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Simulation of satellite channel radiances in the Met Office Unified Model
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SUMMARY

A system is described which allows satellite channel radiances to be simulated within both the numerical
weather prediction and climate versions of the Met Office Unified Model. It is based on a spherical harmonics
version of the radiation code that calculates radiative fluxes and heating rates in the climate model and it uses
the same pre-processing software and molecular absorption database. In the results shown here, fractional cloud
cover is represented by decomposition into separate columns. The methodology is described and results of off-
line tests of the code against high spectral resolution calculations are presented. Examples of infrared window
and water vapour channel brightness temperatures simulated using the global forecast model are then compared
with Meteosat 7 imagery. The utility of radiance simulations for model validation studies is illustrated by these
comparisons, and other applications are also discussed.
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1. INTRODUCTION

Satellite data provide important information for assessing the performance of
climate models and for studying climate variability and trends. For these applications,
the calibrated radiances are usually processed to produce high-level products, such
as cloud amounts, radiative fluxes, precipitation rates and so on. Such products are
very convenient for evaluating models, because the corresponding fields are produced
routinely during model simulations, so that relatively little additional processing of the
model output is required.

In contrast, in numerical weather prediction (NWP) it is now standard practice to
use the radiances themselves and to assimilate them directly into a weather-forecast
model by adjusting the model fields to minimize the difference between the observed
radiances and those simulated by the model. This requires an accurate forward model
to provide the simulated radiances, as well as knowledge of the error characteristics
both of the model and of the data, so as to optimize the assimilation by variational
methods (e.g. English et al. 2000). The advantage of using radiances as opposed to
high-level products in NWP is that it preserves the information content of the data with
the minimum of processing and enables a wide variety of data types to be assimilated,
provided that there is a forward model available for each type.

There is increasing evidence that climate applications can also benefit from the
use of radiances as opposed to high-level products. A number of studies (e.g. Soden
and Bretherton 1994; Soden and Fu 1995; Salathé and Chesters 1995; Salathé et al.
1995) have focused on the representation of upper tropospheric moisture in models using
simulations of radiance measurements in the 6.3 µm water vapour absorption band. In
these studies model temperature and humidity profiles were used as input to a radiative-
transfer model to calculate clear-sky radiances which were then compared with cloud-
cleared radiance observations. Morcrette (1991) compared model-simulated brightness
temperatures with those from Meteosat and demonstrated the potential of what he
termed the ‘model-to-satellite approach’ for evaluating model-generated cloudiness.
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This approach was pursued in further studies using Meteosat data by Duvel et al. (1996)
and Roca et al. (1997), while Yu et al. (1997) presented comparisons of model-simulated
brightness temperatures with GOES∗ measurements. More recently, Chevallier and
Kelly (2002) have compared Meteosat infrared window imagery with simulations using
the current version of the European Centre for Medium-Range Weather Forecasts model
and a modified version of the fast code RTTOV† (Eyre 1991).

Data from geostationary satellites are particularly well suited to such applications,
since they contain high-frequency information that may be exploited to reveal details of
physical processes and interactions, both in the models and in the real world (e.g. Yang
and Slingo 2001; Janowiak et al. 2001). The availability of long time series of quality
controlled data from polar orbiting satellites provides opportunities for evaluating
models on longer time-scales (e.g. Bates et al. 1996; Geer et al. 1999), although it may
be important to take account of the infrequent sampling from satellites in low earth orbits
(Engelen et al. 2000). For the detection and attribution of climate trends, it is important
that the minimal of processing is applied to the satellite data and that spectrally resolved
radiances are available (Goody et al. 1998).

The radiation scheme used to calculate fluxes and heating rates in the climate
version of the Met Office Unified Model (Pope et al. 2000) is a two-stream code
described by Edwards and Slingo (1996). A version of the scheme has recently been
implemented in the NWP model. We have developed a radiance version that includes
clouds and is based on the same molecular line database as the flux code. The trade-
off between accuracy and speed can be chosen according to the particular application.
Simulations of the radiances observed by a satellite instrument take into account the
instrumental spectral response and the viewing geometry. The code is run within the
model as an integration proceeds and is independent of the calculation of fluxes and
heating rates, allowing the sampling to be adjustable. A full treatment of scattering
is included and the code is consistent with the flux version (which calculates the
heating rates used to advance the model) in its treatment of clouds, aerosols and
gaseous absorption. This provides a sound basis for interpreting the differences between
observed and simulated radiances in terms of the model variables. The code has
primarily been developed for diagnostic purposes and, while it may not be fast enough
for all possible applications (e.g. data assimilation), it does provide a standard against
which simpler methods developed for particular purposes could be compared. The
flexibility of the code is illustrated by the fact that it has also been used to simulate
the radiances observed at high spectral resolution by spectrometers on research aircraft.
Results from that work will be reported elsewhere.

