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Abstract

A radiance-to-flux conversion is needed to estimate radiative fluxes at the top of the atmosphere from directional measurements made by

broadband (BB) radiometers on satellites. Such a conversion is known to be one of the major sources of error in the resulting instantaneous

shortwave and longwave fluxes. This paper analyzes the possibility to improve the radiance-to-flux conversion for the longwave radiation

when spectral information about the radiation is available through a set of narrow-band (NB) measurements. The study is based on a database

of spectral radiance fields at the top of the atmosphere built using radiative transfer computation. The analysis of this database shows that

there exists a certain degree of correlation between the angular and the spectral behaviors of the radiation field. According to the type and the

accuracy of the spectral information, this correlation allows a 25–55% reduction of the error introduced by the radiance-to-flux conversion

with respect to a simple model that uses only broadband information. The method discussed in this paper might be used when broadband

radiometer and spectral imager data are available together like the combination of Geostationary Earth Radiation Budget (GERB) and

Spinning Enhanced Visible and Infrared Radiometer Imager (SEVIRI) or the combination of CERES and MODIS.
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1. Introduction

Top-of-the-atmosphere (TOA) radiative fluxes are

defined as the quantities of radiant energy leaving the

Earth–atmosphere system. The radiant energy is usually

separated into the solar flux, which corresponds to the

reflection of the incoming solar radiation by the Earth–

atmosphere system, and the thermal flux, which is emitted

by this system. The thermal flux is often referred to as

outgoing longwave radiation (OLR). In conjunction with

the incoming solar flux, these fluxes form the components

of the Earth Radiation Budget (ERB) at the TOA. Accurate

estimation of these fluxes is of great importance in the fields

of meteorological, climatological, and more generally envi-

ronmental studies.

These fluxes can be derived from data provided by

broadband (BB) radiometers on satellite platforms, which

perform accurate measurements of solar and thermal radi-

ances L(h, /) [W m� 2 sr� 1], where h and / are the zenith

and azimuth angles of observation, respectively. In this case,

the radiance must be converted into the flux F, the integral

over all the (h, /) directions

F ¼
Z p

2

h¼0

Z 2p

/¼0

Lðh;/ÞcosðhÞsinðhÞdhd/: ð1Þ

For an isotropic radiance field, the radiance-to-flux con-

version is trivial (F = pL). Unfortunately, the radiance field

L(h, /) in Eq. (1) is not isotropic and an accurate character-

ization of the anisotropy is needed to estimate the flux from

the directional measurement. The anisotropic emission fac-

tor (AEF) R(h, /) is defined as the ratio of the equivalent

Lambertian flux pL(h, /) to the actual flux F

Rðh;/Þ ¼ pLðh;/Þ
F

: ð2Þ

This equation is widely used to infer the flux F from the

directional measurement L(h, /) after characterization of the
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radiation field anisotropy R(h, /) (Loeb et al., 2002; Smith

et al., 1986; Suttles et al., 1989).

For the Earth Radiation Budget Experiment (ERBE)

(Barkstrom, 1984), a set of empirical curves R(h) has been
derived from satellite measurements for different latitude

zones, seasons, surface types and cloud fractions (Suttles et

al., 1989). After selection of the adequate curve, the

radiance-to-flux conversion is trivial using Eq. (2). These

curves R(h) are not dependent on the azimuth angle /
because, on average, the thermal radiance is independent

on the relative azimuth angle. As all the anisotropy models

analyzed in this study share this symmetry, the angle / is

not indicated anymore hereafter. Nevertheless, recent stud-

ies showed that the azimuth dependency may be large in

some conditions (Minnis & Khaiyer, 2000).

