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Abstract
Increasing precipitation on the Antarctic Ice Sheet (AIS) in a warming climate has the potential to partially mitigate Ant-
arctica’s contribution to sea level rise. We show that a simple, physically motivated change to the shallow convective cloud 
phase in the Community Earth System Model (CESM)—improving a long-standing bias in shortwave cloud forcing over 
the Southern Ocean—leads to an enhanced response of precipitation when the model is forced with realistic stratospheric 
ozone depletion, with other radiative forcing remaining constant. We analyze two ozone-forced ensemble experiments with 
the CESM version 1.1: one using the standard version of the model and the other using the cloud-modified version. The 
standard version exhibits a precipitation increase on the AIS of 34 gigatons year−1; the cloud-modified version shows an 
increase of 109 Gt year−1. The cloud-modified version shows a more robust, year-round poleward shift in the westerly jet 
and storm tracks, which brings more precipitation to the AIS, compared to the standard version. Greater surface warming 
and larger-amplitude stationary waves further increase the Antarctic precipitation response. The enhanced warming in the 
cloud-modified version is explained by larger positive shortwave cloud feedbacks, while the enhanced poleward jet shift 
is associated with a stronger meridional temperature gradient in the upper troposphere—lower stratosphere. These results 
illustrate (1) the sensitivity of forced changes in Antarctic precipitation to the mean state of a climate model and (2) the 
strong role of atmospheric dynamics in driving that forced precipitation response.

Keywords  Antarctic ice sheet · Precipitation · Shortwave cloud feedbacks · Structural uncertainty

1  Introduction

An estimated 6 mm of sea level equivalent, or over 2000 
Gt, falls as snow on the grounded Antarctic ice sheet (AIS) 
and its major ice shelves each year. As such, any signifi-
cant change in snowfall on the AIS, the dominant compo-
nent of the surface mass balance (SMB), will significantly 
affect global sea level. In a warming climate, Antarctic 
snowfall is expected to increase due to the higher mois-
ture holding capacity of the atmosphere with warmer air 

temperatures, and the accelerated hydrologic cycle. Despite 
a modest warming trend over the Antarctic continent since 
the 1950s (e.g. Steig et al. 2009; Nicolas and Bromwich 
2014; Jones et al. 2019), there has been little observational 
evidence of an increase in Antarctic precipitation or SMB, 
either for the period since 1950 (Monaghan et al. 2006), 
or for the better observed period since 1979 (e.g. Lenaerts 
et al. 2012). These studies have been hampered by a sparse 
observational network, which, combined with difficulties in 
measuring snowfall, and large interannual and spatial vari-
ability, make the detection of significant trends challeng-
ing. A recent and extensive compilation of ice core accu-
mulation rates (Thomas et al. 2017) lengthens the Antarctic 
precipitation record back 1000 years, offering a long-term 
perspective on Antarctic precipitation variability. This study 
suggests that Antarctic SMB has increased at an average 
rate of 7 ± 0.13 Gt/year per decade since 1800, translating 
into a sea level reduction of − 0.02 mm/decade. The grid-
ded snowfall reconstruction of Medley and Thomas (2019) 
refines the estimate of long-term SMB change, suggesting 
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that increased snowfall on the AIS has mitigated sea level 
rise by ~ 10 mm since 1901. Thus far, such evidence for 
increased snowfall has not been incorporated into assess-
ments of AIS mass balance trends for the past few decades, 
since increased snowfall is not simulated by atmospheric 
reanalyses or derived regional climate model products (Len-
aerts et al. 2019). The IMBIE team (2018) finds an aver-
age mass loss of 109 ± 56 Gt/year, which is almost entirely 
driven by ice dynamics, accompanied by an insignificant 
Antarctic-wide SMB change.

Models contributing to the Coupled Model Intercom-
parison Project, Phase 5 (CMIP5) on average project an 
increase in Antarctic precipitation of 25% by 2100 under a 
high emission scenario (RCP 8.5), translating into a cumula-
tive sea level rise offset of 71 mm during the 21st century 
(Palerme et al. 2016). The multi-model average precipita-
tion increase masks a large inter-model spread in Antarctic 
precipitation projections, which ranges from almost zero sea 
level rise offset to an offset of nearly 180 mm during the 
21st century (Palerme et al. 2016). One explanation for this 
spread is a dependency on the models’ present-day simulated 
sea ice area or extent (e.g. Agosta et al. 2015; Bracegir-
dle et al. 2015), which itself varies widely (e.g. Zunz et al. 
2013). These studies (Agosta et al. 2015; Bracegirdle et al. 
2015) argue that models starting out with greater sea ice 
extent warm faster, with more evaporation from the ocean 
and greater moisture transport to the AIS due to positive 
feedbacks between sea ice decreases and air temperature 
increases (i.e., the ice-albedo feedback mechanism). CMIP5 
models do not show a consistent temperature-precipitation 
relationship (Palerme et al. 2016), possibly again due to their 
different initial sea ice states (Bracegirdle et al. 2015). Oth-
ers have related projected precipitation trends to model reso-
lution, namely models with finer horizontal resolution tend 
to produce larger increases in precipitation (Genthon et al. 
2009). Some have suggested that the spread in precipitation 
projections largely reflects internal variability (Previdi and 
Polvani 2016). We note here that even if the models suggest 
that internal variability dominates over the forced signal, it 
does not mean that the models are free from flaws or biases. 
The roles of internal variability and structural (model) 
uncertainty in the intermodel spread of a given variable are 
difficult to disentangle in a multi-model ensemble such as 
CMIP5.

The central question of this study is whether the response 
of Antarctic precipitation to external forcing is sensitive 
to mean-state biases exhibited by a coupled Earth System 
model. One of the most prominent biases exhibited by many 
models is too-weak shortwave cloud forcing (SWCF), which 
results in an excess of absorbed shortwave radiation (ASR) 
over the Southern Ocean (e.g. Trenberth and Fasullo 2010; 
Schneider and Reusch 2016). This has numerous impli-
cations for the mean-state climate, including sea surface 

temperature (SST) biases (Schneider and Reusch 2016), 
ocean buoyancy (Sallée et al. 2013), and even the latitude 
and strength of the atmospheric jet (Ceppi et al. 2012). Here, 
we investigate structural uncertainty using the single model 
framework of the Community Earth System Model (CESM), 
version 1.1 (hereafter, CESM1; Hurrell et al. 2013). The 
standard version of the model, like many CMIP5 models, 
has a substantial mean-state ASR bias of ~ 20 W/m2 over the 
domain of 40°S–60°S in the austral summer (Schneider and 
Reusch 2016). Kay et al. (2016) have introduced a modifi-
cation to the shallow convection scheme of the atmospheric 
model component of CESM1, improving the radiative prop-
erties of clouds and substantially reducing the ASR bias over 
the Southern Ocean.

The implications of improving the radiative properties 
of Southern Ocean clouds for Antarctic climate projections 
have yet to be fully determined. Frey et al. (2017) evalu-
ate the cloud-modified version of CESM1 (hereafter called 
‘CLDMOD’) in comparison with the standard version for 
historical (1920–2005) and future (RCP8.5; 2006–2100) 
integrations. The standard version is that used for the 
CESM1 Large Ensemble Project (Kay et al. 2014); hereaf-
ter we refer to this as the ‘LENS’ version. For global sur-
face temperature out to 2100, the single CLDMOD inte-
gration of Frey et al. (2017) lies near the upper bound of 
the 40-member LENS ensemble, but within the ensemble 
spread. Frey et al. (2017) did not evaluate Antarctic climate 
in detail, but noted that a stronger positive shortwave cloud 
feedback in CLDMOD over the mid-latitudes of the South-
ern Ocean results in greater warming of SSTs. However, 
efficient heat uptake by the mean overturning circulation 
of the Southern Ocean lessens the impact of the modified 
clouds on the global surface temperature as shown in Frey 
et al. (2017). Adopting the same benchmarks and methods 
as Schneider and Reusch (2016), we find that the historical 
CLDMOD simulation of Frey et al. (2017) has an austral 
summer ASR positive bias of ~ 5 W/m2 over the Southern 
Ocean (40°S–60°S), a substantial reduction from the 20 W/
m2 bias exhibited by the standard version.

