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Washington, Seattle, WA, USA, *Now at Department of Meteorology and Geophysics, University of Vienna, Vienna,
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Abstract Despite advances in our understanding of ice-nucleating particles, the effect of cloud
glaciation on the Earth's radiation balance has remained poorly constrained. Particularly, dust ice nuclei
are believed to enhance cloud glaciation in the Northern Hemisphere. We used satellite observations of
the hemispheric and seasonal contrast in cloud top phase to assess the dust-driven droplet freezing in a
climate model. The required freezing efficiency for dust ice nuclei suggests that climate models glaciate
too few clouds through immersion droplet freezing. After tuning, the model leads to more realistic cloud-
top-phase contrasts and a dust-driven glaciation effect of 0.14 + 0.13 W m > between 30°N and 60°N.
Observations of cloud-top-phase contrasts provide a strong constraint for ice formation in mixed-phase
clouds and may provide a weak constraint for the associated impact on radiation and precipitation. Future
studies should therefore consider both the mean-state cloud-phase partitioning and cloud-phase contrasts
to achieve a more accurate simulation of dust-driven cloud glaciation.

Plain Language Summary Between 0°C and —38°C, clouds can be composed of cloud
droplets (water), ice crystals, or some combination of the two. Water clouds reflect much more sunshine
back to space compared to ice clouds and therefore have a larger cooling effect on climate. Some
atmospheric particles like dust can transform water clouds into ice clouds. The Northern Hemisphere
contains more of such particles, which leads to more ice clouds, as confirmed by satellite observations.
We such satellite observations to constrain the effect of cloud freezing in climate models and its impact on
climate. This helps make climate models and their projections of future climate more realistic.

1. Introduction

Aerosol-cloud interactions, especially for ice and mixed-phase clouds, are a major source of uncertain-
ty for predicting weather and climate change (Bellouin et al., 2020; Forbes & Ahlgrimm, 2014; McCoy
et al., 2016). On average, clouds cool the planet; however, the cloud radiative effect (CRE) depends strongly
on the number and size of hydrometeors (Seinfeld et al., 2016). Particularly, cloud optical thickness is tied
to the hydrometeor surface area. Thus, a cloud with a large number of small hydrometeors will be more
reflective compared to a cloud of the same condensed water content composed of a small number of large
hydrometeors (Twomey, 1974). Moreover, a cloud composed of larger hydrometeors will be shorter lived:
the larger hydrometeors will precipitate faster out of the atmosphere (Albrecht, 1989).

Ice-nucleating particles (INPs) can trigger droplet freezing between 0°C and —35°C (Hoose & Mdhler, 2012);
subsequently, ice particles grow at the expense of depleting liquid cloud droplets (Bergeron, 1935; Findeisen
et al., 2015; Wegener, 1911). The number of ice particles is typically orders of magnitude smaller compared
to the number of cloud droplets and their size is several times larger than the typical cloud droplet size.
Therefore, at temperatures warmer than —35°C, INP-driven droplet freezing is associated with less reflect-
ing clouds and a warming effect on climate (IPCC et al., 2007; Lohmann & Diehl, 2006; Shi & Liu, 2019; Yun
& Penner, 2013; Yun et al., 2013).

In climate models, droplet freezing schemes are based on field measurements (e.g., DeMott et al., 2010),
laboratory measurements (e.g., Lohmann & Diehl, 2006; Niemand et al., 2012), or theoretical frame-
works, as Classical Nucleation Theory (Hoose et al., 2010; Ickes et al., 2017). In this study, we compare two
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laboratory-based freezing schemes for immersion freezing that have been already tested with the ECHAM-
HAM climate model (Hoose et al., 2008; Huang et al., 2018; Ickes, 2015).

Although many natural and anthropogenic aerosols are known to act as INP, most evidence suggests that
cloud glaciation at temperatures colder than —15°C is dominated by mineral dust (Kawamoto et al., 2020;
Tan et al., 2014; Vergara-Temprado et al., 2017; Villanueva et al., 2020; Zhang et al., 2018). Ice cloud frequen-
cy and mineral dust concentrations observed from space are higher in the Northern Hemisphere, as well
as during boreal and austral spring (Bruno et al., 2021; Cowie et al., 2014; Hu et al., 2010; Tan et al., 2014;
Villanueva et al., 2021; Wu et al., 2020; Zhang et al., 2018). In addition, dust emissions may have increased
by about 25% since preindustrial times due to land use change (Stanelle et al., 2014). Therefore, to better
understand the impacts of current atmospheric dust and of climate change, it is essential to better constrain
the radiative effect of dust-driven cloud glaciation (Shi & Liu, 2019).

