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Abstract. The influence of heterogeneous freezing on theorder to predict the radiative forcing of cirrus clouds it is
microphysical and optical properties of orographic cirrus therefore necessary to take the correct dynamical and ther-
clouds has been simulated with the large eddy simulatiormodynamical processes as well as the possible existence and
model EULAG. Idealised simulations with different concen- freezing threshold of heterogeneous IN into account, not only
trations of ice nuclei (IN) in a dynamically dominated regime for low vertical velocities but also for dynamically dominated
with high vertical velocities have been performed. Further-regimes like orographic cirrus.

more the temperature at cloud formation as well as the crit-

ical supersaturation for initiation of heterogenous freezing

have been varied. The shortwave, longwave and net cloud

forcing has been calculated under the assumption that thé Introduction

clouds form between 06:00 and 12:00 local time (LT) or be-

tween 12:00 and 18:00LT. In general it can be seen that th&irTus clouds, i.e. high clouds consisting exclusively of ice
onset of homogeneous freezing is shifted in time depend€rystals, play a crucial role in the climate system and cover
ing on the IN concentration, as part of the available water@Pproximately 30 % of the Eartifylie and Menzel1999.
vapour is depleted before the critical threshold for homoge-Ice crystals interact with the short- and longwave radia-
neous freezing is reached. Although the high vertical veloci-tion and have great potential to modulate the Earth’s radia-
ties in an orographic gravity wave lead to a strong adiabaticive budget. Depending on their microphysical and optical
cooling followed by high ice supersaturations, even a smallProperties, cirrus clouds can either cool or warm the Earth—
number concentration of IN of the order of 5tis able to ~ atmosphere system. On the one hand, ice crystals scatter the
strongly decrease the simulated ice crystal number burdeghortwave radiation back into space, thus leading to a cool-
(ICNB), ice water path (IWP) and optical depth of the cloud. ing (albedo effect). On the other hand, the longwave radiation
In general, the ICNB, IWP and optical depth strongly de- ¢an be trapped efficiently, leading to a warming (greenhouse
crease when the IN concentrations are increased from 0 t§ffect). In general, optically thin cirrus clouds exert a warm-
50 L~L. The absolute values of the shortwave, longwave andng as the absorption of infrared radiation and re-emission
net cloud forcing are also reduced with increasing IN con-at lower temperatures dominates the scattering of incoming
centrations. A cloud will produce a net warming or cooling solar radiation, whereas optically thick cirrus clouds lead
depending on the IN concentration, the temperature and thf @ cooling due to the scattering of shortwave radiation
time of day when the cloud forms. The clouds that form be-Pack into space being the dominant process. Whether cir-
tween 06:00 and 12:00 LT are mainly cooling, whereas the'Us clouds lead to a net warming or cooling thus depends on
clouds with the same microphysical properties can lead to heir macrophysical properties such as the optical thickness

warming when they form between 12:00 and 18:00LT. In Of the cloud; these properties are determined by microphys-
ical properties such as the ice crystal number concentration,
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ice water content, crystal shape and si?¢e(disch et aJ.  the potential to strongly modify the ICNC, the occurrence of
2007. The microphysical properties of a cirrus cloud de- heterogeneous freezing has to be taken into account for the
pend, on the one hand, on the underlying dynamics and, oeorrect calculation of the cirrus’ optical properties together
the other hand, on the freezing mechanism. Cirrus clouds cawith the correct representation of the vertical velocity, which
form by homogeneous and heterogeneous freezing. Homaalso strongly determines the ICN&g4rcher and Lohmann
geneous freezing means the freezing of supercooled solutioB002 Spichtinger and Gierenk009h. It was previously
droplets. Solution droplets of a certain size start to freezethought that cirrus clouds lead to a net global warmi@iggn

if the nucleation rate is so large that the freezing probabil-et al, 2000. However, a significant part of the uncertainties
ity approaches 1. The nucleation rate depends only on temin climate predictions arises from the representation of cir-
perature and relative humidity and is mostly independent ofrus clouds in the climate model&i{ang et al.2005. This is

the nature of the solutéKpop et al, 2000. Heterogeneous caused by the complex interaction of thermodynamical and
freezing denotes a freezing process which is associated witdynamical processes which are not included correctly in cli-
solid aerosol particles, the so-called ice nuclei (IN). The su-mate models or not resolved by the coarse grid. The poor
persaturation threshold which is needed for the initiation ofrepresentation of cirrus clouds and their microphysical and
heterogeneous freezing depends on the properties of the IMiptical properties in global climate models makes it espe-
Whereas for homogeneous freezing very high supersaturaeially difficult to estimate the changes in a future climate and
tions in excess of 45 % are needddOp et al, 2000, het-  exhibits a major uncertainty for predicting the future climate.
erogeneous freezing can be initiated at much lower supertn Joos et al(2009 a first estimate of changes in the micro-
saturationseMott et al, 2003 Mohler et al, 2009. It has  physical properties of orographic cirrus in a future climate
been shown in different studies that the existence of IN ands presented based on large eddy simulations (LES) with the
the occurrence of heterogeneous freezing can alter the foleULAG model, whereas idoos et al(2010 changes in the
mation of cirrus clouds significantlyS@ssen and Benson microphysical and radiative properties are calculated with the
2000 Khvorostyanov and Curpy2005 DeMott et al, 1997). global climate model ECHAMS. However, in both studies
Spichtinger and Czicz¢?010 investigated in a box model only homogeneous freezing was considered. In order to gain
study the influence of IN on the homogeneous freezing atinsight into the complex interactions between dynamics, mi-
relatively low updraft speeds (0.05-0.2™3% They showed  crophysics and radiation, we therefore present the results of
that the existence of IN that freeze at a critical supersatu-38 radiation calculations of orographic cirrus clouds. To un-
ration lower than for homogeneous freezing strongly mod-derstand the important contributors to sub-grid processes re-
ifies the subsequent homogeneous freezing and leads tolated to the interaction between dynamics, microphysics and
strong reduction in the simulated ice crystal number concensadiation, we investigate the role of nucleation mechanism,
tration (ICNC). The depletion of water vapour by the het- ice nuclei concentration, temperature and diurnal cycle in
erogeneously frozen ice crystals delays the onset and weaknodulating the simulation of cirrus microphysical and radia-
ens the homogeneous freezing event. The effect of a reduceie properties. The orographic cirrus clouds and its micro-
ICNC due to a previous heterogeneous freezing event comphysical properties have been simulated with the LES model
pared to a purely homogeneous freezing event is also calleBULAG (Prusa et a).2008, which contains detailed ice mi-
the “negative Twomey effect'{archer and Lohmanr2003 crophysics $pichtinger and Gieren20093. The results of
Karcher et al.2007). Spichtinger and Gierer{20099 inves-  the microphysical properties are then passed as input into a
tigated the effect of heterogeneous freezing with the cloud4wo-stream radiative transfer codeu(and Lioy 1993; in
resolving model EULAG. They were able to show that low other words, an offline calculation of radiative effects is per-
IN number concentrations of the order of 5L modify the  formed. This model chain allows us to determine the influ-
microphysical properties of the cloud, at least for low up- ence of heterogeneous freezing on the microphysical and ra-
draft speeds of the order of 0.04—-0.08MsIn contrast to  diative properties of orographic cirrus clouds. The paper is
previous studies, we investigate the influence of IN on theorganised as follows: in Se@.1the EULAG model and the
clouds microphysical and optical properties in a highly dy- radiative transfer code are introduced briefly. In S2@and
namically dominated regime with vertical velocities of up to Sect.2.3, the simulation of the microphysical properties with
0.8mstin an orographic gravity wavédean et al(2005 EULAG and the calculation of the radiative properties are ex-
andJoos et al(2008 2010 showed that orographically in- plained, respectively. Secti@1shows a detailed analysis of
duced cirrus clouds contributes considerably to the cirrusa simulation with homogeneous freezing only and a simula-
cloud amount over and in the lee of mountains and are theretion where 10IN -1 are added. The results of all simula-
fore also important for the radiative budget of the Earth.tions are explained in Se@.2, and we summarise our work
Additionally, we investigate how the changed microphysi- in Sect.4.

cal properties modify the radiative properties of the clouds.

