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Abstract

A’ prognostic scheme has been designed to predict the cloud condensed water content for
non convective clouds as a new state variable of the ECMWF model. This permits an
evaluation of the cloud optical depth on a sounder physical basis than is presently done
and also constitutes a useful framework for a consistent treatment of cloud/turbulence
interaction. Some. sensitivity experiments have been carried out, both with the 1-D version
of the GCM and with the 3-D global model (in resolutions T21 and T106). The scheme gives
a better latitndinal dependence of the cloud properties than the parametrization presently
used, with thicker clouds at high latitudes. Stratus clouds appear in the Eastern part of
the oceans (especially off the coast of Angola). A more detailed evaluation of the scheme is
nevertheless needed, to assess the relative role of the analysis and the cloud scheme in
determining the vertical structure of cloudiness, especially at the tropopause where we get
in some cases a layer of thin clouds that seems too widespread.
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- 1. INTRODUCTION
The simulation of cloud cover and cloud optical properties has become one of the most

important issues in climate modeling and climate sensitivity experiments, because clouds are
clearly one of the main components of the atmospheric system that can amplify or dampen
the climate response of for example the current CO2 increase (Schlesinger and Mitchell,
1987). The impact of cloud radiation interaction on the atmospheric general circulation at
the timescale of medium range weather forecasting, although more difficult to assess, has
also been demonstrated by a few studies (Geleyn, 1981; Slingo, 1987). Moreover, clouds
are an important model output for the users.

Therefore, there is a clear need of improvement in the treatment of cloudiness within
numerical weather prediction models, and since so much remains to be done it can only be a
step by step process. In this note a brief description is made of a parametrization which
can constitute a first step toward a more consistent treatment of cloudiness within ‘models,
i.e. the inclusion of a prognostic equation for cloud condensed water content. The first
studies in this direction were made by Sundquist (1981). Similar approaches have
subsequently been developed by Smith (1985) or Roeckner and Schlese (1985). The
prediction of cloud condensed water permits the estimation of cloud optical depth using a
simplified representation of cloud spectra. Also, predicting total cloud water, rather than
the vapour phase only, is essential for the treatment of cloud/turbulence interaction in the
boundary layer. '

2. DESCRIPTION OF THE SCHEME
2a) General description '

The scheme was originally developed for a climate model, in order to ensure the consistency
between the various representations of clouds in the model, as was necessary for
cloud-feedback climate sensitivity studies (Le Treut and Li, 1988). In principle, it may
provide a framework for a consistent treatment of Vlatent heat release, cloud/radiation
interactions and cloud/turbulence interactions. The first objective in the context of
ECMWF, however, is to predict a reasonable cloudiness input (cloud fraction + cloud optical
thickness) to radiation codes.

Two kinds of assumptions have to be made: the first ones concermn the representation of
unresolved scales, and the second ones concern the cloud microphysics processes.

. We first assume that, inside a given model grid-box, there exists some statistical
equilibrium such that the fraction of the grid on which clouds occur may be diagnosed from
large scale variables, such as:



q:  specific humidity

q condensed water specific content

(q, = q + q, will represent the total water specific content)
t 1

and some estimate of Aqt (or th), i.e. the sub-grid variability of total water within
the grid-box, which is itself assumed to depend on large scale parameters.

The description of these subgrid scale processes would best be achieved thmugh a higher
order closure model. As this is presently not available we must rely on a simple closure.
We propose that:

gg At

Aqt-cw

. _ a+b | wl
with G =75, +ma x ( 0.RD),

where w is the grid-scale vertical velocity and Ri the grid-scale Richardson number
(this formula is due to Heise, personal communication). The distribution of gq, is
assumed to be a top-hat one, as stated below:

P = probability distribution function of total water
A within a grid box

We assume that precipitation occurs following the law:

dgy  Max (g -4, 0)

dt T

where the threshold for precipitation 9, and the time-scale T are tunable parameters.
Two sets of values have been chosen.

- for clouds with temperature < 260K:



q0=0 T=more than 1 hour
- for clouds with temperature > 273.15 k
Q= 0.1 g/kg and T = % hour ~ model time step.

