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INTRODUCTION:
• Mixed-phase clouds
• Cloud feedbacks 
PART 1:
• Cloud phase heterogeneity
• Existing observations of mixed-phase

clouds
PART 2:
• Our future airborne campaigns

• Arctic campaign
• Tropical Pacific campaign



Figure courtesy Tristan L’Ecuyer



Clouds in climate 
models – why so 
important?
• The magnitude of the ECS is 

controlled by climate 
feedbacks

• The cloud feedback is by far 
the most uncertain one, 
contributing to a wide range of 
simulated temperature 
changes for a given forcing 

Temperature change for a doubling of CO2 (Dufresne & 
Bony, Journal of Climate, 2008)



Cloud feedbacks can be decomposed into 
contributions from…

For otherwise similar properties, liquid clouds are 
optically thicker than ice clouds. Tropospheric 
warming results in fewer ice clouds and more liquid 
clouds à overall optically thicker clouds à cooling 
(negative feedback) 

Storelvmo, Tan and Korolev (2015)

1. Changes in cloud altitude
2. Changes in cloud amount
3. Changes in cloud phase / optical

thickness



Global Climate Models underestimate the 
amount of supercooled liquid in clouds

Komurcu et al. (2014)

These findings have been confirmed by several other studied, for example Cesana et al. (2015) and 
McCoy et al. (2015)

CALIOP = Cloud and Aerosol Lidar 
with Orthogonal Polarization



Link between climate sensitivity and cloud phase

Tan, Storelvmo & Zelinka, Science, 2016
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Aerosol effects on mixed-phase clouds 
      
Because ice formation at temperatures relevant for mixed-phase clouds can only occur under the presence of 
rare INPs, and because phase changes have such profound impacts on cloud radiative properties and 
precipitation release, any INP perturbation could potentially have a dramatic effect on climate via mixed-phase 
clouds. In the past, GCMs could not account for this sensitivity to INPs, as cloud phase was traditionally 
calculated based on temperature only. 
Recently, the cloud modelling 
community has made a major effort to 
combine theory, laboratory, and in situ 
measurements to develop 
parameterizations of the complex 
microphysical processes that control 
phase transitions in clouds, namely 
heterogeneous ice nucleation and 
subsequent growth and sedimentation 
of ice crystals (1, 11-15). In 
heterogeneous nucleation processes, 
insoluble aerosol particles aid the phase 
transition from liquid to ice by lowering 
the energy barrier that must be 
overcome in order to form a stable ice embryo that can grow to form an ice crystal (16, 17). INP candidates 
are mineral dust, metallic particles, certain primary biological particles and possibly also soot particles (17). 
The latter aerosol type is largely of anthropogenic origin, so if soot particles do in fact have the ability to act 
as IN that implies that human activity may have perturbed the thermodynamic phase of clouds (dubbed the 
Cloud Glaciation Effect; see e.g. (18) and Fig. 3 for a schematic illustration). Based on GCM studies, the cloud 
glaciation effect has been reported to warm Earth’s climate by reducing the cloud albedo (e.g., 19). However, 
the magnitude of the warming appears to be very sensitive to the concentration of pre-existing natural IN, as 
well as the cloud phase in absence of any INP perturbation.  
In a recent study by the PIs research group (20), an increase in dust INPs actually produced an increase in 
cloud albedo and thus a cooling effect on climate, again in the CESM model. This may have been an artefact 
of the cloud phase bias of the model; in clouds that would have glaciated completely even without any 
additional INPs, an INP increase will simply cause the glaciated cloud to consist of more numerous, smaller 
ice crystals and thus an optically thicker cloud. However, such a response to an INP perturbation appears 
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FIG. 3. Linear regression of ECS on extratropical SLF.
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Figure 2: As the supercooled liquid fraction 
(SLF) in clouds increases, so does the 
simulated equilibrium climate sensitivity. 
The results are based on model 
simulations that differed only in their 
relative amounts of liquid vs. ice: “Low-
SLF” had practically no supercooled liquid, 
“Control” was the default GCM, “CALIOP-
SLF1” and “CALIOP-SLF2” had SLFs 
constrained by satellite observations 
obtained with the space-borne lidar 
CALIOP, and High-SLF had exaggerated 
amounts of supercooled liquid. SLF was 
varied mainly by changing the INP 
concentration and the growth rate of ice 
crystals at the expense of cloud droplets 
(the WBF process). 

Figure 3: Schematic illustrating the impact of an increase in INP 
on mixed-phase clouds, as hypothesized in the “cloud glaciation 
effect” (18). Figure taken from Storelvmo et al. (2017). 



Hypothesis: Phase bias exists because models do not 
account for cloud subgrid-scale heterogeneity

• The Wegener-Bergeron-Findeisen (WBF) 
process = rapid growth of ice crystals at 
the expense of surrounding cloud 
droplets when the two phases co-exist.

• The standard assumption in GCMs is that 
liquid and ice is uniformly mixed 
throughout each entire model grid box.

