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Which way will the circulation shift in a changing climate?
Possible nonlinearity of extratropical cloud feedbacks
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Abstract In a suite of idealized experiments with the Com-
munity Atmospheric Model version 3 coupled to a slab
ocean, we show that the atmospheric circulation response
to CO, increase is sensitive to extratropical cloud feedback
that is potentially nonlinear. Doubling CO, produces a pole-
ward shift of the Southern Hemisphere (SH) midlatitude jet
that is driven primarily by cloud shortwave feedback and
modulated by ice albedo feedback, in agreement with ear-
lier studies. More surprisingly, for CO, increases smaller
than ~25 %, the SH jet shifts equatorward. Nonlinearities
are also apparent in the Northern Hemisphere, but with less
zonal symmetry. Baroclinic instability theory and climate
feedback analysis suggest that as the CO, forcing ampli-
tude is reduced, there is a transition from a regime in which
cloud and circulation changes are largely decoupled to a
regime in which they are highly coupled. In the dynamically
coupled regime, there is an apparent cancellation between
cloud feedback due to warming and cloud feedback due to
the shifting jet, and this allows the ice albedo feedback to
dominate in the high latitudes. The extent to which dynami-
cal coupling effects exceed thermodynamic forcing effects
is strongly influenced by cloud microphysics: an alternate
model configuration with slightly increased cloud liquid
(LIQ) produces poleward jet shifts regardless of the ampli-
tude of CO, forcing. Altering the cloud microphysics also
produces substantial spread in the circulation response to
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CO, doubling: the LIQ configuration produces a poleward
SH jet shift approximately twice that produced under the
default configuration. Analysis of large ensembles of the
Canadian Earth System Model version 2 demonstrates that
nonlinear, cloud-coupled jet shifts are also possible in com-
prehensive models. We still expect a poleward trend in SH
jet latitude for timescales on which CO, increases by more
than ~25 %. But on shorter timescales, our results give good
reason to expect significant equatorward deviations. We also
discuss the implications for understanding the circulation
response to small external forcings from other sources, such
as the solar cycle.
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Cloud feedback - Cloud microphysics

1 Introduction

Human activities are causing a long term increase in
Earth’s global mean temperature (Stocker et al. 2014).
With that matter well established, attention is turning to
the effects of climate change in specific regions. This is a
challenging task because the atmospheric circulation exerts
a powerful influence over regional climate (e.g., Previdi
and Liepert 2007; Son et al. 2009; Seager and Naik 2011),
and so accurate projections of regional climate change very
much depend on accurate projections of circulation change.
Understanding how the circulation will change requires
understanding the possibly competing effects of various
external forcings, such as CO, increase and ozone recovery
(Son et al. 2008, 2009). It also requires understanding the
feedbacks that shape the regional response to these forc-
ings. Among these feedbacks, cloud feedbacks are the most
poorly constrained in models (Soden et al. 2008).
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Fig. 1 The prescribed depend- !
ence of cloud ice fraction on
local temperature in CAM3.
We have performed integrations
using the default configura-
tion of CAM3 (black), as well
as alternate configurations in
which we shift this curve 2 K
to the left (blue) and 4 K to the
right (red). The vertical dotted
line marks water’s freezing
temperature
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Voigt and Shaw (2015) and Ceppi and Hartmann (2016)
have presented results suggesting that cloud feedbacks play
a key role in shaping the large scale atmospheric circula-
tion’s response to external forcing. Uncertainties in cloud
microphysical processes in turn lead to disagreement in
the way models respond to external forcing. For example,
models typically show that the Southern Hemisphere (SH)
midlatitude jet and storm tracks shift poleward in response
to long term increases in CO, (e.g., Yin 2005; Wu et al.
2012; Barnes and Polvani 2013), and Ceppi and Hartmann
(2016) have shown evidence that most of this poleward jet
shift is due to cloud shortwave feedback.

In this study, we show that the response of the atmos-
pheric circulation to CO, increase can change sign depend-
ing on the amplitude of the CO, perturbation as well as the
details of the model’s cloud microphysics. We demonstrate
this in a series of idealized experiments with an atmos-
pheric general circulation model (AGCM) coupled to a slab
ocean. We describe this model in Sect. 2 and document the
circulation responses in Sects. 3 and 4. We gain insight into
the circulation responses using a combination of baroclinic
instability theory (Sect. 5) and climate feedback analy-
sis (Sects. 6, 7). We then test these findings by analyzing
large ensembles of simulations with a fully coupled model
(Sect. 8).

2 Method

We perform all of our AGCM experiments using the Com-
munity Atmosphere Model version 3 (CAM3), from the
National Center for Atmospheric Research (NCAR).
CAM3 includes comprehensive schemes for dynamics,
radiation and convection, with an idealized temperature
dependent scheme for partitioning between cloud liquid
and ice. The model has spectral resolution T42 in the hori-
zontal, with 26 vertical levels. 13 of these levels are at pres-
sures less than 200 hPa, and the model top is at 2.917 hPa.
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There is no interactive chemistry, and monthly mean aero-
sol and ozone climatologies are prescribed. All of our inte-
grations include the annual cycle of solar irradiance, but
no other solar variability. Orbital parameters are fixed at
1950 values. For a full description of CAM3, the reader is
referred to Collins et al. (2004).

