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Abstract:

Rapid adjustments — the response of meteorology to external forcing while sea surface
temperatures (SST) and sea ice are held fixed — can affect the midlatitude circulation
and contribute to long-term forced circulation responses in climate simulations. This
study examines rapid adjustments in the Southern hemisphere (SH) circulation using
nine models from the Precipitation Driver and Response Model Intercomparison
Project (PDRMIP), which perform fixed SST and coupled ocean experiments for five
perturbations: a doubling of carbon dioxide (2xCO2), a tripling of methane (3xCH4), a
five-fold increase in sulphate aerosol (5xS0O4), a ten-fold increase in black carbon
aerosol (10xBC) and a 2% increase in solar constant (2%Sol). In the coupled
experiments, the SH eddy-driven jet shifts poleward and strengthens for forcings that
produce global warming (and vice versa for 5xS04), with the strongest response found
in austral summer. In austral winter, the responses project more strongly onto a
change in jet strength. For 10xBC, which induces strong shortwave absorption, the
multi-model mean (MMM) rapid adjustment in DJF jet latitude is ~75% of the change
in the coupled simulations. For the other forcings, which induce larger SST changes,
the effect of SST-mediated feedbacks on the SH circulation is larger than the rapid
adjustment. Nevertheless, for these perturbations the magnitude of the MMM jet shift
due to the rapid adjustment is still around 25-33% of that in the coupled experiments.
The results demonstrate the need to understand the mechanisms for rapid

adjustments in the midlatitude circulation, in addition to the effect of changing SSTs.
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1. Introduction

The midlatitude atmospheric circulation is expected to alter under climate
change (Shaw et al.,, 2016 and references therein). Such changes could have
significant implications for the characteristics of extratropical cyclones (Tamarin-
Brodsky and Kaspi, 2017) and regional changes in extremes, such as droughts, heat
waves, and wind storms (Field et al., 2012; Li et al., 2018; Steptoe et al., 2018).
However, there remain large uncertainties in the quantitative understanding of the
midlatitude circulation response to changes in greenhouse gases (GHGSs), aerosols
and natural climate forcings (Collins et al. 2013; Santer et al., 2013; Staten et al., 2012)
and associated climate feedbacks such as through clouds and water vapour (Ceppi
and Shepherd, 2017; Voigt and Shaw, 2015, 2016; Voigt et al., 2019). In the Southern
hemisphere (SH), reanalysis datasets and climate models show a strengthening and
poleward shift of the midlatitude eddy-driven jet (EDJ) over recent decades (e.g.
Polvani et al., 2011; Barnes and Polvani, 2013), and a shift towards a more positive
Southern Annular Mode (SAM) index (Marshall, 2003) with associated changes in
storm tracks (e.g. Yin, 2005; Chen and Held, 2007; Bender et al., 2012), Rossby wave
breaking (Ndarana et al., 2012), and atmospheric blocking (Dennison et al., 2016).
The historical trends in SH circulation have been attributed to the effects of ozone
depletion (primarily affecting the austral summer season) and rising greenhouse gases
(GHG) (Karpechko and Maycock et al., 2018 and references therein), with a potentially
important role for internal climate variability (Garfinkel et al., 2015). Over the 21%
century, general circulation models (GCMSs) project further shifts in the SH midlatitude
circulation associated with the effects of ozone recovery and scenario-dependent
changes in GHGs (e.g Ceppi and Hartmann, 2013; Barnes and Polvani, 2013; Barnes

et al., 2014; Kushner et al., 2001; Previdi and Liepert, 2007). While these major drivers
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are broadly known, the quantification of the importance of different forcings on the SH
circulation remains uncertain. For example, there has been debate in the literature
around the importance of anthropogenic aerosols for SH circulation trends (Gillett et

al., 2013; Steptoe et al., 2016; Rotstayn, 2013; Rotstayn et al., 2014; Choi et al., 2019).

The response of the eddy-driven jets (EDJ) to forcing is dependent on the
spatial pattern of surface and atmospheric temperature changes (Butler et al., 2010;
Ceppi and Shepherd, 2017; Harvey et al., 2014, 2015; Murphy et al., 2002). Although
the sign of the projected SH EDJ shift is generally robust across different climate
models, they simulate a range of magnitudes of response to the same forcing scenario
(Barnes and Polvani, 2013; Barnes et al., 2014; Grise and Polvani, 2014a). Grise and
Polvani (2014a, 2016) showed that intermodel differences in the SH circulation
response to an abrupt quadrupling in CO2 (4xCO2) can only be partly explained by
differences in global surface air temperature (GSAT) responses and instead might be
explained, to varying degrees depending on region and season, by increases in
midlatitude and subtropical static stabilities (see also Butler et al., 2010), and changes
to surface and upper-tropospheric/lower-stratospheric equator-to-pole temperature
gradients. Harvey et al. (2014) found that in CMIP5 models a significant fraction of the
model spread in projected SH storm track changes over the 215t century was linearly
congruent with spread in upper- and lower-level temperature gradient responses. The
radiative effects of clouds are also important for SH midlatitude circulation trends
(Ceppi et al., 2014; Grise and Polvani, 2014b; Albern et al., 2019). The EDJ response
to forcing is likely to be seasonally varying due to the seasonal cycle in the background
circulation (McGraw and Barnes, 2016) and seasonally-dependent factors such
stratospheric polar vortex trends (Ceppi and Shepherd, 2019). Given these various

results, modelled changes in the midlatitude circulation therefore cannot be expected
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to simply scale with GSAT (Grise and Polvani, 2014a, 2016, 2017; Ceppi et al., 2018),
rendering efforts to constrain measures such as equilibrium climate sensitivity of

limited value for projections of midlatitude circulation.