The goal of this study is to understand the implications of 
reducing the ASR bias on Antarctic climate change simula-
tions by comparing experiments with CLDMOD and LENS. 
Given the central role of clouds and ASR in the surface 
energy budget of the Southern Ocean and Antarctica, it may 
be expected that changes to the Southern Ocean cloud prop-
erties will have a greater impact on local Antarctic climate 
than globally. Here we examine the role of structural dif-
ferences between CLDMOD and LENS in the response to 
ozone depletion, which has been shown to be one of the main 
drivers of Southern Hemisphere climate change in recent 
decades (Polvani et al. 2011). For example, the impacts of 
ozone loss on atmospheric circulation are broadly consist-
ent across a range of models (e.g. Eyring et al. 2013), and 
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a recent study (Lenaerts et al. 2018) showed ozone deple-
tion to have a strong signature in Antarctic precipitation 
change in the CESM1. In addition, the response to ozone 
depletion is seasonal, while the ASR bias is also seasonal: 
Thus, if there are significant differences in the response to 
external forcing between CLDMOD and LENS, we should 
see these differences in experiments with strong, seasonal 
forcing whose response overlaps with the same season of the 
ASR bias. Like Lenaerts et al. (2018), we find an increase in 
Antarctic precipitation in response to ozone loss, and further 
show that improved clouds enhance this response due to both 
thermodynamic and dynamical mechanisms.

2 � Models and methods

All experiments evaluated in this study are conducted with 
the CESM 1.1, configured with interactive ocean, atmos-
phere, sea ice and land component models (Hurrell et al. 
2013). The ocean and sea ice model are on a ~ 1° grid, while 
the atmosphere and land models are on a 0.9° latitude × 1.2° 
longitude grid. This version of CESM1 has been extensively 
evaluated and used in a variety of applications, including 
CMIP5 experiments and the CESM1 Large Ensemble 
(CESM1-LE; Kay et al. 2014). Of particular relevance here 
is the model’s performance in the Antarctic. This has been 
evaluated by Lenaerts et al. (2016), showing that CESM1 
reasonably simulates the large-scale features of Antarctic 
climate, including present-day sea ice extent, major atmos-
pheric circulation patterns, and the spatial distribution of 
surface temperatures and SMB on the ice sheet. Out of 41 
CMIP5 models, Agosta et al. (2015) determine CESM1 to 
be the third-best model for Antarctic SMB simulations. Con-
cerning biases in CESM1.1 include the excessive ASR noted 
above and a deficit in downward longwave and net surface 
longwave radiation on the AIS in austral winter (Lenaerts 
et al. 2016; Schneider and Reusch 2016). These features are 
characteristic of the ‘LENS’ version of CESM1.

The ‘CLDMOD’ version of CESM1.1 refers to the 
modifications to atmospheric component of the model, 
CAM5, discussed in Kay et al. (2016). Kay et al. (2016) 
modify the shallow convection detrainment, increasing 

supercooled cloud liquid and brightening low-level clouds. 
The substantially reduced Southern Ocean ASR bias cools 
the Southern Ocean, strengthens the mid-latitude westerly 
winds, and increases poleward heat transport. Other rel-
evant changes to the climatology of the model, including 
increased ASR in the tropics, are discussed in Sect. 3.1.

Results presented here are based upon four distinct 
experiments (Table 1), all conducted with the CESM1-
LE code base: (1) the pre-Industrial (1850) fully coupled 
control simulation for the CESM1-LE (Kay et al. 2014); 
(2) the pre-Industrial (1850) control run with the CLD-
MOD version of the model (Kay et al. 2016); (3) a “low 
ozone” 10-member ensemble with the LENS version; and 
(4) a “low ozone” 10-member ensemble with the CLD-
MOD version. The control simulations have preindustrial 
forcing that generally follows the CMIP5 protocol. A key 
deviation from CMIP5 protocol is that ozone forcing in 
our experiments is from simulations of the CESM1-Whole 
Atmosphere Community Model (WACCM; Marsh et al. 
2013), a coupled chemistry-climate model which cal-
culates ozone concentrations on the basis of prescribed 
ozone depleting substances. The CLDMOD control simu-
lation was initialized from year 402 of the CESM1-LE 
control with identical external forcing, and integrated for 
400 years.

The “low ozone” experiments have the same preindus-
trial (1850) radiative forcing as the control simulations, 
except that the 1850s ozone climatology is replaced with 
an ozone climatology based on the years 1996–2005 from 
the WACCM data set. Both climatologies only vary on a 
monthly basis: therefore, each year has the same ozone 
concentration in a given month. Ten ensemble members, 
each about 50 years long, are integrated for the LENS and 
the CLDMOD versions of the model. The LENS low ozone 
ensemble is initialized at year 1601 of the CESM1-LE con-
trol; the CLDMOD low ozone ensemble is initialized at 
year 300 of the CLDMOD control. The ensemble spread in 
both ensembles is generated by the pertlim parameter in the 
atmosphere model; this slightly perturbs the initial atmos-
pheric conditions of each ensemble member on the first day 
of the simulation. It is the same protocol followed to gener-
ate the ensemble members of the CESM1-LE.

Table 1   Experiments discussed in this study and forcing details

Experiment Ozone forcing Kay et al. (2016) 
cloud modifica-
tions?

Other external forcing Ensemble members

1850 LENS pre-Industrial (PI) control 1850s WACCM climatology No 1850s PI climatology 1 (2000 years)
1850 CLDMOD PI control 1850s WACCM climatology Yes 1850s PI climatology 1 (400 years)
1850 LENS PI control + low ozone 1996–2005 WACCM climatology No 1850s PI climatology 10 (51 years each)
1850 CLDMOD PI control + low ozone 1996–2005 WACCM climatology Yes 1850s PI climatology 10 (51 years each)
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We note that we would expect similar results with single 
runs of 500 years each instead of 10 runs of 50 years each. 
Here, we have adopted the ensemble approach because an 
additional application of these experiments, beyond those 
discussed in this paper, is to evaluate the “fast” and “slow” 
responses to ozone depletion, and isolating the fast response 
requires a relatively large ensemble (Ferreira et al. 2015). In 
this paper, we focus on the slow, long-term response. In the 
CESM1, the crossover time from the fast to slow response 
occurs within about four years of a step increase in the wind 
speed over the Southern Ocean (Kostov et al. 2016).

The prescribed ozone forcing is illustrated in Fig. 1, 
which shows the difference of the 1996–2005 ozone cli-
matology and the 1850 ozone climatology averaged over 
60°S–90°S as a function of month and height. The largest 
changes occur in October through December, between 100 
and 70 hPa, where over 70% ozone loss occurs. Greater than 
40% ozone loss occurs down to ~ 200 hPa and between Sep-
tember and February. While polar stratospheric ozone loss 
is by far the largest forcing signal, there are also some mod-
est increases in tropospheric ozone (up to 20% in the mid-
dle troposphere). The tropospheric changes lead to modest 
tropospheric warming in the middle and low latitudes, espe-
cially in the Northern Hemisphere. The use of the full col-
umn ozone changes rather than only those in the stratosphere 
ensures consistency with the CESM1-LE experiments and 
with the experiments of Lenaerts et al. (2018). Importantly, 

the goal of this paper is to evaluate the role of the structural 
differences between CLDMOD and LENS, rather than to 
have the most realistic forcing possible. Results from fur-
ther CLDMOD experiments with realistic historical forcing, 
similar to the one discussed in Frey et al. (2017), will be 
presented in future work.

