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Abstract. A statistical cirrus cloud scheme that accounts1 Introduction

for mesoscale temperature perturbations is implemented in a

coupled aerosol and atmospheric circulation model to bette€irrus clouds cover about 30% of the Earth's area (Wang
represent both subgrid-scale supersaturation and cloud foet al., 1996; Rossow and Schiffer, 1999; Wylie and Men-
mation. This new scheme treats the effects of aerosol orzel, 1999) and are important in maintaining the global ra-
cloud formation and ice freezing in an improved manner,diation balance (Ramanathan and Collins, 1991). They can
and both homogeneous freezing and heterogeneous freezirigrm through either homogeneous freezing or heterogeneous
are included. The scheme is able to better simulate the obfreezing. Homogeneous freezing occurs through the freez-
served probability distribution of relative humidity compared ing of liquid solutions such as sulfate droplets (Koop et al.,
to the scheme that was implemented in an older version of th2000), and this usually occurs at low temperature and high
model. Heterogeneous ice nuclei (IN) are shown to decreaseelative humidity over ice (RH. In contrast, heterogeneous
the frequency of occurrence of supersaturation, and improvéreezing is mediated by insoluble solids (Pruppacher and
the comparison with observations at 192 hPa. Homogeneouklett, 1997) or surfactant layers (Zobrist et al., 2007) that
freezing alone can not reproduce observed ice crystal numlower the energy barrier for the formation of an ice germ,
ber concentrations at low temperature205 K), but the ad-  and therefore requires lower supersaturation and can occur at
dition of heterogeneous IN improves the comparison somehigher temperatures. Aerosol particles that contribute such
what. Increases in heterogeneous IN affect both high leveburfaces and undergo heterogeneous freezing are termed ice
cirrus clouds and low level liquid clouds. Increases in cirrusnuclei (IN). Mineral dust, carbonaceous, and metallic par-
clouds lead to a more cloudy and moist lower tropospherdicles appear to be common heterogeneous IN (Chen et al.,
with less precipitation, effects which we associate with the1998; DeMoitt et al., 2003; Cziczo et al., 2004; 2009).
decreased convective activity. The change in the net cloud Homogeneous freezing is believed to be the primary
forcing is not very sensitive to the change in ice crystal con-mechanism for cirrus cloud formation in cold environments
centrations, but the change in the net radiative flux at the towith high updraft velocities (e.g., Heymsfield and Sabin,
of the atmosphere is still large because of changes in watet989; Cantrell and Heymsfield, 2005), but the presence of
vapor. Changes in the magnitude of the assumed mesoscaleterogeneous IN can decrease the occurrence of homoge-
temperature perturbations by 25% alter the ice crystal numneous freezing because of the consumption of water vapor
ber concentrations and the net radiative fluxes by an amourthat prevents the formation of the high Rirkeded (e.g., De-
that is comparable to that from a factor of 10 change in themott et al., 1997; Liu and Penner, 2005). This preventive
heterogeneous IN number concentrations. Further improveeffect may significantly change cirrus cloud properties and
ments on the representation of mesoscale temperature pertiiumidity in the upper troposphere. Heterogeneous freezing
bations, heterogeneous IN and the competition between hofrom the small concentration of IN results in lower ice crys-
mogeneous freezing and heterogeneous freezing are needethl 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
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Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

5450 M. Wang and J. E. Penner: Cirrus clouds in a global climate model

tropical tropopause in very low concentrations results from(ECMWF) Integrated Forecast System. This scheme uses
ice nucleation on effective heterogeneous IN. Heterogeneouslear sky relative humidity to determine when ice freezing
freezing may also change the frequency of occurrence of ciroccurs and how much cloud fraction increases. However, this
rus clouds because the requirediR$ismaller and thus more scheme has highly simplified ice microphysics (no ice crys-
frequent in occurrence (Jensen and Toon, 1997). Haag anthl number is predicted). Moreover, this study assumed vapor
Karcher (2004) used a Lagrangian microphysical aerosolsaturation in cloudy air. In observations, both ice supersatu-
cloud model to show that the frequency of occurrence of thinration and subsaturation can occur in cloudy air@8tet al.,
cirrus clouds can be changed significantly as a result of the003).
presence of a small number of IN at midlatitudes. Karcher and Burkhardt (2008, hereafter KB08) presented

The calculation of the effect of heterogeneous IN on cirrusa statistical cloud scheme for non-convective cirrus formed
cloud properties is complicated by the fact that small scaleby homogeneous freezing of supercooled aerosols, which
dynamical processes play an important role in ice nucleatiortreats cloud growth and decay based on a subgrid-scale dis-
in the upper troposphere (e.g., Heymsfield, 1977¢18tet  tribution of temperature and total water. The scheme is based
al, 1997, Karcher and Sém, 2003; Haag and&tcher, 2004;  on separate probability distribution functions for total water
Jensen and Pfister, 2004, Hoyle et al., 2005). Small scalén the clear-sky and cloudy sky portions of each grid. These
dynamical processes control the cooling rates within parcelslistributions are based on in situ observations. Both sub- and
that form cirrus clouds, which, together with the ambient supersaturation conditions with respect to ice are allowed to
temperature, determines whether heterogeneous or homogeecur in cloud-free air and inside cirrus. This scheme was
neous freezing dominates. These processes are seen in measted in a box model in KB08, which produced nucleated ice
surements of vertical velocity and ice crystal concentrationcrystal number concentrations and ice crystal sizes in good
and ice water contents (Heymsfield, 1977) and in correla-agreement with observations.
tions between temperature anomalies induced by equatorial |n this study, an extension of the cirrus cloud scheme
Kelvin waves and the occurrence of thin cirrus at the tropi-in KB08 is implemented in the updated version of NCAR
cal tropopause (Immler et al., 2008). It has been suggested AM3 (Liu et al., 2007a, hereafter LIU0O7) which has been
that cirrus formation is at least as sensitive to changes in dycoupled with the LLNL/UMich IMPACT aerosol model
namical forcing patterns as to changes in the aerosol size anivang et al., 2009). We have modified the KB08 scheme
number (Karcher and Stm, 2003). to include a simplified representation of both homogeneous

Global models have been used recently to study the effecand heterogeneous freezing. Anvil clouds from convective
of homogeneous and heterogeneous freezing on cirrus cloudetrainment are also included and compete for water vapor
properties (Lohmann and&cher, 2002; Hendricks et al., with large scale cirrus clouds. The coupled model and the im-
2005; Lohmann et al., 2008; Liu et al., 2009). In these stud-plementation of our extended version of KB08 are presented
ies, the individual GCMs were updated to allow supersaturain Sect. 2, and model results in the case of homogeneous
tion with respect to ice, but cloud fraction was still diagnosedfreezing only are shown in Sect. 3. The effects of changes
based on grid-mean relative humidity and the same humidityin the number of assumed heterogeneous IN and changes to
was assumed both inside and outside of cirrus clouds. Thishe assumed probability density function of the subgrid scale
leads to a cloud fraction that is either O (if ice nucleation temperature perturbations are examined in Sect. 4. Finally,
does not occur, and if ice crystals have not formed in the preSect. 5 summarizes our results and discusses directions for
vious time step) or 1 (if ice crystals formed in the previous further improvement of the model.
time step) when the grid mean Rk$ larger than 100%. Par-
tial cloud cover is only diagnosed when subsaturation sub-
sequently occurs. The representation of subgrid-scale fluc2 Model description and set-up of simulations
tuations of temperature, humidity, and cooling rates that are
believed to control the cirrus microphysical formation pro- The fully coupled IMPACT aerosol model and NCAR CAM3
cess are highly simplified in these studies, since the effects ofnodel (Wang et al., 2009) is used in this study. The two
subgrid-scale fluctuations are only represented in the calculamodel components of the coupled system are concurrently
tion of ice crystal number concentrations and cloud fractionrun in MPMD (Multiple Processors Multiple Data) mode to
only depends on the grid-mean relative humidity. These sim-exchange aerosol fields and meteorological fields at each ad-
plifications limit the ability to study aerosol indirect effects vection time step of the IMPACT model (Wang et al., 2009).
on cirrus clouds since effects on cloud fraction might actually
dominate the total radiative effects of changing aerosol. 2.1 The IMPACT global aerosol model

To address the inconsistency between the diagnosis of
cloud fraction and the prediction of ice supersaturation,In this study, the mass-only version of the Lawrence Liv-
Tompkins et al. (2007) used a prognostic cloud fractionermore National Laboratory (LLNL)/University of Michi-
that is consistent with their predicted ice supersaturation ingan IMPACT model was used, which predicts aerosol mass,
the European Centre for Medium-Range Weather Forecastsut not number (Liu and Penner, 2002). We choose the
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mass-only version of the IMPACT model instead of the com- a density of 1840 kg/m(Jensen et al., 1994). For soot par-

plete aerosol microphysics version used in Wang et al. (2009)icles emitted from the Earth’s surface (i.e., biomass burn-
because the mass-only version of the model is computationing and fossil fuel combustion), we assumed a size distri-
ally fast which allowed us to run more sensitivity studies.  bution with a mode radius of 0.07 um, a geometric standard

The mass-only version of IMPACT includes prognos- deviation of 1.5 and a density of 1500 kg#fRueschel et al.,
tic variables for sulfur and related species: dimethylsulfide1992). Aircraft soot has a much smaller size with a mode
(DMS), sulfur dioxide (SQ), sulfate aerosol (Sb), and  radius of 0.023 um and a geometric standard deviation of 1.5
hydrogen peroxide (b0-); aerosols from biomass burning (Petzold and Sclider, 1998). The size distribution of dust
BC and organic matter (OM), fossil fuel BC and OM, natural particles (Table S1 in the online supplemental material) is
OM, aircraft BC (soot), mineral dust, and sea salt are also intaken from De Reus et al. (2000).
cluded. Sulfate aerosol is divided into three size bins with
radii varying from 0.01-0.05pum, 0.05-0.63 um and 0.63-2.2 NCAR CAM3
1.26 um, while mineral dust and sea salt are predicted in four
bins with radii varying from 0.05-0.63 um, 0.63-1.26 um, The NCAR Community Atmospheric Model (CAM3) is
1.26-2.5um, and 2.5-10um. Carbonaceous aerosol (ONart of the Community Climate System Model 3 (CCSM3;
and BC) is currently represented by a single submicron sizé€collins et al., 20063, b). The model predicts both cloud lig-
bin. Emissions of primary particles and precursor gases, gagdid and cloud ice water (Boville et al., 2006). Cloud conden-
phase oxidation of precursor gases, aqueous-phase chergate detrained from deep and shallow convection is added
istry, rain-out and washout, gravitational settling, and dryinto stratiform clouds. The gravitational settling as well as
deposition are treated. The mass-only version of the IM-large-scale transport of cloud condensate is separately treated
PACT aerosol model driven by meteorological fields from for cloud liquid and ice (Boville et al., 2006). However, in
the NASA Data Assimilation Office (DAO) was included in the standard CAM3, the partitioning between cloud liquid
the AEROCOM http://nansen.ipsl.jussieu.frfAEROCOM/ and cloud ice depends only on temperaturg, (and both
phase A and B evaluations (Kinne et al., 2006; Textor etthe cloud droplet number and ice crystal number used in
al., 2006; Schulz et al., 2006), where it has been extensivelghe cloud microphysics scheme are prescribed. Therefore,
compared with in situ and remotely sensed data for differentCAM3 is not able to represent a variety of processes (e.g.,
aerosol properties. the Bergeron-Findeisen process, ice nucleation, droplet nu-

