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TOWARDS AN OPTIMAL APPROACH TO CLOUD-CLEARING
FOR SATELLITE TEMPERATURE SOUNDING

1. INTRODUCTION

Current techniques for observing the temperature of the
atmosphere from satellites are based on measurements of upwelling
radiation in the infra-red and microwave spectral regions. These
radiances are affected, to a areater or lesser degree, by the presence
of cloud. At infra-red wavelenaths the problem is acute since most
clouds are almost opacue; in the microwave reagion clouds usually have
a negligible effect on the radiances, although problems occur in areas
of heavy precipitation. Consequently the data processing routines
used in the retrieval of tropospheric temperature must be able to
detect clouds which have significant effects on the radiances and, if
possible, make allowances for these effects. For infra-red soundinas,
this is wusually done by correcting the measured radiances to
"“clear-column” values, i.e. to the radiances which would be measured
from the same temperature and humidity profiles in the absence of
cloud. 1In most retrieval schemes the inversion process converts

clear-column radiances to atmospheric tenperatures and so a
preliminary cloud-clearing step is required. In some schemes the
inversion and cloud-clearing interact in a complicated manner, but
there is usually a cloud-clearing step implicit in the algorithm. 1f

in the future numerical forecasts models are to assimilate radiances,
rather than retrieved temperatures, it is probable that they too will
require clear-column radiances as input.

It can be seen therefore that cloud-clearing plays a central role
in current retrieval schemes. Cloud-clearing algorithms have been
developed which are surprisingly successful in providing usable
clear-colunn radiances in moderately cloudy areas. However,
weaknesses in the methods used are still major contributors to the
errors in the final retrieved temperature profiles, particularly in
the lower troposphere. Problems are caused both by deficiencies in
the detection of cloud-contaminated vradiances and by errors in the
corrections made to the radiances identified as cloudy.

This paper reviews the methods which have been devised for
cloud-clearing. It then develops an approach to the cloud-clearina
problem which should, when used in combination with one or more of the
methods previously devised, lead to more nearly optimal values for the
clear-column radiances. An "optimal"” method in this sense is one
which uses estimates of the clear-column radiance from all possible
sources, together with their probable errors, and combines them in a
statistically optimal manner to obtain the best estimate of the
clear-column radiance (together with its probable error). The purpose
of this paper, therefore, is not to propose any particular algorithm
as a preferred method but to present an approach in which information
from different sources processed by preferred algorithms is combined
to improve the result. -

5




Page

Temperature sounding for the purposes of operational weather
forecasting is currently performed wusing the TIROS Operational
Vertical Sounder (TOVS) instruments on the TIROS-N series of
polar-orbiting satellites (see Schwalb, 1978, and Smith et al., 1979).
TOVS consists of three instuments, two of which are wus=2d for

tropospheric sounding: the High-resolution Infra-Red Sounder (HIRS-2) &
and the Microwave Sounding Unit (MSU). Most of the discussion in this
paper assumes that our principle problem is to estimate the

clear-column radiances for HIRS. The problem as it affects MSU is
treated as secondary for two reasons. Firstly retrievals from HIRS
data or HIRS+MSU data are preferred to retrievals from M3U alone,
since MSU has inferior horizontal and vertical resolution conpared
with HIRS. Secondly, as stated above, the effects of cloud on the
microwave radiances are very much less than in the infra-red. However
it is expected that the contamination of MSU radiances caused by
precipitation could be treated by a similar optimal approach. Also
the general principles of an optimal method should be applicable to
similar soundinag systems.

2. REVIEW OF CLOUD-CLEARING METHODS

Before a satellite with temperature sounding capability was
launched, Smith (1967) gave an analysis of the cloud-clearing problem
and suggested its solution using radiances in adjacent fields-of ~view.
The same author developed this approach and proposed the so-called N¥
method (Smith. 1968). This technique has been widely adopted as a
basis for other methods, and so it justifies a detailed description.

