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1 | INTRODUCTION

Interaction between greenhouse gases and atmospheric
radiation plays a significant role in changing horizon-
tal and vertical temperature gradients, through which
radiation can affect the midlatitude atmospheric dynamics
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| Daniel Yazgi?

Abstract

Interaction between CO, and atmospheric radiation has a significant part in
changing horizontal and vertical temperature distributions, through which it
can affect the midlatitude atmospheric dynamics. Baroclinic instability, which
is the energy source of large-scale eddy formation in midlatitudes, depends on
meridional and vertical eddy fluxes of heat. While several studies have been
devoted to the impact of CO, concentration present in the atmosphere on baro-
clinic eddies in climate time-scales, the current work aims to determine the
corresponding impact over a period of 10 to 20 days relevant to the duration
of baroclinic life cycles when the flow is deterministically predictable. To this
end, the radiative parametrization scheme called RRTMG (Rapid Radiative
Transfer Model for General Circulation Models) has been coupled with the Dia-
batic Contour-Advective Semi-Lagrangian (DCASL) dynamical core. Except for
parametrization of radiation as well as surface processes to represent radiative
interaction with the surface, no other physics parametrizations are included in
the model. The idealized life-cycle experiments are carried out for both the pre-
dominantly anticyclonic (LC1) and cyclonic (LC2) Rossby wave breaking with
the same initialization but five different CO, concentrations (0, 250, 500, 750
and 1,000 ppmv). The impacts of different CO, concentrations on eddy growth,
mean flow and eddy-mean flow interaction are discussed. Results show that
the presence of CO, has a damping effect on instability in the baroclinic growth
stage, amounting to about 7% and 4% reduction in the peak value of domain
area-average eddy kinetic energy for LC1 and LC2, respectively. In addition,
increase in CO, concentration has a small negative impact on the growth rate,
vertical eddy propagation and jet intensification.
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(Hall et al., 1994; Yin, 2005; Chang et al., 2012; Yuval and
Kaspi, 2016). Baroclinic instability, which is the mecha-
nism of large-scale eddy formation in the midlatitudes,
depends on poleward and vertical eddy temperature fluxes.
In addition, the conversion of zonal into eddy available
potential energy is related to a positive correlation between
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poleward temperature flux and the basic-state poleward
temperature gradient, which leads to generation of eddy
kinetic energy and helps to sustain the growing eddy (Lee
and Yoo, 2014).

Recent climatological studies have indicated that
global warming due to increase in greenhouse gas con-
centrations causes the poleward shift of eddy-driven
jet and storm tracks (Thompson et al., 2000; Kushner
etal., 2001; Yin, 2005; Lorenz and DeWeaver, 2007; Barnes
and Hartmann, 2011; Barnes and Polvani, 2013; Harvey
et al., 2014). Furthermore, a series of climate simulations,
from an energetic point of view, has revealed that radiative
forcing of greenhouse gases influences eddy-mean flow
interaction in midlatitudes (Hernandez-Deckers and von
Storch, 2010; Yuval and Kaspi, 2016; Chemke, 2017). Wu
et al. (2013) investigated the transient atmospheric circula-
tion response in a seasonal time-scale to sudden doubling
of CO, concentration by employing the National Center
for Atmospheric Research Community Atmosphere Model
version 3 (NCAR-CAM3) coupled to a Slab Ocean Model
(SOM). While analysing the characteristics of eddies
such as the phase speed and length-scale, their study was
silent on the changes in the growth rate. Ceppi and Shep-
herd (2017) assessed changes in position and speed of the
jet induced by CO, radiative forcing and climate feed-
backs using CAM4 and ECMWF model HAMburg version
6 (ECHAMBG: Stevens et al., 2013) climate models. Climate
feedbacks were imposed by surface albedo, cloud and
water vapour. They suggested that uncertainty in radiative
feedbacks causes different baroclinicity responses to CO,
forcing. Chemke and Polvani (2019) surveyed the impact
of an abrupt increase in CO, concentration on widening
of the tropical belt through several mechanisms includ-
ing changes in surface temperature, tropopause height,
eddy phase speed and static stability. They showed that
an increase in subtropical static stability (a decrease in
temperature lapse rate), due to increase of CO, concen-
trations, is accompanied by poleward shifts of the Hadley
cell edge and eddy momentum flux, thereby altering
subtropical baroclinicity.

