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s Introduction

An interactive radiation séheme has been developed for use in the operational
forecast models from that currently used in the Met 0 20 general circulation model.
The theory of the scheme is given in the Appendix. As in the Met 0 20 sdhqme,
provision is made for two types of cloud: layer and convective. Layer cloud can
occur in at most three layers, called high, medium and low, determined by the
model's relativehumidity field and assumed to be oncllaycr thick. Convective cloud
amounts are determined by the convective mass flux, and the top and base of a
convective tower are set at the initiating and detraining levels for a convective
plume as calculated in the model's deep convection scheme. Water vapour and carbon
dioxide are the two absorbing gases treated. For reasons of economy, thcré is
no treatment of ozone and solar radigtion is reflected straight to space.

This paper describes the results of some tests recently carried out using
the interactive radiation scheme in the operational fine mesh model. As a control,
the results are compared with runs usigg the climatological radiation scheme de-~-
scribed by Dickinson and‘Temperton (1984). The paper concentrates on the impact
of the scheme on surface tcmperatﬁre, thickness and precipitation forecasts. further
comments on the frequency of calling of the radiation routines and on the need
for a treatment of fog are also included.

‘The interactive radiation scheme has been operational in the fine mesh model
gince September 1984, but it has not been possible to include it in the global
model until the enhancement of the Cyber 265 memory to 2 lMegawards (February 1985).
Some further testing of the scheme is necessary before it can be included in oper-
ational global forecasts.

The version of the interactive radiation scheme used in the experiments de-
scribed here includgs the modifications to the infra-red calculations devised by
Slingo and Wi;derspin (1984). Without these'ghanges the scheme can lead to
excessive ovérnight cooling at the sufface. This was a feature of many fine-mesh

forecasts during the winter of 1984-1985.
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45 Cloud cover

A problem that has occurredwith the inclusion of an interactive radiation
scheme in the Met 0 20 general circulation model is the cxc?ssive cloudiness of the
themaritime boundary layer, especially in the tropics. It was feared that incorpor-
ating the samé scheme in the fine mesh model might lead to a similar problem.
However, in the cases studied for this work, this has not been the case. Many
of the tests show an extremely good temperature structure, where clhud has been
correctly forecast. Notable amongst these are the forecasts for 06Z on 17/5/84
(T+30) and from DT 00Z-28/5/84.

Figure 1la shows‘the observations for 06007 on 17/5/84. Notice the almost
clear skies over Ireland, with screen temperatures reported as low as 1°¢,
indicating a ground frost. Britain, however is overcast with screen temperatures
at 7-9°C. Figure 1b gives the surface temperature as predicted by the operational
model with the climatological radiation scheme for the same time. It should be
borne in mind that at this time a sﬁfong surface inversion might be expecﬁed, and
consequently ‘the model surface temperatures should be lower than the observed screen
temperature. Model sigma }evel 1 temperatures were some 2°C warmer at this time.
Temperatures over Ireland lie between 5 and 8°C while over Britain temperatures

range over about 9°C in the south to 6°C over the Scottish Highlands. Figure lc
shows tﬁe surface temperature as predicted by the operational model with the
interactive radiation scheme. The ground frost over Ireland is very well forecast,:
as are higher surface temperatures over mainland Britain (témper;tures generally

in the range 6-9°C).

Figures 2a and 2b give the observations for 1200Z on QB/S/BN and 12602 on
29/5/84. On 28th May much of England and Wales was covered by low stratus cloud,
with a typical screen temperature of 10°C. Scotland and Ireland, however, remained
relatively clear with temperatures reaching 15°C on the west coast of Scotland
and 17°C in central Ireland. 24 hours later the stratus has all but cleared the

British Isles, just covering Kent and East-Anglia. The maximum temperature is now

recorded near the Bristol Channel.



