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ABSTRACT

Previous studies showed that global cloud-radiative changes contribute half or more to the midlatitude

atmospheric circulation response to global warming. Here, we investigate the relative importance of tropical,

midlatitude, and polar cloud-radiative changes for the annual-mean, wintertime, and summertime circulation

response across regions in AMIP-like simulations. To this end, we study global warming simulations from the

ICON model run with the cloud-locking method and prescribed sea surface temperatures, which isolate the

impact of changes in atmospheric cloud-radiative heating. Tropical cloud changes dominate the global cloud

impact on the 850 hPa zonal wind, jet strength, and storm track responses acrossmost seasons and regions. For

the jet shift, a more diverse picture is found. In the annual mean and DJF, tropical and midlatitude cloud

changes contribute substantially to the poleward jet shift in all regions. The poleward jet shift is further

supported by polar cloud changes across the Northern Hemisphere but not in the Southern Hemisphere. In

JJA, the impact of regional cloud changes on the jet position is small, consistent with an overall small jet shift

during this season. The jet shift can be largely understood via the anomalous atmospheric cloud-radiative

heating in the tropical andmidlatitude upper troposphere. The circulation changes are broadly consistentwith

the influence of cloud-radiative changes on upper-tropospheric baroclinicity and thus the mean potential

energy available for conversion into eddy kinetic energy. Our results help to explain the jet response to global

warming and highlight the importance of tropical and midlatitude cloud-radiative changes for this response.

1. Introduction

The midlatitude, eddy-driven jet streams are an im-

portant component of the large-scale atmospheric cir-

culation. They develop in regions with strong horizontal

temperature and pressure gradients, and may be viewed

as including two components: 1) a surface wind com-

ponent that is maintained by the convergence of eddy

momentum fluxes aloft and 2) a vertically varying

component that is mandated by thermal wind balance

(Vallis 2017). The eddy-driven jets have their largest

amplitude in the storm track regions over the oceans

(Peixoto and Oort 1992).

In response to global warming, the midlatitude cir-

culation is expected to change due to modifications in
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the thermal structure of the atmosphere. Climate models

project a poleward shift of the zonal-mean midlatitude jet

streams [see the review by Vallis et al. (2015), and refer-

ences therein]. This general result was found both for

idealized and more realistic coupled model studies (e.g.,

Butler et al. 2010; Barnes and Polvani 2013; Kushner et al.

2001). However, the magnitude of the jet response differs

between models, seasons, and regions. While for the

Southern Hemisphere a poleward shift and strengthening

of the jet stream is clear in all seasons (Simpson et al. 2014),

the wintertime changes over the North Atlantic, for ex-

ample, resemble rather a downstream extension and in-

tensification of the jet than a poleward shift (Woollings

et al. 2012; Zappa et al. 2015).

The dominant physical mechanisms contributing to a

jet shift and/or strengthening are not clear (Bony et al.

2015; Shaw et al. 2016). Possible mechanisms contrib-

uting to the jet response include changes in upper- and/

or lower-tropospheric temperature gradients (Butler

et al. 2010; Harvey et al. 2015; Lu et al. 2008; Yin 2005), a

rise of the tropopause (Yin 2005; Lorenz andDeWeaver

2007), an increase in the static stability of the subtropical

and midlatitudinal troposphere (Lu et al. 2008), in-

creases in the eddy length scale (Kidston et al. 2010),

increased (Chen et al. 2008) or reduced (Kidston et al.

2011) eddy phase speeds, and changes in the index of

refraction for wave propagation (Simpson et al. 2009).

The recently published review by Shaw (2019) gives an

overview of the possible mechanisms, including addi-

tionally the effects of increases in latent heat release in

the upper-tropospheric tropics, radiative cooling in the

stratosphere, increases in specific humidity, and the

impact of cloud-radiative changes.

It is generally accepted that the changes in upper-

tropospheric temperature gradients and baroclinicity

play an important role for the jet shifts. For example, the

idealized study by Butler et al. (2010) provided evidence

that upper-tropospheric tropical heating leads to a pole-

ward jet shift. The authors further showed that low-level

polar warming leads to an equatorward shift of the jet

stream. Harvey et al. (2015) showed that while the jet

stream and storm track responses to climate change are

primarily associated with the upper-tropospheric temper-

ature gradient change, changes of the lower-tropospheric

temperature gradients can also be determinant, notably for

the North Atlantic Ocean basin.

Several recent studies discussed the role of clouds and

their radiative interactions with the atmospheric circu-

lation within the context of climate change [e.g., the

review by Ceppi and Hartmann (2015), and references

therein]. Most of these studies used the cloud-locking

method to investigate the impact of cloud-radiative

changes on the circulation response to global warming

in different model setups. Voigt and Shaw (2015, 2016)

found evidence that changes in cloud-radiative proper-

ties support the poleward jet shift in idealized aquaplanet

simulationswith prescribed sea surface temperatures (SST).

Similar results were found by Ceppi and Hartmann (2016)

in idealized aquaplanet simulations with a slab ocean.More

recent studies found important contributions of cloud-

radiative changes to the jet response in more realistic

Atmospheric Model Intercomparison Project (AMIP)-like

simulations (Gates 1992) with prescribed SST or a slab

ocean (Ceppi and Shepherd 2017; Albern et al. 2019; Voigt

et al. 2019).Most recently, Voigt andAlbern (2019) showed

that the cloud-locking method is to date the most appro-

priate method to study the impact of cloud-radiative

changes on the circulation response to global warming.

