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Zusammenfassung

Die Entstehung von Zirren geschieht auf mehreren Skales, eige Herausforderung fir
die Parametrisierung in Numerischen Wettervorhersagehsrddarstellt. Um die Vorhersage
von Zirren und Eistbersattigung in der Modellkette des Behtn Wetterdienstes (DWD)
zu verbessern, werden die kontrollierenden mikrophysikaén Prozesse untersucht und in
einem neuen Wolkeneismikrophysikschema parametridiget. Skalenabhéngigkeit des Eis-
mikrophysikschemas wird anhand von idealisierten, soe@tlen Modellaufen mit dem Re-
gionalmodell (COSMO) und dem Globalmodell (GME) ermittdltie Entwicklung des 2-
Momenten 2-Moden Wolkeneisschemas beinhaltet neuartayanietrisierungen der zwei
Hauptentstehungsprozesse von Wolkeneispartikeln, henesgund heterogenes Gefrieren.
Homogene Nukleation von fllissigen Aerosolen wird in Regiomét hohen atmosphdrischen
Eistibersattigungen (145-160 %) und hohen Kuihlraten adsgéleterogenes Gefrieren ist ab-
hangig von der Existenz von Eiskernen und erfolgt bereitsigglrigen Eislbersattigungen.
Die groReren heterogen gefrorenen Eispartikel konnenwirfeandene EisUbersattigung ab-
bauen und somit das Einsetzen von homogener Nukleatiomderin. Um eine Uberschétzung
von heterogen nukleirtem Eis zu verhindern, wurden Wolleseglimentation und eine prog-
nostische Bilanzgleichung fiir aktivierte Eiskerne eiiijpef. Eine Relaxations-Zeitskalen-
Methode fir das Depositionswachstum der 2-Eismoden undjrd®eren Schneeflocken er-
laubt eine konsistente Behandlung fur den Abbau der Eisakiggung.

Ein Vergleich zwischen dem GME unter Verwendung des opmralien und dem neuen
Wolkeneisnukleationsschema zeigte, dass die Entsteposition der Zirren von der Dynamik
des Modells dominiert wird und gleich bleibt, wahrend dieare Struktur der Eiswolken sich
stark unterscheidet. Insbesondere wurde eine Verringedaes Eiswassergehaltes zwischen
9 und 11 km beobachtet. Dies stellt gemaf? Auswertungen mit \d®lkeneiswasser Pro-
dukt des CALIPSO (Cloud-Aerosol Lidar and Infrared Pathéin8atellite Observations), eine
Verbesserung gegeniber dem operationellen Schema déer&Veergleiche mit dem IFS (In-
tegrated Forecast System) Modell des europaischen Zesffiimmittelfristige Wettervorher-
sage zeigten klare Verbesserungen hinsichtlich der Wemtgivon Eislibersattigung mit dem
neuen 2-Momenten Wolkeneisschema. Besonders erlaubedieeXdung des neuen Schemas
auch die Erfassung der Eistibersattigung innerhalb von &olidlie mit direkten Messungen
Ubereinstimmt. Hingegen dem IFS, dem eine Annahme deigBagiinnerhalb von Wolken zu
Grunde liegt, kann somit mit dem neuen Wolkeneisschemapdiysikalischere Beschreibung
der Eisuibersattigung erreicht werden.






Abstract

Cirrus cloud genesis is a multiscale problem. This makeg#rameterisation in numerical
weather prediction models a challenging task. In order tprave the prediction of cirrus
clouds and ice supersaturation formation in the German hge&ervice (DWD) model chain,
the controlling physical processes are investigated ananpeterised in a new cloud ice mi-
crophysics scheme. Scale dependencies of the ice micliophgeheme were assessed by
conducting simulations with an idealised and realistidaegl Consortium for Small-Scale
Modeling (COSMO) model setup and a global model (GME). Theetiged two-moment
two-mode cloud ice scheme includes state-of-the-art patenisations for the two main ice
creating processes, homogeneous and heterogeneoustioucledamogeneous freezing of su-
percooled liquid aerosols is triggered in regions with hagmospheric ice supersaturations
(145—160%) and high cooling rates. Heterogeneous nucleatioerdspmostly on the ex-
istence of sufficient ice nuclei in the atmosphere and ocatilewer ice supersaturations.
The larger heterogeneously nucleated ice crystals camtgeigle supersaturation and inhibit
subseguent homogenenous freezing. In order to avoid aesiiraation of heterogeneous nu-
cleation, cloud ice sedimentation and a prognostic budgealle for activated ice nuclei are
introduced. A consistent treatment of the depositionamgnaf the two ice particle modes and
the larger snowflakes using a relaxation timescale methadawplied which ensures a physi-
cal representation for depleting ice supersaturation.

Comparisons between the operational and the new cloud w®piysics scheme in the GME
revealed that the location of cirrus clouds is dominatedhgyrhodel dynamics whereas the
cirrus cloud structures strongly differed for the differenhemes. Especially a reduction in the
ice water content between 9 and 11km was observed when usngetv cloud ice scheme.
This change is an improvement as demonstrated by a compavitothe Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPS®@)water content product. Further
comparisons of the GME with the Integrated Forecast Systef) (model of the European
Centre for Medium-Range Weather Forecasts (ECMWF) showar anprovement of the ice
supersaturation distribution with the new two-moment dléce scheme. In-cloud ice super-
saturation is correctly captured, which is compliant witksitu measurements. This is a more
physical description then in the IFS model, where in-clazgldaturation is assumed.






Chapter 1

Introduction

Cirrus clouds influence the radiative properties of the aphere significantly and have a high
impact on climate and weather (Liou, 1986). Consequeritlyscloud parameterisations used
in numerical weather prediction (NWP) models have beengetaf growing attention in re-
cent years. The characteristics of cirrus depend on themdbon process which can occur via
homogeneous or heterogeneous nucleation. The triggeficg oucleation is strongly depen-
dent on the ambient atmospheric condition, especially ersupersaturation. The amount of
atmospheric ice supersaturation influences the develdpanerifetime of natural and anthro-
pogenic cirrus.

1.1 Research Progress

According to Waliser et al. (2009) current shortcomingsapresenting cirrus in general cir-
culation models (GCMs) result in errors for the weather dimdate forecasts which may lead
to uncertainties in climate change projections. Deficitgimus cloud modelling mostly re-
sult from the spatial and temporal inhomogeneity of atmespmucleation (Hegg and Baker,
2009) and the non-linear influence of ice clouds on the atimerspwater distribution and the
radiation budget. As an example, substantial differene@soccur in the vertical distribution
of water vapour depending on how ice crystal fall velocitage represented in the models
(Stephens, 2002).

The net-warming effect of cirrus on the climate budget idl $aibe dominant by the Intergov-
ernmental Panel on Climate Change in 2007 (Forster et &7)2This is not trivial, as cirrus

either have a warming or cooling effect on the Earth’s clen@ox, 1971). On the one hand,
they reflect incoming solar radiation causing atmospheraing, and on the other hand they
trap outgoing infrared radiation causing atmosphericihgaflhe net-effect depends on the
optical thickness of the cirrus cloud. Thick cirrus balaat@ospheric warming and cooling,
while thin cirrus have a warming effect on the atmospheree(Cét al., 2000). Also, the cli-

mate effect of ice clouds is very sensitive to cirrus micigbal properties, e.g. ice crystal
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Figure 1.1: Schematic flight route with contrail region avoidance. Caihtregions depict the
regions, where the air is ice supersaturated (courtesy ftfiansa, Stefanie Meilinger).

number concentration, ice crystal habits and ice wateretar{tWC). Stephens et al. (1990)
state that only ice crystals with effective radii largerriti® um have a warming impact. Zhang
et al. (1999) discuss that an ice water content of 10 mgaf stratiform ice clouds has a net-
warming effect while an IWC> 20mgn1 2 has a net-neutral effect. These sensitivities remain
a scientific challenge.

Anthropogenic effects on climate are gaining in importarar@ong them the impact of air-
planes on climate change. When airplanes fly through regidtis ice supersaturated air,
climate-impacting condensation trails (contrails) canmfoFrom the aircraft emissions, soot
is thought to be the dominant aerosol for contrail formafjbleymsfield et al., 2010). Con-

trails can also form in already existing cirrus clouds, mghkthe previously formed cirrus more
opaque. Especially for climate studies, the influence otrada and contrail-induced cloudi-

ness is of interest. The possibility of a correct ice sugaraéion forecast yields the potential
to predict the formation of aircraft induced contrail cer(Mannstein, 2008). Thus, it is of
interest to localise the regions of ice supersaturatiommence in order to conduct flight level
changes (see Fig. 1.1) to reduce anthropogenic inducedinkss. However, in question is
the trade-off between contrail formation and the additi@aabon dioxide needed for the flight
path change. A possible physical metric for quantifyingshert-term climate effect of contrail

versus the long-term effect of carbon dioxide is introdubgdeuber et al. (2013).

Cirrus clouds form through homogeneous and heterogenaalsation. Homogeneous freez-
ing is thought to be dominant in regions with moderate anonstrvertical updrafts and few
ice nuclei in cold upper tropospheric regions. Heterogasauwicleation plays a more impor-
tant role for regions containing a lot of ice nuclei. In compan, homogeneous freezing cause
higher ice crystal number density and smaller radii to fortriolv lead to a higher albedo ef-
fect with a global warming radiative effect (Gettelman et 2012). Heterogeneous nucleation
results in more frequent and wide spread cirrus which havealler optical depth and thus
a lower cloud albedo (Haag and Karcher, 2004). In intermediegimes where competition
between the two mechanisms occur, the global mean ice niociezoncentration varies by a
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factor of twenty depending on the amount of available icdeaiun the air (Barahona et al.,

2010). In particular the effects of aerosols on cloud iceleatmn are subject to current re-
search as aerosol-cloud interactions highly influence ittee and number distribution of ice

crystals. However, the ice nucleation thresholds for tlffemdint aerosol species are not well
understood (DeMott et al., 2011).

The formation mechanisms of cirrus clouds and their intevacwith aerosols is a major

field of environmental research and a great variety of ampres regarding the simulation
of cirrus cloud formation were published. Examples of suabligations describing cirrus

formation through the two main processes, homogeneous etedogeneous nucleation, with
double-moment bulk microphysic schemes are e.g., Moreggah (2005) and Spichtinger and
Gierens (2009a). The parameterisation of homogeneousgatiant for GCMs is described in

e.g., Karcher and Burkhardt (2008) and Barahona and Ne®@8)2and further approaches
are discussed in Sec. 3.2.1. Parameterisations for heteeogs nucleation can be found in
e.g., Hoose et al. (2010) and Karcher and Lohmann (2003)pt&ts are described in detalil
in Sec. 3.2.2. Through high performance computing and highe resolutions, important pro-

cesses can be explicitly modelled and less limiting assiomp@ire needed. An example being
the use of non-hydrostatic opposed to hydrostatic equatiorhigh resolution models. The

improvements also lead to the possibilty to represent treaphysical processes in a more
sophisticated way in NWP models.

The triggering of homogeneous and heterogeneous nuaidatamntrolled by the existence of
ice supersaturation. The importance of which was onlyzedlin recent years (Gettelman and
Kinnison, 2007). Previously in NWP models, ice supersaibmehas not received much atten-
tion, with the result that the relative humidity with resptice was capped at 100% allowing
no ice supersaturation to occur. Nowadays, NWP models arsupersaturation permitting,
like the operational NWP models of the German Weather Sef¥VD), the Integrated Fore-
cast System (IFS) of the European Centre for Medium-Rangatiwe Forecast (ECMWF)
(Tompkins et al., 2007) and the Community Atmosphere Mo@#NI3) from the National
Center for Atmospheric Research (NCAR) (Gettelman et 102 To permit ice supersatura-
tion in NWP models is also of importance, as cirrus cloudsoaegpredicted when forced to
form at ice saturation. According to Fusina et al. (20078, dkierprediction of high clouds has
an effect of 3K d* on the heating rate and causes a difference in outgoing lavegvadiation
of 38— 40W m 2. The extent of the climatologic effect of ice supersatutatgions is still not
fully understood (Lee et al., 2010).

1.2 Issues to be Resolved

The main objective of this work is to develop an appropriatthad to physically model ice
supersaturation in the global numerical weather predictimdel of the DWD (GME). The
global model is chosen as it includes the North Atlantic flighrridor and already allows
for the existence of ice supersaturation. The main empliasi®n implementing an accurate
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parameterisation for homogeneous and heterogeneoustianleas ice nucleation determines
the depletion of ice supersaturation. An additional cimgjéeis the multiscale nature of ice
nucleation, along with finding a balance between accuradynamerical expense.

The research questions of this work are:

* What are the relative roles of homogeneous and heterogenagleation in formation
of ice supersaturation and cirrus clouds?

» How can an improved representation of these processesNM@mmodel give improved
representation of cirrus and ice supersaturation?

» What are the scale dependencies of ice microphysical paesivations?

For accomplishing a realistic representation, the seiti&t of the cirrus cloud formation pro-
cesses have to be analysed. Especially mesoscale vayiabiliertical velocities have to be
accounted for, which lead to updrafts of 10-20cthand have a length of 10-100km. The
variability in the vertical velocity is a primary mechanigor ice nucleation and ice supersatu-
ration (e.g., Gultepe and Starr (1995), Karcher and Strd@@@3pand Comstock et al. (2008)).
Of further importance is how to incorporate aerosol effacis the competition between homo-
geneous and heterogeneous nucleation determining thal giotus features (Barahona et al.,
2010). Results from the 'Cirrus Parcel Model Comparisorjdeto(Lin et al., 2002) suggest the
critical components in cirrus modeling to be the homogereuicleation rate and the deposi-
tional growth of ice crystals. For the deposition growth amtcular the depositional coefficient
causes deviations as it controls the water vapor uptakeThese issues are discussed in this
work.

Analysed is to what extent the ice nucleation mechanismsanslupersaturation are realisti-
cally represented in the NWP models of the DWD. Of interet ideal with differences in the
horizontal and vertical model resolution and the model tite@. For example, in coarser mod-
els the vertical velocity is not well resolved. Applicablppaoaches to deal with fluctuations
in the vertical velocity and subsequent adiabatic coolimgstill missing for global modelling.
Thus, the impact of different model resolutions on the npbrics is investigated.

In summary, the main task of this work is to identify the esis¢fiactors for cirrus formation
and subsequently achieve a physically based descriptittrea€e nucleation mechanisms and
a realistic representation of ice supersaturation in NWHEets

1.3 Thesis Outline

In chapter two, a basic introduction to ice supersaturatamus cloud properties and their
formation is given. In chapter three, the methodology ofrtee cloud ice scheme is explained
and a novel approach is developed. The individual changefirar tested with a parcel model
in order to understand the impact of the individual modehgfes on cirrus formation.
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In chapter four, the new approach is applied to the regiofaEMO (Consortium for Small-
Scale Modeling) model and presented along with the operaitidoud microphysics scheme.
Especially the introduction of sub-grid scale variabilitythe vertical velocity is explained,
which is treated differently for different model resolut®and model physics for the regional
COSMO model and the global model GME. Idealised simulatimingrographic cirrus in the
COSMO environment show the sensitivities of cloud ice fdiorawith respect to the individ-
ual alterations in the cloud ice scheme. Comparisons to INl@#&rhemispheric differences in
cirrus properties from anthropogenic emissions) measemésrof the ice water content veri-
fies the idealised model setup. A case study with a refined COEM model setup further
demonstrates the different microphysical behaviour ofnigeleation and ice supersaturation.
The results of the operational and new ice cloud scheme ampa®d to Meteosat Second
Generation Satellite Data.

Chapter five focuses on the evaluation for the new cloud i@eaphysics scheme in the GME
for July 2011. The model ice water content is compared to thelESO (Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation) ice watetert product. The high-cloud oc-
currence is verified. For validation of the ice supersatoinaand its occurrence, the CALIPSO
Cloud Profile atmospheric data GEOS-5 (Goddard Earth OlmgeBystem) is used. For fur-
ther comparison, the relative humidity with respect to itthe GME is additionally compared
to ECMWEF Integrated Forecast System (IFS) data.

A discussion of the results of the changed ice nucleationiemdupersaturation is given in
chapter six. Especially the positve and negative aspeetpanted out. In the last chapter, the
conclusion and outlook is presented.
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Chapter 2

Fundamentals

Cirrus clouds and ice supersaturation are directly linkednpmena. In order to understand
the interaction and dependencies, an overview of the cteaistics of cirrus clouds and their
formation as well as ice supersaturation will be given.

2.1 Cirrus Cloud Properties

According to the World Meteorological Organisation (WMGQjregs clouds are "detached
clouds in the form of white, delicate filaments or white or thosvhite patches or narrow
bands. These clouds have a fibrous (hair-like) appearaneesitky sheen, or both ” (WMO,
1975). This morphological definition already reflects theedsity of these upper troposphere,
lower stratosphere clouds, for which a summary of the varigpecies is outlined in Lynch
(2002).

Cirrus clouds cover large areas of the Earth’s surface. Retebal satellite observations lead
to an average of cirrus cloud occurrence of726 (Sassen et al., 2008) whereas mean values
higher than 30% were evaluated by use of multispectral HighoRition Infrared Radiation
Sounder (HIRS) data high cloud statistics over 8 years @\fid Menzel, 1999). Deviations
between cirrus cloud occurrences can result from diffesemisitivities in the measurement
techniques.

A climatologic study of global cirrus cloud cover fluctuaigcarried out by Eleftheratos et al.
(2007) shows that the highest occurrences were found todrdloe tropics. This is due to anvil
clouds which form through strong updrafts in deep convectind are capable of surviving a
long time. Moreover, thin and subvisible so-called colgtoarus is expected in the tropics
(Sassen et al., 2008). In the mid-latitudes the cirrus cfotdation is strongly coupled with the
ascent of air due to synoptic and frontal systems and jedsisd Sassen and Campbell, 2001).
Forced uplifting at mountains results in orographic cirelg. wave clouds (Field et al., 2001).
Anthropogenic induced cirrus can be obtained due to atro@idensation trails (contrails)
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Property Mean Measured Range
Thickness Bkm 01-8km
Altitude 9km 4-20km

Crystal number density ~ 30dm  104-10*dm3
Ice water content 025gm3  10*1.2gm3
Crystal size 250um 1-8000pum

Table 2.1: Cirrus cloud properties (Dowling and Radke, 1990)

mainly developing from water vapour exhaust (Schumann2200

Cirrus clouds play an important role in the thermodynamid dynamic system of the Earth’s
atmosphere through microphysics, dynamic processes,aaliation (e.g., Liou et al. (1991),
Gultepe and Starr (1995), and Gu and Liou (2000)). Depenaimthe cirrus cloud properties
they potentially have a cooling effect as they reflect sadaliation back into space (Albedo
effect), but can also add to atmospheric warming by inligitongwave infrared radiation from
escaping (Hartmann et al., 1992). Measurements performéuki Central Equatorial Pacific
Experiment (CEPEX) suggest that 'thin’ cirrus reduces muow solar radiation on average
by 6W m2 (Heymsfield and McFarquhar, 1996) and 'thick’ cirrus on ager by 29W m?
(Hartmann et al., 1992). The effect of cirrus on the radigiaergy budget is mostly determined
by the optical depth,, which is the product of the mass extinction coefficient azelwater
content (IWC), integrated over the cloud thickness. Anagbtilepth oft. < 0.03 is typical for
subvisual cirrus, between@B-0.3 for thin cirrus, and from @ to 30 for opaque cirrostratus
(Sassen and Cho, 1992). The cloud optical depth is dependetite mean effective size of
the ice particles and the integrated IWC over the cloud ddphthe ice water path (IWP).
For a constant IWP, ice crystals with a smaller mean effeatadii increase the cloud albedo,
which means that more short wave radiation is reflected. Aenaeguence they increase net
radiative heating at the cloud top and corresponding cgdbelow opposed to larger mean
effective sizes (Liou et al., 1991). The ice crystal sizeapehdent on the ambient temperature
and decrease for higher cloud tops at lower temperaturegnisfeeld and Platt, 1984). The
IWC can be derived as function of the temperature (e.g., [(i®@92), Schiller et al. (2008))
and Dowling and Radke (1990) state the IWC to range betweefr1@gm 3 (see Tab. 2.1).

The ice crystal number density in cirrus clouds as evalubtelramer et al. (2009) consid-
ering 20 flights and are subdivided into three temperatuervals. Warm cirrus with tem-
peratures above 205K where observed to most frequently icaverystal number densities
0.5-10cn1 8 for 225-240K and M5-1cnt 2 for temperatures between 205-225K. In cold cir-
rus T < 205K unexpectedly low number densities 00@5-Q2cm2 where found (Kramer
et al., 2009). Hoyle et al. (2005) state that higher values0afnt 3 can be measured and re-
quire small-scale temperature fluctuations. Differenoésé crystal number densities depend
on the genesis process and measurement technique. Yandidips F2011) suggest the rea-
son for the occurrence of high number densities is due torfeamgation of ice-ice collisions
(Yano and Phillips, 2011). Studies by Field et al. (2006) Hegmsfield (2007) state that over-
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Figure 2.1: Morphology diagram depicting the different ice crystalgbsidependent on temper-
ature and ice supersaturation (Emersic, 2012).

estimations in aircraft measurements might have occurieda shattering of big ice crystals

on the inlets of instruments. Comstock et al. (2008) asshiatete shattering potentially leads
to overestimations of two orders of magnitude in previousbasured number densities. This
result is still under discussion as it would have severe eguesnces for previously conducted
model validations with aircraft measurements. In Sec. B&2rnumber densities and particle
sizes resulting from different formation mechanisms ofusrclouds will be discussed in fur-

ther detail.

The ice particle shapes and sizes are highly variable. Bdawah €005) optimised a particle
size distribution by using in situ data from mid-Ilatitudeddropical ice clouds. Ice crystal max-
imum dimensionD; max < 60um are found to consist of 100% droxtals, 60 grD; max <
1000pum is 15% 3D bullet rosettes, 50% solid columns, and 3&%&adonal plates. Max-
imum dimensions 1000 1R Dj max < 2000pum have the combination of habits 45% hollow
columns, 45% solid columns, and 10% aggregates. Maximuramsions larger than 2000 um
were found to consist of 97 % 3D bullets and 3% aggregatesniBaal., 2005). The different
particle shapes and complexities strongly vary with theiantliemperature and ice supersat-
uration, with an overview shown in Fig. 2.1.

2.2 Cirrus Cloud Formation

The two primary cirrus cloud formation mechanisms in theargmposphere are homogeneous
and heterogeneous nucleation. Classical nucleationytiprorides a basis for understanding
the atmospheric processes and dynamic effects that causs ciouds to form or dissipate.
The classical approach is derived from the change in Gildesdnergy,being a thermodynamic
potential for phase change. A free energy barrier for ntideaseparates the initial liquid
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Figure 2.2: Schematic diagram for the ice nucleation modes based onée{2008).

metastable phase from a solid stable phase. Once the eadidf a greater size than the
critical radius it is activated. The activation of a drop ahstant pressure and temperature is
described by the nucleation rate giving the number of icergasin a liquid drop per unit time.
The basic theoretical concepts are thoroughly discussedyinPruppacher and Klett (1997),
Jacobsen (2005) and Hegg and Baker (2009). When using swagpavach for simulations one
will typically run into complications dealing with compuitanal expenses and missing realistic
intermolecular potential functions (Hegg and Baker, 200%us it is of interest to formulate
efficient parameterisations that capture the physicalbetiaof the nucleation processes. This
section deals with the general process description exptathe classical theory while state-
of-the-art parameterisations will be discussed in Chapir3t, the basics of homogeneous and
heterogeneous freezing mechanisms will be explained,thétin mutual competition discussed
subsequently.

2.2.1 Homogeneous Nucleation

The process of homogeneous freezing is mostly associatbdpwie cloud droplets freezing
at —38°C (Heymsfield and Sabin, 1989). Yet in the atmosphere:tistedice of supercooled
liquid aerosol particles plays a significant role in influeigcthe formation of cirrus clouds.
This process plays a dominant role in cold cirrus (congistif ice crystals) formation in
water-subsaturated conditions (DeMott et al., 1994). Hganeous nucleation is not necessar-
ily homomolecular and on the whole, at least one other charig@resent. The most common
of these is sulfuric acidH,SQy), which forms aqueous solutions droplets (Tabazadeh et al.
1997). Substantial ice supersaturation above 145 % (Koap, &000) is necessary in order for
aqueous solutions to freeze.
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A critical supersaturation threshoffic, for the onset of homogeneous freezing dependent on
temperature is derived by Koop et al. (2000). An importamicpss for the triggering of this
regime are high vertical velocities and the subsequenbati@temperature decrease and thus
ice supersaturation increase. Hence, in gravity waves benmepus nucleation triggers num-
ber densities of 50cn¥ (Hoyle et al., 2005). Grasping this process is especiallyoirtant for
interpreting high number densities and consequently tleetsfof optical density on radiation
(e.g., Kéarcher and Solomon (1999), Hallett et al. (20023pdeially small ice particles with di-
ameters smaller than 100 um complicate the distinction éetva warming and cooling effect
of the cirrus clouds on the Earth’s surface temperature (fu#ou, 1993).

