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ABSTRACT: Waterbelt climate states with an ice-free tropical ocean provide a straightforward explanation for the sur-
vival of advanced marine species during the Cryogenian glaciations (720–635 million years ago). Previous work revealed
that stable waterbelt states require the presence of highly reflective low-level mixed-phase clouds with a high abundance of
supercooled liquid in the subtropics. However, the high uncertainty associated with representing mixed-phase clouds in
coarse-scale general circulation models (GCMs) that parameterize atmospheric convection has prohibited assessment of
whether waterbelt states are a robust feature of Earth’s climate. Here we investigate whether resolving convective-scale
motion at length scales of hectometers helps us to assess the plausibility of a waterbelt scenario. First, we show that sub-
stantial differences in cloud reflectivity among GCMs do not arise from the resolved atmospheric circulation. Second, we
conduct a hierarchy of simulations using the Icosahedral Nonhydrostatic (ICON) modeling framework, ranging from
coarse-scale GCM simulations with parameterized convection to large-eddy simulations that explicitly resolve atmospheric
convective-scale motions. Our hierarchy of simulations supports the existence of highly reflective subtropical clouds if we
apply moderate ice nucleating particle (INP) concentrations. Third, we test the sensitivity of cloud reflectivity to the INP
concentration. In the presence of high but justifiable INP concentrations, cloud reflectivity is strongly reduced. Hence, the
existence of stable waterbelt states is controlled by the abundance of INPs. We conclude that explicitly resolving convec-
tion can help to constrain Cryogenian cloud reflectivity, but limited knowledge concerning Cryogenian aerosol conditions
hampers strong constraints. Thus, waterbelt states remain an uncertain feature of Earth’s climate.

SIGNIFICANCE STATEMENT: The purpose of this study is to assess the impact of atmospheric convection and
small airborne ice nucleating particles on the reflectivity of mixed-phase clouds over a subtropical ice margin. This is
important as these clouds can determine whether the Cryogenian Earth (720–635 million years ago) was in a hard
“snowball” state with a fully ice-covered ocean or a habitable waterbelt state with an ice-free tropical ocean. Our results
indicate a clear impact of convection but neither confirm nor deny the existence of a waterbelt state since cloud reflec-
tivity depends critically on the abundance of ice nucleating particles. Therefore, a Cryogenian waterbelt scenario re-
mains uncertain, which calls for more comprehensive Earth system modeling approaches in future studies.
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1. Introduction

The geological evidence for active tropical ice sheets during
the Cryogenian [720–635 million years ago (Ma)] is most com-
monly explained by the snowball Earth hypothesis, which sug-
gests a globally ice-covered ocean (Kirschvink 1992; Hoffman
et al. 1998). Alternative scenarios incorporating waterbelt cli-
mate states with an ice-free tropical ocean have been consid-
ered (Hoffman et al. 2017; Abbot et al. 2011; Rose 2015;
Hyde et al. 2000) because they allow us to easily explain
the survival of demosponges before the termination of the
Marinoan glaciation (640–635 Ma) (Love et al. 2009). Among
the proposed waterbelt scenarios, the so-called Jormungand
hypothesis is particularly attractive as it proposes an entire
life cycle of the glaciations and rests on well-established
atmospheric dynamics and physics (Abbot et al. 2011).
However, recent work has shown that the existence of stable

Jormungand–waterbelt states requires the presence of highly
reflective low-level mixed-phase clouds at and near the sub-
tropical ice edge (Braun et al. 2022).

Confidence in the representation of clouds in general circula-
tion models (GCMs) is limited and particularly the treatment
of mixed-phase clouds in GCMs is highly uncertain (Boucher
et al. 2013; McCoy et al. 2015). Uncertainties arise from param-
eterized small-scale processes associated with, for example,
convective motion and aerosol–cloud interactions that cannot
be explicitly resolved by GCMs (Boucher et al. 2013). There-
fore, global coarse-scale GCMs with horizontal grid spacings
O (. 100) km are essential but limited tools in order to assess
the plausibility of highly reflective clouds and its stabilizing im-
pact on Jormungand–waterbelt states (Braun et al. 2022). We
here investigate whether limited-area high-resolution simula-
tions, which resolve small scales of the atmospheric circulation,
help to reduce the uncertainty regarding the reflectivity of
mixed-phase clouds during the Cryogenian glaciations.

The Cryogenian glaciations are thought to be initiated by a
runaway ice-albedo feedback (Kirschvink 1992; Hoffman et al.
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1998, 2017). According to the Jormungand hypothesis, the
climate may have stabilized in a waterbelt instead of a snow-
ball state because the runaway ice-albedo feedback weakened
when sea ice entered the subtropics (Abbot et al. 2011). In
the original formulation of the Jormungand hypothesis by
Abbot et al. (2011), the weakening of the ice-albedo feedback
is caused by the exposure of relatively dark bare sea ice. In
the subtropics, subsidence associated with the Hadley circula-
tion suppresses precipitation, and promotes evaporation of
high-albedo snow deposited on sea ice (Abbot et al. 2011).
Hence, subtropical sea ice is snow-free and relatively dark.

In Braun et al. (2022) we showed that in addition to dark
subtropical sea ice, highly reflective subtropical clouds are re-
quired to maintain a stable waterbelt climate. Reflective sub-
tropical clouds additionally weaken the ice-albedo feedback
by masking the shortwave radiative signal of the ice-edge
movement seen at the top of the atmosphere (TOA). Hence,
highly reflective clouds decouple the TOA energy balance of
Earth from the ice-edge movement, a phenomenon also ob-
served in present-day Arctic climate (Sledd and L’Ecuyer
2019). We showed that when assuming a low but plausible
bare sea ice albedo, the existence of geologically relevant
waterbelt states in GCMs is determined by subtropical cloud
reflectivity. However, the Cryogenian subtropical cloud re-
flectivity was found to strongly differ between GCMs. The dif-
ference was sufficiently large to allow or to prohibit a stable
waterbelt state at high or low simulated cloud reflectivity,
respectively. We attributed the differences in cloud reflectiv-
ity to differences in the amount of supercooled liquid con-
tained in subtropical low-level mixed-phase clouds. Since these
clouds form below the descending branch of the Hadley cell,
they are most likely shallow cumulus or stratocumulus clouds.

The dynamical and microphysical processes that determine
the abundance of supercooled cloud liquid cannot be explic-
itly represented in GCMs due to their coarse horizontal grids
and rely on parameterizations. This gives rise to substantial
uncertainty of the cloud-radiative effect in future climate pro-
jections even under modern climate conditions (Boucher et al.
2013; Sherwood et al. 2014; McCoy et al. 2015). Poorly con-
strained parameters used in parameterizations are usually ap-
plied as tuning parameters; that is, they are adjusted within a
plausible range in order to reduce biases between the simulated
climate and observations of present-day climate (Hourdin et al.
2017). Due to the lack of observations of paleoclimate atmo-
spheric conditions, parameterizations tuned for present-day
Earth are often used for paleoclimate simulations, even though
this may not be valid (Pierrehumbert et al. 2011; Abbot et al.
2012; Kageyama et al. 2017). In Braun et al. (2022) we showed
that the existence of a stable waterbelt climate can be triggered
by varying a loosely constrained tuning parameter, which rep-
resents the efficiency of the Wegener–Bergeron–Findeisen
(WBF) process. The WBF process is an important sink for
supercooled liquid in shallow low-level mixed-phase clouds
(Korolev et al. 2017). It describes the consumption of super-
cooled liquid at the expense of growing ice crystals if cloudy air
is supersaturated with respect to ice but subsaturated with re-
spect to liquid (Storelvmo and Tan 2015). The efficiency of the
WBF process strongly depends on the number of ice crystals

and in turn on the abundance of ice-nucleating particles (INPs)
that initiate droplet freezing. Furthermore, the intensity of the
WBF process is determined by the intensity of updrafts that
are parameterized in global coarse-scale GCMs. Consequently,
in GCMs, the necessity to parameterize subgrid updrafts pro-
hibits a judgement whether Cryogenian subtropical clouds
were sufficiently reflective to allow stable waterbelt states.
Therefore, we investigate here whether resolving hectometer
to kilometer scales of atmospheric motion provides more ro-
bust insights into Cryogenian subtropical cloud reflectivity.

Resolving small scales of atmospheric motion allows us to
reduce, and at scales of hectometers even omit, uncertain con-
vection parameterizations. We make use of this by applying a
state-of-the-art two-moment microphysical scheme that di-
rectly couples aerosol–cloud interactions to the resolved at-
mosphere dynamics (Seifert and Beheng 2006; Seifert et al.
2011; Phillips et al. 2008; Hande et al. 2015). The two-moment
microphysical scheme further allows us to explicitly consider
the abundance of INPs. We here present a hierarchy of global
and local simulations that span horizontal grid spacings from
160 km to 300 m with the Icosahedral Nonhydrostatic atmo-
sphere model in numerical weather prediction mode (ICON-
NWP; Zängl et al. 2015) and large-eddy mode (ICON-LEM;
Dipankar et al. 2015). Additionally, we conduct simulations
with different INP concentrations.