Voigt et al. (2019) introduced the concept of the at-

mospheric and surface pathways of the cloud-radiative

impact. The surface pathway arises from a cloud-induced

change in SST (via changes in surface cloud-radiative

heating), whereas the atmospheric pathway arises from

the fact that cloud-radiative changes can impact the cir-

culation even in the absence of SST changes (via changes

in atmospheric cloud-radiative heating and atmospheric

temperature). Voigt et al. (2019) found that the atmo-

spheric pathway is, at least in the onemodel considered, as

important as the surface pathway. Recently, Albern et al.

(2019) showed that in an AMIP-like setup the impact of

global cloud-radiative changes via the atmospheric path-

way on the jet stream response is significant and largely

zonally symmetric and does not strongly depend on the

season and pattern of SST increase but varies across ocean

basins. Investigating the responses in three different

models, Voigt et al. (2019) found substantial spread in the

response, as the magnitude of the change in atmospheric

cloud-radiative heating and its impact on the circulation

response varies across models.

To make progress on the cloud–jet problem, it is

necessary to understand which regional cloud-radiative

changes are most important for the global cloud-radiative

impact. Voigt and Shaw (2016) investigated the impact of

tropical, midlatitude, and polar cloud-radiative changes in

an aquaplanet setup and found that tropical and midlati-

tude cloud-radiative changes in the upper troposphere

contribute about equally to the poleward jet shift in two

models, whereas the impact of polar cloud-radiative

changes was smaller and not robust in the two models.

While this study focused on the aquaplanet setup, there is

still a large gap in understanding which regional cloud-

radiative changes are dominant in an AMIP-like setup

including continents, sea ice, and a seasonal cycle. In this

study, we address the role of regional cloud-radiative

changes in an AMIP-like setup, and use the ICON

model (Zängl et al. 2015) with prescribed SST and the
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cloud-locking method to quantify the role of tropical,

midlatitude, and polar cloud-radiative changes across

seasons and regions. We identify which clouds are

most important when continents, sea ice, and a sea-

sonal cycle are included in the simulations. The main

research questions are as follows:

1) Are tropical, midlatitude, or polar cloud-radiative

changes more important for the global cloud impact

on the zonal wind, jet stream, and storm track re-

sponses to global warming?Do the results depend on

the season and the region?

2) Can we understand the circulation impact of regional

cloud-radiative changes on the zonal wind and jet

responses based on (established) dynamical arguments?

The structure of this paper is as follows. In section 2,

we will introduce the modeling setup, the circulation

metrics, and our measure for significance. We show the

response of the midlatitude jet streams to regional

cloud-radiative changes in section 3, and link the jet

response to changes in upper-tropospheric baroclinicity

in section 4. We conclude with the main results and an

outlook in section 5.

2. Model simulations and methods

a. ICON model simulations with the cloud-locking
method

We use the atmospheric component of the ICOsahedral

Non-hydrostatic (ICON)model (Zängl et al. 2015, version
2.1.00) with the physics package developed for numerical

weather prediction. We run the model with AMIP-like

boundary conditions, that is, with present-day continents,

sea ice, and a seasonal cycle, and prescribed climatological

SST, and mimic global warming by a uniform 4K SST

increase. In each simulation, we prescribe the present-day

sea ice to the model that was obtained by calculating a

multiyear monthly mean over the AMIP period (1979–

2008; Gates 1992). Sea ice is set to the same values in all

simulations to isolate the effect of increased SST. The

details of the model setup, such as resolution and fur-

ther boundary conditions, are provided in Albern

et al. (2019).

We apply the cloud-locking method to determine how

much of the circulation response to global warming can

be attributed to changes in cloud-radiative properties,

and focus on the atmospheric pathway of the cloud-

radiative impact (Voigt et al. 2019). Note that water

vapor and surface albedo are not locked in our simula-

tions, but that their effects were investigated in previous

studies (e.g., Graversen andWang 2009; Mauritsen et al.

2013; Voigt and Shaw 2015; Ceppi and Shepherd 2017).

Albern et al. (2019) showed that ICON simulates a

reasonable circulation response to global warming with

interactive clouds, and that this is captured by simula-

tions with locked clouds. Thus, the residual of the cloud-

locking method is small, except for the spring season

[March to May; see Albern et al. (2019) for a detailed

discussion of the residual]. Additionally, Albern et al.

(2019) found that the impact of cloud-radiative changes

on the jet stream response to global warming is largely

independent of the pattern of the SST increase. We

therefore focus on the idealized global warming setup

of a uniform 4K SST increase in this study.

The total circulation response for any variable X is

given by

DX5X
4K

2X
CTL

5X
T2C2

2X
T1C1

1Res, (1)

where the subscripts CTL and 4K denote the control

simulation and the global warming simulation with free

clouds, and TxCx the simulations with locked clouds.

The numbers indicate whether SST (denoted by T) and

cloud-radiative properties (denoted by C) are taken

from the control simulation (denoted by 1) or from the

global warming simulation (denoted by 2). The last

term, Res, denotes the residual resulting from the ap-

plication of the cloud-locking method. The residual is

much smaller than the total response, implying that the

cloud-lockingmethod allows for ameaningful separation

of SST and cloud-radiative impacts (Albern et al. 2019).

The contribution of global cloud-radiative changes to

the total locked response is given by

DX
clouds

5
1

2
[(X

T1C2
2X

T1C1
)1 (X

T2C2
2X

T2C1
)] . (2)

We refer to this contribution as the global cloud impact.

The SST impact is defined analogously and by design the

difference between the total locked response and the

global cloud impact. The SST impact was discussed in

detail in Albern et al. (2019) and is shown in this study

for reference.

To determine the impact of regional cloud-radiative

changes, we perform additional simulations using the

cloud-radiative properties from the control simulation

and from the global warming simulation with a uniform

SST increase. We investigate the impact of cloud-

radiative changes in the tropics (308S–308N), in the

midlatitudes (308–608N and 308–608S), and in the polar

regions (poleward of 608N/S) (Fig. S1 in the online

supplemental material).