Emissions of aerosol species and their precursors are desleation) that are important to the study of aerosol-cloud in-
scribed in detail in Wang et al. (2009). Anthropogenic sul- teractions.
fur emissions were from Smith et al. (2001, 2004), for the The standard CAM3 version was updated in LIUO7, by
year 2000 (61.3 Tg S per year). Anthropogenic emissions ofntroducing a two-moment cloud microphysics scheme for
fossil fuel and biomass burning carbonaceous aerosols wergloud ice, in which number concentrations are predicted by a
from Ito and Penner (2005) for the year 2000, but adjustedporognostic equation. The two-moment scheme treats ice nu-
as discussed in Wang et al. (2009). The sum of fossil fuelcleation, coagulation, evaporation, and melting. LIUO7 also
and biofuel BC and OM emissions were 5.8 Tg BC and 15.8has a more physically-based representation of the liquid/ice
Tg OM per year, and the open biomass burning BC and OMpartitioning in mixed-phase clouds than that used in the stan-
emissions were 4.7 TgBC and 47.4 Tg OM per year. Emis-dard version of CAM3. This is accomplished by explicitly
sions of BC from aircraft were 0.0034 Tg per year based ontreating the liquid mass conversion to ice due to the deposi-
the fuel use model of Lee et al. (2005) with emission fac-tonal growth of cloud ice at the expense of liquid water (the
tors from AERO2K (Eyers et al., 2004). Natural emissions Bergeron-Findeisen process) using the scheme of Rotstayn
included volcanic S@(4.79Tg S per year from Andres and et al. (2000). The cloud condensation and evaporation (C-
Kasgnoc, 1998), marine dimethyl sulfide (DMS) (26.1 Tg S E) scheme of Zhang et al. (2003) which removes any super-
per year from Kettle and Andreae, 2000), OM from veg- saturation above that of liquid water in the standard CAM3
etation (14.5Tg per year from Penner et al., 2001), ands only used for liquid water in warn(>0°C) and mixed-
mineral dust provided by Ginoux (private communication, phase {£35°C<T <0°C) clouds. With these modifications,
2004) for the year 1998 based on the algorithm of Ginoux etsupersaturation over ice is allowed in the upper troposphere.
al. (2001). Sea salt emissions (around 2560 Tg per yr) werd he coupled model with the ice cloud treatment in LIUO7
calculated online in the coupled CAM/IMPACT model using has been used to study the effects of aerosols on cirrus clouds
the method defined in Gong et al. (1997). (Liu et al., 2009).

Prescribed size distributions from observations were used In LIUQ7, although supersaturation with respect to ice
to calculate the number concentrations of sulfate, dust ands allowed, cirrus cloud fraction is still diagnosed based
soot particles that are used in the ice particle nucleation paen the grid-mean relative humidity, as described in Rasch
rameterization described in Sect. 2.2. Sulfate particles werand Kristinsson (1998). This leads to an inconsistency
assumed to have a lognormal size distribution with a modebetween increases in cirrus cloud fraction and new cloud
radius of 0.02 um, a geometric standard deviation of 2.3 andormation by ice nucleation. For example, new cloud
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formation by ice nucleation requires a RHf about 125%  distribution was shown to be an excellent approximation to
(heterogeneous freezing) or 150% (homogeneous freezingjhe mesoscale distribution of temperature in background con-
but the cloud fraction in LIUO7 begins to increase ata®RH  ditions in the middle latitudes of both hemispheres (KB08).
90%. This causes a large increase in the cirrus cloud fractiolThe PDF of the temperature distribution is then transformed
in LIUO7 (56.8%) compared to the standard CAM3 (32.2%). into a PDF of the saturation rati&)(dPs/dS (Eq. A2) using
Moreover, the grid-mean saturation ratio was used to initiatethe saturation vapor pressure over pure hexagonal ice (Mur-
the freezing parameterization in LIUO7, although the effectphy and Koop, 2005) and the mean specific humidity in the
of mesoscale motions on ice crystal number concentrationslear sky part of the gridg,.). The portion of the distribution
were accounted for using a sub-grid variation of the updraft.that is located abové,, is determinged by comparing the
Here, in order to treat cloud fraction and ice nucleation in anPDF of S with the freezing threshold saturation rati€.():
improved manner, an extended version of the statistical cir- 5
rus cloud scheme of KBO8 was implemented in CAM3. This F(S> Ser) :/ * dﬁds, 1)
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 Wewhere S3+ is the upper bound of the saturation ratio over

describe how the new scheme is incorporated into CAM3 whichdPs/dSis defined (see Eq. A2). Ice crystals form when

; . S ‘dPs/dSextends above the freezing threshold. Cloud fraction
Some important formulas other than those listed in this sec- . . )
X . . increases from ice nucleation are defined as
tion appear in Appendix A, and readers are referred to KB08

for more detallg. 3  Aa=1-a)f(S> Se) )
In the new cirrus cloud scheme, the specific humidity in
both the clear sky areag) and cloudy areasg;(.) withina  where(1—a) is the clear sky fraction. The increase in the
grid is predicted in the model. The specific humidity in the grid-mean ice crystal number concentratier) from ice nu-
clear sky area is used to determine whether ice nucleation ogsleation is then
curs and how much cloud fraction will increase as a result of
any freezing, while the specific humidity in the cloudy part of An; = N;Aa, (3)
the grid box is used to determine whether vapor deposition or . . ) )
sublimation occurs and the amount of cloud fraction decreas&here N; is the in-cloud ice crystal number concentration
in the case of sublimation. The grid mean specific humidity Tom homogeneous and/or heterogeneous freezing, as dis-
(gv) is calculated aggy. + (1 — a)qve, Wherea is the cloud ~ cussed in detail later (Egs. 6-11).
fraction. The grid mean specific humidity is advected. To calculaten;, vertical velocities or cooling rates are
Cloud growth is determined by the mean specific humidity needed, and are parameterized based on the probability dis-
in the clear part of a grid box using an assumed subgrid variatfibution for 7. The mean cooling rater, induced by
tion in the temperature profile. As shown in previous studiesmesoscale temperature fluctuations, was approximated by
(KBO08; Hoyle et al., 2005; Ercher and Stim, 2003; Haag 1
and Karcher, 2004; Jensen and Pfister, 2004), the use of IargleU[Kh 1=8.20T1K], )

scale temperature fluctuations alone is not sufficient for icein KB0S8; then the mean vertical velocitypf is deduced by

nucleation in cirrus clouds, so that the inclusion of mesoscalgyssuming that the cooling takes place in a parcel lifting adi-
temperature fluctuations from small scale motions such agpatically. This cooling rate or vertical velocity is then used
gravity waves are critical. These mesoscale temperature flugp calculate the ice crystal number concentration. For ho-

tuations cover horizontal length-scales 1-100 kmd@tet  mogeneous freezing, the resulting ice crystal number density
al., 1997; Bacmeister et al., 1999) and arise from a variety ofy; ..o was approximated as

sources including gravity waves released by mesoscale con-
vective systems, high amplitude lee waves induced by highw; nomo= 2n(w), (5)
mountain ridges, or high amplitude lee waves induced in the
area of jet streams and storm tracks (KB08). Even awaywheren(w) is the ice crystal number concentration from the
from main source areas, there are persistent backgroundomogeneous freezing parameterization for the vertical ve-
of mesoscale temperature fluctuations driven by mesoscallcity, w (see KB08).
gravity waves (Gary, 2006; 2008). The mesoscale temperature model from Gary (2006; 2008)
In the new cirrus cloud scheme, a probability density func-is used to predic§T. This temperature model is based on
tion (PDF) of temperature is used to represent mesoscalan analysis of more than 4000 aircraft flight hours taken by
temperature perturbations in the clear sky portion of a grid.the Microwave Temperature Profiler in the altitude range 7—
The PDF of temperaturalPr/dT) is assumed to be a con- 22 km and with a variety of underlying topography, spanning
strained normal distribution with a mean temperatufg) (  the latitude range 7@ to 80 N. The model accounts for
that is predicted by the GCM, and a standard deviatiot7of the seasonal, latitude, topographic, and altitude dependence
that is prescribed (see Eq. Al in Appendix A). This normal of the temperature perturbation. For example, mesoscale

