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Abstract 
 

We assess the Asian Summer Monsoon Anticyclone (ASMA) in Coupled Model 

Intercomparison Project-Phase 6 (CMIP6) models for the historical period (1850-2014). The 

ASMA is a quasi-stationary warm anticyclone during the boreal summer monsoon season, 

centered around Tibet. It is a prominent circulation feature that affects trace species transport, 

Stratosphere-Troposphere exchange, along with strong feedbacks to weather and climate. The 

study is a novel attempt to quantify the performance of models participating in the CMIP6 

consortium and understand long term variability and teleconnections of the ASMA. We note that 

CMIP6 models capture the mean ASMA features reasonably well, albeit with some differences 

around the boundaries. For most of the models, interannual variations are not in phase with the 

reanalysis and show sharper increasing trend in the ASMA strength. There is about a two-fold 

increase in the trends during the recent period (1980-2014) as compared to the 1950-2014 period. 

A multi-model mean (MME) chosen based upon the statistical metrics (mean, standard deviation, 

mean absolute error, and root mean square error), target diagram and density distributions, is 

further used to examine the prominent modes of variability. Our results suggest that the signals 

of significant periodicity, particularly the 2-4 years signal and the SST correlations in MME are 

inconsistent with observations. In CMIP6 models, we note stronger upper level divergence over 

the western and eastern Pacific but convergence over the Indian ocean, south Asia and the central 

Pacific. The streamfunction and rotational winds also show strong highs north of 20°N. Overall, 

it is seen that basic features such as spatial extent and evolution of ASMA are reasonably 

captured, but the strength and interannual variations are dissonant across the CMIP6 models. 

These findings have potential implications on studies focusing on regional meteorology, 

transportation of atmospheric tracers, and climate change projections over the region.   
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Highlights 

● CMIP6 models reasonably capture the ASMA mean features. 

● CMIP6 models indicate a sharper increasing trend in the ASMA strength during the 

recent period. 

● Predominant 2-4 years periodicity seen in the reanalysis, is incoherent in the CMIP6 

MME. 

● Observed links between the ASMA and the Indian (Pacific) ocean SSTs are stronger 

(weaker) in CMIP6 MME. 

● Large scale divergent and non-divergent (rotational) circulations are inadequately 

simulated in the CMIP6 models.  



 

1. Introduction 

The upper troposphere and lower stratosphere (UTLS) circulation over the Asian summer 

monsoon (ASM) region is marked by the presence of large scale anticyclonic circulation 

(Krishnamurti and Bhalme 1976) often referred to as the Asian summer monsoon anticyclone 

(ASMA). The appearance and maintenance of ASMA are linked to seasonally persistent 

convection during the monsoon season where its northern (southern) edge is flanked by the 

subtropical (tropical) westerly (easterly) jet. It is the strongest thermally induced anticyclonic 

circulation as a consequence of ASM convective activities (e.g., Krishnamurti 1971). During the 

monsoon season, deep convection often transports tropospheric tracers and aerosols into the 

ASMA leading to distinct chemical signatures and elevated aerosol layers over the region 

(Randel and Park 2006; Brunamonti et al., 2018; Hanumanthu et al., 2020; Kumar et al., 2021; 

Singh et al., 2021a). Additionally, the ASMA feedbacks to the tropospheric circulation and 

influences the monsoon weather and climate over Asia (Zhang and Wu 2001; Zhang et al., 

2016). A quasi-permanent circulation feature during Northern Hemisphere (NH) summer, the 

ASMA shows significant subseasonal oscillations and interannual variations in the extent, 

strength, and location (Basha et al., 2020; Manney et al., 2021; Singh et al., 2021a and references 

therein). These studies also analyzed ASMA variability in response to the strength of monsoon 

and the El Niño–Southern Oscillation (ENSO). UTLS transport of water vapor is tied to the 

strength and location of ASMA, which is significantly affected by the latent heating during 

monsoon precipitation (Singh et al., 2021a) and the sensible heating of the Tibetan Plateau (Fu et 

al., 2005). Due to its effects across the scales on weather and climate, the ASMA has recently 

been a topic of interest to researchers, in particular for trace species transport and Stratosphere-



 

Troposphere Exchange (STE) (e.g., Park et al., 2007; Santee et al., 2017; Brunamonti et al., 

2018). 

Although reanalysis and satellite datasets can provide reliable information about 

interannual variations in the ASMA, the multi-decadal variability, if any, can still not be 

discerned due to inadequate temporal coverage. Availability of climate model outputs from the 

Coupled Model Intercomparison Project Phase 6 (CMIP6; see Eyring et al., 2016) enables us to 

understand the ASMA features and variability over a longer period of time. Studies have 

demonstrated substantial improvements in the representation of monsoons and associated 

teleconnections during the successive transitions from CMIP3 to CMIP6 simulations (see 

Kripalani et al., 2007; Lee and Wang 2014; Gusain et al., 2020; Katzenberger et al., 2021; 

Kumar and Sarthi 2021; Mahendra et al., 2021). These improvements have been attributed to 

increased model resolution, updation in convection parameterization schemes, integrating 

indirect effects of aerosols in cloud formation, and advancing ocean-ice models (Gusain et al., 

2021). With considerable improvements in circulation and precipitation in the CMIP6 models as 

compared to its precedents, it is expected that simulated climatic states are closer to what has 

likely happened and what is likely to happen in the future. The climate of south Asia has already 

experienced substantial changes in the temporal records (Singh et al. 2021b). The ASMA being a 

hotspot of STE and processes critical to climate change, it is important to understand the fidelity 

of CMIP6 models in realistically representing the ASMA, its variability and teleconnections. 

