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ABSTRACT

In retrieval of atmospheric temperature and moisture soundings from satellite infrared radiance mea-
surements the raw data commonly used consist of dense fields of radiances interrupted by data-free gaps.
This note reports an objective analysis procedure which was developed to specifically handle data fields of
a discontinuous nature. The method is a correlation-weighted interpolation scheme and includes an oval-
extension gap filling feature. Test cases demonstrate the ability of the program to fill gaps caused by instrument
calibration periods and by data contamination due to clouds. The procedure is shown to produce much
better results within a data-free region than does a similar method without the gap filling feature. An
application of this method is also shown in a comparison of satellite-derived atmospheric parameters with
conventional observations on a point-to-point basis. However, applications of the procedure are not limited
to satellite data analysis, but could include analyses of aircraft data and data from ocean buoys.

1. Introduction

Much attention is currently being devoted to the
production of accurate atmospheric soundings of
temperature and moisture using high-resolution sat-
ellite-based radiometers. The primary source of in-
formation on which such soundings are based is a
field of radiances measured by a satellite. However,
a frequently encountered problem occurs when these
radiance fields are interrupted by data-free gaps re-
sulting from calibration periods of the measuring in-
strument, erroneous data, or contamination of the
data by clouds. This problem can be alleviated pro-
vided that data can be interpolated into the gaps from
surrounding areas, thus producing a complete field
of atmospheric parameters. ’

The purpose of this research was to develop an
objective analysis procedure tailored specifically to
handle dense data fields which contain data-free
areas. Analysis of such fields involves a unique prob-
lem because of the discontinuity of data density. In
order to retain the high resolution of the original data
set the interpolation scheme should do a minimum
of smoothing in areas of high data density. However,
in data sparse areas the scheme should produce a
relatively smooth interpolation since no fine detail is

known within these regions. In addition to the filling

of gaps in data, the analysis procedure was expected
to produce an output format that can be easily used
in both research and forecasting as a tool for assessing
the characteristics of fields of either radiances or tem-
perature and moisture retricvals.

The type of objective analysis dealt with in this
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paper is of the spatial variety. Methods of this sort
are used when the object is to construct a two-di-
mensional field of data at a single measurement time.
For example, the purpose might be to initialize a nu-
merical model using data from one satellite pass.
Should the object instead be to incorporate obser-
vations taken at different times then the problem
becomes one of temporal interpolation or time-con-
tinuous data assimilation. These latter subjects are
dealt with elsewhere (e.g., Ghil et al., 1979).

One commonly used method of spatial analysis is
an iterative technique proposed by Barnes (1964).
That approach proved to be inappropriate for data
fields of greatly varying density. The analysis method
finally chosen for this study is not based on a rigorous
derivation but is instead an adaptation of previously
derived methods. Basically, the scheme consists of a
non-iterative version of the Barnes technique with a
number of modifications. An important change was
inspired by the works of Gandin (1963) and Thiebaux
(1975) which suggest that the autocorrelation func-
tion of a data field will provide a useful weighting
scheme for the interpolation to grid points.

2. Test cases

The data sets which were analyzed consist of tem-
perature, water vapor and window channel radiances
from the TIROS Operational Vertical Sounder
(TOVS). The radiances were measured over the cen-
tral United States on 30 September 1980 by the TI-
ROS-N and NOAA-6 polar orbiting satellites at ap-
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proximately 1000 and 1400 GMT, respectively. Cal-
ibration gaps occur in both data sets.

In addition to the calibrated TOVS radiance mea-
surements this analysis method was also applied to
retrieved values of precipitable water, stability param-
eters and dew point temperatures which were derived
at various levels from those radiances. The retrieval
method for these various meteorological parameters
was similar to that described by Hillger and Vonder
Haar (1981). The processed data were used in an at-
tempt to test the capability of the method to inter-
polate a complete field of satellite-derived meteoro-
logical parameters. This type of data can be used more
directly than simple radiances in meteorological anal-
ysis and forecasting.

