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Incor porating the effects of 3D radiative transfer

in the presence of cloudsinto two-stream radiation schemes
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Department of Meteorology, University of Reading, ReadBerkshire, UK.

ABSTRACT

This paper presents a new method for representing the iargoetfects of horizontal radiation transport through
cloud sides in two-stream radiation schemes. Ordinatily,radiative transfer equations are discretized sepgratel
for the clear and cloudy regions within each model level,Hare we introduce terms representing the exchange of
radiation laterally between regions and solve the regultioupled equations for each layer. This approach may be
taken with both the direct incoming shortwave radiationjalilis governed by Beer’s law, and the diffuse shortwave
and longwave radiation, governed by the two-stream equ&tid he rate of lateral exchange is determined by the
area of cloud “edge”. The validity of the method is demoriettdby comparing with rigorous 3D radiative transfer
calculations in the literature for two cloud types in whitte t3D effect is strong, specifically cumulus and aircraft
contrails. The 3D effect on shortwave cloud radiative fogcvaries between around25% and around-100%,
depending on solar zenith angle. Even with an otherwise siemplistic representation of the cloud, the new scheme
exhibits good agreement with the rigorous calculationsathlihe shortwave and longwave, opening the way for
efficient yet accurate representation of this importargatfin climate models.

1. Introduction cal oceans.

. The myriad of ways that radiation can interact with a com-
Clouds are a key component of the climate system on ac'lex cloud field makes it very difficult to devise an accurate
count of their strong interaction with radiation (Randallag, P Y

2007). Numerous studies have highlighted the radiativefiax ygt efficient way to represent 3D effects. that is gener.ally ap
in climate models resulting from neglect of sub-grid clonka- plicable. The only method that has been implemented in a gen-

mogeneity (e.g. Cahalan et al., 1994; Pomroy and lllingkjort eral circulation r_nod(_el (GCM) to date; Is the Tilted I_ndepenrtde
2000). Several methods to re,presel",nt sub-grid inhomogjeneitC o!umn Approximation (TICA) of \(arn_a| and Davies (1999),
have been proposed that are efficient enough to be included mhmh makes the overlap of clouds in different ayers more ra

climate models (Barker, 1996; Pincus et al., 2003; Shonk angom depending on the solar zenith angle. The resultingasere

Hogan, 2008) and have been used to quantify the impact c'}P total cloud cover is |.ntended o app roxmately represt;pet
: . act that when the sun is near the horizon, incoming soldarad
cloud horizontal structure and vertical overlap on the glob-

diation budget (Shonk and Hogan, 2010, 2011). tion is more likely to intercept a cloud than when it is oveatie

A related piece of missing physics in the treatment of clouds-,rhIS approach has been implemented in a GCM by Tompkins

and radiation in climate models is transport of radiatiaotigh and DiGiuseppe (2007) and resulted in local changes in top-o

. . L atmosphere net shortwave flux of up to 200 W2m
cloud sides. In current climate models, radiation is alldwe .
. . Although TICA has the advantage of being conceptually
enter or leave a cloud in a model level only through its base or. . . e s .
o . simple and easy to implement in existing radiation schetibes,
top. Full 3D radiative transfer calculations have demaistt . . .
. . . L has several shortcomings. Firstly, it only treats 3D effestso-

that this can lead to substantial errors in cloud radiativeing, . o . . o

. . ciated withdirectincoming shortwave radiation, not the effects
particularly for cumulus clouds (e.g. Pincus et al., 20@&gp

convection (DiGiuseppe and Tompkins, 2003), aircraft aifst associated witldiffusetransport of shortwave and longwave ra-

. . diation, which are not dependent on solar zenith angle. & wa

(Gounou and Hogan, 2007) and cirrus uncinus (Zhong et al. - ) L

) ) . shown by Heidinger and Cox (1996) that there is a significant

2008). The magnitude of the 3D effect (the difference in ra- ) .

o - . . : 3D longwave effect for cumulus clouds, and in the next sactio
diative fluxes between radiation calculations includind ae- .. . . L

. : . it will be shown that diffuse transport of shortwave radiatis
glecting 3D transport) is dependent on the ratio of the afea o

cloud side to the total cloud cover. Therefore cumulus ctoud :lsscoam;portant via @ mechanism we refer tosartwave side
are of particular importance when considering 3D radiagifre P

fects: although when present they have a cloud cover of onl}/meIn this paper we present a new method for representing the

around 0.25, cumulus regimes cover huge stretches of the tro raction of radiation with clouds in GCMs that is able to
" 9 9 overcome these difficulties. It uses the familiar divisidnao



model gridbox into clear and cloudy regions, or in the case o
the “Tripleclouds” method of Shonk and Hogan (2008) a split
into three regions, two cloudy and one clear. Extra terms ar
introduced into the equations of radiative transfer thptesent
the lateral exchange of radiation between regions.

In section 2, a conceptual model of 3D radiative transfer i
presented that summarizes the effect of 3D transport byethr
mechanisms, two in the shortwave and one in both the shor
wave and longwave. Results of shortwave 3D radiative teansf
calculations from the literature are then presented, wéietex-
plained in terms of the first two effects. In sections 3 and 4 we
describe how the various parts of a 1D radiative transfeutal
tion may be modified to include 3D effects. Then in section 5,
simple implementation of the new scheme is used to reprodu
the literature results that were shown in section 2.

(@) (b)

2. Conceptual model

To aid the formulation of the new radiative transfer scheme (C)
it is necessary to build a conceptual model for the ways tbat 3
effects in the presence of clouds change net fluxes in the long
wave and shortwave. This will then be used to explain qualiFIG. 1. Schematic explaining how 3D radiative transfer affects
tatively some full 3D radiative transfer calculations ire tht- cloud radiative forcing (CRF), with the lighter colours sidgle
erature. Figure 1 presents what we consider to be the thredouds indicating more intense radiation and the darkesursl
dominant mechanisms of 3D radiative transport, adaptet fro less intense radiatiorShortwave side illuminatio(a): at high
Gounou and Hogan (2007). Varnai and Davies (1999) proposegblar zenith angles a greater fraction of incoming solaiataxh
a more complex model with four separate mechanisms for this intercepted by cloud than in the independent column appro
shortwave alone, but for the purposes of this paper thredamecimation (ICA), increasing the CRShortwave side escayf):
anisms are sulfficient. at low solar zenith angles the radiation that escapes ouboéic

The first mechanismshortwave side illuminatignis the  sides tends to be forward scattered towards the grounceaecr
most widely studied, and is the phenomenon that TICA was deing the CRFShortwave and longwave side exchaggje above
signed to address. Itincreases with solar zenith angleesmdts  a field of clouds, the clouds subtend a greater fraction of the
in a larger fraction of incoming solar radiation being refdet ~ downward-looking hemisphere (accounting for @sdepen-
back to space than in the equivalent calculation using the-In dence of their contribution to the upwelling irradiancegritthe
pendent Column Approximation (ICA) in which no horizontal areal cloud coverage. Hence the longwave CRF is larger than
transport between regions is permitted. The example inrEigu in the ICA. In the shortwave, less reflected radiation from th
1a shows a case when all of the incoming solar radiation-intersurface is able to escape back to space.
cepts a cloud, even though the cloud cover is only one third. |
the equivalent ICA calculation, two thirds of the incomirag r
diation would reach the surface without intercepting theudl ) o
(neglecting gaseous scattering and absorption for siitylic the_ CRF calc_ulated using a full 3D r_adlatlve transfer model,