The classical nucleation theory approach uses an explicleation ratel, often given in units
of cm—3s1. A diagnostic formulation of describing the freezing rate of supercooled aerosol
particles per unit time and per unit volume of aerosol is ps@al in Koop et al. (2000). The
nucleation rate is of special interest for solving the atiedy equation for the change in number
densityn; for homogeneous nucleation:
C:j_I:: =nogJV with Vo = 4L3I’8
The initial volumeV, with the typical freezing aerosol radiug = 0.25um and the aerosol
number density prior to freezing,, where realistic values are 100-300cin(Minikin et al.
(2003), Spichtinger and Gierens (2009a)). In order to d¢alelthe nucleation rate it has to be
noted that the relative humiditgHwis equal to the water activitg, when pure liquid bulk
water is in equilibrium to water vapour. The water activayis the ratio of the vapor pressure
of the solution to the water pressure of pure water at the samperature. Thua,, gives the
temperature-, concentration-, and pressure- dependeet activity of a solution, in this case
H,SQy, andRHI(T, p) of ice. SettingRHw= a,, the nucleation rate is then calculated by Koop
et al. (2000)

(2.1)

log(J) = —906.7 + 850 ARHW— 26924 ARHW)? + 2918qARHW)® (2.2)

with ARHw = RHw— RHi. The relative humidity with respect to ice is calculated by
RHi = (e//e&si(T))100%, whereas the frequently used ice saturation rat® is RHi/100,
analogue for water.

This is implemented in a parcel model introduced in Sec. IB.Eig. 2.3 the number densi-
ties resulting from the nucleation rate for different temgperes in a rising air parcel is de-
picted. Homogeneous nucleation is triggered at presswksvibi350hPa and temperatures
approximately below 235K (Karcher and Lohmann, 2002) thhes ialues are chosen ac-
cordingly. Exemplarily the critical nucleation rate f&, namely J;r = 3(4rr3At) 1 re-
sults inJr =~ 10*%m~3s! for the typical time step for general circulation models (G)C
of At = 20min (Kércher and Lohmann, 2002). In Tab. 7.2. in Pruppaahd Klett (1997) this
approximated nucleation ralg is reached for a supercooling of about 39 °C which agrees well
with the Koop et al. (2000) results. As Jensen and Toon (1984g, the nucleated ice crystal
number is insensitive to the number of available aqueoussakr as the competition for water
vapour causes the event to cease.
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Figure 2.3: The dependency of the homogeneous nucleation rate (Kodp 2080) on the tem-
perature§ = 195215 235K and the ice supersaturation ratio and the resultingriggtal density
rates. The initial background aerosol is set to the highevafing = 500cn 2 in order to prevent a
limiting effect on the nucleation rate. The dashed refeedime shows the critical nucleation rate
Jer from Karcher and Lohmann (2002).

This empirical approach to classical theory is introdugedrder to clarify the homogeneous
nucleation process. High relative humidities correlathigh nucleation rates causing a high
ice crystal number densities, see Fig. 2.3. The describexyp kb al. (2000) scheme is a good
approach for validating a homogeneous nucleation paraiseaien as it explicitly resolves the

ice crystal number density.

2.2.2 Heterogeneous Nucleation

Heterogeneous freezing requires the presence of ice rilidleivhich reduce the energy bar-
rier to form a new phase. Typically available in the atmosphere dust, soot and organic
substances and experimental studies proofed volcanicodsh an efficient IN (Fornea et al.,
2009). A characteristic IN concentration in the upper tsgf@re is ®1-100dm which is

low compared to the total of available aerosol (Hoose ef8ll10). Ice nuclei concentrations
of 1000-20000dm? do not automatically generate ice particles but, furtheemoloud top
temperatures must usually decrease-ff °C before significant heterogeneous ice nucleation
takes place (Ansmann et al., 2008).

The four fundamental kinds of heterogeneous freezing gg&seare contact, immersion, con-
densation and deposition nucleation (see Fig. 2.2). VAIB%) distinguishes the nucleation
processes as follows:

» Deposition nucleatioMhe formation of ice in a (supersaturated) vapour enviramme
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* Freezing nucleatiomhe formation of ice in a (supercooled) liquid environment:

— Condensation freezinghe sequence of events whereby a cloud condensation
(CCN) initiates freezing of a condensate.

— Contact freezindNucleation of a supercooled droplet subsequent to an dgraso
ticle coming into contact with it.

— Immersion freezinflucleation of supercooled water by a nucleus suspendea in th
body of water.

Ladino and Abatt (2013) investigated deposition nucleabetween 223K and 203K in the
presence of dust and found that the barrier to depositiofeation becomes larger at lower
temperatures with the critical ice supersaturation ratmeeding 17 for 203K, surpassing the
homogeneous nucleation threshold which.s6Ifor this temperature (Koop et al. (2000), Ren
and MacKenzie (2005)). The most efficient nucleation modeciisus formation is thought
to be immersion freezing (e.g., Gierens (2003), Kéarcherlasttnann (2003)), which is not
easily distinguishable from condensation freezing nagdiater saturation.

Ice nuclei are grouped according to their diameter sizetimocoarse modP > 2.5um and
fine modeD < 2.5pum which is subdivided into the nucleation mode (also knasmitken)
particlesD < 0.1um and the accumulation mode germ$dm< D < 2.5um (Whitby and
Cantrell, 1976). Insoluble particles like soot accumuiiatéhe nucleation mode while dust
particles are primarily found in the coarse mode (Ansmaral.e2008).

Classical nucleation theory has been applied to heterogsnieeezing with supercooled wa-
ter on an IN (e.g., Khvorostyanov and Curry (2004), Eastwebdl. (2008)). Nevertheless,
it is still assumed to have some shortcomings in particuigolving contact and immersion
freezing (Fornea et al., 2009). As a result, the classiedrhapproach for heterogeneous nu-
cleation rates is still object of current discussions (€@and Khvorostyanov, 2012). Thus a
parameterisation taking into account different specidbl@ind the sensitivity towards cooling
and saturation is desirable. Parameterisations for hgga@smus nucleation are introduced in
Sec. 3.2.2.

2.2.3 Competition

The interaction between homogeneous and heterogenedesint is of particular interest for
cirrus development. Competition is caused by heterogenfreazing commencing at warmer
temperatures and, depending on the amount and hygrodgopidhe aerosols available, de-
pleting the ice supersaturation before homogeneous frgegitriggered. Thus the existence
of IN reduces cloud ice number (Haag and Karcher, 2004). Aamaew as well as their com-
petition can be seen in Fig. 2.4 (Ren and MacKenzie, 200%)w8hs the development of ice
supersaturation over time of an adiabatically rising aicph Depending on the atmospheric
conditions, i.e. temperature, number of ice nuclei, pnesand vertical velocity, the thresholds
for the ice nucleation regimes can be reached. In this&adenotes the commence of freezing
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Figure 2.4: Overview of the triggering of the ice nucleation processesidering an adiabatically
lifted air parcel over time ( Fig. from Ren and MacKenzie (2)0Due to cooling, the threshold
ice supersaturation ratid® for heterogeneous or, in this pl&; for homogeneous freezing are
reached. In the case of a rapidly ascending parcel both m&rha can be triggered causing a
competition of the ice crystals for available water vapaagicted by the dash-dotted line).

accounting for ice nuclei ang; the triggering of homogeneous nucleation. In Fig. 2.4 the ex
ponentially rising dotted line represents the case in whihucleation were to take place. The
solid line demonstrates the nucleation with no present icden The dashed and the dashed-
dotted line both depict freezing commencindgsatThe difference is that the dashed line repre-
sents heterogeneous nucleation which is capable of regpévesupersaturation while in the

case of the dashed-dotted line the homogeneous nuclehteshbldS ¢, is reached.

In young cirrus there is a competition between generatimgpsaturation by the cooling of
the air parcel due to updraft and reducing the saturationtdwiepositional growth. Once
the threshold for nucleation is reached, depositional grammmences and depletes the ice
supersaturation. As stated in Kramer et al. (2009), the ata@rbond of the available ice-
forming aerosols may determine the freezing thresholdsidggdr either nucleation. Critical
supersaturations for heterogeneous and homogeneousfreterived from classical theory
are given in Khvorostyanov and Curry (2009).

2.3 Ice Supersaturated Regions

Ice supersaturated regions (ISSRs) have been identifidgkipast as cloud free air masses in
the upper troposphere that exceed saturation with respém {Spichtinger, 2004). However,
ice supersaturation was found to also occur in cirrus clamds differences in the detection
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limits of the instruments lead to discrepancies in measargsnconcerning in-cloud and cloud-
free air masses. Using a Mobile Aerosol Raman Lidar (MARLhva detection limit for ice
clouds with an optical depth of less thanf0Immler et al. (2008) found that ISSRs almost
always contain ice particles.

ISSRs are mostly confined to the layer beneath the tropopauseh is susceptible to sea-
sonal features (Gierens et al., 2012). ISSRs where detéztedcur most frequently in the
pressure levels 147 and 215hPa by using Microwave Limb SaudLS) data (Spichtinger
et al., 2003b). In the tropics they are frequently found ithqressure levels, while ISSRs are
mostly detected at 215hPa in the mid-latitud strom trackinduboreal summer and autumn
(Spichtinger et al., 2003b). According to data from the Meement of Ozone by Airbus in-
service Aircraft (MOZAIC) project, these regions have adutdiorizontal size with a mean
path length of about 150km (Gierens and Spichtinger, 2000ie their vertical extension is
1-2km (Spichtinger et al., 2003a). The vertical depth of tH8RSlecreases mainly with tem-
perature, which explains the occurrences of thicker IS®REgher latitudes (Gierens et al.,
2012) .

Ice supersaturations is required for forming ice crystédae nucleation and is also responsi-
ble for subsequent growth through depositional growth.sldicrus, as well as contrail forma-
tion and lifetime, highly depend on the existence of ice ssga@ration. Furthermore, subvis-
ible cirrus (SVC) is also frequently embedded in ISSRs (&isrand Spichtinger, 2000) only
having optical depths of. < 0.03 and ice particles of about 50pum diameter (Lynch and
Sassen, 2002). The correlation of ice supersaturatednggith cloudiness is also important
for the radiation budget. Fusina et al. (2007) state thatudpn thin cirrus in ISSRs changes
in the outgoing longwave radiation (OLR) up to 64Wfnand a difference in the reflected
shortwave flux of 79Wm? are possible. Thus a correct representation of ice supeasian
and the regions of its occurrence is essential to be inclidedimerical weather prediction
models.
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Chapter 3

Methodology

In order to describe the nucleation mechanisms introdut&#c. 2.1, state-of-the-art parame-
terisations are described in this chapter. They are tesiéLather adaptions are made in order
to fulfil the requirement of achieving a more physical treatinof ice supersaturation in nu-
merical weather prediction models. The simulated clougroperties depend on the choice of
parameterisation for the homogeneous and heterogeneoleation. The triggering of which
is controlled by the updraft causing an adiabatic coolingctviin turn augments ice super-
saturation. If a sufficient amount of ice nuclei (IN) is aaaile, homogeneous nucleation can
be suppressed by pre-existing heterogeneously formed e behaviour is accounted for by
introducing a budget variable for activated IN. After natlen has been triggered, diffusional
growth on the ice particles depletes the ambient water vapdben the mass of ice crystals
is sufficiently large the particles sediment, thereby testiring the cloud. These effects are
dominant in cirrus cloud formations and dynamics and comsetly have to be accounted for.

For a better understanding of the ice cloud processes, tieeiynaestigated within an isolated
parcel model environment. First, the two-mode two-momémiictice microphysics scheme
and parcel model setup will be introduced. Then the paraisat®ns for the ice nucleation
and the subsequent depositional growth and ramificatioweosupersaturation will be dis-
cussed. Next a tracking variable for nucleated heterogeniee is introduced and the terminal
vertical velocity for sedimenting ice crystals is discuksehe theory will be explained consec-
utively while the applications of these modifications to Narioal Weather Prediction (NWP)
models will be shown in Chap. 4. As the parameterisationsnamdifications are meant to im-
prove the operational NWP models of the German Weather &e(aWD) the alterations are
compared to the currently implemented methods wherevesilges

3.1 Parcel Model Framework

In order to study the effects and sensitivities of the défgrnucleation mechanisms a par-
cel model for a two-moment two-mode cloud ice scheme is impleted to investigate var-
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ious aspects of the parameterisations. Hereby an air pliftedl dry adiabatically in upper-
troposphere conditions is studied. Of interest for thewdat@ons are the ice saturation rafg
the ice crystal number density, the ice particle radiug and resulting mass. The air parcel
rises with a constant velocity where the adiabatic cooling causes the ice saturation $atiio
increase. The ice saturation ratio is defined as
e

5= &si(T) -
with e, andes; being the vapour pressure and the saturation vapour peesger ice calculated
using the Murphy and Koop (2005) parameterisation. An iaeeeing can either trigger het-
erogeneous nucleation if a sufficient amount of ice nuclavilable or homogeneous freezing
if high vertical velocities are present. Once ice crystabs farmed, depositional growth de-

creases the water vapour mixing radjg thereby depleting the ice supersaturation.

The initial conditions are specified by the presspréhe temperaturé, the vertical velocityw

and the ice saturation ratf. Additional parameters are the time stdpthe set number density

of liquid aerosol particles (1000 cm) and background aerosol particles that potentially act as
ice nuclei (IN) (1-30dm?®). A monodisperse distribution and an initial aerosol péetradius
prior to freezing ofj o = 0.25um is assumed. The initial particles are considered &ath@nd
thus the masm o of the ice particles is calculated through

41
Mo = gpirfo (3.2)
with the ice particle mass density = 0.925x 108 kgm~3.

Depending on ambient conditions, cloud ice freezing igemgd and quantified by ice crystal
number densities; hom and n; et With the ice mass mixing ratiog nom and g het for homo-
geneous and heterogeneous nucleation, respectively.efingotal evolution of the freezing
process is described by a conservation equation for ther watss and the temperature equa-
tion incorporating latent heat release and adiabatic ©goli

0= d_q\/ dq,hom dci,het
dt dt dt
dt  dtcp ¢p

(3.3)

whereg = 9.81ms 2 is the acceleration by gravity arg = 1005J kg 'K~ the specific heat
capacity of air at constant pressure ane- 2.836x 10° Jkg ! is the latent heat of sublimation.
The equations are numerically integrated using the Eulevefad scheme. This model is the
environment in which the parameterisations and other aeleprocesses are discussed.

3.2 Cloud Ice Nucleation

A great variety of parameterisations for heterogeneoushamiogeneous freezing of super-
cooled aerosols exist in the literature. In the followirtge Emphasis lies on the parameterisa-
tion for homogeneous nucleation developed by Karcher ¢2606, KHLO6 hereafter), which
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takes into account pre-existing ice crystals from hetameges freezing. The latter is included
by use of an empirical parameterisation which is thorouglelgcribed in Phillips et al. (2008).
In order for the parameterisation to be valid for all mestes®WP models, an adaption is
made for numerical stability to be assured over all timesstdjne formation of cirrus clouds
is then investigated by use of the parcel model. In order to ga indication for the quality
of the parameterisations, further approaches are implEdeAs homogeneous freezing of
liquid aerosols is currently not included in the DWD modéhe explicit approach of Koop
et al. (2000) is considered for comparison. The heterogenaacleation scheme is compared
to a modified Fletcher formula (Fletcher, 1962) which is agienal in the DWD NWP mod-
els. The nucleation processes as well as their competitibnaext be introduced and analysed
separately. The various schemes are then discussed andtedal

3.2.1 Parameterisation of Homogeneous Nucleation

In the NWP models at the DWD, cloud water is assumed to freemeolyeneously at temper-
atures below-37 °C while freezing of liquid aerosols is not yet includedhe microphysical
scheme. In the following, the most important equations ftbmmKHL06 scheme will be in-
troduced for e.g., the critical ice supersaturation r&ig, the ice crystal number density,

the ice crystal radius, and the ficticious vertical velocity,, which accounts for pre-existing
ice particles. Special attention is paid to the differemte$cales for the processes taking place
during the homogeneous nucleation. For verification, thé.8&ischeme is compared to Koop
et al. (2000) in which the nucleation rate is parameterisetitiae ice crystal number density is
explicitly calculated (see Sec. 2.2.1).

The challenge to correctly model homogeneous nucleatamiti the differing timescales re-
lated to the nucleation event. These include the model tteye, the point in time where ho-
mogeneous nucleation is triggergd the period of the freezing eventee;and the length of de-
positional growthr4ep depicted in Fig. 3.1. Typical values arg.e, = 17.38s andigep= 2000s
for the temperaturd = 220K and the vertical velocity off = 10cms™. The timescales for
process-oriented models are typicaly< Tree, < Tgep While for climate models and the Inte-
grated Forecast System (IFS) of the European Center of Medinge Forcast (ECMWEF) it is
Tireez < Tdep < At. In the current IFS scheme based on Tompkins et al. (2008hdamogeneous
nucleation is assumed to be triggered as soon as the catipatsaturation is reached. The rel-
ative humidity with respect to ice is then reduced to 100%hiwithe same model time step.
Thus as soon as nucleation is triggered the ice superdaturatiepleted and no in-cloud super-
saturation remains. When applying the homogeneous niarigadrameterisation to the DWD
models it has to be valid for both regimes, i.e. the high gmt regional COSMO model with
At = 23s and the global model GME wiitlt = 133s where the sequence of timescales may
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correct physical behaviour
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Figure 3.1: The timescalety, Treez andtgepare sketched in relation to an arbitrary model timestep
At marked byo. Shown is the correct physical behaviour of the ice superaabn evolution
(black), the new cloud ice scheme (red) and the current IF@ree (green). Difficulties arise
when the model time steftt is too large to fully resolve the freezing event but too sraéntirely
capture the freezing event.

vary between

At % Tireez (3.5)
At < Trreez < Tgep and (3.6)
Tfreez < Tdep < At (37)

In order to take these scale differences into account anid aewble counting, it is necessary
to specify the timée, at which the threshold for the homogeneous nucleation eSenpts
exceeded. This critical ice supersaturation ratio

T
25900K
is a temperature dependent analytical fit from Ren and MazikgR005) based on the results
from Koop et al. (2000). As the KHLO6 parameterisation takescompetition between the two
processes into account a second condition has to be fulfillathely that the model updraft

is larger than a ficticious vertical velocity, accounting for pre-existing ice particles

Ser =2.349— (3.8)

3+ 33§
p:?Ri, wp >0 (3.9
o a = Lsng _@ a = i and ar = LgMime (3 _‘]_O)
1_CpRT2 RT’ 2_nsat T CpPTM .

The parameters needed in the following are latent heat difsation Ls = 2.836x 10f Jkg™?,
molecular mass of wateM, = 18 x 10 3kgmol™, universal gas constarR = 8.314
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Figure 3.2: For homogeneous nucleation a clear proportionality betvtke ice crystal number
density and the vertical velocity is depicted. The setughizsen as in KLO2 witlp = 220hPa and

large initial aerosol number density always being higher than nom. Shown are the simulated
values using the Koop et al. (2000) parameterisation anKthie06 parameterisation with the
additional conditions listed in Eq3.20)-(3.23).

JmoltK~1, molecular mass of aM = 29 x 10 3kgmol~! and the mass of a water molecule
my = 3 x 10726kg. The termngy = esi/ (ko T) denotes the number density at saturation per
unit volume, wherdg, = 1.38065x 10 22J K1 is the Boltzmann constant. As lower velocities
cause lower ice supersaturations, reducing the velocgyhesame effect as nucleated crystals
that dismantle the saturation due to depositional growtte ffeezing or growth term used in
Eq. (3.10) is given by

Ri _ 4_T[n zdri

v iri at (3.11)

wherev = 3.234x 10-2°m—2 denotes the specific volume of a water molecule with respect
to ice and the depositional growthas defined in the kinetic equation used by Karcher and
Lohmann (2002, KLO2 hereafter), see Sec. 3.3.

In the case ofv < wp any further nucleation is suppressed. The sensitivity efdloud ice
number densityy; towardsw is shown in KL0O2 where the following relation is derived

n Ow?/2ngy2. (3.12)

This supports the approach of accounting for pre-existiggtiirough the artificial downdraft
termwp. The dependence of the ice crystal numbers on the vertitadityeis also depicted in
Fig. 3.2 for different temperatures. Shown are the KHLOGgoh for model time stegst = 1s
andAt = 100s as well as the Koop parameterisation with an adaptive step for the nucle-
ation event. The high number densities for low vertical gities andT = 196K in the Koop
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scheme are due to the high initial number of background akrng= 1000cnT3 which enters
Eq.(2.1). With more realistic values such ag= 100cnT 3 the Koop line (not shown) matches
the KHLOG6 lines. The impact of a different initial pressungedo diffusion, aerosol geometric
mean size and distribution on thew relationship are thoroughly discussed in Spichtinger and
Gierens (2009a). The ice crystal number density from the 8&lharameterisation is

S or 1
N =———(W—Wp) R+, 3.13
i,hom a+ aSS,cr( p) Rim ( )
where ) )
o 41th; O 1 1 (1+6) 1
Rim = v b§1+6[1 62+62< 5 —|—K> f(K)} (3.149)

is the freezing or growth integral analytically solved forset radiusrg. Subsequently the
used terms will will be introduced. The functioi(k) is an asymptotic expansion including
an analytically derived errorfunction to prohibit diverge whenk is close to 1 (see de-
tailed derivation in Ren and MacKenzie (2005)). The tetms= vagqvinnsa(S — 1)/4 and
b, = agvin/(4D,C) with the thermal speed of water moleculgs, the diffusion coefficient of
water vapour in the aiD, and the capacitandg = 1 for spherical particles. The deposition
coefficient is set tag = 0.5 which will be thoroughly discussed in Sec. 3.3.1. In B8j14), 6

is the dimensionless ice particle size parameter. The diroeless parametaris the ratio of
timescales of the initial growth and freezing timescale snased for distinguishing between
the slow and fast growth regime& & 1 slow growth regimek > 1 fast growth regime). It
depends on the vertical velocity and the particle size d¢mdi:

 2bib,

O0=lprg, K= m Tireez:

(3.15)

Once the requirements for homogeneous freezing are fdlfttle characteristic timescale from
KLO2 for the freezing event depicted in Fig. 3.1 is

_ dIn(J) dT
1 _
Tireez = < oT >S_Scr dt” (3-16)

Inserting the adiabatic cooling rate and the parameté@isdor the change of nucleation rate
with temperature as stated in Ren and MacKenzie (2005)syield

Tidep = [T(0.004T —2)+3044) 2=, (3.17)

p

In order to determine the time of the nucleation event séwvarations are included. First, the
time interval is determined, in which the critical value §f, is reached. In KLO2 the time
interval between the initial valu§& and the reaching of the critical saturati&y, is given.
ReplacingS with the value for§ of the current time step will give the remaining time until
the critical saturation is reached:

tuzéim<iﬂ>. (3.18)

ayw S
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Combining Eq.(3.17) and Eq.(3.18) determines the duration of the nucleation event. If
(ter + Trreez) < At the nucleation event is captured within the next model tite@.sThe su-
persaturation at the end of the next time step is estimateleogxtrapolation from KHLO6

S(t+A) =S +a S (W—wp)At. (3.19)

Thuste, + Trreez determines when a nucleation event occurs and ordytif- At) > S ¢ will the
nucleation event take place at the current time step. In samthe homogeneous nucleation
event is triggered if the four conditions are fulfilled:

1)S > Ser (3.20)
2)W > Wy (3.21)
3) ter + Trreez < At (3.22)
4)S(t+At) > Ser. (3.23)

While 1) and 2) where already predefined conditions from Kéllibints 3) and 4) are newly
implemented. This leads to a physically based approachptoieathe characteristic ice super-
saturation overshoot to occur in the parcel model which ortant for NWP models with a
model time step o\t ~ 100s. Using only the original criteria 1) and 2) from E8.20)- (3.23)
would result the nucleation event to be triggered as soo§ @ds reached. Yet higher ice
supersaturation values are possible through the exteafitre criteria. In Haag et al. (2003)
this higher peak ir§ aboveS ( is explained to be a non-equilibrium effect which is shown to
increase with decreasing temperature. This is due to slim@grarticle growth and continuous
cooling during the constant lifting of the parcel.

In KHLOG6 the variations of the ice crystal radius for the tenale of the freezing evemjee;
and the model time stefit are taken into account in order to improve the result of thee ic
particle diameter. When nucleation commences the ragitge;) is calculated by use of the
KHLO6 parameterisation. The next value of interest is thedgystal radiugj. for t — o
proposed in KLO2, which also takes commencing depositignalvth into account. By using
the ice water mass

T a Ser
o= =My—————WT +myn -1 3.24
m, 6 My 2+ S0 freez+ MwNsatS,cr — 1) ( )

the mean ice patrticle radius results in
[ ; 3.25
§ <4lfpi N hom (3:23)

The intermediate radius for the model time stg@t) is then determined by iteration between
I (Tireez) AN .

The comparison of the KHL0O6 scheme including the alterafiwrihe triggering of the homo-
geneous nucleation event to Koop et al. (2000) is shown inF8) The latter scheme is hereby
considered as the 'truth’ as it uses a diagnostic nucleatitmbased on a classical nucleation
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Figure 3.3: The development of ice supersaturation over time with thalrconditionsT = 220K,

p = 220hPa and a constant updnaf= 25cms ! causing homogeneous nucleation to be triggered
atS ¢r. The KHLO6 homogeneous nucleation is compared to the Koberae (Koop et al., 2000)
using the time stepat = 1s andAt = 100s. The overshoot is captured as the nucleation event is
delayed to occur in the last critical saturation time stéqnigitc, + Treez iNt0 account.

scheme and an adaptive time step around the nucleation évesmh be seen that the ice satu-
ration curve shows the same behaviour for the explicitipikesi Koop et al. (2000) scheme as
for the KHLO6 scheme with time stegd = 1s andAt = 100s. Only implementing the KHLO6
scheme would have caused a triggering of the nucleationt,easrsoon a& ¢ is reached.
Through the new conditions listed as Eg.22)- (3.23) the scheme becomes robust for larger
time steps. Although these conditions only hold under tsemption that the vertical velocity
is sufficiently constant. The asymptotic value for> o of the ice saturation ratio in Fig. 3.3
does not reaclyy = 1 due to the ongoing cooling of the air parcel resulting frénva tonstant
updraft. Because of good physical behaviour the KHLO6 patarisation became the scheme
of choice and with the modifications it is robust enough foerapional applications. The cal-
culation of the pre-existing heterogeneously formed igstatls which potentially suppresses
homogeneous nucleation is described in the following.

