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A NOTE ON A LONGWAVE RADIATION SCHEME FOR THE 10-LEVEL MCDEL

By F. R. Hayes

Introduction

In response to Octagon mean statistics which showed that the Octagon is
heating up at a mean rate of about 2 degrees Centifrade/day, it was proyposed to
incorporate a radiation scheme at all levels in the 10-level model. At present,
the only incorporation of rziiative exchange is at the surface of the earth, where
the solar flux and net long-wave radiation flux at the ground are c mputed from a
regression formula, and modified according to the amounts of high, medium and low
cloud present in the grid square. By incorporating a scheme for radiative transfer
at all levels in the model, it is hoped that, not only will the mean statistics
show a more realistic trend in the mean temperature, but that also differential

heating and cooling, both in the vertical and the horizontal, will have beneficial

e

effects on the prediction of convection, jet streams, development, etc. Lon, wav
cooling in the free atmosphere may reach sever»l times the mean value, while the
presence of clouds drastically reduces the cooling within the cloud, but increases
cooling from the top of the cloud. Thus cloudiress and radiative transfer interact,
and horizontal variations in cloudiness may produce large variations in th heating
or cooling by radiation.

The criteria for such a scheme are that it is physically realistic, simrle
to apply, and computationally viablee The last. is by no means trivial, because of
the vast complexity of the complete equation of radiative transfer in the
atmosphere. Solution of these equaticns would require computing time many orders
of magnitude larger than the actual forecast period. All forecasting models

employ great simplification, and the scheme presented here is based on such formulae

which are widely used and generally accepted.

Long WaV€'9(°-7roA~ < A & q.,m) only are considered, since the heating due to .

other wavelengths is considered less.important in the region of the atmosphere -
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covered. This is the waveband associated with water vapour absorption; ozone
apbsorption, important in the stratosphere, is effective in the ultrnviolettﬂk(0$awm)
and in the visual (o-b‘r...\<).<o"7)m). and is not considered in this scheme. Carbon

dioxide absorption is less significant than water vapour, and is also ignored.
b >

The scheme is composed of two indepengent parts: terrestrial radiation and
solar radiation heating. The former is responsible for the computation of fluxes
é) . i
of radiation due to atmospheric emission, and radiation from clouds and the
 J
earth's surface. The latter calculates the heating due to absorption of the sols

!

ray on passing through the atmosphere. At present the radiation scheme and the

surface exchanges scheme act independently, using different formulations. It would
be wise, at some time in the future, tc make the two formulations compatible,
particularly as the radiation scheme is likely to give a more accurate estimate ol

the long-wave radiative transfer at the ground than a simple regression formula.

Both parts of the radiation scheme have points of similarity: they both
operate on the scme data, and use the same estimates of fractional cloud cover.
Most important, they both employ the standard method of varameterising the variation
of absorbing water vapour in the path of radiation, that of the corrected absorber
amount, W. This single parameter is an equivalent water amount in aa interval
corresponding to the integrated true water amount in the interval. This absorber
amount may be corrected for both pressure and temperature, but it is only the
pressure corrected absorber amount which we consider here. for computational

simplicity. It is defined by:

P :
u.( 2l — t-(-t)-f. A ()
paks) T P _ 1

where p* is a reference pressure (1013.25 mb) and r(p) is the humidity mixing

ratio at pressure p.
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Terrestrial Radiation

Following the treatment of Rodgers (1969), the flux of terrestrial longwave
radiation at any pressure level p may be expressed by two similar formulae, one

for the upward flux, one for the downward flux.
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where:

; ; e = ) radiation emitted by a laver
E(u) is the atmospheric emissivity = ; e T
radiztion emitted by a black body

at the same temperaturc
B(u) is the Planck function, integrated over all wavelengths = ¢r'T&(u)
7 P_ are model pressure levels corresponding to the nearest radiating
surfaces below and above the level .

F FB are the fluxes of radiation emanating from *he radiating surfaces

Ti
at Prp and Pgpe

tT. ., tT. are the fluxes of transmitted radiation through cloud reaching

i B
levels pr and PR
t i5 the cloud transmissivity (= C.S for cirrus or 0.C for medium or low claud).
The integrals in equations (2) and (3) are performed in steps corresponding to the
absorber amount in each model layer in the interval (pT,p ) ‘or p;, pB). and the
integrated Plank functicu B(u) is computed using the corresponding layer termperatures

in the interval. In order to make computing more efficient, the emissivities are

not computed by Rodgers' formulae, but from quartic polynomials fitted to his data.

Values of r above 350 mb are interpolated linearly from rBGO to Tang? where

1 o .
o = 0-002g Kg 1, following Menabe & Muller (1961), who indicate that the frost

point at 100 mb is 190°K irrespective of season or latitude.




