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ICTP Workshop on “Atmospheric Radiation and Cloud Physics”.
27 November — 15 December 1089,

J.R. Eyre Lecture 1

REVIEW OF CLOUD CLEARING TECHNIQUES

1. The problein

Current techniques for observing atinospherie veriical profiles of temperature and humid-
ity from satellites are based on weasurements of upwelling radiation in the infra-red and
microwave spectral regions. These radiances are affected, to a greater or lesser degree, by
the prescnce of cloud. At infra-red wavelengths the problem is acute since many types of
cloud are opaque; in the microwave region clouds have a much smaller effect on the radi-
ances, but often it is too large to be neglected. Consequently, when retrieving information
on other atmospheric variables, we must be able to detect clouds which have a significant
cffect on the radiances and, if possible, make allowance for these effects.

In this lecture, we shall review methods which have been developed to handle the eflects
of cloud in the retricval of atmospheric profiles, with particular attention to methods for
“cloud-clearing”, i-c. for determining the radiances which would have been measured from
the same atmosphcric temperature and humidity profile if no cloud had been present.
Also we shall concentrate on methods developed or applicable to the TOVS (TIROS-N
Operational Vertical Sounder) justruments on the TIROS-N/NOAA satellite series. A
recent and more detailed review of these methods is presented by Eyre and Watts (1987).

2. Paossible solutions

The first approach to the problem is technological, i.e. to sound the atwosphere at fre-
quencies for which clouds are more transparent, such as in the microwave region. Tliere
is a move towards increasing emphasis on microwave radicineters as the technology in this
ficld advances. However, the infra-red has a number of advantages - narrower weighting
functions in the troposphere, less variable surface emissivity and higher spatial resolution.
For these reasons, a combination of infra-red and microwave instruments is likely to be
preferred for the foreseealile future. Also, although cloud effects in the microwave are much
reduced, they are often significant; their treatinent is discussed further in section 7,

Other approaches to the problem take the form of different methods for extracting in-
formation from potentially clond-affected infra-red data, and they can be calegorised as
follows:

a} Cloud detection (i.e. tests to deicrmine which measurenients are affected by the prescoce
of cloud) followed by retrieval from those data found to be “cloud-free”. This approach
leads to the most accurate retricvals, Unfortunately, most of the interesting weather is
associated with cloudy areas, and so this is only a partial solution.

by) Cloud detection followed by a cloud cleariug method in which those measured radiances
which are judged to be affected by cloud are “corrected” to give clear-column radiances,
These methods can be useful in partly cloudy areas.

¢} Cloud deteetion followed by a clond vleating method in which cloud-aflected, measured
radiances are not used but clear-colunn radiances are estimated using other data (e.g.
microwave measurciients and for ancillary information).

1

d}) Spatial filteriug of the radiance field, often including some combination of methods (a)
to (c).

¢} Inversion directly from the cloudy radiances, by estimating parameters describiug the
cloud conditions simultaneously with atmospheric profile information, thus aveiding an
explicit cloud-clearing process.

These approaches are now considered in more detail, except for (e) which will be discussed
in Lecture 3.

3. Cloud detection

The purpose of cloud detection algorithms within a satellite sounding data system is to
distinguish between cloud-free fields of view (fovs), where the measured radiances may be
used directly in the inversion, and cloud-affected fovs, whick require some cloud-clearing
procedure befure the radiances can be used. There is no single method which is efticient
in detecting all types of clouds, and it is usual to use a cowbination of several methods.
McMillin and Dean (1982) describe in detail a series of tests, scine of which are now
sumnmarised:

a) Window channel too cold. This is a general indication of the presence of cloud, but
can be particularly useful over the sea where the surface temperature is known a priori to
within a few degrees. Also, unfrozen seas (identified by low temperatures in microwave
window channels) will not give rise to brightness temperature in infra-red window channels
of less than 270 K unless cloud is present.

b} Adjacent fov tests. Withia a group of fovs, those whick are colder than their neighbours
by more than some threshold are probably cloud affected.

¢) Window channel tests. Comparisons between short and long wave window channels are
uscful, In the daytime, cloud-aflected shoriwave channels (~3.7pm) will often Le wurmer
than longwave channels {~11gm) due to reflection of solar radiation. At night, the lower
cloud emissivity at short wave gives rise to the opposite effect.

d) Visible channel tests. A useful addition in the daytime, particularly over the sea, where
clouds give rise to increased reflectance.

e) Inter-channel regression tests. These are useful for sounding systems with sets of weight-
ing functions in different spectral regions. TOVS, for example, has channels for sounding
tropospheric temperature in the microwave (50-60 GHz) and around 15um and 4.3um
in the infra-red. It is possible to establish regression relations by which the radiance (or
Lrightness temperature} expected in one region under cloud-free conditions is predicted
from measured radiauces in another band. Many TOVS schemws use the difference be-
tween the measured brightness temperature in MSU channel 2 (53.73 GHz, with a weight-
ing function peaking at 700 mb) and that predicted from a group of HIRS channels as
a check for cloud. McMillin and Dean (1982) also give some other inter-chaunel tests,
including checks between longwave and shortwave HIRS chanuels. Most schemes use at
least some of these checks.

Aunother class of cloud detection method makes use of simultancously measured image data
such as that available from AVHRR. The high resolution of these data make it possible to
characterise the cloud ficld within each fov of the infra-red sounding instrument. Various
levels of sophistication are possible, but simple tests to determine whether the sounder data
are clond-affecied or not are potentially very valuable, For this purpose, an AVHRR cloud-
detection scheme such as that described by Saunders (1986) and Saunders and Kricbel
(1988) way be used.
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4. Clear column radiances by correction of cloud-affected radiances

A numbet of schemes have been developed for estimating clear column radiances from
cloud-affected radiances in adjacent fove, The most widely used are based on the N*
method proposed by Smith (1968), The measured radiances, R; and Rz, in two adjacent
fovs of one-channel of an infra-red radiometer can, under certain conditions, be expressed
as follows:

i

R = (1-M)R + NiR,

(1)

Ry = (I—N:)Rc + NR,

where R, and R, are the radiances appropriate to clear and completely overcast conditions
respectively, and Ny and Ny are the effective fractional cloud coverages in fovs 1 and 2. In
deriving these cquations the following assumptions have been made: that the atinospherie
profiles and surface characteristics in the two fovs are the same; that only oue layer of
cloud is present; and that the cloud top has the same height (and teinperature} in hoth
fovs. These assumptions arc necessary if e and R, are to be taken as constant between
fovs 1 and 2. Tf the fractional coverages in the two fovs ate different (Ny # Nz), then
equations (1) can be solved simultaneously to give the clear radiance:

R, = (R — N*'Rp)/(1 = N*) (2}

where N* = N,;/Na. Allernatively,

N* = (R, - Ry)/(R. = Ra) (3)

and so N* can be found if we have an estimate of the clear radiance in one channel. {Sowe
methods for deriving the clear radiance in one channel are discussed below.) Then, since
N* is equal in all channels of the radiometet, it can be used in equation {(2) to find the
clear tadiance in other channels. For infra-red radiometers with moderately high horizontal
resolution (e.g. HIRS, which has a fov spacing of about 40 km), the inherent assumptions
are true sufficiently often for the method to be useful. The method is illustrated graphically
in Fig. 1.

