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Abstract
Stratospheric water vapour (SWV), as a greenhouse gas, modulates the radiative energy budget of the climate system. It is 
sensitive to, and plays a significant role in the climate change. In this study, we investigate the SWV response to  CO2 increase 
with the Whole Atmosphere Community Climate Model (WACCM). In addition, we study its possible feedback on strato-
spheric temperature and relevant mechanisms. In our model experiments, the  CO2 concentration and sea surface temperature 
(SSTs) are changed at the same time, as well as separately, to enable separating the radiative-photochemical and dynamical 
response to  CO2 doubling scenarios. The model results show that the response of SWV to  CO2 doubling is dominated by 
the changes in the SSTs, with an increase of the SWV concentration by ~ 6 to 10% in most of the stratosphere and more than 
10% in the lower stratosphere, except for winter pole in the lower stratosphere, where the  CO2 doubling decreases water 
vapour. The increase of SWV is mostly due to a dynamical response to the warm SSTs. Doubled  CO2 induces warm SSTs 
globally and further leads to moist troposphere and a warmer tropical and subtropical tropopause, resulting in more water 
vapour entering stratosphere from below. As a greenhouse gas, large increase of SWV in the lower stratosphere, in turn, 
affects the stratospheric temperature, resulting in a warming of the tropical and subtropical lower stratosphere, offsetting 
the cooling caused by  CO2 doubling.
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1 Introduction

Human activities have caused a significant increase in the 
concentration of greenhouse gases. The annual rate of 
increase in atmospheric carbon dioxide  (CO2) over the past 
60 years is about 100 times faster than in previous natural 
increases, such as those that occurred at the end of the last 
ice age 11,000–17,000 years ago. The amount of  CO2 is 
expected to double before the end of the twenty-first cen-
tury (Brasseur and Hitchman 1988). The increase of  CO2 
leads to an increase in the Earth’s surface and tropospheric 
temperatures. However, the increased  CO2 actually cools the 
middle atmosphere. This is due to a decrease in atmospheric 
density with altitude: the infrared bands that enable trace 
gases to absorb and emit radiation become more optically 

thin, and radiative cooling begins to dominate (Manabe and 
Strickler 1964; Manabe and Wetherald 1975; Fels et al. 
1980; Gillett et al. 2003). Subsequent model simulations 
of the stratosphere-mesosphere (e.g., Fomichev et al. 2007; 
Garcia et al. 2007; Lübken et al. 2013) clarified that while 
 CO2 is the dominant driver of temperature change in the 
atmosphere, methane  (CH4) and ozone  (O3), and possibly 
also water vapour play significant roles in the stratosphere 
and mesosphere.

Stratospheric water vapour (SWV) modulates the radia-
tive energy budget of the climate system as a greenhouse gas 
(Forster and Shine 2002). The observed increases in SWV 
were suggested to lead to a stratospheric cooling of similar 
magnitude to that by stratospheric  O3 losses (Forster and 
Shine 1999; Smith et al. 2001), and this increase potentially 
feeds back to and amplifies global warming (Dessler et al. 
2013; Huang et al. 2016). Even though the exact importance 
of the feedback remains controversial, it is increasingly rec-
ognized that SWV is projected to increase with global warm-
ing in the simulations of general circulation models (Gettl-
man et al. 2010). Radiative forcing associated with SWV 
changes has been quantified using different radiation kernels 
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(e.g. Forster et al. 2001). Solomon et al. (2010) examined 
the dependence of surface radiative forcing on the vertical 
distribution of SWV, illustrating that water vapour near the 
tropopause exerts the largest radiative forcing on the surface. 
Gilford et al. (2016) estimated that the lower SWV concen-
trations in the period of 2005–2013, compared to the 1990s, 
result in a difference in radiative forcing between the two 
periods of about − 0.045 W  m−2. This would produce about 
12% as large as, but of opposite sign to the concurrent green-
house gas warming by  CO2. Sensitivity of estimated radia-
tive forcing to the representation of SWV in radiation codes 
has been discussed (Forster et al. 2001), and differences of 
up to 96% in SWV adjusted radiative forcing between dif-
ferent radiative codes were reported by a comparative study 
(Maycock and Shine 2012). The radiative impacts of SWV 
variations have been assessed using different models with 
varying degrees of sophistication. Maycock et al. (2013) 
simulated the atmospheric response to idealized changes 
in SWV using a vertically extended atmosphere model and 
concluded that the long-term increase in SWV may cool 
the stratospheric temperature, enhance the Brewer–Dobson 
circulation (BDC), and might even induce a poleward shift 
of storm tracks.