Cryogenian aerosol abundance and composition is uncertain.
Cryogenian aerosol scenarios cover a wide range and climatic
impacts of aerosol have been discussed in the context of
snowball Earth initiation (Liu et al. 2021; Feulner et al. 2015;
Macdonald and Wordsworth 2017) and termination (Wu et al.
2021; Abbot and Halevy 2010; Abbot and Pierrehumbert 2010;
Le Hir et al. 2010), as well as on snowball climate itself (Li and
Pierrehumbert 2011; Hoffman 2016). Massive stratospheric
aerosol injections through volcanic eruptions were proposed to
have cooled Cryogenian climate (Macdonald and Wordsworth
2017). The rise of eukaryotic algae (800–750 Ma) was proposed
to have increased biogenic aerosol abundance leading to higher
CCN concentrations (Feulner et al. 2015) and a simultaneous
increase of biogenic INP concentrations (Wilson et al. 2015). The
most widely discussed Cryogenian aerosol species is mineral
dust, for which the focus has mainly been on the direct shortwave
radiative effect (Liu et al. 2020, 2021; Abbot and Halevy 2010).

The outline of our manuscript is as follows. We describe
the applied models and conduct simulations in section 2. Re-
sults are organized in three sections. First, we provide a com-
parison of cloud reflectivity and the conditions for cloud
formation in three GCMs (section 3). Second, we use ICON-
NWP and ICON-LEM to assess the impact of convection pa-
rameterizations on subtropical cloud reflectivity (section 4).
Third, we assess the sensitivity of subtropical cloud reflectivity
to the abundance of mineral dust acting as INPs in ICON-
NWP and ICON-LEM simulations (section 5). We summarize
our key results in section 6.

2. Atmospheric models and conducted simulations

In this section we describe the applied atmospheric models
and the corresponding simulations. We analyze Cryogenian
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subtropical mixed-phase clouds and their environment as sim-
ulated by the three GCMs CAM, ICON-AES, and ICON-
NWP described in section 2a. We further use ICON-NWP
together with ICON-LEM to conduct a hierarchy of simula-
tions ranging from coarse [O (.100) km] to fine resolution
[O (, 1) km]. This is described in section 2b. We describe the
simulations to study the sensitivity of cloud reflectivity to the
INP concentration in subsection 2c.

a. Simulations with three general circulation models at
coarse horizontal resolution

We compare three GCMs: the Community Atmosphere
Model v3.1 (CAM; Collins et al. 2004), ICON in climate
mode (Atmosphere in the Earth System v1.3.00: ICON-AES),
and ICON in numerical weather prediction mode v2.6.1
(ICON-NWP). ICON-AES and ICON-NWP both use the
ICON dynamical core but apply different packages of physi-
cal parameterizations (Zängl et al. 2015; Giorgetta et al. 2018;
Prill et al. 2020). Table 1 provides an overview of the corre-
sponding simulations.

The CAM and ICON-AES simulations were conducted as
part of Braun et al. (2022) at a nominal horizontal grid spac-
ing Dh ≈ 310 km in CAM and Dh ≈ 160 km in ICON-AES.
The simulations were run in aquaplanet setup coupled to a
thermodynamic mixed-layer ocean and a thermodynamic sea
ice scheme. Specifically, we here analyze simulations with at-
mospheric CO2 concentrations of 10 000 ppmv in CAM and
5000 ppmv in ICON-AES. This yields approximately equal
annual-mean global ice-edge latitudes in the two models
(Braun et al. 2022). The ICON-AES simulation was con-
ducted with the default Rayleigh-damping coefficient and the
threshold value for vapor deposition onto ice crystals, xi,thr 5
5 3 1026 kg m23, determining the WBF efficiency. This pro-
hibited geologically relevant waterbelt states in ICON-AES
(Braun et al. 2022).

In ICON-NWP we also use an aquaplanet setup. However,
since we here focus on clouds, we prescribe sea surface tem-
perature (SST) and sea ice cover (SIC) and set the sea ice
thickness to a constant value of 0.5 m. Applying prescribed in-
stead of interactive SST and SIC has a negligible impact on
the atmospheric circulation (not shown). The sea ice surface
temperatures are interactively calculated using the thermody-
namic sea ice scheme by Mironov et al. (2012). The sea ice
scheme does not keep track of snow deposited on sea ice.
Therefore, we prescribe high sea ice albedo values (0.66–0.79)
poleward of 188 latitude, and low sea ice albedo values
(0.38–0.45) equatorward of 188 latitude, depending on sur-
face temperature similar as for ICON-AES in Braun et al.
(2022). As in Braun et al. (2022), we apply a circular orbit

with zero eccentricity and set the solar constant to 94% of
today’s value. We set the concentration of atmospheric
CO2 to 5000 ppmv.

We conduct the coarse-scale global ICON-NWP simulation
with Dh ≈ 160 km, 47 vertical levels reaching up to 75 km, and
a time step of 600 s. We simulate 6 years and exclude the first
year from our analysis, which thus spans 5 years. We apply
the convection parameterization based on Tiedtke (1989) and
Bechtold et al. (2008), the turbulent transfer scheme by
Raschendorfer (2001), the Rapid Radiative Transfer Model
based on Mlawer et al. (1997), and the two-moment micro-
physical scheme based on Seifert and Beheng (2006). The
microphysical scheme is particularly designed to represent
mixed-phase cloud microphysics (Seifert and Beheng 2006).
Since this scheme directly couples cloud microphysical pro-
cesses to resolved atmosphere dynamics, it is intended to be
used for Dh , 3 km (Prill et al. 2020). Nevertheless, we apply
the two-moment microphysical scheme in all ICON-NWP
and ICON-LEM simulations to isolate the impact of the con-
vection parameterization on cloud reflectivity.

We apply the two-moment microphysical scheme with the
default configuration for heterogeneous ice nucleation, which
considers immersion and depositional freezing as parameter-
ized by Hande et al. (2015). This parameterization determines
the INP concentration as a function of air temperature and su-
persaturation with respect to ice. With the default settings,
the maximum INP concentration at 2208C is approximately
0.1 L21. This is a moderate value on present-day Earth, where
INP concentrations at 2208C range from 1022 to 102 L21

(Kanji et al. 2017).
For the nucleation of cloud droplets, we also apply the de-

fault configuration, which is based on Segal and Khain (2006)
and relates the concentration of cloud condensation nuclei
(CCN) to height-dependent profiles of condensation nuclei
(CN). Given that Cryogenian aerosol conditions are uncer-
tain, we here apply the default settings, which correspond to a
continental profile that exhibits considerably higher CN con-
centrations than expected in marine environments (Segal and
Khain 2006). We briefly discuss potential implications of high
CCN concentrations in section 4b.

b. Hierarchy of ICON-NWP and ICON-LEM
simulations to study the impact of convection

We here provide an overview of our hierarchy of ICON-
NWP and ICON-LEM simulations across horizontal resolu-
tions. ICON-LEM (Dipankar et al. 2015; Heinze et al. 2017;
Stevens et al. 2020) also uses the ICON dynamical core, which
allows us to apply the same dynamical core from coarse to
fine resolutions. The hierarchy is summarized in Table 2, and

TABLE 1. Overview of simulations conducted with the GCMs CAM, ICON-AES, and ICON-NWP; Dh is the nominal horizontal
grid spacing.

Model Dh (km) Period (yr) CO2 (ppmv) Ocean Sea ice

CAM 310 40 10 000 Interactive thermodynamic Interactive thermodynamic
ICON-AES 160 40 5000 Interactive thermodynamic Interactive thermodynamic
ICON-NWP 160 5 5000 Prescribed SST Prescribed SIC with interactive surface temperatures
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further details are given in section 4. We label simulations by
the applied model and Dh. NWP160 refers to the global
ICON-NWP simulation with Dh 5 160 km described in
section 2a.

NWP160 marks the upper end of Dh. ICON supports grid
refinement, simulations in limited-area mode (LAM), and
nested subdomains (Prill et al. 2020). This allows us to con-
duct simulations with consecutively decreasing Dh based on
NWP160. These simulations apply 180 vertical levels reaching
up to 20 km. From the surface to 4.4-km altitude the layer
thickness Dy gradually increases from 15 to 70 m with a loga-
rithmic profile. Between 4.4- and 9-km altitude, Dy 5 70 m.
Above that Dy gradually increases to 1.3 km. The simulations
are configured as NWP160, except when stated otherwise.

We conduct a global ICON-NWP simulation at Dh 5 10 km
(NWP10) with parameterizations for deep, midlevel, and shal-
low convection. NWP10 spans 7 days, including 2 days of
spinup, and is initialized from NWP160. Furthermore, we con-
duct two ICON-NWP simulations at Dh 5 2.5 km in LAM
over a subtropical subdomain from 2.58 to 22.58S and spans 258
in longitudinal direction (Fig. A4). In these two simulations, we
either parameterize only shallow convection (NWP2.5) or do
not parameterize convection at all (NWP2.5cex). The simula-
tion periods are 5 and 2 days for NWP2.5 and NWP2.5cex,
respectively, and include a 12-h spinup. The corresponding ini-
tial and lateral boundary conditions are derived from NWP10.