They correspond respectively to warm clouds which precipitate through coalescence of
cloud droplets and to clouds which contain ice,v at least in their top Ilevels
(Bergeron-process). Evaporation of rain in unsaturated subcloud layers is parametrized
by means of Kessler’s scheme, noting that precipitation occurs only on a fraction of the
grid. The coefficient has been set constant (no dependency on pressure).

2b)  Procedure for the calculation
The calculation at a given time step is dorne in three steps:

- re-evaporation of clouds from previous time step (no advection!)
- calculation of new cloud field and condensation rates
- precipitation of part of the condensed water.

The equations for these 3 steps are the following:

(1)  Re-revaporation
Increments for T (temperature), q, and q; are the following:

L
6, T=-% g
1T="¢ 4%
819=qy
8 a=-q

(2) Condensation
We define q,, Saturation water vapour mixing ratio as qq T + 81T) then the cloud
fraction is the probability for q > g, 50 according to the assumptions:



G+ Aq-qg
- 2Aq

with O0<f<1

The mean total water mixing ratio over the cloudy area is

_qt+Aq+qS _
Qloud =" 2  1f0<i<I
or  Geloud =% iff=1
q - q
1+ L 1s
C. oT
P
5,4=-05,q
L
5, T=C 3,9
P

(3) Conversion of cloud water into precipitation we assume that precipitation occurs

following

dg;  Max(g9)).0)

dat T

where 4y and T are disposable parameters. The equation for precipitation is infegrated for
a time interval At, starting from q + 51 q + 82 q ands its solution may be approximated

by:
. At
We have also:
63 q=0

T

Il
o]



q and T being unaffected by the conversion of cloud into rain water.

As noted earlier 4 and T have fixed values above 273.15 K and below 260 K and a linear
interpolation of q, and T is made between 260 K and 273.15 K. A refinement would be to
consider the temperature of cloud top to determine 9 and 1.

All those processes have been included in a new version of the routine for non-convective
precipitation, COND. This new routine is named CONDST.

2¢) Remarks about the scheme
a) It is wuseful to state brefly the main differences with Sundquist (1981)’s
parametrization.

- Sundquist assumes that relative humidity of the clear air is a model parameter. It
gives a well defined threshold for the formation of cloudiness, which can be  made a
function of height andfor humidity. In the present model clear air relative humidity
is predicted from the assumed statistical law. Sundquist also uses an integrated

formula for precipitation, valid for any cloud: we use simpler precipitation laws,
which can be differentiated depending on the type of cloud under consideration.

b)  Stability of the scheme .

In our scheme the cloud fraction is a function of the total water. Then condensation occurs
and the total water content is changed. We can show analytically, under some assumptions,
that this procedure converges. This is also apparent from 1-D simulations shown
afterwards. Let us assume that there is no precipitation.

Starting from q, q. T, one defines a cloud fraction f (g, ¢, T) and then updated values
of : '

q’ , qi , T;
The scheme is stable if it converges toward an equilibrium value

Qe e Te

aq
It can also be shown analytically, with the approximation %— ;TS- << 1.
‘ P



qle=8q+Aq+2sV EAqwiqu:qs-qands:-l or+1

therefore cloud fraction f=1+s J ng

which means s = -1,

It can also be shown that this solution is stable provided

q>qg - Aq.

The scheme therefore should converge toward a solution where qg - Aq < q < qg (But one
should note that the proof is not mathematically perfect).

¢)  The prognostic nature of the equation

Sensitivity experiments have shown that the prognostic nature of the equation is essential
to the maintenance of the cloud fields. These experiments have been carried out .in the
framework of the 1-D model, in the absence of any large-scale advection terms. The cloud
is maintained by radiation, vertical diffusion and surface evaporation. After a few days an
"equilibrium" is reached (see Section 2b), which means that the same  characteristic
temporal behaviour is maintained throughout time. If all cloud water is suddenly
precipitated there is a complete destruction of “this equilibrium, the -cloud amount being
drastically reduced, or disappearing completely. This examplifies the ‘rele of the
prognostic nature of the equation, which is almost impossible to evidence in 3-D. simulations
due to the large-scale water vapour advection. |

3.  COUPLING WITH OTHER PHYSICAL PARAMETRIZATIONS
a)  Coupling with radiation '

Its treatment is quite straightforward since the radiation schemes used at ECMWF need as
input the cloud fractional cover and the cloud liquid water content. This is true both for
the operational scheme (up to May 1989) and the new scheme developed by J-J Morcrette.

b)  Coupling with diffusien scheme _ 4

In the presence of clouds the test of buoyancy which is made in the parametrization of the
diffusion (in the computaiion of the Richardson number) should be made assuming thai the
. air parcels follow a moist adiabat, rather than a dry adiabat.



