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ABSTRACT

Global warming projections show an anomalous temperature increase both at the Arctic surface and at lower
latitudes in the upper troposphere. The Arctic amplification decreases the meridional temperature gradient, and
simultaneously decreases static stability. These changes in the meridional temperature gradient and in the static sta-
bility have opposing effects on baroclinicity. The temperature increase at the upper tropospheric lower latitudes tends
to increase the meridional temperature gradient and simultaneously increase static stability, which have opposing
effects on baroclinicity as well. In this study, a dry idealized general circulation model with a modified Newtonian
cooling scheme, which allows any chosen zonally symmetric temperature distribution to be simulated, is used to study
the effect of Arctic amplification and lower-latitude upper-level warming on eddy activity. Due to the interplay
between the static stability and meridional temperature gradient on atmospheric baroclinicity changes, and their
opposing effect on atmospheric baroclinicity, it is found that both the Arctic amplification and lower-latitude upper-
level warming could potentially lead to both decreases and increases in eddy activity, depending on the exact pre-
scribed temperature modifications. Therefore, to understand the effect of global warming-like temperature trends on
eddy activity, the zonally symmetric global warming temperature projections from state-of-the-art models are simu-
lated. It is found that the eddy kinetic energy changes are dominated by the lower-latitude upper-level warming, which
tends to weaken the eddy kinetic energy due to increased static stability. On the other hand, the eddy heat flux changes
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are dominated by the Arctic amplification, which tends to weaken the eddy heat flux at the lower levels.

1. Introduction

Due to the increase in greenhouse gas concentration in the
atmosphere, atmospheric temperatures are predicted to in-
crease. Climate models project an increase in temperatures
that is not spatially uniform, and both meridional and vertical
temperature gradients are expected to change in a global
warming scenario. Changes in temperatures and especially in
temperature gradients lead to changes in atmospheric sta-
bility and may lead to large-scale changes in atmospheric
circulation. Global warming simulations show anomalous
and robust temperature trends in three main regions of the
atmosphere (Fig. 1a): 1) an enhanced warming aloft in the
tropics, 2) a surface polar amplification in the Northern
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Hemisphere (NH), and 3) stratospheric cooling. These tem-
perature trends occur in all climate models used for the Fifth
Assessment Report (ARS) of the Intergovernmental Panel
on Climate Change (IPCC), though the exact temperature
amplitude change varies between models (Vallis et al. 2015).
The tropical warming aloft can be attributed to the decrease
in the saturated lapse rate with increased water vapor fol-
lowing warming (Manabe and Wetherald 1980), combined
with the fact that in the tropics the moist static stability stays
close to zero. The large warming in the Arctic has been at-
tributed to different factors such as the ice albedo feedback
(Manabe and Stouffer 1980), increased heat transport (Cai
2005, 2006), and changes in longwave radiation (Bintanja
et al. 2011). The cooling of the stratosphere is caused by the
large increase in emission compared to the small increase in
absorption when CO, concentration in the stratosphere in-
creases (Ramaswamy et al. 2001; Vallis et al. 2015).

Global warming-like temperature changes might lead
to large-scale changes in the atmospheric circulation.

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
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FIG. 1. Global warming temperature trends. The mean difference
between December—February (DJF) of the last 20 years of the twenty-
first century (2081-2100) to the last 20 years of the twentieth century
(1981-2000) for the RCP8.5 scenario taken from 10 CMIP5 models (the
models that were used for this figure are MRI CGCM3, MPI-ESM-LR,
MIROC-ESM, MIROCS, IPSL-CM5A-MR, IPSL-CM5A-LR,
HadGEM2-ES, HadGEM2-CC, CSIRO-Mk3.6.0, and CMCC-CM;
expansions of acronyms are available online at http://www.ametsoc.org/
PubsAcronymlList) for (a) temperature (K), (b) the meridional tem-
perature gradient (Km ™! X 107, 0T/ad¢, where ¢ is the latitude and
a is Earth’s radius), and (c) the Brunt-Viisili frequency [s ! X 1072,
N = (g0.0/0)"2, where g is Earth’s gravity, 6 is the potential tempera-
ture, and 9, is the derivative with respect to height].

For example, models show a robust poleward shift in
storm tracks and change in their intensity in the South-
ern Hemisphere (SH; e.g., Held 1993; Stephenson and
Held 1993; Hall et al. 1994; Bengtsson and Hodges 2006;
Yin 2005; O’Gorman and Schneider 2008; Wu et al.
2010; O’Gorman 2010; Chang et al. 2012; Tamarin-
Brodsky and Kaspi 2017). Storm tracks play a funda-
mental part in the global circulation (e.g., Chang et al.
2002), and therefore it is crucial to understand future
changes in their position and intensity.

Several mechanisms were suggested to explain the
poleward shift of the storm tracks. Lorenz and
DeWeaver (2007) showed in idealized simulations that
an increase of the tropopause height, which is a robust

JOURNAL OF CLIMATE

VOLUME 33

result of global warming simulations (Vallis et al. 2015),
leads to a poleward shift. Lu et al. (2008) and Lim and
Simmonds (2009) suggested that the increase in the
subtropical static stability pushes the baroclinic zone
poleward, and leads to a poleward shift. Chen et al.
(2008) suggested that the shift can be caused by in-
creased phase speed of midlatitude eddies in a climate
change scenario (see also Lorenz 2014). Kidston et al.
(2011) suggested that increased eddy length scale will
lead to a poleward shift. Tamarin-Brodsky and Kaspi
(2017) suggested that a more tilted and poleward path of
the storms themselves leads to an overall poleward shift
of the zonal mean storm track. Voigt and Shaw (2016)
and Li et al. (2019) used idealized GCM and showed that
changes in cloud radiative effects in global warming
simulations contribute to the poleward shift of the ex-
tratropical jet. These mechanisms provided the theo-
retical framework to understand how climate change
temperature projections might affect the storm tracks in
the SH.

The changes in the position and intensity of the NH
storm track are less clear (Chang et al. 2012; Vallis et al.
2015). Besides the more complicated orography in the
NH, which leads to large zonal asymmetries, the pro-
jected temperature trends in the NH are more complex.
For example, the meridional temperature gradients at
the lower and upper troposphere have opposite trends.
At the lower troposphere, the temperature gradient
reduces due to polar amplification, but in the upper
troposphere the gradient increases due to the upper
tropical heating (Fig. 1b). Motivated by the projected
trends, Held and O’Brien (1992), Pavan (1996), Lunkeit
et al. (1998), Wu et al. (2012), and Yuval and Kaspi
(2016) have studied whether the upper or lower tem-
perature gradient plays a more important role in af-
fecting eddy activity in various complexity of models.
These studies have mainly focused on the changes in
meridional gradient at different levels.

In this study we emphasize that it is not possible to
modify the meridional temperature gradient at specific
vertical levels (nonuniformly with height) without af-
fecting the lapse rate.! The baroclinicity is affected by
both the static stability (which is proportional to the
lapse rate) and the meridional temperature gradient.
For example, the Eady growth rate (Eady 1949), which
is commonly used as a measure of baroclinicity, is pro-
portional to d,7/N, where N is the Brunt-Viisila fre-
quency and 9,7 is the meridional temperature gradient.
Therefore, changes in both the meridional temperature

Lif d,T = f(z), where f(z) is explicitly dependent on z, it neces-
sarily implies that 9,7 # 0.
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gradient and the Brunt-Vaisdld frequency (which is
proportional to the square root of the static stability)
should be taken into account when studying the re-
sponse of eddy activity to temperature changes. For
example, when the meridional temperature gradient
decreases at the lower levels due to the Arctic amplifi-
cation (Fig. 1b), the Brunt-Viisili frequency decreases
at the same time (Fig. 1c). Therefore, the decreased
temperature gradient and decreased Brunt-Viisdld
frequency have an opposite effect on the baroclinicity.
Since both the meridional temperature gradient and the
static stability affect baroclinicity, it is not straightfor-
ward to determine whether the Arctic amplification
leads to increase or decrease in baroclinicity. As we
show in this study, decreasing the lower-level tempera-
ture gradient via an increase in lower-level Arctic tem-
peratures could lead to an increase or decrease in eddy
activity, depending on the exact temperature modifica-
tions.” In the case of upper tropospheric tropical heat-
ing, the meridional temperature gradient changes and
the (dry) static stability changes have an opposite effect
on the baroclinicity in the subtropics. While the merid-
ional temperature gradient increases and tends to en-
hance baroclinicity, the Brunt-Viisild frequency (and
static stability) increases and tends to decrease bar-
oclinicity (Fig. 1).