The response to ozone is defined as the difference of the 
“low ozone” ensemble and the control run for each ver-
sion of the model (LENS and CLDMOD). For example, 
the response in CLDMOD is taken as the average over the 
ensemble mean (except where noted) of years 5–52 of the 
low ozone ensemble minus the average of years 305–352 
of the control simulation. The first four years of the experi-
ments are discarded in order to focus on the “slow” response 
to ozone forcing. The clearest results are found using the 
exact overlapping segment of the control run rather than 
an arbitrary segment of the control run, likely because this 
removes any signals of drift or low-frequency climate vari-
ability. The statistical significance of the responses are deter-
mined from a two-sided t test, with the sample size and vari-
ance of the low ozone experiments calculated on the basis of 
all ensemble members. That is, the 45-year segments of 10 
ensemble members are appended to each other to calculate 
the mean, variance and sample sizes that are applied in the 
t test statistic. The next section of this paper describes the 
results, first explaining the major climatological differences 
between the LENS and CLDMOD versions of the model, 
and then discussing the major features of the response to 
ozone depletion in both versions of the model. Finding a 
significant difference in the precipitation responses over the 
AIS, we then discuss the reasons for this difference and the 
role of atmospheric circulation and thermodynamics. Dif-
ferences in the shortwave cloud feedbacks between the two 
models are also analyzed and discussed. Finally, Sects. 4 and 
5 provide a Discussion and concluding remarks.

3 � Results

3.1 � Climatological differences between LENS 
and CLDMOD

The first set of results, augmenting those discussed in Kay 
et al. (2016), highlights the structural differences between 
the LENS and CLDMOD versions of the model. In the 
middle to high latitudes of the Southern Hemisphere, the 
CLDMOD control simulation is colder, windier, and drier 
than the LENS control simulation (Figs. 2, 3 and 4). Due 
to the seasonal cycle of insolation, the largest cloud-driven 
differences occur in austral summer (not shown). Figure 2 
illustrates the surface temperature and 500 hPa geopotential 
height differences in DJF. In CLDMOD, nearly all of the 
Southern Ocean is colder by 0.5° to 2 °C, except for two 

Fig. 1   The prescribed ozone forcing for the polar cap region 
(60°S–90°S) on a month-height plot, showing the percent difference 
in ozone concentration between the perturbed experiments (which 
have 1996–2005 ozone) and the control simulations (which have 
1850s ozone). Negative contours (ozone depletion) are dashed; posi-
tive contours are solid; the interval is 10%
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areas near the Antarctic coast. Geopotential height differ-
ences resemble the positive phase of the Southern Annular 
Mode, with lower heights over the middle and high latitudes, 
consistent with a stronger westerly jet. The stronger jet is 
evident in the zonal mean in Fig. 3b. The jet strengthens 
more than it shifts in latitude. This is driven by warming in 
the tropics and cooling in the high latitudes (Fig. 3a), creat-
ing a stronger meridional temperature gradient and increas-
ing zonal wind speed via the thermal wind relationship. 
The enhanced meridional temperature gradient arises from 
the brightening of clouds over the Southern Ocean and the 
dimming of clouds in the tropics (Kay et al. 2016). The pat-
tern of warming in the tropical and subtropical upper tropo-
sphere, and weak cooling in the polar lower stratosphere, is 
suggestive of an increase in tropopause height, as well as an 
increase in the meridional slope of the tropopause (e.g. Val-
lis et al. 2015). In the Southern Ocean latitudes, the largest 
cooling occurs in the lower troposphere, below 500 hPa to 
700 hPa. The surface cooling and drying of the Southern 
Ocean in CLDMOD extend throughout the water column 
(not shown).

LENS has an annual mean snowfall integrated over the 
grounded AIS (excluding the ice shelves) of 1618 Gt year−1, 
while CLDMOD has 1462 Gt year−1, a reduction of about 

10%. The interannual standard deviation of the annual mean 
snowfall is 71 Gt/year in LENS and 57 Gt/year in CLDMOD. 
The seasonal-mean precipitation for DJF (Fig. 4a) is reduced 
in CLDMOD across nearly all of the AIS (Fig. 4b, c). Across 
the Southern Ocean, the pattern of precipitation difference is 
not uniform, but rather shows distinct areas of increases and 
decreases. This is associated with the stationary wave pattern 
in the atmospheric circulation, which is overlaid on the pre-
cipitation pattern in Fig. 4c. Zonal wave-3 is more prominent 
in CLDMOD, creating regions of strong meridional flow, 
compared to LENS. Regions with the most significant pre-
cipitation decreases, especially in the eastern hemisphere, are 
associated with southerly flow from the polar regions to the 
middle latitudes (Fig. 4b). The areas of precipitation increase, 
while largely not statistically significant, are associated with 
northerly flow. While the overall reduction of precipitation in 
CLDMOD is consistent with the colder atmosphere and ocean, 
the precipitation differences between CLDMOD and LENS 
are also driven by the atmospheric circulation differences. 
The influence of circulation can be seen to some extent in the 
patterns of interannual variability. As discussed in Fyke et al. 
(2017), the spatial pattern of the interannual standard deviation 
in LENS (Fig. 4d) generally follows the pattern of the mean. 
Coastal areas with large seasonal-mean precipitation have high 
standard deviations, while interior areas with low precipitation 
have low standard deviations. Although this pattern is largely 
similar in CLDMOD (not shown), there are differences in the 
relative patterns of variability. The coefficient of variation (the 
standard deviation divided by the mean), is shown in Fig. 4e, 
f. CLDMOD generally has slightly higher values, especially in 
East Antarctica between 135°E and 170°E, and in West Ant-
arctica on either side of the divide. These are regions where 
the stationary waves penetrate into the interior of the continent.

The reduction of the SWCF and ASR biases, the less 
zonally symmetric circulation pattern, and the lower sum-
mer SSTs in CLDMOD compared to LENS alleviate some 
of the shortcomings in CESM1′s simulation of Antarctic 
climate (e.g. Lenaerts et al. 2016; Schneider and Reusch 
2016). In contrast, the strengthening of the jet, increase in 
sea ice extent, and the reduction in precipitation on the AIS 
reinforce existing known biases (Kay et al. 2016; Lenaerts 
et al. 2016). Taken together, these contrasts between CLD-
MOD and LENS illustrate that the two versions of the model 
are structurally different, a fact that we leverage to explore 
the sensitivity of precipitation responses to the mean-state 
climate of the model.

3.2 � Atmospheric circulation and temperature 
responses to ozone depletion

The expected signature of polar stratospheric ozone deple-
tion is a sharp cooling of the lower stratosphere during 
the spring and summer, accompanied by a lowering of 

Fig. 2   Difference in surface temperature (colors) and 500-hPa geo-
potential height (contours) between the CLMOD and LENS 1850 
control simulations for DJF. The negative contours are dashed and the 
positive contours are solid; the interval is 8 m
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geopotential height over the polar cap (e.g. Gillett and 
Thompson 2003). Figure 5 demonstrates that this first-order 
response to ozone loss is robust and consistent across the 
LENS and CLDMOD experiments. The maximum strato-
spheric cooling of 10 °C to 12 °C occurs at about 70 hPa in 
November to December in both models. Recall from Fig. 1 
that the ozone loss itself peaks in October to November, 
so the peak cooling is delayed by about a month. The peak 
cooling propagates with time to lower levels, where it is 
of weaker magnitude but more persistent. Between 200 hPa 
and 250 hPa, cooling of 4 °C starts in December and per-
sists through February. Cooling of at least 1 °C persists until 

May. We note that seasonal stratospheric cooling begins a 
bit earlier in CLDMOD: As seen in Fig. 5b, the 2 °C con-
tour appears in August to September above 70 hPa. In both 
models, the maximum geopotential height response in the 
stratosphere at 70 hPa occurs in December. Unlike tempera-
ture, the geopotential response does not propagate downward 
with time; the maximum response at 250 hPa also occurs 
in December. A response of at least 20 m extends into the 
mid-troposphere in December and January.