Figures 2c¢ and 2d are the corresponding forecasts of surface temperatures

from the model with climatologicél radiation. Model predicted surface
temperatures will be higher than observed screen temperatures in this case as the
overnight surface inversion will have been eroded and replaced by a superadiabat.
The T+12 forecast is typical of the climatological scheme which takes no account
of cloud variation, in that there is little detail to the temperature structure.
Highest temperatures over Britain are forecast in thé south east and are some 7 C
higher than the observed screen temperature. The forecast for the following day
is similar in nature but this time more correct with highest temperatures in the
Bristol Channel area.

Figures 2e and 2f are the surface temperature forecasts with interactive
radiation included. Temperatures at sigma level 1 are some 3° cooler under clea
skies, but similar below clouds. The temperature distribution at T+12 has been
captured very well; with temperatures of about 10°C over most of England and Wales
and surface temperatures of as much as.18°C over western Scotland and 19°C over
Ireland. 24 hours later the temperature field is similar to the operational
forecast, with the warmest air in the Bristol Channel area and cooler air in the
extreme east and extreme west of the U.K.

At the instigation of the GARP WGNE several different cloud parametrisation
schemes have been tested on global forecasts from two data t&mes during the FGGE
year (Darlington, 1985). It was hoped that an accurate parametrisation of layer

cloud would come from these experiments , but so far no parametrisation scheme

has been tried which produces results so much improved on the present gsimple quadratic

in relative humidty as to warrant the extra computational expense. Parametrisations

which attempt to use the model's vertical velocity field have suffered from the

.

noise which is evident in this field at upper levels.

s Rainfali .

Several teats'have been run on well documented:rainfall cases. The main




conclusion from these tests is that the interactive radiation scheme can have the
effect of reducing rainfall accumulations through the convective scheme. The
clearest cases have occurred in the summer months, when convection appears to
have been damped because of an improved forecast of the low level temperafure
structure. The reduction in winter is not -ag dramatic although in frontal situ-
ations convection is again éuppressed with a corrcspgnding reduction in accumul-
ations.

Two examples are presented here. The first (figure 3) demostrates the

damping of an isolated storm. Figure 3a shows the observed rainfall accumulations

from 6Z on 24/7/84 to 127 on 24/7/84, Figure 3b gives the corresponding accumul-
ations from a 6-12 hour forecast using the model with climatological radiation,

which were mostly convective in nature and figure 3c those from the equivalent

run with interactive radiation. It is immediately apparent that the storm over |
Normandy has been d;mpcd in the run wiyh interactive radiation, and that the
accumulations forecast by this model are closer to the observed .values.

A more striking examble is presented in figure 4. In figure 4a we see the
observed accumulations for 12-18Z on 17/5/84. Figure 4b gives ghe 24-30 hour fore-
cast accumulations, and figure 4c the convective contribution to these totals,
from the model with climatological radiation. Attention shogld be centred on two
arcaé:the showers over central England and Wales, which appear to be overdone,
and further east, the frontal band curving from Sweden down west of Denmark into
Germany. Again, certain grid points receive an excessive amount of convective
precipitation. Figure 4d is the corresponding chart from a run with interactive
radiation, and once again the convection is seen to be damped. Most impressive
is the absence of storms over Sweden and Denmark, and the shift of the main frontal

precipitation to northern Germany.

4.  Thickness.’




1) 1000 - 950 mb.

An important element of winter forecasting is the ability to predict snow.
The operational forecast model uses the 1000 - 850 mb thickness to assign’
probabilities of precipitation fallingas snow. It is therefore important that the
forecasting of this variable is not impaired by the introduction of an interactive
radiation scheme. The scheme has little effect on tﬁe 1000 - 850 mb thickness
in the cases studied so far. The case of 16th January 1984 is typical and
displayed in figure 5. The verifying thickness chart is shown in figure 5a, a
36 hour forecast using climatological radiation in figure 5b and the forecast with
interactive radiation in figure S5c. Whilst it is clear that the model ha§ made
a bad timing error in moving the warm air on too fast, the actual differences

between the two forecasts are slight.