3.2.2 Parameterisation of Heterogeneous Nucleation

Heterogeneous nucleation is triggered at warmer tempesatile. T > —40°C, depending

on the existence of ice nuclei in the atmosphere, and thes ofiduces ice supersaturation
before homogeneous freezing can set in. In the past, empparameterisations have been
developed in which the IN depend on either ice supersaturé¢i.g., Meyers et al. (1992)) or on
temperature. The latter is also used for the heterogenagtisation parameterisation scheme
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Figure 3.4: The activated ice nuclei for black carbon, insoluble orgamairbon and dust/metallic
particles according to Phillips et al. (2008) as a functibthe supercooled temperature and the
ice supersaturation. Plot a) depicts depositional fregaid b) represents the number densities for
the condensation and immersion mode for the initial numiemisifies, DM= 162dm 3, BC =
15cnm 23 and O= 1.77 cni 3 compared to the modified Fletcher (1962) equation.

by Fletcher (1962), which is currently implemented in ar@t form in the DWD models.
In the following, the modified Fletcher parameterisatiosampared to the heterogeneous ice
nucleation scheme by Phillips et al. (2008, PDAO8 hereaftdh respect to the resulting ice
crystal number densities.

In the parameterisation proposed in PDAO8, the number tiemsire derived by using em-
pirical dependencies of aerosol chemistry and accountingdrious IN. This is obtained by
assuming the active IN to be approximately proportionahtoderosol’s total surface area. The
data used is constrained by measurements of the continumusgliffusion chamber (CFDC).
In the heterogeneous nucleation scheme, it is explicisyimjuished between inorganic black
carbon (BC), insoluble organic carbon (O) and dust/metaérosols (DM). This permits a
coupling to aerosol model climatologies in the future. la garcel model the initial number
densities for the IN are set as proposed in PDA08, namgly= 162dnT 3, ngc = 15cnT 3 and
no = 1.77cn1 3. These values are based on six field campaigns. Sensitivities concerning
the initial IN values and their influence in NWP models will benducted in the following
chapters.

The scheme takes into account the model temperature, peesgater vapour mixing ratio
and supersaturation ratio. The concentration of activerdihfspecies X (i.e. DM, BC and O)
within a size interval dlo@x as described in detail in PDAOS8 is

00

dny
NN X = 1-—ex Dx,S,T dlogDx, 3.26
IN,X Iog[Oilurﬂ( Plkx (Dx, S )])dlong gDx (3.26)

which is valid forT < 0°C and 1< § < §, where§,, is the value for water saturation.
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The functionpyy comprises various relations for the modes and surface arieg ghe average
number of activated embryos per insoluble aerosol partigth the sizeDy. The resulting
activated ice nuclei number densities for the depositimh@mndensation/immersion modes in
dependence of supersaturation over ice and supercoolidgpisted in Fig. 3.4. The organic
substances show the greatest impact for the deposition mbitie soot is the dominant IN in
the condensation/immersion mode.

The frozen ice nuclei fractionsqac x of the individual groups are calculated by dividing the
nucleated ice crystal concentration through the totakilhjtavailable number of ice nuclei for
each specielNx. The total heterogeneously nucleated number dengitythen yields

Nihet = Z INX Nfrac, x- (3.27)

Larger particles have a higher nucleation efficiency due tweneffective and active sites.
The assumed minimum diameter for an INOs= 0.1 um. Comparisons presented in PDA08
show that the resulting humber concentrations for heteregeasly nucleated ice crystals lie
in the same range as the Lohmann and Diehl (2006), Liu andeP€Bf05), Khvorostyanov
and Curry (2004) and Meyers et al. (1992) schemes. A vatidedind further discussions of
this scheme can be found in Eidhammer et al. (2009) and Bhidit al. (2009). In Phillips
et al. (2013) a modified approach of this heterogeneous atimhescheme is given (see also
Sec. 6.2.1).

In the operational models at the DWD, the empirical pararrsetiéon of heterogeneous nucle-
ation only depends of and does not differentiate between the different nuclaatiodes, i.e.

it includes condensation, immersion, contact and depositeezing in a single equation. The
classical Fletcher-formula (Fletcher, 1962) is given by

Nihet=Noexp(0.6(To—T)),  np=0.01m>3 To=27315K. (3.28)

The ice crystal numbers resulting from Eg§.28) atT ~ —40°C are found to overestimatgnet

by three orders of magnitude and underestimates the iceintahcentrations by about two
orders of magnitude at moderately low temperatdres —10°C (Doms et al., 2004). In order
to counteract underestimations at high temperaturestiawali so-called ice enhancement (e.g.,
ice crystal fragmentation, ice splinter production in mgi) is implicitly taken into account.
The resulting operational parameterisation for the nurdeesity for ice crystals (Doms et al.,
2007)

Ninet(T) = noexp(0.2(To—T)),  np=100m3 (3.29)

is based on a fit to aircraft measurements in stratiform ddtbbbs and Rangno, 1985; Mey-
ers et al., 1992) witimy being an empirical parameter. Comparisons of the activiaeeduclei

nn to the PDAO8 parameterisation show that for low supercgolialuesT < —20°C the
number of activated ice nuclei are still overestimated,Fige3.4. Further comparisons of the
resulting cloud ice number densities are illustrated asdwdised in Sec. 3.2.3. In Sec. 3.4 an
additional ice nuclei budget variable for activated IN isdauced.
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New Parameterisations | Operational Parameterisations
Homogeneous n;hom = azilaifsm (W—wp) Ri‘m1
Nucleation see Eq(3.13) —
Karcher et al. (2006)
Heterogeneous NMihet = 3 INX Nirac,x Ni het = Npexp(0.2(To —T))
Nucleation see Eq(3.27) see Eq(3.29)
Phillips et al. (2008) Fletcher (1962) modified

Table 3.1:Overview of the new and operational ice nucleation paransetiions along with their
equation for the number densities.

3.2.3 Interaction of Nucleation Processes

In the proposed nucleation scheme, the previously intreddmmogeneous parameterisation
based on KHLO6 is coupled to the heterogeneous nucleatimmnses. This will allow a compe-
tition between the processes, which results in a more tieadipproach. Heterogeneous freez-
ing sets in at warmer temperatures and, depending on therdrand hygroscopicity of the
aerosols available, may reduce the ice supersaturatiareobbmogeneous freezing is trig-
gered. An overview of the processes as well as their congetitas given in Sec. 2.2.3 and
illustrated in Fig. 2.4. The critical ice crystal number centration needed in order to suppress
subsequent homogeneous freezing is analytically deriyadiérens et al. (2003), Eqg. 21, and
als<o by Barahona and Nenes (2009), Eq. 20, for monodispersriclei based on cloud par-
cel model equations. The competition between the two nticleanechanisms in cirrus clouds
was also investigated with 2-D simulations by Spichtingad &ierens (2009b).

Depending on the ambient atmospheric conditions, i.esprestemperature, number of avail-
able IN and vertical velocity, either homogeneous, hetenegus or both freezing mechanisms
are triggered. An important aspect in correctly coupling llomogeneous and heterogeneous
parameterisations are the different cirrus propertiesltiag from either regime. Heteroge-
neous nucleation potentially becomes dominant in con&adl cirrus regions with slow up-
drafts (Lin et al., 2002). Vertical velocities less than 80! are thought to be where hetero-
geneous nucleation has the maximum impact on cirrus clauation whereas homogeneous
nucleation gains importance at higher velocities (DeMb#lg 1997).

The main objective is to investigate the different behavifithe operational parameterisations
in the NWP models of the DWD and the new cloud ice nucleatidres®. However, as cur-
rently no parameterisation for homogeneous freezing ofdigerosols is implemented, only
the heterogeneous nucleation scheme from PDAO8 is compeitedthe modified Fletcher
equation while for homogeneous freezing the KHLO6 schentle altered triggering is solely
used, see Tab. 3.1.

In order to investigate the mutual interaction of the twoleation schemes an intermediate
scenario is chosen with the ambient temperature b€ing230K, the pressur@ = 220hPa,
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Figure 3.5: Parcel model simulations with the initial values for the paratureT = 230K, the
pressurep = 220hPa, and the vertical velocity= 40cms 1, which reveal the characteristics of
homogeneous and heterogeneous nucleation as well asrtezadtion. Used are the KHL0O6 ho-
mogeneous nucleation scheme merged once with the hetemgeschemes applying the modified
Fletcher equation and once with PDA08. Different confinirgximum values fon; het andn; hom
lead to the competition between the two processes (lightianklblue symbols), purely homoge-
neous freezing (green line) and solely heterogeneousatiae(orange and red lines for PDA08
and the modified Fletcher equation, respectively). In a)t¢bkesupersaturation ratio, in b) the ice
crystal number density, in c) the ice crystal radius and ithd)cloud ice mixing ratio for the two
modes are shown. In d) also the cloud ice mixing ratio for rediton is depicted by the dashed
black line.

and the constant vertical velocity= 40cms L. Three scenarios are considered:

1) no available ice nuclei (homogeneous freezing)
2) upper limit for the activated IN is 100 dmi (heterogeneous freezing)

3) upper limit for the heterogeneous ice crystal densifg = 15 dm 3 (mixed freezing).
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In Fig. 3.5a the development of the ice supersaturatioo fatithe above mentioned scenarios
over time is shown. The number densities in b) and the cloadmixing ratio in d) result

from adding the homogeneous and heterogeneously oridinegicles together. The mean
ice crystal radius in Fig. 3.5c is defined by= %w to stress the differences in
particle size for the two ice modes. This definition also ek the gap with abrupt increase

in Fig. 3.5c.

The purely homogeneous nucleation case is representecelgreéln line and is triggered at
the critical ice supersaturation ratx, = 1.47. Regarding the solely heterogeneous nucleation
scenario clear differences are noticeable. The ice nunrlgetat concentration resulting from
the modified Fletcher equation causes all the available Ibetactivated at once reaching the
limit n; pet = 100dnT 2 within the first time step (Fig. 3.5b) and quickly depletes ite super-
saturation to its asymptotic value (Fig. 3.5a) . This sdenigrunrealistic in conjunction with
the PDAO8 scheme, as the IN are activated over time mni = 29dnm 3 and struggle to
reduce the amount of available ice supersaturation (Fig)3vhile homogeneous nucleation
is unphysically suppressed. However, this clearly dermatest the difference in IN activation
between the two heterogeneous nucleation schemes. Traiopat NWP scheme easily over-
estimates the activated IN for the amount of backgroundsatavailable.

In Fig. 3.5 the light and dark blue lines show the competitietween the homogeneous freez-
ing and the activation of IN using the modified Fletcher eumtnd the PDAO8 scheme,
respectively. The higher the ice crystal number densityltieg from the heterogeneous nucle-
ation, the later homogeneous nucleation is capable of ddggered. This clearly shows the
struggle between decreasing ice supersaturation duestingxice crystals and its increase be-
cause of the air parcel’s constant lifting depicted in Fi§a3 The ice crystal radius (Fig. 3.5c)
plays a great role as well, as the larger heterogeneous iitel@agrow slower than the smaller
homogeneous ice crystals but deplete the ice supersatuticker due to their larger surface
area. This is clearly depicted in Fig. 3.5 as the heterogsigmucleated particles from the
modified Fletcher equation cause homogeneous freezing posiponed. The cloud ice mix-
ing ratiosqg; shown in Fig. 3.5d asymptotically approach the dashed Hiaek which is the
cloud ice mixing ratio for saturationq; s This result already indicates that for regions with
mature cirrus clouds or with persistent updraft, the claamixing ratio is going to be simi-
lar for both ice nucleation schemes. Yet differences in thra€ cloud evolution are expected,
depicted in Fig. 3.5d where the region of interedt ¢<s2000s as the discrepancy between the
schemes is the largest here. Especially the cloud ice mrgtigs from the heterogeneous nu-
cleation case depicted by the red and orange line in Fig.dffsd to a large extent. Choosing
the modified Fletcher’s equation (red line), as it is donénenN\WP models of the DWD at the
time being, the cloud ice mixing ratios are overestimated/émng cirrus, i.et < 1000s.

In summary, homogeneous freezing evokes ice particlesu® $maller radii but larger num-
ber densities while heterogeneous nucleation generatgs laut fewer ice particles. After the
triggering of the nucleation events the depositional ghoplatys a major role in the further
development of the ice crystals as they compete for theablailwater vapour in the mixed
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regime. To further investigate this phenomenon the eqgusitamd the timescales for deposi-
tional growth are considered in Sec. 3.3.

3.3 Depositional Growth

After nucleation sets in, the further development of thedgestals is distinguished by diffu-

sional growth, i.e. deposition/sublimation. Depositiogeowth is coupled with the release of
latent heat causing an increase in buoyancy which potBniradreases vertical motion. This

in turn will directly affect the supersaturation as it inséies the water vapour supply for diffu-

sional growth. This feedback motivates the necessity ofcanrate physical description. The
equations currently accounting for deposition in the DWDdeie will be explained and com-

pared to different kinetic and thermodynamic approachke.résulting depositional timescales
along with a physical treatment for the ice crystal modes$héldiscussed thereafter.

3.3.1 Kinetic and Thermodynamic Formulation

In literature there are two different ways of formulatingpdsitional growth, namely the ki-
netic and thermodynamic formulation. The kinetic formigatis based on gas kinetics where
the individual particles are considered. The thermodyndimimulation is based on macro-
physical quantities and equilibrium states. These arevabpiit formulations yet for smaller
ice crystals the kinetic regime is favored while larger ipgstals are rather considered to grow
in the thermodynamic regime. Shown in the following, is hbw kinetic and thermodynamic
formulation relate to each other. A general way of calcotathe growth rate of an individual
ice crystal is via the change in water vapour mixing ragi@nd ice massy

da, 1 redm(r)

Gt laep= o o —ar fewznndn (3.30)
a

d .

dr? = 4Tpir i (3.31)

wheref (x,y,zr;,t)dr; denotes the size distribution and= [ f(x,y,zr;,t) the number density.
In the following, the size distribution is a delta functionthe parcel model only accounts for a
monodisperse size distribution. With this assumption dtet aserting the mass change with
respect to the radius, the integral can be simplified to

da,

gog= AT e
dt 'dep p, :

= —api ni ri (3.32)
First, the kinetic regime is considered, which becomes maob for particles with radii com-
parable to the mean free path of air molecules. The kinetiaton for the change in crystal
sizer; used in Eq(3.11) based on KLO2 is given by

dri _ MyOgVinNsaS—1) by

1 _ /= 3.33
dt pi 4 1+ —ai\scr' 14 bor; ’ ( )
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whereD,, is the diffusion coefficient of water vapour in air. In E&.33) the valueog = 0.5 is
the deposition coefficient (also named accomodation otikigeefficient) of water molecules
onto ice particles which are assumed spherical as propgsgdibhtinger and Gierens (2009a).
The deposition coefficient is one of the most uncertain patara in cloud microphysics and
is especially important in the kinetic regime (Gierens et2003). Typical values fang range
from 0.005 to 1, where values lower tharildead to an insufficient depositional growth result-
ing in high ice number concentrations and high ice supersi@bms (Harrington et al., 2009).
The mass accomodation coefficient is an also poorly knowrection term in the kinetic
growth regime and is normally set to one and is neglectedaifidbhowing. The deposition and
thermal accommodation coefficients both have the functaeduce the effective diffusity and
consequently to slow down the growth of small particles.

Substituting Eq(3.33) into Eq.(3.32) as well asS = (gy — Qv;si)/Av,si+ 1 andnga; = €si/kp T
results in the kinetic formulation for the change in watepaar mixing ratio restricted to
depositional growth

TN 12 My, g Vi
Qv,siPako T <l+ %Dtcri)

d_q'| _
dt 'dep

(QV - c1v,si)- (3-34)

The thermodynamic equation is based on Maxwell’s diffusemuation (Maxwell, 1890),
which was verified by laboratory studies for frozen prolgibesoids with diameter®; larger
than 100um (Korolev et al., 2003). Maxwell’s diffusion etjoa is based on steady-state as-
sumptions of a spherical ice crystal in an isothermal sumiong. The formulation as given by
Khvorostyanov (1995) and Khvorostyanov and Sassen (199898 hereafter) reads:

dri  DypaC

dt — piQri&?
in which C represents the capacitance @nthe characteristic dimension of crystals. The term
Qi = 1+ (Ls/cp)(0avsi/0T) accounts for psychrometric corrections. When assumingragti
particlesC = & = 1 andQ; =~ 1. Inserting Eq(3.35) into Eq.(3.32) yields the change in mixing
ratio

(O — Qu,si); (3.35)

da, _ Am 5 DypaC _
E ‘dep_ —EQ n; r D Qi riziz (QV - qV,SI) (336)
= —41Dy 1 N (qv — q\,,si). (3.37)

The thermodynamically based depositional rate used in @8MO model and GME includes
the formfactor for hexagonal plateg, = 130kg m 3. The diameteD; is defined through
m = a;.mDi3 and is restricted to 200um. Additionally the Howell factétofvell, 1948)H;
incorporates the effects coupled to the difference in anilziis and drop temperature and thus
thermal diffusivity.

do, . 41D, Di N .
E‘dep_ _THi(qv_ Qu,si) (3.38)
where
Dy Lg

H; (3.39)

= mpaqwsi-
vV
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Without accounting foH;, the equations 3.37 and 3.38 are equivalent.

As it is of interest how the kinetic equation is related to thermodynamic formulation, the
rate of change in radius E¢3.33) is converted into Eq(3.35). The key difference between
both equations lies in the factor

OgVthli 5 OgVinli

YaVenli. 3.40
a, "% Tap, (3.40)

1+

The detailed formulation reads

-1
Ogvili 1 8k T (T 1.94 Po
D, 8” p— ri <2.11>< 10 <T0> 5 (3.41)

for ag = 0.5 and the mean of the magnitude of the thermal velogjtyThus when considering
ice crystal radiir; > r; o the kinetic approach can be reformulated by performing iimglgfi-
cation Eq.(3.40). Subsequentl§ = (qy — Ov;si)/Qvsi+ 1 andnsa = €si/(kp T) are inserted into
Eqg.(3.33) leading to

dri myogvin 4Dy & (Ov—Ovsi)

dri _ ' 3.42

dt  pi 4 dgvnlikeT  Qusi (3.42)
_ mMyDy & (QV_QV,si)

piri keT  Qusi

(3.43)

When substitutinges; = R,/Ra paysi, the Boltzmann constarid, = Ry/N, and the mass of a
water moleculan, = My,/N, with N, being the Avogadro constant

dri  Dvpa

dt  pir

(Qv — Ov,si) (3.44)

is obtained which yields the thermodynamic equation B®5) for spherical particles. Thus
for homogeneously frozen ice crystals having small iceiglarsizes comparable to the mean
free path of air molecules it is advisable to use the kinejicagion. The assumption E(B.40)

for the thermodynamic formulation holds for the larger hegeneously nucleated ice crystal
radii. In the following, the thermodynamic approach codpleith the Howell factor as de-
scribed by Eq(3.38) is applied to heterogeneous hexagonal ice crystal plates.

In question is to what extent the kinetic and thermodynamimiilation and ice crystal habit,
i.e. spherical or hexagonal plate, influence the ice crygtalvth. In Fig. 3.6 the time evo-
lution of ice crystal radii for the different depositionatogvth approaches is depicted in de-
pendence of ambient atmospherical conditions favouringdgeneous (Fig. 3.6a) or hetero-
geneous (Fig. 3.6b) nucleation. Hereby the choiceagpfor the kinetic formulation KLO2 is
emphasised. The spherical and hexagonal plate based on &®9the Howell formulation
are considered for the thermodynamic approaches, regglgctor this plot the parcel model
time step is set tdt = 1s and the air parcel is at rest, i.e. with no updraft, whelg thre
initial setting distinguishes the nucleation scenariascfioose a realistic scenario for the ho-
mogeneous freezing, the nucleation event is triggeredrditmpto Eq.(3.8). The nucleation
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Figure 3.6: The change in ice crystal radii over time for the homogenadasd heterogeneous b)
scenario for the kinetic and thermodynamic depositionain rates is depicted. For the homoge-
neous nucleation, the initial ice crystal radiusiis = 1um, the ice crystal number density is set
to nj = 10cnm 3, and the temperature &= 200K. In the heterogeneous nucleation scenario, the
initial ice crystal radius isj o = 50 um, the constant ice crystal number density is- 10 dm3,

and the temperature is setTo= 240K. The pressure is = 240 hPa for both scenarios. The dark
and light blue lines show the influence of the deposition ficieht on the kinetic depositional
growth rate. The ice crystal radii resulting from thermodsric depositional growth rate consider-
ing spherical ice particles and hexagonal plates are showrahge and red, respectively.

threshold for heterogeneous is not as simple and variesifferaht ice nuclei species. Thus
for heterogeneous freezing conditions the simplified fregthreshold

ML

T RT
SW,cr = <?0> (3-45)

is applied based on Khvorostyanov and Curry (2004) théfeis the effective latent heat
of melting in calg? for which the approximation given in Khvorostyanov and @u2009)

is used.Lemf =cCpo+cuTc+ c|_2TC2 + c|_4TC4 with T; in °C and the dimensionless coefficients
CLo =797, ¢c.1 = 0.333 ¢, = —2.5x10 3 andc 4 = 0.8 x 10~7. The critical ice saturation
ratio for heterogeneous nucleation then results fBn= Sy cr€sw/Esi-

First, the evolution of an ice crystal with an initial radiaér; o = 1um resembling a homo-
geneous nucleated ice crystal size as shown in Fig. 3.6acessied. As diffusional growth
occurs after the nucleation event is triggered, the initidilie for ice supersaturation for homo-
geneous freezing i§ . = 1.58 resulting from Eq(3.8) for T = 200K. The constant ice crystal
number densityy = 10cnT 2 is prone to occur in gravity wave scale updraftswof 10cms L.
Noticeable is that depositional growth by use of the therynathic approach depletes the ice
supersaturation quickly causing the asymptotic ice chyadiusr; = 3um to be obtained at
S = 1 within 250s. In accordance with Harrington et al. (2009pat\ifference is noticeable
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when changing the deposition coefficient from = 0.5 (Spichtinger and Gierens, 2009a) to
aq = 0.05 (Stevens, 2011). In Fukuta and Walter (1970) it is alsornented that the kinetic
growth approach resembles the Maxwellian equation whdimgdhe deposition coefficient
to one. This is because of the lower efficiency of diffusiogadwth with a lower deposition
coefficient causing ice supersaturation to reach higheregatlue to the slow depletion.

For the heterogeneous freezing scenario the critical idaratgon ratio resulting from
Eq.(3.45) yieldsS ¢ = 1.28 for T = 240K. The initial ice crystal number density= 10 dm3
with the radius growing from; o = 50pum tor; = 115um in 3500s. As can be seen in Fig. 3.6b,
there are no essential differences between the kinetichérenodynamic, the spherical or the
hexagonal formulation.

Essentially, the kinetic formulation for diffusional grwshows a higher sensitivity towards
the efficiency of the ice supersaturation depletion. WHile targer heterogeneous particles
accumulate more mass, the radius of the smaller homogene®ggows faster in compari-
son. This also justifies the monodisperse assumption madeqiq3.32). These differences
for the depositional growth motivates a coupled approacmadel the competition between
heterogeneous and homogeneous formed ice crystals fordiilatde water vapour in an ice
supersaturated environment. The coupled approach isguiemd investigated in Sec. 3.3.2.

3.3.2 Depositional Growth Timescale

The goal is to achieve a physical description for ice superagon and consequently for de-
positional growth, as it plays an important role in its déiple The competition for existing
water vapour of the ice crystals developed by either homeges or heterogeneous freezing
determines the ice particle number (DeMott et al., 1997 d@bmpetition highly depends on
the timescale of diffusional growth for either cloud ice reo@he deposition timescaigep
was schematically depicted in Fig. 3.1 and will be analysdisequently.