We couple CAM3 to an idealized mixed layer “slab”
ocean that includes a thermodynamic sea ice model. The
depth of this mixed layer is ~50 m over most of the globe,
but deeper values (~160 m) are prescribed in the North
Atlantic and the Southern Ocean. Ocean heat transport
is captured implicitly using a “Q flux” with a prescribed
annual cycle. This Q flux is tuned to produce a sea surface
temperature (SST) climatology close to observations when
using the default configuration of CAMS3. The slab ocean
does not allow for interactive changes in the ocean circula-
tion, which as noted by Shindell et al. (2003), may be par-
ticularly consequential in regions like the North Atlantic
and the Southern Ocean. Dommenget (2010) and Clement
et al. (2011) have shown that slab ocean models do produce
a Southern Oscillation (SO), although this SO has a differ-
ent spatial structure and redder spectrum than that of cou-
pled models and observations.

As sea ice varies in this model, the Q flux is adjusted
to ensure that its global integral is zero. Bitz et al. (2012)
have shown that these “on-the-fly” adjustments produce an
unrealistically large heat sink when sea ice melts. There are
modified versions of the NCAR slab ocean model which
produce more realistic flux changes in regions of sea ice
loss. We have not performed tests with these models, but
we will present analysis showing that our findings are
applicable to comprehensive models that include sea ice
dynamics.

In CAM3, the partitioning of cloud water into ice and
liquid phases is determined by the prescribed tempera-
ture ramp function plotted in black in Fig. 1. Any atmos-
pheric gridpoints with a temperature colder than —40°C
have clouds that are completely ice, gridpoints warmer
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than —10°C have clouds that are completely liquid, and
for temperatures in between, the cloud ice fraction is lin-
early ramped. We use this default configuration of CAM3
to produce one of our reference integrations, which we call
“DEF.” We can increase the amount of cloud liquid relative
to cloud ice in the reference climate by shifting this temper-
ature ramp 2 K to the left (blue curve in Fig. 1), and we use
this modified microphysics to produce a second reference
integration called “LIQ.” We also shift the curve 4 K to the
right (red curve) to produce the “ICE” reference climate,
with less cloud liquid relative to cloud ice. We found that
there is greater sensitivity to increasing cloud liquid than to
reducing it, so we apply a smaller microphysics change for
LIQ than we do for ICE.

This temperature ramp parameterization is based on
Rasch and Kiristjansson (1998), who acknowledge that
“Observations and more detailed microphysical models
show a broad range of ratios of liquid to ice in clouds, and
it is difficult to be certain of an appropriate range for this
parameter.” Given that this parameterization is not well
constrained by observations, the temperature ramps used
in LIQ and ICE are reasonable alternatives to that used in
DEF. Most newer models use more comprehensive micro-
physics schemes and do not explicitly prescribe cloud ice
fraction in terms of temperature. [See Cesana et al. (2015)
and references therein for discussion and evaluation of
various microphysics schemes.] Nonetheless, McCoy
et al. (2015) have shown that, in the SH extratropics,
these newer models exhibit a clear monotonic relationship
between cloud ice fraction and temperature, albeit with
large intermodel spread. Thus CAM3 provides a useful
idealized framework for examining sensitivities to cloud
microphysics.

Figure 2 provides some comparison between the DEF,
LIQ and ICE reference climates. As expected, the LIQ cli-
mate has more cloud liquid and ICE has less cloud liquid
compared to DEF, with the most pronounced differences in
the midlatitudes (Fig. 2a, b). These changes in cloud liquid
produce a cooler climate with more sea ice for LIQ and a
warmer climate with less sea ice for ICE (Fig. 2c—f). The
SH midlatitude jets are shifted slightly equatorward in LIQ
and slightly poleward in ICE (Fig. 2g, h). The cloud lig-
uid, temperature, and zonal wind differences for ICE and
LIQ are comparable to biases seen in models participating
in phase 5 of the Coupled Model Intercomparison Project
(CMIPS) (Tsushima et al. 2006; Ceppi et al. 2012; Tian
et al. 2013), so neither LIQ nor ICE are major departures
from climates that are considered plausibly Earth-like.

Low level stability in the high latitudes can greatly influ-
ence sea ice changes in response to CO, forcing (Kay et al.
2014). Figure 3a shows that at 70°S, the ICE climate is
more stable and the LIQ climate is less stable at low levels
compared to DEF. Stratification on the equatorward flank

of the midlatitude jet may also be consequential: Fig. 3b
shows that at 45°S, the LIQ climate is less stable and the
ICE climate is more stable in the lower troposphere (700-
900 sigma pressure) compared to DEEF, but the differences
are much smaller than those at 70°S. We have performed
additional analysis and found that, for low level stability at
70°S, the differences between LIQ, ICE and DEF are statis-
tically significant at the 95 % level. The differences at 45°S
are less significant: ICE and LIQ are well separated, and
ICE and DEF are well separated, but LIQ and DEF are not
well separated.

In addition to these reference integrations, we perform
experiments in which the level of CO, is increased by vary-
ing amounts. We indicate the percentage increase in CO, by
a number following the experiment label: DEF3, DEFS,
DEF25, DEF50 and DEF100 are runs in which CO, is
increased by 3, 8, 25, 50 and 100 % respectively compared
to the reference value of 355 ppmv in DEF. LIQ3, LIQ100,
ICE25 and ICE100 are experiments in which CO, is
increased using the LIQ and ICE model configurations. The
key details of these experiments are provided in Table 1.
The “response” associated with each of these experiments
is obtained by subtracting the climatology of the associated
reference integration.