(ii) 1000 - 500 mb.

Detailed case studies on particularly bad 1000 - 500 mb thickness forecasts
have not yet been made. The interactive radiation scheme has made small differen-
ces.of about 2 dm at most in the cases studied so far. The example shown in figure
6 is again the 36 hour forecast from 0Z on 16/1/84; figure'éa is the verification,
6b the forecast using climatological radiation and 6¢ the forecast with interactive
radiation. The mecdel with interactive radiation is slightly warmer, but again
the differences are slight. The regular statistics provided by Met 0 2b are

necessary to identify systematic trends in the thickness field.

5. Discussion

(i) The intefactive radiation scheme-has been seen to improve forecasts of

tempgratdres in the lowest layers. 'Crucial to this ability is a correct forecast




‘l..
of low cloud:- a poor cloud forecast leads to a poor temperature forecast. It
would seem appropriate, therefore, that if and when a forecaster comes to use the
fine mesh surface temperature forecast, he should have available the cloud amounts
as used by the forecast. Cloud amounts are stored routinely, and I would suggest
that charts of at least low cloud woula be a useful adjunct to the model surface
temperature forecast.

(ii) An improved low level temperature structure is to be expected to improve
the mogel's convection forecast over land, but there may still be deficiencies in
the model formulation which are possibly being disguised by the interactive
radiation scheme.

(441) Convective cloﬁd amounts play a crucial role in determining the radiation
budget of the tropics, and so before introducing the scheme into the global forecast
model the accuracy of the amounts forecast by the convection scheme must be
examined.

(iv) The problem of excessive cloudiness in the tropical maritime boundary. layer
which is apparent by day 4 of a general circulation run must also be investigated
before the scheme can be used in the global forecast model.

(v) 1In operational use of the radiation scheme; a tendency to cool excessively
in winter under clear skies has been noticed. This problgm has been partially
rectified by using the latest scheme used in the climate research branch, but the
problem is still there. As an example, figure 7a shows the observations at 06Z
on 9th December 1984. Figure 7b shows an 18 hour forecast of surface temperature
verifying at this time using the interactive radiation scheme. Notice in particular
that the values over Irc}and are too cold by approximately 4°C (allowing for

a surface inversion). This appears to be due to the formation of fog, which is
not modelled at all. A simple way to include the insulating effect of fog is to
allow low cloud to occur in the second layer of the model, between = 0.997 and
0.975. This is not done at present. A model run with this very simple modifi-

cation included is shown in figure 7c¢ and it can be seen that the temperatures

are much more realistic. I therefore recommend that some effort is directed




towards including the radiative gffects of fog before next winter.
(vi) The scheme has been written so that the frequency of calling may readily

be changed. Three hours is used operationally, and this appears to be'aatis-
factory: for example, figure 8 shows a surface and sigma level 1 temperature
forecast from runs where the radiation scheme is called every hour, every 2 hours
and every 3 hours. Little difference can be seen. . However, the frequency of

calling should be investigated further before operational introduction into the

global model.
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TSTAR DT 12Z 16/5/71984
VT 6Z= 17/5/18984 FINE-MESH F/C MAaIN RuN

Figure 1b T+18 forecast surface temperatures using climatologicai radiation.
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TSTAR DT 12Z 16/5/1984
VT 6Z 17/5/1984 FINE-MESH F/C MaiN RuN

Figure 1c T+18 forecast surface temperatures using interactive radiation.
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TSTAR DT 0Z 28/5/1984
Y1 127 28/5/1984 : FINE-MESH F/C main run

Figure 2¢ T+12 forecast surface temperatures using climatological radiation.
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Figure 2q T+36 forecast surface temperatures using climatological radiation.
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Figure 2f T+36 fc:n“ecast surface tempefatures using interactive radiation.