McMillin ef ol {1973) described an application of this method for the Vertical Temper-
ature Profile Radiometer {VIPR) on the early mewbers of the NOAA series of satelliles,
The clear-colinn radiance in one chanuel required by equation (3) was obtained wsing data
from the Scanning Radiometer (a 2-chiannel instrument of higher horizontal resolution} on
the same su.ites.

Chahine (1970) gave an analysis of the cloud-clearing problem similar to that given by
Smith (1968) and later developed an alternative adjacent fov method {Chaline 1971),
Equation {2} can be expressed:

R. = Iy + y(R — i) ()

Here

n = N/N - N) (5)

or

n = {Re(v') — R(/"P/ {0} — Ralv')} (6

where ' is the frequency of a specially selected “cloud -sonnding” channel. In an iterative
approach, a first-guess profile is used with a radiative transfer model to generate Re(').
Equation (6) then gives n which is used in equation {4} to caleulate R.(v;) for other
channels st frequencies ¢, Chahine shows that the method is stable in certain cases, for
examnple when ' refers to a channel in the 15um carbon dioxide band, with a weighting
function peaking in the lower troposphere, and v; represent a set of channels in the 4.3pm
earbon dioxide band. This approach is generalised by Chahine (1977) to multiple cloud
layers using a group of up to four adjacent fovs. Susskind et al. (1984) present dctails of &
scheme for applying the single cloud layer wethod {(Chaline 1974) to HIRS data. HIRS/2
channel 7 at 13.4;im is used as the “cloud-sonnding” channel and the 4.3;m band channels
only (channels 13 to 17) are used for the temperature retrieval. In addition, when MSU
data are available, a similar scheme is employed which solves for the temperature profile
and cloud using only MSU and the 4.2pm band channels of HIRS.

MecMillin (1978) presents another version of the adjaccnt fov approach which is closely
related to the N* method. By writing equations (1) for two fovs and two frequencies (v,
and 1y), four equations are obtained which may be solved simultaneously to give:

Re(n) = Rilva) + S{RAxs) — Ri(w)} (M

where

5 = {Ri(va) ~ Bafva)}/{Ri() — Fa{wn)}. (8)

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 yield the same value of §; other pairs will tend to
give different values, Only *good” values of § are then used in equation (7) to generate
the clear radiance. The method still requires au estimate of the clenr-colunm radiance in

one chanuel.

Sinith and Woolf (1976) develop a variation of the N* technique for use with HIRS/1
and SCAMS (SCAuning Microwave Spectrometer} data from Nimbus 6. In this method
N* is obtained from measured radiances in all channels, infra-red aud microwave, using
cigenvectors of the covariance matrix of clear-colunn radiances (pre-calenlated using a
represcutative set of clear radiances}. The microwave data play an important role here;
they allow the cloud-cleating to proveed without the need for estitnates from other sources
of the clear radiance in one infra-red channel. From 1978 to 1980 this method formed the
basis of the clond-clearing scheme used with HIRS/2 and M5U data in the operational
global retrieval system of NOAA/NESDIS {se¢ Smith ot al. 1979).

A simplified hut widely-used version of this wethod was prosented by Smith (1980). Here,
the additional piece of information required in the A methad, i.e. the elear radiance in



one chinel, s obtaiued frone the soeasared MSU channel 2, which acts s though it were
a linear combination of coud-free HUES chanuels:

T a, + Z o T.'” {9}
i

where T is the estimated value of MS$U channel 2 and T are the measured Lrightuess
temperature in a gronp of HIRS chaundls. Cowparison of T with the wmeasnred MSU vilue,
T™ s used in the clond detection {see section 3). I cloud is detected, thien the valiues of
T iu two fovs are used Lo calculate N* in an approximated form of equation (3):

M _ j’vl

N P (10)

where the fovs are arranged such thut fov 1 s the wanmner (ie. TV > T%). This also forms
part of the method used Ly the UK, Meteorological Office (sce Lecture 2),

In 1980 the NESDIS operational system was changed to jucorporate a new cloud-elearing
algorith described by MeMillin and Dean (1982). This algoritlun is again based ou the
N* cthod but takes great care to allow for the fact that the assumption of cqual cloud
hieight in adjacent spots is often invalid. To detect those cases in which the ¥* wethod
is applicable a series of checks s made. Firstly a nore thorough treatment is given to
the detection of clear arcas (see section 3). In areas found to be partly clowdy, the N*
method is applied with a series of tests to check its validity, inclnding sowe Lased on the
approach of McMillin {1978}, Also, N is calculated in two 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 radintive
transfer caleulations as part of the algorithin. The two values obtained are required 1o be
consistent. Finally, using the best value of N*, the dear column radiances are calenlated
and another set of chiecks based on inter-channel regression is perforwed.

5. Clear column radiances estimated from other data

If cloud is detected, it is possible to estimate the clear columun radiances using other
data. Again, simultanconsly measwred microwave data are in practice the best souree of
information,

The wmethod developed by the UK. Meteorological Office follows this route when the
N* method fails. HIRS clear column brightness temperatures in clowd-affected ehannels
are estimated frot a lncar combivation of MSU clunnels, Further details are given in
lecture 2.

The y-method developed by LMD as pact of the 31 retrieval techuigue (Chedin ef al, 1985)
takes an analogons ronte whenever a RS channel is judged to be clond-affocted. The
HIRS channel to be cleared is paired with the MSU channel with the muost similar weighting
function. The clear colamm HIRS brightuess temperature is caleulated using the neasured
MSU value and sionlated HIRS and MSU brightaness temperatures corresponding to an
initial guess profile sclected by a proximity searcl atmongst a large Blrary of profiles; for
further details of the 31 teehnique, see other lectures iu this series (Chedin 1989),

6. Spatial filtering methods

A fow cloud clearing methods have been developed which include some aspeet of spatial
filtering, and they fall into two types. Firstly, there are those whicli apply a filter to the
cloud-affected eadiances as a method of cdoud-clearing. Prata (19585) denoustrated the
application of a Kalman filter for this purpose. Later lectures in this series {Serio 1989)
also consider this probleu.