In the following section, the methodology used to calculate radiances is described,
including a brief description of the radiance code and of the technique used to com-
bine the molecular absorption data with the instrumental spectral response. Section 3
describes the application of the code to the thermal infrared window and water vapour
channels on the Meteosat 7 operational geostationary satellite and presents the results
of tests against high spectral resolution calculations. Section 4 presents comparisons
between simulations from NWP analyses and Meteosat data, illustrating the potential
for evaluating physical processes in the model. The final section summarizes the work
and discusses some of the planned future applications.

∗ Geostationary Operational Environmental Satellite.
† Radiative Transfer for TIROS (Television Infrared Observation Satellite) Operational Vertical Sounder.
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2. METHODOLOGY

The total radiance at the top of the atmosphere measured by a satellite instrument
over a spectral interval, �ν, is

I (p = 0, µ) =
∫
�ν

φ(ν)Iν(p = 0, µ) dν∫
�ν

φ(ν) dν
(1)

where Iν is the monochromatic radiance, p is the pressure, µ is the cosine of the viewing
angle and φ(ν) is the instrument spectral response (or ‘filter’) function. In order to
calculate this quantity in the Unified Model we need a general facility to calculate
radiances combined with a method that accounts for the instrument response.

(a) The radiation code
A detailed description of the original version of the radiation code is given by

Edwards and Slingo (1996). With regard to the present work, one of the most important
design features of the code is that the spectral resolution is flexible, allowing it to be
used across a wide variety of applications: providing reference calculations, simulating
aircraft measurements and for use in forecast and climate modelling. This flexibility
is achieved by reading in all the spectrally dependent information (the number of
bands, the band limits, the absorbing species, the spectral properties of atmospheric
constituents, etc.) at run time from a ‘spectral file’ created by a pre-processor. Once the
required spectral files have been created, they may be stored for future use, so there is no
need to re-run the pre-processor each time the radiation code is run. In order to simulate
satellite channel radiances, we therefore need to create spectral files appropriate to the
channel(s) under consideration.

(b) Calculation of radiances
A major consideration in the design of the two-stream code of Edwards and Slingo

(1996) was the requirement of generality, which opens up a wide range of applications
and facilitates the development of parametrizations for large-scale models: it is useful
to aim for a similar level of generality in the simulation of radiances. Much of the
infrastructure of the original code is applicable to the calculation of radiances, the key
issue being the selection of an algorithm for the calculation of monochromatic radiances.
Of the various methods available, we have chosen that of spherical harmonics as it
provides a unified framework for the calculation of radiances and fluxes, and potentially
photolysis rates. The algorithm is based on the method presented by Benassi et al.
(1984), extended to multiple atmospheric layers. Assuming a plane-parallel atmosphere,
the radiance, I , in a direction, n, at an optical depth, τ , can be written as

I (τ, n) =
∞∑
l=0

l∑
m=−l

Ilm(τ )Ym
l (n) (2)

where the Ym
l are the spherical harmonics, which obey the orthogonality relations,∫

�

Ym
l (n)Ym′

l′ (n) dωn = δll′δmm′ (3)

where � represents integration over the sphere and dωn is an element of solid angle
about the direction n. After imposing an order of truncation, L, the equation of transfer
can be reduced to a set of ordinary differential equations for the Ilm in τ . This suffices
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for the calculation of fluxes, but, because the series (2) may converge slowly along an
individual ray, radiances are calculated by direct integration along that ray, using the
spherical harmonic solution to define the scattered radiation field (Benassi et al. 1984).
(In this formulation it is trivial to incorporate a higher order of truncation of the phase
function in the calculation of singly scattered radiation at solar wavelengths, allowing
us easily to employ the method of Nakajima and Tanaka (1988), which they designate
solely by the abbreviation TMS.) For use in a large-scale model, the code is written
to operate simultaneously on a vector of points. In the present study, fractional cloud
cover is represented by decomposition into a number of separate columns, within each
of which the cloud amount is either zero or unity in each layer, taking into account the
overlap assumption. The number of columns used at each point depends on the cloud
geometry and the specified overlap assumption. This is also an option in the original
flux version, so that direct comparisons between flux and radiance calculations are
possible. Simulations of the radiances observed by particular satellite instruments can
take into account the viewing geometry dictated by the satellite orbit and instrumental
scan characteristics. Effects such as limb-darkening are thus accounted for explicitly,
although information on the magnitude of this effect can also be extracted from the
simulations, as is illustrated in the following sections.

(c) Gaseous absorption: application of the correlated-k technique
Gaseous absorption is parametrized using the correlated k-distribution method

(Goody et al. 1989; Lacis and Oinas 1991; Fu and Liou 1992), extended to include the
instrument spectral response (Edwards and Francis 2000). The correlated-k technique
has previously been applied within the framework of the Edwards–Slingo code by
Cusack et al. (1999) and Zhong and Haigh (2001), and has also been used in other
climate and NWP model radiation schemes (e.g. Mlawer et al. 1997).