Water vapour and temperature are strongly coupled in 
the stratosphere (Dessler et al. 2013), therefore a complete 
understanding of stratospheric climate change requires 
accounting for the influence of changing water vapour con-
centrations. However, observed long-term changes in SWV 
remain a puzzle (Randel et al. 2004; Hurst et  al. 2011; 
Fueglistaler 2012), since the processes that are expected 
to control SWV such as methane oxidation and tropical 
tropopause temperatures do not show long-term behaviour 
consistent with the derived water vapour trends. The exact 
mechanism of SWV change due to the climate warming is 
still an important unknown in the present discussion of cli-
mate change and needs further investigation. The primary 
objective of this study is to investigate the mechanisms 
of response of SWV and temperature to a doubling of the 
 CO2-concentration with respect to the pre-industrial (PI) 
conditions.

With respect to the increasing  CO2-concentration, two 
aspects of the stratospheric response are considered sepa-
rately: (i) the radiative photochemical response in nature 
driven by the  CO2-induced cooling, which is intrinsic 
response, and (ii) the dynamical response to the change 
in tropospheric climate driven by the upward propagating 
waves and their induced circulation. The radiative response 
should be robust, while the dynamical response can be more 
model-dependent. Rind et al. (2002) investigated  CO2 dou-
bling effects under two different sea surface conditions and 
pointed out that the SST distribution is very important for 
the stratospheric response to doubled  CO2. Sigmond et al. 
(2004) separated the tropospheric and stratospheric effects 

by  CO2 doubling in the troposphere and stratosphere sepa-
rately, as well as  CO2 doubling in both. It was found that 
the combined response was equal to the sum of the separate 
responses, confirming that the two aspects of the response 
are distinct. Schmidt et al. (2006) separated radiative-pho-
tochemical and dynamical effects by controlling the SSTs, 
as if only change the SSTs, then the stratospheric response 
to  CO2 is driven only by dynamical effects from the tropo-
sphere alone. In this paper we separate the two aspects of the 
response by changing the  CO2 concentration and SSTs com-
bined or separated. The climate sensitivity experiments are 
performed by the Whole Atmosphere Community Climate 
Model (WACCM), which is a high-top global climate system 
model, including the full middle atmosphere chemistry.

Following the description of the model and the experi-
mental setup in Sect. 2, the response of SWV to doubled 
 CO2 in the atmosphere and/or warm SSTs are given by com-
paring the results from different experiments in Sect. 3. The 
response of the residual circulation related to SWV transport 
are given in Sect. 4. In Sect. 5, the temperature changes 
and SWV feedback to temperature in the stratosphere are 
described. The response of SWV to warm SSTs, obtained 
from an equilibrium simulation to  CO2 doubling are dis-
cussed in Sect. 6. Conclusions are given in the last section.

2  Model description and experimental 
setup

With interactive chemistry along with an extension to the 
thermosphere, WACCM has been used extensively to study 
stratospheric dynamics. WACCM is a “high top” atmosphere 
model based on the NCAR Community Climate System 
Model (CESM) that extends in altitude from the surface 
to the lower thermosphere (5.1 × 10–6 hPa, approximately 
140 km). WACCM includes all of the physical parameteri-
zations of the Community Atmospheric Model version 4 
(CAM4), as well as fully interactive chemistry (Neale et al. 
2013; Marsh et al. 2013). It consists of 66 vertical levels 
and horizontal resolution of 1.9° latitude by 2.5° longitude. 
The model includes an updated parameterization of non-
orographic gravity waves generated by frontal systems and 
convection and a surface stress due to unresolved topography 
(Garcia et al. 2007; Richter et al. 2010). The surface stress 
led to a big improvement in the frequency of the North-
ern Hemisphere sudden stratospheric warmings (SSWs) in 
uncoupled simulations (Richter et al. 2010). The model’s 
chemistry module is based on the Model for Ozone and 
Relate Chemical Tracers, version 3 (MOZART‐3), which 
was designed to represent the chemical and physical pro-
cesses from the troposphere through the lower mesosphere 
(Kinnison et al. 2007).
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In this study, first we perform a control experiment (CTL) 
under PI conditions, forced by PI sea surface temperature 
(SST) and sea ice (referred to SSTs from now on). The PI 
 CO2-concentration is 280 ppm, and the SSTs are from the 
CMIP5 PI control simulation by the fully coupled earth sys-
tem model CESM (Hurrel et al. 2013). We run sensitivity 
experiments by doubling the  CO2-concentration from PI 
level to 560 ppm. In this case, the surface level  CO2 mixing 
ratio is doubled in the model, and elsewhere in the atmos-
phere is calculated according to WACCM’s chemical model.

