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ABSTRACT

Mixed-phase clouds are frequently observed in the atmosphere. Here we present a parameterization for
ice crystal concentration and ice nucleation rate based on parcel model simulations for mixed-phase
stratocumulus clouds, as a complement to a previous parameterization for stratus clouds. The parcel model
uses a singular (time independent) description for deposition nucleation and a time-dependent description
for condensation nucleation and immersion freezing on mineral dust particles. The mineral dust and
temperature-dependent parameterizations have been implemented in the Geophysical Fluid Dynamics
Laboratory atmosphere model, version 4.0 (AM4.0) (new), while the standard AM4.0 (original) uses a
temperature-dependent parameterization. Model simulations with the new and original AM4.0 show
significant changes in cloud properties and radiative effects. In comparison to measurements, cloud-phase
(i.e., liquid and ice partitioning) simulation appears to be improved in the new AM4.0. More supercooled
liquid cloud is predicted in the new model, it is sustained even at temperatures lower than —25°C unlike in
the original model. A more accurate accounting of ice nucleating particles and ice crystals is essential for
improved cloud-phase simulation in the global atmosphere.

1. Introduction crystals via vapor deposition may cause subsaturation
with respect to liquid water and droplet evaporation,
known as the Wegener-Bergeron-Findeisen (WBF)
process, which decreases LWP and cloud radiative ef-
fects (e.g., Korolev2007; Fan et al. 2011; Tan et al. 2016).

Mixed-phase cloud is most studied in the Arctic, but
it occurs in the rest of the globe and plays an important
role in Earth’s radiation budget (e.g., Matus and
L’Ecuyer 2017). In particular, mixed-phase clouds are
frequent over the Southern Ocean and Antarctica (e.g.,
Bodas-Salcedo et al. 2016; Jolly et al. 2018; Mace and
Protat 2018). It was shown that global climate models
that convert supercooled water to ice at relatively warm
temperatures tend to have a greater mean-state cloud
fraction and more negative cloud feedback in the middle-
and high-latitude Southern Hemisphere, which results
from a tuning of cloud cover to compensate for biases
in LWP in order to obtain a balance of radiation in the
models (McCoy et al. 2016). An accurate representation
of ice nucleation and mixed-phase clouds is essential
not only for extending the range of numerical weather
forecast but also for quantifying cloud feedbacks in
Corresponding author: Songmiao Fan, Songmiao.Fan@noaa.gov ~ future climate scenarios (Tan et al. 2016).

Widespread temperature inversions and low temper-
atures in the Arctic promote the formation of mixed-
phase stratocumulus, resulting in high albedos for
shortwave radiation and ‘‘greenhouse’ trapping of
longwave radiation (e.g., Prenni et al. 2007; Morrison
et al. 2012). Stratocumulus and altocumulus clouds
are sustained by turbulence driven by cloud-top cooling
and enhanced by latent heating at the liquid base (e.g.,
de Boer et al. 2010; Avramov et al. 2011; Fan et al. 2011;
Solomon et al. 2011; Fridlind et al. 2012; Yang et al.
2013; Savre and Ekman 2015a; Fu and Xue 2017;
Roesler et al. 2017; Fridlind and Ackerman 2018). The
liquid water paths (LWP) of these clouds depend on
the thermodynamic phase partition as well as the geo-
metrical thickness. Ice nucleating particles (INPs), such
as mineral dust, metal oxides and bacteria, have been
observed to promote heterogeneous ice nucleation in
Arctic clouds (e.g., Prenni et al. 2009; McFarquhar
et al. 2011; Wilson et al. 2015). The rapid growth of ice
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Various parameterizations of ice nucleation, ice crystal
concentration, and ice-liquid phase partitioning have
been implemented in atmospheric models, resulting in a
wide spread of results among climate models (Komurcu
et al. 2014; Cesana et al. 2015). This study is intended to
present a new parameterization for ice nucleation,
which is based on previous laboratory experiments and
evaluated with in situ aircraft measurements, in an effort
to improve cloud-phase simulation in atmospheric models.
In a previous study, Fan et al. (2017) presented parcel-
model simulations of mixed-phase stratus and stratocu-
mulus clouds in comparison with aircraft measurements
in the Arctic. Mineral dust aerosol is the only INP in
this study. Parameterizations for ice crystal concen-
tration N; and ice nucleation rate J in stratus clouds
were derived as functions of temperature 7 and dust
concentration ([dust]), including the effects of pres-
sure P and vertical velocity w. As a follow-up, this paper
will present parameterizations for N; and J in strato-
cumulus clouds, where a cellular convection is pre-
scribed with an oscillating w, as functions of 7 and
[dust]. A modification to the parcel model is described
in section 2. The parameterizations are presented in
section 3. The effects of the new parameterization for ice
crystal concentration implemented in the Geophysical
Fluid Dynamics Laboratory (GFDL) atmosphere model,
version 4.0 (AM4.0), are described in section 4. A sum-
mary and conclusions are presented in section 5.

