


Chapter 1
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A short summary of the cloud physics is given for the non-hydrostaticdbiraf the ICON atmo-
sphere model ICONAM. This parameterization is taken from the COSMO moedetftire the reader
might also be refered to Doms and &dter (2004).

1. Grid-scaleclouds

ICONAM uses a two-category ice scheme which explicitly predicts the madsoina of cloud water
qc, rain waterg,, cloud iceq; and snowg; at every grid point and includes the advection of all
hydrometeors. For the non-precipitating categories we apply the bugigatien including turbulent
fluxesF!, but neglecting sedimentation:
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While for precipitation-sized particles only sedimentation is taken into accdaog fr larger par-
ticles the sedimentation fluxes are usually much larger than the turbulent fluxes:

precipitating categorie@ain, snow and graupel)
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Figure 1.1 gives an overview of the microphysical sources and sinket are considered in this
two-category ice scheme. The individual microphysical processes are

S, condensation and evaporation of cloud water
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SCLC

autoconversion of cloud water to form rain

accretion of cloud water by raindrops

evaporation of rain water

heterogeneous nucleation of cloud ice

nucleation of cloud ice due to homogeneous freezing of cloud water
deposition growth and sublimation of cloud ice

melting of cloud ice to form cloud water

autoconversion of cloud ice to form snow due to aggregation
autoconversion of cloud ice to form snow due to deposition
collection of cloud ice by snow (aggregation)

collection of cloud water by snow (riming)

collection of cloud water by wet snow to form rain (shedding)
collection of cloud ice by rain to form snow

freezing of rain due to collection of cloud ice to form snow
freezing of rain due heterogeneous nucleation to form snow
deposition growth and sublimation of snow

melting of snow to form rain water

The following main assumption are made in the parameterization:

e The raindrops are assumed to be exponentially distributed with respeciptaidmeterD:

fr(D) = Ny exp(—=A.D), (1.3)

where Nj = 8 x 10° m~* is an empirically determined distribution parameter (Marshall-
Palmer distribution). For the terminal fall velocities of raindrops as functairsze we use
the following empirical relation

viP(D) = vy DY? (1.4)

whereuvj = 130 m/2s71.

e The autoconversion scheme is parameterized using Seifert and B&®&ig which reads

OL.| ke (v+2)(v+4)
ot | 20x* (v+1)2
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with L., cloud/rain water contenty,. cloud droplet number concentrationshape parameter,
kee = 9.44 x 107 s71 kg=2 m3, 2* = 2.6 x 10719 kg m—3. The function®,, () describes the
aging (broadening) of the cloud droplet distribution as a function of themkinaless internal
time scale

Lc

:1—
T L.+ L,

(for details see Seifert and Beheng 2001). In the one-moment schdirties ICON model
we simplify the scheme by assuming a constant cloud droplet number cataamtf N, =
5 x 108 m—3 and a constant shape parametet 2.

e Snow particles are interpreted as unrimed or partly rimed aggregatesquiagos

m = aD? (1.6)
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Figure 1.1:Cloud microphysical processes considered in the two-category ice scheme

with o = 0.069 is used to specify their mass-size relation and the terminal fall velocity is
parameterized as = 15 D'/2 (hereD in m, m in kg andv in m/s). The size distribution of
snow is an inverse exponential

F(D) = Nos exp(~AD).

The intercept parameter is parameterized as a function of tempefasume snow mixing ratio
qs by:

27 473b(3,T)
Nos = S-a(3,7) (qa)

The functions:(3,7") andb(3,T") are given by Table 2 of Field et al. (2005). This parameteri-
zation is used instead of the constaft, = 8 x 10° m~* which was used in the old version
of the scheme. Especially at cold temperatures the new formulation leads tohahigher
intercept parameter, this corresponds to smaller snowflakes at highwdvietsfall out much
slower. The choices about the size distribution and fall speeds of sreovwesy important for
wintertime orographic precipitation.

e The rate of autoconversion from cloud ice to snow due to cloud ice crggtakgation§:,)



is parameterized by the simple relations
Sew = max{cy, (¢" —q5), 0} (1.7)

Currently we do not use an autoconversion threshold value for cloytiéceeg) = 0). The
rate coefficient is set td,, = 1073 s~1. We assume a monodispers size distribution for cloud
ice with a mean crystal mass given by

m; = pg'N; ", (1.8)

where N; is the number of cloud ice particles per unit volume of air. The number deNsity
is parameterized as a function of temperature by

N;y(T) = Njexp{0.2(T) —T)},  Ni = 1.0-10*m>. (1.9)

This simple approximation is based on aircraft measurements of the conioentifapristine

crystals in stratiform clouds using data of Hobbs and Rangno (1983Ylagdrs et al. (1992).
A more physically based approach must involve a double-moment repaiisarof cloud ice
including a budget equation for the concentration of ice particles and megmeiclei. Such
schemes are not yet available for the ICON model.

For the autoconversion of cloud ice and the aggregation of cloud icedwy artemperature
dependent sticking efficiency has been introduced similar to Lin et al3j198
ei(T) = max(0.2, min(exp(0.09(7" — Tp)), 1.0))

with Ty = 273.15 K.

Note that depositional growth is explicitly parameterized, thus the model prézbtspersat-
uration. The change of the cloud ice mixing ratio by depostion is given by
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whereH is the so-called Howell factor (see Doms et al. 2004 for details).



Chapter 2

Convection

1. Introduct

ion

Cumulus convection is parametrized by a bulk mass flux scheme which wasatlyigiescribed

in ?. The scheme considers deep, shallow and mid-level convection. Cloaidspesented by a
single pair of entraining/detraining plumes which describes updraughi@mnddraught processes.
Momentum and tracer transport is also included.