Having established that both versions of the model 
behave in the expected, canonical way in response to strato-
spheric ozone depletion and that the largest responses in 

Fig. 3   Climatological difference between control simulations for 
zonal-mean a temperature and b wind for DJF. Response of zonal-
mean temperature (c, e) and wind (d, f) in DJF to ozone depletion for 
the LENS (c, e) and CLDMOD (d, f) experiments. The climatology 

from the respective control simulations is shown as contours (tem-
perature contoured at 10 °C; wind contoured at 4 m/s). Temperature 
or wind responses that are statistically significant are indicated with 
green stippling
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the troposphere occur in December through February, we 
now highlight the seasonal-mean responses in DJF. Later, 
we shall return to the annual mean perspective, as this has 
the most direct implications for the overall mass balance of 
the AIS, and shows the primary reasons for the differences 
in the precipitation responses of CLDMOD and LENS. Tak-
ing a zonal-mean view, Fig. 3c–f shows the temperature and 
wind responses for the entire Southern Hemisphere. Here 
we begin to see some differences between the LENS and 
CLDMOD responses, especially in the troposphere (the 
color bars are scaled to emphasize the troposphere). While 
the overall patterns of the responses are similar, tropospheric 

warming is generally about 0.1 °C to 0.2 °C greater in CLD-
MOD than in LENS. In both model versions, the maximum 
tropospheric warming occurs at 50°S and between 500 hPa 
and 700 hPa. Near the surface, and between 30°S and 60°S, 
zonal-mean cooling occurs in LENS while warming occurs 
in CLDMOD. The zonal wind speed increases in both model 
versions on the poleward side of the climatological jet, and 
decreases on the equatorward side—the signature of a pole-
ward shift in the latitude of the jet. In addition, the zonal 
wind anomalies amplify with height on the poleward side 
of the jet, which is a characteristic response to stratospheric 
ozone depletion (e.g. Schneider and Deser 2015). These 

Fig. 4   a The seasonal-mean precipitation in DJF in the LENS control 
simulation in mm water equivalent; b the absolute difference in DJF 
precipitation between the CLDMOD and LENS control runs (hatched 
areas are insignificant differences); and c the percentage difference 
in DJF precipitation between CLDMOD and LENS control runs. 
Also shown in (c) is the difference in the stationary wave pattern at 

500 hPa, contoured at an interval of 2 m with negative values dashed 
and positive values solid. d The interannual standard deviation of the 
seasonal-mean precipitation in LENS; e the coefficient of variation 
(cv) in LENS; f the coefficient of variation (cv) in CLDMOD (see 
text for details)
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wind speed changes are somewhat stronger in CLDMOD 
compared to LENS. Near the surface, the nodal latitude 
between the increase and decrease in wind speed is shifted 
about 2° poleward in CLDMOD compared to LENS.

Differences in the surface temperature responses are even 
more apparent in map view (Fig. 6). As seen in Fig. 6a, there 
is a large region of significant cooling across the Southern 
Ocean in LENS; cooling occurs over a much smaller surface 

area in CLDMOD (Fig. 6b). Warming in both models is 
greatest in the Atlantic sector, locally reaching greater than 
0.5 °C in CLDMOD but only 0.25 °C to 0.3 °C in LENS. In 
the Pacific sector to the east of New Zealand, there is sig-
nificant cooling of − 0.2 °C to − 0.4 °C in LENS, in contrast 
with significant warming of 0.2 °C to 0.5 °C in CLDMOD. 
Over the AIS, significant surface cooling in parts of East 
Antarctica, between 90°E and 135°E in LENS, is absent in 

Fig. 5   Month-height plots showing responses of temperature and 
geopotential height over the polar cap region (60°S–90°S) to ozone 
depletion. a temperature response in LENS; b temperature response 
in CLDMOD; c geopotential height response in LENS; d geopoten-

tial height response in CLDMOD. The contour interval is 2  °C for 
temperature and 50 m for geopotential height; negative contours are 
dashed
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Fig. 6   Maps of surface tem-
perature, geopotential height, 
zonal wind, and mixed layer 
depth responses in DJF to 
ozone depletion. a Temperature 
(colors) and 500 hPa height 
(contours, interval 6 m) in 
LENS; b temperature (colors) 
and 500 hPa height (contours, 
interval 6 m) in CLDMOD; c 
850 hPa zonal wind (colors) and 
500 hPa height (contours, inter-
val 6 m) in LENS; d 850 hPa 
zonal wind (colors) and 500 hPa 
height (contours, interval 
6 m) in CLDMOD. Hatching 
indicates temperature or wind 
responses that are not statisti-
cally significant. e Mixed layer 
depth response in CLDMOD; 
f Mixed layer depth response 
in LENS (500 hPa height (con-
tours, interval 6 m))
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CLDMOD, but CLDMOD shows significant cooling in parts 
of West Antarctica.

The atmospheric circulation changes accompanying the 
temperature responses are also displayed in Fig. 6. The 
500 hPa geopotential height response is shown in all panels 
as contours; the 850 hPa zonal wind response is shown in 
the lower panels as colors. The zonal wind response is more 
intense in CLDMOD, and the westerly wind increase is more 
narrowly confined to the high latitudes, compared to LENS. 
The pattern is also more zonally symmetric, owing to the 
prominent anticyclonic circulation center at 50°S, 150°W 
that is absent in LENS. The two anticyclonic circulation 
cells in the Atlantic and Indian Ocean sectors at 50°S are 
about 6 m stronger in CLDMOD.

Comparing the zonal wind response (Fig. 6c, d) with the 
temperature response (Fig. 6a, b), it can be seen that areas 
of significant warming correspond to those of significant 
zonal wind speed decreases. The areas of largest warming 
are located on the northern sides of the three anticyclonic 
circulation cells centered at 50°S, suggesting that some of 
the warming is circulation induced. In addition, weaker 
surface winds correspond with negative mixed layer depth 
anomalies, as seen in Fig. 6e, f. From observational studies 
(e.g. Sallée et al. 2010), negative mixed layer depth anoma-
lies in the Southern Ocean mid latitudes imply positive SST 
anomalies, less entrainment of water from the ocean inte-
rior into the mixed layer, and greater stratification of the 

water column. While the analysis of each of these processes 
is beyond the scope of this study, the general relationships 
between wind anomalies, SST anomalies, and mixed layer 
depth anomalies are clearly evident in the model (Fig. 6). 
However, the magnitudes of the mixed layer depth response 
in these experiments are much smaller than those observed 
in association with modes of variability such as the Southern 
Annular Mode (e.g. Sallée et al. 2010), and the differences 
between CLDMOD and LENS are not very large. Below, we 
will consider other processes, including Ekman and surface 
heat fluxes, and, most importantly, shortwave cloud feed-
backs, which better explain the difference in SST and air 
temperature differences between CLDMOD and LENS.

