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Abstract. A statistical cirrus cloud scheme that accounts
for mesoscale temperature perturbations is implemented in a
coupled aerosol and atmospheric circulation model to better
represent both subgrid-scale supersaturation and cloud for-
mation. This new scheme treats the effects of aerosol on
cloud formation and ice freezing in an improved manner,
and both homogeneous freezing and heterogeneous freezing
are included. The scheme is able to better simulate the ob-
served probability distribution of relative humidity compared
to the scheme that was implemented in an older version of the
model. Heterogeneous ice nuclei (IN) are shown to decrease
the frequency of occurrence of supersaturation, and improve
the comparison with observations at 192 hPa. Homogeneous
freezing alone can not reproduce observed ice crystal num-
ber concentrations at low temperatures (<205 K), but the ad-
dition of heterogeneous IN improves the comparison some-
what. Increases in heterogeneous IN affect both high level
cirrus clouds and low level liquid clouds. Increases in cirrus
clouds lead to a more cloudy and moist lower troposphere
with less precipitation, effects which we associate with the
decreased convective activity. The change in the net cloud
forcing is not very sensitive to the change in ice crystal con-
centrations, but the change in the net radiative flux at the top
of the atmosphere is still large because of changes in water
vapor. Changes in the magnitude of the assumed mesoscale
temperature perturbations by 25% alter the ice crystal num-
ber concentrations and the net radiative fluxes by an amount
that is comparable to that from a factor of 10 change in the
heterogeneous IN number concentrations. Further improve-
ments on the representation of mesoscale temperature pertur-
bations, heterogeneous IN and the competition between ho-
mogeneous freezing and heterogeneous freezing are needed.
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1 Introduction

Cirrus clouds cover about 30% of the Earth’s area (Wang
et al., 1996; Rossow and Schiffer, 1999; Wylie and Men-
zel, 1999) and are important in maintaining the global ra-
diation balance (Ramanathan and Collins, 1991). They can
form through either homogeneous freezing or heterogeneous
freezing. Homogeneous freezing occurs through the freez-
ing of liquid solutions such as sulfate droplets (Koop et al.,
2000), and this usually occurs at low temperature and high
relative humidity over ice (RHi). In contrast, heterogeneous
freezing is mediated by insoluble solids (Pruppacher and
Klett, 1997) or surfactant layers (Zobrist et al., 2007) that
lower the energy barrier for the formation of an ice germ,
and therefore requires lower supersaturation and can occur at
higher temperatures. Aerosol particles that contribute such
surfaces and undergo heterogeneous freezing are termed ice
nuclei (IN). Mineral dust, carbonaceous, and metallic par-
ticles appear to be common heterogeneous IN (Chen et al.,
1998; DeMott et al., 2003; Cziczo et al., 2004; 2009).

Homogeneous freezing is believed to be the primary
mechanism for cirrus cloud formation in cold environments
with high updraft velocities (e.g., Heymsfield and Sabin,
1989; Cantrell and Heymsfield, 2005), but the presence of
heterogeneous IN can decrease the occurrence of homoge-
neous freezing because of the consumption of water vapor
that prevents the formation of the high RHi needed (e.g., De-
mott et al., 1997; Liu and Penner, 2005). This preventive
effect may significantly change cirrus cloud properties and
humidity in the upper troposphere. Heterogeneous freezing
from the small concentration of IN results in lower ice crys-
tal number concentrations and larger ice crystal particles than
those from homogeneous freezing, because of the dominance
of particles that act as homogeneous freezing particles in the
atmosphere. Jensen et al. (2008) suggested that it is likely
that the observed presence of rather large ice crystals near the
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tropical tropopause in very low concentrations results from
ice nucleation on effective heterogeneous IN. Heterogeneous
freezing may also change the frequency of occurrence of cir-
rus clouds because the required RHi is smaller and thus more
frequent in occurrence (Jensen and Toon, 1997). Haag and
Kärcher (2004) used a Lagrangian microphysical aerosol-
cloud model to show that the frequency of occurrence of thin
cirrus clouds can be changed significantly as a result of the
presence of a small number of IN at midlatitudes.

The calculation of the effect of heterogeneous IN on cirrus
cloud properties is complicated by the fact that small scale
dynamical processes play an important role in ice nucleation
in the upper troposphere (e.g., Heymsfield, 1977; Ström et
al, 1997; K̈archer and Str̈om, 2003; Haag and K̈archer, 2004;
Jensen and Pfister, 2004; Hoyle et al., 2005). Small scale
dynamical processes control the cooling rates within parcels
that form cirrus clouds, which, together with the ambient
temperature, determines whether heterogeneous or homoge-
neous freezing dominates. These processes are seen in mea-
surements of vertical velocity and ice crystal concentration
and ice water contents (Heymsfield, 1977) and in correla-
tions between temperature anomalies induced by equatorial
Kelvin waves and the occurrence of thin cirrus at the tropi-
cal tropopause (Immler et al., 2008). It has been suggested
that cirrus formation is at least as sensitive to changes in dy-
namical forcing patterns as to changes in the aerosol size and
number (K̈archer and Str̈om, 2003).

Global models have been used recently to study the effect
of homogeneous and heterogeneous freezing on cirrus cloud
properties (Lohmann and K̈archer, 2002; Hendricks et al.,
2005; Lohmann et al., 2008; Liu et al., 2009). In these stud-
ies, the individual GCMs were updated to allow supersatura-
tion with respect to ice, but cloud fraction was still diagnosed
based on grid-mean relative humidity and the same humidity
was assumed both inside and outside of cirrus clouds. This
leads to a cloud fraction that is either 0 (if ice nucleation
does not occur, and if ice crystals have not formed in the pre-
vious time step) or 1 (if ice crystals formed in the previous
time step) when the grid mean RHi is larger than 100%. Par-
tial cloud cover is only diagnosed when subsaturation sub-
sequently occurs. The representation of subgrid-scale fluc-
tuations of temperature, humidity, and cooling rates that are
believed to control the cirrus microphysical formation pro-
cess are highly simplified in these studies, since the effects of
subgrid-scale fluctuations are only represented in the calcula-
tion of ice crystal number concentrations and cloud fraction
only depends on the grid-mean relative humidity. These sim-
plifications limit the ability to study aerosol indirect effects
on cirrus clouds since effects on cloud fraction might actually
dominate the total radiative effects of changing aerosol.

To address the inconsistency between the diagnosis of
cloud fraction and the prediction of ice supersaturation,
Tompkins et al. (2007) used a prognostic cloud fraction
that is consistent with their predicted ice supersaturation in
the European Centre for Medium-Range Weather Forecasts

(ECMWF) Integrated Forecast System. This scheme uses
clear sky relative humidity to determine when ice freezing
occurs and how much cloud fraction increases. However, this
scheme has highly simplified ice microphysics (no ice crys-
tal number is predicted). Moreover, this study assumed vapor
saturation in cloudy air. In observations, both ice supersatu-
ration and subsaturation can occur in cloudy air (Ström et al.,
2003).

Kärcher and Burkhardt (2008, hereafter KB08) presented
a statistical cloud scheme for non-convective cirrus formed
by homogeneous freezing of supercooled aerosols, which
treats cloud growth and decay based on a subgrid-scale dis-
tribution of temperature and total water. The scheme is based
on separate probability distribution functions for total water
in the clear-sky and cloudy sky portions of each grid. These
distributions are based on in situ observations. Both sub- and
supersaturation conditions with respect to ice are allowed to
occur in cloud-free air and inside cirrus. This scheme was
tested in a box model in KB08, which produced nucleated ice
crystal number concentrations and ice crystal sizes in good
agreement with observations.

In this study, an extension of the cirrus cloud scheme
in KB08 is implemented in the updated version of NCAR
CAM3 (Liu et al., 2007a, hereafter LIU07) which has been
coupled with the LLNL/UMich IMPACT aerosol model
(Wang et al., 2009). We have modified the KB08 scheme
to include a simplified representation of both homogeneous
and heterogeneous freezing. Anvil clouds from convective
detrainment are also included and compete for water vapor
with large scale cirrus clouds. The coupled model and the im-
plementation of our extended version of KB08 are presented
in Sect. 2, and model results in the case of homogeneous
freezing only are shown in Sect. 3. The effects of changes
in the number of assumed heterogeneous IN and changes to
the assumed probability density function of the subgrid scale
temperature perturbations are examined in Sect. 4. Finally,
Sect. 5 summarizes our results and discusses directions for
further improvement of the model.

2 Model description and set-up of simulations

The fully coupled IMPACT aerosol model and NCAR CAM3
model (Wang et al., 2009) is used in this study. The two
model components of the coupled system are concurrently
run in MPMD (Multiple Processors Multiple Data) mode to
exchange aerosol fields and meteorological fields at each ad-
vection time step of the IMPACT model (Wang et al., 2009).

2.1 The IMPACT global aerosol model

In this study, the mass-only version of the Lawrence Liv-
ermore National Laboratory (LLNL)/University of Michi-
gan IMPACT model was used, which predicts aerosol mass,
but not number (Liu and Penner, 2002). We choose the
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mass-only version of the IMPACT model instead of the com-
plete aerosol microphysics version used in Wang et al. (2009)
because the mass-only version of the model is computation-
ally fast which allowed us to run more sensitivity studies.

The mass-only version of IMPACT includes prognos-
tic variables for sulfur and related species: dimethylsulfide
(DMS), sulfur dioxide (SO2), sulfate aerosol (SO2−

4 ), and
hydrogen peroxide (H2O2); aerosols from biomass burning
BC and organic matter (OM), fossil fuel BC and OM, natural
OM, aircraft BC (soot), mineral dust, and sea salt are also in-
cluded. Sulfate aerosol is divided into three size bins with
radii varying from 0.01–0.05 µm, 0.05–0.63 µm and 0.63–
1.26 µm, while mineral dust and sea salt are predicted in four
bins with radii varying from 0.05–0.63 µm, 0.63–1.26 µm,
1.26–2.5 µm, and 2.5–10 µm. Carbonaceous aerosol (OM
and BC) is currently represented by a single submicron size
bin. Emissions of primary particles and precursor gases, gas-
phase oxidation of precursor gases, aqueous-phase chem-
istry, rain-out and washout, gravitational settling, and dry
deposition are treated. The mass-only version of the IM-
PACT aerosol model driven by meteorological fields from
the NASA Data Assimilation Office (DAO) was included in
the AEROCOM (http://nansen.ipsl.jussieu.fr/AEROCOM/)
phase A and B evaluations (Kinne et al., 2006; Textor et
al., 2006; Schulz et al., 2006), where it has been extensively
compared with in situ and remotely sensed data for different
aerosol properties.

Emissions of aerosol species and their precursors are de-
scribed in detail in Wang et al. (2009). Anthropogenic sul-
fur emissions were from Smith et al. (2001, 2004), for the
year 2000 (61.3 Tg S per year). Anthropogenic emissions of
fossil fuel and biomass burning carbonaceous aerosols were
from Ito and Penner (2005) for the year 2000, but adjusted
as discussed in Wang et al. (2009). The sum of fossil fuel
and biofuel BC and OM emissions were 5.8 Tg BC and 15.8
Tg OM per year, and the open biomass burning BC and OM
emissions were 4.7 Tg BC and 47.4 Tg OM per year. Emis-
sions of BC from aircraft were 0.0034 Tg per year based on
the fuel use model of Lee et al. (2005) with emission fac-
tors from AERO2K (Eyers et al., 2004). Natural emissions
included volcanic SO2 (4.79 Tg S per year from Andres and
Kasgnoc, 1998), marine dimethyl sulfide (DMS) (26.1 Tg S
per year from Kettle and Andreae, 2000), OM from veg-
etation (14.5 Tg per year from Penner et al., 2001), and
mineral dust provided by Ginoux (private communication,
2004) for the year 1998 based on the algorithm of Ginoux et
al. (2001). Sea salt emissions (around 2560 Tg per yr) were
calculated online in the coupled CAM/IMPACT model using
the method defined in Gong et al. (1997).