Other methods have used spatial filicring to reduce the noise and to suppress rogue values
i preliminary estinates of clear-column radiance, Fleming and Hill (1982) demoustrated a
one-dimensional filter 1o remove isolated gross errors in clear-colunin radiances or, indeed,
uther geophysical data, They later extended the metliod to more than one dimension
{Fleming and Hill 1983). Eyre and Watts (1987) developed a two-dimensiona optimal
extimation scheme for filiering preliminary estimates of clear-column radiances, This is

deseribed in Lecture 2,

7. Cloud problems in_the microwave

Clouds attennate microwave radiation wmuch less than they do infra-red radiation  Mi-
crowave sounding techuiques are able to peuctrate most clouds and to obtain information
[rom the atmosphere below the cloud top. However, althongh the effects are often small,
they cannot be neglected completely. Indeed, because the radiances measured from space
are affeeted by the full depth of the cloud (rather than just the top layer, as in the infra-
red), the problem can be more complicated.

At MSU frequencies (50 60 GHz) non-precipitating clond acts as an absorbing/emitting
umedium, but when precipitation-sized particles are presceut, scattering also becomes -
purtant. For many clouds the absorption is quite weak and leads to a perturbation on
the measured brighiness temperature which is almost lincarly related to the total colums
cloud liquid water. Most TOVS processing schemes treat this as a pre-processing prob-
lew: thie relatively large effect on the window channel (MSU chanuel 1) js used in a linear
regression relation te calculate a correction for the much smaller effect o MSU channel 2.
Effects on channels peaking higher are negligible, For very large amounts of clond ligquid
water and for when precipitation is present, the assumptions made with this siwple, linear
correction are go longer valid. Current practice is to detect such data and to avoid its use
in the temperatuse retricval. An algorithiu to do this over the occan wis suggested by
Plullips (1981%; MSU duta are rejected when

TMSU—? - TM.\'UAI < 125 (]1)

Reeent work at LMD has suggested that a larger value for this threshold (16K) way give
better result,

Clond probleras with MSU data are relatively swall because of the low frequency used
and the large {footprint of the MSU anteuna (> 110 kin)  much Jarger than most rain
Lands and their associated perturbations on the brightness tewperature ficld. However, in
future this will not be the case; the smaller footprints and higher frequencies range of the

Advauced Microwave Sounding Unit {AMSU) to be flown on the NOAA-KLA series (see -

I'ick 1986) will give rise to more pronounced cloud effects on the microwave dati. Hescarch
15 still required on methods to tackle these problems, both in terins of their effects on the
retrieval of atmospheric profiles and the potential for retricving new cloud parameters.
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ICTP Workshop on “Atmospheric Radiation and Cloud Physics”.
27 November — 15 December 1988,

J.R. Eyre Lecture 2

THE U.K. METEOROLOGICAL OFFICE'S TOVS PROCESSING SYSTEM
AND ITS CLOUD-CLEARING SCHEME

1. Introduction

The U.K. Meteorological Office has developed an opetational sysiein for processing locally-
received TOVS data for use in numerical weather prediction (NWP). The schemne is known
as the Local Area Sounding System (LASS). It was developed frow Version 1 of the ln-
ternational TOVS Processing Package (ITPP) obtained from the University of Wisconsin-
Madison in 1980, although major changes have been made to the system since then.

In this lecture, LASS will be desctibed briefly and thea its cloud-clearing scheme presented
in detail.

2. LASS

LASS has been running routinely in real-time since 1983 (sec Turner ¢t al. 1985). Charts of
the 1000-500 mb thickness ficld derived from LASS temperature and humidity retrievals
have been used by operational forecasters as a guide to their subjective analyses and
forecast model intervention. More recently the data have been assimilated into the regional
NWP model.

The TOVS data are processed through the following stages:
a) Ingest

Raw TIP (TIROS laformation Processor) data for the European/N. Atlantic region are
received directly from the satellite at the reception station at Lasham (Haiapshire, UK.).
They are relayed in real-time to the U.K. Met. Office headquarters at Bracknell, where
they are capiured on a VAX 11/750 computer. HIRS and MSU raw data {in counts)
are extracted from the TIP data stream. Each measurement is then calibrated to give a
brightness temperature (equivalent black body temperature) and the set of measurements
at cach HIRS or MSU sounding location is assigned a latitude and longitude. All these
operations are perforined using ITPP software with very little modification.

b} Pre-processing

HIRS brightness temperatures are “limb-corrected”, i.e. the values measured at angles off
nadir are adjusted to give an estiniate of the value which would have been measured by a
sounding at nadir through the same atmospheric column. This is performed with a linear
regression correction using measured values in other HIRS channels. MSU brightuess tem-
peratures are pre-processed in a similar way; here the regression correction accounts not
oaly for the “limb” effect bul also for the effects of variable surface emissivity, the MSU
antenna response pattern and the effects of cloud liquid water. The pre-processed MSU
value is thus intended to correspond to a scunding at nadir with an narrow foolprint, a
black Earth's surface and no cloud liquid water. Following this, MSU brightuess temper-
atures are interpolated to the locations of the HIRS fields-of-view (fuvs). Again, ITPP
soft ware is used with little modification. [Recent work has demonstrated that it would be
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advantageous to add a check for precipitation coutmuination, as described in Leeture 1,
prior to interpolation. |

c) Cloud-clearing

This stage of the processing accepts pte-processed HIRS and MSU brightness tempera-
turcs at each HIRS fov and outputs for each channel, a field of clear-columa brightuess
temperatures specified at every fov, together with a field of their expected errors. The
method is deseribed in section 3 and in more detail by Eyre and Watts (1987). It has Leen
used operationally in LASS since 1987.

d) Inversion

Since 1987, this has been performed by linearized optimal estimation (sce Rodgers 1676)
using & NWP forecast profile and its expecied error covariance as prior information. This
can be considered as a ane-dimensional, linear approximation to the direct assimilation of
clear-column radiances into the NWP mndel. Lecture 3 explores this aspect in more detail.
HIRS and MSU clear-coluinn hrightness temperatures are converted into temperature and
humidity profiles. At present, inversions are performed for only one in every 3x3 BIRS
fovs, a resolution of abont 120 kin, but the scheme is flexible in this respect.

e) Post-processing

Retrieval temperature and hnmidity profiles are converted 1o related layer quantities: thick-
nesses and layer water vapour contents. Also thermal winds are caleulated from the local
gradients of the thickness fields.