For experiments imposing CO, increase of 25 % or
more, we run the model for 100 years. For smaller CO, per-
turbations, we run the model longer to ensure that the key
features of the responses are statistically significant. As
noted by Wu et al. (2012), this model takes approximately
20 years to equilibrate to an external forcing, so we discard
the first 20 years of each integration and use the rest for our
analysis. When performing tests for statistical significance,
we appropriately reduce the temporal degrees of freedom
to account for autocorrelation in the time series (Bretherton
et al. 1999).

3 Climate responses in doubled CO, experiments

In December—January—February (DJF), both the LIQ100
and ICE100 experiments produce qualitatively simi-
lar responses, with warming throughout the troposphere
(Fig. 4a, b) and poleward shifts of the midlatitude jets of
both hemispheres (Fig. 4c, d). These poleward jet shifts are
a feature of the response that is common to most coupled
climate model simulations of anthropogenic warming (Yin
2005; Miller et al. 2006; Barnes and Polvani 2013).

The changes in cloud liquid content exhibit a character-
istic horseshoe shape, with increases extending from the
tropical upper troposphere to the polar lower troposphere
(Fig. 4e, f). There is an accompanying dog bone-shaped
decrease spanning the tropical and midlatitude middle trop-
osphere. These features are also apparent in coupled model
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Fig. 2 (Left column) DIF and (right column) JJA zonal averages of
a, b vertically integrated cloud liquid water path, ¢, d surface air tem-
perature, e, f sea ice concentration and g, h zonal wind at 850 hPa for
the DEF integration (black). Also shown are the difference between

simulations (Tsushima et al. 2006), and they correspond
closely to changes in relative humidity (Sherwood et al.
2010).

The upward shift in midlatitude cloud liquid is what one
expects as the freezing level increases in altitude. Where
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the LIQ and DEF integrations (blue) and the difference between the
ICE and DEF integrations (red). For clarity, the values of the red and
blue curves are multiplied by 10

the freezing level approaches the surface in the high lati-
tudes, the shift in cloud liquid has a meridional orientation.
Ceppi et al. (2016) have also demonstrated the importance
of changes in the freezing level for the spatial structure of
cloud feedbacks. Cloud liquid changes more in the LIQ100
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Fig. 3 DIJF average of temperature lapse rate at a 70°S and b 45°S for the DEF integration (black), LIQ minus DEF (blue) and ICE minus DEF
(red). For clarity, the values in the red and blue curves are multiplied by 10

experiments than in the ICE100 experiments, likely
because the lower troposphere of the LIQ reference climate
is less stable (Fig. 3), which allows a stronger convective
response to heating.

The key features of these doubled CO, responses are
all statistically significant at the 95 % level (marked with
dots in Fig. 4). We have also tested whether the LIQ100
and ICE100 responses are significantly different from
each other (Xs in Fig. 4). While the jet shifts in both hemi-
spheres appear to be stronger for LIQ100, this response is
not significantly different from that in ICE100.

The contrasts between the LIQ100 and ICE100
responses are more apparent in the June—July—August (JJA)
mean, shown in Fig. 5. Compared to ICE100, the LIQ100
experiment produces more warming in the SH midlatitudes
(Fig. 5a, b), a significantly stronger SH jet shift (Fig. Sc,
d), and a stronger upward shift in midlatitude cloud liquid
(Fig. e, ).

In both DJF and JJA, LIQ100 and ICE100 produce simi-
lar zonal wind responses in the Northern Hemisphere (NH),
except in the DJF midlatitude stratosphere and polar upper
troposphere (Fig. 4c, d). Figure 6 shows that there are also
contrasts in the sea level pressure (SLP) responses that are
not apparent in the zonal mean responses. This is particu-
larly apparent over Canada and Japan during DJF (Fig. 6a,
b) and Northern Europe during JJA (Fig. 6c, d).

Accompanying these atmospheric responses are nota-
ble changes in sea ice. ICE100 produces more ice loss than
LIQI00 in the summer hemispheres (Fig. 7a, d), while
LIQ100 produces more ice loss in the winter hemispheres

(Fig. 7b, c). These contrasts in the sea ice responses may
reflect contrasts in the cloud liquid responses, and we
will examine this further below in our detailed feedback
analysis.

Associated with the cloud and temperature changes are
changes in the tropospheric stability. In all of the CO,-
doubling experiments, there are increases in tropospheric
stability that correspond closely with the layers over
which cloud liquid increases are largest. At 70°S, stability
increases at low levels (up to 700 sigma, Fig. 8a) and at
45°S the stability increases up to the 400 sigma level. The
stability increases in the LIQ100 experiments are greater
than those in ICE100, which may be due to the weaker
stability of the LIQ reference climate compared to ICE
(Fig. 3).