To determine the impact of tropical cloud-radiative

changes, we perform four simulations. In the first sim-

ulation, we prescribe the cloud-radiative properties

in the tropics to the values from the global warming
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simulation and in the midlatitudes and polar regions to

the values from the control simulation. In the second

simulation, we prescribe cloud-radiative properties from

the control simulation in the tropics, and from the global

warming simulation in the midlatitudes and polar re-

gions. These two simulations are once performed with

SST from the control simulation and once with 14K

SST. We run each simulation for 30 years and exclude

the first year to avoid possible effects from model ini-

tialization. To determine the impact of cloud-radiative

changes in the midlatitudes and polar regions, we per-

form two analogous sets of simulations (Fig. S1, center

and right panels). To limit the number of required

simulations, we change the cloud-radiative properties

simultaneously in theNorthern andSouthernHemisphere.

For both the midlatitude and the polar cloud-radiative

changes, we have tested that the circulation response in the

Northern (Southern) Hemisphere is largely due to cloud-

radiative changes in theNorthern (Southern)Hemisphere.

Interhemispheric teleconnections occur (Ceppi et al.

2013), but they are small in our simulations (not shown).

Based on the above simulations, the impact of re-

gional cloud-radiative changes is given by

DX
clouds,reg

5
1

4
[(X

T1Ca2Cb1
2X

T1Ca1Cb1
)1 (X

T1Ca2Cb2
2X

T1Ca1Cb2
)

1 (X
T2Ca2Cb1

2X
T2Ca1Cb1

)1 (X
T2Ca2Cb2

2X
T2Ca1Cb2

)] .

(3)

The subscript a denotes the region for which the regional

cloud-radiative impact is calculated (e.g., the tropics).

The subscript b refers to the other two regions (e.g., the

midlatitudes and polar region). The cloud-radiative

properties in the two regions of b are prescribed to the

same climate state. We refer to the three regional cloud

impacts as the tropical cloud impact (cloud TR), the

midlatitude cloud impact (cloud ML), and the polar

cloud impact (cloud PO). In the following, we refer to

the impact of cloud-radiative changes briefly as ‘‘cloud

changes’’ and ‘‘cloud impacts.’’

By construction, the SST impact and the global cloud

impact sum up to the total locked response. In contrast,

the impacts from tropical, midlatitude, and polar cloud

changes do not sum up to the global cloud impact, be-

cause Eq. (3) does not sample all possible combinations

of cloud-radiative properties for the three regions. For

example, the cloud-radiative properties in the two re-

gions of b are prescribed to the same climate state.

Nevertheless, the sum of the tropical, midlatitude and

polar cloud impacts on any variable exhibits a similar

structure as the global cloud impact, and the magnitude

of the difference is typically below 10%. This is shown

for the cloud impact on the global warming response of

the zonal wind at 850 hPa (u850) in Fig. S2. This result is

consistent with the finding of Butler et al. (2010) that the

response to the sum of multiple thermal forcings is

larger than the response to the simultaneously applied

thermal forcings. In our simulations, the nonlinearity is

additionally increased by possible gradients in the cloud-

radiative property fields at the borders of the three cloud

regions.

b. Regions of interest, circulation metrics,
and statistical significance

1) REGIONS OF INTEREST

We investigate the jet stream and its response to

global warming at each longitude and in a zonal-mean

perspective. For the zonal-mean perspective, we analyze

both the zonal mean over all longitudes in the Northern

and Southern Hemispheres and the zonal mean over the

North Atlantic (608W–08) and North Pacific (1358E–
1258W)ocean basins. The longitudinal boundaries of the

ocean basins are taken from Barnes and Polvani (2013).

Thus, our four regions of interest are the North Atlantic

(NA), the North Pacific (NP), the NorthernHemisphere

(NH), and the Southern Hemisphere (SH).

2) CIRCULATION METRICS

For comparability, we apply the same method to de-

termine the latitude and strength of the midlatitude jet

streams as previous studies (e.g., Barnes and Polvani

2013; Simpson et al. 2014; Albern et al. 2019). To this

end, we interpolate the zonal wind at 850 hPa (u850)

around its midlatitude maximum and the two neigh-

boring grid points on a 0.018 latitude grid and perform a

quadratic fit (Barnes and Polvani 2013). The location

and value of the maximum of the quadratic fit yield the

jet latitude (ujet) and the jet strength (ujet), respectively.

We show both the zonal-mean jet (response) and the jet

(response) at each longitude. For the former, the cal-

culation of the jet is based on the zonal-mean u850 for the

respective region. The latter is based on u850 at each

longitude. As in Albern et al. (2019) we show latitudes

for theNorthernHemisphere in ‘‘degrees north’’ and for

the Southern Hemisphere in ‘‘degrees south,’’ and a

positive response in ujet indicates a poleward jet shift in

both hemispheres.

3) STATISTICAL SIGNIFICANCE

We use bootstrapping as a measure for significance,

because the zonal wind data are not normally distributed

and bootstrapping does not make assumptions about

the distribution of the data. Statistical significance of the

zonal wind and jet responses is calculated based on the

5th–95th-percentile range of the bootstrap distributions
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of the zonal wind and jet responses to global warming.

The bootstrap distributions are determined in four steps:

1) for each simulation, we calculate the annual-mean or

seasonal-mean time series of the zonal wind field at

850 hPa for each of the 29 simulated years; 2) based on

this time series, we perform a sampling with replace-

ment (the resample has the same size as the original

time series), and calculate the time mean over the re-

sample; 3) the zonal-mean jet latitude and jet strength

are determined from the zonal-mean of this time-mean

u850 field; and 4) the total zonal wind and jet responses

and the global and regional cloud impacts are calcu-

lated as described in section 2a. These four steps are

performed 1000 times to obtain bootstrap distributions

of the zonal wind and jet responses. We consider the

zonal wind response to be significant if the 5th–95th-

percentile range of the bootstrap distribution does not

include 0m s21. The jet latitude and jet strength re-

sponses are significant if the 5th–95th-percentile ranges

of the bootstrap distributions do not include 08 latitude
and 0m s21, respectively. For the jet response, we also

investigate the 1st–99th-percentile range of the boot-

strap distributions to determine the spread in the

response.

