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1. INTRODUCTION

This study gives some preliminary resuits of new software to
calculate from the ECMWF system the spacial error structure of satellite
retrieved temperature profiles.

These statistics are calculated over the Central United States
(U.S.) using ECMWF anaiyses and the results are compared with previous
studies of Schlatter and Branstator (1979), Schlatter (1980). The software
package is aiso extended to explore the use of clear column satellite
radiances directly in the ECMWF analyses system. An important
consideration is not the use redundant information otherwise the
computational overheads in the Optimum Analyses could be very large due to
the large number of radiances in each satellite observation.

2. SPACECRAFT SOUNDING SYSTEM

The TIROS-N NOAA A-G series of satellites began operating in
October 1978. These satellites are high-quality observation platforms
supplying large amounts of data describing the Earth's surface and
enveloping atmosphere. The TIR0S-N Operational Vertical Sounder (TOVS)
(Smith, et al. (1979)) instrument packages on board all these satellites
allow vertical temperature and moisture structures (soundings) to be
calculated between the surface and the stratopause. Ideally two satellites
are operational and are in sun-synchronous polar orbit at any one time.
This implies a full global coverage by these satellites every six hours.

The TOVS package consists of three radiance measuring instruments:
the High-resolution Infrared Radiation Sounder (HIRS), sampling at 20
infrared frerquencies, the Microwave Sounding Unit (MSU), sampling at four
microwave frequencies, and the Stratospheric Sounding Unit (SSU), sampling
at three additional infrared frequencies. The HIRS instrument resolves a
mean area 30 km in diameter at the sub-satellite point, whereas the MSU
resolves a circular area of 110 km in diameter. There are 56 fields of
view (fov) within each scan line width of approximately 2,250 km for the
HIRS instrument. Only 11 fovs are complieted in every MSU scan line in the
time the HIRS instrument takes for five scan lines or 280 fovs. For both
instruments, the fov “"footprints™ become eiliptical and enlarge as the fov
Tocation 1is removed further from the sub-sateilite point.
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In order to reduce the processing so that the output can be
transmitted via the Global Telecommunication System (GTS) the HIRS and MSU
data are processed in boxes. Presently these boxes are seven by nine
arrays of HIRS scan spots and associated MSU data. The processing then
computes the cloud free radiances in the boxes. This often has been
referred to as the derivation of “clear-coiumn" radiances. A compiex
objective analysis scheme is used to detect if there are truly clear scan
spots within the array. If there are at least four, they are averaged to
produced a radiance set for a "clear" sounding which is Tocated at the
centroid of the individual clear scan spots. If there are not a minimum of
four clear spots, the array is processed to determine if there are enough
partly cloudy areas which can pass a complex series of quality tests to be
acceptable for further processing as a "partly cloudy” sounding.

Finally, those arrays which fail these tests are classified as "cloudy".
In the latter cases, the MSU channels and the four channels of HIRS which
sense radiation from the highest part of the atmospheric column, those
presumed not to be contaminated by cloud, are compiled for subsequent
processing in the retrieval module as "cloudy” soundings. The use of a
seven by nine array of HIRS fields of view gives a nominal horizontal
resolution of the resulting soundings of about 250 km. (McMillin (1882)).

3. THEORY

3.1 Radiative Transfer Eguation

The physical principal governing the temperature profile
measurements is the same for all of these sensors. The temperature
structure of the atmosphere 1is inferred from measurements of the earth's
radiance in an absorption band due to a gaseous constituent whose
concentration is uniform. (The 4.3um COy, 15um CO3, and 5mm O3 bands are
used for the temperature profile sensing. Table 1 shows the TOVS sounding
channelis characteristics.) The instruments are designed to measure the
radiance of different frequencies or wavelengths within one or more of
these bands. By varying the frequency, one varies the level of the
atmosphere from which the measured radiation originates. For exampie,
absorption is most intense at the center of the band; consequentiy, this
radiation emanates from oniy the very top of the atmosphere because of the
strongest attenuation at lower levels. On the other hand, radiation arising
from the Towest regions of the atmosphere can be measured at those
frequencies far from the band center which are characterized by littie
absorption. Radiation received from intermediate leveis is measured at
frequencies associated with moderate absorption.

The outgoing radiance from earth measured by any channel of TOVS
is related to the atmosphere's temperature and absorbing gas structure by
the radiative transfer equation

Po dr. (p)
R(v) = B [T(Po)] 7, (Po) - [ B [T(P)] ———n dx(p), (1)
o dx(p)

where R{v) 1is the outgoing spectral radiance within a spectral channel
centred at frequency v, Bj,, the Planck radiance for temperature T(p) at
pressure o, Ty(p) the transmittance of the atmosvhere above pressure p, and
x(p) 1is an arbitrary function of pressure.
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Table 1 TOVS sounding channels characteristics.