A  CO2 doubling combined experiment, under equilibrium 
condition, is forced by doubling the  CO2-concentration and 
warm SSTs (CT1). The warm SSTs used here are produced 
by a coupled CESM simulation driven by  CO2 doubling 
(Wen et al. 2018). The increase in  CO2 leads to a decrease 
in the Arctic sea ice. Sea ice melting provides freshwater 
to the ocean, which weakens the deep-water formation in 
the North Atlantic and the Atlantic meridional overturning 
circulation (AMOC) (Jahn and Holland 2013; Thornalley 
et al. 2018). The reduced AMOC results in cooling of the 
subpolar Atlantic, known as the “warming hole” (Sevellec 
et al. 2017; Caesar et al. 2018). The change in the AMOC 
is of great interest to the climate research community (Kim 
and An 2013; Drijfhout et al. 2012). Wen et al. (2018) run 
the coupled CESM in  CO2 doubling scenarios for 2000 years 
and they found a reduced AMOC reaching an equilibrium 
stage in the first 500 years, which is consistent with other 
modelling results. We take SSTs from their first equilibrium 
stage as the warm SSTs (wSST in tables and figures). The 
SST anomalies from PI condition (Fig. 1) show warming 
everywhere except a small region in the North Atlantic, 
which is known as the “warming hole”.

To explore the response of SWV to the change in  CO2 
and SSTs separately, two more sensitivity experiments are 
performed: one is doubled  CO2 experiment without SSTs 

change from PI (C1), another one is warm SSTs without  CO2 
doubling in the atmosphere (T1). See Table 1. All experi-
ments are run for 50 years, the last 40 years are used for the 
analysis.

The climatology of the seasonal mean SWV and tem-
perature in CTL run are shown in Fig. 2. The figure com-
pares well with SWV from satellite observation (Wang et al. 
2018). This shows that under the PI conditions, WACCM 
captures the main features of SWV and temperature seasonal 
mean climatology, suggesting that stratospheric processes 
are well represented in WACCM.

3  Response of SWV to doubled  CO2 and/
or warm SSTs

The response of SWV to  CO2 doubling is separated into 
the response induced by doubled  CO2 alone and the 
response produced by changes in the SSTs. Figure 3 shows 
the relative changes in SWV percentage produced by the 
 CO2 doubling for the different experimental setups. The 
simulated changes are statistically significant, at the 5% 
level, throughout most of the stratosphere. With the dou-
bled  CO2 only (C1), there is a decrease in SWV by ~ 2 to 
6% in most of the stratosphere and more than 10% in the 
two polar regions of the lower stratosphere, Fig. 3b, e. The 
warm SSTs run (T1) shows an increase in SWV by ~ 6 to 
10% in most of the stratosphere, and more than 10% in the 
lower stratosphere, especially in the tropics (Fig. 3c, f). 
The response of SST is dynamical by definition, which can 
only be done through wave propagation from the tropo-
sphere to the stratosphere (Holton et al. 1995). The SWV 
response of the combined  CO2 doubling and warm SSTs 
(Fig. 3a, d) is approximately equal to the sum of the two 
responses in C1 and T1. This is consistent with the results 
of Fomichev et al. (2007) who showed, based on the Cana-
dian Middle Atmosphere Model (CMAM), that the radi-
ative-photochemical response to the doubled  CO2 alone 
and the changes in SSTs are additive in most of the strato-
sphere. This means that the  CO2 doubling influences the 
SWV in two ways namely, (i) radiatively through in situ 
changes associated with changes in  CO2 or (ii) dynami-
cally through changes in stratospheric wave forcing. In 

Fig. 1  Annual mean change in sea surface temperature in warm SSTs 
induced by  CO2 doubling in the coupled CESM compared to the PI 
SSTs