The ice microphysics scheme in the NWP models of the DWD dedua limitation for the
deposition rate where the minimum deposition ratéjis— qysi) /At in order to prevent more
water vapour to be depleted than available after the depositgrowth rate has been calcu-
lated. The necessity of this limitation motivates a moregitgl handling of the depositional
growth rate. Also a bulk ice treatment results in higher dlaae mixing ratio, as a one mode
scheme uses the sum of nucleated cloud ice causing a quidkegguent crystal growth. Thus
it is desirable to distinguish the ice modes and to treat #y@ositional growth rates sepa-
rately. A relaxation approach of the supersaturation tdan equilibrium state was already
considered in Korolev and Mazin (2003), Karcher and Buréhé2008) as well as Wang and
Penner (2010). However, the phase relaxation approacltogeddn Morrison et al. (2005) for
high resolution cloud models additionally includes thesrattion of all hydrometeor species.
This approach is adapted to the two-mode two-moment iceeatioh parcel scheme where the
number densityy x and cloud icej; x are treated separately fee= hom het respectively. The
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Figure 3.7: The plots show the dependency of the depositional freeningscales on the mean
ice crystal radius and number density Toe= 240K andp = 220hPa.

change for the water vapour mixing ratio yields

doyx;  _ X(@v—0Qvs) [, —At
it |dep_ T X |1—exp Y (3.46)

corresponding to the deposition rate for cloudigg, which will be distinguished between for
the two ice modes; h,om andT; net. The general deposition relaxation tirgeesults from

_ _1\1-1
X = [(Tinom+ Tined] (3.47)

with the timescales being defined as
1 doy
Ti= at
Due to the dependency of, on n; andr; as seen in Eq(3.32), the timescales for different
mean ice crystal radii and number densities are investigdiee timescale indicates the ability
of the air parcel to absorb vapour and the phase transitioapmfur to ice. In this section only

the depositional timescale for cloud ice is accounted foenehs later simulations include the
further interaction of depositional growth of snow (see ER8) in Sec. 4.2).

(QV—Q\/,si)_l‘X- (3.48)

In figure Fig. 3.7 the different timescales for the thermayic Howell equation (Howell,
1948) with hexagonal ice crystal shapes are depicted for240K. The analogous change in
ice crystal radius is depicted in Fig. 3.6b. Values for tineetscales vary betweary = 0.24s
for rj = 500 m andy = 10*dm3 and longer relaxation times ofx =322h forr; =1pmand

n, = 1dm3. This shows how larger ice crystal radii and higher numbersiiies reduce the
depositional growth timespan. Ice crystal phase relardiinescales are also noted in Table Al
from Khvorostyanov and Sassen (1998b) based on the thermmaodyg approach with spherical



36 Methodology

particles, i.eTgep = (4T[D\,niri)*1. A comparison shows thatx shown in Fig. 3.7 is about
~ 70% smaller than the timescales from Khvorostyanov andeggd998b). This discrepancy
is based on differing approximations of the diffusion camdint D, of water vapour in dry air.
The formulation used in the parcel model was proposed byfieher and Klett (1997) and is
temperature and pressure dependent and results in mudr biglialues for low atmospheric
pressures than only temperature-related descriptionsréasg sea level pressure.

Including the relaxation timescales into the depositiogr@wth cloud ice scheme leads to
a more physical approach and more realistic ice supersaturealues. The connection of
the relaxation timescale to the quasi-stationary ice S#peration state is approximated by
Khvorostyanov and Sassen (1998b) with

(S —1)|gq=1-1x 10 *WTgep in %. (3.49)

The equilibrium value thus results from the vertical uptivain ms™* and crystal phase relax-
ation timescale is. This shows that intermediate valugs= 100dn2 andr; = 100 pm mostly
found at the top of cirrostratus (DeMott et al., 1994) haye= 121s and§ — 1) \eq =1.33%
for w= 10cms!. This indicates that no subsequent ice formation througmduygneous
nucleation would take place and heterogeneous nucleasiaioiininant in such a regime
(Khvorostyanov and Sassen, 1998b).

Not only the relaxation timescale approach but also theiegn of the two ice modes alters
the depositional growth. The new relaxation timescale @ggh is coupled to the improved
cloud ice scheme. This presents a more physical handlirigeafater vapour available for this
process. Also the possibility of competition for availakblater vapour between the ice modes
and potentially snow is given. In the DWD models this was eeigld so far and the diffusional
growth for the ice phases was calculated with the Euler folveeheme independent of each
other with a saturation limiter ensuring that not more waggrour is depleted than available.

3.4 Ice Nuclei Budget Variable for Heterogeneous Nucleatro

Ice nuclei are unequally distributed in the upper atmosphéet, in the heterogeneous nucle-
ation scheme by PDAQ8 a constant concentration of the theemsal species is assumed. A
more sophisticated way for representing ice nuclei in tleidlice scheme, would be to use
a coupled prognostic aerosol model, such as the COSMO-ARIT (#tands for Aerosol and
Reactive Trace gases) (Mogel et al., 2009). Such a couplmgdibe numerically too expen-
sive for operational use at this time. However, the constardunt of available ice nuclei based
on PDAOS is not realistic and could potentially lead to anresémation of heterogeneously
nucleated ice crystals. To prohibit such an overestimatiomucleated ice crystals due to the
amount of predetermined IN a tracking variable for actigidtd is introduced. Motivated by
this, a tracer variabl@; nc is introduced .

The predefined aerosol number density from PDA8rpaos Serves as an initial value and
remains constant over all time steps. These are reduceddwopsly nucleated ice nuclei
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Ni,nuc- AS only the dynamics of an air parcel are considered in thégter the number density
of available ice nuclei at a given time stap is simply given by

NN = NiN,PDA08 — Minuc- (3.50)

The ice nuclei budget variablen,c from Eg.(3.50) limits newly nucleated heterogeneous ice
because already activated IN are taken into account in diregy step. A similar approach
was taken by Cohard and Pinty (2000) for cloud condensatiarien (CCN). This simpli-
fied approach to account for spatial variability of ice nucleunteracts the same amount of
unactivated/background IN to be available, which would Beaatageous for heterogeneous
nucleation. A more detailed discussion of this simple INkiag approach will be given in
Sec. 4.2. The prognostic equation for the activated iceenwdncentratior; nyc iS given in
Eq. (4.27).

3.5 Sedimentation

In the operational DWD NWP models ice crystals are consitlasenon-precipitating, i.e. the
process of sedimentation is neglected. Yet its importas@iphasised in the studies of e.g.,
Spichtinger and Gierens (2009a) and Spichtinger and CZR2b0). It is stated that the high
ice supersaturation found in cirrus clouds are a potergiadiifack of sedimentation as the ice
crystals fall out prior to ice supersaturation depletioheTmpact of the ice crystal terminal
velocities on the build up and the decay of cirrus clouds $® aktressed by Heymsfield and
laquinta (2000) while Jensen et al. (2011) highlight itsting effect due to radiative-dynamic
interactions. The implementation of cloud ice sedimeatatn the ECMWF global model and
its effect on radiation is also discussed by Jakob (2002réfore it is essential to include this
process in the following studies.

Typical ice fallout formulations are a function of the sgicice content (Jakob, 2002) or of
temperature and pressure (Heymsfield and laquinta, 200@ynatively, the mass-dimension
m— D and area-dimensioA — D relations are used,

m=aDP and A=yD° (3.51)

whereD is the maximum dimensiom; and3 the mass-size anglando the area-size relation
exponents depending on the geometry.

A physically based power-law like representation for tHatien between the Reynolds number
Re and the Best number X is given by Mitchell (1996) while Mt and Heymsfield (2005)
reformulated this in terms oh— D andA — D parameters. A continuous formulation over the
entire size range of liquid and crystalline particles isspréed by Khvorostyanov and Curry
(2005, KCO5 hereafter). Additional corrections for thensition of laminar to turbulent flow
and change in air density are accounted for. This resuléngihal fall velocity as a function
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Figure 3.8: The plot depicts the terminal velocities for different iceystal shapes based on
Khvorostyanov and Curry (2005) with the reference air dgmsi = 1.225kgn 3.

of D as stated in KCO5 is

vit =ADY, (3.52)

bRe
with A, = agep2retnl—20e (2%9) , (3.53)
andB, =bre(B—0+2) — 1. (3.54)

The continuous functionare andbge are determined in terms of the relatiBe(X) = ageXPre

and are defined in Eq.(2.7)-(2.8) in KCO5 andis the dynamic viscosity. The equivalent
diameter described by Eq3.51) is used with the exponents for small hexagonal plates
a =0.5870086 3 = 2.45, y=0.120285 anay = 1.85 (Mitchell, 1996). Terminal velocities for
different geometries, namely hexagonal plates, bulletttes and hexagonal columns and their
equivalent diameters are depicted in Fig. 3.8 using theerte air densitp, = 1.225kg n 2.

For consistency hexagonal plates are assumed hereafterthia geometry is already chosen
for the depositional growth.

Larger ice crystals have a greater acceleration with helggrt smaller particlesrj(~ 30—

40 m) because of the lower air density. Thus it is importarhioose an accurate description
which accounts for this size discrepancy as is done in KC@6eRt laboratory and field studies
conducted by Heymsfield and Westbrook (2010) show that tineirt@l velocities were previ-
ously overestimated by the latter parameterisation fdigd@s smaller than 100 um, especially
when considering open geometries. Considering hexagdmalgreduces this shortcoming. As
shown in Heymsfield and Westbrook (2010), this method forudating the terminal velocity
for Reynolds numberRe~ 100 yields almost identical results to Mitchell (1996) andd¥ell
and Heymesfield (2005).
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In summary, sedimentation serves as an important sink fardcice. So far this process is
neglected in the NWP models at DWD but is now implemented énniéw cloud ice scheme
by use of the KCO5 parameterisation for the terminal vejocit
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Chapter 4

Application in Numerical Weather
Prediction Models

In the previous chapter, the theoretical background of &éveine cloud scheme was explained
and sensitivities studied by using a parcel model. In thieviohg, the microphysical scheme
implemented in the high resolution regional model COSMOtaedylobal model GME will be
introduced. As the NWP model physics and dynamics are momplax than the adiabatically
lifted air parcel, the key equations based on the methodtesduced in Chap. 3 are extended.

It needs to be stressed that the same ice microphysics schkitieincludes the implementa-
tion of the improvements is used for all the model setupsn@éd parameters for investigating
sensitivities for the different scales are explicitly statOf special interest are the additional
source terms for the vertical velocity in order to accoumtsfiab-grid scale updrafts. These dif-
fer for the COSMO model, where the turbulent kinetic enefiK E) will be used (Sec. 4.3.1),
while the sub-grid scale orography (SSO) scheme is apphielddal vertical velocity enhance-
ments in the GME (Sec. 4.3.2).

In this chapter the emphasis lies on the application of teeipusly described cloud ice scheme
in the NWP model chain of the DWD. First, the model microphgsas operationally imple-
mented in the DWD models is presented. Subsequently therpeeti modifications will be
explained including the superposed derived vertical \itidecfrom theT KE and SSO scheme.
Second, COSMO model simulations will be performed. Thessisbof an idealised and a real
case simulation. The idealised orographic flow simulatiglhlve compared to measurements
from the INCA campaign. Third, the validity of the refined CKAS-DE case study will be
evaluated by use of Meteosat Second Generation satellite Atiention will be particularly
paid to the sensitivity of the cloud ice scheme to the vertiebocity. This includes an approach
to derive sub-grid scale variablity for later use in the glomodel.
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4.1 Model Microphysics
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Figure 4.1: lllustration of various microphysical processes in the GATBGME (Schulz and
Schattler, 2010).

Following the COSMO model documentation by Doms et al. (2a8@é cloud ice relevant
processes in the COSMO model and GME concerning cloud ideb@itovered. The bulk-
water continuity model is run in prognostic mode for the twegipitating categories rain and
snow with their mass fractiong: and gs and the non-precipitating quantities water vapour,
cloud water and cloud ice with mass fractiansqc andg;, respectively. A schematic overview
for the different microphysical processes is given in Fid.. 4 he generic budget equation in
advection form is 3 5
v Da = o 0 =S DRy (4.2)
wherel and f stand for liquid and solid water substances, &ndfor the cloud microphysical
sources and sinks per unit mass of moistfif.denotes the turbulent fluxes aRgk is defined
by

Rt= paql,fVIf 4.2)
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and represents the precipitation or sedimentation fluxpsra#ent on the mean terminal fall
velocities of the particles[f. Thus Eq.(4.1) holds for the prognostic precipitation categories
gr andgs. The mass fractiongy, gc andg; are considered to be non-precipitating thus having
a negligible fall velocity in the operational model setupeTsedimentation fluxe®,, P. andP,
are therefore neglected at this stage and(Ed,) simplifies to

ac]VCI

ot

On the other hand, turbulent fluxes are neglectedgfaand gs since the precipitating fluxes
are much larger. The conservation equations for the twegoay ice scheme for water vapour,
cloud water, cloud ice, rain and snow as stated in Doms e2@0D7) read:

1
+V- DQVm S@c,i - p_[l ' I:\/7c,i- (4-3)
a

F A& +8) 1 26 +8) (4.9)
B A tS) (4.5)
aq" — A S (4.6)
aq. —Aq+S 4.7)
%qu, 22 (paa)+S @8)
T A+ 2 (pa)+S. “9)

The advection term# also summarise other processes, e.g. turbulent diffusiog,f g. and
gi. As cloud ice is of primary interest in this work, the transfaes for this category are given
explicitly:

S = S1uc+ S;frz + SLdep_ SLmelt - S1,au - S!aud - Sagg_ S1,cri (4-10)
with the explanation for the terms in Tab. 4.1. A source tesmlitained by integrating the rate
of mass growtim{D) of an individual particle with diametéd over the full spectral distribution
given by an empirical particle size distributidriD):

_ i/ (D) f (D)dD. (4.11)
Pa Jo
In the case of cloud ice a monodisperse distribution is asdum

The description of the source terms for the nucleation @&, & frz, depositional growth
S.dep @nd autoconversiof,,q are changed in the context of this study and are describedt fi
in their original form. In the operational scheme, the hageneous nucleation rate is given by

pi%n,(T), if T <Tqg,q =0andagy > qusi
Swe=1q g aeh(T), if Ta>T > Toue 6 = 0 anday > Gysw (4.12)
0 else

whereT,,c = 267.15K serves as the nucleation threshold ape- 248 15K distinguishes be-
tween cloud ice formation at water saturatiqn, and depositional freezing for ice supersat-
uration. The assumed initial mass of cloud ice crystaisiig= 10-1°kg and the number of
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Shuc heterogeneous nucleation of cloud ice

S frz  nucleation of cloud ice due to homogeneous freezing of cleaier
S.dep deposition growth and sublimation of cloud ice
S melt melting of cloud ice to form cloud water

Sau autoconversion of cloud ice to form snow due to aggregation
S.ud autoconversion of cloud ice to form snow due to deposition
Sagg collection of cloud ice by snow (aggregation)

S cri collection of ice by rain to form snow.

Table 4.1: Explanations for the transfer rates for cloud ice.

ice particles per unit volume of air; is described as a function a@f. The calculation for the
ice nuclei which are activated below the freezing paoint, is based on the modified Fletcher
formula Eq.(3.29) in Sec. 3.2.2.

If the temperature falls below the thresholdTaf, = 236.15 and supercooled cloud droplets
exist, they are instantly frozen by homogeneous freezing.

Sy = { qc/At, if T < Tszandge >0 (4.13)

0, else

The depositional growth equations were thoroughly disetiss Sec. 3.3. In the models, it is
stated analogue to E¢3.38) for hexagonal plates

S dep = Ci,dep"i mil/g(qv — Ov,si) (4.14)

With G gep = 4D\,a1]$]/3/(1+ Hi) = 1.3-107° (Sl-units) assuming that the Howell factbk

changes relatively slowly for differing temperatures amdsgures. The depositional growth
and sublimation are restricted to water saturation, ancethler forward scheme is used for
calculation.

s ep:{ min(g; /AL, (oy — Gys) /AL, if Gy > Qg (4.15)

max(—q;/At, (o — Qu,si) /At), if oy < Qusi-

In the single moment cloud ice scheme a monodisperse sizédi®on is assumed with the
mean cloud ice crystal mass being

M = min(PaGin 1, Mmax), Where mmax= 10 °kg (4.16)

where them max was introduced to limit the ice crystal diameter to the maximof Dj max =
200pum.

The autoconversion rat&,q of cloud ice for snow formation due to depositional growth is
given by

. S1,dep
Swd = L5(mg/m)?3—1 (4.17)
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wherems o= 3-10~%kg is the initial mass for snow crystals equivalenDigo = 300um. This
process can reduce the ice crystal depositional growthsages much as 65% for, = m; max.

Further terms needed in E@t.10) which remain unchanged in this study &geit, S au, Sagg

andS . Instantaneous melting occurs in case of the temperasirg rabovely

(4.18)

g/At, if T>Tpandg >0
SLmelt =
0, else

The collection of cloud ice by rain serves as a sinkdioand source for snow. The parameteri-
sation of the transfer rate describing this process is

L e
Scri = 4E|.rq|/0 D“vr (D) f(D)dD. (4.19)

Evaluation of the integral in Eq4.19) yields

Sci= CLcriQi(paQr)?/B (4.20)
with the rate coefficient 15 _E
Cicri = B_Zﬁﬁvr,op\}/s- (4.21)

The collection efficiencyg; , of small ice particles being collected by rain is se&e = 0.8
andv; o = 130m3s ! yielding ¢ ¢ri = 1.72 in Sl-units.

S agg Is the transfer rate due to aggregation of snow and cloudndeeads

S agg = CaggQii (Pals) ™Y1 (4.22)

with the mean collection rate coefficietyyg = 25.8 (Sl-units) for snow crystals collecting ice
particles.

The parameterisation for the autoconversion of cloud icentiw due to cloud ice crystal ag-
gregationS 4 is simply set to

S au = Max(Ci au(Gi — Gi0),0) (4.23)

with the coefficientc; 5y = 10 3s1 for cloud ice and the autoconversion threshold is set to
Gio=0.

This describes the status quo of the cloud ice sources inutliert operational scheme of the
NWP models at the DWD. As mentioned beforehand, particutantion is set to the terms
Swe & frz, S.dep @NdSuug, the modifications of which are specified in Sec. 4.2.

4.2 Applied Methodics

Previously the theoretical approaches were describedestebtin a parcel model environment
(see Sec. 3). For the NWP setup a few adaptations of the fatiom$ are required. In this
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section the two-moment two-mode model equations for thadcioe scheme are presented.
In this context the previously introduced equations of tepasitional growth timescale (see
Sec. 3.3.2), tracking variable (see Sec. 3.4) and seditmemt¢gSec. 3.5) are adapted for the
COSMO/GME.

For a better comprehension of the impact of the differenfeation schemes a two-moment
two-mode cloud ice nucleation scheme is implemented. Kistsmof the mass fraction of cloud
ice in the airg; x and the ice crystal number fractidfx with x = hom het respectively. In the
microphysical scheme the sources for these prognostiablas are

S(Qi,x) = (Snuc‘|‘ Sc.frz + S.dep+ Si.melt - Si.au - Sagg— S,cri) ‘x (4-24)

Sc7frz S.melt + Si.au + Sagg‘|‘ S,cri >
Nix) = uc -
SN = (St 22 - !

(4.25)

where m = q;/N; denotes the mean ice crystal mass amg = ngDg’ the as-
sumed average mass of a cloud droplet with diam&gr= 50um. The source terms
Simett| .- Si.aul > Sagal, @nd Seri|, are calculated as described in Sec. 4.1. The tefngm
results from the homogeneous nucleation scheme descnb®dd. 3.2.1 while the heteroge-
neous nucleation rate,g|net results from the empirical parameterisation stated in S&c2.
The resulting ice crystal number density of the latter sahésnalso used as an immersion

freezing source rate
Ni het(t) — Nihet(t —1)
At '

S frzlhet = Me (4.26)
The number of heterogeneously nucleated ice crystals iBnemhby the ice nuclei budget
variable described in simple form in Sec. 3.4. The progunoktimulation of the activated
ice nuclei concentratiof\; n,c includes the advection term. Additionally in this formudet, a
mixing time scaletyik is introduced. The time scale is an estimation about wheviqarsly
activated ice nuclei are available again for further heggeneous nucleation. Throughout this
studytmix is set to two hours. The total implemented prognostic forthefhumber of activated
ice nucleiN; nuc per unit mass is

al\li,nuc
ot

oN, N;
|,het|het_ |,nuc' (4.27)

v- 0N =
+ l,nuC Ot Tmix

The IN budget equation E¢4.27) provides a prognostic approach to trace previously aetil/at
ice nuclei without being numerically too costly.

Ice crystals then grow or sublimate due to diffusional grovi the model, snow also depends
on the water vapour resources for deposition. In the omeraltscheme limiting ensures that the
amount of water vapour depleted does not exceed the avadabbunt. To avoid a restriction
and to follow a more physical treatment the phase relaxaimoach for high resolution cloud
models (Morrison et al., 2005) is applied, which includes ithteraction of all hydrometeor
species. The relaxation timescale method is adapted tovhveniode two-moment cloud ice
nucleation scheme. Droplet and rain phase relaxation tareseglected. Also, the temperature
changes due to radiation and the Bergeron-Findeisen thai@uded in Morrison et al. (2005)
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are not accounted for explicitly in the following. The resuy equation for the depositional
growth rate for the two-ice mode and snow scheme is

Sidepl, = % [l—exp<_7m>] (4.28)

giving the deposition rate for cloud ice and snow with= het hom snowand x being the
general deposition relaxation time
-1 —1 -1 y1—1
X = [(Tnom+ Tinet~ Tsnow)] - (4.29)
The change in the depositional growth equation motivategetdect the autoconversion term
of cloud ice to form snow due to depositid&,,ug because this term reduces the depositional
growth rate and thus dismantles cloud ice.

After diffusional growth the cloud ice crystals are subjextsedimentation. To account for
cloud ice sedimentation in the present study, the termiglaloity v; + for hexagonal ice crystals
discussed in Sec. 3.5 is introduced into the prognostictemsa

aq X

0
Aqlx + pql x Vi T‘ +S|X’ (430)

a
= An, ‘|‘ (le xVi T‘ +3 |X7 (4.31)

whereAq, andAy, represent the advection terms aB¢|, subsumes the source terms. This
resultes in the full model equations for the COSMO model aMEGA further extension is
made in the calculation for the vertical velocity as it diffdor both models being described in
Sec. 4.3.

4.3 \Vertical Velocity Parameterisations

The nucleation process is highly dependent on the vertiglalcity, as described in Sec. 3.2.
The different horizontal model resolutions of the COSMO eiathd GME call for a different
handling of sub-grid scale fluctuations. In the following #gpproach from Joos et al. (2008) is
adapted to derive additional fluctuations by use of the fertilkkinetic energy and the sub-grid
scale orography. The vertical velocity is enhanced by usleefurbulent kinetic energyf KE)

in the COSMO model and the GME uses the sub-grid scale orbgliaguced velocity derived
from the SSO scheme. An additional resolution-dependdmgsid scale parameterisation for
the vertical velocity in the GME is derived from COSMO modghslations. This sub-grid
scale updraft velocityvsgsis described later in Sec. 6.2.3.

4.3.1 Fluctuations Induced by Turbulent Kinetic Energy

The turbulent kinetic energy is treated as a prognostiabteiin the COSMO model having
the advantage of including further physical effects opgdsdhe diagnostic treatment as used
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in the global model GME. Thus vertical diffusion aidK E production through sub-grid scale
thermic circulation can be accounted for in the COSMO moBaldauf et al., 2010). ThEKE
scheme therein is based on a hierarchy order 2.5 closurel fotatssification based on Mellor
and Yamada (1974)).

The vertical velocity used in the proposed cloud ice schesnealculated from the square
root of the TKE and a scalable factor. In the climate model ECHAMS (Europ€anter/
Hamburg 5) the relationsrke = 0.7+/T KE based on an isotropic assumption for sub-grid scale
fluctuations is applied (Lohmann et al., 1999). Analoguetiskt al. (2008), this assumption is
implemented into the COSMO model. The resulting total eattvelocity for the ice nucleation
scheme iV = Wcosmo+ WTkE.

4.3.2 Sub-grid Scale Orography Induced Velocity

The global model GME uses a diagnostic relation for the méabad) kinetic energy which
does not deliver useful turbulent kinetic energy valuegtierupper troposphere due to uncer-
tainties within the choice of length scale. The horizonedalution of the GME used in this
study is 30km and leads to the necessity of explicitly patanmng the local variability in the
vertical velocity.

In the GME, the vertical velocity results from the change liagsurew using the hydrostatic
equation

W= —w/(Pag). (4.32)

The vertical velocity is enhanced by adding the tevgaoin order to introduce fluctuations and
higher values for the cloud ice microphysical scheme. Herelsoevolves from the sub-grid
scale orographic drag parameterisation based on Lott alidrifi997). The vertical velocity
induced by propagating gravity waves is formulated in Jdagd. €2008) as

Wsso= kU min(8h, Shsay) - (4.33)

Assuming a mountain with the form= h(x) = hysin(kx) and the heighhy, a projected hor-
izontal wind speed and a wave numbéc= 21t/L. The length scale of the grid-point region
L(z) is given by twice the horizontal width of the mountain seerth®/upstream flow

L(z) ~ 2maxb cos¥,asin¥) <ZbL_Z> 1/2, (4.34)
zZ+p
with the depth of the blocked layét,k, the standard deviation of the orographythe angle
between incident flow and orographic principal a¥s and the half mountain width in the
cross- and along-ridga, b, respectively. The mountain parametarb are calculated by using
the mean slope, standard deviation and anisotropy of thehoodgraphy.

Following Joos et al. (2008) the flow is thought to be nearlgirbgtatic and the Coriolis force
is neglected. The vertical displacement of the flow is describydh and the change of the
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Figure 4.2: The cross section over the Andes from W8-62 W and 53 Sfor the INCA campaign
on the 5th April 2000 at 18:00 UTC over the Andes. The plot shtive increased vertical velocity
due to additional forcing from the sub-grid scale. The maahertical velocity is depicted on the
left and the right shows the GME velocity with orographicuicdd enhancement.

amplitude of the gravity waves with height is represented by

_ PhNRURNZ,

2
3h SN

(4.35)
with the Brunt-Vaiséla frequendy and the horizontal wind speéd at model level. The aver-
aged values between surface and mountain peak are denatieel fiybscriph. The minimum
Richardson number is
1—-Nb&h/U
1/2 2
1+ R7“(N3hU)

I:\’i,min =R (4.36)

with R = (N/(dU/d2))? for the background flow. The terhsy is calculated by use of
Eq. (4.36) and is the saturation amplitude correspondindzte= 0.25, the threshold of in-
stability. This allows to calculateisspaccording to Eq(4.33).

