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• Prognostic variables: temperature, humidity, cloud fraction, liquid 

and ice mixing ratios, surface temperature

• Diagnostic variables: sun angle, surface albedo, pressure, O3, 

aerosol; well-mixed gases: CO2, O2, CH4, N2O, CFC-11 and CFC-12

Radiation scheme predicts fluxes 

between model levels in W m-2, and 

the net flux Rn = S – – S+ + L – – L+

S –, S+ L–, L+

Radiation 
scheme ecRad

• Thermodynamic equation:

• Surface energy balance: soil & sea temperatures

Interpolate horizontally 
to radiation grid

Interpolate to 
model grid Sn

Ln

What does a radiation scheme do (in the IFS)?
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What if the sun 
were suddenly 

turned off?

• Land cools rapidly

• Atmosphere fills with cloud

• Tropical land convection 

disappears

• etc...

THANKS TO MARK FIELDING





If the Earth was black (=0), Teff = 278 K, still lower than observed 288 K 







Global energy flows

• Trenberth et al. (2009); modification of Kiehl & Trenberth (1997)
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Role of radiation in the global 
circulation

• Warmer tropics means same pressure 

layers are thicker at equator

• By thermal wind balance there must be 

westerlies

• Excess heat transported polewards by

– Oceanic transport

– Disturbances in these westerlies: mid-

latitude weather systems!
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Spectral distribution of radiation

• Shortwave: atmosphere is mostly transparent

• Longwave: atmosphere is mostly opaque

O3

CO2

Mainly H2O
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Stratosphere and climate change
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• Ozone concentrations highest in stratosphere 

and mesosphere: UV absorption leads to 

peak shortwave warming at stratopause

• Carbon dioxide is well mixed so its density 

decreases with height

• Adjacent layers emit and absorb longwave 

radiation at around 15 microns: net effect 

largely cancels, except in upper stratosphere 

where density is low enough to emit freely to 

space: strong net cooling balances O3 heating

• Strong emission to the surface (the 

greenhouse effect) that increases with CO2

concentration: climate change

• In the ecRad practical it is possible to 

investigate what happens to the stratosphere 

when CO2 and O3 concentrations are 

perturbed 

O3

CO2

Longwave

Shortwave

IFS model top



ECMWF’s modular 
radiation scheme “ecRad”

• Gas optics

– RRTM-G scheme computes 

absorption optical depth in a 

total of 252 spectral intervals 

as a function of concentration 

of 8 gases

• Aerosol optics

– Compute scattering properties 

of various aerosol species and 

add them to the gas properties

– Supports prognostic & 

diagnostic aerosol

• Cloud optics

– Compute scattering properties 

of liquid and ice clouds
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• Solver

– Several solvers available for 

treating complex cloud 

structure, very flexible with 

respect to cloud overlap, and 

the width & shape of the PDF

– SPARTACUS makes the IFS 

the only global model that can 

do 3D radiative effects

– Longwave scattering optional

• Offline version available for 

free from GitHub and the 

ecRad web site
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Treatment of gases
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• Split longwave and 

shortwave spectra into 

bands, within which 

we represent the PDF 

of gas absorption by a 

handful of spectral 

points

• Integrate over 

spectrum with 140 

quasi-monochromatic 

radiation calculations 

in longwave and 112 

in the shortwave



Aerosols

• Atmospheric forcing depends on absorption optical depth:

• Strong impact on dynamics in the tropics

• A few years ago the aerosol climatology was upgraded to 

CAMS, which reduced absorption over Arabia, weaked the 

overactive Indian Summer Monsoon, and halved the 

overestimate in monsoon rainfall!
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Tegen JJA (pre 43R3) CAMS JJA (43R3)

bias

bias

Bozzo et al. (2017)
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The two-stream equations
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• All weather and climate models simplify the treatment 

of radiation to the following:

• Direct solar beam: 𝑑𝐹0
𝑑𝜏

= −
𝐹0
𝜇0

• Two stream equations for diffuse fluxes:

𝑑𝐹↑

𝑑𝜏
= +𝛾1𝐹

↑ − 𝛾2𝐹
↓ + 𝑆↑

𝑑𝐹↓

𝑑𝜏
= −𝛾1𝐹

↓ + 𝛾2𝐹
↑ + 𝑆↓

Increasing optical depth 

𝐹↓

𝐹↑

𝐹0

Solar zenith angle

Cosine of solar 

zenith angle
Optical depth 

Scattering between streams Scattering from 

the direct beam



Three issues for representing clouds
• Clouds in older GCMs used a simple cloud 

fraction scheme with clouds in adjacent 

layers being maximally overlapped

1. Observations show that vertical overlap of clouds in two 
layers tends towards random as their separation 
increases

2. Real clouds are horizontally inhomogeneous, leading to 
albedo and emissivity biases in GCMs (Cahalan et al 
1994, Pomroy and Illingworth 2000)