When narrow-band (NB) measurements {Lnb} of the

radiation, measured at the same viewing angles, are avail-

able in addition to the BB measurement L, an alternative

approach was proposed in Stubenrauch, Duvel, and Kandel

(1993). In this approach, the AEF is directly estimated as a

function of the BB and NB radiances R(h) =R(h, L, {Lnb}).
It must be noted that, while spectral information is not

available for the ERBE dataset, spectral information is

available for all the following ERB missions: ScaRaB

(Kandel et al., 1998), CERES (Wielicki et al., 1996), and

the Geostationary Earth Radiation Budget (GERB) (Harries

& Crommelynck, 1999). As an alternative to this direct use

of spectral information, it is also possible to improve the

empirical method by using more detailed scene identifica-

tion. In this case, spectral information may be used indi-

rectly for example to estimate the cloud infrared emissivity

(Loeb et al., 2002).

Several studies are devoted to the estimation of the

thermal flux from a set of NB measurements in the thermal

part of the spectrum. In these studies, the flux is usually

directly estimated using regression on the NB radiances and

thus the spectral (NB-to-BB conversion) and the angular

(radiance-to-flux) modellings are performed in one step. The

parameterizations are carried out using radiative transfer

calculations with different atmospheric profiles. The first

multispectral thermal flux estimation technique was used by

Raschke, Vonder Harr, Bandeen, and Pasternak (1973) on

data from the Nimbus 3 radiometer. Ellingson, Yanuk, Lee,

and Gruber (1989) proposed and validated (Ellingson, Lee,

Yanuk, & Gruber, 1994) an estimation method using 4 of

the 19 high-resolution infrared sounder (HIRS) NB meas-

urements. Schmetz and Liu (1988) parameterized regres-

sions to estimate the flux from the Meteosat water vapour

and infrared channels. In these studies, the problem of the

angular conversion is not isolated from the problem of the

NB-to-BB conversion.

In this paper, we analyze how spectral information can be

used to improve the radiance-to-flux conversion of broad-

band longwave radiance measurements. This improvement

is possible if and only if there exists a correlation between

the spectral L(k) and angular L(h, /) behavior of the

radiation field. Unlike the previous studies, the broadband

radiance is assumed to be measured by a broadband radio-

meter rather than estimated from NB measurements.

This work has been carried out in the frame of two ERB

projects: the Earth Radiation Mission (Ingmann, 1997) and

the GERB. For both, a broadband radiometer provides

thermal radiance L(h, /) that has to be converted into

thermal flux F. For this conversion, spectral information is

available respectively through the ERM cloud imager and

the Spinning Enhanced Visible and Infrared Radiometer

Imager (SEVIRI) (Schmetz et al., 2002).

2. Methodology

To address the correlation between spectral signature

L(k) and the anisotropy R(h), a large database2 of spectral

radiance fields L(h, k) was built using the Santa Barbara

DISORT Atmospheric Radiative Transfer (SBDART) model

(Ricchiazzi, Yang, Gautier, & Sowle, 1998). The radiative

transfer computations were performed at 431 wavelengths

covering the thermal region 2.5–100 Am and for 4622

realistic conditions of the Earth–atmosphere system. For

each element in the database, the main inputs for the

radiative transfer computations were:

� The atmospheric profiles of temperature, pressure, water

vapour, and ozone concentrations. These profiles are

extracted from the TIGR-3 database (Chevallier, Chédin,

Chéruy, & Morcrette, 2000), which is a representative set

of 2311 profiles selected among a larger set of worldwide

soundings.
� The surface emissivity and skin temperature. The

emissivity is chosen randomly in the range 0.85–1.

The surface temperature is set randomly close to the

temperature at the lower level in the profile. Never-

theless, due to solar heating, these temperatures may

differ significantly in some conditions.
� The cloud cover is generated randomly. The cloud cover

may contain up to three overlapping layers, each

characterized by a random height, optical thickness,

phase (water or ice), and drop size distribution. Half of

the database (2311 elements) corresponds to cloud-free

conditions and the other half corresponds to the same

conditions but with the addition of cloud cover.

To obtain realistic conditions, there exist some con-

straints on these inputs (for example a high level cloud is

always constituted of ice particles). For each element in

the database, the flux F, the radiance field L(h={0j, 5j,
. . ., 85j}) and the AEF R(h={0j, 5j, . . ., 85j}) are

computed.