Prescribed size distributions from observations were used
to calculate the number concentrations of sulfate, dust and
soot particles that are used in the ice particle nucleation pa-
rameterization described in Sect. 2.2. Sulfate particles were
assumed to have a lognormal size distribution with a mode
radius of 0.02 µm, a geometric standard deviation of 2.3 and

a density of 1840 kg/m3 (Jensen et al., 1994). For soot par-
ticles emitted from the Earth’s surface (i.e., biomass burn-
ing and fossil fuel combustion), we assumed a size distri-
bution with a mode radius of 0.07 µm, a geometric standard
deviation of 1.5 and a density of 1500 kg/m3(Pueschel et al.,
1992). Aircraft soot has a much smaller size with a mode
radius of 0.023 µm and a geometric standard deviation of 1.5
(Petzold and Schröder, 1998). The size distribution of dust
particles (Table S1 in the online supplemental material) is
taken from De Reus et al. (2000).

2.2 NCAR CAM3

The NCAR Community Atmospheric Model (CAM3) is
part of the Community Climate System Model 3 (CCSM3;
Collins et al., 2006a, b). The model predicts both cloud liq-
uid and cloud ice water (Boville et al., 2006). Cloud conden-
sate detrained from deep and shallow convection is added
into stratiform clouds. The gravitational settling as well as
large-scale transport of cloud condensate is separately treated
for cloud liquid and ice (Boville et al., 2006). However, in
the standard CAM3, the partitioning between cloud liquid
and cloud ice depends only on temperature (T ), and both
the cloud droplet number and ice crystal number used in
the cloud microphysics scheme are prescribed. Therefore,
CAM3 is not able to represent a variety of processes (e.g.,
the Bergeron-Findeisen process, ice nucleation, droplet nu-
cleation) that are important to the study of aerosol-cloud in-
teractions.

The standard CAM3 version was updated in LIU07, by
introducing a two-moment cloud microphysics scheme for
cloud ice, in which number concentrations are predicted by a
prognostic equation. The two-moment scheme treats ice nu-
cleation, coagulation, evaporation, and melting. LIU07 also
has a more physically-based representation of the liquid/ice
partitioning in mixed-phase clouds than that used in the stan-
dard version of CAM3. This is accomplished by explicitly
treating the liquid mass conversion to ice due to the deposi-
tonal growth of cloud ice at the expense of liquid water (the
Bergeron-Findeisen process) using the scheme of Rotstayn
et al. (2000). The cloud condensation and evaporation (C-
E) scheme of Zhang et al. (2003) which removes any super-
saturation above that of liquid water in the standard CAM3
is only used for liquid water in warm (T >0◦C) and mixed-
phase (−35◦C<T <0◦C) clouds. With these modifications,
supersaturation over ice is allowed in the upper troposphere.
The coupled model with the ice cloud treatment in LIU07
has been used to study the effects of aerosols on cirrus clouds
(Liu et al., 2009).

In LIU07, although supersaturation with respect to ice
is allowed, cirrus cloud fraction is still diagnosed based
on the grid-mean relative humidity, as described in Rasch
and Kristj́ansson (1998). This leads to an inconsistency
between increases in cirrus cloud fraction and new cloud
formation by ice nucleation. For example, new cloud
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formation by ice nucleation requires a RHi of about 125%
(heterogeneous freezing) or 150% (homogeneous freezing),
but the cloud fraction in LIU07 begins to increase at a RHi of
90%. This causes a large increase in the cirrus cloud fraction
in LIU07 (56.8%) compared to the standard CAM3 (32.2%).
Moreover, the grid-mean saturation ratio was used to initiate
the freezing parameterization in LIU07, although the effect
of mesoscale motions on ice crystal number concentrations
were accounted for using a sub-grid variation of the updraft.
Here, in order to treat cloud fraction and ice nucleation in an
improved manner, an extended version of the statistical cir-
rus cloud scheme of KB08 was implemented in CAM3. This
new scheme has subgrid-scale features for clear sky temper-
ature and in-cloud total water, and is more realistic since
it captures more of the sub-grid scale physics. Below we
describe how the new scheme is incorporated into CAM3.
Some important formulas other than those listed in this sec-
tion appear in Appendix A, and readers are referred to KB08
for more details.

In the new cirrus cloud scheme, the specific humidity in
both the clear sky areas (qve) and cloudy areas (qvc) within a
grid is predicted in the model. The specific humidity in the
clear sky area is used to determine whether ice nucleation oc-
curs and how much cloud fraction will increase as a result of
any freezing, while the specific humidity in the cloudy part of
the grid box is used to determine whether vapor deposition or
sublimation occurs and the amount of cloud fraction decrease
in the case of sublimation. The grid mean specific humidity
(qv) is calculated asaqvc + (1−a)qve, wherea is the cloud
fraction. The grid mean specific humidity is advected.

Cloud growth is determined by the mean specific humidity
in the clear part of a grid box using an assumed subgrid varia-
tion in the temperature profile. As shown in previous studies
(KB08; Hoyle et al., 2005; K̈archer and Str̈om, 2003; Haag
and K̈archer, 2004; Jensen and Pfister, 2004), the use of large
scale temperature fluctuations alone is not sufficient for ice
nucleation in cirrus clouds, so that the inclusion of mesoscale
temperature fluctuations from small scale motions such as
gravity waves are critical. These mesoscale temperature fluc-
tuations cover horizontal length-scales 1–100 km (Ström et
al., 1997; Bacmeister et al., 1999) and arise from a variety of
sources including gravity waves released by mesoscale con-
vective systems, high amplitude lee waves induced by high
mountain ridges, or high amplitude lee waves induced in the
area of jet streams and storm tracks (KB08). Even away
from main source areas, there are persistent background
of mesoscale temperature fluctuations driven by mesoscale
gravity waves (Gary, 2006; 2008).

In the new cirrus cloud scheme, a probability density func-
tion (PDF) of temperature is used to represent mesoscale
temperature perturbations in the clear sky portion of a grid.
The PDF of temperature (dPT /dT) is assumed to be a con-
strained normal distribution with a mean temperature (T0)
that is predicted by the GCM, and a standard deviation ofδT

that is prescribed (see Eq. A1 in Appendix A). This normal

distribution was shown to be an excellent approximation to
the mesoscale distribution of temperature in background con-
ditions in the middle latitudes of both hemispheres (KB08).
The PDF of the temperature distribution is then transformed
into a PDF of the saturation ratio (S) (dPS /dS) (Eq. A2) using
the saturation vapor pressure over pure hexagonal ice (Mur-
phy and Koop, 2005) and the mean specific humidity in the
clear sky part of the grid (qve). The portion of the distribution
that is located aboveScr is determinged by comparing the
PDF ofS with the freezing threshold saturation ratio (Scr ):

f (S >Scr) =

∫ S3+

Scr

dPS

dS
dS, (1)

whereS3+ is the upper bound of the saturation ratio over
whichdPS /dSis defined (see Eq. A2). Ice crystals form when
dPs/dSextends above the freezing threshold. Cloud fraction
increases from ice nucleation are defined as

1a = (1−a)f (S >Scr) (2)

where(1−a) is the clear sky fraction. The increase in the
grid-mean ice crystal number concentration (ni) from ice nu-
cleation is then

1ni = Ni1a, (3)

whereNi is the in-cloud ice crystal number concentration
from homogeneous and/or heterogeneous freezing, as dis-
cussed in detail later (Eqs. 6–11).

To calculateNi , vertical velocities or cooling rates are
needed, and are parameterized based on the probability dis-
tribution for δT . The mean cooling rate$ , induced by
mesoscale temperature fluctuations, was approximated by

$ [Kh−1
] = 8.2δT [K], (4)

in KB08; then the mean vertical velocity (w̄) is deduced by
assuming that the cooling takes place in a parcel lifting adi-
abatically. This cooling rate or vertical velocity is then used
to calculate the ice crystal number concentration. For ho-
mogeneous freezing, the resulting ice crystal number density
Ni homo was approximated as

Ni homo≈ 2n(w̄), (5)

wheren(w̄) is the ice crystal number concentration from the
homogeneous freezing parameterization for the vertical ve-
locity, w̄ (see KB08).

The mesoscale temperature model from Gary (2006; 2008)
is used to predictδT . This temperature model is based on
an analysis of more than 4000 aircraft flight hours taken by
the Microwave Temperature Profiler in the altitude range 7–
22 km and with a variety of underlying topography, spanning
the latitude range 70◦ S to 80◦ N. The model accounts for
the seasonal, latitude, topographic, and altitude dependence
of the temperature perturbation. For example, mesoscale
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temperature perturbations are greatest over mountainous ter-
rain, are greater at polar latitudes during winter and increase
with altitude in a systematic way. The altitude dependence
in the Gary formula is consistent with gravity wave theory
(Fritts and Alexander, 2003). The formula implemented in
our model is based on Eqs. (4) and (5) in Gary (2008) for the
SH and NH, respectively, but adds an altitude term (Eq. (3) in
Gary, 2008) and a topography term (Eq. (6) in Gary, 2006).
At 58.85 hPa, the Gary formula gives aδT in the range of
0.2 to 1.0 K. The mean cooling rate is calculated from the
temperature perturbation using Eq. (4) and the mean number
concentration for homogeneous freezing relies on Eq. (5).

We also extended the KB08 formulation to include the
competition between homogeneous and heterogeneous freez-
ing. When homogeneous freezing is the only freezing mode,
ice crystal number concentration from ice freezing (Ni homo)
and the threshold freezing saturation ratio (Scr homo) are pa-
rameterized based on Liu and Penner (2005), and used in
Eqs. (2) and (3) (withNi homo adjusted by a factor of 2, see
Eq. 5). We rely on the parcel model results of Liu and Penner
(2005) to account for the competition between homogeneous
freezing and heterogeneous freezing. Liu and Penner (2005)
showed that when the heterogeneous IN concentration (Nin)
is larger than a critical IN number concentration (Nin cr ), the
ice crystal number concentration is determined by heteroge-
neous freezing and there is a transition region for heteroge-
neous IN number concentrations fromNin cr /10 toNin cr , in
which ice crystal number concentrations gradually decrease
from those determined by homogeneous freezing to those de-
termined by heterogeneous freezing. When heterogeneous
IN concentrations are lower thanNin cr /10, ice crystal num-
ber concentrations are determined by homogeneous freezing.
Thus the cloud fraction increase and ice crystal number con-
centration increase in the scenario with both homogeneous
and heterogeneous freezing was defined as:

1a = (1−a)f (S >Scr homo), (6)

1ni = Ni homo1a, whenNin<Nin cr/10; (7)

1a = (1−a)f (S >Scr homo), (8)

1ni = Ni homhet1a, whenNin cr/10< Nin<Nin cr ; (9)

and

1a = (1−a)f (S>Scr hete), (10)

1ni = Ni hete1a+N i homo(1−a)f (S >Scr homo), (11)

whenNin>Nin cr .

whereScr hete is the heterogeneous freezing threshold sat-
uration ratio,Ni hete is the ice crystal number concentra-
tion from heterogeneous freezing, andNi homhet is the ice
crystal number concentration in the transition region which
takes into account the effects of heterogeneous IN on ice

crystal number concentrations from homogeneous freez-
ing. Scr hete,Ni hete, andNi homhet are calculated based on
Eqs. (4.4), (4.7), and (4.11) in Liu and Penner (2005), re-
spectively.Nin cr derived by Gierens (2003) is used.Ni homo
(increased by a factor of 2, see Eq. 5),Nin cr , Ni homhetand
Ni hete are evaluated at the average updraft velocityw̄. The
ice number from heterogeneous freezing is not multiplied by
a factor of 2, since the factor of 2 that is applied for homoge-
neous freezing is primarily used to account for the nonlinear
dependence of ice crystal number concentrations on vertical
velocity and since the number of ice crystals formed in an
environment dominated by heterogeneous freezing is not as
sensitive to changes in vertical velocity as those from homo-
geneous freezing.

