Numerical Weather Prediction
Parametrization of sub-grid physical processes

Clouds (3)
The ECMWF Cloud Scheme

Richard Forbes

(with thanks to Adrian Tompkins
and Christian Jakob)

forbes@ecmwf.int



The ECMWF Cloud Scheme c

Outline

1. Basic approach

2. Sources and Sinks
— Convective detrainment
— Stratiform cloud formation and evaporation
— Precipitation generation, melting and evaporation
— Ice sedimentation
— lce supersaturation

3. Summary



ECMWEF IFS Cloud Scheme Developments
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Previous Cloud Scheme
(operational until 08 Nov 2010)
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Current Cloud Scheme

(operational from 09 Nov 2010)
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New additional sources and sinks

Existing sources and sink formulation retained
(cond/evap/autoconv)
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The ECMWEF Cloud Scheme “20-
Basic assumptions

« Clouds fill the whole model layer in the vertical (fraction=cover).

 Clouds have the same thermal state as the environmental air
(homogeneous T).

« Sub-grid variability represented with a cloud fraction prognostic
variable and assumptions about the PDF of water vapour and
cloud condensate (prognostic statistical cloud scheme).

« Considers the physical processes and derives source and sink
terms for cloud fraction, ice and liquid cloud condensate and
precipitating rain and snow.



The ECMWEF Cloud Scheme
Representing sub-grid heterogeneity

3

ECMWEF cloud
parametrization

In the real world

>

X

Humidity variations in
cloud-free air but,
No in-cloud variability



The ECMWEF Cloud Scheme “20-
Representing sub-grid heterogeneity

ECMWEF cloud
In the real world parametrization

Cloud cover is integral
under supersaturated
part of PDF A

~C
1—CJ \‘
of J. of

A mixed ‘uniform-delta’ total
water distribution Is assumed

G(qy)
G(qy)

Us




The ECMWEF Cloud Scheme “20-

Comparison with Tompkins prognostic PDF scheme

Tompkins (2002) Tiedtke(1993) in ECMWF IFS
A A
C
5 5 .
1-C.c C
q, 0
A bounded beta function with A mixed ‘uniform-delta’ total
positive skewness. water distribution is assumed
for the condensation process.
Effectively 3 prognostic variables: 3 prognostic variables:
Mean ¢ Humidity, q,
Variance of PDF Cloud condensate, g,
Skewness of PDF Cloud fraction, C

Same degrees of freedom ?



The ECMWEF Cloud Scheme c
Schematic of sources and sinks

Cloud condensate
Cloud fraction

Some (not all)
of these are
derived from a

pdf approach

1. Convective Detrainment (deep and shallow)

2. (A)diabatic warming/cooling (radiation/dynamics)
3. Subgrid turbulent mixing (cloud top, horiz eddies)
4. Precipitation generation

5. Precipitation evaporation/melting
6. Advection/sedimentation



The ECMWEF Cloud Scheme c
Sources and sinks

Cloud liquid wat oq
Ol(JSimli(IJaL:Ifo:/\ilge)er ! EI - A(Gh )+ ch (Ch )+ SBL (ql )+C—e- GP (CI| )

oC
Cloud fraction C i A(C)+S., (C)+S; (C)+c—e—-G,(C)

Rain g, ro_ B
(similar for snow) ot A(Q,)+Gp(q,)+M —-E
A: Transport of Cloud (Advection + Sedimentation)

Scy i Detrainment from Convection
Sg.: Source/Sink Boundary Layer Processes

C: Source due to Condensation
el/E: Sink due to Evaporation

G, Precipitation Sink

M: Melting




SBL(qI)+C_e_GP(qI)




Convective source term
Linking clouds and convection

0

Basic idea:

Use detrained condensate as a
source for cloud water/ice

Examples:

Ose (1993), Tiedtke (1993), Del Genio et
al. (1996), Fowler et al. (1996)

Source terms for cloud condensate
and fraction can be derived using
the mass-flux approach to
convection parametrization.

Detrainment

Subsidence

§
0

!
11
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Convective source term
Source of water/ice condensate
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Detrainment of mass from
cumulus updraughts

Vertical advection due to
environmental subsidence

\

%
ch

" E—
— Duqlu + I\/Iu aql

P p Oz

‘ (MG l('Muql)k-UZ
/2

‘ = s mm h mm h mm s mm s L_ - k+1/2
(Muqlu)k+1/2 -Muql)k+1/2

M

= convective updraught mass flux
= environmental subsidence mass flux

u

others...