One emerging topic is the relative importance of so-called “direct or rapid
adjustment” and “indirect or slow feedback” processes for the midlatitude circulation
response to forcing. Rapid atmospheric adjustments - which occur when a forcing is
introduced but sea surface temperatures (SST) and sea ice are held fixed - are well
known to affect the top of atmosphere energy budget through changes to clouds,
thermal structure and surface fluxes (Sherwood et al., 2015; Smith et al., 2018);
however, the influence on large-scale circulation is underexplored. Grise and Polvani
(2014c) decomposed the atmospheric circulation response to 4xCO2 in CMIP5
models into a rapid adjustment and an SST-driven component. While the rapid
adjustment contributed a poleward shift of the EDJ, the overall response to 4xCO2
was dominated by SSTs, which are also responsible for the asymmetric midlatitude
circulation response between hemispheres. Grise and Polvani (2017) further
decomposed the SH circulation response to 4xCO2 by season and found that the
midlatitude circulation shifts poleward on a similar timescale to GSAT change in
austral summer (DJF), but adjusts more quickly than GSAT in austral winter (JJA).
Ceppi et al. (2018) showed that nearly all of the SH EDJ response to 4xCO2 occurs
within the first decade, despite less than 50% of the eventual quasi-equilibrium GSAT
change occurring within this time. They also used a single GCM run in coupled and
fixed-SST modes to separate rapid adjustments and the SST-mediated response.
However, most of these studies have primarily focused on the response to increasing
COz2, so the relative importance of rapid adjustments and SST-driven feedbacks for

the responses to other forcing agents are less well known. A recent study has shown
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that rapid adjustments to aerosol forcing contribute to changes in the location of the
Hadley cell edge in the SH (Zhao et al., 2020), suggesting there may also be a role for

the midlatitude circulation.

Idealised forcing studies allow a detailed examination of the circulation
response to a single climate driver and an assessment of the differences in response
across GCMs. However, a significant limitation is that most of the existing literature
relies on the 4xCO2 experiment from CMIP5 and does not explore the responses to
other major forcings such as non-CO2 GHGs, aerosols and natural forcings. This study
seeks to fill this gap by examining rapid adjustments and slow feedbacks in the SH
midlatitude circulation in response to a number of idealised climate perturbations using
output from the Precipitation Driver and Response Model Intercomparison Project

(PDRMIP, Myhre et al., 2017).

2. Data and Methods

2.1 Models and Simulations

We use output from nine models participating in the Precipitation Driver and
Response Model Intercomparison Project (PDRMIP) (Table S1; Myhre et al., 2017).
Each model performed a control run using present day conditions or pre-industrial
conditions (see Table S1), and five idealised abrupt single forcing experiments: 1) a
doubling of carbon dioxide concentrations (2xCO2), 2) a tripling of methane
concentrations (3xCH4), 3) a five-fold increase in sulphate aerosol concentrations or
emissions (5xS04), 4) a ten-fold increase in black carbon aerosol concentrations or
emissions (10xBC) and 5) a two percent increase in the solar constant (2%Sol). The

distribution of the aerosol concentration or emissions perturbations is shown in Figure
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2 of Myhre et al. (2017). The scaling factors for the five idealised perturbations were
chosen so that each experiment induced a similar magnitude of effective radiative
forcing (ERF) to better enable climate responses to be compared across forcing
agents (Smith et al, 2018). The perturbations are not necessarily designed to be based
on a realistic future atmospheric concentration scenario. In practice, the magnitudes
of the multi-model mean (MMM) ERFs for 2xCO2, 5xS0O4 and 2%Sol are comparable
to within ~10%, whereas the ERFs for 3xCH4 and 10xBC are around three times

smaller.

All experiments are performed in two model configurations: one set has sea-
surface temperatures and sea ice fixed to the control climatology (fSST) enabling the
rapid adjustments to be diagnosed; the second set includes a coupled ocean and thus
the full atmosphere-ocean response is captured. Note that the fSST experiments do
not fix land temperatures, which may be important for some regional climate
responses (Shaw and Voigt, 2016). The ECHAM-HAM and CESM1-CAM4 models use
a slab ocean and are excluded from the MMM and intermodel regression calculations.
The fSST experiments are integrated for at least 15 years and the coupled
experiments for at least 100 years (see Table S1). Responses are calculated by
subtracting the time mean climatology of the control simulation from the perturbed
experiments. The fSST responses are diagnosed as the time mean excluding the first
year, ensuring only the quasi-equilibrated adjusted state is captured (Richardson et
al., 2016). In all cases the coupled response is diagnosed using the mean of years 50-
100. This captures the quasi-equilibrated climate after the perturbations are applied,
but neglects further climate responses, for example in the deep ocean, that will evolve
for many hundreds of years before reaching a true equilibrium state (Caldeira and

Myhrvold, 2013).
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The SPRINTARS and HadGEM2-ES models defined variables on pressure
levels that are below the surface as missing data. Therefore, at some grid points over
topography the MMM calculation excludes those models. The robustness of the MMM
responses is indicated using stippling where one or more of the models disagree on

the sign of change.

2.2 Midlatitude circulation response metrics

The response of the midlatitude circulation and its relation to the large-scale
climate is diagnosed using metrics based on zonal winds and surface and air
temperatures. The variables available from the different models to compute these

diagnostics are listed in Table S2.

a. Latitude of EDJ

The maximum speed and location of the EDJ (Umax and ¢epy) is diagnosed as
the speed and location of maximum zonal mean zonal wind (U) at 850 hPa between

15°S and 70°S after cubically interpolating to a 0.01° latitude grid.

b. Upper- and lower-tropospheric temperature gradients

Following Harvey et al. (2014), diagnostics for upper (250 hPa) and lower (850
hPa) tropospheric temperature gradients (AT) are computed using the difference
between the area-average temperature anomaly (T) in the tropics (30°S - 30°N) and

SH polar region (60°S - 90°S):

AT250 = T25030°s-30°N) - T250(60°s-90°S) (2)

AT850 = T850(30°s-30°N) - T850(60°s-90°S) . (2)
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Previous studies using PDRMIP models that have focused on thermodynamic
properties have often normalised metrics by GSAT or ERF to compare across the
different perturbations (Richardson et al., 2019). However, since forced changes to
the SH midlatitude circulation have been shown not to scale with GSAT change (e.g.
Grise and Polvani, 2017; Ceppi et al., 2018) we have chosen not to normalise the

circulation changes in this study.