Following Edwards and Francis (2000) the band transmittance for a homogeneous
atmosphere is written as

Tφ = 1

Fφ

∫
�ν

t (ν)φ(ν) dν (4)

where t (ν) is the monochromatic transmittance and

Fφ =
∫

�ν

φ(ν) dν. (5)

A frequency distribution function, hφ(k), is formed such that hφ(k) dk is the
fraction, φ(ν) dν/Fφ , of the integration range over which the absorption coefficient lies
between k and k + dk. The cumulative distribution function (the g-distribution) is then
defined as

gφ(k) =
∫ k

0
hφ(k′) dk′ (6)

with its inverse, k(g), being referred to as the k-distribution. In this way, the spec-
tral variation of the instrument response is included directly in the derivation of the
k-distribution. This is different from the approximate method used by Kratz (1995)
and Kratz and Rose (1999), in that they divided the channel into a small number of
subintervals, over which the instrument response is assumed to be constant.

Edwards and Francis (2000) also suggest that the spectral variation of the Planck
function can be accounted for by treating it in a similar manner to their method for
including an instrument spectral response. This allows the Planck function and the
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instrument response variation to be considered together, as a ‘combined filter’, and the
band transmittance is then given by

Tφ,p = 1

Fφ,p

∫
�ν

t (ν)p(ν)φ(ν) dν (7)

where

Fφ,p =
∫

�ν

φ(ν)p(ν) dν (8)

and

p(ν, �) = B(ν, �)

B(ν, �)
. (9)

B(ν, �) is the Planck function at temperature � and ν is the wave number
corresponding to the peak instrument response. The probability density function,
g-distribution and k-distribution are then defined as for an instrument response alone.
This methodology is employed to create spectral files appropriate to the satellite chan-
nels we wish to simulate.

(d) Calculation of absorption coefficients and the g-quadrature
The absorption coefficients are calculated at a wave-number resolution of

0.002 cm−1 using a Voigt lineshape (Schreier 1992) and a line cut-off of 25 cm−1 for all
gases. All spectral line data are taken from the 1996 version of the HITRAN database
(Rothman et al. 1998).

The basic approximation of the correlated-k technique is to extend the k-distribution
approach to inhomogeneous atmospheres by assuming that the mapping from wave-
number space to cumulative probability space is the same for all atmospheric layers.
In practice we assume that the k-distribution for any given atmospheric conditions is
correlated with that at specified reference conditions, namely the peak of the heating
rate in a standard atmosphere (Chou et al. 1993). For a given satellite channel, the
absorption coefficients for each of the gases required are calculated at the reference
conditions and sorted into ascending order to produce the k-distribution, i.e. k as a
function of g, with g defined as above to take into account the variation of both the
instrument response and the Planck function for the channel. Note that the instrument
response functions are generally only available at a limited number of discrete points
and need to be interpolated to the spectral resolution of the absorption coefficients.

The relatively smooth and monotonic nature of the g-distribution (and hence also
of the k-distribution) means that in practice the transmittance can be calculated using
only a small number of points in the range zero to one. In this work the g-quadrature is
determined by dividing the distribution into equal intervals of � log10(k) and calculating
the mean absorption coefficient for each interval. For reasons of computational speed
we choose (somewhat arbitrarily) to limit the maximum number of terms to ten,
although in many cases fewer terms are sufficient to calculate the transmission to an
acceptable level of accuracy. This done, the transmittance between heights z1 and z2 in
an inhomogeneous atmosphere can then be calculated as

T =
n∑

j=1

exp

(
−

∫ z2

z1

kjρ dz

)
�gj (10)

where ρ is the density of the absorber, n is the number of terms chosen, kj is the mean
absorption coefficient for the j th interval and �gj = gj − gj−1, with g0 = 0, gn = 1.
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Having chosen the reference conditions, (pr, �r) and selected the g-quadrature,
the temperature and pressure dependence of the absorption coefficients now needs to
be determined. The absorption coefficients are calculated over a range of temperatures
and pressures representative of real atmospheric conditions, and for each g-interval the
mean absorption coefficient is fit to a scaling function of the form

kj (p, �) = kj (pr, �r)(p/pr)
mj f (�; �r) (11)

where

f (�; �r) = 1 + aj

(
� − �r

�r

)
+ bj

(
� − �r

�r

)2

. (12)

The coefficients aj , bj and mj are obtained by fitting transmittances across a wide
range of absorber amounts. The mean absorption coefficients for each interval, the
interval widths and the fitting parameters, along with the reference conditions, are stored
in the spectral file. For the water vapour continuum, version 2.1 of the CKD formulation
(Clough et al. 1989) is used. To be consistent with this formulation, water vapour line
absorption within the cut-off is reduced by its value at 25 cm−1 from the line centre.
The foreign-broadened continuum absorption is included in the treatment of the water
vapour line absorption. The self-broadened absorption is treated separately, but in a
similar manner to the line absorption. In this case only one term (i.e. one g-interval
from zero to unity) is used and the scaling function is again a power law in pressure and
a quadratic in temperature.