3. Jet stream response to regional cloud-radiative
changes

In this section, we investigate the impact of tropical,

midlatitude, and polar cloud changes on the zonal wind,

jet stream, and storm track responses to global warming

and determine which regional cloud impacts are most

important for the global cloud impact. Albern et al.

(2019) found that the global cloud impact is very sim-

ilar across seasons. Here, we investigate whether this is

also the case for the regional cloud impacts. Therefore,

we focus our analysis on the annual-mean, December

to February (DJF) and June to August (JJA) responses

as these seasons span the range of large (DJF) and

small (JJA) total jet responses. Note that in some re-

gions, the JJA jet shift in ICON tends to be smaller than

in other models (cf. Fig. S6 in Albern et al. 2019). We

also investigated the March to May and September to

November seasons and found similar results for the cloud

impacts. Note that in all figures, the shown total response is

always the total response for the simulations with

locked clouds.

We begin with a brief summary of the main results of

Albern et al. (2019), who studied the total response, the

SST impact, and the global cloud impact.We include the

results for the zonal mean over the Northern Hemisphere,

which was not studied inAlbern et al. (2019), and highlight

the annual-mean, DJF, and JJA responses. Albern et al.

(2019) found that for most seasons and regions, the total

u850 response, the SST impact, and the global cloud impact

exhibit dipole patterns around the jet latitude of the con-

trol simulation (cf. our Fig. 1). The dipole patterns indicate

poleward jet shifts in the annual-mean and DJF in all re-

gions, whereas the jets hardly shift in JJA, with the ex-

ception of modest poleward shifts of the North Atlantic

and Northern Hemisphere jets. Further, the dipoles

indicate a jet strengthening in the North Atlantic,

Northern Hemisphere, and Southern Hemisphere during

all seasons, while theNorth Pacific jet weakens inDJF and

JJA. The global cloud impact supports the jet shift and jet

strengthening in all regions that show a substantial total

response.

The tropical, midlatitude, and polar cloud impacts

also exhibit dipole patterns around the control jet lati-

tude, especially in the annual mean and during DJF.

This indicates that in principle all regional cloud changes

can contribute to the u850 and jet responses (Fig. 2). Yet,

the tropical cloud impact clearly dominates the global

cloud impact in the North Atlantic and Southern

Hemisphere during all seasons (except for NA during

DJF), and in the Northern Hemisphere and North Pacific

during DJF. In the latter two regions, all regional cloud

impacts are important in the annual mean and negli-

gible in JJA, which reflects the small total response

during this season.

Moving from the zonal-mean perspective to the re-

sponse at each longitude, we find that the global cloud

impact is dominated by the tropical cloud impact

(Fig. 3). The tropical cloud impact is significant in most

regions in which the global cloud impact is significant. The

midlatitude and polar cloud impacts are in general smaller

and less significant. To first order, the impacts of regional

cloud changes on the u850 response are zonally symmetric

in the midlatitude ocean basins, with the exception of the

North Pacific during JJA. These results are in line with the

finding of Albern et al. (2019) that the global cloud impact

is largely zonally symmetric across the midlatitude ocean

basins, whereas the SST increase causes a more zonally

asymmetric u850 response.

As an overview, Fig. 4 presents the relation between

the zonal-mean poleward jet shift and jet strengthening

in a scatterplot. This allows for immediate comparison

with Albern et al. (2019). The statistical significance of

the jet responses is shown in Figs. 5 and 6. Similar to the

zonal wind response, the global cloud impact on the jet

strength response is dominated by a significant tropical

cloud impact (Figs. 4 and 5). The midlatitude and polar

cloud changes hardly affect the jet strength response in

any region and during any time of the year, and their

small impacts are mostly not statistically significant.

Note that in DJF, the total response of the North Pacific
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jet strength is not significant even though it is similar

to the SST impact. This is because the variability in the

total response is larger than for the SST impact. In

general, the variabilities of the total ujet and ujet re-

sponses and SST impacts are larger than the vari-

abilities of the regional cloud impacts. This means

that even though the regional cloud impacts are

smaller in most cases, they are, at the same time, more

robust than the total response and the SST impact

(Figs. 5 and 6).

In contrast to the u850 and ujet responses, all regional

cloud changes contribute about equally to the annual-

mean and DJF ujet response in the three Northern

Hemisphere regions, except for the North Pacific in

DJF, which is dominated by tropical cloud changes

(Fig. 4). In the Southern Hemisphere, tropical and

midlatitude cloud changes contribute to the annual-

mean and DJF poleward jet shift, whereas polar cloud

changes tend to shift the jet equatorward. Most of the

regional cloud impacts on Dujet are significant for

the 1st–99th-percentile range (mainly cloud TR) or for the

5th–95th-percentile range (mainly cloud ML and cloud

PO) (Fig. 6). In JJA, the total jet shift, the SST impact and

all cloud impacts are small and mostly not significant

(Figs. 4 and 6, bottom rows).