Standard equation for mass

| Duqlu> " flux convection scheme

ECHAM, ECMWF and many
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Convective source term
Source of cloud fraction

3

Similar equation for the cloud fraction

ch (C) —

D, M, éC
—4 4+

p p 0z

l (MuC)k-1/2

== K112

|
| L>

l(Muc)k+1/2

c— - = k+1/2
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Stratiform cloud formation
Changes in water vapour, g

3

Local criterion for cloud formation: q > q.(T,p)

Two ways to achieve this in an unsaturated parcel:
1. Increase q
2. Decrease Q.

Processes that can increase ¢ in a gridbox

Convection Cloud formation dealt with separately
Turbulent Mixing Cloud formation dealt with separately

Advection

15



Stratiform cloud formation &N
. . |
Changes In saturation, g,

Postulate:

The main (but not only) cloud production mechanisms for
stratiform clouds are due to changes in g.. Hence we will link
stratiform cloud formation to dg./dt (i.e. changes in p, T).

dqs_(dqu +(dqu _( da, dp+dqs(de
dt dt adiab dt diab dp dt dT \ dt diab

(D (vertical velocity)
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Stratiform cloud formation: c

% = A(q,)+ Sg (q, )@G—GP (9)-D(q)

The cloud generation term is split into two components:

C=C,+C,
/

Existing clouds “New” clouds

and assumes a mixed ‘uniform-delta’ total water distribution

G(qy)

17



Stratiform cloud formation: /e
Increase of existing clouds, c,
A i E c
c] IR AN
(D [ |
X

o.t+a) g (D) -

Already existing clouds are assumed to be at saturation at the
grid-mean temperature. Any change in q. will directly lead to
condensation.

cdd 49 _
dt ot

Note that this term would apply to a variety of PDFs for the
cloudy air (e.g. uniform distribution) 18

C,=—



Stratiform cloud formation: c

Formation of new clouds, c,

Due to lack of knowledge concerning the variance of water
vapour in the clear sky regions we have to resort to the use

of a critical relative humidity, RH_;

i <RH crit & =RH
Qs Us

0, 0,

crit

G(qy)
G(q,)

> O, on

d,(=0e) d,

= 0.8 is used throughout most of the troposphere

RH

crit
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Stratiform cloud formation: S
Formation of new clouds, C,

For the case of RH>RH_;

AC = —(1-C)—25%
2(qs R qe)
R e o G, =Cd, +(1-C)q
S Aq
D) AC =—(1-CY S
( ) 2(qs N qv)

similarly Aql = —%ACAqS
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Stratiform cloud formation:
Formation of new clouds, C,

3

For the case of RH<RH_;

A 1“

G(qy)

Term inactive If
o} RH<RH

crit

Perhaps for large cooling this is inaccurate?

As stated in the statistical scheme lecture:

1. With prognostic cloud water and here cover we can write source and
sinks consistently with an underlying distribution function

2. Butin overcast or clear sky conditions we have a loss of information.
Hence the use of RH,,; in clear sky conditions for cloud formation

21



. 20
Evaporation of clouds o

No effect on cloud cover
Processes: e=¢,+¢e,

e =ch %,
dt dt
e Large-scale descent and t e
cumulus-induced subsidence - -
S . ) - - \
eDiabatic heating D) . .

>

O
wn
/-\-
—
N

eTurbulent mixing (e,)
Diffusion process proportional to the saturation deficit of the environmental air

eZ = CK(qs o qv)
where K =3.106s1

Cloud cover also reduced to keep
in-cloud condensate constant 29




. SN
Problem: Reversible Scheme?

Cooling: Increases
cloud cover

G(qy)

Subseqguent warming of
same magnitude: No
effect on cloud cover

G(ay)

Process not reversible
23




. 20~
Mixed-phase cloud o

» The previous cloud scheme had a single prognostic variable for cloud
condensate. The ice/liquid fraction was diagnosed as a function of
temperature between 0°C and -23°C (see dashed line below).

* The new cloud scheme has separate prognostic variables for liquid water
and ice allowing a wide range of supercooled liquid water for a given
temperature (see shading in example below).

