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1. Introduction
The Asian and North American summer monsoons are the dominant climatological features of the North-
ern Hemispheric (NH) summertime circulation. The monsoons shape precipitation and regional circula-
tion patterns worldwide, providing more than one-half of the global population with moisture (Wang & 
Ding, 2008; Wang et al., 2013). These monsoon circulations consist of cyclonic flow and convergence in the 
lower troposphere and intense anticyclonic circulations and divergence in the upper troposphere - lower 
stratosphere (UTLS). The cyclonic and anticyclonic circulations are coupled by persistent deep convection 
over South Asia (Tibetan Plateau) and North America (Colorado Plateau) during NH summer. Both UTLS 
anticyclones arise as response to diabatic heating within their respective hemispheres (Gill, 1980; Hoskins 
& Rodwell, 1995; Siu & Bowman, 2019) and are bounded by the subtropical westerly jet in the north and 
easterly jet in the south.

The Asian summer monsoon (ASM) and North American summer monsoon (NASM) anticyclones have 
substantial intraseasonal variability in strength and location. The ASM anticyclone is centered around 
30E  N and 70E  E and is evident in the UTLS by May. It shifts northward, peaks in strength, and extends over 

the large areas of eastern hemisphere by July, weakens in September, and disappears in October (Basha 
et al., 2020; Garny & Randel, 2013).

The NASM anticyclone is not as strong or persistent as its Asian counterpart (Chen, 2003; Dunkerton, 1995). 
A nascent NASM forms in late May off the Pacific coast of Central America, near the eastern Pacific inter-
tropical convergence zone, then it moves northward along the Pacific coast of Mexico until it is centered 
near northwestern Mexico extending into the southwestern United States (Douglas et al., 1993; Schoeberl 
et al., 2020). The NASM anticyclone becomes mature in July and August and gradually decays from late 
September (Vera et al., 2006).
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The edges of the UTLS monsoon anticyclones serve as horizontal transport barriers for constituents, re-
sulting in elevated aerosol, water vapor ( 2HE  O) and carbon monoxide (CO) concentration, and low ozone 
(Park et al., 2007; Randel et al., 2015). These constituents are trapped inside anticyclones. Outside of these 
systems, the circulation along the edges of the anticyclones brings chemical constituents from the extratrop-
ics into the tropics and vice versa, producing hemispheric and zonal asymmetries in trace gases (Stolarski 
et al., 2014; Tweedy et al., 2017). Furthermore, strong cross-equatorial winds at the southward edge of the 
monsoon anticyclone transport NH surface air and trace species into the SH via meridional advection and/
or through eddy-driven processes like shedding of PV (G. Chen et al., 2017; Orbe et al., 2016; Popovic & 
Plumb, 2001). Thus, variability in the strength and location of the monsoon anticyclones affects the regional 
distribution of chemical constituents such as ozone, impacting regional surface climate (Xia et al., 2018, 
and references therein).

As the carbon dioxide ( 2COE  ) concentration is projected to increase in the 21st century, the monsoon sys-
tems are expected to respond, but that response remains highly uncertain. Previous research related to 
the regional response of the monsoons to climate warming often focused on the tropospheric circulation 
and precipitation. Pascale et al. (2019) concluded that uncertainty in the response mechanisms to global 
warming remains high, especially for the NASM. They attributed the ambiguous response of the NASM to 
systematic global model biases (e.g., sea-surface temperature biases) and inadequate horizontal resolution, 
thus limiting confidence in future projections. Most studies of the UTLS circulation response to increased 
greenhouse gases (GHGs) focus on the zonally and/or annually averaged characteristics (Abalos et al., 2017; 
Garcia & Randel, 2008; Orbe et al., 2020), which leaves a response of the summer monsoon anticyclones 
unexplored. Changes in monsoons would be expected to significantly influence regional climate, as well as 
the UTLS circulation and composition.

An increase in the GHGs impacts the climate system in two ways, through direct radiative forcing and 
indirect SST warming. The direct radiative effect of increased 2COE  levels results in enhanced downward in-
frared radiation, which warms land and oceans. However, the oceans warm more slowly than the land due 
to the higher heat capacity of water, leading to an increased land-ocean temperature contrast. Thus, direct 

2COE  forcing modulates land temperatures and the other climate variables (Kamae et al., 2015; Sherwood 
et al., 2015), while changes in the SSTs influence the global climate via dynamic and thermodynamic pro-
cesses (Bony et al., 2013; Ma et al., 2012; Shaw & Voigt, 2015).

Previous studies showed that direct atmospheric radiative forcing due to the 2COE  increase and indirect 
SST warming can impose competing effects on tropospheric monsoon circulation, e.g., a tug-of-war (Li 
& Ting, 2017; Qu & Huang, 2020; Shaw & Voigt, 2015). In response to direct 2COE  radiative forcing, sub-
cloud equivalent potential temperature contrasts between land and ocean increase, resulting in a stronger 
moisture convergence and more intense lower-level Asian monsoon cyclone. In contrast, the response to 
SST warming involves decrease in the land-ocean temperature contrast, leading to a low–level moisture 
divergence around Asia and a weaker Asian monsoon circulation. These competing effects explain why 
the response of the Asian monsoon cyclone in the lower troposphere to increased 2COE  is weak (Shaw & 
Voigt, 2015). Qu and Huang (2020) used outputs from climate models to show that the uniform sea surface 
warming reduces the ascending motion of the air over the Tibetan Plateau, which is partially offset by the 

2COE  direct impact. The combined effect of the two causes only a small net change in ascending motion. 
While circulation compensation in the troposphere that occur in response to opposite land-sea temperature 
contrasts is a robust result among climate models in the Asian region such compensation does not appear 
to be robust in the NASM response to global warming (Shaw & Voigt, 2015) and the contributions (or even 
signs) of two effects on the UTLS upper-level monsoon anticyclones are unknown.

In this study, the response of the NH summer monsoon anticyclones and ozone to quadrupled 2COE  is exam-
ined using monthly output from a suite of coupled ocean–atmosphere general circulation models. We focus 
on the zonally resolved circulation changes in the UTLS, which to our knowledge haven't been rigorously 
examined by previous studies. Furthermore, we investigate relative contributions of the direct 2COE  radiative 
forcing and indirect sea surface temperature warming to the circulation changes using a suite of simula-
tions from atmospheric general circulation models with prescribed sea surface temperatures.

