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Abstract we present baroclinic life-cycle simulations with two versions of the atmosphere model ICON

to understand how cloud-radiative heating and cooling affect an idealized midlatitude cyclone. Both versions
simulate the same cyclone when run without radiation, but disagree when cloud-radiation-interaction is taken
into account. The radiative effects of clouds weaken the cyclone in ICON2.1 but strengthen it in ICON2.6.

We attribute the disagreement to low-level clouds, which in ICON2.1 are more abundant and show stronger
radiative cooling of the boundary layer. We argue that radiative cooling from low-level cloud tops weakens

the cyclone by increasing boundary-layer static stability, and that radiative cooling from high-level cloud tops
strengthens the cyclone by decreasing static stability in the upper troposphere and sharpening the tropopause.
Our results indicate that clouds and the vertical distribution of their radiative heating and cooling can influence
the dynamics of midlatitude cyclones.

Plain Language Summary The interaction of tiny cloud particles with even smaller photons
leads to cooling and heating of the atmosphere. We use computer simulations to show that this cloud-radiative
cooling and heating changes the intensity of a midlatitude low-pressure system. Clouds near the surface lead
to a less intense low-pressure system, while clouds in the upper troposphere, about 10 km above the surface,
strengthen the low-pressure system.

1. Introduction

“All models are wrong. Some are wrong in useful ways.” (adapted by the authors from Box, 1979) In this paper,
we take advantage of an error in the ICON atmosphere model to elucidate how cloud-radiative heating and
cooling affects the intensity of idealized midlatitude cyclones. For brevity, we will in the following use the term
cloud-radiative heating, independent of its sign.

Midlatitude cyclones are an important part of the atmospheric circulation. On time scales of days, they deter-
mine midlatitude weather and influence weather extremes (Shapiro & Gronas, 1999) and have been a topic of
weather research for many decades (Schultz et al., 2019). In particular, numerous studies have been conducted to
understand how latent heating, convection and cloud microphysics affect midlatitude cyclones and the jet stream
along which they propagate (e.g., Ahmadi-Givi, 2002; Crezee et al., 2017; Davis et al., 1993; Pfahl et al., 2015).

On climate time scales of years, midlatitude cyclones dominate the redistribution of energy, moisture and momen-
tum from the subtropics to higher latitudes (Shaw et al., 2016). As such, they are essential to the planetary-scale
circulation of the atmosphere. Work with a focus on climate has highlighted how the interactions of cloud parti-
cles with radiation shape the position of the planetary-scale circulation in the present-day climate (Li et al., 2015;
Watt-Meyer & Frierson, 2017) and its response to climate change (e.g., Albern et al., 2019, 2021; Ceppi &
Hartmann, 2016; Grise & Polvani, 2014; Voigt et al., 2019; Voigt & Shaw, 2015). The impact arises from the
spatiotemporal pattern of cloud-radiative heating in the atmosphere and at the surface, and is thought to be critical
to the response of the midlatitude jet stream and storm tracks as the Earth warms (Voigt et al., 2021).

The distinction between weather and climate time scales has led to the perception that latent heating domi-
nates on weather time scales, while radiative heating dominates on climate time scales, provided that the effect
of latent heating on static stability is taken into account (O’Gorman, 2011). This perception is reflected in
the weather community's view of radiation as a slow process, and the climate community's view of convec-
tion as a quasi-instantaneous process that restores the atmosphere to neutral conditions in response to radiative
destabilization.
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The view that radiation is a slow process of minor importance in the evolution of weather events is changing,
however. For example, tropical cyclones are understood to be enhanced by contrasts in longwave cloud-radiative
heating (Ruppert et al., 2020). Chagnon et al. (2013) showed that the contrast between the moist troposphere and
the dry stratosphere creates radiative heating around the tropopause that sharpens gradients in potential vorticity.
Grise et al. (2019) argued that the collocation of cloud-radiative heating with the wind field of cyclones leads to
weaker midlatitude cyclones. Consistent with this, Schéfer and Voigt (2018) reported that idealized cyclones are
weakened by cloud-radiative heating. Inconsistent with this, however, Keshtgar et al. (2023) argued that idealized
cyclones are strengthened by cloud-radiative heating.