We conduct one ICON-LEM simulation at Dh 5 600 m
(LEM0.6) in LAM. The corresponding subdomain spans 68 in
latitudinal and longitudinal direction (Fig. A4). We refer to
this subdomain as LEM-68. The simulated period is 13 h, in-
cluding 7 h of spinup. The initial and lateral boundary condi-
tions are derived from NWP2.5. LEM0.6 contains a nested
subdomain with Dh 5 300 m (LEM0.3), which is centered
within the LEM-68 subdomain and spans 58 in latitudinal and
longitudinal direction. We refer to this subdomain as the
LEM subdomain. In LEM0.6 and LEM0.3 we prescribe cons-
tant SST and SIC due to the short simulation period. ICON-
LEM assumes the energy-conserving scales of the turbulent
spectrum to be explicitly resolved (Dipankar et al. 2015).
Hence, ICON-LEM and ICON-NWP differ in the turbulence
scheme (Smagorinsky 1963 vs Raschendorfer 2001). ICON-
LEM allows us to explicitly resolve convection and use an all-
or-nothing grid scale cloud-cover scheme (i.e., a grid cell is ei-
ther 100% cloudy or cloud-free). In contrast, ICON-NWP
uses a fractional cloud-cover scheme.

c. Simulations to study the impact of the ice nucleating
particle concentration on cloud reflectivity

To investigate the sensitivity of cloud reflectivity to the INP
concentration we apply a parameterization for heterogeneous
ice nucleation derived by Phillips et al. (2008) instead of the
default configuration. We apply this parameterization assum-
ing that mineral dust is the only INP species available. Using
this parameterization, we modify the INP concentration by
increasing the number concentration of aerosol particles na
that potentially become activated to INPs. We conduct three
simulations with Dh 5 2.5 km (NWP2.5x) and Dh 5 600 m
(LEM0.6x), respectively. The NWP2.5x and LEM0.6x simula-
tion setups are identical to NWP2.5 and LEM0.6. The only ex-
ceptions are the dust-only INP parameterization and that
NWP2.5x simulations are run for only 2 days, including 12 h
of spinup. The simulations are summarized in Table 3 and
details are given in section 5.

3. Cloud reflectivity in general circulation model
simulations

We begin with investigating the differences in subtropical
cloud reflectivity between the global coarse-scale GCMs
(CAM, ICON-AES, and ICON-NWP).

a. Cloud reflectivity

As discussed in Braun et al. (2022), the different treatment
of low-level mixed-phase clouds in CAM and ICON-AES
leads to strong differences in subtropical cloud reflectivity
around the ice edge (Fig. 1). We quantify cloud reflectivity by

TABLE 2. Simulation hierarchy across effective horizontal grid spacings Dh. The simulation NWP160 is identical to the ICON-NWP
simulation listed in Table 1. All simulations listed in this table are conducted with prescribed SST and SIC and apply the two-
moment microphysical scheme based on Seifert and Beheng (2006) with the default parameterization for heterogeneous ice
nucleation by Hande et al. (2015). Further details concerning the simulations are given in sections 2b and 4.

Simulation Model Dh (km) Domain Period Convection Turbulence scheme Cloud cover

NWP160 ICON-NWP 160 Global 5 yr Tiedtke–Bechtold Raschendorfer Fractional
NWP10 ICON-NWP 10 Global 5 days Tiedtke–Bechtold Raschendorfer Fractional
NWP2.5 ICON-NWP 2.5 LAM 4.5 days Tiedtke–Bechtold, shallow only Raschendorfer Fractional
NWP2.5cex ICON-NWP 2.5 LAM 1.5 days Explicit Raschendorfer Fractional
LEM0.6 ICON-LEM 0.6 LEM-68 6 h Explicit 3D Smagorinsky All or nothing
LEM0.3 ICON-LEM 0.3 LEM 6 h Explicit 3D Smagorinsky All or nothing

TABLE 3. Simulations with increased mineral dust aerosol number
concentration na using the parameterization for heterogeneous ice
nucleation by Phillips et al. (2008) limited to mineral dust aerosol.
Except for the parameterization for heterogeneous ice nucleation and
the shorter duration of NWP2.5x simulations, these simulations are
configured in the same way as NWP2.5 and LEM0.6 in Table 2.

Simulation Period na (L
21)

NWP2.5x1 1.5 days 7 3 102

NWP2.5x10 1.5 days 7 3 103

NWP2.5x100 1.5 days 7 3 104

LEM0.6x1 6 h 7 3 102

LEM0.6x10 6 h 7 3 103

LEM0.6x100 6 h 7 3 104
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the shortwave cloud-radiative effect (SWCRE) at the TOA
calculated as the difference between all-sky and clear-sky net
shortwave radiation.

Low-level cloud tops exhibit temperatures comparable to
the surface. Therefore, changes in low-level cloud amount
only weakly impact the TOA energy balance via longwave ra-
diation and are negligible regarding the stability of waterbelt
states (Braun et al. 2022). Hence, we focus on SWCRE.

The zonal-mean time-mean SWCRE in a waterbelt climate
simulated in CAM and ICON-AES is shown in Fig. 1.
SWCRE peaks at the equator and exhibits smaller peaks in
the subtropics at around 158 latitude. Poleward of 208 latitude
SWCRE equals 0 W m22 because of the high albedo of snow
deposited on sea ice. In ICON-AES, subtropical SWCRE is
about 40 W m22 weaker compared to CAM. As shown in
Braun et al. (2022), geologically relevant waterbelt states are
promoted by high subtropical SWCRE in CAM and inhibited
by the low subtropical SWCRE in ICON-AES.

ICON-NWP exhibits similarly high subtropical SWCRE as
CAM (Fig. 1), which supports a Cryogenian waterbelt scenario.
However, comparing two GCMs against one GCM is a narrow
sample. Thus, no firm conclusions should be drawn as to
whether high or low subtropical SWCRE can be considered
more realistic. To approach this question, we study the environ-
ment of subtropical low-level clouds in the following sections.

b. Cloud controlling factors

We investigate whether the difference in SWCRE among the
GCMs arises from differences in the large-scale environment of
subtropical clouds. To this end, we study cloud controlling fac-
tors (CCFs; see, e.g., Klein et al. 2017). We use as the CCFs

surface temperature Ts, pressure velocity at 500 hPa v500, and
lower-tropospheric stability (LTS) and analyze 5-yr periods
based on monthly-mean data. For the CCF analysis, we use a
simulation with prescribed SST and SIC for ICON-AES, be-
cause for this simulation three-dimensional data are available.

We find that differences in the amount of simulated low-
level clouds are not due to differences in the large-scale atmo-
spheric conditions captured by CCFs. This is evident from
cloud cover binned by the CCFs and the frequency distribu-
tions of the CCFs shown in Fig. 2.

Figures 2a–c show that CAM exhibits substantial low-level
cloud cover at all Ts. In ICON-AES substantial low-level
cloud cover is limited to 270 K , Ts , 280 K and in ICON-
NWP to Ts . 260 K. In contrast to the strong differences in
low-level cloud cover, the frequency distributions of Ts simi-
larly exhibit a broad spectrum with low frequency ranging
from 220 to 270 K and a distinct peak around 280 K for all
GCMs, as shown in Figs. 2d–f.

Figures 2g–i show that CAM and ICON-NWP exhibit low-
level clouds at all v500, whereas in ICON-AES low-level
cloudiness is generally weak. For all GCMs the frequency dis-
tribution of v500 shows a distinct peak at 0.1 Pa21 (i.e., for
subsiding motion in the midtroposphere), which traps clouds
in the boundary layer (Figs. 2j–l).

LTS is defined as the difference of potential temperature at
700 hPa and the surface and thus quantifies the strength of
the boundary layer inversion, which is an important factor
governing the presence of shallow clouds (Wood and Bretherton
2006). All GCMs exhibit the strongest low-level cloud cover for
10 K, LTS, 20 K (Figs. 2m–o). However, CAM exhibits low-
level clouds for any LTS. For all GCMs, the frequency

FIG. 1. Zonal-mean time-mean shortwave cloud-radiative effect (SWCRE) in global simulations
with the GCMs CAM, ICON-AES, and ICON-NWP. Analyzed periods comprise 40 years for CAM
and ICON-AES and 5 years for ICON-NWP. Longer ticks around 158 latitude indicate the approxi-
mate position of the ice edge. The dashed horizontal orange lines indicate estimates of the subtropical
SWCRE and the impact of increased ice nucleating particle (INP) concentrations based on NWP2.5x
simulations as described in section 5. Here “x1” denotes the SWCRE estimated for the reference
INP concentration and “x100” denotes the SWCRE estimated for a high INP concentration.
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distribution of LTS exhibits a pronounced peak at very low val-
ues and a widespread range of high LTS (Figs. 2p–r).