In this study we use an idealized general circulation
model (GCM) with a modified Newtonian relaxation
scheme to study the effect of zonally symmetric in-
creased lower-level Arctic temperatures, and zonally
symmetric increased upper tropical tropospheric tem-
peratures on eddy activity. Many previous studies used
idealized GCMs to investigate the effects of global
warming-like temperature changes on the atmospheric
circulation. These studies focused on inducing diabatic
heating changes that resemble the change in the tem-
perature trends predicted by the TPCC report (e.g.,
Polvani and Kushner 2002; Kushner and Polvani 2004;
Lorenz and DeWeaver 2007; Lim and Simmonds 2009;
Butler et al. 2010; Lu et al. 2014). These studies
have contributed to our understanding of how global
warming-like temperature trends could affect the cir-
culation. For example, Butler et al. (2010) used an ide-
alized GCM with a Newtonian cooling scheme, and
modified the relaxation temperature such that it will
represent upper tropospheric tropical warming and low-
level polar heating. They found that upper tropospheric
tropical warming tends to shift storm track poleward

2 Also Lunkeit et al. (1998) and Yuval and Kaspi (2016) showed
an increase in EKE due to decreased temperature gradient due to
polar warming. We discuss and explain these results in section 5.
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while low-level polar heating leads to an opposite ten-
dency (and hence there is a competition between the
two effects).

One limitation of these studies is that instead of
reproducing the projected global warming-like tem-
perature changes, these studies prescribe an increased
(or decreased) diabatic heating in regions that are pro-
jected to have anomalous temperature changes. How-
ever, inducing diabatic warming at a certain region may
lead to temperature changes also in other regions due to
temperature advection [e.g., see Fig. 2 in Butler et al.
(2010), where the polar lower stratosphere is cooled
when the upper tropics are warmed]. Therefore, it is not
straightforward to obtain temperature changes that
resemble a global warming-like temperature changes by
adding diabatic heating terms, and to systematically in-
vestigate the effect of different temperature changes on
atmospheric circulation. Nevertheless, controlling changes
in diabatic heating or controlling temperature changes
(by simulating a specified temperature field) could be
both useful methods to study the circulation response to
global warming-like changes. Since most of the theo-
retical explanations to the response of eddy fields in a
climate change scenario rely on the projected tempera-
ture field changes, and not on the diabatic heating
changes, and since most idealized studies focus on con-
trolling the diabatic heating, we find it important to
study the response of eddy activity to global warming—
like changes in idealized framework where the mean
temperature can be prescribed in simulations.

It is found in this study that the details of the exact
temperature changes could lead to very different re-
sponses of eddy activity. Therefore, it is important to
understand the eddy sensitivity to the shape of temper-
ature changes, and be able to represent accurately the
projected temperatures from a global warming scenario.
We note that the response of dynamic variables is very
sensitive to the specific details of warming even in
comprehensive GCMs, and not unique to idealized
GCMs. For example, Liu et al. (2012) and Screen et al.
(2014) used two identical models and almost identical
forcings and yet the response of sea level pressure due to
Arctic amplification in their models was different.

The paper is organized as follows. The idealized GCM
and the modified Newtonian relaxation scheme are
presented in section 2a. The modified temperature
profiles used to simulate global warming-like tempera-
ture trends in the idealized GCM are discussed in sections
2b and 2c. The simulations results using a hemispherically
symmetric reference state with enhanced upper tropo-
spheric temperature gradient and reduced lower-level
temperature gradient are discussed in sections 3a and 3b.
In these sections, the competing effects of static stability
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changes and meridional temperature gradient are in-
vestigated. In section 3c idealized simulations with si-
multaneous temperature changes in the upper tropical
troposphere and the polar surface are discussed. Next,
using a more “‘realistic”’ zonally symmetric reference state
with temperature modifications taken directly from the
representative concentration pathway 8.5 (RCP8.5) sim-
ulations, the circulation response to Arctic amplification
and tropical upper tropospheric temperature increase are
studied (section 4). The results are discussed and sum-
marized in section 5.

2. Methods

A dry version of an idealized GCM based on the
spectral dynamical core of the GFDL Flexible Modeling
System (FMS) is used. The model is driven by a New-
tonian cooling scheme that is described in section 2a.
The simulations do not include orography or ocean, and
dissipation in the boundary layer is represented by linear
damping of near-surface winds (below o = 0.7) with a
relaxation time of 1 day at the surface [see Held and
Suarez (1994) for details]. All simulations have 60 ver-
tical sigma levels with a T42 (2.8° X 2.8°) horizontal
resolution. What distinguishes our simulations from
Held and Suarez (1994) is the relaxation temperature
distribution and the different relaxation time used for
the zonal mean and the eddies in the temperature
equation (see section 2a). Throughout this study, unless
stated explicitly otherwise, eddy fields are defined as a
deviation from the zonal and time mean.

All simulations except the reference simulations are
integrated over 3000 days, where the first 500 days of
each simulation are treated as spinup, and the results are
averaged over the last 2500 days. The reference simu-
lations were integrated over 9000 days and results are
averaged over the last 8500. In section 3 all the simula-
tions are hemispherically symmetric and results are
presented after averaging over both hemispheres. In
section 4 the simulations are not hemispherically sym-
metric and we present results from both hemispheres or
only for the NH, depending on the context.

a. Forcing the mean state

To modify the temperature field such that it
resembles a climate change-like temperature changes, a
Newtonian cooling scheme suggested by Zurita-Gotor
and Lindzen (2006) and Zurita-Gotor (2007) is used.
The main difference between this method and other
heating formulations used in idealized models is the
usage of different relaxation time scales for the eddies
and the zonal mean. The temperature equation in this
formulation can be written as
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a,T = ---*a}l(T*T)*a}ly(T*TR), 1
where A is the zonal mean of field A, a1 is the relaxation
time of eddies, chosen to be as in Held and Suarez
(1994), and a7y is the relaxation time for the mean state,
where we take y = 100; also, Ty is the relaxation tem-
perature and described in section 2b. The fast relaxation
time of the zonal mean state is chosen to allow re-
production of any chosen target temperature profile
with a good accuracy (choosing a significantly smaller
value for vy results in large differences between the re-
laxation temperature and the simulation temperature).
Using Eq. (1) in simulations leads to a close similarity
between the zonal and time mean temperature and the
relaxation temperature (for a comparison between a
relaxation temperature and a simulation temperature,
see Fig. Alain appendix A). This allows us to study how
eddy activity responds to global warming-like temper-
ature changes (e.g., Arctic amplification and upper tro-
pospheric tropical warming) and to test the sensitivity of
eddy activity changes when different temperature pro-
files are simulated. A discussion regarding the possible
drawbacks of strong zonal temperature relaxation can
be found in appendix D herein, and in Yuval and Kaspi
(2017, 2018), where it is shown that using another
method that allows controlling the mean temperature
distribution, and does not use different relaxation time
scales for the eddies and zonal mean, yields similar eddy
fields differences as the method used here. We stress
that the aim of this study is to understand what part of
the circulation response could be explained by the
zonally symmetric temperature changes, and to deepen
the understanding of the competing roles of changes in
the static stability and the meridional temperature gra-
dient. Therefore, we choose to focus on zonally sym-
metric simulations, rather than on a more realistic
setting that includes moisture or orography, although
these components play an important role in Earth’s at-
mospheric circulation (Pithan et al. 2016; Wills and
Schneider 2016, 2018; Wu and Reichler 2018).

b. Relaxation temperature profiles—Hemispherically
symmetric simulations

In this study we focus on the effect of the anomalous
temperature increase at the tropical upper troposphere
and at the polar surface. To consider a global warming—
like temperature changes in the upper troposphere, the
reference temperature was modified as follows:

= — AUPPer s o[~ (o— ot 20

tropical
X {tanh (M) - 1} , 2)

PUPPET
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where 2 X A"PP" is the amplitude of the temperature
change, ¢ is the latitudinal coordinate, ¢, """ determines
the latitude where the temperature gradient is centered,
¢PP°" determines the temperature gradient width, o is
the vertical coordinate, oiP**" is the vertical level with
maximal temperature changes, and o}P**" determines the
vertical width of the temperature changes. The relaxation
temperature in simulations with tropical upper tropo-
spheric temperature changes is Tk = TH + 8 Tyopical,
where THS is the reference temperature. The reference
temperature was chosen to be the mean temperature of a
simulation with the Held and Suarez (1994) forcing. The
Newtonian cooling scheme presented in Eq. (1) was used
with this reference temperature (7T1%) as its relaxation
temperature to determine the reference simulation for all
the simulations presented in section 3. The tanh function,
which parameterizes the latitudinal shape of the heating,
is preferred over an exponential dependence because it
produces a sharper meridional gradient, which is similar
to the projected gradient changes in global warming
simulations (where the gradient change is concentrated in
subtropics/midlatitudes and not inside the tropics; Fig. 1a).

The temperature differences between the reference
simulation and simulations with increased tropical up-
per tropospheric temperature field with the parameters
A = 2K, olPPr=0.11, PP =35° 40° 45°, 50°,
oPPer = (.3, and ¢PP*" =10° are shown in Figs. 2a—d.
The modifications of ¢PP*" allows us to investigate the
interplay between the effect of the static stability and the
meridional temperature gradient on the eddy fields.
Larger ¢ PP°" values tend to modify the static stability
in a broader region, while shifting the latitudinal loca-
tion of the meridional temperature gradient but keeping
its magnitude unaffected (appendix A). To investigate
the sensitivity of eddy activity to changes in the center
level of warming (o) simulations with all the combi-
nations of AP = 2K, glPrer =0.11, $PP°" = 30°,
35°, 40°, 45°, 50°, 55°, 0wt =0.2,0.3,0.4, and ¢, =
10° were conducted (18 simulations). Since the results
presented in section 3a are qualitatively robust to these
changes, these simulations are not shown.