In the version of the model I have used the computation of the Richardson number between
two layers k and k+1 is done in the following way:

Tvirtual up

d(gz) 1
=(T, + ) (1+6,qy)
kT2C,q T+0, ¢ 1%

and

_ dgzn) 1 ' ‘
Tvirtual low (Tyy1-2 Coa TF8, 9y > (148 Gy p)

with gifé% = semi-difference in geopotential between the 2 Ievels.
p .

In totally cloudy conditions %(%24}1 a+s should be replaced by the corresponding
p .

2 %)
moist adiabatic slope
d(gz) 1

2C . (1+0,0q) aq
de(l +8,q) ‘O ‘T

and one may also replace (1 + 51 qk) by (1 + 81 q - ql) to include the liquid water
loading. ' :

When conditions are partly cloudy we use the formula:

d(1+3,q,) k ds
PR gy Gy

with fk the cloud fraction).

When this scheme is used, the shallow convection scheme is skipped. Note that the proper
simulation of these effects should also include the fact that total water and liquid water
potential temperature are now the variables that should be mixed within the turbulent

layer.

¢)  Coupling with convection

Convective sources of liquid water are presently lacking in the scheme. Specifying them
. means some coupling between the convective and non-convective cloud and precipitation
schemes. No specific work on that issue has been done yet at ECMWF.



4. MAINRESULTS
4.1 Experiments with the 1-D version of the model

These experiments were done to explore the model sensitivity.

In Fig. 1 we show some ekamples of the typical behaviour that was: ,'(')_bvtained. All
simulations start from the analysis of the 23 May 1988, at 52N and SE- (which is
""approximately Amsterdam). The 1-D model is integrated without any ‘f0r<':ing from
large-scale advection.

In Fig. la the model is integrated with the cloud water prognostic equation, ‘without any
coupling with radiation or turbulence. There appears a cirrus cloud, and, after a while, a
stratus cloud. The smooth time behaviour is the indication that the scheme is stable, as
already mentioned. A first sensitivity experiment (not shewn here) was to xéuppress the
prognostic character of the cloud equation: cloudiness then disappears very - quickly,
because condensed water is automatically precipitated as rain. To have a kprognostic
equation for liquid or total water is therefore essential for clouds which ";haye a local
development as in this case.

In Fig. 1b and lc, clouds were made to interact respectively with the operat{Qnalf and the
LOA radiation schemes (developed by J-J Morcretté). We can see that ﬂii‘s“*leads 0 a
thickening of the cloudiness. In Fig. 1d, we have added the interaction w1th the new
radiation scheme and turbulence: after some time, increased turbulence is"ébl”e,* ,,tb disrupt
the cloud deck. These behaviours are in accordance with "a prior" idéas on the
mechanisms which control cloud formation or dissipation.

4.2 Experiments at T21-16 levels resolution (starting on 1 July 1983)
A number of 10-day forecasts starting on-1 July 1983 were made as a first 3-D. test of the
cloud model. ‘

The main problems encountered came from the spectral truncature of the humidity ﬁeid.
Zonal means of the occurrence of negative humidities were computed on the initial and
subsequent states: in such areas as high altitudes or latitudes it could reach as much as 30
or 40%. Therefore the subroutine that ensures the positivity of q was called before'
condensation occurs. ' |

The mean zonal values of cloudiness are found in Fig. 2a and Fig. 2b for two experiments:

. In INT (name in the archive), the cloud prognostic equation was used alone, without
coupling with radiation.



o In IRZ (name in the archive), clouds interact with the old (operational) radiation
scheme. '

An equilibrium for mean zonal cloudiness is reached after a few days. In the case of
interaction with radiation there is a marked increase of low cloudiness, as was to be
expected from the 1-D simulations shown earlier.