We aim to answer the following questions:
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1.  How do the ASM and NASM anticyclones respond to the abrupt changes in 2COE  in the coupled ocean–
atmosphere global model?

2.  How does the upper-level monsoonal circulation respond to the SST increase and direct radiative forcing 
that accompanies quadrupled 2COE  ?

3.  What is the impact of the circulation changes on UTLS ozone?

In the next section, we briefly describe models, simulations, and methodology. The NH summer response of 
the UTLS circulation to the quadrupled 2COE  in the coupled ocean–atmosphere General Circulation Models 
(GCMs) is examined in Section 3. In Section 4, we evaluate the contributions of the direct radiative effect 
of 2COE  and indirect SST warming to the total changes in the UTLS circulation and NASM and ASM anticy-
clones in particular. UTLS ozone response to the increase in GHGs is explored in Section 5. Discussion of 
results and conclusions are in Section 6.

2. Models and Methods
2.1. Coupled Model Simulations

The response of the NH summertime UTLS circulation to the abrupt increase in 2COE  forcing is examined 
using monthly output from 11 coupled ocean–atmosphere GCMs, 10 of which participated in the newest 
phase of the Coupled Model Intercomparison Project (CMIP)-Phase 6, CMIP6 (Eyring et al., 2016). These 
models, their horizontal resolution, and corresponding references are listed in Table 1. We analyzed two dif-
ferent forcing experiments from each of the coupled models: a control and an abrupt carbon dioxide quad-
rupling (  24 COE  ). Each  24 COE  scenario consists of 150 model years where 2COE  concentration was abruptly 
increased four times from the level of the control simulation and then held constant throughout the entire 
length of the simulation. Most control experiments are integrated more than 100 years under fixed prein-
dustrial conditions. For GEOSCCM (Model 11) we used a 50-year baseline simulation under fixed year-2000 
conditions. Since all other forcings in the  24 COE  simulations are identical to those in control simulation, 

Model Strat. chemistry
Horizontal grid (lon x lat), vert. levels, top 

level References

1. Community Earth System Model version 2 
(CESM2)

Prescribed 0. 9E  x 1. 25E  , 32 levels, top level 2.25 hPa Danabasoglu 
et al. (2019)

2. Community Earth System Model version 2 
(CESM2) – WACCM

Interactive 0. 9E  x 1. 25E  , 70 levels, top level 
4.5e−06 hPa

Danabasoglu (2019b); 
Danabasoglu (2019a)

3. National Centre for Meteorological Research 
(CNRM-CM6)

Simplified online scheme 1. 4E  x 1. 4E  , 91 levels, top level 78.4 km Voldoire (2018b); 
Voldoire (2018a)

4. National Centre for Meteorological Research 
(CNRM-ESM2)

Interactive 1. 4E  x 1. 4E  , 91 levels, top level 78.4 km Seferian (2018b); 
Seferian (2018a)

5. The Energy Exascale Earth System Model 
(E3SM-1-0)

Simplified online scheme 1E  x 1E  , 72 levels, top level 0.1 hPa Bader 
et al. (2019a, 2019b)

6. The Geophysical Fluid Dynamics Laboratory – 
Earth System Model 4 (GFDL-ESM4)

Interactive 1E  x 1E  , 49 levels, top level 1 Pa Krasting 
et al. (2018a, 2018b)

7. Goddard Institute for Space Studies E2-1-G 
(GISS-E2-1-G)

Interactive 2. 5E  x 2E  , 40 levels, top level 0.1 hPa NASA/
GISS (2018a, 2018b)

8. Meteorological Research Institute Earth System 
Model version 2.0 (MRI-ESM2-0)

Interactive 1. 125E  x x1. 12E  , 80 levels, top level 0.01 hPa Yukimoto 
et al. (2019a, 2019b)

9. UK Eath System Model version 1 (UKESM1-0-LL) Interactive 1. 875E  x1. 25E  , 85 levels, top level 85 km Tang 
et al. (2019a, 2019b)

10. Hadley Centre Global Environment Model 
version 3 (HadGEM3-GC31-LL)

Prescribed 1. 875E  x1. 25E  , 85 levels, top level 85 km Ridley 
et al. (2019a, 2019b)

11. Goddard Earth Observing System Chemistry 
Climate Model (GEOSCCM)

Interactive 1E  x 1E  , 72 levels, top level 0.01hPa Li and Newman (2020)

Table 1 
Overview of Models Participating in This Study
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it is possible to isolate robust changes in the summertime UTLS circulation and their impacts on ozone. 
Thus, the abrupt  24 COE  forcing simulations allow for a mechanistic look into the response characteristics 
of GCMs that can be unambiguously attributed to an increase in 2COE  concentrations. Since the circulation 
and ozone responses to  24 COE  after 100 years are at/or near equilibrium (not shown), we defined these 
responses as differences between the climatology obtained from the last 50 years of the  24 COE  run and the 
climatological averages of the last 100 years in the control run.

Our choice of coupled models from CMIP6 is primarily based on the availability of interactive/predictive 
ozone fields (see Table 1). We use the nine out of 11 models listed in Table 1 that have predictive ozone. 
Ozone fields are prescribed in remaining two models, CESM2 and HadGEM3-GC31-LL; therefore, they are 
not used for ozone analyses. Seven of nine models with predictive ozone have fully coupled, online inter-
active stratospheric chemistry (CESM2-WACCM, GEOSCCM, CNRM-ESM2-1, GFDL-ESM4, MRI-ESM2-0, 
GISS-E2-1-G, and UKESM1-0-LL) while two others (CNRM-CM6-1 and E3SM-1-0) use a simplified chem-
istry scheme.

2.2. Atmosphere-Only Model Simulations

The net response of the coupled ocean–atmosphere system includes fast and slow components related to 
the direct atmospheric radiative effect of 2COE  and indirect SST warming. To separate fast and slow compo-
nents, we used simulations from three atmosphere-only GCMs with prescribed SSTs and sea ice concen-
tration. The following experiments are available and archived in the CMIP6 for CESM2, CNRM-CM6, and 
HadGem3:

1.  piSSTice (i.e., “preindustrial 2COE  and SSTs”): An atmosphere-only model experiment with monthly- and 
interannually- varying SSTs, sea-ice, atmospheric constituents, and any other necessary boundary con-
ditions taken from each model's preindustrial control run.