Figure 1a gives an example of a LASS product. It shows the retrieved 1000-500 mb
thickness field derived from three consecutive overpasses of TOVS data. (For clarity, some
of the retrievals made are not shown, but all have been used in analysing the contour lines.)
Figure 1b shows, for the same oceasion, the difference between the reirieval and forecast
thickness fields. This is one way of representiug the “forcing” of the TOVS product on the
forecast background field in the NWP data assimilation. It can be used to explore both
the jnformation content of the TOVS data and any remaining quality control problems,

3. Cloud-clearing in LASS

The scheme consist of three parts:

an algorithin to obtain preliminary estimates of clear-column brightness temperatures (and
their expected errors), followed by

a sequential filter, based on the principles of optimal estimation, to improve the values in

the preliminary field

a procedure to compensate for locally coberent hiases between measnred HIRS data and
those estimated from MSU data.

3.1 F ° ainary estimates of clear-column brightness temperatures

The elear-column TTIRS brightuess temperature in each channel is estimated, along with
its expected error, at every HINS spot by one of fonr romtes:

{a} Clear conditions
Clear spots are ideutified by a coud detection algorithm using n snb-sct of the tests de-

scribed. A linear combinaiion of HIItS Lrightuess temperatires is wsed to predict an MSU
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channel 2 brightuess temperature (hereafter abbreviated “MSU(2)” and similacly for other
MSU and HIRS channels), using a regression relation which has a residual error of about
0.8 K for clear colmnn brightness temperatures. (See Lecture 1, eq. 9.) The coeflicients
for the regression are calculated from theoretically computed brightness temperatnres for
a representative set of historical radiosonde profiles of the appropriate month for the Euro-
pean/N. Atlantic area (Watts 1984). If predicted MSU(2) is colder than measured MSU(2)
by more than the residual error in the regression, then the HIRS measurements are as-
sumed to be contaminated by cloud. Also a test is made for £xcessive Cuaennination
by solar radiation: if HIRS(18) -HIRS(18) is greater than 10 K or HIRS(18)-HIRS5(8) is
greater than 20 K then the brightness temperatures in all HIRS channels are rejected. At
night, an additional check on the brightness temperature difference between channels in the
11 and 3.7 um window regions can be used. This employs the signature of low-level water
cloud through its lower emissivily in the shorter wavelength region (Eyre et al. 1984). If
HIRS(8)-HIRS(18) exceeds 2 K then the tadiances are flagged as cloud contaminated. In
addition dynamic threshold tests are applied to HIRS-8 and the visible channel (HIRS-20).
If a fov is colder/brighter than the warmest/darkness fov in the surrounding 7x 7 hox of
fovs by more than a fixed threshold, it is flagged as cloud-affected.

If the data pass these tests, they are assumed to be clear and the measured {pre-processed)
HIRS brightness temperatures are taken as the preliminary estimates of the clear-column
values. In this case the estimated errors ate comparatively low. However they are not
simply the instrument noise, since our ability to determine that the measuremcnts are
truly cloud-free is limited by the-sensitivity of the cloud detection process. Also, pre-
pracessing errors for both HIRS and MSU contribute to the uncertainty. Radiometric
noise, limb correction error and cloud detection sensitivity are all taken into account in
ihe error cstimation scheme. Full details of this procedure, and equivalent procedures for
other cloud clearing routes, are given by Watts {1985}).

(b) Partly cloudy conditions — N* method

If cloud is detected, the clear column radiance determination is attempted by the N*
method {see Lecture 1) using the HIRS spot in question with one of its 8 adjacent spots.
The most suitable pariner is first identified. The pariner must be colder, to ensure that
the same pair of spots is not used again when the partner is itself the central spot. Also
the warmer spot is the more appropriate position to assign to the clear radiance as it
contains a greater proportion of cloud-{ree area. If more than one colder partoer is found
then the one which gives the best agreement between N* values caleulated separately for
RIRS longwave and shortwave channels is chosen. Moreover, valnes of N* greater than
0.75 and longwave-shortwave differences in N* greater than 0.1 are pot used. The N*
algorithm fails if a snitable pariner cannot be found. Tt may also fail if the clear-coluinn
brightness temperatures do not pass certain checks. Excess contamination by reflected solar
radiation is tested as described above, Also BIRS(8) is compared with a corresponding
value predicted from MSU data (as explained below) and the radinnces rejected if the
absolute difference is excessive.

The errors in the clear-column brightness temperatures derived by the N* method depend
on the errors in the values of Ry, R, and N* used in equation (2} of Lecture and on the
way in which this equation amplifies these errors. R, and Ry contain error contributions
from radiometric noise and pre-processing, both of which may be estimated. The error in
N* is determined by the errors of the terms ased im eyuation (3) of Lecture 1, including
the residual error in the prediction of MSU(2) from RIRS values. The error analysis is
cowplicated by the correlations Between the components of error in these equations, and
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it is difficult to wuness alsolute error levels accurately, However it can be scen that the
error amplification throngh tle N* cquation is very variable and becowes acute s N*
approaches unity. For this reason, the method is deemed to fail if N* is greater than 0.75.
Additional errors arise when the conditions required for the N* algorithm, concerning the
profiles and cloud cover in adjacent spots, are not satisfied. No attempt has been made
to quantify these errors; they will tend to have statistical properties which are difficult to
accow~-lute iu this approach. However the quality checks described above are used to
minimise the problems arising frown this source.

{c) Cloudy conditions — MSU regression method

If cloud is detected and the N* wethod fails, the clear-column HIRS brightness tempera-
tures are estimated fromn the MSU data using a regression relation:

TH = boj + 3 b TM (1)

where Tf” is the estimated HIRS brightuess temperature in channel j (j = 4 to 16), TM
is the measured MSU brightucss tewperature in channel i (i = 2 to 4) and coefficients
bi; are obtained by regression on brighituess temperatures calculated from a large set of
representative radiosonde profiles. This approach is adopted principally to obtain an es-
timate on every HIRS spot for the purposes of the sequential estimation which follows.
Retrievals from preliminary estimates of HIRS brightness temperatures obtained in this
manner would be approximaltely equivalent to MSU-only retrievals. However, in cowbina-
tion with the “HIRS-MSU bias™ correction and sequential estimation scheiues described
below, information on the vertical profile structure can be “advected in” from nearby HIRS
spots from which HIRS information is available, leading to a more effective and more nearly
optimal method for using MSU information in cloudy areas.

Errors in the HIRS estimates obtained by this method arise from radiometric and pre-
processing errors in the MSU data and from the residual errors in the regression. These
can be assessed nud give the values used in the subscquent filtering. However, the sequential
estimator assuines that errors iu adjacent spots are uncorrelated. This is not the case for
HIRS values estimaied from MSU Lecause the errors in the regression are locally consistent
- they are caused wainly by vertical profile structure which is resolved by HIRS but not by
MSU. Also, the horizontal resolution of MSU is less than that of HIRS, and so one MSU
spot dominates the MSU values juterpolated to several HIRS spots. These problems and
their solution are discussed further in section 3.3.