cr
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temperature perturbations are greatest over mountainous tecrystal number concentrations from homogeneous freez-
rain, are greater at polar latitudes during winter and increaséng. S¢;_hete Ni_hete @nd N;_nomhetare calculated based on
with altitude in a systematic way. The altitude dependenceEqgs. (4.4), (4.7), and (4.11) in Liu and Penner (2005), re-
in the Gary formula is consistent with gravity wave theory spectively.Nj,_., derived by Gierens (2003) is used;_nomo
(Fritts and Alexander, 2003). The formula implemented in (increased by a factor of 2, see EQ. Ba_cr,» Ni_nhomhetand
our model is based on Egs. (4) and (5) in Gary (2008) for theN;_nhete are evaluated at the average updraft velogityThe
SH and NH, respectively, but adds an altitude term (Eq. (3) inice number from heterogeneous freezing is not multiplied by
Gary, 2008) and a topography term (Eq. (6) in Gary, 2006).a factor of 2, since the factor of 2 that is applied for homoge-
At 58.85hPa, the Gary formula givess@ in the range of  neous freezing is primarily used to account for the nonlinear
0.2 to 1.0K. The mean cooling rate is calculated from thedependence of ice crystal number concentrations on vertical
temperature perturbation using Eg. (4) and the mean numbaerelocity and since the number of ice crystals formed in an
concentration for homogeneous freezing relies on Eq. (5). environment dominated by heterogeneous freezing is not as
We also extended the KBO8 formulation to include the sensitive to changes in vertical velocity as those from homo-
competition between homogeneous and heterogeneous freegeneous freezing.
ing. When homogeneous freezing is the only freezing mode, An initial ice crystal mass of 102kg is assumed for
ice crystal number concentration from ice freezidg_fomo) newly formed ice particles. This is a simplification of the
and the threshold freezing saturation rafig.(homo) are pa-  treatment used in KB08. Because the time step of the GCM
rameterized based on Liu and Penner (2005), and used iis large (about half an hour), all supersaturation in newly
Egs. (2) and (3) (withV;_homo adjusted by a factor of 2, see formed clouds is usually removed and the in-cloud satura-
Eq. 5). We rely on the parcel model results of Liu and Pennettion ratio with respect to ice is close to 1.0, which makes the
(2005) to account for the competition between homogeneousnitial ice crystal mass not important. After the removal of
freezing and heterogeneous freezing. Liu and Penner (2008he initial ice crystal mass, the remaining water vapor in the
showed that when the heterogeneous IN concentraig) (  new clouds is then moved into the cloudy portion of the grid
is larger than a critical IN number concentratiofi{ ), the  and the in-cloud specific humidity,. is updated.
ice crystal number concentration is determined by heteroge- In cloudy areas, ice crystals grow through vapor deposition
neous freezing and there is a transition region for heterogeand the in-cloud water vapay,. is transferred to ice crystals
neous IN humber concentrations fra¥i,_.,/10 to Nin_c,, In via gas phase diffusion,
which ice crystal number concentrations gradually decrease
from those determined by homogeneous freezing to those dg-Agyc)dep= — (qvc — gsad{l—eXP(—1/75)}, (12)
termined by heterogeneous freezing. When heterogeneous
IN concentrations are lower thav, /10, ice crystal num- wheregsat is the saturation specific humidity, is the time
ber concentrations are determined by homogeneous freezin§teP, andr; is the instantaneous relaxation time scale (see
Thus the cloud fraction increase and ice crystal number conEd- A7), which determines how long the supersaturation
centration increase in the scenario with both homogeneou§Sc--1) 1asts after freezing. The change in the grid averaged

and heterogeneous freezing was defined as: ice water content through vapor depositior-8(Aduc) dep
Cloud decay is determined by the in-cloud specific humid-
Aa=1—-a)f(S> S, homo- (6) ity, ice water content, and a PDF of the in-cloud total water
mass mixing ratiodiotc) (see Eq. A9). In-cloud specific hu-
An; = N;_homoAa, WhenNin<Nin_¢r/10; (7) midity has a homogeneously distributed PDF in the form of
a delta function$(g-q,.). Therefore, the PDF of the total
Aa=(1-a)f(S> Scr_homo- (8) water mass mixing ratiodPqtot/doror) 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 rati§. <1) due to warming or drying. This
subsaturation leads to the sublimation of ice crystals. The
Aa=1—a) f(5>Ser _heto, (10)  smallest ice crystals experiencing the highest subsaturations
will completely sublimate first. The sublimatio’§,.) is
An; = Nj_nheteAa+N;_homdl—a) f(S> S, homo» (11)  calculated based on Eg. (12) when is less thanysa: The
whenNiy> Nin_er. cloud fr_actlon depreas_e is determm_ed by the portion pf the
PDF of ice water in which ice water is less thag,., and is

where S.-_hete is the heterogeneous freezing threshold sat-calculated as:

uration ratio, N;_nete iS the ice crystal humber concentra- DuetAdue g p

H H H H qtotc

tion from heterogeneous freezing, aMd nomnet IS the ice  Aa :a/ —=dgiote (13)
crystal number concentration in the transition region which qtotc

takes into account the effects of heterogeneous IN on ice= —erf(s)a,g:aAqu/(qino's),

An; = Ni_nomheda, WhenNin_c /10 < Nin<Nin_cr; 9)

and
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where erff) is the error function (see Eq. A5). The change together with cloud fraction growth (from both large scale
in ice water content is determined by the following formula: and convective clouds), decay, and in-cloud vapor deposi-
) 05 tion/evaporation.
Agi = —qi[1—exp(=§) + 6 {1—erf(§)}]. (14) Both cloud ice mass and ice crystal number are advected
as in LIUO7. The tendencies of cloud ice madg;( and ice
crystal number 4,,;) from processes other than large-scale
Sormation or decay of clouds, detrainment, and sedimenta-
tion are also assumed to be uniformly applied to the whole
An; =n;Aa/a. (15)  modelgrid cell. Itis assumed that the part of these tendencies
that falls into the clear sky portion of the grid is evaporated
In the standard version of CAM3, detrained cloud water (the same assumption as that used in Zhang et al., 2003). For
is added to the large scale clouds along with the convectivesimplicity, the cloud fraction predicted here is not advected
cloud fraction ¢..,,) Which is diagnosed from convective (see Sect. 5 for further discussion of the effects of this sim-
mass fluxes (Boville et al., 2006). This is the case for warmplification). As a consequence, cloud ice may be advected to
clouds and mixed-phase clouds treated in this study, whergrids that have no cloud fraction or partial cloud fraction. If
cloud droplet and ice crystal number from detrained cloudthis is the case, the cloud ice that is advected into the clear
water are also added into the large scale clouds with assumegky portion of the grid will be evaporated.
volume mean radii (see the on-line supplemental material for The treatment of ice crystal sedimentation follows that in
details). For cirrus clouds, detrained cloud ice mass and crysthe NCAR CAM3 model (Boville et al., 2006). Sediment-
tal number are still added to the large scale clouds in the saming particles sublimate if they fall into the cloud free portion
way as in warm and mixed-phase clouds. But since cloudof a layer. A maximum cloud overlap is assumed, so parti-
fraction in cirrus clouds is prognostic rather than diagnostic,cles only sublimate if the cloud fraction is larger in the layer
cloud fraction increases from the convective source are calabove. Since the model does not treat partial cloud fraction

The decrease in ice crystal number concentratiom ) is
assumed to be proportional to the cloud fraction decreas
and is calculated as

culated at each time step according to: in the vertical direction, sedimentation is assumed to change
ice crystal number concentration but not cloud fraction.
(Ad)cony= (1 —a)aconv, (16) The new cirrus cloud scheme described here is only ap-

plied to clouds with temperatures colder tha®5°C. For
detrains simultaneously into cloud-free air, as well as into al_glotud_str\]/varmer thzﬁf‘r’ C,Ttge trgatnpznt in L1UO7 |stys$d, id
ready existing clouds, ensuring realistic limits at zero clouddlrJ Vlwt nSCr)nT)erup a (;S'n th eis;ekmc il:ne a prog?]rt\?jsr ICI '?u'
cover and at cloud cover 1, following the same assumption, oplet number equation that fakes into accou oplet ac-
ttlvatlon, coagulation, evaporation, and freezing, which, to-

as in Tiedtke (1993). This new cloud is assumed to be ai other with the i loud treatment. consists of molet
saturation with respect to ice (the same assumption is usef®ne ce cloud treatment, consists of a complete

in the standard CAM3, see Boville et al., 2006), which also set of equations for the two-moment treatment of cloud mi-
sets the upper limit of the cloud fraction increase from Con_c_rophys[cs in NQAR CAMS. Also the d|.rect conversion fr.om
vective cloud ag1—a)que /gsat (i.€., the water vapor in the I|qg|d toicein mlxed—phase cIOL_st which was u§ed in simu-
new cloud (A a)ongsa) Will not exceed the available water Iatlng observed cIoud; in the Mixed-Phase Arctic (;Ioud Ex-
vapor in the clear skil —a)q..)). After the cloud fraction periment (M-PACE) in a single column model (Liu et al.,

from convective clouds is updated, the in-cloud specific hu-2>(<)_07bt) ?ngc;gsa shor_t-rzlinc?edw_le_ﬁther fo(rjeiastmg (zjipprogcg
midity is calculated as (Xie et al., ) was included. These updates are describe

in the on-line supplement.

The factor -a in Eq. (16) appears because convective air

v = (Guott + qaal Ad)oans)/ (6 + (A )oom). a7 2.3 Set-up of simulations and experimental design

In the standard CAM3 and the version updated in LIUO7,
only the grid-mean specific humidity ) is predicted, using: ~ The simulations are described in Table 1. In “HOM”, only
9 homogeneous freezing on sulfate particles was considered.
°q =A,— Q+E,, (18) Three cases are used to study how cirrus cloud properties
ot change with different IN concentrations. Since the freez-
whereA, is the tendency of water vapor from processes othering capabilities of different aerosol particles acting as IN
than large-scale condensation and evaporation of cloud andre poorly understood, we simply use sensitivity tests to
rain water,Q is the net condensation rate, abBdis the evap-  study the effects of different aerosols as IN on cirrus clouds.
oration of rain water. In order to predict the in-cloud specific The same temperature perturbation as that used in the HOM
humidity (g..), we assume thad, is uniformly applied to  case is applied, but with 1%, 10%, and 100% of soot and
the whole model grid cell, which is also the assumption madedust particles acting as heterogeneous IN in HMBT1IN,
in the condensation-evaporation scheme in CAM3 (Zhang eHMHT _0.1IN, and HMHT.1IN, respectively. The 1% value
al., 2003). The in-cloud specific humidity is then predicted 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 HMHI0.01IN, but 10 % of soot and dust particles acts as heterogeneous IN.
HMHT _1IN Same as HMHTO.01IN, but 100% of soot and dust particles act as heterogeneous IN.
HMHT_0.75dT Same as HMHD.01IN, but temperature perturbation is decreased by 25%.