2.3. Statistical significance

Two main methods are used to assess the robustness of the model responses;
both methods have been used to evaluate multi-model ensembles in the IPCC AR5
(2013). The first method evaluates the agreement in the sign of the simulated
anomalies across models. Hatching is applied where one or more models disagrees
on the sign of the anomaly. The second method quantifies the magnitude of the
simulated anomalies compared to internal variability. To calculate each model's
internal variability in the coupled experiments, we calculate the standard deviation of
consecutive 50-year means sampled from the control runs and multiply this by the
square root of 2 to reflect the uncertainty due to internal variability in the difference of
two 50-year means. Simulated changes are significant at the 95% level when the
modulus is greater than 1.960, where o is either taken from a given model or, in the

case of the MMM, is the median standard deviation of the models.

For the fSST runs, a bootstrap was performed by selecting N years from the
coupled control run, where N is the length of the fSST experiment in each model (see
Table S1). The coupled control runs were used as they are longer than the fSST runs
enabling a more comprehensive assessment of internal variability to be attained. This

was repeated 102 times to construct a probability density function. The standard
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deviation was then calculated and multiplied by the square root of 2 as before. Years
are selected randomly as the fSST runs do not include any SST-mediated low
frequency variability. Lastly, inter-model regressions between variables are calculated

using linear least squares regression.

3. Results

3.1 Surface temperature changes

Figures 1(a-e) show the MMM zonal mean SH near-surface temperature
anomalies in the coupled experiments. All the forcings induce an increase in near-
surface temperature except 5xS0O4, which induces cooling as expected. The MMM
global and annual mean surface air temperature (GSAT) changes in the 2xCO2,
3xCH4, 5xS04, 10xBC and 2%Sol experiments are: 2.39 K, 0.70 K, -1.82 K, 0.85 K,
and 2.38 K, respectively (see Table 1). The variation in magnitude of the MMM GSAT
responses is primarily a consequence of differences in effective radiative forcing (ERF)
between the perturbations (Richardson et al., 2019). The MMM ERFs for 2xCO2,
3xCH4, 5xS04, 10xBC and 2%Sol are 3.7 W m?, 1.1 W m?, -1.8 W m?, 1.3 W m
and 4.1 W m, respectively (Tang et al., 2019). The GSAT changes also vary across
models for the same experiment owing to differences in both ERF and modelled
equilibrium climate sensitivity (Richardson et al., 2019). The zonal mean surface
temperature anomalies show a heterogeneous pattern over the Southern hemisphere,
with a small amplification in the Antarctic and larger changes at latitudes with more
land mass (Dong et al., 2009; Joshi et al., 2008). However, the changes in near-
surface temperature gradient across the SH in the coupled experiments are

consistently smaller than in the Northern hemisphere where Arctic amplification leads

10
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to a weakened equator-to-pole temperature gradient in the lower troposphere (not

shown).

Figures 1 (f-) show the MMM zonal mean SH near-surface temperature
anomalies in the fSST simulations. The anomalies are substantially smaller than in the
coupled runs at all latitudes (<20%) but, as expected, the proportionately largest
responses occur over land (e.g. Antarctica) where the surface temperatures are not
fixed in the models. Over Antarctica, the aerosol perturbations cause small surface
temperature changes of the opposite sign to those in the coupled experiments. At
latitudes that are almost exclusively covered by ocean in the SH (~40-60°S) the
proportion of the temperature response that occurs in the fSST runs is very small
(<10%), as expected. The GSAT anomalies in the fSST experiments are: 0.28 K, 0.07
K, -0.09 K, 0.11 K and 0.15 K (Table 1), which is around 5-10% of the corresponding

changes in the coupled experiments.

3.2 Zonal mean air temperature changes

Figure 2 shows the MMM annual and zonal mean air temperature anomalies in
the five perturbation experiments. Panels (a-e) show the coupled experiments, panels
(f-j) show the fSST experiments and panels (k-0) show the SST-mediated response
(coupled minus fSST). As seen in Figure 1, the amplitude of the tropospheric
temperature anomalies vary across the perturbations. The tropospheric response is
strongest for 2xCO2 and 2%Sol and weakest for 3xCH4. The magnitude of the
tropospheric temperature response to 5xS0O4 lies between 2xCO2 and 3xCH4, but is
opposite in sign. These differences can be understood from the ERF associated with
each perturbation (see Section 3.1). Nevertheless, despite the different magnitudes,

all the forcings except 10xBC induce a similar pattern of tropospheric temperature
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change in the coupled experiments, with larger anomalies in the tropical upper
troposphere and near the Antarctic surface. This broad pattern of tropospheric
temperature response is a robust feature in GCMs that accompanies changes in global
mean surface temperature and associated climate feedbacks (IPCC, 2013; Ceppi and

Shepherd, 2017).

The tropospheric temperature changes in 10xBC show a markedly different
pattern to the other perturbations (Figure 2d). Black carbon affects climate through
absorption of shortwave radiation and so directly heats the atmosphere while inducing
smaller surface temperature change (Stjern et al., 2017). The black carbon burden in
the experiments is spatially dependent, with emissions in the SH primarily originating

from biomass burning in central Africa, the Amazon and Indonesia (Myhre et al., 2017).

Polar lower stratospheric temperature changes have been shown to be
important for the tropospheric midlatitude circulation (e.g. Harvey et al., 2014,
Thompson and Solomon, 2002; Grise and Polvani, 2017). In the polar lower
stratosphere, all perturbations except 10xBC induce temperature changes in the
coupled experiment that are opposite in sign to the tropospheric response. The 2xC0O2
experiment induces stronger radiative cooling in the stratosphere that increases with
height (Fels et al., 1980). The 10xBC perturbation induces a weak warming in the

Antarctic lower stratosphere.