With this objective, we utilize outputs from the CMIP6 models which have shown 

marked improvements in monsoon processes through sustained efforts in the last two decades 

(Kripalani et al., 2007; Lee and Wang 2014; Gusain et al., 2020; Mahendra et al., 2021). ERA5 

data of the European Centre for Medium-Range Weather Forecasting (ECMWF) is used to 



 

evaluate the performance of CMIP6 models in representing the ASMA. We choose the best suite 

of models closest to the ERA5 reanalysis and obtain a multi-model mean (MME) to understand 

the modes of variability and teleconnections through long term (1850-2014) historical 

simulations. The paper is organized as follows. Section 2 introduces the data and methodology 

adopted for the work. Details of CMIP6 models used in this work, as well as the reanalysis and 

observational datasets have been described in this section. Results are presented in Section 3, 

followed by discussion and conclusions in Section 4. 

 

2. Data and methodology 

We examine the ASMA in thirteen climate and Earth System models available in CMIP6 

archived at https://esgf-node.llnl.gov/search/cmip6/ (Eyring et al., 2016). The variables used to 

identify the location and strength of ASMA are geopotential height, meridional and zonal winds. 

The CMIP6 models chosen in the present study are those which have shown better ability to 

reproduce the Asian monsoon precipitation, associated circulation features and teleconnections 

(see Gusain et al., 2020, Kumar and Sarthi 2021, Mahendra et al., 2021). To maintain 

consistency, we use one ensemble member (r1i1p1f1) per model even if more are available. 

Model short names, their respective Institute ids and resolutions are listed in Table 1. For all the 

models considered, we have analyzed the fields for the historical period (1850–2014). The 

CMIP6 “Historical” experiments are forced by evolving externally imposed forcings, e.g., solar 

radiation variability, volcanic aerosols, and changes in atmospheric composition namely 

greenhouse gases and aerosols caused by human activities (Eyring et al., 2016).  

The performance of CMIP6 models in reproducing the observed ASMA features is 

evaluated against the ERA5 reanalysis of the ECMWF (see Hersbach et al., 2020) for the 

https://esgf-node.llnl.gov/search/cmip6/


 

common period 1950-2014. Though we have also analyzed the National Center for 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis 

data, we note that the results are mostly the same as that of ERA5 and hence it is not shown in 

the analysis. Global Sea Surface Temperature (SST) fields are used to assess the ASMA 

teleconnections both in the reanalysis and in the models. We use monthly SST fields available 

globally at 1° x 1° spatial resolution from the Met Office Hadley Centre’s sea ice and SST data 

set (HadISST; Rayner et al., 2003). Model teleconnections are examined through the usage of 

respective model SSTs. To account for the differing model resolutions, we have re-gridded them 

all to the same 1° x 1° spatial resolution. Although the data is available globally, we consider the 

region relevant to the ASMA for the present study. The June-July-August (JJA) fields are used to 

analyze the ASMA variability and teleconnections. Anomalies in the dataset are calculated by 

removing the respective long term mean for the analysis period and datasets are de-trended while 

examining the correlations. Target diagrams and box-plots are used to identify the best suite of 

models. MME approach, which is a simple unweighted average of the selected models, is used 

further to examine long-term ASMA variability and teleconnections in the CMIP6 models. 

[Insert Table 1] 

Table 1. List of CMIP6 models, their Institution IDs, resolution and the metrics of comparison 
against the ERA5 reanalysis. The metrics are analyzed for geopotential height averaged over the 
core ASMA region. 

 

3. Results 

We first analyze the JJA climatology (1950-2014) of ASMA in the ERA5 reanalysis and CMIP6 

models through 100 hPa geopotential height and wind fields shown in Figure 1(a-o). Observed 

features indicate that the anticyclone almost spans from the prime meridian in the west to the 

date line in the east. Its northern and southern flanks are bounded by the subtropical westerly and 

tropical easterly jets, respectively. The core of the anticyclone is highlighted by a rectangular box 



 

(20°N-40°N, 40°E-120°E) in Fig 1(a). Overall, regional spatial distribution/circulation features 

are reasonably reproduced by all the models, however, with differing core strength (highlighted 

through the rectangular box in Fig 1a) and slight longitudinal-latitudinal shifts. The 

climatological geopotential height fields vary between 16.5 km to 17 km in all CMIP6 models 

and ERA5 reanalysis between 1950 and 2014. The mean geopotential height field in ERA5 is 

noted to be about 16.7 km. A weaker core (< 16.6 km) is noted in many models, especially in 

GFDL-ESM4 and IPSL-CM6A-LR, while relatively stronger cores (> 16.8 km) are seen in 

CanESM5 and CESM2-WACCM. The closest models to reanalysis in terms of climatology are 

AWI-CM-1-1MR and INM-CM4. Though the spatial patterns are more or less similar at 200 hPa 

(see Fig. S1), the usage of 100 hPa geopotential height is most suitable for analyzing the ASMA, 

where the features are more distinct, between the levels 300 hPa-70 hPa (see Basha et al., 2020; 

Singh et al., 2021a). When compared to zonal mean global geopotential height fields, the ASMA 

is the strongest feature across the longitudes as seen in the zonal geopotential height anomaly 

plot (Fig. S2). Individual model bias is also analyzed through the difference in geopotential 

height fields and horizontal winds between the CMIP6 models and ERA5 reanalysis (Fig. S3). In 

general, the models have a tendency to underestimate the ASMA strength, consistent with the 

earlier findings of a relatively weaker tropical easterly jet in CMIP6 models (Kumar and Sarthi 

2021).  

[Insert Figure 1] 

Figure 1. June-July-August (JJA) climatology of 100 hPa geopotential heights (shaded; units in 
meter) and winds (vector, maximum = 30 ms-1) in the ERA5 and CMIP6 models for the period 
1950–2014. 