6 HOURS OBSERVED ACCUMULATED PRECIPITATION (MM).
FROM 67 24/7/84 TO 12Z 2u4/7/84

€X' = NO PRECIPITATION REPORTED )

Figure 3a
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TOTAL RCCUMULATED PRECIPITATI 24/7/1984
VT 122 24/7/18984 FINE-MESH F/C main Run

Figure 3c T+6 - T+12 accumulated precipitation using interactive

radiation.



6 HOURS OBSERVED ACCUMULATED PRECIPITATION (MM).
FROM 122 .17/5/84 TO0 187 17/5/84

Figure 4a
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Figure 4b T+24 - T+30 accumulated precipitation using climatological
radiation.
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1000/850 MB THICKNESS DT 0Z 16/1/1984 '
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Figure 5b T+36 forecast using climatological radiation.
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Figure 5c T+36 forecast using interactive radiation.
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Figure 6b T+36 forecast using climatological radiation.
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APPENDIX

] INTERACTIVE RADIATION

The interactive_radiation scheme is based on the experience of many in-
the dynamical climatology branch, most recentiy Slingo and Wilderspin
(1984). Flux differencing is used to obtain heating rates at the surface
and at all léyers of the model étmosphere. A full calculation of radiative
fluxes is performed at regular intervals during the model integration with
the radiative cooling and heating effects being meaned over the time until
the next radiation calculation. ‘The time between full radiation
calculations is currently three hours, and the radiative heating rates are

held constant during this time.

Two actively absorbing gases are treated by the scheme: water vapour
and carbon dioxide. The specific humidity of the model is assumed to
describe the water vapour distribution and bofh the band absorption and the
water vapour continuum are treated. Carbon dioxide is assumed well mixed

throughout the atmosphere with a mixing ratio of 4.9 x 10™% kg kg™,

Four cloud types are catered for in the scheme: high, medium and low

layer cloud, and a convective tower. Random overlap of clouds is assumed,

and the cloud optical properties are fixed.

As in the climatological scheme, we divide the flux calculations into

solar and longwave radiation.



9.1 The flux of longwave radiation

In the development of the theory we assume that there is only one
cloud layer. The extension to several randomiy overlapped cloud layers is
trivial. The total downward radiative flux at height z will, in general,
have two components — the clear sky downward flux and the downward flux

from the cloud base: thus
I (z) = (1-Q) I® (z) + QIC (z) (9.1)

where Q is the cloud amount and 1® (z) is the clear sky flux, given by

(e] w0 [T d Tz,
I® (z) = Jo{an(TZ) — B( Too )Yiw(Z,®))}dw — JodeT:hyiw(z,z-)_§§%;%_2 dTg+

Here yju is the flux transmittance or transmission function for gas i,
Bw(T) is the Planck function at frequency w and temperature T, and Ty is

the temperature at the top of the atmosphere.

The flux transmittance is given by

i(z,2z)
s [JY i Xjp SecsE 4y
9 sinEcosE 4ag

viw(z.,2') = ZJ
i (9.3)

where Xjq is the extinction coefficient at frequency w for gas i and the

optical path length, yi(z,2') is given by



Vi Cront ) " j:'pi<c) ac - jz pi(L) AL = Y(z' )-Y(z) (9.4)

where pj(¢) is the density of gas i at height (.

1C (z) is the downward flux from the cloud base. ‘All clouds are assumed to
be black bodies, apart from high cloud which is assumed to be "grey". This
is effected by multiplying the high cloud amount by 0.75, and then

treating it as a black body.

dBy(Tz* )

(4] 0 T
IC (z) = J dw 1 By(Tep) — 1 J dw Jchnyiw (z,2') —24-2-2 a1y
o (o] z Z

{9.5)

Tch is the temperature at cloud base.

To perform the spectral integration in (9.2) and (9.5) we make use of the
emissivity approximation. The spectrum is split into bands over which the
emmisivity and absorptivity are assumed to have no frequency dependence.