(d} MSU data missing

Ou the infrequent occasions when no MSU values have been mapped to a HIRS spot (thus
precluding both the N* method and the MSU regression method), MSU and HIRS values
for & nearby HIKS spot are used aud their expected errors are suitably incroased. Failing
this, climatological mcan values are the last resort with the climatological variance sup-
plying the expected error. Agaiu, the reason for adopting this approach is for couvenience
in the subsequent filter, which requires & HIRS brightuess temperature estimate and an
expected error at every spot.

Figures 2 and 3 illustrate the results of the preliminary eloud-clearing for a typical pass of
data. Figure 2 is an AVHRR iwage shiowing qualitatively the location and structure of the
clund fields. Super-imposed on this image are the locations of HIRS ficlds-of-view. Figure 3

4

is & character nap indicating the outcome of the preliminary cloud-clearing procedure at
each spot for this pass.

3.2 Sequential estimation filter

The sequential estimation filter is an approximation to an optimal mi-thod for improving
the preliminary estimates of dlear-column brightness temperature by combining thew with
estimates obtained from additional information and weighting them according to their ex-
pected errors. Thus for one radiometer channel i, if we have independent “observations”
of clear-column brightness temperature z;, with errors of Gaussian distribution and vari-
ance of, we can combine the observatious to give the best estimate of the clear-column

brightness temperature
-1
. 1 T:
-(Ta) T3 @

with variance

(53

The additional information could in principle comne from a nuwber of sources (e.x. AVHRR
data). In this scheme it comes from estimates of clear-column brightness temperatures in
nearby fovs with their errors suitably increased to allow for their horizontal separation (i.e.
for the fact that they are really estimates for different locations).

A simple and efficient way of approximating this approach is through a two-dimensional
sequential estimation filter, as illustrated in Figure 4. The filter runs along the scan lines in
alternate directions as shown. At spot {m,n) we combine the initial estimate of brightness
tewperature Ton (), and its expected error variance 2, ,(—), with improved estimates
from the precediug spot on the same line, Ton,n—1{+)r, and the equivalent spot on the
preceding line, Ti_1,a(+)F, and we obtain an improved estimate at {m,n), T n(+)F,
aud its expected error variance, o3, \(+)F:

Tm,n(+)F' _ M Tm,n(_) A Tm.n—l(+)F A T‘m—l,n("’)l“

P S P T oy =Sy PS v Sy voriy: TR
- 1 _ I A ‘A
PR S PR O B N o5 vy = Sy parwy: S

(-) and (+) indicate “before” and “after” filtering respectively. Parameters g, A und g7
determine the weights given to the data and are discussed further below. Subscript F
indicates that this is the “forward” filtering process. A similar process is run along the
pass in the opposite direction to give “backward™ estimates: Ty o(+)p and ol (+)s.
The forward and backward estimates are then combined to give the final estimate and its
expected error:

TM,N(+) _ Tm.n(+)f-‘ Tm,n(+)ﬂ

dan,n(+) h al?n.u(+)F o’r’n,n(+)ﬂ (6}
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If care is taken to ensure that the forward and backward filters process a given line from
opposite ends, then the combined flter advects information alnost uniformly from all
directions.

The choice of a sequential estimation approach, ratber than some other method of objective
analysis, was influenced by the availability of data on a regular grid. The technique
described here is not a traly “optimal” method: only data from adjacent spots are used
directly, and information from otber nearby spots has influence only indirectly throngh
the sequential nature of the method. In comumon with other objective analysis methods, it
is necessary to consider the trade-off between this loss of optimality and any advantages
of the technique, The main advantage is the computational speed through the use of only
adjacent spots. To usc all the available information “optimally” would require knowledge
of appropriate error covariances belween all pairs of spots, and these cannot be assessed
accurately for this problem. They are however effectively included, albeit rather cradely,
through the filtering.

The filtering parameters g, A and 4% determine the weights given to different pieces of
information by the sequential estiinator. They are discussed in detail by Eyre and Watts
{1987), but their basic roles are as follows:

s: Tt can be showu theoretically that ;=0.5 for consistent results. It allows for the fact
that ... m,n) is used twice in estimating the improved value at its own location.

A: This is included principally to compensate for the overuse of data from neighbouring
fovs. A normal value of A=0.4 has been shown empirically to give good results. It is also
used to prevent filtrring occurring across expected steps in the brightness teroperature field,
i.e. at coastlines for window channels. Here A is reduced in proporiion to the fraction of
the measured radiance which comes from the surlace.

B%:  This is included to represent the increase in errot variance for one fov when it is nsed
as nn estimate for its neighbonr. 1t is related to the expected horizontal vatiations in the
clouwd-free brightness temperature ficld. It is highest for window channels amdd lowest for
stratospheric channels.

3.3 The HIRS-MSU bias problem

HIRS values estimated frowm MSU data contain errors which are highly correlated locally.
Straightforward use of the sequential estimator on a field conlaining these data prodnces
unsatisfactory results; a hias remains in the final field and the error is under-estimated.
It is desirable, therefore, to compensate for these biases if possible. At spots where HIRS
brightness temperatures are obtained by the clear or N* route, we can also obtain values
by the MSU regression route and hence derive estimates of the hias between the two.
Because the bias is loenlly coherent, particularly within areas of the same air mass, these
sparse estimates of IR 5-MSU bias” (i.e. the bias between measured HIRS brightness
temperatures and those estimated from MSU) can be filtered using a similar sequential
estiinator 1o obtain values for the bias field at all spots. The filtered values of bias are then
uscd to adjust brightness temperatures predicted from MSU and to make them consistent
with neighbouring valnes obtained by ihe clear or N* route. The effect of this procedure
is not only to produce more horizontally consistent fields but also to advect information
on vertical structure from clear and partly cloudy spots into surrounding areas where only
preliminary estimates from MSU arc available.

Fig. 5 illustrates the offect of the fltering for a single scan line of HIRS data. It shows
the preliminary estinates and the final estimates, all with their expected errors. The

f

estimated HIRS-MSU biases for the same line are shown in Fig. 6. The sparse preliminary
bias estimates are used to obtain the final filtered bias estimates at all spots, which are then
applied as corrections to HIRS valucs estimated from MSU and are included in the final
estimates shown in Fig. 5. The removal of local biases hetween HIRS estimates from MSU
and by other routes can be seen. lu both Fig. 5 and Fig. 6 it should be remembcred that
the filtering is a two-dimensional procedure and also nses information from neighbouring
scan lines {not shown).