Table 1  Setup of the model experiments

Experiment Name CO2 concentra-
tion (ppm)

SSTs

Pre-industrial (PI) CTL 280 PI SSTs
Doubled  CO2 and wSST CT1 560 wSST
Doubled  CO2 C1 560 PI SSTs
Warm SSTs T1 280 wSST
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reality, these two effects may not be of equal magnitude 
and it is likely that changes in stratospheric response are 
primarily a result of changing the SSTs (Shepherd 2008). 
The results from WACCM show that the dynamical forcing 
has larger impact on SWV than the direct radiative forcing. 
The comparison of the additive response of SWV to  CO2 

doubling and different warm SSTs patterns is discussed in 
further detail in Sect. 6.

By examining the SWV response in Fig. 3, we can see 
that the warm SST effect dominates the change of SWV in 
most of the stratosphere, except for the two polar regions 
in the lower stratosphere where the  CO2 doubling induces 

Fig. 2  The climatological seasonal mean SWV (shading) and temperature (contours) distribution from the CTL (PI) run for DJF means (a) and 
JJA means (b)

Fig. 3  Comparison of change (from CTL run) in seasonal mean SWV in climate change experiments of CT1 (a, d), C1 (b, e) and T1 (c, f), for 
DJF means (a–c) and JJA means (d–f). All the shadings are significant at the 5% level
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a strong decrease in SWV. Previous studies have shown 
that the lower stratospheric cooling associated with  CO2 
doubling may increase the probability of polar strato-
spheric cloud (PSC) formation (e.g., Pitari et al. 1992). An 
increase in PSC formation in this area yields a decrease in 
water vapour, but this is not investigated here. In Fig. 3f, 
we also observe a large increase in the southern polar 
lower stratosphere. This polar increase could be associ-
ated with the warm stratospheric temperature, which is 
shown later by the red line in Fig. 4b and the positive 
difference in Fig. 6f.

The SWV increase is mainly associated with the warm 
SSTs, which allows for a warmer troposphere and, as a 
result, leads to a moister troposphere (by the Clausius–Cla-
peyron relation), and provides a good source for the water 
vapour entering the stratosphere. The tropical tropopause 
temperature is highly correlated with the water vapour in 
the lower stratosphere because of the dehydration resulting 
from water vapour condensation as the air goes through the 
tropopause and enters the stratosphere (Fueglistaler et al. 
2009; Dessler et al. 2014). Figure 4 shows the changes in 
the tropopause temperature in three experiments (C1, T1 
and CT1). In C1, the tropical and subtropical tropopause 
is colder than in CTL, which results in less water vapour 
entering the stratosphere. Therefore, the SST effect on the 
SWV counteracts the  CO2 effect and lead to more water 
vapor in the stratosphere. Meanwhile, there is a warmer 
tropopause from 40° S to 40° N in the experiments T1 
and CT1, compared to the PI simulation, which in turn 
reduces the condensation (dehydration) at the tropopause 
and allows more water vapour to enter the stratosphere. 
Consequently, more water vapour is transported upward 
into the middle and upper stratosphere and poleward to 
the high-latitudes of both hemispheres through the BDC 
(Brewer 1949), resulting in more water vapour in the entire 
stratosphere. It is suggested that the warmer tropopause 
are due to the weakening of the upwelling in the tropi-
cal tropopause, which is affected by the changes of plan-
etary wave activity through the BDC. This is discussed in 
Sects. 4 and 5.

4  Response of SWV transport to doubled 
 CO2 and/or warm SSTs

The residual circulation in the upper stratosphere can be 
summarized, in short, as being composed of air mass and 
tracers being transported upward from the summer hemi-
sphere and the tropics to the winter pole where it subsides. 
Figure 5 shows the changes in the residual circulation along 
with changes in the vertical velocity w* in the stratosphere 
resulting from the experiments CT1, C1 and T1. The signifi-
cant difference is seen mainly in the upper stratosphere and 
lower mesosphere around the high-latitudes in the winter 
hemisphere. In DJF mean (Fig. 5a–c), the upper branch of 
the circulation that originates in the tropics and subsides in 
the winter pole is strengthened in all three experiments. The 
change of w* in the polar vortex is negative (i.e. stronger 
subsidence, compared to CTL) in the upper stratosphere 
and the lower mesosphere, and positive (i.e. weaker subsid-
ence) in the lower stratosphere. These changes in the verti-
cal velocities are accompanied by changes in temperature, 
which is discussed later. The response in T1 and C1 are of 
the same sign, and are nearly proportionate, mostly every-
where, with a slightly stronger response of the former.