2 The database and the related documentation are available at: http://

gerb.oma.be/SpectralRadiancesDB.
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Note that the database represents neither the aniso-

tropy due to structured surfaces (Otterman et al., 1995)

nor the anisotropy due to broken cloud fields (Duvel &

Kandel, 1984; Naber & Weinman, 1984) because

SBDART is a plane-parallel radiative transfer model.

On the other hand, the database is representative of the

anisotropy due to surface temperature, atmospheric con-

stituents, and due to stratiform cloud cover, including the

strong anisotropy due to cold and semi-transparent clouds

(cirrus).

Fig. 1 shows the scatter plots of the AEF R(h) versus the
thermal radiance L(k) for the 4622 elements in the database

at 3 different angles of observation:

� The scatter plot at h = 0j (top) illustrates that, on

average, the AEF at nadir increases linearly with the

radiance L. This is an effect of the increase of

anisotropy for increasing surface temperature. The

strong anisotropy observed over semi-transparent cold

clouds is clearly visible in this figure. This scatter plot

shows that, even using a plane-parallel radiative transfer

model like SBDART, it is possible to generate TOA

radiance fields with large dispersion in terms of

anisotropy.
� The scatter plot at h = 50j (middle) indicates that, for this

angle of observation, the R values are close to 1 and there

is only a reduced anisotropic effect. Such a result was

reported in numerous studies (Otterman et al., 1997;

Stubenrauch et al., 1993) and also from satellite

observations (Suttles et al., 1989). The oblique observa-

tion allows an easy and accurate estimation of the

thermal flux.
� At grazing observation angle (h = 75j, bottom), the R

values are usually smaller than 1 and decrease with

increasing radiance L.

From the database, NB radiance is easily obtained by

spectral convolution with the spectral sensitivity curve S(k)
of the NB channel

LnbðhÞ ¼
Z l

0

Lðh; kÞSðkÞdk: ð3Þ

Measurement of NB radiance is usually done with

instruments having poorer calibration than the BB meas-

urement. For this reason, the NB radiances Lnb are

altered in this study by adding a random calibration

error with a Gaussian distribution that has a standard

deviation of g = 2% of the mean radiance in the channel.

This value was chosen as representative of state-of-the-art

imager.

The database was split in two equal parts of 2311

elements. Half of the data is used to fit the models on the

data (i.e. parameterize the regressions), while the second

half is used to evaluate the performances of these models.

For this, the RMS error e (in W m� 2) introduced in the flux

by the radiance-to-flux conversion is evaluated. The relative

error (in %) is also given.

3. Anisotropy models

First, a simple non-spectral model of the anisotropy is

analyzed. Its performance will only serve to quantify the

improvement obtained when using spectral information.

Fig. 1. Scatter plots of the AEF R(h) versus the thermal radiance L(h) for
three angles of observation: h= 0j (top), h= 50j (center), and h= 75j
(bottom). The 4622 elements in the database are plotted using the ISCCP

cloud classification (WMO, 1996).
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Second, models of the anisotropy using spectral information

in form of a single NB radiance will be presented and

evaluated. Finally, we will discuss models based on multiple

NB measurements.

3.1. Non-spectral model

From the different scatter plots of Fig. 1, a simple model

for the AEF takes the linear form:

Rðh; LÞ ¼ c0ðhÞ þ c1ðhÞLðhÞ: ð4Þ

For each viewing zenith angle h={0j, 5j, 10j, . . ., 85j},
the model is fitted on the database and the error e(h) is

evaluated. The best fits are drawn on the scatter plots of Fig.

1 and the variation of e(h) according to h is given on Fig. 2.

This figure illustrates a local maxima of e(h) at nadir which
appears as the worst observation angle within the h = 0–65j
range. For this reason, our analysis is restricted to the nadir

observation angle. If the radiance-to-flux conversion can be

improved at nadir using spectral information, we expect a

similar improvement for viewing angles in the h= 0–65j
range. For nadir observation, the non-spectral model (4)

leads to a TOA flux error of e = 2.2% (4.63 W m� 2). In the

following, this value will be used as a reference to quantify

the improvement obtained using spectral information.