While the circulation responses are broadly zonally sym-
metric, with positive heights in the middle latitudes and 
negative heights at lower latitudes, the patterns are also char-
acterized by prominent stationary waves. Figure 7 shows the 
stationary wave patterns at 500 hPa in CLDMOD and LENS, 
while Table 2 shows the maximum amplitudes of zonal 
wavenumbers 1, 2, and 3 for 50°S–70°S and 70°S–90°S. In 
LENS, the response projects most strongly on to zonal wave-
1, which weakens by 13 m over the ocean and strengthens 
by 5 m over the AIS. Over the ocean, this is marked by a 
trough between about 100°E and 60°W, and a ridge between 
60°W and 100°E (Fig. 7a). Embedded within this large-scale 
ridge-trough structure, the wave 3 pattern strengthens by 5 m 
over the ocean. Over the AIS, the stationary wave response 

Fig. 7   Maps of the precipitation (colors, percent) and stationary waves at 500 hPa (contours, interval 3 m) responses in DJF to ozone depletion 
in a LENS and b CLDMOD. Hatching indicates statistically insignificant precipitation responses

Author's personal copy



Improved clouds over Southern Ocean amplify Antarctic precipitation response to ozone depletion…

1 3

is characterized by a trough over West Antarctica and a 
ridge over East Antarctica, a pattern created by the pole-
ward movement of the jet interacting with the topography 
of the continent. In CLDMOD, the responses of zonal wave 
1 and zonal wave 3 are approximately equal (7–8 m) over 
the ocean. This makes the amplitudes of zonal wave 1 and 
zonal wave 3 closer to each other: In the CLDMOD control 
simulation, zonal wave 1 is 17 m stronger than zonal wave 
3; in the CLDMOD ozone experiment, zonal wave 1 is 12 m 
stronger than zonal wave 3. The relative amplification of 
zonal wave 3 contributes to areas of strong meridional cir-
culation and explains the anticyclonic circulation response 
to the east of New Zealand. Over the AIS, wave 1 strength-
ens by 9 m in CLDMOD, marked by a sharp contrast in the 
circulation pattern between the EAIS and WAIS (Fig. 7b).

3.3 � Amplified precipitation response in CLDMOD

Having demonstrated that two structurally different ver-
sions of the CESM1 forced with identical ozone concen-
trations show somewhat different temperature and atmos-
pheric circulation responses to ozone depletion, we now 
turn to the precipitation responses. Figure 7 shows the 
responses as a percentage of the pre-industrial climatol-
ogy for DJF for the whole domain while Fig. 8a shows the 
absolute mass changes in each basin of the AIS for the 
annual mean. The DJF pattern in LENS is characterized 
by a dipole over the West Antarctic Ice Sheet (WAIS), with 
an increase in precipitation of up to 30% on the Peninsula 
and Ronne-Filchner Ice Shelf Region, and a decrease in 
precipitation in Marie Byrd Land and the Ross Ice Shelf 
region. Precipitation increases in coastal East Antarc-
tica between 0°E and 90°E, and changes very little in the 
rest of the East Antarctic Ice Sheet (EAIS). In contrast, 
CLDMOD shows an increase in precipitation over all of 
coastal East Antarctica, and a stronger dipole across West 
Antarctica. Across the Southern Ocean, the precipitation 
response in both models has a zonal component to it, with 
decreases between 40°S and 55°S, and increases polewards 
of 60°S, consistent with the poleward movement of the 
storm track. However, the precipitation pattern deviates 
from zonal symmetry in some regions. For example, the 
trough centered south of Tasmania is associated with a 

meridional dipole in the precipitation response pattern. 
Dry anomalies are associated with southerly flow and posi-
tive anomalies are associated with northerly flow from the 
moisture-rich middle latitudes. Weaker dipole patterns are 
seen elsewhere, especially in CLDMOD with its larger-
amplitude stationary waves.

Returning to the continent, the stationary wave struc-
ture with a ridge over the EAIS and trough over the WAIS 
(Fig. 7a, b), is reminiscent of the circulation patterns that 
drive large positive anomalies in moisture transport and Ant-
arctic precipitation in the CESM1 (Fyke et al. 2017). Com-
positing the circulation anomalies associated with high pre-
cipitation years in each basin of the AIS in the LENS control 
simulation (the same control experiment used here), Fyke 
et al. (2017) found a strong relationship between ridging and 
positive precipitation anomalies in East Antarctic basins. 
Mechanistically, these circulation patterns, with meridion-
ally oriented streamlines, facilitate the delivery of moisture 
from distant, oceanic sources to the AIS. As seen in Fig. 7, 
these circulation patterns are more prominent in the CLD-
MOD response than in the LENS response, again reflecting 
the larger stationary wave amplitudes in CLDMOD. In CLD-
MOD, the extent to which the circulation response leads to 
positive precipitation anomalies in most basins of the AIS 
is striking.

Table 2   Maximum stationary wave amplitude (meters) at 500  hPa 
and between 50°S and 70°S (70°S–90°S) in DJF in each experiment

Experiment Wave1 Wave2 Wave3

1850 LENS PI control 69 (24) 14 (18) 36 (6)
1850 CLDMOD PI control 67 (23) 16 (18) 40 (6)
1850 LENS PI control + low ozone 56 (29) 13 (18) 41 (6)
1850 CLDMOD PI control + low ozone 59 (32) 19 (17) 47 (8)

Fig. 8   a Maps of the annual-mean, ensemble-mean precipitation 
response to ozone depletion over the AIS, expressed as mass changes 
(Gt/year) in each glaciological basin for LENS (left panel) and CLD-
MOD (right panel); b Monthly precipitation response to ozone deple-
tion averaged over the grounded AIS in each LENS (thin, solid blue 
curves) and CLDMOD (thin, dashed red curves) ensemble member, 
expressed as Gt/month; thick curves denote the ensemble means
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Figure  8a presents the annual-mean precipitation 
response for the grounded AIS. In total, the CLDMOD 
response is an increase of 109.6 Gt year−1 (or 7.5%) and the 
LENS response is an increase of 34.1 Gt year−1 (or 2.1%). 
A month-by-month integration (Fig. 8b) shows that the 
annual-mean increases are largely driven by the responses 
in December, January, and February in both CLDMOD and 
LENS. In December, the two ensemble means are close to 
each other, while in January and February, CLDMOD has 
about a 10 Gt larger response than LENS. Figure 8b further 
shows the responses in each ensemble member, revealing 
that the two ensembles are most distinct (no overlapping 
members) in January. However, the ~ 10 Gt amplification in 
CLDMOD in January and February does not explain the ~ 75 
Gt (three-fold) amplification of the annual-mean response 
relative to LENS. From June thru October, the response in 
LENS is near zero to negative, offsetting the precipitation 
increases from December through May. In contrast, CLD-
MOD exhibits a precipitation increase in all months of the 
year in nearly every ensemble member, further adding to 
the large precipitation increases in December thru February.

The spatial patterns of the annual-mean precipita-
tion responses (Fig. 8a) are similar to the DJF patterns 

(Fig. 7), underscoring the fact that the largest precipita-
tion increases occur in DJF. Figure 9 further illustrates 
the significance of the DJF response, showing the zonal-
mean precipitation response in each ensemble member 
together with the zonal-mean surface temperature and 
850 h Pa zonal wind responses. For precipitation (Fig. 9a), 
the response is very consistent across both the LENS and 
CLDMOD ensemble members. Every ensemble member 
shows an increase polewards of 55°S, decreases between 
about 40°S and 55°S, and little change equatorwards of 
40°S. The CLDMOD ensemble is clearly separated from 
the LENS ensemble over the coastal latitudes of the AIS 
(~ 65°S to 75° S). For surface temperature (Fig.  9b), 
all CLDMOD ensemble members warm at all latitudes 
between 35°S and 75°S, while the only consistent signal 
among the LENS members is cooling between 50°S and 
65°S. For zonal wind (Fig. 9c), the responses are again 
consistent across all ensemble members of both CLDMOD 
and LENS, with a clear poleward shift from the mean jet 
latitude of ~ 50°S. This response is accentuated in CLD-
MOD, where all ensemble members exhibit stronger jet 
shifts then the LENS members.