In this paper, we show that cloud-radiative heating can have a strengthening or weakening effect on idealized
midlatitude cyclones depending on the vertical distribution of clouds and their radiative heating inside the atmos-
phere. To this end, we perform baroclinic life-cycle simulations in which we include the effects of both latent
heating and cloud-radiative heating. Remarkably, the effect of radiation was ignored in the past, apart from a few
exceptions. We identified more than 100 peer-reviewed publications that applied baroclinic life cycle simulations
of idealized midlatitude cyclones. Of these, only six included radiation (Kaviani et al., 2022; Keshtgar et al., 2023;
Kunkel et al., 2016, 2019; Schifer & Voigt, 2018; Volonté et al., 2020), and only Keshtgar et al. (2023) and
Schifer and Voigt (2018) examined the impact of cloud-radiative heating. These numbers speak to the need to
better understand how radiation in general, and cloud-radiation interactions in particular, shape the development
of midlatitude cyclones.

2. Methods and Simulation Setup

We use the ICON global atmosphere model (Zingl et al., 2015) with the physics parameterization package for
numerical weather prediction ICON-NWP; Prill et al., 2020). We use the same 40 km horizontal grid spacing
(R2B06 grid), 90 vertical levels and physics settings as the baroclinic life-cycle simulation presented in Schéfer
and Voigt (2018). This includes the 1-moment cloud microphysics scheme of Doms et al. (2011) and the RRTM
radiation scheme (Barker et al., 2003; Mlawer et al., 1997).

The initial and boundary conditions are typical for baroclinic life-cycle simulations (e.g., Booth et al., 2013;
Rantanen et al., 2019; Tierney et al., 2018) and taken from Schifer and Voigt (2018), who adapted them from
the type-1 lifecycle setup of Polvani and Esler (2007). ICON is configured as an aquaplanet with no sea ice and
prescribed time-constant sea-surface temperatures. Sea-surface temperatures are 0.5 K lower than the initial
temperature of the lowest model level. The initial meridional wind, vertical wind and cloud fields are zero. The
initial zonal wind and temperature describe a zonally uniform atmosphere in thermal wind balance with a baro-
clinically unstable jet stream at 45°N. Baroclinic growth is induced by a wavenumber-6 temperature perturbation
of 1 K amplitude at the latitude of the jet. This results in the development of a set of 6 cyclones; for the analysis
we average over the 6 cyclones.

The cyclones grow in a moist atmosphere with initial relative humidity
RH = RHy - (1 - 0.85-z/z7)/*, )

where RH;, = 80% and z, = 12 km. Above z = 14 km, the initial RH is zero and the atmospheric composition in
terms of non-condensible trace gases (e.g., CO,, CH,) is as in Schifer and Voigt (2018).

We run two versions of ICON that, as we will see in Section 3, disagree on the impact of cloud-radiative heating on
the cyclone. The first version is [ICON2.1.00 (hereafter ICON2.1). ICON2.1 differs from the model version 2.0.15
used in Schifer and Voigt (2018) only in terms of minor technical changes and closely reproduces the results of
Schifer and Voigt (2018) (Figures S1, S2 and S3 in Supporting Information S1). The German Weather Service
DWD introduced version 2.0.15 as its operational forecast model in September 2016 (Zingl & Paul, 2016).

The second version is ICON2.6.2.2 (hereafter ICON2.6). ICON2.6 was used by Keshtgar et al. (2023) for baro-
clinic life-cycle simulations in an extratropical channel setup and was introduced as the operational model at
DWD in April 2021 (Zéngl, 2021). It differs from ICON2.1 in the correction of a major model error in the
physics-dynamics coupling (Rieger et al., 2021; Ziangl & Schifer, 2021). In ICON2.1, the heat capacity of air at
constant pressure, ¢, is used to convert the turbulent heat flux into an atmospheric temperature tendency. However,
because ICON is based on height levels, the conversion requires the heat capacity of air at constant volume, c,.
The error became known as the “c /c, = 1.4 bug” and was fixed in ICON2.6. As described in the Section 3, the
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Figure 1. Time series of cyclone intensity metrics for different treatments of
radiation in ICON2.1. Eddy kinetic energy (EKE) is averaged between 25°
and 75°N, which covers the region where the cyclone is developing. The blue
arrow shows the cloud-radiative impact diagnosed by the method of Keshtgar
et al. (2023), the gray arrow shows the impact diagnosed by the method of
Schifer and Voigt (2018). Note that the difference between the no-radiation
and clear-sky simulations as well as the difference between the simulations
with cloud-radiative heating and all-sky radiation provide an estimate of the
impact of clear-sky radiative heating, which is not the topic of this study.

