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Discrepancies of Upper Troposphere Summer Thermal Contrast Between Tibetan Plateau and Tropical Indian Ocean in Multiple Data
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Under the background of global warming, the summer land-sea thermal contrasts at the upper troposphere exists great discrepancies in radiosonde data (IUK, RICH, and RAOBCORE), reanalysis data (JRA-55, NCEP/DOE, and ERA5) and CMIP6 models results (MPI, FGOALS, and CESM2) for the period of 1979-2014. It can be found that the descriptive statistical indicators (i.e., maximum, minimum, and skewness) of the summer land-sea thermal contrasts index (TTI) between the Tibetan Plateau (TP) and the Tropical Indian Ocean (TIO) vary greatly. The ERA5 and JRA-55 data have the best correlation with radiosonde data. The linear trend and running linear trend (RTL) of the radiosonde data are significantly correlated with the reanalysis data, and both show that the land-sea thermal contrast rapidly increasing are in 1990s and the late 2000s, and the period of rapid weakening was early 2000s. This interannual variation may modulated by the decadal signals such as Pacific Decadal Oscillation (PDO). Except for the NCEP/DOE and IUK, other data show that the most significant warming in the TP-TIO region is at the upper troposphere, and the vertical profiles of the summer temperature trend are quite different in different data, and CMIP6 shows an obvious warm bias in the upper troposphere.
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INTRODUCTION

The Asian monsoon onset that results from the land–sea thermal contrast between Eurasia and the tropical ocean (Webster et al., 1998) is characterized by changes in the prevailing wind direction and the appearance of severe precipitation (Wu et al., 2013). Several studies have been carried out on the relationship between the meridional land–sea thermal contrast (Li and Yanai, 1996; Sun et al., 2010; Zhang et al., 2017; Luo et al., 2021), or the zonal land–sea thermal contrast (Qian et al., 2004; Qi et al., 2007; Si et al., 2019), and the Asian monsoon. He et al. (2003) revealed that the reversal time of the meridional temperature gradient in upper troposphere is concurrent with (one pentad earlier than) the onset time of the summer monsoon. Dai et al. (2013) showed that the summer thermal structure and winds over Asia produce a larger land–sea thermal gradient in the upper than in the lower troposphere, and identified the greater role of the upper troposphere in driving the Asian summer monsoon circulation.

The South Asian summer monsoon (SASM) is the strongest among the three members of the Asian monsoon system (Wang et al., 2017), and its onset and intensity are regulated by the meridional thermal contrast in the upper troposphere (Dai et al., 2013; Luo et al., 2021). The obvious features during summer in the upper troposphere of the Asian monsoon region are the warm center and the South Asian high located on the southern side of the TP (Boos and Kuang, 2010). The thermal condition of the Tibetan Plateau (TP) and tropical Indian Ocean (TIO) are the two key impact factors and the interactive system to modulate SASM. In summer, the thermal contrast between the TP and TIO reaches the strongest, and the SASM region is accompanied by strong baroclinicity (Luo et al., 2021). A reduced (increased) meridional upper-tropospheric thermal contrast will lead to a weakened (strengthened) SASM circulation in climate models (Sun et al., 2010) and reanalysis data (Luo et al., 2021). The physical explanation is the thermal wind relationship (Holton, 2004).

Since the rapid warming period after the 1970s (IPCC, 2014), the degree of warming has varied greatly in the radiosonde and satellite data for the mid-troposphere (Thorne et al., 2011; Guo et al., 2020a), and there are also many uncertainties in the trend of the upper tropospheric temperature (Seidel et al., 2004). The upper troposphere above the TP and TIO is warming (Zhao et al., 2015; Ming et al., 2019; Shangguan et al., 2019), and there are uncertainties in the interannual variation of the meridional land–sea thermal contrast (Dai et al., 2013; Guo et al., 2017). Due to the strong positive relationship between the summer thermal contrast between TP-TIO with SASM, and the it is necessary to discussed the discrepancies of upper troposphere summer thermal contrast between TP and TIO in multiple data, especially the discrepancies of the trends. This work can provide a foundation for our further research on the relationship between the TP-TIO thermal contrasts and the SASM in interannual and interdecadal scale. The article is organized as follows. In section “Data and Methods,” we describe the data and the procedure. We then introduce two SASM indices (SASMIs) and the definition of the meridional land–sea thermal contrast index (TTI). Section “Results” presents the results and section “Summary and Discussion” provides a summary and discussion.