HMHT_1.25dT Same as HMTH.01IN, but temperature perturbation is increased by 25%.

scavenging ratios were 1% in the INCA campaign. The cause ice crystals are more efficient at producing precipita-
100% value represents the case where soot and dust partion, the inclusion of this process in the manner outlined here
cles are efficient IN, as assumed in some previous modelinglecreases the liquid water path significantly compared to that
studies (e.g., Hendricks et al., 2005). Two additional casesn LIUO7.
are used to study how different temperature perturbations |5 our simulations, cloud-top quantities (liquid droplet
will change cirrus cloud properties. These two cases haveynq ice crystal number and radius) are estimated as seen
the same IN concentration as in the HMHITO1IN case, py satellite instruments using a modification of the maxi-
but temperature perturbations have been decreased/increasgflm/random cloud overlap assumption that is used in the
by 25% in HMHT.0.75dT and HMHTL1.25dT, respectively. ragjative transfer calculations in the NCAR CAM3 (Collins
These results are also compared with the results from they g 2001) to obtain the two-dimensional field (Quaas et
standard version of CAM3 (CAM3) and LIUO7. In LIUO7, 51 2004). Cloud top quantities are sampled only for clouds
the treatment of ice clouds does not include the subgrid pagyith optical depth larger than 0.3, and are also only sam-
rameterization of supersaturation and cloud fraction usecb|ed once per day at the over pass time of MODIS Aqua
here and the cloud droplet number concentrations in liquidgate|lite (01:30 p.m., local time). For cloud droplet radius,
clouds are prescribed as in the standard version of CAM3. ihe samples are limited to warm clouds (cloud top temper-
We used 26 vertical levels and a horizontal resolution of 5¢re larger than 273.16K), and for ice crystal radius, the
2x2.5 degrees for both the CAM3 and IMPACT models in samples are limited to cold cirrus clouds (cloud top tempera-
this study. The time step for CAM3 was 30 min, and the tre |ess than 238.16 K). Using this procedure, our simulated
time step for advection in IMPACT was 1h. The finite vol- ¢|gud top droplet effective radius for warm clouds (cloud
ume dynamical core was chosen for CAM3. All simulations top temperature-273.16 K) is 11.1 pm, which matches well
used climatological sea surface temperatures, and the coygith AVHRR observations (11.40 pm), but is lower than that
pled model was integrated for 5 years after an initial spin-upfrom MODIS observations (15.7 um). The column integrated
time of four months. droplet number concentration averaged ovetr$&0 N is
2.3x10'%m?, and is underestimated compared with AVHRR
observations (4.010'%m?).

The ice water path is 21 gfmwhich is comparable to
Tables 2 and 3 show the annual global mean values for sevsatellite observations (Fig. 18 in Waliser et al., 2009). The
eral parameters in our simulations along with results fromcolumn integrated ice crystal number concentration is about
the standard CAM3 and observations. The liquid water path0.09x10'%m?, which is smaller than that predicted by
in the HOM simulation is 78 g/ much less than that sim- Lohmann et al. (2007) (0.1-0<10'%m?). The large differ-
ulated in LIUO7 and in the standard CAM3, and close to theence mainly comes from the difference in the treatments of
observed range of 50—-84 ¢fmrhis value is also close to that mixed-phase clouds. In our model, mineral dust particles are
simulated by Gettleman et al. (2008) in a modified version ofthe only contact freezing IN, but in Lohmann et al. (2007),
CAM3 that also includes a two moment cloud microphysics both mineral dust and soot particles act as contact freezing
treatment (74 g/f). The large decrease in liquid water path ice nuclei. Moreover, Lohmann et al. (2007) included an
compared with that in LIUO7 is mainly caused by the treat- immersion freezing scheme that has a freezing fraction of
ment of the Bergeron-Findeisen process where ice crystald for dust particles at temperatures lower thab5°C and
grow at the expense of liquid droplets. As noted above,has a freezing fraction of 1 for soot particles at temperatures
this treatment has been changed to that of Xie et al. (2008)ower than—25°C (Fig. 10 in Phillips et al., 2008). The
where a direct conversion from liquid to ice is assumed. Thissimulated ice crystal number concentration in mixed-phase
change results in a larger conversion rate from liquid to iceclouds in our model is generally less than 1/L, which is com-
in mixed-phase clouds (see the on-line supplement). Beparable to observations from the M-PACE field experiments

3 Model results for the HOM case
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Table 2. Annual global mean cloud properties and their interannual variations (standard deviations).

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

HOM HMHT_0.01IN  HMHT.0.1IN HMHT_1IN  HMHT_1.25T HMHT.0.75T LIUO7 CAM3 Obs
Lwp2 78.2H0.36 76.74:0.36 75.380.12 80.920.34 77.320.55 75.620.50 141 121 50-87
IWpP 20.94+0.05 21.020.04 21.020.09 21.460.04  21.06:0.06 20.9%0.11 218 15.6 26.7
NS 2.31+0.020 2.26:0.015 2.220.013 2.410.014  2.280.015 2.220.012 # # 4
Nl.% 0.088+:0.006  0.062-0.004 0.023:0.002  0.05&:0.003 0.094:0.009  0.04%0.004 0.027 # #
rgfﬂ 11.09£0.01 11.0%0.02 11.020.02 11.0&0.01 11.08:0.00 11.1%0.00 # # 11.4-15.7
rggi 47.54+-0.45 55.16-0.26 48.210.25 41.5%#0.30 52.880.73 57.0%:0.37 # # 25.21
Nitop 0.874-0.04 0.610.02 0.13:0.01 0.42-0.03 0.840.04 0.3%0.02 # # #
TCC* 66.0A40.15 66.830.09 67.92-0.13 68.180.11 66.5%0.11 67.310.17 77.90 58.6 65-67
TCCHGH  35.41:0.14 38.36:0.12 39.94-0.11 39.640.13  37.61%0.17 39.3%0.17 56.80 32.2 21
TCCLOW®  44.53:0.13 44.22-0.09 43.830.14 45.220.12  44.4&0.16 44.050.13 # # #

aThe liquid water path (LWP, g/#) 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 |ce water path (IWP, g/ﬁ) has been derived from ISCCP data for the years 1983-2000 (Storelvmo et al., 2008).
¢ Ny and N refer to the vertically integrated cloud droplet and ice crystal number concentratib?ir(t@(), andref) (Um) refers to the cloud top effective radius. Observations of
N, are obtained from ISCCP for the year 1987 (Han et al., 1998) and observatiag afe 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 @ 50° S.
d reffi @nd N,,,, refer to ice crystal radius and number at the top of cirrus clouds, respectively. Observatigsaoé from MODIS data (version 4) for the year 2001.

€ 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, V%leongwave cloud forcing (LWCF, W/?r), net cloud forcing
(CF, W/mz), total precipitation (Ptot, mm/day), convective precipitation (Pcov, mm/day), water vapor mass (WVI\,?,),kgbnincom-
ing radiation at the top of the atmosphere (FNT, \¥)nand clear sky net long wave radiation at the top of the atmosphere (FLNTCG,W/m
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  LIUO7 CAM3 Obs
SWCHF -52.30:0.11 —51.02£0.21  —50.29£0.12 —54.270.13 -51.6H-0.25 —-50.33:t0.28 -59.1 -54.6 —47t0-54
LWCF®  27.28:0.09 25.9&¢0.10 25.320.02 29.64:0.05 26.7%0.12 25.04:0.08 31.9 30.6 2910 30
CF —25.02£0.05  —-25.12+0.13 —24.92£0.11 —-24.63t0.10 —24.85:0.27 —-25.28:0.22 -27.2 -240 #
Ptof 2.87-0.008 2.9&0.005 2.94:0.004 2.84:0.007 2.880.009 2.92:0.008 # # 2.61
Pcov 1.92£0.005 1.95:0.005 2.0&0.007 1.86:0.005 1.930.003 1.98:0.002 # # #
WVM®  24.48:0.05 24.1%0.04 23.880.04 24.9%0.04 24.3%0.04 24.020.04 # # 22.80
FNT 3.21:0.32 2.63:0.28 1.62:0.04 3.3#0.21 3.230.34 2.19:0.43 # # #
FLNTC —260.9#0.27 —-261.42£0.25 -262.5H0.11 -—-261.30£0.28 —261.14t0.31 —-261.66:0.20 # # #

2 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—2005h(tp://science.larc.nasa.gov/cereg Total precipitation Pot) observations are taken from the Global Precipitation Data Set for the years 1979-h2@02 (
Ilprecip.gsfc.nasa.gdv* 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 crystakervations. Shortwave cloud forcing-i€52 W/n?, which is
radius for cold cirrus clouds (cloud top temperature less tharcomparable to ERBE{54 W/n?) and CERES {47 W/n?)
—35°C) is 47.5 um, larger than that observed by the MODIS observations. Long wave cloud forcing is 27 W/rwhich is
also comparable to ERBE (30 WArand CERES (29 W/R)

instrument (25.21 pm).

The total cloud fraction is 66% which is comparable to that ©PServations. The precipitation rate is 2.87 mm/day, slightly
observed from ISCCP and MODIS (65-67%), but is lower Ngher than observations.

than that from HIRS (75%). The high level cloud fraction is

Figure 1 shows the annual average zonal mean liquid wa-

35%, which is comparable to that observed by HIRS (33%)ter path over ocean, ice water path, cloud top in-cloud droplet
but larger than that from ISCCP (21%). HIRS measures morenumber concentration and droplet effective radius for liquid
optically thin clouds (with an optical depth detection limit of clouds, cloud top in-cloud ice crystal number and effective
around 0.1) than those from ISCCP (with an optical depthradius for cirrus clouds (for cloud top temperatures less than
detection limit of around 0.3), and is more representative for—35°C), shortwave cloud forcing, and longwave cloud forc-
high level clouds (Wylie and Menzel, 1999). The new cirrus ing. Cloud top droplet number concentrations have a strong
cloud scheme simulates significantly fewer high clouds thanmorth-south contrast with a larger number concentrations in
LIUQ7 and improves the model results compared with ob-the NH, which is consistent with data derived from MODIS

Atmos. Chem. Phys., 10, 5449474 2010
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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; #¥m

HOMm& HMHT_0.01IN HMHT_0.1IN HMHT_ 1IN HMHT_1.2578 HMHT_0.7%72 Ob$

Chile, SH 0.20 (0.14-0.290.38 0.15(0.13-0.2%) 0.13(0.11-0.18) 0.18(0.14-0.26) 0.17 (0.14-0.24) 0.15(0.13-0.18) 1.45 (0.58-3.09)
Scotland, NH ~ 0.20 (0.14-0.20.41°  0.13 (0.11-0.1%) 0.13(0.11-0.18) 0.24 (0.15-0.56) 0.15(0.13-0.1%) 0.15(0.13-0.1%) 2.23(0.84-4.74)

2 Median values from the observations are shown. Model results are sampled every six hours’e86 070-85> W, from March to May in Chile, and over 3860° 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 temperaB&e€ tmr60°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.