4. Validation using AVHRR data

Assessing the effectiveness of a cloud-clearing scheme is not a simple matter because in-
dependent measurements of “true” clear-columm radiances are usuatly not available. One
approach to this problem - the one which was used in validating the cloud-clearing scheme
deseribed above - is to use coincident AVARR. data (xce Watis and Fyre 1986). AVHRR
has a resolution of 1.1 km and § spectral channels in visible and infra-red window regions.
Tts high spatial resolution allows cloud to be detected with much greater accuracy than
is possible with TOVS. The nominal HIRS fov can be co-located with AVARR to within
about 1 km (Aoki 1984; Lioyd et al. 1985). This allows the AVIRR pixels associated with
each HIRS fov to be determined.

Al a quantitative level, it is very instructive to overlay the ellipses corresponding to the
HIRS fovs on the corresponding AVHRR image, as iliustrated in Fig. 2. If information
on the cloud detection and clearing tests is added, inspection of the image yiclds useful
dingnostics on problems which the scheme. This apptoach was very helpful during the
development of this TOVS eloud-clearing scheme.

For quantitative validation, it is possible to compare the cloud-cleared brightness temper-
ature jn a HIRS window channel (channel 8) with the average hrightness temperatures
in cloud-free AVARR pixels lying within the HIRS ellipse for AVHIRR channels & and 5,
making small corrections for the diffrrences in their spectral responses, Various techniques
are available for detecting cloud contamination of AVHRR radiances including radiance
threshold, spatial coherence and inter-channel tests. We have used the scheme described
by Saunders (1986) which generates a cloud mask at pixel resolution. In this way it is pos-
sible to test statistically the effects of changes to the cloud-clenring scheme on the quality
of clear-column radiances in BIRS channel 8. Since this is a channe] most sensitive to the
effects of cloud, it is reasonable to assume that it is a good measure of the performance of
the cloud-clearing scheme as n whole (see Eyre and Watts 1987).
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DIRECT INVERSION OF CLOUD-AFFECTED RADIANCES

1. Introduction

Mast satcllite sounding retrieval schemes treat the cloud-clearing problem and the inversion
problem separately; the measured radiauces are first checked and, if necessary, adjusted
for the effects of cloud, then the clear coluinn radiances are inverted to give profiles of tem-
perature and humidity, However, soque schemes have now been developed which attempt
to combine these (wo processes either partislly or totally.

The TOVS retrieval schewe presented by Susskind et al. (1984), which is describied briefly
in Lecture 2, applies the cloud-clearing and inversion steps in an iterative loop, with
considerable feedback between them, to retrieve a full range of atmospherie profile, surface
and cloud parameters. Smith et al. (1985) developed a physical method for TOVS in which
ali atmospheric profile and surface parameters are retrieved simtltaneously, and Huang and
Stnith (1986} extended this to include cloud-top pressure and cloud amount in the list of
simultaneously retrieved variables. A simultaneous retrieval including cloud parameters
has recently been combined with the principles of nonlinear optimal estimation to give
a method for extracting information from potentially cloud-affected TOVS radiances for
use in numerical weather prediction {Eyre 1989a). In this lecture, this method and its
theoretical basis will be deseribed.

2. The general inversion problern

The “forward” or radiative transfer problem for atmospherie sounding can in general be
considerrd as that of caleulating a vector of multi-channel radiances y{x}, where x is a
discrete representation of the atmospherie state. Tt containg the atmospheric temperature
and humidity profiles and any other atmospheric variables which affect significautty the
radiation emitted to space. This will include surface parameters sud, in general, paramcters
from which the effects of cloud on the out-going radiances may be calculated. The inverse
proble— i< that of estimating x, given a set of measurements ¥™. In most of the followiug
discussion, the problem will be teeated as one-dimensional, i.e. y™ will be mmlti-channel
radiances at one location and x will be a description of the atmosphere in the vertical
al that location. However the theory presented is not restricted to one-dimensiong io
principle, x conld be a 3-dimensional description of the atmospheric state and y™ a ficld
of multi-channel radiances.

With this approach, the cloud parameters uo longer play such a special role in the retrieval
problem - they become just some amongst a large number of parameters required for an
adequate descriptinn of the atmosphere. However, the inclusion of clond in the problem
does have imporiant practical implications for the method of solution hecause it makes
the problems highly noplinear. The degree of lincarity of the problem is determined by
exaining the gradient of the forward problem:

Kix) = dyx}/ix ()

In general K is a funciion of x, but in the sperial case that K is independent of x the
problem is linear. When x includes cloud parameters, K{x} becomes highly dependent
on the values of these parsmeters, This can Le appreciated by noting that K{x} is closely
linked with the conventional definition of the wrighting fanction - in the linear limit they
are identical. Fig. 1 illustrates the effect of a cloud layer on a single temperature weighting
functjon. It can be scen that the presence of cloud hss a profound effect on the shape
of the weighting function, and this is what we mean when we say that clouds make the
forward problem and inversion problem highly nonlinear.

3. DBayes Theorem

Before considering the optimal solution to the inversion problem, let us introduce some
relevant concepts from probability theory.

It is often useful to think of cur knowledge of a variable in terms of a probability density
function (PDF): let P(z) express the probability that a scalar varinble has a value z. If we
Luow the estimates of z have mean value z, and errors which, statistically, are normally
distributed (Gaussian) with standard derivation #, Lhen we can say that z has a probability
deseribed by a PDF,

1
P(z) & expl-g (=~ za)7/o?]. )
When considering a vector variable x, the equivalent equation is:

P(x) a exp [—% (x - x,)7.C7 1 {x — x,)] (3)

where C is the error covariance about the mean value x,, and T and ~! denote matrix
transpose and inverse operations respectively.

A very powetful tool in probability theory is BAYES THEOREM, which helps us to ma-
nipulate the probabilities of two siates or events occurring together. Let us consider two
states, z and y. The probability that z and 'y will occur iogether is called their JOINT
PROBABILITY and is denoted P(x, ). The probability that z will occur when y occurs
is called the CONDITIONAL PROBABILITY of z given y, and it is denoted P(z | v)- It
is evident that the two are telated hy

P(z.y) = Plrly) Ply) (4

i.e. that the probability of z and y occurring together is the probahility that = oceurs
when y occurs mmliplied by the probability that y oceurs.

We can also interchange z and y:

P(z,y}) = Plylr) Plr) (5)

Combining Eqs. (4) and (5):

s ) P
P(:r,iy) = - (ylj)();),(ﬂ {6)

This is BAYFES THEOREM.