DATA AND METHODS


Data

The data used in this article are listed in Table 1, and the details are as follows.


TABLE 1. Data used in this study.
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Radiosonde Data

The Iterative Universal Kriging (IUK) radiosonde dataset since 1959 from 527 radiosonde stations was developed by Sherwood et al. (2008) using a statistical model to simultaneously identify artificial shifts and natural atmospheric fluctuations. Haimberger (2007) and Haimberger et al. (2008, 2012) carried out homogeneity adjustments of the Radiosonde Observation Correction using reanalysis (RAOBCORE) and Radiosonde Innovation Composite Homogenization (RICH) for the upper air temperatures from the global radiosonde network. The resulting datasets include the RAOBCORE and RICH data. The former was calculated from the mean of the radiosonde minus the reference time series before and after breakpoints. The latter is based on the breakpoint detection method of RAOBCORE, but it also considers neighbor station time series as a reference (Pattantyús-Ábrahám and Steinbrecht, 2015). The RAOBCORE and RICH 10° × 5° gridded data were averaged over 108 latitude bands, while the IUK is the station data averaged by latitude band without gridding (Free, 2011). According to the area of the TP (75°E –103°E, 28°N–38°N) and TIO (60°E- 100°E, 15°S–5°N), we choose 3 stations (station number: 61967,48657,48698) represent the TIO, and 5 stations (42027,42101,42182,51828,51848) represent the TP, and then defined the thermal contrast for IUK data.



Reanalysis Data

The JRA-55, which is the second Japanese global atmospheric reanalysis based on TL319, is the first comprehensive reanalysis to apply four-dimensional variational analysis up to the present (Kobayashi et al., 2015). The NCEP–Department of Energy (DOE) reanalysis is an updated version of the NCEP–NCAR reanalysis (Kanamitsu et al., 2002). It has good applicability in describing precipitation and temperature (Chen et al., 2014; Harada et al., 2016). ERA5 is the fifth-generation ECMWF (European Centre for Medium-Range Weather Forecasts) global atmospheric reanalysis from 1950 to the present, based on the Integrated Forecasting System (IFS) Cy41r2, which started operation in 2016. Compared with the 80 km horizontal resolution of the ERA Interim reanalysis data, ERA5 has a horizontal resolution of 31 km, which performs better in describing temperature, wind, precipitation, and weather systems (Hersbach et al., 2020). The present study used temperature at 1000–200hPa from 1979 to 2014 for ERA5 (1° ×1°), JRA-55 (1.25° ×1.25°) and NCEP/DOE (2.5° ×2.5°).



Model Data

The Max Planck Institute for Meteorology Earth System Model version 1.2 (MPI-ESM1.2, hereafter MPI) is the update of MPI-ESM1.1 and includes improvements in all its components (Mauritsen et al., 2019). The MPI-ESM1.2 LR is the low-resolution version. The low-resolution version of the Chinese Academy of Sciences (CAS) Flexible Global Ocean–Atmosphere–Land System model finite-volume version 3 (FGOALS-f3-L, hereafter FGOALS) climate system model was developed at the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG) which has six tiles and is irregular in the horizonal direction (He et al., 2019). The Community Earth System Model Version 2 (CESM2) has improved historical simulations compared with CESM1 and available observations (Danabasoglu et al., 2020). In this study, we used the simulated historical temperatures of three models from Phase 6 of the Coupled Model Intercomparison Project (CMIP6). The CMIP6 includes the latest generation of comprehensive Earth Systems, driven by historical greenhouse gas concentrations, and followed by different future greenhouse gas and aerosol concentrations according to the Shared Socioeconomic Pathways (SSP) scenarios (Tokarska et al., 2020). The historical forcings of CMIP6 are based as far as possible on observations and cover the period from 1850 to 2014 (Eyring et al., 2016). The present study used temperatures at 1000–200hPa from the above three historical simulation results of CMIP6 for the period from 1979 to 2014.