The changes in JJA mean are comparable to those of DJF 
mean, but the high-latitude descending branch of the circula-
tion in the winter hemisphere has moved equatorward to 30° 
S–60° S (Fig. 5d–f). In the polar vortex, there is a positive 
change of the vertical velocity (rising motion) in the strato-
sphere and negative (or downwelling) in the mesosphere. In 
the tropics and subtropics, there is a weak, but significant 
upwelling change in w* from the tropopause to the lower 
stratosphere, which contributes more water vapour to the 
lower stratosphere.

5  Temperature changes and SWV feedback 
in the stratosphere

The stratospheric temperature changes in  CO2 doubling sce-
narios have been investigated using different models and 
different experimental setups (e.g., Rind et al. 1990, 1998; 

Fig. 4  Comparison of change 
(from CTL) in tropopause 
temperature in climate change 
experiments of CT1 (black), 
C1 (blue) and T1 (red), for DJF 
means (a) and JJA (b) means
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Fig. 5  Comparison of change (from CTL) in residual circulation (stream) and its vertical component w* (shading) in climate change experi-
ments of CT1 (a, d), C1 (b, e) and T1 (c, f), for DJF means (a–c) and JJA means (d–f). Shown only the 5% significant differences

Fig. 6  Comparison of change (from CTL) in seasonal mean stratospheric temperature in climate change experiments of CT1 (a, d), C1 (b, e) and 
T1 (c, f), for DJF means (a–c) and JJA means (d–f). All the shadings are significant at the 5% level
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Langematz et al. 2003; Fomichev et al. 2007). The consen-
sus is that the stratosphere becomes cool in simulations with 
a doubled  CO2 concentration. There are also indications that 
the observed stratospheric cooling is not fully caused by 
in situ effects due to greenhouse gas changes. It is suggested 
that the observed upper stratospheric temperature trends in 
low to middle latitudes are caused by radiative effects due to 
the greenhouse gas changes, while the cooling of the polar 
stratosphere in winter is enhanced by changes in dynamic 
heating (Langematz et al. 2003).

Figure 6 shows temperature changes in the stratosphere 
for the three experiments CT1, C1 and T1. The temperature 
response of the combined  CO2 doubling with wSST yields 
general cooling (Fig. 6a, d). The maximum change occurs 
near the stratopause, with a weak warming in the lower 
stratosphere. This vertical structure reflects the global-
average background temperature distribution, with stronger 
cooling where temperatures are higher, as expected from 
radiative arguments, and it is consistent with the previous 
studies (e.g. Fomichev et al. 2007). Comparing the response 
to doubled  CO2 and wSST-only, we can observe that the 
doubled  CO2 (Fig. 6b, e) dominates the combined tem-
perature changes in the stratosphere, except for the tropi-
cal lower stratosphere, where a warming anomaly emerges 
due to warm SSTs (Fig. 6c, f). The impact of doubled  CO2 
alone is mainly through radiative-photochemical effect in 

the middle atmosphere, as shown by Jonsson et al. (2004), 
i.e. the temperature changes can be understood primarily 
as a result of  CO2-induced cooling. The warm SSTs affect 
the stratosphere strongly in the high-latitude of the winter 
hemisphere.

As shown in Fig. 6c for the DJF mean with wSST (see 
Fig. 1), the northern polar region cools in the stratosphere 
and warms in the lower mesosphere. This pattern of tem-
perature change is mainly associated with the anomaly of 
upward propagation of planetary waves in northern high-
latitude in winter, which often leads to the stratospheric 
warming anomaly. Figure 7 shows changes in zonal-mean 
zonal wind and the vertical component of wave activity flux 
(Eliassen-Palm flux) Fz. The upward propagation of plan-
etary wave in the northern high-latitudes from T1 is weaker 
than that from CTL run (Fig. 7c), indicating that wSST 
weakens the warming, which is produced from the planetary 
wave energy released in the lower stratosphere. The change 
of zonal-mean zonal wind is positive in the northern pole, 
indicating a stronger polar vortex. We also observe from 
Fig. 5c a stronger downwelling in the polar region in the 
upper stratosphere and lower mesosphere, than that of CTL, 
which is related to the warming in the lower mesosphere. 
This downwelling might be formed by wave breaking of 
stronger gravity waves with easterly wind momentum in the 
upper mesosphere. In general, anomalous westerlies in the 