2. Large-scale budget equations

The contributions from cumulus convection to the large-scale budgetiensiaf heat moisture,
momentum, and chemical tracers are
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whereM,,,, Maown are the net contributions from all clouds to the updraught and dowghtawass

fluxes,cy, andeqqown are the condensation/sublimation in the updraughts, and the evaporation in the

downdraughtss.p, Sdown, qups ddown: tup: Udown: Vups Vdown, Crp @NACY, . are the weighted aver-
ages of the dry static energythe specific humidity, the horizontal wind componentsandz and

the passive chemical tracé¥ from all updraughts and downdraughts within a grid box (although
individual convective elements are not considered) obtained fromultkeloud model described be-
low. Lg,1,1 andLy,, are latent heats of sublimation and vaporization, Amglthe effective latent heat



for an ice—water mix (an empirical function of temperaturg)s,.1q is the evaporation of precipita-
tion in the unsaturated sub-cloud lay#f,); is the melting rate of snow ankl.., is the freezing rate
of condensate in the convective updraught. In addition to (2.1) the jta@p fluxes are defined as

; P d P d
Prnp) = [ (Gr et et Ma s P ) = [ (G-t - M)
Ptop g Ptop g

2.2)

where P*#® and P$"°% are the fluxes of precipitation in the forms of rain and snow at level

G*™™ and GS"°% are the conversion rates from cloud water into rain and cloud ice into saruv,
M), denotes melted precipitation. The evaporation of precipitation in the dowgithstd o, and

below cloud bases,nqq, have been split into water and ice componeefidl , eSiov  erain  and

enow 4~ The microphysical terms in (2.1) and (2.2) referring to the updraughtsgplained in detail
in/Sectioné., those referring to the downdraught are defined in (2.17).

3. Cloud model equations

a. Updraughts

The updraught of the cloud ensemble is assumed to be in a steady stateh& beik equations for
mass, heat, moisture, cloud water content, momentum and tracers are

aM, ‘
_ apup = Eup — Dup
a M. s B 8 M, _
_gw = Eup8 — Dupsup + Leup, _g(g;;%p) = Eupq — DupGup — Cup
O( Myl O(Mupr
_g(ggup) = —Duplup + cup — G, —g((;;up) = —Duprup + G = Stalious
A(M, O(M,
_g(ggtup) = Eupt — DypUyp, _g(gg}up) = Eupl = Duptup
O(MypCii. ) :
g = BuC' = DuCiy J
(2.3)

whereE,, and D, are the rates of mass entrainment and detrainnignts the updraught cloud
water/ice content, angl,;, is precipitating rain and snow. The vertical integration of (2.3) requires
knowledge of the cloud-base mass flux and of the mass entrainment aadthchetnt rates. the

cloud-base mass flux is determined for the various types of convectiontfi®closure assumptions
discussed in Sectioh.

Entrainment of mass into convective plumes is assumed to occur (1) thratngihetit exchange or
inflow of mass through the cloud edges; and detrainment is assumed to(brthumough turbulent

exchange and (2) through organized outflow at cloud top. The strpss(1) and (2) are used to
denote the different components of the entrainment and detrainmenspesce

Ew=EY, Dy, =D +D¥ (2.4)

Entrainment rates Entrainment rate—!) are parametrized as

EI(J;) (1) up fscale (2 . 5)



where the fractional entrainmeqt—!) traditionally inversely depends on cloud radiu,,) fol-
lowing (Simpson and Wiggert 1969; Simpson 1971), i.e.

0.2
1

With Cy36r4 the updraught entrainment formulation has been simplified to @&irone entrain-
ment process/formulation englobing both "turbulent” and "organized” regsBanges. Entrainment
above cloud base is applied to positively buoyant convection only. @dsems show that mid-
tropospheric relative humidity strongly controls the cloud top heights, anuitidbe even shown
through cloud resolving simulations (Stirling and Derbyshire, private concaton)that dry envi-
ronments lead to larger entrainment, probably through evaporative casiminflow effects. The
simplest way to represent this sensitivity and to increase the mass fluxestablenbuoyant situa-
tions, is a formulation depending on the environmental relative humirtity

= 3
EL — E(1)% <1.3 — RH) f(l)1 , e —1.8x 10_3m_1, f(l)l = <qsat£T)> (2.7)
up ws scale up seale Gsat (Thase)

This entrainment formulation is able to reasonably represent the tropicabWiy of convection (Bechtold et al.
2008). It is applied to all types of convection, i.e. deep, shallow and ml;lexth the sole differ-
ence that for shallow and mid-level convection the entrainment rates aeaged by a factor of two
as compared to the deep values given by 2.7. The vertical scaling furféﬁgrin (2.7) is supposed
to mimick the effects of a cloud ensemble and/or the effect of incredsing) with height. As the
scaling function strongly decreases with height the detrainment rate widhibreeventually larger
than the entrainment rate, and the mass flux starts to decrease with heigithefagith the detrain-
ment (see below) the formulation produces on average a vertical distriafttbhe convective mass
flux that broadly follows that of the large-scale ascent which is partlpetpd by diagnostic studies
for tropical convection (e.g. Cheng etlal. 1980; Johnson 1980).I§simate that in cycles prior to
32r3 the "organized” entrainment has been linked to the the large-scaltureaisnvergence as first
advocated by Lindzen (1981). However, the imposed strong couplitvgeba the large-scale and
the convection had a detrimental effect on the forecasts ability to represpital variability. Only
since Cy32r3, using entrainment rates scaled by a vertical function trgeith a relative humidity
based organized entrainment, and a varibale convective adjustment tiadsa= below), the model
is able to maintain a realistic level of tropical variability.

Detrainment rates Turbulent detrainment ratés—!) are parametrized as

DY = 5y M;p (2.8)
with
0 =0.75x 10~  m™* (2.9)

Organized detrainment is estimated from the vertical variation of the upllrasegtical velocity
wyp, Which is estimated from the budget equation for the updraught kinetigemeitten in height
coordinates

8-[(up _ Hup 1 Tv,up =T

R T A [ K &

(2.10)



with

Kyp = —2 (2.11)

where K,,;, is the updraught kinetic energyy, ., is the virtual temperature of the updraught and
T, the virtual temperature of the environment,, is a mixing coefficient which is equal to the
entrainment rat¢£,,, ), or the detrainment rateD,,,,) if this is larger. As entrainment is set to zero
in the upper part of the cloud layer, use of detrainment in this region betieesents the effect of
mixing and vertical pressure gradients in the upper part of deep diveretouds, reducing vertical
velocity and reducing overshoot of convective towers into the lowetosiphere.