2. Model description

The parcel model and simulations are described in
Fan et al. (2017). Briefly, a vertical profile of w is spec-
ified for updrafts and downdrafts (Fig. A1) based on a
large-eddy simulation of stratocumulus (Solomon et al.
2011). Alternative vertical profiles of w (Yang et al.
2013; Roesler et al. 2017) are also considered (Fig. A1),
and different cloud thicknesses (250, 550, 1150 m) and
maximum values of w (0.5, 1.0, 1.5ms™ ") are specified
in sensitivity simulations. The parcel model calculates
P and T as air moves up or down from an initial state
while the parcel has no exchange of mass or energy with
its environment. The model predicts relative humidity
over ice (RHi) and over water (RHw) and droplet and
ice crystal number concentrations and sizes.

The rate of heterogeneous ice nucleation is calcu-
lated on dust aerosols, which is distributed in 20 size
bins (dry diameter D = 0.02-20 um). The physics of
ice nucleation is presently not well understood, and its
description is either singular (i.e., time independent,
deterministic) or time dependent (i.e., stochastic as in
the classical nucleation theory) (e.g., Welti et al. 2012;
Vali 2014). A mix of the two has also been suggested
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for the interpretation of laboratory experiments (Vali
and Snider 2015). Here, a singular description is used
for deposition nucleation and a time-dependent de-
scription for condensation and immersion freezing.
The following descriptions are so chosen because they
help improve prediction of ice crystal concentrations
as compared to aircraft measurements (Fan et al. 2017,
and unpublished results). In the singular description
the activated fraction fi. is calculated for each size bin
based on the surface area A and density of active sites
n, (m2):

fice =1- exp(—AnS), 1)
n = exp(0.42RHi — 30.7). (2)

Equation (2) is an empirical relation given by the
average of measurements at —30° and —35°C for illite
particles coated with sulfate (Kulkarni et al. 2014).
Deposition nucleation is determined by the increase
of RHi for each time step.

The time-dependent description is based on a re-
lationship between the nucleation rate coefficient per
unit INP surface area J,,; (cm ™~ ?s~ ') and water activity
a,, (Knopf and Alpert 2013; Alpert and Knopf 2016).
In the a,,-based immersion freezing model (ABIFM),
Jhet 18 calculated according to

log,,(/,,,) =22.66[a(T) —a,. (T)]-135  (3)

aw,ice(T) :pice(T)/pw(T) ’ (4)

where pi..(T) and p,,(T) are the saturation water vapor
pressure of ice and pure liquid water at temperature 7.
The coefficients in Eq. (3) are derived based on exper-
iments with natural dust particles (Niemand et al. 2012).
The rate of condensation and immersion freezing is
calculated using Egs. (3) and (4) for each size bin based
on total surface area, where a,, is assumed equal to
RHw. For RHi > 100% and RHw < 98% the larger
increase is chosen between deposition nucleation and
condensation nucleation. For RHi > 100% and RHw >
98% immersion freezing only is allowed.

The time-dependent description for immersion freez-
ing, ABIFM (Alpert and Knopf 2016), is derived based
on many laboratory experiments with natural dust parti-
cles (Niemand et al. 2012). These laboratory measure-
ments have recently been reanalyzed by Ullrich et al.
(2017), who presented a new time-independent de-
scription that gives twice as many active sites but with
similar temperature dependence. This update, if in-
corporated into the ABIFM, could increase Jy,.; by a
factor of 2. The time-independent parameterization
for deposition nucleation [Eqgs. (1) and (2)] proposed
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FIG. 1. Number concentration of ice crystals (time-weighted
column average N; for D < 200 wm) in mixed-phase stratocumulus
clouds as a function of average temperature. The symbols indicate
results from individual parcel model simulations. The lines (see
legend) indicate calculations using Eq. (5) for [dust] = 10, 2, 0.5,
and 0.05 ugm ™ and using Eq. (6) based on Cooper (1986).

by Kulkarni et al. (2014) for illite particles predicts
substantially larger frozen fractions near —35°C than
that proposed by Ullrich et al. (2017) for natural dust
particles.