(e) Representation of cloud properties
The optical properties of cloud water droplets and ice particles are calculated from

parametrizations depending on the effective radius and mass mixing ratios of water and
ice. In the simulations shown here the functional form of the parametrizations used
is that of Slingo (1989), although other forms are available. The actual fits are re-
calculated for the particular channels chosen; the pre-processor includes the capability to
re-calculate the coefficients for any desired spectral resolution. Firstly, a Mie scattering
code is run for a range of physically reasonable size distributions at a large number
of discrete wavelengths. The optical properties are then averaged, suitably weighted,
across the spectral band. The required coefficients for the chosen parametrization are
determined by fitting to these data and are then stored in the spectral file. The full details
of this procedure, together with some specific examples, can be found in Edwards and
Slingo (1996).

In the examples discussed here, ice crystals have been assumed to be spheres with
an effective radius of 30 µm, and a Henyey–Greenstein phase function has been used.
Maximum overlap is used for convective or layer cloud occurring alone, while minimum
overlap is used for the two types occurring together.

3. APPLICATION TO METEOSAT INFRARED CHANNELS

The methodology described in the previous section is now applied to the Meteosat
7 infrared window and water vapour channels. The window channel contains weak
absorption lines of water vapour, CO2 and ozone and has a peak weighting function
near the surface, while the water vapour channel is dominated by strong water vapour
absorption lines and measures radiation emanating from typically around 200–500 hPa
(although in extremely dry atmospheres the emission can originate from lower layers).
The utility of both of these channels for model validation studies has previously been
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TABLE 1. CORRELATED-k PARAMETERS FOR THE METEOSAT 7 INFRARED (IR) WINDOW AND WATER
VAPOUR CHANNELS

Reference Reference
Spectral range pressure temperature

Channel (cm−1) Gases included (hPa) (K) g-quadrature No. of terms

IR window 770–990 H2O 1000 290 � log(k) = 1 5
CO2 500 250 � log(k) = 2 3
O3 60 230 � log(k) = 4 3

Water vapour 1350–1850 H2O 500 250 � log(k) = 0.5 10

Note that the foreign-broadened water vapour continuum is included with the line absorption. The self-
broadened continuum is treated separately and is represented by one term, with the reference conditions being
the same as those for the line absorption.

demonstrated by Morcrette (1991), Schmetz and van de Berg (1994) and Roca et al.
(1997).

The correlated-k techniques for representing gaseous absorption together with an
instrument spectral response were used to produce spectral files appropriate to the
infrared window and water vapour channels. The channels were each treated as a single
spectral band. Off-line calculations for a range of standard atmospheres were then
performed to test the accuracy of the correlated-k method against simulations at much
higher spectral resolution.

Table 1 lists the most important parameters for these calculations. Figures 1 and 2
show examples of applying the correlated-k method to water vapour absorption in the
two channels. The contrast between weak absorption in the window channel with the
strong absorption in the water vapour channel is evident from Figs. 1(a) and 2(a). A
consequence of this is that twice as many k terms (ten as opposed to five in the window
channel) are required in the water vapour channel in order to calculate the radiances
to the same level of accuracy. Note that in the representation of gaseous overlap
normally used in the Edwards–Slingo code (Edwards 1996) full quasi-monochromatic
calculations are performed for the major absorber in a band, with absorption by minor
gases being computed by a number of faster subsidiary calculations. The speed of the
calculation is thus determined by the number of k terms used to represent the major
absorbing gas.

Table 2 compares the simulation of top-of-atmosphere, nadir, equivalent black-
body brightness temperatures (brightness temperatures hereafter) using the correlated-k
method with those obtained from a 10 cm−1 resolution version of the Edwards–Slingo
code and the GENLN2 line-by-line code (Edwards 1992) for a range of standard atmos-
pheric profiles. The 10 cm−1 version of the Edwards–Slingo code typically uses between
15 and 20 terms to represent water vapour line absorption in each of its 300 spectral in-
tervals. For both sets of reference calculations the instrument response was interpolated
to the spectral resolution of the calculated radiances.