The jet shift in response to regional cloud changes in

our simulations is in agreement with the jet response to

regional cloud changes in aquaplanet simulations (Voigt

and Shaw 2016). In both the aquaplanet setup and in

the AMIP-like setup, tropical and midlatitude cloud

changes contribute about equally to the poleward jet

shift. This highlights the importance of tropical and

midlatitude cloud-radiative heating for the poleward jet

shift (cf. section 4). At the same time, the role of polar

cloud changes is more uncertain and seems to be model

dependent. In one of the aquaplanet models of Voigt

and Shaw (2016) the polar cloud impact was about half

of the tropical and midlatitude cloud impacts whereas it

was negligible in the othermodel. In our simulations, the

polar cloud impact on the jet shift is more important

and contributes in some circumstances as much to the

poleward jet shift as the tropical and midlatitude cloud

impacts (cf. Fig. 4; e.g., the DJF jet shift in the North

Atlantic).

Considering the differences in the model setups of

the aquaplanet and the AMIP-like simulations, it is

FIG. 1. Zonal-mean response of the 850 hPa zonal wind (u850) (left) in the annual mean and during (center) DJF and (right) JJA in the

(top to bottom) North Atlantic (NA), North Pacific (NP), Northern Hemisphere (NH), and Southern Hemisphere (SH). The total

response (black) is decomposed into the SST impact (blue) and the global cloud impact (orange). The gray bars show the jet latitude in the

control simulation with locked clouds.
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surprising how well the results agree. As the cloud im-

pacts are similar across seasons, the aquaplanet (without a

seasonal cycle) is a useful tool to study the role of (re-

gional) cloud changes.Differences between theAMIP-like

and aquaplanet simulations might be related to the inclu-

sion of sea ice and continents in our simulations, whichwas

found to be important for the jet (Brayshaw et al. 2009)

and the cloud impact in different ocean basins (Albern

et al. 2019). Additionally, Voigt and Shaw (2016) prescribe

water vapor to values from the control simulation

in the global warming simulation, whereas water

vapor is free in our simulations. Finally, Voigt and

Shaw (2016) do not calculate the mean over four

simulations to derive the cloud impact [Eq. (3)], but

determine it as DXcloud,VS16 5XT1Ca2Cb12XT1Ca1Cb1. In

our simulations, this calculation results in a highly

overestimated global cloud impact on the jet re-

sponse, whereas the three regional cloud impacts in the

aquaplanet simulations almost sum up to the global

cloud impact.

The jet streams are tightly coupled to the storm

tracks, which are a measure of synoptic activity in the

midlatitudes (e.g., Hoskins and Valdes 1990; Pinto

et al. 2007). The storm tracks are derived as the stan-

dard deviation of the 2.5–6-day bandpass filtered

6-hourly geopotential height at 500 hPa (Blackmon

1976). Depending on the ocean basin and season, the

storm tracks shift poleward and strengthen in response

to global warming (Fig. 7, first row). The global cloud

impact contributes significantly to the total response in

all ocean basins in the annual mean and to the North

Atlantic response in JJA (Fig. 7, second row) (statis-

tical significance of the storm track response is deter-

mined analogously to the u850 response). Similar to the

u850 response, the global cloud impact on the storm

track response is dominated by tropical cloud changes,

whose impact is significant in large parts of the ocean

basins and across seasons, even in regions where the

global cloud impact is not significant (Fig. 7, third row).

The midlatitude and polar cloud impacts also contrib-

ute to the global cloud impact but are weaker and less

significant (Fig. 7, fourth and fifth rows). Significant

impacts of midlatitude and polar cloud changes are

mainly found in the North Atlantic and at the equa-

torward flank of the North Pacific and Southern

Hemisphere storm tracks.

FIG. 2. Zonal-mean response of the 850 hPa zonal wind (u850) (left) in the annual mean and during (center) DJF and (right) JJA in the

(top to bottom) North Atlantic (NA), North Pacific (NP), Northern Hemisphere (NH), and Southern Hemisphere (SH). Shown are the

global (orange), tropical (cloud TR; green), midlatitude (cloudML; brown), and polar (cloud PO; gray) cloud impacts. The gray bars show

the jet latitude in the control simulation with locked clouds.
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4. Dynamical processes—Changes in baroclinicity
and eddies

In this section, we explore the dynamics behind the

zonal wind and jet stream responses to cloud-radiative

changes. As summarized in the previous section, there

are two primary and robust linkages between regional

changes in cloud-radiative heating and responses in the

extratropical circulation: 1) changes in tropical cloud-

radiative heating dominate changes in the strength of

the jets, and 2) changes in both tropical and midlatitude

cloud-radiative heating contribute to the poleward jet

shifts. There are interesting and important seasonal

differences in the jet responses, but these are due as

much to the SST increase as to changes in cloud-

radiative properties (Figs. 5 and 6). The fact that the

jets hardly shift in JJA indicates that the background

climate state on which the cloud-radiative heating and

SST increase are imposed is important for the jet shift.

The dominating processes, however, are still unclear and

an area of active research. For this reason, here we focus

on the annual-mean jet shift and investigate the quali-

tative relationships between changes in cloud-radiative

heating and various dynamical properties of the ex-

tratropical atmosphere. We begin with the changes in

atmospheric cloud-radiative heating since they are

the forcing whereby changes in clouds influence the

circulation.

The contours in Fig. 8 show the changes in zonal-mean

atmospheric cloud-radiative heating for the global and

regional cloud impacts. The changes in cloud-radiative

heating are all dominated by their longwave compo-

nents (not shown). The shading in Fig. 8 shows the

corresponding responses in zonal-mean atmospheric

temperature. Note that the responses in temperature are

due not only to the imposed cloud-radiative heating, but

also to the resulting changes in atmospheric dynamical

and diabatic processes.