To consider Arctic amplification-like temperature
changes, the target temperature was modified as follows:

ZM} } PaGas )2/(2013%)2,

It
q,)‘:,)wer

T, ic = Alower {1 + tanh[
3)

where the parameters have similar meaning as in Eq. (2)
(superscripts changed from upper to lower), but the
temperature modification is concentrated at the polar
surface. The temperature differences between the reference
simulation and simulations with Arctic amplification-like

YUVAL AND KASPI

1385

temperature changes [using Eq. (3)] with the parameters
Alowcr — 2K, G_L(})wcr — 02’ ('bl‘i)wer — 300’ and d)lcower —
40°, 50°, 70°, 80° are shown in Figs. 3a—d. Similarly to the
case of upper tropospheric temperature gradient modifi-
cations, changes in ¢!**" allow the investigation of the
interplay between the effect of the static stability and of
the meridional temperature gradient on eddy fields.

To verify the robustness of the results presented
in section 3b, we conducted simulations with
the parameters A'°v¢r=2K, ¢lo¥er=0.1,0.2, and
d)lvfwer =10° 20° 30° and all the combinations with
VT =10°, 20°, 30°, 40°, 50°, 60°, 70°, 80° (48 simula-
tions). The modifications in ¢!°" and ¢'°"" are used to
test the robustness of the qualitative conclusions when
$!°V" is modified. Since the qualitative results of the
additional simulations are similar to the results pre-
sented in section 3b, these simulations are not shown.

¢. Relaxation temperature profiles—ECMWF
reference

To simulate more realistic global warming tempera-
ture changes, temperature modifications that are quan-
titatively similar to the projections obtained from phase
5 of the Coupled Model Intercomparison Project
(CMIPS) are used to modify a chosen reference state. To
consider a realistic reference temperature, the reference
relaxation temperature is chosen to be the zonal and
wintertime (DJF) mean temperature obtained from the
European Centre for Medium-Range Weather Fore-
casts (ECMWEF) interim reanalysis (ERA-Interim)
dataset between the years 1979 and 2014 (TESMWVF). We
find it important to use a reference state that resembles
Earth’s circulation since different reference states might
respond differently to the same temperature changes
(section 4 and section a of appendix C). Therefore, a
reference state that resembles an Earth-like circulation
more than the Held and Suarez (1994) reference is
chosen. The relaxation temperature was modified as
follows:

ECMWF _ T ECMWF mod
TRCPSS - Tref + TRCPSS > (4)

where TRl is the difference between the RCP8.5
temperature projections to the historical temperatures
(shown in Fig. 5a).

To better understand the effect of “realistic”” upper
tropospheric tropical heating on the eddy fields in the
NH, the ECMWEF reference temperature was modified
such that it will approximately reproduce the meridional
temperature gradients that are projected to occur in an
RCP8.5 scenario at the upper troposphere. The focus
mainly on the NH is because the effect of global warming
temperature trends on the large-scale circulation is less
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FIG. 2. The zonal wind and eddy fields response to temperature increase at low latitudes of the upper troposphere in an
idealized GCM: (a)«(d) temperature, (e)~(h) zonal wind, (i)~(1) EKE, (m)~(p) EMFC X 10°, and (q)—(t) EHF for simulations
that the upper troposphere was modified with tropical upper tropospheric temperature increase as in Eq. (2) using the pa-
rameters A"PPT = 2K, PP = 35°, 40°, 45°, 50°, PP = 10°, oPP" = 0.3, and oPP" = 0.11. Colors indicate the deviation
from the reference simulation and contours show the reference simulation fields. The contour intervals are 15 K (temperature),
5ms ! (zonal wind), 50m?s 2 (EKE), 5ms~ 2 (EMFC), and 2 K ms ™2 (EHF). Colors have the same units as contours.

clear in the NH compared to the SH. The temperature
was modified in the following manner:

STECMWF(OO = 4) = ¢tropica1)

tropical
2 2 0°
) L 0, (Theks) dd,. )
where  STECNNF (6> ¢ P) =07 and  STHEHAF
(¢<0°)= 6Tf§;‘?§ﬁ(¢ >0°), and dg, is the derivative

with respect to the latitudinal coordinate. The expo-
nential decay of the temperature changes with the
vertical coordinate is chosen in order to limit the tem-
perature changes to the upper troposphere. We take o, =
0.25 since it is the vertical level that the temperature
modification is largest, and o, = 0.4 (smaller values of o,

limit the temperature changes to fewer levels, while larger
values lead to temperature cooling in the lower levels)
The parameter ¢"P“ determines the largest latitude
where the temperature modifications occur, and is quali-
tatively similar to the parameter ¢."** in Eq. (2). The
latitudinal width of the temperature extent is modified
(plrorical =25° 30°, 35°, 40°, 45°, 50°, 55°, 60°, 65°) to
investigate the effect of the meridional temperature
gradient width on the circulation (section 4a).

To study the effect of the Arctic amplification in the
NH on eddy fields, the ECMWF reference state was
modified such that

6TECMWF( b= ¢?rcti0) _ e—(o’—l)Z/ZO%VJ

Arctic

90°
a¢0 ( TlglggSS )d¢0 ’

¢
(6)
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FIG. 3. The zonal wind and eddy fields response to polar surface temperature increase in an idealized GCM:
(a)~(d) temperature, (e)-(h) zonal wind, (i)-(1) EKE, (m)-(p) EMFC X 10° and (q)-(t) EHF for Arctic
amplification-like simulations. The temperature modifications are calculated from Eq. (3), using the parameters
Alover = 2K, d)]c"wer =40°, 50°, 60°, 80°, d)‘v:"”“ =30°, and g'°¥" = (0.2. Colors indicate the deviation from the reference

simulation and contours show the reference simulation fields. The contour intervals are 15K (temperature), Sms™

1

(zonal wind), 50 m?s ™2 (EKE), 5ms ™2 (EMFC), and 2 K ms~2 (EHF). Colors have same units as contours.

and S TEQMWF = () elsewhere. We take o, = 04, such that
the gradient changes are limited mostly to the lower levels.
The parameter ¢*™* determines the lowest latitude that the
temperature modifications occur, and plays a similar role as
the parameter ¢! in Eq. (3). The parameter ¢ was
varied in order to investigate its effect on the eddy fields
(pietie = 30°, 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°). We
note that the qualitative results presented in this study are
reproduced also when using a reference simulation with the
historical CMIP5 DJF temperature distribution (from the
models averaged in Fig. 1) instead of the ECMWF reference.

3. Results with hemispherically symmetric
simulations

In this section, the results of idealized hemispheri-
cally and zonally symmetric simulations with global

warming-like temperature modifications are presented.
We focus on the response of eddy fields to two robust
anomalous temperature changes occurring in global
warming simulations: low-latitude upper tropospheric
temperature increase (section 3a) and Arctic amplifi-
cation (section 3b).

a. Upper tropospheric low-latitude temperature
increase

When the low-latitude upper tropospheric tempera-
ture increases, there are changes in baroclinicity due to
the increased meridional temperature gradient and
the increased static stability. To focus on the interplay
between the changes in the meridional temperature
gradient and the static stability, the latitudinal extent of
the simulated temperature changes has been modified
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[the parameter ¢.**°" in Eq. (2)]. The changes in the
latitudinal extent of the temperature field are used in
order to investigate the sensitivity of eddy activity re-
sponse to the shape of the temperature modifications.
As the width of the temperature modification increases
(¢2PP°" increases from left to right in Fig. 2), the Brunt—
Viisdld frequency increases at the upper troposphere
in a broader region (see also Figs. Ali-1, appendix A)
and decreases in the lower stratosphere.® Simulta-
neously, the meridional temperature gradient changes
are pushed more poleward (Figs. Ale-h), but its
overall mean magnitude is approximately unchanged.

All simulations in Fig. 2 show a poleward shift of the
jet, which is a robust result of global warming simula-
tions in the SH, and is obtained in most CMIP5 models
also in the NH (Vallis et al. 2015). Furthermore, the
eddy momentum flux convergence (EMFC) has a simi-
lar qualitative response in all simulations: larger con-
vergence at the poleward flank of the jet and decreased
convergence at the equatorward flank of the jet
(Figs. 2m-p), leading to a poleward shift of the surface
westerlies in all simulations (Figs. 2e-h). The eddy ki-
netic energy (EKE; Figs. 2i-1) and eddy heat flux (EHF;
Figs. 2g-t) response to low-latitude upper tropospheric
temperature increase varies significantly as the temperature
gradient is modified at different latitudes. As the latitudinal
extent of the temperature increases, the warming is not
limited to the tropics, and penetrates deep into the ex-
tratropics. When the temperature increase is limited to
lower latitudes, the response of the EKE and EHF is
positive (Figs. 2i,j), but when the temperature increase
penetrates deep into the extratropics, the response changes
sign in some regions (Figs. 2k,1).