We define partial emissivity as

w
es (wnuzizz) = [ Bu(i-via(z,20))de
. (9.6)
w2 :
w1 Bw dw
and partial absorptivity as
= P % ' wz dBﬂ v 8
€j (wy,w2;z,2') = o a7 (1~Yiw(z,2z'))dw
1ot (9.7)

w2 dBy
le ar au



On writing j:i By(T)dw =  byz(T) (9.8)

equations (10.2) and (10.5) become

. ¥ T -
il (z) =¢ T €i(w1,w2;:2,0)b12(Ten) — T b12( ) €ji(wy,wz2;2,2z' )db12(Tz")
Bands 12(Tz)
(2.9)
and
1C (z) = C 7T b12(Tch) — JbIZ(TCb) m €j(wy,w2:2,2°)d b12(Tz") (9.10)
by2(Tz)

Bands

%
Note that the first term here is nJm dwBy(Teh) =CTch., where C is Stephan's
o

constant.

In fact, the absorption spectra of the gases overlap, and so it is not
possible to split the spectrum into bands for.which just one gas is active.
An approximate partial absorptivity and emissivity for the overlap are
calculated from the absorptivities and emissivities for the individual

gases. We set:

s & Y0) ) (2 e) (9.11)

€12 = €] + €2 — €1€2 (9<322)

(9.11) is written in this manner because the absorptivity is actually

calculated from a table of transmissivities, defined by

oo ae) (9.13)



The bands used in the operational scheme are shown in figure 9.1
(ozone is not included in the scheme, but facility exists for its

inclusion).

The water vapour emissivities for the six bands are shown as a
function of optical depth in figures 9.2a-f and the transmissivities in
figures 9.3a-f. The carbon dioxide emissivity is shown in figure 9.4

and the transmissivity in figure 9.5.

The Planck function integral (9.8) is approximated by a cubic in

temperature for each of the six bands.

As in (9.1) the total upward radiative flux at height z will, in
general, have two components — the clear sky upward flux and the upward

flux from the cloud top: thus

I1(z) = (1 - Q) I*'(z) + Q ICI(z) (9.14)

where I*!(z) is the upward flux from the surface of the earth,

I*I(2) = CTx%? + C J:lzgz; mej (Wy,02;2',2z)dby2(Tz") (9.15)
bands 12

and 1C!1(z) the upward flux from the cloud top, which is given by an

equation identical to (9.15) but with Tct (the cloud top temperature)

replacing T«.



The extinction coefficient xj, seen in (9.3) is Xnown to vary with
pressure, which varies along an atmospheric path. This effect can be
parametrised by using a pressure weighting of the path length to give an

effective optical depth:

(') (B_ Wi gy (9.16)

vi (z,2") gy

where p is the pressure, po is standard atmospheric pressure,
(1013.25 mb),wj is the pressure scaling factor for gas i and Y is as
defined in (9.4). Assuming that the mixing ratio gj of the gas is

constant in a layer (o03,02) and that we may neglect the term

S
Po

)Wi (9.17)

we approximate (10.16) by

yi (02,01) = Qi px (02(14wi) — gp(14wi)) 10

5 (1w1) (9.18)

The factor of 10 converts the units to g cm-2. In practice the term
(9.17) is approximated by 1.01325. wj is taken to be 0.9 for

water vapour and carbon dioxide,

The extinction coefficient also varies with temperature along an

atmospheric path, and this is parametrised for carbon dioxide only (51ingo

1984) by scaling the path length in a layer (9.18) by a factor

-



(_2_% )nlaX(B.S + 2 logjo(yi(o2,01)),0) (9.19)

A different approach is adopted for the water vapour continuum.
Ignoring the small differences between definitions (9.6) and (9.7) we use
the same function for the emissivity and absorptivity, namely (Slingo

1984):