These results indicate that applying the Edwards and Francis (2000) correlated-k
methodology within our radiation code enables us to represent these channels as single
bands with a high degree of accuracy when compared with line-by-line calculations: the
maximum differences between the single band and GENLN2 brightness temperatures
are 0.14 K and 0.68 K for the infrared window and water vapour channels respectively;
for the other atmospheres the differences are considerably lower. It can also be noted
that these differences are considerably smaller than the calibration uncertainty of the
Meteosat instruments, which may be up to a few K (e.g. van de Berg et al. 1995).
It is useful to consider these differences in relation to the information content of the
measurements, in this case the difference between the surface and top-of-atmosphere
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Figure 1. Application of the correlated-k method to water vapour absorption in the Meteosat 7 infrared window
channel. (a) Absorption coefficient at the reference conditions of 290 K and 1000 hPa, (b) infrared window
channel instrument response function, (c) exact k-distribution and (d) five-term g-quadrature. See text for further

explanation.

temperatures. For the mid-latitude winter atmosphere, for example, the differences
between the single band and line-by-line brightness temperatures represent 3.2% and
1.1% of the signal in the infrared window and water vapour channel respectively. The
comparisons with the line-by-line calculations also confirm that the 10 cm−1 version
of the Edwards–Slingo code is generally capable of providing a suitable reference for
faster versions of the code (see also Edwards and Slingo 1996).
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Figure 2. As Fig. 1, but for the Meteosat 7 water vapour channel. The reference conditions are 250 K and
500 hPa.

Given the dominance of water vapour as a greenhouse gas and its role in the
water vapour feedback, it is important that the radiance code has the correct sensitiv-
ity to changes in water vapour concentrations. Table 3 shows the changes in top-of-
atmosphere, clear-sky brightness temperatures resulting from both increasing and de-
creasing the water vapour amount by 25% throughout the atmospheric column. Again,
comparisons are shown between the correlated-k method and the reference version of the
Edwards–Slingo code. These comparisons indicate that the correlated-k method reliably



1178 M. A. RINGER et al.

TABLE 2. SIMULATED TOP OF ATMOSPHERE, CLEAR-SKY, NADIR BRIGHTNESS TEMPERA-
TURES (K) FOR THE METEOSAT 7 INFRARED (IR) WINDOW AND WATER VAPOUR CHANNELS
FOR A RANGE OF STANDARD ATMOSPHERES. THE SINGLE-BAND CORRELATED-k METHOD
IS COMPARED WITH VALUES CALCULATED USING A 10 cm−1 REFERENCE VERSION OF THE

EDWARDS–SLINGO CODE AND THE GENLN2–4.0 LINE-BY-LINE CODE.

Edwards–Slingo: Edwards–Slingo:
Atmosphere Channel correlated-k reference GENLN2

Tropical IR window 294.83 294.85 294.85
Water vapour 246.54 246.20 246.21

Mid-latitude summer IR window 291.55 291.68 291.62
Water vapour 245.22 244.84 244.87

Mid-latitude winter IR window 271.72 271.82 271.76
Water vapour 240.41 240.09 240.08

Sub-arctic summer IR window 285.03 285.15 285.14
Water vapour 242.14 242.81 242.82

Sub-arctic winter IR window 257.04 257.10 257.18
Water vapour 236.12 235.77 235.56

TABLE 3. CHANGES IN NADIR BRIGHTNESS TEMPERATURES (K) FOR THE METEOSAT 7 IN-
FRARED (IR) WINDOW AND WATER VAPOUR CHANNELS RESULTING FROM INCREASES AND DE-
CREASES (IN PARENTHESES) OF 25% TO THE WATER VAPOUR AMOUNT AT ALL ATMOSPHERIC

LEVELS

Atmosphere Channel Edwards–Slingo: correlated-k Edwards–Slingo: reference

Tropical IR window −1.46 (1.37) −1.57 (1.47)
Water vapour −1.54 (2.03) −1.55 (2.07)

Mid-latitude winter IR window −0.15 (0.14) −0.16 (0.14)
Water vapour −1.37 (1.79) −1.39 (1.83)

reproduces the sensitivities to humidity changes derived using the 10 cm−1 version of
the code.

In order to simulate radiances from satellite instruments, proper account needs to be
taken of the satellite viewing geometry. This is particularly important for geostationary
satellites for which the viewing geometry is fixed for a given geographical location.
An important consequence of observing at satellite zenith angles away from the sub-
satellite point is the limb-darkening effect: as the viewing angle increases, the top-of-
atmosphere radiance decreases, due to the longer pathlength through the atmosphere
and the decrease of temperature with height in the troposphere. For channels in which
the weighting function peaks in the stratosphere the complementary effect, known
as limb-brightening, occurs. Correcting for these effects is important when merging
data from different satellites to create global datasets (Hodges et al. 2000; Janowiak
et al. 2001). In the present work, no correction is necessary in the simulations shown
in the following section because the effect is already accounted for in the viewing
geometry. However, information can easily be extracted from controlled experiments
or from the differences between observed and simulated imagery that can shed light
on the magnitude of the effect and its dependence on scene type. As an example,
Fig. 3 shows the limb-darkening effect for the Meteosat 7 infrared window and water
vapour channels. Comparisons are shown between single-band correlated-k calculations
and those with the reference version of the Edwards–Slingo code for the standard
tropical and mid-latitude winter atmospheres. It can be seen that the limb-darkening
effect is accurately reproduced using the correlated-k version of the code: in particular,
note the differences between the two channels for both atmospheric profiles and the
contrast between the magnitude of the effect in the tropical and mid-latitude winter
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Figure 3. Clear-sky limb-darkening effect in the Meteosat 7 infrared window and water vapour channels for
tropical and mid-latitude winter atmospheres. Crosses show calculations using the single band correlated-k
method, circles show calculations with the reference version of the Edwards–Slingo code. (a) Infrared window
channel, tropical atmosphere; (b) infrared window channel, mid-latitude winter atmosphere; (c) water vapour