3. The analysis
a. Filtering

The first step in objectively analyzing a data set is
the filtering out of input data points which are ob-
viously erroneous. This is done by comparing each
data value to the average value of the three nearest
points. A point is eliminated if the examined value
deviates from the surrounding mean by more than
two times the standard deviation of the whole data
set. In other terms, if

_V1+V2+V3 >20’ !
3 - %

where V; is a data value and o the standard deviation,
then point V} is eliminated. The multiplier value of
2 was empirically chosen from several test cases in
which it successfully differentiated between strong
gradients and bad data, thus allowing strong but not
extreme gradients to be retained.

A filtering procedure of this kind succeeds only in
eliminating isolated groups of one to three points
which deviate strongly from the surrounding data.
Larger clusters of bad data may be eliminated either
manually or automatically during the temperature-
moisture retrieval process.

Vo— (1

b. Interpolation

The objective analysis scheme which was applied
to the filtered data works basically as follows, with
the purpose being to fill a regular grid over some
geographical area with interpolated values of an at-
mospheric parameter. Each grid point is considered
individually, with the value assigned at that point
determined by a weighted average of all those given
data points which lie within some specified distance
of the grid point. That distance was termed the “ra-
dius of consideration” (ROC) (see Fig. 4). Therefore,
if there are to be a total of N interpolation grid points,
then the values of the interpolated meteorological
parameters P, are given by
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where M is the number of given data values P; within
the ROC about grid point k, and W), are the weighting
factors. The denominator in (2) 1s a normalization
factor.

¢. Weighting factors

The weighting factors assigned to considered data
values are a decreasing function of distance between
the data point and the grid point, with that function
being determined through statistical analysis of the
data field. This is done by examining all possible pairs
of input data points in order to compute the auto-
correlation as a function of pair separation distance
only.! The isotropic correlations are computed in the
form of averages over specified range gates (Hillger
and Vonder Haar, 1979). For example, a correlation
of 0.83 may be computed for points separated by 50
+ 12.5 km. A least-squares best-fit curve is then ap-
plied to these discrete values thereby providing a con-
tinuous curve which is used as the weighting function
(Fig. 1). In choosing a functional form for the fitting
procedure the work of Thiebaux (1975) was consid-
ered, although we did not face the constraints en-
countered in that study of geostrophic geopotential
surface analysis. We were therefore able to use a sim-
ple decreasing exponential of the form

Corr(x) = exp(—ax?), where x = distance,

(3

which proved accurate and expedient in the fitting
procedure.? The weighting factors may then be de-
rived from the coefficient determined in (3) by using -

Vij = exp(—aSij), 4)

where Sy, is the distance between data point j and
grid point k. ‘ :

d. Standard analysi's

Given a method for computing the weighted av-
erages it is necessary to apply it in a manner that
achieves the previously mentioned goal of showing
field detail which is appropriate to data density. A
simple approach is to employ a radius of considera-
tion which expands incrementally until it is just large

! For this study no consideration was given to directional ori-
entation of pairs of measurements in computing autocorrelations.

2 The use of a function of this kind assumes that the autocor-
relation equals unity at zero separation distance (i.e., no error in
the data). Although there in fact is some error present, this as-
sumption seems to have made a minimal impact on the shape of
the fitted curve,
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Weighting = e-ax?

where 0 = 3.72x 1075 km™2
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100 125

Distance Between Points (km)

FIG. 1. Correlation plotted as a function of distance as computed from the data
shown in Fig. 2b. The plotted values are averages over 25 km range gates. The
weighting function is a least-squares best-fit curve applied to the correlation values

shown here.

enough to encompass four data points (Thiebaux,
1975), so that M = 4 in Eq. (2). This method proved
to be skillful at reproducing the features of data-dense
regions, but it failed to interpolate well into data-void
gaps.

The qualities of the basic analysis are illustrated by
Figs. 2a-2c. Fig. 2a shows a complete field of radi-
ances at 7.32 um, which is a water vapor channel
with the peak emission source near 70 kPa. The
GOES-E visible image taken about one-half hour
later shows that the area was mostly cloud free (Fig.
3). A strip of data was removed from the radiance

field to provide a test case for gap-filling skill (Fig.