The measured radiances, R, and R;, in 2 adjacent fields-of-view
(hereafter referred to as "spots") of a radiometer channel can, under ®
certain conditions, be expressed as follows:

R| b Nl Rdou&s + (‘ - Nl\ Rc\ear N 5 S |

\

Rl = N, Rqu + ("'Nl) Rdmr ? 3

where Rcer and R are the radiances appropriate to clear and |
completely overcast ~conditions respectively, and N, and N, are the
effective fractional cloud coverages in spots 1 and 2. In deriving

these equations the following assumptions have been made:

- that the atmospheric profiles and surface characteristics ‘n the 2
spots are the same,

- that only one layer of cloud is present, -

- that the cloud top has the same height (and temperature) in both
spots.

If the fractional coverages in the 2 spots are different (N,#N, ), then

equatlons 2.1 can be solved simultaneously to give the clear radiance:
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and so N¥ can be found if we have an estimate of the clear radiance in
one channel. Then, since N¥ is channel-indevendent, it can be used in
. equation 2.2 to find the clear radiance in all other channels. For
infra-red radiometers with moderately high horizontal resolution
(e.g. HIRS-2, which has a field-of-view spacing of about 40 km), the
i inherent assumptions are true sufficiently often for the method to be
useful.

McMillin et al. (1973) described an application of this method
for the Vertical Temperature Profile Radiometer (VIPR) on the early
members of the NOAA series of satellites. The clear-column radiance
in one channel required by ecuation 2.3 was obtained using data from
the Scanning Radiometer (a 2-channel instrument of higher horizontal
resolution) on the same satellites.

The next two methods outlined were early proposals for
cloud-clearing with a single field-of-view approach. Rodgers (1970)
proposed a method Dbased on probability density functions for a
multi-channel radiometer and cloudy atmospheric ©profiles. He
suggested an implementation based on a "librarv" cf cases to select
the most probable temperature profile and cloud field consistent with
the measured radiances. ©Smith et al. (1970) sucggested a technique in
which cloud height and coverage are adjusted to give the best
agreement with the measured radiances. The method employs an
iterative avproach: measured radiances are compared with radiances
calculated from a first-guess temperature profile, and the profile and
cloud parameters are then adjusted iteratively until agreement between

measured and calculated values 1is reached. The solution for the
temperature profile below the cloud height tends to be dependent on
3 the first quess. A review of these early methods is given by Fritz et
al i (1972) .
v Chahine (1970) cgave an analysis of the cloud-clearing problen

similar to that given by Smith (1968) and later developed an
alternative adijacent field-of-view method (Chahine, 1974). Equation
2.2 can be expressed:

R clear = R. * 1, {R. ne 22_> SR o T
Here T e
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vhere ' is the frequency of a specially selected "cloud-sounding"
channel. 1In an iterative approach, a first-quess profile is used with
a radiative transfer model to generate R i, (»'). Equation 2.6 then
gives v which is used in equation 2.4 to calculate Rge. (»;) for other
channels at frequencies p;. Chahine shows that the method” is stable
if »' refers to a channel in the 15um carbon dioxide band, with a
weighting function peaking in the lower troposphere, and Vj represent
= a set of channels in the 4.3pm carbon dioxide band. This ‘approach is
generalised by Chahine (1977) to multiple cloud layers using a group
of up to 4 adjacent spots. Susskind et al. (1982) present details of
« - & scheme for applying the single cloud layer method (Chahine,1974) to
HIRS data. HIRS channel 7 (at 13.4pm) is used as the "cloud-sounding"
channel and the 4.3um band channels only (numbers 13 to 17) are used
for the temperature vretrieval. In addition, when MSU data are
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available, a similar scheme is employed which solves for the

temperature profile and cloud wusing only MSU and the 4. 3pm band
channels of HIRS.

McMillin (1978) presents another version of the adjacent
field-of -view approach which is closely related to the N¥ method. By
writing equations 2.1 for 2 spots and 2 frequencies ( w, and v ), 4
equations are obtained which may be solved simultaneously to give:

Rawe ) = B (3) + S [ Raewe ) - Ri(0], 27

where S . Rl ('Vc») e R')_ ()10\)__ i -..2-8
R, (%) - Ra () '

Again these equations are valid under the same assumptions as those
for which the N¥ method applies. McMillin shows that if several
adjacent pairs are considered, those pairs for which the assumptions
are valid will vyield the same value of S; other pairs will tend to
give different values. Only "good" values of 5 are then used in
equation 2.7 to agenerate the clear vradiance. The method still
requires an estimate of the clear-column radiance in one channel.

