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The atmospheric heat source over the Qinghai–Tibetan Plateau (QTP) in spring has an important impact on the climate of the surrounding regions. However, there have been few systematic studies of the dominant mode of the heat source and the cross-seasonal connections with the preceding winter and following summer. Using a distinct empirical orthogonal function (DEOF) decomposition method, we obtained the leading mode of the spring heat source over the QTP and the surrounding regions and analyzed its precursors in the previous winter and lagging effects in the following summer. Our results show that the first mode (DEOF1) was characterized by a warm plateau and cold surrounding regions. The positive phase was significantly associated with the warm Arctic–cold Siberia (WACS) pattern (r = 0.39, p = .01) and the La Niña-like SST anomaly in the Pacific in the preceding winter and the following East Asian subtropical summer monsoon (r = –0.44, p = .01), resulting in a widespread drought in China during the following summer. The cold anomaly in Siberia and the warm anomaly at mid-to low latitudes in winter associated with the WACS pattern coincide with the DEOF1 mode of the heat source over the QTP and its surroundings through change of meridional temperature gradient and wave-flow interactions. A mid-latitude wave train excited by the WACS and the thermal difference in the meridional direction of the spring DEOF1 mode caused high-pressure anomalies over the QTP and the mid-latitude region of East Asia, influencing central and eastern China. This anomaly was not conducive to the northward advancement of the East Asian summer monsoon, resulting in drought in most of China in spring and summer. The cross-seasonal relationship between the main mode of the spring heat source on the QTP and the preceding winter WACS pattern and the following East Asian summer monsoon can be used as a reference in climate prediction studies.
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1 INTRODUCTION
The Qinghai–Tibetan Plateau (QTP) covers a quarter of China’s land area and has an average altitude >4,000 m, making it the highest and most complex plateau in the world. The QTP heats the upper troposphere over the plateau more effectively than the surrounding areas through the transfer of sensible heat, latent heat and radiation (Flohn, 1957; Flohn and Reiter, 1968; Ye et al., 1979; Kuo and Qian, 1983; Zheng et al., 2015). The changing trend of temperature over the QTP is stronger than in other regions at the same latitude and this affects the atmospheric circulation of the surrounding areas (e.g., Zhang and Zhou, 2008). The huge dynamic and thermodynamic effects of the QTP not only affect the formation and development of the South Asian high (Liu et al., 1989; Liu et al., 2007; Shan et al., 2020; Zhao et al., 2020), but also affect the maintenance and development of the subtropical high (Zhang et al., 2015; Luo et al., 2016) and the overall climate and circulation in the northern hemisphere (Ye, 1952; Ye and Gu, 1955; Li et al., 2007; Zheng et al., 2021). Seasonal changes in the circulation and climate in East Asia are also influenced by the QTP (Matsumoto, 1992; Murakami and Matsumoto, 1994).
As an important heat source in spring and summer, the dynamic and thermodynamic effects of the QTP have important effects on the atmospheric circulation in East Asia, including the East Asian summer monsoon (EASM) (Luo, 1989; Li and Yanai, 1996; Dong et al., 2001; Zhang et al., 2006). Numerical simulations have shown that the thermal role of the underlying surface of the QTP is more important than the dynamic role of the terrain for the EASM, but both are equally important for the Indian summer monsoon (Liu et al., 1989; Luo and Zhang, 1991).
The thermal effects of the QTP affect the EASM in two ways. Heating of the slope of the QTP increases the energy of the air mass moving toward the plateau, causing it to rise. This alters the temperature and circulation over the QTP and stimulates the monsoonal meridional circulation in summer (Wu et al., 2015). This, in turn, affects the establishment and outbreak of the EASM (Luo and Yanai, 1983; Luo and Yanai, 1984; Huang, 1985; Shao and Qian, 2001; Liu et al., 2002; Sun and Ding, 2002; Liang et al., 2005; Wu et al., 2012; Duan et al., 2014; Duan et al., 2018). The QTP also affects the monsoon through the thermal contrast with the surrounding oceans (Ren and Qian, 2003; Yan et al., 2005; Zhu et al., 2007; Liu et al., 2012; Luo et al., 2016; Xu et al., 2016; Zhang et al., 2017). The thermal difference between the eastern plateau and the western Pacific has the strongest correlation with the intensity of the EASM (Xu et al., 2016).
The nature of the QTP heat source changes in spring, from a cold source in winter to a heat source in summer. Some studies have shown that this change is an important signal of the seasonal change in the thermal field over the QTP (Yanai et al., 1992; Daisuke et al., 2003). This transformation of the heat source has an important impact on the seasonal transition of the atmospheric circulation in late summer. Heating of the QTP in spring leads to a reversal in the nearby temperature gradient and affects the establishment of the EASM (Flohn, 1957; Flohn and Reiter, 1968; He et al., 1987; Liu et al., 2002; Zhang and Qian, 2002). The thermal and dynamic effects of the QTP accelerate the northward advancement of the monsoon and the seasonal transition in East Asia (Zheng et al., 2001). However, there have been few studies of the early circulation signals of the anomaly in the spring heat source of the QTP, especially for signals in the Eurasia continent in winter.
As a result of the large spatial differences in the thermal status of the QTP caused by the complex terrain, the regional average cannot accurately reflect the spatial heterogeneity of the change in the heat source. Analysis of the main mode can better account for the spatial heterogeneity of the change in the heat source and help to analyze the precursory signals and later impacts. Some studies have made progress. Wang et al. (2007) found that the intensity of the heat source in the eastern QTP is negatively correlated with the intensity of the EASM and positively correlated with the intensity of the South Asian summer monsoon. The leading first mode of the heat source changed in the 1970s (Wang et al., 2011). Zhang et al. (2019) found that the importance of the east–west inverse change in the mode of the QTP heat source during summer on the summer precipitation in China is increasing.
There have been few studies of the main mode of the heat source over the plateau and its surrounding areas and of the cross-seasonal connection of the main mode. Most of the previous thermal indices for the QTP were obtained based on the regional average of low-resolution data and the topographic factors were not fully considered. We therefore need to use higher resolution heat source data for an analysis of the principal mode to obtain an index that can more accurately describe the thermal characteristics of the QTP.