The qualitative structure of changes in upper-level

cloud-radiative heating (Fig. 8, top) is consistent with

the response of high-level clouds to global warming

(e.g., Manabe and Wetherald 1987) and can be under-

stood primarily from 1) the lifting of the tropopause

across all latitudes in response to global warming

(Hartmann and Larson 2002; Singh and O’Gorman

2012; Thompson et al. 2017); 2) the poleward shift of

the extratropical storm tracks and their associated

cloud fields (e.g., Kushner et al. 2001); and 3) the fact

that high-level clouds warm at their base and cool at

FIG. 3. (left) Annual-mean, (center) DJF, and (right) JJA response of the zonal wind at 850 hPa (u850) to global warming. Depicted are

the (top to bottom) global (cloud), tropical (cloud TR), midlatitude (cloud ML), and polar (cloud PO) cloud impacts. The dots indicate

where the response is statistically significant based on the 5th–95th-percentile range of the bootstrap distribution for each grid point. The

black line indicates the jet latitude in the control simulation with locked clouds.
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their top (Slingo and Slingo 1988). The changes in

lower-level cloud-radiative heating reflect a reduction

in subtropical low-level clouds and an upward exten-

sion of exratropical low-level clouds, whose radiative

effect in the present-day climate is dominated by cooling

(Li et al. 2015).

The bowed structure of the cloud-radiative heating

change in the upper troposphere reflects the meridional

structure of the tropopause and is robust in climate

change simulations in aquaplanet setups (Voigt and

Shaw 2016), AMIP-like simulations (Li et al. 2019;

Albern et al. 2019) and simulations with interactive sea

surface temperatures (Ceppi and Shepherd 2017; Voigt

et al. 2019). Yet, the magnitude of the change in cloud-

radiative heating differs across models, which to a large

extent is due tomodel shortcomings regarding the cloud-

radiative heating in the present-day climate (Voigt et al.

2019). At the same time, the response in the lower-

tropospheric polar region is uncertain across models,

even when the lower-tropospheric response is limited

due to prescribed sea surface temperatures and sea ice.

For themost part, the changes in cloud-radiative heating

and the resulting temperature response are much larger

for the tropical cloud impact than they are for the ex-

tratropical cloud impacts (e.g., compare the lower three

panels in Fig. 8). Nevertheless, as indicated in the pre-

vious section, the changes in extratropical clouds appear

to play an important role for the jet response. For the

midlatitude cloud changes, this is likely because the

cloud-radiative heating occurs right at the jet latitude

and its poleward flank and modifies the baroclinicity in

this region (see discussion below).

How do the changes in cloud-radiative heating influ-

ence the midlatitude circulation from a dynamical per-

spective? It is helpful to split the task of understanding

how changes in cloud-radiative heating lead to the jet

shifts into three parts. The first part corresponds to the

direct, linear (dry) atmospheric response that follows

from the imposed change in external heating. The sec-

ond part includes understanding the resulting response

in the (dry) eddy transports of heat and momentum that

result from the linear response. The third part includes

moist processes such as convection. The first part is

relatively straightforward, but the second part is non-

linear and more difficult to quantify. In fact, under-

standing the eddy response to external heating lies at the

FIG. 4. Zonal-mean jet shiftDujet vs jet strengtheningDujet (top) in the annual mean and during (middle)DJF and (bottom) JJA. Shown

are the total response (black), the SST impact (blue), and the global (orange), tropical (cloud TR; green), midlatitude (cloudML; brown),

and polar (cloud PO; gray) cloud impacts for the (left to right) North Atlantic (NA), North Pacific (NP), NorthernHemisphere (NH), and

Southern Hemisphere (SH).
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root of understanding the circulation response to climate

change, to the ozone hole, to stratospheric dynamical

processes, and to sea surface temperature anomalies.

It is a key and topical problem in climate dynamics.

Regarding the third part, Voigt and Shaw (2016) found a

3-times-larger jet shift in the dry version of one of their

aquaplanet models than they did in the moist full-physics

version of the model. This indicated an important role of

small-scale processes in compensating for some of the

cloud-radiative heating, in particular due to convection

and boundary layer mixing. In this section, we will focus

on the second part, because the first part is relatively

straightforward and the third part requires running a

model, since there is no theoretical framework that pre-

dicts the response of small-scale processes to cloud-radiative

heating changes.

The eddy response to external heating arises through a

combination of two processes. These are 1) barotropic

processes, in which changes in the configuration of the

free-tropospheric flow influence the meridional propaga-

tion of waves (Hoskins and Karoly 1981; Chen and Held

2007; Simpson et al. 2009; Barnes et al. 2010; Barnes and

Thompson 2014); and 2) baroclinic processes, in which

changes in the baroclinicity lead to changes in the eddy

fluxes of heat (Lindzen and Farrell 1980; Kushner and

Held 1998; O’Gorman 2010; Butler et al. 2011) and—

through the resulting changes in the ‘‘stirring’’ of the

flow—changes in the meridional flux of wave activity

and thus momentum fluxes aloft (e.g., Dickinson 1969;

Held 1975).

For the specific case of the midlatitude response to

cloud-radiative heating changes: Previous work has ar-

gued that the pattern of cloud-radiative heating in the

upper troposphere that results from global warming

(e.g., similar to that shown in Fig. 8, top) leads to a

poleward shift of the midlatitude jet (e.g., Voigt and

Shaw 2016; Albern et al. 2019; Li et al. 2019; Voigt et al.

2019). In fact, a pattern of cloud-radiative heating very

similar to that found in Fig. 8 leads to a poleward shift in

the midlatitude jets when applied to the dynamical core

of a global climate model (Li et al. 2019). In that case,

the influence of the heating on upper-tropospheric bar-

oclinicity appears to play a key role in driving responses

in the amplitudes of baroclinic eddies and thus the

FIG. 5. The 1st–99th-percentile range (horizontal lines), median (crosses), and 5th and 95th percentiles (vertical lines) of bootstrap

distributions of the zonal-mean jet strength response (Dujet). Results are shown for (top) the annual mean, (middle) DJF, and (bottom)

JJA, and for the (left to right) North Atlantic (NA), North Pacific (NP), Northern Hemisphere (NH), and Southern Hemisphere (SH).