error results in a warmer and moister boundary layer in ICON2.1 compared
to ICON2.6, and strong differences in low-level clouds and cloud-radiative
heating between the two model versions.

Previous work used different methods to diagnose the cloud-radiative
impact. Schifer and Voigt (2018) estimated the impact from the difference
between two simulations driven by all-sky and clear-sky radiation, respec-
tively. Keshtgar et al. (2023) proposed an alternative method and estimated
the cloud-radiative impact from the difference between a simulation with no
radiation and a simulation in which cloud-radiative heating of the atmosphere
is taken into account but clear-sky radiative heating is not. This is achieved
by passing the cloud-radiative heating to the dynamical core instead of the
all-sky radiative heating. Cloud-radiative heating is given by

clear-sk
Y 1 d

E . a (Fall—sky _ Fclear—sky)’(z)

ot

cloud _ £

radiation ot

all-sky oT

radiation ot

radiation pCo

where p is the air density and F is the radiative flux in all-sky and clear-sky
conditions. For ICON2.1 we use both methods. When comparing ICON2.1
and ICON2.6 we use the second method for reasons explained in Section 3.

We focus on cyclone intensity, which we characterize in terms of eddy kinetic
energy (EKE) and cyclone central pressure. EKE is defined with respect to
the zonal-mean wind at a given time step. Cyclone central pressure is the
minimum surface pressure within the cyclone region, where we first construct
the mean cyclone by averaging over the six individual cyclones.

3. Results

We first show that the cloud-radiative impact on the cyclone is robust to the
diagnostic method. For this purpose, we use the ICON2.1 simulations and
compare the methods of Schifer and Voigt (2018) and Keshtgar et al. (2023) in
Figure 1. For the method of Keshtgar et al. (2023), the cyclone weakening is less
pronounced in terms of EKE (Figures 1a and 1b) but more pronounced in terms
of cyclone core pressure (Figure 1c). Despite these quantitative differences,
both methods agree that cloud-radiative heating leads to a weaker cyclone.

Throughout the rest of the paper, we will use the Keshtgar et al. (2023)
method because it isolates the impact of cloud-radiative heating in a cleaner
and easier to interpret way. When the method of Keshtgar et al. (2023) is
used, the atmospheric state during the first 3 days hardly changes when
cloud-radiative heating is enabled and the cyclone grows in the same back-
ground state of zonal-mean temperature and zonal wind in the simulations
without radiation and with cloud-radiative heating (Figure S4 in Support-
ing Information S1). The method of Keshtgar et al. (2023) thus avoids the
strong cooling of the atmosphere during the first 3 days due to clear-sky
radiation (mainly from water vapor) that occurs in the method of Schifer
and Voigt (2018) (Figure S4 in Supporting Information S1). Furthermore,
in simulations using the method of Schifer and Voigt (2018), the evolution

of lower-level EKE changes from a single peak for clear-sky radiation to a double peak when cloud-radiative

heating is included. This indicates qualitative changes in the dynamics of the cyclone that, while interesting, may

complicate the interpretation of the cloud-radiative impact. This complication does not occur with the method of

Keshtgar et al. (2023).