 

 



 

Interannual variations in the ASMA intensity (Fig. 2a) are obtained by the area averaged 

100 hPa geopotential height fields over the box shown in Fig. 1a. Similar variations are also seen 

at 200 hPa (not shown). The time series remains very much the same even if we follow the 

ridgeline based calculations of Zhang et al. (2015). The ASMA shows significant year-to-year 

variations in reanalysis and CMIP6 models. Some models viz. ACCESS-ESM1-5, CanESM5, 

CESM2-WACCM always overestimate the ASMA strength compared to ERA5. Many models 

underestimate the ASMA strength viz. BCC-CSM2-MR, EC-Earth3-CC, GFDL-ESM4, IPSL-

CM6A-LR, KACE-1-0-G, MIROC6. Mean and standard deviations of geopotential height fields 

averaged over the core ASMA region for ERA5 and CMIP6 models are also shown in Fig. S4. 

For most of the CMIP6 models used in this study, interannual variations are not coherent with 

the reanalysis. One intriguing aspect of the time series in Fig. 2a is the recent trend in the ASMA 

strength. From 1990 onwards, positive trends are easily noticeable both in the reanalysis and the 

models, however, the model trends are much stronger irrespective of underestimation or 

overestimation of the mean ASMA strength. The trend values for the model range between about 

18 m decade-1 to 52 m decade-1 as compared to the observed trend of 7.6 m decade-1 in reanalysis 

(Fig. 2b). Among the models considered, the lowest (highest) trend is noted in NorESM2-MM 

(CanESM5) during the recent period (1990-2014). Though we note stronger trends in the recent 

period, the interannual variations indicate positive trends over the longer period (1950-2014). 

This aspect would be explored later in detail when we analyze the anomaly time series of the 

CMIP6 models (see Fig. 4 and related discussions). 

[Insert Figure 2] 

Figure 2. (a) JJA time series of box area-averaged [20°N-40°N, 40°E–120°E; shown as a 
rectangular box in Fig. 1(a)] geopotential height fields at 100 hPa analyzed for ERA5 and 
CMIP6 models for the period 1950-2014, (b) trends per decade (m) for the period 1990-2014, 
and (c) box-plots.   

 



 

The distribution, spread, and variability of ASMA are further analyzed through the 

violin-styled box plots obtained for the period 1950–2014 (Fig. 2c). The markers represent 

kernel density (the envelope), boxes indicating percentiles and mean, and the outliers (points 

outside the envelope). Here, the end dots correspond to outliers at both ends while the upper and 

lower adjacent values are defined by the ends of the outer envelope. The first (third) quartile is 

represented by the top (bottom) end of the inside bar while the converging mid-point of the bar 

indicates the median. The plots are non-parametric, ignoring assumptions of specific statistical 

distribution and highlight the mean, range, and density of interannual variations in the strength of 

the ASMA. These plots indicate large interannual variations and spread in some models viz. 

ACCESS-ESM1-5, CanESM5, CESM2-WACCM, EC-Earth3-CC, GFDL-ESM4, and IPSL-

CM6A-LR. The mean and range in the reanalysis are noted to be 16.75 km and 16.71 km - 16.8 

km, respectively. The models closest to the reanalysis in these metrics are AWI-CM-1-1-MR, 

NorESM2-MM, MPI-ESM1-2-HR, and INM-CM4-8. Though these models are closer to 

reanalysis in a mean sense, the larger variation in kernel width indicates larger interannual 

variability in the ASMA. This analysis clearly suggests that some of these models are good in 

representing the mean features, but there are differences in their interannual variations. 

We compare the model ASMA strength with reanalysis and quantify it in terms of mean, 

range, mean absolute error (MAE), and root mean square Error (RMSE). These statistical metrics 

are appended in Table 1. Additionally, we use the Target diagram (Fig. 3a) to identify the best 

models. The Target diagram used here, displays how models progress towards minimum values 

of bias and errors. Each layer moves closer towards the centre where the bias and errors are zero 

indicating better models should lie closer to the centre/reference. The main idea of plotting the 

Target diagram is to examine the skill scores mentioned above between models and reanalysis 



 

over an area representative of the ASMA core region during the study period. Table 1 and Fig. 

3(a) help identify the models that are closer to reanalysis in representing the ASMA. Among the 

models considered, the MAE and RMSE are the largest for IPSL-CM6A-LR with values of 

122.6m and 128.4m respectively, which is followed by GFDL-ESM4 with values of 98.6m and 

102.6m. MIROC6 closely follows GFDL-ESM4 with MAE of 94.4m and RMSE of 100.9m. 

MAE and RMSE are least for INM-CM4-8 with values 21.2m and 25.3m respectively. The 

second best agreement is seen in MPI-ESM1-2-HR with MAE of 26.8m and RMSE of 34.1m. 

AWI-CM-1-1-MR (NorESM2-MM) follows next with MAE of 29.6m (33.1m) and RMSE of 

36.8m (42.2m). Except for these models, all have MAE and RMSE greater than about 50m. In 

the Target diagram also these models are seen concentrated in the innermost circle (Bias, 

uRMSE < 50m), indicating an overall good agreement with the reanalysis. The results from time-

series analysis, box plots, statistical metrics and Target diagram suggest that these selected 

models represent the ASMA relatively better during the 1950-2014 period. We choose these four 

CMIP6 models (i.e. INM-CM4-8, MPI-ESM1-2-HR, AWI-CM-1-1-MR, and NorESM2-MM) 

and ERA5 to analyze the probability density plots (Fig. 3b). The probability density is estimated 

based on kernel distribution which is a non-parametric representation of a probability density 

function (pdf) of a random variable (Hill, 1985). From the figure, it is clearly noticed that the 

density distribution of all the selected four models is close to the ERA5. Within these four 

selected models, it is seen that AWI-CM-1 and INM-CM-8 perform better in terms of density 

estimate as compared to the other two models. 