The EKE and EHF response when the latitudinal
extent of the temperature modification is broadened can
be explained by the interplay between the static stability
and meridional temperature gradient changes. As the
latitudinal extent of the temperature gradient is broad-
ened, the static stability increase spans over a larger
region (Fig. B1) and tends to decrease eddy activity
more effectively, while the meridional temperature
gradient magnitude remains approximately constant.
Furthermore, the latitudinal location of the gradient
changes can play an important role in the eddy activity
response (Yuval and Kaspi 2018). When the extent of
the warming is pushed significantly poleward (Fig. 2d),

3 The decrease in static stability occurs at high altitudes that are
within the stratosphere, and it therefore plays relatively a minor
role in changing the tropospheric eddy activity in the idealized
model used in this study (which does not have a realistic strato-
spheric circulation). Therefore, these changes are not highlighted
in the manuscript.
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the gradient is modified at the outskirts of the baroclinic
region, and probably has less an effect on eddy activity.
Simultaneously, the static stability increase inside
the baroclinic region tends to weaken eddy activity.
The same qualitative results are reproduced when the
vertical location of the warming is modified (o}PP*" =
0.2, 0.3, 0.4; not shown).

In appendix B it is demonstrated that when the me-
ridional temperature gradient is modified with identical
changes as in Fig. 2, but it is done by high-latitude
cooling, the response of the eddy fields is always
strengthening, and with much larger amplitude than in
Fig. 2. Since the meridional temperature gradient is
identical in Fig. 2 (and in Fig. B1 in appendix B) but the
static stability changes are different, we conclude that
these large differences in the response are due to the
different changes in static stability.

b. Arctic amplification temperature changes

An increase in the surface temperature at higher lat-
itudes leads to a decrease in the meridional temperature
gradient which acts to decrease baroclinicity. Simulta-
neously it leads to a decreased static stability which acts
to increase baroclinicity. As in section 3a, we focus on
the interplay between the changes in the meridional
temperature gradient and the static stability. Therefore,
the latitudinal extent of the simulated temperature
changes is modified [the parameter ¢/ in Eq. (3)]. As
the width of the temperature modification increases
(¢!°¥°" decreases from left to right in Fig. 3), static sta-
bility decreases close to the surface in a larger region,
and the meridional temperature gradient decrease is
pushed toward lower latitudes, but its overall mean
magnitude is approximately unchanged.

The EKE (Figs. 3i-1) and EHF (Figs. 3q—t) responses
to high-latitude surface temperature increase vary sig-
nificantly as the temperature gradient is modified at
different latitudes. As the latitudinal extent of the
temperature change increases toward lower latitudes,
the warming is not limited to the polar regions and it
penetrates deeply into the extratropics. When the tem-
perature changes are constrained to higher latitudes, the
EKE and EHF response is negative (Figs. 3i,j). Differ-
ently, when the temperature changes occur also at lower
latitudes, the responses of the EKE and EHF become
partly positive (Figs. 3k,1).

As discussed in section 3a, these trends can be ex-
plained by the interplay between the static stability and
meridional temperature gradient changes. The results
obtained in this section imply that the effect of a re-
duction in the meridional temperature gradient on
eddy activity can be weaker than the effect of the static
stability decrease when the static stability is modified in a
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sufficiently large region (e.g., Fig. 31). Furthermore, in
section 5 it is discussed how these results could potentially
explain a previous result obtained by Lunkeit et al. (1998).

In appendix B2 it is demonstrated that when the me-
ridional temperature gradient is modified with identical
changes as in Fig. 3, but it is done by low-latitude
warming, the response of the eddy fields is always
weakening, and with much larger amplitude than in
Fig. 3. Since the meridional temperature gradient is
identical in Fig. 3 (and in Fig. B2 in appendix B) but the
static stability changes are different, we conclude that
these large differences in the response are due to the
different changes in static stability. We note that the
qualitative results described in this section are also ob-
tained for other parameter choices (all the combinations
of qﬁ'vfwer =10°, 20°, 30° and ¢'9%" = 0.1, 0.2 were simu-
lated with a gradual change in ™).

c. Combined experiments

In this section, the eddy fields’ response to a simulta-
neous lower-latitude upper troposphere and surface
polar region temperature increase (Tcombined = 71 +
8 Tyropical T 8 Tarcric) is investigated. There are many dif-
ferent parameter combinations that could be chosen to
simulate a simultaneous changes at the polar surface
region and at the upper troposphere. In Fig. 4 only two
such choices are shown. The parameter combinations
that are used lead to temperature changes that have
some resemblance to global warming-like temperature
gradients obtained in projections. Namely, the positions
of the meridional temperature gradients, both in the
upper troposphere and in the lower troposphere, are
located at the same regions as in the projections, and
their relative positions are similar to the projections
(Fig. 1b). The simulations shown in Fig. 4 have a rela-
tively similar temperature changes but nevertheless
show a qualitatively different EKE response (Figs. 4i,)),
indicating that the EKE response is sensitive to the exact
details of the temperature modifications (seen also in
Fig. 2).

The eddy activity and zonal wind response in the
combined simulations is almost identical to the linear
sum responses of simulations where the lower-latitude
upper troposphere and the polar surface are warmed
separately (Fig. 4).* This implies that the simulated
temperature modifications affect the circulation such

“Butler et al. (2010) compared the dynamic response in simu-
lations where they had a simultaneous global warming-like ideal-
ized forcing and the sum of responses from separate simulations
(each forced at different regions) and had a similar qualitative
result.
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that it is in the linear response regime, and the changes
in the circulation due to the different temperature
changes interact very weakly. Since the response of
eddy activity to upper tropospheric changes is larger
(cf. Figs. 2 and 3), eddy activity changes are dominated
by the upper tropospheric temperature changes in the
combined simulations. For example, the response in
the first (second) column of Fig. 4 is similar to the re-
sponse shown in the second (fourth) column of Fig. 2
(where the two simulations have the same upper tro-
pospheric temperature change).

We note that there are many parameters other than
the latitudinal extent of the temperature modification,
such as the vertical width, the latitudinal width, ampli-
tude, and so on that should be taken into account when
considering the similarity of the temperature modifica-
tions in the idealized simulation and projections.
Therefore, more realistic temperature modifications are
considered in section 4, and we do not extend the dis-
cussion of whether the results presented in this section
necessarily indicates that the upper tropospheric tropi-
cal warming modification will affect eddy fields more
than the Arctic warming, and discuss this question in
more detail in section 4.

4. Results with an ECMWF-like reference state

The results of section 3 highlighted the interplay
between changes in the static stability and meridional
temperature gradient. Building on the results of sec-
tion 3, in this section, the eddy fields and zonal wind
response to global warming-like temperature changes
are studied using a more ‘‘realistic’’ zonally symmetric
reference temperature taken from the ECMWF (sec-
tion 2c). Since the eddy response to a specific tem-
perature modification might be affected from the
reference state, it is important to study the response
using a reference state that is similar to Earth. This
point is demonstrated in appendix C1, where it is
shown that when the Held and Suarez (1994) refer-
ence (T1%) is modified using the temperature trends
from the RCP8.5 scenario (T804, the eddy response
is qualitatively different compared to similar changes
applied to the ECMWF zonally symmetric reference
(TESMWF 'Fig, 5).3

The temperature, zonal wind, EKE, EMFC, and EHF
of the ECMWF zonally symmetric reference simulation
are plotted in Fig. 5 (contours). This simulation is
hemispherically asymmetric, and since the reference

> For a direct comparison between the Held and Suarez (1994)
reference and the ECMWEF reference used in this study see Fig. C4.
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FIG. 4. Comparison between the zonal wind and eddy fields response to simultaneous temperature increase at the
low latitudes of the upper troposphere and polar surface to the response from a linear sum of similar temperature
changes done in separate simulations: (a)-(d) temperature, (¢)—(h) zonal wind, (i)-(1) EKE, (m)—(p) EMFC X 10°, and
(q)—(t) EHF for (two left columns) combined simulations of upper tropospheric tropical warming and Arctic
amplification-like simulations and (two right panels) the linear sum of simulations that the tropical upper tropospheric
and polar surface are modified separately. The parameter combinations that are chosen for the first and third columns
are A"V = 2K, ¢ = 60°, ¢l°" =30°, and ¢!o%" = 0.2 and AP = 2K, $UPPT = 40°, pUPP = 10°, gPPeT = (.11,
and oPP" = 0.3 (for the upper tropical warming). For the second and fourth rows the parameters the parameters are
similar except that ¢°**" =70° and ¢"**" = 50° (tropical warming). Colors indicate the deviation from the reference
simulation and contours show the reference simulation fields. The contour intervals are 15K (temperature), 5ms~
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(zonal wind), 50m*s ™2 (EKE), 5ms 2 (EMFC), and 2K ms ™2 (EHF). Colors have same units as contours.

temperature is taken from the NH winter, the temper-
ature gradients as well as the EHF are larger in the NH
(Figs. 5a,e). The differences between the ECMWF re-
analysis data and the zonally symmetric reference sim-
ulation used in this section are discussed in section b of
appendix C. In the NH, the simulation has some re-
semblance to the zonally average reanalysis data,
while in the SH there are large differences in EKE
and in surface winds (section b of appendix C). De-
spite the differences between the ECMWF refer-
ence and the reanalysis data in the NH, we find it

important to study the response of global warming—
like temperature changes in the ECMWF reference, as
it still represents an Earth-like circulation better than
the Held and Suarez (1994) reference (see section b of
appendix C) in the NH.