Fig. 7  Comparison of change (from CTL) in zonal mean zonal wind (contour) and vertical wave activity flux Fz (shading) in climate change 
experiments CT1 (a, d), C1 (b, e) and T1 (c, f), for DJF means (a–c) and JJA means (d–f). All shadings are significant at 5% level
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stratosphere (associated with the colder and stronger polar 
vortex) would enhance vertical propagation of gravity waves 
(Andrews et al. 1987). Doubling the  CO2-concentration can 
also induce a weaker upward propagation of the planetary 
wave activity (Fig. 7b), compared to CTL. However, this 
reduction is weaker than the reduction resulting from the 
SST effect.

In austral winter JJA mean, there is a negative change 
in the upward propagation of the planetary wave activity 
around 60°S induced by the warm SSTs (Fig. 7f), and a 
small positive change around 80°S, which explains the 
temperature changes shown in Fig. 6f, and the polar jet is 
stronger and moves northward.

How does the wSST affect the planetary wave propa-
gation, which in turn has important repercussions on the 
temperature of the winter pole? From Fig. 1 we observed 
a significant cooling in the North Atlantic, which weakens 
the land-sea thermal contrast in boreal winter, and therefore 
generates weaker planetary wave activity (Fig. 7c). How-
ever, further investigation is needed to clarify whether such 
a local change of SST could directly influence the large-
scale planetary wave activity. Another possible indirect 
mechanism is that SST changes of North Atlantic would 
be important for the blocking activity in the Euro-Atlantic 
sector, which is considered to be intimately associated with 
the amplification of planetary waves of wave number one 
(Castanheira and Barriopedro 2010; Martius et al. 2009). In 
the southern hemisphere (Fig. 7f), the strongest warming in 
SST is at 60° S, which weakens/enhances the temperature 
gradient to the north/south of 60° S (much warmer in high-
latitude and less warmer in low-latitude and polar region). 
The changes in temperature gradient could influence the 
baroclinic wave activity, and changes of the storm track in 
the troposphere may cause a weaker/stronger upward propa-
gation of wave packets emanating from baroclinic waves 
and/or blocking events, eventually leading to the weaken-
ing/enhancement of planetary wave activity in the southern 
hemisphere in winter (Castanheira and Barriopedro 2010; 
Martius et al. 2009).

Another significant and robust temperature change in 
T1 (Fig. 6c, f) is the warming in the tropical and subtropi-
cal lower stratosphere, which dominates the combined 
response of temperature in CT1 (Fig. 6a, d), whereas there 
is a non-significant temperature response in this region in 
C1 (Fig. 6b, e). From Fig. 3 we know that SWV increases 
greatly in the lower stratosphere in T1 and CT1, which is 
related to the high tropical and subtropical tropopause tem-
perature. And in turn, as a greenhouse gas, the increased 
water vapour results in warming in the lower stratosphere, 
namely, there is a positive feedback between SWV and 
the temperature in the tropical and subtropical lower 
stratosphere.

6  Response of SWV to a very warm SSTs 
scenario

Besides the warm SSTs from first equilibrium stage of Wen 
et al. (2018), another pattern of warm SSTs, namely wSST2, 
emerged as an equilibrium response to a doubled  CO2 forc-
ing from the coupled model simulation after a very long 
time, e.g., 1600 years. This pattern was not obtained and 
mentioned in other studies, due probably to the fact that the 
experiments in these studies didn’t have a long enough run 
time. It is reasonable that the very warm SSTs could make a 
possible future scenario under long time of  CO2 increase. In 
this response the AMOC recovers and the SST warms eve-
rywhere (Fig. 8). The warming in wSST2 is much stronger 
than those in wSST (Fig. 1), and the strongest change is 
found along 60° latitude in both hemispheres. As for experi-
ments CT1 and T1, two more experiments, CT2 and T2, are 
performed with  CO2 doubling and wSST2 combined and 
separated, respectively.