4 Nonlinearity of the circulation responses

The key result found above is that the SH jet shift is
stronger for LIQ100 than it is in ICE100. Figure 9 shows
quantitatively how much the jet shifts in our experiments.
Here the jet latitude is defined as the latitude of maximum
zonal wind at 850 hPa after applying quadratic interpola-
tion between grid points. [As noted by Grise and Polvani
(2014), such a definition targets the eddy driven compo-
nent of the jet, while also avoiding possibly spurious top-
ographic influences at the lower boundary.] The jet shift
in our LIQ100 experiment is approximately twice that of
ICE100, with JJA showing the largest spread.
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Fig. 4 Colour shading shows the DJF zonal mean climate responses
in the (leff) LIQ100 and (right) ICE100 experiments for a, b tem-
perature, ¢, d zonal wind and e, f cloud liquid water content. Gray
contours show the climatology of (left) the LIQ reference integration
and (right) the ICE reference integration, with contour intervals of
10 K for temperature, 5 m s~! for zonal wind with negative contours

Surprisingly, Fig. 9 shows that there is a zero cross-
ing in the DJF and annual mean (ANN) responses: the
DEF3 and DEFS experiments produce statistically signifi-
cant equatorward shifts of the SH jet. We have performed
long integrations of the small perturbation experiments to
ensure robustness, but these equatorward responses were
clearly apparent after ~100 years of integration time. The
transition from equatorward to poleward jet shift occurs at
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dashed, and 10 mg kg_1 for cloud liquid water content. Black dots
show where the responses are significant at the 95 % level, based on
a two-tailed ¢ test at each latitude and pressure level. For points pass-
ing this significance test, Xs indicate where the LIQ100 and ICE100
responses are significantly different from each other at the 95 % level

approximately 25 % CO, increase, as shown by the DEF25
results. Furthermore, the location of this zero crossing
depends on the cloud microphysics: the LIQ3 experiment
produces a poleward shift of the SH jet in all seasons.
Thus, the prevailing view that increasing CO, leads to
poleward shifts of the jets may require revisiting: smaller
CO, perturbations may produce a jet response of the oppo-
site sign.
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Table 1 The key features of

our model experiments. There Experiment CO; mixing ratio Cloud physics Integration length
are three groups of integrations (ppmv) (years)
(separated by horizontal lines), DEF 355 CAM3 default 420
and for each of these groups DEF3 365.7 CAM3 default 420
the values for the associated DEFS 383.4 CAMS3 default 420
Tefe?rence .integration are DEF25 443.8 CAMS3 default 100
ndicated in bold DEF50 532.5 CAM3 default 100
DEF100 710.0 CAMS3 default 100
LIQ 355 More cloud liquid 315
LIQ3 365.7 More cloud liquid 315
LIQ100 710.0 More cloud liquid 100
ICE 355 More cloud ice 100
ICE25 443.8 More cloud ice 100
ICE100 710.0 More cloud ice 100

Earlier studies apply the fluctuation dissipation theorem
(FDT) to argue that jet latitude in the reference climate
influences the amplitude of the poleward jet shift (Gerber
et al. 2008; Kidston and Gerber 2010; Wenzel et al. 2016).
While the jet latitudes in our reference climates do differ
in ways that partially support this (Fig. 2g, h), FDT does
not explain the transition from equatorward to poleward jet
shift.

The DJF zonal mean response for the DEF8 experiment
is shown in Fig. 10, again showing a significant equator-
ward shift of the SH jet. Associated with this shift is a pro-
nounced local minimum in warming and an increase in
cloud liquid on the equatorward flank of the SH jet (around
45°5). This cloud liquid increase contrasts with the cloud
liquid decrease in the same region in LIQ100 and ICE100
(Fig. 4e, f). In NH, the DJF SLP response of DEF8 (not
shown) shows more zonal asymmetry than the responses
in the doubled CO, experiments (Fig. 6). While the high
latitude low level stability change in DEFS8 is qualita-
tively similar to that of the other experiments (Fig. 8a, thin
black line), there is no significant stability change at 45°S
(Fig. 8b, thin black line). This suggests that the change
in midlatitude baroclinicity is qualitatively very different
in DEF8 compared to the CO, doubling experiments. We
examine this in more detail in the next section.

5 Imsights from baroclinic instability theory

Theoretical principles of midlatitude dynamics suggest that
a shift of the midlatitude jet is accompanied by changes in
baroclinicity. One way of measuring baroclinicity change is
using the criticality quantity of Phillips (1954),

12 (uso0 — usso)

6C =94 )
BgH (0500 — 6350) /o

where u is the zonal wind, 6 is potential temperature, g is
the gravitational acceleration, f is the Coriolis parameter,
B is the meridional gradient of the Coriolis parameter, H
is the height scale, @ is a reference temperature, and the
500 and 850 subscripts indicate the pressure levels in hPa
where u and 0 are evaluated. This indicates that the critical-
ity can be reduced either by increasing static stability or by
decreasing vertical shear (which, by thermal wind balance,
reduces the meridional temperature gradient). This and
similar measures of baroclinicity have been used to under-
stand shifts of the midlatitude jets, which in SH typically
correspond to shifts of the Hadley Cell edge (Walker and
Schneider 2006; Lu et al. 2008; Butler et al. 2011; Tandon
et al. 2013).