2.  piSSTice+  24 COE  , (i.e., “direct radiative forcing of quadrupled 2COE  ”): Same as piSSTice, but 2COE  is 
quadrupled.

3.  a4SSTice (i.e., “SST warming forcing”): Same as piSSTice, but with SSTs and sea-ice taken from years 
111–140 of each model's abrupt-  24 COE  experiment instead of from Control.

4.  a4SSTice+  24 COE , (i.e., “both forcings”): Same as a4SSTice, but 2COE  is quadrupled.

Amongst the three models participating in these atmosphere-only experiments, only CNRM-CM6 has pre-
dictive chemistry with ozone.

2.3. Methods

The summer monsoon anticyclones are examined using horizontal stream function at 100 hPa. The hori-
zontal stream function is obtained using the python library windspharm, which performs computations on 
global wind fields in spherical geometry (Dawson, 2016). After computing stream function using three-di-
mensional fields of zonal (U) and meridional (V) winds for each model separately, we interpolated stream 
function and horizontal winds to a common 1° longitude by 1° latitude grid to produce the multi-model 
averages. The stream function is used as in the previous studies to evaluate the strength and location of the 
ASM anticyclone (Tweedy et al., 2018; Yan et al., 2018). To examine the strength, we averaged a stream func-
tion over the regions of the ASM ( 20E  N – 40E  N and 40E  E − 100E  E) and NASM ( 25E  N– 40E  N and 90E  W– 120E  W)  
anticyclones. The latitude where the stream function is maximal inside the ASM anticyclone (i.e., center of 
the ASM anticyclone) is used to estimate changes in the location due to increased 2COE  . Although the ASM 
and NASM anticyclones persist from May to September, our analysis focuses on July-August averages when 
both anticyclones are in their mature stages. This allows us to detect a robust signal and avoid cancellations 
associated with strong sub-seasonal variations in strength and location of the UTLS anticyclones. The sea-
sonal strength of the ASM and NASM anticyclones is estimated as a difference between area average stream 
function (as defined above) during July-August and April-May at 100 hPa. A statistical significance of the 
differences between two types of experiments (e.g., “Control” and “  24 COE  ”) from each model is accessed 
via Student's t test at the 95% confidence level.
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3. Response of 100 hPa Global Circulation to Quadrupled CO2

We started by examining the response of the 100 hPa circulation to quadrupled 2COE  concentrations in the 
coupled models. Figure 1 shows a multi-model mean of horizontal stream function (shaded) and horizon-
tal winds (arrows) averaged over July and August for Control,  24 COE  simulations, and their difference,  
“  24 COE  Control”. In the Control simulation, the ASM and NASM anticyclones can be seen by enclosed/
circular contours above Asia and North America; the NASM anticyclone is much weaker than its Asian 
counterpart (Figure 1a). While the initial strength of the ASM and NASM anticyclones varies widely among 
individual models (see Figure S1a in Supporting Information S1), there is a remarkably good agreement on 
several aspects of the UTLS response to the abrupt increase in 2COE  .

First, positive stream function differences at the northern tropical Indian Ocean between Control and 
 24 COE  simulations (Figure 1c) indicate the equatorward shift in the ASM anticyclone. As shown in Fig-

ure 2a, each coupled model's control simulation (in red) shows a consistently more northward center of 
the ASM anticyclone than during last 50 years of the  24 COE  simulations (in black). The location of the 
ASM anticyclone's center in the Control experiments vary among the models from  28E  N in GEOSCCM to 
 32E  N in CNRM-CM6 (for comparison, the modern–day climatological value from MERRA2 reanalyses is 
 31E  N, shown as dashed horizontal line). While there is a spread among models in the initial location of the 

Figure 1. Stream function (shaded) and wind vectors at 100 hPa during July-August averaged over 11 coupled ocean–atmosphere models. (a) Climatological 
average of the Control simulations; (b) 50-year average of perturbed  24 COE  simulations 100 years after quadrupled 2COE  forcing was applied to the Control; (c) 
the difference between  24 COE  and control simulations. Hatching indicates regions where at least 9 out of 11 models agree on the sign of change. Reference 
wind vector is 24 1msE  .

Figure 2. (a) A latitude of maximum in 100 hPa stream function above Asia and (b) 100 hPa stream function, averaged over the area of ASM anticyclone  
( 20E  N– 40E  N and 40E  E− 100E  E) in July–August from 11 coupled ocean–atmosphere models with the Control and  24 COE  simulations shown in red and black 
respectively. Shown are median (horizontal line), mean (filled red and blue dots), 25th–75th percentiles (box), minimum and maximum values (whiskers), and 
outliers (dots).
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anticyclone's center, and magnitude of the shift (from as little as 1.6° in the GFDL-ESM4 to as much as 4° in 
UKESM1), they all show a robust and statistically significant change in the same direction (positive stream 
function differences at the northern tropical Indian Ocean are free of hatching in Figure S1c of Support-
ing Information S1 for every model).

Contrarily to the shift in the ASM anticyclone, which is a robust and significant response among 11 coupled 
models, the changes in the strength of circulation above Asia due to quadrupled 2COE  are model depend-
ent. Area-averaged stream function from individual coupled models either remains the same or weakens 
due to  24 COE  (Figure 2b) with a weak multi-model response (compare Figures 1a and 1b). In the lower 
troposphere, Shaw and Voigt (2015) also showed a weak response of the Asian monsoon circulation to the 
increased GHGs in climate models, which often don't agree on the sign of the change. While the response of 
the circulation above Asia in the UTLS is also weak, there is a better agreement among the coupled models 
on the sign of the change (e.g., weakening of the ASM anticyclone in seven out of 11 models and no signif-
icant change in the strength in four models).