An initial ice crystal mass of 10−12 kg is assumed for
newly formed ice particles. This is a simplification of the
treatment used in KB08. Because the time step of the GCM
is large (about half an hour), all supersaturation in newly
formed clouds is usually removed and the in-cloud satura-
tion ratio with respect to ice is close to 1.0, which makes the
initial ice crystal mass not important. After the removal of
the initial ice crystal mass, the remaining water vapor in the
new clouds is then moved into the cloudy portion of the grid
and the in-cloud specific humidityqvc is updated.

In cloudy areas, ice crystals grow through vapor deposition
and the in-cloud water vaporqvc is transferred to ice crystals
via gas phase diffusion,

(1qvc)dep= −(qvc −qsat){1−exp(−τ/τs)}, (12)

whereqsat is the saturation specific humidity,τ is the time
step, andτ s is the instantaneous relaxation time scale (see
Eq. A7), which determines how long the supersaturation
(Scr -1) lasts after freezing. The change in the grid averaged
ice water content through vapor deposition is−a(1qvc)dep.

Cloud decay is determined by the in-cloud specific humid-
ity, ice water content, and a PDF of the in-cloud total water
mass mixing ratio (qtotc) (see Eq. A9). In-cloud specific hu-
midity has a homogeneously distributed PDF in the form of
a delta function,δ(q-qvc). Therefore, the PDF of the total
water mass mixing ratio (dPqtot/dqtot) is determined by the
PDF of the in-cloud ice water content (see Eq. A8). Cloud
decay occurs when the in-cloud air becomes subsaturated (in-
cloud saturation ratioSc<1) due to warming or drying. This
subsaturation leads to the sublimation of ice crystals. The
smallest ice crystals experiencing the highest subsaturations
will completely sublimate first. The sublimation (1qvc) is
calculated based on Eq. (12) whenqvc is less thanqsat. The
cloud fraction decrease is determined by the portion of the
PDF of ice water in which ice water is less than1qvc, and is
calculated as:

1a = a

∫ qvc+1qvc

qvc

dPqtotc

qtotc
dqtotc (13)

= −erf(ξ)a,ξ = a1qvc/(qiπ
0.5),

www.atmos-chem-phys.net/10/5449/2010/ Atmos. Chem. Phys., 10, 5449–5474, 2010



5454 M. Wang and J. E. Penner: Cirrus clouds in a global climate model

where erf(x) is the error function (see Eq. A5). The change
in ice water content is determined by the following formula:

1qi = −qi[1−exp(−ξ2)+π0.5ξ{1−erf(ξ)}]. (14)

The decrease in ice crystal number concentration (1ni) is
assumed to be proportional to the cloud fraction decrease,
and is calculated as

1ni = ni1a/a. (15)

In the standard version of CAM3, detrained cloud water
is added to the large scale clouds along with the convective
cloud fraction (aconv) which is diagnosed from convective
mass fluxes (Boville et al., 2006). This is the case for warm
clouds and mixed-phase clouds treated in this study, where
cloud droplet and ice crystal number from detrained cloud
water are also added into the large scale clouds with assumed
volume mean radii (see the on-line supplemental material for
details). For cirrus clouds, detrained cloud ice mass and crys-
tal number are still added to the large scale clouds in the same
way as in warm and mixed-phase clouds. But since cloud
fraction in cirrus clouds is prognostic rather than diagnostic,
cloud fraction increases from the convective source are cal-
culated at each time step according to:

(1a)conv= (1−a)aconv, (16)

The factor 1−a in Eq. (16) appears because convective air
detrains simultaneously into cloud-free air, as well as into al-
ready existing clouds, ensuring realistic limits at zero cloud
cover and at cloud cover 1, following the same assumption
as in Tiedtke (1993). This new cloud is assumed to be at
saturation with respect to ice (the same assumption is used
in the standard CAM3, see Boville et al., 2006), which also
sets the upper limit of the cloud fraction increase from con-
vective cloud as(1−a)qve/qsat (i.e., the water vapor in the
new cloud ((1a)convqsat) will not exceed the available water
vapor in the clear sky(1−a)qve)). After the cloud fraction
from convective clouds is updated, the in-cloud specific hu-
midity is calculated as

qvc = (qvca+qsat(1a)conv)/(a+(1a)conv). (17)

In the standard CAM3 and the version updated in LIU07,
only the grid-mean specific humidity (q) is predicted, using:

∂q

∂t
= Aq −Q+Er , (18)

whereAq is the tendency of water vapor from processes other
than large-scale condensation and evaporation of cloud and
rain water,Q is the net condensation rate, andEr is the evap-
oration of rain water. In order to predict the in-cloud specific
humidity (qvc), we assume thatAq is uniformly applied to
the whole model grid cell, which is also the assumption made
in the condensation-evaporation scheme in CAM3 (Zhang et
al., 2003). The in-cloud specific humidity is then predicted

together with cloud fraction growth (from both large scale
and convective clouds), decay, and in-cloud vapor deposi-
tion/evaporation.

Both cloud ice mass and ice crystal number are advected
as in LIU07. The tendencies of cloud ice mass (Aqi) and ice
crystal number (Ani) from processes other than large-scale
formation or decay of clouds, detrainment, and sedimenta-
tion are also assumed to be uniformly applied to the whole
model grid cell. It is assumed that the part of these tendencies
that falls into the clear sky portion of the grid is evaporated
(the same assumption as that used in Zhang et al., 2003). For
simplicity, the cloud fraction predicted here is not advected
(see Sect. 5 for further discussion of the effects of this sim-
plification). As a consequence, cloud ice may be advected to
grids that have no cloud fraction or partial cloud fraction. If
this is the case, the cloud ice that is advected into the clear
sky portion of the grid will be evaporated.

The treatment of ice crystal sedimentation follows that in
the NCAR CAM3 model (Boville et al., 2006). Sediment-
ing particles sublimate if they fall into the cloud free portion
of a layer. A maximum cloud overlap is assumed, so parti-
cles only sublimate if the cloud fraction is larger in the layer
above. Since the model does not treat partial cloud fraction
in the vertical direction, sedimentation is assumed to change
ice crystal number concentration but not cloud fraction.

The new cirrus cloud scheme described here is only ap-
plied to clouds with temperatures colder than−35◦C. For
clouds warmer than−35◦C, the treatment in LIU07 is used,
but with some updates. These include a prognostic liquid
droplet number equation that takes into account droplet ac-
tivation, coagulation, evaporation, and freezing, which, to-
gether with the ice cloud treatment, consists of a complete
set of equations for the two-moment treatment of cloud mi-
crophysics in NCAR CAM3. Also the direct conversion from
liquid to ice in mixed-phase clouds which was used in simu-
lating observed clouds in the Mixed-Phase Arctic Cloud Ex-
periment (M-PACE) in a single column model (Liu et al.,
2007b) and in a short-range weather forecasting approach
(Xie et al., 2008) was included. These updates are described
in the on-line supplement.

2.3 Set-up of simulations and experimental design

The simulations are described in Table 1. In “HOM”, only
homogeneous freezing on sulfate particles was considered.
Three cases are used to study how cirrus cloud properties
change with different IN concentrations. Since the freez-
ing capabilities of different aerosol particles acting as IN
are poorly understood, we simply use sensitivity tests to
study the effects of different aerosols as IN on cirrus clouds.
The same temperature perturbation as that used in the HOM
case is applied, but with 1%, 10%, and 100% of soot and
dust particles acting as heterogeneous IN in HMHT0.01IN,
HMHT 0.1IN, and HMHT1IN, respectively. The 1% value
is consistent with the report by Seifert et al. (2003) that
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Table 1. Descriptions of simulations.

Case names Descriptions

HOM Homogeneous freezing on sulfate particles.
HMHT 0.01IN Same as HOM, but 1% of soot and dust particles are included to act as heterogeneous IN.
HMHT 0.1IN Same as HMHT0.01IN, but 10 % of soot and dust particles acts as heterogeneous IN.
HMHT 1IN Same as HMHT0.01IN, but 100% of soot and dust particles act as heterogeneous IN.
HMHT 0.75dT Same as HMHT0.01IN, but temperature perturbation is decreased by 25%.
HMHT 1.25dT Same as HMTH0.01IN, but temperature perturbation is increased by 25%.

scavenging ratios were<1% in the INCA campaign. The
100% value represents the case where soot and dust parti-
cles are efficient IN, as assumed in some previous modeling
studies (e.g., Hendricks et al., 2005). Two additional cases
are used to study how different temperature perturbations
will change cirrus cloud properties. These two cases have
the same IN concentration as in the HMHT0.01IN case,
but temperature perturbations have been decreased/increased
by 25% in HMHT 0.75dT and HMHT1.25dT, respectively.
These results are also compared with the results from the
standard version of CAM3 (CAM3) and LIU07. In LIU07,
the treatment of ice clouds does not include the subgrid pa-
rameterization of supersaturation and cloud fraction used
here and the cloud droplet number concentrations in liquid
clouds are prescribed as in the standard version of CAM3.

We used 26 vertical levels and a horizontal resolution of
2×2.5 degrees for both the CAM3 and IMPACT models in
this study. The time step for CAM3 was 30 min, and the
time step for advection in IMPACT was 1 h. The finite vol-
ume dynamical core was chosen for CAM3. All simulations
used climatological sea surface temperatures, and the cou-
pled model was integrated for 5 years after an initial spin-up
time of four months.

3 Model results for the HOM case

Tables 2 and 3 show the annual global mean values for sev-
eral parameters in our simulations along with results from
the standard CAM3 and observations. The liquid water path
in the HOM simulation is 78 g/m2, much less than that sim-
ulated in LIU07 and in the standard CAM3, and close to the
observed range of 50–84 g/m2; this value is also close to that
simulated by Gettleman et al. (2008) in a modified version of
CAM3 that also includes a two moment cloud microphysics
treatment (74 g/m2). The large decrease in liquid water path
compared with that in LIU07 is mainly caused by the treat-
ment of the Bergeron-Findeisen process where ice crystals
grow at the expense of liquid droplets. As noted above,
this treatment has been changed to that of Xie et al. (2008)
where a direct conversion from liquid to ice is assumed. This
change results in a larger conversion rate from liquid to ice
in mixed-phase clouds (see the on-line supplement). Be-

cause ice crystals are more efficient at producing precipita-
tion, the inclusion of this process in the manner outlined here
decreases the liquid water path significantly compared to that
in LIU07.

In our simulations, cloud-top quantities (liquid droplet
and ice crystal number and radius) are estimated as seen
by satellite instruments using a modification of the maxi-
mum/random cloud overlap assumption that is used in the
radiative transfer calculations in the NCAR CAM3 (Collins
et al., 2001) to obtain the two-dimensional field (Quaas et
al., 2004). Cloud top quantities are sampled only for clouds
with optical depth larger than 0.3, and are also only sam-
pled once per day at the over pass time of MODIS Aqua
satellite (01:30 p.m., local time). For cloud droplet radius,
the samples are limited to warm clouds (cloud top temper-
ature larger than 273.16 K), and for ice crystal radius, the
samples are limited to cold cirrus clouds (cloud top tempera-
ture less than 238.16 K). Using this procedure, our simulated
cloud top droplet effective radius for warm clouds (cloud
top temperature>273.16 K) is 11.1 µm, which matches well
with AVHRR observations (11.40 µm), but is lower than that
from MODIS observations (15.7 µm). The column integrated
droplet number concentration averaged over 50◦ S–50◦ N is
2.3×1010/m2, and is underestimated compared with AVHRR
observations (4.0×1010/m2).