Smith and Woolf (1976) developr a variation of the N¥ technique
for use with HIRS and SCAMS (SCAnning Microwave Spectrometer) data
from Nimbus 6. In this method N* is obtained from measured radiances
in all channels, infra-red and microwave, using eigenvectors of the
covariance matrix of clear-column radiances (pre-calculated wusing a
representative set of clear radiances). The microwave data play an
important role here; they allow the cloud-clearing to proceed without
the need for estimates from other sources of the clear radiance in one
infra-red channel. From 1978 to 1980 this method formed the basis of
the cloud-clearing scheme used with HIRS-2 and MSU data in the

operational global retrieval system of NOAA/NESS (see ©Smith et altiiy
19793

In 1980 the operational system was changed to incorporate a new
cloud-clearing algorithm described by McMillin and Dean (1982). This
algorithm is again based on the N¥ method but takes great care to
allow for the fact that the assumption of egual cloud height in
adjacent spots is often invalid. To detect those cases in which the
N¥ method is applicable a series of checks is made. Firstly a more
thorough treatment is given to the detection of clear areas, including
inter-channel regression relations between MSU channels, HIRS longwave
(15um) channels and HIRS shortwave (4.3pm) channels. In areas found
to be partly cloudy, the N¥ method is applied with a series of tests
to check its validity, including some Dbased on the approach of
McMillin (1978). Also, N¥ is calculated in 2 ways: from HIRS and MSU
radiances, and from HIRS longwave and shortwave radiances. The latter
approach is an extension of the method developed by Chahine (1974) .
but it does not require radiative transfer calculations as part of the
algorithm. The 2 values obtained are required to be consistent.
Finally, using the best value of N¥, the clear column radiances are
calculated and another set of checks based on inter-channel regression
is performed.

The methods described so far have mainly been developed to tackle
the problem of global temperature retrievals in which profiles are
required on a scale of, perhaps, 250 km, which is significantly
greater than the scale of the individual soundings (cf. HIRS-2
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field-of-view spacing of about 40 km). Smith (1980) presents 2
cloud-clearing methods nore suited to regional or mesoscale
applications, in which clear radiances are obtained at higher
. horizontal resolution. The first algorithm is based on the N*¥ method

applied to a box of 3x3 HIRS soundings. This scheme is currently used
for routine TOVS data processing by the Meteorological Office and is
described in detail in Annex A. The second algorithm 1is a single
field-of-view method appropriate to overcast conditions (under which
the N¥ method fails) and follows the approach of Smith et al. (1970).

—

The same two approaches are reported by Hayden et al. (198l) in an
application suitable for retrieval of high resolution moisture fields
from TOVS.

An attractive idea for improving cloud-clearing 1is to |use
simultaneously-measured, very high resolution imagery in conjunction
with the sounding data. This offers the opportunity to "see"” through
holes in cloud fields which vary on scales of the order of the
resolution of the soundinag system (or even smaller scales) and to
provide more information on the characteristics of the cloud field.
In 2 papers (1980 and 1982), Aoki develops a method for using Advanced
Very Hich Resolution Radiometer (AVHRR) data to assist in the
calculation of clear-column HIRS-2 radiances. In this particular
method, AVHRR data are emploved to calculate the fractional cloud
coverages in a group of HIRS spots. A statistical approach 1is then
used to obtain the best estimate of the clear-column radiances for the
group in all channels. The retrieval method reported requires initial
estimates of the temperature profile and surface temperature.

The problem of obtaining clear-column radiance fields which are
horizontally consistent and free from isolated gross errors is
examined by Fleming and Hill (1982). They develop a technigque which
can both detect and correct for rogue points in a field of geophysical
data and illustrate it by application to the cloud-clearing problem.