It is worth mentioning that previous studies have
almost exclusively focused on climatological behaviour of
atmospheric flow against different CO, concentrations. In
other words, a majority of prior researches have simulated
interaction between CO, radiative forcing and large-scale
dynamics over climate time-scales, assessing the impacts
of CO, enhancement on the mean flow characteristics. A
challenging issue, which arises in this subject, is exam-
ining CO, radiative effects during the life cycle of eddies
associated with baroclinic development. There are key
questions that have not yet been discussed properly in the
literature, for instance, how increase in CO, concentra-
tion may affect the growth and decay of large-scale eddies

in midlatitudes, whether increase of CO, concentration
might change baroclinicity within a few days, and to what
extent the response might depend on the type of life cycle.
A further question is whether energy conversions during
the life cycle of an eddy and thus the strength of eddies are
sensitive to different amounts of CO, concentration. Also,
itis not clear how an increase of CO, concentration acts on
the mean flow and eddy-mean flow interaction in the time
span of a life cycle. In addition, since the previous research
was almost exclusively focused on qualitative results using
complex climate models (e.g. Barnes and Polvani, 2013;
Harvey et al., 2014; Zappa and Shepherd, 2017), the main
aim of this article is to give quantitative assessments on the
questions raised above in a much simpler set-up. In this
aspect, our work is in the spirit of developing a hierarchy
of models to gain understanding of complex issues related
to the atmospheric circulation (Vallis et al., 2018).

To fill the aforementioned gaps in the literature,
in the current study experiments have been performed
under increasing CO, levels for sixteen days, which cov-
ers the main stages of baroclinic instability (Thorncroft
et al,, 1993) and formation of synoptic-scale eddies in
the midlatitudes. The purpose of this quantitative study
is to assess the response of baroclinic development to
the CO, radiative impacts in midlatitudes. Given that
the baroclinic life-cycle problem is inherently related
to the dynamics of storm tracks, the experiments and
analyses provided may also help us in understanding
the response of the extratropical storm tracks to climate
change. To carry out the experiments, the Rapid Radiative
Transfer Model for General Circulation Models (RRTMG)
parametrization scheme has been coupled with the Dia-
batic Contour-Advective Semi-Lagrangian dynamical core
called DCASL (Mohebalhojeh et al., 2016; Laghaeizadeh
et al., 2020). To complete the coupling in terms of radiative
interaction with the ground, a representation of the surface
processes adopted from ECHAMSG6 has been used. The ana-
lytical formulation developed by Polvani and Esler (2007)
is used to set up the initial conditions and carry out the
life-cycle experiments with five different CO, concentra-
tions. For a more complete picture of baroclinic devel-
opment, both LC1 and LC2 life cycles are investigated
which differ mainly in the type of Rossby wave breaking in
the upper troposphere: anticyclonic for LC1 and cyclonic
for LC2. The radiative parametrization scheme RRTMG
is used to compute the cooling rate at each time step of
the DCASL to take into account the radiative impact on
the dynamics. This is in contrast to using the Newtonian
relaxation method, which was common in previous stud-
ies (similar to Park et al. (2013)). Therefore, the cooling
(heating) rate for different amounts of CO, concentra-
tion can be estimated at each stage in the life cycle of
eddies.
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The article is structured as follows. Section 2 describes
the set-up of the numerical model in detail. In Section 3,
the radiative effects of CO, concentrations on baroclinic
instability, large-scale eddy formation and growth as well
as the eddy-mean flow interaction are determined by
dynamical diagnostics. Finally, the conclusions are pre-
sented in Section 4.

2 | SETTING UPTHE NUMERICAL
MODEL

21 | The dynamical core

The DCASL dynamical core for spherical primi-
tive equations was first developed by Mohebalhojeh
et al. (2016) in the generalized vertical coordinate (&) using
the prognostic variables Q = (f + ¢)/(1 + E), h and & with
f the Coriolis parameter, ¢ the relative vertical vorticity,
ha pressure thickness defined by op/d&é = dp/oE(1 + Z),
and 6 the horizontal divergence. Here p is the pressure and
p is a reference pressure, which varies only with vertical
direction. The generalized vertical coordinate is taken as
a function of the sigma (o) and the potential temperature
(), the hybrid ¢ — 6, where ¢ is a function of pressure,
surface pressure (ps) and pressure at the top of the model
(Prop)- What distinguishes DCASL from the other algo-
rithms is the simultaneous use of a Lagrangian contour
representation and an Eulerian grid representation for Q,
i.e. the variable representing vertical flow. Laghaeizadeh
etal. (2020) further extended the dynamical core to include
the o — p vertical coordinate (Eckerman, 2008) in both the
Charney-Phillips and Lorenz grids. The DCASL algorithm
for which the results are reported here is that based on
the o — p vertical coordinate in the Charney-Phillips grid
where the potential temperature is stored on the interface
of the layers called half-integer levels. When ¢ — p is used
for the vertical coordinate, Q becomes essentially the same
as absolute vertical vorticity. The o — p vertical coordinate
has been chosen here because the analytical formulation
of initial conditions can be translated to this coordinate
with no approximation, while the use of ¢ — 6 entails
problems leading to generation of imbalance. For the
o — p vertical coordinate, pressure at the interface of layers
is given by pii1/2 = A1/2P0 + Bia1j2ps With pg = 10° Pa;
details on the arrays A and B are given in Table S1 of the
supporting information.