channel, tropical atmosphere; and (d) water vapour channel, mid-latitude winter atmosphere.

atmospheres for the infrared window channel. Similar results can be obtained for cloudy
cases, although it should be remembered that, since the radiation code assumes that the
atmosphere is plane parallel, three-dimensional (3-D) effects would not be included
explicitly.
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The results of the tests presented in this section indicate that using the Edwards and
Francis (2000) correlated-k methodology to parametrize the gaseous absorption within
our radiation code enables us to represent the Meteosat 7 infrared and water vapour
channels as single bands in a way that produces very accurate results when compared
with both line-by-line calculations and simulations using a reference (10 cm−1) version
of the code. Moreover, these results are found to be robust over a wide range of
atmospheric conditions.

4. SIMULATIONS WITH THE UNIFIED MODEL

(a) Forecast model
The correlated-k methodology is now applied to simulations of Meteosat 7 infrared

and water vapour channel radiances using the current global forecast version of the
Unified Model (Cullen 1993), which has a horizontal resolution of approximately 0.83◦
(longitude) × 0.55◦ (latitude) on a regular grid and 30 vertical levels. The horizontal
grid is equivalent to a resolution of approximately 60 km at mid latitudes and 90 km in
the tropics. The dynamics, cloud and convection schemes are described by Cullen and
Davies (1991), Smith (1990), and Gregory and Rowntree (1990) respectively. Since
March 1999 data assimilation has been carried out using a 3-D variational analysis
scheme (Lorenc et al. 2000). The analysis system uses a wide variety of observation
types: surface data (from land stations, ships and buoys), radiosondes, aircraft obser-
vations, satellite winds (derived from geostationary imagery and the European Remote
Sensing Satellite scatterometer) and satellite sounding data (Advanced TIROS Opera-
tional Vertical Sounder).

Figure 4 shows simulations of the Meteosat 7 infrared window and water vapour
channel brightness temperatures respectively for 12 GMT 4 September 2001. These
simulations used the global forecast model analysis fields for this time, but since cloud
fields are not present in the analysis, the simulations are based on a single time-step
integration of the model from the analyses, which allows the cloud fields to be generated
by the model’s cloud scheme. In both cases the observed brightness temperatures, which
have been averaged onto the model grid, are also shown, as are the differences between
the model and the observations.

Consider the infrared window channel first (Figs. 4(a) and 4(b)). At these wave-
lengths (∼10–13 µm) the signal emanates mainly from either the surface or the tops
of (opaque) clouds. The main features seen in the observations are clearly present in
the simulation: e.g. the large-scale cloud systems at mid latitudes and in the tropics, the
major deserts and the sub-tropical oceanic regions where the clouds are low and warm,
so that their impact on the brightness temperature is small, though clearly visible in the
observations. Closer inspection does, however, reveal potentially important discrepan-
cies. The Sahara appears to be too warm, while the desert regions over southern Africa
appear to be too cool. The highest tropical clouds appear to be too warm, implying that
the cloud tops are too low or that the cloud cover is underestimated. There are also
significant errors in both the position and intensity of the convection that are probably
related to errors in the analyses or, over Africa, to deficiencies in the simulation of the
diurnal cycle of tropical convection over land (Ringer 1998; Yang and Slingo 2001). Dif-
ferences in the precise locations of some of the large-scale mid-latitude cloud systems
can also be seen.

Now consider the water vapour channel simulation (Figs. 4(d) and 4(e)). In clear
skies, the signal at these wavelengths (∼5.4–7.4 µm) is sensitive to atmospheric water
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Figure 4. Unified Model simulations of the (a)–(c) Meteosat 7 infrared window and (d)–(f) water vapour
channels for 12 GMT 4 September 2001. (a) and (d) Simulated brightness temperatures (K), (b) and (e) observed

brightness temperatures (K), and (c) and (f) model − observation differences (K).
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vapour in the mid-troposphere, the exact peak of the weighting function depending on
the temperature and humidity profiles and the satellite viewing angle. Clouds below
this level are obscured by the water vapour, but high-level clouds are visible and
in this case the measurement is primarily influenced by the cloud-top temperature,
cloud optical properties and the residual water vapour above the cloud. The general
structure of the observed field is again seen to be well simulated in the model, in part
due to the use of both conventional and satellite data within the analysis system and
because the water vapour field is strongly influenced by the atmospheric dynamics,
particularly at mid latitudes. Deficiencies in the representation of high cloud over Africa
are again apparent and there are some discrepancies over the Sahara and Arabian deserts.
Elsewhere, however, the features identified in the observed brightness-temperature field
are reproduced by the model. Note, for example, the dry slot over the sub-tropical
Atlantic and the large-scale cloud fields over the southern hemisphere mid-latitude
oceans.