To gain additional insight, the change in criticality can
be linearly decomposed into contributions from static sta-
bility change,

F2(us00 — ug50)ref 8(Bs00 — O350)

0Cy ~ — 2
’ BgH (0500 — 9850)%@0 /B0 @
and vertical shear change,
2
8 (us00 — uss0)
5= 3

~ BgH (0500 — 0350)rer /O0

where “ref” indicates values from the appropriate refer-
ence integration. Applying this approach to coupled model
simulations of anthropogenic warming, Lu et al. (2008)
found that much of the poleward shift of the SH midlati-
tude jet is associated with static stability increases on the
equatorward flank of the midlatitude jet. This in turn sug-
gests a key role for thermodynamics in driving circulation
change: in a warmer world, static stability is expected to
increase in order to maintain a lapse rate that is close to
moist adiabatic.
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Fig.5 Asin Fig. 4 for the JJA responses

Figure 11 shows the changes in criticality for our vari-
ous modelling experiments. For these computations, we
average u, 0, f and B over the 5° bands immediately pole-
ward and equatorward of the SH jet and set H = 5 km and
®p = 300 K. [We use a narrower latitude band than used
in Lu et al. (2008) since we are interested in the detailed
spatial structure.] In agreement with Lu et al. (2008), our
CO, doubling experiments all show decreases in baro-
clinicity on the equatorward flank of the jet that are almost
entirely accounted for by increases in static stability
(Fig. 11, right column). For small CO, perturbations, how-
ever, the static stability contribution vanishes, and there is
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an increase in baroclinicity that reflects changes in vertical
shear. Furthermore, on the poleward flank of the jet, there
is a shear-dominant decrease in baroclinicity for the small
CO, perturbations and a stability-dominant decrease for the
large perturbations (Fig. 11, left column).

Comparing the criticality changes on the poleward
and equatorward flanks, the small perturbations exhibit a
dipole change in baroclinicity, suggestive of a dynamically
coupled change, whereas the large perturbations show a
monopole change, suggestive of less dynamical coupling
and more thermodynamic driving. Note that, despite the
monopole structure for large perturbations, the fact that the
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baroclinicity decrease is greater on the equatorward flank
than on the poleward flank results in a poleward shift of the
jet.

Thus, Fig. 11 shows a transition between a “dynamically
coupled” regime for small CO, perturbations and a “ther-
modynamically forced” regime for large CO, forcing. This
dovetails with earlier findings that, for large CO, forcings
(like CO, doubling and quadrupling), cloud feedbacks are
mostly reflective of thermodynamic changes rather than
dynamical changes (Kay et al. 2014). (We will revisit this
below when analyzing feedbacks in more detail.) In our
experiments, the SH jet shifts equatorward in the dynami-
cally coupled regime and poleward in the thermodynami-
cally forced regime.

Figure 11 also shows that the presence of these
regimes is influenced by the cloud microphysics of the
model: while the DEF experiments clearly show two
regimes, the LIQ experiments do not. In both regimes,
thermodynamic changes play a crucial role, but the
degree of dynamical coupling is the key distinction.
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at each latitude/longitude. For points passing this significance test, Xs
indicate where the LIQ100 and ICE100 responses are significantly
different from each other at the 95 % level

Understanding what drives thermodynamic changes
inside and outside the baroclinic zone is key to under-
standing the root causes of the circulation responses, and
this is what we examine next.

6 Climate feedbacks in doubled CO, experiments

The direct radiative effect of CO, accounts for only a small
portion of warming that results from CO, increase; most
of the warming is because of feedbacks. Globally, cli-
mate models suggest that the water vapour feedback is the
dominant positive feedback in the climate system (Colman
2003; Soden and Held 2006). But cloud feedbacks play a
key role regionally, both through their radiative impact and
through the associated changes in the atmospheric circula-
tion. This has been demonstrated in idealized “cloud lock-
ing experiments” with aquaplanet models (Voigt and Shaw
2015; Ceppi and Hartmann 2016), with strong supporting
evidence from the output of comprehensive climate models
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(Ceppi et al. 2014; Ceppi and Hartmann 2016). Ice albedo
feedback has also been found to be an important factor in
the high latitudes (Ceppi et al. 2014; Kay et al. 2014).
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the LIQ100 and ICE100 responses are significantly different from
each other at the 95 % level. To facilitate qualitative comparison,
DEF8 values are multiplied by 6. Note that the horizontal scales in
the two panels are different

To build on these findings, we have calculated feed-
backs from our various model experiments. For this, we
use the “radiative kernel” technique described in Soden
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et al. (2008) and Shell et al. (2008). This assumes that a
feedback can be linearly decomposed into a perturbation
of a particular field and a response function, or “kernel,”
that determines the extent to which perturbing that field
affects the top of the atmosphere (TOA) radiative flux.
Once kernels are calculated from a particular model, they
can be used repeatedly for offline calculations of feed-
backs from time averaged model output, without the com-
putational expense involved with other feedback calcula-
tion techniques (e.g., Colman and McAvaney 1997). A
limitation of the radiative kernel technique is that kernels
have some dependence on the reference climate (Jonko
et al. 2012), so applying the same kernels to different ref-
erence climates might produce inaccurate results. Note
that cloud feedbacks cannot be directly determined using
radiative kernels, but they can be calculated by applying
kernel based corrections to the cloud radiative forcing
(Soden et al. 2008; Gettelman et al. 2013; Sherwood et al.
2015). For our calculations, we use kernels derived from
CAM3, as provided by Karen Shell.