Overall, the frequency distributions of CCFs exhibit similar
shapes and magnitudes in the three GCMs; nonetheless, low-
level cloud abundance strongly varies. Hence, the strong
SWCRE differences either arise from shorter time scales of the
resolved atmospheric circulation or from parameterized sub-
grid-scale processes.

c. Synoptic conditions

We study the shorter time scales of the resolved atmo-
spheric circulation by analyzing the synoptic conditions in the

subtropical region. We first describe the characteristic synop-
tic conditions qualitatively and afterward quantify their con-
tribution to the SWCRE.

Qualitatively, subtropical cloud cover in the waterbelt climate
simulated in the three GCMs is caused by a combination of
large-scale subsidence, leading to shallow cloud formation, and
large-scale ascent caused by baroclinic waves. This is evident
from the characteristic snapshots of cloud cover and pressure ve-
locity at 850-hPa v850 shown in Fig. 3. We find the following two
characteristic features:

1) A pattern of 6–7 branches with intense midlevel cloud
cover in each hemisphere extending from the equator into

FIG. 2. Cloud cover binned by the cloud controlling factors (CCFs) surface temperature, pressure velocity at 500 hPa v500, and lower
tropospheric stability (LTS) for CAM, ICON-AES, and ICON-NWP and the corresponding distributions of the CCFs. Five-year periods
of monthly mean data are used in between2308 and 308 latitude.
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the extratropics (Figs. 3d–f). The pattern exhibits similarities
to the cloud decks observed in warm conveyor belts of extra-
tropical cyclones in present-day climate (Madonna et al.
2014). Note that v850 also shows this pattern, which indicates
that these clouds form due to large-scale ascent (Figs. 3j–l).
We interpret this as the manifestation of baroclinic waves
caused by the strong temperature difference between the
warm tropical ocean and the cold extratropical sea ice.

2) Homogeneous low-level cloud cover extending through-
out the entire tropics and subtropics (Figs. 3a–c). In
ICON-AES, this feature is less pronounced compared to

CAM and ICON-NWP. Figures 3j and 3k show that these
homogeneous cloud decks coincide with large-scale subsi-
dence. Large-scale subsidence is caused by the descending
branch of the Hadley cell and creates the marine bound-
ary layer inversion, in which shallow low-level clouds
form (Wood and Bretherton 2006).

Quantitatively, we find that the three GCMs exhibit similar
frequencies of subsidence and ascent, consistent with our
CCF analysis. This is shown in Fig. 4a, for which we quantify
the contributions of ascent and subsidence to the time-mean

FIG. 3. Characteristic snapshots of (a)–(i) cloud cover and (j)–(l) pressure velocity at 850 hPa v850 at a single time step during June in
CAM, ICON-AES, and ICON-NWP. Clouds below 800 hPa are defined to be low-level clouds (700 hPa in CAM) in (a)–(c), clouds be-
tween 800 hPa (700 hPa in CAM) and 400 hPa are defined to be midlevel clouds in (d)–(f), and clouds above 400 hPa are defined to be
high-level clouds in (g)–(i).

B RAUN E T A L . 70631 NOVEMBER 2022

Brought to you by KARLSRUHE INSTITUTE F. TECHNOL. | Unauthenticated | Downloaded 12/03/25 01:35 PM UTC



domain-mean SWCRE. To do so, we analyze a subdomain
spanning 2.58–22.58S over a 30-day period based on 6-hourly
data. We first exclude all data points without insolation and
then filter the data by positive and negative v850. In the re-
mainder of this manuscript SWCRE refers to the time-mean
domain-mean SWCRE.

Figure 4a shows that for all three GCMs the frequency of
subsidence at 850 hPa is about 70%. If calculating SWCRE in
areas of ascent and subsidence separately, SWCRE is consi-
derably larger for ascent compared to subsidence (Fig. 4b).
Figure 4c provides the contributions of areas of subsidence
and ascent to the total SWCRE. These contributions are the
product of the SWCRE calculated separately for subsidence
and ascent (Fig. 4b) and the corresponding frequencies (Fig. 4a).
Areas of subsidence and ascent contribute with approximately
equal shares to subtropical SWCRE with slightly stronger con-
tributions from areas of subsidence.

In summary, we find that in the three GCMs clouds exist under
similar synoptic conditions and CCFs. This reinforces that the
SWCRE is sensitive to processes on scales not resolved in coarse-
scale GCMs. Therefore, we study the sensitivity of the SWCRE
to these unresolved processes (i.e., the treatment of convection
and aerosol–cloud interactions) in the following sections.

4. Impact of convection parameterizations

We first investigate whether the high SWCRE found in
the global coarse-scale ICON-NWP simulation in section 3a
persists in simulations that resolve finer scales of atmospheric
motion. To this end, we apply the ICON-NWP and ICON-
LEM simulation hierarchy using the moderate default INP
concentrations as described in section 2b. The hierarchy

covers horizontal resolutions Dh from 160 km to 300 m and
gradually downscales the large-scale circulation simulated at
Dh 5 160 km to smaller Dh. On the one hand, smaller Dh re-
duces the importance and the requirement of uncertain as-
sumptions associated with convection parameterizations. On
the other hand, our simulations at small Dh are located within
the convective gray zone from O (10) km to O (10–100) m.
On these scales, neither assumption made in convection
parameterizations is fully justified, nor is convection fully re-
solved (Sakradzija et al. 2016). Therefore, we do not consider
single simulations to be more realistic than others but instead
assess whether different approaches to simulate convection
lead to low subtropical SWCRE.

a. ICON-NWP simulations with Dh from 160 to 2.5 km

We start by comparing the global coarse-scale ICON-NWP
simulation (NWP160) to the global fine-scale ICON-NWP simu-
lation with Dh 5 10 km (NWP10). In both NWP160 and
NWP10, Dh is considerably larger than length scales associated
with convective plumes. Hence, applying the full convection
scheme for shallow, midlevel, and deep convection is reasonable
but entails the uncertainties associated with convection parame-
terizations [e.g., Sherwood et al. (2014)]. At Dh 5 10 km we
only simulate a 5-day period due to the computational cost. We
select a representative period as described in section a of the
appendix to relate the short period to long-term climate.

We analyze the 5-day period in NWP160 and NWP10 within
the tropics and subtropics (from 2308 to 308 latitude). Figure 5a
shows that SWCRE is lower in NWP10 compared to NWP160.
The lower SWCRE in NWP10 compared to NWP160 results from
less cloud liquid over the ice edge for a similar thermal structure of
the atmosphere (Figs. 6a,b) and similar cloud cover (not shown).

FIG. 4. (a) Frequency of ascent and subsidence, (b) domain-mean time-mean SWCRE for areas
of ascent and subsidence, and (c) total domain-mean time-mean SWCRE as well as contributions
to total domain-mean time-mean SWCRE from areas of ascent and subsidence. Ascent and subsi-
dence are determined by negative and positive pressure velocity at 850 hPa. The 6-hourly data in
the subtropical region (from 22.58 to 2.58S) during one month (June) from CAM, ICON-AES,
and ICON-NWP are used.
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We apply ICON-NWP in a limited-area mode (LAM) to
further decrease Dh. At Dh 5 2.5 km the bulk of convective
plumes associated with deep and midlevel convection are ex-
plicitly resolved (Weisman et al. 1997). Hence, in NWP2.5 we

parameterize shallow convection only. We select the repre-
sentative LAM subdomain as described in appendix A2. The
LAM subdomain contains both shallow low-level clouds
and midlevel clouds associated with large-scale ascent. We

FIG. 5. Domain-mean time-mean shortwave cloud-radiative effect SWCRE determined from (a) a 5-day period for
the tropics and subtropics (from2308 to 308 latitude), (b) a 4.5-day period in the LAM subdomain (analyzed between
108 and 208 latitude), and (c) a 6-h period in the LEM subdomain. Circles indicate simulations with parameterizations
for shallow, midlevel, and deep convection. Triangles indicate simulations with parameterizations for shallow convec-
tion and squares indicate simulations without any convection parameterization. Unfilled markers in (b) indicate data
analyzed for a 1.5-day period. Orange markers in (b) and (c) indicate simulations conducted with the heterogeneous
ice nucleation parameterization by Phillips et al. (2008), in which mineral dust aerosol is increased by factors of 1, 10,
and 100 as discussed in section 5. Note the different scales of the vertical axes.

FIG. 6. Zonal-mean time-mean specific cloud liquid mass indicated by shading and isotherms of air temperature T
indicated by contours determined from a 5-day period of simulations at (a) Dh 5 160 km (NWP160) and (b) Dh 5 10 km
(NWP10). Longer ticks indicate the position of the ice edge.
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specifically analyze the region between 108 and 208 latitude to
focus on clouds close to the ice edge and to exclude near-
equatorial deep convective clouds.