~ = 0.5 is the virtual mass coefficient (Simpson and Wiggert 1969), the fgtcter2 is introduced
because the flow is highly turbulent (Cheng et al. 1980) and for theatrafficient a value o’y =
0.506 is used|(Simpson and Wiggert 1969). The valuedds 1.875. The cloud base value of the
updraught velocity is chosen asn s

wyp, enters the scheme in several ways: (i) for the generation and falloatrofSectior6.), (ii) to
determine the penetration above the zero-buoyancy level and the tomafusiupdraughts (where
wyp reduces to zero), and (iii) to specify detrainment below the top of the ugtita

Organized detrainment is estimated by equating the decrease in updratigalwelocity due to
negative buoyancy at the top of the cloud to the decrease in mass flux vgtti:he

Kup(z

) )
Myp(z + Az) Kup(z 4+ Az) (2.12)

This assumes that the cloud area remains constant in the detraining laj2).dgines the reduction
of mass flux with height, which combined with the updraught continuity equasiea/(2.3)) gives
the organised detrainment rate.

b. Downdraughts

Downdraughts are considered to be associated with convective pracipftam the updraughts and
originate from cloud air influenced by the injection of environmental air. Fofig Fritsch and Chappell
(1980) and Foster (1958), the Level of Free Sinking (LFS) is assumbe the highest model level
(below the level of minimum moist static energy) where a mixture of equal pad®oed and sat-
urated environmental air at the wet-bulb temperature becomes negatiy@nibudgth respect to the
environmental air. The downdraught mass flux is assumed to be direcfignicnal to the upward
mass flux. Following Johnson (1976, 1980) the mass flux at the LFS idiegdoom the updraught
mass flux at cloud base as

(Mdown)LFS = _U(Mup)base with n= 0.35 (213)

The vertical distribution of the downdraught mass flux, dry static enengysture, horizontal mo-
mentum and passive tracers below the LFS are determined by entrainiagpigketiplume equations



similar to those for the updraught:

aAfdown

g - Edown — Ddown
QW = Fdown8 — DdownSdown + Ledown
géw(bgj%m) = Faownq — Ddown9down — €down
2.14
P itins) _ gy Dt o
g W = Edown? — DdownVdown
ga(Mdovg]l)Céown) — FaomnC' — DaownClo

edown 1S the evaporation of convective rain to maintain a saturated descent; themimgjsted cool-
ing of the environmental air injected at the LFS is also due to evaporating rain.

Entrainment and detrainment in downdraughts are highly uncertain aameliata are not available.
As for the updraught, both turbulent and organized entrainment/detraimmeeconsidered.

Turbulent entrainment and detrainment For turbulent mixing

W _ 5

€down down

=2x1074m™! (2.15)

Organized entrainment and detrainment Organized entrainment for the downdraught is based upon
a formulation suggested by Nordeng (1994) so that

Tv,down _Tdown"‘down _TV
g T,
2 _ v

down T _T _T
LFS \2 _ [*? v,down down”down v
(wies) szFS {g 7, }dz

(2.16)

wherew S 'is the vertical velocity in the downdraught at the LFS (settbms~!). The total
evaporation rate in the downdraft corresponds to the total downdedigitation rate that is simply
given as

nlev nlev

Z €down = Z Ai(Qdown,k _ddown,k)Mdown,k (217)
p
k=LFS k=LFS
wheregqgown k is the value of the downdraft humidity computed from (2.14) without saturatibn
justment, andjgown k is the humidity after the saturation adjustment. The value of the rain water
content in the downdraft used in (2.16) is estimatedgs, = €downg/(ApM,p), for the definition
of the pressure thicknegsp of layerk see 7?).

Organized detrainment from the downdraught occurs when either thiediaught becomes posi-
tively buoyant or approaches the surface. If the downdraughtinsnmegatively buoyant until it

reaches the surface then the mass flux is decreased linearly over tise6wWd a of the atmosphere.
However, if a downdraught becomes positively buoyant during itsesfiésd is detrained over one
level, except where this occurs at cloud base. In this case the dawgidriuxes are decreased
linearly (deep convection) or quadratically (mid-level convection) to aétbe surface.



4. Convection initiation and convective types

The first important task of a convection parameterization is to decide if ctiowels active or not
in a model grid column. This is done in a very simplified “first-guess” updnaegmputation that
implies the determination of the cloud base level, i.e. the Lifting Condensatior (l&9k), and
of the properties of the cloud (updraught) at cloud base. Furtherriroresing a bulk mass flux
scheme, as opposed to a scheme which considers an ensemble of gerslectils (such as that
of Arakawa and Schubert 1974), some determination of convective tjme must be made so that
appropriate choices can be made for the cloud properties.

The scheme first tests for the occurrence of shallow convection by dorgplbe ascent of a surface
parcel. The following simplified updraught equation is applied

P _ k(5 oup) (2.18)
whereg stands either for the dry static energy or the total water specific humidityrdmped by
Jakob and Siebesma (2003) the entrainment rate for the test parcbhflmmsconvection is set to
el = 0.5(%2% 4+ 1 x 10*). Additionally, a temperaturé\T},, and moisture exces&qy, with
respect to the environment is given to the test parcel at the lowest maedéldepending on the
surface sensible and latent turbulent heat fluxes

J, J
shal S sha
AT = —1.5— and Agy" = —15——1- (2.19)
PCpWi PLW
where the convective-scale velocity, is given as
J J\¢
wy = 1.2 (ui 158 [ + 0.61TVD (2.20)
T ey L

with x = 0.4 the von Karman constant; the friction velocity, is set to a constant value of Quis—!.
The convective-scale velocity. is also used to initialise the updraft vertical velocity at the first
model level. A grid column is then identified as shallow convective if a LCL isiéblor the surface
parcel, if the updraft vertical velocity at the LCL (obtained by solving theetic energy equation
(2.10)) is positive, and if the cloud thickness is smaller than 200 hPa.

Next, the occurrence of deep convection is tested for by repeating thraught computations but
starting at the next higher model level. However, the entrainment rate issabas for the first
full updraught computation?@?), i.e. siu‘g = efﬁg, simplified microphysics is taken into account by
removing at each level 50% of the condensed water; the initial pardeirpations are specified as

ATEP = 02K and A¢e® =1x10"*kgkg ' (2.21)

and the updraught vertical velocity at the departure level is initialisedits 1. Furthermore, in

the lowest 60 hPa of the atmosphere that typically correspond to the mixeiddegth over oceanic
regions, the updraught values of the dry static energy (or humidity) atiéparture levek are
initialised assy, ;, = 5, + cpATffSep, where the tilde symbol represents a 50 hPa layer average,
instead ofsyp i = 55 + cpATﬁlSep as for departure levels above the assumed 60 hPa mixed-layer.
The idea behind is that deep convection requires a sufficiently deepestayer, this procedure
also avoids spurious convection in the early morning hours when thestdger undergoes strong
heating. A grid-column is then identified as deep-convective, if a LCL isdoand the resulting
cloud (the top being defined as the level where the updraught vertiladityevanishes) is thicker



than 200 hPa. If this criterion is verified the cloud is identified as deep anc¢éts obtained for
the shallow convective test parcel are ignored (only one cloud typexiat). If no deep convective
cloud is found for the given departure level, the procedure is repstaeiihg from the next higher
model level and so on until the departure level of the test parcel is mare8tahPa above ground.
A summary of this procedure, and a discussion of the consequendbg &imulation of the diurnal
cycle of convection over land is given in Bechtold et al. (2004).