Furthermore, Figure 1b shows much stronger westerly flow (negative values of stream function in the dark 
blue shading) that penetrates deep into northern tropics in the western hemisphere and “consumes” the 
NASM anticyclone in the “  24 COE  world” (note that in the  24 COE  simulations, there is no longer an anti-
cyclone over North America). These changes in the stream function above the Pacific and North American 
regions are depicted in Figure 1c as negative differences relative to the control simulations.

Although outside of the main scope of this paper, Figure 1 also shows important changes in the circulations 
near the equator and in the tropics of the southern hemisphere. The anticyclone that forms over the Indian 
ocean south of equator is much stronger in the  24 COE  , simulations, which is also a robust response across 
models. As we will show in the next section of this paper, the increasing strength of the Indian Ocean UTLS 
anticyclone is a response to increased sea surface temperatures. Furthermore, a cross-equatorial southward 
flow above the Indian Ocean that connects the ASM anticyclone to the Indian ocean anticyclone in the 
southern hemisphere also intensifies in the  24 COE  experiments. Using idealized tracers, Orbe et al. (2016) 
and G. Chen et al. (2017) showed that the ASM plays a key role in the cross-equatorial flow above 200 hPa 
during boreal summer. Since meridional tracer transport is partially determined by the strength of the 
meridional winds, interhemispheric transport of chemical constituents and aerosols in the UTLS is also 
expected to become stronger due to an increase in the GHGs. This argument is in agreement with the in-
crease in the idealized tracer (i.e., a tracer that is emitted over the NH midlatitude surface) between 0 - 10E  S 
over the Indian Ocean due to quadrupled 2COE  from one of the CMIP6 models (GISS), indicating enhanced 
interhemispheric transport (not shown). The responses of the interhemispheric transport and the Indian 
Ocean anticyclone to increased levels of GHGs are subjects of future detailed investigation.

The circulation above Asia and North America, where anticyclones persist during NH summer, undergoes 
a strong seasonal cycle. Figure 3a shows the seasonal variations in the stream function from 11 Control (in 
red) and  24 COE  (in black) simulations, averaged over the area of the ASM anticyclone ( 20E  N– 40E  N and 
40E  E− 100E  E) at 100 hPa. The seasonal cycle amplitude (i.e., the difference between maximum and min-

imum in the area-averaged stream function during the climatological year) is larger in the  24 COE  than 
Control simulations. This is mostly due to more negative stream function (stronger westerly flow) during 
NH winter and spring in the  24 COE  experiments. In July and August, the coupled models produce smaller 
differences in the strength of the stream function above Asia than during boreal winter. The multi-model 
average over July-August from  24 COE  simulations (thick black line) is slightly smaller than from control 
simulations (thick red line). Thus, the enclosed anticyclone above Asia forms later and more rapidly under 
 24 COE  conditions, as it develops to its full strength. Increase in the seasonal cycle amplitude also suggests 

that more energy is available under the  24 COE  conditions for formation and maintaining ASM anticyclone 
(see Section 6 for more discussion).

Regional differences in the seasonal strength of the UTLS circulation are further examined in Figure 4. The 
seasonal strength in the Control (Figure 4a) and  24 COE  (Figure 4b) runs are shown as a difference between 
stream function averaged during July - August (i.e., peak in the strength of the UTLS anticyclones) and 
April - May (i.e., pre-monsoonal flow) at 100 hPa above Asia and North America. Figure 4c indicates that 
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quadrupled 2COE  leads to the seasonal intensification of the ASM anticyclone in the NH (positive contours) 
and the Indian ocean anticyclone in the SH (negative contours).

Changes in the seasonal cycle amplitude of the 100 hPa circulation above the NASM due to quadrupled 
2COE  are much smaller than above Asia, see Figures 3b and 4. The stream function averaged over the NASM 

region ( 25E  N– 40E  N and 90E  W– 120E  W) is consistently more westerly in the “  24 COE  world” than in the Con-
trol simulations throughout the year (Figure 3b). Figure 4c also shows a small difference between seasonal 
strengths of the circulation in the Control and  24 COE  simulations in the western hemisphere. Stronger 
westerly flow in the  24 COE  runs during July-August, shown in Figure 3b, is in agreement with the stronger 
westerly jet that meanders deep into the northern tropics in the western hemisphere.

Acceleration and equatorward expansion of the westerly jet in the western hemisphere due to increased 
levels of 2COE  are also clearly seen in the vertical profile of the zonal wind differences between Control 
and  24 COE  simulations, averaged over the 11 coupled models (Figure 5). There are positive anomalies on 
the upper flank of the NH subtropical jet (between 15E  N– 30E  N and 200 -70 hPa) that are consistent across 
all models (shown by hatching in Figure 5; also see Figure S2 in the Supporting Information S1 for zonal 
wind responses from individual models). The strengthening and equatorward expansion of the zonal-mean 
subtropical upper tropospheric westerly jet is a very robust result in models and is closely connected to 
the enhanced warming in tropical upper troposphere (Li et al., 2009, 2010; McLandress & Shepherd, 2009; 
Menzel et al., 2019). Previous studies of the upper tropospheric jets showed a close connection between var-
iability of the subtropical westerly jet and the upper level anticyclones (Manney & Hegglin, 2018; Manney 

Figure 3. Seasonality of the stream function (in  6 2 110 m sE  ), averaged over the area of (a) the Asian Summer monsoon 
anticyclone ( 20E  N– 40E  N and 40E  E− 100E  E) and (b) North American summer Monsoon Anticyclone ( 25E  N– 40E  N and 
90E  W– 120E  W) at 100 hPa. Red lines show climatological values from control simulations, while black lines show last 

50-year averages (100-150-years) from  24 COE  simulations. Thick lines are multi-model average.

Figure 4. Differences in the 100 hPa stream function averaged between July-August and April-May from the (a) Control and (b) last fifty years of  24 COE  
simulations. The difference between two (“b) minus (a)”) is shown in (c) representing regionally resolved differences in seasonality due to quadrupled 2COE  . 
Note that color bar for panel (c) is different from (a) and (b).
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et  al.,  2014,  2021; Schiemann et  al.,  2009). Our study also shows that 
quadrupling of the 2COE  in coupled models leads to an equatorward shift 
of the ASM anticyclone, which is in agreement with a recent study by 
Manney et al. (2021), showing a strong positive correlation in the location 
between the anticyclone and subtropical westerly jet. Yet, the cause and 
effect remains unclear and is a subject of future investigations.