Previous studies have relied on atmospheric state observations of dust loading (Shi & Liu, 2019) and ice
cloud frequency (Tan et al., 2016) to assess cloud glaciation. However, observational constraints for process
rates can lead to a better estimation of aerosol-cloud interactions (Miilmenstidt et al., 2020). Furthermore,
a better understanding of cloud glaciation may help to better represent the cloud-phase feedback and cli-
mate sensitivity in climate models (Murray et al., 2021). Therefore, in this study, we use the hemispheric
and seasonal contrast of cloud top phase based on satellite observations to improve dust-driven immersion
freezing and its impact on climate in ECHAM-HAM.

2. Methods
2.1. Model Description

For our study, we use a state-of-the-art atmospheric model able to represent aerosol-cloud interactions
with sufficient detail. The aerosol-climate model ECHAM(v6.3.0)-HAM(v2.3) (Neubauer et al., 2019; Tegen
et al., 2019) is coupled to the Predicted bulk Particle Properties (P3) microphysical scheme newly imple-
mented in ECHAM-HAM (Dietlicher et al., 2018, 2019; Morrison & Milbrandt, 2015) with the “2M” tuning
configuration (Dietlicher et al., 2018). The nudged simulations were performed for the period 2003-2012
using 31 vertical model layers, a horizontal resolution of 1.875°(T63), and interactively computed dust emis-
sions (Tegen et al., 2019, see Text S2).

2.2. Satellite Simulator and A-Train Observations

To enable a direct comparison between model and observations, we use a satellite simulator and two dif-
ferent satellite phase products. The CFMIP Observation Simulator Package (COSP v2.0; Swales et al., 2018)
was used in the model to recreate the satellite retrievals of cloud phase. Specifically, we used the lidar sim-
ulator, which provides 3D cloud-phase classification. For the COSP outputs, we use the cloud phase in the
highest cloudy gridbox and the temperature at the top of the highest cloudy gridbox. The GCM-Oriented
CALIPSO Cloud Product (CALIPSO-GOCCP; Cesana & Chepfer, 2013; Chepfer et al., 2010) is a cloud-phase
product based on spaceborne lidar retrievals and is the counterpart to the COSP simulator. In the satellite
product, we define the cloud top as the highest cloudy pixel of the retrieval. To account for potential biases
in the GOCCP product and provide a margin of error for the observations, we also included the GDP (GOC-
CP-DARDAR-PML2) product ensemble (Villanueva et al., 2021). In the observations, the narrow swaths of
the satellites are averaged over 2° X 30°(lat X lon) boxes for a whole month to ensure that the sample size is
high enough for a robust frequency estimate. After averaging the observations zonally, the 2°latitude bands
fit well with the model resolution of 1.875°. We did not filter out convective clouds. However, the cloud top
phase is dominated by stratiform clouds (Villanueva et al., 2021).

2.3. Freezing Schemes

The heterogeneous freezing scheme in the reference version of ECHAM-HAM is the Lohmann-Diehl (LD)
scheme (Hoose et al., 2008; Lohmann & Diehl, 2006), which is based on wind tunnel experiments. In this
parameterization, the immersion freezing rate J;,,,, depends on the dust particle number concentration
in the soluble mode Nimaus temperature (T [°C]), turbulent kinetic energy (TKE), and on the number
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101t concentration of ambient cloud condensation nuclei (CCN; Lohmann
. et al., 2007). The immersion freezing rate is calculated as
{T‘E 109 -
= Niwmaust N AT Pair * 1 -3 1
< Jimm = Na * Caust g‘g[(\/m e ¢ E “ (m™s™), (1)
1071 P
-30 -27 -24 -21 -18 -15 -12 AT _ Oargescate ~ O-TNTKE - puiy - 8 @
Temperature (°C) dt Cp " Pair ’
Figure 1. Ice active surface site density of natural dust n, for the With @igrgescate the large-scale term from the vertical velocity, g; the cloud

simulations NS (montmorillonite), NS10K, and for different state-of-
the-art parameterizations for dust-INP: U17 (Ullrich et al., 2017), N12

(Niemand et al., 2012), H19 (Harrison et
et al., 2013). INP, ice-nucleating particle.