This parameterised vertical velocity is depicted in Fi@.&hown is a meridional cut of the
INCA campaign flight route over the Andes analogue to Fig. 8dos et al. (2008). For com-
parison only the positive values are plotted. On the lefohgide of Fig. 4.2 the normal model
vertical velocity is shown with values about 1cmsOn the right hand side of Fig. 4.2 the
sub-grid scale orography induced vertical velocity is deggl which reaches high values of
around 200cm<s. Capturing these high peaks in the vertical velocity is opamance for
the ice nucleation mechanisms when dealing with a globalelddhe dependency of vertical
fluctuations on cirrus formation is highlighted in the nexttson, Sec. 4.4.
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Figure 4.3: Orographic test case with 1km mountain height, a 2km deegupersaturated layer
with RHi = 130% after 2h simulation time, and an initial horizontal dip = 12ms.

4.4 |dealised COSMO Model Simulations of Orographic Cirrus

In order to test and comprehend the previously describedfitatibns of the cloud ice scheme,
they are implemented in the COSMO model environment. Idedlsimulations with a horizon-
tal resolution ofAx = 1km, 99 vertical layers and a time step/if= 8s are run for 12 hours.
The sensitivity of the ice nucleation processes toward tbgraphic forcing and available ice
nuclei is investigated by varying the maximum mountain helg,,x and a scaling factor for

ice nucleixn. The artificial model orographlgs,t consists of five bell-shaped hills with half-
width a= 20km and heighlnax. The surface topography mdirection for the number of hills

nis given by

hmax
hsurf(X) = (((x/2—1)—(n—3)3a)2 N 1>2- (4.37)

a2

Together with the initial horizontal wind speed of = 12ms gravity waves are excited.
Additionally, a 2km deep layer between 9-11km is initiadisgith the relative humidity with
respect to ice oRHi= 130%. This setup is illustrated in Fig. 4.3 after a simulatione of
2 hours. Depicted are the vertical velocity(Fig. 4.3a) andRHi (Fig. 4.3b) along with the
isolines for a mountain height of 1km .

The main factors controlling cirrus cloud properties am ¥ariability in vertical velocity in-
fluencing the real and the existence of background aeroBoéstopography height influences
the intensity of gravity waves: an increase leads to a s&oongographic forcing. To investi-
gate the effect of ice nuclei on the development of cirrusidtoa factoryy is introduced as
a scaling parameter for the amount of available IN, i.erfgq = 162dm 3, ngc = 15cnT3
andng = 1.77 cn1 3. Setting this factor ton = 1 results in the ice nuclei quantity proposed in
Phillips et al. (2008). While stronger updrafts trigger laganeous freezing of liquid aerosols,
the quantity of IN in the atmosphere governs the heterogeneacleation. Haag and Kércher
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Figure 4.4: The initial conditions for this idealised simulation arédi = 130%, hpax = 1km,

Up = 12ms ! andyy = 0.3 causing both nucleation regimes to be triggered. Showthareloud
ice mixing ratio and the cloud ice number density for homagmers and heterogeneous nucleation
in a),b),c) and d), respectively. In e) and f) the entire dlaze number density and mean diameter
is depicted.
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(2004) state that some@cnT 3 IN are a threshold concentration above which the heteroge-
neous nucleation process becomes dominant and the rolenafgemeous nucleation is dimin-
ished. Even though this value is strongly dependent on th@earhtemperature, the cooling
rate and the IN freezing relative humidity need to be furtimeestigated as the controlling
factors.

Consequently, the competition of the ice nucleation meishagtowards the availability of ice
nuclei opposed to the effects of the vertical velocity magie induced by gravity waves are
compared. As an example, the same intermediate setup ag.id.Biwithxy = 0.3 is shown

in Fig. 4.4 where both nucleation mechanisms are triggdtkaited are the heterogeneous and
homogeneous mixing ratia$nom, dihet aNd NUMber densitias nom, Ninet @S Well as the total
number densityn; and total cloud ice mean diametBs. When looking at a regime where
the two-modes are active, the different characteristictheffreezing mechanisms become
clearly visible. The mean cloud ice mixing ratiphe = 0.004mgkg ! and number density
Ni het = 0.03 dni 2 are one and two magnitudes lower than for homogeneous figediere
the mean values amgnom = 0.03mgkg ™ andn; hom = 3.12dm 3. The thicker homogeneously
formed cirrus are situated in the regions of strong updfdfis is also noticeable as the cloud
ice mean diameter Fig. 4.4f reaches valueBjof 30um in the regions of strong updraft while
maximum values oD; ~ 150um are obtained where only IN are available and thus heteroge-
neous nucleation was triggered. This reduction of the nurob&e crystals and subsequent
increased effective cloud ice radii is the key effect of INamus clouds (Haag and Karcher,
2004).

Ice nuclei in the atmosphere are a necessity for the triggesf heterogeneous freezing. Thus
the limitation of available IN by a simplified IN budget hasage impact on cirrus cloud
formation. The heterogeneously nucleated ice particleofgreater sizes making them sus-
ceptible to sedimentation which alters the cirrus cloudpprtes. The impact of the tracking
of activated IN for a mixing time scale af,ix = 2h and cloud ice sedimentation are shown
exemplarily in Fig. 4.5. The simulation result after 12 hoig plotted when a quasi-stationary
state is reached. The mountain heighhgfx = 0.8km and aerosol scaling factgn = 3 re-
sult in a heterogeneous freezing dominated scenario. FEg.idcludes the effect of IN tracking
and cloud ice sedimentation in the cloud ice scheme. Thesponding number density of the
tracking variablen; nc is plotted in Fig. 4.5b. Not tracking the activated IN meamgrovide
heterogeneous nucleation with a constant amount of IN inyame step. Thus the amount
of heterogeneously nucleated particles is higher in Figc,4vhere this is the case, than in
Fig. 4.5a. Omitting the IN tracking yields a more stratug lkomogeneous cirrus cloud struc-
ture apart from the four peaks which amounnige: ~ 10dm 3. Another aspect is the vertical
extent of the orographic cirrus cloud being broader in Fi§azand Fig. 4.5b than in Fig. 4.5d
which does not include sedimentation. When the terminalviglbcity of cloud ice crystals
is neglected, the cirrus cloud is restricted to the regiothefinitial ice supersaturation layer.
The heterogeneous ice crystal number density in Fig. 4.6d/stthe same variability as in
Fig. 4.5a due to the limiting tracking variable. Yet in albfd the same overall structure can
be seen. The stratiform cirrus results from the high amofiiteosupersaturation available.
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Figure 4.5: Idealised simulations of cirrus cloud developed by hetenegus freezing after
12h. The ideal setup consists of the mountain helgldy = 0.8km, the horizontal velocity
up = 12ms 1, the ice supersaturated layer withli = 130 % and the factogn = 3 for the aerosol
distribution. The heterogeneously formed cloud ice withud ice sedimentation and the limita-
tion of the activated ice nuclei tracking is shown in a). Tlhwenber density for activated ice nuclei
Ni.nuc IS Shown in b). Simulations without IN tracking and sedinaioin are depicted in ¢) and d),
respectively.

The primary gravity wave then serves as an additional trifigethe origin of the ice crystal
number density maxima at= 200km withn; et = 50dm 3. Due to the horizontal wind the
ice crystals are then advected downstream. A second maxing B magnitude smaller than
the first is then visible over the last hill near= 400km and the ice crystal number density
decreases to the right. Thus the tracking of activated icdenueorganises the inner cloud
ice crystal distribution while cloud ice sedimentationhiext changes the vertical structure. In
summary, the introduction of the IN tracking as well as theudl ice sedimentation process
severely alter the spatial structure of cirrus clouds. @guosntly these changes in the ice nu-
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Figure 4.6: Parameter space plot showing the dependency of homogeaaduseterogeneous
freezing on orographic forcing and aerosol concentrafitwe. plot a) shows the results with sedi-
mentation and ice nuclei tracking and b) without neitheguké c) is only with sedimentation and
d) is only with the tracking of activated IN.

cleation scheme of the model have a strong impact on thaétation of heterogeneous and
homogeneous nucleation.

Of interest is to individually investigate the impact of tfeanges made in the cloud ice scheme
on the behaviour of the ice nucleation processes, which epeigd in Fig. 4.5. Therefore a
parameter study has been performed as to how sensitive thaueleation mechanisms are
with respect to the initial aerosol number density and maiarieight. As an aerosol scaling
factoryyy =0.01,0.03,0.1,0.3,1,3,10 is multiplied to the total of ice nuclei, i.e. the dust, 500
and organic quantities. A value gfy = 1 represents the IN amount as suggested in Phillips
et al. (2008). The maximum mountain heidijax for the five hills ranges betweenand
1.5km for the conducted parameter study.
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For the parameter plots in Fig. 4.6 the idealised simulatene sampled over 12 hours regard-
ing the amount of homogeneous cloud ice mixing ratio overtaked amount of cloud ice, i.e.
Gi.nom/ (Ch.hom~+ Ginet). The focus lies on the effect that the introduction of therigelei track-
ing variable and cloud ice sedimentation have on the cotipetbetween homogeneous and
heterogeneous nucleation. In Fig. 4.6a all the cloud iceahwithnges are included. In Fig. 4.6¢
the tracking variable is not accounted for, whereas in Figd 4loud ice particle sedimentation
is not included. In Fig. 4.6b neither of the two are accourited The emphasis lies on the
diagonal starting at the bottom left corner and ending atuphger right corner. This marks the
transition area between the dominant homogeneous freéaingrge orographic forcing and
low available IN (upper left corner) and the heterogeneaudeation dominated regime for
lower mountain heights and higher IN concentrations (losigdrt hand corner).

Comparing the full cloud ice scheme in Fig. 4.6a to Fig. 4.6fexe the IN budget variable
and cloud ice sedimentation are neglected, shows that indE6fp the heterogeneous nucle-
ation is dominant. Not accounting for these two changesénctbud ice scheme leads to an
increase in the heterogeneous cloud ice mixing ratio and efkiences scenarios with high
mountain heights and low IN concentration. Homogeneouszing dominated regimes are
then displaced and only exist for mountain heights aboved t0@&hen there are hardly any
ice nuclei available. When only neglecting the trackingiakale, the competetive behaviour
shown in Fig. 4.6c¢ still looks very similar to plot Fig. 4.6brfstrong orographic forcings.
However, omitting cloud ice sedimentation modifies therimigdiate regimes and extends the
transition between the two nucleation mechanisms, as tgebiheterogeneously nucleated
ice particles remain in the orographic cirrus cloud and eqoently decrease the mass ratio
0i.hom/Gitot- Thus the parameter study stresses the importance of ingltidese processes in
order to achieve a more physical representation of the hemeamus and heterogeneous regimes
and their competition.

The idealised simulations lead to the conclusion that, omallsscale, the homogeneous nu-
cleation is a very important process. Furthermore, its tamial dependency on the vertical
velocity in order to trigger this process is stressed adnghy Heterogeneous nucleation, on
the other hand, is strongly sensitive to the tracking of jmgsly activated ice nuclei. Cloud
ice sedimentation alters the cirrus cloud structure erihgrtbe dominance of smaller homo-
geneously nucleated ice crystals as they do not fall out aklguThe idealised simulations
highlight the different cloud ice properties of homogerspwand heterogeneously nucleated
ice. Thus it is of importance to include both nucleation naibms along with the performed
cloud ice scheme improvements in the numerical weatheligii@a model in order to obtain
a more realistic description of the behaviour of cirrus deu

4.4.1 Comparison with INCA measurements

Mid-latitude orographic cloud measurements are used tgpaoethe COSMO model in order
to see how well the idealised simulations capture realstiEnts. Hereby INCA (Interhemi-
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Figure 4.7: DLR Falcon flight path for the INCA campaign on the 5th of A@000. Of interest
is the blue path measured over the time range of 17 : 31-18.: 00h

spheric differences in cirrus properties from anthropégemissions) data (Gayet et al., 2004)
measured over Punta Arenas, Chile on the 5th of April 20008atdD UTC was used for
comparison. This flight path was chosen as the measurem@nindaide the ice water content
and ice crystal number densities for orographic clouds. réspective flight path of the Ger-
man DLR Falcon at 533from 692 °W to 76 W is depicted in Fig. 4.7. Particle measurements
where performed by use of the PMS FSSP-300 optical partmlmter and the PMS 2D-C
probe. The instruments provide information about the igstat diameters from 3 to 8QMn
(see Baumgardner et al. (1992) and Gayet et al. (2002)). atseters derived, which are of
interest and will be discussed in the following, are the iagiple number density and the ice
water content. The COSMO model setup, initial data and eatifin is performed analogue to
Joos et al. (2009).

For the idealised simulation, @&3simulation is set up with 40 points in thedirection. The
suitable topography from the National Geographical Datatfég(Hastings et al., 1999) over
the Andes is implemented and supplied by Peter Spichtidgeinitial vertical profiles for the
temperature, potential temperature, pressure and hteiasimd speed the ECMWF Reanalyse
data at 53%and 78 W used, as shown in Fig. 4.8. The setup also includes an icessupeated
layer withRHi= 130% between .8 and 95km as in the model setup from Joos et al. (2009).
Also, Joos et al. (2009) argue that only homogeneous nimfeageds to be considered, as the
high vertical velocities and ice supersaturations arerasduto be dominant in orographic cir-
rus (Karcher and Strom, 2003). Thus in the performed idedlgmulation the aerosol scaling
factor is set tg(;y = 0.01 in order to achieve a homogeneously dominated scenario.

The evaluated data depicted in Fig. 4.9 is sampled over Stamalogue to Joos et al. (2009).
Data utilised from the simulated results lies in the temipearange between 226 K and 230K
with RHi > 100% according to the temperatures measured during fligdtteR in Fig. 4.9 is
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Figure 4.8: Initial vertical profiles from the ECMWF Reanalysis data 8tSand 78W for the

INCA case study.
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Figure 4.9: The ice water content (top) and the cloud ice number densititdm) of the idealised
COSMO model simulation are compared to the INCA measuresradrihe 5Sth of April 2000.

the comparison of the ice water content Fig. 4.9 (top) andiiceber density Fig. 4.9 (bottom)
of the idealised simulations (red) to the measured INCA d{aitzck). Noteworthy is that the
IWC for the idealised simulation results from the sum of the dlme and snow mixing ratios.
As can be seen in the top Fig. 4.9, the overall distributiothelW C is captured well. Yet the
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Figure 4.10: The Mont Blanc represented in the GME with a horizontal nesoh of Ax = 30km
(left) and in the COSMO-DE witlhx = 2.8 km (right).

COSMO model simulations overestimate tNéC above 30mgm?3 where thelW C mainly
consists of snow. For the idealised simulation, the frequest the cloud ice number density
n; is too low for all number densities greater than= 0.1cm 2 and includes smaller cloud
ice number densities than the INCA measurements. Also, igigbdition resulting from the
idealised simulation lacks the high valuesnpf= 10cnm 2. The lack in highn; values indicate
a shortcoming of sub scale temperature fluctuations, as gpeneous freezing is the dominant
nucleation mode in the idealised simulation. However, theettainty of 30% for the particle
number concentration and 70% for the ice water content engiv Gayet et al. (2004).

4.5 Case Study With a Refined Regional COSMO-DE

The vertical velocity plays a key role in cirrus cloud formoat In numerical weather prediction
models different magnitudes of updrafts are attained déipgron their horizontal and vertical
resolution. This difference between global and regionalMNkvodels originates, for example,
from the representation of the model orography. As an exentpé topography of the Mont
Blanc is depicted in Fig. 4.10 based on the Pkitataset Globe (Hastings et al., 1999). The
orography with a horizontal GME resolution &k = 30km is plotted in Fig. 4.10 on the left
and with the horizontal COSMO-DE resolution &k = 2.8km in Fig. 4.10 on the right hand
side. The coarser GME grid leads to lower orographic foreiich has a direct feedback on
cirrus cloud genesis. This has been studied by means ofdddadimulations of orographic
cirrus in Sec. 4.4.

In the following, the benefits of the availability of the DWDouhel chain is exploited. There-
fore, a case study for the 26th of August 2011 is conductedskyafi a refined COSMO-DE
version 4.18 with a horizontal resolution &% = 1.7km, see Sec. 4.5.1. The synoptic situation
over Germany on that day consists of an approaching cold from the west causing frontal
cloudiness including cirrus clouds. For this real case kitian the cloud ice mixing ratios of
the original COSMO model ice microphysics and the new iceswhare compared. As ref-
erence for the comparison of cloud top heights the NowogSitellite Application Facility
Products (NWCSAF) are utilised.
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Additionally, the obtained high resolution data set is ukeda sub-grid scale variability ap-
proach for an enhancement of the vertical velocity in the Giltitid ice scheme derived in
Sec. 6.2.3. Hereby the maximum vertical velocities of theSBM® model domain grid points
are upscaled to the GME resolution. This is done in ordervedtigate the sensitivity of the
model resolution on the ice microphysical scheme via theafpd

4.5.1 Model Setup

In order to investigate small scale structural effects arusiclouds a COSMO-DE with a
refined resolution of ¥ km and the operational 50 vertical layers is used. It neetle stressed

that the microphysical scheme of the COSMO-EU (i.e. withgmatupel) is used, which is also
implemented in the GME as described in Sec. 4.1. For the 26#kugust 2011 the whole

DWD model chain (GME, COSMO-EU, COSMO-DE) is run for 24 hquusce using the new
ice microphysics and once the operational microphysics.

The different model behaviour for both cloud ice schemesshosvn in Fig. 4.11 exemplarily
for model level 13 with an average pressure of 2Z6\Pa. Depicted are the vertical velocity,
the ice cloud number density, the cloud ice mixing ratio drarelative humidity over ice for
a forecast of 12 hours. In Fig. 4.11a the refined COSM@odel corresponds to the new ice
cloud scheme whereas Fig. 4.11b shows the high resoluticd@dM@®DE with the COSMO-EU
microphysics. The upper plots in Fig. 4.11a show the vdriiecity w and the cloud ice num-
ber densityn; between which a strong correlation is noticeable. The regiaith high cloud ice
number densityy; coincides with those of high vertical velociyindicating that homogeneous
freezing has been triggered. This is supported by the lotati the ice supersaturated regions.
Also conspicuous are the high values attainedkip the regions of homogeneous nucleation.

In comparison, using the operational ice microphysics.(Bid1b) forecasts a structure of
cirrus clouds and a relative humidity over ice that look veifferent. Even though ice super-
saturated regions exist, the values of the relative huyniglith respect to ice does not often
peak over 110%. The horizontal structure of the cloud iceimgixatio is not as evenly dis-
tributed as in Fig. 4.11a but reaches higher local valuestal.tThe number densities can not
be compared as this model variable does not exist in the @atdr@OSMO model. The cloud
structure is coupled to the ice supersaturated regionstawvassno structures arising from high
local updrafts. The vertical velocity for the COSMO modehis shown, as it has the same
structures as in Fig. 4.11a.

Similar results were obtained at different times and legets shown). The real case simula-
tions thus show the expected behaviour with the extendedidét® scheme. This includes the
cirrus cloud structures resulting from high updrafts dutheoimplementation of homogeneous
freezing of liquid aerosols as well as the higher ice superaton values. To find out which
cloud ice scheme captures the real synoptic cloud strubteiter, a comparison is conducted
with NWCSAF products in the following.
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Figure 4.11: COSMO model simulations for the 26th of August 2011 with aef@st of 12h
with the new cloud ice scheme a) and the operational ice miigrsics b). Shown are the vertical
velocity w, ice cloud number density;, cloud ice mixing ratiog; and relative humidity over ice

RHi.
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4.5.2 Comparison to Meteosat Satellite Data

Data from the main MSG (Meteosat Second Generation) gémssay satellite SEVIRI (Spin-
ning Enhanced Visible and Infrared Imager) are used in aaeassess the quality of the re-
fined COSMO-DE forecast for the case study of the 26th of Aug0%1. SEVIRI is an optical
imaging radiometer with four visible and near-infrared arght infrared channels (Derrien and
Gléau, 2005). The SEVIRI data product used is provided etBryninutes with a horizontal
resolution of 5km, i.e. coarser than the COSMO model run Wwittkm. Used as reference for
the case study is the cloud top height given in steps of 320 to apout 16 km (EUMETSAT,
2011).

In the following, the COSMO model forecast and MSG data fah26 August 2011 at 6UTC
are compared. In Fig. 4.12 the cloud top heights from SEVIi&Rad-ig. 4.12a, the COSMO
model run with the improved Fig. 4.12b and operational icerophysics Fig. 4.12c are de-
picted. For the COSMO model plots only clouds higher than 4kmaccounted for. Cloud
top heights for the COSMO model are determined by the maskirexisting mixing ratios
for cloud ice, snow or rain greater tharléng kg . The general structure of the cloud band is
well captured by the COSMO model simulations although thstemce of high clouds is over-
estimated in the south-west. The simulation with the chdrajeud ice scheme in Fig. 4.12b
shows an improvement concerning the height of the highestddin the north-west lying be-
tween 11-12km rather than between 10-11km resulting fraotierational cloud ice scheme
depicted in Fig. 4.12c. Also the horizontal structure of¢fmuds above 11km in Fig. 4.12b is
more compliant with the SEVIRI data. Yet near 55°N and 10 °Eeerestimation of clouds
and their height is simulated by both COSMO model runs, aedctbud structure is more
evenly distributed for the COSMEQ model run.

As the plots are sensitive to the cloud masking thresholsl df interest to know whether the
high clouds are of a rather opaque or transparent char&aiethis, a further cloud product
for categorised cloud top height is used, which is depiatdéig. 4.13a. As such characteriza-
tions are not available for the COSMO-DE simulations, ttghtaloud cover is used as an aid.
A striking difference is noticeable for the high cloud stire when using the new ice micro-
physics. However the operational COSMO model ice microjisyesults in an "all or nothing’
opaque cirrus field. Findings by Stapelberg et al. (2018p aking MSG data, show that the
COSMO-DE overestimates cloud cover. The new ice microgsysauses a lot more variability
in the cloud ice mixing ratio to evolve. Especially the ragidor high semi-transparent clouds
are captured.

As great differences are noticeable in the horizontal ttirecof the high cloud structures it is
of interest how the cloud top heights of the SEVIRI data compathe vertical cloud structure
of the COSMO and COSMg model simulations. Therefore, a cross section at 121°lon fo
the respective forecast time is plotted. For this purposelibud ice mixing ratio is interpolated
to the MSG data resolution. Similar results for the vertigalicture of the cloud ice field are
found previously for the high horizontal clouds. In Fig.4i(lower plot) the operational scheme
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Figure 4.12: Cloud top heights from MSG/SEVIRI a) (Schomburg, pers. camitation 2012)
and the refined COSMO-DE simulations for the 26th of Augudt28t 6 UTC with the new b)
and operational c) ice microphysics. Attention has to bd fmthe colour scale differences.

forecasts a cloud ice mixing ratio with a uniform characteil@the new cloud ice scheme (top)
shows more variablity. It also reduces cloud cover at 53®kith is compliant with the MSG

data cloud top height (black line). The general reductionlatfid ice explains the existence of
high semi-transparent clouds for the COSM@odel. Interestingly, the vertical spread of the
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Figure 4.13: Categorised cloud top heights supplied by the NWCSAF Clawd &t are depicted

in a) (Schomburg, pers. communication 2012). In b) and c)péreentage of high cloud cover
from the refined COSMO-DE simulations with the new and openal ice microphysics is shown,
respectively.

cloud ice mixing ratio increases as well. However, the galngccurrence of clouds as well as
the overestimation of cloud top heights remain unchangéd i probably due to the model
dynamics and water vapour availability.

As was anticipated, the cirrus cloud structures seem to Ipeowved with the new cloud ice



64 Application in Numerical Weather Prediction Models

COSMOice
18 1 I 1 1 1 I L 1 1 I 1 1 1 ] 1 1 1 I 1 1 L I
e 15
< 12 = .
97
g 0 W | _1
2 53 VAN qi / mg kg
T I T T T I T T T I T T T I T T T 18
46.0 48.0 50.0 52.0 15
lat / deg 12
9
COSMO .
18 : L I L L L I L | L I L L L I 1 1 L I L L L I 3
g 15 3 1
f 12 3 0.1
£ 94
o 6 -
o ]
£ 3 - f«/\ )
T I T T T I T T T I T
46.0 48.0 50.0 52.0 54.0 56.0

lat / deg

Figure 4.14:Comparison of the cloud cross section of the refined COSMQi@r&ain at 121°lon
for the 26th of August 2011, 06 UTC. The black line shows tlmdltop height for the SEVIRI
data. On the top the cloud ice mixing ratio using the new clioednicrophysics is depicted while
the lower plot shows the cloud ice simulated with the operati COSMO model microphysics
scheme.

scheme implemented in the COSMO model as high semitrangpeloeids are now captured.
The structure of high clouds are modified in their horizoatad vertical variability, as opposed
to the conform opaque cirrus fields resulting from the openat COSMO model simulations.
Nevertheless both models still overpredict cirrus clould§ién general. The cirrus occurrences
are sustained while the magnitude of the existing cloudsichanged. Further work concerning
the evaluation of the new cloud ice scheme in the COSMO madalirently conducted (see
Reitter et al. (2013)).