• But in reality, aircraft measurements 
show that mixed-phase clouds more 
typically consist of pockets consisting 
solely of liquid or ice (e.g. Korolev, 2017)

• This has consequences for how the WBF 
process should be parameterized in 
large-scale models

linearly with the WBF time scale (see the appendix,
section a). Hence, in the current study, epsi and epss, the
parameters that control the time scale of the WBF pro-
cess for ice and snow, respectively, unlike the other pa-
rameters investigated in this study, are actually exponents
ranging from 26 to 0 to reflect observed subgrid-scale
variability. It is also noteworthy that test simulations with
CAM5.1 have revealed that the effect of the WBF time
scale on zonally averaged SCF saturates when the process
is retarded by six orders of magnitude (not shown). The
WBF time scale is most greatly affected by mixing pro-
cesses in the atmosphere, which homogenize ice crystals
and liquid droplets in mixed-phase clouds. Regions dis-
tantly separated from regions of convection and the at-
mospheric boundary layer are therefore expected to
exhibit more subgrid-scale variability. Although most of
the uncertainty in the WBF time scale is associated with
subgrid-scale variability, minor contributions are attrib-
uted to uncertainties in the spectral parameters related to
the size distribution of ice crystals and the diffusivity of
water vapor [see Eqs. (A3) and (A6)].

The ranges of the other three parameters, which are
the ice crystal fall speed–related parameter and the
fraction of aerosols scavenged in stratiform and con-
vective clouds, were selected following Zhao et al.
(2013), who performed sensitivity analyses on the effects
of 16 cloud and aerosol parameters within realistic
ranges. Their sensitivity analyses determined how
the individual and two-way interactions between the
parameters influenced the variance in top-of-the-
atmosphere (TOA) radiative fluxes, a quantity that is
closely linked to SCFs. These three parameters were
selected on the basis that they were found to be the next
most influential processes in the variance in radiative
flux in CAM5.1 according to Zhao et al. (2013). All
parameter ranges used in this study are summarized in
Table 1.

3) CAM5.1 CALCULATIONS OF SUPERCOOLED

CLOUD FRACTIONS

Following Komurcu et al. (2014), SCFs modeled by
CAM5.1 are calculated at the 2108 6 18C, 2208 6 18C,
and 2308 6 18C isotherms as SCF5 rliquid/(rliquid 1 rice),
where r is themixing ratio. To allow for fair comparisons
between the modeled SCFs with CALIOP observations
of SCF, only mixing ratios at cloud tops were included in
the calculations, except in the case of optically thin
clouds (t, 3), where mixing ratios in lower cloud layers
are also included. Although SCFs calculated from
CALIOP observations are based on footprints that es-
sentially determine the frequency of occurrence of liq-
uid and ice cloud layers, the much higher resolution of
the observations renders them comparable to those
modeled by CAM5.1.

c. Quasi–Monte Carlo sampling of the cloud
microphysical parameter space

The two goals of this study were borne in mind when
selecting combinations of the cloud microphysical
parameters listed in the previous section. The first goal
is to simulate satellite observations of cloud phase as
accurately as possible by probing the six-dimensional
space of parameters within their realistic ranges. The
second goal is to determine the most influential pa-
rameters on cloud phase. QMC sampling through the
use of a Halton sequence is advantageous for this
purpose since it can span the full parameter space
while deterministically minimizing the discrepancy
between sample points, thereby guaranteeing good
dispersion between them (Caflisch 1998). By probing
the full parameter space, QMC sampling fulfills the
two aforementioned goals by effectively checking a
large number of combinations that may reproduce

FIG. 2. Schematic diagrams contrasting (a) the idealized homo-
geneous mixture of ice/snow and liquid within a GCM grid box,
which typically spans on the order of 100 km in the horizontal and
1 km in the vertical, with (b) the more realistic heterogeneous
mixture of ice/snow and liquid that usually exists in separate
pockets of liquid and ice on the order of tens of meters to 20 km
according to satellite and field observations. The gray-shaded re-
gions represent the mixing zones, where liquid droplets and ice
crystals interact via the WBF process. In (a), the entire grid box is
the mixing zone. In (b), the mixing zone is reduced to include only
the regions outside the outlined pockets.
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Tan and Storelvmo (JAS, 2015)



Cloud phase heterogeneity

Schematic from Korolev et al. (2017), illustrating the difference 
between (a) ”genuninely mixed-phase clouds” and (b) 
“conditionally mixed-phase clouds”

Airborne measurement of mixed-phase 
clouds with the Nevzorov probe and 100m 
averaging length (from Korolev et al., 2017)



Cloud phase heterogeneity from Space?
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Cloud phase heterogeneity from Space –
vertical sorting

Hofer et al. (In prep)



Alternative hypotheses: phase bias exists because....
......models overestimate INP 
abundance
Models often include simplistic
treatments of ice nucleation, which are
not necessarily a function of the
abundance of aerosols that can act as 
ice-nucleating particles (INPs). 

.....the seeder-feeder mechanism
is too active in the model
Even if heterogeneous ice nucleation is 
set to zero in models, there is still plenty 
of ice at T > -40◦C. This can only be due 
to the seeder-feeder effect – but is it 
too active? 