It seems inconsistent to choose a time-dependent ice
nucleation scheme for immersion freezing and a time-
independent scheme for deposition nucleation. Our
choices in this study are largely empirical; multiple
other schemes were less satisfactory when they were
used to predict ice crystal number concentrations ob-
served in the Arctic (results not shown). We speculate
that deposition nucleation appears to be more deter-
ministic because of rapid growth by vapor deposition
once an ice embryo reaches certain critical size. By
contrast, thermal molecular diffusion in the liquid phase
is much slower, limiting the rate of growth of ice em-
bryos during immersion freezing, which then tends to
be more stochastic. Furthermore, the energy barrier
(latent heat) to reverse deposition (sublimation) is
greater than that to reverse freezing (melting). As a
note of caution, it remains to be determined whether a
time-dependent description is appropriate for immer-
sion freezing (Vali 2014), even though a parcel model
with the time-dependent ABIFM predicts well in situ
measurements of ice crystal concentration in clouds
at temperatures between —10° and —40°C (Fan et al. 2017).

3. Ice in stratocumulus

Parcel model simulations were carried out for stra-
tocumulus with initial 7" between 244 and 268K and
initial P of 950 hPa. Following the convention in pre-
vious studies (Morrison and Gettelman 2008; Thompson
et al. 2008), we choose to separate ice and snow particles
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FI1G. 2. Common log of the rate of ice nucleation (time-weighted
column average J; L™'s™") as a function average temperature.
The symbols (see legend) indicate results from individual parcel
model simulations. The lines indicate calculations using Eq. (7) for
[dust] = 10,2, 0.5, and 0.05 ug m > and using Eq. (8) for the upper
limit (long-dashed black line) below which mixed-phase stratocu-
mulus clouds may be sustained.

at D = 200 um. Figure 1 shows the mean concentrations
of ice (D < 200 um) as a function of column-average T
for initial [dust] = 0.05, 0.5, 2.0, and 10.0 ugm >, re-
spectively. Results are omitted when the liquid phase is
absent, which caps N; to about 40 L™". This suggests that
mixed-phase stratocumulus cannot be maintained with
higher ice concentrations due to desiccation of air by ice
growth. The parcel model results were compared in
Fan et al. (2017) to aircraft measurements in the Arctic
(McFarquhar et al. 2007; Avramov et al. 2011; Lloyd
et al. 2015). It is found that dust concentrations ob-
served in the Arctic are sufficient to sustain the observed
ice crystal concentrations (Fan et al. 2017).

A least squares fit (shown by lines in Fig. 1) to the
parcel model results (symbols) yields

N, = 0.002 74[dust]e"4127316=1), 5)

where [dust] is mass concentration (ugm ). The
model results and fitted lines may be compared to a
widely used empirical relation (long-dashed black
line) based on measurements in cap clouds and oro-
graphic clouds (Cooper 1986):

N, =0.004 47¢0311@7316-1), (6)

The model results have stronger temperature depen-
dence than the Cooper line as well as a linear depen-
dence on [dust]. Note that Eq. (5) is derived from
simulations with an initial (base) pressure of 950 hPa,
the value of N; at an arbitrary base pressure P should
be scaled by a factor of P/950 (see. Fig. A7).

Figure 2 shows the time-averaged rates of immer-
sion freezing on dust particles and their dependence
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on column-averaged 7 and initial [dust], with lines to
represent a least squares fit:

J=92X% 1077[du5‘[]€0‘46(273'167T)70‘00008(273'167T)3, (7)

where J is in units of L™'s™ . J values appropriate for
mixed-phase clouds may be calculated using Eq. (7) for
T and [dust] points below the long dashed line in Fig. 2,
which is given by

J — 0.082670“(273'1677‘). (8)
For T and [dust] points above this line, mixed-phase
clouds could not be formed, J values should be calcu-
lated using Eqgs. (1) and (2) for deposition nucleation

or using Eq. (9) for condensation and immersion nu-
cleation (RHw = 100%):

I =62x10"[dust] OA4QT316-T)~0.522(100-RHW) (g
The values of Jimm (L™ 's™!), 7,and RHw in Eq. (9) are
instantaneous, but the values of J and T in Eq. (7) are
time and column averages. For the same 7 value and
RHw = 100, J is larger than Ji,, by a factor corre-
sponding to a lowering of temperature by about 1 K.

A purpose of this study is to examine whether Egs.
(5) and (7) may be used in climate models to simulate
the effect of dust on mixed-phase stratocumulus clouds.
Itis noted that in the parcel model the size distribution
of dust is fixed to intermediate conditions from dust
source to remote regions (Zender et al. 2003). When
more accurate dust size distributions are available or
desired, the following equation may be used to calcu-
late the instantaneous condensation and immersion
nucleation rate in climate models:

(10)

I =443 0:4(273.16-T)~0.522(100 RHW); A
where A,, is total surface area (cm” cm ) of dust aerosol
in the nth size bin.