["jl -g ch'ip qp (1 + 32 _9_, [ * . }}] (9.20)

e(p,p') = 1-e j1 0.622

Here D is 1.66

q is the humidity mixing ratio

Il i fixed at 0.005
J2
and ji takes the value 0.05 in band 10
0.15 in band 9

0.35 in band 8

. The code is organised so as to work upwards from the surface. At each
level the source terms in equations (9.9), (9.10) and (9.15) are
calculated and stored. A loop from the surface to the current level is
then performed, calculating the terms linking two levels that appear in
(9.9), (9.10) and (9.15) and these are added to the relevant fluxes. A

schematic diagram of the longwave flux calculation is given in figure 9.6.




9.2 The flux of solar radiation

The total downward solar flux at height z will, in general, have two

components - the direct, clear sky flux and the diffuse flux from the

cloud: thus

S (z) = (1-Q) s® (z) + QasC (z) (9.21)

where Q is the cloud amount
A is the transmissivity of the cloud

S® (z)is the clear sky downward flux

o P

S® (z) = Scos¢ [ O J dw Aiw(xy(z,d))c(w)l‘ (10.22)
o

and sC (z) is the downward flux coming from the cloud

sC (z) = Scos¢ [ 1 - I:dw G(W)Ajiw(Xy(Zot @) + 1.66 §(z,zct))] (9.23)

S is the solar consant, ¢ is the zenith angle, Ajy, is the absorption of
gas i at frequency w, X is a magnification factor taking account of the
greater amount of atmosphere traversed when the zenith angle increases,

given by:

X = (9.24)



where a is the radius of the earth, and 4/Z = 0.0078394. Note that this

reduces to sec ¢ for small ¢

y is the pressure weighted path length given in (9.16), the factor
1.66 is an approximation due to Elsasser (Rodgers 1979) of the diffusion of
the beam at cloud top and is the same 1.66 as occurs in (9.20), and G(w)
describes the frequency variation of the solar beam at the top of the

atmosphere

s=deu(sw(0))= Jm dw SG(w) (9.25)
o] (o]

The pressure weighting factor wj, used to give the effective optical
depth (9.16) for wéter vapour is again 0.9, but that for carbon dioxide
varies from 0.4 to 0.9 (Hunt and Mattingly, 1974). In practice a linear
interpolation is performed on the values for carbon dioxide path length

used in the 11 layer atmospheric general circulation model.

The frequency integration is again performed by splitting the spectrum
into bands. This time only two bands are required, one for carbon dioxide
and one for water vapour. There is no significant overlap between the two,
so the absorptions are simply added together. The water vapour absorption
is shown as a function of optical depth in figure 9.7 and the carbon

dioxide absorption in figure 9.8.

NN T e



*

The reflected solar beam receives an extremely simple treatment, in

that it is reflected straight to space, without absorption in its upward

path. Cloud optical properties are listed in Table 9.1.
. 4
The albedo is specified according to the values given in Table B.3
unless the surface is sea, when « = 0.06, snow—covered when « = 0.5 or

ice-covered when « = 0.8. This albedo is changed to take account of

multiple reflections between cloud and ground (see figure 9.9 ):

4
4 L BiSji
o 1-{1-0 (1-9i)) i=1
i=1 &
L S5 J
Oeff = i (9.26)
4
4 p BiS;i
1 -a{l -1 (1-Qi)} i=1
i=1 &
T S5
i=1

where Qj is the amount of cloud type i
Bi is the reflectivity of cloud type i

Sj is the solar flux reaching the earth's surface from cloud type i.

The solar constant is adjusted to take account of the eccentricity of

the earth's orbit.

S = Sp (1 + e cosap)? (9.27)

-

Dickinson and Temperton, APPe,nd,Lx 3.



where Sp is the solar constant at perihelion, 1395 wm—2
e is the eccentricity of the earth's orbit, 0.0167
fip is the angular distance from perihelion (January 3), assumed to

vary linearly with time.