The fSST temperature anomalies due to the five perturbations show markedly
different patterns from the coupled experiments (Figures 2 (f-j)). The enhanced tropical
upper tropospheric temperature changes found for 2xC0O2, 3xCH4, 5xS04 and 2%Sol
are largely absent in the fSST experiments, indicating this structure is predominantly

due to SST-driven feedbacks through moist convective adjustment in the tropics

12
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(Figures 2 (k-0)). Instead the tropospheric temperature changes in the 2xC0O2, 3xCH4,
5xS04 and 2%Sol fSST experiments are weaker and more homogeneous. 2xCO2 is
the only perturbation that induces strong radiative cooling in the stratosphere in the
fSST experiments (Smith et al., 2018). There is also a stratospheric heating response
in 2%Sol, which is mainly due to shortwave absorption by ozone. In contrast to 2xCO2,
3xCH4, 5xS04 and 2%Sol, the fSST temperature response in 10xBC more closely
resembles the coupled experiment showing that the direct shortwave absorption by
black carbon dominates the anomalous atmospheric heating. The difference between
the coupled and fSST temperature anomalies for 10xBC reveals a pattern that
resembles the response to the other forcings (Figures 2 (k-0)), with a magnitude similar
to the coupled 3xCH4 experiment. This is consistent with the similar magnitudes of
ERF and GSAT change for the 10xBC and 3xCH4 perturbations (Table 1). The overall
temperature response in the coupled 10xBC experiment is therefore relatively less

affected by SST-driven feedbacks and is predominantly due to shortwave absorption.

The results in Figures 1 and 2 demonstrate the uneven distribution of surface
and atmospheric temperature changes induced by the different climate drivers, as well
as the important role of SSTs in determining these changes particularly for 2xCO2,
3xCH4, 5xS04 and 2%Sol. The coincident responses of the midlatitude circulation are

investigated in the following sections.

3.3 Zonal wind changes

3.3.1 Austral summer (DJF)

The MMM U anomalies in austral summer (DJF) are shown in Figure 3. Panels

(a-e) show the coupled experiments, panels (f-j)) show the fSST experiments and
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panels (k-0) show the SST-mediated response (coupled minus fSST). In austral
summer, the U climatology (grey contours) comprises a single well-defined eddy-
driven jet (EDJ) near 50°S (Nakamura and Shimpo, 2004). In the coupled experiments,
all five perturbations induce a dipole of tropospheric U anomalies between 60°S and
30°S, which indicates a shift in the latitude of the EDJ (see Section 3.4). The largest
tropospheric U changes occur in 2xCO2 and 2%Sol and the weakest changes occur
in 3XCH4. The forcings that induce tropospheric warming show a poleward shift and
strengthening of the EDJ in DJF, and vice versa for 5xSOA4. In the stratosphere, there
is a region of westerly anomalies (easterlies for 5xS04) across the extratropics which
peaks around 50-60°S and a secondary maximum anomaly of the same sign near the

subtropical jet around 30°S, 100-200 hPa.

All the fSST perturbation experiments (Figure 3 (f-j)) except 3xCH4 also show
a dipole pattern of tropospheric U anomalies in southern midlatitudes. For each
experiment, the dipole change is of the same sign as in the coupled experiments (i.e.
a poleward shift for 2xC0O2, 10xBC and 2%Sol and an equatorward shift for 5xS04).
In the 3XxCH4 experiment a rapid adjustment in zonal winds is not detectable. The
stratospheric zonal wind changes at high latitudes in DJF are not robust across the
models in the 10xBC experiment, and are of the same sign but muted in the 2xCO2,

5xS04 and 2%Sol experiments compared to the equivalent coupled runs.

Figure 4 shows longitude-latitude SH zonal wind anomalies at 850 hPa (Usso)
in the five perturbation experiments. The left and right columns in Figure 4 show the
coupled and fSST experiments, respectively. For all perturbations there is a high
degree of longitudinal symmetry in the midlatitude zonal wind responses in the coupled

experiments. This is consistent with there being a single well-defined EDJ in austral
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summer associated with a circumpolar storm track (Nakamura and Shimpo, 2004).
There is less consistency across the models in the coupled response to 10xBC
particularly between 60°-180°E, which could be partially explained by the differences
in black carbon burden in the different models (Stjern et al., 2017). The models agree
on the sign of the Usso anomalies in the region of the EDJ in the other coupled forcing

experiments.

The fSST experiments (Figures 4 (f-))) also show a high degree of longitudinal
symmetry in the midlatitude Usso changes. Although the responses are smaller, and
the agreement across the models lower than in the coupled experiments, the MMM
pattern of Usso anomalies in the fSST experiments strongly resemble the coupled
responses particularly in midlatitudes. The rapid adjustment is proportionately largest
for 10xBC, where in the southern Indian ocean sector and south of Australia the fSST
Usso anomalies are comparable in magnitude to the fully coupled response and up to
around 60% of the magnitude near South America. For 2xC0O2, 5xS04 and 2%Sol the
magnitude of the Usso anomalies in the fSST experiments is typically around 30-60%
of that in the coupled experiments in the important EDJ region where the response is

most robust.

The individual model wind anomalies can be seen in Figure 5, which shows
zonal mean Usso (Ugs,) anomalies relative to the climatological EDJ latitude in each
model. The IPSL-CM5A model shows the strongest Ugs, responses in the coupled
experiments for 2xC0O2, 3xCH4, 5xS04 and 2%Sol. The CCCma model shows the
strongest response in 10xBC and also shows the second strongest response in all

other experiments except for 3xCH4. The fSST experiments generally show similar

but weaker Ugs, responses (Figures 5(f-j)). There are some exceptions where
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individual models show an opposite response compared to the coupled experiments;
this includes SPRINTARS for the 10xBC experiment and CCCma for the 3xCH4

experiment.

In summary, this section has shown the rapid adjustments of the SH midlatitude

circulation in DJF resemble a weaker version of the coupled responses.

3.3.2 Austral winter (JJA)

Figure 6 shows the MMM U responses to the five perturbations in JJA in the
same layout as Figure 3. In austral winter, the climatology (grey contours) shows a
strong subtropical jet that is merged with the EDJ (Nakamura and Shimpo, 2004). In
contrast to the deep, equivalent barotropic dipole zonal wind anomalies found in DJF,
the JJA responses in the coupled experiments show a deep monopole structure in the
troposphere, which maximises on the southern flank of the westerly wind maximum.
This projects more strongly onto a change in jet strength than in DJF (see Section 3.4).
The EDJ responses to 3xCH4 and 5xS04 are weaker, though small poleward and
equatorward shifts, respectively, are found. The zonal wind response to 10xBC is
comparatively small in the lower troposphere in JJA, with the largest U response found
in the upper troposphere and stratosphere. The stratospheric zonal wind responses
are of the same sign to those in DJF, but maximise at lower latitudes in JJA near the

subtropical jet.