The ice water path is 21 g/m2, which is comparable to
satellite observations (Fig. 18 in Waliser et al., 2009). The
column integrated ice crystal number concentration is about
0.09×1010/m2, which is smaller than that predicted by
Lohmann et al. (2007) (0.1–0.7×1010/m2). The large differ-
ence mainly comes from the difference in the treatments of
mixed-phase clouds. In our model, mineral dust particles are
the only contact freezing IN, but in Lohmann et al. (2007),
both mineral dust and soot particles act as contact freezing
ice nuclei. Moreover, Lohmann et al. (2007) included an
immersion freezing scheme that has a freezing fraction of
1 for dust particles at temperatures lower than−15◦C and
has a freezing fraction of 1 for soot particles at temperatures
lower than−25◦C (Fig. 10 in Phillips et al., 2008). The
simulated ice crystal number concentration in mixed-phase
clouds in our model is generally less than 1/L, which is com-
parable to observations from the M-PACE field experiments
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Table 2. Annual global mean cloud properties and their interannual variations (standard deviations).

HOM HMHT 0.01IN HMHT 0.1IN HMHT 1IN HMHT 1.25T HMHT 0.75T LIU07 CAM3 Obs

LWPa 78.21±0.36 76.74±0.36 75.38±0.12 80.97±0.34 77.32±0.55 75.67±0.50 141 121 50–87
IWPb 20.94±0.05 21.02±0.04 21.07±0.09 21.46±0.04 21.06±0.06 20.91±0.11 21.8 15.6 26.7
Nc

d
2.31±0.020 2.26±0.015 2.22±0.013 2.41±0.014 2.28±0.015 2.22±0.012 # # 4

Nc
i

0.088±0.006 0.062±0.004 0.023±0.002 0.050±0.003 0.094±0.009 0.041±0.004 0.027 # #
rc
effl 11.09±0.01 11.09±0.02 11.09±0.02 11.07±0.01 11.08±0.00 11.11±0.00 # # 11.4–15.7

rd
effi 47.54±0.45 55.10±0.26 48.21±0.25 41.51±0.30 52.88±0.73 57.05±0.37 # # 25.21

Nd
itop 0.87±0.04 0.61±0.02 0.13±0.01 0.42±0.03 0.87±0.04 0.37±0.02 # # #

TCCe 66.07±0.15 66.83±0.09 67.92±0.13 68.18±0.11 66.59±0.11 67.31±0.17 77.90 58.6 65–67
TCCHGHe 35.41±0.14 38.30±0.12 39.94±0.11 39.67±0.13 37.61±0.17 39.39±0.17 56.80 32.2 21
TCCLOWe 44.59±0.13 44.22±0.09 43.83±0.14 45.22±0.12 44.40±0.16 44.05±0.13 # # #

a The liquid water path (LWP, g/m2) observations are from SSM/I (for the years 1987–1994, Ferraro et al., 1996; for August 1993 and January 1994, Weng and Grody, 1994; and
for August 1987 and February 1988, Greenwald et al., 1993) and ISCCP for the year 1987 (Han et al., 1994). SSM/I data are restricted to oceans.
b Ice water path (IWP, g/m2) has been derived from ISCCP data for the years 1983–2000 (Storelvmo et al., 2008).
c Nd and Ni refer to the vertically integrated cloud droplet and ice crystal number concentration (1010/m2), andreffl (µm) refers to the cloud top effective radius. Observations of
Nd are obtained from ISCCP for the year 1987 (Han et al., 1998) and observations ofreffl are obtained from ISCCP for the year 1987 (Han et al, 1994) and from MODIS (version
4) for the year 2001 (Platnick et al., 2003), and are limited to 50◦ N to 50◦ S.
d reffi and Nitop refer to ice crystal radius and number at the top of cirrus clouds, respectively. Observations ofreffi are from MODIS data (version 4) for the year 2001.
e Total cloud cover (TCC) was obtained from ISCCP for the years 1983–2001 (Rossow and Schiffer, 1999) and MODIS data for the years 2001-2004 (Platnick, 2003). High cloud
cover (TCCHGH) was obtained from ISCCP data for the years 1983–2001. TCCLOW refers to low level cloud cover.

Table 3. Annual global mean shortwave cloud forcing (SWCF, W/m2), longwave cloud forcing (LWCF, W/m2), net cloud forcing
(CF, W/m2), total precipitation (Ptot, mm/day), convective precipitation (Pcov, mm/day), water vapor mass (WVM, kg/m2), net incom-
ing radiation at the top of the atmosphere (FNT, W/m2), and clear sky net long wave radiation at the top of the atmosphere (FLNTC, W/m2,
negative values mean outgoing) and their interannual variations (standard deviations).

HOM HMHT 0.01IN HMHT 0.1IN HMHT 1IN HMHT 1.25T HMHT 0.75T LIU07 CAM3 Obs

SWCFa
−52.30±0.11 −51.02±0.21 −50.29±0.12 −54.27±0.13 −51.61±0.25 −50.33±0.28 −59.1 −54.6 −47 to−54

LWCFa 27.28±0.09 25.90±0.10 25.37±0.02 29.64±0.05 26.75±0.12 25.04±0.08 31.9 30.6 29 to 30
CF −25.02±0.05 −25.12±0.13 −24.92±0.11 −24.63±0.10 −24.85±0.27 −25.28±0.22 −27.2 −24.0 #
Ptotb 2.87±0.008 2.90±0.005 2.94±0.004 2.84±0.007 2.88±0.009 2.92±0.008 # # 2.61
Pcov 1.92±0.005 1.95±0.005 2.00±0.007 1.86±0.005 1.93±0.003 1.98±0.002 # # #
WVMc 24.48±0.05 24.15±0.04 23.88±0.04 24.97±0.04 24.37±0.04 24.02±0.04 # # 22.80
FNT 3.21±0.32 2.63±0.28 1.69±0.04 3.37±0.21 3.23±0.34 2.19±0.43 # # #
FLNTC −260.97±0.27 −261.42±0.25 −262.51±0.11 −261.30±0.28 −261.14±0.31 −261.66±0.20 # # #

a The shortwave (SWCF) and longwave cloud forcing (LWCF) observations are taken from ERBE for the years 1985–1989 (Kiehl and Trenberth, 1997) and CERES for the
years 2000–2005 (http://science.larc.nasa.gov/ceres). b Total precipitation (Ptot) observations are taken from the Global Precipitation Data Set for the years 1979–2002 (http:
//precip.gsfc.nasa.gov). c Water vapor mass (WVM) data is from MODIS for the years 2001–2004 (King et al., 2003).

(McFarquhar et al., 2007). The average cloud top ice crystal
radius for cold cirrus clouds (cloud top temperature less than
−35◦C) is 47.5 µm, larger than that observed by the MODIS
instrument (25.21 µm).

The total cloud fraction is 66% which is comparable to that
observed from ISCCP and MODIS (65–67%), but is lower
than that from HIRS (75%). The high level cloud fraction is
35%, which is comparable to that observed by HIRS (33%)
but larger than that from ISCCP (21%). HIRS measures more
optically thin clouds (with an optical depth detection limit of
around 0.1) than those from ISCCP (with an optical depth
detection limit of around 0.3), and is more representative for
high level clouds (Wylie and Menzel, 1999). The new cirrus
cloud scheme simulates significantly fewer high clouds than
LIU07 and improves the model results compared with ob-

servations. Shortwave cloud forcing is−52 W/m2, which is
comparable to ERBE (−54 W/m2) and CERES (−47 W/m2)
observations. Long wave cloud forcing is 27 W/m2, which is
also comparable to ERBE (30 W/m2) and CERES (29 W/m2)
observations. The precipitation rate is 2.87 mm/day, slightly
higher than observations.

Figure 1 shows the annual average zonal mean liquid wa-
ter path over ocean, ice water path, cloud top in-cloud droplet
number concentration and droplet effective radius for liquid
clouds, cloud top in-cloud ice crystal number and effective
radius for cirrus clouds (for cloud top temperatures less than
−35◦C), shortwave cloud forcing, and longwave cloud forc-
ing. Cloud top droplet number concentrations have a strong
north-south contrast with a larger number concentrations in
the NH, which is consistent with data derived from MODIS
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Table 4. Comparison of measured ice crystal number concentration (“Obs”) during the INCA campaign (Gayet et al., 2004) over the SH
(Punta Arenas, Chile, in March/April) and over the NH (Prestwick, Scotland, in September/October) with those simulated from the prognostic
ice crystal equations in the model (unit: #/cm3).

HOMa HMHT 0.01IN HMHT 0.1IN HMHT 1INa HMHT 1.25dT a HMHT 0.75dT a Obsa

Chile, SH 0.20 (0.14–0.29)c 0.38b 0.15(0.13–0.22)c 0.13 (0.11–0.18)c 0.18 (0.14–0.26)c 0.17 (0.14–0.24)c 0.15(0.13–0.18)c 1.45 (0.58–3.01)c

Scotland, NH 0.20 (0.14–0.29)c 0.41b 0.13 (0.11–0.17)c 0.13 (0.11–0.18)c 0.24 (0.15–0.50)c 0.15(0.13–0.17)c 0.15(0.13–0.17)c 2.23(0.84–4.74)c

a Median values from the observations are shown. Model results are sampled every six hours over 60◦–50◦ S, 70◦–85◦ W, from March to May in Chile, and over 50◦–60◦ N,
10◦ W–5◦ E, from September to November in Scotland. Model results are restricted to pressure levels from 200 hpa to 300 hPa, and to temperatures from−35◦C to−60◦C.
b The second set of numbers of each location in the HOM case are median ice crystal number concentrations immediately after the initial homogeneous freezing.
c Numbers in parentheses represent the 25 to 75 percentile.

HMHT_1IN
HMHT_0.1IN

HMHT_0.01IN
HOM

LWP (g/m2) IWP (g/m2)

Nl (#/cm3) Ni (#/cm3)

Rl (micrometer) Ri (micrometer)

SWCF (W/m2) LWCF (W/m2)

Latitude Latitude

Figure 01Fig. 1. Annual average zonal mean liquid water path over ocean (LWP, g/m2), ice water path (IWP, g/m2), cloud top in-cloud liquid droplet
number concentration (Nl , #/cm3), cloud top liquid droplet effective radius (Rl , µm), cirrus cloud top in-cloud ice crystal number (Ni , #/cm3),
and cirrus cloud top ice crystal radius (Ri , µm), shortwave cloud forcing (SWCF, W/m2), and longwave cloud forcing (LWCF, W/m2) for
four cases: HOM, HMTH0.01IN, HMHT 0.1IN, HMHT 1IN. Observations for liquid water path, shortwave and longwave cloud forcing
are included as the dashed black line. Shortwave and longwave cloud forcing are from CERES data for the years 2000–2005 (http://science.
larc.nasa.gov/ceres), and liquid water path over ocean is from SSM/I data for the years 1987–2000 (http://www.ncdc.noaa.gov/oa/satellite/
ssmi/ssmiproducts.html).
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Figure 02 Fig. 2. Annual average zonal mean cloud fraction (CLOUD), temperature (K), grid-mean cloud liquid water content (CLDLIQ, mg/m3),
cloud ice water content (CLDICE, mg/m3), cloud liquid droplet number (LIQNUM, #/cm3), cloud ice crystal number (ICENUM, #/L) for
the HOM case.

observations (Quaas et al., 2006), and is mainly caused by
anthropogenic aerosols in the model. Correspondingly, cloud
top droplet effective radius has a larger value in the SH than
in the NH, which is consistent with the AVHRR observations
(Han et al., 1994). Liquid water path has larger values in the
middle latitude storm tracks over both hemispheres, which
is consistent with SSM/I data (Ferraro et al., 1996). The
ice water path has two peak values in the middle latitudes
of both hemispheres, which is consistent with ISCCP obser-
vations (Storelvmo et al., 2008). For cirrus clouds, cloud top
ice crystal number concentration is large over the tropics and
the two polar regions. The ice crystal effective radius has
two peaks in the middle latitudes of both hemispheres, with
minima in the tropics and the two polar regions. The min-
ima in the tropics is not consistent with MODIS data, which
have a larger ice crystal radius in the tropics than those in

the middle latitudes. Shortwave cloud forcing and longwave
cloud forcing have similar latitudinal variations to those of
the CERES observations, while the model underestimates
longwave cloud forcing in the SH from 25◦ S–45◦ S and in
the NH from 30◦ N–50◦ N.