Previous analyses of the main mode of the heat source were often based on the empirical orthogonal function (EOF) method. However, the modes obtained by EOF analysis may have a false dipole distribution (Dommenget and Latif, 2002). Studies have shown that if the data field is a random system and satisfies the relationship that the correlation of various points in space (time) attenuates with increasing distance, then its EOF mode often appears as a false dipole distribution (Dommenget and Latif, 2002; Gerber and Vallis, 2005; Cook et al., 2010). Dommenget (2007) therefore proposed a new EOF method: the distinct EOF (DEOF) method. DEOF can eliminate features of randomness from strong noise and highlight features with more physical information. It can better estimate real climate modes (Dommenget, 2007; Cook et al., 2010). This method has been applied in the fields of meteorology and oceanography (e.g., Cook et al., 2010; Feng et al., 2014; Hu et al., 2018).
We used the DEOF method proposed by (Dommenget, 2007) to decompose the atmospheric heat source over the QTP and its surrounding domain based on high-resolution ERA5 data. We obtained the main mode of the heat source in spring and studied its cross-seasonal relationship with the atmospheric circulation in the preceding winter and following summer. This is of great scientific significance for the in-depth understanding of the change in the QTP heat source in spring and climate variability in East Asia and can also be used as a reference value for cross-seasonal climate prediction.
2 DATA AND METHODS
2.1 Data
2.1.1 The Data Used in This Work Included Three Reanalysis Datasets, Climate Indices and Historical Simulation Data
The ERA5 reanalysis dataset consists of monthly reanalysis data with a horizontal resolution of (0.25° × 0.25°) (Hersbach et al., 2018). Most of the reanalysis data used in previous studies to calculate the heat sources of the QTP were from the National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP/NCAR) (Liu et al., 2007; Wang et al., 2007; Luo et al., 2016), the NCEP/Department of Energy (DOE) (Tian et al., 2017; Wang et al., 2019) and the ERA-Interim (Ao and Li, 2015; Zhang et al., 2019) datasets. To facilitate comparison with the NCEP data, we interpolated the heat source data calculated from the ERA5 dataset to a (2.5° × 2.5°) grid when comparing it with the heat sources based on the NCEP data. The DEOF results of heat source of different resolutions (1° and 0.25°) are shown in text and supplementary material, respectively.
The NCEP/DOE reanalysis (NCEP2) dataset is a monthly reanalysis dataset with a horizontal resolution of (2.5° × 2.5°) (Kanamitsu et al., 2002). The NCEP/NCAR reanalysis dataset (NCEP1) is also a monthly reanalysis dataset with a horizontal resolution of (2.5° × 2.5°) (Kalnay et al., 1996).
The subtropical EASM index was provided by the National Tibetan Plateau Data Center of China (Zhao et al., 2015; Huang and Zhao 2019) (www.tpdc.ac.cn/zh-hans/). The South Asian summer monsoon index was from Li and Zeng (2003) (http://lijianping.cn/dct/page/1). The northern Pacific subtropical high index and the western Pacific warm pool intensity index were provided by the National Climate Center of China (https://cmdp.ncc-cma.net/cn/download.htm). The Arctic oscillation index was from the National Oceanic and Atmospheric Administration National Weather Service–NCEP Climate Prediction Center (www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml). The multivariate El Niño–Southern Oscillation index version two was derived from the National Oceanic and Atmospheric Administration Physical Sciences Laboratory (https://psl.noaa.gov/enso/mei/). The warm Arctic–cold Siberia (WACS) index was derived from the time coefficient of the second mode (PC2) of the EOF analysis of the winter 2 m temperature of the ERA5 in the Eurasia continent (Guan et al., 2020; Jin et al., 2020).
We used the outputs of five models from the World Climate Research Programme Coupled Model Intercomparison Project (phase 6) (CMIP6) Historical simulation (Eyring et al., 2016; https://esgf-node.llnl.gov/projects/cmip6/). Supplementarty Table S1 presents a brief description of these models. The period for the analysis based on the observations/simulations was from January 1979 to December 2020/2014. The simulation data were remapped onto the same (1° × 1°) grid for comparison with observations.
We also used atmospheric heat source/sink dataset over the Tibetan Plateau based on satellite and 80 routine meteorological station (Duan, 2019), provided by the National Tibetan Plateau Data Center of China, to verify the heat source data calculated by the ERA5 reanalysis data.
2.2 Materials and Methods
2.2.1 Calculation of Apparent Heat Source
Following previous work (Yanai et al., 1973), the apparent heat source can be calculated by:
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where [image: image] is the diabatic heating efficiency at different levels (units: K d−1), [image: image] is the vertically integrated apparent heat source (units: W m−2), T is the atmospheric temperature at different levels, [image: image] is the horizontal wind (units: m s−1), ps and pT are the ground and tropopause pressure, p0 = 1,013.25 hPa and k = R/cp (units: J (kg K)−1), where R and cp are the gas constant and the specific heat at a constant pressure of dry air, respectively, ω is the vertical velocity on an isobaric surface (units: Pa s−1), θ is the potential temperature (units: K) and [image: image] is the isobaric gradient operator.
2.2.2 Distinct EOF
The EOF method, also known as eigenvector analysis or principal components analysis, is a method of analyzing the structural features of matrix data and extracting the main data feature quantities. The EOF method is able to decompose the field of time-varying variables into a part that does not vary with time as a function of space and a part that depends only on the time variation as a function of time. It allows the main information of the original variable field to be concentrated on a few main components so that a study of the variation with time of the main components only needs to be studied instead of the original variable field. The results derived from this analysis can also be used to explain the physical variation characteristics of the variable field. Lorenz first introduced this analysis method into meteorological and climate studies in the 1950s. As long as the data field satisfies the relationship of the correlation between points in space (or time) decaying with distance, then the EOF modes have a dipole-type distribution (Gerber and Vallis, 2005) and not all the EOF modes are physically significant.