Fig. 9   Zonal-mean responses to ozone depletion for: a DJF precipitation; b DJF zonal wind at 850 hPa; c DJF surface temperature; d annual 
shortwave cloud feedback. Individual ensemble members are shown in black for LENS and blue for CLDMOD
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3.4 � Distinguishing between dynamic 
and thermodynamic precipitation responses

Thus far, the results have suggested two explanations for the 
larger Antarctic precipitation response in CLDMOD com-
pared to LENS: (1) greater surface and atmospheric warm-
ing; and (2) a stronger poleward jet shift and intensification 
of the westerlies. To understand how these mechanisms work 
together, and which one may be the most important, we first 
evaluate how the precipitation response co-evolves with the 
atmospheric circulation and temperature responses through 
the seasonal cycle. Second, we evaluate the sensitivity of 
precipitation to temperature, the so-called temperature-
precipitation slope, as this has been the major explanation 
for increased Antarctic precipitation in a warming climate. 
Recall from the discussion above that year-round processes 
are important to explain the amplified precipitation response 
in CLDMOD, not just austral summer processes.

Figure 10 shows the zonal-mean, month-by month evolu-
tion of the responses of precipitation, 850-hPa zonal wind, 
sea level pressure (SLP), and 850-hPa air temperature in 
LENS and CLDMOD for the latitudes 30°S–80°S. While 
maximized in austral summer, the precipitation increase 
in CLDMOD nonetheless occurs year-round polewards of 
55°S, whereas the high-latitude precipitation increase in 
LENS happens only in the summer and autumn months, all 
of which confirm our results in Fig. 8b. The zonal wind and 
SLP responses likewise show a stronger seasonality in LENS 
than in CLDMOD. Both model versions exhibit maximum 
wind and pressure responses in summer, but CLDMOD 
shows a year-round acceleration of the westerly winds and 
SLP drop in the high latitudes, and the opposite pattern in 
the middle latitudes. The precipitation response follows the 
seasonal movement of the westerly jet and sea level pressure 
trough. In the winter months, when the jet response is more 
equatorwards (and less zonally symmetric), the precipitation 
response is largest around 50°S. From late winter through 
summer, the precipitation response follows the wind and 
pressure responses polewards. Around April in LENS and 
May in CLDMOD, the wind and pressure responses abruptly 
shift equatorwards. This could be due to the seasonality of 
the forcing itself (Fig. 1), which is very weak in the autumn 
and early winter.

In contrast to the atmospheric circulation response, the 
temperature response is less seasonal (Fig. 10d). In LENS, 
temperature changes greater than 0.1 °C are largely confined 
to the polar latitudes. Cooling occurs across all latitudes 
from February to March, and warming occurs from April 
through December. This pattern bears no resemblance to 
the precipitation response. In CLDMOD, warming of 0.2° 
to 0.4 °C occurs in all months polewards of 45°S. Maxima 
in warming occur in the summer months between 50°S and 
70°S, and near 60°S in the autumn months. This pattern 

is unlike the precipitation and atmospheric circulation pat-
terns. Nonetheless, warming in this region, combined with 
sea ice loss, favors increased Antarctic precipitation (e.g. 
Wang et al. 2019). Is this small but significant warming in 
CLDMOD enough to explain the amplified precipitation 
response? Appealing first to basic principles, the Clau-
sius-Clapeyron relation gives a temperature-precipitation 
slope of 9.7%/°C at ambient Antarctic temperatures (e.g. 
Palerme et  al. 2016). With an average warming in our 
domain of ~ 0.25 °C, applying that slope yields a precipita-
tion increase of just 2–3%, lower than the 7–8% increase 
that actually occurs. In the LENS ensemble, some ensem-
ble members show annual mean cooling, yet all members 
show increased Antarctic precipitation. The ensemble mean 
shows near-zero annual mean surface temperature response 
on the AIS. Therefore, the temperature-precipitation slope 
in LENS cannot be used to predict the precipitation response 
in CLDMOD based on the CLDMOD temperature response. 
Given the close association of the precipitation response to 
the atmospheric circulation response in both CLDMOD 
and LENS, and the inability for the temperature response 
to explain the precipitation response by Clausius–Clapey-
ron scaling arguments, we conclude that the precipitation 
responses are primarily driven by atmospheric dynamics. As 
discussed below, future experiments with a water isotope-
enabled version of CESM, combined with a “dynamical 
adjustment” approach, should help to more explicitly resolve 
this issue of thermodynamic versus dynamic controls on the 
precipitation response.

3.5 � Shortwave feedbacks in CLDMOD and their role 
in the jet shift

Why does the surface and the atmosphere above warm 
more in CLDMOD than LENS, and why is the dynamical 
response stronger? By experiment design, we already know 
that the ultimate answer is because of the modified shal-
low convection scheme in CLDMOD. In this final section of 
results, we consider the processes that lead to more warm-
ing and a stronger jet shift in the CLDMOD experiment. 
Tropospheric warming in the present-day ozone experiments 
compared to pre-industrial may come directly from the small 
positive radiative forcing of tropospheric ozone gain (Cionni 
et al. 2011). Additional warming at Southern Ocean lati-
tudes is caused by a variety of processes that are tied to the 
poleward shift and strengthening of the jet. These include 
horizontal Ekman heat transport, sea ice loss, entertainment 
of relatively warm at depth into the ocean mixed layer at 
high latitudes, and shallower mixed layers in the middle lati-
tudes (e.g. Bitz and Polvani 2012). These processes operate 
in both the LENS and CLDMOD experiments, with slightly 
greater magnitude in CLDMOD due in part to the stronger 
wind responses.
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Fig. 10   Zonal-mean responses to ozone depletion as a function of month and latitude (30-80S) in LENS and CLDMOD for: a precipitation; b 
850-hPa zonal wind; c sea level pressure; d 850-hPa temperature. The zero contour is outlined in red
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The biggest differentiator of the CLDMOD and LENS 
versions of the experiments is the shortwave cloud feed-
back. Using the approximate partial radiative perturbation 
(APRP) methodology of Taylor et al. (2007), we evaluate 
shortwave feedbacks in both experiments. Table 3 shows 
the values of the shortwave cloud, surface albedo and total 
shortwave feedbacks globally and for the Southern Ocean 
latitudes of 40°S–70°S. The total includes shortwave non-
cloud feedbacks, which we do not focus on because of the 
potential for forcing and response to be mixed, owing to the 
strong shortwave perturbation caused by ozone depletion. 
In LENS, the sum of the shortwave feedbacks is zero W/m2 
globally and − 5.4 W/m2 for the Southern Ocean latitudes; 
and the shortwave cloud feedback is − 0.47 W/m2 globally 
and − 3.4 W/m2 over the Southern Ocean. In contrast, CLD-
MOD has a positive shortwave cloud feedback both glob-
ally and over the Southern Ocean. This leads to a positive, 
global-mean total shortwave feedback of 1.21 W/m2. The 
significance of the less negative shortwave cloud feedback in 
CLDMOD is underscored by the separation between the two 
ensembles in the zonal mean (Fig. 9d). For the latitudes 40°S 
to 55°S, every CLDMOD ensemble member exhibits a posi-
tive shortwave cloud feedback, while every LENS ensemble 
member shows a negative shortwave cloud feedback. The 
ensemble-mean responses, mapped in Fig. 11a, b, show a 
marked contrast between the shortwave cloud feedbacks in 
LENS and CLDMOD.

The differences in the shortwave cloud feedbacks are 
explained to first order by changes in cloud phase. As warm-
ing occurs, cloud ice is converted to cloud liquid, bright-
ening the clouds and reflecting more incoming shortwave 
radiation back to space. Since CLDMOD has more cloud 
liquid in its mean state, there is less conversion of cloud ice 
to liquid as the climate warms. Figure 11a, c confirm that 
total cloud liquid increases in LENS over the same latitudes 
that the shortwave cloud feedback is negative. At the same 
time, CLDMOD shows (Fig. 11d) a mixed signal of either 
weak increases in cloud liquid or decreases in cloud liquid. 
Note that this cloud liquid diagnostic does not differentiate 
between changes in total cloud amount and changes in cloud 
liquid to ice ratios within the clouds themselves. Decreases 
in cloud amount may explain the existence of a positive 
shortwave cloud feedback in CLDMOD. These processes are 

diagnosed in detail by Frey and Kay (2018) in the context of 
doubled CO2 experiments with the same models that we are 
using here. They found that warming of the ocean surface 
increases evaporation and low-level moisture, maintaining or 
increasing relative humidity. However, an increase in turbu-
lent mixing across the top of boundary layer entrains dry air 
from the free troposphere into the boundary layer, reducing 
cloud fraction and liquid water path. We refer readers to Frey 
and Kay (2018) for additional discussion of the mechanisms 
involved in shortwave cloud feedbacks and the differences 
between CLDMOD and LENS.