Method


Thermal Contrast Index (TTI)

The thermal contrast between the TP and the TIO reaches the maximum in summer (Luo et al., 2021), while the vertical fall in TP-TIO is reached at about 5000 m. Dai et al. (2013) found that the land–sea thermal contrast in the mid-upper troposphere contributes about three times more than the thermal contrast in the mid-lower troposphere in determining the Asian summer monsoon circulation. Therefore, this study applies the thermal contrast index (TTI), which is the meridional gradient of the 400-200 hPa average summer temperature in the TP-TIO region [formula (1)] to represents the summer thermal contrast between land and sea. The larger (smaller) the positive TTI, the stronger (weaker) the meridional thermal contrast in the upper troposphere. In formula (1), T represents the area-averaged of monthly temperature anomaly in summer at 400–200hPa.
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South Asian Summer Monsoon Indices (SASMIs)

There are several SASMIs to describe the different features of the monsoon (Webster and Yang, 1992; Wang and Fan, 1999; Li and Zeng, 2002, 2003). This study used two SASMIs, one of which is the Webster and Yang (1992) index, here named MI-2, and the other is MI-1. The atmospheric kinetic energy of the vertical mean flow and the shear flow can be referred to as the barotropic and baroclinic component, respectively. MI-1 is based on the atmospheric baroclinic component over the region (0°–20°N, 60°–100°E) due to the strong baroclinicity in the SASM region (Xu and Chan, 2002). For the specific definition of MI-1, please refer to our previous publication (Luo et al., 2021). MI-2 is defined by the zonal wind difference between 850 and 200 hPa over the region (0°–20°N, 40°–110°E), which can reflect the variability of the broad-scale SASM (Wang and Fan, 1999). MI-1 and MI-2 have a significant positive correlation (Luo et al., 2021).



Trend Calculation

The trend is computed using linear least squares fitting (Wei, 2007) and running linear least square fitting (Zhao et al., 2013). The running linear least square fitting is used to estimate the thermal contrast trends with a moving 10-year temporal window that can describe the variations of the trend with time. The t-statistic is used to test for a significant linear regression relationship and correlation coefficient relationship (Wei, 2007). The significance level is set to be 0.05.

In addition, because RAOBCORE and RICH are anomaly monthly data based on 1981-2010, in order to maintain consistency, the rest data in our study also used this basis to calculate anomalies.





RESULTS

There are great differences in the different data describing the basic characteristics of the thermal contrasts (Figure 1 and Table 2). The maximum TTI varied from 0.94°C (JRA-55) to 1.59°C (FGOALS), and the minimum TTI changed from –2.87°C (IUK) to –1.08°C (CESM2). The IUK data were relatively scattered (range value = 4.3°C) and had the largest standard deviation (σ = 1.02), while the ERA5 was the most concentrated (range value = 2.28°C) with the smallest standard deviation (σ = 0.49). The reason for this is that the IUK data consist of 460 radiosonde stations (Sherwood et al., 2008), while the RAOBCORE and RICH are assimilated from more than 1000 daily radiosonde stations (Haimberger et al., 2008). The ERA5 provides a detailed record of the global atmosphere, land surface and ocean waves from 1950 onward with a horizontal resolution of up to 0.28° (Hersbach et al., 2020). It also assimilates the RAOBCORE and RICH. In addition, NCEP/DOE in the reanalysis data and the FGOALS in the models are also relatively scattered. According to the skewness coefficient, the results are left-biased, except for NCEP/DOE, CESM2, and MPI. The models and NCEP/DOE have insufficient kurtosis distribution, whereas the others have excessive kurtosis distribution.
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FIGURE 1. Boxplot of the summer land–sea thermal contrasts (TTI) (°C).