Figure 2 shows the percentage change to top-of-atmosphe‘f\gﬁ“Ie CRF'CA_ IS the CRF calculated using the Independent Col-
(TOA) shortwave cloud radiative forcing, as a function of so UMn Approximation. _
lar zenith angle, calculated using full 3D radiative tramsgbr It can be seen in Figure 2 that, for cumulus with a solar
several different cloud types. Benner and Evans (2001) anf"ith angle greater than around 4the magnitude of the CRF
Gounou and Hogan (2007) used the Spherical Harmonics Did$ mc_reas.ed ;lgnlflcantly due tq the mechanism of shortwave
crete Ordinate Method (SHDOM) of Evans (1998), while pin-Side illumination. For solar zenith angles greater tharuado

cus et al. (2005) used a Monte Carlo method. Here, cloud+adi&? + the calculations of Pincus et al. (2005) for cumulus clouds
tive forcing is defined as the difference between the cliegr-s predict that the magnitude of CRF can be doubled. The results

and cloudy-sky upwelling shortwave radiation at TOA, i.e of Gounou and Hogan (2007) for aircraft contrails confirmt tha
T side illumination is responsible: when they orientatedrtben-

trails perpendicular to the sun (the solid grey line in Fegyay,
thereby maximizing the solar illumination of the side of tdus-
Thus shortwave CRF is negative except over very reflectivérail, the 3D effect was maximized, but orientating theintrails
snow-covered surfaces. The quantity shown in Figure 2 iparallel to the sun (the dashed grey line in Figure 2), thereb

given by 100x (CRRzp — CRFca) /CRFca, where CREp is

T +
CRF= I:clear,TOA - I:cloudy,TOA : 1)



‘ ‘ add up to very substantial effect on net CRF, leading to a dou-
- ®- Small cumulus bling or a reversal of the sign depending on solar zenithengl|
gol| —0—Large cumulus i (Gounou and Hogan, 2007). It should be noted that the mech-
Contrails Oto sun anism in Figure 1c can also modulate the fraction of reflected
Contrails || to sun shortwave radiation from the surface that escapes to spate,
the other two mechanisms appear to dominate in the shortwave
The results reviewed in this section so far have been for
clouds with a large area of cloud side relative to their cloud
20l | cover, particularly convective clouds such as cumulus skat-
’ iform clouds the 3D effect is smaller due to the reduced afea o
cloud side. For example, Zuidema and Evans (1998) reported
only around a 2% effect for the interaction of shortwave aadi
tion with stratocumulus clouds. Zhong et al. (2008) fourat th
optically thin cirrus had up to a 15% effect in the shortwave
and 10% in the longwave, but reducing for optically thicke i
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3. Method
FIG. 2. The effect of 3D radiative transfer on shortwave top-of-
atmosphere (TOA) cloud radiative forcing (CRF), versussol
zenith angle, for cumulus clouds and contrails, calculaitgut-
ously using full 3D radiative transfer codes (referencesigin
Table 1).

The top row of Figure 3 presents a schematic of the three
steps in a standard 1D radiation scheme. The bottom row
presents the equivalent steps in our new scheme that incorpo
rates the effects of 3D transport, which involves modifimasi
to the three existing steps and three additional steps.eljres
cedures are described in full in the following subsectiddesc-
moving any illumination of the side of the contrail, the CRF tion 3a describes how the treatment of the directincomiwogtsh
enhancement at high solar zenith angles was removed. wave beam may be modified to include radiation exchange be-

It is clear from Figure 2 that side illumination is nottheynl tween regions. In the shortwave, scattering from the dveam
shortwave 3D effect, since for solar zenith angles less#83n  then acts as a source for the calculation of the diffuse tiadia
the magnitude of the CRF for cumulus and contrailesuced field, while in the longwave, the source for the diffuse réidia
when 3D transport is included, by up to 27% in the study of Pinfield is thermal emission. Section 3b describes how theidistr
cus etal. (2005). This we explain in Figure 1b by the mecmanis bution of sources with height in a single atmospheric layer c
of shortwave side escapeShortwave radiation from an over- be used to calculate the exitant fluxes at the top and bottom of
head sun that enters a cloud through its top may escape feom tthe layer; transport through cloud sides is representea wia-
sides of a cloud, where in the ICA it may not and is more likelystage process illustrated by Figures 3e and 3f. Finalljaec
to be reflected back to space. Since cloud particles aredifyic 3¢ describes how the sources at layer edges, together weith th
larger than the wavelength of the radiation, the scattésipge-  reflectance and transmittance of each layer, may be used with
dominantly in the forward direction, and so radiation esegp @ discretized version of the two-stream equations to caleul
from the side of a cloud is more likely to be directed towatds t the vertical distribution of upwelling and downwelling flise
surface than back to space. Therefore, this mechanismesducfluxes in the atmosphere. Again, to represent transportigiro
CREF relative to an ICA calculation. cloud sides, a three-stage process is employed as illegtiat

In the longwave, inclusion of 3D transport tends to increasdrigures 3g, 3h and 3i.
the CRF due to the presence of cloud sides, making the cloud The equations presented in this section are all monochro-
a more effective emitter and absorber, as illustrated iufeig matic in the sense that they are valid over a part of the spectr
1c and which we refer to dsngwave side exchange&Essen- narrow enough that the scattering and absorption progesfie
tially the same mechanism was identified by Killen and EHing the atmosphere can be considered constant. For simplioity,
son (1994). It was estimated by Heidinger and Cox (1996) thagver, the dependence of each term on wavelength has not beer
3D transport in cumulus clouds increases the surface longwa written.
forcing by as much as 30%. Gounou and Hogan (2007) reported
that 3D transport typically increases the TOA longwaveifuyc ~ a. Direct solar beam
of contrails by around 10%. There is a large degree of cancel- e first step of a 1D radiation calculation in the shortwave
lation between the shortwave and longwave CRFs of contraﬂBart of the spectrum is to determine how much ofdfrect (i.e.

(Stuberetal., 2006), and therefore it turns out that theesoef- | qcattered) beam penetrates down to any point in the atmo-
fects of 3D transportin the shortwave and longwave indialtju sphere. In the independent column approximation, thisutaic



TaBLE 1. Values of cloud fractiomy, vertical-to-horizontal aspect ratig optical depthd and single-scatter albedo from the
studies simulated in Figure 2.

Reference Cloud type Ch r o ()
Benner and Evans (2001) small cumulus .1® 04 44 0999
Pincus et al. (2005) large cumulus .28 07 15 Q999

Gounou and Hogan (2007) contrailstosun 005 05 04 0999
Gounou and Hogan (2007)  contrafisosun 005 05 04 0999
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FiG. 3. Schematic showing the various steps in a 1D radiatioarseh The top row shows the three steps in a standard 1D scheme
(a) calculation of the penetration of the direct solar beamarious levels in the atmosphere, (b) the use of this toutatie the
upwelling and downwelling radiation sources at layer edges (c) the use of surface and edge sources to calculatedfile pf
diffuse upwelling and downwelling fluxes. In each case, atdh within a particular region (clear or cloudy) is not pétted to
travel laterally to the other region; rather the regionstegated as periodic and the implicit transport from one side region to

the other is illustrated by the dashed horizontal lines. A¢ittom row shows the equivalent steps in our new schemeiding three
additional steps, as described in detalil in section 3. Thenajircles in this figure are used to denote radiation ortgigdrom a
previous step in the sequence, or in the case of panels (l{gamdthe longwave, thermal emission.

tion is straightforward: we have to solve within it, and overlap rules are used to determine how the exi
dF E tant irradiances at the base of that layer are combined &irobt
— = (2) theinputirradiances at the top of the regions of the nextrday
dd Ho At the surface, a Lambertian reflector would be represenyed b

whereF(8) is the direct solar irradiance at a particular point ireating all of the direct beam that s reflected by the sertexa

in the atmosphere is the zenith optical depth of the atmo- Poundary source term for the diffuse radiation calculatising
sphere from the top of the atmosphere down to that poinpand he two-stream equations (see section 3c).

is cosine of the solar zenith angle. Note that the opticatidep ~ S© how can we account for the direct beam of the sun pass-
and other single-scattering properties refer to deltaigtdn- N9 through the sides of clouds? We need to modify (2) for each

scaled quantities (Joseph et al., 1976). The solution ofs(2) region to account for lateral exchange of radiation between
Beer's law, given by gions. Since the optical depth of each region will be dififeeré

is necessary to define a common vertical co-ordinate. We use a
height co-ordinatez, that increases with depth downwards into
the layer from zero at the top & at the base. Thus for two