Are the more positive shortwave cloud feedbacks in CLD-
MOD responsible for the stronger poleward jet shift? In a 
sense, our results are related to a growing body of studies 
that associates the magnitude of poleward jet shifts with 
the strength of shortwave cloud feedbacks (e.g. Ceppi et al. 
2012; Ceppi and Hartmann 2016; Ceppi and Shepherd 2017; 
Voigt and Shaw 2016; Li et al. 2019). One key difference 
is that the chief agent of the jet shift in our experiments is 
polar stratospheric cooling (drive by ozone loss) rather than 
middle and upper tropospheric warming in the tropics and 
mid-latitudes (driven by increased atmospheric CO2 con-
centration). Still, we see an association between shortwave 
feedbacks and poleward jet shifts: The model with more 
positive shortwave feedbacks in the Southern hemisphere 
extratropics has a stronger poleward jet shift. This is actually 
a surprising result: the jet shifts more polewards in CLD-
MOD despite the changes in the shortwave cloud feedbacks, 
not because of them. Why? In CLDMOD, the pattern of 
zonal-mean shortwave cloud feedbacks damps the meridi-
onal gradients of absorbed shortwave radiation and tempera-
ture rather than strengthening them. In Fig. 9f, we can see 
that the negative shortwave feedback in the mid latitudes 
in LENS switches sign to positive in CLDMOD, while the 
positive shortwave feedback in the tropics in LENS is neutral 
in CLDMOD. In CLDMOD, there is greater warming in the 
high southern latitudes relative to the tropics, weakening the 
meridional temperature gradient. All else being equal, this 
would tend to weaken the jet shift. However, as can be seen 
by comparing Fig. 3a with e, the amount of near-surface, 
zonal-mean warming in CLDMOD is not enough to substan-
tially weaken the meridional gradient of the control climate. 
Nonetheless, there is a small tropospheric warming in the 
deep tropics (Fig. 3e) that acts to enhance the temperature 
gradient, but this is not explained by shortwave cloud feed-
backs (Fig. 9d).

The reasons for the stronger jet response in CLDMOD, 
we suggest, lie in the upper tropospheric zonal-mean tem-
perature structure of the control run. As noted earlier, the 
control run of CLDMOD has a stronger equator-to-pole 
temperature gradient and increased tropopause slope rela-
tive to the LENS control. This implies increased baroclinic 
instability in the midlatitude upper troposphere, which acts 

Table 3   Global-mean, annual-mean, ensemble-mean values of short-
wave feedbacks in the CLDMOD and LENS ozone experiments

The total includes estimates of the shortwave noncloud feedback (not 
shown; see text for discussion). Values in W/m2. The shortwave feed-
backs for the 40°S–70°S region is shown in brackets

Experiment Total Surface albedo Shortwave cloud

CLDMOD 1.2 {1.4} 0.71 {2.6} 0.6 {0.76}
LENS 0.0 {− 5.4} 0.71 {1.8} − 0.5 {− 3.4}
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to increase the poleward shift of the jet. The increase in 
the zonal wind speed near the tropopause (Fig. 3b) also 
implies an increase in eddy phase speed, which would 
confine eddies to higher latitudes and converge momen-
tum more polewards (e.g. Lu et al. 2008). In addition, the 
results (Fig. 3e) show evidence for an increase in static 

stability in the tropics and subtropics, and an increase in 
tropopause height, two additional mechanisms that are 
involved in poleward jet shifts (e.g. Li et al. 2019; Lorenz 
and DeWeaver 2007; Lu et al. 2008; Kidston et al. 2011). 
In summary, our results suggest that the difference in the 
jet response between CLDMOD and LENS is not due to 

Fig. 11   Responses of annual-mean shortwave cloud feedback (colorscale in top panels; W  m− 2 K− 1) and total cloud liquid water path 
(colorscale in bottom panels; kg m− 2) in DJF to ozone depletion in LENS and CLDMOD. The overlaid contours are Z500, as in Fig. 6
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shortwave feedbacks, but rather due to the different mean 
states of the two models.

4 � Summary and discussion

The results presented here demonstrate three major aspects 
of the response of Antarctic precipitation to stratospheric 
ozone depletion in the context of a comprehensive Earth sys-
tem model (CESM1): (1) Antarctic precipitation increases 
significantly in response to stratospheric ozone depletion, 
confirming previous studies; (2) this response is largely 
driven by atmospheric dynamics; and (3) the magnitude of 
the precipitation response is highly sensitive to a param-
eterization change that improves the shortwave radiative 
properties of clouds over the Southern Ocean. On this latter 
point, the modified version of CESM1 (CLDMOD) shows an 
average precipitation increase of 109 Gt year−1 in response 
to ozone forcing, whereas the standard (LENS) version 
of CESM1 shows an increase of 34 Gt year−1. The LENS 
response is similar to that reported by Lenaerts et al. (2018) 
in the “leave-one-out” historical experiments that they ana-
lyze, in which the ensemble with all forcings gains 38 Gt 
year−1 more snowfall than the ensemble with all forcings 
active except for ozone over 1986–2005. Results from our 
ozone loss experiments are more direct in that they do not 
rely on subtraction from an all forcing run to isolate the 
ozone signal. This avoids any nonlinearities that may arise 
when multiple forcings are convolved, but nonethesless does 
not take into account interactions between different types 
of forcing. Taken together, the two studies suggest that the 
ozone signal in Antarctic precipitation is largely insensitive 
to the experimental design chosen.

In light of the role of the AIS in sea level rise, the 109 
Gt year−1 (~ 0.3 mm sea level equivalent) ozone-driven 
increase in Antarctic snowfall in CLDMOD is important. 
At face value, this number essentially matches the observed 
rate of mass loss from the AIS over 1992–2017 (IMBIE 
Team 2018). While it is just a coincidence that these num-
bers match, our experiments illustrate the potential for 
increased snowfall on the AIS to have a meaningful impact 
on Antarctic mass balance, therefore partially offsetting the 
ice sheet’s sea level rise contributions. Recognizing the rel-
evance of these numbers for the sea level rise problem, we 
encourage further efforts to determine the role of structural 
uncertainty in the Antarctic precipitation response to ozone, 
using a variety of independent models and methods. More 
observations, and observational syntheses such as that by 
Medley and Thomas (2019), are also needed both to confirm 
the signal of ozone depletion in historical snowfall trends, 
and to better quantify the role of SMB in the overall mass 
balance of the AIS. It is essential to note that snowfall is only 
part of the mass balance of the AIS, and that the potential 

impacts of ozone depletion on mass balance are not lim-
ited to increased snowfall. The stronger poleward jet shift 
in CLDMOD implies an increase in the delivery of rela-
tively warm subsurface waters to the fringing ice shelves 
and outlet glaciers of the AIS, potentially increasing the 
rate of dynamic mass loss (e.g. Holland et al. 2019). The 
increased snowfall itself could also drive an increase in ice 
discharge and mass loss via steepening the elevation profile 
of ice sheet and increasing the driving stress, but this will 
act on a longer timescale than the snowfall response (Win-
kelmann et al. 2012). The nature of these coupled processes 
underscores an ongoing need for fully interactive ice sheet 
models within Earth system models.