3.2. Models using spectral information from one NB

measurement

Radiance-to-flux conversion using information from a

single NB radiance is of interest since the Earth observing

BB radiometers often have a single NB window channel in

addition to their BB channels. This is the case for the

ScaRaB (window channel = 10.5–12.5 Am) and CERES

(window channel = 8–12 Am) instruments. These were not

designed to help in the radiance-to-flux conversion, but

rather to supplement the broadband measurements in better

understanding the underlying physics (e.g. greenhouse

effect).

For the ScaRaB thermal radiance-to-flux conversion,

Stubenrauch et al. (1993) introduced the concept of atmos-

pheric pseudo-absorptance

AðhÞ ¼ 1� LðhÞ
r
p
TBðhÞ4

: ð5Þ

where r is the Stefan–Boltzmann constant and TB is the

brightness temperature in the window channel of ScaRaB.

Using a database of spectral radiance fields generated with

the LOWTRAN-7 radiative transfer model, they suggested

the fit R(h) = 1+(0.55� e� cosh)A(h). Note that this method

was not used for the operational ScaRaB data processing.

The ERBE models were used for consistency.

The performance of the Stubenrauch approach was

analyzed as a function of the NB radiance wavelength.

For this, the NB radiance Lnb is estimated using Eq. (3)

with a narrow (Dk = 0.1 Am) rectangular filter S(k) centered
at increasing wavelength. The NB radiance is then con-

verted into brightness temperature TB and the pseudo-

absorptance is estimated using Eq. (5). The spectral model

of the anisotropy

Rð0jÞ ¼ c0 þ c1Að0jÞ ð6Þ

is then analyzed. Of course, the best fit coefficients c0 and c1
in Eq. (6) are dependent on the wavelength of the NB

measurement. The top curve in Fig. 3 gives the error e of

the model (6) according to the wavelength used to estimate

the pseudo-absorptance (the horizontal line at e = 2.2%

corresponds to the non-spectral model). This figure indicates

that the best performance is observed for NB measurements

done in atmospheric transmission windows. Within the main

window (8–12 Am), the shortest wavelength gives the best

Fig. 2. Radiance-to-flux conversion error e(h) (W m� 2) versus the viewing

zenith angle h for the non-spectral model (4). The upper curve is for the

entire database (clear-sky + cloudy conditions). The dashed curve is the

error evaluated from the clear-sky subset.

Fig. 3. Radiance-to-flux conversion error e (W m� 2) at nadir for: the non-

spectral model (4), the pseudo-absorptance regression (6), and the third

order regression (7). The error is dependent on the wavelength of the NB

measurement.
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result. The minimal error (e = 1.73% or 3.65 W m� 2) is

observed at k = 8.6 Am. This is an improvement (reduction of

the error) of about 20% in regard to the non-spectral model.

Bypassing the conversion to pseudo-absorptance it is

possible to obtain a slightly better radiance-to-flux conver-

sion. To show this, the AEF at nadir is estimated directly as

a third order regression on the BB and NB radiances

Rð0jÞ ¼ c0 þ c1Lþ c2Lnb þ c3L
2 þ c4LLnb þ c5L

2
nb

þ c6L
3 þ c7L

2Lnb þ c8LL
2
nb þ c9L

3
nb: ð7Þ

This form is used as a general non-linear fit without

particular physical meaning for the regression coefficients.

The performance of this model according to the wavelength

of the NB measurement is displayed in Fig. 3. As for the

Stubenrauch model, the best performance is obtained in the

atmospheric windows. Close to k = 12 Am, the performances

of the two models are quite similar, but at shorter wave-

length the third order regression presents a significant

improvement relative to use of the pseudo-absorptance.