Dommenget (2007) proposed the DEOF method, which uses a stochastic isotropic diffusive process to simulate the stochastic null hypothesis for the spatial structure and then finds the modes that differ most from the null hypothesis. These are then used as the modes for DEOF analysis, which better excludes randomness and has a clearer physical meaning than EOF analysis. Dommenget (2007) introduced a diffusion process to extend a spatial first-order autoregressive (AR (1)) process to two dimensions:
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where Φ is the climate element, t is time, cdamp is constant damping, cdiffuse is the diffusion coefficient and f represents the spatial and temporal white noise. The diffusion process introduced in the equation is statistically significant and is used to represent the correlation between two spatial points in the element field.
When neither cdamp nor cdiffuse are a function of the location, then Eq. 3 notes that, for an isotropic diffusive process driven by homogenous forcing, f is an AR (1) process in the spatial domain. The covariance matrix of Φ is therefore:
[image: image]
where [image: image] is the standard deviation of Φ at point i and dij is the spatial distance between the two points i and j and d0 is the decorrelation length. Eq. 3 and Eq. 4 are the null hypothesis for the spatial characteristics of Φ.
The effective spatial degrees of freedom Neff characterizes the spatially effective dimensionality and quantifies the degree of complexity in the spatial variability of the domains:
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where [image: image] is the eigenvalue derived from the EOF analysis. Neff corresponds to the number of independent spatial modes and can be used as an estimate for the decorrelation length d0.
By projecting the eigenvectors [image: image] onto the eigenvector [image: image]:
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where cij is the uncentered pattern correlation coefficient between the two EOF patterns. The variance that the mode [image: image] would have under the null hypothesis can be estimated by the linear combination of all eigenvalues [image: image] of the null hypothesis using cij:
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where [image: image] denotes the variance that the pattern [image: image] explains in the observed data and [image: image] denotes the variance that the pattern [image: image] explains under the null hypothesis following Eq. 7. The leading [image: image] can be found by pairwise rotation of the leading EOFs until the maximum of [image: image] is found:
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where [image: image] is the distinct EOF (DEOF) and the corresponding time series are the distinct principal components (DPCs). The main modes of the DEOF differ most from the null hypothesis.
3 COMPARISON OF HEAT SOURCE RESULTS CALCULATED FROM DIFFERENT REANALYSIS DATASETS
There are usually large differences in the QTP apparent heat source among different datasets. Therefore, before calculating the DEOF modes of the heat source, we first need to evaluate the reliability of the heat source in the region calculated using the ERA5 data by comparing the apparent heat source results from different reanalysis datasets. Figure 1 shows the multi-year mean climatology (1979–2020) of the apparent heat source in spring calculated from the three reanalysis datasets. The spatial distribution shows that all three datasets identify the QTP and its surrounding areas as the main source of heat and that there are large heat values on the southeastern, northeastern and western sides of the QTP. However, the details of the specific distribution are inconsistent among the three datasets. The ERA5 dataset shows more details, larger extreme values and an uneven distribution of the heat source, especially near the boundary regions with the 3,000 m altitude contour, where there are dramatic changes in altitude. The two groups of NCEP data are similar and show a heat source in the central and eastern parts of the QTP; the spatial variation is less severe than that in the ERA5 dataset. This may be a result of the high spatial resolution of the ERA5 data before interpolation, which means that it contains more topographic information.
[image: Figure 1]FIGURE 1 | Climatology of the vertically integrated (from the land surface to 100 hPa) atmospheric apparent heat source in spring (color shading; units: W m−2) over the QTP and its surrounding areas from 1979 to 2020 based the three reanalysis datasets: (A) ERA5, (B) NCEP1 and (C) NCEP2. The black lines represent the 3,000 m altitude contours.
Some studies indicated that elevation dependence may be exist in the trends in temperature and precipitation on the QTP (e.g., Qin et al., 2009; Li et al., 2017). To further verify whether the similarities and differences in the apparent heat sources in different datasets are affected by the terrain and resolution, we calculated the climatology of the vertically integrated heat source from 500 to 100 hPa (Figure 2) and compared this with the heat source integrated from the ground. The 500 hPa altitude layer is located >5,000 m above sea-level and is not far from ground level on the plateau. Therefore, in theory, the heat source integrated from this height should not be very different from the heat source integrated from the ground.
[image: Figure 2]FIGURE 2 | Climatology of the vertically integrated (from 500 to 100 hPa) atmospheric apparent heat source in spring (color shading; units: W m−2) over the QTP and its surrounding areas from 1979 to 2020 based the three reanalysis datasets: (A) ERA5, (B) NCEP1 and (C) NCEP2. The black lines represent the 3,000 m altitude contours.
The results showed that, in the plateau region, the spatial distribution of the three groups of heat source tended to be more inconsistent than the heat source integrated from the ground. The ERA5 heat source did not change very much and showed a staggered distribution of positive and negative extremes at the boundary of the QTP, suggesting that it still reflects some topographic effects. However, the other two groups of data showed very different results for the heat source over the QTP: the area of the heat source was significantly smaller and the central area of QTP was a cold source. This indicates that the 500 hPa layer in the NCEP database may be further away from the ground layer and that the heat source near the ground layer is not integrated. The distribution of the NCEP heat sources was relatively smooth, which is an unreasonable result. This suggests that the difference in the results from the three datasets is related to the terrain and resolution. The ERA5 dataset has a higher spatial resolution and retains more realistic terrain information, impacting of vertically integrated result. Therefore, the ERA5 heat source may be more reasonable.
We carried out a quantitative analysis of the consistency of the three sets of heat source data. Supplementary Table S2 gives the field correlation coefficients of the climatology of the heat sources and the correlation coefficients of the time series of the regionally averaged heat sources among the three datasets based on different integral heights. For the whole-layer integration, all the field correlations among the three sets of heat source data and the correlation of the time series between the ERA5 and NCEP2 datasets passed the significance level test. For the heat source data integrated above 500 hPa, the field correlation coefficients significantly decreased and the correlations of the time series increased. This verifies the comparison between Figure 1 and Figure 2. The NCEP data have a low resolution, are strongly affected by the terrain and the accuracy of the near-ground elements is low, resulting in large differences between the integration results from the ground and 500 hPa. It is therefore necessary to use high-resolution data to calculate the heat source on the plateau and the distribution of the heat source in the plateau area from the ERA5 dataset is more reasonable.