¢ Numbers in parentheses represent the 25 to 75 percentile.
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Fig. 1. Annual average zonal mean liquid water path over ocean (LWF)gioe water path (IWP, g/R), cloud top in-cloud liquid droplet
number concentration\j, #/cn®), cloud top liquid droplet effective radiu®(, pm), cirrus cloud top in-cloud ice crystal numbai; (#/cne),

and cirrus cloud top ice crystal radiug;( um), shortwave cloud forcing (SWCF, \N?m and longwave cloud forcing (LWCF, Wf’i'fmfor

four cases: HOM, HMTH).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 20(p-26€Brice.
larc.nasa.gov/cergsand liquid water path over ocean is from SSM/I data for the years 1987—-2@p0/(vww.ncdc.noaa.gov/oa/satellite/
ssmi/ssmiproducts.html
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Fig. 2. Annual average zonal mean cloud fraction (CLOUD), temperature (K), grid-mean cloud liquid water content (CLDLIG)mg/m
cloud ice water content (CLDICE, mgﬁm cloud liquid droplet number (LIQNUM, #/c?r), cloud ice crystal number (ICENUM, #/L) for
the HOM case.

observations (Quaas et al., 2006), and is mainly caused bthe middle latitudes. Shortwave cloud forcing and longwave
anthropogenic aerosols in the model. Correspondingly, clouctloud forcing have similar latitudinal variations to those of
top droplet effective radius has a larger value in the SH tharthe CERES observations, while the model underestimates
in the NH, which is consistent with the AVHRR observations longwave cloud forcing in the SH from 25-4% S and in
(Han et al., 1994). Liquid water path has larger values in thethe NH from 30 N-50° N.

middle latitude storm tracks over both hemispheres, which Figure 2 shows annual average zonal mean latitude-
is consistent with SSM/I data (Ferraro et al., 1996). Thepressure cross sections for grid-averaged droplet number
ice water path has two peak values in the middle latitudessoncentration, liquid water content, ice crystal number con-
of both hemispheres, which is consistent with ISCCP obsercentration, and ice water content. Liquid water content
vations (Storelvmo et al., 2008). For cirrus clouds, cloud topshows two peaks in the storm tracks of both hemispheres,
ice crystal number concentration is large over the tropics andvhich extend into the middle troposphere. Liquid droplet
the two polar regions. The ice crystal effective radius hasnumber concentrations show a similar pattern: two peaks
two peaks in the middle latitudes of both hemispheres, within the middle latitudes in both hemispheres, but the influ-
minima in the tropics and the two polar regions. The min- ence of anthropogenic aerosols is also evident: there is a
ima in the tropics is not consistent with MODIS data, which stronger peak in the NH than in the SH. For ice clouds, large
have a larger ice crystal radius in the tropics than those irice crystal number concentrations are found over the upper
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Figure 4 shows annual average zonal mean latitude-

ter content that measured by the Aura MLS instrume,grid- pressure cross sections for the in-gloud ice crystal 'number
averaged ice water content in HONE) grid-averaged ice water concentration from the prognostic ice crystal equation and

content + snow water content in HOM and (d) grid-averaged ice wa-that simulated immediately after the initial ice nucleation.
ter content + snow water content in HMEX.01IN (mg/n®). Ice crystal number concentration from the initial nucleation

of ice ranges from 0.1 to 10/cnand increases with increas-

ing altitude. The ice crystal number concentrations predicted
troposphere from tropical regions and at both poles. Thefrom the prognostic ice crystal equation are lower by a fac-
simulated grid mean ice crystal number concentrations ardor of 2 to 5 compared to the initial concentrations predicted
comparable to results from Lohmann et al. (2007), excepg@fter ice nucleation, due to the impact of sublimation, gravi-
that they simulated higher ice crystal number concentrationdational settling, precipitation removal, and advection.
in mixed-phase clouds, as mentioned above. Large ice wa- Table 4 compares the simulated ice crystal number con-
ter content can be found in the lower troposphere over highcentration from the prognostic ice crystal equation in the
latitudes in both hemispheres and in the upper troposphere iRlOM case with those measured during the INCA cam-
the tropics. paign (Gayet et al.,, 2004). Ice crystal number concen-

Ice water content (IWC) in the upper troposphere is com-trations were measured in middle latitude cirrus clouds at

pared with that from the Microwave Limb Sounder (MLS) temperatures ranging from33°C and —60°C during the
onboard the Aura Satellite (Wu et al., 2006) in Fig. 3. The INCA campaign over Punta Arenas in the SH (Chile, in
MLS ice water content data have a vertical resolution of March/April) and over Prestwick in the NH (Scotland, in
~3.5km and a horizontal resolution 6f160 km for a sin-  September/October). Most flight patterns during the cam-
gle MLS measurement along an orbital track (Wu et al., paign were designed to probe young cirrus cloudar{er
2006; 2009). The data used here for comparison are monthlgnd Stom, 2003). The PMS FSSP-300 optical particle
means from September 2004 to August 2005. In the modetounter and the PMS 2D-C probe were used to measure par-
results, both ice water and the sum of ice water and snowicles with a size range of 3 um to 800 um in diameter. The
water are shown since satellite measurements have difficulmeasured ice crystal number concentrations in the SH and
ties to distinguish ice water from snow water (Waliser et al., NH have a median of 1.4 and 2.2/8nrespectively (Gayet
2009). Snow water is estimated from the diagnostic paramet al., 2004). Simulated median ice crystal number concen-
eters of the production rate and evaporation rate of preciptrations from the prognostic ice crystal equation in the HOM
itation, following the comparison approach used in Gettle-case are 0.20/ctin the SH and NH, while freshly nucle-
man et al. (2008). The model broadly captures the spatiahted ice crystal number concentrations are 0.38 and 0.41/cm
and zonal distribution of ice water content in the upper tro-in the SH and NH, respectively. Both simulated ice crys-
posphere, but the modeled ice water without snow underestal number concentrations and freshly nucleated ice crystal
timates the ice water content in tropical regions by a factornumber concentration are significantly lower than the ob-
of 2 to 4. Including snow water improves the comparison served ice crystal number concentrations during the INCA
with the MLS data, though ice water is still underestimated campaign. The underestimation may partially come from
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Fig. 3. Annual average zonal meg@) grid-averaged ice wa-
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Fig. 5. In-cloud ice crystal number concentration (ICNC, #?()rand ice crystal effective radius (REI, um) 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 iarier et al. (2009) were collected (see Table 3 iarKer 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 1K temperature
bins. Model results (solid lines) are from the HOM case (a, b), HMHQJ1IN casé€c, d), and HMHT.0.1IN cas€e, f). Observations (dotted

lines) are from data used in Fig. 9 in Kramer et al. (2009).

the altitude-dependent Gary mesoscale temperature formuldotal ice crystal number concentrations are within the FSSP
The Gary formula gives a mesoscale temperature perturbasize range. Model results were sampled every six hours over
tion of less than 0.5 K at 200—-300 hPa in the middle latitudesthe six regions reported in Emer et al. (2009) (i.e. Kiruna,
of both hemispheres, which is smaller than that observed irSweden in January and February; Hohn, Germany in Novem-
the INCA campaign (around 1K, see KB08). ber and December; Forli, Italy in October; Mahe, Seychelles,
Figure 5 compares in-cloud ice crystal number concenin February and March; Darwin, Australia, in November;
tration (ICNC) and ice crystal effective radius (REI) versus Aracabuta, Brazil in January and February) (see Table 3 in
temperature in the HOM case with those observed @migr ~ Kramer et al._(2009) for the flight mformanon). The median,
et al. (2009) who examined aircraft in-situ observations of25% percentile, and 75% percentile are shown for each 1K
ice crystal number concentrations from 28 flights in tropical, émperature bin. The measured ice crystal number concen-
midlatitude, and Arctic field experiments in the temperature rations decrease with decreasing temperature, with a median
range of 183-250K. FSSP 100 and 300 instruments wer&/@lue~1.0/cn? at 230 K anch-0.02/cnt at 200K.
used to measure the ice crystal number concentration. The In contrast, simulated ice crystal number concentrations
FSSP 100 and FSSP 300 samples particles in the size range the HOM case strongly increase with decreasing tem-
from 1.5-15 and 2—-20 pm diameter, respectively. As showrperature (the median ice crystal number concentration is
in Kramer et al. (2009), at least 80%, but typically 90% of 0.03/cn? at 230K and 2.0/cthat 200K). The HOM case
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Fig. 6. Frequency of occurrence of Rlth the SH middle latitudes (605—3C S) (SH MID, left panel), in the tropics (366-3C N) (TROPIC,
middle panel), and the NH middle latitudes {30-60° 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 2s the PDF of RH from the Measurement of Ozone and Wa-
orders of magnitude at low temperature205K), and un-  ter Vapor by Airbus In-service Aircraft (MOZAIC) campaign
derestimates ice crystal number concentrations at warm tem(Gierens et al., 1999) for the NH middle latitudes and the
peratures £205 K). The underestimation at warm tempera- tropics. MOZAIC data sampled both clear sky and cloudy
tures may be due to the small mesoscale temperature pesky conditions. We only compared the RiA clear sky con-
turbation predicted by the Gary formula at lower altitudes, ditions because the model assumes a uniform distribution for
as described for the comparison with the INCA measure-the in-cloud specific humidity and the large time step used in
ments. The overestimation at low temperatures is unlikely tothe GCM makes the saturation ratio under cloudy sky con-
be caused by the Gary temperature perturbation since one exlitions very close to 1. In the clear sky, the Réte sam-
pects increases in temperature perturbations with altitude, agled across the whole PDF spectrum regardless of whether
in the Gary model. The overestimation at low temperatureghe value of RH exceeds the heterogeneous freezing or ho-
was also seen in a parcel model study by Jensen et al. (201@)ogeneous freezing threshold. Thus, thei RiHclear skies
who suggested that heterogeneous freezing could be the pris overestimated to some extent.

mary freezing mechanism in the tropical tropopause layer (at  The homogeneous freezing-only case (HOM) captures the
low temperatureS). As shown later in Sect. 4.1.2, the inClU-shape of the PDF of RHrom MOZAIC data to a reasonable
sion of heterogeneous IN does improve the comparison withjegree. RH in the range from 20-100% occurs with large
the observations. The simulated ice Crystal radius increaseﬁequency’ and the frequency has an almost exponentia| de-
with increasing temperature somewhat faster than that of theay from RH = 100% to around RH= 150%, a feature that
observations. is consistent with the MOZAIC data and is believed to be