3. THEORY OF AN OPTIMAL APPROACH

In an optimal method, the clear radiances are estimated using all
the available information together with estimates of the expected
error in each piece of information. Care 1is taken to account
correctly for the inter-dependence (if any) of the pieces of
information. Thus for one radiometer channel, if we have i
independent ‘"observations" of the clear radiance, x;, with variances,
0% , we can combine the observations to give the best estimate of the
clear radiance, X:

& (Zi?'f:)-'. g vasa

with a variance,
A

e () 32

+ This is the scalar approach appropriate to estimating the clear-column
radiance in one channel independently from the other channels. In
principle it would be better to estimate the clear-column radiance
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where $; are now the corresponding error covariance matrices. Whether
this approach is practicable may largely deperd on considerations such
as the processing time required in the matrix manipulations involved.

This approach is discussed further by Rodgers (1976) 1in the
general context of retrieval theory for remote sounding.

4, APPLICATION TO HIRS CLOUD-CLEARING

The HIRS instrument has 20 channels of which 19 are situated in
the infra-red between 15um and 3.7um (see Smith et al., 1979). Of
these. four are sensitive almost entirely to stratosvheric emission
and are therefore unaffected by cloud in the vast maijority of cases.
This 1leaves 15 channels, numbers 4-16 and 18-19, which are
tropospheric and surface sensing channels subject to cloud
contamination. HIRS has a field-of-view with a size at the earth’s
surface of about 15 km and a sracinag between fields-—-of-view of about
40 km. On the same satellite sounding simultaneously with HIRS are
MSU, a 4-channel radiometer with a spacing between field-of-view
centres of about 170 km, and AVHRR, a visible and infra-red imaging
radiometer with a pixel size of about 1 km (see Schwalb, 1978).

Let us now consider the pieces of information which may be useful
for the present problem of finding the clear-column radiance in a

given HIRS spot (field-of-view): ¢
(a) The most obvious piece of information is that used in all current
methods, i.e. the measured, cloud-contaminated (or, at least,
potentially cloud-contaminated) radiance at that spot. In addition,

we need some algorithm for converting this to a clear-column radiance.

All such algorithms will require ancillary information, such as:

- measured radiances in adjacent spots,

- MSU radiances (preferably tested and, if necessary, corrected for
contamination by precipitation),

- AVHRR radiances in the region of the HIRS sounding,

- an a priori estimate of the atmospheric profile, from a numerical
forecast model for example, together with a radiative transfer
model from which radiances may be calculated,

- surface observations or analyvses (of skin temperature and surface
air temperature and dew point).

Calculating the expected error in the clear radiance estimate from

these data will involve consideration of:

| - the instrumental error (noise),

the additional "noise" introduced by any pre-processing which has
been performed to correct the measured HIRS radiance for various -
effects such as those caused by scan angle, water vapour or surface
enmissivity,

the expected errors in the ancillary information, >
the way in which the algorithm amplifies these error components.
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(b) Useful sources of information unused by most cloud-clearing
schemes (except as a final quality control) are the clear radiances in
previously processed, nearby spots. "Nearby" in this context need not
necessarily refer to adjacent spots but to those HIRS spots on which
similar cloud-clearing processes are centred. For example, we might
choose to process at every second spot along each scan line and every
second scan line, and to use truly adjacent spots as ancillary
information in (a). This is illustrated in figure 1. Care must be
taken to assess the inter-dependence of the different information
depending on the chosen processing pattern. The previous estimates in
"nearby" spots constitute estimates for the current spot with their
variances suitably increased to account for horizontal variation in
the radiance field (and radiance changes with scan angle, if the data

have not already been corrected for this effect). A priori
information on the radiance aradients could also be wused here to
adjust both the estimate and the wvariance. The degree of

sophistication used in the interpolation procedures implied here will
depend on practical constraints such as computer processing time. An
interesting consequence of using this source of information might be
to facilitate the wuse of clear radiances for direct input to a
numerical model, since information would already have been assimilated
in the horizontal and each clear radiance value would carry with it an

estimate of its error.

(c) AVHRR data may be used directly in the estimation of HIRS clear
radiances for the window channels. If AVHRR data are also used in
(a), a careful treatment of the inter-dependence would be required.

