
















SolutionSolution

• Anomalous horizontal transport 
almost entirely eliminated
– Works in longwave and shortwave
– Procedure is identical to Gaussian 

elimination and back-substitution in 
the case of 1 region

– New solvers now available in 
Edwards-Slingo code

– Easily extended to 3 or more regions

Layer 1

Layer 3

Surface albedo αs

Layer 2
α2.5 Calculate albedo of entire atmosphere

below level 2

αa-
1.5 αb-

1.5 Calculate albedo below level 1 for each region
αa+

1.5

At layer interfaces, use a weighted average of 
albedos according to overlap rules

Calculate upwelling and 
downwelling fluxes layer by layer

New solver agrees 
very well with ICA



How many regions are needed?How many regions are needed?
• Continuous distribution

• Four regions?

• Three regions?

• Two regions?
– Standard plane-parallel approach

LWC

p(LWC)

• Lets try three regions first…
– If the full PDF is known, use the 16th percentile for lower region
– If we know only variance        , then use

LWCσ

2
LWCσ LWCLWCLWC σ±=



A new approachA new approach
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• Ice water content from 
Chilbolton, log10(kg m–3)

• Plane-parallel approx:
– 2 regions in each layer, one clear 

and one cloudy

• “Tripleclouds”:
– 3 regions in each layer
– Alternative to McICA
– Uses Edwards-Slingo capability 

for stratiform/convective regions 
for another purpose

Shonk and Hogan (JClim 2008)



Testing on 98 cloud radar scenesTesting on 98 cloud radar scenes

• Next step: test 
on ERA-40 
clouds over an 
annual cycle

B
ia

s 
in

 t
o
p
-o

f-
at

m
o
sp

h
er

e 
cl

o
u
d
 r

ad
ia

ti
ve

 f
o
rc

in
g

Plane-parallel 
assumption: 

8% bias

Scaling factor of 0.7: error 
overcompensated

Tripleclouds: less 
than 1% bias and a 

smaller random error



Global effect of horizontal structureGlobal effect of horizontal structure

• Largest shortwave effect in 
regions of marine 
stratocumulus, but also storm 
tracks and tropics

• Largest longwave effect in 
regions of tropical convection 

minus

Change in top-of-atmosphere cloud 
radiative forcing when using fractional 
standard deviation of 0.8 globally



Global effect of realistic overlapGlobal effect of realistic overlap

• Change is of the opposite sign 
and of lower magnitude to 
that from horizontal structure

• Largest effect in the tropics in 
both the shortwave and the 
longwave

minus

Change in top-of-atmosphere cloud 
radiative forcing when using a 
latitudinally varying decorrelation length



Total global effectTotal global effect

• Shortwave change strongest 
in the marine stratocumulus 
regions, but in the tropics the 
two effects cancel

• Longwave effect is dominant 
in regions of tropical 
convection

minus

Change in top-of-atmosphere cloud 
radiative forcing when improving both 
horizontal structure and overlap



ZonalZonal mean cloud radiative forcingmean cloud radiative forcing
TOA Shortwave CRF TOA Longwave CRFCurrent models:

Plane-parallel

Fix only overlap

Fix only 
inhomogeneity

New Tripleclouds
scheme: fix both!

• Fixing just horizontal structure (blue to red) 
would overcompensate the error

• Fixing just overlap (blue to cyan) would increase 
the error

• Need to fix both overlap and horizontal structure



Relative importanceRelative importance
• Ratio of the horizontal-structure effect and the overlap effect 

in net radiation (shortwave plus longwave)

• In marine stratocumulus the horizontal structure effect is 
completely dominant

• In tropical convection the two effects approximately cancel
• Tripleclouds shortly to be implemented in Unified Model

Horizontal structure wins

Overlap wins

Cancellation



3D radiative transfer!

Is this effect important?
And how can we represent it in a GCM?



Three main 3D effectsThree main 3D effects

• Effect 1: Shortwave cloud side illumination
– Incoming radiation is more likely to intercept the cloud
– Affects the direct solar beam
– Always increases the cloud radiative forcing
– Maximized for a low sun (high solar zenith angle)
– But remember that the flux is less for low sun, so diurnally averaged 

effect may be small

3D radiation ICA



Three main 3D effects continuedThree main 3D effects continued

• Effect 2: Shortwave side leakage
– Maximized for high sun and isolated clouds
– Results from forward scattering
– Usually decreases cloud radiative forcing
– But depends on specific cloud geometry
– Affects the diffuse component

• Effect 3: Longwave side effect
– Cloud is bathed in upwelling and downwelling 

radiation of a particular mean radiation 
temperature

– If cloud temperature is less, then net flux is 
into cloud sides, increasing radiative forcing

– Depends on other clouds in the profile



Simple geometry: aircraft contrailsSimple geometry: aircraft contrails
• SHDOM 3D radiation code run on an 

idealized contrail with optical depth of 0.4

Gounou and Hogan (JAS 2007)

3. Longwave 
edge effect: +10%

2. Shortwave 
leakage effect: -5%

1. Shortwave side 
illumination: 50%

Downwelling 
shortwave

Net forcing can 
be doubled or its 
sign reversed!