4. The maximumin probubilitly solution to the inversion problem

Our proble can be stated siwply: given the measnrements y™, what is the wost probuble
value of the atmospheric state vector x? We solve this by maximising the eonditional
prubability of x givea y™, ie,

Plx|y™) = maxitoum (7N

We apply Bayes theotem in the form,

P{x|y™) o P(y™ |x) P(x). (8)

Here we have taken P(y™), the prior probability of making a measurement y™ to be
constunt (over the range of values alluwed by the instrument),

P(y™ | x] is the probability that we shall make a measurement y™ when the atmospheric
state is x. I, as abuve, we represeut the forward problem by the general expression
¥{x}, then for crror-free messurements P(y™ | x) would be a delta function peaking at
¥y™ = y{x}. However, the measurements will contain errors which we shall assume are
Gaussian with covanance E. Then the PDF becomes (cf. Eq. (3))

PO™ %) a exp [~ (™~ y(x)TE L™ - yix)) (©)

P(x} contains our information on x prior to making any measurement. This information
msy come from a nuwber of sources. For example, we may use a forecast profile from a
NWP model {aloug with some cstimate of its probable error characteristics) or we way
have climatological information such as the clitnatological mean profile and its covariance
about the mean. We shall call such data BACKGROUND INFORMATION and denote
it by a background profile x* aud its error covariance €. Then, for normally distributed
background errors, the prior probability of the profile having a value x is given by (cf.
Eq. (3)):

Pix) a exp [——% {(x - x")T.C ' (x~xt)]. {10}

i
It is wore convenient to maxinise the logarithm of Eq. (7} rather than Eq. (7) itself;
substituting frow Egs. (9) and (10) and taking the log gives

1 - 1 m T -l g
In (PG Ly} = -3 (- M) = S - y(x)T BT - y(x))
+ constant (11}
It can th »ofore be seen that the maximum probability slution for information with Gaus-

sian errors correspands to the problem of minimizing a quadratic “cost” or “penalty”
function of the form:

) = 5 k= x4 2" )BT v (12)

It would also be possible te add additional terms to the cost function to represent other
dynamical or physical coustraints on the solution (e.g. thal the profile should not be
super-saturated or super-adiabatic).

To find the most probable value of x, we may either maxiwise Eq. (12) or find where the
gradient of J{x)} with respect to x is zero:

F(x) = €' (x-x*) — K{x}T.E~'. (y" ~y{x}) = 0 {13)

5. The linear problem

For the linear problem, where K is independent of x, we may write
vix} = y(x*} + K.(x~x"). (14)

In the weakly noplinear case, in which K is a function of x, but varies only a little over the
domain which represents all reasonable departures of x from x*, we may also use Eq. (13)
in which K = K{x'}. : :

Substituting Eq. (14) into {(13), we can find an analytic solution

x = x* + {C7' 4+ KTE LK) . KTE'.(y" —y{x*}). (18)

Matrix manipulation gives an equivalent formula which is computationally wore efficient
when the dimension of x exceeds that of y™:

x = x> + CKT(KCKT+E)™ . (y™ - y[x*}). (16)

This is the fasuiliar minimum variance solution which is also the maxinum probability
solution in the case of Gaussian statistics (see, for example, Rodgers 1976).

When performing a retrieval from cloud-cleared radiances, the problem is usually suf-
ficiently linear for this form of the solution to be adequate. Indeed, it is possible to
pre-compute the inverse matrix, W = C.KT.(K.C.KT + E}!, for a small number of
atmosphenc and surface conditions, scan angles, etc., and then to choose a value of W
appropriate to x® by “nearest neighbour™ methods or by interpolation.

However, experience with TOVS retrievals from cloud-cleared radiances has revealed other
problems with the mecasurements afler pre-processing and cloud-clearing; the cleared ra-
diances often coutain large errors and errors which are non-Gaussian (see Watts and Eyre
1986} and correlated between channels (Watts and McNally 1988). In general, it is cloar
that the error chuaracteristics after cloud-clearing are complicated and are not accormo-
dated properly by the simple formulation of Eq. (16).

6. The nonlinear problem

Even when using cloud-cleared radiances the problem is nonlinear, particularly with respect
to the retricval of humidity, and ideally should be treated as such. When attempting to
retrieve from cloudy radiances, the problem is highly nonlinear, i.e. K changes rapidly as
a function of some of the elements of x. We must, therefore, seek an alternative approach
tu the solution of Eq. {13). Newtonjan iteration yields the following solution: if we guess
a vector X,, then the solution is found through the iteration:

Xatr = Xp — 3%(x)70 L F (x0) {17)
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where, by differetntintion of Eq. {(13), and neglecting sccond order terms,

Jx) ! ~ 8, ={C™' + KT .E7' K., (18)

and K, = K{x.}.

The mairix 5, is interesting in its own right, as it represents the error covariance of the
retricval (see Rodgers 1976). When the measurement vector is shorter than the profile
vector, S is more efficiently computed ia its equivalent form:

S, = € — CKT{K..CKT + E)"' K,.C (19)

Iteration of these cquations proceeds until convergence, i.e. until the increment
(Xny1 — Xn) is acceptably small.

By matrix manipulation, we arrive at another formulation which is computationally more
efficicent:

Xnp1 = Xn + (& -xa) + Wal [y™ - ¥{xa} - Koo (" —xa)l (20)

where

W, = CK, "(K..CKa T+E)! {21)

In practice, the problem including cloud is so vonlinear that the iteration of Eq. (20) tends
to be unstable and the iteration must be “damped”. Technical details of this are given by
Eyre {198%a}).

teration of the Jdamped equivalent of Eq. (20) peoceeds until convergence. At this point
we should also find that, if we substitute x back into the radiative transfer mocel, the
departures {y™ ~ y{x}) are of the order of the measurement error in all channels. }f this
is uot the case, it suggests a problem with either the measurements or the forward model,
such as more conplex clond conditions than the forward model allows for. This offers a
natural and, in practice, a powerful mechanism for quality centrol.

Substitution of the final profile x into Eq. (18) provides an estimate of the expected retrieval
error covariance, $. This, together with the prior error covariance C, can be uscd when
assessing the relative weight to he given to the retricved profile when it is wsed in the
subsequent NWP data assimilation,

7. Application_to cloud-affected TOVS radiances

The method described above las been applied to “raw” TOVS radiances - they have
undergone no pre-processing (other than ihe mapping of MSU data to HIRS fuovs) and
no cloud-clearing. The profile vector X includes all the variables required for an adequate
repr tion of the radiative transfer problem:

. temperature profile (surface to 0.1 mb},

- bumidity profile (surface {0 300 mb},

- surface skin temperature and surface pressure,
- microwave surface emissivity,

- cloud-top pressure and fractional dlond amount.