Fusina et al(2007) showed that the ice crystal number con-

centration plays an important role in the transition from the

warming to the cooling regime. As the existence of IN has

Atmos. Chem. Phys., 14, 683%852 2014 www.atmos-chem-phys.net/14/6835/2014/



H. Joos et al.: Orographic cirrus 6837

2 Model simulations domain with a height of 600 m and a half-width of 10 km.
The horizontal resolution is 250 m and the vertical resolu-
2.1 Model description tion is 50 m. The model is initialised with the ambient po-

tential temperaturé(z) and pressure(z) profiles according
For this study we use the anelastic, non-hydrostatic modeto Clark and Farley(1984), using a constant Brunt—Vaiséala
EULAG (Prusa et a).2008 for simulating the orographic frequency over the whole troposphere. The tropopause is set
cirrus clouds. As detailed ice microphysics are imple- at ztp =13 km, followed by higher stratification in the up-
mented in this model Spichtinger and Gierens20093, per part of the domain (13 kra z <20km). Additionally, a
ice crystal number concentration as well as ice water conwind profileu(z) is prescribed. The wind speed increases be-
tent are prognostic variables. In our simulations, homoge-tween 0 and 2 km height from 4 to 9 m’s Above that level
neous and heterogeneous freezing is considered. The hdt stays constantu(z) = 9ms1) until a height of 12 km,
mogeneous nucleation rate is parameterised according tavhere it starts to decrease linearly until a height of 15 km to
Koop et al.(2000 and the background sulfuric acid aerosols —10 ms 1. The dynamical timestep ig & 2.5 s and the mi-
are distributed log-normally with an aerosol number concen-crophysical time step istgl = f—g =0.25s. This setup leads
tration of Ny = 200 cn13, a geometric standard deviation of to vertically propagating wave packets, forming a standing
or = 1.4 and a modal radius of,, = 25nm. For heteroge- wave. Additionally, an ice-supersaturated region (ISSR) has
neous freezing a very simple parameterisation is used. Theeen implemented at a height of 8500 to 9500 m. For a more
number of available heterogeneous ice nuclei (IN) is pre-detailed description of the model setup, see also Sect. 4 of
scribed and it is assumed that all IN become ice crystalsloos et al(2009. In this study it is also shown that the
at a prescribed critical relative humidity with respect to ice model represents the measurements of the ice crystal num-
(RHiney). If the ice crystals evaporate, the IN can be releasedber concentration and ice water content of an orographic cir-
back into the atmosphere. The use of such a simple heteraus cloud, taken during the INCA campaigBdyet et al.
geneous freezing parameterisation like in this study is justi-2004) very well. The orographic cirrus cloud was measured
fied as it is not within the scope of this paper to investigateon 5 April 2000 between 18:00 and 19:00 UTC on a flight
different freezing mechanisms. We want to investigate howtrack at 53 S over the Andes. The EULAG model was ini-
the microphysical and optical properties of the cloud changetialised with pressure, temperature and humidity fields for
if there were a certain number of IN that freeze at a giventhis date and a realistic topography for'®has been im-
RHi, no matter which exact freezing mechanism is active.plemented. Since there is good agreement between measure-
For a detailed description and discussion of the scheme, sements and model results, the proper use of the model for ide-
Spichtinger and Gieren®0093. For the offline calculation  alised orographic cirrus cloud studies is anticipated. Our sim-
of the radiative properties, a two-stream radiative transferulations were run for 6 h with an output frequency of 10 min.
code is used. It contains 6 bands in the solar and 12 bandAfter approximately 90 min (depending on the number of IN)
in the thermal infrared regimd-( and Lioy 1993. The re-  a cloud starts to form over the mountain and is present over
quired microphysical variables are ice water content (IWC)the rest of the simulation time. In order to investigate the
and ICNC. Based on these variables the effective ice crysinfluence of heterogeneous freezing we performed one ref-
tal size is calculated. Ice crystals are assumed to be sma#rence simulation with homogeneous freezing only and sim-
hexagonal columns and their effective ice crystal size is cal-ulations where the heterogenous freezing is active as well.
culated under the assumption of randomly oriented column\e run different setups in order to scan properly through the
(Fusina et al.2007 Ebert and Curry1992. For the treat- parameter space (temperature, RHi, IN concentration, nucle-
ment of many arbitrary classes of ice, a generalised effecation threshold). In order to test the sensitivity to the number
tive size for the ice crystal size distributions is derived. The concentration of IN, simulations with 5, 10 and 50 IN'L
derivation is described in detail in Appendx Furthermore,  have been carried out. Furthermore, the temperature profile
the solar zenith angle is calculated corresponding to the timéor initialising the model has been shifted such that the tem-
of day, the day of year and the geographical latitude; the soperature inside the ISSR is 10 K warmer or colder then the
lar surface albedo is set to 0.3, representative of mid-latitudeeference case, respectively. The shift in the temperature pro-
conditions, the infrared surface emissivity is assumed to be file does not change the flow regime as it is done in a way

and the solar constant is 1340 W that the Brunt-Vaisala frequency stays the same as in the
reference case. For the reference case, the temperature in-
2.2 Simulation of microphysical properties side the ISSR at a height of 9000 m is 220.7 K, for the cold

profile 210.1 K and for the warm profile 229.9 K. Addition-
In order to calculate orographic cirrus clouds and their mi-ally, the RHi which is required for initiating the heteroge-
crophysical properties we use a set of 18 idealised LES simheous freezing (R is set to 120, 130 and 140 %. How-
ulations. The setup consists of a 2-D domainz( plane)  ever, the simulations with Rifd;= 120 and 140 % are only
with horizontal extension of 320 km and vertical extension performed for the reference temperature profile. In all simu-
of 20 km with a bell-shaped mountain in the middle of the lations a steady mountain wave forms. The vertical velocities
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Figure 1. Flow regime after 5h used for the idealised simulations HOM (left). Grey lines indicate lines of constant potential temperature
with an increment of 4 K. The black rectangle shows the position of the ISSR. Colours indicate the vertical velocities (left) and the relative
humidity with respect to ice (right). Black contours show the ICNC with the lines for 0.00001, 1, 10, 100, 500 and #Go@ilred contours

the IWC with lines for 0.0001, 1, 3, 6, 9, 12, 15 and 18 m‘ggmor the simulation HOM. Taken frordoos et al(2009.

reach values up to 0.8m$ and the ISSR is located at a HOM 5IN 10IN 50IN
height where the updraft speed reaches its maximum. Thus, 120 [130 [140 [120[130 [140 | 120 [130 [140
the clouds form in a dynamically dominated regime where
the high updraft speeds lead to the formation of high ice su-
persaturations such that an orographic cirrus cloud can form. ref
In Fig. 1 vertical velocities, relative humidity with respect to X XXX P XXX XXX
ice (RHi), ice crystal number concentration (ICNC) and the
ice water content (IWC) are displayed for the simulation with
homogeneous freezing only (HOM) for the reference tem- wam (229.1K)  reference (220.7K)  cold (210.1K

1 1, — 0,
E)her;’iturle p:jople andtl)?ldéta]130 & E;’}[ft_er =h. tlttﬁa?_be ;eent Figure 2. Summary of all 18 LES simulations. Each symbol repre-
at a cloud forms above the mountain crest that Is advec eg,ents one simulation. The temperature profile is shown in the ver-