The difference maps (Figs. 4(c) and 4(f)) help to illustrate some of these points
further. In the absence of cloud the window channel brightness temperature approaches
the surface temperature, so that differences between the model and observed cloud field
can lead to very large (over 30 K) differences between the simulated and observed
brightness temperatures. This clearly occurs over Africa but is also apparent at mid
latitudes, where slight errors in the positioning of large-scale cloud systems leads to a
pattern of large positive and negative differences. Even in areas where the cloud signal
is small, such differences can provide useful information: e.g. the positive differences
off the west coast of southern Africa indicate the absence of low cloud in the model over
this region. In the strongly absorbing water vapour channel, where the emission typically
comes from around 500 hPa, differences are generally smaller, although discrepancies
of more than 20 K between the observed and simulated brightness temperatures can
occur where high cloud is misrepresented in the model, e.g. over Africa and the southern
Atlantic. Overall, the modelled brightness temperatures tend to be lower than observed
in most locations (see below). It should be noted that the cloud signals seen here
are considerably larger than the calibration uncertainties associated with the Meteosat
channels.

While comparisons such as these between single images and their simulated equiva-
lents clearly provide useful ‘snapshots’ of model behaviour, a more thorough assessment
of the model can be obtained by accumulating statistics over extended periods. As an
example, Figs. 5 and 6 show histograms of observed and simulated brightness temper-
atures and their differences for the infrared window and water vapour channels using
data accumulated over 19–23 November 2001. Over land the infrared window channel
simulations (Fig. 5(a)) show that the model seems to underestimate the number of grid
points with brightness temperatures less than 260 K (corresponding to middle- and high-
level cloud), while overestimating the number of warmer grid points. Over the ocean
(Fig. 5(b)) the behaviour is somewhat different: the highest, coldest clouds (<230 K)
are overestimated, middle- and low-level clouds are underestimated (240–270 K) and
the number of points with highest brightness temperature are again overestimated. The
equivalent water vapour channel histograms are shown in Figs. 5(c) and 5(d). These also
show the number of the coldest brightness temperatures (<220 K) to be underestimated
by the model over land and overestimated over the ocean. Otherwise, over both land
and ocean the warmest (clear sky) brightness temperatures are generally underestimated
while the coolest are overestimated. The difference histograms for this time period
(Fig. 6) show a clear contrast between the two channels. The large differences in the
infrared window already noted above, which can arise because of positional errors of
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Figure 5. Histograms of observed and simulated brightness temperatures for the Meteosat 7 (a) and (b) infrared
window and (c) and (d) water vapour channels for 19–23 November 2001 over (a) and (c) land and (b) and (d)

ocean.

cloud systems, are illustrated by the long tails in the distributions and the large root-
mean-square (r.m.s.) values over both land and ocean. Over land, of course, errors in
the surface temperature, particularly over desert regions, also contribute to the errors
in the brightness temperature. The distribution over the ocean is more symmetric and
the mean difference, which is positive in both cases, is roughly 40% of that over land.
Positional errors lead to smaller differences in the water vapour channel and this is
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Figure 6. Histograms of differences between simulated and observed brightness temperatures for the Meteosat
7 (a) and (b) infrared window and (c) and (d) water vapour channels for 19–23 November 2001 over (a) and (c)

land and (b) and (d) ocean.

reflected in the resulting histograms (Figs. 6(c) and 6(d)) and smaller r.m.s. values. The
mean differences suggest that the model is too moist, particularly over the ocean, con-
sistent with generally negative differences seen in Fig. 4(f). These results illustrate the
high information content of comparisons between simulated and observed brightness
temperatures, in both spectral regions. There is considerable potential for evaluating
the model’s simulation of clouds, water vapour and the land surface and this will be
exploited in future studies.
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(b) Sensitivity studies
Given the numerical cost of performing the radiance simulations, it is important to

explore whether economies can be made that do not seriously compromise results. Two
sensitivity experiments are described here.

Firstly, we consider the effect of scattering in the Meteosat infrared window and
water vapour channels. Absorption due to water vapour and water and ice particles
dominates in the long wave and it is a common assumption to neglect scattering,
particularly in the fast-forward models used in data assimilation but also in NWP and
climate models. However, the effect of scattering in the long wave has been shown to
be non-negligible in the calculation of fluxes (e.g. Chou et al. 1999) and the spectral
variation of scattering can be exploited for remote sensing of cloud properties (e.g.
Strabala et al. 1994). On the other hand, the neglect of scattering leads to significant
gains in computing time, as multiple-scattering calculations are very expensive.