5

The method requires not only a fast radiative transfer model for TOVS channels to cal-
culate y{x} but also a fast gradient model to calculate K{x}. The TOVSRAD model
(Eyre 1984), developed from rountines in the International TOVS Processing Package which
closely follow Weinreb et al. (1981), has been further extended to calenlate the derivatives
of brightness temperature with respect to all the clements of the profile vector (see Eyre
1989a). Cloud-affected radiances are calculated as folluws:

R = (1-NJ R + N R(pe) (22)

where RY is the clear column radiance, R°(p.) the avercast radiance for cloud-top p., and
N, the “cffective” fractional cloud amount. For opaque cloud, N, represents the true cloud
amount, while for semi-transparent cloud it is the product of the {ractional cloud cover
and the cloud “emissivity™ (i.e. one minus cloud transmittance).

The matrix E represents the “measurement error” covariance. However it is important
ihat it contains contribudions not only from the expected radiometric noise bui also from
expected errors in the radiative transfer calculations, which will often dominate.

The method has been tested in the context of & TOVS retrieval scheme which provides
information primarily for input to a NWP model. Therefore the hackground profile x*
is taken from a short-range forecast interpolated in time and space to the location of the
TOVS data, and its error covariance C is constructed by assessing {with some difficulty)
the expected errors in such a forecast profiles {see Eyre 1989a).

The forecast model does not (currently) provide estimiates of cloud parameters but this
does not matter; background cloud parameters are set to mean values {e.g. 50% covet at
600 mb) and their expected errors set very large. Thus cloud is effectively uncoustrained
by the background and the retrieved values are governed by the data. {Microwave surface
emissivity is treated similarly).

The iterative retrieval through Eq. (20} must be started from some initial profile. For most.
parameters it is convenient (though not essential) {0 use the background profile, since an
accuraie initial point will speed convergence. An accurate guess al the cloud parameters
is also found to be important; these are obtained not from the background values but
using the method described by Eyre and Menzel (1989). Note that, in an optimal method
such as this, the solution is a function of the hackground vector (and ils error covariance}
through Eq. (13). However it is not a function of the parameters used to initialize the
iteration, unless the cost function (Eq. (12)) has multiple minima.

8. Expected error characteristics

As discnssed above, if we find a profile vector x which satisfies Eq. (13), then its error
covariance 8 is given by Eq. (19). The roots of the diagonal elements of § may be inter-
preted as the staudard deviations of retrieval error. By evaluating S for different values of
x, we ean study sowme of the error characteristics of the juversion scheme. One should not
place too much emphasis on the absolute values of retrieval error, since they are highly de-
pendent on the values of background error {for which a typical covariaice matrix has been
taken for illustrative purposes). More attention shonld be paid to the ratio of retrieval to
backgronnd error, as this is related to the inforiation which the radiance data supply to
the NWP system. Of particular interest here is the behavionr of S as a function of those
variables which make the problem highly noenlincar, namely the clond-top pressure and

cloud amount.



Figure 2 ahaws the retricvad errors oxpected Tor two cases - cloud-free conditions and full
cloud cover at 500 b - along with the background profile errors, for typical nid-latitude
conditions, It shows that, even in cloud-free couditions, the retrieval errors represent only
a moderate reduction from the background errors. This arises because the backgrouad
errors themselves have been assumed quite small (for the temperature profile), typical
of 12-hour forecast errors for a regional NWP model operating in northern hetiisphere
mid-latitudes. Also the iuter-level correlations of background error are quite weak and
the TOVS weighting functions relatively broad. The combination of these facts imits the
information content of the TOVS radiances with respect to the NWP analysis. Neverthe-
less, vuc atio of retrieval to background error represents a decrease in error variance which
would be benpeficial if oblained iu practice.

The retrieval errors for the cloudy case sbown in Figure 2 demoustrate that, for levels well
below the cloud top, retrieval performance degrades to behaviour typical of au MSU-culy
system. However, at uud just above the cloud-top, the retrieval error is reduced a little.
This effect is deinonstrated wore clearly in Figure 3, which shows 500 mb temperature
reiricval error as a function of cloud-top pressure and cloud amount, Errors are presented
here as fractional unexplained variances, i.e. the variance of retrieval error divided by the
vagiance of Lthe prior {or background or forecast) error. These results show that, when
treated optimally, the effects of cloud on infra-red radiances can improve some aspects of
the retrieval performance. This is not observed in retrieval schemes where cloud-clearing
and inversion arc separated; in these, cloud can only degrade the retrievals.

The crosses in Figure 2 indicate the retrieval error in the cloud-free case when the back-
ground errors of cloud parameters are set to zero (i.e. when we kuow a priori that we
have a cloud-free case). This shows that, except for surface skin tesuperature, retrieval
performance is only degraded a little by lack of prior knowledge of the cloud conditions.

Figures 4 and 5 show plots fur the ceror in retrieved cloud parameters as a function of
these parameters, These plots demoustrate that cloud parameters may be retrieved with
teascnable accuracy under most conditions, and particularly well for siguificant amounts
of high cloud. Uuderstandably, cloud-top pressure errors increase at low cloud amount,
as do cloud amount errors for low-level cloud. In these cases, cloud uncertaintics have
little effect on the measured radiances and so do not degrade unduly the retrieval of other
paraineters.

9. Implementation

The retrieval method describied above has been tesied oo limited amounts of TOVS data.
One case study is presented by Eyre (1989b), showing encouraging results. Work has been
continuing recently ou the testing and refining of this scheme in a joint project between
the U.K. Metcorological Office, Oxford University and ECMWF. Another retrieval scheme
bascd on the wethod presented here has been implemented at AES in Canada, again with
encouraging initial results {sce Steenbergen et el 1989).

Although early resulls are promising, it has still to demoustrated whether such methods
cant yield consistently better results than retrieval schewes with a scparate cloud-clearing
stuge. Two factors are likely to determine whether such schemes can be used operatioually
in the near future:

The radiative trausfer models used iwust be sutliciently accurate, particularly with respect
to their represeutation of cloud, and {a related point) their errors must be adequately
characterised.

- If these potential scientific problews are not too serious, the computational cost for real-
time use will need io be considered; the method involves for each sounding several com-
putations of TOVS radiances aud their derivatives together with some moderately large
walrx mazipulations.

In the louger term, the approach presented here looks very attractive, because of its com-
plete generality (and hence its applicability to data from other sounding systems) and
because it is compatible with other recent developmeats in the assimilation of satellite
data into NWP models,
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