liquid water mass-mixing ratio, p,;- the air density, p; the cloud drop-
let density, g the gravitational constant, c, the specific heat of air, and
N, = 1°C™%. The freezing efficiency (cg. = 32.3) is assumed to have the
freezing efficiency of montmorillonite in the reference configuration
(Claquin et al., 1999; Hoose et al., 2008).

al., 2019), and A13 (Atkinson

The second freezing scheme used in this study is based on cloud chamber experiments (NS; e.g., Connolly
et al., 2009; Huang et al., 2018; Ickes et al., 2017; Niemand et al., 2012). In this parameterization, the fraction
of frozen droplets FF increases linearly with the dust particle surface area A; and the ice active surface site
density of natural dust n;, which depends on the aerosol characteristics N4 and Np, with

FF=1-¢""®, ?3)

-Na-(T-Np)

n(T) = e (m™). 4)
Similar to the LD scheme, we set the temperature dependence (N, = 1°C™") and temperature offset
(Ng = —5°C) similarly to what observed for montmorillonite (Ickes et al., 2017). In addition, to assess the
sensitivity of the freezing scheme to different INP efficiencies, we increased the temperature offset Ny for
which dust can trigger immersion freezing by +10°C for simulations NS10K and NS-Tuned. Figure 1
shows the ice active surface site density for montmorillonite (NS) and NS10K relative to different surro-
gates for dust-INP in the literature. The temperature shift from NS to NS10K is equivalent to increasing INP
concentrations by about 4 orders of magnitude (see Equation 4).

Although both the LD and NS schemes represent the same process of immersion freezing, the LD scheme
predicts a freezing rate while the NS scheme predicts a fraction of frozen droplets. The NS scheme is deter-
ministic and time independent, so that droplet freezing stops after the predicted number of frozen droplets
is reached (Ickes, 2015). In contrast, in the LD scheme, the freezing rate is a time-dependent prognostic
quantity and does not consider the number of already frozen droplets (Hoose et al., 2008).

In general, climate models do not keep track of INPs directly. Therefore, INPs that have been already ac-
tivated are not removed for future iterations. Consequently, it may be useful to introduce a threshold to
limit droplet freezing in clean conditions. In such conditions, the few INPs that may have been present are
probably already depleted or deactivated by aging processes such as sulfate coating (Cziczo et al., 2009).

2.4. Model Simulations

We can separate the simulations in this study in three major groups, each addressing a different aspect of
the immersion freezing parameterization: scheme type (group I: LD and NS), INP efficiency (group II: NS
and NS10K), and dust threshold (group III: NS10K and NS-Tuned). A diagram showing this structure,
together with the tuning strategy behind it, can be found in Figure S1. Additional simulations for group
II and group III with different parameter values can be found in the supporting information (Table S1 and
Figures S3-S5).

For all simulations, contact freezing and deposition nucleation in the mixed-phase regime are turned off.
In the NoFRZ simulation, immersion freezing is turned off, but droplets are converted to ice at —35°C (ho-
mogenous freezing). The LD and NS simulations use the LD and NS scheme, respectively, and assume the
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INP efficiency of the clay mineral montmorillonite. In the NS10K simulation, shifting N by +10°C causes
dust-INP to freeze at temperatures 10°C warmer compared to the NS simulation. The NS-Tuned simulation
is based on the NS10K simulation, but only dust number concentrations higher than 10° kg™ are consid-
ered for droplet freezing. This threshold compensates the overestimation of dust-driven cloud glaciation in
the Southern Hemisphere, which we believe to be related to the lack of INP tracking in the model. Thus,
compared to the default configuration in LD, in NS-Tuned we use a different freezing scheme, a higher
dust-INP efficiency, and a threshold for dust-INP concentrations.

2.5. Quantifying Cloud Glaciation and Cloud-Top-Phase Contrasts

The cloud top is usually the coldest part of the cloud and thus more sensitive to heterogeneous freezing.
In addition, many satellite instruments are only sensitive to cloud top properties. To isolate the impact of
each freezing parameterization on cloud top phase, we compare each simulation with a reference scenario,
where droplets only freeze at temperatures colder than —35°C. We define the fraction of dust-driven glaci-
ated cloud tops (“glaciated fraction”) as the difference between the cloud top ice frequency (CIF) for each
simulation and the NoFRZ simulation, normalized by the frequency of liquid clouds in NoFRZ at each
temperature bin of 3°C.