) ) ) ) ] regionsa andb, we require the corresponding irradianée€sz)
whereFy is the TOA solar irradiance into a plane that is parallelandl:b(z) to satisfy

to the surface of the earth at the wavelength under considera

F:Foexp(—%) ; (3)

tion. In the case that the atmosphere is divided into discret dia _ 7[3_2Fa7 fé:l_bFa+ fc?an.
layers, within which there are multiple regions (e.g. claad dz " o
cloudy), we proceed down Fhrough the atmosphere from TOA. dib B 7[3_ng _ fbagb_, fabpa @
In a given layer, Beer's law is applied separately to eacioreg dz Ho dir dir™ s



where2 and Bl are the volume extinction coefficients of the 0

two regions of the layerf3° represents the rate at which ra-

diation is laterally transported from regi@to regionb, and 50r 1

conversely forf%. To avoid breaking the flow of the discus-

sion, we postpone the description of the derivation of thates £ 100¢ |

until section 4. It is important to defirfé® andF® (which have — —

the units W mr2) as the radiative power in a particular region £, 150 ]

divided by the area of the entire gridb¢xll regions). This en- ‘—g 200 ]

sures that energy is conserved when the same‘jﬁt‘é‘ isused €

for the power leaving regioa as the power entering regidn S 2504 Clear, ICA H

It also means that the mean irradiance of the entire gridbox i o) - = =_Cloud, ICA

simplyF = F24+FP, In writing (4) we are assuming that, at any ° 300} Clear,3D |

height in the layer, the radiation in a particular regionvsrdy ; ——Cloud, 3D

distributed across it, so that the rate of escape to anotigéon 3507 : Clear, 3D fit f

is simply proportional to the mean irradiance in the region. A Cloud, 3D fit
Equation 4 may be solved as a pair of coupled ordinary dif- 4000 5‘0 160 150 200

ferential equations (ODEs) assuming that the incominglifra

b direct downward short-wave flux / W m 2
ances at the top of the laydt?(0) andF°(0), are known. The

solution is: FiG. 4. Simulation of the effect of lateral transport on the di-
a (q+a—b)F3(0) — 2f§i$|:b(o) rect downwelling shortwave irradianéein a layer, versus the
Fi2) = 2q exp(ki2) depth into the layer. The layer contains two regions: a cloud
. 0Car DR PR (Cing) asymmety facior 0.85 and vericalo-horizbe.
2q pect ratio unity; and a clear-sky region with an optical thegit
Fbz) - (q—a-+b)FP(0) — 2f3PF23(0) exp(ki2) 0.01. The solar zenith angle is 8Gand the irradiances enter-
o 2q 1 ing the top of the clear and cloudy regions are in proportion t
(q+a—b)FP(0) + ZfS‘i?Fa(O) their areal coverage. The:- dash_ed lines show the profilehéolrt
27) , clear and cloudy regions in the independent column appraxim
> expkzz), (5) cl d cloudy reg the independent col pp
q tion, each obeying Beer’s law. The solid lines show the same b
where with lateral transport modelled by (5). The dotted line shdome
B2 /o + fab ©) single-exponential fit to the two-exponential solutiorguied
a = Pe/HoT Tgir s in section 3b.
b = BY/ko+far (7)
q = (az +b?— 2ab+ 4f§1itr)fc?i?) 12 : (8) To determine the irradiances at the base of regécarsdb of
the layer, we substitute= z; into (5). As before, overlap rules
ki = —(a+b+q)/2; 9) . L :
= /e are then used to determine how the irradiances are comtoned t
ko = —(a+b-q)/2. (10)  find the inputs at the top of the next layer down in the atmo-

sphere. It can be seen in Figure 4 that there is a considerable
&eduction of order 40% in the total direct flux reaching theeba

of the layer, as would be expected from the conceptual mddel o
dshortwave side illumination presented in Figure la.

It can be shown by substitution that in the case of zero Iater
transport between region$d = 52 = 0), the solutions given
by (5) reduce to Beer’s law for the two regions separately.

Figure 4 compares the profile of direct fluxes in clear an This may be extended to treat more than two regions, such
cloudy_reg|ons for a case with a CIC_)Ud cover gland a so- as the Tripleclouds scheme of Shonk and Hogan (2008), where
lar zenith an_gle_z of 80 The (_jashe_d lines correspond to a Stf_in'horizontally inhomogeneous clouds are treated as tworiatigr
dard 1D radiation scheme in which transport between region omogeneous regions (in addition to the clear-sky regidth) w

is neglected and it can be seen that the almost all of the-radi iff ical hs. In thi 4 | I
tion incident at the top of the clear-sky region reaches #sehb ifferent optical depths. In this case, (4) would be ext

. . . include an extra equation for the irradiance in the thirdae
while virtually none reaches the base of the cloudy region. . 9

o . I F¢(2), and additional terms would be added to each of the three
con_trast, the S.O“d lines include the effect of transpotwieen equations to represent the gain to or loss from regiolm this
LZ?;OOT:[S:?;S% ?i?)r?)t/hg)én':eerrsetgecz)np t?)ef tT]ieZIQZ?fsrlgiﬁgth se the solution for two regions presented in (5)—(10) dibel
passes through the side of the cloud before reaching the bageeplaced by the solution for three regions.
of the clear-sky region, resulting in a non-negligible amioaf

direct-beam radiation in the cloudy region at all heights.



b. Diffuse edge sources The rate of extinction of the direct beam in (4) (iBe/1o)F,
a fractionw of which is scattered rather than being absorbed.

To describe the transport of thdffuse component of the .
Therefore, the source terms are given by

radiation field, the two-stream equations are employed.yThe

treat the radiation into the upward and downward hemisghere Wys _

as a pair of discrete irradianc€s andG—, travelling in direc- $ = EF ' (14)
tions +p1 and —py, respectively. Values fop; vary between W(1—ys3)

radiation schemes, but a typical value is 0.6 (Fu et al., 1997 S = TF ; (15)

corresponding to a zenith andgde of 53°. The first part is ap-
plied independently in each layer to work out how much of thewhereys represents the fraction of scattered direct solar radia-
source in the interior of the layer emerges from the top artd bo tion that enters the upward hemisphere, and is given by
tom of that layer. These “edge sources” are then used in the
second two-stream step described in section 3c. V= 1—3gHols 7 (16)

In the familiar 1D case with lateral transport between re- 2
gions, the two-stream equations form a pair of coupled Ordiaccording to Liou (1980).
nary differential equations (ODEs) that may be applied sepa | principle, the solution obtained for the direct solaadti-
rately within each region of a given layer of the atmosph&ee.  5ceqF in (5) could be converted to sources via (14) and (15)
represent 3D effects, we may apply the same procedure as fgpng sybstituted directly into (11), and similarly for regib.
the direct beam, and add lateral transport terms, such feat t However, the fact that (5) describ&sin terms of two expo-

two-stream equations become nentials means that the formal solution to this system haxan
dGa cessively large number of terms. Therefore, we first fit alsing
W B (—ViG* +y3G* + ) exponential to the two exponentials using the techniquergiv
ab ~a—  ba b . in the appendix, thus assuming that the source t&f‘n&an be
— Mt G + TG represented as varying exponentially withs
dGa+ B
- dZ = Bg (7VTGa+ + nga -+ $+) $+ — %Ur eXp(Sa+Z), (17)
— 1§ G + faRG>" (11)

and similarly for the other source terms. The coefficiegifs
and similarly for regiorb. Other regions may be added by in- @NdSa+ are the result of the fitting procedure. The dotted lines
cluding further terms for the exchange between them. Withidn Figure 4 demonstrate the fact that this is usually a reaisien
the brackets on the right-hand side, the three terms are as fiPProximation. In the longwave it is common to assume that
the standard two-stream equations, representing resglyatie  the Planck function varies exponentially within a layeig(é=u
loss by scattering and absorption (except for radiation itha €t @l-, 1997), so (17) is also applicable in the longwave.
scattered but remains within the same hemisphere), gaicetty s Thus (11) represents four coupled linear ODEs &',
tering from the other direction, and internal sources foatter- G » G°" andG". This is equivalent to the four-stream dis-
ing from the direct beam in the shortwave and thermal emissioCrete ordinate method for radiative transfer (e.g. Thonmak a

in the longwave). Scattering and absorption are governedeoy Stamnes, 1999), except that rather than the four streams cor
coefficientsy; andys, given by responding to irradiances in four different directionsy faur

streams correspond to irradiances in two directions and/idn t

_ 1 1- w(l+g)] . (12) adjacent regions. However, we cannot simply apply an exist-
o= e 2 ' ing four-stream solution to the two-stream-two-regionteon,