TABLE 2. The statistics of the summer thermal contrasts (TTI) for the different data.
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The reanalysis data have significant correlation with the radiosonde data, and the results of JRA-55 and ERA5 are the most significant. This indicates that reanalysis data, especially ERA5 and JRA-55, can reproduce the summer land–sea thermal contrasts in the upper troposphere of the TP-TIO region. Because the model simulation were not designed to match the temporal evolution of observed climate, or the raw climate variables at interannual or decadal time scale, our research wasn’t analyze the correlation between the simulation results and other data. The standard deviation of IUK is the largest, and the standard deviation of RICH and RAOBCORE is relatively small (Table 3), resulting in the ratios of the standard deviation in Figure 2 are different from each other. In addition, the standard deviation of the reanalyses are smaller than the value of the radiosonde data.


TABLE 3. Correlation coefficients of TTI between radiosonde and the reanalysis data (bold indicates a correlation coefficient above 0.32, representing the significance test at the 95% confidence level).
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FIGURE 2. Taylor plot of the reanalysis data and model results with radiosonde data.


The maximum and minimum values of the TTI are inconsistent with their corresponding years (Figure 3), but the interannual fluctuations of summer land–sea thermal contrast in the reanalysis and radiosonde data are more consistent (Figures 3A,B). The TTI is relatively strong in 1981, 2000, and 2013 and weak in 1983, 1987, 1992, and 2011. Radiosonde data show an obvious increasing trend of summer thermal contrast (0.4 °C/dec), the reanalysis data have a slight increasing trend (0.1°C/dec), and models show no clear trend. The increasing trends of IUK, RICH, and RAOBCORE are 0.62°C/dec, 0.15°C/dec and 0.28°C/dec, respectively (Figure 4B), and the trends of JRA-55 (0.13°C/dec) and ERA5 (0.08°C/dec) are positive, while the NCEP/DOE (−0.07°C/dec) is negative. There is also a decreasing trend in the 1980s and an increasing trend in the 2000s in the reanalysis data. ERA5 shows improved quality compared with ERA-Interim and performs the best agreement with the Global Positioning System radio occultation (GPS RO) data for the 2002-2017 trends of upper troposphere and lower stratosphere (0.2–0.3°C/dec) (Shangguan et al., 2019). In our research we found that the ERAI trends are all stronger than the ERA. The upper troposphere in TP and TIO have warming trends in ERA5 and ERA-I, and the trend of the land-sea thermal contrasts of TTI are 0.08°C/dec and 0.15°C/dec, respectively (Figure omitted). After 1999, the warming bias of ERAI was obvious until 2006 due to the variation of data assimilation (Simmons et al., 2014).


[image: image]

FIGURE 3. The interannual variations of the thermal contrasts TTI in Radiosondes (A) and Reanalyses (B) (solid lines represent 10-year running averaged of three datasets in each panel, and the shading represents the ensemble of the three datasets).
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FIGURE 4. The trends for the (B) TTI and (A,C) the summer temperature at 400–200 hPa in the troposphere for TP and TIO, respectively (°C/dec).


All data show a warming trend in the summer temperature of the upper troposphere in the TP (Figure 4A), and in the TIO, except for the IUK data (Figures 4A,C). The warming of the summer temperature over the TP and the TIO has been noted in many previous studies (Zhao et al., 2015; Ming et al., 2019). Comparing the trend of the TP and TIO for radiosonde data, the thermal contrast is dominated by the TP heating. Under the background of global warming, the tropospheric temperature of the TP in summer increases faster than the TIO, which leads to the increasing land–sea thermal contrast. However, the simulation results of CESM2 and FGOALS show that the increasing temperature trend of the TIO was stronger than that of the TP, which led to the weakening of the thermal contrast.

The running linear trends (RLTs) of the thermal contrast of TTI show a similar fluctuation, especially after 1995, for reanalysis and radiosonde data (Figures 5A,B). Furthermore, the correlations of the RLTs all passed the significance test (Table 4), which further illustrates the similarity between the reanalysis and the radiosonde data in describing the land–sea thermal contrast. Figure 5 shows that the RLTs are positive, negative, and positive from approximately 1995–1999, 2003–2005, and 2006–2010, respectively, indicating that the land–sea thermal contrasts between the TP and the TIO increased in the 1990s and the late 2000s, and weakened in the early 2000s. The most rapid period of land–sea thermal contrast strengthening occurred in the 1990s. This is because the maximum of the RLT was in 1997, which indicates that from 1992 to 2001, especially from 1997 to 2000, the summer TP-TIO thermal contrast increased rapidly. The model results are very different from the reanalysis and radiosonde data (Figure 5), including the RLT after the 2000s.
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FIGURE 5. The RLTs of TTI (°C/dec) in Reanalyses (A), Radiosondes (B), and CMIP6 (C).