2.2 | Adding the radiative transfer
scheme to the dynamical core

In general circulation models, as part of the physics
parametrization called by the solution procedure for the

Royal Meteorological Society

thermodynamic energy equation, through computing the
radiative cooling rate the temperature field is changed,
which leads to interaction with the dynamical core. In
this study, RRTMG developed at Atmospheric Environ-
ment Research (AER) is employed to compute short-wave
and long-wave radiative fluxes and cooling rates (Clough
et al., 2005). RRTMG uses the correlated-k distribution
method (Lacis and Oinas, 1991; Fu and Liou, 1992) and
a transmittance look-up table to achieve high accuracy
and efficiency (Mlawer et al., 1997; Iacono et al., 2008).
To avoid complications, the impacts of other physical pro-
cesses in the atmosphere on the temperature distribution
have been ignored and RRTMG has been coupled with the
dynamical core.

The values of cooling rate per unit mass (Q) are deter-
mined on the full-integer levels by the calculation of the
net radiation fluxes (F) on the half-integer levels according

© 1dF dF
Q=--22

=g—, 1
@z gdp 1)

where p is density, g is acceleration due to gravity and
F=F'"—F!; F' and F' are respectively the upward and
downward radiative fluxes or irradiances. In the DCASL
dynamical core using the o — p vertical coordinate with
the Charney-Phillips grid, the radiative cooling rates
impact the potential temperature on the half-integer levels
such that

(5)
Ot /rad l+1/2

<(aT/at>md,z+1(6p)z+l + (0T /08)raa (5P): >
? .1 (4P)is1 + [1,5P): :

where (06/00)raq,+1/2 denotes the potential temperature
tendency at the half-integer level [+ 1/2 due to radia-
tive heating and thus temperature tendencies (0T /0¢);aq
at neighbouring layers. Also, (6p); = pi+1/2 — pi-1/2 is the
pressure thickness of the layer [, and I1 = ¢, (p/ o)/ is
the Exner pressure in which ¢, is the specific heat capac-
ity at constant pressure, p, = 10° Pa and R is the specific
gas constant for dry air as no moisture is assumed in the

experiments.

2.3 | The numerical experiments

2.3.1 | [Initial conditions

The construction of initial conditions for the two life cycles
follows Polvani and Esler (2007) with changes required
for the prognostic variables used in ¢ — p vertical coordi-
nate with Charney-Phillips staggered grid. Each life cycle
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FIGURE 1 The vertical-meridional cross-section of the zonally averaged zonal wind (shaded, 5 m-s~! interval) and the potential

temperature (thick blue solid lines, 5 K interval) at t = 0 for (a) LC1 and (b) LC2. The dark solid and dotted lines denote, respectively, the
positive and negative values of the zonally averaged zonal wind [Colour figure can be viewed at wileyonlinelibrary.com]

is simulated for five cases with the same initialization
but different CO, concentrations. The experiments are
designed to alter the atmospheric optical depth by chang-
ing the values of CO, concentration to, respectively, O,
250, 500, 750 and 1,000 ppmv. The CO, concentrations are
considered uniformly distributed across the domain, both
horizontally and vertically, throughout the time evolution.
The initial conditions are defined in spherical coordinate
(4, @,z) in which A € [0, 2] is longitude, ¢ € [-7/2, /2]
is latitude and z = H log (po/p) is the log-pressure coordi-
nate with H being the scale height.

