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I INTRODUCTION AND OBJECTIVES

An operational, objective-analysis technique called fields by in-
formation blending (FIB) was developed by Holl et al. (1971)* for pro-
ducing sea-surface temperature analyses and by Holl and Mendenhall (1971)
for sea-level pressure analyses at Fleet Numerical Weather Central,
Monterey, California. The FIB technique includes the capability of ex-
ploiting both sea-surface temperature information from satellites in
temperature analyses and surface wind observations in pressure analyses.
A third version of FIB was formulated for application to wind analyses;
it can directly assimilate information in the form of (l) wind values in
two components, (2) vorticity in the grid scale, and (3) divergence in
the grid scale. An upper-air analysis procedure applying FIB to blend
independent wind information with a height-contour field was described
by Schiessl (1975).

Under Contract N00228-76-C-3182, SRI International evaluated an
operationally oriented computer program organized and developed by NEPRF.
This program enables investigation of the objective FIB technique for
blending satellite~-observed cloud motion data with conventional wind ob-
servations. The overall objective of the evaluation study was to assess
the validity of the FIB technique and the associated program elements as
a means to assimilate cloud motion vector data with other conventional
environment analyses. The specific objectives were:

(1) To gain familiarity with the NEPRF computer program, adapt its

execution to the SRI CDC-6400 computer, and demonstrate the
success of a test execution of it.

(2) To test and evaluate the blending (FIB) technique, using dif-
ferent options in the program, including:

(a) Direct blending of the radiosonde winds and cloud motion
vectors, with differing weighting factors.

*
References are listed at the end of the report.
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(b) Blending using the vorticity and divergence from the cloud
motion analyses, with differing weighting factors.

(3) To apply the blending technique to two separate case studies
involving both high~ and low-level clouds, and to assess the
meteorological significance of the resulting analyses.

This final report describes the results of the research study. Back-
ground information on the interest in applying FIB to cloud motion winds
is provided in Section II. An overview of the FIB methodology is given
in Section III. A discussion of the research study, in Section IV, is
followed by conclusions and recommendations, in Section V. Applications
of the FIB technique to the cloud motion data and the conventional ob-

servations used in the two test case studies are described in detail in
the Appendices.

oA S




P —

II BACKGROUND

Geosynchronous Meteorological Satellites provide observations of
the earth's cloud cover in the visible and infrared portion of the
electromagnetic spectrum, with spatial resolution ranging from 0.5 to
2 nmi over time intervals as long as 30 minutes or as short as 7.5
minutes (Gentry et al, 1976). Successive positions of tracer clouds
are measured in a sequence of satellite images. The positions are trans-
formed into earth-based coordinates of latitude and longitude, and from
the successive changes of the coordinates cloud motion vectors are cal-

culated.

Over the past decade, considerable effort has been expended to re-
late cloud motion vectors to the wind fields in which the clouds are em-
bedded. A recent study by Suchman and Martin (1976) concluded that cloud
motions represent the flow at cumulus and cirrus levels to within the
3.0 ms~1 accuracy of currently available ground truth data (e.g., surface
ship winds and aircraft winds). Bauer (1976), on the basis of a compari-
son between cloud motion winds and coinciding radiosonde winds over North
America, gave mean absolute differences between a cloud wind and surround-
ing radiosonde winds of 4.4 ms-1 for the u (zonal) component and 4.6 ms-1
for the v (meridional) component. An intracomparison of radiosonde winds
for the same periods gave mean absolute differences between a radiosonde
wind and surrounding reports of 4.2 ms-1 for the u component and 5.1 ms-1
for the v component. These and associated results suggest that a cloud
wind and a radiosonde wind have similar capability to represent atmo-
spheric motions. Smith and Hasler (1976) compared low-level, ATS-3 satel-
lite cloud motion wind estimates with values of wind direction and speed
interpolated from analyses based on research aircraft observations of a
synoptic tropical wave. Regional vector-magnitude deviations were found
to differ to the extent of suggesting that environmental factors peculiar

to the regions influenced the movement of the cloud targets. If this
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were always true, then evaluation of satellite estimates used to describe
the low-level flow in a synoptic tropical wave should be determined on a

regional basis.

In general, it is agreed that, over the vast oceanic regions of the
world, cloud motions derived from satellites of the GOES and SMS type
provide a viable method of obtaining information on the atmospheric mo-
tion field. Questions must be posed: What is the information content
of cloud motions, and what is the best way to assimilate cloud motion

data with other, conventional environment analyses or observations?