The first term in each of the equations corresponds to the emission of the
clear air, integrated between the level under consideration and the nearest black
body, and the second term corresponds to the radiation from the nearest black body
surface, together with a correction for absorption by the intervening clear
atmosphere. The absorptivity is set as the complement of the emissivity and hence
the factor (l-é(ub) is used. Two equations are needed because of the different
emissivities involved when the radiation is from a higher to a lower pressure and

vice versae.

Medium and low clouds are assumed to act as black bodies, and heuce are

perfect absorbers and emitters of radiation, thus F. and FB are computed from the

X
integrated Planck function using the clozd surface tempe1uture, when there is cloud
below or above the level under consideration. Cirrus ~louds are assumed to behave
as grey bodies, with a transmissivity of 0.5. The emission of radiation from the
surface of cirrus clouds is taken to be 0.5 times the black-body value. If there
is no cloud below the level, FT is taken to be ihe upward longwave radiation flux

at the earth's surface. This is

[

FT = o-Ts over sea, Ts is the sea surface temperature
Foiss F¢(1&Gd + L, where L is the net longwave radiation
-

flux at the ground, given by the surface exchanges fornulation. If there is ac

ot

cloud above the level, FB i

m
)]

et to zero. Finally, at levels inside the cloud,
radiative equilibrium is assumed to exist, and

L F¢

The application of this scheme to tie 10-level model is quité simple.
Firstly, the fractions of the grid square covered by low, . medium and high cloud
are computed using the same formulae as in the computation of surface exchanges
(Gadd & Keers 1970). High cloud éxtends from 200-400 mb, medium from 400-700 mb,
and low cloud from 700-900 mb, and is assumed to exist through the full depth of
each layer. Maximum overlap of clouds is assumed, aﬂd.the fraction of the grid

square corresponding to each of the eight combinations of cloud, shown in Figure 1,

is computed from the formulae:




: f, = 1 - max (CH' CM' CL?
f, = Cp - max (C“. CM)
f2 = CM - max (CL' CH)
f3 = min (CMC CL) - CH (u)
£, = Cy - max (CM. CL)
f5 = min (CL, CH) CM
f6 = min (CH, CM) - Cp
f7 = min (CH, CM, CL)
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The f, in (4) are subject to the constraints




The cooling rates are computed from:

5 a _ g & |
f & ~ Tp dp° (7)

and are considered constant with pressure in each of the layers 100-L00, 400-700,

700-900, 900-1000.

AL —E&_— (F(100)-F(400)), j = 150, 250, 350

At 3Cpbp

e seias (FUco)-F(700)), 3 = k50, 550, 650

%%(3) - sl (F(700)-F(900)), 3 = 750, 850 "
ATG) | _E__ (F(900)-F(1000)), j = 950

At Cpsbp

Solar Radiation

The scheme for solar radiation heating is based on the Mintz-Arakawa scheme
(see Arakawa, Katayama and Mintz, 1963). expanded to include ten levels and three

cloud layers.

The insolation incident at the top of the atmosphere - taken to be 100 mb -
is given by
S, sin @

where Sé is the solar constant, 6 15 the solar angle (see Gadd & Keers, 1970).

The solar radiation is considered to consist of two parts ja) A& 0.9 /kn. in which..».
‘Raylelgh scattermg is signlflcant. but water vapqur is neghglble a.nd b))«} O 2 ﬁu

% ';,;m whzch water absorptlon :|.s s1gn1f1cant, but scattermg is sllght. 'lne _por’:-,on of




Absorptivity is computed from the formula (Korb et al, 1956)

Alu) = 0.271(u)0'303 (10)

In clear air, with no clouds above a pressure level, p, the relevant

downward solar flux is

sH(p) = Sh(1 - AC(100,p).cosec ©)) (1)

At the cloud top, a proportion Rc of the solar radiation flux is reflected, but
the reflected ray is not further absorbed. Therefore, above the cloud
M) - s'R (- A(100,py) coenc8)) (12)
where P is the pressure level of the cloud top.
Ineide the cloud, multiple scattering by cloud droplets occurs, and this is

incorporated into the formula, viz:

S"(p) = Sﬁ(’l-Rc)(‘\ - A(u(‘\OO.pT).cosece + 1.66 u(pT.p))) (13)

Below cloud, the solar radiation is diffuse, and the same equation (13) is applied.

Inside - cloud, the absorber amount is derived from the saturation humidity mixing

ratio in the layer.