TABLE 4. Correlation of the RLTs of TTI between reanalysis data and radiosonde data the SASMIs (bold indicate a correlation coefficient above 0.37, representing a significance test at the 95% confidence level).
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The land-sea thermal contrast is significantly positive correlation with SASM, and the interannual variations of the SASM indices (MI-1 and MI-2) and the land-sea thermal contrast index (TTI) are basically the same (Figure omitted). The RLTs of TTI is also consistent with the change of the SASMI (Figure 6). The RLTs calculated by the JRA-55, ERA5, IUK, and RAOBCORE have a strong positive correlation with MI-1 and MI-2, indicating that when the summer land–sea thermal contrast increased rapidly, the intensity of the SASM and the atmospheric baroclinic component also increased rapidly in the monsoon region, and vice versa. For example, from 1997 to 2000, the thermal contrasts in the TP-TIO region increased rapidly, accompanied by a rapid increasing intensity of the SASM. This was the time period when the El Niño–Southern Oscillation (ENSO) event changed from the strong warm phase to the strong cold phase. Figure 6 shows that the TTI weakened rapidly in the early 2000s (at about 2002–2006), and increased rapidly in the late 2000s (after 2007) with the rapid weakening and strengthening of the SASM. This is due to the fact that the RLTs of upper troposphere summer temperature in the TIO is greater than that in the TP in early 2000s, and smaller in the late 2000s (Figure omitted). We speculate that this interannual transition is likely to be related to the Pacific Decadal Oscillation (PDO). In the first period, the summer PDO index is a small positive value, while in the second period, the PDO index is a larger negative value. During positive PDO phases, the transport of moisture from the Bay of Bengal and the South China Sea to Eurasia is inhibited (Lyu, 2019), and Indian rainfall decrease with weaker SASM (Krishnan and Sugi, 2003), which accompanied by the weak thermal contrast in the TP-TIO (Luo et al., 2021). During positive PDO phases, the situation is almost opposite.
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FIGURE 6. The RLTs of the (TTI, °C/dec) and SAMIs (MI1-1, MI-2) based on ERA5.


The vertical profiles of the summer temperature trend are quite different in the TP-TIO region (Figure 7). Radiosonde data, reanalysis data (except NCEP/DOE and IUK) and the model results all show that the temperature in the upper troposphere are increasing significantly in the TP-TIO region. In climate models, with increasing greenhouse gas concentrations, the surface and troposphere are consistently projected to warm, with an enhancement of that warming in the tropical upper troposphere (Thorne et al., 2011). Allen and Sherwood (2008) analyzed thermal winds and suggested a warming maximum in the tropical upper troposphere. The TP has a stronger warming trend in the upper troposphere than the TIO area for the radiosonde and reanalysis data (except for NCEP/DOE), while the model results generally display a significant warming, which is consistent with Figure 4C. The clear warm bias in CMIP6 in the troposphere has received a lot of attention (Li et al., 2020; McKitrick and Christy, 2020; Mitchell et al., 2020). Figure 7 also shows a warm bias in the upper troposphere. In the troposphere, the observed warming trends are located in the upper troposphere, which are correctly captured by FGOALS (Guo et al., 2020b). The CMIP6 historical simulations aim to evaluate the ability of models to reproduce the climate on various time scales (Guo et al., 2020b), and serve as important tools to determine consistency of climate model forcing and sensitivity with the observational record (Eyring et al., 2016; Srivastava et al., 2020). However, observational data are scarce in the upper troposphere, and the satellite data (Mears and Wentz, 2009) is inconsistent with the altitude selected in our research. In the absence of numerical simulation experiments, it is necessary to use the CMIP6 historical simulations for research. Of course, there are also some studies that have used models simulations to study interannual issues (Zhao et al., 2013, 2015). Therefore, we still use CMIP6 historical simulations for interannual scale analysis in this study.