(d) Clear radiances calculated from surface observations and a
forecast profile using a radiative transfer model also constitute
valid information. However the problem of informaticn
inter-dependence may be particularly acute here. Not only must we
take account of the effect of using the same information in (a), but
we must consider the use to which the products will be put.
Undesirable correlations may result if the retrievals based on these
data are to be used to initialise the numerical forecast model from
which the profiles were taken.

(e) MSU radiances can be used, for example throuch a regression
equation, to predict the clear radiances in HIRS channels. The
residual errors in such a reqression, and hence the error in the
estimate from this source of information, will probably be too high
for this information alone to give satisfactory results. However it
could play & wuseful role as an effective "background" field for the
cloud-clearing process.

In a real cloud-clearing scheme, the details of the information
used will depend on practical considerations such as:

- which pieces of information are readily available,

- how much computer processing is required to make use of then,

- what are the desired characteristics of the final product (in
horizontal resolution, smoothness, independence from forecast
models, etc.). ;

For instance, one practical scheme might include:

From (a) N4 cloud-clearing based on adjacent HIRS soundings with
ancillary information on the clear-column window channel
radiance from AVHRR.

e
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From (b) a filter/estimation scheme to provide clear-column vradiance
estimates from nearby spots. A Kalman-Bucy filter, such as
that described by Ledsham and Staelin (1978), may be
appropriate, although a simpler filter will probably be
adeguate. Additionally a system for detection and
correction of aross errors (see Fleming and Hill, 1982) may
also be useful. The filter should be applied in such a way
as to "advect" information from all directions.

From (e) a regression estimate from MSU as a "background” field.

Numerous other combinations of information sources could be devised.

5. SUMMARY AND CONCLUSIONS

This paper proposes an overall approach to the problem of
cloud-clearing which seeks to use the information available in an
optimal way. Methods based on this approach will have the following
strengths:

(a) They will achieve horizontal consistency in the clear radiance
field (although care must be taken to ensure that this does not

occur at the expense of losing real small-scale features in the
radiance field).

(b) They will have the flexibility to include estimates from as many
data sources as are available. If the clear-radiance algorithm
(section 4(a) above) fails in a particular ‘area., a clear radiance
will be generated but with a suitably larger expected error.

(c) They will provide an estimate of the clear-column radiance error
which can be wused for gquality control purposes and carried
through the inversion algorithm, if required, to give an estimate
of the error in the retrieved profile. This feature also offers
a self-checking method for the cloud-clearing process as a whole:
if estimates from different information sources differ by more
than, say, twice the sum of their expected errors, it is highly
probable that one of the estimates is grossly in error (due
perhaps to the failure of an algorithm) or that the estimates of
the expected error are too low. In either case this information

would provide an effective route for diagnosing the source of the
problem.

;




Page 9

REFERENCES

Aoki T.
J.Met.Soc.Japan, 58, 528-536 (1980).
A statistical method to retrieve the clear radiance from
4 cloud-contaminated radiances.

Aoki T.
J.Met.Soc.Japan, 60, 758-764 (1982).
An improved method to retrieve the clear radiance from partially
cloudy spots of radiometer on board satellite.

Chahine M.T.
J.Atmos.Sci., 27, 960-967 (1970).
Inverse problems in radiative transfer: a determination of
atmospheric parameters.

Chahine M.T.
J.Atmos.Sci., 31, 233-243 (1974).
Remote sounding of cloudy atmospheres. I: The single cloud layer.

Chahine M.T.
J.Atmos.Sci., 34, 744-757 (1977).
Remote sounding of cloudy atmospheres. I1: Multiple cloud
formations.

Fleming H.E., Hill M.L.
J.Geophys.Res., 87, 7312-7324 (1982).
An objective procedure for detecting and correcting errors in
geophysical data: 1. One-dimensional applications.

Fritz S., Wark D.Q., Fleming H.E., Smith W.L., Jacobowitz H.,
- Hilleary D.T., Alihouse J.C.
NOAA Tech. Rep. NESS 59 (1972).
| Temperature sounding from satellites.

Hayden C.M., Smith W.L., Woolf H.M.

J.Appl.Meteor., 20, 450-466 (1981).
| Determination of moisture from NOAA polar orbiting satellite
| sounding radiometers.