Besides, we also compared heat sources from the reanalysis data with station data (Duan, 2019). The results are shown in Supplementary Figure S1. Although there are some differences among the results of heat sources calculated using the ERA5 reanalysis data and station data, the main body of the plateau is characterized by a heat source in the two datasets (Supplementary Figures S1A,B). The temporal correlation at the 80 station sites between station data and ERA5 data (Supplementary Figure S1C) shows that correlations in most of stations are positive, and correlations with 0.10 significant level are basically positive (red circles) and only one station with 0.10 significant level has a negative correlation (a blue circle). And stations in the southern part of the plateau basically pass the significant test. The complex topographic conditions in the southern part of the plateau prove that ERA5 can characterize the topographic factors on the plateau well. And combined with the above comparison results with NCEP reanalysis data, the ERA5 data are feasible for calculating heat sources on the plateau, and can reflect the more topographic effects which are not presented in the low-resolution reanalysis.
4 DEOF ANALYSIS OF THE APPARENT HEAT SOURCE IN AND AROUND THE TIBETAN PLATEAU IN SPRING
Based on our analysis, we have some confidence in the heat sources calculated by the ERA5 dataset. The main modes of the spring [image: image] in the QTP were therefore analyzed based on the heat source calculated from the ERA5 dataset with 1° resolution. The DEOF result of 0.25° resolution is shown in Supplementary Figure S2. Two methods of principal mode analysis were used: EOF and DEOF analysis (Figure 3 and Figure 4). We also calculated the EOF modes (Figure 3, middle column) and variance contribution comparisons (Figure 5) for the null hypothesis process. The null hypothesis process is a stochastic isotropic diffusive process representing the background state of the elemental field (e.g., noise) for which the EOF analysis reflects spurious physical information. Comparisons with background state can help to identify more realistic physical modes.
[image: Figure 3]FIGURE 3 | Spring [image: image] in the QTP and surrounding area during the time period 1979–2020 showing the EOF1-4 modes (first column), the stochastic null hypothesis one to four modes (second column) and the DEOF1-4 modes (third column) based on the interpolated ERA5 data of 1° resolution (the DEOF result of 0.25° resolution is shown in Supplementary Figure S2). The black lines are the 3,000 m altitude lines. The numbers in the upper right corner of the EOF/DEOF modes are the corresponding variance contributions, and the numbers in the upper right corner of the null hypothetical process are the corresponding variance contributions of EOF/DEOF modes to the null hypothetical process.
[image: Figure 4]FIGURE 4 | Time series corresponding to the modes of EOF (left-hand panel) and DEOF (right-hand panel) analyses for the spring [image: image] in the QTP and surrounding areas during the time period 1979–2020.
[image: Figure 5]FIGURE 5 | Variance contribution of each mode of the spring [image: image] EOF (black line) and its contribution to the stochastic null hypothesis (red dashed line).
The variance contribution of the first mode of the [image: image] EOF (EOF1) (Figure 3, left-hand column) was 16.2%, which is about the size of result from other studies, e.g., Zhang et al. (2015), Zhang et al. (2019) and Liu et al, 2021a). The spatial distribution of EOF1 shows warming in the QTP and cooling in the surrounding areas, with the heat sources mainly distributed in the central-eastern part of the main QTP and the cold sources mainly located on the southern side of the QTP and the surrounding areas. The feature is more distinct in the high-resolution data (Supplementary Figure S2). The time series of the first mode (PC1) (Figure 4 and Supplementary Figure S3) was characterized by a significant decadal variation and an interannual variation, with a general trend toward a stronger PC1 intensity. A 9 year sliding t-test on PC1 (Supplementary Figure S4) showed that PC1 had a significant change point in 1999 that passed the 99% confidence level test. This indicates that an abrupt decadal change in the EOF1 of the QTP [image: image] occurred in 1999.
The EOF2 modal variance contributed 10.3%. In terms of the spatial distribution, this is an east–west dipole-type distribution with a cold source in the central-eastern part of the plateau and a hot source in the west. The strongest cold source was in the southeast of the QTP, with 85° E as the dividing line. The corresponding time series (PC2) mainly showed an interannual variability (Figure 4).
The EOF3 modal variance contributed 8.9%. The spatial distribution was characterized by a northeast–southwest dipole-type distribution with the QTP and its northeastern side as the cold source and the southern area as the heat source; the strongest warm center was located on the southern side of the plateau. The corresponding time series (PC3) was characterized by both an interannual and a decadal variability, with a clear downward trend after 2003.
The EOF4 modal variance contributed 7.1%. The distribution was north–south, with cold sources near the southern edge of the QTP and its southern flank and heat sources on the northern flank of the plateau. PC4 showed a significant interannual variation and there was no significant abrupt change in the variation of the sequence.
Analysis of the null hypothesis process (Figure 3, middle column) revealed that the first mode (EOF0-1) had a monopole distribution, EOF0-2 had a northwest–southeast dipole distribution, EOF0-3 had a northeast–southwest dipole distribution and EOF0-4 had a + − + quasi-zonal distribution. Comparing the variance contribution of each mode of the EOF with the stochastic null hypothesis (Figure 5), we found that the variance contribution of EOF1 was 16.2%. The explained variance of the null hypothesis was 1.9%, which was a significant difference with an effective variance contribution of 14.3%, proving that EOF1 was physically significant and reflected more realistic physical information. Although the spatial modes of EOF2, EOF3 and EOF4 all had dipole-type characteristics, their variance contributions were 10.3, 8.9 and 7.1%, respectively, and the explained variance of the stochastic null hypothesis was 6.0, 3.1 and 3.2%, respectively, which differ by only 4.3, 5.8 and 3.9%, respectively, indicating that EOF2, EOF3 and EOF4 contain only a very small amount of physical information.
This EOF analysis showed that the spatial modes of EOF2, EOF3 and EOF4 all had dipole-type characteristics and the variance contribution was not very different from that of the stochastic null hypothesis, indicating that their physical reality is yet to be verified. It is therefore essential to use DEOF analysis to exclude noise effects and to determine the modes with the most significant difference from the null hypothesis to obtain more realistic physical information and modes.