The zonal winds u; for LC1 and u, for LC2 are initial-
ized using the z coordinate with the scale height H taken
to be equal to 7.5 km, such that

u1(@,2) = uoF(@) [ie—[(z/zT)z—l]/z] ,
T

Uz (@,2) = u1(@,2) — Us e~%/% [Sin(z(p)]z [(P - (Ps]

Ag
X e_[((ﬂ_(ps)/As]z S (2)

where uy = 45 m - s~! determines the maximum wind in
the troposphere, zr = 13km, U; =45 m - s}, z, = 10 km,
@s = 35°, Ag = 20° and

for ¢ > 0,

rp= { o oo
0 for ¢ < 0.

All the five experiments use the same initial conditions
for the zonal wind and the rest of variables presented
in Appendix A. The number of grid points used in both
meridional and zonal directions are 256, giving approxi-
mately grid lengths of 0.7° and 1.4° in respectively merid-
ional and zonal directions. In the vertical direction, 55
layers are used covering from the surface to about 6.7 hPa
pressure level.

Figure 1 shows the vertical-meridional cross-section of
the zonally averaged zonal wind and the potential temper-
ature at t = 0 (taken to be 21 March 2009, 1200 UTC) for
both LC1 and LC2 in which the position of the upper-level
jet is evident. These fields undergo development by the
set-up of baroclinic instability.

To calculate cooling rate values, the vertical profiles of
the pressure and the potential temperature are used to per-
form RRTMG. It should be noted that the radiative fluxes
have been computed in aerosol-free and clear-sky condi-
tions. In addition, the land surface scheme available in
ECHAMS6 has been used to account for the radiative inter-
action with the surface which is taken to be covered by
water. No boundary-layer parametrization is carried out.

Since CO, does not have permanent (or electric)
dipole moment, radiative transfer through pure rota-
tional transitions is inactive. Nevertheless, it has vibra-
tional motions due to its curved structure, causing disrup-
tions in its linear symmetry, thereby producing oscillating
dipole moment. Hence, CO, is a radiatively active gas
in vibrational-rotational transitions (e.g. Petty, 2006). The
CO; contribution to transitions and atmospheric cooling
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FIGURE 2

The vertical-meridional cross-section of the cooling rates (blue shaded, 0.1 K-day~! interval) at ¢ = 0 for LC1 and different

CO, concentrations: (a) 0, (b) 250, (c) 500, (d)750 and (e) 1,000 ppmv. Solid and dotted lines, respectively, show the positive and negative

values [Colour figure can be viewed at wileyonlinelibrary.com|

(heating) is negligible for the short wavelength range
(about 0.05 in all levels) and it transmits a considerable
portion of solar radiation. However, it acts in the long
wavelength range (IR band), because the atmosphere is
opaque in the 14-16 pm band and the position of the 15 pm
band is near the maximum Planck function emission for
terrestrial temperatures.

Figure 2 depicts the vertical-meridional cross-section
of the cooling rates, which are interpolated from the
model’s vertical coordinate to the standard pressure lev-
els, at t = 0 for LC1 and different amounts of CO, (see
Figure S1 for the corresponding results of LC2). As shown,
the contribution of CO, to net radiative heating is rather
small in the troposphere, because the emitted radiation is
reabsorbed at nearby levels with nearly the same temper-
ature. The cooling rates, however, exhibit a strong tem-
perature dependency such that within the troposphere
there is a well-defined Pole-to-Equator sloping gradient
associated with the frontal zone represented by the poten-
tial temperature structure in Figure 1. The meridional
gradient in radiative cooling is strongest near the surface

and increases for the higher amounts of CO, The least
radiative cooling is observed at the equatorial tropopause,
where the temperature profile has a minimum value. The
dominance of temperature effect in shaping the cooling
rates is consistent with the cooling-to-space approxima-
tion for details of its validity; readers can refer to Jeevan-
jee and Fueglistaler (2020a). It is interesting to note the
presence of more or less similar latitudinal-vertical struc-
tures in Figure 1a of Jeevanjee and Fueglistaler (2020b)
for the zonal mean clear-sky long-wave heating rates com-
puted using the reanalysis data of the European Cen-
tre for Medium-range Weather Forecasts (ECMWF) for
June-August 2001. The markedly stronger cooling rates in
their analysis are due to the effect of H,O which is not
considered here.

2.3.2 | Baroclinic instability

After defining the initial conditions, baroclinic instability
is triggered by adding a height-independent perturbation
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to the temperature field T’ such that
T'(4, ¢) = cos(64) [sech (6(¢ — §))I°, (3)

where § = 45°N. The perturbation is small enough for the
imbalance generated to have negligible impact compared
to the fastest growing normal mode that is rapidly excited
leading to the formation of baroclinic instability.