In agreement with earlier studies, our feedback analysis
reveals that, of the various climate feedbacks, cloud and
albedo feedbacks have the most pronounced spatial struc-
tures in the vicinity of the SH jet. During DJF, CO, dou-
bling produces a positive shortwave (SW) cloud feedback
on the equatorward flank of the SH jet (Fig. 12a, thick
curves), which corresponds to the upward shift in cloud lig-
uid at those latitudes (Fig. 4e, f). On the poleward flank of
the jet, there is a negative SW feedback due to the increase
in cloud liquid throughout the lower troposphere. Cloud
longwave (LW) feedbacks are much weaker than SW feed-
backs, but they do cancel some of the SW effect (Fig. 12b).

50 75 100 0 25 50 75 100
% increase in CO2

% increase in CO2

indicate poleward shifts. Error bars indicate the standard error of the
mean for each experiment

Poleward of 60°S, there is a substantial positive albedo
feedback associated with loss of sea ice (Fig. 12¢). This
feedback offsets the negative SW feedback associated with
high latitude clouds. In JJA, the lack of sunlight suppresses
the high latitude cloud SW and albedo feedbacks, but on
the equatorward flank of the jet, positive SW cloud feed-
backs still dominate (Fig. 12, right column),

Recall from earlier that for our CO, doubling experi-
ments, the shift of the SH jet is mostly associated with
changes in static stability on the flanks of the jet. Based on
our feedback calculations, we conclude that much of this
increase in static stability is associated with cloud changes,
with albedo feedbacks exerting a modulating influence on
the poleward flank baroclinicity. Our interpretation agrees
with that of Ceppi et al. (2014), and our analysis more con-
clusively links the jet shifts to changes in static stability
rather than changes in the meridional temperature gradient.

Our feedback analysis also helps us explain the spread in
the circulation responses. Figure 12 suggests that LIQ100’s
enhanced poleward jet shift is likely due to stronger SW
cloud feedback on the equatorward flank of the jet, as there
is almost nothing distinctive about the albedo and cloud
feedback on the poleward flank of the jet. This stronger
midlatitude feedback may be due to the weaker stability
in the LIQ reference climate, which as suggested earlier,
allows for a stronger convective response to warming. In
NH, there appears to be compensation between the strength
of tropical cloud feedbacks and extratropical cloud and
albedo feedbacks that conspires to keep the jet shift more
constrained compared to the SH jet shift (not shown).

Also recall that in DJF, ICE100 produces a poleward
SH jet shift that is not significantly different from DEF100
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Fig. 10 As in Fig. 4 for the DJF response in the DEF8 experiment.
Note that the shading scales are different from those in Fig. 4

(Fig. 9a). The higher static stability of the ICE reference
climate (Fig. 3) favours a stronger ice albedo feedback,
but this is opposed by a stronger SW cloud feedback. The
reason for the stronger SW cloud feedback is unclear, and
it is counterintuitive, given the more stable ICE reference
climate; it may result from stronger dynamical coupling
in the ICE configuration. Nonetheless, our results suggest
that two models may produce the same jet shift for differ-
ent reasons. This also suggests that while cloud feedbacks
are the primary driver of poleward jet shifts, explaining the
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intermodel spread in the jet shift requires consideration of
ice albedo feedback.

7 Nonlinearity of extratropical cloud feedbacks

The DEFS8 calculation shows that the albedo feedback
is quite linear (Fig. 12c, thin curve): the strength of the
feedback per degree warming is about the same as that of
DEF100. The global mean surface air temperature (SAT)
responses are also close to linear. However, midlatitude
cloud feedbacks (Fig. 12a, b) are not linear, and the DEF8
calculations show very different spatial structures from the
CO, doubling experiments. This is further emphasized in
Fig. 13, which shows that as the amplitude of CO, forc-
ing is reduced, the SH midlatitude cloud feedback in the
DEF experiments changes sign (Fig. 13b, black squares),
whereas the albedo feedback remains positive in a much
narrower range (Fig. 13a). As suggested above, the nonlin-
earity of the cloud feedback may be due to cloud-dynami-
cal coupling for small amplitudes of CO, forcing.

In DEFS on the equatorward flank of the SH jet, it appears
that jet—cloud coupling cancels much of the thermodynami-
cally forced positive cloud feedback that is apparent in the
CO,-doubling experiments (Fig. 12a), but additional work is
needed to explain precisely why this is the case. Based on the
jet—cloud relationships shown in Grise and Polvani (2014)
and Wall and Hartmann (2015) as well as our own analysis,
we would expect an equatorward shift of the jet to enhance
the positive feedback on the jet’s equatorward flank, not can-
cel it. Note, however, that Grise and Polvani (2014) and Wall
and Hartmann (2015) diagnosed jet—cloud relationships from
simulations without any change in external forcing, whereas
the jet shifts in our experiments are externally forced. So it
is possible that externally forced and internally generated jet
shifts have different effects on clouds. [Similarly, Hassanza-
deh and Kuang (2015) found that changes in blocking events
under climate change scenarios are very different from those
expected based on internal variability.]