The mean zonal .values of cloud liquid water content is shown in Fig. 2¢ and Fig. 2d
respectively for the. INT and IRZ experiments. One should note that clouds appear in the
tropical regions at the beginning of the experiment and then tend to disappear: this
corresponds to a feeding of non-convective cloudiness by convection and advection of water
vapour, which is probably not sustained throughout the integration.

4.3  Experiments at T21 - 19 levels resolution (starting on 15 January 1987)
In these experiments diagnostic tools developed by J-J Morcrette were used to make a first

evaluation of the cloud scheme over the Meteosat area.

In Figs. 3a, b, ¢, d, e and f the distribution of cloudiness and cloud liquid water content
after 24 h are given at three levels (low, middle and high) for both the operational scheme
(plots labeled OP1) and the present scheme (plots labeled HL1). Cloud water contents are
summed over the model levels, cloudiness is determined assuming random distribution
within each layer (for consistency with radiation). In experiment HLI1, generated clouds
interact with the new radiation scheme developped by J-J Morcrette, but not with
turbulence. '

The main remarks to be done are the following;:

- the prognostic scheme produces more low cloudiness in high altitudes, with a higher
liquid-water content. These two features are more realistic than with the operational
scheme. At the same time there appears some stratus clouds which are not present in
the operational scheme (see Fig. 4).

- the middle cloudiness is very much the same as in the operational scheme, except in
the Tropics where we do not have the convective clouds because they were not
included in the scheme at this stage. Again at high latitudes clouds have larger
water contents, because water content is not a function of temperature only, as in
the operational model.



- there is too much - and above all too little organized - high cloudiness occurring in

| this series of experiments. But these clouds carry little water and the cloud liquid
water pattern is organized in a physically reasonable manner. The distribution of the
zonal mean cloudiness show clearly where this high cloudiness appears (Fig. 5).
‘Results for the infrared brightness temperature (Fig. 6) also show that these high
clouds have no effect on radiation due to their small water content.

A comparison of low cloud amounts from experiments HL1, where clouds interact with
radiation, with low cloud amounts from experiment HL2, where clouds do not interact with
radiation and with low clouds from experiment HL6, where clouds interact with Both
radiation and turbulence, show that clouds maintained by large-scale advection of water
vapour do not depend too critically on the coupling with radiation or turbulence. This is
no longer true for clouds that have a more local development, as stratus clouds (Figs. 7
and 8), or, in the present case, high clouds. Other sensitivity experiments not reported
here show that the precise formulation for Aq matters for the same type- of " clouds
essentially. It was also shown that - consistently with sensitivity experiments made with
the LMD GCM - the values of q, and T have more effects on the cloud liquid water content
than on the cloud fraction.

4.4 T106 experiments o
Three 3-days T106. experiments were done, starting from the 15 April 1985 (first ERBE data.
set).

They are the following (using the name in the archi\}e):

ISZ: - no interaction with radiation or turbulence
IVS: interaction with radiation (new scheme) .
IW8: interaction with radiation and turbulence

Only preliminary results are mentioned here. Zonal means after 24 hours are shown in
Figs. 9 and 10. One of the main features to be noted is that there is no spurious high
cloudiness as in the previous T21 experimenis. Also there is no cloudiness in convective
areas. Finally, it must be mentioned that negative values are produced by the
post-processing, not by the cloud routine. ' '

Examination of the cloud fields (not shown here) show that they are well organized

'throughout the integration, but the post-processing or the spectral truncature of the
humidity fields generate some noise.

10



Interaction with radiation tends to increase low cloudiness in sub-tropical regions, as
already noted in T21 experiments. Interaction with turbulence, by enhancing vertical
diffusion of moisture tends to increase the high cloudiness, which has a distribution very
reminiscent of the second series of T21 experiments analyzed in this note.

5. CONCLUSIONS o
The prognostic cloud scheme presented in this note presents some advantages over the

operational one, as far as can be judged from the few experiments presented here:

- better estimation of the cloud optical properties, especially at high latitudes.