The results point to a poleward shift of the eddy-driven jet 
as the primary mechanism that brings more precipitation to 
the AIS in both ozone depletion experiments. The precipita-
tion response follows the jet response through the seasonal 
cycle. Both responses reach their maximum amplitude and 
poleward extent in austral summer, consistent with polar 
stratospheric ozone depletion as the main driver. In CLD-
MOD, the DJF jet shift is focused about two degrees more 
polewards than in LENS, associated with a more intense 
strengthening of the westerlies. The poleward jet shift is also 
evident year-round in CLDMOD, in contrast to the opposite-
signed summer and winter responses in LENS. These two 
factors contribute to the greater than three-fold amplifica-
tion of the annual-mean Antarctic precipitation response in 
CLDMOD. Evidence has also been presented that explains 
the more pronounced jet shift in CLDMOD. Although there 
is not a universally accepted, singular mechanism for pole-
ward jet shifts, our results are consistent with many previ-
ous studies that tie jet shifts to the zonal-mean, meridional 
temperature gradient as well as an increase in static stabil-
ity on the equatorward side of the jet. Specifically, CLD-
MOD has a stronger meridional temperature gradient in the 
mid latitude upper troposphere in its control climate. The 
meridional temperature gradient in the upper troposphere—
lower stratosphere is strengthened even further when strato-
spheric ozone depletion is prescribed. While it is beyond 
the scope of this work to evaluate the specific wave-mean 
flow feedbacks involved, these results are consistent with 
an increase in eddy phase speed (e.g. Lu et al. 2008) and/or 
an increase in eddy length scale (Kidston et al. 2011) as the 
means by which more momentum is delivered to the jet on 
its poleward flank. In addition, CLDMOD shows evidence 
for increased static stability in the subtropics, marked by mid 
tropospheric warming (Fig. 3e). This may push eddy activity 
polewards, leading to a poleward shift of the eddy-driven jet 
(e.g. Lu et al. 2008).

We have purposely characterized the atmospheric circu-
lation response to ozone depletion as a poleward shift of 
the jet, and not as a tendency towards the positive phase 
of the Southern Annular Mode (SAM; e.g. Thompson and 
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Wallace 2000). In most models, including the CESM1, the 
SAM is more correlated with jet strength than with jet posi-
tion, but the degree of correlation varies across models and 
timescales (Swart et al. 2015). Disambiguating jet strength 
and jet position is important because these two kinematic 
features of the jet imply different impacts on the atmos-
phere–ocean-ice system (Bracegirdle et al. 2018). For Ant-
arctic precipitation, the positive phase of the SAM has been 
associated with a net decrease (Medley and Thomas 2019), 
while, as seen here, a poleward shift of the jet is associated 
with a net increase. In geopotential height, a strengthening 
of the jet, as seen in the difference between the LENS and 
CLDMOD control simulations, is accompanied by only a 
weak stationary wave amplitude over the AIS, while a pole-
ward shift, as seen in both the LENS and CLDMOD ozone 
experiments, is accompanied by a large-amplitude stationary 
wave over the continent. We caution future studies of the 
large-scale Southern Hemisphere atmospheric circulation 
and its impacts against equating the positive phase of the 
SAM with a poleward jet shift.

We have also considered the role of shortwave feedbacks 
in determining the different precipitation responses in CLD-
MOD and LENS. In CLDMOD, shortwave cloud feedbacks 
in the middle to high latitudes are more positive than in 
LENS, leading to greater warming. The enhanced warming 
in CLDMOD in our ozone loss experiments is consistent 
with results from both doubled CO2 (Frey and Kay 2018) 
and transient 21st Century (Frey et al. 2017) experiments 
using the same model version. In our experiments, the more 
positive shortwave feedbacks and additional warming in 
CLDMOD compared to LENS are not sufficient to explain 
the amplified precipitation response. Using scaling argu-
ments, we show that the warming in CLDMOD could at 
best explain a ~ 3% increase in Antarctic precipitation, less 
than half of the more than 7% increase that actually occurs.

Shortwave feedbacks could also play a role in the precipi-
tation response via forcing latitudinal changes in jet posi-
tion. However, compared to LENS, CLDMOD has more 
positive shortwave cloud feedbacks in the middle and high 
latitudes, and less positive feedbacks in the tropics, weaken-
ing the meridional temperature gradient and countering the 
poleward shift of the jet. While a number of studies have 
associated the magnitude of shortwave feedbacks with the 
magnitude of the jet shift (e.g. Ceppi et al. 2012; Ceppi and 
Hartmann 2016; Ceppi and Shepherd 2017; Voigt and Shaw 
2016; Li et al. 2019), our results suggest that the initial dis-
tribution of shortwave energy could be more important for 
determining the jet response than the feedbacks. The ques-
tion remains as to how this competition between the mean 
state and the feedbacks will play out in a 21st Century cli-
mate change scenario. Ozone recovery will replace ozone 
depletion as the main driver of the jet response in the high 
latitudes, while rising greenhouse gas concentrations will 

tend to push the jet polewards. In CLDMOD, the shortwave 
feedbacks in a 21st Century scenario should act to damp the 
jet shift to a greater extent than in the ozone experiments we 
have evaluated here. Future work will be aimed at address-
ing these issues using ensembles of 20th and 21st Century 
experiments with both CLDMOD and LENS.

The relative dominance of the dynamic mechanism on 
Antarctic precipitation that we have seen in these experi-
ments may be weakened in a 21st Century climate change 
scenario if warming is of greater magnitude, and the pole-
ward jet shift is of lesser magnitude. Still, our results suggest 
that dynamics are more important for Antarctic precipitation 
projections than is commonly assumed. Towards this end, 
separation of dynamic and thermodynamic mechanisms in 
Antarctic precipitation may require additional diagnostic 
tools. These may include a dynamical adjustment approach 
(e.g. Guo et al. 2019) and/or using water-isotope enabled 
versions of the model (Brady et al. 2019). With respect to 
the latter, a poleward shift in the dominant source region 
of Antarctic precipitation should be recorded in strong iso-
topic enrichment, while a modest warming of a stationary 
source region may barely be detectable in the isotopic ratios, 
but could be reflected in the deuterium excess (Bailey et al. 
2019). From water tagging experiments with the CESM1 by 
Singh et al. (2016), we know that the mean moisture source 
region for the coastal areas of the AIS where precipitation 
increases the most is generally between 44°S and 48°S. The 
relatively distant source region, and the relative dominance 
of large-scale atmospheric dynamics, suggests that future 
Antarctic precipitation trends may not be as strongly tied 
to sea ice retreat and coastal warming as some studies have 
suggested (Agosta et al. 2015; Bracegirdle et al. 2015). 
Finally, atmospheric dynamics may prove to be very impor-
tant in models with finer horizontal resolution, which better 
resolve the topography of coastal Antarctica and its steep 
orographic precipitation gradients (e.g. Genthon et al. 2009).

5 � Conclusion

Our experiments demonstrate that polar stratospheric 
ozone depletion drives a poleward shift of westerly jet and 
storm tracks, leading to a significant increase of precipita-
tion on the AIS. This magnitude of this impact, however, 
is strongly sensitive to the mean state of an Earth system 
model. Reducing long-standing biases in shortwave cloud 
forcing cools the Southern Ocean and warms the trop-
ics, creating a strong meridional temperature gradient, 
especially in the midlatitude upper troposphere—lower 
stratosphere. This in turn sets up a more robust poleward 
shift of the jet when the model is forced with realistic lev-
els of stratospheric ozone depletion. While the standard 
version of the model exhibits a precipitation increase on 
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the Antarctic Ice Sheet of 34 gigatons year−1; the cloud-
modified version shows an increase of 109 Gt year−1. The 
cloud-modified version also shows significant differences 
in shortwave cloud feedbacks, which in a 21st Century 
climate change scenario could affect both the amount of 
warming over the Southern Ocean and the strength of the 
jet shift. Determining the role of structural uncertainty in 
21st Century projections of Antarctic precipitation is of 
utmost importance given the central role of the AIS in sea 
level rise.
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