Finally, if neither deep nor shallow convection has been found, elevatedid-level) convection is

tested for (sele Subsection c.). Also, at the end of this procedure ardliimn has been identified
as convective, the computed values of the updraught vertical velogjtgtatic energy, liquid water

and specific humidity at cloud base are used to initialise the following full wgghtacomputation at

cloud base. The updraught values of the horizontal wind componecitsuat base are simply set to
the environmental values at the level just below (see Seétjon

In the following, the determination of the convective activity (as controlledhigycloud-base mass
flux) is discussed separately for each type of convection.

a. Deep convection

Following Fritsch and Chappell (1980) and Nordeng (1994), the clase Inass flux for deep con-
vection is estimated from assuming that convection acts to reduce the ceevadilable potential
energy (CAPE) towards zero over a specified time scalEherefore

OCAPE CAPE Ftop oT,\ "™ Ztor: M, oT,
= — = / N aay dz ~ / fldi dz (2.22)
ot T o Ty \ Ot e P Ty \ Oz

base
where
Mag = Mup + Maown = a[Mup]base + 6[Mdown]LFS (223)
wherea and 8 describe the vertical variation of the updraught and downdraught fhxsdue to
entrainment and detrainment and the subscript ‘base’ refers to csmlduantities. As the down-
draught mass flux at the LFS is linked to the updraught mass flux at cl@ed(bee (2.13)) then

Mcld - [Mup]base(a - /877) (224)
Using (2.24) in|[(2.22) results in an expression for the “final” cloud basssrfiax given by
CAPE CAPE
[Mup]base = = = = (225)

op (o — Bp) L 9Le gy oo Mig' 1 o
9 fzbase (a 677) pTy 0z dz g f,:bta:e @ﬁ%% dz

whereM; " is the cloud mass flux from the first full updraught— 1 = 1) computation that has

been initialised with a unit cloud base mass Ml = 0.1App,se/(gAt), with At the model time

step, and where CAPE is estimated from the parcel ascent incorporatiaffebts of water loading,

o Tv up TV
CAPE — / ’ g<’pT — zup> dz (2.26)
Zbase v

Using these estimates the updraught mass flux at cloud base is recompli@sntraught mass
fluxes are rescaled. A second updraught ascent is then computetistotiee updraught properties.

The closure is complete with the specification of the adjustment time scéiecycles prior to 32r3
it was set close to or larger than the model time stef8600 s at T159, 1200 s at T511 and 720 s at
T799). In cylce 32r3 it is set proportional to a convective turnover tiosdes

r=o an,, o, =(14264/n7),  max(720,At) <=7 <=10800s  (2.27)



whereH is the cloud depthwf’p is the cloud average updraught velocity, ang. is a proportion-
ality factor depending on horizontal resolution (model truncatigf so that the adjustment time
scale varies by roughly a factor of two between model truncations T789T469. An absolute
lower bound of 720 s for also helps to facilitate the transition to more resolved convection at high
horizontal resolutions* T1279) when the model time step becomes smaller than 720 s.

b. Shallow convection

Here we consider cumulus convection, which predominantly occurs inturioks! flow, that is in
the absence of large-scale convergent flow. Typical examples aewiad cumuli under a sub-
sidence inversion, convection occurring in the ridge region of tropiasiegly waves and daytime
convection over land. This type of convection seems to be effectivelyaltsud by sub-cloud layer
turbulence. In fact, most of the diagnostic studies carried out for tnadeé-cumuli show that the
net upward moisture flux at cloud-base level is nearly equal to the tuntbmieisture flux at the
surface (Le Mone and Pennell 1976). In regions of cold air flowingr oelatively warm oceans the
strong sensible heat flux has been found to be of significant import#fetherefore derive the mass
flux at cloud base on a balance assumption for the sub-cloud layer bagkd moist static energy
budget given by

base

dp

; _ S 90— dp
(Mo (g — ) base = / <V Vh+agh cp< C‘%T>md+ 8p(wh)turb> 2 (229

surf
with
h=c, T+ L3+ gz (2.29)

The moisture supply to the shallow cumulus is largely through surface eatamogas the contribu-
tions from large-scale convergence are either small or even negataleas in the undisturbed trades
where dry air is transported downward to lower levels.

An initial estimate for the updraught base mass flux is obtained using (2f2Bwhdraughts occur
(relatively rare for shallow convection due to the low precipitation rateg)) threvised estimate is
made accounting for the impact of downdraughts upon the sub-cloud thgdrh.s. of((2.28) being
replaced by

[Mup(hup - h)]base + [Mdown(hdown - h)}base = [Mup(hup - h)]base - [ﬁnMup(hdown - h)]base

(2.30)
Again downdraught properties are obtained using the original estimate afpiiraught base mass
flux and then rescaled by the revised value. For the updraught acsasoant is calculated using the
revised value of the base mass flux.

No organized entrainment is applied to shallow convection. As turbulerdiemtent and detrain-
ment rates are equal, the mass flux remains constant with height until rgdatcgioud top by
organized detrainment.

c. Mid-level convection

Mid-level convection, that is, convective cells which have their rootsmttie boundary layer but
originate at levels above the boundary layer, often occur at rain lznesm fronts and in the warm
sector of extratropical cyclones (Browning et al. 1973; Houze e®dl6;1Herzegh and Hobbs 1980).
These cells are probably formed by the lifting of low level air until it beconagsrated (Wexler and Atlas



1959) and the primary moisture source for the clouds is from low-levedlaogle convergence (Houze et al.
1976). Often a low-level temperature inversion exists that inhibits convefrioon starting freely

from the surface; therefore convection seems to be initiated by lifting loal-&vdynamically to the

level of free convection. This occurs often in connection with mesosaalgations which might be

related to conditionally symmetric instability (Bennets and Hoskins 1979; BeandtSharp 1982)

or a wave-CISK mechanism (Emanuel 1982).