- better performance for polar or subtropical stratus clouds

It is therefore very possible that introducing it in the forecast model in its present state
would improve some aspects of the forecast. But more research is needed to assess the
performance of this scheme in various situations, and to develop aspects of its interaction

with the physics that have been neglected. The recommended steps could be the following;

- tune the optical properties of mid-latitude clouds by coinparison with ERBE data, by
varyingqo and 7.

- couple the scheme with a scheme for convective cloudiness.
- evaluate the impact on stratus development when coupling with radiation and
turbulence is included, for various values of q, and various parametrizations of Aq,

as well as various parametrizations of the vertical mixing processes.
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APPENDIX A

Time filtering
The time filtering of the cloud liquid water content is the same as the time filtering of the
water vapour content.

As CONDST (the programme that replaces COND) is presently the only programme that
modifies the cloud liquid water content, it was possible to introduce only two 3-D fields:

QLIM1 «— equivalent of QM1 but for condensed water
QL1 «— equivalent of Q but for condensed water

It was not necessary 1o introduce QLIF (¢«—— QF) or QLIME («— QME)
All the changes are done in subroutine TF1.,

The filtering operates in the following way:

1:ime=t0
Time ty COND Time 1 Variables Filtering
changed
QLIM1 : q (to-l) - ql(to+1) - ql(té) - q (t(’)-l) - q (t(’)-l)
QLL : gy - qf) - qE&D -Sqt) - q)

with g = filtered variable

q = semi-filtered variable

Filtering the cloud water in accordance with what is done for water vapour is more

consistent physically, but it prevents it to being exactly equal to O.

13



APPENDIX B
Codes
Three updates on .PAR.PUBLIC. contains the update modifications necessary té use this
new cloud model (Qalid on cycle 30).
UP1 contains the update modifications to run with no interaction with rédiation.
UP2 contains the update modifications to run with interaction with new radiation.

UP3 contains the update modifications to run with interaction with new radiation and
turbulence. '

In all cases COND, the subroutine for large-scale condensation is replaced by a new
routine CONDST.

14



b)  non coNvECTIVE CLOUD FRACTION
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Fig. 2(a) Zonal mean cloudiness for experiment INT after 1, 5 and 9 days.
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Fig. 2(b) Zonal mean cloudiness for experiment IRZ after 1, 5 and 9 days.
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Fig. 2(c) Mean zonal cloud liquid content for experiment INT after 1, 5 and 9 days.
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Fig. 2(d) Mean zonal cloud liquid water content for experiment IRZ after 1, 5 and 9 days.
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Low level cloudiness
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Fig.3(a) Low cloudiness for a T21 experiment starting on 15/01/81, after 24 hours

OPl=operational model, HLI1=present scheme. In both cases cloud interact with
radiation.
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LiQuid water (kg/m2 x 1.e+3) low clouds
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Fig. 3(b) Same as Fig. 3(a) but for low liquid water contents.
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Medium level cloudiness
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Fig. 3(c) Same as Fig. 3(a) but for middle level cloudiness.
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Liquid water (kg/m2 x 1.e+3) Medium clouds
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Fig. 3(d) Same as Fig. 3(a) but for middle level liquid water content.
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High level cloudiness
+24H PO1 1987 01 15 12UTC
Operational scheme PO1.CLD
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Fig. 3(e) Same as Fig. 3(a) but for high level cloudiness.

24

75°N

60°N

45°N

30°N

15°N




Liquid water (kg/mz x 1.6+3) High clouds
+24H PO1 1987 01 15 12UTC
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Fig. 3(f) Same as Fig. 3(a) but for high level cloud liquid water content.
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de level cloudiness
+24H HL1 1987 01 15 12UTC
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Fig.4  Detailed view of low cloudiness over the Meteosat area (same conditions as
Fig. 3), which shows the clear occurrence of stratus cloud. Although its
development begins roughly at the end of local night there is no appearance of a
marked diurnal cycle. Further analysis is needed to ascertain this feature.
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Fig. 10 Same as Fig. 9(a), i.e. mean zonal cloudiness after 24 hours for a T106 experiment
starting on 15 April 85, but for experiment IVS (interaction with radiation) and
IW8 (interaction with radiation and turbulence).
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