When the RCP8.5 temperature changes are simulated
with the idealized model, the zonal wind in the SH tends
to intensify at the poleward flank of the jet, both at the
surface and in the upper troposphere (Fig. 5b, colors). A
similar poleward jet shift in the SH during DJF is a ro-
bust trend in a global warming scenario (e.g., Wu et al.
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FIG. 5. The zonal wind and eddy fields response in the ECMWF
reference simulation to temperature changes taken from projections
of the RCP8.5 scenario. Contours show the (a) temperature,
(b) zonal wind, (c) EKE, (d) EMFC X 10°, and (¢) EHF for the

ECMWF reference temperature (TESMWF, details in section 2).

Colors show the difference between a simulation with the simulated
RCP8.5 trends (T524,) and the ECMWEF reference. The contour
intervals are 15K (temperature), 5ms ' (zonal wind), 40m?s 2
(EKE), 5ms~2 (EMFC), and 2K ms~2 (EHF). Colors have same
units as contours.

2010; Vallis et al. 2015). Furthermore, the EKE in the
SH is enhanced at the EKE maximal region and slightly
poleward to this region, and reduced at the equatorward
flank of the jet (Fig. 5c), which is qualitatively similar to
projections from CMIP5 simulations (Chang et al. 2012).
The reduction of EKE at high latitudes in the SH
(Fig. 5c¢) is not projected in global simulations and
could be a result of the lack of orography (i.e., Antarc-
tica) in the idealized model. In the NH the jet tends to
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intensify in the upper troposphere at midlatitudes, which
is projected in some comprehensive models (Lorenz and
DeWeaver 2007), and tends to weaken at higher lati-
tudes (Fig. 5b), which is not projected in models. The
weakening of the zonal winds at high latitude is related
to the increased eddy momentum flux divergence at high
latitudes in the simulation (Fig. 5d). The EKE response
in the RCP8.5 idealized simulation in the NH is a gen-
eral weakening at the mid- to lower troposphere, and an
increase in the upper troposphere at lower latitudes.
This result is with reasonable qualitative agreement with
the CMIP5 ensemble mean modifications, which shows
an overall decrease (with low certainty) in the lower
troposphere, and an increase in the upper troposphere/
lower stratosphere (Chang et al. 2012). Furthermore, the
idealized model is missing a lot of the physical processes
and does not include important components (clouds,
orography, moisture etc.), and therefore it is not ex-
pected that the idealized model could simulate accu-
rately the projected changes. Nevertheless, the idealized
model is used to understand the direct effect of the
zonally symmetric temperature changes on the circula-
tion. In the next subsections (sections 4a and 4b), the
idealized model is used with the ECMWF reference to
isolate the direct effect of low-latitude upper tropo-
spheric temperature increase and Arctic amplification
trends in the RCP8.5 scenario on the atmospheric cir-
culation in the NH in the idealized GCM.

a. Upper tropospheric tropical heating using the
ECMWEF reference

To consider the effect of the projected low-latitude
upper tropospheric temperature changes on eddy
activity, the ECMWF reference temperature was mod-
ified as in Eq. (5). The simulated modified temperatures
mimic the upper tropospheric tropical meridional gra-
dient temperature changes as in an RCP8.5 scenario. As
in section 3a we find that the response of the EKE and
EHF in the NH is dependent on the exact details of the
temperature changes [see the work of Tandon et al.
(2013) and Sun et al. (2013), who show that the circu-
lation response to tropical warming is dependent on the
width of the warming]. When the meridional tempera-
ture gradient modifications are constrained to lower
latitudes, the EKE and EHF amplitude tend to in-
crease (Fig. 6, left column). When the temperature
gradient increase extends deep into the subtropics, as
in CMIP5 temperature projections (Fig. 1la), eddy
activity decreases, and the jet tends to shift poleward
(Fig. 6, right column). These results are in agreement
with the conclusion of section 3 that the increase in the
meridional temperature gradient and the static sta-
bility have a competing and opposite effect on the
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eddy activity when the upper troposphere is warmed
at lower latitudes. Specifically, the qualitative re-
sponses shown in Fig. 6 are in agreement with the
results of Fig. 2.°

When mimicking the meridional temperature gra-
dient RCP8.5 trends in the upper troposphere also at
higher latitudes (Fig. 6, right column), the EKE re-
sponse is similar to the one obtained from the RCP8.5
idealized simulation (Fig. 5) in the upper troposphere.
This implies that the changes in the low-latitude upper
troposphere temperature plays an important role in
affecting the EKE in the upper troposphere. On the
other hand, the zonal wind, EMFC, and EHF changes
are significantly different from the RCP8.5 idealized
simulation, indicating that temperature changes in
other regions play an important role in the zonal wind
and eddy fields response. Furthermore, we note that
according to the results presented here, it is not clear
whether the increased upper tropospheric temperature
gradient (Fig. 6) will necessarily lead to increased eddy
activity.

b. Arctic amplification

To consider the effect of the projected Arctic ampli-
fication on eddy activity, the ECMWF reference tem-
perature was modified as in Eq. (6). The simulated
modified temperatures mimic the lower-level meridio-
nal gradient temperature changes as in the RCP8.5
scenario. As in section 3, when the extent of the tem-
perature gradient increases, the EKE response is shift-
ing from a negative sign (Fig. 7¢), to a mixed response
(Fig. 7f, also cf. Fig. 3k). Since in the NH surface
the meridional temperature gradient is constrained to
relatively high latitudes (Fig. 1b), the overall response
is mostly negative due to the reduction in the meridi-
onal temperature gradient, with the reduction in static
stability playing a smaller role. Consequently, the
qualitative circulation changes due to RCP8.5-like
Arctic amplification have relatively small sensitivity
to changes of the parameter ¢~ [Eq. (6)], and the
two simulations presented in Fig. 7 show similar results
(though their amplitude is different). The jet tends to
weaken at high latitudes and increase at the jet center
(Figs. 7a,b), which tends to sharpen the jet. The EHF
decreases at lower levels where the gradient is reduced,
indicating that the reduction in the EHF at lower levels

®Figure 6 shows only two simulations for presentation com-
pactness reasons, but it was verified that there is a gradual change
between an enhancement of the EKE and EHF for smaller values
of ¢! which is changed to a reduction in EKE and EHF for

larger values of ¢roPic?!,
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FIG. 6. The zonal wind and eddy fields response in the ECMWF
reference state to low-latitude upper tropospheric meridional tem-
perature gradient increase taken from RCP8.5 scenario. Contours
show the (a),(b) temperature, (c),(d) zonal wind, (e),(f) EKE, (g),(h)
EMFC X 10° and (i),(j) EHF for the ECMWF reference tempera-
ture (TEMWF). Colors show the difference between RCP8.5 tropical
upper troposphere temperature modifications, as in Eq. (5) with
parameters (left) ¢™P! =30° and (right) ¢! =60° and the
ECMWEF idealized reference. The contour intervals are 15K (tem-
perature), 5ms~! (zonal wind), 40 m?s 2 (EKE), 5ms ™2 (EMFC),
and 2K ms ™2 (EHF). Colors have the same units as contours.

/{c,,/ﬁ\

seen in the idealized RCP8.5 idealized simulation (Fig.
Se) is caused by the meridional temperature reduction
at the lower levels.”

7 Figure 7 shows only two simulations, but the parameter ¢~™® was
varied in order to investigate its effect on the eddy fields
(e = 30°, 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°). Since the lower-
level gradient is confined to higher latitudes and does not reach lower
latitudes, the response in these simulations is qualitatively similar in these
simulations, with the exception that the EKE shows an increase in a small

region for lower values of ¢~™® (as shown in the right column of Fig. 7).
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FIG. 7. The zonal wind and eddy fields response in the ECMWF
reference state to polar surface meridional temperature gradient de-
crease taken from RCP8.5 scenario. As in Fig. 6, but for Arctic am-
plification simulations [Eq. (6)] with the parameters (left) ¢ = 60°
and (right) ¢ =30°. The contour intervals are 15K (tempera-
ture), Sms~! (zonal wind), 50 m?s~2 (EKE), 5ms~2 (EMFC), and
2K ms~ 2 (EHF). Colors have the same units as contours.
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The zonal wind, EKE, EMFC, and EHF changes due
to tropical upper troposphere temperature increase
and due to Arctic amplification are on the same order
of magnitude. This implies that in order to understand
the circulation changes in a global warming scenario that
are caused by temperature modifications, it is necessary
to consider both changes. This is different from the re-
sults of section 3, where the upper tropospheric changes
lead to larger changes. Since both the reference and
the temperature trends were not taken from a more
realistic scenario in section 3, we find the results in this
section more relevant when considering the effect of
global warming-like temperature trends on the zonal
wind and eddy fields.
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c¢. Combined Arctic and upper tropospheric warming

In this section we investigate whether the main re-
sponse in the NH in the RCP8.5 idealized simulation
(Fig. 5) can be explained by these two observed tem-
perature trends. Furthermore, it is demonstrated that
the linear sum of simulations with low-latitude upper
tropospheric heating and Arctic amplification gives
similar eddy response as in a simulation with the
combined temperature trends. The temperature mod-
ifications in the combined experiments can be ex-
pressed as

ECMWF _ nECMWF ECMWF ECMWF
Tcombined - Tref + 6Ttropical + STArctic (7)