The DEOF analysis (Figure 3 and Supplementary Figure S2, right-hand column) showed that the first mode of the [image: image] DEOF (DEOF1) had a very similar distribution to EOF1, which is also influenced by the Himalayan topography, with an overall distribution characterized by a warming of the QTP (especially in the central-eastern part) and a cooling of the surrounding areas. The variance contribution of 15.9% (Figure 3), relative to the null hypothesis of 0.6%, gave an effective variance contribution of 15.3%, indicating that this mode had the highest reliable-to-noise ratio and reflected the most real physical information. DPC1 was also very similar to PC1 and also changed abruptly around 1999 (Figure 4). This verifies that DEOF1 and EOF1 were the most physically realistic modes.
DEOF2 differed markedly from the original EOF2. Although both showed an east–west anti-phase distribution, the center of the cold source in the southern part of the QTP was significantly weaker in DEOF2 and the heat source on the northwestern side of the plateau was also weaker, whereas the heat source on the southern side strengthened and expanded.
DEOF2 generally had a more northeast–southwest inversion distribution, a feature more similar to EOF3. The spatial distribution of DEOF2 was essentially a combination of EOF2 and EOF3; the spatial correlation between DEOF2 and EOF2 (EOF3) was 0.84 (0.39). A comparison of the time series (Figure 4) showed that although DPC2 and PC2 were generally similar with a more pronounced interannual variability, DPC2 had a more pronounced decadal variability. The variance contribution of DEOF2 to the noise was 1.0%, which was considerably less than the variance contribution of EOF2 to the stochastic null hypothesis (6.0%). It can be assumed that the DEOF analysis filtered out the spurious physical information in the original EOF2 and that the reliable-to-noise ratio of DEOF2 increased, reflecting a more realistic physical mode.
The distribution of DEOF3 showed some changes compared with EOF3. It no longer had a reverse northeast–southwest distribution, but was closer to the + − + radial distribution with a cold source in the QTP and heat sources on the southern and northern sides of the QTP. The interannual variation was more pronounced in DPC3 than in PC3. DEOF3 only contributed 0.8% to the environmental noise, which showed that the physical information in DEOF3 was more realistic than that in EOF3.
The heat sources in DEOF4 were mainly on the southern and northeastern sides of the QTP, with a zonal distribution of cold sources on the eastern and western sides. DPC4 had changed relative to PC4, but still had a significant interannual variability.
The DEOF1 distributions were therefore similar to EOF1 and both had significant variance contributions (∼16%). They both explained the microscopic variance in the null hypothesis process (∼1%), suggesting that both EOF1 and DEOF1 truly reflected the main modes of variation in the heat source. The first mode of [image: image] was dominated by the central-eastern heat source, with the cold source distributed to the west and the surrounding area. The eastern heat source of the QTP was distributed in anti-phase with the southeastern side. This mode underwent a decadal shift in 1999. The differences between EOF2 and DEOF2 were more significant and explained 6.0 and 1.0% of the variance of the null hypothesis, respectively. EOF2 therefore did not retain as much real physical information as DEOF2. DEOF2 had a northeast–southwest anti-phase distribution with a combined EOF2 and EOF3 distribution.
DEOF3 mainly had a meridional distribution, with the QTP varying inversely between the north and south sides. DEOF4 mainly had an east–west zonal distribution. The reliable-to-noise ratio of each mode became larger after the DEOF analysis, indicating that the DEOF was more realistic and reliable than the EOF.
5 PRE-SIGNAL AND POST-INFLUENCE OF THE MAIN MODES OF THE SPRING TIBETAN PLATEAU [image: image]
The DEOF method showed that DEOF1 was the most realistic and physically meaningful mode. As a result, detecting the cross-seasonal relationship between the spring [image: image] main mode and the subsequent Asian summer monsoon, in addition to the sea surface temperature (SST) and atmospheric circulation, is crucial for a scientific understanding of climate variability in the pan-QTP region and for the practical prediction of weather patterns. We therefore examined this correlation and analyzed the dynamical field between the DEOF1 of the spring [image: image] and the different factors in different time periods.
Table 1 gives the correlation coefficients between the DPC1 series and various factors in different seasons. The first mode was significantly correlated with the WACS index (Figure 6A; r = 0.39), the El Niño–Southern Oscillation index (Figure 6B) in the previous winter, the EASM index (Figure 6D; r = –0.44) and the western Pacific warm pool index in summer (Figure 6C), but not significantly correlated with Arctic oscillation index in winter and the north Pacific subtropical high northern boundary index in summer. Specifically, when DPC1 was high, then the subsequent subtropical EASM was significantly weaker and the tropical South Asian summer monsoon was strong. The cross-seasonal relationship between DPC1 and the EASM didn’t depend on different monsoon index [e.g., the EASM indices by Zhang et al. (2003) and Li and Zeng (2003)]. The atmospheric circulation usually featured a warm Arctic with a cold Eurasia, a La Niña-like SST anomaly and prominent warm pools in the previous winter.
TABLE 1 | Correlation coefficients of the DPC1 series with the monsoon, circulation and SST indices for 1979–2020 spring heat sources.
[image: Table 1][image: Figure 6]FIGURE 6 | DPC1 series and the previous winter (A) WACS index, (B) El Niño–Southern Oscillation (ENSO) index, the summer (C) western Pacific warm pool index and (D) EASM index series.
We analyzed the relationship between the DEOF1 and systems in the previous winter and late summer to explore the precursor of the DEOF1 in the previous winter and its possible influence on the later summer climate in East Asia and the physical process of signal transmission. Figure 7 shows the correlation between the 2 m air temperature (2 mT) and the DPC1 in different seasons.
[image: Figure 7]FIGURE 7 | Distribution of the correlation coefficients between DPC1 and the 2 m air temperature in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. The white dots indicate statistical significance at the 95% confidence level.