Figures 7(a) and 7(b) show the effect of neglecting scattering in the two Meteosat 7
channels for the simulations shown in Fig. 4. Scattering reduces the cloud-top emission
due to upward radiation being backscattered deeper into the cloud, hence the positive
differences seen in both cases. In the infrared window channel differences exceed
5 K, indicating the potential importance of scattering at these wavelengths. It may
be that a more accurate description of the single-scattering properties of ice crystals
would lead to smaller differences than those seen here, and this will be explored.
The effect of scattering needs to be considered in terms of the information content
of the measurement: for a cloud at 240 K above a surface at 300 K, for example, a
scattering effect of 3 K represents 5% of the brightness-temperature depression due
to the cloud. The decision to include or neglect scattering clearly depends on the
particular application. Given that such large differences between modelled and observed
brightness temperatures can occur due to positional errors of cloud systems (Fig. 4(c)),
assessing the significance of the scattering effect in this context is not straightforward
and would require a statistical approach similar to that shown in Figs. 5 and 6. In the
strongly absorbing water vapour channel scattering is much less important and can
probably be neglected in most circumstances.

We next consider the effect of varying the order of truncation, L (see Eqs. (2) and
(3)) on the simulation of the infrared window and water vapour brightness temperatures.
This parameter represents the specification of the angular variation of radiance field: as
L is increased more terms are used to describe the angular variation, increasing the
computational cost of the calculation, which is proportional to L3. Figures 7(c) and 7(d)
show the effect of varying L from 3 to 9, thus increasing the computational burden by
a factor of 27. Scattering is included in both cases. In these long-wave channels the
radiance field varies fairly smoothly with angle and a low order of truncation is likely to
be sufficient in many applications; this is especially true for the water vapour channel.
In the short wave, of course, this is clearly not the case and great care will be needed
when deciding how to specify the anisotropy of the radiance field.

5. DISCUSSION

A facility to simulate satellite channel radiances within the Met Office Unified
Model has been developed, allowing us to adopt a truly model-to-satellite approach to
validation studies and providing us with a valuable tool for assessing the representation
of physical processes within the model. The radiance code has been developed within
the framework of the Edwards and Slingo (1996) two-stream code and retains a similar
level of generality and flexibility. Radiances are calculated using a spherical harmonics
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Figure 7. (a) and (b) Effect of neglecting scattering (K) for (a) infrared window and (b) water vapour channel
simulations shown in Fig. 4. (c) and (d) Effect of reducing truncation (K) from L = 9 to L = 3 (see text) for

(c) infrared window and (d) water vapour channel simulations shown in Fig. 4.
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method. An extension of the correlated-k methodology proposed by Edwards and
Francis (2000), which includes the spectral variation of an instrument response function,
is used to represent gaseous absorption. Satellite viewing geometry is taken into account
in the radiance calculation, so that effects related to it, such as limb-darkening, are
included explicitly. The code allows radiances to be calculated for both the short-wave
and long-wave parts of the spectrum, although the work presented here deals only with
the simulation of long-wave channels.

Off-line simulations for a range of standard atmospheres and viewing geometries
indicate that the treatment of satellite channels as a single spectral band enables radi-
ances to be calculated to a high degree of accuracy compared to high spectral resolution
calculations. For reasons of computational speed, a single band is generally used when
simulating satellite channel radiances within the Unified Model, although it is possible
to divide a channel into several bands if the single band representation is judged not to
be sufficiently accurate. The bands can be of arbitrary spectral width, so that in princi-
ple the methodology could be applied to the simulation of high-resolution instruments
such as the AIRS∗ (Aumann and Pagano 1996) and IASI† (Cayla 1993). This would,
of course, be subject to the limitations of the correlated-k technique, in particular the
assumption of correlation of the absorption coefficients between vertical layers. For
spectral bands where this approximation starts to break down (i.e. the accuracy obtained
is inadequate for the particular application) improvements to the vertical correlation can
be achieved using the method of Oinas (1993), an application of which was described by
Edwards and Francis (2000). Alternatively, mapping transformation approaches (West
et al. 1990), which do not rely on the assumption of vertical correlation, could be em-
ployed.

The methodology has been illustrated with simulations of the Meteosat 7 water
vapour and infrared channels using the current version of the Met Office global forecast
model. These examples demonstrate the utility of this approach for using satellite data
for model validation studies: according to the channels chosen, particular physical
processes (e.g. clouds, upper tropospheric moisture, and surface phenomena) can be
isolated. Finally, it should be noted that radiance simulations augment, rather than
remove the need for, comparisons with high-level products and, where possible, both
approaches to model validation should be used in parallel.
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