A weaker midlatitude zonal wind response to forcing in JJA, as compared to
DJF, has been previously identified in response to increased CO:2 (e.g. Grise and
Polvani, 2016), stratospheric water vapour changes (Maycock et al., 2013) and in

idealised models with applied thermal forcings (McGraw and Barnes, 2016). Despite
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the smaller magnitude, there is high agreement across the models on the sign of the

zonal wind changes in the region of the EDJ.

The fSST experiments show U responses in JJA that resemble the deep
monopole wind anomaly found in the coupled experiments for the 2xC0O2, 3xCH4 and
5xS04 perturbations (Figures 6 (f-j)). In contrast, the tropospheric changes in the
2%Sol experiment show only a strengthening of westerlies near the subtropical jet, but
no robust response in the midlatitudes. The fSST response to 10xBC is also less
robust in JJA. This suggests that changes to SSTs are important for the SH midlatitude

U responses to 2%Sol and 10xBC in JJA.

Figure 7 shows the Usso anomalies in JJA. The Usso responses are generally
less longitudinally symmetric than in DJF (cf. Figure 4), with the westerly anomalies
(easterlies for 5xS04) being more equatorward in the Indian and Pacific Ocean
sectors and more poleward in the Atlantic sector. The fSST responses in JJA (Figures
7 (f-))) show the 2xCO2 and 3xCH4 perturbations induce the strongest Usso response
in the southern Indian Ocean and South Pacific sectors and a comparatively weaker
response in the South Atlantic. The rapid adjustment to 10xBC is proportionately
stronger than for the other forcings in both JJA and DJF. Interestingly, to the south of
Australia in the 10xBC fSST experiment the response is opposite in sign to the coupled
anomalies. This indicates that the SST-mediated changes must override the direct
atmospheric response in these regions. As seen in Figure 6j, in contrast to the other
perturbations the Usso anomalies in the 2%Sol fSST experiment are weak and not

consistent in sign across the models.

Figure 8 shows the latitudinal profiles of Ugs, in JJA for the different models.

There is a consistent sign of Ugs, anomalies across the models in the coupled
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experiments and, except for IPSL-CM5A, all the models show smaller zonal wind
changes than in DJF. IPSL-CM5A appears to respond differently, showing a relatively
strong poleward jet shift in all the experiments that produce global mean warming. The
response to 5xS0O4 in IPSL-CM5A is more consistent with the other models. The
different response in IPSL-CM5A may be related to the exceptional warming in the
southern Indian Ocean produced by the model found to be associated with unrealistic
cloud-ocean feedbacks (Rowell, 2019; Rowell and Chadwick, 2018). The
climatological jet position is also the farthest equatorward in IPSL-CM5A compared to
the other models. A statistical relationship across models between the climatological
jet latitude and forced poleward shifts in the jet has been found in austral winter
(Simpson and Polvani, 2016); however, further analysis of the links to climatological

jet position is beyond the scope of this paper.

The Ugs, responses in the fSST experiments are less consistent across the
models, with some responding with the opposite sign such as IPSL-CM5A in the
3xCH4 experiment and SPRINTARS in the 5xSO4 and 2%Sol experiments. On
average, the fSST Ugs, anomalies in JJA are smaller in magnitude and less consistent

in sign across the models than in DJF.

3.4 Jet latitude and speed

This section puts the SH zonal wind changes shown in section 3.3 into the
context of changes in the latitude and speed of the EDJ. Figure 9 shows the EDJ
latitude and speed anomalies in DJF for the five perturbation experiments for the
individual models and the MMM. Note that SPRINTARS produces a broad jet without
a well-defined maximum and hence there is a large error on the estimate of the EDJ

latitude so it is excluded from the MMM calculation.
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Figure 9 shows a consistent poleward shift and strengthening of the EDJ across
the models in the DJF season for the 2xCO2 and 2%Sol experiments, and the
consistent equatorward shift and weakening of the EDJ in the 5xSO4 experiment. In
the MMM, the EDJ shifts poleward by ~2° and strengthens by ~0.7 m st in the coupled
2xCO2 and 2%Sol experiments. There is an equal and opposite MMM response of the
jet speed in 5xS0O4, but a smaller equatorward jet shift of ~1.5°. The MMM changes in
10xBC show a poleward shift and increase in jet speed which is around half the
magnitude of 2xCO2 and 2%Sol (1.4° and 0.3 m s™). In all the coupled experiments,
the sign of jet shift in DJF is consistent across the models and the MMM response is
significant compared to internal variability. The same is true for jet speed except for
the 3xCH4 experiment, which produces a nonsignificant MMM change, and for 10xBC

where two models simulate a reduction in jet speed.

As in previous sections, the rapid adjustment in DJF is proportionately largest
for 10xBC, with a magnitude of ~75% and ~90% for the MMM jet shift and jet speed
changes, respectively, compared to the coupled experiment. In the other experiments,
the magnitude of the rapid adjustment is a smaller yet substantial fraction of the overall
coupled responses (typically 20-30% of the jet shift and 20-35% of jet speed).
Furthermore, across all models and all experiments there is a significant correlation
between the jet shift (pmax) in the fSST and coupled experiments with a pooled
R2(@rssT(ALL), Pcoupled(ALL))DIF = 0.30 (P = .003). For the jet speed (Umax) anomalies the
pooled R?(UrssT(aLL), Ucoupled(aLL))osr = 0.37 (P < .001). This suggests that part of the
intermodel spread in the DJF jet shift and jet speed responses to the perturbations can

be interpreted as being due to spread in the rapid adjustment.
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Figure 10 shows the EDJ latitude and speed anomalies for JJA. There is a less
consistent picture of the responses to the perturbations than was found in DJF.
Nevertheless, consistent with the results in section 3.3, the MMM responses in JJA
tend to project more strongly onto a change in EDJ strength, with larger anomalies
than in DJF, whilst there are smaller changes in EDJ latitude compared to DJF by
around a factor of two. Interestingly, the coupled jet shift to 5xSO4 is opposite in sign
and significant in JJA and the change in jet speed is smaller than in DJF, in contrast
to the other experiments. The rapid adjustment accounts for a larger proportion of the
overall coupled changes in JJA than in DJF in the 2xCO2 experiment. In contrast to
DJF, there is a weak and nonsignificant relationship between the jet shift and jet speed
anomalies in the fSST and coupled experiments in JJA. This suggests that in JJA the
intermodel spread in responses in the coupled simulations is predominantly driven by

other factors than rapid adjustments.