Shown are the total response, the SST impact, and the global and regional cloud impacts. The colors indicate whether the response is

significant based on the 1st–99th-percentile range or the 5th–95th-percentile range or whether the response is not significant.
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extratropical wave fluxes of heat. Figures 9 and 10 sug-

gest that a similar process is important for understanding

at least a component of the results shown here. Note that

in contrast to earlier figures, the results are shown as a

function of logarithmic pressure to emphasize relation-

ships in the upper troposphere. The eddy fluxes of heat

and momentum are calculated based on 6-hourly data

following Peixoto and Oort (1992). The meridional

temperature gradient and eddy momentum flux con-

vergence are calculated as

1

a

›T

›u
and 2

1

a cos2u
›(u0y0 cos2u)

›u
, (4)

respectively. Here, the overbar (�) denotes the time

mean and zonal mean, the prime (�)0 is the eddy com-

ponent (i.e., the deviation from the time mean or zonal

mean), a 5 6371km is Earth’s radius, T is the atmo-

spheric temperature, u0y0 is the eddy momentum flux,

and u is the latitude.

The left column in Fig. 9 shows the response in the

zonal-mean temperature (shading; reproduced from

Fig. 8) along with the attendant response in the me-

ridional temperature gradients (contours) for all cloud

impacts. Note that the response in the meridional

temperature gradients dominate the total changes in the

baroclinicity and thus the Eady growth rate (Fig. S3). As

expected, the largest response in the meridional tem-

perature gradient are found on the poleward flanks of

the tropical upper-tropospheric temperature increases

(about 408–508N/S) (Fig. 9, left column) and are domi-

nated by tropical cloud changes, which yield the largest

temperature response of all three regions due to en-

hanced tropical heating (Fig. 9, left column, shading).

The response in the meridional temperature gradients

associated with midlatitude and polar cloud changes are

relatively modest. Note that the largest meridional

temperature gradient and eddy heat flux responses are

found in the upper troposphere, even though the largest

values in the control simulation are found in the lower

troposphere around 800–900hPa.

If the changes in cloud-radiative heating directly in-

fluence the eddy fluxes of heat, then we would expect to

see three relationships hold in the results: 1) the re-

sponse in the eddy fluxes of heat should be downgradient

(i.e., diffusive) with respect to the response in atmo-

spheric temperatures; 2) the response in the eddy fluxes

should be dominated by their transient rather than sta-

tionary components, since the transient component is

most closely associated with baroclinic eddies; and 3) the

FIG. 6. As in Fig. 5, but for jet latitude response (Dujet).
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response in the eddy fluxes should be most clearly dif-

fusive at upper tropospheric levels, where the temper-

ature response is forced directly by the changes in the

cloud-radiative heating and not solely by the resulting

changes in atmospheric dynamics. Though not perfect,

all three relationships are evident in themodel responses

(Fig. 9, second and third columns): The changes in the

transient eddy fluxes of heat are largely downgradient in

the upper troposphere. The diffusive nature of the heat

fluxes is most clear in association with the tropical cloud

impact, but is also apparent for the midlatitude and polar

cloud impacts.

To the extent that most baroclinic eddies do not ex-

tend into the lower stratosphere, increases in the transient

eddy fluxes of heat in the upper troposphere should lead to

increases in the so-called stirring of the upper-tropospheric

flow. Increases in the amplitude of the stirring should, in

turn, lead to increases in the meridional propagation of

Rossby waves and thus the convergence of the eddy

momentum flux.

The first two columns of Fig. 10 show the responses in

the transient eddy momentum flux convergence (shad-

ing; first column) and stationary eddy momentum flux

convergence (shading; second column) overlaid with

the responses in the meridional temperature gradients

(contours). The third column shows the total responses

in the eddy momentum flux convergence (stationary

plus transient component; shading) overlaid with the

FIG. 7. (left) Annual-mean, (center) DJF, and (right) JJA storm track response to global warming. Depicted are the (top to bottom)

total response and the global (cloud), tropical (cloud TR), midlatitude (cloudML), and polar (cloud PO) cloud impacts. The dots indicate

regions with a statistically significant response based on the 5th–95th-percentile range of the bootstrap distribution. The gray contours

show the storm track in the control simulation (contour interval: 100m2 s22). The tropics are not shown because the storm track is weak in

this region.
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responses in the zonal-mean zonal wind. Consistent with

our hypothesis, the largest responses in the transient

eddy momentum flux convergence lie within—albeit on

the poleward side of—the largest responses in the me-

ridional temperature gradient (Fig. 10, left column). The

relationships are most clear for the global and tropical

cloud impacts. Interestingly, the midlatitude and polar

cloud impacts are marked bymore substantial responses

in the stationary eddymomentum fluxes in the Northern

Hemisphere, which is consistent with the results of

Simpson et al. (2014), who found that the stationary

component of the eddy momentum flux is apparently

important in simulations with continents, especially

in the Northern Hemisphere during DJF. The re-

sponses in the stationary eddy fluxes are important,

but they are not clearly linked to changes in tropospheric

baroclinicity and the responses are more difficult to inter-

pret physically. The zonal wind response is—as expected—

consistent with the response of the eddy momentum fluxes

(Fig. 10, right column), and the responses in the surface

flow follow from the attendant responses in the ver-

tically integrated momentum transport (Vallis 2017).

Yet, the results indicate that the linkages between

baroclinicity and transient eddies are not the complete

story in the Northern Hemisphere, and that the station-

ary component of the eddy momentum flux cannot be

neglected in simulations with continents and a seasonal

cycle. The stationary component of the eddy momentum

flux is important for regional cloud impacts outside of the

tropics.