~80km downstream. If the crystals become large enoughyjcq) \whereas the temperature indicated at the bottom refers to the
they start to sediment and sublimate in the ice subsaturategimperature inside the ISSR. The whole profiles can also be found
air below the cloud. This effect can be seen from the red andn Joos et al(2009. The horizontal shows how many IN are in-
black lines in Fig1, right between~ 170 and 200 km, where  cluded in the simulation from 0 in HOM to 501 in the 50 IN

IWC and ICNC are present in subsaturated air. In Bjall simulation. Furthermore, the critical relative humidity at which the
LES simulations are summarised. For every temperature proN are assumed to initiate heterogeneous freezing is shown, namely
file (reference, warm and cold), simulations with homoge-at 120, 130 or 140 %.

neous freezing only and 5, 10 and 50 INLare performed

(HOM, 5 IN, 10 IN, 50 IN), while it is assumed that het-

erogeneous freezing is initiated at RHIL30 %. This results  out every 10 min with updated ice crystal number concen-
in 12 simulations. Additionally, for the reference tempera- tration and ice water content as well as actual zenith angle.
ture profile only, the freezing threshold is shifted to 120 and The output of the radiative transfer code is given by a time
140 % for the simulations 5 IN, 10 IN and 50 IN (6 additional series of cloud optical depthand radiative fluxes at the top
simulations). In total we therefore obtain 18 LES simulations of the atmosphere for the infrared as well as solar spectrum

cold e X X X

which serve as input for the offline radiation calculation. over 6 h for each simulation. Based on the radiative fluxes
the longwave, shortwave and net cloud forcing is calculated.
2.3 Simulation of cirrus radiative properties As the cold (warm) temperature profiles have a surface tem-

perature of 270 K (298 K), representing the conditions during
The simulated ice crystal number concentration and ice wathe northern Hemispheric mid-latitude winter (summer), ad-
ter content obtained in the 18 LES simulations are used as aditional radiation calculations have been performed in which
input for the radiative transfer code. In order to investigatethe solar zenith angle is calculated for the 21 December
the influence of the zenith angle on the results we performed21 June) instead of 21 March. For each of the 18 LES simu-
radiation calculations from 06:00 to 12:00 LT as well as from lations, radiation calculations are performed for different lo-
12:00to 18:00 LT. The zenith angle is representative 6M60 cal times and different seasons. We thus obtain 38 radiation
and for 21 March. Radiation transfer calculations are carriedcalculations. Four calculations for each of the temperature
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profiles, namely with homogeneous freezing only and with

5, 10 and 50 IN 2, calculated for two different time slices HOM SIN 10IN SOIN
of the day (06:00 to 12:00 and 12:00 to 18:00LT) are per- g.12
formed. This leads to 24 radiation calculations. Additionally, g 1309 KK KK K KK K KK XK XK
6 radiation calculations for the reference temperature profile

with 5, 10 and 50 IN 1 are calculated under the assumption ;3_1?30% O QOO0 O OO O OO OO
that the IN freeze at a critical supersaturation of R 120 —

or 140%. Furthermore, eight simulations for homogeneous 6-12 (o) (@) o)
freezing only and 5, 10 and 50 IN for the cold (warm) R =120%

temperature profiles have been performed in which the so- 6-12 0 0 0

lar zenith angle is calculated for the 21 June (21 December). RHi,=140%
In Fig. 3 all 38 radiation calculations are summarised. Each g-12
symbol represents one radiation calculation and the colours june 21 A A A A
of the symbols show for which temperature profile each ra- 12
diation calculation is performed, while blue, black and red [~ + + + +
symbpls refer to the cold, reference and warm profiles,. €= \warm (229.9) reference (2207K)  cold (210.1)

spectively. Please note that for some radiation calculations

the same LES simulations are used as an input. For exanfigure 3. Summary of all 38 radiation calculations. Each sym-
ple, the LES simulation 5 IN with Rii;=130 % serves as bol represents one radiation calculation. The horizontal shows how
an input for the radiation calculations from 06:00 to 12:00 Many IN are included in the simulation from 0 in HOM to 50t

and 12:00 to 18:00 LT. All radiation calculations in the first In Simulation 50 IN. The vertical shows the time of day simulated;
two rows which are illustrated either as star or rhrombus anoﬂ.1e colour of each symbol shows for which temperature profile the

. . . simulation is performed, with blue for the colfl & 2101 K), black
which have the same colour use the same LES simulation a8 the referencell = 2207 K) and red for the warmi( — 2299 K)

mput: In t_he fOHO_W'ng’ asimulation Where o.nly thOgenous profile. These profiles can be foundiaos et al(2009. Please note

freezing is considered as well as a simulation with 10 IN for hat the simulations with Ridit= 120 % and 140 % are only per-

both 06:00 and 12:00LT, the reference temperature profil§ormed from 06:00 to 12:00 LT and for the reference temperature

and RHhet= 130 % are explained in detail before a summary profile only (black symbols). The simulations for 21 June (21 De-

of all simulations is given in Sec8.2 cember) are only done for 06:00-12:00 LT and the warm (cold) tem-
perature profile. The symbols used in the table are the same as the
ones in the figures in Se@&.2

3 Results

In order to compare the different simulations, the vertically IS défined as the difference between the clear-sky net top-of-
integrated IWC and ice water path (IWP) as well as the ver-2tmosphere (TOA) radiation and the net TOA radiation with
tically integrated IWC, the so-called ice water path (IWP) as¢louds. The CF can be calculated for the shortwave radia-
well as the vertically integrated ICNC, the so-called ice crys- 10N such that SCE Ses— Scioud, WhereSes is the shortwave

tal number burden (ICNB) are calculated for every timestepC!ear-sky TOA radiation anficioud is the shortwave TOA ra-
(10 min). Furthermore, the optical depthas well as the diation with clouds. The same can be done for the longwave

longwave, shortwave and net cloud forcing are calculated forradiation, where LCE Les— Leioud (Kl€in and Hartmann
all simulations. The optical depth for a wavelength interval ~ 1993. SCF is negative aSiouqis larger than the correspond-

i is calculated according 6u and Liou(1993 and is given ing clear-sky value as clouds scatter more radiation back into
by space than the underlying surface. LCF is positive as more

longwave radiation is trapped when clouds are present. This

effect is strongest for high, cold clouds as they radiate back
) ) Yy into space with a much lower temperature than the under-

lying warmer surface. In order to compare the results for the
where IWP is the ice water path in g/ De is the gener- 38 different radiatipn calculations, the scenario with pure ho—
alised size in micrometres, which can be calculated as deM0geneous freezing and the reference temperature profile as

scribed in AppendisB, anda; andb; are coefficients that de- Well as the simL.JIation WiFh 101N and Rkéi =130 % for the
pend on the wavelength interval. For IR emissivities, a sim-time period 06:00 to 12:00LT are described in more detail

ilar relationship holds. However, one can conclude from co-Pefore a summary of all simulations is discussed in S2t.

efficient analysis that the size is more important for solar ra-
diation than for thermal radiation, which is strongly driven
by ice mass. The optical depthis determined using the
wavelength interval of visible light. The cloud forcing (CF)

e

b
r,-:lWP-(a—}—F
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Figure 4. Time evolution of(a, d)ice crystal number burde(, e)ice water path an¢t, f) optical depth for simulation HOM (left column)
and 10 IN (right column) for the reference temperature profile and,R®Hi130%. The red line shows whete= 0.03, and the triangle

denotes the position of the top of the mountain. The green lines show the ICNB and IWP for the homogeneously frozen ice crystals with

values of 0.1, 4, %108 m~2 for ICNB and 0.5,5, 8¢ m? for the IWP. The numbers in brackets show the mean values; the mean is only
calculated where > 0.03. Note that the time of the day is not specified for these simulations without radiation.