Figure 6 shows the simulated PDF of Rélitside of cirrus ~ mainly caused by temperature variationg(gher and Haag,
clouds within two layers (100—200 hPa, and 200—-300 hPa2004). Beyond 150%, the HOM case simulates a faster de-
and in three regions (the SH middle latitudes® 6630 S; cay of RH than that in the MOZAIC data. This fast decay is
the tropics: 30S-30 N; and the NH middle latitudes: caused by the homogeneous ice freezing thresholdrieir
30° N-60° N). One year of model results are sampled ev- 150%.
ery six hours. The PDF of the clear-sky R4 calculated Figure 7 shows the geographical distribution of the fre-
based on the clear-sky mean REind the prescribed tem- quency of occurrence of ice supersaturation in clear sky
perature perturbations used in the model (Sect. 2.2, Eq. A2jegions in the HOM case and from the Microwave Limb
weighted by the clear sky fraction ¢y Also showninFig.6  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) anBILS data. This may prevent us from drawing further conclu-
215hPa (192 hPa is shown for the model). The frequency okions about whether the simulated ice supersaturation regions
occurrence of ice supersaturation for a given grid point is cal-over the storm tracks at the 215 hPa level is reasonable or not.
culated as the number of samples withiRH100% divided = To summarize the model performance regionally, averaged
by the total number of samples for a given period (one year insupersaturation frequencies in five regions (global, Northern
the model, September 1991 to June 1997 for the MLS data)Hemisphere, tropics, Southern Hemisphere, and Antarctic)
weighted by the clear sky fraction ¢)- In contrast to the in both the MLS data and the model are shown in Fig. 8.
comparison with the MOZAIC data, the mean clear-skyiRH This confirms that geographical variations in supersaturation
instead of the subgrid-scale RIith the model is used to cal- frequency are broadly captured, but with a significant over-
culate the ice supersaturation frequency because of the largestimation, especially at 215 hPa, a feature that is improved
field view of the MLS measurement (about 200 kn? when heterogeneous IN are included (Sect. 4.1).
perpendicular and parallel to the line of sight and 3 km verti-
cally).
4 Effects of heterogeneous IN and mesoscale

At the 147 hPa level, the observed ice supersaturation oc- temperature perturbations
curs most frequently in the tropics betweer? 30and 20N
and over Antarctica. Compared with the MLS data, the4.1 Effects of heterogeneous IN
model with only homogeneous freezing (HOM) reproduces
the observations well in terms of the spatial distribution, butThe effects of heterogeneous IN on cirrus cloud proper-
gives a higher ice supersaturation frequency than does thges are studied using three sensitivity tests: HMBITU1IN,
MLS data. At the 215hPa level, the observed ice superHMHT _0.1IN, and HMHT1IN, in which IN concentrations
saturation occurs most frequently in the same regions as are assumed to be 1%, 10%, and 100% of the total num-
the 149 hPa level, although the high frequency ice supersatuser concentration of BC and dust particles, respectively, as
ration regions also extend toward high latitudes at 215 hPagdescribed in Table 1. The annual average zonal mean dis-
mainly over the storm track regions in both hemispheres tributions of dust and BC number concentrations are shown
The model produces a similar spatial distribution as that inin Fig. 9. BC particles have a high concentration in the NH
the MLS observations but with an even larger overestima-upper troposphere (100 hPa to 400 hPa) with a range of 1—
tion than that at 147 hPa, and the ice supersaturation regions0/cn¥, caused by the larger anthropogenic emissions in the
extend even more towards high latitudes in the model. FolNH. The number concentrations of BC particles in the up-
example, the model simulates a high frequency of ice superper troposphere decrease with latitude from north to south.
saturation occurrence in the SH storm track (arourti$)s5  In the upper troposphere of the SH, the concentrations range
which is not present in the MLS observations. As pointedfrom 0.3 to 1/cmi. Dust particles are much lower in num-
out by Spichtinger et al. (2003), there are considerable datder concentration and there is a stronger gradient with alti-
gaps in the middle latitudes of the summer hemispheres in théude from the surface to the upper troposphere than for BC
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(2) 149 hPa to affect supersaturation levels and decreases the frequency

OMLS  BHOM  CHMHTOOUN  OHMHTOAIN of occurrence of very high supersaturations due to their lower
2 threshold RH 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 theiRithis

— e [I_}T """ case is consistent with that observed in the INCA field cam-
Gl "H TROPCS s ATHRCTIC paign (Haag et al., 2003). Homogeneous freezing occurs less
frequently when the IN concentration increases by a factor of
(b) 215 hPa 10 in the HMHT.0.1IN 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
RH;: values higher than 150%. In the tropics at 100—200 hPa,
and in the middle latitudes of the SH, homogeneous freezing
okl i TROPICS " ANTARCTIC still occurs but with a much lower frequency than that in the
HMHT _0.01IN case. Homogeneous freezing is shut down
Fig. 8. Regionally-averaged frequency of occurrence of ice su-almost everywhere in the HMHTIN case when 100% of
persaturation from MLS data and from three simulations: HOM, the BC and dust particles act as heterogeneous IN.
HMHT,OO:“N, and HMH-[O].'N, (a) at 149 hPa (139 hPa for the The effects of heterogeneous IN can also be seen in
glo?)ell) g‘g g(bg ;}\ghzz (%32 rt]r:)a f°|r_|the _moﬁel) oxé%r\lfi\é%r’e;gions: the simulated regionally averaged frequency of occurrence
oba . ' orthern Hemisphere, 57— : of ice supersaturation at 139hPa and 192hPa in Fig. 8.
ZEC?E:];?C(I?S(%ZO:Q’;H (Southern Hemisphere, 55-30 S), 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

s

Frequency

@)seot - (#/em’) b) Dust larger decreases at 215hPa than at 147 hPa because of the
7 ems———— — higher IN concentrations. For example, at 215 hPa, the sim-
i‘m ¥ 0 ulated supersaturation frequencies in the HOM case and the
%m ; HMHT _0.01IN case are almost the same at SH middle lati-
& o tudes, but decrease from 13% in the HOM case to 6% in the
7% 000 HMHT _0.01IN case in the NH middle latitudes. When het-
5 a0 0.009 erogeneous IN concentrations increase by a factor of 10 in
& oot the HMHT_0.1IN case, supersaturation frequencies in all re-
205 005 305 0 3ON GON 90N 905 60S 05 O SN 60N 80N gions and at both 147 hPa and 215 hPa decrease significantly.

Latitude Latitude

These model results show that ice microphysics is important
Fig. 9. Annual average zonal meda) soot and(b) dust number ~ fOF Simulating supersaturation frequencies in the upper tro-
concentration (#/cf). posphere. Including heterogeneous IN decreases simulated

supersaturation frequencies in the model, and improves the

comparison with the frequencies of supersaturation from the
particles because of their larger sizes and the lack of a sourchILS data at 215 hPa. But this conclusion has to be treated
in the upper troposphere. The number concentrations of dustautiously given the uncertainties associated with the MLS
particles range from 0.001 to 1/énn the NH upper tropo-  retrievals. Read et al. (2001) showed that the global-averaged
sphere, and range from 0.001 to 0.03%im the SH upper  accuracy of RK from the MLS retrievals are 22% and 23%
troposphere. at 147 hPa and 215 hPa, respectively.

4.1.1 Effects on humidity fields 4.1.2 Effects on cloud fields

Figure 6 shows the effect of heterogeneous IN on the fre-Since heterogeneous freezing requires lower Ratiding
guency of occurrence of RH At 100-200 hPa, heteroge- heterogeneous IN leads to cloud fraction increases. Total
neous freezing has little effect in the tropics and in the SHcloud fraction increases from 66.1% in the HOM case to
when only 1% of soot and dust particles act as IN as in the68.2% in the HMHTL1IN case (Table 2).

HMHT _0.01IN case, because the IN concentration is too low Heterogeneous IN can significantly affect the simulated
in these regions to affect supersaturation levels. However, ince crystal number concentrations, as shown in Fig. 5,
the NH middle latitudes, the IN concentration is large enoughFig. 10, and Tables 2 and 4. Figure 10 shows the annual
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AT 001N BYHMHT 01N HMHLIN (Fig. 5¢). When 10% of the BC and dust particles can act
= u——— S N— as heterogeneous IN (Fig. 5e), the simulated ice crystal num-
ber concentration are significantly improved at low tempera-
tures «205K) in comparison with observations. This sug-
gests that if heterogeneous IN were to increase significantly
with decreasing temperatures (as in the Fletcher parameter-
T — ization), the model may be able to reproduce tharier et
v ommmo me e Latitude 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-

ssure (hPa)

Approximate Pre:

d) HMHT_0.75dT €) HMHT_1.25dT
[ S S S

P
il

essure (hPa)

0.5

. ber concentrations lead to smaller ice crystal radii. The

: o0 HMHT _0.01IN case has larger ice crystal radii than those in

£ the HOM case because the HMHIIO1IN case has lower
s s a0 S OT O s s m o oo o oo ice crystal number concentrations (Fig. 1f). The HMHIN

case has the smallest ice crystal radii at the tops of cir-
Fig. 10. Annual average zonal mean ice crystal number concen-rus clouds (41.5um in Table 2, and Fig. 1), although the
tration (#/cn¥) in all five cases that allow the competition between cloud top ice crystal number concentration is smaller than
homogeneous freezing and heterogeneous freezing. All cases aftgat from the HOM case. This is due to differences in the
described in Table 1. 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
average latitude-pressure cross sections of in-cloud ice Cryshan does HMHTLIN, the ice crystal number concentrations
tal number concentration in all cases where the Competitior]n most regions where ice water content is |arge are smaller
between homogeneous freezing and heterogeneous freezingee Fig. 2).
is allowed. The results show that in an environment dom-  Sjnce ice crystal radius determines the settling velocity of
inated by homogeneous freezing, the addition of heterogejce crystals, and since gravitational settling is a very impor-
neous IN decreases the ice crystal number concentration. lgant removal mechanism for cirrus clouds in the upper tro-
both the HOM case and the HMHU.01IN case homoge- posphere, changes in ice crystal radii lead to changes in cir-
neous freezing dominates, as seenin the PDF af(Rid. 6).  rus cloud lifetimes and ice water content in the upper tropo-
There is a 30% decrease in column-integrated ice crystabphere. One example is shown in Fig. 3. When ice crystal
number concentration from the HOM case (0.888'm”)  number concentrations decrease from the HOM case to the
to the HMHT.0.01IN case (0.06210'%m?) and a 63% de- HMHT _0.01IN case, ice crystal radius increases, which in-
crease from the HMHI.01IN case (0.06210'%m?) tothe  creases the gravitational settling and decreases the excessive
HMHT 0.1IN case (0.02810'%m?) (Table 2). On the other  ice water simulated over the Arctic in HOM, thereby improv-
hand, when the environment is dominated by heterogeneoumg the comparison with MLS observations (compare Fig. 3¢
freezing, adding heterogeneous IN increases ice crystal numgnd Fig. 3b).
ber concentrations. There is a significant increase in ice The changes in cirrus clouds (ice crystal number concen-
crystal number concentration in the HMHIIN case com-  trations and cloud fraction) also affect liquid clouds (Ta-
pared with that in the HMHTO.1IN case because heteroge- ple 2). Less ice crystal number concentration usually leads
neous freezing dominates in the HMEOTLIN case (Fig. 10c  to smaller liquid water path and low level cloud fraction. For
and Fig. 10b; Table 4). The column-integrated ice crys-example, when ice crystal number concentration increases
tal number concentration is doubled from 0.628*%m?in  from the HMHT.0.1IN case to the HMHTLIN case, the lig-
HMHT _0.1IN to 0.050<10'%/m? in HMHT_1IN (Table 2).  yid water path increases by 7% from 75.4 §hm81.0 g/r?.
Our results show that the background ice freezing mode de©ur results here are consistent with those of Wu (2002),
termines the sign of the change in ice crystal number conGrabowski (2000), Jakob (2002) and Sanderson et al. (2008).
centration from the addition of heterogeneous IN, which is\wy (2002) and Grabowski (2000) found that a model with
consistent with previous studies (e.g., Hendricks et al., 2005jow ice crystal fall velocities would produce a more cloudy
Penner et al., 2009). and moist lower troposphere with less precipitation. The in-