2b). The above described analysis is shown in Fig. 2¢
where it can be seen that the contours have been
bunched about the center of the gap. The bunching
occurs because interpolation to grid points just above
gap center was based entirely on weighted data points
from the top edge of the gap, whereas grid points just
below gap center were filled using data from the bot-
tom edge only. Gap edge features are therefore
stretched to the center of the gap and the gradient is
concentrated there. If such an analysis were used as
input to a numerical model the results could be highly
distorted.

It is necessary at this point to make a few additional
comments about this objective analysis method. Re-
call that each grid value P, is computed as a weighted
average of actual data P, rather than using deviations
of P; from values that had been forecast for the cur-
rent analysis time, and that the computation of P,
includes a normalization factor. These considerations
imply that all grid value computations are based en-
tirely on the current data set, and there is no tendency
for interpolation within data-sparse areas to neglect
the current data source because of low absolute
weights. Analysis schemes which rely on adjusting a

forecast to reflect the most recent data could poten-
tially produce a poorly analyzed field when data den-
sity varies greatly. If the current measurements are
meteorologically inconsistent with a poor forecast (a
real possibility in data-sparse regions), then artificial
fluctuations might be produced in the area of a gap
such as that depicted in Fig. 2b. A method which uses
only the current data would not encounter that prob-
lem. The trade-off, of course, is that with this method
any available observations taken before the current
analysis time are neglected.

e. Oval-extension analysis technique

An effort was made to provide improved gap filling
capability by modifying the above scheme in the fol-
lowing manner. As the ROC is expanded about a grid
point in search of four data points, it is noted whether
the ROC becomes greater than a gap indicating limit.
Here that limit was chosen to be 2d, where d is the
distance between the pair of given data points which
are closer to each other than any other pair.

Once it has been determined that the considered
grid point lies in a gap, that point is handled in two
special ways. First, the ROC will not stop expanding
until it includes five or more data points, rather than
the original four. This provides a greater degree of
smoothing. Second, once at least two points have
been found, it is determined whether they are all
found within any one-third of the field relative to the
grid point (see Fig. 4). If so, the ROC is not isotro-
pically expanded to find more points as the dashed
circle R, in Fig. 4 would indicate. Instead, the ROC
becomes eccentric to search further in the opposing
direction to the previously found data. This new ROC
is the solid line labeled R} in Fig. 4, and is given by

Ri(a) = R; + 5ARn cosa, 5)
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where R (o) is the eccentric ROC, AR the expansion
increment of the ROC = d/20, R; the circular ROC
= Ry + iAR, i the number of ROC expansions about
this grid point, » the number of ROC expansions
since eccentricity was implemented, and « the an-
gular deflection from the extension axis. The object
is to fill central parts of the gap with contributions
of information from both edges.

The result of implementing the gap-filling feature
can be seen in Fig. 2d where it is clear that the change
has produced a much more realistic interpolation
within the gap region than did the standard analysis.
While examination of Figs. 2a-2d serves as a useful
method to assess the gradient reproduction capabil-
ities of the analysis methods, another comparison
method is also useful. In Figs. 2e and 2f the fields in
Figs. 2¢ and 2d, respectively, are compared to a sim-
ple analysis of the field in Fig. 2a, which serves as a
control. The “errors” which are plotted there show
a slight improvement in an absolute sense by using
the oval-extension feature.

The analysis methods may also be compared in an
objective manner through examination of the plots
shown in Figs. 5a and 5b, which denote the radius
of consideration and the number of data points con-
sidered at each grid point corresponding to analyses
2c and 2d, respectively. The thoroughness with which
plots of this kind describe the qualities of the analysis
makes them valuable tools for a user of this objective
analysis procedure. The contours shown in Fig. 5
delineate areas of low data density thus elucidating
the fact that the user should place less confidence in
interpolated values within those regions.

F1G. 3. The GOES-E visible image taken at 1430 GMT on 30
September 1980. Note the band of fog extending through central
Iowa and the clear area over Iilinois and Indiana.
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FIG. 4. A schematic depiction of the oval-extension analysis fea-
ture. The large cross in the middle represents an interpolation grid
point which lies within a data-free gap. R, is the circular radius of
consideration (ROC) which first encounters at least two grid points.
The dashed lines indicate the directionality associated with the
points whose angular separation lies within the shaded boundary.
R, indicates a uniformly expanded ROC while R5 denotes an
ovally expanded ROC according to Eq. (3).