Although it is not clear how significant the organization of convection in r®esle rain bands is
for the large- scale flow, a parametrization should ideally account fordmihective and mesoscale
circulations. Such a parametrization, however, is presently not availabler@a must therefore rely
on simplified schemes. Here we use a parametrization which in a simple way exsntid finding

of the diagnostic studies mentioned above. We assume that mid-level conveatite activated in

a height range betweehx 10> m < z < 1 x 10* m when there is a large-scale ascent, and the
environmental air is sufficiently moist, i.e. of relative humidity in excess of 80%.

The convective mass flux at cloud base is set equal to the vertical maspdraby the large-scale
flow at that level:

ﬁbaseu_)base = (Mup)base + (Mdown)base = (Mup)base(l - ﬂn) (231)

following the notation of Subsection a. above. Again two estimates of the ugldrbase mass flux
are made; first neglecting downdraughts, followed by a revised estimate/ifdfaughts occur. The
closure ensures that the amount of moisture which is vertically advectashthdoud base by the
large-scale ascent is fully available for generation of convective cells.

5. Sub-cloud layer

The first level at which convective mass, momentum and thermodynamics faneeestimated is
cloud base. To represent the effects of convective updraughte auliacloud layer a simple scaling
of cloud base fluxes is applied in which they decrease to zero at thesuhiaugh the sub-cloud
layer.

Care must be taken to ensure that fluxes of liquid water are zero belod/loése. Through the cloud
base level an interpolation of the fluxes of liquid water static energy andwatak content is used
to estimate fluxes of dry static energy and water vapour mixing ratio in the leveldiatety below
cloud base;

(M) = (27) (Ms)ii® — L(MU)Le

(M) ™ = (Z")(Ma)gy™ + (MU (2.32)

(MUt =0
wheregPaset1 refers to the value o at the level immediately below cloud basgis given by
Psurf — P "
7 — < surf base+1> (233)
Psurf — Pbase

andps,.f IS the surface pressure.
For deep and shallow convectiomis set to 1 (implying a linear decrease in the flux with pressure

below cloud base) while for mid-level convectioenis equal to 2 (implying a quadratic reduction in
flux below cloud base).



For the remainder of the sub-cloud layer, fluxes at leleel- 1’ are reduced to zero at the surface
usingZ recomputed as

Psurf — Pbase+1

wherepy. is the pressure at level model

The cloud-mass and momentum fluxes in the sub-cloud layer are treated in & siarilaer.

6. Cloud microphysics

a. Condensation rate in updraughts

The updraught condensation ratg is computed through a saturation adjustment
=7 ; 2.35
Cup = Ip(‘hp - Qup)Mup (2.35)

whereg,;, is the value of the specific humidity before the saturation adjustment, grisithe specific
humidity at saturation after the adjustment.

b. Freezing in convective updraughts

We assume that condensate in the convective updraughts freezes mpleeatire rang250.16 K <
T < 273.16 K maintaining a mixed phase within that range accordin@® (see IFS model docu
‘Clouds and large-scale precipitation’).

c. Generation of precipitation

The conversion from cloud water/ice to rain/snow is treated in a consisintwith that in the
large-scale precipitation scheme by using a formulation following Sunddq438)

reci M, ¢
GP P = %ﬁlup[l - eXp{—(lup/lcr1t>2}] (236)
. up

wherecy = 1.4 x 1073 s7' andlyi = 0.5 gkg !, wyp IS the updraught vertical velocity and
is limited to a maximum value of0 ms™! in (2.36). Conversion only proceedsli, is greater
than a threshold liquid water content@B g kg~! over water and).5 g kg~! over land to prevent
precipitation generation from small water contents. With this value the uptvattensate content
is probably still overestimated. However, with even larger values of theetsion coefficient the
precipitation efficiency of the convection scheme would be too high, andetreidment of cloud
condensate too low.

Sundqvist|(1978) takes into account the Bergeron—Findeisen grémeemperatures below5°C
through a temperature dependent modificationyatndi.,;; given by

€0 = CocPF (2.37)

!
exit = lerit/CBF



where

cgr =1+ 0.5\/min(TBF — Tup, Ter — Tice forT < Tgy
cpr = 1 forT > Tpr

with Tgr = 268.16 K andTi.. = 250.16 K.

(2.38)

Equation|(2.36) is integrated analytically in the vertical using the genericeliffial equationll /dz =
—al + b, wherel is the cloud waterg = GPYeCipﬁ/(lupMup), andb = c,,At. The analytical solution
is then given by = lpexp™** + b/a(1l — exp~*%).

d. Fallout of precipitation

The fallout of rain water/snow is parametrized as (e.g. Kuo and Raymadsi@) 19

|4
Stallout = AipMupwiTup (239)

up
where Ap is the model layer depth. The terminal velocltyis parametrized as (Liu and Orville
1969)

V =21.18r);7 (2.40)

Since the fall speed of ice particles is smaller than that of water dropletshatflyhe value of’
calculated with[(2.40) is used for ice. In estimating the fallout of precipitationemtixed phase
region of the cloud a weighted mean of the fall speed for ice and watepjiedion is used. Equation
(2.39) is integrated in the vertical with the same analytical framework as(2.36)

e. Evaporation of rain

The evaporation rate of convective rain below cloud base is activaten Wie relative humidity
RH in the environment drops below 90% over water and 70% over land. ltresvperized fol-

lowing Kessler (1969), where the evaporation is assumed to be pro@riothe saturation deficit
(Gsat — ) and to be dependent on the density of raig, (gm3)

€subcld = Q1 (RHQSat - g)piji/fo (241)

whereq; is a constant being zero fgr> RH Gsat.

As the density of raim,.i, IS not given by the model it is convenient to express it in terms of the
precipitation fluxP (kg m—2 s~1) as
P = prainVrain (242)

whereV..i, is the mean fall speed of rain drops which again is parametrized following)é&t€4 969).
Viain = Q200 / /D Dot (2.43)

(Note that this is different from the formulation used in the estimation of the fadibprecipitation.)