3.5 Relationship to temperature gradients

In the extratropics, the meridional temperature gradient is proportional to the
vertical wind shear through thermal wind balance. Harvey et al. (2014) found that in
CMIP5 models differences in upper- and lower-level temperature gradients could
explain a significant fraction of the intermodel spread in projected SH storm track
changes over the 215t century. Here we examine the changes to temperature gradients
in the PDRMIP experiments to determine the differences in the rapid adjustment and

coupled zonal wind responses discussed above.

Figure 11 shows the annual mean upper- (250hPa) and lower- (850hPa)
tropospheric meridional temperature gradient anomalies (AT) for the five climate

perturbations in the coupled and fSST experiments. A negative (positive) anomaly
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shows a reduction (increase) in the tropics-to-pole temperature gradient. There were
found to be only small seasonal differences (see Supplemental Figures S1 and S2),
partly because polar amplification is smaller in the SH than in the Arctic, so for

simplicity the changes in annual mean temperature gradients are shown.

The models agree on the sign of AT2so in all the coupled experiments. The few
models that show a negative ATsso for some perturbations are those which produce
larger polar amplification (CESM1-CAM4, CESM1-CAM5). CESM1-CAM4 is a
consistent outlier, which may be related to it using a simplified slab ocean model. As
was done for the anomalies in jet latitude and jet speed, the slab ocean models have
been excluded from the MMM. All the coupled experiments show a greater increase
in AT2s0 than in ATsso, predominantly due to the large tropical upper tropospheric
temperature changes (r(ATzso, T2sorop > 0.87 for all experiments, see Table S3).
Similar differences between ATsso and ATzso0 in the SH were shown by Harvey et al.

(2014) using CMIP5 models.

For all the experiments except 10xBC, the rapid adjustment in ATsso and AT2so
is comparatively small, which is a consequence of the direct tropospheric heating
induced by the forcings being weak and fairly uniform across the SH (Figure 2). SST
feedbacks therefore dominate the overall changes in ATsso and ATa2so for those
perturbations. While there are larger temperature changes in the troposphere and
lower stratosphere in the 10xBC fSST experiment (Figure 2), in the tropics these
changes peak in the lower stratosphere above 250 hPa and it is only in the subtropics
that larger temperature anomalies penetrate into the upper troposphere. Hence, the
MMM rapid adjustment in AT2s0 is near-zero for 10xBC. There are two outliers,

however, with CCCma showing a strong negative AT2s0 and HadGEM2 showing a
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positive AT2s0. These models have the largest black carbon burden of all the PDRMIP
models (Stjern et al., 2017) and are both driven by aerosol emissions rather than
concentrations. This suggests there are differences in the distribution of black carbon
and hence tropospheric heating between the two models. An inspection of the
individual model zonal mean air temperature responses reveals that CCCma produces
strong upper-tropospheric and stratospheric warming in a pattern that resembles the
MMM (not shown). However, the zonal mean response to 10xBC in HadGEM2 more
closely resembles the response to 2xC0O2, producing cooling in the stratosphere. This
cooling may be caused by increased stratospheric water vapour in the HadGEM2
model. Except for 10xBC, the intermodel spread in both AT2s50 and ATsso is consistently
larger in the coupled experiments than for fSST, reflecting the increase in model
spread due to differences in climate feedbacks. For most of the perturbations, the
different responses of SSTs are therefore the dominant cause of the intermodel spread

in AT2s0 and ATsso.

In the coupled experiments, ATzs0 and ATsso are significantly correlated across
all models and experiments in both DJF and JJA (r(AT2s0, ATsso)osr = 0.87 (P <.001);
r(ATz2s0, ATss0)a3a = 0.75 (P < .001)). This is higher than the correlation between AT2s0
and ATsso in the SH across CMIP5 models (0.45 and 0.50 for DJF and JJA,
respectively; Harvey et al., 2014). The correlation between AT2s0 and ATsso means that
a regression of zonal wind responses onto either index yields qualitatively similar
results. We proceed by examining the relationship between the zonal wind responses
and ATsso across the models, with the caveat that in these experiments using this
method we cannot distinguish the relative importance of changes to upper and lower

level temperature gradients.
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Figure 12 shows the fraction of inter-model variance in AUsso that is explained
by ATsso, defined as the coefficient of determination (R?). The fraction of variance
explained is up to 80-90% in the EDJ region in all of the coupled experiments except
3xCH4. When a regression is performed across all coupled models and all
perturbation experiments (Figure 12f), a significant relationship is found across the
entire midlatitude region, with around 50-90% of the variance in local midlatitude AUsso
responses explained by ATsso. This indicates that the regression onto ATsso is a useful
measure for capturing much of the model spread in midlatitude circulation responses

(cf. Harvey et al., 2014).

In general the perturbations that generate the largest changes in temperature
gradients (2xC0O2 and 2%Sol) also show the largest zonal wind responses (Figures 2
and 3), as expected from thermal wind balance. To determine if there are different
intermodel relationships between AUsso and ATsso for the perturbations, Figure 13
shows the regression of AUsso against ATsso for the five perturbations. As the strongest
and most consistent responses of the EDJ to the forcings occur in austral summer, we

focus on DJF.