.00
c 0.8 PDF of liquid water
G fraction of cloud for
BE 0.6 the diagnostic mixed
2 phase scheme

z 0.4 (dashed line) and the
El prognostic ice/liquid
= 0.2 scheme (shading)

0.0 el
-40 -30 -20 -10 0 10

Temperature (°C)



. . 20
Mixed-phase cloud o

* The conversion of liquid water to ice is controlled by ice nucleation and ice
deposition processes.

* Ice nucleation is treated very simply; heterogeneous ice nucleation occurs at
temperatures between 0°C and -38°C whenever there is liquid water present
(Meyers et al., 1992).

* Freezing of water drops occurs below -38°C, so no liquid water below -38°C.

« If cloud contains water, then assumed to be at water saturation and Bergeron-
Findeison mechanism evaporates water and ice grows through deposition:

Equation for the rate of change of mass for an ice particle of diameter D due to
deposition (diffusional growth), or evaporation

om AsCE Depositi_on rate depe_nds primarily on
= o SCF * S = supersaturation
ot ( LS j LS RT « C = particle shape (habit)
-1 + » F = ventilation factor
RT K.T e,
Integrate over assumed particles size
spectrum to get total ice mass growth
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Precipitation generation “20-

Liquid water clouds

Representing autoconversion and accretion in the warm phase (lig. to rain).

Sundgvist (1978, 1989)

ql 3

G, =C R0, 1_6{(“”&

2
j G, = autoconversion rate
P = precipitation rate

Gp

F =1+ Clx/E Accretion

Khairoutdinov and Kogan (2000)
 Functional form is different

247 \1 -1.79 _
Gaut = 1350(:], N c * More non-linear process
« Slower autoconversion initially, then faster
G _ 67q1.15q1.15 « With prognostic rain, have memory in q,
g | r « Then faster accretion for heavier rain.




Precipitation generation

lce clouds
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Representing aggregation in the ice phase (conversion ice-to-snow).

e
G, =c,q|1-¢

\

C =103 g0.025(T - 27315) 51—,

qicrit:?"lo-5 kg kgl

qi
q icrit

jz\

J

- >
qICrIt q|

Rate of conversion of ice
(small particles) to snow
(large particles) increases as
the temperature increases.
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Precipitation melting —r

* The part of the grid box that contains precipitation is

assumed to cool to T, over a timescale tau

M = CIO (T _Tmelt)

L T

 Converts snow to rain
* Occurs whenever wet bulb temperature T,, > 0°C

* |s limited such that cooling does not lead to T<0°C

29



Precipitation evaporation o

Evaporation (Kessler 1969, Monogram)

oy 0.577

clr i
EP — CP al(qs _qe )prain ~UEC]

« Evaporation is proportional to the saturation deficit and dependent on
the rain mass (g m3), p..;.°"", in the clear air fraction of the grid box, C,°'".

« A diagnostic total precipitation fraction is calculated using a maximum-
random overlap treatment of the cloud fraction.

» The clear sky fraction is the total precipitation fraction minus the cloud
fraction in each layer.

« Evaporation reduces the precipitation (implicitly assumes sub-grid

precipitation variability). 30



Precipitation Evaporation

 as
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Numerical “Limiters” have to be applied to prevent grid scale
saturation when precipitation fraction is less than 1

No sub-grid limiter With sub-grid limiter

6494 o
‘ Clear sky region j ‘ Clear sky region _‘

Atl ooé)o Atl 00550
| [ ]

I adpd L p4pb
crid slowly | cridan nerf [ ]

31



9,
% @ Scv (@) +Sg (g,) +c—e—-G.(q))

Numerical Issues and
Sedlmentatlon

L)
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Stratiform cloud formation 20~
: : A 4
Numerical advection
Advection does not mix air !'! It merely moves it around conserving
Its properties, including clouds.
but......... there are numerical problems in models of
A
time, t u time, t+At qj
% / \ advection a,
e e
N\ =
0, =0, (rl) 0, =0 (rz) TZtJrAt = 0.5(T1 +T2) Tl T2 T
T, <T, 9, =0.5(q, +0,)

Because of the non-linearity of g4(T), g, 2> q4(T, 2% so cloud forms

This is a numerical problem and should not be used as cloud producing process!