Channel Centrsl Principsl Level of Purpose of th
Channel Central Wavelength Absorbing Pesk Energy Redis : ;bo .1
Number Vavenuaber . (um) Constituents Contribution nee Observation

1 668 15.0 coz .30 = Temperature Sounding. The 15 wa band
channels provide better sensitivity to

2 679 14.7 COZ 60 =mb the temperature of relatively cold

3 691 14.5 t.‘t)z 100 mb regions of the atmosphere than can be
achieved with the 4.3 uw band channels.

4 704 14.2 o, 230 b Radiances in Channels 5, 6, snd 7 are j

5 716 14.0 (:l'.!z 500 wb slso used to calculate the heights and

6 732 13.7 CO./H.0 750 wb asounts of cloud within the HIRS {{eld

* 2°72 of view.

7 48 13.4 COZIHZO 900 mb

8 a%s 11.1 Window - Surface Surface Tesperature and cloud detection.

9 1028 9.7 03 25 mb Total Orone concentration.

10 1217 8.1 nzo 900 wb Water Vapor Sounding. Provide vater

4 . vapor corrections for COj and vindow

1 136 7.3 “20 600 mb channels. The 6.7 vm channel 1s also

12 1484 6.7 HZO 400 wb used to detect thin cirrus cloud.

13 2190 4.57 "20 950 mb Temperature Sounding. The &.) um band
channels provide better sensitivity to

1 213 b.52 "20 830 ab the temperature of relatively wvars

15 2240 6.46 cozluzo 700 wmb regions of the stmosphere than can be
schieved with the 15 pm band channels.

18 2276 b.40 CDZINZD 600 =b Also, the short-wavelength radiances are

17 )61 &.24 ch S mb less sensitive to clouds than those for
the 15 um region.

18 2512 4.0 Window Surface Surface Temperature. Much less sensitive

9 i to clouds snd Ha0 than 11 um window.

! 2671 3.1 Window Surface Used with 1] um channel to detect cloud
contamination and derive surface tempera~
ture under partly cloudy sky conditions.
Simultanecus 3.7 um and 4.0 um dats
enable reflected solar contribution to
be elininated {rom observations.

20 14,387 0.70 Window Cloud Cloud Detection. Used during the day
with 4.0 vs and 11 um vindow channels
to define clesr fielda of view.
Principal Level of P { th
NSy Frequency {(Qliz) Absorbing Penk Energy R “urpol;bo "
Constjtuents Contribution adiance Obaervation
1 50.31 Window Surface Surface Eatinsivity and Cloud Attenuation
determination.
2 53.7) 02 850 mb Tempersture Sounding. The microwave
channels probe through clouds snd can be
3 54.98 °2 500 =b used to alleviste the influence of clouds
4 57.95 02 100 mb on the 4.3 un and 15 um sounding channals.
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In particular, the radiation received at frequency v is the sum of
all the radiance contributions from the earth's surface and from aill
individual levels in the atmosphere.

n
R(vj) = LB, T(pIwlyy, py) (2)
with
., p.) = V., P, V.,
Wvs, py) ey, py) Ty, 0y )

1

In (2) B[v;, T(pi)] is the Planck radiance source for the ith pressure
level (py), having a temperature T, € (vJ, pi) is the emissivity of the
emitting medium at the pressure p; for radiation of frequency Vi, T (o .)
is the transmissivity of the atmosphere above the ith pressure level. P
B(v, T) is expliicitly

B(v, T) = Cqv3/{exp (Cou/T) - 1] (3)
where Cq and C» are the constants of the Planck function.

The term on the right of (2) is the sum of the component of
radiance arising from the surface and all the radiation components
originating in the atmosphere itself. These radiance contributions are
weighted by the function w{v;, pj). The weighting functions for TOVS
instruments are iliustrated 1in Fig. 1.

The problem is to determine the temperature of the N levels from
radiance observations at say M discrete frequencies. However, because of
the vertical width of the weighting functions, there is no unique soiution;
that is, many different temperature profiles will give rise to the same
radiance measurements. Furthermore, the temperature profiie solution tends
to be unstablie in the sense that small radiance measurement errors tend to
produce disproportionately large errors of temperature.

The current operational retrieval method is based on regressions,
however, eigenvector of both radiance and temperature are used in order to
improve the regression noise level (Smith and Wooif, (1976)). A more
detailed description of the theory 1is given in (Kelly, 1985).