The spatial pattern of the intermodel regression between AUsso and ATsso in the
coupled experiments is similar across all forcings despite the different magnitudes of
responses and spatial patterns shown earlier. The patterns resemble those shown in
Figure 4 with an enhanced low level temperature gradient (positive ATsso) being
associated with a dipole AUsso pattern with stronger westerlies on the poleward flank
of the jet and weaker westerlies on the equatorward flank. While the magnitudes of
this pattern are largely similar across the five perturbations, there is a suggestion of a

weaker regression coefficient in the 5xS0O4 experiment, which could be due to the

23



544

545

546

547

548

549

550

551

552

553

554

955

556

957

558

559

560

561

562

563

564

565

566

hemispheric asymmetry of the forcing (Richardson et al. 2019). There may also be a
difference in the sensitivity of the zonal wind response to tropospheric cooling, as in

5xS04, as compared to the warming produced by the other forcings.

The intermodel regression applied to the fSST experiments reveals a similar
dipole pattern of midlatitude AUsso response (Figure 13(g-k)); however, the magnitude
of the regression slope is around double that found in the coupled experiments. This
means that the AUsso responses in the fSST experiments are proportionately larger
than would be predicted by ATsso using the relationship derived from the coupled
experiments. While the rapid adjustment accounts for a minor part of the total coupled
response for most of the perturbations (except 10xBC), it is proportionately larger than
expected from the associated differences in ATsso. This is interesting and suggests
that the processes captured within the rapid adjustment, such as changes to clouds,
affect the midlatitude circulation in a manner not captured by a simple measure of
large-scale temperature gradient change. Broadly similar differences between the
coupled and fSST regressions is seen in JJA (see Supplemental Figure S3). A
regression of SH zonal mean air temperature onto ATsso in the coupled simulations
reveals a tropospheric pattern that is dominated by warming in the tropics and
midlatitudes (Figure S4(a-e)). However, in the fSST simulations, the pattern of
temperature anomalies regressed onto ATsso is markedly different, with a
warming/cooling dipole in the lower troposphere in mid/high latitudes (Figure S4(f-})).
This hints towards a possible reason for the different relationships of AUsso to ATsso in

the fSST and coupled experiments.
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4. Conclusions

This study has analysed the rapid adjustment (i.e. the meteorological response
to forcing in the absence of SST and sea ice changes) and coupled atmosphere-ocean
response of the Southern hemisphere (SH) midlatitude circulation to five idealised
climate perturbations: 2xC0O2, 3xCH4, 5x sulphate aerosol, 10x black carbon aerosol
and +2% solar constant. Previous studies have predominantly focused on rapid
adjustments to increased CO: (e.g. Grise and Polvani 2014a, 2014b, 2016, 2017,
Ceppi and Shepherd 2017), so the novelty of this study lies in its consideration of a
broader set of climate perturbations applied in nine global climate models. The rapid
adjustment occurs as a result of atmospheric and land surface heating, including
changes to latent heating and surface fluxes, while the coupled response is mediated

by SST changes.

In the coupled experiments, the response of the SH circulation projects more
strongly onto a shift in the EDJ in austral summer, while in winter the response projects
more strongly onto changes in jet strength. This is similar to other studies examining
the seasonality of the SH midlatitude circulation response to a constant year-round
forcing (e.g. Maycock et al.,, 2013; McGraw and Barnes, 2016). These seasonal
differences could be explained by differences in the barotropic responses between
seasons, with a stronger upper-level barotropic response in summer, including
changes to horizontal wave propagation and breaking (Nie et al., 2016). Barotropic
Rossby wave breaking transports eddy momentum and so affects the position and
speed of the EDJ (Robinson, 2006). In DJF, the SH EDJ is more zonally symmetric,
narrower and stronger than in JJA, when the climatological westerlies extend further

toward the subtropics especially in the Pacific sector (Ceppi and Hartmann, 2013;
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Nakamura and Shimpo, 2004). Our results corroborate this, with more regional
heterogeneity in the low-level zonal wind responses in JJA than in DJF. The results
highlight the need to consider the seasonality of the midlatitude circulation response

to forcing.

In DJF, the magnitude of the EDJ shift due to the rapid adjustment is ~20-30%
of the coupled response for most of the perturbations except 10xBC where the rapid
adjustment is 75% of the coupled jet shift. Hence, SST feedbacks exert an important
control on the midlatitude circulation response to forcings that induce substantial
global surface temperature changes. While the rapid adjustment in jet latitude in DJF
is statistically significant in some models, the magnitude of the multi-model mean is
small compared to internal variability for all perturbations than BCx10, so it is very
unlikely that rapid adjustments in the SH midlatitude circulation could be observed.
Nevertheless, for all experiments there is strong consistency in the sign of the jet
latitude and speed anomalies across models, which is unlikely to be a result of internal
variability. The proportionately stronger rapid adjustment to 10xBC indicates that the
response is less coupled to surface temperature changes and is strongly influenced
by absorption of shortwave radiation by black carbon. The magnitude of the rapid
adjustment to 2xCO2 is similar to previous studies (e.g. Grise and Polvani 2014c) and
also shows the rapid adjustment is comparable for methane, sulphate (though
opposite in sign) and solar forcing, despite them acting through different radiative
mechanisms (e.g. the extent of stratospheric cooling/heating). Despite the aerosol
forcing being concentrated in the Northern hemisphere (Richardson et al., 2019), the
perturbations still induce detectable changes in the SH circulation in both the rapid
adjustment and coupled experiments. Integrated assessment models simulate

substantial changes in emissions of aerosols such as black carbon and sulphate over
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the coming decades. These results suggest this could impact the large-scale
circulation in the Southern hemisphere, though there remains debate around the role
of aerosol forcing for historical observed SH climate (Gillett et al., 2013; Steptoe et al.,

2018; Choi et al., 2019).