[ Applications of the method

In order to further test the capabilities of the oval-
extension objective analysis procedure it was applied
to a case of cloud-contaminated satellite measure-
ments. Fig. 6a shows a field of retrieved values of dew
point temperature at the 70 kPa level at 1400 GMT
with a large number of values unobtainable due to
the presence of clouds.? The GOES-E visible image
at 1430 GMT shown in Fig. 3 covers this area and
shows the cloudy region where satellite-based retriev-
als were not available. The analysis of this region (Fig.
6b) demonstrates that the procedure utilized here can
provide a reasonable interpolation even for very large
data gaps. It should be noted, however, that the anal-
ysis failed to accurately reproduce the strong gradient
in eastern Iowa because that gradient occurred along
the gap edge and with little supporting data.

Another example of the usefulness of an analysis
procedure such as the one described in this note is
shown in Fig. 7. Synoptic surface observations of dew
point temperature at 1200 and 1500 GMT were ob-

3 Cloudiness was determined for each point by examining the
brightness temperature difference between window channels at 3.7
and 11.0 um (Dozier, 1980).
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FIG. 5b. As in Fig. 5a except that this plot corresponds to Fig. 2d.

FIG. 5a. A plot of radius of consideration and number of data points considered

at each grid point for the analysis shown in Fig. 2¢. The radius (km)

before

is given

the decimal point and is contoured at 20 km intervals starting with 50 km. The data
point counter follows the decimal and is shaded for values greater than 6. Shading

indicates increased smoothing during interpolation.
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FIG. 7. A plot of the difference (°C)

between surface dew point temperatures

retrieved from satellite data and those measured at the surface (see text for full

explanation). Averaging this field showed

that the retrievals are biased by +1.75°C

with respect to the surface observations. The root-mean-square difference is 2.94°C.

Contours are every 2°C.

jectively analyzed using the Barnes (1964) method.
Dew points were also retrieved from satellite mea-
surements taken at 1400 GMT and were then ana-
lyzed with the technique described in this paper. The
plotted values are the differences between the satellite-
measured values and temporally-interpolated surface
observations at 1400 GMT. A point-to-point com-
parison plot of this kind can be easily prepared from
analyzed data, making it useful in evaluating a re-
trieval scheme.

4. Concluding remarks

The objective analysis method described above in-
cludes several new features which can make it a pow-
erful tool for users of satellite data of greatly varying
density. The procedure creates a complete field of
parameter values at the mesh points of a regular grid,
thus offering several advantages over the original non-
uniformly spaced data field: 1) it allows for quick,
automated contouring of a data field through use of
existing contouring programs; 2) it provides an ob-
jective method for comparison of satellite-derived
parameters with conventional observations on a
point-to-point basis; and 3) it facilitates the incor-

N

poration of satellite-derived information into numer-
ical forecast models.

One aspect of the oval-extension automated anal-
ysis that may be disadvantageous is the complexity
.of the procedure, which demands significant amounts
of computer time to analyze even a small area. The
case illustrated in Fig. 6b took 431 s of CPU time to
execute on a Cyber 171 computer. The computing
time is largely an increasing function of the size of
the gap in the field to be analyzed.

It should also be pointed out that in this scheme
the statistical information on which the weighting is
based can be derived from any specified area of the
given data set. Considering that this information is
then used for interpolation into areas without data,
the quality of the interpolation could be reduced if -
the statistical structure of the gap area is not largely
similar to that of the specified statistical analysis area.
It might, therefore, be ideal if the statistics were com-
puted using only a small amount of data from each
side of the gap. However, it is also true that a large
number of points must be included in the statistical
computations in order to obtain an accurate repre-
sentation of the true correlations. These considera-
tions suggest that in filling a data gap of a given size
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there exists some optimum size of data-dense field
from which to derive the correlation function used
in filling the gap. The study reported here did not
include an investigation of what that optimum size
might be.

Because of the difficulty and expense of obtaining
data sets for use in research and daily forecasting it
is essential that all possible information be extracted
from every given data source. An objective analysis
procedure of the kind reported in this note is helpful
in achieving that aim.
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