Figure 2 shows annual average zonal mean latitude-
pressure cross sections for grid-averaged droplet number
concentration, liquid water content, ice crystal number con-
centration, and ice water content. Liquid water content
shows two peaks in the storm tracks of both hemispheres,
which extend into the middle troposphere. Liquid droplet
number concentrations show a similar pattern: two peaks
in the middle latitudes in both hemispheres, but the influ-
ence of anthropogenic aerosols is also evident: there is a
stronger peak in the NH than in the SH. For ice clouds, large
ice crystal number concentrations are found over the upper
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a) MLS   (mg/m3) b) HOM      Ice

c) HOM    Ice + Snow d) HMHT_0.01IN    Ice + Snow

Figure 03
Fig. 3. Annual average zonal mean(a) grid-averaged ice wa-
ter content that measured by the Aura MLS instrument,(b) grid-
averaged ice water content in HOM,(c) grid-averaged ice water
content + snow water content in HOM and (d) grid-averaged ice wa-
ter content + snow water content in HMHT0.01IN (mg/m3).

troposphere from tropical regions and at both poles. The
simulated grid mean ice crystal number concentrations are
comparable to results from Lohmann et al. (2007), except
that they simulated higher ice crystal number concentrations
in mixed-phase clouds, as mentioned above. Large ice wa-
ter content can be found in the lower troposphere over high
latitudes in both hemispheres and in the upper troposphere in
the tropics.

Ice water content (IWC) in the upper troposphere is com-
pared with that from the Microwave Limb Sounder (MLS)
onboard the Aura Satellite (Wu et al., 2006) in Fig. 3. The
MLS ice water content data have a vertical resolution of
∼3.5 km and a horizontal resolution of∼160 km for a sin-
gle MLS measurement along an orbital track (Wu et al.,
2006; 2009). The data used here for comparison are monthly
means from September 2004 to August 2005. In the model
results, both ice water and the sum of ice water and snow
water are shown since satellite measurements have difficul-
ties to distinguish ice water from snow water (Waliser et al.,
2009). Snow water is estimated from the diagnostic param-
eters of the production rate and evaporation rate of precip-
itation, following the comparison approach used in Gettle-
man et al. (2008). The model broadly captures the spatial
and zonal distribution of ice water content in the upper tro-
posphere, but the modeled ice water without snow underes-
timates the ice water content in tropical regions by a factor
of 2 to 4. Including snow water improves the comparison
with the MLS data, though ice water is still underestimated

a) ICNC     (#/cm3) b) Ni_homo

Figure 04Fig. 4. Annual average zonal mean(a) in-cloud ice crystal number
concentration (#/cm3) predicted by the prognostic ice crystal equa-
tion and(b) that calculated after the initial nucleation in the HOM
case.

in tropical regions. The model ice water content is larger at
the poles than in MLS data, a feature that is improved when
heterogeneous IN are included in the model (see Sect. 4.1.2).

Figure 4 shows annual average zonal mean latitude-
pressure cross sections for the in-cloud ice crystal number
concentration from the prognostic ice crystal equation and
that simulated immediately after the initial ice nucleation.
Ice crystal number concentration from the initial nucleation
of ice ranges from 0.1 to 10/cm3, and increases with increas-
ing altitude. The ice crystal number concentrations predicted
from the prognostic ice crystal equation are lower by a fac-
tor of 2 to 5 compared to the initial concentrations predicted
after ice nucleation, due to the impact of sublimation, gravi-
tational settling, precipitation removal, and advection.

Table 4 compares the simulated ice crystal number con-
centration from the prognostic ice crystal equation in the
HOM case with those measured during the INCA cam-
paign (Gayet et al., 2004). Ice crystal number concen-
trations were measured in middle latitude cirrus clouds at
temperatures ranging from−33◦C and−60◦C during the
INCA campaign over Punta Arenas in the SH (Chile, in
March/April) and over Prestwick in the NH (Scotland, in
September/October). Most flight patterns during the cam-
paign were designed to probe young cirrus clouds (Kärcher
and Str̈om, 2003). The PMS FSSP-300 optical particle
counter and the PMS 2D-C probe were used to measure par-
ticles with a size range of 3 µm to 800 µm in diameter. The
measured ice crystal number concentrations in the SH and
NH have a median of 1.4 and 2.2/cm3, respectively (Gayet
et al., 2004). Simulated median ice crystal number concen-
trations from the prognostic ice crystal equation in the HOM
case are 0.20/cm3 in the SH and NH, while freshly nucle-
ated ice crystal number concentrations are 0.38 and 0.41/cm3

in the SH and NH, respectively. Both simulated ice crys-
tal number concentrations and freshly nucleated ice crystal
number concentration are significantly lower than the ob-
served ice crystal number concentrations during the INCA
campaign. The underestimation may partially come from
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Fig. 5. In-cloud ice crystal number concentration (ICNC, #/cm3) and ice crystal effective radius (REI, µm) versus temperature. Model
results are sampled every six hours over six flight regions (Kiruna, Sweden in January and February; Hohn, Germany in November and
December; Forli, Italy in Octorber; Mahe, Seychelles, in February and March; Darwin, Australia, in November; Aracabuta, Brazil in January
and February) where the observation reported in Krämer et al. (2009) were collected (see Table 3 in Krämer et al. (2009) for the flight
information). The 50 percentile (green line), 25% percentile (blue line), and 75% percentile (red line) are shown for each 1 K temperature
bins. Model results (solid lines) are from the HOM case (a, b), HMHT0.01IN case(c, d), and HMHT 0.1IN case(e, f). Observations (dotted
lines) are from data used in Fig. 9 in Kramer et al. (2009).

the altitude-dependent Gary mesoscale temperature formula.
The Gary formula gives a mesoscale temperature perturba-
tion of less than 0.5 K at 200–300 hPa in the middle latitudes
of both hemispheres, which is smaller than that observed in
the INCA campaign (around 1 K, see KB08).

Figure 5 compares in-cloud ice crystal number concen-
tration (ICNC) and ice crystal effective radius (REI) versus
temperature in the HOM case with those observed in Krämer
et al. (2009) who examined aircraft in-situ observations of
ice crystal number concentrations from 28 flights in tropical,
midlatitude, and Arctic field experiments in the temperature
range of 183–250 K. FSSP 100 and 300 instruments were
used to measure the ice crystal number concentration. The
FSSP 100 and FSSP 300 samples particles in the size range
from 1.5–15 and 2–20 µm diameter, respectively. As shown
in Kramer et al. (2009), at least 80%, but typically 90% of

total ice crystal number concentrations are within the FSSP
size range. Model results were sampled every six hours over
the six regions reported in Krämer et al. (2009) (i.e. Kiruna,
Sweden in January and February; Hohn, Germany in Novem-
ber and December; Forli, Italy in October; Mahe, Seychelles,
in February and March; Darwin, Australia, in November;
Aracabuta, Brazil in January and February) (see Table 3 in
Krämer et al. (2009) for the flight information). The median,
25% percentile, and 75% percentile are shown for each 1 K
temperature bin. The measured ice crystal number concen-
trations decrease with decreasing temperature, with a median
value∼1.0/cm3 at 230 K and∼0.02/cm3 at 200 K.

In contrast, simulated ice crystal number concentrations
in the HOM case strongly increase with decreasing tem-
perature (the median ice crystal number concentration is
0.03/cm3 at 230K and 2.0/cm3 at 200 K). The HOM case
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Figure 06
Fig. 6. Frequency of occurrence of RHi in the SH middle latitudes (60◦ S–30◦ S) (SH MID, left panel), in the tropics (30◦ S–30◦ N) (TROPIC,
middle panel), and the NH middle latitudes (30◦ N–60◦ N) (NH MID, right panel) at 100–200 hPa (upper panel) and at 200–300 hPa (lower
panel) from all simulations listed in Table 1. Observations from MOZAIC data in the tropics and in the NH middle latitudes are also shown.

overestimates ice crystal number concentrations by 1 or 2
orders of magnitude at low temperatures (<205 K), and un-
derestimates ice crystal number concentrations at warm tem-
peratures (>205 K). The underestimation at warm tempera-
tures may be due to the small mesoscale temperature per-
turbation predicted by the Gary formula at lower altitudes,
as described for the comparison with the INCA measure-
ments. The overestimation at low temperatures is unlikely to
be caused by the Gary temperature perturbation since one ex-
pects increases in temperature perturbations with altitude, as
in the Gary model. The overestimation at low temperatures
was also seen in a parcel model study by Jensen et al. (2010)
who suggested that heterogeneous freezing could be the pri-
mary freezing mechanism in the tropical tropopause layer (at
low temperatures). As shown later in Sect. 4.1.2, the inclu-
sion of heterogeneous IN does improve the comparison with
the observations. The simulated ice crystal radius increases
with increasing temperature somewhat faster than that of the
observations.

Figure 6 shows the simulated PDF of RHi outside of cirrus
clouds within two layers (100–200 hPa, and 200–300 hPa)
and in three regions (the SH middle latitudes: 60◦ S–30◦ S;
the tropics: 30◦ S–30◦ N; and the NH middle latitudes:
30◦ N–60◦ N). One year of model results are sampled ev-
ery six hours. The PDF of the clear-sky RHi is calculated
based on the clear-sky mean RHi and the prescribed tem-
perature perturbations used in the model (Sect. 2.2, Eq. A2)
weighted by the clear sky fraction (1-a). Also shown in Fig. 6

is the PDF of RHi from the Measurement of Ozone and Wa-
ter Vapor by Airbus In-service Aircraft (MOZAIC) campaign
(Gierens et al., 1999) for the NH middle latitudes and the
tropics. MOZAIC data sampled both clear sky and cloudy
sky conditions. We only compared the RHi in clear sky con-
ditions because the model assumes a uniform distribution for
the in-cloud specific humidity and the large time step used in
the GCM makes the saturation ratio under cloudy sky con-
ditions very close to 1. In the clear sky, the RHi are sam-
pled across the whole PDF spectrum regardless of whether
the value of RHi exceeds the heterogeneous freezing or ho-
mogeneous freezing threshold. Thus, the RHi in clear skies
is overestimated to some extent.

The homogeneous freezing-only case (HOM) captures the
shape of the PDF of RHi from MOZAIC data to a reasonable
degree. RHi in the range from 20–100% occurs with large
frequency, and the frequency has an almost exponential de-
cay from RHi = 100% to around RHi = 150%, a feature that
is consistent with the MOZAIC data and is believed to be
mainly caused by temperature variations (Kärcher and Haag,
2004). Beyond 150%, the HOM case simulates a faster de-
cay of RHi than that in the MOZAIC data. This fast decay is
caused by the homogeneous ice freezing threshold RHi near
150%.

Figure 7 shows the geographical distribution of the fre-
quency of occurrence of ice supersaturation in clear sky
regions in the HOM case and from the Microwave Limb
Sounder (MLS) satellite data (Spichtinger et al., 2003) at
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Fig. 7. Annual-average frequency of occurrence of ice supersaturation from MLS data (upper panel) for the HOM case (lower panel) at
147 hPa (139 hPa for the model) (left panel) and 215 hPa (192 hPa for the model) (lower panel).

pressure levels 147 hPa (139 hPa is shown for the model) and
215 hPa (192 hPa is shown for the model). The frequency of
occurrence of ice supersaturation for a given grid point is cal-
culated as the number of samples with RHi > 100% divided
by the total number of samples for a given period (one year in
the model, September 1991 to June 1997 for the MLS data),
weighted by the clear sky fraction (1-a). In contrast to the
comparison with the MOZAIC data, the mean clear-sky RHi

instead of the subgrid-scale RHi in the model is used to cal-
culate the ice supersaturation frequency because of the large
field view of the MLS measurement (about 100×200 km2

perpendicular and parallel to the line of sight and 3 km verti-
cally).

