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Observational constraints on mixed-phase 
clouds imply higher climate sensitivity 



TAKE-HOME MESSAGES 

•  CALIOP CLOUD TOP PHASE RETRIEVALS SHOW THAT GLOBAL CLIMATE MODELS 
(GCMS) UNDERESTIMATE THE RELATIVE AMOUNTS OF LIQUID IN MIXED-PHASE 
CLOUDS  

•  THIS HAS IMPLICATIONS FOR THEIR ABILITY TO CORRECTLY SIMULATE AN 
IMPORTANT CLOUD-CLIMATE FEEDBACK INVOLVING MIXED-PHASE CLOUDS 



GCM UNDERESTIMATION OF SUPERCOOLED LIQUID 

FROM KOMURCU ET AL. (2014) 

CESANA ET AL. (2015) AND MCCOY ET AL. (2016) HAVE SINCE CONFIRMED THE GENERAL GCM UNDERESTIMATION OF SUPERCOOLED LIQUID 

CALIOP = Cloud and Aerosol Lidar 
with Orthorgonal Polarization 



WHAT CONTROLS SUPERCOOLED LIQUID IN GCMS? 
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FIG. 6. Relative contribution of key individual parameters and two-way interaction (denoted by colons)

between them to variance in SCF over the Southern Ocean, spanning the region from 58�S to 90�S at the

(a)�10�C (R2=0.893) (b) �20�C (R2=0.953) and (c) �30�C (R2=0.969) isotherms based on GLM sensitivity

analysis. The R2 values used to quantify the ability of the GLM polynomial assumption to explain the variance in

CAM5.1-simulated SCFs are displayed in parentheses. All contributions excluding those in the “other” category

are statistically significant (i.e. P <0.05).
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The Wegener-Bergeron-
Findeisen (WBF) process  

10ºC isotherm 

Tan and Storelvmo (JAS, 2015) 

Heterogeneous ice 
nucleation 

Ice crystal fall speed 

Contribution to cloud phase variability in CAM5 



MIXED-PHASE CLOUD SUB-GRIDSCALE STRUCTURE 
•  “DISCOVERED” ~25 YEARS AGO BY MITCHELL ET AL. 

(1989) AND LI & LE TREUT (1992) 

•  THE STANDARD ASSUMPTION IN CLIMATE MODELS 
IS THAT LIQUID AND ICE ARE UNIFORMLY MIXED 
THROUGHOUT EACH ENTIRE MODEL GRID BOX 

•  IN REALITY, FIELD MEASUREMENTS SHOW THAT 
MIXED-PHASE CLOUDS MORE TYPICALLY CONSIST 
OF POCKETS CONSISTING SOLELY OF LIQUID OR 
ICE 

•  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) 



WHAT PARTICLES ARE RELEVANT AS ICE NUCLEI IN 
THE ATMOSPHERE? 

Murray et al. (2012) 



ICE NUCLEATION SEEN FROM SPACE 

•  THE AMOUNT OF 
SUPERCOOLED LIQUID IS 
NEGATIVELY CORRELATED WITH 
(IN ORDER OF STATISTICAL 
SIGNIFICANCE): 

1.  MINERAL DUST 

2.  MINERAL DUST MIXED WITH 
POLLUTION 

3.  SMOKE 

Tan, Storelvmo & Choi (JGR, 2014) Aerosol frequency of occurrence and SLF from CALIOP (2007-2014) 



THE “CLOUD PHASE FEEDBACK” 

•  FOR COMPARABLE CLOUD WATER CONTENTS, LIQUID 
CLOUDS ARE OPTICALLY MUCH THICKER THAN ICE 
CLOUDS 

•  AS THE TROPOSPHERE WARMS DUE TO INCREASING 
ATMOSPHERIC CO2, ICE CLOUDS ARE REPLACED BY 
LIQUID CLOUDS, AND THE OVERALL CLOUD OPTICAL 
THICKNESS INCREASES.  

•  THIS AFFECTS BOTH LW AND SW RADIATION, BUT THE 
SW EFFECT DOMINATES. 

•  THE RESULTING CLOUD-CLIMATE FEEDBACK IS 
NEGATIVE, AND MOST IMPORTANT AT MID/HIGH 
LATITUDES. 

Storelvmo, Tan and Korolev (2015) 



IMPACT OF SUPERCOOLED LIQUID ON 
EQUILIBRIUM CLIMATE SENSITIVITY (ECS) 
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Tan, Storelvmo & Zelinka (2016) 

•  5 atmosphere+ocean 
simulations with very different 
amounts of super-cooled 
liquid were run to equilibrium 
with both present-day and 
doubled atmospheric CO2.  

•  Two of them (CALIOP-SLF1 
and CALIOP-SLF2) were 
designed to have SLFs similar 
to CALIOP (achieved by 
reducing IN concentration and 
retarding WBF process). 

Modeling tool: The Community Earth System Model (CESM)  



RELATIONSHIP BETWEEN SLF AND ECS 
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FIG. 3. Linear regression of ECS on extratropical SLF.
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THE CLOUD PHASE FEEDBACK IN ACTION 
Low-SLF High-SLF

a b

c d

Tan, Storelvmo & Zelinka (2016) 



DIFFERENCES IN ECS CAUSED BY DIFFERENCES IN THE 
CLOUD OPTICAL DEPTH FEEDBACK 
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CLOUD VS. NON-CLOUD FEEDBACKS 
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Cloud feedbacks Non-cloud feedbacks 



CONCLUSION 
• CLOUD PHASE EXERTS A DOMINANT INFLUENCE ON THE 

OVERALL CLOUD-CLIMATE FEEDBACK, AND THEREFORE ON 
CLIMATE SENSITIVITY 

• CLOUD PHASE IS ONE OF ONLY A HANDFUL OF KNOWN 
EMERGENT CONSTRAINTS ON MODEL PERFORMANCE 

• GLOBAL HIGH-QUALITY CLOUD PHASE OBSERVATIONS ARE 
CRITICALLY IMPORTANT FOR GCM VALIDATION AND 
ULTIMATELY FOR RELIABLE PROJECTIONS OF FUTURE CLIMATE 