Discarding the k < 5 Am region, the best performance

(e = 1.62% or 3.41 W m� 2) is observed at the same wave-

length k = 8.6 Am than for the pseudo-absorptance. Here, the

improvement is about one quarter relative to the non-

spectral model. Narrow-band radiance at k< 5 Am can be

used provided that it contains only thermal radiation. The

narrow wavelength interval [4.6, 4.9] Am (located between

the CO2 and water vapour absorption bands) appears to be

very informative for the radiance-to-flux conversion

(e = 1.31% or 2.76 W m� 2). On the other side of the CO2

absorption peak (k < 4.2 Am), the radiance-to-flux conver-

sion error is about e = 1.43% (3.01 W m� 2).

Models (6) and (7) were evaluated in the case of narrow

(Dk = 0.1 Am) rectangular spectral filter. Table 1 gives the

error e of the third order regression (7) when Lnb is provided

by one of the eight SEVIRI thermal channels. The errors in

Table 1 are in good agreement with Fig. 3; therefore, the

spectral extension of the NB measurement seems not to

impact on the spectral information.

The previous results were obtained supposing that the

NB measurements are contaminated with a realistic g = 2%
Gaussian noise level. Fig. 4 shows a strong dependency of

the angular conversion error q according to the noise level g
when the third order regression (7) is used. To obtain a

significant spectral improvement, the NB measurement(s)

must be done with a relatively well-calibrated device. In

practice, for NB thermal measurements from weather satel-

lites, a noise level/calibration error below g = 2% can be

expected.

3.3. Models using spectral information from multiple NB

measurements

In this section, the improvement in the radiance-to-flux

conversion is analyzed when information about the spectral

signature L(k) is available through a set of NB measure-

ments {Lnb}. The analysis is done for three different cases of

spectral information: the ones provided by the SEVIRI and

MODIS imagers and also when the entire spectral signature

L(k) is known (spectroradiometer). Here, the large number

of NB measurements (8 for SEVIRI, 16 for MODIS and 431

for the spectroradiometer) prohibits a direct use of these

measurements in high order regressions. For instance, a

third order regression on the 16 thermal radiances of

MODIS contains about a thousand coefficients. For this

reason, the spectral information is first projected on the

principal components axis (PCA) and the anisotropy models

are built as regressions on a restricted set of the principal

components. This is just a linear transformation of the {Lnb}

set that allows exploitation of the same spectral information

using a restricted number of input quantities in the regres-

sions. The radiance-to-flux conversion error is not modified

by such a transformation.

The SEVIRI case is of interest because the SEVIRI

spectral information can be used during the radiance-to-flux

conversion for the GERB data. The AEF is here dependent

on the broadband radiance L and on the eight NB SEVIRI

thermal radiances: L3.9 Am, L6.2 Am, L7.3 Am, L8.7 Am, L9.7 Am,

L10.8 Am, L12.0 Am, and L13.4 Am. As explained above, these

NB radiances were converted into eight components {ci}

Table 1

Radiance-to-flux conversion error at nadir e in (%) and in (W m� 2) when

the AEF is estimated using the third order regression (7) on the BB radiance

L and one of the eight SEVIRI thermal radiances

Channel (Am) Type e (%) e (W m� 2)

3.9 WIN 1.47 3.09

6.2 WV 2.01 4.23

7.3 WV 2.00 4.21

8.7 WIN 1.63 3.43

9.7 O3 2.00 4.21

10.8 WIN 1.79 3.76

12.0 WIN 1.95 4.10

13.4 CO2 2.02 4.26

Fig. 4. Radiance-to-flux conversion error at nadir e (W m� 2) versus the

noise level g on the SEVIRI 8.7 Am measurement when the AEF at nadir is

estimated using the third order regression (7).
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using principal components analysis and the model of the

anisotropy takes the form: R(h) =R(h, L, c1, c2, . . ., c8). The
estimation of the AEF at nadir R(0j) has been analyzed for

different regression orders and for increasing numbers N of

coefficients {ci}={c1, c2, . . ., cN}. The minimal radiance-to-

flux conversion error (e = 1.26% or 2.65 W m� 2) is

observed when using a third order regression on the BB

radiance L and the N = 7 first components {ci}. The spectral

signature provided by the SEVIRI instrument allows to

reduce the radiance-to-flux conversion error by about 43%

relative to the non-spectral model. Note that if the SEVIRI

window channel at 3.9 Am is not used (because of possible

contamination by solar reflected radiation), the error is just a

bit larger (e = 1.31% or 2.76 W m� 2).