Figure 9 shows the stratospheric response to wSST2 only. 
Compared with the response to the wSST discussed in the 
previous section, the effect of wSST2 on SWV (Fig. 9a, b) 
is about twice as large (see Fig. 3c, f for T1) in most of 
the stratosphere, and the maximum, near the tropopause, 
is more than 20%, suggesting more water vapour comes 
from the troposphere, and gets transferred to high-latitudes 
following the residual circulation. The change in residual 
circulation shows that in DJF mean, the BDC is stronger 
in the upper stratosphere in lower latitudes in T2 simula-
tions. Unlike T1, the significant change for T2 is in north-
ern high-latitudes. But the significant “warming” change 
for T2 is in Northern high-latitudes (Fig. 9e), suggesting a 
stronger downwelling there (although not significant), due 
to the stronger upward propagation of planetary waves seen 

Fig. 8  Annual mean change in sea surface temperature in warm SST2 
induced by  CO2 doubling in the coupled CESM compared to the PI 
SSTs
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in Fig. 9g. In JJA mean, the response of the BDC to wSST2 
shows that the upper branch from the tropics to the south-
ern hemisphere is enhanced in a very shallow layer, with 
subsidence around 50° S in the lower mesosphere, merged 
with an upwelling around 60° S in the upper stratosphere, 
and followed by an anomalous flow to the tropics around the 
stratopause. Another significant change occurs around 90° 
S–60° S where the stream change is opposite to the clima-
tological stream (from north to south). This change inhib-
its the downwelling or subsidence around 50° S from the 
lower mesosphere, and yields a water vapour change in the 
upper stratosphere and lower mesosphere in southern high-
latitudes that is not as large as that in the lower stratosphere 
(less than 10%).

The temperature changes (Fig.  9c–f) show an even 
stronger positive feedback between temperature and water 
vapour in the tropical and subtropical lower stratosphere. In 
austral winter (Fig. 9f), the temperature response in southern 
high-latitudes to wSST2 is similar to, but stronger than that 
in T1 (Fig. 6f). This temperature response pattern can be 
explained by the fact that in the southern hemisphere, the 
amplitude of SST in T2 is much stronger than that in T1. The 
longitudinal gradient is much weaker than that in T1. This 
decreased gradient weakens the thermal contrast, resulting 
in an even weaker upward propagation of the planetary wave 
in the southern high-latitudes (Fig. 9h) than that in T1. This 
in turn affects the stratospheric temperature in austral winter.

In boreal winter (Fig. 9e), the temperature change in the 
northern high-latitudes resulting from T2 is opposite to that 
of T1 (Fig. 6c); there is warming in the stratosphere and 
cooling in the lower mesosphere. The upward propagation 
of the planetary waves (Fig. 9g) is stronger than that of CTL, 
meanwhile the zonal-mean zonal wind in the polar region is 
easterly anomaly, implying a weaker polar vortex, and these 
changes are opposite to those of T1 shown in Fig. 7c. This is 
because in boreal winter, much warmer North Atlantic (and 
Pacific) in wSST2, with respect to that of PI SSTs, leads to 
a stronger thermal land-sea contrast in the northern high-lat-
itude. The stronger thermal land-sea contrast could generally 
enhance baroclinic wave activity, as described previously 
in Fig. 7. From Fig. 9g, it is clear that the positive anoma-
lies of Fz maximized around 30°N-60°N in the tropopause 
region are probably due to the enhanced baroclinic wave 
activity. On the other hand, those seen around 60°N-80°N 
in the stratosphere are due to the enhanced planetary wave 
activity, which exist independently from the former. The 
stratospheric warming in the northern high-latitudes is pro-
duced by increasing planetary wave energy in the strato-
sphere, and results in easterly zonal wind anomaly in the 
lower stratosphere.

Analysing the SWV response to T1 and T2, we see that 
the two warm SSTs affect the SWV in the same way, and 

the mechanisms seem to be similar. The effect of wSST2 
is much stronger because the temperatures of wSST2 are 
higher. The difference in residual circulation results in a 
slight difference in the distribution of SWV. Meanwhile, 
the changes in stratospheric temperature in the northern 
high-latitudes resulting from these two warm SSTs patterns 
are opposite. The “warming hole” in the Atlantic induces 
cooling in the stratosphere and warming in the lower meso-
sphere, which is opposite to that obtained from wSST2. This 
difference is explained by the upward propagation of the 
planetary wave in the winter.