Considering that the convective rain takes place only over a fractigp, of the grid area, the
evaporation rate at levélbecomes

|V p/psurf P :| as (2.44)

esubcld = Ceonv1 (RHQSat - Q) |: o C
conv



where the constants have the following values (Kessler 1969)
a1 =544 x 107571 ay =5.09 x 1073 a3 = 0.5777

and where for the fractional area of precipitating clouds a constarg @f(tl..,,, = 0.05 is assumed.

f. Mélting and freezing of precipitation

Melting of snow falling across the freezing levgJ is parameterized by a simple relaxation towards
Ty so that _

o (I'=To) |
L T
whereM,; is the rate of melting and,..;; is a relaxation time scale which decreases with increasing
temperature

Meyy = (245)

Tm
{1+0.5(T —Tp)}
wherer,, = 11800 s. The parametrization may produce melting over a deeper layer than ob-
served (Mason 1971) but this has been intentionally introduced to acicoplicitly for the effects
of vertical mixing which may develop in response to the production of neghtioyancy.

(2.46)

Tmelt =

7. Link to cloud scheme

Before the introduction of the prognostic cloud scheme (see IFS modeiCoads and large-scale
precipitation’) water detrained from convectiob,,;,/,) was evaporated instantaneously. However
with the prognostic cloud scheme water detrained from convection is assolictoud mass increas-
ing the cloud fraction and water content of clouds. Therefore

da
ot Duplup
_ (2.47)
ol
ot = Duplup

wherea is the cloud fraction anéithe grid-box mean cloud water.

8. Momentum transport and kinetic energy dissipation

Equation set (2.3) includes a treatment of the vertical transport of hdakzmomentum by convec-
tion. Studies have shown that for deep convection momentum transporseasstimated by the
plume models unless the effects of cloud scale horizontal pressurergesaalie included (Gregory et al.
1997). For unorganised convection the effects of the pressuréegtadire to adjust the in-cloud
winds towards those of the large-scale flow. This can be representad &yhanced turbulent en-
trainment rate in the cloud momentum equations. To ensure mass continuity thientidetrain-
ment rate is also increased by an equivalent amount.

Hence for deep and mid-level convection the turbulent entrainment angirdeent used in the
updraught momentum equation are
e = () 4 As{Y



Where&%) is given by @7?).

For deep and mid-level conevction= 2, while for shallow convectiorh\ = 0. Gregory (1997)
suggests that the above formulation provides an adequate descriptiom efféhts of cloud scale
pressure gradients in cases of deep convection. For shallow comvaatiodowndraughts it is as-
sumed that the effects of the pressure gradient term can be neglected amhancement of the
entrainment rates in the momentum equations is applied. This formulation limits the momentu
transports to be downgradient. Upgradient transports by highly omghimianvective systems (e.g.
African squall lines) are not captured by this method.

The definition of the horizontal wind in the updraught and downdrautggmé below cloud base and
LFS is not well known. For the updraught, the value at cloud base is $e¢ tenvironmental value
at the departure level. For the downdraught, the initial values at the ld&=§&eaequal to the average
values of the winds in the updraught and those of the large-scale flosvupdiraught values below
cloud base are derived asuming a linear decrease of the fluxes froroltlugl base value to zero at
the surface. Finally, in order to correct for an apparent low-bias iméfae surface wind speeds with
the present linear flux relation (quasi-linear in case of an implicit time disctietissee Sectiod0.),
the updraught velocities are decreased by a constant perturbgtigr0.3 m st

Uyp = Uup — Upert SigN(T)

o (2.49)
Vup = Vup — Upert s1gn(v).

Finally, with the introduction of Cy36r4 we have included the dissipation of thtekc energy as
a consequence of the convective momentum transport as an additiayeaktale heat source as
the convective moemntum transport conserves momentum but not eférgyotal kinetic energy
dissipationD,; (W m~2) in a model column can be estimated as

0K 0 [ Ou [ Ov dp
Dst~‘<at>w~/famf (“ (atlu*“(at)w)g (2.50)

A more precise formulation of the dissipation and discussion is provided inieier et al. (2007).
Unfortunately one does not really know where the dissipation actuallyec@ut one can reason-
ably distribute the dissipation over the model column using the module of the wadda obtain
an additional convective heating due to kinetic energy dissipation as

V@2 + ()2

_ (2.51)
w2 )2
o f[gsurf \/(?Tt)cu + (%)cudp

<%€> = C;letgf(p); f(p)

9. Vertical discretization of the model equations

The flux divergence in the large-scale budget equations (2.1) and itidhé equations (2/3) and
(2.14) are approximated by centred finite differences as

o(M
(apé) = Aip(Mk+1/2¢k:+l/2 — My_1/201-1/2), AP = Pry1/2 — Pr—1/2 (2.52)




Furthermore, the updraught/downdraught equations (2.3) land (2.t¢4iding the entrainment/
detrainment terms are discretized as

g —
Ip(Mup,k—l/2¢up,k—1/2 — Myp jt1/2Pup it1/2) = EupPryi/2 — DupPup k172

g -
Ip(Mdown,k+1/2¢down,k+l/2 - Mdown,k—1/2¢down,k—1/2) = Edown¢k—1/2 - Ddown¢down,k—1/2

(2.53)

The updraught equation is solved fy, .1 /2 and the downdraught equation 0f,y, x+1/2- Note
that with the definition (2.5) the ternis,,w, and Dyown are negative. For the horizontal wind com-
ponents and for tracers, the half-level environmental values aresdedis shifted full-level values,
i.e. ¢pi1/2 = or andgy_1 /2 = ¢_1. For temperature (dry static energy) and humidity, the half-
level environmental values are determined by downward extrapolationtfre next full level above
along a cloud-ascent through that level giving

Thgry2 =Tk + <(ZT> (Pks1/2 — Pr)

P/ hat
(2.54)

q =qr+ <8q> (p — k)
k+1/2 = Gk ). k+1/2 — Pk

wherehg,, = ¢,T + gz + Lqg,, is the saturation moist static energy. Using an extrapolation like
(2.54) for calculating the subsidence of environmental air assures sipadiles, and is also more
consistent with the calculation of the updraughts where cloud air is traesigowards through level
k+1/2 with the thermal state below that level and equally with the downdraughts wajsndl only

on values ofs andq above that level. Similarly, because of (2.54) the subsidence of envirdame
air through the same level accounts now only for thermal properties dbattevel. The choice of

a moist adiabat for extrapolation is dictated by the property of the moist staigyewhich is, by
convection in the absence of downdraughts, only changed throughuxies fbif moist static energy

oh 0 -
<8t> = ga—p[Mup(hup — h)] (2.55)

As the lines of the saturation moist static enefgy; through point(pkH/Q,Tk_l/z) and the up-
draught moist static energy are almost parallel, apart from entrainnfeatsstthe differencé,,, — h
is little affected by the vertical discretization.