It is further noted that other formulations for de-
position nucleation and immersion freezing have been
proposed and used in modeling studies, such as
prescribing a probability distribution function for
the contact angle (Niedermeier et al. 2014; Wang
and Liu 2014; Wang et al. 2014; Savre and Ekman
2015b) or specifying the contact angle as a function
of temperature (Welti et al. 2012). These contact
angle schemes were found to reproduce the T de-
pendence of freezing and predict the size and time
dependence of the freezing process (Ickes et al.
2017). Parcel model results based on these contact
angle schemes should be compared to those based on
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Eqgs. (1)-(4) in a future study, which would also provide
a range of alternative parameterizations of N; and J for
mixed-phase clouds to be used in atmospheric models.

4. Impact of the new parameterizations in AM4.0

The new parameterizations for steady-state N; in
mixed-phase clouds presented above (for stratocu-
mulus) and in Fan et al. (2017) (for stratus) have been
used to calculate ice crystal concentrations in the
GFDL AM4.0 (Zhao et al. 2018a). Dust concentra-
tions are predicted in AM4.0 with emissions calcu-
lated based on wind speed at 10 m above surface. The
original AM4.0 uses the Rotstayn—-Klein microphys-
ics scheme (Rotstayn et al. 2000; Zhao et al. 2018b).
In this scheme, the rate of liquid water loss due to the
WBF process is proportional to N7 and the loss in-
tegrated over a model time step (1800s) is not allowed
to exceed available water. Gridscale temperature and
dust concentration are used to calculate N; based on
the new parameterizations [Eq. (5) above and Egs. (3)
and (4) in Fan et al. 2017]. Presently a constant vertical
velocity of 0.1 ms™ ' is specified for calculation of N;
in stratus as associated with a warm front. A proba-
bility density function of w could be used in future
implementations. In the standard AM4.0 the number
concentration of ice crystals is calculated based on
Meyers et al. (1992), which relates the concentration
of INP to ice supersaturation at water saturation and
does not depend on dust concentration. We ran AM4.0
for a 6-yr period (1999-2004) with prescribed sea sur-
face temperatures and sea ice cover (Taylor et al. 2000)
and with horizontal winds nudged to the National
Center for Atmospheric Research—-National Centers
for Environmental Prediction (NCAR-NCEP) re-
analysis (Kalnay et al. 1996). The advantage of using
the nudged model is that the effect of two parame-
terizations can be isolated in the new and original
AM4, as the nudging draws the model state close to
the reanalysis.

Figure 3 shows the latitude-altitude distribution of
in-cloud ice crystal concentration predicted in AM4
with the dust and temperature-dependent parame-
terization for ice nucleation in mixed-phase clouds,
where model N; is averaged zonally and for the period
2000-04 and does not include ice originating from ho-
mogeneous nucleation. The contour lines are shown for
concentrations from 0.1 to 10L~" (Fig. 3). The highest
N, contours are found in the middle troposphere over
high latitudes and in the tropical upper troposphere.
This distribution indicates the dominant role of 7 in
ice nucleation. The decrease of N; with altitude in the
upper troposphere is controlled by dust concentration
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values over 100 L~ (Fig. 4). The model results shown
in Fig. 3 are comparable to observed ice crystal con-
centrations in the Arctic, Antarctica and middle lati-
tudes (e.g., Kikuchi and Hogan 1979; Cooper 1986;
Pinto et al. 2001; Rangno and Hobbs 2001; McFarquhar
et al. 2007; Avramov et al. 2011; Lloyd et al. 2015;
Eidhammer et al. 2010; Mioche et al. 2017; Wolf et al.
2018). In particular, the observations are in better
agreement with the annual mean N; predicted with the
new parameterization than with the original Meyers
et al. (1992) parameterization (Fig. 4).

Figure 5 shows the differences between model re-
sults (new — original) averaged over 5 years from 2000
to 2004. The cloud ice water path (IWP) is increased
over the Arctic and Antarctica, but is decreased in other
regions (Fig. 5a). The largest decreases are found in the
extratropical storm tracks. The decreases in IWP reflect
smaller N; values than predicted by the original pa-
rameterization and a slower WBF process, while the
increases in IWP reflect enhanced transport of liquid
water to the poles, which subsequently freezes. The polar
troposphere is frequently cold enough (7' < —40°C; see
Fig. 3) for homogeneous ice nucleation, which does not
require a nucleus such as a mineral dust particle. The
LWP is increased at all latitudes with a pronounced
peak near 60°S (Fig. 5b), due to a slower WBF process
that transfers water molecules from supercooled liquid
drops to ice particles.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 07:06 PM UTC