3.1. Conflicting Impact of Cloud-Radiative Heating in ICON2.1 and ICON2.6

The cloud-radiative impact is fundamentally different between ICON2.1 and ICON2.6, as shown in Figure 2. While
in ICON2.1 cloud-radiative heating leads to a weaker cyclone, in ICON2.6 the cyclone becomes stronger in terms
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of upper-level EKE when cloud-radiative heating is included (Figure 2a). The
230 Jeonzs EKE energy changes have the same sign throughout the troposphere (Figure

N S5 in Supporting Information S1). In ICON2.6 the cloud-radiative impact
is close to zero in terms of lower-level EKE and cyclone central pressure
(Figures 2b and 2c). Further below, in Section 3.3, we will demonstrate that
the conflict between the two model versions results from a robust tug of war
between low-level and high-level clouds and model differences in the simu-
lation of low-level clouds.

To put the cloud-radiative impact into perspective, we compare our results
to previous simulations of moist baroclinic life cycles based on vertically

O
-

EKE at 925 hPa / m2s~2

7 9 11 integrated eddy kinetic energy (integrated over all model levels; Figure S6

day in Supporting Information S1). Vertically integrated eddy kinetic energy
decreases by 8% in ICON2.1 and increases by 5% in ICON2.6 due to
cloud-radiative heating. While the impact of cloud-radiative heating is
smaller than that of latent heating (Booth et al., 2013; Schéfer & Voigt, 2018),
it is comparable to changes in the zonal wind strength by 10 m/s, a uniform
warming by 6 K, or a change in the pole-to-equator temperature contrast by
10 K (Rantanen et al., 2019; Tierney et al., 2018).

Remarkably, ICON2.1 and ICONZ2.6 simulate essentially the same cyclone
when run without radiation. This can be seen from the time series of EKE and
cyclone central pressure for the no-radiation simulations in Figure 2 (black

(@]
~

960 -

cyclone central pressure / hPa

lines) and is further illustrated in Figure 3. The two model versions show
almost the same surface pressure pattern at day 6 (gray contours in Figures 3a
and 3b). However, they differ strongly in the cloud field that is associated
with the cyclone (colored shading in Figures 3a and 3b). ICON2.1 simulates
many more low-level clouds than ICON2.6, especially in the high-pressure
region of the cyclone. Averaged over the cyclone domain from 25° to 75°N,
the cloud liquid water content in the planetary boundary layer is two times
higher in ICON2.1 (Figure 3c), while cloud ice water content is very similar
between the two model versions. The cyclones themselves, however, are not
affected by the differences in boundary-layer temperature and moisture.

Panels d—f of Figure 3 show the “diagnostic” cloud-radiative heating of the

940

7 9 11 no-radiation cyclone. “Diagnostic” means that the cloud-radiative heating is
day calculated during the simulation but not given to the dynamical core of the
model and hence does not affect the cyclone.

Figure 2. Cloud-radiative impact on the cyclone evolution in terms of (a)
EKE at 300 hPa, (b) EKE at 925 hPa and (c) cyclone central pressure for The strong differences in low-level clouds lead to very different diagnostic

ICON2.1 in solid lines and ICON2.6 in dashed lines. EKE is averaged between
25° and 75°N, which covers the region in which the cyclone develops.

cloud-radiative heating in the lower troposphere. In both versions, the diag-
nostic heating near the top of the boundary layer is negative due to long-
wave radiative cooling from the tops of low-level clouds in the region of
the surface high (Figures 3d and 3e). However, because ICON2.1 simulates
many more low-level clouds, the diagnostic cloud-radiative heating is twice as strong in ICON2.1 around 1.5 km
altitude (Figure 3f). In contrast, the diagnostic cloud-radiative heating above the boundary layer is very simi-
lar between ICON2.1 and ICON2.6, consistent with the good agreement in cloud ice. The diagnostic cooling
around 10 km is the result of longwave emission from the tops of high-level clouds that form as part of the warm
conveyor belt of the cyclone (Figure S7 in Supporting Information S1).