1 [w(1-g) because the latter lacks some of the symmetries of the former

Y2 = m [T] ; (13)  For example, in a four-stream scheme, the rate at which-radia

tion is scattered from stream 1 to stream 2 is equal to the rate
wherew andg are the single scattering albedo and asymmetryat which radiation is scattered from stream 2 to stream 1s Thi
factor of the medium. Note that other formulations for thesesymmetry does not apply if the two streams are in different re
terms have been proposed in the literature (Meador and Weaveayions and the regions are of different size (i.e. the cloadtfon
1980). The final two terms of (11) represent lateral transporis not equal to one half), because then the rate at whichtradia

between regions, governed by transfer coeﬁicié@ﬁsandf(?i?f, in the upwelling stream of the smaller region is transpoirtéal
which we define in section 4. the upwelling stream of the larger region is greater thamakhe

We now discuss the source terﬁﬁ}%(z). In the case of long- of migration back into the smaller region. According to Tramn
wave radiation, thermal emission is isotropic andso= S = and Stamnes (1999), this symmetry breaking would result in a

B[T(2)], whereB is the Planck function at temperatufen the  factor of eight increase in computational time.
wavelength interval being simulated. In the case of shargwa A key consideration is that, in practice, the two regions are
radiation,Sé represents scattering from the direct solar beamonly weakly coupled. An individual photon may be scattered



between the upwelling and downwelling hemispheres severdbp of the layerG~(0), and the upwelling irradiance at the base
times before exiting a layer, but it is much less likely to be e of the layer,G*(z;). This yields
changed laterally between regions more than once befote exi

ing the layer through the base or the top. This enables the fou G = Z'(z1) —rtz~(0) ;
coupled equations represented by (11) (and the equivaieiate r’2—1
tions forGP*) to be replaced by two pairs of coupled equations % - Z(0)—rtZ*(z1) (25)

that are solved independently in a two-step process ititesdr r2t2—1
by Figures 3e and 3f. In the first step, the source terms in ul\)\/here thez*
representing transport from the other region are removeakwh
the sink term that is due to lateral transport out of the nedgo

retained, yielding

(0) andZ*(z) terms are found by substituting the
known source terms given by (17) into (24) at the top and botto
of the layer, respectively.

Thus we derive the exitant irradiance at the top and base of

a— regiona and layeti, due solely to the sources within that region,
dG a(i_pca— a+ -
o BE(—VAG* +¥3G* +8) ; as
a+
- dfj;z = (-G +vGT ), @8 =670 = 270
ZH(z)(1 -1t +Z2-(0) (1 —t2)r
where we have incorporated this sink into an “effectjyg of + r2t2_1 '
the form B i 180 /g8 (19) 3%i=G"(=a) = Z (&
1= Y1+ diff / Pe -
ZT(z2)(1—t2)r +Z7(0)(1—r)t
A similar pair of equations may be written for regibnin this + X 1221 ) :
step we are treating radiation that escapes through clales si (26)

to be lost to the system, to be picked up only in the second step

The equations in (18) are in the same two-stream form a$Ve use the notatiol for the edge sources to avoid confusion
considered by Thomas and Stamnes (1999) and Fu et al. (199With the continuous source distributi@described previously.
Therefore we may apply the same solution to obtain the exiThe arrows reaching the top of the cloudy region in Figure 3e
tant fluxes at the top and bottom of the layer that are due to thdisplay schematically the component of the radiation fiejar
sourceﬁi. Neglecting the superscriptfor brevity, the solu- resented bﬁgpr above.

tion for G* has the form The extra step to represent 3D transport, depicted in Figure
3f, is to calculate what happens to the radiation that estape
G (2 = oitexpka) +gorexp—ka +2Z%(2); through the cloud sides. We perform a second diffuse source

G (27 = aurtexpka +geexp—kz+Z (z), (20) calculation, but this time using the radiation enteringioad

. _ . from regiona as the source function and setting the lateral ra-
wher_e the first two terms on the rlght-hanq S|d¢ represent theiation transfer rates to zero, as no further transfer emagtl in
solution to the homogeneous part of (18) (i.e. with the sesirc this second step. As the distribution of diffuse radiatimtgh

set to zero), where each region is different in this second step, we use theinatat
i 12 H* in place ofG*. This gives
= B(ER @) -
Bk By 5 = BT T )
r = = — : (22) dz
Bey2 Beyr +k dHat
t = exp—ka), (23) & BS (—ViH* +v3H* + &),  (27)

while Z* is the particular solution, related to the inhomoge-where the sources are

neous part of (18) (the source terms), and is given by b

@ = @

fba

S = -We(z. (28)
pe
Similar equations can be written to account for 8§ sources.
and thes. terms describe the height distribution of the up-  Note that the form of (27) is the same as (18), but is the
welling and downwelling source following (17). The coeffi- equivalent 1D calculation (depicted in Figure 3b). Theetif
cientsg; andg, may be determined from boundary conditions, ence is the application af in place ofy;. When (24) is substi-
i.e. by substituting zero for the downwelling irradiancetta¢  tuted into (20), we find tha®G?", G*, GP* andGP~ are each

7@ = bS5 @)

2@ - k(f S0 f%50). @



(@) explain the mechanism of shortwave side escape that was de-
— : : picted in Figure 1b. Figure 5 shows the same cloud as consid-
' ered in Figure 4, but this time illuminated by an overhead sun
! The distribution of upward and downward diffuse fluxes inreac
100} ' i of the regions within a layer that are due to sources in thyarla
only are shown in panels (a) and (b) respectively. It shoeld b
!/ noted that, for the radiation calculation, only the exitdiffuse
200 ’ i fluxes at the top and bottom of the layer are required, but we ca
) clearly see the effects of shortwave side escape in bothgpane
4 When lateral radiation transport is allowed for an overh&ad
3001l /¢ Clear, ICA || we expect increased amounts of radiation to reach the surfac
f = = = Cloud, ICA in the clear regions, with a corresponding decrease in tiadia
Al Clear, 3D reaching the surface in the cloudy region. The dashed lm@s s
: : : Cloud, 3D the distributions for the ICA calculations; the solid lingsow
50 100 150 200 250 the same for the 3D calculations. Comparison of the two lsvea
diffuse upward short-wave flux / W m 2 a small 25% increase in diffuse flux reaching the bottom of the
layer.

depth into layer / m

400
0

(b)

c. Diffuse radiation profile

The final step in the radiative transfer calculation is to use
S the edge sources calculated in section 3b in a multi-layptam
100} & 1 mentation of the two-stream equations. The standard approa
~ is to define reflection and transmission functions for eaghrla
~ and region as follows (Meador and Weaver, 1980):
200 * 1
\‘\ R — Bey2(1—t%) .

. K+ Beyr + (k—Beyn)t? '
3007, SRR PR - 2kt
\ T K Ben (k=P ¢
‘ ‘ ‘ ‘ \ where the terms were defined in (12)—(13) and (21)—(23). befin

50 100 150 200 250 ing the indices of the layers to increase downwards, the up-
diffuse downward short—wave flux / W m 2 welling radiative flux at the top of regioa of layer i, Iﬁjl/z,
is the sum of transmitted flux through the layer, the fractbn

FiG. 5. Simulation of the effect of lateral transport on the dif- the downwelling flux that is reflected back, and the upwelling
fuse shortwave fluf within a layer, versus the physical depth Source from the layer:
into the layerz. The diffuse fluxes are calculated from sources |t _Tajat | pAja | yar (31)
solely within the layer. The layer contains two regions: cud i-1/27 1 Ti+1/2 i-1/2 = o
with cloud fraction ¥3, and the same properties as in Figure 4.
The dashed lines show the profiles for the clear and cloudy r
gions in the independent column approximation; the sofiddi
show the same but with lateral transportincluded using the-m Iii_l/z — -|-ia|i<’:1:1/2 + R?'ffl/z +3 (32)
ified equations in section 3b.