The ascent in the updraughts is obtained by vertical integration of (2t8itir§) at the surface the
condensation level (equal to the lowest half-level which is saturatedpmersaturated and where
updraught velocity is positive) is determined from an adiabatic ascent. clbluel profile above
cloud base is determined layer by layer by first doing a dry adiabatic asithnentrainment and
detrainment included and then adjusting temperature and moisture towardsadeshstate, taking
into account condensation and freezing processes. The buoyhtiey parcel is calculated taking
into account the effects of cloud and precipitation water loading so that

B = Tup(1 + 0.608Gup — lup — 7up) — T(1 4 0.608¢c) (2.56)

Special care has to be taken in the discretization of (2.10) becausershowéing effects. A centred
differencing scheme is used so that
Kup k—1/2 — Kup k+1/2 Eupk:
’ ’ = ’ 14+ BCOH{K wpi—1/2 + Kup i
Zk_1/2 — Zky1/2 Mup,k+1/2( ){ up,k—1/2 up,k+1/2}
n 1 lg Toup = Totr—12 ATvup — Ty }ry1)2
f(l+79)2 Ty} e—1y2 T} g12

(2.57)



Finally, we mention that for numerical reasons the environmental air mubenminvectively unsta-
bly stratified so

Sk—1/2 = Sk+1/2 (2.58)
In fact, one of the forecasts with the ECMWF global model became numerigastable when (2.56)
was not imposed.

10. Temporal discretization

The convective tendencies for the environmental values are obtainad byplicit solution of the
advection equation (2.1) written in flux form

00 _ T =0k 9 0yt Magwaaonn — (Vup + Moo @12 (259)
ot At Ap up Pup down¥Pdown up down k—1/2 .
as the tendency (or the new environmental vala timen + 1) only depends on quantities known
at time stepr. However, in order for the explicit solution to be stable it must satisfy ther&uu
Friedrich—Levy (CFL) criterion, and therefore the mass flux valueslshue limited to

Ap
gAt

It turned out that this mass flux limit is frequently reached in the case of shatlovection and long
model time steps of ordekt > 1800 s, and that the application of this mass flux limiter contributed
to a sensitivity of model results to the model time step. Therefore, from mgdel €Cy26r3 onwards

it was decided to relax this mass flux limiter to three times the value given by the @ELian in
the case of shallow convection and for model time st&ps> 1800 s — as a further restriction this
relaxed mass flux limiter is only applied to temperature and humidity, but not to tieohtal winds.

Mup + Maown < (2.60)

With cycle Cy31rl onwards the convective transports are solved implicitlgifemical tracers and
horizontal winds, whereas a semi-implicit formulation is used for specific htyrathd dry static
energy. The implicit formulation for tracers or momentum reads

o Gt —on g g1y k412
<8t> At b Tk = Kp[Mup¢up + MaownPdown — (Mup + Mdown)Cb +1]|k71§2 (261)
With the “shifted” vertical discretization for Tracers and horizontal wiagls; /» = ¢ andgy,_; /> =
é1_1, this equation constitutes a bi-diagonal linear system with unkn@i&ﬁé and¢“Jr1

However, the implicit formulation for specific humidity and dry static energy (erare) is less
straightforward, as the half-level values are non-linear functionsedfitiftlevel values (2.56). How-
ever, expressing the half-level values as a linear function of the fudl-malues

7'n, 1 —n—+1 (S) <n

k+1/2 =50 + Xk—1/25k (2.62)
—n+1 —n+1 (9) " '

12 =1 + a” 1/2qsat( k)

with the coefficientsy(®) anda(? precomputed from

—-n =N (S) <n

Sk_1/9 = Sk—1 T Q1" 55k
ho1/2 PR (2.63)

6271/2 =qp_1 + a]E;q_)l/Qant(TZ)



the same bi-diagonal linear equation system as for tracers and momentusiiedbNote that only
the temperature and not the geopotential term of the dry static energy isléachimplicitly, and
that the saturation specific humidigy, (TZ) has been prefered tg as it is smoother and positive
definit. Overall the implicit solution provides a stable solution, and smoothenandocal vertical
profiles of tendencies through its inherent diffusivity. With Cy32r3 ordattae mass flux CFL limit
for temperature and humidity is set to 5 for horizontal resolutions below T&id to 3 for all higher
resolutions. For momentum a CFL limit of 1 is retained in order to prevent tongsuorface winds.

11. Diagnosticsfor postprocessing: CAPE and CIN

As the CAPE computed in the convection routines is only computed for comectictive model
columns, but taking into account lateral entrainment and liquid water loadi@g)(& was decided
to provide to forecasters a CAPE product that is horizontally more honeogsnand close in line
with the actual WMO definition (i.e the CAPE corresponding to a pseudo-atiiedscent)

oo (Top — T #op (G up — 0,
CAPE = / g<“p> dz ~ / g(e,upesat) dz (2.64)
Zdep T Zdep Gesat
For reasons of numerical efficiency the CAPE has been approximategithe updraught equivalent
R/cp
potential temperaturé, = T(’;j exp CI;% which is conserved during pseudo-adiabatic as-

cent, and the environmental saturatedvhich is a function of the environmental temperature only;

a more accurate formulation 6f could have been used using e.g. the temperature at the LCL and
taking into account glaciation processes, but the present simple definitidrsigficient accuracy

for the diagnostic purpose.

The above integral is evaluated for parcels ascending from model levbis lowest 350 hPa initial-
_ Rep _

ising fe,up = 1i | £ eXp(CL%f‘k) at a given "departing” model levé,.,,; for parcels ascend-
c 2]

ing in the lowest 30 hpa, mixed layer values are used. The CAPE valuea@tginthe maximum
value from the different ascents.

The Convective Inhibition (CIN) is estimated in analogy to CAPE by retaininqhdgative part of
the integral

ZLFC Top — T ZLFC Ocup — écsa A
CIN = _/ g< pT > dz ~ —/ g(’p_t) dz; Oc,up — Oesat < 0 (2.65)

Zdep Zdep eesat

where LFC is the Level of Free Convection, approximated as the levebW2¥wPE exceeds a small
threshold. CIN is therefore positive definit. The CIN value retained is thémuim value from the
different ascents with CIN 0.