CIFsimulation - CIFNOFRZ

1- CIFN()FRZ

Glaciated fraction =

5

We focus on the midlatitudes, since here the hemispheric and seasonal variability of cloud-phase is higher
(Villanueva et al., 2021; Zhang et al., 2018), and the radiative effect of dust-INP is stronger compared to the
high latitudes and subtropics (between —35°C and 0°C; Lohmann & Diehl, 2006; Shi & Liu, 2019).

To quantify and evaluate the hemispheric and seasonal contrast in cloud top phase against observations,
we normalize the contrast in CIF (spring-fall or north-south) by the liquid cloud frequency in the “clean”
part of the contrast (i.e., where dust loading is low, as during fall or in the Southern Hemisphere). To avoid
artifacts from low sample sizes, we only use the observed cloud-top-phase contrast for temperatures where
the liquid cloud frequency is higher than 10%.

lean

CIF,,, — CIF,

Cloud - phase contrast = 6
P 1-CI Fc[ean ( )
d . north — south, hemispheric
1y — =
usty = clean spring — fall, seasonal @)

We assess the agreement between simulated and observed cloud-phase contrast by the average difference
between —35°C and 0°C.

3. Results
3.1. Dust-Driven Cloud Glaciation

The dust loading at each hemisphere and the choice of freezing scheme affects how many clouds glaciate,
especially for temperatures colder than —15°C. Figures 2a and 2b show the fraction of cloud liquid tops that
glaciate due to dust-INP for each simulation in the midlatitudes. For temperatures colder than —35°C, all
droplets are forced to freeze in the model, causing the dust-driven glaciated fraction to drop (not shown).
For temperatures warmer than —15°C, the INP efficiency is often too low for dust aerosol to glaciate liquid
clouds, and the glaciated fraction drops to zero as well. Between 30°N and 60°N, the fraction of dust-driven
glaciated cloud tops is almost identical for the LD and NS simulations, increasing from —25°C until —35°C
(Figure 2a).

In terms of temperature difference, a shift in dust-INP efficiency is translated to an even stronger shift
in dust-driven cloud glaciation (Figure 2a). For the NS simulation, at 30°N-60°N, the highest fraction of
cloud tops glaciate at —34°C, where about 40% glaciate. For NS10K, the temperature where as many (40%)
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Figure 2. (a, b) Fraction of the liquid clouds (in the NoFRZ simulation)
that glaciate in each simulation at (a) 30°N-60°N and (b) 30°S-60°S.

(c) Cloud top ice frequency (CIF) at the midlatitudes. (d) Fraction of
clouds additionally glaciated at 30-60°N during spring (compared to
fall) normalized by the fraction of liquid clouds during fall. (e) Fraction
of clouds additionally glaciated at 30°N-60°N (compared to 30°S-60°S)
normalized by the fraction of liquid clouds at 30°S-60°S. The limit of
the observations corresponds to the GOCCP product and GDP ensemble
(dashed), respectively (2007-2010). The light blue shading highlights
the difference between the two observational products. Each datapoint

corresponds to a 3°C temperature bin.

|
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liquid cloud tops glaciate is T4y, = —21°C, about +13°C warmer than for
NS. Recalling Section 2.4, in the NS10K simulation dust leads to drop-
let freezing at warmer temperatures (+10°C) compared to NS. However,
dust concentrations—and therefore droplet freezing—increase at warm-
er temperatures, enhancing the difference in the dust-driven cloud glaci-
ation temperature Ty between NS and NS10K.

In ECHAM-HAM, the increase in dust-driven glaciation for lower tem-
peratures is weaker after setting a threshold for dust concentration, such
that only high dust concentrations can lead to droplet freezing. At —35°C,
in simulation NS10K the glaciated fraction converges to about 60% in
both hemispheres (Figures 2a and 2b). Using 10° kg™ as a threshold of
dust particle concentration for initiating freezing, starting at —25°C the
glaciated fraction in NS-Tuned decreases compared to NS10K and re-
mains rather constant for lower temperatures. Specifically, the glaciated
fraction caps at 43% and 21% for the northern and southern midlatitudes,
respectively. The impact of the threshold in NS-Tuned is higher at lower
temperatures and in the Southern Hemisphere, where dust concentra-
tions tend to be lower.