The simulations with active cloud-radiative heating exhibit similar differences between ICON2.1 and ICON2.6
with respect to low-level clouds and cloud-radiative heating as the simulations without radiation. This implies
that while cloud-radiation-circulation feedbacks might modify the cloud field, these feedbacks are not strong
enough to override the principal differences between ICON2.1 and ICON2.6. This confirms that the diagnostic
cloud-radiative heating of the no-radiation simulations is indeed useful for understanding the differences between
the two model versions.
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Figure 3. Comparison of clouds and diagnostic cloud-radiative heating in ICON2.1 and ICON2.6 for simulations without radiation on day 6. (a, b) Low-level cloud
cover in percent is shown by the filled contours, surface pressure in hPa is shown by the gray contour lines. (c) Vertical distribution of cloud ice water content in dashed
lines and cloud liquid water content in solid lines, averaged between 25° and 75°N. (d, €) Boundary-layer diagnostic cloud-radiative heating in K day~'. (f) Vertical
distribution of diagnostic cloud-radiative heating averaged between 25° and 75°N.

3.2. Tug-Of-War

Figure 4a shows the cloud-radiative heating in the simulations with cloud-radiative heating, averaged over regions
of upward motion between 40° and 60°N and between day 5 and day 6.5. Panel b shows the corresponding
temperature change, and panel c the change in static stability. Static stability is calculated as the vertical gradient
of potential temperature.

The vertical pattern of cloud-radiative heating has two main components: radiative cooling of the upper part of
the boundary layer between 1 and 2 km, and radiative cooling of the upper troposphere near 10 km. The two
components result from the emission of longwave radiation from tops of low-level and high-level clouds, respec-
tively. The vertical pattern of cloud-radiative heating leads to pronounced changes in temperature and stability in
the boundary layer as well as the upper troposphere. This suggests that cloud-radiative heating in the boundary
layer and the upper troposphere might affect the cyclone in different ways.

We test this idea by performing additional simulations in which cloud-radiative heating is limited to either the
boundary layer (below 2 km) or the free troposphere (above 2 km). The simulations allow us to separate the
temperature and stability changes at lower and upper levels (Figures S8, S9 and S10 in Supporting Information S1).
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Figure 4. (a) Cloud-radiative heating in the simulations with active cloud-radiative heating. Panels (b) and (c) show the
change in temperature and stability in simulations with cloud-radiative heating compared to simulations without radiation.
All values are averaged between 40° and 60°N and day 5 and 6.5 over grid boxes with upward motion. The latter are sampled
based on the pressure velocity at 5 km height.

The simulations identify a robust tug-of-war between cloud-radiative heating in the free troposphere and the
boundary layer (Figure 5). When cloud-radiative heating is limited to the free troposphere, both ICON2.1
and ICON2.6 simulate a stronger cyclone in terms of EKE compared to the no-radiation setup. When only
boundary-layer cloud-radiative heating is taken into account, the cyclone weakens in both model versions in
terms of EKE as well as cyclone central pressure. Figure 5 further shows that the near-zero cloud-radiative
impact on lower-tropospheric EKE and cyclone central pressure in ICON2.6 results from the competing effects
of cloud-radiative heating in the free troposphere and the boundary layer.

The tug-of-war also explains why cloud-radiative heating has a different impact on the cyclone in ICON2.1 and
ICON2.6. In ICONZ2.1, the cloud-radiative impact is dominated by the weakening impact of low-level clouds.
In contrast, because ICON2.6 simulates fewer low-level clouds, the cloud-radiative impact is dominated by the
strengthening impact of high-level clouds.

ICON2.1 weaker stronger weaker stronger stronger weaker
ICON2.6 > ¢ > ¢ g
) ) ) ® )
entire atmosphere
e o e ° )

free troposphere

) ° ) ° e o
boundary layer

30 15 o0 15 30 45 4 3 2 -1 0 1 2 0 2 4 6
EKE at 300 hPa / m?2s~2 EKE at 925 hPa / m?2s~2 cyclone central pressure / hPa

Figure 5. Changes in cyclone intensity due to cloud-radiative heating in the entire atmosphere (top row) and when cloud-radiative heating is limited to the free
troposphere (above 2 km; middle row) and the boundary layer (below 2 km; bottom row). The change in cyclone intensity is characterized in terms of the maximum
values of eddy kinetic energy (EKE) at 300 and 925 hPa and the minimum value of cyclone central pressure. EKE is averaged between 25° and 75°N. The change in
cyclone intensity is calculated as the difference from the simulation without radiation.
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3.3. Cloud-Radiative Impact on Static Stability

We now propose that the competing impacts of low-level and high-level cloud-radiative heating can be under-
stood from changes in static stability. We start with the impact of low-level clouds and then discuss the impact
of high-level clouds.