Almost all general circulation and chemistry-climate models (includ-
ing model simulations used in this study) predict a robust upward dis-
placement of the tropopause height in the warming climate (Gettelman 
et al., 2010; Kim et al., 2013). Thus, it is reasonable to wonder whether 
the upper-level monsoon anticyclones shift together with the tropopause. 
Unfortunately, the detailed analysis of the vertical structure of the UTLS 
anticyclones requires a higher vertical resolution of outputs than CMIP6 
currently provides us (archived pressure levels above and below 100 hPa 
are 70 and 150  hPa respectively). The circulation response to  24 COE  
at 70 hPa (not shown) is in qualitative agreement with the response at 
100 hPa (e.g., smaller stream function differences in July-August above 
Asia than North America). However, there is a larger inter-model spread 
since the UTLS anticyclones start to weaken at this height, which is mod-

el-dependent. Furthermore, the NASM anticyclone is significantly weaker but still present at 70 hPa, sug-
gesting the formation of the NASM anticyclone at much higher levels in the  24 COE  simulations. Neverthe-
less, the unchanged sign of the circulation response throughout the vertical range doesn't suggest a vertical 
shift of the anticyclone. A full explanation of this question requires a more detailed analysis with a higher 
vertical resolution of outputs.

4. The Direct Radiative Effect of CO2 vs Indirect SST Warming
The summertime UTLS circulation response to the quadrupled 2COE  in the coupled models can be decom-
posed into components associated with direct radiative forcing (fast adjustment) and indirect SST warming 
(slow adjustment) using idealized experiments from atmosphere-only GCMs with prescribed SSTs and 2COE  
concentrations (see Section 2.2). Although prescribing SSTs to the GCM prevents some feedbacks between 
the ocean and atmosphere, this has very little influence on the large-scale UTLS circulation (e.g., the differ-
ences in the UTLS stream function between coupled ocean–atmosphere and atmosphere-only models with 
the same forcings are very small (not shown)).

We first examine the ASM anticyclone's response to prescribed forcings. Figure 6 shows climatological av-
erages of 100 hPa stream function and horizontal winds in July and August from experiments conducted 
using atmosphere-only version of the CNRM-CM6 model. The circulation above Asia in the model exper-
iment with prescribed preindustrial SSTs and GHGs (Figure 6a) is significantly stronger than in the sim-
ulation with  24 COE  and SSTs taken from the end of the coupled model  24 COE  run (i.e., “both forcings”, 
Figure 6b). The stream function in the simulation with  24 COE  but without SST warming (Figure 6c) is very 
similar to one with the preindustrial conditions (Figure 6a). In contrast, the simulation that is forced with 
warmer SSTs while keeping preindustrial levels of 2COE  shows a substantial (and statistically significant) 
weakening of the ASM anticyclone (Figure 6d) and very similar to the “both forcings” scenario. Thus, the 
response of the UTLS circulation above Asia is dominated by the impact of indirect SST warming. These 
results are consistent across three different models with the same set of idealized experiments (readers are 
referred to the supplemental materials showing the same figure for CESM2 and HadGem3).

Statistical characteristics reflecting the strength and location of the ASM anticyclone in the idealized ex-
periments from three atmosphere-only models are summarized in Figures 7a and 7b respectively. We also 
show the  24 COE  and Control experiments from corresponding coupled models to demonstrate small and 
insignificant differences in the strength and location of the ASM anticylone between the coupled  24 COE  
(Control) and the prescribed aSSTice+  24 COE  (piSSTice) simulations. In comparison to the simulations 
with prescribed preindustrial conditions (piSSTice), simulations with SST warming-only forcing (a4SSTice) 

Figure 5. Latitude - height variations in the July-August zonal wind 
differences between the last 50-years of the  24 COE  and Control (  24 COE  
Control) simulations (in shading), averaged over the western hemisphere 
and 11 coupled models. Black contours correspond to zonal winds from 
the Control simulations with westerlies and easterlies shown as solid and 
dashed contours respectively. Hatching indicates regions where at least 9 
out of 11 models agree on the sign of change.
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produce a significantly weaker area-averaged stream function above Asia (Figure 7a). On the other hand, 
the ASM anticyclone either becomes stronger (for HadGEM3 and CESM2, statistically significant) or re-
mains nearly the same (for CNRM, not statistically significant) with direct radiative effect of  24 COE  -only 
forcing (piSSTice+  24 COE  ) when compared to the preindustrial conditions (piSSTice). As a consequence, 
imposing both warmer SSTs and  24 COE  forcings results in an anticyclone that is weaker than in the prein-
dustrial Control but stronger than in the SST warming-only simulations.

Figure 7b shows the differences in the latitude of the ASM anticyclone's center due to different forcings. The 
radiative effect of  24 COE  - and SST warming-only forcings result in northward and southward shifts of the 
ASM anticyclone respectively with a larger magnitude of the equatorward than southward shift. The com-
bined, a4SSTice+  24 COE  , response is dominated by the SST feedback, leading to a significant equatorward 
shift of the anticyclone in the total response.

Idealized experiments with atmosphere-only GCMs also show the dominant role of the SST warming on 
the circulation changes in the western hemisphere. Figure 6c indicates that the NASM anticyclone remains 
unchanged under direct radiative forcing of  24 COE  . The response of the 100 hPa stream function is heavily 
dominated by the SST feedback, resulting in a stronger westerly flow that penetrates deep into the northern 
tropics and consumes the NASM anticyclone (Figure 6d). This is in agreement with Figure 8 showing the 
response of the western hemisphere zonal wind to idealized forcings during July-August. Positive western 
hemisphere zonal wind anomalies on the upper and equatorward flank of the subtropical jet from SST 
warming-only forcing (Figure 8b) are similar in the location and magnitude to anomalies from all-forcing 
simulations (Figure 8a), while  24 COE  -only forcing has very little impact on the western hemisphere zonal 
flow (Figure 8c).