Would be preferable to advect moist conserved quantities instead of T and g
33



Numerics: Explicit vs Implicit
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dg
dt

_D¢

Upstream forward in time solution (n = current time level, n+1 = next time level)

¢ =e.g.cloud water
Process = e.g. autoconversion, sedimentation

¢n+1 — (1_ DAt)¢n

For long timesteps DAt maybe >1 so explicit ®"*1 becomes negative!

¢n+1 —

¢n

(1+ DAt)

Explicit ¢”+1 " Rearrange
solution =-D ¢ >
Implicit ¢n+1_¢n _ n41| Rearrange
solution At T _D¢ E—
0.1 ['frﬂ thick chjhf:r;\ D#dt=0.9 [u‘f thick dashe \ nplicit]
DAt=0.1 DAt=09

Ddt=1.1 [thin solid = exp
T

thick dashe \ nplicit]

DAt—ll

34



Numerics and sedimentation A 4

Advected quantit:?e.g. ice) Sedimen}ation term
d 1 d 4 Options for sedimentation
—¢ =C+Dgp+—— (,OVX ¢) (1) semi-Lagrangian
dt / X P dz (2) time splitting
(3) implicit numerics
Constant/ \

Implicit Source/Sink
(not required for short timesteps)

@what IS short?

Explicit Source/Sink

Implicit: A —h _ C + PP n (D :AD %nﬂﬂ
Upstream forward in time, N P AZ . AZ JPk
k = vertical level

n = time level
¢ = cloud water (g,)

n+1
_ Cat+ XA Ay +dy
Solution ¢”+1 — PKAZ

Kk T VK At
1-DAt +A7

35



lce Sedimentation;
Improved numerics in SCM cirrus case

3

* Important to have a sedimentation scheme that is not
sensitive to vertical resolution and timestep.

: : Old numerics before Implicit forward-in-
_Vert'cal profile of CY29R1 time upstream
Ice water content  ‘[Sensitive to vertical ‘T Not sensitive to

resolution vertical resolution

100

100 vertical levels
(black) versus
50 vertical levels
(red)

Pre=s=ur= (hPa)

3
20 1 g
£
o

300

\.

o |

400

[ 0 .06 A0
Claud Water fg/kg)

L=1

L L L
a o 0.0z 003 004
Clowud Waler o'ky)
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%: A(Ql)"'ch(ql)"'SBL(ql)@e_GP(q')

Cirrus Clouds and
lce Supersaturation




AIr that is supersaturated with "2e-
respect to ice iIs common

(Pictures courtesy of Klaus Gierens and Peter Spichtinger, DLR)

Aircraft flight data

Meteosat visible channel, 18 Dec 1995, 15UTC, MOZAIC flight M5121803

180 -150° 120 50 B0 a0 o 0 B 90 120 150 180
1 1 1 I 1 1 I 1 1 I 1 1 I

-
o ) 5,requ;m;of?;cu;enge{i;} S 3000 km ice supersaturated segment
Microwave limb sounders observed ahead of front
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Cirrus Clouds
Homogeneous nucleation

3

« Want to represent super-saturation and homogeneous
nucleation

 Include simple diagnostic parameterization in existing
ECMWEF cloud scheme

 Desires:

— Supersaturated clear-sky states with respect to ice
— Existence of ice crystals in locally subsaturated state

* Only possible with extra prognostic equation ?

GCM gridbox

Clear sky Cloudy region
39



Unlike “parcel” models, or high resolution LES c
models, we have to deal with subgrid variability

GCM gridbox

Clear
qvenv:?

1-C C

< > < >

We have three items of information: q,, g;, C (grid-box mean vapour, cloud
ice and cloud cover)

* We know @; occurs in the cloudy part of the gridbox
« We know the mean in-cloud cloud ice (g;¢9=q,/C)

« What about the water vapour? Assuming no ice supersaturation:
« Clouds: q,%4=q,

* Clear sky: g,2"=(q,-Cq)/(1-C)

40



Different approaches to represent clear sky
and cloudy humidity

3

1.