3.1 Detailed discussion of simulation HOM and 10 IN and a cloud starts to form. The nucleation takes place close
to the mountain crest, where the updraft speeds are high-
est. The ice crystals then grow due to deposition of water
vapour and are partly advected downstream and sediment
to lower levels. As time progresses, more crystals form as
the existing ice crystals cannot deplete enough water vapour.
Therefore the supersaturation with respect to ice stays high
enough and new crystals can form until an equilibrium be-
tween the production of supersaturation due to the vertical
é/elocities and the depletion of water vapour by the exist-
ing ice crystals is reached and the ICNB stays more or less

8onstant. In connection with the nucleation of ice crystals,

3.1.1 Simulation HOM

In order to compare the different simulations, the time evolu-
tions of the microphysical properties IWP, ICNB and optical
depthr as well as the longwave (LCF), shortwave (SCF) and
net cloud forcing (NCF) are shown. The left column of Fg.
shows the time evolution of IWP, ICNB andfor the refer-
ence simulation where only homogeneous freezing is activ
(HOM) for the reference temperature profile. Afte h the
critical supersaturation for homogeneous freezing is reache

Atmos. Chem. Phys., 14, 683%852 2014 www.atmos-chem-phys.net/14/6835/2014/
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Figure 5. Time evolution of(a, d) shortwave cloud forcing (SCHb, e) longwave cloud forcing (LCF) an¢t, f) net cloud forcing (NCF)

for simulation HOM (left column) and 10 IN (right column) for the reference temperature profile from 06:00 to 12:00 LT. The red line shows
wherer =0.03 and the triangle denotes the position of the top of the mountain. The numbers in brackets show the mean values; the mean is
only calculated where > 0.03. Note that the time of the day is specified for these simulations with radiation.

the IWP increases with time. The highest values can be seewell as the high IWP in this region. The high number concen-
close to the mountain crest where the crystals form and growtration of ice crystals in the formation region leads to small
As the crystals start to sediment and sublimate during theDe and thus increases the optical depth (see BrgAddi-
downstream advection (see also Higright panel), the IWP  tionally, the mean IWP, ICNB and optical depth are shown
decreases with increasing distance from the formation rein Fig. ALl. The mean is calculated over all values where
gion. At x ~220km a second small updraft region in the the optical depth exceeds 0.03, which distinguishes visible
wave provides enough supersaturation such that the crystafsom subvisible cirrus clouds. The mean ICNB amounts to
grow again; however it is not high enough to reach the criti- 2.64x 108 m—2, the mean IWP to 4.22gn% and the mean
cal threshold for homogeneous nucleation again and no newptical depth to 0.57. In the left column of Fi§, the SCF,
crystals form. The corresponding optical depth also showd CF and NCF are shown for the time period from 06:00 to
highest values close to the mountain crest with decreasind2:00LT. As long as no cloud is present, the cloud forcing
values downstream. The high values of the optical depthequals zero as there is no difference to the clear-sky radia-
close to the mountain crest are caused by the high ICNB asion. When the cloud starts to form after3 h the shortwave
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cloud forcing (SCF) becomes negative, because, due to theorresponds very well to the findings 8pichtinger and Cz-
presence of the cloud, more radiation is scattered back comiezo (2010. The heterogeneously frozen ice crystals form
pared to the clear-sky case. The amount of scattered radidan an area with high supersaturation. As there are only few
tion depends on the optical depth of the cloud (compare tdce crystals, they rapidly grow and start to sediment. There-
Fig. 4c). The higher the optical depth, the more incoming fore a vertical gradient in the ICNC builds up with more
radiation scattered and the more negative the SCF. The sedee crystals at the bottom and fewer ice crystals at the top
ond small updraft region in the wave where the crystals starbf the ISSR. The heterogeneously frozen ice crystals fur-
to grow can again be seen in the optical depth as well agher deplete part of the supersaturation, mainly at the bot-
the SCF. The SCF decreases to values beld80 W ni?2 tom of the cloud. Therefore the threshold for homogeneous
close to the mountain crest, where the optical depth is highfreezing is only reached in a shallow area close to the top of
est and increases with decreasing optical depth. The meathe ISSR and not throughout the whole depth like in HOM.
SCF averaged over all values where- 0.03 amounts to  This effect can be seen in Fi§, where the homogeneously
—48.7Wn12. The longwave cloud forcing (LCF) shows a frozen crystals, the heterogeneously frozen crystals, and the
similar pattern. The highest values of more than 110W¥m points where RHi exceeds the critical supersaturation needed
are reached close to the mountain crest, where the IWP ha®r homogeneous freezing are displayed for both simulations
its maximum values and the pattern is again determined byfHOM, 10 IN). A strong vertical gradient in the heteroge-
the optical depth of the cloud. The mean LCF is given by neously frozen crystals builds up (black lines in Fagright)
45.6 WnT2 and is somewhat lower than the absolute valuewith ICNC of ~ 10 L~1 at the bottom and- 1 L1 at the top

of the SCF. The mean NCF is therefore slightly negativeof the cloud. Furthermore, it can be seen that the peak val-
(—3.1Wnr?) such that the cloud is slightly cooling com- ues of RHi above the homogeneous nucleation threshold are
pared to the clear-sky case. However, it can be seen that partsnaller in 10 IN than in HOM, at least for the beginning of
of the cloud are cooling whereas other parts have a warminghe homogeneous freezing event (see crosses ir6fighe
effect. In the part of the cloud with the highest optical depth threshold is only exceeded in a much smaller area close to
close to the mountain crest, the SCF strongly dominates théhe cloud top compared to HOM. Due to these two effects,
LCF, leading to a cooling, whereas in regions where the opthe vertically integrated number of homogeneously frozen
tical depth is lower € <~ 0.7), the LCF slightly dominates ice crystals is smaller in the 10 IN simulation than in HOM.
and the cloud is in a warming regime. In the following sec- Spichtinger and Giere0099 observed the effect of a re-
tion it is shown how these microphysical and optical prop- duced nucleation area and smaller peak values in their simu-
erties change if 10 INt! that freeze at RHiy=130% are lations of a cirrus cloud which forms under much lower ver-

added and heterogeneous freezing is active as well. tical velocities of the order of some cm’s i.e. under syn-
optic updraft conditions. However, the results shown here
3.1.2 Simulation 10 IN suggest that this effect is even present in a highly dynami-

cally dominated regime with high updraft velocities and that
In the simulation presented here, 10 IN‘Lthat freeze at even a few IN are enough to change the clouds microphysi-
RHihet=130% are added to the background aerosol con-cal properties. After 240 min the homogeneous nucleation
centration such that the influence of heterogeneous freezintakes place over the whole depth of the ISSR, with a delay
on the microphysical and optical properties can be investi-of ~ 60 min compared to HOM. At that time, and for the rest
gated. In the right column of Figl the ICNB, IWP and op- of the simulation, the remaining heterogeneously frozen ice
tical depth are shown as an evolution in time. As the hetero-crystals also cannot inhibit the onset of homogeneous freez-
geneous freezing starts at lower RHi than the homogeneouig because the high updraft speeds in the mountain wave
freezing threshold (namely at the prescribed 130 %), the forare shown to be a strong source of cooling and thus the for-
mation of the cloud already starts after60 min, which is  mation of ice supersaturation. In summary, the presence of
~ 120 min earlier than in HOM. Additionally, the slight lift- heterogeneous IN strongly modifies the microphysical prop-
ing of the streamlines at the windward side of the moun-erties of the cloud. The formation of homogeneously frozen
tain is enough to reach supersaturation as needed for hetee crystals is suppressed and the few heterogeneously frozen
erogeneous freezing. The cloud is therefore no longer conice crystals are relatively large and start to sediment. This
strained to the downstream side of the mountain but extendgads to the observed reduction in ICNB as seen in the right
~ 40 km upstream. The existence of 10 INLLis enoughto  column of Fig.4. Due to the reduced ICNB the IWP is also
deplete part of the supersaturation such that the onset of halecreased, because large crystals sediment and sublimate,
mogeneous freezing is delayed by about 20 min compared texhibiting a sink for the IWP. Fewer ice crystals and less
HOM. The green lines in Figdd and e show the ICNB and WP influence the optical depth, both in the same direction.
IWP, respectively, formed by homogeneous freezing. It canFewer but larger ice crystals lead to a decreaseas does
be seen that the onset of homogeneous freezing is slightly decreased IWP (see EL. The optical depth is therefore
shifted in time and that the strength of the homogeneous nustrongly reduced compared to HOM, from 0.57 to 0.22, in
cleation event is reduced compared to HOM. This behaviouthe mean over the cloud. In the right column of Figthe
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Figure 6. Ice crystal number concentration for simulation HOM (left) and 10 IN (righty fer220 min. Colours denote the homogeneously
frozen ice crystals and black lines the heterogeneously frozen ice crystals, with lines for 1, 5, 10 arld PBe_crosses show where RHi
exceeds the critical supersaturation for homogeneous freezing at this point in time, and the colours show the amount of supersaturation.