[Insert Figure 3] 

Figure 3. (a) Target diagram indicating the bias (m) and uRMSD (m) obtained for the CMIP6 
models, and (b) Density plots analyzed for the reanalysis and selected best models. 
  



 

We also analyze the anomaly time series of the selected models and compare it with ERA5 for 

the long-term (1950-2014) and for the recent (1980-2014) period (Fig. 4). The anomalies are 

computed by removing the mean of the entire period considered. It is seen that interannual 

variations are the largest in AWI-CM-1-1-MR and NorESM2-MM models. The anomaly time 

series indicates a positive trend in the ASMA strength with a sharper rise during recent decades. 

Over the entire period of 1950-2014, a weak positive trend is noted in ERA5 (0.8 m decade-1) 

while the trend is almost ten times or more in selected models. AWI-CM-1-1-MR has the largest 

positive trend with 13.6 m decade-1, followed by MPI-ESM1-2-HR (11.2 m decade-1), 

NorESM2-MM (9 m decade-1) and INM-CM4-8 (8.3 m decade-1). During the recent period, the 

positive trends are even stronger both in the reanalysis (almost five fold increase), and in the 

CMIP6 models (two-fold increase) as compared to the trends during the entire period. These 

trends might be linked to several processes including the global warming signal, the variations in 

monsoon system and to the ASMA teleconnections both in the reanalysis and the CMIP6 

models. Nevertheless, we use these models to obtain an MME for a better statistical 

representation of the ASMA in CMIP6 models. The MME is further used to examine the 

interannual and decadal variability and teleconnections with global SSTs. 

[Insert Figure 4] 
Figure 4. Interannual variability and trends (indicated by dotted lines) in the ASMA strength 
analyzed for ERA5 and the best models over the period: (a) 1950-2014, and (b) 1980-2014. 

 

Further, the wavelet power spectrum of ERA5 and MME is analyzed to identify the 

signals of prominent periodicity with significant power (Fig. 5). For the 1950-2014 period, the 

ERA5 (Fig. 5a) indicates significant periodicity of 2-4 years and 8-12 years which is probably 

related to the Pacific (e.g., the ENSO and the decadal oscillations) and Indian (e.g., the basin 

mode and the Indian ocean Dipole) ocean teleconnections (e.g. Qu and Huang 2012). It is 



 

interesting to note the reappearance of significant 2-4 years cycle post 1980s which seem to 

coincide with a weakening 8-12 years signal (prominent during 1950-1970). The corresponding 

(1950-2014) CMIP6 MME (Fig. 5b) spectrum indicates a weaker signal of 2-4 years periodicity 

but a stronger 8-12 year signal. One contrasting feature observed in CMIP6 MME is the 

appearance of strong 8-12 year signals around 1980’s. The MME wavelet power spectrum during 

the entire historical period 1850-2014 is also analyzed (Fig. 5c). Surprisingly, we do not see 

much significant 2-4 years signals earlier in the historical period. This shows that CMIP6 models 

have issues in realistically simulating the observed significant periodic signals, which is probably 

associated with their deficiencies in simulating large scale variabilities and teleconnections.    

[Insert Figure 5] 

Figure 5. Wavelet spectra analyzed for (a) ERA5 (1950-2014), (b) CMIP6 MME (1950-2014), 
and (c) CMIP6 MME (1850-2014). The regions of black contours highlight the signals 
significant at 95 % level. 

 

At interannual time scales, the ASMA strength is modulated by the oceanic conditions 

(see Qu and Huang 2012; Basha et al., 2020). The ASMA is maintained primarily through the 

sensible heating over the Tibetan plateau and latent heating produced by the convection driven 

low-pressure systems during the monsoon season (Liu et al., 2001, 2007, 2017; Wu et al., 2015; 

Singh et al., 2021a). These systems are further closely coupled to the SST conditions and 

therefore it implicates on the strength and variability of the ASMA. In order to explore the 

ASMA-SST teleconnections, we analyze spatial correlations between ASMA core area averaged 

index and the global SSTs (Fig. 6). We analyze the MME correlation between the ASMA index 

and global SSTs and compare them with the observed patterns. Both variables (geopotential 

height and SST) are de-trended before the analysis which is presented for the shorter (1950-

2014) and the full (1850-2014) period. Results show significant positive correlations over the 



 

Indian and the tropical Atlantic oceans, both in the observations (ERA5-HadISST) and the MME 

(Fig. 6). However, the Indian and the Atlantic ocean correlations appear to be stronger in the 

MME (Fig. 6b,c). Observed negative correlations over the Pacific highlighting the ENSO effects 

are consistent with earlier studies (Yan et al., 2018; Basha et al., 2020; Kumar et al., 2021). 

Surprisingly, these negative correlations over the eastern Pacific are not seen in the MME. It is 

noted that the MME correlations during the entire historical period (1850-2014; Fig. 6c) are 

similar to the shorter period (1950-2014; Fig. 6b). The results clearly indicate that the influences 

of the large scale SST teleconnections on the ASMA strength are inconsistent in the CMIP6 

models. The Indian (Pacific) ocean SSTs can significantly modulate the ASMA intensity through 

the Hadley (Walker) circulation and large scale planetary Rossby waves. However, further 

analysis is warranted to understand the robustness of the SST linkages to the ASMA at different 

time scales. 

[Insert Figure 6] 
Figure 6. ASMA-SST correlations analyzed in (a) Observations (1950-2014), (b) CMIP6 MME 
(1950-2014), and (c) same as in (b) but for the 1850-2014 period. Dots represent the region 
where the correlation is significant at 95 % confidence level. 