4. ESTIMATION OF SPACIAL CORRELATION OF SATELLITE SOUNDING ERRORS

Currently the ECMWF Analysis System does not use satellite derived
vertical temperature profiies over land in its Optimum Analysis, however,
these profiles are processed by the assimilation system. The archived
statistical data tapes contains these vertical profiles together with
deviations from the six-hour forecast, analysis and initialization. This
current study was conducted over the U.S5. region since it provides a rich
data area where the radiosonde network is of uniform type. There also have
been other similar studies in this region. Hollingsworth and Lonnberg, and
tonnberg and Hollingsworth, in future referred HL (1984), also have
computed the six-hour forecast error and aiso made estimates of the
analysis error of the ECMWF assimiiation system in this region.
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Fig. 1 TOVS normalized weighting functions.
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Earlier work of Schlatter and Branstator (1979) have suggested
that it is reasonable to negliect the observational interpoiation error of
the analysis grid over a dense data region, such as the Central United
States. HL (1984) estimates of this error show it is much smaller than the
error associated with satellite retrievals. It was also decided to use
only 12Z radiosondes in this study to avoid any problems with radiosonde
radiation corrections. Approximately 2000 satellite soundings (within
+ 3 hours of these radiosondes) were used and this represented about one
month of observations.

4.1 Horizontal Correlation

Next these data were sorted into bins of increasing distances of
100 km separations and the horizontal correlation was caicuiated for
geopotential thickness layers of satellite observations minus analysis.
Fig. 2(a) displays results of 300-200 mb thickness and Fig. 2(b) a
comparison with earlier work of Schlatter {1980) using NMC Washington
analyses and observations from TIR0OS-N. There is good general agreement in
the structure however, the ECMWF length scale appears to be Tittle shorter.
The horizontal correlation of radiosonde observaticns minus ECMWF six-hour
forecast was also calculated for comparison and is shown 2(c). These
results are in good agreement with HL (1985) and provide a useful method of
verifying the validity of all these calculations since it uses the same
computation methods as the satellite correlations. The forecast
correlation has a shorter length scale. The larger sateilite scale is due
to lack of vertical resoiution in the tropopause region. This sateilite
length scale shortens at Jower Jevels.

4.2 Vertical Correlation

The same data base that was used in the horizontal structure
calculations was also used to caiculate the vertical thickness error
correlation from the ECMWF system. Fig. 3(a) shows the vertical
correlation between all layer thicknesses between 1000 mb to 10 mb for the
ECMWF analysis minus satellite observations. Fig. 3(b) compares resuits
obtained from Schlatter (1980). Again there is good agreement. It is of
interest to note the negative correlation that exists near the tropopause.
This is again due to the lack of vertical resolution in the satellite
soundings. Fig. 3(c) shows the vertical correlation of the ECMWF six-hour
forecast minus radiosonde layer thicknesses. There is a quite different
structure showing that the forecast error have little vertical correlation
in contrast to their horizontal error structure.

5. DIRECT USE OF SATELLITE RADIANCE DATA

The HIRS instrument (from a single spacecraft) produces about one
miliion sets of radiance measurements each day and it is not possible to
use all these measurements in the ECMWF Global System. A number of Timited
area systems such as the PERIDOT (Durand 1985) make use these direct
measurements, however, they only cover a limited geographical domains.
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Fig. 2 (a) Horizontal Correlation for NOAA-T7 NESDIS satellite retrievals
minus ECMWF analysis in the North American region. ‘

(b) Horizontal Corelation for TIROS-N NESDIS satelliite retrievals
minus NMC Washington analysis in the North American region.

{c) Hordizontal Correiation for ECMWF six hour forecast minus US
radiosondes.

33



1 VERT C?RR ANAL-N7
TR

\,
il

e

A —
\/

T~

I8 i e s e i 200 1.0 1.0 80 1.0 1.0 0.8 1.0 18 1086 10 1.0 88 L0 1.0 89 1.9 1.8 80 1.0
tose s0 “ao7e0” 700-50  S00-40  400-X0 00200 00-100  100-70 70-50 5030 30-10

1000-850 B50-700 700-500 500-40C 400-300 300-200 200-100 100-70 70-50 50-30 30-10
—
O ——

Fig. 3 (a) Vertical Correiation for ECMWF analysis minus NOAA-7, same
data as Fig. 2(a).
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Fig. 6 (a) Horizontal Correlation of 850-700 mb thickness for ECMWF
six-hour forecast using simulated radiance regression estimates
minus simulated radiance regression estimates for radiosondes.