corresponding SCF, LCF and NCF are shown. The decreasetd suppress or delay the onset of homogeneous freezing, at
optical depth leads to a reduced SCF as less radiation is scaeast in parts of the cloud, which in turn modifies the radia-
tered back into space compared to HOM. The peak values ofive properties of the cloud.
~ —150 W nt 2 are only reached in a much smaller area than
in HOM. The part of the cloud where only heterogeneous3.2 Summary of all simulations
freezing is active also influences the radiation as the optical
depth is still high enough (above the threshold for subvisibleln the previous section, two simulations were explained in
cirrus, i.e.t > 0.03). Thus, a low negative SCF with values detail. In order to give an overview of all simulations, in the
up to —10Wn12 can be seen in these regions. The meanfollowing only the mean values of the ice crystal number bur-
SCF is—19.8 W n1 2, which is much less than the SCF in den, ice water path, optical depth, LCF, SCF and NCF aver-
HOM (—48.7Wnt12). The LCF exhibits a similar pattern aged over all values where the optical depth exceeds 0.03 are
since IWP is also strongly reduced. The slight upward mo-shown for all 38 radiation calculations.
tion of the streamlines in front of the mountain leads to a
non-zero LCF up te~ 40 km upstream of the mountain crest. 3.2.1 Microphysical properties
Due to the rapid growth of ice crystals, which produces IWP
values up to 4 g m?, the LCF reaches values ¢f20 W m 2 Figure7 shows the summarised results for the microphysical
in front of the mountain. On the other side of the mountain, properties ICNB, IWP and optical depth.
the LCF is reduced in amount because of the strengthened The ICNB exhibits a strong dependence on the temper-
sedimentation of the larger ice crystals compared to HOM.ature inside the ISSR (see blue, black and red symbols in
The mean LCF amounts to 19.6 W) which corresponds  Fig. 7 for each simulation). Cold temperatures lead to a de-
to less than half of the LCF in HOM (45.6 WTR). The dif- creased crystal growth rate, and as a result the newly formed
ference between SCF and LCF decreases, leading to a lessystals can only deplete part of the existing supersaturation
negative NCF compared to HOM. In the updraft region of and new crystals can form. For the warm temperatures the
the wave where the clouds form, the optical depth is still growth of ice crystals is efficient enough to deplete the super-
high enough for the SCF to dominate and the cloud is in asaturation and thus far fewer new crystals form. Adding het-
cooling regime. However, the cooling region is smaller com- erogeneous IN that freeze at an RHi value of 130 % leads to a
pared to HOM and the peak values are less pronounced. Ineduction of the simulated ICNB. As explained in S&cL.2
the other parts of the clouds, the NCF becomes positive, leadthe existence of IN that freeze at lower RHi than the homo-
ing to a warming. However, the absolute values of the warm-geneous threshold leads to a suppression or delay of homo-
ing are less distinct, such that the averaged NCF is given bygeneous freezing and therefore, in total, fewer crystals form.
—0.2Wnr2, i.e. close to zero. Based on the results shownThis reduction depends on temperature. For cold tempera-
here, we can conclude that a few IN are enough to stronglytures, the relative change is less pronounced than for warm
change the clouds microphysical and radiative propertiestemperatures. The existing IN start to freeze at RHB0 %,
even in this dynamically dominated regime. Although the however, due to the cold temperatures the heterogeneously
high updraft speeds in the wave lead to strong supersaturdrozen crystals cannot deplete enough supersaturation since
tions with respect to ice, a few heterogeneous IN are enougthe growth rates are quite low and new crystals can still
form homogeneously. At higher temperatures, the relative
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2 e but RHiyetis set to 140 % (squares) and 120 % (circles) in or-

e * 05 ol o wam ] der to test the sensitivity of the results on the efficiency of the
X | pri =120 S b= 0% heterogeneous IN. If RI{itis increased to 140 %, the reduc-

] tion of ICNB is less pronounced as the heterogeneous freez-

ing starts later. Thus, heterogeneously formed ice crystals can
» grow in a shorter time until homogeneous nucleation initi-
o © s « ates. This leads to less efficient water vapour depletion, and

* * @ the proceeding homogeneous nucleation is suppressed only

T e e om som T en em om weakly. Suppression is more pronounced for the 120 % case,
e e as heterogeneous freezing starts there immediately, which

1o leads to a strong suppression of homogeneous freezing due

X vam ] to efficient depletion of water vapour. The simulated IWP de-

o i rion] pends strongly on the assumed temperature profile. As we
oo x ] initialised the model with an ice-supersaturated region of
o ] RHi =120 %, the shift of the temperature profile leads to a
o varying specific humidity inside the ISSR, with highest val-

* % ] ues for the warm case. Therefore, the simulated IWP strongly

. depends on the assumed temperature profile with highest val-

HOM SN 1IN som ues for the warm case where most water vapour is available
(see Fig.7b). The IWP decreases strongly with decreasing

Figure 7. Averaged ice crystal number burdém), ice water path  temperatures. The addition of heterogenous IN also leads to
(b) and optical deptifc) for the simulations HOM, 5IN, 10INand 5 strong reduction in the IWP as fewer crystals form. The

50 IN. Black, red and blue asterisks show the resu_lts for_the refer'available water vapour is depleted on the reduced number of
ence, warm and cold temperature profiles for the simulation wher

the IN freeze at a critical supersaturation of 130 %. Additionally,(%_Ic_:;e Cryzt'als, \:\./hlch then t:elcorr:e tletlrge (;Foug[h to ffbd.,:.ment'
the results where RIHit is increased to 140 % (black squares) or € sedimenting ice crystals start to sublimate, exnibiting a

decreased to 120 % (black circles) are shown for the reference tem?-'ink for the IWP. The cha_nge in IWP is strongest be_tween
perature profile. For the calculation of the mean, only values wherdh®€ HOM and 5 IN simulations, whereas less change is seen

7 > 0.03 are considered. from 5 IN to 50 IN. The change of Rl to 140 % (120 %)
leads to a less (more) pronounced difference between HOM
and 5 IN because more (less) water vapour is depleted due

reduction is more pronounced as the heterogeneously formetb the increase (decrease) in ICNB. The optical depth shown

crystals grow more rapidly and more water vapour is de-in Fig. 7c depends on both the ICNB (or the effective ice
pleted due to efficient diffusion. This leads to a more pro- crystal size) and the IWP. For the simulation HOM it can
nounced suppression of homogeneous freezing. This effedte seen that the high IWP in the warm case dominates the
can be seen in Fi@®, which shows RHi, homogeneously and much lower ICNB, leading to the highest optical depth for
heterogeneously frozen ice crystals, and the area where hahe warm case and the lowest optical depth for the cold case.
mogeneous freezing can occur (i.e. RHScr (critical super-  As the addition of heterogeneous IN leads to a strong de-
saturation, corresponding to a homogeneous nucleation raterease in IWP and a decrease in ICNB, the resulting optical
of J = 10%cm~3s~1; Karcher and Lohmanr2002) for the depth is characterised by decreasing values with increasing
simulations HOM and 10 IN for the cold and warm temper- IN concentration. Again, the difference is largest from HOM
ature profiles, respectively. It can be seen that the differencéo 5 IN and the further decrease in optical depth with increas-
in RHi and ICNC between the HOM and 10 IN simulations ing IN is much less distinct. Further, the shift of Rklito

in the cold temperature case is smaller in 10 IN compared tdl40 % (120 %) leads to a less (more) pronounced decrease