Figure 6. Stream function (shaded) and horizontal winds (arrows) at 100 hPa during July-August from CNRM-CM6 simulations with prescribed SSTs and 
2COE  : (a) preindustrial SSTs and 2COE  (piSSTice), (b) warmer SSTs, taken from the end of  24 COE  coupled model run, and  24 COE  (a4SSTice+  24 COE  ), (c) 

preindustrial SSTs and quadrupled 2COE  (piSSTice +  24 COE  ), (d) preindustrial 2COE  and warmer SSTs from the end of  24 COE  couple model experiment 
(a4SSTice).
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While lower tropospheric circulation show very distinct compensation effects over the most regions in the 
NH (Shaw & Voigt, 2015), our study shows a dominant effect of the SST warming on the monsoon anticy-
clones in the UTLS. Thus, the mechanisms solely based on the land-ocean temperature contrasts do not 
provides us with a full explanation of why coupled models produce smaller changes in the strength of the 
ASM anticyclone in comparison to the response over North America.

A possible contributor to the differences in the UTLS anticyclone responses between the Asian and North 
American monsoons could be regional changes in the convective heating. Both Asian and North Amer-
ican UTLS anticyclones are thought to arise primarily as a response to diabatic heating associated with 
land-ocean contrasts and convection near the Tibetan/Iranian and Colorado plateaus respectively (Garny & 
Randel, 2013; Hoskins & Rodwell, 1995; Liu et al., 2004, 2007; Ren et al., 2019; Yongfu et al., 2002, and ref-
erences therein). While land-ocean temperature contrasts are fundamental for the formation of monsoons, 
a significant part of total diabatic heating comes from the latent heat of condensation released by tropical 
and subtropical precipitation (Gill, 1980; Hoskins & Rodwell, 1995; Phlips & Gill, 1987; Webster, 1972). In 
particular, Siu and Bowman (2019) investigated the forcing mechanisms of the NASM anticyclone using 
a simplified dry general circulation model. They showed that the ASM anticyclone is stronger than the 
NASM anticyclone, primarily because precipitation in the subtropics over Asia is much larger than at sim-
ilar latitudes in the Western Hemisphere. They also demonstrated that the NASM anticyclone is primarily 
a response to heating poleward of 15E  N, which includes the northern part of Central America, Mexico, the 
southern United States, the Caribbean Sea, and the Gulf of Mexico. Thus, regional changes in the latent 
heat of condensation released by extratropical precipitation in the warming climate could potentially ex-
plain the differences in the observed responses of the UTLS anticyclones.

Quadrupling 2COE  without increase in the SSTs typically generates warming of the surface, which leads to 
increased land-ocean temperature contrast. Increase in the land-ocean temperature contrast would gen-
erate an intensification of the UTLS anticyclones. When the SSTs increase, the land-ocean temperature 

Figure 7. (a) 100 hPa stream function in July-August, averaged over the area of ASM anticyclone ( 20E  N– 40E  N and 40E  E− 100E  E); (b) latitude of maximum in 
100 hPa stream function above Asia in July-August from the coupled atmosphere-ocean (AO) and idealized GCM experiments (left to right: Control,  24 COE  , 
piSSTice, a4SSTice,  24 COE  -only, and a4SSTice+  24 COE  ). Shown are median (horizontal line), mean (blue dot), 25th - 75th percentiles (box), minimum and 
maximum values (whiskers), and outliers (dots).
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contrast is greatly reduced and the monsoon circulation is weaker. However, our results show bigger dif-
ferences in the seasonality of the response to  24 COE  above Asia than North America in Figures 3 and 4. 
An increase in convective heating above Asia, could add enough energy to the system for the monsoon 
development. We confirmed that the precipitation rates, a proxy for the convective activity, above Asia in the 
 24 COE  simulations for the 6 models increase (this field is not included in the CMIP6 archive for all models; 

see Figure S4 in Supporting Information S1), which is also in agreement with other studies investigating 
the impact of GHG increase on the boreal summer precipitation (Z. Chen et al., 2020; Li & Ting, 2017). In 
contrast, precipitation rates poleward of 10E  N decrease over North America. A strong drying trend in the 
western United States from the simulations with combined as well as coupled forcings was documented 
by Li and Ting (2017), who examined future precipitation projections using CMIP5 models and attributed 
projected changes to the SST warming. Z. Chen et al. (2020) showed that the increase in precipitation above 
Asia in CMIP6 models are dominated by the increase in atmospheric moisture under global warming, while 
a decrease in precipitation above the North American monsoon region is due to the effects of circulation 
changes. This proposed (or other possible) mechanisms of the UTLS response to the quadrupled 2COE  needs 
to be further investigated and tested in future modeling studies.

Figure 8. Latitude - height variations in a response of July-August zonal winds (color shading), averaged over the western hemisphere, relative to the 
preindustrial conditions (piSSTice, shown in contours) from thee atmosphere-only GCMs (from top to bottom: CESM2, HadGEM3-GC31-LL, and CNRM-
CM6-1). Shown are differences in zonal winds due to: (a) both forcings (“a4SSTice+   24 COE  ” E  “piSSTice”); SSTs-only forcing (“a4SSTice” E  “piSSTice”); (c) 
 24 COE  -only forcing (“piSSTice+  24 COE  ” E  “piSSTice”). Contour intervals are every 2 m 1sE  . Stippling indicates differences that are not statistically significant 

at the 95 percent confidence level based on a Student's t-test.
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5. Response of Ozone to Changes in Circulation Due to Quadrupled CO2

Ozone changes in the UTLS are driven primarily by the circulation acting on the strong background hori-
zontal and vertical gradients because at these levels ozone's lifetime is long so its distribution is mostly con-
trolled by dynamics. Previous studies showed that strengthening (weakening) of the ASM anticyclone can 
lead to stronger (weaker) ozone transport from extratropics deep into the northern tropics (Das et al., 2019; 
Tweedy et al., 2018; Yan et al., 2018). At the same time, a change in the location of the anticyclone itself 
would result in the displacement of low ozone that is trapped inside the circulation. Thus, it is important to 
examine and quantify ozone and other trace gas response to the anomalous changes in the circulation due 
to increases in 2COE  . Here we examine the changes in the ozone field to highlight changes in the tropical 
and extratropical UTLS composition. (Note, that there are only limited chemical constituents included in 
the CMIP6 archive, and fields of tracers, like CO, that are often used to track motion in the monsoons are 
not available.)