The application of the scheme to the 10-level model is exactly similar to the
terfestrial radiation scheme,. Net solar fluxes for each cloud configuration are
computed using equations (9)- (13). and -t grid mean net solar flux ~omputed from

S(x) }: £ (.n!'(w '<)) k. =100, 4007005 900, A000=+ -~ (1k)
Heat1ng rates are compuled -in an analagous way to equatlon (8). ‘

The cloud comblnatlon 1nvolv1rg high and 1ow cloud, but not medium cloud presents?

no problem. slnce the llbbt is diffuse below the hlgh cloud. equatlon (13) 1s;;§




and it was felt that 3 day forecast runs presented an adequate.compromise in which
the forecast synoptic features were usually indentifiable with real ones, and in
which the radiation scheme had sufficient time to produce significant changes (if
any). In the event, certain of the changes due to the scheme were apparent well
before 3 days. The 6-day forecast was run to verify the assumptions that changes
would be larger than at 3 days, and also that the integration would remain stable.
Of the 16 forecast runs, 11 were run on éuccessive days, from the 19th to
29th thruary 1976. The remainder were chosed at random from a rather limited range

of summer forecastg, and covered the months of May to September in 1975. Syncptically,
the summer forecasts provided a richer source of beneficial changesdue to the razdiation
scherme, but the consecutive winter forecasts provided a better basis for statistical

analysis, since 8 of the forecast initial fields furnished verification fields for the

forecasts.

Statistical Analysis

Y,

In order to gain insight into the general behaviour nf the radiation schemre,
values of parameters averaged over the whole octagon forecast area, and over the two
sets of winter and summer forecasts were considered. Figure 1 shows the development
throughout the 72 hour forecast period of various mean parameters extracted frem the
winter set of forecasts. In all the figures a continuous line represents the forecaste
with the radiation scheme included, and a dashed line, the forecasts without the

scheme. Since most of the initial fields acted as verification fields for the fore

(0]
)
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there should be little chanée in the evolution of any particular parameter, such as
15 displayed in the 500-%00 mb thicknesses. Departures from a constant value indicate
the general trend of the forecast to warm up, cool down, etc. As can be seen from
Figure 1, the general trend of the forecast without radiation was to increase both the
1000-500 mb and the 500-300 mb thickness values. The 1000 mb contour height had some
small variation, and the corresponding trend of the 300 mb contour height, being the sum
f the last three mentioned, was to increase by 5 Dm in 72 hours. This trend has led to

unacceptable forecast root-mean-square errors of the %00 mb field. In contrast to this,

the corresponding mean thickness in the forecast with radiation remained close to a




.
constant value, indicating the general cooling effect of the radiation scheme.

However, the 1000 mb contour height now increased by 2 Dm in 72 hours, most of this
change being apparent in the first 24 hours of the forecast. This corresponds to a
general increase of mean surface pressure of 2.4 mb in 72 hours. Because of the
consistent cooling due to the radiation, the 300 mb contour height increase is
reduced to 2 Dm, a considerable improvement on the forecasts without radiation.

Figure 2 shows the corresponding diagrams. for the Srandomly = chosen summer
forecasts. Because of the smaller sample size, and the lack of verification statistics,
less wéight may be placed on these results than on the winter set. Nevertheless, the !
same general trends are discermable: the consistent cooling of the 1000-500 mb and
500-300 mb thicknesses, the poorer 1000 mb contour heights, and the imporved 300 mb
contour heights. Because of the relative greater importance in summer of the
compensating solar heating; the effect of inclusion of the radiation scheme is less
marked in the statistical results. It is of interest to note that cthe 1000-500 mb
thicknesses are cooled by rather too much by the radiation scheme, and the increase
in the 1000 mb contour heights are not more marked in the first 2k hours as they
were in the winter set.

Figure 3 shows the 72-hour temperature charnges produced by the forecast with
and without radiation, for both the winter and summer sets. They broadly confirm
the impression of vhe radiation scheme imposing a.cooling of 1.5°C in 72 haurs at
all levels in the model. In summer the ccoling is less marked. Cooling is also less
marked in the top and bottom 1ayers. An exception to this is the rather 1argev :

coollng in the bottom three layers during the summer forecasts. For most of the

model layers, however, the 0-72 hour temoerature changes are broughtdown nearer to Ei;

Zeroe.
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sun is greatest in low clouds in the summer. The second effect is the general rise .

" of pressure in the model. As will be shown later, this does not indicate
a poorer synoptic forecast, but it does tend to £ill the centres of depression by
a few mb. It would be useful, therefore, if further research were to clarify the

problem in these two areas.

Syrootic Analysis

fractuélkéévelaphent but w1thout regard to. the 12 ‘hour tlmlng erér. it can be se

Three forecasts are shown, to indicate features of the synoptic changes orought
about by inclusion of the radiation scheme. These forecasts were chosen to indicate
the longest changes observed in summer and in wirter, and while one forecast shown
is for T+6 days, the other two, representative of winter and summer are for T+4d
hours. Generally, the further changes by T+72 hours were quite small, while the
shorter forecast period geVe'better oppo;tuﬁity for verification with real features.