For all simulations, fewer cloud tops glaciate at 30°S-60°S compared to
30°N-60°N (Figure 2b). However, for LD this hemispheric difference
in cloud glaciation is weaker compared to the simulations using the NS
scheme. This hemispheric contrast in NS is a result of the higher aerosol
dust loading in the Northern Hemisphere, which is the only variable con-
trolling the droplet freezing rate in the NS scheme besides temperature.
In contrast, the LD scheme is less sensitive to contrasts in dust loading
(discussed in Section 4.2).

3.2. Satellite Constraints to Cloud Glaciation

In ECHAM-HAM, the mean-state cloud ice frequency is dominated by
ice formation at temperatures colder than —35°C, while the seasonal and
hemispheric contrasts in cloud top phase are dominated by dust-driv-
en droplet freezing between —35°C and —15°C. Figures 2c-2e show the
simulated frequency of ice cloud tops CIF and the hemispheric and sea-
sonal contrast in cloud top phase together with observations. Both the
modeled and observed CIF increase from 0%-10% to 90%-100% between
0°C and — 35°C (Figure 2c). Between — 35°C and — 15°C, CIF is higher
for the GDP than for the GOCCP observations. In the same temperature
range, CIF varies on average by up to 30% between the NoFRZ, NS, LD,
NS-Tuned, and NS10K simulations (ordered from lower to higher CIF).
Between —35°C and 0°C, most of the ice clouds from the different simu-
lations persist in the NoFRZ simulation. This implies that most of such
ice clouds, especially for temperatures between —35°C and —15°C, have
their origin at lower temperatures where cloud droplets can freeze with-
out INP (Dietlicher et al., 2019). For our tuning strategy, this means that
the droplet freezing parameterization alone cannot explain the disagree-
ment in the frequency of ice cloud tops between model and observations
(discussed in Section 4.4c; see also a comparison with the E3SM model
in Figure S2a). However, the seasonal and the hemispheric contrasts are
controlled by dust-driven droplet freezing. Indeed, in the model both con-
trasts are negligible without heterogeneous freezing (Figures 2d and 2e;
discussed in Section 4.1).
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The contrast in cloud top phase improves compared to observations after tuning the model by choosing
the NS scheme over the LD scheme, by increasing the dust-INP efficiency, and by including a dust thresh-
old. The observed seasonal (Figure 2d) and hemispheric (Figure 2e) contrasts of cloud top phase increase
between —15°C and —30°C from 0%-5% up to 20%-30% for the GOCCP and up to 50%-60% for the GDP
observations. In this temperature range, the contrasts increase with decreasing temperatures for the NS,
LD, and NS-Tuned simulations (ordered from lower to higher contrast). For temperatures colder than
—15°C, NS results in a better agreement with the observed phase contrasts compared to LD, especially
against the GDP observations. Furthermore, the hemispheric and seasonal contrasts are higher for the NS-
Tuned simulation than for NS at all temperatures, leading to a better agreement with observations. First,
the higher INP efficiency in NS10K shifts the temperature range of the cloud-top-phase contrast to warmer
temperatures. The NS10K simulation was selected from a wider range of simulations (Nj steps of 2.5°C)
because it produces the best agreement with the observed cloud-top-phase contrasts between —15°C and
—30°C (see supporting information S3 and S5). We choose this range because for temperatures warmer
than —15°C, INP efficiency is too low to trigger glaciation; while for temperatures colder than —30°C, liquid
clouds are too rare to derive a robust contrast in cloud phase. Second, the implementation of a dust thresh-
old in NS-Tuned increases the magnitude of the cloud-top-phase contrast by inhibiting droplet freezing in
clean environments. We tested several thresholds, from which 10° kg™ resulted in the best agreement with
the observed cloud-top-phase contrasts, especially between —15°C and —30°C (see Figure S4). As a result,
NS-Tuned agrees better with the high-contrast (GDP) reference compared to NS for both the seasonal and
hemispheric contrasts.

3.3. Other Climate Models

Using another state-of-the-art climate model, we found that the NS scheme with enhanced dust-INP effi-
ciency improves the cloud-phase contrast in a similar way as observed in ECHAM-HAM. To validate our
approach, we run several simulations including NS and NS10K with the E3SM aerosol-climate model
(Rasch et al., 2019) for 1 year. In the E3SM model, the best agreement with the observed contrasts was found
for the NS10K simulation (see Figure S2).