Ledsham W.H., Staelin D.H.
J.Appl.Meteor., 17, 1023-1033 (1978),
An extended Kalman-Bucy filter for atmospheric temperature profile
retrieval with a passive microwave sounder.

McMillin L.M.
Mon.Wea.Rev., 106, 1590-1597 (1978).
An improved technique for obtaining clear-column radiances from
cloud-contaminated radiances. :

McMillin L.M., Dean C.
J.Appl.Meteor., 12, 1005-1014 (1982).
Evaluation of a new operational technique for producing clear
radiances.




‘Page "10 |

McMillin L.M., Wark D.Q., Siomkajlo J.M., Abel P.G., Werbowetzki A.,
Lauritson L.A., Pritchard J.A., Crosby 'D.S.. Woolf H.M., Luebbe R.C.,
Weinreb M.P., Fleming H.E., Bittner F.E., Hayden C.M.
NOAA Tech. Rep. NESS 65 (1973). »
Satellite infra-red sounding from NOAA spacecraft.

|
Rodgers C.D. »
Quart.J.Roy.Meteor.Soc., 96, 654-666 (1970).
Remote sensing of atmospheric temperature in the presence of cloud.

Rodgers C.D. '
Rev.Geophys.Sp.Phys., 14, 609-624 (1976).

Retrieval of atmospheric temperature and composition from remote
measurements of thermal radiation. '

Schwalb A.
NOAA Tech. Mem. NESS 95 (1978).
The TIROS-N/NOAA A-G satellite series.

Smith W.L.
Mon.Wea.Rev., 95, 363-369 (1967).

An iterative method for deducing tropospheric temperature and
moisture profiles from satellite radiation measurements.

Smith W.L.
Mon.Wea.Rev., 96, 387-396 (1968).

An improved method for calculating tropospheric temperature and
moisture from satellite radiometer measurements.

Smith W.L.

Contribution to NASA/GLAS Sounding Workshop (1980). 1
Operational sounding algorithms.

Smith W.L., Woolf H.M. '
J.Atmos.Sci., 33, 1127-1140 (1976).

The use of eigenvectors - of statistical covariance matrices for
interpreting satellite sounding radiometer observations.

Smith W.L., Woolf H.M., Hayden C.M., Wark D.Q., McMillin L.M.
Bull,Amer.Met.Boc., 60, 1177-1187 (1979).
The TIROS-N operational vertical sounder.

Smith W.L., Woolf H.M., Jacob W.J.
Mon.Wea.Rev., 98, 582-603 (1970).
A regression method for obtainiiig real-time temperatures and

geopotential heights from satellite spectrometer measurements and
its application to Nimbus 3 SIRS observations.

Susskind J., Rosenfeld J., Reuter D.C., Chahine M.T.
NASA Tech. Mem. 84936 (1982).

The GLAS physical inversion method for analysis of HIRS/MSU
sounding data.




—=—

v n

Page 11

ANNEX A CLOUD-CLEARING METHOD USED IN ROUTINE TOVS DATA PROCESSING
BY U.K. METEOROLOGICAL OFFICE

This method was devised by the NOAA/NESDIS agroup at the
Co-operative Institute for Meteorological Satellite Studies (CIMSS),
University of Wisconsin, Madison, and the TOVS processing software
which includes this cloud-clearing scheme was kindly supplied by that
group. It is the method currently used by the Meteorological Office
for routine processing of TOVS data.

The method is described briefly by Smith (1980) and is a variant
of the N¥ technique first formulated bv Smith (1968). The TOVS data
used have already been "pre-processed" in the following ways. The
HIRS radiances have been converted to brightness temperatures and
corrected for scan angle. MSU brightness temperatures have been
corrected for scan angle, antenna gain pattern and earth’s surface
emissivity, and they have been interpolated to HIRS spot 1locations.
The problem of cloud-contaminated HIRS radiances is then tackled by
one of three paths:

(a) HIRS brightness temperatures are tested for cloud contamination.
If they are judged to be cloud-free they may be used directly in
the inversion. The test involves taking a linear combination of
measured HIRS brightness temperatures which, if cloud-free,
should approximate to the measured brightness temperature in MSU

channel 2. The coefficients of the 1linear combination are
pre-calculated from a regression of MSU channel 2 against clear
HIRS values. If the 1linear combination of HIRS brightness

temperatures is colder than MSU channel 2 by more than a certain
amount (the residual error in the above-mentioned regression),
the HIRS sounding is treated as cloud-contaminated. Additional
checks are performed using HIRS window channels (numbers 8, 18
and 19) to ensure that the HIRS data are not contaminated by
solar reflection beyond a given threshold.