It is found that the combined simulation (Fig. 8,
middle column) and the linear sum of the separated
simulation (Fig. 8, right column) give very similar re-
sults.® Nevertheless, small differences between the
combined simulation and the linear sum of separate
simulation occur in certain regions (e.g., the amplitude
of the EKE changes at higher latitudes is smaller in the
combined simulations). This implies that in order to
understand the eddy activity changes in the idealized
simulations of the combined scenario, there is no need
to consider interactions between the changes caused by
low-latitude upper tropospheric warming and the
Arctic amplification. Furthermore, it is found that
the combined simulation (Fig. 8, middle column) and
the full scenario (Fig. 8, left column) simulate very
similar zonal wind, EKE, and EHF changes. This im-
plies that the two anomalous temperature trends in the
low-latitude upper troposphere and the polar surface
have a large effect on the circulation changes, and in
the idealized simulations conducted in this study most
of the zonally symmetric circulation changes are in-
duced by these changes. Nevertheless, the combined
simulation does not produce the changes in the EMFC
correctly at latitudes 40°-60°N. Whereas in the ideal-
ized RCP8.5 simulation there is a weaker convergence
in this region, both in the combined and in the sum of
the linear simulation there is stronger convergence.
Overall these results imply that in order to understand
the eddy activity response due to temperature changes

8 Figure 8 shows only a single combined simulation, but we
verified that the qualitative results remain similar with six different
parameter combinations: d)émpic‘“ =45°60°, 90°, (i)?"“c =30°, 40°.
These parameter choices are meant to represent the major part of
the gradient changes in the polar surface and in the upper tropo-
sphere. Choosing lower (higher) values for ¢pP*! ($2*°) will lead
to a temperature change that does not capture a major part of the
gradient changes (e.g., Fig. 6a).
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FIG. 8. Comparison between the zonal wind and eddy fields response in the ECMWF ref-
erence to (left) temperature modifications as in the RCP8.5 scenario, (middle) with combined
temperature increase at the low latitudes of the upper troposphere and at the polar surface, and
(right) to the response from a linear sum from separate simulations with similar temperature
changes. (a)-(d) Temperature, (e)-(h) zonal wind, (i)~(1) EKE, (m)-(p) EMFC X 10%, and
(q)—(t) EHF for the (left) full RCP8.5 changes, (middle) the combined simulation [Eq. (7)] with
the parameters ¢P = 60° and ¢*™* =30°, and (right) the linear sum of a simulation up-
per tropospheric tropical temperature increase (¢™P®!'=60°) and Arctic amplification
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(¢ = 30°). The contour intervals are 15K (temperature), Sms™' (zonal wind), 40m

2872

(EKE), 5ms 2 (EMFC), and 2 K ms~2 (EHF). Colors have same units as contours.

as in the RCP8.5 scenario, it is enough to consider the
low-latitude upper tropospheric temperature increase
and the Arctic amplifications, though there are some
exceptions when it is not enough to consider these
changes (changes in the EMFC).

5. Conclusions

In this study, the zonal wind and eddy fields response
to global warming-like temperature variations are in-
vestigated using an idealized GCM with a modified

Newtonian cooling scheme. The modified Newtonian
cooling scheme enables simulation of any chosen zonal
mean temperature distribution. This allows us to sys-
tematically study how temperature changes in different
regions and with different spatial structures affect the
circulation. Many different studies have used idealized
GCMs to investigate the circulation response to global
warming-like heating profiles (e.g., Polvani and
Kushner 2002; Kushner and Polvani 2004; Lorenz and
DeWeaver 2007; Lim and Simmonds 2009; Butler et al.
2010; Lu et al. 2014). One limitation of these studies is
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that they prescribe a diabatic heating profile that re-
sembles the projected temperature changes. For exam-
ple, to study the effect of Arctic amplification on the
circulation, heating at the polar surface is prescribed
(Butler et al. 2010). However, inducing diabatic warm-
ing at a certain region may lead to temperature changes
also in other regions due to temperature advection, and
the resulting circulation will be affected by temperature
changes in regions that were not intended to be modi-
fied. The method used in this study allows the investi-
gation of the zonal mean wind and eddy fields response
to global warming-like temperature trends.

The zonal wind and eddy fields responses to low-latitude
upper tropospheric and polar surface temperature increase
are investigated. It is found that the response to low-latitude
upper tropospheric temperature increase and to polar sur-
face temperature increase is dependent on the shape of the
temperature changes (Figs. 2 and 3). Specifically, it is
found that the latitudinal extent of these temperature
changes has a large effect on the response of eddy fields.
For example, it is shown that as the low-latitude upper
tropospheric temperature increase penetrates deeper into
midlatitudes, the responses of the EKE and EHF tend to
shift from an increase to a decrease (Fig. 2). Similarly, it is
found that when the high-latitude surface warming is ex-
tended toward the tropics, the response of the EKE
changes from a decrease to an increase. These results are
explained by the interplay between the meridional tem-
perature gradient and the static stability. When the me-
ridional temperature gradient is modified only at certain
vertical levels, the Brunt-Viisild frequency also changes
(e.g., Figs. 1b,c and Fig. Al). Therefore, when the low-
latitude upper troposphere is anomalously warmed, the
meridional temperature gradient is increased, but at the
same time the dry static stability increases. These two
trends have an opposite effect on baroclinicity. Similarly,
when the surface is warmed at high latitudes, the meridi-
onal temperature gradient decreases, but at the same time
also the static stability decreases. When the latitudinal
extent of the temperature changes increases (while keep-
ing the meridional temperature gradient magnitude con-
stant), the static stability tends to play a larger role since it
is modified in a broader region (section 3 and appendix A).
It is demonstrated that in order to understand the circu-
lation response to global warming-like temperature
changes, both the static stability changes and meridional
temperature gradient need to be taken into account, and
considering only the meridional temperature gradient
changes is not sufficient to understand the circulation
changes (section 3 and appendixes B and C).

As shown in this study, it is not trivial to determine
whether the temperature gradient or the static stability
changes affect more the eddy fields (e.g., Fig. 2). Hence,
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studies that considered only changes in the meridional
temperature gradient might not be sufficient to give an
indication whether the low-latitude upper troposphere
warming or the Arctic amplification will have a larger
effect on the circulation [e.g., Held and O’Brien (1992)
used a three-layer quasigeostrophic model, and con-
sidered only a meridional temperature gradient
modifications, while static stability was unchanged]. To
put the topic of eddy sensitivity to upper or lower bar-
oclinicity changes in the context of global warming, it is
necessary to simulate temperature changes that are
representing global warming projections and affect
both the meridional temperature gradient and static
stability.

Highlighting the importance of static stability changes
in affecting the circulation in a global warming scenario,
and focusing simultaneously on changes in the meridi-
onal temperature gradient and in the static stability,
could shed light on the results of Lunkeit et al. (1998) and
Yuval and Kaspi (2016). Lunkeit et al. (1998) used an
idealized model with realistic temperature profiles to in-
vestigate the effects of global warming on atmospheric
circulation. Lunkeit et al. (1998) modified the tempera-
ture field at the lower and upper levels separately, using
the difference between the historical temperature field and a
global warming scenario. They found that when only the
lower levels are modified (decreasing the temperature gra-
dient), eddy activity increases, and when only the upper
levels are modified (increasing the temperature gradient),
eddy activity decreases (see Fig. 9 in their paper). Lunkeit
et al. (1998) found this result surprising, and explained their
results by the domination of the local modes over the global
modes (Pierrehumbert 1984). As shown here, a simpler in-
terpretation to their results is that the static stability de-
creases (increases) when the temperature is increased only
at the lower (upper) levels. Also, the results of Yuval and
Kaspi (2016), which showed that eddy activity changes
much more when the upper-level temperature gradient is
modified compared to the lower-level temperature gradient,
can be partly explained by the static stability changes. In
those simulations the temperature gradient was modified by
changing the temperature at higher latitudes and at different
vertical levels. Therefore, modifying the temperature gra-
dient at lower levels led to opposite effects of the meridional
temperature gradient and static stability on baroclinicity (as
in the case of Arctic amplification). Conversely, modifying
the temperature in the upper levels led to static stability
changes and meridional temperature gradient changes that
both tended to increase or decrease the baroclinicity in the
same direction. This observation could explain the larger
changes in eddy fields when the upper levels were modified
compared to the small response when the lower levels were
modified. Furthermore, similarly to Lunkeit et al. (1998),



1396

Yuval and Kaspi’s (2016) simulations showed a decrease in
eddy activity when the meridional temperature gradient was
increased at the lower levels, which can be explained by an
increase in the static stability.

Two different reference states are used in this study.
One is taken from the Held and Suarez (1994) reference
temperature, and the second is taken from the ECMWF
reanalysis data (section 2). Using the Held and Suarez
(1994) reference temperature with imposed prescribed
temperatures modifications [Egs. (2) and (3)] at low-
latitude upper troposphere and polar surface, it is found
that the eddy activity response is dominated by the
tropical upper troposphere (section 3c). To investigate
the effect of global warming-like temperature changes
on the circulation in a more realistic reference state, the
zonally mean DJF temperature taken from ECMWF
data (TESMWF) is simulated. The use of a second ref-
erence state, which resembles Earth’s temperature and
circulation (especially in the NH; see Fig. C2 in section
b of appendix C), is necessary since different reference
states have different circulation response when the
same temperature changes are applied. For example,
when the RCP8.5 temperature changes are imposed on
the ECMWEF reference state (Fig. 5), the response is
different compared to the same changes imposed on the
Held and Suarez (1994) reference state (Fig. C2).? This
result has broader implications, and it suggests that
idealized studies should use several representing ref-
erence states to verify the robustness of the results.