The Information Processing and Display Department of the NEPRF has
organized a computer program with associated elements, to enable investiga-
tion of objective techniques for blending cloud motion data with conven-
tional wind observations. SRI executed this program on a selected number
of cases, to evaluate (1) various methods of blending the different types

of data and (2) the reality of the resulting wind analyses.




II1 OVERVIEW OF FIB METHODOLOGY

A. General

The version of the fields by information blending (FIB) technique
applied in this study was best documented by Maxwell (1976). His report
described the salient features of FIB, which include its ability to con-
serve gradient and curvature properties of the background and to enable
reevaluation or rejection of reports that would cause excessively large
changes in the analysis. Since the objective of the study reported here
was to apply and evaluate FIB on the basis of case studies rather than
to further develop or modify the technique itself, only an overview is
presented in this section. For detailed discussions, see Maxwell (1976),
Schiessl (1975), Holl et al. (1971), and Holl and Mendenhall (1971).

B. The Methodology

FIB blends independent pieces of information with a corresponding
background field through a least-square-fit procedure. The fit is
generally performed among the following four information sets, using }

grid arrays of data:

(1) New, independent data.

(2) The most recent past analysis or current forecast
(background field).

(3) Gradients of the background field at each grid point, in
four directions.

(4) The Laplacian properties (curvature) of the background field
at each grid point.
In this study, the "new data" consisted of cloud motion winds and

vorticity and divergence derived therefrom, while the "background field"

consisted of an analysis based on conventional radiosonde data.
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The FIB analysis is obtained from a numerical solution to the so-
called blending equation, which is derived by minimizing the following

error functional expression:
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P = the scalar quantity of the background field
at i,j.
*
p = the scalar quantity to be analyzed at i,j.
“i,j T LI = the first gradient of the background field in

the j direction.
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The pattern-conserving character of FIB is contained in the gradient
and Laplacian terms, p, v, £, g, and L, in combination with their weights
B, C, E, F, and D, respectively.

s The optimum solution of the error functional, Eq. (1), is the value
of p* that minimizes the sum of the deviations of the new information set
from their counterparts in the background analysis; in other words, the
optimum solution determines a value of p* such that %S* = 0. Thus, by
minimizing E with respect to p*, Eq. (1) reduces to the so-called blend-
ing equation which can be solved for p*. For a detailed discussion of
a solution by the method of successive over-relaxation, refer to Maxwell
(1976).

The FIB methodology consists of four major steps:

(1) Assemble the available new, independent data at their grid-
point locations in the background field. Where a data point
has been assembled, its value replaces the scalar background
value at the grid point. This data point is represented by
Pi,j in the first term of Eq. (1); it is assigned a weight
Ai 5 = DATAWT i,j- A point that has no new data associated
with it remains equal tc the background scalar with weight Af,5-

(2) Assign values to the weights A through D in Eq. (1) associated
with the various background, scalar, gradient, and curvature
properties. Assign to new data values for DATAWT.

(3) Solve the minimization problem (blending equation).

(4) Examine the reliability of each new data point by determining
the magnitude of the change it has caused in the background
field. If the change exceeds a statistically expected devia-
tion, the influence of the data point can be reduced by reduc-
ing the weight of the data point.

C. The FIB Program Evaluated by SRI

The computer program that NEPRF supplied to SRI consists of the
following elements:

(1) RSNDAF: This program element extracts from a radiosonde data
tape the wind observations at any given isobaric height level
for all the stations within a selected area.

(2) LUPWND: This element ingests cloud motion vector end points
as derived from a Bendix digitizing board and converts these
data to earth-located wind vectors. The motion of the satel-
lite over the observational interval is taken into account,

. and the vectors are corrected for viewing perspective.
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(3) ATSWND: This objective element program produces grid-point
values of the motion field from the randomly located cloud
motion vectors and from the conventional radiosonde observa-
tions. It further computes the relative vorticity and diver-
gence from the grid-point values of the motion fields.

(4) FIB: This element blends an objective analysis of radiosonde
winds or kinematic quantities derived therefrom with similar
information derived from the cloud motions, in accordance with
the relative weights assigned to the different data forms.

Figure 1 summarizes the sequence of data flow in the application of

the NEPRF version of the FIB program and its associated program elements.
Two streams of analyses merge into the actual data-blending cycle of the
FIB technique: One stream operates on the cloud motion vector (CMV) data
and the other on the radiosonde (RAWIN) data. If a data tape of earth-
located CMV is available, program element LUPWND is not executed, and
ATSWND can operate directly on the CMV tape. After ATSWND has generated
the desired grid-point analyses, a decision must be made as to which
observations constitute the independent, new data sample. It is assumed
that normally cloud motion winds are the new information that must be
assimilated to upgrade a background analysis based on radiosonde data.
However, in conventional-data-sparse areas, such as the tropical and sub-
tropical oceans, where an abundance of high-density CMV winds can become
available in connection with the occurrence of a tropical storm, it may
be desirable to blend the few available radiosonde winds with a back-
ground analysis based on the CMV data. Before the numerical solution to
the blending equation is initiated, relative weights must be assigned to
the scalar and differential properties of the background analysis, and

to the independent data. These weights determine the extent to which

the resulting (blended) analysis product is forced to match the gradients
and curvature properties of the background field, and to conform to the

new data.