(b) A cloud-clearing algorithm based on the N* method is then used.
The additional piece of information reguired, i.e. the clear
radiance in one HIRS channel or "pseudo-channel"”, is obtained
from the measured MSU channel 2 brightness temperature, which
acts as a "pseudo-channel" corresponding to the linear
combination of HIRS channels described in (a). The N* method is
applied to ‘a .box of  3x3 . HIRS spots  (and. the - Msl value
interpolated to the location of the central HIRS spot). N¥, and
hence clcar radiances, are calculated 8 times: the central spot
is used with each of its neighbours. In the present
implementation of this method N* is calculated separately for the
HIRS longwave tropospheric channels (4-12) and the shortwave
tropospheric channels (13-16) in an attempt to ‘allow far ‘an
instrumental effect which may cause small differences in
field-of-view location in the two wavelength regions. For each
pair of spots the processing is only allowed to continue with
values of N% less than 0.75. If N¥* is greater than 0.75. the
error amplification is considered to be too large; physically,
the spots are too similar for the N¥ technique to apply. Also,
as in (a), &a solar reflection 'check is made wusing  the

cloud-cleared Dbrightness temperatures in the HIRS window
channels.
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From the sets (up to 8) of cleared HIRS radiances generated in
(b), plus the set of ‘"clear" radiances given by (a) if they were
judged cloud-free, the set is chosen which leads to the best agreement
between HIRS+MSU retrieval and MSU-only retrieval (measured by the sum »
of the sauares of the retrieved temperature differences for the 5
lowest tropospheric standard pressure levels). Retrievals obtained
from the radiances generated by (a) or (b) are subjected to other
guality controls; they are checked more stringently against MSU-only
retrievals and the 1local variability of HIRS+MSU retrievals 1is
examined for rogue points. Then:

—

(c) In areas where (a) and (b) have failed 1leaving gaps in the
retrieved fields, the cloud problem is "solved" by resorting to
MSU-only retrievals. (It would be possible to use, in addition,
those stratospheric HIRS channels unaffected by cloud.) A
surface-fitting routine is used to correct these retrievals . for
biases with respect to nearby HIRS+MSU retrievals.

The weaknesses of the present method are as follows:

- The checks in (a) can pass a HIRS sounding as clear when there is
some contamination, particularly by low cloud. In tackling this
problem AVHRR data could be expected to make a positive
contribution.

- The N¥ nmethod works well only when the following conditions are

true:

- the atmospheric profiles and surface properties are equal in
adjacent fields of view,

- there is only one layer of cloud,

-~ the cloud top has the same height and temperatuvre but different
fractional coverages in the two spots.

Consequently problems occur with variable surface temperature, type

or elevation and with cloud height which is variable either within

a spot or between adijacent spots. The quality control procedures

applied do not alwavs eliminate poor retrievals caused by these

problems. Again, AVHRR data could be used to assist in recognition

of cloud and surface characteristics suitable for the N%¥ method.

The N* method as applied here relies heavily on MSU channel 2 which
has a weighting function centred around 700 mb with a width of
about 600 mb. Thus it 1is not sufficiently sensitive to the
radiation from the surface to be ideal for cloud-clearing.

No attempt is made (at the cloud-clearing stage) to maintain
horizontal consistency in the clear radiance field.

The measured Dbrightness tenperatures used have already been
corrected for scan angle by regression against other channels. The
inevitable residual variance in this regression increases the
effective noise in the corrected brightness temperatures. Also the
validity of performing such a regression-based correction on cloudy
radiances is cquestionable. It would be preferable for the
cloud-clearing process to precede any scan angle correction. »

The method vields 1little indication on the quality of the

clear-column radiances, i.e. on the probable error introduced by ¢
the cloud-clearing process.
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