{(b) As 1in 6(a) using ECMWF anaiysis in place of ECMWF six-hour
forecast.
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Many of these raw HIRS measurements are effected by cloud and this
present study only uses the "clear-column®™ radiances as described in
section 2. This reduces the number of satellite radiance sets of
observation to about 2000 to 3000 per day for each satellite.

Currently the ECMWF statistics tape does not contain
"clear-column" radiances which are required to calculate spacial radiance
statistics. However, the U.S. radiosondes and the coincident six-hour
forecast profiles used as input to a radiance simulation program. This
forward calculation is now possible to within the accuracy of the HIRS
instrument. Care had to be taken in this calculation to ensure the correct
root mean squared noise value is used for each radiance channel. These
noise estimates were obtained from NESDIS (Washington} by pairing
“ciear-column” radiances with simulated radiances produced from radiosonde
flights.

The horizontal and vertical cross-correlations were then
calculated between each analysis layer geopotential thickness differences
and each HIRS and MSU radiance channel differences (i.e. radiosonde
observations minus the ECMWF six-hour forecast cross-correlated with the
computed radiance from radiosonde minus computed radiance from six-hour
forecast). The same procedure as in Section 3 were used. Fig. 4 shows the
results of the horizontal cross-correlation between 850-700 mb layer
thickness error and HIRS channel 6 radiance error. This channel was chosen
because its weighting function (Fig. 1) peaks about the 850-700 mb Tlayer.
It is disappointing that the cross-correlation of forecast error is so low.
This is partly due to the high accuracy of the ECMWF six-hour forecast over
the U.S. and also due to the noise in the clear-column radiances. Fig. 5
displiays the vertical cross-correiations between channels 13-18 of HIRS and
channel 1-4 of MSU. There is good agreement between these
cross-correiations and the radiance weighting functions Fig. 1. However,
it is clear that the signal to noise is a problem where cross-correlation
is not strong. Another difficulty is the use of aii 24 channels in the
ECMWF Optimum Analysis would greatiy increase the computational time.

In an attempt to overcome some of the above difficulties a linear
regression was formed using all the forecast radiance errors (for each of
24 channels) as predictors to estimate the forecast geopotential thickness
errors. This is similar to the statistical retrieval (Smith (1976)},
however, there is an important difference, the regression does not impose
the climatoiogical mean profile on the solution. The regression only
estimates the forecast deviation. Fig. 6(a) shows the forecast horizontal
correiation for 850-700 mb geopotential Tayer. The results are much
improved compared with the single channel radiance {(Fig. 4) and are similar
to the radiosonde correlation (Fig. 2(c)) but with a shorter length scale
being a lower thickness layer. The computational overheads are aiso much
less as oniy 14 thickness layers are input to the ECMWF Optimum Analysis.

The horizontal structure of the observational error of this
simulated regression estimate was calculated (Fig. 6(b)) using the same
method as section 4.1. This appears to have a much shorter iength scale
than the NESDIS satellite retrievals even considering that this result is
at a Tower level. It aiso is much shorter than Schlatter found for this
thickness laver in this study (Schlatter (1980)).
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Fig. 7 shows the vertical correlations of these simuiated
regression results for the six-hour forecast errors. Similar results for
radiosonde layer thicknesses, as shown in Fig. 3(c), dispiay much less
inter-ievel correlation. This inter-level correlation in Fig. 7 is due to
the width of the satellite wedighting functions (Fig. 1) and suggests that
the thickness layers shoulid be increased. It appears that only five or six
thickness layers should be estimated from the radiances.

6. CONCLUSIONS

The first part of this study gave good agreement with earlier work
and provided some insight into the current performance of both the
operational TOVS system, and the ECMWF assimiiation system.

The second section highlighted some of the difficulties in using
direct radiance measurements and the probliems with signhal/noise using a
single radiance channel measurement, particularly in regions of high
forecast accuracy. Multiple regression appears to improve this problem,
however, the ECMWF analysis should be modified to accept thicker layers of
geopotential thicknesses.

The next stage in this study is to fit the horizontal correlations
with Bessel Functions similar to HL (1985) and to investigate other
geographic regions. If the satellite clear-column radiances are added to
the ECMWF statistic tape it will be possibie to examine the geographic
variation of forecast error.

The software will also be used to examine other satellite
retrieval methods such as the physical method of Smith (1985). It is
important when using these data to determine an extra term required in the
Optimum Analysis which is the correlation between the first guess
(forecast) and the satellite retrievai.
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