Aust. Met. Mag. 43 (1994) 153-166

Real-time assimilation and
synoptic application of local TOVS
raw radiance observations

J.F. Le Marshall, P.A. Riley, B.J. Rouse, G.A. Mills and Z.-J. Wu

Bureau of Meteorology Research Centre, Australia
P.K. Stewart

National Meteorological Centre, Bureau of Meteorology, Australia

and
W.L. Smith
Co-operative Institute for Meteorological Satellite Studies,
University of Wisconsin, Madison, USA

(Manuscript received December 1993; revised April 1994)

This paper describes the physically based, real-time TOVS (TIROS Operational
Vertical Sounder) retrieval system currently employed in the Australian Bureau of
Meteorology to generate meteorological fields from locally received TOVS raw
radiances. It summarises the cloud height and ozone determination methods and the
radiance and transmittance tuning techniques employed in the system. It discusses
the synoptic application of the data and recent numerical experiments designed
to investigate the impact of locally processed TOVS data from the system on
operational Australian region numerical weather prediction. These experiments,
performed in a data environment which already included National Environmental
Satellite Data Information Service (NESDIS) low resolution TOVS data and
locally generated cloud-drift winds, indicated the potential of these data to improve
numerical forecasts in the Australian region. The system is now used to provide data

for direct use in the operational regional analysis prognosis system (RASP).

Introduction

The Australian Bureau of Meteorology (BoM) has
been receiving and utilising NOAA second gener-
ation sounding data from the TIROS-N NOAA/A
series of satellites and Geostationary Meteoro-
logical Satellite (GMS) visible and infrared (IR)
data for over a decade (Kelly et al. 1983). The real-

_time use of these data in the Australian BoM is
vital for numerical weather analysis and predic-
tion both in the Australian region and over the
southern hemisphere.
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The benefits of temperature and moisture pro-
files from NIMBUS 6 (NASA 1975), TIROS-N
(Smith et al. 1979) and subsequent satellites with
second generation sounders are now long demon-
strated (Kelly et al. 1978; Bourke et al. 1982).

These sounding data, along with the ability to
receive and process the data from regional polar-
orbiting satellite groundstations (Melbourne,
Perth, Darwin and Casey) (Fig. 1) in real time
(Le Marshall et al. 1985), have assumed increas-
ing importance in the Bureau of Meteorology.
More recently, sequential geostationary satellite
imagery, received locally from GMS in Stretched
VISSR (S-VISSR) format, have been used to
generate cloud-drift winds across the Australian
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Fig. 1 A schematic diagram showing the coverage of the
BoM’s polar-orbiting satellite (TOVS) reception
stations at Melbourne, Darwin and Casey, and
the Perth station, operated by the Western Aus-
tralian Satellite Technology and Applications
Consortium (WASTAC) of which the Bureau of
Meteorology is a member.

region (Le Marshall and Pescod 1991). These
wind data are being assimilated into the local
operational RASP (Mills and Seaman 1990) and
have been shown to improve accuracy of weather
forecasting in the Australian region (Le Marshall
et al. 1992). The assimilation experiments
described in this document record the impact of
locally received and processed TOVS data on a
numerical forecast system which already contains
the full operational data base of the National
Meteorological Centre (NMC), Melbourne,
including low resolution NESDIS TOVS sound-
ings where available and locally generated cloud-
drift winds. From the mid-1980s, local TOVS
data have also been available to the manual
analysts in NMC for the preparation of the
regional 1000-500 hPa analyses. These manual
analyses are then used to derive bogus thickness
observations, which are used as part of data input
to the RASP system.

The real-time physical retrieval scheme
described in this document has been developed
and is run in the Australian Region McIDAS
(ARM) environment (Le Marshall et al. 1987),
which includes a fully integrated global meteoro-
logical data base. This permits easy use of the
TOVS data for synoptic applications, such as
updating aviation grid-point winds, and diagnos-
ing areas of convective activity using fields of
stability indices, because the ARM system is used
for operational and developmental work in the
BoM NMC and all Australian Regional Forecast
Centres (RFCs).