(29)

depth into layer / m

400
0

and similarly for regiorb. Likewise, the downwelling flux at
he base of regioa of layeri is given by:

and similarly for regiorb. At the surface (mid-leveh — 1/2),

represented by the sum of four exponentials. The methockin ththe upwelling flux is given by

appendix is used again to approximate them by a single expo- |airl ,=0s(137, ,+F2 )+ (1—0g)B(Ts) (33)

nential. We can then solve (27) using exactly the same method n-1/ n-1/2 T Tn-t/

as in the first step, but witiy substituted in place df; to give  whereas is the surface albed®;! , , is the direct downwelling

flux distributionsH2*, H2~, H"* argd Ho". bThis gives a sec-  go|ar radiation at the surface (zero in the longwave)B(T) is

ond set of edge sourceS{;, Zi, 2y andZy;) which can be  the planck function at surface temperature (assumed torbe ze

added respectively to the first s&f{;, =&, 2%} and=%;) from in the shortwave).

(26) to give the total edge sources. ' ' In the case of a horizontally homogeneous atmosphere, we
The treatment of 3D radiation in this section can be used tdave only one regioa, and the equations for the upwelling and



downwelling fluxes at each layer interface may be combined Following the approach encapsulated in (28), we then de-
into a tridiagonal system of linear equations that is effitie  fine the source function for upwelling radiation enteringios
solved. When each layer of the atmosphere is divided into twd from regiona simply as

or more regions, with arbitrary overlap between regionsifin d

ferent layers, the system becomes more complicated to.solve P+ (2) = ﬁ 7 (2) (37)

It was shown by Shonk and Hogan (2008) that the most obvi- J B ’

ous approach of writing the equations out as a linear system o o
equations and solving the matrix problem results in anomsalo and similarly for the other source terms. We then follow the p

horizontal radiation transport below cloud base from thelisu  Cedure in the second step of section 3b to calculate a new set o
to the shadowed part of the gridbox. This is clearly a seriou®0undary sourcesy, ; in regionsa andb. These are then used
drawback when we are trying to devise a method to calculat8S the sources in a second call of the Shonk and Hogan (2008)
horizontal transport accurately. Shonk and Hogan (2008) pr solver, except that this tlmRa_mQT are calculated exactly as in
sented an efficient method to solve the system of equatias th(29) and (30), thereby permitting no further transport ket
overcomes this problem, which we use as a basis for the exteffloud sides. This generates a second profile of upwelling and
sion to include 3D transport. dow.nwellmg fluxgsl '+, which can t.hen be addgd to t_he first
So how may we modify (31) and (32) to include transportprof'le, I+ to obtain the full set of diffuse fl.uxes_mclud.mg 3D
between regions? One approach would be to add extra terpiadiative transfer. In the shortwave the dlrectllncomlngrbe
representing gain from and loss to the adjacent regiorpaith versus height vyould be added to thg downwelllng dlffuse_ com-
this turns out to be excessively complicated, and imposgib| ponent to obtain the total downwelling fIt_Jx proflle. Sectlc_)n 5
incorporate within the Shonk and Hogan (2008) solver. hte includes an example where all the contributions to the défu
we take a similar approach to section 3b, and assume that fix are plotted separately.
the lifetime of a photon as treated by the multi-layer tw@am o
equations, it never travels through more than one cloud sidé- Lateral radiation transfer rates

This enables the diffuse calculation to be split into twgpste The lateral exchange of direct radiation between regioas in
as illustrated by Figures 3g and 3h. In the first step, we usgiven layer is governed by Coeﬁicienﬁ%? and féJi? in (4), while
the Shonk and Hogan (2008) solver, but with an addition sin the exchange of diffuse radiation is governedfﬁﬁ and fé:i?f

of radiation representing loss of radiation through cloig®s. iy (11). In this section, we derive expressions for thesdfieoe
This is achieved by using (29) and (30) to calcuRtndT but  cjents. To achieve this, we assume that the clouds are attytic
with y; replaced by, as defined in (19), which produces the yniform within a model level, and hence that the cloud edges a
profile of upwelling and downwelling fluxes due to radiation perfectly vertical surfaces. The extent to which this is lichas-

that has not passed through the side of a cloud (at least, nglimption was explored by Brooks et al. (2005).
since its first interception of a layer boundary as discussed

section 3b). The edge source terms in (31) and (32) are set as Direct radiation: general considerations

the sum of the edge sources from the previous two steps; i.e., , . . . o
sat _ yat | yat We first estimate the rate at which direct radiation from the
1 |

4 gun with solar zenith angl@y will enter through the side of a

This profile is then used to calculate the source terms for th ; P ) o
second step. We describe the upwelling flux in regioof a cloud. Consider an infinitesimally thin layer of depthwidithin

layeri, J3*, as a function of depth into the layer as the sum of® gridbox thaF has a horizontal area®ofThe gridbox contains a
two exponentials: clear-sky region o_f areA, and a cloudy region of areté_.aO s_uch_
thatA = A+ Ay. Figure 6a shows a plan view of the distribution
I (2) = A* exp(k*t 2) + B exp(—k?*2) (34)  of cloud in the gridbox, where the area éhdicates the region
of clear sky where sunlight entering at the top of the thiretay
wherek?" is as defined in (21). Application of boundary condi- dz (with the sun to the right of the scene in this case) would

tions enter the cloud edge before reaching the bottom of this layer
As we assume incident radiation into the top of the layer to be
FO) = 1, (= +35);: (35)  uniformly distributed over each separate region, the chang
3B (z) = |a+ 36 direct flux in regiona due to lateral transport to regidm dF?,
@) i+1/2 (36) is governed by

a
can be used to determine tAeandB coefficients. Note that we dr = —di‘ .

remove all internal sources from the calculation, as it iy time Fa Aa
diffuse flux in the layer that originateflom other layersghat  The negative sign is becaus@is reduced with increasing depth
we are allowing to transfer regions (the diffuse flux repnés¢  into the layer by this transport. To calculaté we consider the

by the edge sources originatiesm the current layemand has geometry of what happens at the cloud edge, depicted in plan
already been allowed to transfer between regions). and side views in Figures 6d and 6e. From Figure 6d, we can

(38)



(a) General cloud (b) Circular clouds (c) Linear contrails

A
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<_
(e) Detail: side view
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FiG. 6. Schematic illustrating how the rate at which directshesmlar radiation enters the sides of clouds is calculatadeRa)
shows a plan view of a general cloud field in which there is redgared orientation of the cloud edge with respect to the Jine
area @\ indicates where solar radiation (from above and to the righindicated by the thick arrows) incident on a thin layer of
thickness d would enter the cloud from the side. Panels (b) and (c) degaidicular cloud distributions, one with circular clouds
and the other with a linear contrail. Panels (d) and (e) depagnified views of the cloud edge from above and the sidpewely,
from which the areal may be calculated.

see that & may be given by The final form in (40) replaces the integration along theltota
length of cloud edge in the gridbdxwith an integration oves,
dA = dx/ dy, (39) wherep(g) is the probability density of. Substitution of (39)
L and (40) into the first form of (38) and rearranging gives
where &is the width of infinitesimal areaAlin the direction of
the sun, and from Figure 6e we have thatdtan8o)dz The 1 dia _ ALghtan(Bo) (41)
integration is performed over the entire length of cloudesdg Fa dz |, Aq ’

in the gridbox, and gis the length projected towards the sun by
a small piece of cloud edge of length.dFrom Figure 6d we
see that = H(11/2 — |@|) cog @) dL, where@ s the angle that
the normal to the cloud edge makes to the sun. Hé(E) is the

where we have clarified that the derivative is only the pathef
total derivative that is due to loss by transport from regado
regionb. It can be seen from (4) that the left hand side of (41) is