       

We have also analyzed the stream function and velocity potential along with the 

rotational and divergent wind in the reanalysis and CMIP6 models. This helps us identify the 

large scale divergence patterns indicating enhanced/suppressed convection and non-divergent 

circulations relevant to ASMA. Fig. S6 (Fig. S7) show 100 hPa spatial patterns denoting 

streamfunction (velocity potential) overlaid with rotational (divergent) wind components for 

ERA5 and CMIP6 MME. We further analyze the differences between the CMIP6 and ERA5 

produced divergent and non-divergent wind fields (Fig. 7). The regions of anomalous upper-level 

convergence (divergence) and positive (negative) velocity potential indicate suppressed 



 

(enhanced) convection. In CMIP6 models, we note stronger upper level divergence over the 

western and eastern Pacific but convergence over the Indian ocean, south Asia and the central 

Pacific (Fig. 7b). The anomalies in divergence patterns are much stronger over the Indian ocean 

and the central Pacific, which indicates the possibility of biased SST influences in CMIP6 

models. The non-divergent component of the horizontal circulation comprising stream function 

and rotational winds, also show stronger highs north of 20°N over the monsoon regions of 

Northern Hemisphere (Fig. 7a). Zonally widespread anomalous patterns of stream function and 

rotational winds are seen around the ASMA region. These discrepancies may promote or impede 

the patterns of convergence/divergence and impact the spatiotemporal variations in the ASMA.   

[Insert Figure 7] 

Figure 7. 100 hPa spatial patterns denoting differences between CMIP6 MME and ERA5 fields 
computed over the period 1950-2014 (a) streamfunction (shaded; in units 106 m2 s−1) overlaid 
with rotational wind, and (b) velocity potential (shaded; in units 106 m2 s−1) overlaid with 
divergent wind.      
 
4. Discussion and conclusions 
 

The ASMA plays a significant role in overall climate modulations through the STE processes of 

critical species. A few studies have examined the ASMA variability and teleconnections using 

the reanalysis and satellite observations over a limited period of time. Availability of the latest 

CMIP6 simulations enables us to examine long term variability and teleconnections of the 

ASMA. In this study, we have examined the performance of 13 CMIP6 models in their ability to 

capture the variability and teleconnections of ASMA. These models were identified based upon 

the existing literature demonstrating their ability in realistically simulating the ASM features. 

ERA5 reanalysis has been used to compare and identify the models with a good representation of 

ASMA in historical simulations. We analyze the spatial maps, time-series, box plots, statistical 

metrics, Target diagrams, and linear trends which suggest that AWI-CM-1-1-MR, INM-CM4.8, 



 

MPI-ESM2-2-HR, and NorESM2-MM represent the ASMA relatively better during the 1950-

2014 period. Except for these four models, the remaining models show large departures from 

ERA5, with most of them underestimating the ASMA strength. To understand the long term 

ASMA variability and teleconnections, we adopt the MME approach which is simply an 

unweighted mean of the best models. The teleconnections of ASMA to global SSTs have also 

been examined in the MME of the selected models and compared with the observed patterns. 

Conclusions drawn from this study are summarized below: 

● CMIP6 models capture mean spatial circulation features of the ASMA with small 

longitudinal-latitudinal shifts, and with differing core strengths. A weaker core is seen in 

GFDL-ESM4 and IPSL-CM6A-LR, while relatively stronger cores are seen in CanESM5 

and CESM2-WACCM. In terms of mean, AWI-CM-1-1MR and INM-CM4 are the 

closest models to ERA5. 

● Interannual variations in most CMIP6 models are incoherent with ERA5 except INM-

CM4-8. Some models viz. ACCESS-ESM1-5, CanESM5, CESM2-WACCM always 

overestimate the ASMA strength while many models underestimate the ASMA strength 

viz. BCC-CSM2-MR, EC-Earth3-CC, GFDL-ESM4, IPSL-CM6A-LR, KACE-1-0-G, 

and MIROC6.  

● Most of the models indicate strong positive trends during the recent period (post 1980) 

although the interannual variations indicate positive trends over the longer period (1950-

2014). The trends during the recent period are stronger both in the reanalysis (almost 

five-fold increase), and in the CMIP6 models (two fold increase) as compared to the 

trends during the full period. These trends might be linked to several processes including 



 

the global warming signal, the variations in monsoon system, and to the ASMA 

teleconnections both in the reanalysis and the CMIP6 models.  

● Analysis clearly shows that AWI-CM-1-1-MR, INM-CM4.8, MPI-ESM2-2-HR, and 

NorESM2-MM models have the least MAE, RMSE and Bias. A simple unweighted 

average is considered as a MME to analyze long term ASMA variability and 

teleconnections. 

● ERA5 wavelet spectrum shows presence of a significant 2-4 years cycle during the period 

of 1960-1970s after which it disappears, reappearing again after 1980s. The reappearance 

coincides with a weakening of 8-12 years signal (prominent during 1950-1970). The 

corresponding CMIP6 MME spectrum indicates a weaker signal of 2-4 years periodicity 

but a stronger 8-12 year signal. One contrasting feature observed in CMIP6 MME is the 

appearance of strong 8-12 year signals around 1980. Analysis for the entire historical 

period (1850-2014) indicates the absence of strong signals in these bands. 

● Reanalysis wavelet spectrum shows presence of a significant 2-4 years cycle during the 

initial years which reappears post 1980s. The reappearance coincides with a weakening 

of 8-12 years signal (prominent during 1950-1970). The corresponding CMIP6 MME 

spectrum indicates a weaker signal of 2-4 years periodicity but a stronger 8-12 year 

signal. One contrasting feature observed in CMIP6 MME is the appearance of strong 8-

12 year signals around 1980. 

● The SST teleconnections are stronger in the CMIP6 MME particularly over the Indian 

ocean while the observed Pacific teleconnections are not reproduced in the CMIP6 MME.  