0 5 10 15 20 60
Ni (L)
FIG. 4. The vertical distribution of ice crystal concentrations N;
averaged annually over the region from 70° to 85°N. The solid line
(“New” in the legend) shows in-cloud (all clouds) N; originating
from immersion freezing on mineral dust particles. The dashed line
(“M92” in the legend) shows the concentrations of ice nucleating
particles (INP) calculated based on mean temperatures 7: INP =
exp[0.1296 X (RH; — 100) — 0.639], where RH; (%) is the relative
humidity over ice at 7" and water saturation (Meyers et al. 1992).
M92 data for 7' < —40°C are not shown. The dotted line marks a
change of scale in the horizontal axis.
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An increase of supercooled liquid clouds results in
more shortwave (SW) radiation reflected at top of the
atmosphere (SWup; Fig. 5¢), which is partly compen-
sated by a reduction in the outgoing longwave radia-
tion (OLR,; Fig. 5d). The global 5-yr average absorbed
SW (SWabs) decreases from 242.1 to 236.6 Wm 2 and
OLR decreases from 238.0 to 235.9Wm 2, respec-
tively. These changes in SWabs and OLR with mag-
nitudes of several watts per square meter are significant
relative to Earth’s energy imbalance, which is on the
average 0.68Wm 2 net absorption in recent years
(von Schuckmann et al. 2016; Dieng et al. 2017). The
global 5-yr averages and changes for other diagnos-
tics are shown in the appendix (Table A1l). Pronounced
changes are shown for LWP and midlevel cloud amount
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FIG. 5. The zonal-mean differences (A indicates new minus original) in (a) ice water path (IWP), (b) liquid water
path (LWP), (c) reflected shortwave (SWup) at the top of the atmosphere, and (d) outgoing longwave radiation
(OLR), based on nudged AM4.0 simulations from 2000 to 2004 using the new and the original parameterizations

for ice crystal number concentrations.

as more supercooled liquid cloud is sustained in the new
model. Consequently, large changes are also estimated
for net radiation at the top of the atmosphere (TOA)
and for cloud radiative effects (Table Al).

The new parameterization may be evaluated with
multiple metrics of model performance using aircraft,
ground-based, and satellite observations including
cloud cover, IWP, LWP, radiative effects, and phase
partitioning. Here we focus on ice-liquid partitioning,
while model-observation comparisons for cloud cover,
IWP and LWP will be reported in the future. Multiple
studies have reported and analyzed global, regional
and seasonal distributions of ice fraction or liquid frac-
tion in clouds based on satellite measurements at fine
footprints that were averaged to larger grid boxes (Choi
et al. 2010; Hu et al. 2010; Cesana and Chepfer 2013;
Tan et al. 2014; Cesana et al. 2015; Hirakata et al.
2014; Huang et al. 2015). These data are ‘“‘presence’ or
“occurrence frequency’’ phase ratios (FPR) based on
satellite remote sensing. A comparison of the satellite
data with in situ aircraft observations shows 1) Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servations (CALIPSO) data lead to somewhat a better
representation of the cloud phase than passive sensor
retrievals and 2) they were in good agreement with
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in situ observations where both the lidar and the in situ
sensor were not limited due to either laser attenuation
for the lidar or precipitation contamination for the in
situ sensor (most likely at 7 < —10°C) (Cesana et al.
2016). We choose to compare model results with data
from the Global Climate Model-Oriented CALIPSO
Cloud Product (GOCCP) (Chepfer et al. 2010). This
dataset of ice fraction (FPR) is weighted toward
cloud-top conditions because the lidar does not pen-
etrate deep into optically thick clouds (Cesana et al.
2015). We follow Komurcu et al. (2014) to compare
mass phase ratio (MPR = ice/(ice + liquid), water
mass mixing ratios) from models with the FPR data
from CALIPSO-GOCCP. We also compare modeled
FPR estimated using a CALIPSO simulator with the
observations as in Cesana et al. (2015).

Figure 6 shows a comparison of ice fraction between
AM4.0 model results and the CALIPSO-GOCCP data.
The global-scale nighttime grid-average observations
(FPR) from 2007 to 2011 are averaged over temper-
ature bins of 3° (solid line in Fig. 6; “OBS” in the
legend) (Cesana and Chepfer 2013). One year of daily
instantaneous three-dimensional global fields of ice
water fraction (MPR) are similarly averaged for the
model results, and are shown by the dashed and dotted
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FIG. 6. The relationships between ice fraction and temperature.
Solid line (““OBS” in the legend) shows the occurrence frequency
phase ratio (FPR) observed by CALIPSO-GOCCP. Dashed and
dotted lines show the mass phase ratio (MPR) simulated in AM4.0
with the new parameterization of ice crystal concentration (‘‘new”’
and with Meyers et al. (1992) parameterization of ice nucleating
particle (as a proxy of ice crystals) concentration (‘“‘orig”), re-
spectively. The global-scale observations from 2007 to 2011 are
averaged by temperature bins of 3°C (Cesana and Chepfer 2013).
One year of daily instantaneous three-dimensional global fields of
ice fraction are similarly averaged for the model results. The me-
dian 7 is shifted by +0.2°C for the model results to better show the
standard deviations (vertical lines).