HOM than in the warm temperature case. In the warm caseaccording to the behaviour of the IWP and ICNB (see black

RHi is much lower because it has been depleted by the existeircles and squares in Figa, b).

ing ice crystals. As a result, RHi exceeds Scr only in a very

small area (see blue lines) and almost no crystals form ho3.2.2 Cloud forcing

mogeneously. In contrast, in the cold case, heterogeneously . ) )
Fig. 9 the SCF, LCF and NCF for all simulations are sum-

formed crystals cannot deplete enough RHi to suppress th : ) ;
homogeneous freezing and many crystals can still form hoMmarised. The different symbols show the results for the sim-

mogeneously. For the warm and reference case, the Iargeé’!atio_”s from 06:00 to 12:00LT (asterisks) and from 12:00
reduction occurs between the HOM and 5 IN simulations, ©© 18:00LT (diamonds). In addition, the results for the ref-

whereas for the cold case the difference between 5 IN an§"€NCe temperature profile and Ri=140% (120 %) are
10 IN is larger. The black circles and squares show the reshown as black squares (circles) for the time period 06:00 to

sults for simulations with the reference temperature profile,lz:OO LT only.
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Figure 8. Relative humidity with respect to ice (RHi) for the simulations HOM (left column) and 10 IN (right column), for the cold
(upper row) and warm (lower row) temperature profiles#fes 220 min. Colours denote RHi in percent; black lines the heterogeneously
frozen ice crystals with lines for 1 and 10°L; pink lines the homogeneously frozen crystals with lines for 1, 100 and 208pand the

blue dashed area shows where RHi exceeds the critical supersaturation for homogeneousSgeezhb83— ﬁ_% (seeKércher and
Lohmann(2002).

Shortwave cloud forcing, SCF crease in zenith angle, although the highest optical depth is
reached around 18:00LT (not shown). The mean over the
Figure9a shows the SCF. In all simulations, the most nega-whole cloud wherer > 0.03 is therefore smaller than for
tive values appear for the simulations with the highest opticalthe simulation from 06:00 to 12:00 LT where the clouds are
depth. Thus, for HOM, the warm case reveals the most negaformed at~ 07:00 to 09:00 LT depending on the IN concen-
tive SCF. With decreasing optical depth, SCF decreases in afration. For better illustration, the diurnal cycle of the SCF
simulations, as does the spread between the reference, coldr a single-column simulation with a cirrus cloud with a
and warm simulations. The most pronounced difference inmean ice water content of 2 mgthbetween 8 and 9 km al-
SCF occurs between HOM and 5 IN for the warm and refer-titude, representative of mid-latitude cirruSchiller et al,
ence cases, whereas the change in SCF from 5 IN to 50 IN2008, as well as an idealised temperature profile, is shown
is much smaller. For the cold case, the largest difference ocin Fig. 10. During the night, the SCF is zero and starts to
curs from 5 IN to 10 IN. Additionally it can be seen that become negative after sunrise with decreasing solar zenith
the simulations from 06:00 to 12:00 LT show more negativeangle. The radiation calculations are done for different days
values than the simulations from 12:00 to 18:00 LT. This is of the year, namely 21 March, 21 June and 21 December.
caused by the increasing zenith angle as time progresses. TH@r spring and summer, it can be seen that the minimum
simulations start at 12:00 LT; thus the clouds start to formin SCF is not reached at noon at the smallest zenith angle
between~ 13:00 and 15:00 LT depending on the IN concen- but that it is smaller in the morning and afternoon. This ef-
tration. At that time the zenith angle is still small enough to fect was also found beerkoétter et al(1999 (see their
produce considerable scattering of radiation back into spacerig. 4a). The exact values of the SCF depend of course on
whereas later the SCF starts to decrease because of the ithe temperature and humidity profiles and the assumed IWC.
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* ing NCF is shown in Fig9c. Here, a clear distinction can
10 T be seen between the NCF for the different simulated times
A of day. The simulation from 06:00 to 12:00 LT reveals neg-

ative and positive NCF values depending on the tempera-
ture and number of IN in the simulation. The most negative
10 IN and 50 IN. Black, red and blue asterisks (diamonds) showNCF can be seen for the simulation HOM and the cold tem-

the results for the reference, warm and cold temperature profile?erature case. In this case, the SCF caused by many small
for 06:00-12:00 LT (asterisks’) and 12:00-18:00 LT (diamonds) forcrystaIS dozm'nates the _LCF’ lea(_j'ng to the nggaFlve NC_F of
the simulation where the IN freeze at Rbi= 130 %. Additionally, ~ —4-2WnT <. The negative NCF is reduced with increasing
the results where Rt is increased to 140 % (black square) or temperatures and increasing IN concentration. For the warm
decreased to 120 % (black circles) are shown for the reference ten€ase, a transition from the cooling to the warming regime al-
perature profile and the time period from 06:00 to 12:00 LT. For theready begins to take place from HOM to 5 IN, whereas the
calculation of the mean, only values where- 0.03 are considered.  cold case is always cooling and the reference case becomes
slightly positive (warming) only for the 50 IN simulation.
The simulations with RHli;=140%, 120 % show a simi-
However, with Fig.10 we want to highlight the general be- lar behaviour to the reference simulation, whereas the dif-
haviour of the SCF during a diurnal cycle. The simulations ference to the simulation HOM is decreased (increased) for
with RHinet = 140 %/120 % reveal the same behaviour as theRHinhe = 140 % (120 %) where the heterogeneous freezing is
optical depth, thus more negative SCF for Rdt=140%  less (more) efficient. The simulations from 12:00 to 18:00
where the optical depth is higher than for the reference caséad to a positive NCF. This is caused by the reduced SCF
and less negative SCF for Ridi=120 % where the optical due to the increased zenith angle at the end of the evolution
depth is strongly decreased by the very efficient heterogeef the cloud where the optical depth is highest. As the LCF
neous IN, suppressing homogeneous nucleation. is the same for all times of day, the reduction of SCF leads
to a positive NCF. With decreasing temperature and increas-
ing IN concentration, the NCF is strongly reduced, whereas
Longwave and net cloud forcing, LCF+NCF the largest change for the reference and warm temperature
profile occurs from HOM to 5 IN, but only smaller changes
The LCF shown in Fig9b is of course independent of the occur for the cold case. In general we might conclude that
simulated time of day. Like the SCF it strongly depends onthe same cloud can lead to a warming or cooling depend-
the optical depth. The strongest LCF can be seen for the siming on the times of day when it starts to form. For exam-
ulation HOM and the warm case, whereas it decreases witlple, in HOM, the same microphysical properties lead to an
increasing IN and decreasing temperature in the ISSR. ThidNCF of —4.2W n12 for the cold case between 06:00 and
would also mean that during night, when there is no con-12:00 LT, whereas it leads to a positive NCF of 11.7 W2m
tribution from the shortwave spectrum, the clouds becomefor the 12:00 to 18:00 simulation. Additionally, the cloud can
less warming with increasing IN concentration. The result-shift from a cooling into a warming regime depending on the

Figure 9. Averaged shortwave cloud forcin@), longwave cloud
forcing (b) and net cloud forcingc) for the simulations HOM, 5 IN,
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) " ol reaches the most negative values in the morning hours instead
] X of noon. The cloud develops between 06:00 and 12:00LT