● In CMIP6 models, we note stronger upper level divergence over the western and eastern 

Pacific but convergence over the Indian ocean, south Asia and the central Pacific. The 



 

streamfunction and rotational winds also show stronger highs north of 20°N. The 

discrepancies in monsoon processes and ASMA-SST teleconnections may promote or 

impede the patterns of convergence/divergence and impact the ASMA variability. 

However, detailed analysis is required to understand the underlying dynamics and 

physical links amongst the components. 

There are certain points which need to be discussed here. The methodology of unweighted mean 

of the models adopted here can be further improved by employing suitable weights to selected 

models through Bayesian averaging (see Duan and Phillips, 2010). Though the present study 

considers interannual variability of ASMA, study of subseasonal variations is out of the scope 

for present study. Nevertheless, the results can help choose the models to be employed for such 

purposes. The interannual variations and trends in CMIP6 models may depend on multiple 

factors. The ASMA is a thermally driven system maintained by diabatic heating due to 

precipitation and sensible heating over the Tibetan Plateau. The variability and sharper trends in 

CMIP6 models may be linked to model infidelity in realistically capturing the global warming 

signal, teleconnections, and monsoon features e.g. monsoon trough, convergence, latent heat 

release, monsoon low level jet (MLLJ) and Tropical Easterly Jet and their coupling (Kumar and 

Sarthi, 2021). Studies have reported that inversions over the Arabian Sea regulate the moisture 

budget of the monsoon (Dwivedi et al., 2020) while variations in seasonal MLLJ have a 

profound influence on the monsoon precipitation (Viswanadhapalli et al., 2020). The observed 

discrepancies in ASMA strength and variability in CMIP6 models might also be linked to the 

inconsistent profile of diabatic heating related to the convective and the stratiform rain in the 

models (see Singh et al. 2021a, and references therein). It would be interesting to see how the 

CMIP6 models fare in producing the observed partitioning of rainfall into convective and 



 

stratiform precipitation. This is important because CMIP5 models were reported to produce 

biased estimates of convective fraction while underestimating the stratiform precipitation 

compared to observations (Sabeerali et al., 2015). Therefore, the variability and trends of ASMA 

can be linked to a multitude of forcings, including regional and remote ones. With projected 

increase in ASM rainfall and interannual variability under different shared socioeconomic 

pathways (SSPs), it would be interesting to understand future variations in the ASMA and 

associated feedbacks.      

  



 

Acknowledgments: 

The authors thank the World Climate Research Programme (WCRP) for making CMIP6 model 

data publicly available. We extend our thanks to the climate modelling groups for producing and 

making available their model output, the Earth System Grid Federation (ESGF) for archiving the 

data and providing access. We also acknowledge ECMWF and NCEP/NCAR for providing 

reanalysis data. We thank anonymous reviewers whose comments and suggestions have 
improved the manuscript. 

Contributions 

BBS and RKK conceptualized the problem and wrote the manuscript. BBS, KNK, VS, KRK, 

and RKK performed the analysis. AR participated in the discussions and contributed towards the 
interpretation of the results. 

Corresponding author 

Correspondence to Bhupendra Bahadur Singh (bhupendra.cat@tropmet.res.in). 

Ethics declarations 

Ethical approval and consent to participate 

Authors consciously declare that the manuscript is an original work and follows the ethical 

standards of research. 

Competing interests 

The authors declare no competing interests.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cmip
mailto:bhupendra.cat@tropmet.res.in


 

References 
 
Basha, G., Ratnam, M. V., Kishore, P. (2020). Asian summer monsoon anticyclone: trends and 
variability. Atmos. Chem. Phys., 20, 6789–6801, https://doi.org/10.5194/acp-20-6789-2020  
 
Brunamonti, S., Jorge, T., Oelsner, P. et al. (2018). Balloon-borne measurements of temperature, 
water vapor, ozone and aerosol backscatter on the southern slopes of the Himalayas during 
StratoClim 2016–2017. Atmos. Chem. Phys., 18:15937–15957. https://doi.org/10.5194/acp-18-
15937-2018 
 
Duan, Q., Phillips, T.J. (2010). Bayesian estimation of local signal and noise in multimodel 
simulations of climate change. J Geophys Res Atmos., Sep 27;115(D18). 
 
Dwivedi S., Viswanadhapalli, Y., Madineni, VR., Dasari, HP, Langodan, S, Akhil Raj S T., 
Hoteit, I. (2020). Variability of monsoon inversion over the Arabian Sea and its impact on 
rainfall, International Journal of Climatology, 10.1002/joc.6896, 41, S1, (E2979-E2999) 
      
Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., Taylor, K. E. 
(2016). Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental 
design and organization. Geosci. Model Dev., 9, 1937–1958, https://doi.org/10.5194/gmd-9-
1937-2016  
 
Gusain, A., Ghosh, S., Karmakar, S. (2020). Added value of CMIP6 over CMIP5 models in 
simulating Indian summer monsoon rainfall. Atmos. Res., 232, 104680. 
 
Hanumanthu, S., Vogel, B., Müller, R. et al. (2020). Strong day-to-day variability of the Asian 
Tropopause Aerosol Layer (ATAL) in August 2016 at the Himalayan foothills. Atmos. Chem. 
Phys., 20:14273–14302. https://doi.org/10.5194/acp-2020-552  
 
Hersbach, H., et al. (2020). The ERA5 global reanalysis. Quarterly Journal of the Royal 
Meteorological Society. John Wiley & Sons, Ltd, 146(730): 1999–2049. 
https://doi.org/10.1002/QJ.3803. 
 
Hill, P. D. (1985). Kernel estimation of a distribution function. Communications in Statistics - 
Theory and Methods. Vol 14, Issue. 3, 1985, pp. 605-620. 