Figures 12 and 13 suggest that high latitude warming
associated with sea ice loss may be the reason why the jet
shifts equatorward in DEF3 and DEFS. There have been
numerous idealized studies showing that perturbations in
the high latitudes associated with sea ice loss produce an
equatorward shift of the midlatitude jet (e.g., Butler et al.
2010; Bader et al. 2012; Sun et al. 2015). Such high lati-
tude warming acts to reduce the meridional temperature
gradient and thus reduce the baroclinicity on the poleward
flank of the jet. Dynamical coupling then acts to produce
the dipole baroclinicity change shown in Fig. 11. Analysis
of feedbacks in our LIQ experiments reveals (as suggested
earlier) that increasing the cloud liquid in the reference cli-
mate results in a stronger thermodynamically forced cloud



Which way will the circulation shift in a changing climate? Possible nonlinearity of...

Fig. 11 DIJF change in Phillips’
criticality on the (left column)
poleward and (right column)
equatorward flanks of the SH
midlatitude jet, plotted versus
amplitude of CO, forcing. a, d
The change in total criticality,
b, e the static stability contri-
butions and ¢, f the vertical
shear contributions. The static
stability and shear contribu-
tions are calculated using the
linear decompositions given by
Egs. (2-3)

feedback (Fig. 13a, blue squares) which overwhelms the
dynamical coupling and acts to shift the SH jet poleward,
regardless of the CO, forcing amplitude (cf. Fig. 9a, blue

squares).
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These results might help explain the disagreement in ear-
lier studies as to how climate responds to small external forc-
ings from other sources, such as the solar cycle (Shindell et al.

2006; Gray et al. 2010; Liu et al. 2013). While some of the
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disagreement may be due to poor separation between inter-
nally generated and externally forced changes, another reason
is that for such small forcings, dynamical coupling becomes
important to an extent that is sensitive to cloud microphys-
ics. The microphysics can be altered directly as we have done
in this study, or it can be altered indirectly by changing, for
example, the background level of CO, (Tandon 2013, Ch. 4).

8 Cloud-coupled jet shifts in a comprehensive
model

It is important to assess the extent to which the results of
our idealized simulations apply to more comprehensive
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models and observations. It is not straightforward to com-
pare with historical simulations like those done for CMIPS5,
because in those simulations the effect of greenhouse gas
(GHG) increase is commingled with the effects of changes
in other forcings, such as ozone, solar irradiance and aer-
osols. While some GHG-only runs were performed for
CMIP5, the sample size is limited, and modelling centres
were not consistent about which forcings they used: some
centres applied ozone and land use changes in these simu-
lations, and others did not.

We instead analyze output of large ensembles of
combined-forcing and single-forcing experiments per-
formed with the Canadian Earth System Model ver-
sion 2 (CanESM2), a comprehensive climate model that
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includes ocean and sea ice dynamics (Arora et al. 2011).
These ensembles cover the historical period (1950-2005)
followed by 15 years of the Representative Concentra-
tion Pathway 8.5 (RCP8.5) climate change scenario (van
Vuuren et al. 2011). The initial conditions for the 50
ensemble members were generated by branching in groups
of ten from five historical runs that were initialized in 1850,
while imposing small perturbations to the atmospheric ini-
tial conditions. For a sufficiently large ensemble, taking an
ensemble average removes any contribution of atmospheric
and oceanic internal variability and isolates the contribu-
tion due to time-varying external forcing.

Four such ensembles were performed: one apply-
ing time variations in all historical forcings (ALL), one
varying only natural (solar and volcanic) forcings (NAT),
one varying only ozone forcing (O3) and another vary-
ing only anthropogenic aerosols (AA). We isolate the
response due to well mixed greenhouse gases by sub-
tracting the NAT, O3, and AA ensemble mean responses
from the ALL ensemble mean response. (Note that this
GHG residual might also include some contribution from
land use change.) We have compared ensemble averages
across all 50 members to ensemble averages using only
40 members, and none of our conclusions was affected.
This ensures that the ensemble size is indeed large enough
to separate forced and internal variations for the fields we
are interested in.

Figure 14 shows that for the 1956-2020 period, the 5
year-smoothed GHG-forced change in global mean SAT is
monotonically increasing, as we would expect from mono-
tonically increasing GHG concentrations. (Figure 14a;
there is a slight decline in SAT before 1956, which we do
not include in our analysis.) The overall trend in SH jet

% increase in CO2

latitude (Fig. 14b) is negative, showing the expected pole-
ward shift. However, the forced changes in jet latitude over
time are far from monotonic, with especially pronounced
equatorward shifts of the jet after 1964 and 1995. One
might expect such non-monotonicity, since jet latitude is
inherently noisier than global mean temperature. However,
these features were clearly apparent whether we averaged
over 40 ensemble members or 50 members, so this non-
monotonicity is unlikely a result of atmospheric noise, and
more likely reflective of externally forced changes.

One possibility is that these non-monotonic jet changes
relate to non-monotonic changes in sea ice. Indeed,
Fig. 14c shows that, despite a long term negative trend,
GHG-forced changes in SH sea ice are not monotonic, but
there is no clear correspondence between sea ice and jet
latitude variations. Perhaps we should not expect a clear
relationship between sea ice and jet latitude, since there are
multiple competing processes at work: a poleward shift of
the jet favours greater ice drift and melting, but enhanced
warming associated with the ice loss pushes the jet equator-
ward (e.g., Bader et al. 2012).