lines for the “new’” and “‘original”” parameterizations in
AMA4.0 (“‘new’” and “orig” in the legend), respectively.
The “new” results compare well with the observations,
and both of them show lower ice fractions than the
“original” results, most significantly from —30° to —10°C
(Fig. 6). This comparison suggests that one possible rea-
son that climate models underestimate liquid water
path may be related to the ice nucleation rate and ice
crystal number concentration and associated WBF
process (e.g., Lawson and Gettelman 2014; Vergara-
Temprado et al. 2018). Further comparisons of ice
fractions are presented in the appendix (Fig. AS8).
Itis noted that the good agreement between CALIPSO-
GOCCP and the new AM4 shown in Fig. 6 could be
fortuitous. Indeed, a better agreement is obtained
between the observations and original AM4 when a
lidar simulator is used to screen model output (Fig. 7a).
Ice fractions obtained for new AM4 with the simulator
are lower than the observations (Fig. 7a). Presently
AM4 does not explicitly consider ice clouds originat-
ing from heterogeneous ice nucleation at RH below
water saturation (i.e., deposition nucleation on dry
dust particles or immersion freezing on dust particles
with an aqueous shell) in the mixed-phase temperature
regime. Inclusion of these ice clouds in the model would
increase the average ice fraction, thus compensating for
the low bias shown in Fig. 7a. It is also likely that the
lidar simulator has underestimated the back scattering
by ice particles and thus FPR in the model. Liquid is
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F1G. 7. The relationships between ice fraction (FPR) and tem-
perature. (a) CALIPSO-GOCCP observations (OBS; solid line)
are compared to the original AM4 with the GOCCP lidar simulator
(dashed lines) and the new AM4 with the simulator (long-dashed
line). (b) The observations (solid line) are compared to the original
AM4 (blue lines) and the new AM4 (red lines) with different
thresholds for the identification of ice clouds (see the legend for
details; e.g., if ice mass fraction > 90%, then there is an ice cloud;
otherwise there is a liquid cloud; no lidar simulator).

often present in ice-containing grid boxes, which largely
affects the simulated perpendicular attenuated back-
scatter signal and results in grid boxes dominated by
liquid cloud occurrences even when the ice water con-
tent is larger than the liquid water content (Cesana et al.
2015).The simulator makes assumptions about the
number, size, shape and orientation for ice particles
(Cesana and Chepfer 2013), whose variations in space
and time are not readily accounted for.
Alternatively, we identify ice clouds in AM4 using a
threshold of ice mass fraction. If ice mass fraction in a
grid box is above this threshold the clouds are identi-
fied as ice, otherwise as liquid. We estimate the mean
FPR for temperature bins over all model grids with a
total condensate greater than 4 X 10 ®kgkg ™! for five
different thresholds (50%, 60%, 70%, 80% and 90%).
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F1G. 8. Contour lines drawn for an ice fraction of 0.9 in the
latitude—altitude space, based on annually and zonally averaged
phase ratios (solid: observation; dashed: new AM4.0; dotted:
original AM4.0). The CALIPSO-GOCCP data is read from
Cesana et al. (2015).

The results are compared to the CALIPSO-GOCCP
observations in Fig. 7b. The original AM4 results (blue
lines) show rapid increase of ice fraction between 0°
and —20°C and are larger than the observations (black
line). The new AM4 results (red lines) are generally
in better agreement with the observations, especially
for a 60% threshold and T between 0° and —15°C and
for a 70% threshold and T below —30°C.

Cesana et al. (2015) applied the CALIPSO-GOCCP
retrieval algorithm to model simulated cloud ice and
liquid water contents and found the temperature dif-
ference between mean FPR (simulated retrieval) and
MPR (straight model output) is about 2K when they
are both equal to 0.9, increasing as the ratios decrease.
Figure 8 shows the altitudes where observed and model
phase ratios (annual and zonal averages) are equal to
0.9 as a function of latitude. Smaller ratios are found
below and larger ratios above the lines. The contour
line predicted by the “‘original” AM4.0 is lower than
the observation (““Obs” in the legend) by about 2 km,
while the “‘new’”” AM4.0 is in good agreement with the
observation except at high latitudes in the Northern
Hemisphere (Fig. 8). It is noted that the modeled ratios
are also dependent on the terminal velocity of ice parti-
cles, which varies with particle size and habit. The com-
parison shown in Fig. 8 is thus subject to any uncertainty
in the calculation of ice sedimentation. Processes sub-
sequent to ice nucleation are at least as important in
determining phase (Komurcu et al. 2014).