Chapter 5

Comparison of the Cloud Ice and Ice
Supersaturation for the GME

In the following, the new and the operational ice nucleaiecheme and the ice supersatura-
tion of the global model are evaluated. For this purpose diathe Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO (Winkeal., 2003)) are used for July
2011. These data were obtained from the NASA Langley Relseé@eniter Atmospheric Sci-
ence Data Center. The global model GME (Majewski et al., 20@8sion 2.26 is used with a
mesh size of 30km and 60 vertical layers with an icosahduraggonal grid. The microphysics
scheme as described in Sec. 4.1 is used. The GME with thenmeplied new ice microphysics
is denoted by GM[ hereatfter.

In order to verify the GME and GME cloud ice scheme, data from the Cloud Aerosol Li-
dar with Orthogonal Polarization (CALIOP) is used, whichthg primary instrument on the
CALIPSO. The CALIPSO mission is part of the Earth System fiadler program by the
National Aeronautics and Space Administration (NASA) inlajmoration with the French
space agency Centre National d’Etudes Spatiales (CNES)IR0 was launched in 2006
together with the CloudSat satellite and flies in formatienpart of the A-train constella-
tion (Stephens et al.,, 2002). CALIOP is a near-nadir acteraate sensing device with a
two-wavelength polarization-sensitive lidar that prasdhigh-resolution vertical profiles of
aerosols and clouds. In the mission overview Winker et &l09 state that CALIOP is the
first polarization lidar to give almost global coverage bedw 82°N and 82°S. The receiver
footprint on the ground has a diameter of 90m sampled eve3yr38@ong the track and moves
with nearly 7kms?. The CALIPSO lidar can detect visibly thin clouds missed aglar but
can not be used for thicker clouds due to strong attenudtlofortunately, the CloudSat radar
being more sensitive to larger hydrometeors has not beélalaleaafter June 2010 (CloudSat
Data Processing Center, 2012) at which time the global mG#&E with a horizontal reso-
lution of 40km and 40vertical layers was operational andu@®at consequently can not be
used for this evaluation. Therefore, only upper troposplzerd lower stratosphere lidar data
is used for evaluating the numerical weather prediction ehddta. Unless stated differently,
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the global model data used for comparison is interpolatetti@csatellite track by use of the
nearest neighbour method. The global model experiments merwith a 24 h forecast where
the closest hourly model time output to the satellite crag$s chosen. In the following, the
emphasis lies on the evaluation of the ice water content tarfdeiquency of occurrence. For
cirrus location and the associated IWC the CALIPSO Versioa Bevel 2 Cloud Profile data is
used (Powell et al., 2010). The CALIPSO IWC product is hartadly averaged over 5km and
has a vertical resolution of 60 m for the altitude2-20.2km. Investigated are the capability of
the GME and GMIg to capture the cirrus clouds as seen by the CALIPSO lidar.

Of further interest is the representation of the ice superation by the global model. This
being especially prone to change in the depositional gramthe GMEc. For this compari-
son the CALIPSO Cloud Profile atmospheric data GEOS-5 (Gaiddarth Observing System)
product (Rienecker et al., 2008) is introduced and used.faoed are the frequency of occur-
rence of the relative humidity with respect to ice exceediig% as well as the vertical extent
of ice supersaturated regions. As further reference dattnéorelative humidity with respect
to ice the humidity and temperature field data set for Julyl2®8dm the ECMWF Integrated
Forecast System (IFS)(see http://lwww.ecmwf.int/resgdstiocs/) is used.

5.1 Ice Water Content Comparison with CALIPSO Data

A study conducted by Walliser et al. (2009) shows that thezestill severe shortcomings con-
cerning the simulation of ice water content in current weaind climate models. In order
to counteract this deficit more IWC products are now avadldbl model evaluation like the
CALIOP IWC profiles. These profiles are calculated by usirg@ALIPSO 532 nm cloud par-
ticle extinction profiles and applying a power law params#ion. The mentioned parameter-
isation is derived from remote sensing data and low- andlatiti:de aircraft field campaigns
as well as in-situ measurements (Heymsfield et al., 2005mg@oisons of the IWC to the
Microwave Limb Sounder (MLS) and in-situ measurementsdatdi that the CALIPSO IWC
retrieval may be as much as a factor of two too low (Wang andsBe$2012), Avery et al.
(2012)). This is partly due to disregarding horizontallyeated ice crystals as they produce
deviating high backscatter. As stated by Avery et al. (2@&)sensitivity of the IWC detection
has an upper limit of 100mgni. At daytime the minimum detection is®mgnt 3 while dur-
ing nighttime this is improved to.0mgn 2 due to a better signal-to-noise ratio (Avery et al.,
2012).

As an example of the IWC profiles an arbitrary piece of the G2RO track with high cloud
occurrence is depicted in Fig. 5.1 for July 7th, 2011 at 12@%ntil 15:38:28 UTC. Shown
in Fig. 5.1 is the IWC product from the CALIOP space-basedrliand the model data output
from the GME and GME. interpolated to the satellite track by use of the nearesthteiur
method. The processed data consists of model forecasth ait@alosest to the satellite cross-
ing time. The lidar path section shown in Fig. 5.1 is only usedemonstrate the used data.
The shaded grey area below 8km indicates where the CALIC®Rigatot as reliable due to
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Figure 5.1: The ice water content on the CALIPSO track on July 7th 201tveeh 15:25:26 and
15:38:28 UTC. On the ordinate are the latitude and longipakition of the satellite beneath each
other. The shaded grey area below 8km indicates where thd@®AMdata is not as reliable due
to strong attenuation (Avery et al., 2012). The top plot degihe IWC derived from the CALIOP
data. The GME (middle) and GME (bottom) model forecasts at the respective satellite argss
time is interpolated to the CALIPSO track.
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Figure 5.2: As in Fig. 5.1 the ice water content on the CALIPSO track isictep, but on July 7th
2011 between 14:46:18 and 14:51:30 UTC. On the ordinatéaratitude and longitude positions
of the satellite beneath each other. The shaded grey area B&im indicates where the CALIOP
data is not as reliable due to strong attenuation (Avery.ep@ll2). The top plot depicts the IWC
derived from the CALIOP data. The GME (middle) and GMEbottom) model forecasts at the
respective satellite crossing time is interpolated to th& SO track.
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strong attenuation (Avery et al., 2012). Neverthelessditfierence in IWC resulting from the
different ice microphysics schemes from the GME and GMIE as expected. Observable is
the same location of the clouds for all three plots. Howetlex, magnitude of the IWC and
the vertical and horizontal extent of the cirrus cloudsetififhe IWC from the CALIPSO data
seems fragmentary and the IWC only reaches values around 80 fywhereas the simulated
cirrus has a more opaque structure and reaches 33thépmthe GMEc data and even higher
values of 48 mgm? for the GME data.

A further CALIPSO track is plotted in Fig. 5.2 to show the CALSO behaviour for a frontal or
convective weather situation on July 7th, 2011 betweengt28land 14:51:30 UTC. The anvil
and detrainment zone is visible in the CALIPSO plot (top)isTik not observable in the GME
and GMEg.. What is also of importance in Fig. 5.2 is the missing highvieger contents in the
core of the cloud for the CALIPSO IWC product. This is due te fitrong attenuation caused
by the high IWC or larger hydrometeors. Thus high IWC cordemtd lower clouds have to be
treated with caution, as the CALIPSO lidar may not be ableajture these events. As these
are only two individual cases, it is of interest to see theegalnproperties and occurrences of
the global ice water content as represented by the CALIPSME &1d GMEe.

5.1.1 Zonal and Meridional Ice Water Content Averages

Evaluations with the CALIOP IWC product are limited to heiglabove 8 km where the IWC
is more reliable due to less attenuation (Avery et al., 20Rprder to see the whole vertical
extent of the global distribution of the IWC, first, only thé\l& and GME. are considered.
The main sources for ice clouds include the storm tracktiaic wave activity) in the mid-
latitudes and the detrainment of deep convection in thaédspphus resulting in local maxima
in 300hPa and 600hPa (Ma et al., 2012), corresponding to 4kh® &m. These local maxima
can also be observed in the global zonal mean plots in FigThé plot depicts daily 24 hour
data means which are averaged over the month of July 201 1laf steatospheric cloud (PSC)
clearance was performed in the Antarctic. PSCs normalleldevat the beginning of June
and consist of either ice or nitric acid. As the latter is mafluded in the model and PSCs are
not of concern at this point the clouds above 9km and betwdéi$&nd 60° S are removed,
analogous to Delanoé et al. (2011). Shown are the grid stmle cce mixing ratiogy; on the
left and ice water conten{s, (g 4+ gs) on the right hand side for the GME (top), the GME
(middle) and the GM[g. without cloud ice sedimentation (bottom).

When considering the cloud ice in the mid-latitudes on tifighand side of Fig. 5.3 large dif-
ferences in the magnitude and location can be seen. In Bg.tbe region of maximum cloud
ice in the GME output lies about 2 to 3km higher and is narraiven in the plots Fig. 5.3b and
Fig. 5.3c from the GME, simulations with and without sedimentation, respectivEhe cloud
ice sedimentation shows the biggest influence on the matmitéithe cloud ice mixing ratio
when considering all of the individual changes conductettiéncloud ice scheme. In Fig. 5.3c
the cloud ice mixing ratio obtains peak mean values over 1®mgas does the global mean
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Figure 5.3: Meridional monthly mean over July 2011 of the cloud ice arelwater content for
the standard GME (top), the new ice scheme GMEniddle) and the GM[. without cloud ice
sedimentation (bottom).

of gi in Fig. 5.3a, but the areas where these local maxima arismach wider spread. This
demonstrates how crucial the results in global mean valaeslitfer by including or excluding
single microphysical processes.

In Fig. 5.3 the expected maximum in the tropics is not verynprmced in all plots. This might
be due to the missing contribution of the sub-grid scale twyaiteors which are not included
here and shortcomings in the convective detrainment. Eurtbre, verification of the GME
using radiosondes show that the atmosphere is too stalile indpical region (Fréhlich, pers.
communication 2009). The new ice nucleation paramet@isé not thought to influence this
shortcoming as it is not coupled to the convection schemeeitleeless, Fig. 5.3b and Fig. 5.3c



5.1 Ice Water Content Comparison with CALIPSO Data 71

do show a reduction of cloud ice in the tropics. The indicattlction is due to the typical
pattern of high cloud cover over the ITCZ (inner tropical wergence zone) at the beginning of
the West African monsoon. A further reason for less ice cdduging expected in this region is
the descending of the Hadley cell. The mentioned ice cloudmim over 20° S (North Africa,
North Australia) can also be observed in the mean ice cloedroence depicted in Fig. 4 in
Delanoé et al. (2011). The mentioned plot is based on Claum&rvations on the MetOffice
and ECMWF grid in comparison to the model data, respectifehthe last three weeks of July
2006. Thus it follows from comparison to the findings of Deléret al. (2011) that the cloud
ice mixing ratio with the new cloud ice scheme is capable pfaducing this phenomenon
while the operational cloud microphysics overpredictsitieeclouds in this region.

The right hand side of Fig. 5.3 shows the zonal global meaheicte water content. A problem
when regarding the ice water content is that it is the sum efctbud ice and the snow with
snow being the dominant hydrometeor. As a result, changée ismaller cloud ice quantity are
hard to detect. Differences in IWC are thus not quite as prooed as for the cloud ice mixing
ratio by itself. However, noticeable are the lower IWC ocences at 20°S with the new ice
microphysics for reasons discussed above. Also the toghhiidower when introducing the
cloud ice sedimentation.

After this short overview of the meridional distribution dbud ice over all heights, the GME
and the GME, are now compared to the CALIOP lidar IWC product. For this&¥E and
the GME. model data interpolated on the CALIPSO track are evaluaieduly 2011. Also,
the CALIPSO data is interpolated on the GME vertical al@sidor better comparison in this
study. First, the ice water content is regarded betweerotakheight of 8 and 15km and it is
later vertically partitioned.

In the following, the differences in the global averages lf GME, the GME. and the
CALIOP product IWC are investigated. The first plot Fig. Shdws the mean over the height
between 8 and 15km. The upper plot shows the global mean hlidaagranules in July 2011
for the CALIOP IWC product. The middle plot depicts the meéthe interpolated model data
of the GME and the lower plot for the GME. On the right hand side of each plot is the
zonal mean over the latitude with a minimum oLéngnt 23 and a reference line at 1 mgrh

to facilitate the comparison.

The overall global structures of occurrence of higher m&#@ in the polar, mid-latitude and
tropics are captured by the global numerical weather ptiedienodels in Fig. 5.4. Peak IWC
values are reached at 30°S and in the ITCZ, which lies at abdMt during the northern
hemispheric summer. Comparisons of the zonal means of thédRSO IWC product (top) to
the GME (middle) show the overprediction of the ice waterteahof the GME for the mid-
latitudes. The greatest outliers can be found above the ldyaa region, where peak amounts
over 30mgm? are reached in the GME and the GMEThat might be a consequence of errors
in the extinction retrievals of the CALIPSO which increasighweloud optical depth (Winker
et al., 2009). However, the GME also overpredicts the IWChia southern hemisphere mid-
latitudes. This is not the case for the GMEas both, the CALIPSO and the GMEzonal
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Figure 5.4: Global map of the average ice water content for the altituetevben 8 and 15km.
The upper plot depicts the mean CALIPSO lidar data, the migtht the interpolated GME and
the lower plot the GME. model data. On the right hand side is the zonal mean for thgerah
0.1-45mgm 3 with a reference line at the zonal IWC magnitude of 1mgm
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Figure 5.5: Difference of the mean ice water content for the altitudesvben 8 and 15km as
previously depicted in Fig. 5.4. The top plot shows the difee between the CALIPSO and the
GME and the bottom plot depicts the difference between thel€80 and the GM[e.
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mean lies below 1mgn¥. On the other hand GME& underpredicts the mean IWC in the
tropics which was also observed and discussed for Fig. 5.3.

In Fig. 5.5 the differences of the depicted IWC fields in Figt 6f the CALIOP IWC and the
GME (top) as well as the CALIOP IWC and the GME(bottom) are plotted. Red represents
an overprediction in mean ice water content while the bldewais a sign for IWC under-
prediction. The top plot Fig. 5.5 is dominated by an overjmtémh of the ice water content
simulated by the GME in the mid-latitudes and polar regiothig northern hemisphere. The
differences in ice water content lie in the magnitude betwkéo 5mgnT3 but also attaining
values around 10mgmi. Also, an underprediction of ice water content in the southmlar
region and tropics of about5mgnt 2 is shown. Underprediction is also observable in the dif-
ference plot between the averaged CALIPSO IWC product datdatee GME. model output

at the bottom of Fig. 5.5. In this plot the other regions shovather mixed behaviour and
no clear structures. However, the regions of high overptiatis are significantly reduced and
only reach differences up to 1mgth The IWC underpredictions are the same for the GME
and the GMEge.
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Figure 5.6: Root mean square error of the IWC frequency between 8km aranlfer the
CALIPSO data and GME and GMg over a) latitude and b) longitude.

As an error metric for the model performance, the root meaarggerror (RMSE) is applied.
This measure for the difference between the observaligpsand the forecast model value
Xmodel @t time and spacefor the number of points is defined by

RMSE= \/:—I: i;(xobs,i_ Xmodel)?- (5.1

The RMSE is calculated for the averaged IWC field between 8 &k as depicted in Fig. 5.4.
Values of the RMSE near to zero indicate a good model predigterformance. Fig. 5.6 shows
the RMSE resulting from the difference of CALIPSO and GME/GM data. For these plots
the model and satellite data are additionally averagedlatitrde and longitude. The RMSE is
then calculated over the mean latitude and longitude vatlegsicted in Fig. 5.6a and Fig. 5.6b,
respectively. The unit of the RMSE is, according to the \@dgamgnt? for the ice water

content. When looking at the difference between the two ihmatputs in Fig. 5.6b, the RMSE
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for the dashed line resulting from the lidar and the GMHata is greatly reduced compared to
the RMSE resulting from the CALIPSO and the GME data. Thalsis ttue for the latitudinal
distribution in Fig. 5.6a with the exception of the tropicabion. In this region the GMk
has a shortcoming in comparison to the GME. The ice watereci$ underpredicted in this
region which is in accordance to the findings of the zonal medfig. 5.4. The peak at 30°N
in Fig. 5.6a and 90°E Fig. 5.6b corresponds to the IWC maxirouer the Himalayan region.

The above mentioned behaviour provides an overall ideasoteraged IWC for the UTLS.

In order to see how the IWC magnitudes differ with height, gigal sub-division will give a
more detailed insight into the model behaviour. Now the hisigire sub-divided into 8-10km,
10-12km and 12-15km depicted in the plots Fig. 5.7, Fig. B@8Rig. 5.9, respectively. In the
following figures, the CALIPSO IWC product is always depittat the top, the GME IWC
averages in the middle and the GMBWC averages at the bottom. On the right hand side is
the zonal mean with a reference line at 1 mgfras used before.

In Fig. 5.7 the mean IWCs for the lowest levels between 8-10kshown. Even though the
GME and the GME, capture the overall cloud structures the GME output showevarsly
higher global magnitude in ice water content. The GMEodel output has lower magnitudes
than the GME but still locally overestimates the IWC by 5-1§m 3 in comparison to the
CALIPSO IWC product, not considering the peak in the Himalas, In question is to what
extent the model representations are erroneous as gréaidraptical depths might have led
to the small IWCs of the lidar product. Also, it has to be kaptiind that the IWC content
might be of a factor two too low, as stated before.

In the upper troposphere, lower stratosphere (UTLS) aeerdgta between 10-12km (Fig. 5.8)
the GME is able to represent the IWC magnitudes of the CALIRI&ta. However, the GME
has a higher cloudiness especially at 10-20°S. This is alsofor the GME, although the
IWC is reduced. Other than that, the G)MEce water content does not reach zonal means
higher than @ mg n1 2 in the mid-latitudes, which is much lower than the CALIPS@ &ME
data zonal means. This shortcoming is also visible in theeupertical sub-division between
12-15km in Fig. 5.9, which is only relevant for the tropics.

The ice water content behaviour is also investigated by @iselative frequency in Fig. 5.10.
Again the sub-division for 8-10km and 10-12km is made in Bid0a and Fig. 5.10b, respec-
tively. For lower altitudes between 8-10km depicted in FEd.0a, the GMEe shows a more
similar behaviour to the CALIPSO IWC product than the GMEeaxsally in the mid-latitudes.
The mentioned is not the case for the heights between 10 akh &2 Fig. 5.10b, where the
lidar IWC and GME model output show the same relative fregigsnin the tropics and mid-
latitudes. When comparing the GMEwith the GME their difference is very clear. The GME
constantly shows higher frequencies in ice water contegnitizdes, especially when it comes
to high values. In the GM&, the initial ice nuclei distribution is assumed to be the saver
all heights. Introducing a height dependent distributiculd change the amount of ice water
content resulting from heterogeneous nucleation, fittirig the lidar IWC.
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Figure 5.7: Global map of the mean of ice water content from the CALIPSIW®foduct (top),
the GME (middle) and the GME (bottom) for the altitude between 8km and 10km. On the right
hand side is the zonal mean for the range 4£@mgmm 2 with a reference line at the zonal IWC
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Figure 5.11: Number of satellite overpasses per grid point for July 2011.

In summary, the GME shows a clear overprediction in ice wedetent around 9km which is
only slightly present in the heights between 10-12km anly fednishes above. On the other
hand, the GME, performs better between 8-10km and increasingly undeigisstthe ice water
content with increasing height. However, a meaningful dgsion can not be made when only
considering the average IWCs. This is especially due toitta# sensitivity to thicker clouds
and uncertainties in the IWC product algorithm. The atnfit this point should lie on the
different magnitudes of IWC resulting from the altered idenmphysics. Additionally, not only
the magnitude of the IWC of high clouds is important but als® frequency of occurrences.
This is investigated in the next section.

5.1.2 High Cloud Frequency of Occurrence

In the following, the frequency of occurrence for the existe of clouds is investigated by use
of the GME, the GMIE, and the horizontally averaged 5 km layer CALIPSO IWC praduc
Again, the model data used is interpolated to the CALIPS@lIgattrack and the lidar data is
interpolated on the GME model levels for better comparigeor. this study the global distri-

bution is used within a limited altitude, namely for the giblnodel levels between 9-11km.
Also, the height dependence of IWC occurrence is investdgabifferent ice water content
thresholds are chosen as a criteria for the presence of d alwiwill be explicitly pointed out.

At first the global occurrence of high clouds is analysed.réfoge, the frequency of occurrence
results from dividing the number of cloudy grid boxes by tateflite overpasses Fig. 5.12. The
global total number of available data points, which are wsi@d for all the granules of July
2011, is shown in Fig. 5.11. A grid box is defined as cloudy & ite water content lies within
the CALIPSO detection range of100mgn3. The global field of occurrences for clouds
between 9-11km is depicted in Fig. 5.12. The high cloud feegies from the GME (middle)
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and the GME, (bottom) resemble each other in structure and have pealeneips of up to
90% cloudiness, in contrast to the frequencies of the CALMYE product (top), which only
reaches peak values of 40%. Also more cloud free regionstaereable especially between
10-20° S. Regional distinctions between the GME and the ¢\iee clarified in the difference
plot Fig. 5.13. The dominant red colour represents the rnsgaf higher cloudiness frequen-
cies in the GME compared to the GME Only in the tropics does the GME predict a lower
frequency in IWC in some points. Thus when considering thgh ldloudiness occurrence,
the GME is closer to the CALIPSO data. A comparison of the GME progoastheme to
CloudSat Cloud Profiling Radar observations by Reitter.gf8l11) show that the occurrence
of high ice water paths are overpredicted with the operatiaricrophysics, especially in the
mid-latitudes.
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Figure 5.13: Difference in frequency of occurrence for ice water corgasft04-100mgm 2 in
the upper troposphere/ lower stratosphere between 9-11 km.

The frequency of occurrence of clouds between 8 and 15kmpgaraéence of height and with
varying IWC threshold for cloudiness is depicted in Fig.4.Results in Fig. 5.14 are deter-
mined by defining the existence of a cloud to being within tihé¢_ [PSO IWC product validity
range of 04-100mgnT3. In the tropics (left most plots), the maximum of the vettjpafile of
the frequency of occurrence of high clouds of the CALIPS@éaat 13km and much lower for
the GME models at 1&6km. This underestimation between 12 and 15km was alreasigrob
able through the absence of clouds in the GME and the ghitEFig. 5.9. In the mid-latitudes
and polar regions (middle and right most plot of Fig. 5.9)dlueid frequencies captured by the
CALIPSO are much lower beneath 10 km than the frequenciedtiresfrom the GME and the
GME;c. On the one hand, increasing attenuation might be a reasohefoeduced CALIPSO
frequencies, while on the other hand the GME and GM&verpredict cloud occurrences in
these heights. For the GNIE this overprediction between 8 and 10km is reduced by 4%. In
the UTLS the CALIPSO has a higher cloud frequency than thbajlmodels. This changes
when reducing the cloud threshold t@®@mgnT3 as shown in Fig. 5.14b. The global model
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Figure 5.14: Vertical profile of the frequency of occurrence within the IGRSO detection range
0.4-100mgn2 (top) and for the IWC between®1 and 100mgm? (bottom) with height in the
upper troposphere/ lower stratosphere between 8 and 15km .

frequencies of clouds above 10km highly increase. In thelatitides and polar regions the
GME;. frequencies are higher than those of the GME. As a lot of thédri clouds in the
GME;.. have smaller ice water contents, they were not capturedgn®ida. With GMEe
more high clouds occur, which may be a result of the intradaadf the homogeneous freezing
of liquid aerosols, as only heterogeneous freezing is dexdun the operational microphysics.

This demonstrates the high sensitivity of using threshéddsnasking clouds. Questionable
is to what extent the results are comparable, as the IWCatefrom the CALIPSO lidar is
based on a parameterisation and may be erroneous espéaiaiiyeat heights and strong at-
tenuation. This makes it difficult to quantify the model estovret, it can be used for indication
of the overall model behaviour. As such it was remarkabléttiechanged ice microphysical
scheme in the GME: leads to a reduction in ice water content4-200mg n1° and ice cloud
occurrence in the upper troposphere compared to the GMEelFUTLS the GME, has a
higher ice cloud occurrence when it comes to small ice waietents. This is strongly corre-
lated with the existence of ice supersaturation. How weédl th captured will be the topic of
the following section Sec. 5.2.
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5.2 Ice Supersaturation

It is now of interest how the changes in the ice microphyspmaiameterization affects the
relative humidity with respect to ice and the regions of itswrence. Especially the revised
parameterisation of the depositional growth is assumedfeatahe behaviour of the ice su-
persaturation. In the operational microphysics routihe depositional growth is calculated by
use of the Euler method and a limitation of the water vapopplufor cloud ice and snow to
saturation. The more physical approach is to use depaaitiefaxation timescales and allow
for a competition for available water vapour between snoav@oud ice as stated in E(4.28)
earlier on.