“ % % A A and reaches the highest optical depth at the end of the simu-
£ o0p n ! f x x| lation time around noon. As, due to the geometry of the ice

% a0k x % N crystals (columns), the SCF is less increased around noon for
8 o g 0 2 " + the March simulation than for the June simulation, the mean
3 3 « * SCF over the 6 h simulation is slightly less negative for June

Fer v N %] than for March (see also Fig0, blue and green lines). The

b X210 X200 resulting NCF is therefore more positive for the June simula-
N P i tion than that of March. The cold simulation for 21 December
HOM 5N 10N 50IN HOM 5N 10N 50N shows slightly lower SCF values because of the lower solar

simulation simulation

altitude in December compared to March, although the over-
Figure 11. Averaged shortwave cloud forcin@) and net cloud  all behaviour stays the same. This reduced SCF leads to a
forcing (b) for the simulations HOM, 5 IN, 10 IN and 50 IN. Black, lower NCF for the December simulation, and the clouds are
red and blue asterisks show the results for the reference, warnfess cooling than for the March simulation.

and cold temperature profiles for 06:00-12:00 LT for the simulation
where the IN freeze at RRFi;= 130 % and the solar zenith angle is
representative of 21 March. Additionally, the results where the solar
zenith angel is representative of 21 June (21 December) are shown
for the warm (cold) profile for 06:00—12:00 LT (red triangles, blue
crosses) and RIHi;= 130 %. For the calculation of the mean, only
values where > 0.03 are considered.

Summary and conclusions

Idealised simulations with the large eddy simulation model
EULAG (Prusa et a).2008, including state-of-the-art bulk
ice microphysics and a radiative transfer coBle &nd Lioy
1993, have been performed in order to investigate the influ-
number of heterogeneous IN. Based on our simulations, ience of heterogeneous freezing on the microphysical and ra-
seems that the presence of even afew IN of the order of5 L diative properties of orographic cirrus clouds. We performed
is enough to strongly modify the clouds microphysical and 2-D simulations of orographic cirrus clouds in a vertically
radiative properties. A further increase in the IN concentra-propagating wave with homogeneous freezing only and sim-
tion from 5 to 50 L1 reveals a much smaller change. It needs Ulations with heterogeneous and homogeneous freezing, for
to be emphasised here that these results are only valid for th&hich the number of heterogeneous IN was set to 5, 10 and
case in which there is no feedback from the radiation to the50 IN L™*. The results of the simulated ice water content and
microphysics. However, since we are investigating stronglyiCe€ crystal number concentration are used as an input for the
stratified simulations, the radiation feedback will probably radiation transfer code, and the optical depth as well as the
not impact the underlying dynamics. Thus, the quality of the TOA radiative fluxes for the thermal and solar spectrum are
results should not change. calculated. The LES simulations were run for 6 h. During that
time a stable flow regime established and an orographic cir-
rus cloud started to form. The output frequency for the mi-
Seasonal dependence crophysical properties calculated with the EULAG model is
10 min, and thus the input fields needed by the radiation code
The warm (cold) temperature profiles correspond to a surfacare also available every 10 min. We therefore obtained a time
temperature of 298 K (270K), representative of the north-series of microphysical and radiative properties with a time
ern hemispheric mid-latitude summer (winter). We thereforeresolution of 10 min over 6 h. Additionally, we performed
performed additional simulations where the solar zenith ansimulations where the temperature inside the ISSR was in-
gle is representative of 21 June (21 December) according tareased/decreased by 10K in order to investigate the depen-
the surface temperatures. The simulations are performed fadence of the results on the temperature in the cirrus layer. The
06:00-12:00 LT and with RKi; =130 %. The results can be radiation calculation was done for two different time periods
seen in Fig11. For a better comparison, the results for the (06:00 to 12:00 and 12:00 to 18:00 LT), while the solar zenith
simulations from 06:00 to 12:00LT, RKt=130% and a angle, which is representative of 98 and the 21 March,
solar zenith angle for 21 March are also included. In generalwas updated every 10 min, together with the microphysical
the same behaviour as for the simulations with the zenith aninput, in order to test the dependence of the results on the
gle representative of 21 March can be seen, with a decreagime of day. Moreover, the critical relative humidity Rigi
ing SCF with increasing IN concentration. The simulations at which the heterogeneous freezing starts is shifted to 120
with the warm profile for 21 June (red triangles) show a re-and 140 % for the simulation from 06:00 to 12:00LT and
duced SCF compared to the simulation with the same temthe reference temperature profile. Additional simulations for
perature profile but a zenith angle calculated for 21 MarchHOM, 5 IN, 10 IN and 50 IN were performed where a zenith
(red asterisks). This effect is caused by the fact that the SClRngle representative of 21 June (21 December) is used for
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the warm (cold) temperature profile as the surface tempera- These results emphasise the complexity of processes that
ture corresponds to summer (winter) conditions for the warmhave to be taken into account when the radiative effect of
(cold) profiles. In total we therefore obtain 38 radiative cal- orographic cirrus (or cirrus in general) is calculatddos
culation scenarios (see Fig). The main findings of these 38 et al.(2009 demonstrated the dependence of the microphysi-
scenarios can be summarised as follows: cal properties on the underlying dynamics as well as thermo-
dynamic conditions under which the cloud forms. Together
) ) with the results presented here, we want to illustrate that, in
Microphysical changes order to predict whether a cloud is warming or cooling, it
is necessary to predict the correct dynamical forcing of the
cloud, the correct thermodynamical conditions, the availabil-
ity and efficiency of heterogeneous IN, and the time of day.
A change in the anthropogenically produced IN concentra-

— The |argest Changes occur from HOM to 5 IN in most tion in future mlght have an influence on the radiative prop-
of the simulations, whereas the Changes from 5 IN toerties of cirrus clouds if more IN were transported to the up-
50 IN are much smaller. per troposphere. If wrong conditions for the cloud formation

are taken into account, the cloud forcing can change from a

— The decrease is strongest for warmer temperatures b&yarming to a cooling regime or strongly change the absolute
cause of the faster growth of the ice crystals and theyalue. This might be the case for general circulation models
strong suppression of the homogeneous freezing. where the small-scale vertical velocity fluctuations are not

_ The decrease strongly depends on the efficiency of theres_o_lved by the grid and the exact number concentration and
IN. efficiency of IN is not knowr_l exactly. Our resu_lts suggest

that a small error in the predicted IN concentration can lead
to a wrong simulation of the cirrus cloud forcing. The aim

Radiative changes of this study was to highlight the influence of heterogeneous

freezing, temperature and time of day on the microphysical

— The absolute value of the NCF strongly decreases withand radiative properties in a highly idealised framework. This
increasing IN. setup allows us to investigate the physical mechanisms that

] ) ) lead to the huge scattering in cirrus cloud radiative forcing;

— The same cirrus cloud can result in a net warming Oryq\vever, no quantitative conclusions are possible. A weak-
cooling depending on the time of day when itforms.  aq5 of this study is that the radiation has no feedback on the

cloud evolution and life cycle. However, this study provides

insight into the complexity of predicting radiative properties
of (orographic) cirrus clouds and might be used as motivation

— During the night (only LCF), the clouds become less for further investigation of the manifold multiscale interac-
warming with increasing IN concentration. tions between dynamics, thermodynamics and cirrus clouds

for predicting, for instance, their impact on Earth’s radiation

budget.

— The ICNB, IWP and optical depth strongly decrease
even in the presence of only afew IN (51) in a highly
dynamical regime.

— The presence of even a few IN can shift the cloud from
a cooling to a warming regime.

Seasonal changes

— Winter cirrus are less cooling compared to the same cir-
rus forming in spring (reference case) due to the de-
creased SCF.