The retrieval system has also been implemented
on a personal computer (PC-ARM) and versions
of this are being used for tropical and Antarctic
research, and for operational use with the
Philippines Atmospheric, Geophysical and Astro-
nomical Services Administration (PAGASA) in
Manila.

The real-time physical retrieval
scheme

The algorithm

The TOVS physical retrieval scheme, described
below, is similar in a number of respects to that
described in Le Marshall et al. (1989), but has
undergone a number of upgrades. The scheme
now uses a simultaneous solution of the Radiative
Transfer Equation (RTE) for temperature and
absorbing constituent, similar to Smith et al.
(1988), and employs the following perturbation
form of the RTE.

8R, = BUPYUPYST, —E _ f "B PBT ()
0

X(p)dInt (p), o1

where R, is spectral radiance at frequency v and
includes both Microwave Sounding Unit (MSU)
and High Resolution Infra-Red Sounder (HIRS)
data, N is the number of optically active atmos-
pheric constituents, & of a variable designates the
true minus initial value (where superscript O
denotes initial value), t,(p) is the total transmit-
tance to the top of the atmosphere above pressure
level p, 1, is the transmittance of the i, absorbing
constituent, T;(p) is the effective temperature of
the ih absorbing constituent, being the tempera-
ture of the gas which would give rise to the
observed radiances, assuming that the initial gas
concentration was correct, and

BUp) =aB(T)aT
and 8T;(p) = T(p) — T%p), .2
where B,(p) is the Planck radiance (Smith et al.

1991). This perturbation form of the RTE is
solved using direct linear matrix inversion.
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The first guess temperature and moisture fields
can be provided by climatology, a statistical
retrieval or, more usually, a forecast from the
regional or global numerical weather prediction
scheme. First guess surface temperature and
moisture fields are provided by the -regional
optimum interpolation scheme of Keenan et al.
(1986). The retrieval scheme also produces esti-
mates of cloud amount and height, skin tempera-
ture and total ozone. The retrieved temperatures
and moistures are quality controlled using analy-
sis and forecast fields from the operational global
or regional forecast systems. The retrieval scheme
is also able to use a local radiance bias and trans-
mittance correction scheme. The TOVS data
retrieval scheme is embedded in the Australian
Region McIDAS (ARM) (Le Marshall et al. 1987)
and a block diagram describing this system is
provided in Fig. 2.

In this processing system, the orbits are auto-
matically scheduled. Initially, drifting-buoy data
are extracted from the TIROS Information Pro-

Fig. 2 The operational TOVS data-processing system.
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cessor (TIP) stream and then the preprocessor,
TIPTI, manipulates the data to computer-length
words and calibrates and navigates the HIRS and
MSU data. The second step interpolates the oper-
ational analysis/prognosis output to provide first
guess fields at the satellite orbit time. The retrieval
program, TOVRET, then collocates the HIRS and
MSU data and, in operational mode, performs a
full physical retrieval for every HIRS 3 X 3 field of
the view array, using the forecast model first
guess. The output fields are automatically quality
controlled, again using data from the operational
analysis/prognosis system. In operational mode,
filtering and manual editing are not performed.
Wind vectors are generated for operational pur-
poses and routine archiving programs are run to
allow for transmittance and radiance bias correc-
tion.

Features of the scheme related to ozone esti-
mation, cloud height estimation and radiance and
transmittance tuning are summarised below.