The distribution of the 2 mT showed a WACS-like pattern in the previous winter, with a strong positive correlation covering Eastern Europe and the Arctic. In the high DPC1 winter, the temperature over Eastern Europe, the Barents Sea region and the entire Arctic are unusually warm, while it was colder in Siberia and northern East Asia. Previous studies have shown that the WACS pattern has been the dominant mode in winter throughout Eurasia in recent years and may share a close relationship with the winter blocking high (the Ural blocking high), the Arctic oscillation and sea ice cover (Cohen et al., 2014; Luo et al., 2017; Cohen et al., 2020; Dong et al., 2020; Jin et al., 2020). In addition, subtropical regions are warm, which is often seen as WACS-related temperature anomalies (Cohen et al., 2014; Francis and Skific, 2015).
In spring, the region of positive temperature correlation in Eurasia expanded further eastward to the surrounding sea area, but the temperature decreased in the QTP and on its southern side. The meridional temperature distribution showed a + − + tripolar pattern. According to the theory of thermal winds, such an anomaly in the meridional temperature gradient will stimulate an easterly wind anomaly near the QTP and East Asia and a westerly wind anomaly at high latitudes. This facilitates strengthening and expansion of the South Asian high and the development of high-pressure systems in East Asia in summer.
The anomaly in the meridional temperature gradient did not favor the northward movement of the subtropical monsoon and hindered the establishment and advancement of the subtropical EASM. By contrast, it generated a westerly wind anomaly in the tropical and South Asian monsoon regions, thereby strengthening the South Asian summer monsoon. This anomalous pattern lasted until summer. The warm area expanded further to the south and the reduced East Asia–West Pacific temperature contrast was not conducive to the enhancement and northward movement of the EASM. We therefore conclude that the DEOF1 may be intimately related to the WACS anomaly between Eurasia and the Arctic in the previous winter.
Figure 8 shows the correlation coefficients between [image: image] and DPC1 (Figure 8A) and between [image: image] and the WACS index in the previous winter (Figure 8B). The distribution of the correlation coefficients with the WACS was almost identical to that with DPC1, implying that the WACS pattern in the previous winter was associated with the main mode of [image: image] in spring. There was a reduced correlation over the QTP and a significant correlation dominating the low-latitude area and the Barents Sea.
[image: Figure 8]FIGURE 8 | (A) Spatial distribution of correlation coefficients between DPC1 and [image: image]. (B) Spatial distribution of correlation coefficients between the winter WACS index and [image: image]. White dots indicate statistical significance at the 95% confidence level.
When the DPC1 was positive in spring, although the central-eastern part of the QTP was a heat source, the other regions of the QTP and its surroundings were mainly a cold source and the tropical ocean was a heat source. The land–sea thermal contrast was therefore reduced, which did not favor strengthening of the EASM. The WACS in the previous winter may therefore be related to the formation of the DEOF1 mode characterizing the warm QTP and cold surroundings in spring.
Figures 9, 10 show that DPC1 was significantly associated with the Pacific SST in all seasons. In the year with a high DPC1, there was a negative anomaly in the central-eastern Pacific in the previous winter and spring and a strong positive anomaly near the western Pacific warm pool, which was similar to the La Niña SST anomaly (SSTA). This SSTA pattern was consistent with the distribution of 2mT (Figure 7) and Figure 10, suggesting that this SSTA pattern may be related to the WACS. The warm SST anomaly in the western Pacific lasted until summer, which did not favor an enhancement of the land–sea thermal contrast in the Asia–Pacific region and the inversion of the high- and low-latitude SST gradients and therefore hindered the formation of the EASM.
[image: Figure 9]FIGURE 9 | Distribution of the correlation coefficients between DPC1 and the SST in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. The white dots indicate statistical significance at the 95% confidence level.
[image: Figure 10]FIGURE 10 | Distribution of the correlation coefficients between the WACS index and the SST in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. The white dots indicate statistical significance at the 95% confidence level.
We investigated the cross-seasonal relationship between the DEOF1 and the atmospheric circulation in the previous winter and the following summer. Extensive studies have been undertaken to demonstrate that the winter WACS contributes to weakening of the contemporaneous and summer storm track, enhancing wave activity and causing an offset of the jet, which leads, in turn, to frequent warm–dry events in summer (Petrie et al., 2015; Chang et al., 2016; Coumou et al., 2018). However, few studies have attempted to determine how [image: image], which is known to have a crucial effect on the atmospheric circulation in Asia, responds to the WACS in the previous winter and whether it will exert a profound impact on the seasonal transmission of the winter thermal anomaly.
Figure 11 shows the correlation of DPC1 with the 500 hPa geopotential height and the 300 hPa T-N wave activity flux and Figure 12 shows the 700 hPa wind field for each season. Arrows denote vector resultants of correlation coefficient between DPC1 and zonal and meridional components. A positive correlation for zonal or meridional component is denoted by an eastward or poleward arrow, respectively (Kodera and Kuroda, 2005; Zhao et al., 2016). In the previous winter (Figures 11A, 12A), the wave activity was strong from the polar regions through Siberia to the northwest Pacific. The blocking high in the Western Asia–Eastern Europe region caused warmer temperatures in the Arctic due to poleward transports of the warm air-flow behind of the ridge and the cool Siberia due to the southward transport of cold air in the front of the high ridge. This caused a WACS pattern of Figure 7A. The cold Siberia is likely favored the formation of the DEOF1 of [image: image] in the QTP and surrounding areas. Meanwhile, a wave train from the western Asia with a strong high-pressure anomaly propagated to the QTP and its south, likely associated with the QTP–circumglobal teleconnection pattern (Li et al., 2021) or the influence of the strong Ural blocking high (Cohen et al., 2014; Luo et al., 2017; Jin et al., 2020), which could induce heating anomaly over the QTP. The meridional tripole pattern of height between the Arctic and the QTP is similar to the tripole mode of precipitation in winter, related to the mid-latitude teleconnection (Liu et al., 2020; Liu et al., 2021a), and could cause a tripole pattern of temperature anomaly between the Arctic and the QTP and the change of meridional temperature gradient. This coincided with the DEOF1 of heat source in the QTP and surrounding areas. On the other hand, the planetary wave divergence/convergence in the high-latitude region of Asia/Mongolia and northeast China stimulated a westerly/an easterly wind anomaly, which favored a following anticyclonic anomaly in the higher latitude region of the East Asia. The anticyclonic anomaly is very important for circulation variations in the following seasons. This result is consistent with previous studies on the atmospheric circulation in the WACS pattern (Luo et al., 2017; Coumou et al., 2018; Jin et al., 2020), although previous studies did not find a relationship between the WACS pattern and the main mode of [image: image] in spring.