3.4. Climate Implications

Besides the changes in the ice cloud frequency, the dust-driven droplet freezing parameterization impacts
key microphysical parameters related to radiation and precipitation. Table 1 summarizes these changes due
to dust-INP, compared to NoFRZ. Although the magnitude of these changes varies, the sign of the changes
is the same for both hemispheres and for all freezing parameterizations.

Dust-driven droplet freezing increases the ice water path (IWP) and reduces the cloud Liquid Water Path
(LWP) depending mainly on the freezing scheme used. At 30°N-60°N, the increase in IWP relative to NoF-
RZ (ATWP) is about twice as high for NS-Tuned compared to LD, which is consistent with the increase in
cloud glaciation discussed in Section 3.1. Although dust-driven cloud glaciation and AIWP are higher for
NS-Tuned than for LD, ALWP is lower in magnitude for NS-Tuned compared to LD, which is a rather
counterintuitive result (discussed in Section 4.2). For LD, ALWP and AIWP are symmetric between hem-
ispheres (the differences are below +20% between 30°N-60°N and 30°S-60°S). In contrast, for NS-Tuned
ALWP and ATWP are about twice as high at 30°N-60°N compared to 30°S-60°S.

The change in cloud cover (CC) due to dust-INP is similar for the LD and NS-Tuned simulations but high-
ly asymmetric between hemispheres: —1.3% on average at 30°N-60°N and —0.2% at 30°S-60°S. However,
ACC is too small to explain the large changes in shortwave (SW) CRE and longwave (LW) CRE. For LD,
the increase in SW CRE due to dust-INP is about twice in magnitude compared to the decrease in LW CRE,
suggesting a reduction of more reflective clouds (SW CRE > LW CRE), which explains the higher net ACRE
in LD compared to NS-Tuned. In contrast, for NS-Tuned, both ASW CRE and ALW CRE are similar in
magnitude (within +15%), suggesting a reduction of less reflective clouds (SW CRE ~ LW CRE).

Dust-driven droplet freezing leads to a weak increase in Net CRE at the midlatitudes. The Net ACRE for
LD and NS-Tuned appears to be associated with ALWP (discussed in Section 4.2). However, for NS-Tuned
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Table 1

Changes in Key Microphysical Parameters due to Dust-INP at the Mid-latitudes

Simulations latitude: 30°-60° NoFRZ (°N) ALD (°N) owp (°N) ALD (°S) ANS-Tuned (°N) oNS-Tuned (°N)  ANS-Tuned (°S)
IWP, gm > 63.44 3.08 0.16 3.34 6.26 0.33 2.95
LWP, gm™ 158.40 —30.65 0.76 —25.20 —19.79 0.96 —9.81
Net CRE, W m™> —34.12 1.48 0.16 1.55 0.14 0.13 0.12
CC, % 69.60 —1.22 0.15 —-0.25 —1.43 0.22 —-0.23
SW CRE, W m > —56.17 3.23 0.18 2.92 212 0.19 1.11
LW CRE, W m > 22.04 —1.74 0.09 —-1.37 —1.98 0.13 —0.98
Pyrary 107" mm day ™ 1.57 0.12 0.03 0.12 0.24 0.02 0.13
Py 107" mm day ™ 0.77 —0.01 0.02 —0.04 —0.10 0.02 —0.01
N;, 10° m™ 11.36 —0.52 0.13 —0.33 —0.04 0.30 —0.17
N,, 10" m™ 8.69 —1.60 0.05 —0.63 —1.10 0.09 —0.34

Note. Calculated as the difference of the LD and NS-Tuned simulations compared to the NoFRZ simulation. The table also highlights for which variables the
change due to dust-INP is not significant (within +20; in italics), remarkably asymmetric (at least 150% at 30°N-60°N relative to 30°S-60°S; underlined), and
particularly high (at least +10% relative to the average at 30°N-60°N; in bold). The error o corresponds to the interannual (2003-2012) standard deviation of
the annual-field averages at 30°N-60°N.

ACRE is closer to a previous estimation (0.34 W m™ between 30°N and 70°N; Shi & Liu, 2019). In agree-
ment with Shi and Liu (2019), we find a cooling effect (of at least —0.5 W m™?) for all simulations northern
from 70°N related to a decrease in CC and LW CRE, because clouds there have on average a warming effect
(SW CRE < LW CRE,; see Figures S8 and S11). Due to the water depletion by dust-INP, the overall radiative
effect of clouds gets weaker. Thus, a weaker cloud warming effect near the poles results in an overall cooling
effect. In contrast to Shi and Liu (2019), we found the dust-driven glaciation effect ACRE to be symmetric
(within +20%) within hemispheres.