Heaviside function (equal to 1 fer> 0 and 0 otherwise) and en- SIMPIY the definitionf§P. By defining the clear-sky fraction as
sures that we only consider cloud edges that are sunlithbse Ca = Aa/A, We obtain

for which |@| < 1t/2. The integral will depend on the particular

cloud geclrr|1etry/in question, and will shortly be evaluated fo fd” d,rtan(eo)/ca (42)
particular cloud configurations, but we expect that, on@ger  The same procedure may be used to derive the rate of transpor
the length of cloud edge for a given type of scene will inceeas petween regions anda as fé)lf;l Lgf’}tan(eo )/Cp, but on average

in proportion to the gridbox area. Therefore it makes sease tfor plausible cloud fields the length of cloud edge oriented t
define theeffective length of cloud edge projected towards theward the sun is equal to the length of cloud edge oriented away
sun per unit areaas a resolution-independent property of anyfrom the sun (the latter being associated with direct raatiat

cloud distribution, given by escaping from regiob to regiona), so we have the result that
1 Las = L3
I-d|r = Z\/dy
L b. Direct radiation: specific cases
1
- Z/H(”/z_ |9l) co@)dL We now have the task of defining}> for particular cloud
types and geometries. We first consider the situation in most
= A/ P@H (Y2~ [g) cos@)dp.  (40)  natural cloud fields where there is no preferred orientatibn
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the sun with respect to the cloud edge, which means that tha&ll azimuthal directions. As a result, the equivalent of)(#2
angle@ in Figure 6d is uniformly distributed betweenrtand the diffuse case is
+m, i.e. p(9) = 1/(2m) in (40). Hence (40) becomes
féf = Laf tan(61)/ca , (46)
ab L /2 L
Lair = A /_ N /Zcos(cp) do= A (43) wherel3% is theeffective length of cloud edge projected toward
the diffuse radiation fieldWe may use (40) but redefigeas the
If we have a particular 3D cloud field for which we wish to angle between the normal to the cloud edge and the direction
perform a radiation calculation including 3D transporngsihe  of incidence of a particular ray of light. Since diffuse radi
technique developed in this paper, then it is straightfodvta  tion by definition has a random azimuthal orientatipmyill be
compute the total cloud perimeterat each height and hence uniformly distributed even if the cloud field has a preferced
L3P and f3P. entation with respect to some fixed coordinate system. Bhis i
In a general circulation model, howevérwill need to be  mathematically equivalent to the case of direct radiatiori-i
parameterized. It is convenient to consider the idealizsg¢ ©f  dent on a cloud edge with no preferred orientation desciiyed
cumulus-like clouds with a circular cross-section as itaed  (43), and so we have
in Figure 6b. If a gridbox containg clouds of mean diameter
D then the effective length of cloud edge projected towards th L3k =L/ (), (47)
sun per unit area g — nD/Auwhile the cloud fraction is, = and in the case where the cloud edges are randomly oriented
N /22 — iminati i
(1/A) 2'M(Di/2)" = nnD?/(4A). Eliminatingn/Awe obtain respect to the sun we hakg% = L3>. In the case of linear

a4 G contrails we had (45) fotgﬁ, but to obtain the diffuse version
dir = Tt Do ’ (44)  we substitutd = 2X into (47) to get
where theeffective cloud diametés Deyr = D2/D. Combining Lab — X _ G (48)
(43) and (44) we obtaiDe; = 4c,A/L, which indicates thaDe A TW

may be derived as a convenient lengthscale from any clout fielThe fact that the radiation has no preferred direction aleams

without imposing the assumption of circular clouds. In fact that the efficiency with which radiation travels fraao b is the
this is exactly the same definition of effective cloud diagnet same as fronb to a, and sa_b& = L&

. . ; . ; iff iff -
considered by Jensen et al. (2008) in their analysis oflgatel a a

data, so statistics on the valueslnfs are already available for 5§ Results

different cloud fields. A similar quantity has also been vexli . o )
from cloud-resolving models (Neggers et al., 2003). Sonme co The effect of allowing Iaterql transport of. radiation, Mmc
vection schemes (e.g. Bechtold et al., 2001) make an exatici W€ refer to as the “3D effect’, is now investigated. A simple
sumption about updraught diameter, although evaluatiainag rqdlatlon code has been created that calculatgs both durek?t
observations would be needed to test whether the this is suffflifuse shortwave transfer based on the equations of sestio

ciently similar to the cloud diameter to be used in the ragiet @nd following the steps in Figure 3. It performs calculasion
scheme. using a single shortwave wavelength band with spectraky-av

Linear contrails constitute another specific cloud configur 29€d optical properties and includes both 1D and 3D versions
tion to be considered: Figure 6¢ depicts a contrail with wigt ' section 5a the behaviour of the new scheme is illustrayed b
whose normal makes an angpavith the sun. If a model grid- computing the flux profiles resulting from each of the steps il
box contains a lengti of contrail then the cloud fraction will lustratedin Figure 3. Then in section 5b the 3D effect coragut
bec, = XW/Aand the total length of cloud edge will be= 2X. by the new scheme is compared to the results of full 3D radi-
In this case, the integral in (40) simplifies(ty2) cog @) (where ~ &tion calculations reported in the literature. As will besim,

now @ is the angle that the normal to the contrail makes to théNiS iS sufficient to demonstrate the potential of the teghei
sun) and so we leave it to a future paper to apply this scheme in a full

Lab_ 2X cog ) _ % cog o) 45) radiation code incorporating spectral bands.
dir A 2 W :

a. Profiles of flux through cloud layers

¢. Diffuse radiation We begin by analysing the vertical distribution of shorteav

The lateral transfer rates of diffuse radiatiéff and f%3  radiative flux through a layer of cloud. A five-layer domain is
can be calculated using the same method as for direct raliati used, with cloud partially filling the central three layerEhe
The differences are that in a typical two-stream schemeahe r top and bottom layers of the domain are cloud-free and each
diation is assumed to be travelling with a fixed zenith andle ohas an optical depth of 18, an asymmetry factor of 1& and
+61 (e.g.61 =53; Fu et al., 1997), and that the radiation is no single-scatter albedo of @999. The physical depth of these
longer entering the cloud from a single azimuth angle, unfr - cloud-free layers does not enter the calculation. Each ef th

11



(a) Direct beam (b) Edge sources

(c) Diffuse calculation
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FiG. 7. Domain-mean (i.e. clear-sky plus cloudy) profiles of aptvand downward direct and diffuse fluxes from each step of ou
simple radiation code. Panels (a) to (c) show the fluxes frachestep of the 1D calculation (equivalent to most radiasictremes

in current GCMSs) corresponding to the steps laid out in pa@lto (c) of Figure 3. Panels (d) to (i) show the same buttferaD
calculation, and corresponding to the same panels of FRjurée fluxes are for a five-layer model, with cloud situatethacentral
three layers (for the properties of the cloud, see the t&k. panels in the bottom row show the total fluxes: panel (ppares the
1D and 3D direct flux profiles from panels (a) and (d), while glgk) compares the total diffuse flux profiles summed ovettl
diffuse steps. Panel (I) compares the sum of the direct dfusdifluxes. Panels (j) to (I) also contain a profile of clelay-flux for

calculation of cloud radiative forcing.
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three cloudy layers has a physical depthi\af= 400 m and a tion in each layer that originates only from scattering frtva
cloud fraction ofc, = 1/3. The clouds in each layer are maxi- direct beam within that layer, the downward flux at layer tod a
mally overlapped with an optical depth of 2, an asymmetry fac upward flux at layer bottom must be zero, creating a discentin
tor of 0.863, a single-scatter albedo a®99 and a vertical-to- uous saw-tooth profile. A larger fraction of radiation seegtd
horizontal aspect ratioof one. Hence the total optical depth of from the direct beam ends up in a downwelling beam simply
the cloud in the domain is 6 and the aspect ratio of the wholédecause the positive asymmetry factor leads to a prefefence
cloud is three. Treating the clouds as cylindrical, thisdkea forward scattering.

to effective cloud diameter oDeft = Az/r = 400 m. Hence We next consider the 3D equivalent of this step, depicted in
from (44), the effective length of cloud edge projected taiga figure 7e. It can be seen that there is more diffuse radiation i
the direct and diffuse radiation per unit areal_ﬁ = Lgﬁf = layers 3 and 4, due to the direct beam able to enter the cloud in