Figures U4-7 show the LS hour foracasts from 00& 21/2/76, together with
verifying analyses. Both forecasts (Figures 4,5) verify with Figure 7, the
initialised field at 004 23/2/76. However, the field from 12 hours prior to this
time (Figure 6) is also inclﬁded to illumine the development of a secondary Atlantic
depression, marked 'P' on the charts (identified by this letter in the DWR charts).
During the period of the forecast, Low P moved eastwards from Newfoundland,
eventually becoming absorbed’in the main Icelandic low before T+48. Thus, at the
verification time, Low P had already lost its identity. At this tine, a fﬁrther

embryanic development was taking place in mid-Atlantic. Beth the forecasts with

~and w1thout radlatlon appear to be 12 hours slow in the development of Low r, Hence T(}

the need for Figure 6. Verlfylng the forecast development of Low P agelnst the eijrﬁ
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in central pressure. The other most noticeable feature of the forecast was the

rise of pressure. The statistics have shown that a general rise of about 2 mb
in 72 hours is present, but this rise is not evenly distributed. Depressions are
often affected'by a rise of this magnitude, but not always, as has just been shown.
Inparticular, anticyclones build pres;ure much more readily, by as much as & mb.
In this forecast, the Scandinavian and Atlantic enticyclones have each been raised
by about 4 mb in 48 hours. That this should be so is easily appreciated, since
anticyclonic weather tends *fo reduce cloudiness, and thus enhance the local cooling
of the.étmosphere by radiation to space. The reduction of clcudiness also reduces
the solar heating in this area. The cooling produces large-scale sinkiag motions,
and the build up of the anticyclone.

The 6-day forecasts (Figures 8 énd 0) have no verifying charts, since they
were both so much in error.that individual features were not identifyable. They
do show, however, the extent to which the radiation scheme modified the forecast
after 6 days. Most noticeable charges are: the depression west of Greenland - some
11 mb deeper, the Great Lakes depression - 3 mb leeper, and distinctly altered in
shape, and the depression orf ihe eastern seaboard of America - little different in
central pressure, but very different in position and gradient of cortour height.
Generally, anticyclonic central pressure is higher.

Finally, Figures 10-12 portray the 48 hour forecasts from 004 13/72/75, sgefher
with the verification at 00& 15/7/75. Being a summer case, the general activity of

the model is less than in winter, but changes due to the inclusion of radiation are

greater. In 48 hours, the anticyclone off the'eastern‘seaboard of America has been*f?
enhanced by 7 mb by the incluszon of the radlatlon scheme. Aﬁdepréssicn.oferf

Scotland also 1llustrates an 1nterest1ng fnature of the scheme. The ceniral pressure

5rad1at10ﬁ. H  ever, because of the” 9




”l_in:particular, it includes the Mxntz-Arakawasolarxedlatlon scheme, modlfled to

The ‘remaining forecasts generally displayed the same characteristics as these,

but with less noticeable changes. The depressions generally filled by a few mb,
but with some exceptions. The anticyclones built, usually in the first 2k hours,

by 4-6 mb, sometimes greater. This latter tendency usually improved the quality of
the forecast by bringing high pressurés closer to their actual value and by
increasing the gradients of contour heights. The associated increase of wind also
improved the mobility of some features.

. further feature of all forecasts was the considerable enhancement of rainfall.
hLccunulated rain, meaned over the whole grid was increzsed by 52 per cent in winter
~nd 93 per cent in summer. Startling as these figures may seem, they represent a
less important improvement that those already mentioned. Because of the large grid-
length of the model, rainfall comes very close to being a sub grid-scale feature,
and is correspondingly forecost to be very fbatbhy in th> model. Radiation in the
forecast does help to join up the banis of otherwise patchy frontal rainfall, and
fhis may be seen to be a useful improvement, but most of the additioral rain falls
ir the tropical areas, and may even err to the extent of over-production.
area including most of BEurope and Scandiravia, the rainfall was increased by 32 per

cent in winter and 65 per cent in summer.

Conclusions

This paper describes a longwave radiation scheme for use in the Meteorological

Office 10-level model. It is founded on generally accepted.;rinciples of inclusion

of certainparameterised radiative exchange processeéfdeeﬁed to be importéni»to a

Radlatlon scheme of this nature ie relatlvely short-perlod numerlcal forecastes . . EfQ




: ié“rais‘o!-‘%fﬁhvanc:ed',“ ;nd vfz‘oriﬁal' ra.'i'x'xfalf is Cdélifneaiztéainibré f:icfg_'.azi‘ly}-'v..
Produces rather too much cooling in lower layers dﬁring th‘é 'éummer, and also ‘the’ g
general level of pressure in the model is raised by about 2 mb in 72 hours. Thesé

last two do not appear to be serious deficiancies, however, and are more than

compensated for by the other beneficial features of the scheme. Further research

would, however, be clearly helpful towards eliminating these undesirable features.
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