Due to dust-INP, stratiform precipitation Py, is enhanced at the expense of convective precipitation Py,
For LD, Py, increases by about +0.012 mm dayf1 (+8%, see also Figure S12). At 30°N-60°N, in NS-Tuned
Py is enhanced by +0.024 mm day’1 (+15%), while P, decreases by —0.010 mm det}f1 (—13%, discussed
in Section 4.3).

The droplet number concentration N, decreases due to dust-INP in agreement with the depletion in LWP.
However, despite an increase in IWP the concentration of ice particles N; decreases (discussed in Section 4.3).

In NS-Tuned, the magnitude of the cloud microphysical changes is dominated by the increase in dust-INP
efficiency, while the large hemispheric asymmetry is due to the implementation of the dust threshold for
droplet freezing. For the cloud water path, CC, CREs, and droplet concentration, the changes in both hem-
ispheres are 2-3 times higher in NS10K compared to NS (see Table S2). For NS-Tuned, the changes due to
dust-INP at 30°N-60°N are slightly lower (by —10% or less in magnitude) compared to NS10K. In contrast,
at 30°S-60°S the changes for NS-Tuned are significantly lower (by —30% or more) compared to NS10K (see
also supporting information S13).

4. Discussion
4.1. Dust-INP Versus Meteorological Impact on Cloud-Phase

Our simulations suggest that meteorology plays rather a minor role on cloud-phase variability. Meteorology
could affect the formation and downward transport of ice clouds formed at temperatures colder than —35°C
(without INP). However, the model results presented in Section 3.2 show that when immersion freezing is
turned off, the hemispheric and seasonal contrasts in cloud top phase are very low (below 5%). These low
contrasts suggest that the hemispheric and seasonal meteorology variability (including wind, humidity,
and temperature) do not affect the cloud ice frequency. Furthermore, if dust-INP concentrations are held
constant, the cloud-phase contrasts vanish as well (see supporting information S7), suggesting that cloud
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glaciation at temperatures warmer than —35°C is controlled by dust-INP rather than by meteorology. In oth-
er words, at least in the model, the cloud-top-phase contrasts are controlled by the variability of dust-driven
cloud glaciation at temperatures warmer than —35°C.

4.2. Liquid Water Depletion and Dust-Driven Glaciation in the LD Scheme

The stronger decrease in LWP in LD compared to NS is closely related to the variability of CCN. To explain
the strong decrease in LWP due to dust-driven cloud glaciation in LD, we studied the effect of TKE and CCN
on droplet freezing. In the LD scheme, both a higher TKE and a lower CCN lead to higher droplet freezing
(see Equations 1 and 2). Sensitivity tests showed that the variability in TKE only plays a minor role on LWP.
However, setting CCN to a constant—so that the CIF is similar to the default LD simulation—results in a
weaker LWP reduction and weaker CRE increase due to dust-INP (see supporting information S6 and S10).
This suggests that the CCN variability is responsible for the higher LWP depletion and higher CRE in LD,
perhaps due to an unrealistic enhancement in droplet freezing during conditions of low CCN.

In addition, the lower hemispheric contrast in cloud-phase for LD compared to NS is unrelated to TKE and
CCN and probably related to the prognostic formulation (time dependent) of the LD scheme. Other than
for NS, the number of frozen droplets in LD can keep increasing with time as dust-INP are not depleted in
the model after freezing (see Section 2.3).

4.3. Droplet Freezing and Precipitation

The high increase in Py, at the expense of P, in NS-Tuned may be associated with the timing of droplet
freezing events. If low INP concentrations are allowed to freeze droplets, the downward transport of ice
particles may be too low for the hydrometeors to reach the surface without evaporating along the way, but
will still deplete the water content of the cloud. In contrast, if low INP concentrations are not allowed to
trigger freezing, more liquid content will be available for future droplet freezing events, which would lead
more frequently to precipitation. This may also result in a lower water vapor content below the cloud at low
dust conditions. Thus, during convection drier air would be entrained, which could explain the inhibition
of P,y Alternatively, droplet freezing could change the temperature gradient, leading to a more stable at-
mosphere, suppressing convection.