Total ozone estimation

A new method to calculate total ozone has been
developed from the algorithm of Ma et al. (1984),
which is the basis of that used in the International
TOVS Processing Package (ITPP). The new
method employs the radiative transfer equation
and uses statistical relationships among HIRS
channels 1 to 4 radiances and ozone amount to
establish a first guess profile as in Ma et al. (1984).
Several enhancements have been made to the
algorithm of Ma et al. to improve the accuracy of
the estimated total ozone and these are described
in Wu and Le Marshall (1992). They include a
change to incorporate water vapour in the calcu-
lation of transmittances for the TOVS 9.7 um
channel and a new formulation of the algorithm.
The algorithm now has the form

H P dro
! 3
ﬂ T,.lzo—dq* dB

where u (p) is the ozone path length to the satellite
and g* is ‘a transmittance scaling factor’ (see Ma
et al. (1984) for details). This provides quicker
convergence to a final ozone profile and an iter-
ation step is included for the final part of the
algorithm. Results from the new algorithm have
been compared with those from the original
scheme and with surface-based Dobson spectro-
photometer observations, and these indicate an
increase in accuracy (Wu and Le Marshall 1992).

Cloud estimation

Channels 5 and 7 of the HIRS are used to estimate
cloud height and amount, using CO, slicing as
described in Le Marshall et al. (1989), namely, via
the relationship
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where R is the clear-column radiance and P is
the cloud-top pressure. Once cloud height and
amount are calculated, a full physical retrieval is
performed, accounting for cloud in the field of
view.

Radiance and transmittance tuning
The retrieval scheme has been established with
three radiance bias and transmittance correction
schemes. These are necessary to remove system-
atic errors which arise from radiance calibration
errors and errors in the forward calculation (i.e.
the calculation of radiances from the first or sub-
sequent guess profiles). It is important to remove
such errors since they may be of similar magni-
tude to the signal (i.e. the difference between the
first guess radiances and the observed radiances).
Systematic errors in radiances are corrected by
adding a bias term, A, which varies with channel
and with some measure of the air mass type. Sys-
tematic errors in the transmittance are corrected
by raising the transmittance 1 to the power y. This
is equivalent to assuming that the optical depth is
adjusted by a constant factor. One scheme pro-
vides radiance tuning similar to that described in
Le Marshall et al. (1989) and is based on a data set
of collocated, near-contemporaneous radiosonde
and TOVS soundings. The tuning employs limb
corrected MSU data, which are used to separate
the radiance sample into eight synoptically dis-
tinct groups, using discriminant analysis. Sub-
sequent to this, an estimate of radiance bias by
class can be made and, using the probabilities of
being in one of the eight classes, a bias correction
for each channel can be calculated. The second
scheme uses simple regression to relate the bias
correction for each channel to the limb corrected
MSU brightness temperatures for MSU channels
2 to 4. This is the form now used for the ITPP,
which has been developed at the Co-operative
Institute for Meteorological Satellite Studies
(CIMSS) at the University of Wisconsin, Madi-
son, and has been the form used prior to May 1993
in the retrieval scheme. After May 1993, however,
it was replaced by a scheme which more correctly
adjusts transmittances and bias in the one step.
Presently, first guess bias (A) and the transmit-
tance exponent (y) are selected based on the fore-
cast derived and a range of 500 hPa temperatures.
The A and vy values are calculated, noting that if

t=7%"and R,,=R(y) + A,

where 1 is the atmospheric transmittance, % is the
untuned theoretical estimate of transmittance,
R,, is the measured radiance and R(y) is the radi-
ance computed using y, then, noting that subscript
0 denotes the initial estimate, to first order in y:

Ry=RO)~a+ (=120l .5,

Hence, using matches between radiosonde and
satellite to give (R, —R(yp)) and to estimate
R (y0)/8y, Yy and A may be estimated from a least
squares fit to the data. This technique is presently
being extended to allow a choice of A and y using
MSU channels 2, 3 and 4 radiances.

The soundings

The simultaneous retrieval scheme described
above is currently run routinely in real time for all
NOAA 11 and 12 traverses of the Australian
forecast region. Typical verification statistics are
provided in Fig. 3 in which all NOAA 11 TOVS
retrievals over a full orbit have been compared to
a BoM NMC analysis (independent of local TOVS
data). The rms differences in comparison to the
analysis can be seen to lie between 1 and 2 Kelvin
through most of the troposphere.