[image: Figure 11]FIGURE 11 | Distribution of the correlation coefficients between DPC1 and 500 hPa geopotential height (shading; gpm) and vector resultants of correlation coefficient between DPC1 and the 300 hPa T-N wave activity flux (arrows; m/s) in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. The white dots indicate statistical significance at the 95% confidence level. In part (C), the black solid/dashed lines are the composite geopotential height contours in summer of DPC1 high (DPC1 > 1)/low (DPC1 < −1) years (only the 5,860, 5,840, 5,800, 5,720, and 5,640 gpm lines are shown). The red solid/dashed lines are the composite subtropical high in summer of DPC1 high (DPC1 > 1)/low (DPC1 < −1) years. The purple lines are the composite 12,500 contour of the DPC1 high (DPC1 > 1)/low (DPC1 < −1) in summer (the South Asian high-pressure range). Vectors are plotted as arrows only when statistical significance of zonal component of T-N wave activity flux is at the 90% confidence level. A positive correlation for zonal or meridional component is denoted by an eastward or poleward arrow, respectively.
[image: Figure 12]FIGURE 12 | Vector resultants (arrows) of correlation coefficient between DPC1 and 700 hPa zonal and meridional wind in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. A positive correlation for zonal or meridional wind is denoted by an eastward or poleward arrow, respectively. Arrows are shown only when the statistical significance at the 90% confidence level for the correlations of zonal wind.
We also found that the mid-high latitude planetary waves continue to propagate to the southeast, causing positive and negative phase interval anomalies in the geopotential height and wind fields over the East Asia–Pacific region, further affecting the SST. Strong easterly winds south of the north Pacific high-pressure region strengthened the trade winds and could cause a La Niña-like SSTA (Figures 9A, 10A). The positive SSTA in the western Pacific had a seasonal persistence, which did not enhance the land–sea thermal contrast in East Asia and thus affected the establishment of the subtropical monsoon.
For the same period (spring) (Figures 11A, 12B), the correlation coefficient field of DPC1 with the geopotential height showed a significant − + dipole distribution from the northwest to the southeast in Eurasia. The low-pressure anomaly accompanied by an anomalous cyclonic circulation may be related to feedback from the warm, dry underlying surface caused by the blocking high (Fischer et al., 2007; Coumou et al., 2018). The anomalous low pressure also caused an intensified southwesterly wind anomaly on its southeastern side. The planetary wave propagating southeast from the Barents Sea converged with the north-moving planetary wave east of Lake Baikal, which was responsible for the development of an easterly wind. In this way, a large-scale high-pressure anomaly with an anomalous anticyclonic circulation extended from the QTP to the northeast, eventually resulting in warm, dry weather.
We determined the DEOF of [image: image] in summer to explore whether the warm plateau and cold surroundings mode still existed (Supplementary Figures S5,6). Among the correlations between the spring DPC1 and the four summer DPCs, the summer DPC2 had the strongest correlation with the spring DPC1 with a correlation coefficient of 0.47 (p < .01). The distribution of the summer DEOF2 was identical to that of the spring DEOF1, suggesting that the summer DEOF2 may be significantly associated with the spring DEOF1 and that the main mode of [image: image] may have some seasonal persistence.
The mode with a warm QTP weakened the mid-latitude meridional temperature gradient, which hindered strengthening of the storm track and the generation of cyclones, but favored the formation of a high-pressure ridge (Matsumura et al., 2014; Petrie et al., 2015). The positive geopotential height anomaly and the anticyclonic circulation anomaly on the northeastern side of the QTP were present in both spring and summer (Figures 11B,C, 12B,C), reflecting the existence of intensified high-pressure systems, such as the South Asian high-pressure region and blocking high, and suppressing precipitation in northern China.
The winter WACS pattern can affect the atmospheric circulation in the northern hemisphere and planetary wave activity in summer. This causes a weak mid-latitude zonal circulation with east–west waveguides in summer, which can excite latitudinal global wave columns (Petoukhov et al., 2016; Coumou et al., 2018) and affect the weather in distant regions. Figure 11C shows that the trough and ridge were more pronounced at mid- and high latitudes in summer when the DPC1 was positive in spring, with the WACS pattern in the previous winter and that there was significant planetary wave activity near the jet belt. This is consistent with previous studies (Petoukhov et al., 2016; Coumou et al., 2018). Thermal anomalies over the QTP may also have an important role because the QTP is higher in elevation and is located south of this global zonal wave train; thermal anomalies in the QTP can affect areas over and downstream of this region via the zonal wave train.
Planetary waves tend to converge in southern East Asia and disperse in the north, which results in an anticyclonic (high-pressure) anomaly. This anticyclonic circulation dominates the central and northern regions of China. Such an anomalous circulation causes a sinking trend, which does not favor the transport of water vapor (Haarsma et al., 2009). Zhu, 1934) proposed that droughts in the Yangtze River region are mainly caused by easterly winds, which are not conducive to the formation of the northward-moving monsoon. Such a dominant high-pressure anomaly may therefore be responsible for drought over most of China in summer.
The results of our dynamic field analysis can also be verified in the precipitation field. Figure 13 shows the correlation fields between DPC1 in spring and precipitation in different seasons. Precipitation in summer was significantly suppressed in the Yangtze river basin, Central China and North China in summer, apart from coastal South China and the western part of the QTP, which denotes the rain belt is obviously south in summer due to the slow advancement of the EASM. And there is more precipitation in the Indian Peninsula, the Bay of Bengal and the western plateau, corresponding to the strong south Asian summer monsoon (Table 1).
[image: Figure 13]FIGURE 13 | Distribution of the correlation coefficients between DPC1 and precipitation in the time period 1979–2020 in (A) previous winter, (B) spring and (C) summer. White dots indicate statistical significance at the 90% confidence level.