Figure 5b compares NWP2.5 with subsets of the simulations
NWP160 and NWP10, which we here also analyze over the
LAM subdomain in between 108 and 208 latitude for the cor-
responding period. The reduction of SWCRE with decreasing
Dh from 160 to 10 km is also evident in the LAM subdomain.
Further decreasing Dh from 10 to 2.5 km increases SWCRE
again. In NWP2.5, SWCRE is as strong as in NWP160. The
specific cross sections in Figs. 7a and 7b show that the atmo-
spheric thermal structure is similar in NWP2.5 and NWP10.
Yet, NWP2.5 exhibits considerably more cloud liquid than
NWP10, which is presumably caused by the stronger updrafts
(not shown).

Having Dh 5 2.5 km challenges the statistical assumptions
made in the shallow convection parameterization, because the
grid cells may be too small to contain robust samples of con-
vective plumes (Sakradzija et al. 2016). Hence, we conduct an
additional simulation with Dh 5 2.5 km, in which we also turn
off the shallow convection parameterization (NWP2.5cex, for
“convection explicit”). This omits the limitations of the statis-
tical assumptions in the convection parameterization. How-
ever, Dh 5 2.5 km is too large to resolve the shallow boundary
layer convection and sufficiently resolve detrainment via
small-scale turbulence (Lebo and Morrison 2015). Neverthe-
less, simulations at Dh 5 2.5 km without convection para-
meterizations have been used to study the sensitivity of cloud-
radiative effects to the treatment of convection (see, e.g.,
Stevens et al. 2020; Hohenegger et al. 2020; Senf et al. 2020).

Turning off the shallow convection parameterization at
Dh 5 2.5 km strongly increases SWCRE. This is evident when
comparing NWP2.5cex with the first 1.5 days from NWP160,
NWP10, and NWP2.5 on the LAM subdomain (unfilled cyan
markers in Fig. 5b). The strong increase of SWCRE is likely
caused by underestimated detrainment rates in NWP2.5cex.

Consistently, Fig. 7 shows that in NWP2.5cex cloud liquid is
more abundant and more widespread compared to NWP10

and NWP2.5 (i.e., NWP2.5cex exhibits cloud liquid, whereas
NWP10 and NWP2.5 do not exhibit any cloud). In Fig. 7 this
is the case at 2178 latitude at around 2-km altitude. Here,
cloud longwave radiative warming alters the thermal structure
of the boundary layer compared to NWP2.5 as further dis-
cussed in section 4b.

Overall, the high SWCRE found in NWP160 persists if re-
ducing Dh in ICON-NWP. NWP10 exhibits lower SWCRE
than NWP160 (Fig. 5a) but the difference is much smaller
than between ICON-NWP and ICON-AES, where the differ-
ence in subtropical SWCRE is 50% (Fig. 1). In the following,
we assess whether the high SWCRE persists if we further de-
crease Dh in ICON-LEM simulations.

b. ICON-LEM simulations with Dh of 600 m and 300 m

Shallow boundary layer clouds are stronger impacted by
hectometer-scale convective processes than clouds associated
with the large-scale ascent caused by cyclonic events. There-
fore, we focus our ICON-LEM simulations on a shallow cloud
deck over the ice edge.

We conduct ICON-LEM simulations in LAM with Dh 5

600 m (LEM0.6) and simultaneous online one-way grid nest-
ing with Dh 5 300 m (LEM0.3). We select a suitable subdo-
main for LEM0.6 as described in section A3. A large fraction
of this subdomain is covered by low-level clouds (Figs. 8a,b).
Midlevel clouds caused by large-scale ascent are only present
in the southwest corner of the subdomain (Figs. 8c,d). High-
level cloud cover is negligible (not shown).

We assume that convection is explicitly resolved in LEM0.6
and LEM0.3. On the one hand, large-eddy simulations with
Dh 5 300 are far from resolving length scales O(10) m re-
quired for an accurate explicit simulation of shallow clouds
(Stevens et al. 2002). On the other hand, the largest convec-
tive eddies within the boundary layer exhibit length scales
on the order of the boundary layer height, which is about
1.8 km in our simulations. Hence, the large scales of the
boundary layer circulation can be represented in LEM0.6
and LEM0.3.

FIG. 7. Meridional cross sections at a single time step at 1238 longitude showing specific cloud liquid mass indicated by shading along
with isotherms of air temperature T indicated by contours. The ICON-NWP simulations were conducted (a) at Dh 5 10 km (NWP10),
(b) at Dh 5 2.5 km with parameterized convection (NWP2.5), and (c) at Dh 5 2.5 km with explicitly resolved convection (NWP2.5cex).
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Figure 5c compares SWCRE from LEM0.6 and LEM0.3 on
the LEM subdomain LEM with simulations NWP10, NWP2.5,
and NWP2.5cex, which we here analyze over the same subdo-
main and the corresponding period. SWCRE in LEM0.6 and
LEM0.3 is higher than in NWP2.5cex and exceeds SWCRE in
NWP2.5 and NWP10 by more than 100%.

The differences between NWP2.5, NWP2.5cex, LEM0.6,
and LEM0.3 are analyzed in Fig. 9 by means of time-mean do-
main-mean vertical profiles. The profiles of specific humidity
qy indicate that the shallow boundary layer clouds are sup-
plied with moisture from the surface (Fig. 9a). The near-
surface increase of relative humidity (Fig. 9b) at constant qy
indicates adiabatic cooling. Beyond 400-m altitude cloud
liquid and ice forms consuming qy. The top of the boundary
layer at around 1.8-km height is marked by the strong decrease
of qy and the increase of equivalent potential temperature ue
(Fig. 9c). The dry, warm air aloft is caused by large-scale subsi-
dence. Although the qy profiles exhibit a similar structure, the
profiles of cloud liquid and ice differ substantially in magni-
tude and shape (Figs. 9d,e).

LEM0.6 and LEM0.3 exhibit high amounts of cloud liquid
while NWP2.5 and NWP2.5cex exhibit high amounts of cloud
ice. This is consistent with more intense updrafts in ICON-LEM
(Fig. 9f). We calculate updraft intensity as the domain-mean
time-mean over all grid points with upward velocity. Higher up-
draft intensity leads to higher relative humidity in between
0.5- and 1.5-km altitude (Fig. 9b), which facilitates the formation
of cloud liquid. However, the higher updraft intensity in
LEM0.3 compared to LEM0.6 does not lead to higher amounts
of cloud liquid, indicating stronger detrainment in LEM0.3.

The shapes of the vertical profiles point toward different
dominant cloud types. In ICON-LEM, the approximately lin-
ear increase of cloud liquid with altitude and the constant

relative humidity between 0.5- and 1.5-km altitude indicate
liquid water production at low lateral dry air entrainment
rates. This suggests stratocumulus clouds as the dominant
cloud type (Rauterkus and Ansorge 2020). In contrast, the
relatively constant profiles of cloud liquid in NWP2.5 and
NWP2.5cex indicate considerable lateral entrainment. This
suggests dominance of shallow cumulus clouds (de Rooy et al.
2013).

NWP2.5 exhibits particularly low cloud liquid and a pro-
nounced peak of cloud ice below 1-km altitude (Fig. 9). This
may be caused by an amplifying feedback of reduced long-
wave surface warming leading to reduced surface tempera-
tures and reduced surface moisture supply.

NWP2.5cex exhibits a pronounced peak of cloud liquid and
ice above the boundary layer at 2-km altitude (Fig. 9d). As
discussed in section 4a, detrainment rates are likely underesti-
mated in NWP2.5cex, which may allow convective shafts to
penetrate into the free troposphere (Lebo and Morrison
2015). The associated excessive cloud liquid formation warms
the boundary layer as shown in Fig. 7. This weakens the
boundary layer inversion as is evident from the ue profile in
Fig. 9c, which additionally facilitates cloud formation above
the boundary layer.

Overall, our hierarchy across horizontal resolutions indi-
cates that the treatment of convection considerably impacts
subtropical Cryogenian SWCRE, especially within the gray
zone of convection. The strong impact of convection treat-
ment was also reported in studies of present-day climate
(Stevens et al. 2020; Senf et al. 2020). Even though all our sim-
ulations have limitations concerning the representation of
convection, we find that the dynamical environment of shal-
low low-level clouds allows a high subtropical SWCRE irre-
spective of the specific treatment of convection.

FIG. 8. (top) Low-level and (bottom) midlevel cloud cover averaged over 6-h periods over the LEM subdomain in
simulations (a),(c) NWP2.5 and (b),(d) LEM0.6.
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We point out that both the INP concentration and the CCN
concentration are expected to impact SWCRE. The high
SWCRE in our hierarchy of simulations is found using the de-
fault INP and CCN configurations of ICON, which represent
moderate INP concentrations and fairly high CN and thus
CCN concentrations. In marine environments, CCN concen-
trations may be considerably lower than what is assumed here
(Segal and Khain 2006). According to Twomey (1977), low
CCN concentrations lead to fewer and larger cloud droplets
and thus weaker SWCRE. However, we here focus on the im-
pact of varying the INP concentration, which we study in
section 5.