Figure 14d shows that the cloud forcing on the equator-
ward flank of the jet is very strongly coupled to the jet. Here
the cloud forcing is defined as the clear-sky minus all-sky
downwelling shortwave radiation at the surface. (By this
definition, a decrease in cloud forcing indicates enhanced
warming due to clouds.) The correlation between the
ensemble mean jet shift and ensemble mean cloud forcing
is 0.99. Furthermore, much of the overall change in cloud
forcing is explainable by changes in jet latitude. In the con-
trol simulation of CanESM2, a 1° poleward shift of the SH
jet is associated with a 2.9 W m~2 decrease in shortwave
cloud forcing on the equatorward flank of the jet. This 2.9
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Fig. 14 DIJF average anomalies of a global mean SAT, b SH jet lati-
tude, ¢ SH sea ice area and d shortwave cloud forcing at the midlati-
tude surface from four 50 member ensembles of CanESM2 covering
the historical period (1950-2005) and part of the RCP8.5 scenario
(2006-2020). Anomalies are relative to climatological values in a
preindustrial control simulation. The response to greenhouse gas forc-
ing (red) is obtained by subtracting the ensemble mean responses of
natural forcings-only (green), anthropogenic aerosols-only (magenta)

factor accurately explains the cloud forcing variations in the
forced experiments regardless of the time period or time-
scale (Fig. 14b, d). This also agrees with the cloud forcing
values found in Grise and Polvani (2014) based on TOA
fluxes. (Here we use downward surface fluxes to avoid pos-
sible confounding effects of surface albedo changes.)
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and ozone-only (blue) experiments from the ensemble mean response
of experiments with all forcings (black). To focus on timescales for
which global mean SAT is monotonically increasing, 5 year smooth-
ing was applied to all ensemble averages. Individual realizations of
the all forcings experiments are plotted in gray. The shortwave cloud
forcing is averaged over the 5° latitude band immediately equator-
ward of the SH midlatitude jet in the preindustrial control simulation

The jet—cloud coupling in CanESM2 appears to be
stronger than that in CAM3. We found that jet—cloud
coupling was not apparent in our CO,-doubling experi-
ments with CAM3. But CanESM2 shows strong jet—cloud
coupling for a level of warming that is comparable to our
CO,-doubling experiments. Additional work is needed to
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determine whether this stronger jet—cloud coupling leads
to greater nonlinearity of the jet response to CO, forcing.
Although such nonlinearity is clearly apparent in Fig. 14a,
b, the explanation for this nonlinearity might be different
than it was for our CAM3 experiments.

As Grise and Polvani (2014) discuss, there are numer-
ous models that exhibit strong jet—cloud coupling like that
in CanESM2, and there are numerous other models that
do not. It is unclear which set of models is more realistic:
in some respects the strongly coupled models are a bet-
ter match to available observations, and in other respects
they are not, and the observing period is short and prone
to noise. Our results certainly motivate further investiga-
tion with a combination of comprehensive and idealized
models.

9 Summary and conclusion

In a series of idealized experiments with CAM3 coupled to
a slab ocean, we have shown that the circulation response
to increased CO, is sensitive to both the amplitude of the
CO, perturbation and the cloud microphysics of the model.
Large CO, perturbations produce poleward shifts of the SH
jet that are primarily driven by cloud SW feedback, which
is in turn primarily driven by thermodynamic changes,
without significant coupling to the atmospheric circula-
tion. The amplitude of this poleward shift can be changed
by changing the amount of cloud liquid in the model, but
as seen with our ICE100 experiment, changes in ice albedo
feedback may counteract changes in cloud feedback. The
results of these CO,-doubling experiments support the
findings of Ceppi et al. (2014) that SW cloud feedback is
the dominant driver of SH circulation change and that ice
albedo feedback is an important modulating influence.

For small CO, perturbations, clouds become coupled to
the circulation to an extent that is sensitive to cloud micro-
physics. In the default configuration of CAM3, jet—cloud
coupling acts to cancel much of the positive SW cloud feed-
back on the equatorward flank of the jet, which allows the ice
albedo feedback to dominate in the high latitudes and shift the
jet equatorward. Our results suggest that for a CO, increase
as high as 25 %, there may be a negligible or equatorward
shift of the SH jet (Fig. 9). Increasing the cloud liquid in the
model strengthens the thermodynamically forced cloud feed-
back and reduces the importance of jet—cloud coupling.

Our analysis of the fully coupled CanESM2 suggests
that comprehensive models may also exhibit a nonlinear
cloud feedback and a nonlinear shift of the circulation.
While this does not change our expectation of a long term
poleward trend of SH jet latitude, there is good reason to
expect significant equatorward deviations from this trend
that will shape decadal and multidecadal variations. As

newer climate models incorporate interactive ice sheets,
photochemistry and more sophisticated cloud microphys-
ics, additional investigations of atmospheric circulation
change will certainly be called for.

Our results help bridge the understanding of long term
circulation change with the less well understood responses
to small external forcings, such as the solar cycle. The
response to such forcings may be highly influenced by cou-
pling between clouds and the circulation. While models
typically show internal variability that is much larger than
the response to such small forcings, there is recent work
suggesting that atmospheric internal variability in most cli-
mate models is unrealistically large, and so forced changes
may play a bigger role in near term climate change than
previously thought (Eade et al. 2014; Smith et al. 2014).
Thus, an improved understanding of cloud microphysics
will be key to long term climate projections, and it may
also be crucial for near term climate prediction.
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