The solar constant is further reduced by a factor 0.97 as a crude

approximation of Rayleigh scattering.

The code is organised so as to work downwards from the top of the
atmosphere. The direct and diffuse path lengths are calculated and
stored, and absorptions calculated from them. A schematic diagram of the

shortwave flux calculation is given in figure 9.10.

As radiation increments cannot be calculated every timestep, the
effects of solar'radiation are meaned over thé time between radiation calls

by calculating a mean cosine of zenith angle:

2 Ziad ;
ng [cos¢ocosbcos(A + T) sin¢sinsg]ar (9.28)

cosé =

h2 - hj

¥*
where ¢, 6§, A\, T are as in (8.9), hj, hp are the hour angles either for the

time between radiation calls or for sunrise or sunset, whichever is

appropriate.

* Dickinson and Temperton, Chp 8.



Since a little under half the points of a global model do not receive

any solar radiation at any given timestep, the radiation code first sorts
the gridpoints into those which receive solar radiation and those which do
not. The code for the solar radiation calculation is then only called when

appropriate.

9.3 The calculation of heating rates

We now have the upward and downward shortwave and longwave fluxes
available at layer boundaries. The contributions from the different parts
of the spectrum are added, and the downward flux subtracted from the upward
flux to give the net flux. We now calculate the heating rate in a layer to

be

i g 9k

ot Cp 9p cp P*(0kx+1/2 — Ok-1/2)

_ 9 (Ix#izz  — Tk-1/2) (9.29)

!
xR

-~

and at the surface the heating rate is

T . ' (9.30)

where Iy is the net flux at level k and

*
H is the thermal capacity of the soil, as in (8.5)

* Dickinson and Temperton, Chp 8.



9.4 The Parametrization of Cloud

The cloud amounts Q used in (9.1), (9.13) and (9.21) are
parametrized in a simple and computationally economical manner. Convective
cloud amounts are calculated by scaling the convective mass flux against a
theoretical maximum. The base and top of the convective tower are

calculated within the convection scheme as described in section 6.6.

Layer clouds are assumed to be one layer thick. In the absence of
deep (25 layers) convection, layer clouds are free to occur in any layer:
low clouds in layers 2 to 4, medium clouds in layers 5-9 and high clouds in

layers 10-12, Cloud amounts are parametrized by a quadratic in relative

humidity:
- (h-h®) o
CH,M,L (1-h%) il (9.31)
0 h<hC

where h is the relative humidity expressed as a ratio and h€ is a critical
relative humidity, taken to be 0.85 in the operational model. The maximum
value taken by (9.31) in the -relevant layers dictates the cloud amount

and that layer is the one occupied by the cloud.

If deep convection is predicted, then the cloud base is assumed to be
at the base of the convective tower, and the quadratic (9.31) is evaluated
at that level only. Only 10% of the convective cloud is assumed to occupy

the full depth, the remainder being added to the layer cloud amount.

* Dickinson and Temperton, Chp 6.

T ' o gl %



A parametrization of marine stratocumulus (Slingo J. 1980) is also

included in the low cloud amount. If tﬁere is no surface inversion a

further term Cgc depending .on inversion strength is added to (9.31)

-16.67 '?'2 _10167 h>0.85, ‘8’2 <-0.07
ap op
_ N 80 - . (h-0.5) ' 20
Csc [-16.67 o LA6TY S 0.852h>0.5, ap"°'°7

othexrwise



Cloud type Reflectivity Transmissivity Absorptivity
High i 0.2 0.?5 0005
Medium . 0.6 0.3 0.1

Low . - 0.6 0.3 (o 7% §
Convective 0.6 0.3 0.1

Table 9.1 Cloud optical properties
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Figure 9.7
WATER VAPOUR ABSORPTION
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Figure 9.9 . Multiple reflections between clouds and the ground.
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