S. Summary

In summary, we presented a new parameterization for
ice nucleation rate and number concentration based
on parcel model simulations with idealized conditions
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FI1G. Al. Different vertical profiles of w prescribed for the up-
draft in a stratocumulus cloud. The sign is inverted for the down-
drafts. Lines ““a” and “‘b” are two approximations of the average
updraft shown in Solomon et al. (2011), while line ‘““c”” resembles
that shown in Yang et al. (2013) and line *‘d” resembles that shown
in Roesler et al. (2017). Note that absolute values less than
0.04ms ™! are skipped to keep the parcel moving up and down in a
cellular convection.

for stratus and stratocumulus. This parcel model ap-
proach is admittedly not a reliable representation of
real clouds at all times. The discrepancies may arise
from different turbulence regimes, such as entrain-
ment (neglected in the parcel model), INPs other
than mineral dust (not considered in the parcel model
simulations), or different dust concentrations, mineral-
ogical compositions and size distributions. A mineral
dust and temperature-dependent parameterization
for ice nucleation in the mixed-phase region might
be expected to yield a more accurate accounting of
ice nucleating particles and ice crystal concentrations
and would therefore lead to improved cloud ice-liquid
partitioning, and consequently more accurate calculation

100

0.1F

245 250 255 260 265
T(K)

FIG. A2. Number concentration of ice crystals (time-weighted
column-average N; for D < 200 wm) in stratocumulus clouds as a
function of temperature (column-average 7). The lines (see leg-
end) connect simulation results with different vertical velocity
profiles (see Fig. A1). The symbols indicate the results with both ice
and liquid hydrometeors.
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FI1G. A3. As in Fig. A2, but for different cloud thicknesses.

of radiative fluxes, in future climate and weather models.
It is also useful for studying the role of dust emissions
in paleoclimate through cloud modification, in addition
to aerosol direct radiative effect and iron fertilization
of ocean primary productivity, which increases oceanic
uptake of carbon dioxide and emission of dimethylsulfide
(Bender 2013).

The new parameterization for ice nucleation in
mixed-phase clouds presented in this paper and in Fan
et al. (2017), as implemented in the GFDL atmospheric
model, version 4.0 (AM4.0), predicts thermodynamic
phase in good agreement with the CALIPSO-GOCCP
data when the model results for mass phase ratio (MPR)
and observations for frequency phase ratio (FPR) are
both averaged globally by temperature bins. However,
the model FPR results based on a CALIPSO simulator
are lower than the observations. Additionally, large
changes in model results are found from the original
to the new AM4.0 in cloud cover (not shown), ice and
liquid water paths, and reflected shortwave and outgoing
longwave radiation at the top of the atmosphere.
Further work is required in concert with other model
development activities, including the implementation
of ice nucleation in different cloud microphysics schemes,
assessment of sensitivity to parameters uncertainties,
and assessment of potential impacts of minor ice
nucleating particles and secondary ice particle pro-
ductions (Kanji et al. 2017). Continued model eval-
vation in the mixed-phase region is essential for
improvement of cloud-phase simulation. This may
be accomplished by comparisons of model results
with in situ and remote sensing measurements of
cloud ice and liquid water fractions and global and
seasonal observations of cloud cover, and ice and
liquid water paths.
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FI1G. A4. Number concentration of ice crystals (time-weighted
column-average ;) in stratocumulus clouds as a function of av-
erage temperature. The lines (see the legend) connect simulation
results for different critical sizes (200-500-um diameters) used to
divide ice and snow particles.
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with implementing the new parameterization for ice
nucleation in AM4.

APPENDIX

Sensitivity Simulations

Stratocumulus clouds may have different thicknesses
(H) and vertical velocity (w) profiles. In the following,
we compare model results of N; for four profiles of w

(Fig. A1), three maximum values of w (0.5,1.0,1.5ms ™",

- slal \mﬂ\\\
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FIG. A5. Number concentration of ice crystals (time-weighted
column-average N; for D < 200 um) in stratocumulus clouds as a
function of average temperature. The lines (see the legend) in-
dicate calculations using Eq. (5) for [dust] = 10, 2, 0.5, and
0.05 ugm ™ and using Eq. (6) based on Cooper (1986). The sym-
bols indicate parcel model results for different maximum vertical
velocities (see profile “a” in Fig. A1): a square for 0.5ms ™!, a circle
for 1.0ms !, and a triangle for 1.5 m s~ '. The horizontal line (N; =
40L7") is drawn for reference (approximately the maximum N;
for ice-liquid coexistence).
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FIG. A6. Common log of the rate of ice nucleation (time-
weighted column-average J; L™'s™!) as a function of average
temperature. The symbols indicate results from individual parcel

model simulations for different maximum vertical velocities (see

profile “a” in Fig. Al): a square for 0.5ms ™', a circle for 1.0ms ™",

and a triangle for 1.5ms™'. The lines indicate calculations using
Eq. (7) for [dust] = 10,2, 0.5, and 0.05 ug m > and using Eq. (8) for
the upper limit (long-dashed black line) below which mixed-phase
stratocumulus clouds may be sustained.