Figure courtesy: 
Rob David



INP perturbations – impacts on deep convection

Journal of Geophysical Research: Atmospheres 10.1029/2018JD028889

Figure 20. Relative characteristics of the DCCs found in this study, for the (left) HET0-like and (right) ALL-like DCCs. The
optical depths of the clouds are similar between the two near the convective cores due to the contribution of
precipitating hydrometeors (e.g., Figures S7 and S8) but may be different in the anvil part of the clouds as represented
by different transparency of the clouds in this figure. Note that the size of ice crystals below the HOM level (relative to
that above) depends on the case and is not discussed in this study.

2009), Heymsfield et al. (2005) (and their Figure 18 specifically) have suggested the importance of liquid water
content as well: As liquid water content decreases, the dominance of HET may increase for the same updraft
speed and preexisting ice water content, likely because the same amount of liquid depletion has more signif-
icant impacts on the total ice/liquid partitioning. In our simulations, the mean vertical velocities in convective
cores (about 5–10 m/s, Figure 21) are high enough to have HOM-dominated DCCs where perturbations in HET
should not play much of a role. However, liquid water content is very low as indicated by the high cloud base
(at about 5 km and 0 ∘C, Figure 2), which enables varying HET to play a significant role in determining the anvil
properties. As can be seen in Figure 22, most of the hydrometeor mass is frozen in the DCCs, and warm-rain
processes by liquid hydrometeors seem to play a very small role. Therefore, the inverse relationship between
HET and HOM in DCCs with strong updrafts may be seen if low liquid water content allows for the transition of

Figure 21. Mean updraft speed (m/s) inside convective cores in the (a) BIGG, (b) D10, and (c) D15 runs, averaged
between 20 UTC and 23 UTC on 22 June (10-min interval). The average altitudes of mixed-phase temperature range
inside convective cores in HET0 are indicated by gray shading. These profiles are vertically interpolated at every 100 m.

TAKEISHI AND STORELVMO 13,415
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Figure 18. A top-down view of estimated cloud albedo at 23 UTC on 22 June, right before the ALL run terminates, in the (a) HET0, (b) B1, (c) D10_100, (d) BHI,
(e) D10_10000, and (f ) ALL runs. The calculation was done only for grid boxes of either convective cores or anvils and used model-output mass and number of
hydrometeors, as in Figure 16.

4. Discussions

The following subsections discuss the applicability of the findings above (section 4.1) and the general
implications for future studies of INP impacts on DCCs (section 4.2).

4.1. Relevance to Previous Studies
As introduced in section 1.1, the modeling studies by Ekman et al. (2007) and Fan et al. (2010b) have sug-
gested invigoration of updrafts in DCCs as HET is enhanced, accompanied by an increase in anvil size. In our
simulations, such an increase in updraft speed with enhanced HET exists, but is very small. Figure 21 shows
vertical profiles of updraft speed averaged inside convective cores. A small increase in updraft speed due to
enhanced freezing in the ALL run is seen between about 5 and 7 km, which is consistent with the altitudes of
enhanced freezing shown in Figure 6b. The enhancement between about 10 and 14 km seems to be related
to the number of “convective-core” grid boxes, since averaging is done over a fewer number of grid boxes that
are closer to the center of the cores in ALL (Figures 3a and S1). An increase in updraft speed due to enhanced

TAKEISHI AND STORELVMO 13,413

Takeishi & Storelvmo (2019)

Increasing 
INPs

Convective anvil albedo for deep convection over Colorado (DC3 
campaign) simulated with WRF-Chem at 1km horizontal resolution 
and 100 vertical levels



ERC CoG 
project 
STEP-
CHANGE 
(2023 –
2028) in a 
nutshell



Three mixed-phase cloud regimes

Past campaigns I: Southern mid-
latitudes

STEP-CHANGE 
SYNTHESIS

Field 
measurements

Laboratory 
measurement

High-resolution 
modellingRemote sensing

Earth System 
Modelling



Past campaigns II: Arctic 
NASCENT campaign

Pasquier et al. (2022)



HoloBalloon measurements



Upcoming airborne campaigns

• ATMOSLAB Airborne Laboratory operated 
by INCAS (Romania) 

• HOLOSCENE (HOLOgraphic Sampler for 
investigating Cloud Evolution from 
Nucleation to Evaporation)

HOLOSCENE is based on the design of Ramelli et al 
(2020)Additionally, a sideways pointing hyperspectral camera 
onboard the aircraft will measure cloud phase remotely 
(following Jäkel et al., 2017)



Spring 2023 – Arctic campaign 
Andenes
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Fall 2024: Tropical campaign
Palau



Summary

• Mixed-phase clouds play a crucial role in Earth’s changing climate
• Modeling and satellite observations are essential tools for 

ivestigations of mixed-phase clouds, but cannot give all the answers
• Airborne measurements of mixed-phase clouds are critical for

• Observation of small-scale features
• Process understanding
• Validation of modeling and remote sensing

• Through recent and upcoming airborne campaigns and new 
instrumentation, we are hopeful that a step change in understanding 
of mixed-phase clouds will be possible