GCM gridbox

q env q cld
V V
In the bad old days
(9,-Ca,)/(1-C) Os < No supersaturation
q q < Lohmann and Karcher:
V Vv

Humidity uniform across gridcell

41



From Mesoscale Model ﬂ

qvenv qVCId
q q < Lohmann and Karcher:
\ v Humidity uniform across gridcell
GCM gridbox
< >

Ice supersaturation reached

uplifted box
ﬂ' 1 timestep

I I 1 timestep

Artificial flux of vapour from clear sky to cloudy regions!!!

env—n cld
qv _qv

Assumption ignores fact that difference processes are occurring

on the subgrid-scale
42



Different approaches to represent clear sky

and cloudy humidity

 as
\ 4

GCM gridbox

qvenv qvcld
1. (9,Cqy)/(1-C) Js
2. d, q, <
3. qv+qi qv'ql(l'c)/C D

In the bad old days

NO supersaturation

Lohmann and Karcher:

4. (q,-Cq,)/(1-C)

Us

Humidity uniform across gridcell

Klaus Gierens: Humidity in clear sky

part equal to the mean total water

Current assumption including

supersaturation:

Hang on... Looks familiar???

43



q,°" | g, cd From GCM perspective P
A 4
4. (9,-Cq.)/(1-C) | . <« Current assumption:
GCM gridbox
< >
Difference to ‘ Critical supersaturation S_;; reached
standard scheme is _
uplifted box

that environmental
humidity must ! I
exceed S, to form

new cloud (rather

than just exceeding ‘ g, unchanged
ice saturation) v

T~

g," unchanged

No artificial flux of vapour from clear sky to cloudy regions

Assumption seems reasonable: BUT! Does not allow nucleation or
sublimation timescales to be represented, due to hard adjustment to ice

saturation in the cloud 44




lce supersaturation and
homogeneous nucleation

« What is the critical ice
supersaturation S_;; ?

 Classical theory and laboratory
experiments document the critical
vapour saturation mixing ratio with
respect to ice at which
homogeneous nucleation initiates
from aqueous solution drops
(Pruppacher and Klett, 1997; Koop
et al., 2000).

Temperature (°C)

 Leads to supersaturated RH
threshold as a function of
temperature (Koop et al., 2000,
Karcher and Lohmann, 2002).

30F

Homaogeneous Freezing

Freezing

uonCJnios JQ]DM

60

65

70 75 80 85 90
Relative humidity wrt water (%)

95

100
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lce supersaturation and 20~
homogeneous nucleation

Evolution of an air parcel subjected to adiabatic cooling at low temperatures

Scrit

RH e

100%

(a)

_____________ +

Time
Evolution of an air
parcel subjected to
adiabatic cooling at
low temperatures

(b)

(c)

\

ettt & 2 2 X 2 o 2 o Z XL o o o 2

Time
Dotted line: Evolution if Dotted line: Evolution if
no ice supersaturation Ice supersaturation is
allowed allowed until reaches S

crit

From Tompkins et al. (2007) adapted from Karcher and Lohmann (2002) 46



Freq

 as
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Region Lat:-60./60., Lon:0./360.

10.000e | =
- B o default + 3
" clipping to Koop P i
B \ new parameterization o 4
i e, Moziac  ----eoeeeeeees i
- - S
4 e b3 -
+ . =
" %%gq/fc * ] .
0, “¢ i
i " ozz%g{?%% . 1 RH wrt ice
S Mz *
0.100 " R oy, x - PDF
C © 0 T * .
- Q> S~ ]
B + S 4 X i at 250h Pa
- % "o N 1 one month
0.010= * 1 C « = average
- & * .
B + ') »¥ ]
_ v ]
u A A * -
0.001 . L | | | *
0.8 1.0 1.2 1.4 1.6 1.8
RH

A: Numerics and interpolation for default model
B: The RH=1 microphysics mode

C: Drop due to GCM assumption of subgrid
fluctuations in total water
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Summary of ECMWEF Scheme c

® &

Scheme introduces prognostic equations for cloud fraction, cloud liquid
water, cloud ice, rain and snow.

Sources and sinks for each physical process.

Some derived using assumptions concerning subgrid-scale PDF for
vapour and clouds.

More simple to implement than prognostic variance/skewness in a
statistical PDF scheme. Also nicer for assimilation since prognostic
guantities directly observable.

Loss of information (no memory) in clear sky (a=0) or overcast conditions
(a=1) (critical relative humidities necessary etc).

Nothing to stop solution diverging for cloud cover and cloud water. (eg.
0,>0, a=0). Unphysical “safety switches™ necessary.

Artificial split between prognostic ice and snow variables.

Many microphysical assumptions are empirically based.
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Next time: Cloud Scheme Validation

Observations,
Observations,
Observations !
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