If 1% of soot and dust particles act as heterogeneousreasing low level clouds and decreasing precipitation in our

IN, there is little effect on the simulated ice crystal num- simulations are associated with decreasing convective activ-
ber concentrations at low temperatures2Q5K) but de- ity, as is evident from the decreased convective precipitation
crease ice crystal number concentrations at warmer temperate (Table 3). For example, when ice crystal number con-
atures £205K) compared to the HOM case, which makes centrations increase from HMHU.IN to HMHT_1IN, the
the comparison with observations somewhat less favorableonvective precipitation rate decreases from 2.00 mm/day in

Atmos. Chem. Phys., 10, 5449474 2010 www.atmos-chem-phys.net/10/5449/2010/



M. Wang and J. E. Penner: Cirrus clouds in a global climate model 5465

HMHT _0.1IN to 1.86 mm/day in HMTHLIN. This is con- a) Temperature change (K b) Relative change in g, (fraction)
sistent with the findings of Jakob (2002) who showed that P
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 increasetto F L so0d LOSY
cirrus clouds. :
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4.1.3 Effects on radiative fluxes Latitude Latitude

Changes in both the longwave and shortwave cloud forcig. 11. Annual average zonal me4a) temperature change (unit:
ing closely follow changes in cirrus clouds (Tables 2 andK) and(b) relative change in specific humidity (unit: fraction) from
3). Larger ice crystal number concentrations usually leadthe HMHT_0.01IN case to the HMHD.1IN case.
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)the upper troposphere and stratosphere. The greenhouse ef-
All these changes lead to a larger longwave cloud forcingfect of water vapor depends more on the relative change and
(warming) and larger shortwave cloud forcing (cooling). The less on the absolute change in water vapor (Raval and Ra-
HMHT_0.1IN case simulates the smallest longwave cloudmanathan, 1989). Although the absolute change in the wa-
forcing (26.22 W/n) and the smallest shortwave cloud forc- ter vapor concentration in the upper troposphere is small be-
ing (50.65 W/n?) because it has the lowest ice crystal num- tween the different cases, the relative change can be large.
ber concentration. The HMHTIN case simulates the largest For example, the integrated water vapor mass from 100 hPa
longwave cloud forcing (54.3 W/B) and the largest short- t0 300 hPa decreases by 10% from the HMBID1IN case
wave cloud forcing (29.6 W/R) because of its larger ice to the HMHT.0.1IN case (Fig. 11b), which contributes the
crystal number concentration and larger cirrus cloud fraction.most to the clear sky longwave cooling of 1.1 WniThis

The simulated net cloud forcing is less sensitive to change§Vverrides the warming in the net cloud forcing and leads to a
in cirrus clouds. Although both longwave and shortwave Net cooling of 0.94 W/rhat the TOA. Stratospheric water va-
cloud forcing are affected by changes in high level cirrus POr also decreases significantly from the HMI'D1IN case
clouds and lower level liquid clouds, changes in high level t0 the HMHT.O0.1IN case £32%). This change in strato-
cirrus clouds have a larger effect on longwave cloud forc-SPheric water vapor has little effect on the clear sky TOA
ing and changes in low level liquid clouds have a larger ef-longwave radiative flux though it can have important effects
fect on shortwave cloud forcing (e.g., Chen et al., 2000).0n the clear sky radiative fluxes at the tropopause (Forster
When column-integrated ice crystal number concentration®nd Shine, 2002). A 1-D radiative transfer calculation with
decrease by 30% from the HOM case to the HMBLD1IN a typical tropical profile in winter showed that a 32% de-
case, the net cloud forcing changes frer25.02 W/n? to crease in the stratospheric water vapor leads to a cooling of
—25.12W/n? so that a net cooling of 0.10 Whhis simu-  0-65Wi/nf at the tropopause.
lated, which indicates that the cooling from the change in
the longwave cloud forcing dominates. But when columned-4.2  Effects of mesoscale temperature perturbations
integrated ice crystal number concentration decreases further
by 63% from the HMHTO.01IN case to the HMHD.1IN The effects of mesoscale temperature perturbations on simu-
case, a net warming of 0.20 Wnis simulated, which in-  lated cirrus cloud properties were examined in two additional
dicates that the warming from the change in the shortwavesensitivity tests (HMHTO0.7547 and HMHT.1.2547T).
cloud forcing dominates. These two cases have the same IN concentration as in the

Although the net change in cloud forcing is relatively HMHT _0.01IN case, but here the temperature perturbation
small, the change in the net radiative fluxes (FNT) at the TOAdecreases or increases by 25%.
is large (Table 3), with a maximum change of 1.7 \¥/be- A 25% higher temperature perturbation in the
tween the four cases discussed here. The large changes in tRBMHT _1.25dT case leads to a 25% higher cooling
net radiative flux at the TOA mainly comes from the changerate and vertical velocity since these latter two parameters
in clear sky longwave radiation (FLNTC) due to changes inare proportional to the temperature perturbation in our
water vapor in the atmosphere, especially in the upper trotreatment (see Eq. (4) in Sect. 2.2). Higher cooling rates
posphere. Fewer ice crystals lead to larger ice crystal radiiand vertical velocities limit the influence of heterogeneous
which leads to shorter cloud lifetimes and therefore less waiN, and lead to more homogeneous freezing, as seen in
ter vapor in the upper troposphere. Also, less heating fromthe simulated PDF of RHin the NH middle latitudes at
fewer cirrus clouds cools the upper troposphere and leads t@00-200 hPa and in all latitude bands at 200-300 hPa (Fig. 6),
lower temperatures (Fig. 11a) and to less water vapor in botland therefore lead to higher frequencies ofiRH50% than
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in the HMHT_0.01IN case. The opposite is true when 5 Summary and discussion
the temperature perturbation is decreased by 25% in the
HMHT _0.75dT case, which increases the influence of

(Fig. 6). cloud scheme presented in KB08 in the NCAR CAMS at-

Simulated ice crystal number concentrations in Mospheric circulation model component of the coupled IM-
HMHT_1.254T are higher than in HMHT0.01IN (com- PACT/CAM model. This cirrus cloud scheme has an as-