In this section, the general occurrence of relative humidith respect to ice is compared to the
distribution law derived from Measurement of Ozone by Aglntservice Aircraft (MOZAIC)
data (Gierens et al., 1999). Further investigations of thality of the numerical prediction
model results are conducted by use of the CALIPSO Cloud PBrafihospheric data. It is de-
rived by the Goddard Earth Observing System Model, Versi¢gBBOS-5) (Rienecker et al.,
2008) and provided externally for the CALIPSO project by &lebal Modelling and Assim-
ilation Office (GMAQO) Data Assimilation System (DAS). The GBE-5 DAS integrates the
GEOS-5 Atmospheric Global Climate Model (GCM) with the Quddht Statistical Interpo-
lation atmospheric analysis (see http://www.geos5.ofgdy further comparison, the relative
humidity with respect to ice from the GME and GMEis compared to the ECMWF IFS
model forecast data, which is the aknowledged referencetti@r NWP model developers. For
the subsequent evaluation of the ice supersaturation,ataefdr the month of July 2011 will
be used.

5.2.1 Ice Supersaturation Frequencies in the GME

In the following, the global occurrence of relative humyditith respect to ice is discussed. In
order to understand the distribution of ice supersatumatiche atmosphere the global model
data from the GME and GME is divided for the tropics, mid-latitudes and polar regions
The relative frequencies with a further differentiatiortivibeen cloud free and all model output
points are plotted for the GME (Fig. 5.15a) and the GMIHFig. 5.15b). In Fig. 5.16 it is
additionally distinguished between the different tempaearegimes case a: 220T < 243K
and case bT < 220K. These different cases are then compared to a distniblaw for the
relative humidity in the upper troposphere/ lower stratesp based on Gierens et al. (1999).
The exponential law is derived from three years of data froenMOZAIC airborne program
(Marenco et al., 1998).

First, the results of Fig. 5.15a and Fig. 5.15b for the GME #ral GME are discussed,
respectively. The relative frequency distribution for #E in Fig. 5.15a is shown for all
model points and only the cloud free points, where the mixatgs for cloud ice and cloud
water are equal to zero. In the GME plots (Fig. 5.15) it candmnghat relative humidity w.r.t.
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Figure 5.15: Frequency of occurrence of relative humidity w.r.t. ice e tropics, mid-latitudes
and polar regions distinguishing between cloud free angaitts. For this the GME a) and the
GME;¢ b) model data for July 2011 are compared to MOZAIC data.

ice frequencies denoted by a reference linRldi = 100% only has a peak when considering
all points. The mentioned peak will be removed, once thectldearing is performed. This
shows that for the operational ice microphysics scheme é@f lthte in-cloud relative humidity
is equal to ice saturation. The ice supersaturation digiabh exponentially decreases with
increasing humidities. When looking at the different geqipic regions, the distribution for all
points in Fig. 5.15a shows that most of the ice supersaturatccurs in the polar regions and
the least in the tropics. This looks similar when lookingat tloud free points for the polar and
mid-latitudes, which are slightly reduced. However, tregfrency of ice supersaturation in the
tropics is small, which indicates that most of the ice sugigiration in the tropics exist within
clouds in the GME. The high relative frequencies describethb MOZAIC exponential law
are not reached even though high supersaturations araprese

The RHi distribution for the GME. Fig. 5.15b looks very different for the comparison be-
tween all points and only the cloud free points. The distrdsuconsidering all points is almost
parallel to the MOZAIC distribution until reaching 120%. taAf that the relative frequency
drops steeply and bulging &Hi= 140%. Thus a break in the distribution can be observed
for the GMEge. This might be a consequence of the two nucleation mechamésng triggered

at these humidities. This is further discussed later in doatlon with the temperature depen-
dencies. When regarding the relative frequencies in deggaydof the tropics, mid-latitudes
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and polar regions in Fig. 5.15b, the differences are notdbgious. A main difference to the
GME relative frequency oRHi lies in the location of the maximum, which is near a relative
frequency of 120% for the polar region and is shifted furtioesaturation in the tropics. When
looking at the cloud free scenario in Fig. 5.15b it is quitepsising that the ice supersatura-
tion values are reduced so severely. Responsible for thgjhtrbe the process of sedimentation
as it plays a crucial role in maintaining in-cloud ice supguigation (Spichtinger and Gierens,
2009a). This finding of in-cloud supersaturation is also dnondance with Spichtinger and
Gierens (2004) who investigated this phenomenon throwgfstital evaluations of MOZAIC
and INCA measurements. They argue that the shape of the hymistribution differ in de-
pendency of the maturity of the cloud. The cirrus clouds warthan—40°C are considered
to be more mature and have a more symmetric distributionlevitis positively skewed in
colder cirrus (Spichtinger and Gierens, 2004). Thus it ipanmant to investigate the different
temperature regimes in which the high relative humiditiesuo.

The temperature dependency of the ice supersaturationeiney is important to investigate
due to the nucleation regimes and is depicted in Fig. 5.16rdgeneous nucleation occurs at
temperatures above 220K andRHi around~ 120% while homogeneous freezing of liquid
aerosols happens at colder temperatures and higher icesatyrations. Thus differences in the
RHi distribution are expected in relation to the different mation regimes. The temperature
ranges that are considered for the GME (Fig. 5.16a) and th&;GNFig. 5.16b) are 22

T < 243K and T< 220K, where heterogeneous and homogeneous nucleatiorctare, &
sufficient ice nuclei and ice supersaturation are existent.

Looking at Fig. 5.16a for the GME model output reveals thatrglative humidities over ice

peak at ice saturation for both temperature intervals. @ad®ws maximum relative humidi-
ties with respect to ice of 110%, whereas the colder caselbdes the higher values. It is
interesting to see that the ice supersaturation seems toiteeimsensitive towards the temper-
ature in the tropical region. In the other regions Ridi values are much higher which would
be expected in colder regions.

When regarding the relative frequency plots in Fig. 5.16bdbserved behaviour for case a
is analogue to the findings in Lamquin et al. (2012) for re@atiumidities over ice for K
243 K. For very cold temperatures below 200K with high levetus there is a shift in th&Hi
peak. This peak at 120% for high clouds can also be seen imtRigLamquin et al. (2012),
where theRHifield is plotted for the northern mid-latitudes MOZAIC dafis bulge in the
RHi distribution in the MOZAIC data at 120% for high cirrus is@ldiscussed in Spichtinger
and Gierens (2004). Therein it is also argued that for thiyh lhirrus clouds the depletion of
supersaturation through depositional growth is very siduwis behaviour is also observable in
the relative frequency plot Fig. 5.16b with the new microgibgl scheme including the altered
depositional growth.
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5.2.2 Comparison to CALIPSO GEOS-5 atmospheric data

To assess the quality of the relative humidity over ice of@3hdE and the GME. it is compared
to the atmospheric data which is supplied along with the G780 track data from the GEOS-
5 Earth System Modelling and Data Assimimiliation Systefine Bynoptic and time averaged
GEOS-5 data is given for the midpoint of each point in the CRRO Level 2 profile. Thus the
spatial resolution remains the same as for the CALIPSO IWi@ymt, i.e. vertically 60m and
horizontally averaged over 5km for data betwee2r302km.

The cloud physics scheme of the GEOS-5 Atmospheric Genérall&tion Model accounts for
convection and large-scale condensation distinguish@tgyden liquid and ice phase conden-
sates (Rienecker et al., 2008). In the moist physics routireeconvection parameterisation is
the Relaxed Arakawa-Schubert scheme (Moorthi and Sua®82) And called first. The emerg-
ing detraining mass and condensate fluxes are included isutteequently called large-scale
cloud scheme. It states in the documentation from Rieneatladr (2008) that the condensation
process is based on a boxcar probability distribution fonovith a bi-modal structure with the
spread being determined by local saturation humidity. @acelensates exist, the processes of
evaporation, autoconversion, accretion and sedimentdgtermine the further development.

The relative humidity provided as CALIPSO atmospheric deden the GEOS-5 is a mixed
phase RH. Following the description of Putman (pers. comaation 2013) this means that
for T < 23316K the RH model output is RH over ice only. Between 28K < T < 27316K

RH is over a mixture of water and ice with a linear interpaatbetween 2736 K and 233L6 K
and for temperatures below 218K the relative humidity is over water only. Thus the water
vapour mixing ratio at saturation is

qV,SW7 If T Z TO
Qv,s = Ov,sw (Qv,si— QV,SW)% if To<T<Ty (5.2)
Qv,sis if T < Tl

with T; = 233K andTy = 273K. The water vapour mixing ratio can be calculated using
RHq,s and inserted int&RHi = q,/qy s yields

RHi=RH <qV,SW+ (QV,si - qv,sw)%) % (5-3)

The relative humidity with respect to ice from GEOS-5 dateakulated using Eq5.3) and

is now compared t&kHi from the GME and the GME for July 2011. As done in Sec. 5.1.2
for the CALIPSO ice water content profile data, the GEOS-a déainterpolated to the GME
model heights. The GME and GNiEdata is interpolated onto the CALIPSO track. In Fig. 5.17
the frequency of occurrence for relative humidities withpect to ice above 100% between
9-11km is shown. The frequency is normalised by the satgiitssings depicted in Fig. 5.11.
On the first glance, the GME (middle plot) and GMEbottom plot) have the same structures
and frequencies. Yet deviations in the latter are perctvabthe difference plot shown in
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Figure 5.17: Frequency of occurrence f&tHi > 100% in the upper troposphere/ lower strato-
sphere between 9-11km.
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Figure 5.18: Difference in frequency of occurrence f&Hi > 100% of the GME and GMi&
between 9-11km.

Fig. 5.18. The blue colour being dominant indicates the éiglequency of ice supersaturation
in the GME¢ especially in the polar regions. This higher frequency ex@ME. is expected,
as the relaxation timescale approach for the depositiommat in the new cloud ice scheme
causes a slower depletion of ice supersaturation.

The CALIPSO atmospheric data (Fig. 5.17 top plot) has mueretdrequencies oRHi >
100% in comparison to the GME and the Gyiplots in the mid-latitudes and polar region.
In the tropics the frequencies look similar and peak fregig=nof 75% oRHi> 100% can be
found. In Read et al. (2007) the humidity GEOS-5 analysesngaared to the Aura Microwave
Limb Sounder (MLSH-,O for pressures between 316-83 hPa. The result of this stullgtishe
GEOS-5 is more humid than the MLS (version 2.2) data for aktlleregarded. In Read et al.
(2007) the MLSRHi is also compared against AIRBHi data. It is discussed that the MLS
probability density function has a longer tail into supéusation in comparison to the AIRS
data (see Fig. 20 in Read et al. (2007)) due to a fraction#émad error. Thus the low GEOS-5
RHi > 100% frequency is even more surprising, however the NS versus GEOS-RHi
was not specifically looked at according to Read, pers. conization 2013. This makes the
result quite questionable. To assess the quality of the GMElae GME. RHi frequencies,
further reference data is needed. Therefore data from tHd\EE is used for comparison in
the next section.

5.2.3 Comparison to IFS data

In the following, the relative humidity with respect to io®im the GME and the GME, are
compared to ECMWF IFS data (see http://www.ecmwf.int/aesl®ifsdocs/CY37r2/). For this
purpose, the global model forecasts for the IFS, the GMEaGME are used from 00-24h
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Figure 5.19: Frequency of occurrence of relative humidity w.r.t. ice hie tropics, mid-latitudes
and polar regions where the temperature is below%R. The GME and the GME model data
for July 2011 are compared to IFS data. The top plots showthlei@tion for the pressure levels
200-250hPa and the lower plots show Ridi between 250 and 300 hPa.

for July 2011 every 3h. The operational IFS forecasts areeserspressure levels namely
500,400,300 250,200 150 and 100hPa. The used IFS data has a resolutienl@ékm on the
reduced gaussian grid N640 with 2560x1280 grid points.

The IFS model physics comprises prognostic equations iimrsaow, cloud liquid water, cloud
ice and a grid box fractional cloud cover for the cloud angédascale processes further de-
scribed in ECMWEF (2011). For stratiform and convective dethe prognostic cloud scheme
by Tiedtke (1993) is implemented in the IFS. The model physiso accounts for homoge-
neous and heterogeneous ice nucleation, with the lattagtmised on the diagnostic formu-
lation of Meyers et al. (1992). Homogeneous nucleationiggiéred at a local critical relative
humidity as defined in Karcher and Lohmann (2002), and sirtol&q. (3.8) of the presented
approach. Ice nucleation is also initiated if the grid-mesaches a lower threshold, which ad-
ditionally depends on the ratig, sw/qy si for the nucleation of liquid water droplets. Existing
ice crystals deplete ice supersaturation within the mdded-step (for a detailed description
see Tompkins et al. (2007)). This consequently leads toupersaturation only in cloud-free
regions.

The relative humidity diagnostic in the IFS accounts forltgaid phase, the mixed phase and
the ice phase. The model output relative humidity is defingdhle vapour pressure, and
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the saturation vapour pressuse= oesy + (1 — a)es; (Forbes, pers. communication 2013) as
RH = e,/es. The saturation vapour pressure over watgy) and ice &) are calculated as
documented in ECMWF (2011) arndis the mixed-phase diagnostic function that ranges from
o =1at27316K toa = 0 at 25016K. Thus forT > 27316K, the RH diagnostic is w.r.t.
water and below 25Q6K it is w.r.t. ice, while in between it is mixed phase.

The relative frequency fdrRHi for the pressure levels 200-250hPa and 250-300 hPa is ddpict
in Fig. 5.19a and Fig. 5.19b, respectively. The model behavis similar for both pressure
intervals. The GME (dashed red) and the IFS (dotted greett) bave a peak at ice satu-
ration. This originates from in-cloud saturation. By defon the IFS does not allow for in-
cloud ice supersaturation as previously discussed (se&seals. 3.2 and Fig. 3.1). This peak at
RHi= 100% does not exist in the GME (solid blue) model output because of the change in
depositional growth in the new cloud ice scheme. The curthefelative frequency of relative
humidity with respect to ice of the GME is of a rather convexuna after the peak. TheHi
curves of the IFS and the GME both show a concave behaviour feHi > 100% agreeing
especially in the mid-latitudes and polar regions. Thisnghthat especially the frequencies
for higher ice supersaturations are captured well with tte¥ed depositional growth. The in-
fluence of homogeneous nucleation of liquid aerosols milgiat eontribute to this behaviour.
While the IFS and the GME account for this process occurring RHi ~ 150%, it is not
implemented in the GME physics at the present.

The evaluation of the global frequency of occurrencBHfi > 100% is shown in Fig. 5.20. The
data is normalised by the amount of grid points. For bettergarison GME and GME; data
between 100 and 500hPa and with temperatures b&len250.16K is used for comparison.
The top plot in Fig. 5.20 shows the frequencies of ice supa@raton in the IFS, the middle plot
for the GME and the bottom plot for the GME The overall structures and peak frequencies
are in accordance with each other. However, the frequeittbe IFS are lower than expected
due to the lack of in-cloud ice supersaturations. This ieeigfly visible in the mid-latitude
storm tracks between 30°C and 50°C. When comparing the GMENGMEe, the GMEc,
locally has higher frequencies, which is in accordance ¢p 5il8. The result for the higher
threshold forRHi occurrence of 120% is shown in Fig. 5.21. Only the southefarpegion of
the GME have non-vanishing frequencies. The IFS and the M8l have wider areas with
frequencies oRHi > 120% occurrence of around 5%, especially in the tropics anthern
hemisphere.

5.2.4 Ice Supersaturated Regions

The characteristics of ice supersaturated regions (ISB®® been described in Sec. 2.3. In
guestion is how well these regions are represented in the GMEGME... Investigated is
the global distribution of ISSRs and their vertical laydckimess. The interpolated data on the
CALIPSO track from the GME and the GMEand their time and spatial means of the relative
humidity with respect to ice and the ice water content is u€ady data is considered where
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Figure 5.20: Frequency of occurrence BHi> 100 % in the upper troposphere/ lower stratosphere
between 100-500 hPa affd< 25016 K for July 2011.
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Figure 5.21: Frequency of occurrence BHi> 120 % in the upper troposphere/ lower stratosphere
between 100-500hPa afd< 25016K for July 2011. Attention has to be paid to the different
colour scale in comparison to Fig. 5.20.
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the RHi > 100% and the ice water content is less than 1 mgifhis is done as proposed in
Lynch (2002) as ice supersaturated regions are defined as@ftee air mass.

The resulting global field of the vertical layer thicknesgistted in Fig. 5.22 for the GME
(top) and the GME, (bottom). The GME plot in Fig. 5.22 shows a general lack otglo
ISSRs. While the ISSRs in the tropics and northern polamoregare rather patchy and the
thickness lies beneath 4km, there is a maximum in the saubhelar region of 8km which
seems extremely thick. In contrast, the overall ISSRs tteskes for the GME in Fig. 5.22
(bottom) lie beneath 2km with a maximum between 2-4km in thelsern polar region.

The corresponding global mean values for the ISSRs thiskasescalculated from the GME
data is 25km and for the GMEe 1.32km. This is in accordance with the findings of
Spichtinger et al. (2003a) who give the mean vertical extensf ISSRs of 1-2km. This leads
to the conclusion that the GME slightly overpredicts thekhiess of these regions, which is
probably mainly due to the large values in the southern pelgion. Also the vertical global
model resolution in the upper troposphere of about 1km amg@tacould be a possible reason.
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Chapter 6

Discussion of Results

The principal aim of this work was to identify the controtfiprocesses of cloud ice particle
and ice supersaturation formation and represent thesegwes in a physical way in the DWD
model chain. In order to accomplish this goal, a new cloudsideeme was developed and
tested within different model environments. The parcel aebothe idealised COSMO model

setup, the regional COSMO-DE, and the global GME where useatder to gain a better

comprehension of the behaviour of the new ice microphysibsme.

For developing the new ice cloud scheme, state-of-theaadmeterisations were compared to
existing formulations used in the DWD numerical weathedton models and shortcomings
were detected. In this context, the cloud ice nucleatioampaterisations for the heterogeneous
nucleation and the depositional growth were investigategortant microphysical processes
which were not represented previously in the DWD NWP modeddtze homogeneous nucle-
ation of liquid aerosols, an ice nuclei budget variable fetelnogeneously nucleated ice crystals
and cloud ice sedimentation. Which of these processes aséimportant for cirrus and ice
supersaturation development are discussed in the folgpviRresented are the results of satel-
lite data comparisons to the regional COSMO model and gIG4E with the new cloud ice
scheme, COSMEL and GMEg, respectively. The use of different model resolutionsvedio
for a scale dependent interpretation of cirrus formatiothiniNWP models. A study for July
2011 of the GME and GME: along with a verification with CALIPSO lidar data helped to
assess the results with regard to the ice water content. Tdléyqof the modelled ice super-
saturation of the GME; was compared to the GME, the IFS and the CALIPSO/GEQOS data.
In this context the strengths and weaknesses of the new scfanfurther applications are
elaborated.

6.1 Summary of Results

A parcel model was used to investigate the difference of tradgeneous and heterogeneous
nucleation parameterisations, their competition and théilience on ice crystal number den-
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sity, ice particle radius, cloud ice mixing ratio and ice srgaturation. Results depicted in
Fig. 3.5 show that the choice of the parameterisations httmogeneous and heterogeneous
nucleation modes have the greatest impact on microphygicglerties for young cirrus and
ice supersaturation. For young cirrus, the cloud ice mixatgp resulting from the new cloud
ice scheme, including homogeneous and heterogeneousnfyeezlower than the cloud ice
mixing ratio resulting from the operational cloud ice scleeusing heterogeneous nucleation
only. For older cirrus which developed through a constatifting, the air parcel reaches a
guasi-steady state and the cloud ice mixing ration for blaihctice schemes converge to sat-
uration (see Fig. 3.5d). Moreover, the importance of iniclgdhe homogeneous nucleation in
the ice nucleation scheme is stressed when regarding theiassl ice supersaturation ratios
(see Fig. 3.5a). The ice supersaturation ratio only reachkges below 2 (RHi = 120%)
when solely using the heterogeneous nucleation schemetfreroperational scheme of the
DWD NWP models for the parcel model simulations. The valuethe ice supersaturation
ratio reaches values overdb (RHi= 145%) when applying the new cloud ice scheme which
includes homogeneous freezing based on Kéarcher et al. Y2@)6ding the competition of the
two nucleation modes.

Idealised model runs in the COSMO model environment of @plgic cirrus were conducted
in order to investigate the effect of each model change onithes cloud structure. Emphasised
were the introduction of the prognostic tracking varialdedctivated ice nuclei and cloud ice
sedimentation. Both were shown to alter the spatial stra@nd reduce heterogeneously nucle-
ated ice. Whereas the ice nuclei budget variable limitsrbganeous cloud ice production and
changes the inner cloud ice crystal distribution, the clmedsedimentation especially reduces
heterogeneous cloud ice, as heterogeneous cloud icelpsudi® bigger than homogeneously
nucleated ice crystals, and has a stronger impact on thiealestructure. The limitation and
reduction of heterogeneous nucleation both cause lesssatipeation to be depleted and thus
subseguent homogeneous nucleation has a higher chandeg@fttiggered if sufficiently high
cooling rates exist. Under which circumstances either ttradgeneous or heterogeneous nu-
cleation dominates cirrus cloud formation is highlightadhe parameter study for orographic
clouds. In this study the mountain height, where higher reina cause stronger orographic
waves with correlated cooling rates, and the amount of gihmeric aerosol number density
were varied. Homogeneous nucleation dominates in scenaith strong orographic forcing
and low ice nuclei whereas heterogeneous nucleation dsmircus formation in regimes with
low mountain heights and high numbers of ice nuclei. Exelgdhe tracking variable and/or
the cloud ice sedimentation causes a severe increase odeteously nucleated cloud ice
even for regimes with high vertical velocities, as can bengadhe parameter space plots in
Fig. 4.6. To include the ice nuclei budget variable and clmgdsedimentation are thus nec-
essary in order to prevent an overestimation of heterogenaacleated cloud ice. Also, the
parameter study demonstrates the substantial dependéhoenogeneous freezing on high
vertical velocities.

A case study of the 26th of August 2011 using the COSMO-DE witksolution of 17 km
was conducted using the operational cloud ice microphysibeme and the new two-moment
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cloud ice microphysics scheme. Comparing the modelledipersaturation fields shows a sig-
nificant difference between the COSMO and COSM®odel. The relative humidities with
respect to ice from the operational cloud ice scheme reactesdetween 110% and 120%
while RHi= 140% when using the new cloud ice scheme. This finding ofrifiifjevalues for
RHiis consistent with the observations made in the parcel muohsl and is due to the miss-
ing of the homogeneous nucleation mode. Furthermore, cosopa of the high cloud cover
with MSG SEVIRI cloud classification data show that the nesudlice scheme is capable of
predicting semi-transparent clouds (high cloud coves0%) whereas the operational cloud
ice scheme tends to overpredict the high cloud cover wittamable values between 90% and
100% (see Fig. 4.13).

For July 2011, an evaluation for the ice water content, highidt occurrence and ice super-
saturation of the GME: was performed. The IWC and high cloud occurrence of the oper-
ational and new two-moment cloud ice scheme were compartidtiaé CALIPSO lidar ice
water content product. The GNEgreatly reduces the RMSE for all longitudes and latitudes
for the heights between 8-15km except in the tropics, wheeeGME with the operational
microphysics scheme performs slightly better (see Fig. Bl6wever, the tropics are not rep-
resentative for the evaluation, as the sub-grid scale mixitios for cloud ice and snow are
not considered in this work and shortcomings of the coneactiarameterisation dominate.
In comparison to the CALIPSO data, the GME overpredicts W€ lin 9km, whereas the
GME;jce shows good agreements with the CALIPSO data for 8-10km lmueasingly under-
predicts the IWC with increasing height. Also the GMEshows a reduction in high cloud
occurrence which is an improvement against the GME betwekhken when compared to the
CALIPSO data, as shown in Fig. 5.12. The high cloud frequdmmy the GME is depen-
dent on the considered IWC range. For the IWC rangel®0mgm 2 the reduction in high
cloud frequency above: 10km is too high, while including smaller IWCs betwee®Dand
100mgn12 cause an increase in high ice cloud occurrence in compatasthre GME and are

in accordance with the CALIPSO data in the mid-latitudes Bif4. Regarding ice supersatu-
ration, clear improvements were observed when comparim@tiE.. to the IFS. The slopes
of the frequency of occurrence for high ice supersaturatines between 200hPa and 300hPa
are compliant for the IFS and GME, while the GME does not capture them (see Fig. 5.19).
Additionally, in-cloud supersaturation is allowed fordhigh the application of the altered de-
positional growth in the GME,, which is not allowed for in the IFS but is in accordance with
in-situ measurements (discussed in Sec. 6.2.2).

6.2 Interpretation of Results

The results of this work are now interpreted with respechtirtinfluence on cloud ice, ice
supersaturation and their dependency on the model remluti
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6.2.1 Cloudice

The main physical processes for cirrus formation are homegeas and heterogeneous nucle-
ation. The latter depends on available atmospheric aenabik for triggering homogeneous
nucleation vertical velocity fluctuations are requiredo@ ice sedimentation and depositional
growth were identified of further controlling cirrus cloudwtlopment. For a physical repre-
sentation in the NWP models of the DWD, state-of-the-arapeaterisations were tested and
implemented providing a new two-moment cloud ice scheme.