0.00106 nT!. The surface albedo is T, the total solar irradi- these layers through the cloud side, not just by passin@igfiro
ance at the top of the atmosphere is assumed to388MW n2  the cloud in layer 2 as in the 1D calculation. Another differe
and in the calculations that follow we consider the case ofa's is that radiation is allowed to escape through cloud sidésrbe

zenith angle of 60 reaching a layer boundary, achieved by using the modified ver
For each layer, we extract the exponential coefficients desion ofy; defined in (19) in the 3D calculation.
scribing the distribution of downward direct, downwardfdge The radiation that is lost by escape through cloud sides is

and upward diffuse flux within that layer. These coefficiarts then picked up and used as the source for a second diffuse cal-
extracted at each of the steps shown in Figure 3. This allowsulation. Figure 7f shows the corresponding diffuse fluxante
us not only to identify the 3D effect on the total fluxes, boal layer that has been transferred from an adjacent regionoAs f
to partition the contributions to the total fluxes from eaélthe  panel (e), this calculation is again performed separatétiyinv
steps. each region in each layer, giving it a similar saw-tooth ghap
The resulting distribution of fluxes is shown in Figure 7. This part of the diffuse flux is also calculated using (20}, U+
Panels (a) to (c) show the vertical profile of gridbox-avexhg ing source terms calculated from the flux profile in panel (a) v
fluxes extracted from each step of the 1D calculation white pa (28). To do this, the four exponentials used to describe tixed
els (d) to (i) are for each step of the 3D calculation; thus thén each layer must be approximated to a single exponential us
arrangement of these panels matches the steps shown sthemiag the method described in the appendix. This approximatio
cally in Figure 3. The three panels in the bottom row show thechanges the shape of the distribution in each layer fromesonv
effect on profiles of total direct (j), total diffuse (k) angteyall ~ to concave, although it is found that this has a negligibleatf
total (I) fluxes when lateral transport is permitted. Withie  on the final flux distribution.
cloudy layers, the flux profiles depicted are the sum of fluresi  These calculations of diffuse flux within a layer yield both
the clear-sky and cloudy regions. downward and upward diffuse radiation emanating from the bo
Panels (a) and (d) show the profile of direct flux throughtom and top of a layer, respectively, referred to in sectibra8
the domain, determined as a function of depth for each layethe “edge sources”. The magnitude of these sources is egual t
from (3) and (5) respectively. In an operational radiaticmesne  the size of the peaks in panel (b) for the 1D calculation, and
these fluxes would be evaluated only at layer boundaries, buhe combined size of the peaks in panels (e) and (f) for the 3D
here we have used these equations to show the verticabdistri calculation. These are then used as the edge sources falthe ¢
tion of radiation within each layer. The effect of shortwaige  culation of the diffuse flux profile via (31) and (32) in sectio
illumination (discussed in section 2) to reduce the prolisimf 3c. As before we consider first the 1D calculation, the resflt
direct sunlight from reaching the surface is immediatelgap  which are shown in Figure 7c. The discontinuity of this peoid
ent from comparison of these two panels. due to the fact that the edge sources in (31) and (32) acteotinj
The fraction of the direct beam that is extinguished is scatenergy from the previous step into the profile at the intex$ac
tered either into the upward or downward hemisphere (absorpetween layers. The shape of this profile has been recotedruc
tion is negligible, as we have set single-scatter albedpalese by first using the method of Shonk and Hogan (2008) to solve
to one). We consider first the 1D calculation, in which the-two the linear system of equations while minimising the probt#m
stream equations are analytically solved separately fun e  anomalous horizontal radiation transport in the sub-claydr.
gion (clear or cloudy) in each layer. In an operational radim  This process yields the fluxes at the “downstream” side dfieac
scheme, this step is purely to compute the exitant fluxeseat thinterface (i.e. just above the discontinuity in the upweglpro-
top and bottom of the layer due to scattering from the direcfile and just below the discontinuity in the downwelling pteYi
beam within the layer, which are used as “edge sources” in th8ince we know that the size of the jump at each discontinuity
following step. However, the implied vertical distributiof dif- is equal to the magnitude of the edge source, we can recover
fuse upwelling and downwelling flux can be calculated via) (20 the fluxes at the “upstream” side, and then fit a two-expoaknti
as a sum of four exponentials for each region of each layer; figexpression given by (20) to the interior of each layer (buhwi
ure 7b depicts these profiles averaged over the clear andyclouZ* = 0 since these represent interior sources). It may be a sur-
regions of each layer. As these profiles represent diffusia+a prise that the part of a two-stream radiation scheme thahieg
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solving a linear system of equations is considering a disigon 100 ‘ ‘
uous profile, but this is actually the assumption underlatg - @®- Small cumulus
such schemes. Naturally, the full radiation profile is ngtdn- gol| —0—Large cumulus
tinuous, and panel (k) of Figure 7 shows that when we sum th Contrails Oto sun
two contributions to the diffuse flux profile given in panets ( 60! Contrails || to sun
and (c), we recover a continuous profile.

A similarly discontinuous profile to panel (c) is found in the
3D calculation depicted in panel (g). In the 3D case, thidilero
is computed accounting for lateral transport into the aztjace-
gion by using modifiedR andT coefficients given by (29) and
(30) using the effectivgy defined in (19) to incorporate the ex-
tra loss of energy. This lost energy is injected into the aelja
region in the form of a source profile that is used in a furtleer s
of single-layer edge source calculations, which again pced
saw-tooth function for both upward and downward diffusé—rad B ‘ ‘ ‘
ation as shown in panel (h). The resulting set of edge source 0 15 30 45 60 75 90
are then injected into a final multi-layer calculation, tesults solar zenith angle
of which are shown in panel (i). Again, panels (h) and (i) are i
dividually discontinuous, but when added together theyiol®  FIG. 8. The effect of 3D radiative transfer on shortwave top-of-
a continuous function. Indeed, if we combine all contribn§  atmosphere (TOA) cloud radiative forcing (CRF), versususol
to the 3D diffuse flux profile from panels (e) to (i), the contin  zenith angle, for cumulus clouds and contrails, calculatidg
ous result is depicted in panel (k). our modified two-stream scheme with a single layer of cloud

The total downward direct fluxes for the 1D and 3D calcu-having cloud fractiom,, vertical-to-horizontal aspect ratiand
lations are compared in panel (j), while the total upward andptical depthd shown in Table 1. Where reported, these values
downward diffuse fluxes are compared in panel (k), the 1D dif-have been taken from the corresponding paper.
fuse flux being the sum of the fluxes in panels (b) and (c) and

the 3D diffuse flux being the sum of the fluxes in panels (e) to h of h . . hree | ith
(i). The corresponding total upwelling and downwelling fisx  dePth of 400 m, but reduce the domain to just three layers wit

(direct plus diffuse) are shown in panel (I), together witke t the cloud represented in the middle layer. The cloud frastio
clear-sky equivalent profiles and optical properties allotted to the cloudy region in thd-m
We can identify both the effects of shortwave side illumi- dI€ 1ayer are taken from the values reported in the studgzsna
nation and shortwave side escape in these panels. The eﬁ%ﬁted;n 'Il'aple 1_‘ Foreac_:h case, we performr:h(rjee radla“m;'est i
of shortwave side illumination is to cast larger shadowsten t €' c::;_c_u atllons. one using our lne\:v 3D metdo , ?ne pir ogmin
surface, hence allowing less direct radiation to reach the s & traditional 1D two-stream calculation, and a clear-skguea
face in the 3D case. In panel (j), the direct flux reaching théatlon to enable cloud radiative forcing (CRF) to be deterei

surface is reduced from 4BW m~2 to 2681 W m—2. Since and hence the percentage shift to be found as in Figure 2.
the clear-sky direct flux is 618 W m~2, the “3D eff.ect” on The CRF for the 1D and 3D are compared with the reported

values in Figure 8. The markers in this figure are exactly the

the direct flux alone is to increase the CRF at the surface by oY R
79%. Conversely, the effect of shortwave side escape is-to irPaMe as in Figure 2, indicating the percentage effects on CRF

crease the amount of both upward and downward diffuse rad2f ntroducing 3D transport; the lines now show the CRF affec

ation through the cloud layer, as scattered photons travel 0calculated using our code over all solar zenith angles. \We se
of cloud sides. Net downward surface diffuse flux is increase similarities between our calculated CRF shifts and thosenfr

from 69.4 W m~2 to 1963 W m2 in panel (k), which corre- the studies. In all cases, the compensating effects ofwhoet

sponds to a reduction in the CRF from diffuse flux alone of 97% Sid€ illumination and shortwave side escape can be cleety

as the net downward clear-sky diffuse fluxi61.9 W m-2. At tified. For both types of cumulus cloud and the perpendicular
8o = 607, the shortwave side illumination has a larger impact,CoNtrails, at high solar zenith angles, inclusion of 3D efe

with a positive 3D effect on both surface and top-of-atmesph "educes the CRF magnitude, which is consistent with the de-
cloud radiative forcing of 43% and 42% respectively. scription of shortwave side escape in section 2. Converkely
higher solar zenith angles, the shift is of opposite sigih e

inclusion of 3D effects increasing the magnitude of the CRF,

. . o agreeing with the sign of the change brought about by short-
Having shown that our simple radiation code can represenfave edge escape.