The sounding data have demonstrated their
utility in several ways. They have been shown to
be useful in synoptic applications as well as ben-
eficial to numerical weather prediction (NWP) in
the Australian forecast region.

Synoptic applications

The local high resolution TOVS data can provide
estimates of subsynoptic-scale fields such as total
ozone, cloud height and cloud amount. It also can
provide wind shears for use in updating aviation
grid-point winds and the manually drawn upper
air charts. The utility of satellite soundings to pos-
ition the jetstream, which is related to thermal
gradients in the troposphere, was shown by Blech-
man (1981). In Fig. 4, gradient winds at 250 hPa,
derived from real-time TOVS retrievals, are
shown overlying an independent BoM NMC iso-
tach analysis for 1200 UTC 23 August 1993. The
depiction of jet intensity and direction in these
products, particularly in data-sparse areas, indi-
cates their significant advantages for real-time
aviation forecasting.

The system also provides fields of stability
indices. The utility of satellite-derived stability
indices for forecasting severe weather has been
demonstrated in previous studies (Keller and
Smith 1983). A local example of the potential
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Fig.3 NOAA-11 retrieval statistics compared to an independent BoM NMC analysis for 1700 UTC on 26 October

1992.
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Fig.4 NOAA 12 TOVS 250 hPa geopotential height
and gradient wind (knots) soundings over the
BoM NMC isotach analysis for 1200 UTC
23 August 1993.

utility of these fields is shown in Fig. 5(a) which
provides the TOVS total-totals index calculated
from NOAA orbits between 1600 and 1900 UTC
on 26 October 1992, superimposed on the 1700
UTC GMS IR image of southern Australia. A
maximum in total totals can be seen to the north-
west of Adelaide. This pre-drawn indication of
high convective instability was supported by both

the jetstream structure and lower tropospheric
moisture, which favoured convective develop-
ment. The resulting development is depicted in
Fig. 5(b) which shows the 1600-1900 UTC total-
totals fields, over the 0700 UTC GMS IR late
afternoon image for 27 October 1992. Here,
strong convection can be seen to have developed
in the areas consistent with the total-totals maxi-
mum shown in Fig. 5(a). In this case, the horizon-
tal resolution of these stability fields, which are
sensitive to both low-level temperature and
moisture, has proved useful in defining areas of
potential storm development. In particular, over
the Australian region, the TOVS instrument pro-
vides the sole means of obtaining subsynoptic-
scale stability fields (which are well correlated in
the horizontal) for use in such forecasting.
Another advantage is that the TOVS data are
available before 0800 local time, earlier than the
morning radiosondes, and provide a greater lead
time for severe thunderstorm forecasting. It
should be noted, in this context, that the quality of
lower tropospheric retrievals and total-totals indi-
ces are enhanced by good surface temperature and
moisture first guess fields.

A third application of the physical retrieval
scheme has been to estimate tropical cyclone
intensity in the western Pacific. In this appli-
cation, ' the upper tropospheric temperature
anomaly at 250 hPa, estimated from raw TOVS
radiances, has been related to cyclone intensity by
examining more than 100 central and western
Pacific Ocean cyclones from the 1991 and 1992
tropical cyclone seasons (Le Marshall et al. 1994).
A typical example from this study is presented in
Fig. 6, which shows the TOVS 250 hPa estimates
of temperature (°C) and the related 250 hPa
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Fig. 5(a) TOVS total-totals index for NOAA orbits 1600 to 1900 UTC, 26 October 1992 with a 1700 UTC GMS IR
image.

Fig. 5(b) TOYVS total-totals index from NOAA orbits at 1600 to 1900 UTC, 26 October 1992 with 0700 UTC 27 October
GMS IR image.
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