A variance analysis shows that up to 80-90% of the intermodel spread in local
midlatitude 850 hPa zonal wind responses (AUsso0) in DJF is linearly congruent with
the spread in the 850 hPa tropics-to-pole temperature gradient anomaly (ATsso), with
comparable spatial patterns for all five perturbations. However, the gradient of the
relationship between AUsso and ATsso is around a factor of two larger for the rapid
adjustment than the equivalent coupled experiment, so the magnitude of the rapid
adjustment in circulation is proportionately larger than would be predicted from the
AUsso - ATsso relationship in the coupled experiments. This is interesting and suggests
that the processes captured within the rapid adjustment, such as land temperature
changes and clouds, are affecting the midlatitude circulation in a manner that cannot
be quantitatively captured by a simple measure of large-scale temperature gradient
change. This also demonstrates why common global climate change measures, such
as GSAT, are generally not useful measures for determining regional midlatitude
climate change (Grise and Polvani, 2016; Ceppi et al., 2018). The results demonstrate
the need to understand both rapid adjustments and SST-mediated feedbacks to fully

understand the SH midlatitude circulation response to forcing.
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Data Availability Statement

The PDRMIP model output is publicly available (for data access, visit

http://www.cicero.uio.no/en/PDRMIP/PDRMIP-data-access).
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Tables

[K] 2xCO2 3xCH4 5xS04 10xBC 2%Sol
Coupled 2.39 0.70 -1.82 0.85 2.38
(1.58,2.75) | (0.41,1.13) | (-0.93,-2.73) | (0.27,1.68) | (1.53,3.00)
fSST 0.28 0.07 -0.09 0.11 0.15
(0.24,0.35) | (0.03,0.10) | (-0.01,-0.16) | (0.02,0.20) | (0.12, 0.18)

Table 1: Multi-model mean differences in global mean surface temperature [K] for the

five perturbation experiments in the coupled and fSST configurations. Model spread is

shown in brackets.
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Figure 1: Southern hemisphere zonal mean near-surface temperature anomalies [K]
in the five perturbation experiments (top-to-bottom: 2xC0O2, 3xCH4, 5xS04, 10xBC
and 2%Sol) for (a-e) coupled experiments and (f-) fixed SST experiments. Black line
denotes the MMM and grey shading indicates model range. Solid lines indicate where
the anomalies are significant at the 95% confidence level compared to internal

variability (see Methods). Dashed lines show where the anomalies are not significant.
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Figure 2: Annual and multi-model mean Southern hemisphere zonal mean
temperature anomalies [K] in the five perturbation experiments (left-to-right: 2xCO2,
3xCH4, 5xS04, 10xBC and 2%Sol). (a-e) show the coupled experiments, (f-]) show
the fixed SST experiments, and (k-0) show the coupled minus fixed SST differences.
Stippling in top and middle rows denotes where one or more models disagrees on the

sign of the local anomaly. Grey contours show the control climatology.
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[m s] in the five perturbation experiments (top-to-bottom: 2xCO2, 3xCH4, 5xS04,
10xBC and 2%Sol) for (a-e) coupled experiments and (f-)) fixed SST experiments.

Stippling as in Figure 2. Grey contours show the control climatology.
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45



921

922

923

924

2%5o0l

Pressure [hPa]

Latitude [Degrees]

Figure 6: As in Figure 2, but for the U differences [m s] in JJA.

46

[ms~1)



925

926

Latitude [Degrees]

0 60E  120E 130 120W 60w S
Longitude [Degrees]
B, L D -
3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
[ms™1]

Figure 7: As in Figure 4, but for the Ugs, differences [m s] in JJA.

47

10xBC

2%Sol



927

Coupled fSST
5.0 2.5
._I'._'
7))
=
©
£
©
C
(@]
N
-2.5 : : ' : : :
=20 -10 0 10 20 -20 -10 0 10 20
Latitude [Degrees]
HadGEM2 I MPI ESM LR1 1 I NorESM Il SPRINTARS
CESM1_CAMS5 Il CCCma ECHAM_HAM mm VMMM
CESM1_CAM4 IPSL_CM5A

928

929  Figure 8: As in Figure 5, but for the 850 hPa Udifferences [m s in JJA.

48

3xCH4 2xCO2

10xBC 5x504

2%So0l



930

931

932

933

934

935

936

937

938

939

940

A® and AUmax: DJF
5 2xC02 3xCH4 5xS504 10xBC 2%Sol 2xCO2 3xCH4 5x504 10xBC 2%Sol 0

@ HadGEM2
P ¥ NorESM
A CESM1_CAM4
4 e B MPI_ESM _[R1 1
=2 ' @ ccCma
— B IPSL_CM5A
2 39 ¢ ¢ > « CESM1_CAMS
E Lo * ECHAM HAM
o — oy " —  # SPRINTARS
g ? o p B * L 4 ‘ T — MMM
” - & = E EE AD (Coupled)
3 v . _— - % ® b |os = W A0(SST)
Lo, Y o @ : % EEE AUms (Coupled)
o O\ ¥ B > 2
9] AR ® [ -_— | ¥ E BN AU, (fSST)
a L - E= 2 ¢ ko2 - 2
— v g ) by | <] 1 . v < w <]
=0 — H “1oo
Q ~
= Y
e
g 4% b
-1
& : ® L 0.5
3 v
-2 B> Y
-1.0
AGjet AU pn
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anomalies are shown in red and pink (left y-axis), respectively, and coupled and fixed
SST EDJ maximum speed anomalies are in blue and turquoise (right y-axis),
respectively. Filled symbols denote changes that are significant at the 95% confidence
level compared to internal variability (see Methods). The MMM is denoted by the solid
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compared to the median internal variability or grey otherwise. Slab ocean models and

SPRINTARS that are not included in the MMM calculation are shown in grey.
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line, which is black where the MMM change is significant at the 95% confidence level
compared to the median internal variability or grey otherwise. Slab ocean models that

are not included in the MMM calculation are shown in grey.
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957  Figure 12: The fraction of inter-model variance in AUsso explained by the regression
958 onto ATsso, defined as the coefficient of determination (R?). Stippling indicates where

959 the correlation is statistically significant (P < 0.05).

960
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Figure 13: Inter-model regression of DJF AUsso vs. DJF ATsso [m st K1] for the five
perturbation experiments and (bottom) across all experiments. (a-f) show the
coupled experiments and (g-1) show the fixed SST experiments. Stippling as in

Figure 12.
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