the effects of both shortwave side illumination and escayee, In comparison with the literature values on Figure 2, we see

now perform simulations of the full radiative transfer ed&  that, while agreement is not exact, the trends in 3D CRF shift
tions reported in the studies in Table 1. We use the same layer

401
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-
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3D effect on TOA shortwave CRF

b. Comparison with previous studies for varying solar zeaitgle
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with solar zenith angle are the same. It is perhaps unriediist poses but, for operational weather forecasting or climite s
expect exact agreement between full 3D calculations angktho ulation, further work may be required to improve the efficign
made by our simple, one-band code. However, it is promisit should be pointed out that this is still orders of magnéud
ing that the behaviour of the CRF shift with solar zenith ahgl more efficient than the Monte Carlo method, which is the near-
is similar, with the switch of sign between high and low solarest alternative that could provide comparable or bettanraoy.
zenith angles. It should also be borne in mind that thereris cu A few further developments are required before the scheme
rently no representation of subgrid cloud inhomogenegywa  would be ready for implementation in a GCM, or to be used off-
have yet to incorporate Tripleclouds (Shonk and Hogan, 2008ine on reanalysis cloud fields to estimate the global impdct

in our two-stream scheme. 3D radiative transfer:

i. Our method needs to be implemented within a multi-band
scheme for representing the spectral variation of gaseous
absorption.

6. Summary and conclusions

In this paper we have described a novel method to account
for the effects of 3D radiative transfer within a two-streean
diation code. First, extra terms are added to the equatiens d  ii. It would be ideal if the new 3D capability could be com-
scribing the vertical distribution of direct radiation iaeh layer, bined with a scheme for representing sub-grid cloud in-
to represent the lateral exchange of radiation betweendmetw homogeneity. Since our method explicitly calculates the
clear and cloudy regions. These are solved to obtain a mddifie lateral flux between clear and cloudy regions, it would
version of Beer’s law. The effect of 3D transport on the difu be most natural to apply it to the Tripleclouds method of

radiation field is likewise tackled by introducing new terimi®
the two-stream equations, the solution of which requiresrss
extra stages of computation as depicted graphically inreigu

Shonk and Hogan (2008) and to also compute the lateral
flux between the optically thin and optically thick cloudy
regions in each layer. Our 3D scheme is unfortunately

To test this idea, a simple single-band radiation scheme has ~ incompatible with the Monte Carlo Independent Column
been implemented that can model shortwave radiative trans- ~ Approximation of Pincus et al. (2003), since the indepen-
fer through a column of partially cloudy layers. The code has dence of each column enables a different spectral band to
the ability to perform both traditional 1D calculations afudl be used in each column, making lateral transport between
3D calculations including lateral radiation transportngsthe columns impossible.
method set out in this paper. The difference between thewo e
ables the fractional change to the cloud radiative forciDBF)
due to 3D effects to be quantified. This has been compared with
the results of full 3D calculations reported in the literatdor
cumulus clouds and aircraft contrails. One study used thet&lo
Carlo method; the two others used the Spherical Harmons Di
crete Ordinate Method. Using the same cloud optical pragsert
and cloud fraction as reported in these studies, we cakulitae iv. Finally, section 4 showed how our method requires one
“3D effect” for a range of solar zenith angles. It was founaltth number to specify the effective length of cloud edge
while agreement between our results and their results was no within each gridbongi?f, which for natural clouds can be
exact, the dependence on solar zenith angle was similaawAt | assumed to be the same for direct and diffuse radiation.
solar zenith angles, the effect of shortwave side escapsees The challenge is then to estimate suitable values to use
to dominate, leading to a negative effect on top-of-atmesph for this quantity within a GCM for particular cloud sce-
CRF; at high solar zenith angles, the effect of shortwave sid narios. As discussed in section 4, this information could
illumination was seen to dominate, leading to a positivecff be derived from observations (e.g. Jensen et al., 2008) or

on top-of-atmosphere CRF. For the cases we consideredDthe 3 in some cases the model itself (e.g. Bechtold et al., 2001).
effects varied from about 30% up to over+-100%. These re-

sults confirm the importance of the first two mechanisms we/Ve would also be able to test whether the first two of these mod-
identified in Figure 1. It should be noted that the only otleestf ifications lead to improved agreement between our method and
method for 3D radiative transfer suitable for general datian  the full 3D calculations in Figure 8.

models (GCM), the Tilted Independent Column Approximation
of Varnai and Davies (1999), cannot represent represersigt-
ond effect, shortwav_e side escape, and so would_ not be able 10 e thank Robert Pincus for providing the necessary infor-
reproduce the negative 3D effect at low solar zenith angles.  mation to enable his paper to be included in Figures 2 and 8.

Our scheme for incorporating 3D transport is around twicethjs work was supported by NERC grant NE/G016038/1.
the computational expense of the equivalent 1D scheme. This

is adequate for implementation in a GCM for research pur-

iii. The lateral radiation transfer needs to be extendec:iait
longwave radiation. This can be achieved simply by re-
placing the solar source term in (18) by the Planck func-
tion, which will allow the mechanism of longwave side
exchange to be represented, depicted in the third panel of
Figure 1.
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APPENDIX Brooks, M. E., R. J. Hogan, and A. J. lllingworth, 2005: Param
_ _ . _ eterising the difference in cloud fraction defined by ared an
Approximating the sum of exponentials by one exponential by volume as observed with radar and lidzournal of the

In this appendix we show how a sum efexponentials of ~ Atmospheric Sciences2, 2,248-2,260.

the form n Cahalan, R. F., W. Ridgway, W. J. Wiscombe, T. L. Bell,
F(z) = ZlAi expaz) (A1) and J. B. Snyder, 1994: The albedo of fractal stratocumu-
i= lus clouds.Journal of the Atmospheric Sciencég, 2,434—
may be approximated by a single exponential of the form 2,455.
F(2) = Bexp(b2), (A2) DiGiuseppe, F. and A. M. Tompkins, 2003: Three-

dimensional radiative transfer in tropical deep convec-
in the range 6< z< 7. This is necessary since (5) provides the tive clouds.Journal of Geophysical Reseatcti08, DOI:

vertical distribution of direct solar radiation as the sufriveo 10.1029/2003JD003392.
((ei(%ori\znt(flzs), whereas in section 3b, itis required in the fof Evans, K. F., 1998: The spherical harmonic discrete ordinat

method for three-dimensional atmospheric radiative feans

We specify that the single exponential should conserve both . .
specify SINg'e exp 1l Shou serv Journal of the Atmospheric Sciencgs, 429-446.

the zeroth and first moments of (Al), i.e. the total radiatine
ergyE betweerz = 0 andz = z, and the mean photon position ry Q. K. N. Liou, M. C. Cribb, T. P. Charlock, and A. Gross-
z The total energy is given by man, 1997: Multiple scattering parameterisation in thérma
2 n infra-red radiative transfedournal of the Atmospheric Sci-
E— /o Flzdz= 3 A% - 1/a, (A3)  encesb4, 2,799-2,812.
1=

Gounou, A. and R. J. Hogan, 2007: A sensitivity study of the
and effect of horizontal photon transport on the radiative fiogc
of contrails.Journal of the Atmospheric Sciencéd, 1,706—

_7i 7 71n P .
ZiE/o F(Z)ZdZ—Ei;A.[ea‘ (azs—1)+1]/a% (A4) 1,716.

__Heidinger, A. K. and S. K. Cox, 1996: Finite-cloud effects in
The energy may be conserved exactly and the mean position jong-wave radiative transfefournal of the Atmospheric Sci-

reproduced closely by (A2) if its coefficients are given by ences53, 953-963.
b = mftanm2) - T[(23 —2/4)]; (A5)  Jensen, M. P., A. M. Vogelmann, W. D. Collins, G. J. Zhang, and
B — Eb/(eb ~1), (A6) E P. ITuke, 2008: Investigation of regional an_d seasonghvar
tions in marine boundary layer cloud properties from MODIS
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