The ECMWEF reference is used to study the effect of
RCP8.5 temperature trends in the NH winter on zonal
wind and eddy activity. The RCP8.5 temperature gra-
dient changes are imposed on the ECMWEF reference at
the low-latitude upper troposphere [Eq. (5)] and at the
Arctic surface [Eq. (6)] separately (Figs. 6 and 7). Sim-
ilarly to what is found using the Held and Suarez (1994)
reference, it is found that the meridional temperature
gradient latitudinal extent have a large effect on the
circulation in these simulations. Furthermore, we find
that gradient changes in both regions have a large effect
on eddy fields (right columns in Figs. 6 and 7). For ex-
ample, while the EKE changes are larger when the up-
per troposphere gradient is modified, the EHF changes
are larger when the polar surface is warmed (right col-
umns in Figs. 6 and 7). It is found that the low-latitude
upper tropospheric temperature gradient and the Arc-
tic amplification have an opposite effect (and with
similar magnitude) on EMFC. The low-latitude upper

°The major differences are found in the SH, but some differ-
ences are found also in the NH (e.g., jet and surface wind shift does
not occur in the ECMWEF reference).
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tropospheric temperature gradient tends to shift pole-
ward the EMFC (and the zonal wind, Figs. 6d and 6h),
while the Arctic amplification has an opposite effect
(Fig. 7h). This implies that the poleward shift of the
storm tracks in the NH might have a large variability
between models because of the competing effects of the
two temperature trends (and the large variability in the
polar amplification), whereas in the SH the poleward
shift is more robust because there is no anomalous
warming in Antarctica.

We find that the linear sum of simulations with upper
tropospheric tropical heating and Arctic amplification
gives very similar eddy response as in a single simulation
with the combined (tropical upper troposphere and
Arctic) temperature trends (Fig. 8). This implies that
there is little interaction between the circulation changes
due to the temperature changes in the tropical upper
troposphere and polar surface in the idealized GCM.
Furthermore, comparing the zonal wind and eddy fields
response in the combined simulation to the full idealized
RCP8.5 (where temperature trends are as in the RCP8.5
in all regions), we find that in most regions the zonal wind
and eddy fields have similar changes and there is agree-
ment between the two simulations. This implies that the
temperature trends at the tropical upper troposphere and
at the Arctic are the cause of most of the circulation
changes in the idealized model when considering a global
warming scenario (Fig. 8).
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APPENDIX A

Changes in the Meridional Temperature Gradient
and Static Stability When the Tropical Upper
Troposphere Temperature Increases

Low-latitude upper tropospheric increases in tem-
peratures (as in Fig. 2) lead to an increase in the me-
ridional temperature gradient (Figs. Ale-h) and an
increase in the Brunt-Viisild frequency at the tropo-
sphere (Figs. Ali-1). These changes have opposite effect
on baroclinicity. In Figs. Alm-p the changes in Eady
growth rate are plotted, where the Eady growth rate is
calculated as 0.31gd,7/(NT) (where g is gravitational
acceleration and N is the Brunt-Viisild frequency).
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FIG. Al. The changes in meridional temperature gradient and in the Brunt—Viisila frequency due to low-latitude upper tropospheric
temperature increase with different latitudinal extent. (a)-(d) Temperature, (¢)-(h) meridional temperature gradient, (i)—(1) Brunt—
Viisiléd frequency, and (m)-(p) the Eady growth rate for simulations where the upper troposphere was modified with tropical upper
tropospheric temperature increase as in Eq. (2); the parameters A =2K, ¢, =35°, 40°, 45°, 50°, ¢,, = 10°, 0. = 0.3, and o, = 0.11.
Colors indicate the deviation from the reference simulation and contours show the reference simulation fields. The contour intervals
are 15 K (temperature), 10 K m ! X 1077 (meridional temperature gradient),2s ™! X 10~ (Brunt-Viisili frequency),and 1s~! X 107¢

(Eady growth rate). Colors have the same units as contours.

Furthermore, when the meridional extent of the tem-
perature modification in Eq. (2) is increased (larger
¢.PP"), the meridional temperature gradient shifts
poleward, but its magnitude is unchanged (Figs. Ale-h).
Conversely, when the meridional extent of the temper-
ature modification is increased, the Brunt—Viisila fre-
quency changes span over a larger region (Figs. Ali-1),
and therefore these changes have a larger effect on the
circulation as the parameter ¢'PP" is increased (see
discussion in section 3). This result can also be seen in
Figs. Alm-p, where the Eady growth rate tend to be
overall more negative as the width of the temperature
changes is broadened. Hence, it is expected that when
the extent of the temperature changes is larger, the static
stability plays a larger role and tends to weaken the
eddy fields.

APPENDIX B

Highlighting the Interplay between Static Stability
Changes and Meridional Temperature
Gradient Changes

a. Upper tropospheric meridional temperature
gradient changes by cooling at high latitudes

To investigate the importance of the static stability
changes when the upper tropospheric meridional tem-
perature gradient changes on eddy activity, and better
understand the interplay between the effects of static
stability and meridional temperature gradient changes
on eddy activity, additional simulations were conducted.
These simulations have a similar meridional tempera-
ture gradient changes as described in Eq. (2), but have
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F1G. B1. The zonal wind and eddy fields response to increased meridional temperature gradient in the upper tropospheric due to high-
latitude cooling in an idealized GCM. As in Fig. 2, but for polar upper troposphere warming. The meridional temperature gradient in these
simulations is similar to the gradients of the simulations presented in Fig. 2, but the static stability modifications have opposite sign and are
located in different regions. The contour intervals are 15 K (temperature), 5ms~ ' (zonal wind), 50 m?s~2 (EKE), 5ms™~ 2 (EMFC), and

2K ms 2 (EHF). Colors have the same units as contours.

different static stability changes. In these simulations the
temperature field was modified as follows:

b
6Ttr0picalfinverse (0 = d) = ¢1Clpper) - J0°a¢[6 Ttropical d¢l
(B1)

and BTlropicalfinvcrsc(d) < O) = STtropicalfinvcrsc(qb > O)
These simulations have decreased temperatures at the
upper levels of higher latitudes (Figs. Bla-d), leading to
an overall increase in baroclinicity, due to both a de-
crease in the static stability and an increase in the

meridional temperature gradient. Equations (2) and
(B1) have identical meridional temperature gradient
changes, but different static stability changes.

Both the EKE and EHF increases in the simulations
with upper tropospheric cooling at high latitudes (Fig. B1),
and with significantly larger amplitude compared to upper
tropospheric low-latitude heating simulations (Fig. 2).
Furthermore, the EMFC is intensified (larger conver-
gence in converging regions and vice versa), leading to a
general intensification of the jet stream, rather than a shift in
the two left panels of Fig. B1. In the two right panels, the
static stability and meridional temperature gradient are
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FIG. B2. The zonal wind and eddy fields response to decreased meridional temperature gradient at the surface due to low-latitude
cooling in idealized GCM. As in Fig. 3, but for lower troposphere cooling at the lower latitudes. The meridional temperature gradient in
these simulations is similar to the gradients of the simulations presented in Fig. 3, but the static stability modifications have opposite sign
and are located in different regions. The contour intervals are 15K (temperature), 5ms~' (zonal wind), 50m*s~? (EKE), 5ms™>

(EMFC), and 2K ms~? (EHF). Colors have the same units as contours.

modified at higher latitudes, and have a smaller effect on
eddy activity compared to the two left panels. Consequently,
the EKE response is weaker, and there is a jet shift (partly
due to the high-latitude increase in temperature gradient).
The large eddy response, as well as the different zonal wind
response, emphasize that changing the meridional temper-
ature gradient at the upper troposphere, as a result of high-
latitude upper-level temperature reduction as in Fig. B1 or
as a result of upper-level low-latitude warming as in Fig. 2,
leads to a very different circulation response. Since the
meridional temperature gradient is identical in the two

scenarios, we conclude that these large differences in the
response are due to the different changes in static stability.
We note that the qualitative results are obtained also for
other parameter choices (0P’ = 0.2, 0.3, 0.4 were simu-

lower ) .

lated with a gradual change in ¢,

b. Lower-level meridional temperature gradient
changes by cooling at low latitudes

To investigate the importance of the static stability
changes when the meridional temperature gradient
changes in the lower levels, 48 additional simulations
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were conducted. These simulations have a similar
meridional gradient change as described in Eq. (3),
but have different static stability changes. In these
simulations the temperature field was modified as
follows:

90°

3Tarctic—inverse (¢lcower = d) = 900) - _J¢ ad’ié Tarctic dd)t

(B2)

and STarctininverse(d) < O) = STarct107inversc(¢ > 0)
These simulations have decreased temperatures at
lower latitudes close to the surface (Figs. B2a—d), lead-
ing to an overall increase in atmospheric stability, both
due to an increase in the static stability and a decrease in
the meridional temperature gradient.