The low-level cloud-radiative cooling leads to an increase in static stability around the top of the boundary layer
and a decrease below. This low-level dipole in the change of static stability is the expected response to a layer
of cooling and leads to a corresponding dipole in PV (Figures S9 and S10, panels ¢, d, o and p in Supporting
Information S1). Based on Boutle et al. (2015), the PV increase near the top of the boundary layer is expected
to weaken the coupling between the upper- and lower-levels within the cyclone and thereby reduce the growth
rate of the cyclone. An additional and consistent perspective is provided by the Eady model, which predicts that
increased static stability results in a weaker cyclone (Eady, 1949; Vallis, 2006).

The high-level cloud-radiative cooling creates a dipole of reduced static stability in the upper-level ridge below
the tropopause and enhanced stability above (Figures S9 and S10, panel i in Supporting Information S1). Consist-
ent with the Eady model, the decreased stability enables stronger upward motion in the upper troposphere (not
shown) and a stronger cyclone. At the same time, the dipole strengthens the vertical gradient in stability at the
tropopause and sharpens the tropopause, which strengthens the upper-level jet (Figures S9 and S10, panels k
and 1 in Supporting Information S1) and works in favor of a stronger cyclone (Boljka & Birner, 2022; Gray
et al., 2014).

4. Conclusions

We show that cloud-radiation-interactions affect the dynamics and intensity of an idealized midlatitude cyclone.
We perform baroclinic life cycle simulations with two versions of the global atmosphere model ICON that in the
past were used by the German Weather Service DWD for operational weather forecasting. Our work continues a
line of recent studies that have addressed how cloud-radiative heating of the atmosphere affects the extratropical
circulation on synoptic scales. It highlights that cloud-radiation-interactions affect the atmospheric circulation
not only on long climatic timescales of years but also on short weather timescales of days to weeks.

We identify a tug-of war between the radiative heating and cooling of low-level and high-level clouds. In line
with Grise et al. (2019), we propose that changes in static stability are key to the cloud-radiative impact and
the tug-of-war. Low-level clouds cool the top of the planetary boundary layer by emitting longwave radiation
and create a dipole of static stability changes in the lower troposphere. Around the top of the boundary, the
static stability increases, which weakens the interaction between the upper-level and lower-level waves and hence
weakens the cyclone. High-level clouds also have a cooling effect at their cloud tops by emitting longwave
radiation. Yet, the cooling occurs in the upper troposphere and hence decreases tropospheric stability in regions
of ascent and sharpens the tropopause. The result is a stronger cyclone. The opposing effects of high-level and
low-level clouds reconcile an apparent contradiction between Schifer and Voigt (2018) and Grise et al. (2019),
who concluded that cloud-radiative heating leads to weaker midlatitude cyclones, and Keshtgar et al. (2023), who
found that midlatitude cyclones become stronger due to cloud-radiative heating. The contradiction is explained as
the result of differences in the simulation of low-level clouds.

Our work shows that the vertical distribution of cloud-radiative heating and cooling can affect idealized midlat-
itude cyclones. Future work should study how cloud-radiative heating affects “real” cyclones in the midlati-
tude storm track regions of Earth's atmosphere and how the cloud-radiative impact compares to the impacts of
latent heating and cloud microphysics, which are much better understood. We also expect the cloud-radiative
impact to differ among cyclones. Finally, future work should address how model biases and shortcomings in the
representation of radiative heating from low-level and high-level clouds associated with cyclones (Bodas-Salcedo
et al., 2014; Sullivan et al., 2023; Vergara-Temprado et al., 2018) might affect model representations of cyclones
and storm tracks.

Data Availability Statement

The simulation output is archived in the Phaidra repository for the permanent secure storage of digital assets
at the University of Vienna under https://doi.org/10.25365/phaidra.407. The ICON simulation log files and the
analysis runscripts are available in the Phaidra repository under https://doi.org/10.25365/phaidra.408 and via
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