At the 147 hPa level, the observed ice supersaturation oc-
curs most frequently in the tropics between 20◦ S and 20◦ N
and over Antarctica. Compared with the MLS data, the
model with only homogeneous freezing (HOM) reproduces
the observations well in terms of the spatial distribution, but
gives a higher ice supersaturation frequency than does the
MLS data. At the 215 hPa level, the observed ice super-
saturation occurs most frequently in the same regions as at
the 149 hPa level, although the high frequency ice supersatu-
ration regions also extend toward high latitudes at 215 hPa,
mainly over the storm track regions in both hemispheres.
The model produces a similar spatial distribution as that in
the MLS observations but with an even larger overestima-
tion than that at 147 hPa, and the ice supersaturation regions
extend even more towards high latitudes in the model. For
example, the model simulates a high frequency of ice super-
saturation occurrence in the SH storm track (around 45◦ S),
which is not present in the MLS observations. As pointed
out by Spichtinger et al. (2003), there are considerable data
gaps in the middle latitudes of the summer hemispheres in the

MLS data. This may prevent us from drawing further conclu-
sions about whether the simulated ice supersaturation regions
over the storm tracks at the 215 hPa level is reasonable or not.
To summarize the model performance regionally, averaged
supersaturation frequencies in five regions (global, Northern
Hemisphere, tropics, Southern Hemisphere, and Antarctic)
in both the MLS data and the model are shown in Fig. 8.
This confirms that geographical variations in supersaturation
frequency are broadly captured, but with a significant over-
estimation, especially at 215 hPa, a feature that is improved
when heterogeneous IN are included (Sect. 4.1).

4 Effects of heterogeneous IN and mesoscale
temperature perturbations

4.1 Effects of heterogeneous IN

The effects of heterogeneous IN on cirrus cloud proper-
ties are studied using three sensitivity tests: HMHT0.01IN,
HMHT 0.1IN, and HMHT1IN, in which IN concentrations
are assumed to be 1%, 10%, and 100% of the total num-
ber concentration of BC and dust particles, respectively, as
described in Table 1. The annual average zonal mean dis-
tributions of dust and BC number concentrations are shown
in Fig. 9. BC particles have a high concentration in the NH
upper troposphere (100 hPa to 400 hPa) with a range of 1–
10/cm3, caused by the larger anthropogenic emissions in the
NH. The number concentrations of BC particles in the up-
per troposphere decrease with latitude from north to south.
In the upper troposphere of the SH, the concentrations range
from 0.3 to 1/cm3. Dust particles are much lower in num-
ber concentration and there is a stronger gradient with alti-
tude from the surface to the upper troposphere than for BC
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Fig. 8. Regionally-averaged frequency of occurrence of ice su-
persaturation from MLS data and from three simulations: HOM,
HMHT 0.01IN, and HMHT0.1IN, (a) at 149 hPa (139 hPa for the
model) and at(b) 215 hPa (192 hPa for the model) over five regions:
Global (80◦ S–80◦ N), NH (Northern Hemisphere, 30◦ N–80◦ N),
TROPICS (30◦ N–30◦ S), SH (Southern Hemisphere, 55◦ S–30◦ S),
and Antarctic (80◦ S–55◦ S).

a) Soot       (#/cm3) b) Dust

Figure 09
Fig. 9. Annual average zonal mean(a) soot and(b) dust number
concentration (#/cm3).

particles because of their larger sizes and the lack of a source
in the upper troposphere. The number concentrations of dust
particles range from 0.001 to 1/cm3 in the NH upper tropo-
sphere, and range from 0.001 to 0.03/cm3 in the SH upper
troposphere.

4.1.1 Effects on humidity fields

Figure 6 shows the effect of heterogeneous IN on the fre-
quency of occurrence of RHi. At 100–200 hPa, heteroge-
neous freezing has little effect in the tropics and in the SH
when only 1% of soot and dust particles act as IN as in the
HMHT 0.01IN case, because the IN concentration is too low
in these regions to affect supersaturation levels. However, in
the NH middle latitudes, the IN concentration is large enough

to affect supersaturation levels and decreases the frequency
of occurrence of very high supersaturations due to their lower
threshold RHi which is assumed to be between 120–130%
in the parameterization of Liu and Penner (2005). At 200-
300 hPa, the effects of heterogeneous IN are significant at all
latitudes, and their effects are stronger in the NH than in the
SH. The hemispheric contrast in the PDF of the RHi in this
case is consistent with that observed in the INCA field cam-
paign (Haag et al., 2003). Homogeneous freezing occurs less
frequently when the IN concentration increases by a factor of
10 in the HMHT0.1IN case. In the tropics at 200–300 hPa,
and in the middle latitudes of the NH at both 100–200 hPa
and 200–300 hPa, heterogeneous freezing shuts off homoge-
neous freezing, as evidenced by the very low frequency of
RHi values higher than 150%. In the tropics at 100–200 hPa,
and in the middle latitudes of the SH, homogeneous freezing
still occurs but with a much lower frequency than that in the
HMHT 0.01IN case. Homogeneous freezing is shut down
almost everywhere in the HMHT1IN case when 100% of
the BC and dust particles act as heterogeneous IN.

The effects of heterogeneous IN can also be seen in
the simulated regionally averaged frequency of occurrence
of ice supersaturation at 139 hPa and 192 hPa in Fig. 8.
When 1% of dust and BC particles act as heterogeneous IN
(HMHT 0.01IN), the simulated supersaturation frequencies
decrease, with larger decreases over the NH than the SH, and
larger decreases at 215 hPa than at 147 hPa because of the
higher IN concentrations. For example, at 215 hPa, the sim-
ulated supersaturation frequencies in the HOM case and the
HMHT 0.01IN case are almost the same at SH middle lati-
tudes, but decrease from 13% in the HOM case to 6% in the
HMHT 0.01IN case in the NH middle latitudes. When het-
erogeneous IN concentrations increase by a factor of 10 in
the HMHT 0.1IN case, supersaturation frequencies in all re-
gions and at both 147 hPa and 215 hPa decrease significantly.
These model results show that ice microphysics is important
for simulating supersaturation frequencies in the upper tro-
posphere. Including heterogeneous IN decreases simulated
supersaturation frequencies in the model, and improves the
comparison with the frequencies of supersaturation from the
MLS data at 215 hPa. But this conclusion has to be treated
cautiously given the uncertainties associated with the MLS
retrievals. Read et al. (2001) showed that the global-averaged
accuracy of RHi from the MLS retrievals are 22% and 23%
at 147 hPa and 215 hPa, respectively.

4.1.2 Effects on cloud fields

Since heterogeneous freezing requires lower RHi, adding
heterogeneous IN leads to cloud fraction increases. Total
cloud fraction increases from 66.1% in the HOM case to
68.2% in the HMHT1IN case (Table 2).

Heterogeneous IN can significantly affect the simulated
ice crystal number concentrations, as shown in Fig. 5,
Fig. 10, and Tables 2 and 4. Figure 10 shows the annual
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a) HMHT_0.01IN b) HMHT_0.1IN c) HMHT_1IN

d) HMHT_0.75dT e) HMHT_1.25dT

Figure 10
Fig. 10. Annual average zonal mean ice crystal number concen-
tration (#/cm3) in all five cases that allow the competition between
homogeneous freezing and heterogeneous freezing. All cases are
described in Table 1.

average latitude-pressure cross sections of in-cloud ice crys-
tal number concentration in all cases where the competition
between homogeneous freezing and heterogeneous freezing
is allowed. The results show that in an environment dom-
inated by homogeneous freezing, the addition of heteroge-
neous IN decreases the ice crystal number concentration. In
both the HOM case and the HMHT0.01IN case homoge-
neous freezing dominates, as seen in the PDF of RHi (Fig. 6).
There is a 30% decrease in column-integrated ice crystal
number concentration from the HOM case (0.088×1010/m2)
to the HMHT 0.01IN case (0.062×1010/m2) and a 63% de-
crease from the HMHT0.01IN case (0.062×1010/m2) to the
HMHT 0.1IN case (0.023×1010/m2) (Table 2). On the other
hand, when the environment is dominated by heterogeneous
freezing, adding heterogeneous IN increases ice crystal num-
ber concentrations. There is a significant increase in ice
crystal number concentration in the HMHT1IN case com-
pared with that in the HMHT0.1IN case because heteroge-
neous freezing dominates in the HMHT0.1IN case (Fig. 10c
and Fig. 10b; Table 4). The column-integrated ice crys-
tal number concentration is doubled from 0.023×1010/m2 in
HMHT 0.1IN to 0.050×1010/m2 in HMHT 1IN (Table 2).
Our results show that the background ice freezing mode de-
termines the sign of the change in ice crystal number con-
centration from the addition of heterogeneous IN, which is
consistent with previous studies (e.g., Hendricks et al., 2005;
Penner et al., 2009).

If 1% of soot and dust particles act as heterogeneous
IN, there is little effect on the simulated ice crystal num-
ber concentrations at low temperatures (<205 K) but de-
crease ice crystal number concentrations at warmer temper-
atures (>205 K) compared to the HOM case, which makes
the comparison with observations somewhat less favorable

(Fig. 5c). When 10% of the BC and dust particles can act
as heterogeneous IN (Fig. 5e), the simulated ice crystal num-
ber concentration are significantly improved at low tempera-
tures (<205 K) in comparison with observations. This sug-
gests that if heterogeneous IN were to increase significantly
with decreasing temperatures (as in the Fletcher parameter-
ization), the model may be able to reproduce the Krämer et
al. (2009) observations.

Changes in the ice crystal number concentrations from
the addition of heterogeneous IN affect ice crystal radii
(see Fig. 1, Fig. 5, and Table 2). Larger ice crystal num-
ber concentrations lead to smaller ice crystal radii. The
HMHT 0.01IN case has larger ice crystal radii than those in
the HOM case because the HMHT0.01IN case has lower
ice crystal number concentrations (Fig. 1f). The HMHT1IN
case has the smallest ice crystal radii at the tops of cir-
rus clouds (41.5 µm in Table 2, and Fig. 1), although the
cloud top ice crystal number concentration is smaller than
that from the HOM case. This is due to differences in the
vertical profile of ice crystal number concentrations between
HMHT 1IN and HMHT 0.1IN. Although the HOM case has
larger column-integrated ice crystal number concentrations
than does HMHT1IN, the ice crystal number concentrations
in most regions where ice water content is large are smaller
(see Fig. 2).

Since ice crystal radius determines the settling velocity of
ice crystals, and since gravitational settling is a very impor-
tant removal mechanism for cirrus clouds in the upper tro-
posphere, changes in ice crystal radii lead to changes in cir-
rus cloud lifetimes and ice water content in the upper tropo-
sphere. One example is shown in Fig. 3. When ice crystal
number concentrations decrease from the HOM case to the
HMHT 0.01IN case, ice crystal radius increases, which in-
creases the gravitational settling and decreases the excessive
ice water simulated over the Arctic in HOM, thereby improv-
ing the comparison with MLS observations (compare Fig. 3c
and Fig. 3b).

The changes in cirrus clouds (ice crystal number concen-
trations and cloud fraction) also affect liquid clouds (Ta-
ble 2). Less ice crystal number concentration usually leads
to smaller liquid water path and low level cloud fraction. For
example, when ice crystal number concentration increases
from the HMHT 0.1IN case to the HMHT1IN case, the liq-
uid water path increases by 7% from 75.4 g/m2 to 81.0 g/m2.
Our results here are consistent with those of Wu (2002),
Grabowski (2000), Jakob (2002) and Sanderson et al. (2008).
Wu (2002) and Grabowski (2000) found that a model with
low ice crystal fall velocities would produce a more cloudy
and moist lower troposphere with less precipitation. The in-
creasing low level clouds and decreasing precipitation in our
simulations are associated with decreasing convective activ-
ity, as is evident from the decreased convective precipitation
rate (Table 3). For example, when ice crystal number con-
centrations increase from HMHT0.IN to HMHT 1IN, the
convective precipitation rate decreases from 2.00 mm/day in
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HMHT 0.1IN to 1.86 mm/day in HMTH1IN. This is con-
sistent with the findings of Jakob (2002) who showed that
a smaller settling velocity leads to less convective precipi-
tation and more liquid clouds. Less convective activity is
likely caused by the increased heating in the upper tropo-
sphere and decreased surface insolation caused by increased
cirrus clouds.