5. Sensitivity of cloud reflectivity to the abundance of
ice nucleating particles

In this section we investigate the sensitivity of cloud re-
flectivity to the abundance of INPs. We here choose to fo-
cus on a scenario considering high abundance of mineral
dust aerosol and study its impact on ice formation and the
WBF process.

a. Cryogenian mineral dust ice nucleating particles

During the Cryogenian, soil erodibility likely was high due
to the absence of land plants (Morris et al. 2018; Liu et al.
2020). Liu et al. (2020) conducted GCM simulations of

temperate Cryogenian climate with interactive dust aerosol
and assuming high soil erodibility. They found a global-mean
atmospheric dust loading up to 40 times higher than in pre-
sent-day climate. Model estimates by Abbot and Halevy
(2010) assuming a snowball climate even suggest that atmo-
spheric dust loading was 100 times higher than in present-day
climate. Given that mineral dust aerosols are the dominant
ice-nucleating species in present-day climate (Kanji et al.
2017), we neglect all ice-nucleating species except mineral
dust. To do so, we apply the heterogeneous ice nucleation pa-
rameterization by Phillips et al. (2008), referred to as the
dust-only parameterization, instead of the default parameteri-
zation by Hande et al. (2015). This allows us to explicitly set
the number concentration of specific aerosol species for het-
erogeneous ice formation. To isolate the impact of modifying
the INP concentration, we leave the treatment of CCN
unchanged.

The dust-only heterogeneous ice nucleation parameteriza-
tion includes immersion and depositional freezing. It consid-
ers a constant, homogeneous aerosol number concentration
na. The INP concentration is determined by na, air tempera-
ture, and supersaturation with respect to ice. We set na 5 0
for all aerosol species except mineral dust and assume a refer-
ence dust aerosol concentration na 5 700 L21. This assump-
tion results in a maximum INP concentration at 2208C on the
order of 1 L21, which is roughly the median of values

FIG. 9. Domain-mean time-mean vertical profiles of (a) specific humidity, (b) relative humidity, (c) equivalent
potential temperature ue, (d) specific cloud liquid, (e) specific cloud ice, and (f) updraft intensity determined
from a 6-h period on the LEM subdomain for ICON-NWP simulations at Dh 5 2.5 km with shallow convection
parameterized (NWP2.5) and explicitly resolved (NWP2.5cex) and ICON-LEM simulations at Dh 5 600 m and
Dh 5 300 m (LEM0.6 and LEM0.3).
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expected on present-day Earth (Kanji et al. 2017). At 2208C
the dust-only parameterization yields a higher maximum INP
concentration than the default parameterization by Hande
et al. (2015), for which the maximum concentration is 0.1 L21

at the same temperature. However, the variation of the INP
concentration with air temperature and supersaturation dif-
fers between the two parameterizations and the dust-only pa-
rameterization does not necessarily result in an overall higher
atmospheric abundance of INPs. For our purposes it is impor-
tant to note that the transition from the default heteroge-
neous ice nucleation parameterization to the dust-only
parameterization only weakly affects SWCRE at Dh 5 2.5 km
and 600 m. This is shown by the cyan and orange marker la-
beled by “x1” in Figs. 5b and 5c.

Given the high estimates of the global-mean atmospheric
dust loading under Cryogenian conditions we increase na by
factors of 10 and 100. If the atmospheric state is the same, in-
creasing na by a factor of 100 leads to an INP concentration of
100 L21 at 2208C. This is an extreme value under present-day
climate conditions, but in our opinion justifiable given under
Cryogenian conditions.

b. Simulations with increased concentrations of
mineral dust ice-nucleating particles

We investigate the impact of increasing the INP concentra-
tion on SWCRE using ICON-NWP at Dh 5 2.5 km with pa-
rameterized shallow convection over the LAM subdomain
(simulation set NWP2.5x) and ICON-LEM at Dh 5 600 m
over the LEM subdomain (simulation set LEM0.6x). This al-
lows us to investigate the sensitivity of SWCRE to INP con-
centrations for different synoptic conditions and different
treatments of convection. For each set of simulations we

conduct a reference simulation with na 5 700 (referred to as
x1) and simulations with na increased by factors of 10 (x10)
and 100 (x100).

We first investigate the impact of increasing the INP con-
centration using the set of LEM0.6x simulations and the cor-
responding time-mean domain-mean vertical profiles shown
in Fig. 10. An increased INP concentration leads to an in-
creased heterogeneous ice formation rate, which is dominated
by immersion freezing in mixed-phase clouds (Kanji et al.
2017). More intense heterogeneous ice nucleation leads to a
larger ice crystal number concentration, which enhances wa-
ter vapor deposition onto ice crystals at altitudes above
400 m (Fig. 10c). In contrast, at altitudes below 400 m, ice
crystals sublimate due to the relatively low relative humidity
in the below-cloud layer (cf. Fig. 9b). The enhanced vapor de-
position above 400 m indicates enhanced liquid-ice conversion
via the WBF process, which strongly depletes liquid at the
expense of ice. In our current model setup, ice crystals have a
larger terminal fall speed and tend to precipitate more easily
than rain drops. Hence, accumulated precipitation at the sur-
face increases (Fig. 10f) and total cloud condensate decreases.
Overall, cloud liquid strongly decreases with larger INP con-
centrations. Sublimation and vapor deposition impact the size
of ice crystals. However, changes in the ice crystal size are not
considered in the radiation scheme. Thus, the changes in
cloud liquid determine the impact of the cloud microphysical
processes on SWCRE.

The strong decrease of cloud liquid with increasing INP
concentration leads to a strong decrease in SWCRE in the
LEM0.6x simulations as shown in Fig. 11 and the orange
markers in Fig. 5c. SWCRE decreases by more than 90 W m22

when increasing na by a factor of 100. This is a relative

FIG. 10. Domain-mean time-mean profiles of (a) heterogeneous ice nucleating rate, (b) ice crystal number concentra-
tion, (c) rate of vapor deposition onto ice crystals, (d) specific cloud liquid, (e) specific cloud ice, and (f) accumulated
precipitation at the surface in ICON-LEM simulations with concentrations of ice nucleating particles increased by fac-
tors of 1, 10, and 100 (simulations LEM0.6x). Data are analyzed for a 6-h period over the LEM subdomain.
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SWCRE decrease by more than 75%. This decrease exceeds
the differences found in SWCRE due to the treatment of con-
vection found in Fig. 5. We also find a decrease of SWCRE in
ICON2.5x simulations on the LAM subdomain (Fig. 5b). The
absolute decrease of SWCRE in ICON2.5x is considerably
smaller compared to LEM0.6x, because NWP2.5 exhibits less
cloud liquid than LEM0.6. However, SWCRE decreases by
50% if comparing NWP2.5x1 with NWP2.5x100, which is as
large as the differences found due to the treatment of convec-
tion (Fig. 5b).

Overall, we find that SWCRE is strongly reduced in the
presence of high INP concentrations. This holds for NWP2.5x
and LEM0.6x, which represent different synoptic conditions
and parameterize and resolve shallow convection, respec-
tively. Our results are in agreement with simulations of
mixed-phase stratocumulus and cumulus clouds under present-
day climate conditions by Vergara-Temprado et al. (2018).
These clouds are located in the cold sector of extratropical
cyclones over the Southern Ocean. Based on simulations with
2-km horizontal grid spacing, Vergara-Temprado et al. (2018)
estimated that SWCRE could range from 42 to 105 W m22

due to variations of the INP concentration. In present-day
climate the abundance of mineral dust aerosol over the
Southern Ocean is generally low due to the large distance
to continental regions (Vergara-Temprado et al. 2018).
Consistently, the impact of particularly varying mineral dust
aerosol concentrations on stratiform mixed-phase clouds over
the Southern Ocean is low under present-day climate condi-
tions (McGraw et al. 2020). However, Sagoo and Storelvmo
(2017) stated a significant impact of mineral dust aerosol on

the SWCRE of mixed-phase clouds in simulations with climatic
conditions representing the last glacial maximum 20000 years
before the present.

The high sensitivity of SWCRE to INP concentrations in
our simulations implies that high INP concentrations may
hamper the existence of stable waterbelt states. This is evident
if we estimate the impact of the high sensitivity of SWCRE to
INP concentrations on the global scale as indicated by the
dashed orange lines in Fig. 1. The estimate is based on two as-
sumptions. First, we assume that SWCRE in the subtropical
region is as high as in NWP160 if using the reference dust-
only INP concentration. This assumption is supported by the
equal SWCRE in NWP2.5x1 and NWP160 shown in Fig. 5b.
We approximate subtropical SWCRE for the reference case
to be 80 W m22 (dashed orange line x1 in Fig. 1). Second, we
assume that the 50% reduction of SWCRE with increasing na
by 100 found in 2.5x simulations (x1 vs x100 in Fig. 5b) is rep-
resentative for the entire subtropical region. This assumption
is based on our choice of representative subdomains and peri-
ods. Applying the 50% reduction of SWCRE yields a subtrop-
ical SWCRE of 40 W m22 (x100 in Fig. 1). This is close to the
SWCRE found in ICON-AES, for which climate does not sta-
bilize in a waterbelt state (Braun et al. 2022). Hence, high but
still plausible INP concentrations may hamper the existence
of waterbelt states. As a consequence, the existence of stable
waterbelt states may be determined by the abundance of min-
eral dust aerosol.