In conclusion, when the DEOF1 was in the positive phase, it was often accompanied by a WACS pattern in the previous winter and an active global zonal wave train, which caused a large-scale circulation anomaly (a high-pressure anomaly) and a Pacific SSTA (west warm winter cold) in East Asia–Pacific region. It not only caused a warm QTP and cool surroundings in spring and summer, but had a seasonal persistence, which led to a circulation anomaly in East Asia in summer. The seasonal persistence of the western Pacific SST warming and the main mode of [image: image], in addition to the active global zonal wave train, caused a large-scale high-pressure anomaly in north-central East Asia in summer and a weak East Asian subtropical monsoon. This pushed the monsoon rain belt northward and contributed to frequent drought events in most parts of East Asia.
6 DISCUSSION AND CONCLUSION
We verified the cross-seasonal relationships in the observations between the spring QTP [image: image] and the previous winter and post-summer climate factors using two methods: 1) partial correlation analysis to test the dependence and independence of these relations; and 2) CMIP6 Historical simulation test data to verify whether such relationships also exist in the model.
Table 2 shows the results of the partial correlation analysis. The correlation between the WACS pattern and the EASM in the previous winter was −0.34 (p < .05). When the effect of DPC1 was excluded, the correlation decreased to −0.18, which was not significant. This suggests that the cross-seasonal relationship between the WACS pattern and the EASM is related to the DEOF1 of [image: image] in spring. The correlation between the spring DPC1 and previous winter WACS pattern was 0.39 (p = .01). After excluding the effect of the EASM, although the correlation decreased to 0.31 (p = .05), it was still significant, indicating that the correlation was not strongly dependent on the EASM. The correlation of the spring DPC1 of heat source with the EASM was −0.44 (p < .01). After excluding the effect of the WACS pattern, the correlation decreased to −0.36 (p < .05), which was still significant, indicating that the DEOF1-EASM correlation was not very dependent on the WACS pattern. The results of the partial correlation analysis therefore show that the DEOF1 of spring heat source over the QTP had an important role in the cross-seasonal relationship between the WACS pattern and the EASM.
TABLE 2 | Correlation/partial correlation coefficients of the DPC1 with the previous winter WACS pattern and the EASM index.
[image: Table 2]We used the CMIP6 historical simulation data to validate our results. The model DEOF analysis (Supplementary Figures S7,8) showed that the multi-model ensemble DEOF2 characterized the pattern of a warm plateau with cold surroundings. DPC2 also had a high correlation with the observational DPC1, with the correlation coefficient reaching 0.38 (p < .05; Supplementary Figure S9). Therefore, although the observational DEOF1 may not be reproduced in the model DEOF1, it may correspond to the model DEOF2. To validate this suggestion, we calculated the correlation coefficient between the model DPC2 in the three seasons and the atmospheric circulation variables (Supplementary Figures S10–S14) to determine whether the correlation coefficient field displayed the warm Arctic–cold Eurasia pattern and was related to the La Niña in the previous winter and whether there was a significant high-pressure anomaly and large-scale droughts in East Asia in the following summer.
The model DEOF results showed that the Arctic and Ural Mountains underwent exceptional warming in the previous winter. The fact that the northwestern Pacific warmed while the eastern Pacific was cold agreed with the observations. The cold Siberia signal was not obvious, which also agreed with the observations. In the model SST field, the La Niña-like Pacific SSTA in the observations (warm in the west and cold in the east) was reproduced well and was maintained until the summer. This implies a coupling relationship between the WACS pattern and the Pacific SSTA, which means that the two factors both affect [image: image]. The correlation efficient field with the geopotential height and the wave activity flux also implies that the high-pressure anomaly in East Asia and the planetary wave anomaly in the Barents Sea and the Mediterranean profoundly affected the atmospheric circulation and planetary wave activity in East Asia.
We compared [image: image] calculated by different reanalysis datasets and found that the spring [image: image] calculated by the ERA5 dataset was reliable over the main body of the QTP and was consistent with the results obtained using the NCEP dataset, although the spatial distribution was fairly heterogeneous at the boundary of the plateau. This may be a result of the higher resolution of the ERA5 dataset and indicated that [image: image] calculated using the ERA5 dataset was better able to reflect the influence of topography.
We found that the reliable-to-noise ratio of [image: image] on the QTP and surrounding areas obtained by DEOF analysis was significantly improved compared with that from EOF analysis and was better able to show physical processes. DEOF1 was similar to EOF1, with the heat sources located in the central-eastern part and cold sources in the western and surrounding areas. DEOF1 had the highest reliable-to-noise ratio among all the modes and the effectively explained variance (the difference from the explained variance of the null hypothesis) was 15.3%, twice that of the second mode.
We analyzed the relationship between DEOF1 and the atmospheric circulation in the previous winter and the EASM. We found that DEOF1 was linked to both the WACS temperature anomaly in the previous winter and the weakened EASM and droughts in most parts of China (the Yangtze river basin, Central China and North China) in the following summer mainly based on ERA5 data. The WACS pattern in the previous winter was associated with intensified blocking in Eastern Europe and a warmer Barents Sea, and was likely related to decrease in snow on the middle and eastern QTP in winter and spring (Si and Ding, 2013). The WACS signal affected Siberia, the area around the plateau and the north Pacific Ocean through the propagation of planetary waves at mid- and high latitudes, resulting in a colder Siberia with the tropical Pacific Ocean featuring a La Niña-like pattern. The SSTA was maintained from spring to summer, reducing the land–sea thermal contrast in the subtropical monsoon region of the East Asia. This WACS pattern facilitates the formation of the QTP’s dominant mode, leading to a + − + tripolar distribution of the temperature anomaly near the plateau in spring and summer, which coincided with the tripole mode between the Arctic and the QTP region (Li, et al., 2021; Liu et al., 2021b). And the weakened temperature gradient at mid- and high latitudes led to a weaker storm track and fewer cyclones at mid-latitudes (Chang et al., 2016). A widespread easterly wind anomaly and anticyclonic (high-pressure) anomaly were therefore generated in the surroundings of the plateau and East Asia, which hindered the establishment and northward movement of the monsoon airflow in East Asia and led to widespread drought. The cross-seasonal relationship between the winter WACS pattern and the leading mode of the spring [image: image] and the intensity of the EASM may be a potentially factor in climate prediction and requires further investigation.
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