The slight decrease in N; due to dust-INP may be related to a lower number of droplets available for freez-
ing at temperatures colder than —35°C, because they already freeze earlier at warmer temperatures. For
temperatures warmer than —35°C, ice particles will grow by depleting existing cloud droplets. Therefore,
despite an increase in IWP, heterogeneous freezing may cause N; to decrease as fewer cloud droplets reach
temperatures colder than —35°C.

4.4. A Misrepresented Ice Process?

As found with ECHAM-HAM and confirmed with the E3SM model (see Figure S2), a higher INP efficiency
(NS10K compared to NS) leads to a better agreement between the cloud-phase contrasts and observations.
Along the pathway between dust emission and cloud glaciation, several reasons could explain this behavior:

(a) INPload. ECHAM-HAM has shown a good agreement with both ground-based and spaceborne obser-
vations of dust loading (Koffi et al., 2016; Tegen et al., 2019). Nevertheless, biases in dust loading or size
distribution may affect droplet freezing (Shi & Liu, 2019). In addition, coarse dust loading in models
is thought to be underestimated, such that only 25% of the observed loading is represented (Adebiyi &
Kok, 2020; Shi & Liu, 2019). Nevertheless, this bias is too low to alone explain the differences found in
our results.

(b) INP-to-Ice. Efficient dust-INP containing about 20% K-feldspar can freeze at temperatures about +5 °C
warmer compared to common dust-INP like montmorillonite (compare NS and A13 in Figure 1). There-
fore, including additional dust mineral types (e.g., K-feldspar) in the simulation of INP concentrations
could lead to a moderate improvement in the model (see NS5K in Figure S5). Alternatively, secondary
ice production (Field et al., 2017; Lauber et al., 2018) could result in more ice particles per INP than ex-
pected. There are additional processes, such as INP preactivation (Wagner et al., 2016) or INP-recycling
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(Solomon et al., 2015), which could also lead to an increased number of frozen droplets. In addition,
dust aerosol could include other substances such as biogenic material, which could enhance its ice-nu-
cleating efficiency (Augustin-Bauditz et al., 2016; Kanji et al., 2017; O'Sullivan et al., 2014, 2016).

(c) Ice-to-Cloud Glaciation. There could be a misrepresentation in the processes linking the ice number
concentration with the glaciation of a mixed-phase cloud. For example, if the WBF process is underes-
timated, a higher droplet freezing will be needed in the model for clouds to glaciate. Additionally, col-
lision and transport processes, such as ice-ice aggregation, riming, ice fragmenting, and ice sedimen-
tation, also affect the number and size of ice particles in the cloud and how fast the cloud will glaciate
(Korolev et al., 2017). These processes are parameterized differently in ECHAM-HAM and E3SM but
lead to similar cloud-phase contrasts, suggesting that the differences in the ice microphysics schemes of
these models affect the dust-driven glaciation to a minor degree. Nevertheless, other ice microphysics
schemes may include more complex representations of the WBF process and secondary ice formation,
which should be considered in future studies.

(d) INP tracking. In addition to a higher INP efficiency, setting a dust concentration threshold for droplet
freezing in NS-Tuned inhibited much of the cloud glaciation in clean conditions such as in the south-
ern midlatitudes, leading to more realistic cloud-phase contrasts. This suggests that—at least during
low dust concentrations—INP concentrations may be overestimated due to the lack of INP depletion in
climate models.

5. Conclusions

We showed that dust-driven droplet freezing can be evaluated in climate models using satellite observations
of regional and seasonal contrasts in cloud ice frequency. We consider this an improvement from previous
tuning strategies where only mean atmospheric state quantities like cloud ice frequency or dust-INP con-
centrations are constrained.

Observations of cloud-phase contrast may provide a reference for the effect of dust-INP on radiation and
precipitation. With the NS-Tuned simulation, which is constrained by observations, the simulated ra-
diative effect of cloud glaciation is much lower (4+0.14 + 0.13 W m™) than for the default LD scheme
(+1.48 + 0.16 W m™2) at 30°N-60°N. We attribute this difference to an overestimation of water depletion
due to dust-INP in the default scheme. Our study suggests that dust-driven cloud glaciation can be trusted
only in models, which are able to reproduce both the observed mean-state cloud-phase partitioning and
cloud-phase contrasts. These new constraints on the impact of dust-INP on climate may help to better un-
derstand climate change under varying aerosol loadings and direct modeling efforts in the right direction.
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