We first examine the climatological 100 hPa multi-model mean ozone and horizontal winds in July-August 
for the Control experiments. Figure 9a shows that ASM anticyclone provides the most distinct nonzonal 
feature in ozone with a region of low mixing ratios trapped inside the circulation cell (centered at 20E  N over 
the Indian subcontinent) and a band of higher ozone that penetrates from the extratropical Pacific into the 
northern tropics. These climatological features of ozone distribution associated with the ASM anticyclone 
have been well documented (Konopka et al., 2010; Park et al., 2007; Randel & Park, 2006).

In  24 COE  simulations (Figure 9b), ozone values decrease across the tropics and increase across the high-
er latitudes. These ozone changes are highlighted in Figure 8c, showing ozone differences relative to the 
Control simulations, and connected by previous studies to the changes in the large-scale vertical transport 
(Chiodo et al., 2018; Li et al., 2009; Shepherd, 2008). For instance, the decrease in the UTLS tropics-wide 
ozone due to stronger tropical upwelling was examined by Chiodo et al. (2018) and Chiodo et al. (2021) 
using similar model simulations from CMIP5 and CMIP6. Acceleration of the advective components of 
the Brewer-Dobson circulation (e.g., upwelling in the tropics and downwelling in the extratropics) due to 
increase in 2COE  is one of the most robust responses amongst the models (Rind et al., 1998, 2002; Butchart & 
Scaife, 2001; Butchart et al., 2010; Garcia & Randel, 2008; Hardiman et al., 2014; Li et al., 2008; Oberländer 
et al., 2013; Sigmond et al., 2004). Enhanced tropical upwelling leads to the ozone decrease by bringing 
loW–ozone tropospheric air to the tropical UTLS, while enhanced downwelling in the extratropics leads to 
the increase in ozone by transporting ozone-rich air from the stratosphere to the extratropical UTLS.

Superimposed on the global ozone anomalies are very strong regional ozone differences in the NH. Negative 
ozone anomalies are greatest above the northern tropics Indian Ocean, the northern tropical Pacific, and 
the ASM anticyclone's southeast edges. These anomalies are in agreement with changes in stream function 
at 100 hPa (black contours in Figure 9c). Positive stream function anomalies over the northern Indian ocean 
coincide with pronounced reduction in ozone. Thus, as ASM anticyclone shifts equatorward, so does low 
ozone trapped inside of it, resulting in less ozone in the northern tropical Indian Ocean. Ozone reduction 
at the ASM anticyclone's southeast edges could be by increased upwelling or/and reduced trapping by the 
weaker ASM anticyclone. The meandering of the subtropical jet deep into the tropics leads to horizontal 

Figure 9. July-August ozone (shaded, in ppmv) and wind vectors at 100 hPa averaged over nine GCMs with coupled ocean–atmosphere for (a) climatological 
average of the Control simulations, and (b) 100 - 150-year average of perturbed  24 COE  simulations. Reference wind vector is 24 m 1sE  (c) Ozone (shaded, in % 
relative to Control simulations) and stream function (contours, in  6 2 110 m sE  ) differences,  24 COE  Control simulations.

 21698996, 2021, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JD

034903 by U
niversity O

f M
aryland, W

iley O
nline L

ibrary on [20/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

TWEEDY ET AL.

10.1029/2021JD034903

13 of 18

transport of high ozone from the extratropics deep into the western hemisphere tropics (especially above 
North America). Furthermore, ozone decreases inside the ASM anticyclone and throughout northern tropi-
cal western pacific in the  24 COE  simulations (Figure 9b), possibly due to enhanced upwelling (not shown). 
The ozone response to the  24 COE  is robust across 9 models and interested readers are referred to Figure S5 
in Supporting Information S1, which shows ozone differences in individual models.

Comparison of the coupled  24 COE  simulations with those using prescribe SST and 2COE  forcings indicate 
the extent to which 100 hPa ozone changes reflect rapid and fast adjustments (Figure 10). The tropics-wide 
ozone decrease in “both forcing” simulations (Figure  10a), associated with acceleration of tropical up-
welling, is dominated by the indirect SST warming (Figure 10c). Direct radiative effect of 2COE  produces very 
small (and for many regions insignificant) changes in the tropical ozone (Figure 10b) while simulations 
with SST-only forcing result in ozone changes similar to those with both,  24 COE  and SST warming, forc-
ings. These results are in agreement with (Orbe et al., 2020) and (Oman et al., 2009), who showed that the 
response in the lower stratospheric upwelling is dominated by feedbacks associated with changes in SSTs.

The ozone response to the individual SST and 2COE  forcings (Figure 10) relative to the preindustrial Control 
also reflects differences in the strength and location of the ASM anticyclone.  24 COE  -only forcing results in 
a small (but statistically significant) positive ozone anomaly along the coast of southeast Asia (Figure 10c), 
which is due to a slightly stronger ASM circulation (compare stream function maps between Figures 6a 
and 6c). The response of ozone to the SST-only forcing is much greater, and reflects the significantly weaker 
ASM anticyclone and its equatorward shift. For instance, negative ozone anomalies above northern tropical 
Indian ocean are co-located with positive stream function anomalies, indicative of the shift in the ASM 
anticyclone. At the same time, large negative anomalies along South East Asia are in agreement with a 
significantly weaker ASM anticyclone, which brings less ozone into the tropics. When both SST and 2COE  
forcings are prescribed, there is some cancellation in the total response, but the ozone response to the SST 
adjustment generally dominates the direct  24 COE  feedback .

To summarize, we identified several effects leading to ozone decrease in the  24 COE  simulations (seen in 
Figure 9c) due to: (a) enhanced tropics-wide upwelling; (b) southward shift in the ASM anticyclone over 
the northern tropical Indian ocean; (c) reduced trapping and/or horizontal advection of ozone along South 
East Asia, associated with the weaker ASM anticyclone; and (c) likely enhanced vertical transport within 
the ASM anticyclone. Figure 10 shows that most of these changes are due to SST warming, consistent with 
previous figures. Still, full separation and relative contributions of the ozone reduction mechanisms would 
require a detailed evaluation of regional ozone and other trace gases (e.g., CO) transport budget, which is 
left for future modeling investigations.