4.1.3 Effects on radiative fluxes

Changes in both the longwave and shortwave cloud forc-
ing closely follow changes in cirrus clouds (Tables 2 and
3). Larger ice crystal number concentrations usually lead
to smaller ice crystal radii and more ice water content in
the upper troposphere. More cirrus clouds also lead to a
larger liquid water path in the lower atmosphere (Sect. 4.1.2).
All these changes lead to a larger longwave cloud forcing
(warming) and larger shortwave cloud forcing (cooling). The
HMHT 0.1IN case simulates the smallest longwave cloud
forcing (26.22 W/m2) and the smallest shortwave cloud forc-
ing (50.65 W/m2) because it has the lowest ice crystal num-
ber concentration. The HMHT1IN case simulates the largest
longwave cloud forcing (54.3 W/m2) and the largest short-
wave cloud forcing (29.6 W/m2) because of its larger ice
crystal number concentration and larger cirrus cloud fraction.

The simulated net cloud forcing is less sensitive to changes
in cirrus clouds. Although both longwave and shortwave
cloud forcing are affected by changes in high level cirrus
clouds and lower level liquid clouds, changes in high level
cirrus clouds have a larger effect on longwave cloud forc-
ing and changes in low level liquid clouds have a larger ef-
fect on shortwave cloud forcing (e.g., Chen et al., 2000).
When column-integrated ice crystal number concentrations
decrease by 30% from the HOM case to the HMHT0.01IN
case, the net cloud forcing changes from−25.02 W/m2 to
−25.12 W/m2 so that a net cooling of 0.10 W/m2 is simu-
lated, which indicates that the cooling from the change in
the longwave cloud forcing dominates. But when columned-
integrated ice crystal number concentration decreases further
by 63% from the HMHT0.01IN case to the HMHT0.1IN
case, a net warming of 0.20 W/m2 is simulated, which in-
dicates that the warming from the change in the shortwave
cloud forcing dominates.

Although the net change in cloud forcing is relatively
small, the change in the net radiative fluxes (FNT) at the TOA
is large (Table 3), with a maximum change of 1.7 W/m2 be-
tween the four cases discussed here. The large changes in the
net radiative flux at the TOA mainly comes from the change
in clear sky longwave radiation (FLNTC) due to changes in
water vapor in the atmosphere, especially in the upper tro-
posphere. Fewer ice crystals lead to larger ice crystal radii,
which leads to shorter cloud lifetimes and therefore less wa-
ter vapor in the upper troposphere. Also, less heating from
fewer cirrus clouds cools the upper troposphere and leads to
lower temperatures (Fig. 11a) and to less water vapor in both

a) Temperature change        (K) b)  Relative change in qv (fraction)

Figure 11Fig. 11. Annual average zonal mean(a) temperature change (unit:
K) and(b) relative change in specific humidity (unit: fraction) from
the HMHT 0.01IN case to the HMHT0.1IN case.

the upper troposphere and stratosphere. The greenhouse ef-
fect of water vapor depends more on the relative change and
less on the absolute change in water vapor (Raval and Ra-
manathan, 1989). Although the absolute change in the wa-
ter vapor concentration in the upper troposphere is small be-
tween the different cases, the relative change can be large.
For example, the integrated water vapor mass from 100 hPa
to 300 hPa decreases by 10% from the HMHT0.01IN case
to the HMHT 0.1IN case (Fig. 11b), which contributes the
most to the clear sky longwave cooling of 1.1 W/m2. This
overrides the warming in the net cloud forcing and leads to a
net cooling of 0.94 W/m2 at the TOA. Stratospheric water va-
por also decreases significantly from the HMHT0.01IN case
to the HMHT 0.1IN case (∼32%). This change in strato-
spheric water vapor has little effect on the clear sky TOA
longwave radiative flux though it can have important effects
on the clear sky radiative fluxes at the tropopause (Forster
and Shine, 2002). A 1-D radiative transfer calculation with
a typical tropical profile in winter showed that a 32% de-
crease in the stratospheric water vapor leads to a cooling of
0.65 W/m2 at the tropopause.

4.2 Effects of mesoscale temperature perturbations

The effects of mesoscale temperature perturbations on simu-
lated cirrus cloud properties were examined in two additional
sensitivity tests (HMHT0.75dT and HMHT 1.25dT ).
These two cases have the same IN concentration as in the
HMHT 0.01IN case, but here the temperature perturbation
decreases or increases by 25%.

A 25% higher temperature perturbation in the
HMHT 1.25dT case leads to a 25% higher cooling
rate and vertical velocity since these latter two parameters
are proportional to the temperature perturbation in our
treatment (see Eq. (4) in Sect. 2.2). Higher cooling rates
and vertical velocities limit the influence of heterogeneous
IN, and lead to more homogeneous freezing, as seen in
the simulated PDF of RHi in the NH middle latitudes at
100-200 hPa and in all latitude bands at 200-300 hPa (Fig. 6),
and therefore lead to higher frequencies of RHi>150% than
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in the HMHT 0.01IN case. The opposite is true when
the temperature perturbation is decreased by 25% in the
HMHT 0.75dT case, which increases the influence of
heterogeneous IN and leads to less homogeneous freezing
(Fig. 6).

Simulated ice crystal number concentrations in
HMHT 1.25dT are higher than in HMHT0.01IN (com-
pare Fig. 10a and e; Table 4). The competition between
heterogeneous and homogeneous freezing coupled with
the higher cooling rate leads to higher ice crystal numbers
generated from homogeneous freezing. The column-
integrated ice crystal number concentration increases by
50% from 0.062×1010/m2 in the HMHT 0.01IN case to
0.094×1010/m2 in the HMHT 1.25dT case. The opposite is
true for the HMHT0.75dT case (compare Fig. 10a and d;
Table 4). Homogeneous freezing occurs less often and pro-
duces fewer ice crystals because of lower vertical velocities
so that the simulated column integrated ice crystal number
concentration decreases by 33% from 0.062×1010/m2

in the HMHT 0.01IN case to 0.041×1010/m2 in the
HMHT 0.75dT case.

The change in radiative fluxes depends on changes in ice
crystal number concentration, as discussed in Sect. 4.1.3. A
net warming of 0.43 W/m2 in the cloud forcing is simulated
in going from the HMHT0.75dT case to the HMHT1.dT

case, but this only contributes 40% to the increase in the sim-
ulated net TOA flux difference, which is 1.04 W/m2. The
remaining two thirds of the increase comes from the green-
house effect of increased water vapor in the upper tropo-
sphere, which results from an increase in the ice crystal num-
ber concentration.

The magnitude of the changes in column-integrated ice
crystal number concentration and radiative fluxes from dif-
ferent mesoscale temperature perturbations are comparable
to those simulated from different heterogeneous IN concen-
trations (Sect. 4.1.3). For example, a 25% decrease in the
temperature perturbation from the HMHT0.01IN case to the
HMHT 0.75dT case leads to a 33% decrease in column-
integrated ice crystal number concentration, a change in
the net cloud forcing of−0.16 W/m2, and a change in the
net TOA radiative flux of−0.44 W/m2, while a factor of
10 increase in the heterogeneous IN concentration from the
HMHT 0.01IN case to the HMHT0.1IN case leads to 63%
decrease in column-integrated ice crystal number concentra-
tion, a net cloud forcing of 0.20 W/m2, and the net TOA
radiative fluxes of−0.94 W/m2. This points to the impor-
tance of mesoscale dynamics and subgrid scale variations in
studying aerosol indirect effects on cirrus clouds (Haag and
Kärcher, 2004; Penner et al., 2009).

5 Summary and discussion

We implemented an extended version of the statistical cirrus
cloud scheme presented in KB08 in the NCAR CAM3 at-
mospheric circulation model component of the coupled IM-
PACT/CAM model. This cirrus cloud scheme has an as-
sumed subgrid scale temperature variation in the clear sky
and a subgrid scale variation of in-cloud water concentration
in the cloudy sky, and has an improved treatment for the nu-
cleation of ice crystals and cloud fraction. The KB08 scheme
is extended to include a simplified representation of both ho-
mogeneous and heterogeneous freezing. The coupled model
with the new cirrus cloud scheme is evaluated by compar-
ing model results with observations, and the effects of het-
erogeneous IN and mesoscale temperature perturbations are
examined using sensitivity tests.

The simulated model fields, including the liquid water
path, ice water path, shortwave cloud forcing, longwave
cloud forcing, cloud fraction, and precipitation are in rea-
sonable agreement with observations. The new cirrus cloud
scheme simulates significantly smaller high cloud fractions
than in LIU07, where cloud fraction was diagnosed as in the
standard CAM3 based on relative humidity. The simulated
total cloud fraction ranges from 66.1% to 68.2% in all cases,
and agrees well with observations. The simulated ice wa-
ter content in the homogeneous freezing only case (HOM)
broadly captures the spatial and zonal distribution of ice wa-
ter content in the upper troposphere from the MLS data, but it
underestimates ice water content in the tropics. The ice water
content simulated in this case also spreads more toward the
poles than in the MLS data, a feature that is improved when
1% of the BC and dust particles can act as heterogeneous IN.

When only homogeneous freezing is included in the
model, the simulated PDF of RHi outside of cirrus clouds has
an exponential decay from 100% RHi to 150% RHi which
agrees with MOZAIC in-situ data. Including heterogeneous
IN changes the PDF of the RHi significantly. When 1% of
the BC and dust particles act as heterogeneous IN with a low
threshold freezing humidity of about 120–130% RHi, the
frequency of occurrence of very high RHi at 100-200 hPa
in the NH middle latitudes and at 200–300 hPa in all lati-
tude bands decreases, but there is little effect in the SH and
tropics at 100–200 hPa. The simulated hemispheric contrast
in the PDF of the RHi in this case is consistent with that
observed in the INCA field campaign (Haag et al., 2003).
When heterogeneous IN concentrations are increased by a
factor of 10, the frequency of high RHi decreases signifi-
cantly in both hemispheres. The simulated frequency of su-
persaturation at 139 hPa and 192 hPa agrees well with satel-
lite observations in terms of its spatial distribution, but the
model overestimates the magnitude of the supersaturation
frequency when only homogeneous freezing is included, es-
pecially at 192 hPa. Including heterogeneous IN in the model
decreases the supersaturation frequency and improves the
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comparison with satellite observations at 192 hPa.
The simulated ice crystal number concentrations in the

middle latitudes of both hemispheres (Table 4) and at
warmer temperatures (>205 K) (Fig. 5) are underestimated.
This underestimation may point to problems with the Gary
mesoscale temperature formula at low altitudes. The altitude
dependence in the Gary formula predicts rather small tem-
perature perturbations in comparison with those observed in
the INCA campaign (Sect. 3). The altitude dependence in the
Gary formula was derived from data at two narrow altitude
regions (one is centered at 19.2 km, and the other is centered
at 11.4 km), and it is not clear whether this can be extended
to higher altitudes, due to wave breaking, for example. Given
the important role that temperature perturbations play in cir-
rus cloud formation (Sect. 4.2), we therefore see a timely
need for a refined parameterization of mesoscale motions in
global models. A refined approach will require not only a
better way to parameterize mesoscale temperature perturba-
tions, but also a better way to parameterize the cooling rate
or vertical velocity. The relationship between the mesoscale
temperature perturbation and cooling rate used in Eq. (4) is
derived from observations at NH midlatitudes, and may not
represent other locations. Subgrid vertical velocity and tem-
perature perturbations from orographic wave forcing have
been derived by Joos et al. (2008) and Dean et al. (2007),
respectively, to study orographic cirrus clouds. A better way
to treat orographic cirrus in our model would be to combine
the treatments in Joos et al. (2008) and Dean et al. (2007) to
predict both the subgrid-scale temperature perturbation and
the vertical velocity.