Contrail



3D radiation in natural clouds3D radiation in natural clouds

• 3D effects much smaller in layer clouds
– In cirrus, SW and LW effects up to 10% for optical depth ~1, but

negligible for optically thicker clouds (Zhong, Hogan and Haigh 2008)

• Overall is much less important than horizontal inhomogeneity

Leakage: 19%

Side illumination: >23%

Shallow cumulus:
Benner & Evans (2001)• 3D effects significant in 

convective clouds
– Cumulus (Benner & Evans 

2001, Pincus et al. 2005)
– Deep convection 

(DiGiuseppe & Tompkins 
2003)



How can we represent this in GCMs?How can we represent this in GCMs?
• Varnai and Davies (1999) proposed the Tilted ICA (TICA)

• Apply in GCM radiation scheme by randomising overlap with 
higher solar zenith angle (Tompkins & DiGiuseppe 2007), but:
– Need high vertical resolution; won’t work for a single-level cloud
– Only direct solar source calc. should use changed overlap (Effect 1)
– In principle, Effects 2 and 3 could be represented by slightly 

randomising the overlap in the two-stream calculation of diffuse fluxes
– Need observational information on the horizontal scale of the clouds

• Hope to modify Tripleclouds solver at a fundamental level to 
include horizontal transport (Effects 1-3)
– Note that this is more difficult to do with McICA!

3D radiation TICA



Are we using computer time wisely?Are we using computer time wisely?

∫ ∫ ∫ ∫Δ ∞ Δ
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Up to a 20 W m-2 long-term 
bias (plus heating rate 
biases)

Poorly (clouds!)2 (clear+cloudy)Space

±6 W m-2 (Stephens et al. 
2001)

Well (some 
uncertainty on ice 
phase functions)

2 (sometimes 4)Angle

Incorrect climate response 
to trace gases?

Very well (HITRAN 
database)

100-250Spectrum

Changed climate sensitivity 
(Morcrette 2000); diurnal 
cycle (Yang & Slingo 2001)

At the timestep of 
the model

1/3 (every 3 h)Time 

Consequence of poor 
resolution

How well is this 
dimension 
known?

Typical number 
of quadrature
points

Dimension

• Radiation is an integral:



Closing remarksClosing remarks
• We now have methods for efficiently representing the leading-

order cloud-structure effects in GCMs
• Can we make radiation & microphysical schemes consistent?

– Cloud variability and overlap not only affect radiation, but also 
precipitation formation and evaporation

– Effective radius should also be consistent
• We always apply mean overlap and mean variability

– Do we need a stochastic element to represent the known fluctuations in 
these properties from case to case?

• Cloud structure information should be gridbox-size dependent
– Important to include for models run at many resolutions

• Can we get away from brainless empirical relationships?
– What is the underlying physics behind them and can it be modelled?

• The largest error in a radiation calculation is actually from the 
cloud variables provided by the GCM
– The most substantial task is to evaluate model cloud fields from

observations and improve the model…



The limits of Mie theoryThe limits of Mie theory

Rayleigh region (r<<λ):

Geometric optics 
region (r>>λ):
Qe = 2; σe= 2πr 2
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…the sky is blue

…clouds are white



• It is conceptually convenient to solve the system by
– Working up from the surface calculating the albedo αi and upward 

emission Gi of the whole atmosphere below half-level i.

– Then working down from TOA, calculating the upwelling and downwelling 
fluxes from αi and Gi.

EdwardsEdwards--SlingoSlingo solutionsolution
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Calculations on ERACalculations on ERA--40 cloud fields40 cloud fields

Long-
wave 
CRF.

Fix only inhomogeneity
Tripleclouds (fix both)

Plane-parallel
Fix only overlap

TOA Shortwave CRF TOA Longwave CRF

Tripleclouds minus plane-parallel (W m-2)

Main SW effect 
of inhomogeneity 

in Sc regions

Fixing just overlap
would increase 

error, fixing just 
inhomogeneity

would over-
compensate error!

Main LW effect of 
inhomogeneity in 

tropical convection

SW overlap and 
inhomogeneity 
biases cancel in 

tropical convection

…next step: apply Tripleclouds
in Met Office climate model



Ice water content distributionsIce water content distributions

• PDFs of IWC within a model gridbox can often, but not always, 
be fitted by a lognormal or gamma distribution

• Fractional variance tends to be higher near cloud boundaries

Near cloud base Cloud interior Near cloud top



3D effect in natural clouds?3D effect in natural clouds?
• Shallow cumulus (Benner and Evans 2001; Pincus et al. 2005)

– SW side illumination: +23% to +35% albedo change for SZA=63º
– SW side leakage: -19% to -30% for overhead sun (SZA=0º)

• Stratocumulus
• Cirrus (Zhong, Hogan and Haigh 2008)

– LW: 10% change for τ=1, falling to 0.5% for τ=20
– SW side illumination: 10% for τ<2 and SZA>80º, negligible otherwise
– SW side leakage: very small effect of both signs