However, the abundance and distribution of mineral dust
aerosol during the initiation of the Cryogenian glaciations is
highly uncertain, as it is determined by several factors. First,

FIG. 11. (top) Vertically integrated cloud liquid and (bottom) shortwave cloud-radiative effect (SWCRE) at the
top of the atmosphere (TOA) averaged over 6-h periods over the LEM subdomain in ICON-LEM simulations with
increased concentrations of ice nucleating particles: (left) LEM0.6x1, (middle) LEM0.6x10, and (right) LEM0.6x100.
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despite the absence of land vegetation, crust formation poten-
tially leads to low soil erodibility (Liu et al. 2020). Second, the
distribution of INPs likely exhibited high spatial variability.
GCM simulations by Liu et al. (2020) indicated that Cryogenian
maritime regions, where the impact of INPs on shallow mixed-
phase cloud reflectivity is crucial, exhibited low dust aerosol
concentrations. Third, on the way toward a snowball climate,
the extent of land glaciers, which strongly depends on topogra-
phy (Rodehacke et al. 2013; Walsh et al. 2019), determined the
continental area emitting dust. Fourth, dust may sediment into
sea ice at high latitudes and subsequently be transported within
the sea ice toward the equator (Hoffman 2016). Accordingly,
mineral dust might be exposed due to surface net evaporation
in the subtropical region, just in the right spot to impact cloud
reflectivity above the ice edge.

Given our limited knowledge concerning Cryogenian aero-
sol scenarios, varying aerosol concentrations by a factor of
100 in our view is justified. The corresponding differences in
SWCRE are equal to or even exceed the differences arising
from the treatment of convection. Hence, even if convection
and turbulence were properly represented in the model simu-
lations, limited knowledge concerning Cryogenian aerosol
composition and abundance precludes a robust judgement of
the plausibility of waterbelt scenarios.

6. Conclusions

The existence of stable Cryogenian waterbelt states re-
quires that subtropical low-level mixed phase clouds be highly
reflective (Braun et al. 2022). Here we investigate to what ex-
tent the cloud reflectivity depends on the treatment of convec-
tion and the assumed concentration of ice nucleating particles
(INPs). In particular, we seek if high-resolution models with
explicit convection support highly reflective clouds, and how
this is modulated by INPs.

We show that the radiative properties of Cryogenian
mixed-phase clouds are governed by processes that are strongly
parameterized in coarse-scale general circulation models (GCMs)
such as convection and aerosol–cloud interactions. High-resolution
simulations allow us to explicitly resolve convective-scale mo-
tions and improve the representation of aerosol–cloud interac-
tions. We gradually reduce the dependency on parameterized
subgrid-scale processes through a hierarchy of simulations
ranging from horizontal grid spacings of 160 km to 300 m as-
suming moderate INP concentrations. In particular our large-
eddy simulations with explicitly resolved convection promote a
high abundance of supercooled liquid and thus highly reflective
clouds. Although we find that cloud reflectivity depends on the
treatment of convection, the hierarchy of simulations overall
supports highly reflective subtropical clouds.

We further study the impact of increasing the INP concen-
tration frommoderate to high plausible values under Cryogenian
conditions. Increasing the INP concentration enhances the
Wegener–Bergeron–Findeisen process and strongly reduces
supercooled liquid. The associated reduction of cloud reflectiv-
ity is larger than the differences found due to the treatment of
convection. The high sensitivity of cloud reflectivity to the INP
concentration indicates that the existence of stable waterbelt

states may be determined by the abundance of mineral dust
aerosol. This extends the importance of mineral dust aerosol
for Cryogenian climate beyond its direct radiative effect
(Abbot and Halevy 2010; Liu et al. 2020, 2021).

Cryogenian aerosol conditions and the associated impact
on cloud reflectivity are highly uncertain. In general, cloud
microphysical processes strongly impact cloud reflectivity.
Thus, poorly constrained microphysical processes not ad-
dressed in this study, such as cloud droplet formation (Lee
et al. 2013), secondary ice formation (Field et al. 2017), and
the nucleation efficiency of INPs (Hoose and Möhler 2012),
add to the cloud uncertainty. Therefore, we cannot constrain
Cryogenian cloud reflectivity to either high or low values, and
either the presence or the absence of waterbelt states in the
real climate system remains possible.

Given the high sensitivity of cloud reflectivity to the treat-
ment of convection and the abundance of INPs, constraining
Cryogenian cloud reflectivity requires simulations at relatively
high resolutions as well as extending our knowledge regarding
the treatment of cloud microphysical processes and Cryogenian
aerosol conditions. Advanced estimates of Cryogenian aerosol
conditions require comprehensive Earth system models. Tools
that may provide the basis for a convergence of Earth system
modeling and high-resolution simulations are convection-
permitting regional climate models (Giorgi 2019), which
could incorporate interactive treatment of aerosol (Drugé
et al. 2021). Such advanced model setups appear to be tech-
nically feasible in the near future. However, given the
substantial uncertainties associated with aerosol–cloud in-
teractions even in present-day climate (Boucher et al.
2013), we doubt that satisfactory constraints on cloud re-
flectivity will emerge from this approach. Instead we sug-
gest to investigate how other components of the Earth
system, such as continents, ocean heat transport, and sea
ice dynamics, impact the viability of the Jormungand hy-
pothesis. Comparing their impact to the stabilizing effect of
high subtropical cloud reflectivity may reveal whether fur-
ther advancing our understanding of Cryogenian clouds is
indeed crucial.

So far, the Jormungand–waterbelt scenario remains an un-
certain explanation for the Cryogenian glaciations. The uncer-
tainty not only exists in coarse-scale GCMs due to uncertain
tuning parameters, but persists in hectometer-scale large-eddy
simulations with reduced model assumptions. Here, the uncer-
tainty associated with Cryogenian aerosol conditions hampers
a judgement whether Earth’s climate may have settled in a
waterbelt state. Thus, with the current state of knowledge we
consider the more robust classical snowball Earth scenario a
more likely explanation for the Cryogenian glaciations.
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APPENDIX

Selection of Representative Periods and Subdomains

We describe the selection of the representative periods
and subdomains in the first three subsections and provide
an overview of the subdomains in the final subsection.

a. Selection of a 5-day period for NWP10

The annual cycle of global-mean low-level cloud cover in
NWP160 peaks at solstice (not shown). Furthermore, our
simulation setup is symmetric across the equator.

Therefore, we choose a 5-day period for the subdomain
spanning 2.58–22.58S during June. We focus on the winter
hemisphere because the ice edge is here closer to the equa-
tor than during summer.

We analyze 5-day periods starting on each day between 1
and 25 June of 5 consecutive years from NWP160. This

FIG. A1. Distribution of domain-mean time-mean values of 125
5-day periods determined from simulation NWP160. The chosen
representative period is marked by the blue dot. This period starts
at 11 June in year 5 of the simulation NWP160. The considered
variables are total cloud cover (clct), low-, mid-, and high-level
cloud cover (clcl, clcm, clch), column cloud ice qi and liquid qc, col-
umn water vapor qy, surface temperature Ts, and shortwave cloud-
radiative effect SWCRE. The box extends from the lower to upper
quartile, and the orange line depicts the median. The green dashed
line indicates the mean. The whiskers indicate the 1st and 99th per-
centiles. Circles indicate outlier points beyond the whiskers.

FIG. A2. Distribution of domain-mean time-mean values over
68 subdomains determined from simulation NWP10 for a 4.5-day
period. The chosen representative period is marked by the blue
dot. For further description see Fig. A1.

FIG. A3. Distribution of domain-mean time-mean of 80 ensem-
ble members determined from simulation NWP2.5 for 1-day peri-
ods. The chosen period is marked by the blue dot. For further
description see Fig. A1.
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yields 125 periods. For each period we calculate the time-
mean domain mean of total, low-, mid-, and high-level
cloud cover, column cloud ice and liquid, column water va-
por, surface temperature, and SWCRE. We select a repre-
sentative period, for which the time-mean domain-mean
values are located within the inner quartiles of the distribu-
tion of the 125 periods (Fig. A1).

b. Selection of the LAM subdomain for NWP2.5

Analogously to choosing the 5-day period for NWP10,
we choose a representative subdomain for NWP2.5 by ana-
lyzing 68 potential subdomains from NWP10. Each subdo-
main reaches from 2.58 to 22.58S and spans 258 in longitudi-
nal direction. The subdomains overlap by 58 longitude.
Subdomains crossing 3608 longitude are not considered. We
choose a subdomain that is located at 1008–1258 longitude
(Fig. A2).

c. Selection of a 1-day period and the LEM-68
subdomain for LEM0.6

We choose a suitable subdomain and period for LEM0.6
by analyzing 80 spatial and temporal subsets of NWP2.5.
We analyze 1-day periods starting each day, which yields
four periods. For each period we analyze subdomains that
span 68 longitude within the range 1008–1258 longitude and
overlap by 58 longitude. This yields 20 subdomains per pe-
riod. The subdomains extend from 118 to 178 latitude.

