months with 31 days. When applying Eq. A6 to January–February or February–March, we add the days in February up to 30 days by including the first two days in March or the last two days in January. Since the days of the calendar months are not all the same as 30 days, there are small biases when using the left side of Eq. A6 to estimate the inter-monthly change of monthly mean temperature. However, the biases are generally very small and thus can be ignored.
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