3 | THE EFFECTS OF INCREASES
IN CO, CONCENTRATION ON
BAROCLINIC INSTABILITY

In this section, the development stages of baroclinic insta-
bility for different CO, concentrations are examined using
some relevant dynamical diagnostics. While doing so,
the radiative impacts of CO, on eddies, mean flow and
eddy-mean flow interaction are studied during the baro-
clinic instability life cycle.

3.1 | Eddy kinetic energy and instability
growth rate

The eddy kinetic energy is a domain area-average quantity
defined by

ps 1 (2 12\ dp
Jpds pmp2<u +v )g

Jpds

EKE =

s

in which D denotes the horizontal domain, ds is the area
element, u’ and V' are respectively the deviation of zonal
and meridional velocity components from their zonal aver-
ages. The horizontal averaging domain D is taken to be the
Northern Hemisphere as in the experiments designed the
Southern Hemisphere is baroclinically inactive. As men-
tioned earlier, EKE provides the basic information on the
state of baroclinic instability and its life cycle for each
experiment. Furthermore, the formation and evolution
of instability can be studied using the growth rate given
by ¢ = [In(EKE(t)/EKE(0))]/t, where EKE(t) and EKE(0)
denote the eddy kinetic energies at time ¢ and time zero,
respectively.

Figure 3a shows the time evolution of EKE during the
two life cycles for experiments with zero and 250 ppmv
CO, concentration. The period of simulations is sixteen
days and results are stored at 0.5 day intervals. As their
generic characteristics, in both the life cycles, an early
growth until around day 4 is followed by a stage of rapid
growth associated with vertical Rossby-wave propagation
and then a barotropic decay which is marked in LC1. In
terms of the peak value of EKE, there are about 7.4% and
4.2% reductions in the presence of CO, for LC1 and LC2,
respectively. While small compared to the reduction in
EKE due to boundary-layer friction with values amounting
to as high as 50% (Adamson et al., 2006), the effect of CO, is
nevertheless sign-definite and in the way of damping EKE
during the growth phase. This can be seen by looking at
the growth rates shown in Figure 3b as well as the differ-
ences in EKE between the experiments with and without
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TABLE 1
two life cycles

0 ppmv 250 ppmv
EKE (LC1) 8.881 8.220 (7.44)
EKE (LC2) 11.856 11.357 (4.21)
o (LC1) 1.144 1.123 (1.84)
o (LC2) 1.102 1.088 (1.27)

The maximum values of the domain area-average EKE (10° J - m~2) and o (day!) for different CO, concentrations and the

500 ppmv 750 ppmv 1000 ppmv

8.192 (7.76) 8.177 (7.93) 8.156 (8.16)

11.376 (4.05) 11.367 (4.12) 11.349 (4.28)

1.122(1.92) 1.121 (2.01) 1.119 (2.19)

1.087 (1.36) 1.087 (1.36) 1.086 (1.45)

Note: The numbers in parentheses are the percentage reductions in the maximum EKE and growth rate values with respect to those of zero CO, experiments.

CO;, (i.e. EKE;50-9 = EKE (CO; = 250) — EKE (CO, = 0)
and the other differences with similar definitions) as
shown in Figure 4 during days 5 and 8. It is also confirmed
by the information provided in Table 1 on the maximum
domain area-average EKE and o for different experiments
and the percentage relative reduction in maximum EKE
and growth rate with respect to the zero CO, experiments.

3.2 | Radiative heating rates

Figure 5 displays the latitude-vertical cross-sections of the
radiative heating (cooling) rates at the times ¢ = 5 days
during the growth stage and t = 8 days right after the
peak of EKE for LC1 in the experiment without CO,
(Figure 5a,d) and that with 250 ppmv CO, concentra-
tion. The corresponding results for LC2 are given in
Figure S2. Near the surface, in the presence of CO, the

heating rates attain values largely different from the rest
of the troposphere; for clarity, results are presented sep-
arately for the [100,850] hPa and [850,1000] hPa layers.
Throughout the layer [100,850] hPa, CO, has a cooling
effect with a distinct slope in midlatitudes due to the
frontal zone and stronger cooling rates are observed at
the lower latitudes of the lower troposphere. Comparing
the results of days 5 and 8, it is apparent that both the
midlatitude slope and Equator-to-Pole gradient in the cool-
ing rate decrease during the time evolution by the heat
transfer through baroclinic eddies. Near to the surface in
Figure 5b for LC1, a narrow cooling region close to the
northward edge of the baroclinic zone (see Figure 1) at
60° N can be seen that is sandwiched between two heat-
ing regions, a stronger in the south and a weaker in the
north. The heating-cooling-heating structure is sharper
and deeper at day 8 (Figure 5e) and can be understood in
terms of the competing effects of cooling-to-space and the
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surface heating induced by radiative exchange of the sur-
face with upper layers. For LC2 (Figure S2e) which has a
stronger surface baroclinic zone, the heating turns into a
frontal-like structure close to 60° N. The radiative effect
near to the surface is opposite that of the temperature
advection.