6. Discussions and Conclusions
In this study, we examined the response of the northern hemisphere summer monsoon anticyclones and 
ozone to the abrupt quadrupling of 2COE  using monthly outputs from coupled ocean–atmosphere general 
circulation models. We have shown that  24 COE  in the coupled atmosphere ocean models result in:

Figure 10. Ozone response to the prescribed SST and 2COE  forcings in July-August at 100 hPa from CNRM-CM6 . Ozone differences (shaded) are shown as 
percentages relative to the preindustrial conditions (piSSTice, gray contours) due to (a) both forcings (a4SSTice+  24 COE  ); (b) quadruped 2COE  (piSSTice+ 
 24 COE  ); (c) warmer SSTs from the end of the coupled model  24 COE  simulation (a4SSTice). Stippling indicates differences that are not statistically significant 

at the 95 percent confidence level based on a Student's t-test.
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1.  An equatorward shift of the ASM anticyclone;
2.  A small decrease in the strength of the ASM anticyclone during July and August;
3.  The disappearance of the NASM anticyclone at 100 hPa with stronger and more equator-ward westerly 

flow in the western hemisphere throughout the year;
4.  An increase in the seasonal amplitude of the circulation above Asia due to more westerly flow during 

boreal winter and spring.

Three CMIP6 atmosphere-only general circulation models with prescribed SSTs and sea ice concentration 
were used to isolate the direct atmospheric radiative effect of 2COE  from indirect SST warming. It was also 
shown that SST-only forcing heavily dominates  24 COE  -only forcing in producing a southward displace-
ment and a larger seasonal strength of the ASM anticyclone, a disappearance of the NASM anticyclone, 
and a strengthening upper-level subtropical westerly jet in the western hemisphere. We suggest an impor-
tant role of regional changes in convective activity (and associated with it latent heat of condensation) in 
the warmer SST settings. This study showed that the ASM anticyclone strength in July and August either 
slightly weakens or doesn't change significantly due to quadrupled 2COE  in coupled models, but its season-
al strength becomes larger. Increased latent heating released by increased precipitation over Asia could 
provide enough energy for development of the ASM anticyclone and offset the expected weakening of the 
monsoon system due to reduced land-ocean temperature gradients. Contrarily, the precipitation rates (and 
thus convective activity) are reduced over the NASM anticyclone, resulting in a very robust weakening of 
the anticyclone. This proposed mechanism of documented changes in UTLS anticyclones yet needs to be 
tested in future investigations.

Changes in the ASM and NASM anticyclones due to quadrupled 2COE  result in:

1.  A significant impact on the tropical and extratropical distribution of the NH ozone in the UTLS with 
a decrease in ozone greater than 40%–50% relative to the Control above the NH tropical Indian Ocean, 
Western Pacific and central Pacific.

2.  Higher ozone anomalies between 20E  N– 30E  N in the Eastern Pacific and North America due to the disap-
pearance of the NASM anticyclone

The response of ozone to individual forcing based on monthly output from one model is in agreement with 
changes in the strength of the circulation. Strengthening/weakening of the ASM anticyclone leads to posi-
tive/negative ozone anomalies along the coast of South East Asia in the simulation with  24 COE  /SST-only 
forcing. Ozone response to the  24 COE  partially offsets the response to warming SSTs.

The ozone response to  24 COE  in the coupled models strongly resembles that due to ENSO events in 
(Tweedy et al., 2018) study. They showed strong negative/positive ozone sensitivities in the NT during bo-
real summer due to El Nino/La Nina events. This is not a surprise since in both studies SSTs are involved 
in modulating the strength of the ASM anticyclone. During El Nino/La Nina, the SSTs in the equatorial 
Pacific are anomalously high/low, leading to a negative/positive land-sea temperature contrast and weaker/
stronger ASM anticyclone. This indicates the important role of the SSTs for both interannual variability and 
future changes of UTLS summertime ozone.

The circulation changes due to an increased level of 2COE  has a significant impact on boreal summer UTLS 
ozone, that could further change climate; however, most models in CMIP6 have prescribed stratospheric 
ozone, and are therefore missing the ozone radiative feedback. A lack of interactive ozone and its feedbacks 
on temperature and water vapor near the tropopause could add additional uncertainty in the future predic-
tions of climate (Nowack et al., 2015).

Although very simple and exaggerated, the abrupt  24 COE  forcing simulations allowed for a mechanistic 
look into the response characteristics of GCMs that can be unambiguously attributed to an increase in 2COE  
concentrations. Initial analysis of model simulations with more realistic climate change scenarios shows 
very similarly (only weaker in magnitude) changes in the UTLS boreal summer circulation, including an 
equatorward shift in the ASM anticyclone and intensification of the subtropical westerly jet above the Pa-
cific and North America. The impact of these changes on chemical composition is a topic of future detailed 
investigation using climate change simulations from chemistry-climate models.
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The results of our multi-model analysis also indicate a strong potential for intensification of the inter-
hemispheric transport (IHT) during boreal summer in the narrow region over the Indian Ocean due to an 
increase in GHGs. IHT is a key process affecting global redistribution of atmospheric air pollutants and 
greenhouses gases (Hartley & Black, 1995; Newell et al., 1974; Staudt et al., 2001; Wang & Shallcross, 2000). 
Orbe et al. (2016) and G. Chen et al. (2017) showed that the boreal summer interhemispheric transport over 
Indian Ocean is connected to the advection by the strong cross-equatorial winds at the southward edge of 
the Asian monsoon anticyclone. This study has shown that cross-equatorial flow above the Indian Ocean 
in the abrupt  24 COE  simulations becomes stronger. Furthermore, a southward shift in the ASM anticy-
clone displaces regions of strong horizontal ozone gradients, equatorward. Stronger meridional winds and 
horizontal tracer gradients are both favorable conditions for the ITH intensification. Improved understand-
ing of the IHT and its underlying mechanisms is necessary for the quantification of sources and sinks of 
pollutants and the estimation of their potential to affect the global climate, especially in light of projected 
anthropogenic climate change.

Data Availability Statement
GEOSCCM simulations are stored in their data-storage facility and the data, used for this study, are available 
for download at NASA's Open Data Portal (https://doi.org/10.25966/8st2-jz22).
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