— Summer cirrus are slightly more warming compared to
the same cirrus forming in spring (reference case) due
to the decreased SCF in summer around noon.
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Figure Al. Averaged ice crystal number burdga), ice water  Figure A2. Averaged shortwave cloud forcirfg), longwave cloud
path (b) and optical depth(c) for the simulations HOM, 5 IN,  forcing(b) and net cloud forcingc) for the simulations HOM, 5 IN,

10 IN, 50 IN, 100 IN, 150 IN, 200 IN and 300 IN for the refer- 10N, 50 IN, 100 IN, 150 IN, 200 IN and 300 IN for the reference
ence temperature profile for the simulation where the IN freeze atemperature profiles of 06:00-12:00 LT for the simulation where the
RHihet= 130 %. For the calculation of the mean, only values where |\ freeze at RHiet= 130 %. For the calculation of the mean, only

t > 0.03 are considered. values where > 0.03 are considered.
Appendix A: additional simulations with unrealistic tonicity breaks down if the IN exceed a value between 50 and
high IN concentration 100 L. The SCF, LCF and NCF show the same behaviour

(see FigA2). In the simulations with more than 50 INE,
We performed additional simulations with 100, 150, 200 andthe absolute values of SCF and LCF start to increase again.
300 IN L1 for the reference temperature profile and 06:00—This behaviour is the same as the one for the optical depth.
12:00 LT. Although these high IN concentrations are unreal-Again, the increase from 50 IN to 300 IN is less pronounced
istic (DeMott et al, 2003, we investigate whether the results than the decrease from HOM to 50 IN. For the 300 IN sim-
for the simulations with very high IN concentration start to ulation, the same mean optical depth as in 5 IN is simulated.
approach the simulation HOM and whether there is a turn-However, the NCF does not show the same value in these
ing point in the behaviour. The mean ICNB, IWP and opti- two simulations. This is caused by the different distribution
cal depth are shown in FigAl. If the IN concentration be-  of the ice crystals in the windward side and above the moun-
comes larger than 5011, the ICNB, IWP and optical depth tain. In front of the mountain, the NCF is more negative in
start to increase again. In the simulations with more than300 IN compared to HOM, whereas it is less negative above
50 INL™1, the homogeneous freezing is strongly weakenedthe mountaintop. This reflects the distribution of ICNB and
or even completely suppressed for simulations 200 IN andWP in these two simulations.
300 IN. However, the high IN concentration in these simula-
tions leads to an increase in the heterogeneously frozen ice
crystals (ICNB), and thus IWP and optical depth increase.
Additionally, one main difference compared to HOM is the
fact that a cloud also forms at the windward side of the
mountain. Thus, ICNC at the windward side of the mountain
is increased compared to HOM, whereas the ICNC above
the mountaintop is strongly decreased because homogeneous
freezing is strongly weakened/suppressed. Thus, the mono-
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Appendix B: calculation of the generalised effective ice
crystal size

H. Joos et al.: Orographic cirrus

Here, pp = 0.81- 10° kg m—2 denotes the bulk ice mass den-
sity. The generalised effective siZB. (e.g. Fu and Lioy
1993 can be defined as follows:

We assume the following general case of an ice crystal size

distribution:

fL) = AL+ o)+ ...+ L) =) fi(L).  (Bl)
i=1

Here, the distribution type of; (L) is not specified. However,

we have to assume, for all distributioffs(L),i =1,...,n,
that the generalised moments

o
piilL]:= f L¥fi(L) dL (B2)

0
for k < 1 exist. Similarly, we define the generalised truncated
moments as

Ly
tri[L, L1, Lo] == f L*fi(L)dL. (B3)
L1

Jo~ D?Lf(L)dL e D2Lf(L)dL

Jo°DLfF(LYAL — [°DLf(L)AL (B8)

e =

Thus, for the calculation of the effective size we have to find
expressions for the quantitigd’L and DL for the different
ranges in the mass regime (ire.< mgrit, m > meyit):

- m <mgit, .. a =a1,8=p1=3,ra=1 (droxtals):
For this regime we obtain the following expressions:

1
D=£=L=ilmﬁ, (B9)
ra ag
2 P 1 2
D>=DL=1L1%= " m# (B10)
o B
3 —
DL =1%= igmﬁ =3, (B11)
ab o

Since the integral is a linear operator, the generalised mo-
ments and the generalised truncated moments for the whole _ ,,, ) . je = @z, B = B2,ra>1 (columns): for

distribution f (L) can be described as

o]

kL] = / LFf(LydL =

00
/n
0

i=1

(B4)
“fitL)dL = Zuk i[L]

Lo Ly "
Mk[L,LLLz]:/ka(L)dL:/Z
Ly Ly i=1

L¥fi(LYdL =Y " prilL, L1, Lal.
i=1

For ice crystals of columnar shape (as described, for exam-
ple, in Spichtinger and Gierens, 2009a) we can find a power

law relationship between magsand maximum lengtl via

m = a(m)- LP™ with piecewise constant coefficients as fol-

lows:
| ar for m <meit

alm) = { apx for m > meit, (BS)
| B for  m <mgit

The diameteD of the columnar-shaped ice crystals can be
described using the aspect ratiop= L/ D, which can be de-

scribed as
1 for m < merit
3-p2
Fai= ﬂ;b -m %2 for m > meii. ®7)
8-0(2/32
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this regime we obtain the following expressions:

m? (B12)

m? (B13)

1| 8af g0
w2\ V27pp
8u? e
V2o _%

1 8
mpbP = ——m.

B14
V27pp (B14)

D?L =

We can then carry out the integration in the mass
space, using the transformation law for probability densities
(f(L)dL = f(m)dm); this leads to the following integrals:
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/DzLﬁ(L)dL=/D2(m)L(m)f,~(m)dm,
0 0
= / D?(m)L(m) f; (m)dm
0
+ / D?(m)L(m) f; (m)dm,
Mcrit
= 7mimf-(m)dm+/ ———mf;(m)dm,
- a1 i «/_ b i
Merit
o B
—alu,,l[m, ,mCmHﬁpbu,,l[m,mcr.t,w],
I L
= ————— l m b
V2t

/DLfi(L)dL=/D(m)L(m)f,-(m)dm,
0 0

Mcrit
= f D(m)L(m) f; (m)dm,

0
0o

+ / D(m)L(m) f; (m)dm,

Mecrit

Mcrit

= —m%ﬂm)dm,

0 051
ﬁz
/ ﬁz pb

po+1
m %2 f(m)dm,
Mcrit
= —5Wi,2/p,[m, 0, merit],
afl
3
1 | 8y’

_I_ - c
=N V270 "
)
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W, ppr1[m, merit, o0].

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)

(B21)

(B22)

(B23)
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Thus, we can combine the terms for numerator and de-
nominator,

Zul 1[m]. (B24)
Pb i=
12 = _2 Zﬂi,Z/ﬁl [ma Oa mCl’it]v (825)
P i=1
9
2
8ty &
- W, ppra[m, meiit, 00],
Olﬁ% \/27,0b,2 b 26

2

such that the generalised effective size is given by the simple
equation

I
D, = . (B26)

I

The truncated moments of some standard distributions are

reported inJawitz (2004). For lognormal distributions, the
truncated moments are given by

1 z(m2)
pklm,ma,mo] = —=pxm] - / exp(—z)dz (B27)
JT
z(my)
using the transformation
_ 1 (log(m/mu)
_ﬁ< l0goy, klogam), (B28)

leading to expressions involving the error function

=2 [
erf(x) := ﬁ/exp( t9)dr (B29)
0

For evaluating the error function numerically, we use the
expression

1
erf(x) ~1— 7 (B30)
(1+x(a1+x(az + x(az + xaa))))
with coefficients
a1 =0.278398 a» =0.230389 (B31)

a3z =0.000972 a4 =0.078108

This approximation leads to an error lower thag 5-10~4.
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