Analogously to appendix section a, we calculate time and
area means for each subset. Since we study shallow low-
level clouds, we exclude subsets that exhibit mid- and high-
level cloud cover exceeding 10%. By further selecting sub-
sets for which surface temperature and column water vapor
lie within the inner quartiles of the distributions, this leaves

us with two subsets. We choose the subset with stronger
low-level cloud cover and stronger SWCRE (Fig. A3).

d. Overview over subdomains

Figure A4 shows the subdomains used for the LAM and
LEM simulations superposed on a snapshot of low-level
cloud cover as simulated by ICON-NWP.
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2020: Increasing resolution and resolving convection improve
the simulation of cloud-radiative effects over the North
Atlantic. J. Geophys. Res. Atmos., 125, e2020JD032667, https://
doi.org/10.1029/2020JD032667.

Sherwood, S. C., S. Bony, and J.-L. Dufresne, 2014: Spread in
model climate sensitivity traced to atmospheric convective
mixing. Nature, 505, 37–42, https://doi.org/10.1038/nature12829.

Sledd, A., and T. L’Ecuyer, 2019: How much do clouds mask the
impacts of Arctic sea ice and snow cover variations? Differ-
ent perspectives from observations and reanalyses. Atmo-
sphere, 10, 12, https://doi.org/10.3390/atmos10010012.

Smagorinsky, J., 1963: General circulation experiments with the
primitive equations: I. The basic experiment. Mon. Wea.
Rev., 91, 99–164, https://doi.org/10.1175/1520-0493(1963)091
,0099:GCEWTP.2.3.CO;2.

Stevens, B., and Coauthors, 2020: The added value of large-eddy
and storm-resolving models for simulating clouds and precipi-
tation. J. Meteor. Soc. Japan, 98, 395–435, https://doi.org/10.
2151/jmsj.2020-021.

Stevens, D. E., A. S. Ackerman, and C. S. Bretherton, 2002:
Effects of domain size and numerical resolution on the simu-
lation of shallow cumulus convection. J. Atmos. Sci., 59,
3285–3301, https://doi.org/10.1175/1520-0469(2002)059,3285:
EODSAN.2.0.CO;2.

Storelvmo, T., and I. Tan, 2015: The Wegener–Bergeron–
Findeisen process}Its discovery and vital importance for
weather and climate. Meteor. Z., 24, 455–461, https://doi.org/
10.1127/metz/2015/0626.

Tiedtke, M., 1989: A comprehensive mass flux scheme for cumulus
parameterization in large-scale models. Mon. Wea. Rev., 117,
1779–1800, https://doi.org/10.1175/1520-0493(1989)117,1779:
ACMFSF.2.0.CO;2.

Twomey, S., 1977: The influence of pollution on the shortwave
albedo of clouds. J. Atmos. Sci., 34, 1149–1152, https://doi.org/
10.1175/1520-0469(1977)034,1149:TIOPOT.2.0.CO;2.

Vergara-Temprado, J., and Coauthors, 2018: Strong control of
Southern Ocean cloud reflectivity by ice-nucleating particles.
Proc. Natl. Acad. Sci. USA, 115, 2687–2692, https://doi.org/10.
1073/pnas.1721627115.

Walsh, A., T. Ball, and D. M. Schultz, 2019: Extreme sensitivity in
Snowball Earth formation to mountains on PaleoProterozoic
supercontinents. Sci. Rep., 9, 2349, https://doi.org/10.1038/
s41598-019-38839-6.

Weisman, M. L., W. C. Skamarock, and J. B. Klemp, 1997: The
resolution dependence of explicitly modeled convective sys-
tems. Mon. Wea. Rev., 125, 527–548, https://doi.org/10.1175/
1520-0493(1997)125,0527: TRDOEM.2.0.CO;2.

Wilson, T. W., and Coauthors, 2015: A marine biogenic source of
atmospheric ice-nucleating particles. Nature, 525, 234–238,
https://doi.org/10.1038/nature14986.

Wood, R., and C. S. Bretherton, 2006: On the relationship
between stratiform low cloud cover and lower-tropospheric

B RAUN E T A L . 70751 NOVEMBER 2022

Brought to you by KARLSRUHE INSTITUTE F. TECHNOL. | Unauthenticated | Downloaded 12/03/25 01:35 PM UTC

https://doi.org/10.1002/2015JD023603
https://doi.org/10.1029/2019JD031807
https://doi.org/10.1029/2019JD031807
https://doi.org/10.3402/tellusa.v64i0.17330
https://doi.org/10.3402/tellusa.v64i0.17330
https://doi.org/10.1029/97JD00237
https://doi.org/10.1029/97JD00237
https://doi.org/10.1073/pnas.1719588115
https://doi.org/10.1175/2007JAS2546.1
https://doi.org/10.1146/annurev-earth-040809-152447
https://doi.org/10.1146/annurev-earth-040809-152447
https://code.mpimet.mpg.de/attachments/download/19568/ICON_tutorial_2019.pdf
https://code.mpimet.mpg.de/attachments/download/19568/ICON_tutorial_2019.pdf
https://code.mpimet.mpg.de/attachments/download/19568/ICON_tutorial_2019.pdf
http://www.cosmo-model.org/content/model/documentation/newsLetters/newsLetter01/newsLetter_01.pdf
http://www.cosmo-model.org/content/model/documentation/newsLetters/newsLetter01/newsLetter_01.pdf
http://www.cosmo-model.org/content/model/documentation/newsLetters/newsLetter01/newsLetter_01.pdf
https://doi.org/10.1175/JAS-D-19-0221.1
https://doi.org/10.1002/2013GL057582
https://doi.org/10.1002/2014JD022659
https://doi.org/10.1002/2017GL072584
https://doi.org/10.1002/2016MS000634
https://doi.org/10.1029/2005JD006561
https://doi.org/10.1029/2005JD006561
https://doi.org/10.1007/s00703-005-0112-4
https://doi.org/10.1007/s00703-005-0112-4
https://doi.org/10.5194/acpd-11-20203-2011
https://doi.org/10.1029/2020JD032667
https://doi.org/10.1029/2020JD032667
https://doi.org/10.1038/nature12829
https://doi.org/10.3390/atmos10010012
https://doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2
https://doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2
https://doi.org/10.2151/jmsj.2020-021
https://doi.org/10.2151/jmsj.2020-021
https://doi.org/10.1175/1520-0469(2002)059<3285:EODSAN>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<3285:EODSAN>2.0.CO;2
https://doi.org/10.1127/metz/2015/0626
https://doi.org/10.1127/metz/2015/0626
https://doi.org/10.1175/1520-0493(1989)117<1779:ACMFSF>2.0.CO;2
https://doi.org/10.1175/1520-0493(1989)117<1779:ACMFSF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.1073/pnas.1721627115
https://doi.org/10.1073/pnas.1721627115
https://doi.org/10.1038/s41598-019-38839-6
https://doi.org/10.1038/s41598-019-38839-6
https://doi.org/10.1175/1520-0493(1997)125<0527: TRDOEM>2.0.CO;2.
https://doi.org/10.1175/1520-0493(1997)125<0527: TRDOEM>2.0.CO;2.
https://doi.org/10.1038/nature14986


stability. J. Climate, 19, 6425–6432, https://doi.org/10.1175/
JCLI3988.1.

Wu, J., Y. Liu, and Z. Zhao, 2021: How should snowball Earth de-
glaciation start. J. Geophys. Res. Atmos., 126, e2020JD033833,
https://doi.org/10.1029/2020JD033833.

Zängl, G., D. Reinert, P. Rı́podas, and M. Baldauf, 2015: The
ICON (ICOsahedral Non-hydrostatic) modelling framework
of DWD and MPI-M: Description of the non-hydrostatic
dynamical core. Quart. J.. Roy. Meteor. Soc., 141, 563–579,
https://doi.org/10.1002/qj. 2378.

J OURNAL OF CL IMATE VOLUME 357076

Brought to you by KARLSRUHE INSTITUTE F. TECHNOL. | Unauthenticated | Downloaded 12/03/25 01:35 PM UTC

https://doi.org/10.1175/JCLI3988.1
https://doi.org/10.1175/JCLI3988.1
https://doi.org/10.1029/2020JD033833
https://doi.org/10.1002/qj. 2378.