3.3 | Mean flow

As mentioned before, the eddy kinetic energy is derived
from the eddy available potential energy, which is depen-
dent on the mean available potential energy. Since the
meridional gradient of potential temperature is propor-
tional to the mean available potential energy, it can affect
eddy kinetic energy indirectly and at the same time
responds to the radiative heating. To see this, shown in
Figures 6 and 7 are the time-height sections of, respec-
tively, LC1 and LC2 for ABy50 — Ay and AByg90 — Aby
where A8 = 6 (30° N) — 0 (60° N). The quantity A is used
here as a measure of temperature gradient across the baro-
clinic zone. Except for a small interval near to time t =
6 days, CO, across the layer [200, 1000] hPa in LC1 acts to
reduce the meridional gradient of temperature, an effect
which is especially stronger near the surface for 1,000
ppmv concentration (compare Figure 6a,c). In contrast

with LC1, in LC2 there is a sign change in the impact of
CO, such that from day 4 onwards CO, acts to increase
the surface baroclinicity (Figure 7a,c) and thus helps the
maintenance of EKE (Figure 3a). When compared with the
changes in EKE due to radiative impacts of CO, presented
in Section 3.1, the contrasting behaviour of LC1 and LC2
in terms of changes in the meridional temperature gradi-
ent appears consistent with the findings of O’Gorman and
Schneider (2008) and O’Gorman (2010) on a linear relation
between EKE and mean available potential energy.

Since the reduction of mean meridional temperature
gradient is associated with a decrease in the vertical wind
shear (due to the thermal wind balance), so the presence
of CO; in increasing values affects the zonally averaged
zonal wind u. Figure 8 shows Uyso — Uy and Uygo — Up at
around the peak of EKE once the baroclinic instability is
fully developed (i.e. day 7 for LC1 and day 8 for LC2). While
the changes due to CO, are not generally sign-definite,
associated with the zonal mean heating seen in Figure 5,
the marked feature is the juxtaposition of the positive and
negative values stretching from the surface to the upper
troposphere near to 60° N, especially for LC2, in a way
to increase (decrease) the cyclonic shear north of the jet
in LC1 (LC2). Although not undertaken here, this feature
can be quantitatively related to the corresponding struc-
tures discussed for the radiative heating in Figures 5 and S2
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using the elliptic equation governing the relation between
the zonal mean acceleration and the zonal mean diabatic
forcing in the quasi-geostrophic model (see equation 3.5.7
in Andrews et al. (1987)). Any associated changes of the
momentum transfer in the upper troposphere can be stud-
ied using the diagnostics presented in the next subsection.

3.4 | Eddy-mean flow interaction

In what has been presented so far, the effects of increase
in CO, concentration on cooling rate, eddy activity and
mean flow were investigated separately using some rel-
evant quantities. In what follows, the radiative impacts
of CO, on the eddy-mean flow interaction are presented

by calculating the Eliassen-Palm flux (EP flux) in each
experiment. The EP flux is given by (Edmon et al., 1980)

F© :fﬂ
00 /op

F= ( F@) F(p)) . F@ = _W, , @

where bar and prime denote the zonal mean and the
corresponding perturbation, respectively. In addition, the
superscripts (@) and (p) denote the poleward and vertical
directions.

The EP flux relation used in this study is based on the
quasi-geostrophic equations (QG) on the g plane with the
pressure vertical coordinate. As shown in Equation (4),
the vertical (F®) and meridional (F'*)) components of
the EP flux represent the meridional temperature and
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momentum fluxes, respectively. Therefore, F® indicates
the conversion of mean available potential energy to eddy
available potential energy and F® is associated with the
conversion of eddy available potential energy to eddy
kinetic energy. Furthermore, the EP flux divergence is a
crucial quantity in displaying the eddy-mean flow inter-
action. This quantity is equivalent to the meridional eddy
potential vorticity flux ('q’) in the QG theory, ¢’ being
the perturbation QG potential vorticity. The positive (nega-
tive) values of potential vorticity flux can cause the acceler-
ation (declaration) of zonal wind and/or generate a merid-
ional circulation (Vallis, 2017). The EP flux divergence is
given by (Edmon et al., 1980):