3. Radiation can pass through cloud sides, but these 3D 
effects are negelcted in all current GCMs



Cloud overlap parametrization
• Even if can predict cloud fraction versus height, cloud 

cover (and hence radiation) depends on cloud overlap

– sdfsdfs

• Observations (Hogan and Illingworth 2000) support 
“exponential-random overlap”:

− Non-adjacent clouds are randomly overlapped

− Adjacent clouds correlated with decorrelation length ~2km

− Many models still use “maximum-random overlap”



Cloud overlap from radar: example

• Radar can 
observe the 

actual 
overlap of 
clouds



Cloud overlap: results

• Vertically isolated clouds are randomly overlapped

• Overlap of vertically continuous clouds becomes rapidly 
more random with increasing thickness, characterized 
by an overlap decorrelation length z0 ~ 2 km 

Hogan and Illingworth (QJ 2000)
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Cloud overlap globally

Chilbolton (Hogan & Illingworth 2000)

NSA (Mace & Benson 2002)

• Latitudinal dependence of decorrelation length from Chilbolton and 
the worldwide ARM sites

– More convection and less shear in the tropics so more maximally overlapped

Random 
overlap

Maximum 
overlap

Latitudinal 
dependence 

available as an 
option in the 

ECMWF model

Shonk et al. (QJ 2010)
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Inhomogeneous cloud

• Non-uniform clouds have lower 

mean emissivity & albedo for the 

same mean optical depth due to 

curvature in the relationships

Why is cloud structure important?

• An example of non-linear averaging

Clear air              Cloud      

Infrared absorption optical depth


= SS 

44 )1( sTTL  −+=
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How do the three solvers compute how clouds interact with radiation?
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Monte-Carlo Independent Column Approximation (McICA, Pincus et al. 2005)

⚫ Use prognostic cloud fraction and assumed standard deviation of cloud water

⚫ Stochastic cloud generator is fast but leads to some noise in fluxes

⚫ McICA now used in many (most?) global weather and climate models

Each wavelength sees a different cloud realization (OPERATIONAL)
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Tripleclouds (Shonk & Hogan 2008)

⚫ Cloud overlap rules govern how radiation enters different regions at layer 
interfaces

⚫ Fluxes and heating rates are noise-free, but this solver is slower than 
McICA

Approximate cloud variability by three regions: one clear and two cloudy
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SPARTACUS (Hogan et al., Schäfer et al. 2016)

⚫ SPARTACUS makes ecRad the first GCM radiation scheme that can 
simulate 3D radiative effects

⚫ Slower than Tripleclouds, and still under development and evaluation

Tripleclouds with lateral radiation exchange between regions



Noise in ecRad’s McICA solver compared to older McRad scheme
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Global impact of cloud structure
Shonk and Hogan (2010)

• Cloud radiative forcing (CRF) is change to top-of-atmosphere net flux due to clouds

• Clouds cool the earth in the shortwave and warm it in the longwave:

• Representing horizontal cloud structure reduces absolute CRF by around 12%:



Horizontal versus vertical structure

• Correcting cloud structure changes cloud radiative effect by 
around 10%

• Impact of adding horizontal structure about twice that of 
improving vertical overlap

• Note that uncertainties in the horizontal structure effect are 
much larger than in the vertical overlap effect

Horizontal structure, maximum overlap

Horizontal structure, realistic overlap
Horizontally homogeneous, max overlap
Horizontally homogeneous, realistic overlap



Summary and outlook

• Modular design of ecRad makes it well suited for research and operational use

– We can test alternative modules (e.g. new solvers) while keeping everything else fixed

– ecRad has been implemented in IFS, MesoNH, ICON, LMDZ, AROME, ISAC and MAR models

• Offline version freely available (Apache 2.0 open-source license)

– https://confluence.ecmwf.int/display/ECRAD

– https://github.com/ecmwf-ifs/ecrad

• If you compile it you can try the exercises in the “practical” directory 

• Outlook for radiation developments

– Much more efficient gas optics and spectral integration

– Remove middle-atmosphere temperature bias via new UV solar spectrum

– Prognostic ozone and aerosols interactive with radiation

– Overhaul surface treatment, including 3D interactions with cities and forests

– Orographic effects at high resolution

30

https://confluence.ecmwf.int/display/ECRAD
https://github.com/ecmwf-ifs/ecrad


Further reading

• Radiation in NWP (ECMWF Technical memo, 2017)

31EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

• ecRad (JAMES 2018)
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