with profile “a” in Fig. A1), three specifications of H
(250, 550, 1150 m), and four critical sizes (D = 200, 300,
400, 500 wm) for ice—snow partitioning. We find that the
model results are close to that calculated using Eq. (5) or
Eq. (7) (Figs. A2-A6 ). Variations of N; with H may be
accounted for by offsetting T in Eq. (5), for instance,
lowering T from the column mean by ~1.5K for H =
1150m, or increasing 7 by ~0.5K for H = 250m
(Fig. A3). Similarly, the differences in N; between pro-
files “a” and “d” (Fig. A2) may be accounted for by
increasing 7 from the column mean by ~1K for profile
““d,” which is characterized by more rapid up and down
motions near the cloud top than near the bottom
(Fig. A1l). By contrast, the other profiles are symmet-
rical about the midheight.

Figure A7 shows the dependence of N; on initial/base
pressure P: the ratio of N; at P to N; at 950hPa has
approximately a 1:1 relationship with the ratio of P/950
at a temperature of 262 K (for [dust] = 2.0 ugm ). The
slope is slightly smaller at a higher temperature and
larger at a lower temperature. The values of N; calcu-
lated using Eq. (5), which is derived based on simula-
tions with an initial/base pressure of 950hPa, should
be scaled by the ratio of P/950 for different pressures.

Figure A8 shows the relationships between the ice
water fraction (mass phase ratio or MPR) and tem-
perature T for five latitude bands (90°-70°S, 70°-40°S,
40°S—40°N, 40°-70°N, 70°-90°N). When the Meyers
et al. (1992) parameterization is used, there are small
variations among the latitude bands in the relation-
ship between MPR and T (top panel). There are more
variations among the latitude bands when the new
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FIG. A7. The ratio of average V; at pressure P to that at 950 hPa
vs P/950. The solid line indicates a 1:1 relationship. The symbols
indicate simulation results at various temperatures and their mean
(see the legend).

parameterization is used (bottom panel). In particu-
lar, larger ice water fractions are simulated in the
40°S—40°N and 40°-70°N bands than in the other bands
from —30° to —10°C, because simulated concentrations
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FIG. A8. The relationships between ice water fraction and tem-
perature for five latitude bands (see the legend), based on AM4.0
simulations using (top) the Meyers et al. (1992) parameterization
and (bottom) the new parameterization.
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TABLE Al. Global 5-yr averages for selected AM4 results.

Variable Original AM4 New AM4 New minus original Description
LWP (gm™?) 42.55 57.17 14.62 Liquid water path
IWP (gm?) 47.74 4391 —3.83 Ice water path
CLD high (%) 38.18 39.00 0.82 High cloud cover
CLD mid (%) 18.68 20.54 1.86 Middle cloud cover
CLD low (%) 36.56 36.47 —0.09 Low cloud cover
LW CRE (Wm™?) 20.71 22.46 1.75 Longwave cloud radiative effect
SW CRE (Wm?) —54.17 —60.18 —6.01 Shortwave cloud radiative effect
SWhnet,toa (W mfz) 242.08 236.59 —5.49 Net SW at TOA
SWhet,surf (W m™?) 166.01 161.36 —4.66 Shortwave absorbed by surface
OLR (Wm™?) 238.03 235.94 -2.09 Outgoing longwave radiation
LWnet,surf (Wm ™ ?) 59.60 58.40 -1.21 Net longwave emitted by surface
Rnet,toa (Wm™?) 4.05* 0.65 —3.40 Net radiation at TOA
Precip (mm day ') 2.87 2.87 0.00 Precipitation

# A threshold mean droplet radius for the initiation of rain is specified to be7.0 um in both the original and new AM4.0 simulations as
in AM3 (Golaz et al. 2013), which was specified to be 8.5 um in Zhao et al. (2018a). This is causing a large Rnet in the ‘“‘original”

simulation.

of mineral dust are higher in the former bands than in
the latter bands (not shown). This result is generally
similar to the CALIPSO-GOCCP observations (Cesana
and Chepfer 2013). Table A1 compares global average
cloud and radiation properties in the new and original
AM4.0 simulations. High, middle, and low cloud cover
are calculated assuming overlaps decaying exponen-
tially with distance between cloud layers for cloud top
pressures <440, 440-680, and >680hPa, respectively
(Zhao et al. 2018b). Cloud radiative effects are calcu-
lated as the differences between all-sky and clear-sky
averages.
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