Both the EKE and EHF decreases in the simulations
with lower-latitude surface cooling, and with signifi-
cantly larger amplitude compared to upper tropo-
spheric tropical heating simulations (cf. Fig. B2 to
Fig. 3). Since the meridional temperature gradient was
identical in the two scenarios, we conclude that these
large differences in the response of eddy fields are due
to the different changes in static stability. We note that the
qualitative results are obtained also for other parameter
choices (all the combinations of ¢$wer =10°, 20°, 30° and
alover = 0.1, 0.2 were simulated with a gradual change in

d)lcower) .

APPENDIX C

Reference State Differences and Their Different
Responses to Global Warming Temperature
Projections

a. Response of the Held—Suarez reference to RCPS8.5
temperature changes

To show that the eddy response to temperature
changes is dependent on the chosen reference when
considering global warming-like temperature changes,
the Held and Suarez (1994) reference temperature (755
was modified as follows:

— THS + Tmod

T, RCPS85 *

HS—-RCP ref (Cl)
These temperature changes are similar to the tempera-
ture changes considered in Fig. 5, where the projected
changes from the RCP8.5 scenario were added to the
ECMWEF reference. The circulation responses to these
changes are plotted in Fig. C1. There are large differ-
ences in the eddy field response when the temperature is
modified as in the RCP8.5 scenario, but with two different
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F1G. C1. The zonal wind and eddy fields response in the Held and
Suarez (1994) reference state to temperature projections taken
from RCP8.5 scenario. As in Fig. 5, but with the Held and Suarez
(1994) reference temperature.

reference states. For example, the EKE response in the
SH has an opposite sign where EKE peaks (cf. Fig. C1 and
Fig. 5). Furthermore, the EMFC in the NH and the EHF
in the SH have an opposite response in the two simula-
tions in most regions. This implies that in order to inves-
tigate the circulation response to global warming-like
temperature changes, we need to consider a reference
state that is as realistic as possible. Therefore, in section 4
we consider a reference state whose temperature field is
taken from reanalysis data. The fact that two different
idealized reference states that represent Earth-like circu-
lation have a different response to the same temperature
modifications implies that idealized studies should use
several representing reference states to verify the ro-
bustness of the results.
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F1G. C2. Comparison between the ECMWF reanalysis data and
the zonally symmetric ECMWF reference simulation. Contours
show the zonally averaged wintertime ECMWF reanalysis data for
the (a) temperature (contour intervals 15 K), (b) zonal wind (contour
intervals 5ms™'), and (c) EKE (is calculated using a Butterworth
bandpass filter with a cutoff period of 3—10 days; contour intervals
20m?s~?). Colors show the difference between the ECMWF re-
analysis data and the ECMWF reference described in section 2c.

b. ECMWF reanalysis data versus zonally symmetric
reference simulations

In this appendix, the differences between the
ECMWEF reanalysis data and the zonally symmet-
ric reference simulations used in this study are dis-
cussed. To compare the EKE results of the simulations
to the reanalysis data, the EKE is calculated using a
Butterworth bandpass filter with a cutoff period of
3-10 days, both for the reanalysis data and the simu-
lations (therefore, the EKE of the reference simula-
tions is different from the other figures that calculated
EKE as the deviation from the zonal and time mean).
Figure C2 shows the temperature, zonal wind, and
EKE differences between the ECMWF reanalysis data
and the ECMWF zonally symmetric idealized refer-
ence simulation described in section 2c. The temper-
ature differences are smaller than 1K, indicating that
the Newtonian relaxation scheme that is used in this study
is able to reproduce the target temperature (Fig. C2a). The
zonal wind differences are very large in the SH and are
much smaller in the NH (on the order of 2ms~!; Fig. C2b).
The wind differences are mostly barotropic, which implies
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F1G. C3. Comparison between the ECMWF reanalysis data
and the Held and Suarez (1994) reference simulation. Contours
show the zonally averaged wintertime ECMWF reanalysis data
for the (a) temperature (contour intervals 15 K), (b) zonal wind
(contour intervals 5ms™!), and (c) EKE (calculated using a
Butterworth bandpass filter with a cutoff period of 3-10 days;
contour intervals 20m?s~2). Colors show the difference be-
tween the ECMWF reanalysis data and the Held and Suarez
(1994) reference.

o

0.8

that the wind differences are mostly due to differences in
the EMFC, leading to large differences in the surface
winds. Furthermore, the EKE in the SH is much weaker in
the simulation (Fig. C2c), whereas in the NH the EKE
differences are smaller, but still significant (up to 40%
differences in the NH). Figure C2 shows the differences
between the ECMWEF reanalysis data and the Held and
Suarez (1994) reference simulation. The differences in the
surface winds and EKE are larger than the differences
shown in Fig. C2 for the NH. Therefore, although there are
significant differences between the ECMWF reanalysis
data and idealized ECMWF simulation, we find the ide-
alized zonally symmetric ECMWF reference to be more
suitable than the Held and Suarez (1994) for this study.
We note that we do not expect to reproduce the
ECMWEF eddy fields for several reasons. First, the sim-
ulations in this study are zonally symmetric and do not
include orography, ocean, or moisture, which play an
important role in setting the eddy fields. For example,
Chang (2006) argues that eddies are weaker in such
idealized simulations because of the use of dry static
stability and not the moist static stability. Second, the
model we use is not tuned in any way to reproduce the
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FIG. C4. Comparison between the Held and Suarez (1994) ref-
erence simulation and the ECMWF reference simulation. Con-
tours show values for (left) the Held and Suarez (1994) reference
simulation, and (right) the ECMWEF reference for the (a),(b)
temperature (contour intervals 15 K), (c),(d) zonal wind (contour
intervals 5ms ™!, (e),(f) EKE (contour intervals 40 m?s~?), (g),(h)
EMFC (contour intervals 5ms~2), and (i),(j) EHF (contour in-
tervals 2 K ms~2). Colors on the right panels show the difference
between the Held and Suarez (1994) reference and the idealized
ECMWEF reference simulation described in section 2c.

eddy fields, and different parameters except the re-
laxation temperature could affect the eddy fields mag-
nitude (e.g., the relaxation time). The small EKE that is
obtained in the simulation in the SH implies that the
missing model components are important to excite
eddies during the summer of the SH. In an idealized
GCM simulations, where the diabatic heating was pre-
scribed to obtain a zonally asymmetric DJF reanalysis
data (Chang 2006) and orography was included, the
eddies in the summer hemisphere were not negligible,
indicating that zonal asymmetries might play a large role
in exciting eddies during summer.
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c¢. Comparison between the HS94 and ECMWF
idealized reference states in the NH

Figure C3 shows the differences between the Held and
Suarez (1994) and ECMWF (where the relaxation
temperature is TECMWF) reference simulations. The fig-
ure shows that although there are some similarities be-
tween the two references (e.g., jets and EMFC have
similar shapes), there are large-amplitude differences in
all fields, as well as differences in the position of dif-
ferent fields [e.g., the surface winds and EMFC are
shifted equatorward in Held and Suarez (1994)]. Dif-
ferences between reference states in the location of
large-scale circulation patterns, such as the jet stream,
could potentially lead to different circulation response
to thermal forcing.

APPENDIX D

Potential Drawbacks of the Fast Zonal Relaxation
Method

The main difference between the Newtonian re-
laxation method that was used in this study and other
Newtonian relaxation methods is that the relaxation
time of the zonal mean and the eddies are on very dif-
ferent time scales. The zonal mean relaxation time scale
is 100 times faster. This allows a relatively accurate re-
production of a prescribed (zonally mean) temperature
distribution.

The main clear caveat of this method is the short re-
laxation time of the mean state. This short time scale could
potentially interfere with the eddy life cycle at the stage
when eddies act to change the mean fields, and conse-
quently eddies would have different magnitudes owing to
the strong zonal-mean relaxation. However, in appendix B
of Yuval and Kaspi (2017) it is shown that different sim-
ulations that have similar temperature distribution, where
in each simulation there is a different relaxation time for
the zonally mean temperature, have almost identical eddy
field response to changes in the temperature field. That is,
zonally symmetric simulations with more similar re-
laxation time for the eddy and mean temperature field and
simulations with the fast zonal mean relaxation (which was
used in this study) show almost identical eddy field re-
sponse to changes in the temperature field.

The main difference between a slower (and more ‘‘re-
alistic””) relaxation time for the zonally mean state and the
method with a fast zonal relaxation that is used in this study
is that in a slower relaxation time simulations the zonal
mean temperature can deviate from the time mean. Con-
versely, in the method used in this study, the zonal mean
temperature is (approximately) constrained at every time
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instance to the time mean. The results presented in ap-
pendix B of Yuval and Kaspi (2017) (similar eddy field
changes in both methods) imply that the contribution of the
deviation of the zonal mean from its time mean does not
contribute significantly to the eddies in these simulations.

A main advantage in using the method used in this
study is that it requires less computation time since the
computation of the relaxation matrix is trivial (it is just
the target temperature). This allowed us to perform
large number of simulations and verify the robustness of
our results using many different configurations and dif-
ferent parameters.
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