The inclusion of homogeneous nucleation of liquid phasest#s as a separate process is es-
sential for correctly modelling cloud cirrus due to the etated high ice supersaturation ratios
and high ice crystal concentrations. However, in order psaduce observed high ice crystal
number densities with NWP models, sub-grid scale vertiedbaities are needed especially
in global models (e.g., Karcher and Lohmann (2002), Hoylal e£2005)). In order to coun-
teract this deficit in regional models, a simple relatiomgsihe turbulent kinetic energy was
used in the COSMO model (see Sec. 4.3.1). The prevailingadroimg of sufficient fluctua-
tions in the vertical velocity was highlighted by the comipan of ice crystal number densities
of idealised simulations in the COSMO model environment gasurements from the INCA
campaign (Sec. 4.4.1), where an offset of the ice crystalbmurdensities to lower values was
observed. For the global model, thd& E could not be used and instead an additional sub-grid
scale orography induced velocity was implemented follgndoos et al. (2008), as shown in
Sec. 4.3.2. However, further enhanced mesoscale fluatisaitiothe global model are still re-
quired, as peak ice crystal number densities could not baatt with this approach. Another
formulation of the vertical velocity for the global modeldsrived in Sec. 6.2.3, which uses the
correlation between the high resolution model updraftsifle COSMO-DE and their average
over the GME model resolution. Only if vertical velocitiesowe 20cms? are reached and a
low amount of ice nuclei exist in the atmosphere, ice suparaton reaches high enough val-
ues to trigger homogeneous nucleation (e.g., Khvorosiyand Sassen (2002), Gierens et al.
(2003)).

The operational heterogeneous nucleation model paraisaten is only temperature depen-
dent, while the new parameterisation based on Phillips €2@08) also takes the ice supersat-
uration and the aerosol species dust, soot and organicasiglestinto account. A fixed number
density for the three classes of ice nuclei is given, whickesdt important to include a hetero-
geneous nucleation dependent variation to limit the amotiavailable IN. The limitation is
included in the NWP models by the implementation of a progodsacking variable for acti-
vated aerosol. Previously activated ice nuclei are thuswatded for and are subject for freezing
again, depending on a mixing timescale. The mixing timesatet to two hours throughout
the course of this study, which means that previously ntete&e nuclei are available for
heterogeneous nucleation again after this time. The mittingscale is a sensitive tuning pa-
rameter to increase or decrease heterogeneous nuclegtieduzing or increasing the mixing
time interval, respectively. The prognostic IN budget &hle is thought to be an intermediate
solution between the constant IN field and prognostic aésds#ing directly nucleated, which
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is not feasible for operational NWP model use due to comjmuialk limitations. An attempt at a
more physical approach based on an IN budget variable wasitidertaken which reduces the
risk of overpredicting available IN in the NWP model. Anatlp@ssible tuning parameter for
the heterogeneous nucleation parameterisation is thergrobinitial aerosol available, which
can be altered as a whole with a scaling factor or a heightratkpe ice nuclei distribution
could be introduced, derived by fitting the resulting model water content to observations
(see Fig. 5.14). Also possible is to change single IN comaéonhs for carbon, soot and or-
ganic substances individually, as they have differenteatadn characteristics. Yet, there are
still a lot of uncertainties concerning heterogeneous eat@n and the nucleation character-
istics for each IN species (DeMott et al., 2011). In Phillggsal. (2013) a revised version of
the applied heterogeneous ice nucleation scheme is peglsdntroduced are new properties
for black carbon, insoluble organic aerosols are replagegrinary biological particles, and
a fourth group of ice nuclei is added, namely soluble orgaei®sols (Phillips et al., 2013).
The revision of the scheme shows the ongoing research omuimgrthe understanding of ice
nuclei nucleation characteristics.

Representing cloud ice sedimentation has a severe influentte ice water content, reducing
it by about 5mgm? as shown in the meridional average in Fig. 5.3. Ice crysi@ihsentation

is important for the humidity transport, as the ice crys&laporate in lower sub-saturated
model levels. For sedimentation and deposition the iceatalrjgrm assumed in this work are
hexagonal plates, which are mostly found near cloud top id-latitude and tropical cirrus
(Heymsfield and McFarquhar, 2002). This choice was made @uedds of consistency but
is not trivial, as different temperatures and supersdturatause a variety of different shapes
to form with different habits (see Fig. 2.1). The ice supensgion is also changed due to
the relaxation timescale approach used for describingsiiémual growth in the new cloud ice
scheme. Higher ice supersaturations cause a decreasekigithiis and anvil occurrence while
increasing stratospheric water vapour (Gettelman andigamp 2007), which is also observed
to occur with the new ice microphysics.

In total, a new two-moment cloud ice scheme was developedhndxicounts for the physical
processes dominating cirrus clouds. When intercompahiagrtodel results from the regional
COSMO model and the global GME, the cirrus occurrences asatitms do not change drasti-
cally with the new ice microphysics scheme. The locatiorhefdirrus clouds are thus confined
to the availability of atmospheric water vapour and the nhdgtaamics. When looking at sin-
gle clouds, differences in the horizontal and vertical cttites and microphysical properties
are observable for the operational and new cloud ice migrgipl schemes. Results from the
global model showed that the new cloud ice scheme causeseti@din high cloud occur-
rence and ice water content. The reduction of high ice watetenits in comparison to the GME
is a result of the introduction of cloud ice sedimentatioheTntroduction of the activated ice
nuclei tracking additionally reduces the ice water corgémtthe regions of heterogeneous nu-
cleation. For regions between 8-10km this reduction is d@npwith the CALIPSO data. Yet,
difficulties arise when comparing the CALIPSO ice water eobproduct to the GME&. The
influence of snow is dominant in the IWC and high attenuatiEduces the detection of IWC
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in lower altitudes with the CALIPSO lidar. Even though thelGAP lidar is sensitive to cloud
ice in higher altitudes, the CALIOP can not detect ice watertents below @ mg nm 2 during
daytime (Avery et al., 2012). This makes the evaluation gemnsitive to the validity interval of
the derived satellite IWC and complicates a conclusiveestant concerning the exact quality
of the IWC magnitude of the GME.

6.2.2 Ice Supersaturation

The triggering of homogeneous and heterogeneous ice tigcledepends on the magnitude
of atmospheric ice supersaturation. Once cloud ice nuoledt triggered, further atmospheric
mechanism influence the subsequent ice cloud evolutiorrystal sedimentation is especially
important for heterogeneously nucleated ice particlehes teach larger dimensions. Cloud
ice sedimentation is also crucial for restructuring theidland causes sustained in-cloud ice su-
persaturation (Spichtinger and Gierens, 2009a). The tieplef ice supersaturation is depen-
dent on the timescale of depositional growth which is a elnglé as it varies betweerbh-3h
according to which nucleation mechanism is active (Khviyrarsov and Sassen, 2002).

Numerical weather prediction and climate models requiremsistent treatment of cloud
microphysics. At present, the application of prognostiatistical cloud schemes is com-
mon. These employ sub-grid scale inhomogeneities by usiolgapility distribution functions
(PDFs). In Karcher and Burkhardt (2008) and Wang and Pergtd0] the statistical cirrus
cloud scheme PDFs for total water and temperature are Hedcfor clear-sky and in-cloud
conditions. These cloud parameterisations are based apérational scheme of the ECMWF
by Tiedtke (1993), using clear-sky humidity fluctuationspredict cloud fraction and cloud
condensate. However, cloudy air is assumed to be satuidtedoperational cloud scheme in
the NWP models at the DWD differs from the described stasscheme. Instead of assum-
ing sub-grid scale variability, the cloud scheme uses sty variables for all hydrometeors
to achieve a good representation of the bulk microphysioatgsses. One advantage is that
no separations between in-cloud and clear sky conditioasrede. Thus it was possible to
achieve an improvement of the ice supersaturation with Hange in depositional growth,
even within cloudy air. The chosen parameterisations foragenting cirrus formation in this
work are found to be consistent with the total microphysatseme.

In the previous chapter the relative humidity with respedté from the GME and the GM&
were compared to the IFS. The altered ice nucleation scheriineiGME. captures the dis-
tribution of the high ice supersaturation values betten tte original scheme. The higher ice
supersaturation values may partly be due to the lower icerveaintents with the new cloud
ice microphysics, which constitute a smaller sink for watpour depletion through deposi-
tional growth. A main difference in the microphysics schashthe IFS is that the depositional
growth process is not explicitly modelled and consequedtlizumidity is converted to ice and
RHi= 100% within a model time step once nucleation is triggeram(fkins et al., 2007).
This leads to in-cloud saturation and can be observed byahk atRHi = 100% in the rela-
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tive frequency plots in Fig. 5.19. In the GMEhowever, in-cloud supersaturation is allowed
and physically represented due to the relaxation timesgaleoach for the altered depositional
growth. This is a physical approach as e.g., Ovarlez et @bZRand Comstock et al. (2004)
show in-cloud ice supersaturation to be a common phenont@wking at one year of Ra-
man lidar measurements in 2000 at the Southern Great P#aiiisyf near Lamont, Oklahoma,
Comstock et al. (2004) finds thRHi > 100% is found in about 31 % of the cloudy data points.
Khvorostyanov and Sassen (2002) also point out that thexedsidual ice supersaturation of
5-10% left following a few hours after a cloud has develop&ldo, the higher relative hu-
midities are in accordance with theHi distribution law derived from 3 years of MOZAIC
measurements (Gierens et al., 1999).

The ice supersaturated regions and their vertical layeknigiss is especially decisive for mit-
igation purposes reducing anthropogenic cloudiness & the potential contrail regions. A
possible mitigation strategy was previously illustratedrig. 1.1. This was part of the project
'Environmentally Compatible Flight Route Optimisatiorégtribed in Mannstein (2008) which
investigated possible contrail mitigation strategiesttuce anthropogenic induced cloudiness.
The better representation of ice supersaturation makealttred cloud ice microphysics in-
teresting for other investigations concerning contraild their lifetime in upper tropospheric
conditions. Findings concerning the life cycle of suparssted regions in the upper tropo-
sphere from Dietz (2012) show that the humidity in the COSMModel is more realistic than
in the operational COSMO-EU. Of interest could also be thelémentation of an extra source
term into the ice microphysics scheme for contrails whichveots water vapour into cloud ice,
for example, as proposed by Ferrone (2011) in Eq.(5.1).

6.2.3 Scale dependencies of ice microphysics processes

The new cloud ice scheme was tested in different NWP modet@ments, where the hor-
izontal resolution differed frond\sx = 1km to Ax = 30km. Especially homogeneous freezing
of liquid phase aerosols are prone to be effected by therdiffeNWP model resolutions, as
high vertical velocities and the correlated high ice sugieirsitions are necessary for triggering
homogeneous freezing. The scale dependency of the vevitadity and the ice supersatu-
ration is thus investigated. The refined COSMO-DE run of tth 2f August 2011 over 24
hours with a horizontal resolution of7lkm is used to investigate small scale fluctuations, e.g.
in the vertical velocityw. For coarser model grids like the GME with a lack of these €luct
ations inw, a further sub-grid scale variability would be desirableathieve more realistic
atmospheric conditions. Such is stressed in e.g., Hoyle €Q05), Gierens et al. (2007) and
Dotzek and Gierens (2008) where statistic evaluations alfrog rates in the upper troposphere
are conducted.

In the following, the maximum values for the vertical velycand ice supersaturation in the
COSMQce model are investigated. The additional model variablgg, andS max are included
in the 6 minute interval model output for the upper troposph@&he correlation between the
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maximum values for the high-resolution regional model d&mhaximum values of the global
model are investigated. The model variableandS are of special importance as they deter-
mine the onset of nucleation events and the resulting icRamumber density.
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Figure 6.1: Depicted are the maximum values for the high resolution CQStbdel run in rela-
tion to the maximum values fd& andw averaged over the global model resolution with a linear
regression line.

The scatterplots in Fig. 6.1 show the scale dependency ovetiecal velocity and the ice
supersaturation ratio. The maximum values of the COSMO-BEcampared to spatially
averaged (upscaled) values for the grid spacing of 30km ed usthe global model. For
instance,§ max = 1.41 is correlated to the averaged value over the global madellution
< §max>= 1.2. This relation is more significant for the vertical velgaithere the mean value
in the global modeWmax = 0.4ms! corresponds te: Wmax >= 1.6msL. A linear regression
for a sub-grid scale ice supersaturatf§gys yields

S,sgs= as(Seme —Sx) + Sy (6.1)

where the maximum rate tss = 1.11 and the coefficients a&y = 0.62 andSy = 0.78. The
resulting sub-grid scale vertical velocitysgswith the linear regression is

Wsgs= Ow(WGME — Wx) + Wy (6.2)

with the maximum ratex, = 4 and the coefficientss, = 0.14 andwy = 0.56. The relation
shows that the upscaled ice supersaturation ratio attaghs/alues close to the high resolution
output with a maximum rate afs = 1.11. However, the vertical velocities show a great deficit
in strong updraft when considering the upscaled values bhadrtaximum rated, = 4) is

a lot higher. This finding once again highlights the necgssitsub-grid scale fluctuations
and related cooling rates in global models. The valBggs andwsgs can be used for further
calculations in the cloud ice scheme along with the addificource for the vertical velocity
that have been derived from the sub-grid scale orographsnsetas described in Sec. 4.3. This
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relation can then be applied to the Karcher et al. (2006)rsehe estimate the sub-grid vertical
velocity and ice supersaturation. In order to counteragtassing heterogeneous nucleation
S,sgs should only be applied if the model ice saturation rdigve is greater than .B. The
sub-grid scale processes should primarily serve to achigeer ice crystal number densities
resulting from homogeneous nucleation, as this is stillatsbming in cirrus modelling.
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Chapter 7

Conclusion and Outlook

Cirrus clouds are one of the most ill-understood cloud typits a strong impact on climate
(Barahona and Nenes, 2008). The formation of cirrus cloual msultiscale problem, as the
synoptic scale provides the environment, the mesoscadendetes the forcing, and the actual
nucleation events occur on a microscopic scale. This maleepdrameterisation in numerical
weather prediction models and climate models a challenzisk. This work is supposed to
help improve the understanding of the dominant processasatiing ice nucleation and ice
supersaturation and account for them in numerical weatiggligiion models.

The mechanism controlling homogeneous and heterogenemieation were localised as be-
ing the ice nuclei concentration, the fluctuations in théigakvelocity, the depositional growth
and the cloud ice sedimentation. A two-moment two-mode iggaation scheme was devel-
oped and implemented. Using this scheme the mentioned depeies and atmospheric pro-
cesses were examined in detail. The resulting new cloudadkense is an extension of the
ice microphysical parameterisation operational in the eical weather prediction models at
the German Weather Service (Deutscher Wetterdienst, DWDparticular, the operational
ice microphysics scheme lacks the representation of honemyes nucleation of liquid aerosol
droplets and cloud ice sedimentation. Further, the cloedciystal number from the oper-
ational cloud ice scheme only includes a temperature-basguarical parameterization that
describes the increasing number of ice nuclei or ice crystéth decreasing temperature and
can not distinguish between different nucleation modesh a3 immersion or deposition freez-
ing. Formed cloud ice rapidly depletes existing ice sugaradon. Though ice supersaturation
is permitted as the depositional growth is explicitly reeal, a limitation ensures that not more
water vapour is depleted than available. This ice microlayframework makes a more phys-
ical approach for ice nucleation and ice supersaturatigdherncloud ice scheme of the DWD
model chain desirable.

The new cirrus scheme is compatible with both, the non-rstdtic regional model COSMO
and the global model GME and numerical stability as well agsfiial consistency can be en-
sured for a wide range of scales. Ice nucleation is desctibeg) state-of-the-art parameterisa-
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tions for homogeneous and heterogeneous nucleation. \tHkilatter mainly depends on the
existence of ice nuclei, homogeneous freezing of supezddajuid aerosol occurs in regions
with high ice supersaturations and high cooling rates,in.atrong vertical updrafts. Further
extensions of the operational scheme were made such adeaedilimentation and tracking for
activated ice nuclei which is necessary to avoid an ovenasitbn of heterogeneously nucleated
ice particles. A relaxation timescale method is appliedclieve a consistent treatment of the
depositional growth of the two small-particle ice modes Hralarger snowflakes. Additional
sub-grid scale vertical velocity fluctuations used in thenmphysics scheme were derived.
A systematic sensitivity study showed that the detailedag®oin the design of the scheme
do matter for the competition of heterogeneous vs. homagenaucleation. As atmospheric
conditions for the triggering of homogeneous freezing ddpan small-scale fluctuations, the
resolved supersaturation over ice depends strongly on tlteinesolution. To investigate this
resolution dependency high-resolution COSMO model sitiaria were performed with the
aim to formulate a consistent parameterisation for theoregiCOSMO model and the global
GME. This is of importance, as sensitivities of microphgsicharacteristics of cirrus clouds
can alter the large-scale dynamics and the radiative piepesf the atmosphere. A compari-
son of the GME containing the new ice microphysics with lidata showed that on average
the differences in cirrus occurrence and location remamilai, whereas the individual cloud
structure is altered in comparison to the operational cloedcheme. The consistent formation
of cirrus clouds in the global model with the operational aed cloud ice scheme shows the
dominance of the model dynamics for cirrus formation. Yettlee microphysical properties
from the individual formed cirrus clouds differ for both didice schemes. Cirrus formed with
the operational ice microphysics scheme are of a ratherugpelgaracter with high ice water
contents. However, with the new cloud ice microphysicscih@is clouds are not as uniformly
structured and the ice water contents were reduced. The iogeavater contents in heights
between 9-11km are in accordance with the ice water con@ived! from CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observefjadata for July 2011. Also the ice
supersaturation distribution was greatly improved with lew two-moment cloud ice scheme
in comparison to IFS (Integrated Forecast System) datalditian, the prediction of in-cloud
supersaturation over ice became possible due to chandesdepositional growth scheme. In-
cloud ice supersaturation is not allowed for in the IFS mduglvarious in-situ measurements
have provided evidence for its existence. The improvedesaprtation of ice supersaturation
with the new cloud ice scheme thus allows for advances inigtird condensation trails with
NWP models.

Homogeneous nucleation requires high vertical velocitibe heterogeneous nucleation de-
pends on the existence as well as the species of the aerasiileFwork concerning sub-grid
scale fluctuations in the vertical velocity and an improveatei representation of ice nuclei
have thus to be conducted. In the new cloud ice scheme, agstigrracing variable for ac-
tivated ice nuclei was introduced. This was a simplified apph to introduce time and space
variability for ice nuclei. For future investigations, auming to the model aerosol climatol-
ogy would be desirable. A further step would include the ¢imgpto a full prognostic coupled
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aerosol model, such as the COSMO-ART (ART stands for AerasdIReactive Trace gases)
(Vogel et al., 2009).

Projects such as 'High Definition Clouds and Precipitation €limate Prediction’ (Stevens
et al., 2013) deal with future applications and requiremdat model parameterisations. In
this project, the microphysical effect of implementing #wire high-resolution approach from
Morrison et al. (2005) for large-eddy simulations is inigated. This would have the advantage
of dealing with the Bergeron-Findeisen process in a morasipghiway. For this work, the cloud
ice and snow relaxation timescales were adapted for thesdepal growth. As the COSMO-
DE model microphysical scheme also accounts for graupethéfuture it would be of interest
to implement the new cloud ice scheme in combination withglaipel and investigate the
interactions.
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Symbol  Description Units
a4 Deposition coefficient 1

Os Maximal rate for linear regression f& 1

Oy Maximal rate for linear regression for 1

At Model time step s

AX Horizontal model resolution m

n Dynamic viscosity més1
Tc Optical cloud thickness 1

Tdep Timescale for depositional growth S
Tireez Time of freezing event S

Pa Air density kgm—3
Pi Ice particle mass density kgm—3
\i Specific volume of a water molecule w.r.t. ice M
Vi Thermal speed cmst
XIN Scaling parameter for the amount of available ice nuclei 1
a Half-width of bell-shaped hills m
Ay Water activity of a solution 1

Ay Water activity in equilibrium with ice 1

Cp Specific heat capacity of air Jkg iK1
BC Inorganic black carbon cm=3
D¢ Average diameter of cloud droplets pm
D; Ice crystal diameter um

Di max Ice crystal maximum dimension pm
Dy Coefficient of water vapour diffusion in air a1
DM Dust/metallic aerosols cm—3
ey Vapour pressure over ice Pa

& Saturation vapour pressure Pa

€si Saturation vapour pressure over ice Pa
Esw Saturation vapour pressure over water Pa
g Acceleration of gravity ms?
H; Howell factor for diffusional growth 1
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hmax

hsurf
IWC

IWP

‘]Cf

Nio

N

N;
Nfrac, X
Ni het
Ni het
Ni,hom
niN

Ni nuc
NiN,PDAOS
NiN,X
Nsat

Nx,a
@]

Shuc
&.frz
S,au
S,dep
S,dep
SLmelt
Saud
Sagg
SLcri
Gi
Qv
Qv,s

Height of bell-shaped hills m
Artificial model orography height for idealised simulatson m

Ice water content gm3
Ice water path gm 2
Nucleation rate cm3st
Critical nucleation rate cm3st
Boltzmann constant JK1
Effective latent heat of melting calt
Latent heat of sublimation Jkg?
Average mass of cloud droplets kg
Mass of individual ice particle prior to freezing kg
Mass of individual ice particle kg
Molecular mass of air kgmol™!
Molecular mass of water kgmol™!
Mass of a water molecule kg
Number of bell-shaped hills 1
Aerosol number density prior to freezing ch
Number density of ice particles crh
Ice crystal number kgkg™t
Frozen ice nuclei fraction for aerosol species X <m
Heterogeneously nucleated number density of ice particles cm3
Heterogeneously nucleated number density of ice particles kgkg™t
Homogeneously nucleated number density of ice particles —3cm
Available ice nuclei per time step crh
Activated ice nuclei number density crh
Ice nuclei number density as defined by PDAQ8 ém
Number density for active IN for species ch
Number density at saturation cm—2
Number mixing ratio for activated IN per species Kg
Insoluble organic carbon cm3
Heterogenous nucleation of cloud ice ~1s
Nucleation of cloud ice due to homogeneous freezing of cloatr s
Autoconversion of cloud ice to form snow due to aggregation -1s
Deposition growth and sublimation of cloud ice —1s
Deposition rate for homogeneous and heterogeneous cleud ic st
Melting of cloud ice to form cloud water -3
Autoconversion of cloud ice to form snow due to deposition 1s
Collection of cloud ice by snow (aggregation) -1s
Collection of ice by rain to form snow -3
Cloud ice kgkgt
Water vapour mixing ratio kgkgt
Water vapour mixing ratio at saturation kgKg
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Qv,si
qV,SW
fio

ri

R
RHi
RHw
Ra
Rw

S
S1,sgs
Sx
Sy
Sl,cr
SN,CT
T

Tc

Uo

Vo

vi

w
Wcosmo
WTKE
Wsgs
Wy
Wy

Water vapour mixing ratio at ice saturation

Water vapour mixing ratio at water saturation

Aerosol particle radius prior to freezing

Ice crystal radius

Universal gas constant

Relative humidity with respect to ice

Relative humidity with respect to water

Gas constant for air

Gas constant for water

Ice saturation ratio

Sub-grid scals ice saturation ratio from linear regression
Coefficient for linear regression

Coefficient for linear regression

Critical ice saturation ratio for homogeneous freezing
Critical water saturation ratio heterogeneous freezing
Air temperature

Air temperature

Initial horizontal wind speed

Initial volume

Terminal velocity of ice particles

Vertical velocity

Vertical velocity from the COSMO model

Vertical velocity derived from the turbulent kinetic engrg
Sub-grid scale vertical velocity from linear regression
Coefficient for linear regression

Coefficient for linear regression

kgkg
kgkg

Jmol 1K1

Abbreviation = Description

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder SatelDbservations
CAM3 Community Atmosphere Model 3

CCN Cloud Condensation Nuclei

CNES Centre National d’Etudes Spatiales

CEPEX Central Equatorial Pacific Experiment

CFDC Continuous Flow Diffusion Chamber

COSMO Consortium for Small-Scale Modeling

COSMO-ART COSMO including Aerosol and Reactive Trace gases

COSMO-DE  COSMO local model over Germany
COSMO-EU  COSMO local model over Europe
Deutsches Zentrum fir Luft- und Raumfahrt (German Apaas Center)

DLR
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DWD
ECHAM5
ECMWEF
GCMs
GEOS
GMAO
GME
HIRS
IFS

IN

INCA
ISSRs
Lidar
MARL
MLS
MODIS
MOZAIC
MSG
NASA
NCAR
NWCSAF
NWP
OLR
PDFs
PSC
RMSE
SEVIRI
SSO
SVC
TKE
TTL
UTLS
WMO

Deutscher Wetterdienst (German Weather Service)
European Centre/ Hamburg 5 climate model
European Centre for Medium-Range Weather Forecast
Global Circulation Models

Goddard Earth Observing System

Global Modeling and Assimilation Office

Global Model

High Resolution Infrared Radiation Sounder
Integrated Forecast System

Ice Nuclei

Interhemispheric differences in cirrus propertiesnfranthropogenic emissions
Ice Supersaturated Regions

Light Detection and Ranging
Mobile Aerosol Raman Lidar

Microwave Limb Sounder

Moderate Resolution Imaging Spectroradiometer
Measurements of Ozone by Airbus in-service Aircraft
Meteosat Second Generation

National Aeronautics and Space Administration
National Center for Atmospheric Research
Nowcasting Satellite Application Facility
Numerical Weather Prediction

Outgoing Longwave Radiation

Probability Distribution Functions

Polar Stratospheric Clouds

Root Mean Square Error

Spinning Enhanced Visible and Infrared Imager
Sub-Scale Orography

Subvisible Cirrus

Turbulent Kinetic Energy
Tropical Tropopause Layer

Upper Troposphere/ Lower Stratosphere

World Meteorological Organization
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