Katzenberger, A., Schewe, J., Pongratz, J., Levermann, A. (2021). Robust increase of Indian 
monsoon rainfall and its variability under future warming in CMIP6 models. Earth Syst. Dynam., 
12, 367–386, https://doi.org/10.5194/esd-12-367-2021  

Kripalani, R., Oh, J., Kulkarni, A. et al. (2007). South Asian summer monsoon precipitation 
variability: Coupled climate model simulations and projections under IPCC AR4. Theor. Appl. 
Climatol., 90, 133–159. https://doi.org/10.1007/s00704-006-0282-0 
 

https://doi.org/10.5194/acp-20-6789-2020
https://doi.org/10.5194/acp-18-15937-2018
https://doi.org/10.5194/acp-18-15937-2018
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/acp-2020-552
https://doi.org/10.1002/QJ.3803
https://doi.org/10.1002/QJ.3803
https://doi.org/10.1002/QJ.3803
https://doi.org/10.5194/esd-12-367-2021
https://doi.org/10.1007/s00704-006-0282-0


 

Krishnamurti, T. N. (1971). Tropical east-west circulations during the Northern Summer. J. 
Atmos. Sci., 28:1342–1347. https://doi.org/10.1175/1520-
0469(1971)028%3c1342:tewcdt%3e2.0.co;2  

Krishnamurti, T. N., Bhalme, H. N. (1976). Oscillations of a Monsoon system. Part I. 
Observational aspects. J. Atmos. Sci., 33:1937–1954. https://doi.org/10.1175/1520-
0469(1976)033%3c1937:OOAMSP%3e2.0.CO;2   

Kumar, P., Sarthi, P. P. (2021). Intraseasonal variability of Indian Summer Monsoon Rainfall in 
CMIP6 models simulation. Theor. Appl. Climatol., 145, 687–702. 
https://doi.org/10.1007/s00704-021-03661-6 
 
Kumar, K. R., Singh, B. B., Kumar, K. N. (2021). Intriguing aspects of Asian Summer Monsoon 
Anticyclone Ozone variability from Microwave Limb Sounder measurements. Atmos. Res., 253, 
p.105479. https://doi.org/10.1016/j.atmosres.2021.105479 
 
Lee, J. Y., Wang, B. (2014). Future change of global monsoon in the CMIP5. Clim. Dyn., 42(1-
2), 101-119.      

Liu YM, Hoskins BJ, Blackburn M (2007). Impact of Tibetan orography and heating on the 
summer flow over Asia. J. Met. Soc. Japan, 85B: 1-19. 

Liu YM, Wang ZQ, Zhuo HF, Wu GX (2017). Two types of summertime heating over Asian 
large-scale orography and excitation of potential-vorticity forcing II. Sensible heating over 
Tibetan-Iranian Plateau. Science China Earth Sciences, 60(4):733-44. 

Liu YM, Wu GX, Liu H, Liu P (2001). Condensation heating of the Asian summer monsoon and 
the subtropical anticyclone in the Eastern Hemisphere. Clim. Dyn., 17(4):327-338 

Mahendra, N., Chowdary, J. S., Darshana, P., Sunitha, P., Parekh, A., Gnanaseelan, C. (2021). 
Interdecadal modulation of interannual ENSO-Indian summer monsoon rainfall teleconnections 
in observations and CMIP6 models: Regional patterns. Int. J. Climatol.,  41: 2528– 2552. 
https://doi.org/10.1002/joc.6973 
 
Manney, G. L., Santee, M. L., Lawrence, Z. D., Wargan, K., Schwartz, M. J. (2021). A Moments 
View of Climatology and Variability of the Asian Summer Monsoon Anticyclone. J. Clim., 
34(19), 7821-7841. 
 
Park, M., Randel, W. J., Gettelman, A., et al. (2007). Transport above the Asian summer 
monsoon anticyclone inferred from Aura Microwave Limb Sounder tracers. J. Geophys. Res. 
Atmos., 112:D16309. https://doi.org/10.1029/2006JD008294 
 
Qu, X., Huang, G. (2012). An enhanced influence of tropical Indian Ocean on the South Asia 
high after the late 1970s. J. Clim., 25(20), pp.6930-6941. 

https://doi.org/10.1175/1520-0469(1971)028%3c1342:tewcdt%3e2.0.co;2
https://doi.org/10.1175/1520-0469(1971)028%3c1342:tewcdt%3e2.0.co;2
https://doi.org/10.1175/1520-0469(1976)033%3c1937:OOAMSP%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033%3c1937:OOAMSP%3e2.0.CO;2
https://doi.org/10.1007/s00704-021-03661-6
https://doi.org/10.1016/j.atmosres.2021.105479
https://doi.org/10.1002/joc.6973
https://doi.org/10.1002/joc.6973
https://doi.org/10.1002/joc.6973
https://doi.org/10.1029/2006JD008294


 

Randel, W. J., Park, M. (2006). Deep convective influence on the Asian summer monsoon 
anticyclone and associated tracer variability observed with Atmospheric Infrared Sounder 
(AIRS). J. Geophys. Res., 111, D12314, doi:10.1029/2005JD006490 

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P., 
Kent, E. C., Kaplan, A. (2003). Global analyses of sea surface temperature, sea ice, and night 
marine air temperature since the late nineteenth century. J. Geophys. Res., 108, 4407, 
doi:10.1029/2002JD002670, D14 

Sabeerali, C. T., Rao, S. A., Dhakate, A. R., Salunke, K., Goswami, B. N. (2015). Why ensemble 
mean projection of south Asian monsoon rainfall by CMIP5 models is not reliable?. Clim. Dyn., 
45(1-2), 161-174. 
 