An important issue that arises here is the nature of the 
interaction between SST and  CO2 doubling in affecting 
the response. Precisely, we attempt to evaluate this inter-
action by analysing the linearity of SWV and temperature 
responses to increasing  CO2 and warm SSTs. We note from 
the above analysis that the SWV response to CT1 equals the 
sum of the responses resulting from C1 and T1 separately. 
As shown in Fig. 10a, b, the difference between the SWV 
response to CT1 and the sum of responses to C1 and T1 is 
quite small and not statistically significant in most of the 
stratosphere. For wSST2 (Fig. 10c, d), however, the differ-
ence is significant though small (less than 2% in most of 
the stratosphere). For temperature change (not shown), simi-
lar patterns are obtained for the two warm SSTs, and both 
show significance in the high-latitude winter, an indication 
of the (expected) presence of nonlinear processes affecting 
the stratospheric temperature in high-latitude winter, par-
ticularly in the northern polar region, in agreement with 
Fomichev et al. (2007). The nonlinearity increases when the 
warm SST getting warmer, both for the response of SWV 
and stratospheric temperature, which is not shown in previ-
ous work with one warm SST scenario.

It is well known that results of numerical experiments 
depend on parameterizations of physical processes and per-
formance of the used model. The results we present here are 
consistent with those from other studies using different mod-
els. However, in order to overcome the resultant uncertainty, 
further studies based on multiple climate model intercom-
parisons should be needed, such as in the CMIP framework, 
which is left for future research.

7  Summary and conclusions

In this paper, we have used a global high-top atmospheric 
circulation model WACCM to investigate the response of 
SWV to a doubling in  CO2 and the dynamic mechanism 
of the response. To separate the radiative photochemi-
cal and dynamical response, sensitivity experiments have 
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been performed by considering changes in  CO2 concen-
tration and corresponding changes in SST combined and 
separated.

The results show that the warm SSTs result in SWV 
increase by 6–10% in most of the stratosphere, more 
than 10% in the lower stratosphere, which dominates the 
response of SWV to combined changes in most of the 
stratosphere except the two polar regions in the lower 
stratosphere, where  CO2-doubling decreases SWV. Some 
authors (Pitari et al. 1992) suggested that this is because 
 CO2-doubling increases the probability of PSC formation. 
The increase of SWV in the lower stratosphere is due to 
more tropospheric water vapour entering the stratosphere. 
This can be understood as warm SSTs lead to moister 
troposphere and a warmer tropopause. The change in the 
upper branch of the BDC contributes to global water vapour 
transfer.

The change of atmospheric  CO2 leads to a cooling in 
most of the stratosphere, except in the tropical and sub-
tropical lower stratosphere, where a warming is seen, which 
can be attributed to the warmer SSTs. Large increase SWV 
in the lower stratosphere due to the warm SSTs, which is 
controlled by tropical tropopause temperature, feedback on 
temperature in the tropical and subtropical lower strato-
sphere, reflecting a positive feedback. The effect of warm 
SSTs on the stratospheric temperature in winter high-
latitudes is not strong but still significant. The cold North 
Atlantic of warm SSTs, due to a reduced AMOC, weakens 
the upward propagation of planetary waves in boreal win-
ter. This results in a cooling of the lower stratosphere in 
the high latitudes of the northern hemisphere. However, 
the warm North Atlantic in wSST2, which strengthens the 
upward propagation of planetary wave activity in boreal 
winter, shows the opposite effect with respect to the tem-
perature of northern high-latitudes. Both two warm SSTs 
affect the southern high-latitudes in austral winter in the 
same way, i.e. cooling around 60° S in the lower strato-
sphere, due to the weak SST longitudinal gradient in south-
ern hemisphere resulting in weaker planetary wave activity 
propagating to the stratosphere.

Fig. 9  Stratospheric response to wSST2 (T2): water vapor (shad-
ing) and residual circulation (stream) (a, b), tropopause temperature 
(red line) (c, d), stratospheric temperature (e, f), and zonal-mean 
zonal wind (contours) and vertical component of the planetary wave 
activity flux Fz (shading) (g, h) for DJF means (left column) and JJA 
means (right column). The grey lines in (c, d) are identical to the red 
lines in Fig. 4 for the experiment T1

◂

Fig. 10  Linearity of SWV 
response to doubled  CO2 and 
warm SSTs using wSST (a, 
c) and wSST2 (b, d) for DJF 
means (a, b) and JJA means 
(c, d)
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