[image: image]

FIGURE 7. The vertical profile of the summer temperature trend at 80°E–100°E (°C/dec).




SUMMARY AND DISCUSSION

With the accelerated global warming over the past 100 years (Xu et al., 2018), research of the land–sea thermal contrast has received much more attention (Li and Yanai, 1996; Sun et al., 2010; Dai et al., 2013). The present study used a summer meridional land–sea thermal contrast index (TTI) to study the discrepancies in nine datasets in the summer thermal contrasts of the TP-TIO region for the upper troposphere. We also analyzed the relationship between the interannual variations of TTI with the two SASMIs. The results are as follows.


(1)There are great differences in the reanalysis data (JRA-55, NCEP/DOE, ERA5), radiosonde data (IUK, RICH, and RAOBCORE) and CMIP6 model results (MPI, FGOALS, CESM2) describing the basic characteristics (e.g., maximum, minimum, and standard deviation) of the thermal contrasts in the TP-TIO region. The maximum and minimum of the TTI varied from one dataset to another. The IUK data were relatively scattered, while the ERA5 were the most concentrated. The IUK results were significantly different from RAOBCORE and RICH due to the different homogenization methods applied. The reanalysis data were significantly correlated with the radiosonde data, with JRA-55 and ERA5 data the most significant.

(2)The radiosonde data showed a clear increasing trend in the summer thermal contrast, and the reanalysis data had a slight increasing trend, whereas the models showed no obvious trend. The TP-TIO region showed a warming trend in the upper troposphere in most of the data. The intensity of the thermal contrast was dominated by the TP heating in the radiosonde data, while CESM2 and FGOALS showed that the increasing temperature trend of the TIO was stronger than that of the TP, which led to the weakening of the thermal contrast.

(3)The RLTs of TTI shows a similar fluctuation, especially after 1995 for reanalysis and radiosonde data. In the 1990s and the late 2000s, the land–sea thermal contrasts increased, while they weakened in the early 2000s. This interannual variation may modulated by the decadal signals such as Pacific Decadal Oscillation (PDO). The most rapid strengthening period in the land–sea thermal contrast occurred in the 1990s.

(4)For the reanalysis and radiosonde data, the TTI was significantly positively correlated with the intensity of the SASM, as well as the RLTs. This suggests that if the meridional thermal contrast between the TP and the TIO increases rapidly, the intensity of the SASM also increases abruptly. The vertical profiles of the summer temperature trend are quite different in the TP-TIO region, and CMIP6 shows a warm bias in the upper troposphere



There is a strong correlation between the intensity of the SASM and the meridional land–sea thermal contrasts in the TP-TIO region, while the value of the TTI varies greatly between different datasets. The reanalysis and radiosonde data are inconsistent in describing the interannual variations of the TTI. The radiosonde observations have been used to create long-term global upper-air temperature datasets, which figure prominently in studies of large-scale climate variability and change (Seidel et al., 2004). However, the radiosonde stations are sparse, especially over the oceans of the southern hemisphere (Thorne et al., 2011), resulting in the deviations in the TTI calculations. Many studies have therefore used a variety of tools to detect and adjust the non-climatic artifacts in the radiosonde data (Allen and Sherwood, 2008; Zhou et al., 2020). The possible reason for the large differences in the results of the CMIP model simulation and reanalysis is that the climate models have a strong warm bias in the upper troposphere (Zhao et al., 2016). The overestimation of both the climate feedbacks and the aerosol forcing can result in a historical warming to the present day that is similar to the observations, but has a poor temporal agreement with the observations. Another key point is that the relative contribution of the TP and TIO to the land–sea thermal contrasts is not clear and, like in the present study, the contribution of the TP or the TIO to the TTI changes with the data. In future work, we plan to collect multiple data (Guo et al., 2020a) to solve this problem.
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