Santee, M. L., Manney, G. L., Livesey, N. J., Schwartz, M. J., Neu, J. L., Read, W. G. (2017). A 
comprehensive overview of the climatological composition of the Asian summer monsoon 
anticyclone based on 10 years of Aura Microwave Limb Sounder measurements. J. Geophys. 
Res. Atmos., 122, 5491– 5514, doi:10.1002/2016JD026408. 
 
Singh, B. B., Krishnan, R., Ayantika, D. C. et al., (2021a). Linkage of water vapor distribution in 
the lower stratosphere to organized Asian summer monsoon convection. Clim. Dyn., 57, 1709–
1731. https://doi.org/10.1007/s00382-021-05772-2 
 
Singh B. B., Singh M., Singh D. (2021b) An Overview of Climate Change Over South Asia: 
Observations, Projections, and Recent Advances. In: Singh R.B., Chatterjee S., Mishra M., de 
Lucena A.J. (eds) Practices in Regional Science and Sustainable Regional Development. 
Springer, Singapore. https://doi.org/10.1007/978-981-16-2221-2_12 
 
Viswanadhapalli, Y, Dasari, HP, Dwivedi, S, Madineni, VR, Langodan, S, Hoteit, I. (2020). 
Variability of monsoon low-level jet and associated rainfall over India. Int J Climatol., 40: 1067– 
1089. https://doi.org/10.1002/joc.6256 
      
Wu GX, Bian H, Liu YM, Bao Q, Ren R (2015). Location and variation of the summertime 
upper‐troposphere temperature maximum over South Asia. Climate Dynamics, 45: 2757 –2774 
      
Yan, X., Konopka, P., Ploeger, F., Tao, M., Müller, R., Santee, M. L., Bian, J., Riese, M. (2018). 
El Niño Southern Oscillation influence on the Asian summer monsoon anticyclone, Atmos. 
Chem. Phys., 18, 8079–8096, https://doi.org/10.5194/acp-18-8079-2018  
 
Zhang, Q., Wu, G. (2001). The large area flood and drought over Yangtze River Valley and its 
relation to the South Asia High (in Chinese). Acta Meteor. Sin., 59, 569–577. 
 
Zhang, P., Liu, Y., He, B. (2016). Impact of East Asian summer monsoon heating on the 
interannual variation of the South Asian high. J. Clim., 29(1), 159-173. 
 

https://doi.org/10.1029/2005JD006490
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1002/2016JD026408
https://doi.org/10.1007/s00382-021-05772-2
https://doi.org/10.1007/978-981-16-2221-2_12
https://doi.org/10.1002/joc.6256
https://doi.org/10.5194/acp-18-8079-2018


JOC_7646_Figure 1.tif



JOC_7646_Figure 2.tif



JOC_7646_Figure 3.tif



JOC_7646_Figure 4.tif



JOC_7646_Figure 5.tif



JOC_7646_Figure 6.tif



JOC_7646_Figure 7.tif



How reliable are CMIP6 models in representing the Asian Summer Monsoon Anticyclone? 
Bhupendra Bahadur Singh1*, Kondapalli Niranjan Kumar2, Vivek Seelanki3, Rama Krishna Karumuri4, Raju Attada5, Ravi Kumar Kunchala3 

 

Graphical Abstract 

CMIP6 models capture the mean ASMA features reasonably well. However, interannual variations are not in phase with reanalysis and show 
sharper increasing trend in the ASMA strength. The signals of significant periodicity, particularly the 2-4 years signal and the SST 
correlations in MME are inconsistent with observations. 
 

 



 

Model/Source Institution ID Resolution 
(Lon and Lat, Lev) Mean (m) SD (m) Range (m) RMSE (m) MAE (m) 

ERA5 ECMWF 1440 x 720, L38 16749.9 17.5 16713.9 - 16799.7 - - 
ACCESS-ESM1-

5 CSIRO 192 x 145, L38 16817.9 34.9 16771.3 - 16911.1 76.9 67.9 

AWI-CM-1-1-MR AWI 192 x 96, L47 16763.4 33.0 16705.6 - 16855 36.8 29.6 
BCC-CSM2-MR BCC 128 x 64, L26 16689 28.9 16646.8 - 16748.8 67.8 60.9 

CanESM5 CCCma 128 x 64, L49 16800 50.9 16721.7 - 16928.7 71.3 55.2 
CESM2-WACCM NCAR 288 x 192, L70 16811.2 36.8 16750.8 - 16889 72.1 62.3 

EC-Earth3-CC EC-Earth Consortium 512 x 256, L91 16688.8 35.4 16626.9 - 16785.8 70.7 62.2 
GFDL-ESM4 NOAA 360 x 180, L49 16651.3 29.5 16599.7 - 16734.5 102.6 98.6 
INM-CM4-8 INM 180 x 120, L21 16741.1 22.6 16692.8 - 16798.6 25.3 21.2 

IPSL-CM6A-LR IPSL 144 x 143, L79 16627.3 36.5 16569.2 - 16718.4 128.4 122.6 
KACE-1-0-G NIMS-KMA 192 x 144, L85 16704.2 31.9 16654.4 - 16782.4 56.9 49.3 

MIROC6 MIROC 256 x 128, L81 16655.5 31.7 16589.3 - 16744.1 100.9 94.4 
MPI-ESM1-2-HR MPI-M 384 x 192, L95 16766.5 28.0 16722.4 - 16834 34.1 26.8 
NorESM2-MM NCC 288 x 192, L32 16772.9 37.0 16689.1 - 16874.8 42.2 33.1 
 
Table 1. List of CMIP6 models, their Institution IDs, resolution and the metrics of comparison against the ERA5 reanalysis. The 
metrics are analyzed for geopotential height averaged over the core ASMA region. 