Figures 9 and 10 show the zonally averaged zonal wind,
the EP flux vector and its divergence at ¢t = 5 days and
t = 8 days for zero and 500 ppmv CO, concentration exper-
iments of LC1 and LC2, respectively. For the graphical
display in the latitude—pressure coordinates, the flux com-
ponents F® and F are scaled with factors given in
Appendix B. As the major features discussed in the anal-
ysis are not affected by the small-scale noise, no spa-
tial smoothing operation has been applied to the model
fields for the computation of EP diagnostics. The plots
are restricted to the [100,900] hPa layer, because for the
500 ppmv CO, concentration experiments ()5/ dp vanishes
and changes sign in the [900, 1000] hPa layer (see Figure
S3) leading to exceedingly large values of the vertical EP
flux and its divergence. To fix ideas, in the description
below, areas of flux divergence and flux convergence refer
to regions where V- F > 0 and V - F < 0, respectively.
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As shown in Figure 9a for LC1, at time t = 5 days
which coincides with nearly the start of the rapid growth
of EKE, one can identify a pair of the EP flux divergence/-
convergence in the lower troposphere around 45° latitude
associated with which there is a distinct signature of ver-
tical propagation. Being slightly weaker in the experiment

with 500 ppmv CO, concentration (Figure 9c), the EP
flux convergence area is stretched upward near to the jet
region in the upper troposphere. At time ¢ = 8 days which
is at the early stage of EKE decay, the main features in
Figure 9b,d are the presence of a strong flux divergence
between 45° and 60° latitudes as well as a weaker flux
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convergence between 30° and 40° latitudes, both stretched
vertically in the [200, 600] hPa layer. What is striking is the
extent to which the position of the jet and its downward
extension leading to barotropization of the flow are con-
nected to the EP flux divergence area. Theoretically, the
vertical extension of divergence (convergence) areas to the

middle troposphere causes the acceleration (deceleration)
of zonally averaged zonal wind and the subsequent down-
ward extension of the upper-level jet stream in a manner
consistent with midlatitude eddy-driven jet dynamics (Val-
lis, 2017). The related difference fields shown in Figure S4
indicate that the main radiative impact of CO, is in making
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the EP flux divergence area between 45° and 60° latitudes
weaker, thereby leading to a weaker upper-tropospheric
jet.

In contrast with LC1, at time ¢ = 5days for LC2
(Figure 10a,c), the signature of upward wave propagation
in the lower/middle troposphere is weaker, with flux vec-
tors tending to tilt northward rather than southward. At
time t = 8 days, compared to LC1, the downward-extended
upper tropospheric flux divergence is replaced by some

Same as Figure 9 but for LC2 [Colour figure can be viewed at wileyonlinelibrary.com]

fragmented areas between 30° and 40° latitudes, which
are weaker in the presence of CO,. From the latter frag-
mented areas, the waves are mainly deflected toward
the middle to upper tropospheric flux convergence area
around 50° and 60° latitudes. Further, associated with the
changes in the distribution of the upper tropospheric flux
divergence/convergence, the jet shifts southward. Within
the upper-tropospheric jet region, there is more south-
ward wave propagation in the experiment with CO,. In
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general, the impact of CO, in weakening the upward wave
propagation and the upper-tropospheric jet in LC2 (cf.
Figure 10b,d) seems to be stronger than that in LCI.

4 | CONCLUSIONS

In this study, the impacts of varying levels of CO, concen-
tration on baroclinic instability development, eddy growth
and eddy-mean flow interaction were examined. Consid-
ering the slow and gradual changes of forcings together
with involvement of various feedbacks in complex sys-
tems, such as the atmosphere, makes it hard to disentangle
the sole effect of CO, on baroclinic eddies. This has pro-
vided the motivation to investigate the interaction between
radiation and atmospheric flows during the life cycle of
baroclinic eddies in experiments with varying levels (0,
250, 500, 750 and 1,000 ppmv) of uniform CO, concen-
trations. The response of the atmosphere to the radiative
effects of CO, were studied over a period of 16days by
taking into account the different values of the CO, con-
centration in the RRTMG parametrization scheme and
carrying out the two main baroclinic life cycles called
LC1 and LC2 using the DCASL dynamic core with no
involvement of moist and boundary-layer processes. The
analytical formulation for initial conditions proposed by
Polvani and Esler (2007) was used to set up the LC1 and
LC2 experiments.