pare Fig. 10a and e; Table 4). The competition betweersumed subgrid scale temperature variation in the clear sky
heterogeneous and homogeneous freezing coupled witAnd a subgrid scale variation of in-cloud water concentration
the higher cooling rate leads to higher ice crystal numberdn the cloudy sky, and has an improved treatment for the nu-
generated from homogeneous freezing. The column<leation of ice crystals and cloud fraction. The KB08 scheme
integrated ice crystal number concentration increases bys extended to include a simplified representation of both ho-
50% from 0.06%10%m2 in the HMHT.0.01IN case to Mogeneous and heterogeneous freezing. The coupled model
0.094x 101%m?2 in the HMHT_1.254T case. The opposite is with the new cirrus cloud scheme is evaluated by compar-
true for the HMHT0.754T case (compare Fig. 10a and d; iNg model results with observations, and the effects of het-
Table 4). Homogeneous freezing occurs less often and proérogeneous IN and mesoscale temperature perturbations are
duces fewer ice crystals because of lower vertical velocities€xamined using sensitivity tests.
so that the simulated column integrated ice crystal number The simulated model fields, including the liquid water
concentration decreases by 33% from 0.0621%m? path, ice water path, shortwave cloud forcing, longwave
in the HMHT.0.01IN case to 0.04110'9m2 in the cloud forcing, cloud fraction, and precipitation are in rea-
HMHT _0.75dT case. sonable agreement with observations. The new cirrus cloud
The change in radiative fluxes depends on changes in icécheme simulates significantly smaller high cloud fractions
crystal number concentration, as discussed in Sect. 4.1.3. Ahan in LIUO7, where cloud fraction was diagnosed as in the
net warming of 0.43 W/rhin the cloud forcing is simulated standard CAM3 based on relative humidity. The simulated
in going from the HMHTO.754T case to the HMHTL.dT total cloud fraction ranges from 66.1% to 68.2% in all cases,
case, but this only contributes 40% to the increase in the simand agrees well with observations. The simulated ice wa-
ulated net TOA flux difference, which is 1.04W/mThe  ter content in the homogeneous freezing only case (HOM)
remaining two thirds of the increase comes from the greenbroadly captures the spatial and zonal distribution of ice wa-
house effect of increased water vapor in the upper tropoter contentin the upper troposphere from the MLS data, but it
sphere, which results from an increase in the ice crystal numunderestimates ice water content in the tropics. The ice water
ber concentration. content simulated in this case also spreads more toward the
The magnitude of the changes in column-integrated icepoles than in the MLS data, a feature that is improved when
crystal number concentration and radiative fluxes from dif- 1% of the BC and dust particles can act as heterogeneous IN.
ferent mesoscale temperature perturbations are comparable When only homogeneous freezing is included in the
to those simulated from different heterogeneous IN concenmodel, the simulated PDF of Ridutside of cirrus clouds has
trations (Sect. 4.1.3). For example, a 25% decrease in than exponential decay from 100% RIkb 150% RH which
temperature perturbation from the HMHX.O1IN case to the agrees with MOZAIC in-situ data. Including heterogeneous
HMHT _0.75dT case leads to a 33% decrease in columniN changes the PDF of the RHignificantly. When 1% of
integrated ice crystal number concentration, a change irthe BC and dust particles act as heterogeneous IN with a low
the net cloud forcing 0f-0.16 W/n?, and a change in the threshold freezing humidity of about 120-130% Rthe
net TOA radiative flux of—0.44 W/n?, while a factor of  frequency of occurrence of very high Rt 100-200 hPa
10 increase in the heterogeneous IN concentration from thén the NH middle latitudes and at 200-300 hPa in all lati-
HMHT_0.01IN case to the HMHI.1IN case leads to 63% tude bands decreases, but there is little effect in the SH and
decrease in column-integrated ice crystal number concentraropics at 100—-200 hPa. The simulated hemispheric contrast
tion, a net cloud forcing of 0.20 W/fn and the net TOA in the PDF of the RK in this case is consistent with that
radiative fluxes of~0.94 W/n?. This points to the impor- observed in the INCA field campaign (Haag et al., 2003).
tance of mesoscale dynamics and subgrid scale variations iWhen heterogeneous IN concentrations are increased by a
studying aerosol indirect effects on cirrus clouds (Haag andactor of 10, the frequency of high RHlecreases signifi-
Karcher, 2004; Penner et al., 2009). 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. representation in global models is needed in order to improve
The simulated ice crystal number concentrations in thethe representation of ice number concentrations.
middle latitudes of both hemispheres (Table 4) and at In an atmosphere dominated by homogeneous freezing,
warmer temperatures-Q05 K) (Fig. 5) are underestimated. as in the HOM and HMHTO.01IN cases, adding heteroge-
This underestimation may point to problems with the Gary neous IN decreases ice crystal concentrations and increases
mesoscale temperature formula at low altitudes. The altitudesirrus cloud fraction. This explains the 30% decrease in sim-
dependence in the Gary formula predicts rather small temulated column-integrated ice crystal concentration from the
perature perturbations in comparison with those observed itHOM case to the HMHTO0.01IN case, as well as the 63%
the INCA campaign (Sect. 3). The altitude dependence in thalecrease from the HMHD.01IN case to the HMHD.1IN
Gary formula was derived from data at two narrow altitude case. On the other hand, in an atmosphere dominated by
regions (one is centered at 19.2 km, and the other is centerelgdeterogeneous freezing, as in the HMBTLIN case, adding
at 11.4km), and it is not clear whether this can be extendedeterogeneous IN increases the ice crystal number concen-
to higher altitudes, due to wave breaking, for example. Giventration and has little effect on the cirrus cloud fraction. This
the important role that temperature perturbations play in cir-explains the doubling of the simulated column-integrated ice
rus cloud formation (Sect. 4.2), we therefore see a timelycrystal number concentration in the HMHIIN case com-
need for a refined parameterization of mesoscale motions ipared with that in the HMHT0.1IN case.
global models. A refined approach will require not only a Changes in the ice crystal number concentration and cir-
better way to parameterize mesoscale temperature perturbads cloud fraction from heterogeneous IN affect ice crystal
tions, but also a better way to parameterize the cooling rateadius, ice water content, low level liquid clouds, and water
or vertical velocity. The relationship between the mesoscalevapor in the atmosphere. More ice crystals lead to smaller
temperature perturbation and cooling rate used in Eq. (4) isce crystal radii and smaller ice settling velocities. This leads
derived from observations at NH midlatitudes, and may notto not only more ice water and more water vapor in the up-
represent other locations. Subgrid vertical velocity and tem-per troposphere, but also to a more cloudy and more moist
perature perturbations from orographic wave forcing havelower troposphere with less precipitation. The increasing low
been derived by Joos et al. (2008) and Dean et al. (2007)evel clouds and decreasing precipitation with increasing cir-
respectively, to study orographic cirrus clouds. A better wayrus clouds is associated with decreased convective activity,
to treat orographic cirrus in our model would be to combine as evident from decreased convective precipitation rate.
the treatments in Joos et al. (2008) and Dean et al. (2007) to The net change in cloud forcing from heterogeneous IN is
predict both the subgrid-scale temperature perturbation antess sensitive to changes in ice crystal number concentration
the vertical velocity. (a maximum change of 0.49 W#nin the net cloud forcing
Simulated ice crystal number concentrations at lower tem-s simulated from the HMHT0.01IN case to the HMHILIN
peratures €£205K) are overestimated by 1 or 2 orders of case) because changes in both longwave and shortwave cloud
magnitude when only the homogeneous freezing is includedforcing tend to cancel. The net flux changes at the TOA are
The addition of heterogeneous IN from 10% of soot and dustmainly controlled by the change in upper tropospheric wa-
particles improves the comparison with the observationster vapor which closely follows the change in cirrus clouds
This suggests that the heterogeneous freezing is needed {more ice crystals and more high level cloud amount lead to
reproduce the observed ice crystal number concentrations ahore warming). A maximum change of 1.7 Witis simu-
lower temperatures. In our sensitivity tests, we assumed sodated from the HMHTO.01IN case to the HMHTLIN case,
and dust particles have the same freezing capabilities, andhere the net cloud forcing change contributes 0.49 ¥\ttm
used them as surrogates for heterogeneous IN in the reahis change, and the remaining 1.21 \§/is caused mostly
atmosphere. Atmospheric measurements showed that thet®y the changes in the greenhouse effects of water vapor. The
were very few soot or dust particles in crystal residues neatarge change in the greenhouse effect of water vapor may
the tropical tropopause (Froyd et al., 2010), though biomas$oint to a problem in studies of aerosol indirect effects on
burning soot particles may act as IN to some degree (Pettersirrus clouds that only examine the change in cloud forcing.
et al., 2009; DeMott et al., 2009). Recent studies point to Changes in mesoscale temperature perturbations also
the potential roles of solid ammonium (Abbatt et al., 2006; change ice crystal number concentrations significantly.
Jensen et al., 2010) and organic glassy aerosols (Murray efolumn-integrated ice crystal number concentrations in-
al., 2010) as heterogeneous IN at low temperatures. In oucrease by 50% from the HMHU.01IN case to the
sensitivity tests, we applied the same freezing fraction to dusHMHT _1.25dT case when the mesoscale temperature per-
and soot particles at all temperatures. As shown in Phillipsturbation is increased by 25%, while it decreases by 33%
et al. (2008), aerosol particles may have an increased freezrom the HMHT.0.01IN case to the HMHI.75dT case
ing fraction at lower temperatures. This could bring our pre-when the mesoscale temperature perturbation decreases by
dicted ice number concentrations into better agreement witt25%. Changes in ice crystal number concentrations, and
observations. However, further improvement in the under-radiative fluxes from a 25% change in the temperature
standing of heterogeneous IN in the atmosphere and theiperturbation have a magnitude that is similar to those caused
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by a factor of 10 change in the heterogeneous IN concentrathe advected cloud fraction was only used in cirrus clouds.
tions. This reinforces the importance of having a better rep-The model was integrated for 3 years. Including advection
resentation of mesoscale dynamic forcing in the treatment obf the cirrus cloud fraction increases the high level cloud
cirrus clouds and in studies of the indirect effects of aerosoldraction from 35% to 39%, increases the column-integrated
on cirrus clouds (Haag andédcher, 2004). ice crystal number concentration from 0.08001°m=2 to

In this study, the KB0O8 scheme is extended to include a0.170x10'°m~2, and increases the longwave cloud forcing
simplified representation of both homogeneous freezing andy 4 W/n?. This suggests that advecting cloud fraction can
heterogeneous freezing. The challenge in representing bothe quite important. But given the inconsistencies between
homogeneous and heterogeneous freezing in GCMs is to regirrus and mixed-phase clouds introduced by this approach,
solve or parameterize the supersaturation levels which argve have to be cautious in explaining these results. To include
critical to predicting whether homogeneous or heterogeneouthe advection of cloud fraction in a physically consistent
freezing occurs. This is a difficult task, given the large GCM manner for all clouds, a prognostic cloud fraction scheme for
time step. Separately tracking the cirrus cloud fractions genall clouds is needed. Such an addition is beyond the scope
erated from homogeneous freezing and heterogeneous freeaf this study. We expect to revisit this issue in the future
ing may be helpful, but this may not be enough to solve thewhen a prognostic cloud fraction treatment for other clouds
challenge of predicting the correct supersaturation levels iris available in the NCAR CAM model.
GCMs.

In this study, the prognostic cirrus cloud fraction is not ad-
vected. This simplification can potentially impose a physical Appendix A
inconsistency between the simulated cloud fraction, and the
advected moisture and condensate fields, which may overe&quations used in the cirrus cloud scheme
timate sublimation and affect relative humidity and ice crys-
tal number concentrations in the upper troposphere. Builhe key equations used in the cirrus cloud scheme of KB08
since condensate fields are sublimated when they advect intare listed in this Appendix, and readers are referred to KBO8
the clear sky part of an adjacent grid, and since our cloudor details.
fraction responds in a physical way to the increase or de- The PDF of clear sky temperature is approximated by a
crease in moisture due to advection or sublimation, this poconstrained normal distribution with mean temperatdig (
tential inconsistency does not cause the results to become otand standard deviatioft
viously unphysical. We note that many state of the art global
climate models still do not have physically consistent treat-¢Pr _ 1 1 1 expl —(T— TO)Z} (A1)
ments for all clouds. dT ~ NroT J2n 25T%2 7

It would be interesting to quantify the potential effects
of this simplification, but this is difficult given the current WheredPr/dT=0 outside of7p+357 and N is a normal-
model configuration. The main difficulty comes from the ization factor accounting for the finite limits over which
diagnostic treatment of cloud fraction in warm and mixed- Ed. (A1) is defined.
phase clouds (warmer thar85°C) and the lack of a consis- By using the saturation vapor pressure over pure hexag-
tent treatment for cloud formation in these clouds. If cloud onal ice which is calculated based on Murphy and Koop
fraction is advected, the advected cloud fraction cannot bé2005), the PDF of clear sky temperature is then transformed
used in warm and mixed-phased clouds without changing thénto the PDF of clear sky saturation rati®)(
parameterization of cloud formation in these clouds, since
cloud fraction in warm and mixed-phase cIouds is currently

dap; 1 1 1 (A2)
tion. But thls introduced an inconsistency which occurred at 43 NS Gs«/ 7w SIN?(S /o)
the boundary between mixed-phase clouds and cirrus clouds ex— sl 1 2
N

When only cirrus cloud fraction is advected, cloud fraction ~ In(S/a) |n(50/a)} ]
can be added or subtracted from cirrus clouds in an adja-

cent grid zone, but the mixed-phase clouds in the adjacenfvhere g, = 1/(2‘7s2) os=8TI9, 6=6132.9K, a=p,/¢,

grids are not decreased or mcreased Itis not clear Wheth% 3. 4453( 10'°hPa, andp, is the water vapor partlal pres-

creased or mcreased when only cirrus cloud fraction is adhormallzanon factor, which is calculated as

vected since the warming/cooling and drying/moistening as-

sociated with the large scale transport may change relatlvg\, = Z(erfl\/Bs 1 A3
humidity and result in changes in the cloud fraction of the ( [ {In(S Ja) In(53+/a) D (A3)
mixed-phase clouds. In a test case, we advected cloud frac- 1

tion for all clouds (for the homogeneous freezing case), but &' flvA {|n(50/a) In(S3_/a)}]’
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