Together the results in Figs. 8–10 suggest that the

jet responses to cloud-radiative changes are at least

qualitatively consistent with the following reasoning: 1)

cloud-radiative changes influence upper-tropospheric

baroclinicity and thus the available potential energy

for wave motions; 2) the changes in baroclinicity lead to

anomalous downgradient wave fluxes of heat associated

with transient waves; 3) the changes in the transient

wave fluxes of heat and thus the vertical propagation of

wave activity lead to changes in the so-called stirring of

the upper-tropospheric flow; and 4) the changes in stir-

ring lead to changes in the meridional flux of wave ac-

tivity and thus eddy momentum fluxes aloft. Whether

the cloud-radiative heating change leads to a shift or

strengthening of the jet presumably depends on whether

the changes in upper-tropospheric baroclinicity project

onto the climatological-mean jet or its poleward flank.

5. Conclusions

We investigate the impact of regional cloud-radiative

changes on the annual-mean, DJF, and JJA jet stream

responses to a uniform 4K SST increase across regions,

using the atmospheric component of the ICON model.

We apply the cloud-locking method, and isolate the at-

mospheric pathway of the cloud impact by prescribing

SST (Voigt et al. 2019).We summarize themain findings

of this study by answering the research questions that we

posed in the introduction:

1) Are tropical, midlatitude or polar cloud-radiative

changes more important for the global cloud impact

on the zonal wind, jet stream, and storm track re-

sponses to global warming?Do the results depend on

the season and the region?

FIG. 8. Annual-mean global and regional cloud impacts on the

temperature response (shading) vs change in atmospheric cloud-

radiative heating (contours). The gray bars indicate the latitudinal

boundaries of the tropical, midlatitude, and polar regions. The

contour interval is 0.2K day21 for absolute values larger than

0.2K day21 and 0.1 K day21 for absolute values smaller than

0.2K day21. The 0K day21 contour is not shown. The green lines

show the tropopause height in the control simulation.
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The global cloud impacts on the 850hPa zonal wind,

jet strength, and storm track responses are dominated by

significant tropical cloud impacts across seasons, espe-

cially in the North Atlantic and Southern Hemisphere.

The regional cloud impacts on the zonal wind response

are largely zonally symmetric. The tropical and midlat-

itude cloud impacts contribute substantially to the

annual-mean and DJF poleward jet shifts in most re-

gions. The polar cloud impact contributes to the pole-

ward jet shifts in the three northern hemispheric

regions, but shifts the Southern Hemisphere jet

equatorward. Thus, while in principle all clouds can

contribute to the zonal wind, jet stream, and storm

track responses, our study highlights the importance

of tropical cloud changes.

2) Can we understand the impact of regional cloud-

radiative changes on the zonal wind and jet responses

based on (established) dynamical arguments?

While the temperature response to cloud-radiative

heating is difficult to understand, the zonal wind re-

sponse to cloud-induced temperature changes can be

understood from dry dynamics and previous work

with idealized dry models. The circulation changes

FIG. 9. Cloud impacts on the response of the annual-mean zonal-mean (left) atmospheric temperature, (middle) transient eddy heat

flux, and (right) stationary eddy heat flux (shading), overlaid by responses in the meridional temperature gradient (contours). The

contours are in intervals of 0.5K (103 km)21 between 24 and 20.5 K (103 km)21 and between 0.5 and 4K (103 km)21, with additional

contours for 60.3 and 60.2K (103 km)21 for the global and tropical cloud impacts, and 60.3, 60.2, and 60.1K (103 km)21 for the

midlatitude and polar cloud impacts. The green lines show the tropopause height in the control simulation.
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are broadly consistent with the influence of cloud-

radiative changes on upper-tropospheric baroclinicity.

For example, increases in the upper-tropospheric me-

ridional temperature gradients due to cloud-radiative

changes are associated with 1) anomalously poleward

eddy fluxes of heat and thus vertical wave propagation

and 2) anomalous eddy momentum flux convergence

aloft consistent with enhanced stirring of the upper-

tropospheric flow. These relationships are most prev-

alent for the tropical cloud changes and weaker for

the midlatitude and polar cloud impacts. The transient

component of the eddy momentum fluxes dominates

the annual-mean global and tropical cloud impacts,

whereas the stationary component is also important for

themidlatitude and polar cloud impacts in theNorthern

Hemisphere.
In this study, we found that tropical cloud changes

dominate the 850 hPa zonal wind, jet strength, and storm

track responses and are very important for the jet shift.

A more detailed investigation of the impact of different

tropical regions seems necessary to be able to conclude

which tropical region is most important for the cloud

FIG. 10. Cloud impacts on the response of the (left) transient, (center) stationary, and (right) total eddy momentum flux convergence

(shading), overlaid by responses in themeridional temperature gradient (contours in the first and second columns; contour intervals are as

in Fig. 9) or responses in the zonal wind (contours in the third column). The contours for the zonal wind are in intervals of 1m s21 between

24 and21m s21 and between 1 and 4m s21, with additional contours for60.5 and60.25m s21 for the global and tropical cloud impacts

and 60.5, 60.25, and 60.1m s21 for the midlatitude and polar cloud impacts. The green lines show the tropopause height in the control

simulation.
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impact on the midlatitude circulation response to global

warming. Additionally, previous studies that investigated

the cloud impact on the circulation response to global

warming either analyzed the atmospheric pathway of

the cloud impact by prescribing SST or the surface

pathway of the cloud impact by coupling the atmo-

spheric component of the model to a slab ocean. Future

studies should investigate if and how the relative im-

portance of global and regional cloud impacts changes if

the atmospheric component of the model is coupled to

an ocean model or if it is used as part of an Earth

system model.
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