12. Structure of code

The parameterization of cumulus convection is performed in subroutinesishd-ig./ 2.1.

CUCALLN: Provides interface of routines for cumulus parametrization. It takes tha urghues
through arguments from CALLPAR and returns updated tendenciBsof, «, v and chemical Trac-
ers, as well as convective precipitation rates.



CALLPAR ‘_ ‘ CUCALLN ‘

CUMASTRN

CUININ

CUBASEN

CUBASMCN

CUASCN

CUDLFSN

CUDDRAFN

CUASCN

CUBASMCN
CUENTR
CUDTD@N CUBIDIAG
_| CuDuDV CUBIDIAG

CUFLXN

CUANCAPE2

CUCTRACER CUBIDIAG

%

Figure 2.1: Structure of convection scheme.



CUMASTRN: Master routine for convection scheme. Also performs the convectivard@sd with
Cy32r3 computes the momentum in the convective draughts.

CUININ: Initializes variables for convection scheme (including vertical interpolatiothéohalf
model levels).

CUBASEN: First Guess updraught. Calculates condensation level, and sets gipidvase variables
and first guess cloud type.

CUASCN: Calculates ascent in updraughts. Before Cy32r3 CUASCN has b#ed twice as part
of an iterative procedure. With ccyle 32r3 CUASCN is only called oncethadnass flux scaling is
done in routine CUMASTRN. Routines CUENTR and CUBASMCN are calledifCUASCN.

CUENTR: Calculates turbulent entrainment and detrainment rates.
CUBASMCN: Calculates cloud base properties of mid-level convection.
CUDLFSN: Calculates the level of free sinking for downdraughts.
CUDDRAFN: Calculates the downdraught descent.

CUFLXN: Calculates final convective fluxes and surface precipitation rates takimgccount of
melting/freezing and the evaporation of falling precipitation.

CUDTDOQN: Calculates the tendencies’Bfandg from convection.
CUDUDV: Calculates the tendencies®@indwv from convection.
CUADJTQ:Calculates super/sub saturation and adjiisé&dq accordingly.
CUCTRACER:Calculates convective tendencies for chemical Tracers.
CUBIDIAG: Solver for bi-diagonal linear equation system.
CUANCAPEZ2: Computes CAPE diagnostics.

EXTERNALS

SubroutineSATUR for calculating saturation mixing ratio.
PARAMETERS

Defined in subroutin&UCUM called from INIPHY.



Appendix A. List of symbols

CAPE
CIN
Ci

Ci

down

€o
Dy,
Dqgown
Dyt
Eywp

E, down

rain
(&

edo_wn
rain

Cdown

eSnow
down

ésubcld
fsc_ale
srain
€subcld
gsnow
subcld

rez
g .
@Gprecip
Grain
@Gisnow
h

hsat

Convective available potential energy

Convective inhibition

Convective chemical Tracer no i

Convective Tracer concentration in updraught
Convective Tracer concentration in downdraught

Drag coefficient

Fraction of grid square occupied by convection

Specific at constant pressure for dry air
Condensation/sublimation in the updraughts
Autoconversion coefficient

Rate of mass detrainment in the updraughts

Rate of mass detrainment in the downdraughts

Total kinetic energy dissipation in mmodel column

Rate of mass entrainment in the updraughts

Rate of mass entrainment in the downdraughts
Evaporation of rain

Evaporation of precipitation (rain and snow) in the downdraughts
Evaporation of rain in the downdraughts

Evaporation of snow in the downdraughts

Evaporation of precipitation (rain and snow) in the unsaturated sub-tdged
vertical scaling function for the entrainment
Evaporation of rain in the unsaturated sub-cloud layer
Evaporation of snow in the unsaturated sub-cloud layer
Freezing rate of condensate in the updraughts

gravity constant

Conversion rate from cloud (wateice) into precipitation (raifsnow)
Conversion rate from cloud water into rain

Conversion rate from cloud ice into snow

Moist static energy= c¢,T + Lq + gz) in the environment
Saturated moist static energy in the environment

Moist static energy in the updraughts

Moist static energy in the downdraughts

Surface turbulent sensible heat flux

Surface turbulent latent heat flux

model level

Kinetic energy in the updraughts

Effective latent heat for an ice/water mix

Latent heat of fusion

Latent heat of sublimation

Latent heat of vaporization

Courant—Friedrich—Levy criterium

Lifting Condensation Level

Level of Free Convection

Cloud water/ice content in the updraughts

Cloud water/ice content above which autoconversion occurs
Melting rate of snow



Mg Net mass flux in the convective clouds (updraughtdowndraughts)

My Net mass flux in the downdraughts

Maown Net mass flux in the downdraughts

n index for time dsicretization

nrp horizontal truncation (global wavenumber)

nlev number of vertical model levels (nlev denotes the first layer abavacs)
prain Net flux of precipitation in the form of rain

psnow Net flux of precipitation in the form of snow

P Pressure

Do Reference pressure=1000 hPa

q Specific humidity of the environment

Qup Specific humidity in the updraughts

Gdown Specific humidity in the downdraughts

R Rain intensity

RH Relative humidity

Tup Precipitation (rair-snow) in the updraughts

Tdown Precipitation (rain-snow) in the downdraughts
Stallout Fall-out of rain/snow

5 Dry static energy in the environment

Sup Dry static energy in the updraughts

Sdown Dry static energy in the downdraughts

T, Virtual temperature in the environment

Ty up Virtual temperature in the updraughts

a u component of wind in the environment

Uup u component of wind in the updraughts

Udown u component of wind in the downdraughts

Upert additional updraught perturbation velocity

Vv Mean terminal velocity of precipitation (rain+snow)
V3ain Mean terminal velocity of rain drops

v v component of wind in the environment

Vup v component of wind in the updraughts

Udown v component of wind in the downdraughts

w Vertical velocity in the environment

Wyp Vertical velocity in the updraughts

Wy Convective velocity scale

a1, a9, a3  Microphysical constants

Qan Horizontal resolution dependency of the deep convective adjustment time
a®) @ Interpolation coefficients for half-level values

0 Detrainment per unit length

€ Entrainment per unit length

n Updraught mass flux fraction to initialise downdraught
K von Karman constant

p Density of air

Prain Density of rain

T Adjustment time scale

Tm Melting time scale

w Omega (large-scale) vertical velocity

Ap Pressure difference between two model half-levels

At Model time step
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