The results indicate that the radiative heating due to
CO, is mainly dependent on the temperature structure,
which is consistent with the cooling-to-space approxima-
tion. The temperature-dependent radiative cooling caused
by the presence of CO, leads to a decrease in the merid-
ional temperature gradient, thus changing the mean flow
and the process of eddy formation. The resulting reduc-
tion in the meridional temperature gradient weakens the
mean available potential energy, the meridional heat flux
and thus the vertical wave propagation, thereby reducing
the peak value of EKE and growth rate attained during the
life cycle. This summarizes the impact of CO, during the
stages of surface exponential growth followed by satura-
tion and vertical propagation which is the main contribu-
tor to the rapid growth of EKE (Thorncroft et al., 1993). In
terms of the peak values of the domain area-average EKE
during the 16-day experiments, compared to the experi-
ment with zero CO,, the relative reductions of 7.4% and
4.2% for, respectively, LC1 and LC2 are observed with the
250 ppmv CO, concentration. The additional impact due
to increasing values of CO,; is small but sign-definite; i.e.
in the form of reducing EKE (Table 1). Associated with
the weakening of vertical propagation of eddies, during the
growth stage of EKE, the near-surface EP flux divergence
turns to an area of flux convergence under the radiative

heating caused by CO,. There is also an impact by the
eddies on the mean flow, which is more marked in LC2,
such that the upper-level jet becomes weaker in the pres-
ence of CO,. While in terms of EKE the radiative impact
seems to be stronger in LC1, the wave-mean flow interac-
tion acts in such a way that a greater impact is observed for
LC2 during the upper-tropospheric nonlinear saturation
stage. Given the dominance of LC1 in the upper tropo-
sphere (see Figure 5 of Martius et al. (2007)) in the real
atmosphere, the greater response can be deduced as being
the reduction of EKE. While this may be at least partially
related to certain observations like the reduction of eddy
heat flux in the Northern Hemisphere during the last four
decades (Chemke and Polvani, 2020), caution should be
exercised in making arguments for the complex changes
to the strength of storm tracks due to the observed climate
change (O’Gorman, 2010).

The current study has shed light on the possible radia-
tive impacts of CO, during the life cycle of baroclinic
eddies in the absence of complex feedback loops that oper-
ate in the climate system over longer periods of time,
making it hard to disentangle the sole effect of CO,. Build-
ing on the complexity of the model developed to the level
of a full general circulation model, we finally stress that
the impact of CO, on baroclinic instability can be exam-
ined in a hierarchy of models to gain understanding of the
nature of the radiative forcing of CO; in the atmospheric
circulation of midlatitudes.
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APPENDIX A:
INITIALISATION

FURTHER DETAILS ON

A complete documentation of the procedure to deter-
mine the initial zonally symmetric conditions are
presented in Polvani and Esler (2007). For complete-
ness, only an outline is given here. The temperature field
is obtained by integrating the thermal-wind equation
0T /op = —(H/R)(af + 2utan ¢)ou/dz, R being the
gas constant for dry air, and considering a reference
height-dependent profile such that

T
T(p,2) = Tp + 0

(& e

®
- %/ (af+ 2utan (p/) Z—Zd(p/, (A1)
0

)1/(1

where T, =300K, Iy, =—-6.5K-km™ and « =10. To
determine the surface pressure ps for LC2, the nonlinear
equation obtained by setting the surface geopotential to
zero,

@ (@, ps(@)) =0, (A2)
is solved simply by Taylor expanding the expres-
sion for @ about ps=py leading to the solution
P =po(1+ Dy (@, po) /RT (po)) Where T (po) is the temper-
ature obtained by setting ps = po and @y, is the geopotential
balanced with the zonal wind u, of LC2, that is

@
DOp(p,p) = —/ (af +2uztan ¢’) up deo'.
0

APPENDIX B:
COMPONENTS

SCALING OF FLUX

Based on Edmon et al. (1980), the EP flux on spherical
geometry is given by

- o
(F(w)’ F(P)) = | —acos pu'v,facos ¢ K 0 s (B1)
200 /dp

where a is the radius of the Earth. For a graphical display
in latitude—pressure coordinates the flux components are
scaled to (F@, F(P))1 by

(®) (p)
F7F ) , (B2)

(F(P)’F(P))1 =CoS ¢ < . —
as,’ sp

where the scale factors s, = 7 radians and s, = 10° Pa are
linked to the aspect ratio of the graphic on the page.