The MODIS case is of interest because this spectral

information might be used for the CERES data processing:

these two instruments fly on the EOS Terra and Aqua

satellites. The MODIS imager provides 16 NB measure-

ments in the thermal part of the spectrum. The best radiance-

to-flux conversion at nadir (e= 1.17% or 2.48 W m� 2) is

here observed using a third order regression on the BB

radiance and the N = 5 first components {ci}. Despite the

fact that MODIS has twice as many channels as SEVIRI, the

improvement in the spectral conversion is quite limited. This

is explained by the fact that MODIS and SEVIRI provide

measurements in the same parts of the thermal spectrum.

The database also allows to investigate the improvement

that can be obtained when the entire spectral signature L(k)
is available. This case study is of interest because it places a

theoretical limit on the improvement using spectral infor-

mation and also because infrared spectroradiometers are

planned to fly in some future Earth observation missions,

for instance the Fourier Transform Spectrometer of the ESA

Earth Explorers EarthCARE mission. The analysis was done

in the same manner as for SEVIRI and MODIS. The

instrument is here supposed to provide 431 narrow radiance

measurements between 2.5 and 100 Am. The need to project

the spectral signature L(k) on the principal component axis

is obvious here: it is impossible to deal with high order

regressions on such a large number of inputs. The best

radiance-to-flux conversion is obtained using a second order

regression on the N = 13 principal components {ci}. In this

case, the angular conversion error for nadir observation

reaches e= 1% (2.12 W m� 2), which is just less than the

half of the error of the non-spectral model.

4. Conclusions

In this paper, the possibility of improving the radiance-

to-flux conversion for broadband thermal radiation using

spectral information is addressed. This work is based on a

database of spectral radiance fields L(h, k) at the top of the

atmosphere. As the radiative transfer model (SBDART)

used to build the database is a plane-parallel model, it is

not possible to deal with the anisotropy due to broken cloud

fields or structured surface. Nevertheless, the database is

representative of the others sources of anisotropy, including

the strong anisotropy observed for semi-transparent cirrus

clouds.

Different case studies have outlined a weak correlation

between spectral signature L(k) and angular behavior L(h)
for the thermal radiation field. This weak correlation can be

exploited to improve the conversion into fluxes of the

thermal radiances measured by broadband radiometers like

CERES, ScaRaB or GERB. The improvement is quantified

according to a simple non-spectral radiance-to-flux conver-

sion model. The improvement is dependent on the number,

the kind, and the accuracy of the spectral measurements.

Using only one NB measurement as spectral information, it

was shown that this measurement should be done in an

atmospheric transmission window and at the shortest possi-

ble wavelength. The exploitation of spectral signature from

multi-channel imagers like SEVIRI or MODIS allows a

reduction of the radiance-to-flux conversion error of about

45%. When the entire thermal spectrum L(k) is known, the
analysis shows a possible reduction of the radiance-to-flux

conversion error up to about 55%. In the case of nadir

observation, this corresponds to a reduction of the angular

conversion error of 1.98 (SEVIRI) and 2.51 W m� 2 (entire

spectrum).

It must be underlined here that the spectral information

is not the only variable that can be exploited to obtain

accurate thermal fluxes at the TOA from broadband radi-

ance measurements. All information about surface temper-

ature, atmospheric profiles of temperature and greenhouse

gas concentrations (including water vapour) and about the

cloud cover is useful to characterize the anisotropy at the

top of the atmosphere and hence to improve the accuracy of

the inferred thermal flux.
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