Simulated ice crystal number concentrations at lower tem-
peratures (<205 K) are overestimated by 1 or 2 orders of
magnitude when only the homogeneous freezing is included.
The addition of heterogeneous IN from 10% of soot and dust
particles improves the comparison with the observations.
This suggests that the heterogeneous freezing is needed to
reproduce the observed ice crystal number concentrations at
lower temperatures. In our sensitivity tests, we assumed soot
and dust particles have the same freezing capabilities, and
used them as surrogates for heterogeneous IN in the real
atmosphere. Atmospheric measurements showed that there
were very few soot or dust particles in crystal residues near
the tropical tropopause (Froyd et al., 2010), though biomass
burning soot particles may act as IN to some degree (Petters
et al., 2009; DeMott et al., 2009). Recent studies point to
the potential roles of solid ammonium (Abbatt et al., 2006;
Jensen et al., 2010) and organic glassy aerosols (Murray et
al., 2010) as heterogeneous IN at low temperatures. In our
sensitivity tests, we applied the same freezing fraction to dust
and soot particles at all temperatures. As shown in Phillips
et al. (2008), aerosol particles may have an increased freez-
ing fraction at lower temperatures. This could bring our pre-
dicted ice number concentrations into better agreement with
observations. However, further improvement in the under-
standing of heterogeneous IN in the atmosphere and their

representation in global models is needed in order to improve
the representation of ice number concentrations.

In an atmosphere dominated by homogeneous freezing,
as in the HOM and HMHT0.01IN cases, adding heteroge-
neous IN decreases ice crystal concentrations and increases
cirrus cloud fraction. This explains the 30% decrease in sim-
ulated column-integrated ice crystal concentration from the
HOM case to the HMHT0.01IN case, as well as the 63%
decrease from the HMHT0.01IN case to the HMHT0.1IN
case. On the other hand, in an atmosphere dominated by
heterogeneous freezing, as in the HMHT0.1IN case, adding
heterogeneous IN increases the ice crystal number concen-
tration and has little effect on the cirrus cloud fraction. This
explains the doubling of the simulated column-integrated ice
crystal number concentration in the HMHT1IN case com-
pared with that in the HMHT0.1IN case.

Changes in the ice crystal number concentration and cir-
rus cloud fraction from heterogeneous IN affect ice crystal
radius, ice water content, low level liquid clouds, and water
vapor in the atmosphere. More ice crystals lead to smaller
ice crystal radii and smaller ice settling velocities. This leads
to not only more ice water and more water vapor in the up-
per troposphere, but also to a more cloudy and more moist
lower troposphere with less precipitation. The increasing low
level clouds and decreasing precipitation with increasing cir-
rus clouds is associated with decreased convective activity,
as evident from decreased convective precipitation rate.

The net change in cloud forcing from heterogeneous IN is
less sensitive to changes in ice crystal number concentration
(a maximum change of 0.49 W/m2 in the net cloud forcing
is simulated from the HMHT0.01IN case to the HMHT1IN
case) because changes in both longwave and shortwave cloud
forcing tend to cancel. The net flux changes at the TOA are
mainly controlled by the change in upper tropospheric wa-
ter vapor which closely follows the change in cirrus clouds
(more ice crystals and more high level cloud amount lead to
more warming). A maximum change of 1.7 W/m2 is simu-
lated from the HMHT0.01IN case to the HMHT1IN case,
where the net cloud forcing change contributes 0.49 W/m2 to
this change, and the remaining 1.21 W/m2 is caused mostly
by the changes in the greenhouse effects of water vapor. The
large change in the greenhouse effect of water vapor may
point to a problem in studies of aerosol indirect effects on
cirrus clouds that only examine the change in cloud forcing.

Changes in mesoscale temperature perturbations also
change ice crystal number concentrations significantly.
Column-integrated ice crystal number concentrations in-
crease by 50% from the HMHT0.01IN case to the
HMHT 1.25dT case when the mesoscale temperature per-
turbation is increased by 25%, while it decreases by 33%
from the HMHT 0.01IN case to the HMHT0.75dT case
when the mesoscale temperature perturbation decreases by
25%. Changes in ice crystal number concentrations, and
radiative fluxes from a 25% change in the temperature
perturbation have a magnitude that is similar to those caused
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by a factor of 10 change in the heterogeneous IN concentra-
tions. This reinforces the importance of having a better rep-
resentation of mesoscale dynamic forcing in the treatment of
cirrus clouds and in studies of the indirect effects of aerosols
on cirrus clouds (Haag and Kärcher, 2004).

In this study, the KB08 scheme is extended to include a
simplified representation of both homogeneous freezing and
heterogeneous freezing. The challenge in representing both
homogeneous and heterogeneous freezing in GCMs is to re-
solve or parameterize the supersaturation levels which are
critical to predicting whether homogeneous or heterogeneous
freezing occurs. This is a difficult task, given the large GCM
time step. Separately tracking the cirrus cloud fractions gen-
erated from homogeneous freezing and heterogeneous freez-
ing may be helpful, but this may not be enough to solve the
challenge of predicting the correct supersaturation levels in
GCMs.

In this study, the prognostic cirrus cloud fraction is not ad-
vected. This simplification can potentially impose a physical
inconsistency between the simulated cloud fraction, and the
advected moisture and condensate fields, which may overes-
timate sublimation and affect relative humidity and ice crys-
tal number concentrations in the upper troposphere. But
since condensate fields are sublimated when they advect into
the clear sky part of an adjacent grid, and since our cloud
fraction responds in a physical way to the increase or de-
crease in moisture due to advection or sublimation, this po-
tential inconsistency does not cause the results to become ob-
viously unphysical. We note that many state of the art global
climate models still do not have physically consistent treat-
ments for all clouds.

It would be interesting to quantify the potential effects
of this simplification, but this is difficult given the current
model configuration. The main difficulty comes from the
diagnostic treatment of cloud fraction in warm and mixed-
phase clouds (warmer than−35◦C) and the lack of a consis-
tent treatment for cloud formation in these clouds. If cloud
fraction is advected, the advected cloud fraction cannot be
used in warm and mixed-phased clouds without changing the
parameterization of cloud formation in these clouds, since
cloud fraction in warm and mixed-phase clouds is currently
diagnosed. We attempted to advect only the cirrus cloud frac-
tion. But this introduced an inconsistency which occurred at
the boundary between mixed-phase clouds and cirrus clouds.
When only cirrus cloud fraction is advected, cloud fraction
can be added or subtracted from cirrus clouds in an adja-
cent grid zone, but the mixed-phase clouds in the adjacent
grids are not decreased or increased. It is not clear whether
the mixed-phase cloud fraction is somehow implicitly de-
creased or increased when only cirrus cloud fraction is ad-
vected since the warming/cooling and drying/moistening as-
sociated with the large scale transport may change relative
humidity and result in changes in the cloud fraction of the
mixed-phase clouds. In a test case, we advected cloud frac-
tion for all clouds (for the homogeneous freezing case), but

the advected cloud fraction was only used in cirrus clouds.
The model was integrated for 3 years. Including advection
of the cirrus cloud fraction increases the high level cloud
fraction from 35% to 39%, increases the column-integrated
ice crystal number concentration from 0.090×1010 m−2 to
0.170×1010 m−2, and increases the longwave cloud forcing
by 4 W/m2. This suggests that advecting cloud fraction can
be quite important. But given the inconsistencies between
cirrus and mixed-phase clouds introduced by this approach,
we have to be cautious in explaining these results. To include
the advection of cloud fraction in a physically consistent
manner for all clouds, a prognostic cloud fraction scheme for
all clouds is needed. Such an addition is beyond the scope
of this study. We expect to revisit this issue in the future
when a prognostic cloud fraction treatment for other clouds
is available in the NCAR CAM model.

Appendix A

Equations used in the cirrus cloud scheme

The key equations used in the cirrus cloud scheme of KB08
are listed in this Appendix, and readers are referred to KB08
for details.

The PDF of clear sky temperature is approximated by a
constrained normal distribution with mean temperature (T0)
and standard deviationδT :

dPT

dT
=

1

NT

1

δT

1
√

2π
exp{

−(T −T0)
2

2δT 2
}, (A1)

wheredPT /dT=0 outside ofT0±3δT andNT is a normal-
ization factor accounting for the finite limits over which
Eq. (A1) is defined.

By using the saturation vapor pressure over pure hexag-
onal ice which is calculated based on Murphy and Koop
(2005), the PDF of clear sky temperature is then transformed
into the PDF of clear sky saturation ratio (S):

dPs

dS
=

1

NS

1

σS

√
2π

1

S ln2(S/α)
(A2)

×exp[−βS{
1

ln(S/α)
−

1

ln(S0/α)
}
2
],

where βs = 1/(2σ 2
S ), σ S=δT /θ , θ = 6132.9 K, α = pv/φ,

φ = 3.4452×1010 hPa, andpv is the water vapor partial pres-
sure. S0 is the mean clear sky saturation ratio andNS is a
normalization factor, which is calculated as

NS =
1

2
(erf[

√
βS{

1

ln(S0/α)
−

1

ln(S3+/α)
}]) (A3)

−erf[
√

βS{
1

ln(S0/α)
−

1

ln(S3−/α)
}],
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whereS3+ and S3− are the upper and lower bounds ofS

at whichdPs /dS is defined (i.e.,dPs /dS= 0 outside of [S3−,
S3+]) andS3± is calculated as:

S3± ≈ S0exp(
±3δT θ

T 2
0

). (A4)

Here, erf(x) is the error function and is defined as:

erf(x) = (2/
√

π)

∫ x

0
exp(−t2)dt. (A5)

The in-cloud vapor deposition/evaporation is calculated as

(
∂qvc

∂t
)dep= −4πDNirβCφ(qvc −qsat) = −

qvc −qsat

τs

, (A6)

whereNi is the in-cloud ice crystal number concentration,
r is the volume mean radius,D is the diffusion coefficient
of water molecules in air,C and φ are the ice crystal ca-
pacitance and ventilation factors,β accounts for gas kinetic
corrections, andτ s is the instantaneous relaxation time-scale
given by:

τs =
1

4πDNirβCφ
. (A7)

C, φ, andβ are set equal to unity in this study. Integrat-
ing Eq. (A6) over a time stepτ yields the vapor deposition
formula given in Eq. (12).

The PDF of the in-cloud ice water content (qi) (dPqi /dqi)
is represented by the following formula:

qi

dPqi

dqi

=
2

√
π

(
qi

qi0
)exp{−(

qi

qi0
)2

}, qi0 =
√

πq̄i, (A8)

(A8) whereq̄i is the mean ice water content. This PDF of
in-cloud ice water content was shown to be a good approx-
imation of the cirrus ice water content observed over Punta
Arenas, Chile (Str̈om et al., 2003; KB08). The PDF of in-
cloud water vapor is assumed to be a homogeneous distribu-
tion in the form of a delta function. Therefore, the PDF of
the total water mass mixing ratio in cloudy areas (qtotc) is:

dPqtotc

dqtotc
=

2
√

π

1

q0
exp{−(

qtotc−qvc

q0
)2

}, q0 =
√

π
qi

a
, (A9)

whereqi /a denotes the simulated in-cloud ice mass mixing
ratio andqtotc≥qvc. This PDF for the total water mixing ratio
is used to calculate changes in cloud fraction and ice water
content by Eqs. (9) and (10), respectively.

Supplementary material related to this article is available
online at:
http://www.atmos-chem-phys.net/10/5449/2010/
acp-10-5449-2010-supplement.pdf.
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