In this research, the CMV and RAWIN data of two separate studies
were used as test cases to assess the significance of (1) the background
vs. independent data selection, (2) the assignment of weighting factors,
and (3) the meteorological validity of the blended end product. The

results of the research are described in the following sectioms.
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. FIGURE 1 FLOW CHART SHOWING SEQUENCE OF DATA AND DATA ANALYSES INVOLVED
IN THE FIB RESEARCH PROGRAM
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IV CASE STUDIES CONDUCTED

A. General Plan and Methodology

As described in the previous section, SRI applied the FIB technique
in the form of a comprehensive computer program supplied by NEPRF, which
allowed for the processing, objective analysis, and subsequent blending
of selected trial data sets. The program was executed on the data of two
case studies, using SRI's CDC 6400 computer. The first case study was
concerned with the passage of Hurricane Carmen across the Gulf of Mexico
from the Yucatan Peninsula to the Louisiana Coast 2 through 8 September
1974. The second case study was concerned with the migration of an extra-
tropical cyclone in the eastern North Pacific Ocean during the period 5
through 7 February 1976. Both areas are over water and conventional data
for them are relatively sparse, so improvement in meteorological analyses
could be expected from the assimilation of cloud motion data. Cloud
motion winds were considered as the new, independent data to be blended
with available conventional background analyses. Blending using relative
vorticity and divergence computed from the cloud motion data was empha-

sized.

To evaluate the results obtained from the FIB technique for the first
test case, a criterion was adopted based on the model low-level wind
circulation associated with a tropical cyclone, wherein cyclonic relative
vorticity and convergence in a circular area centered at the hurricane
location increase significantly with decreasing radius. The criterion
was applied by computing from the FIB analyses net relative vorticity
and net divergence in rectangular areas of 14°, 10°, 6°, and 2° latitude
x longitude centered at the location of Hurricane Carmen. The extent to
which the computed values reproduced the magnitude and the.relative
variations of the adopted criterion was used as the standard for evalu-

ating the FIB analyses.
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A similar approach was used to evaluate the results of the second
case study. A simplified form of the blending equation developed on the
basis of the first case study results was executed on the data of the

second case.

B. First Test Case Study

1. Scope

As already noted, the first case study was concerned with the
passage of Hurricane Carmen across the Gulf of Mexico from the Yucatan
Peninsula to the Louisiana Coast 2 through 8 September 1974. For this
study ATS-3 cloud motion vector (CMV) winds and conventional radiosonde
(RAWIN) winds were supplied by NEPRF.

Examination of the ATS-3 film loops from which the cloud motion
vector end points were obtained by the Bendix digitizer technique showed
that the initial CMV data, for 2 and 3 September, included grid registra-
tion errors that masked the explicit appearance of vortex circulation in
the field of cloud motion winds around Hurricane Carmen. This vector
error, when assumed to be spatially uniform, would not have affected the
computed vorticity and divergence and the subsequent application of the
FIB technique using these kinematic quantities. However, the error would
have affected direct blending of the radiosonde winds and cloud motion
vectors. Therefore, the FIB technique was not applied to any direct

blending of wind vectors.

CMV winds were supplied in two height categories: 'low-level,"
assigned to 5,000 ft, and "high-level," assigned to 30,000 ft. The
radiosonde winds corresponding to these levels were assumed to be those
of 850 mb and 300 mb. Only the low-level (850-mb) wind analyses were
used. High-level (300-mb) cloud motion vectors were too few to allow
meaningful grid-point analyses. Frequent time differences occurred
between the ATS-3 satellite winds and the radiosonde data. As a rule, the
cloud motion winds were blended with the closest synoptic-time radiosonde

data.
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2. Criterion for Evaluation of FIB Analyses

To evaluate the results obtained from the FIB technique for
the first test case using the low-level VORT(CMV),* DIV(CMV) and the
805-mb VORT (RAWIN), DIV(RAWIN), a criterion was adopted based on the
model low-level wind circulation associated with a tropical cyclone,
wherein, on the scale of the FIB analyses, cyclonic relative vorticity
and convergence in a circular area centered at the hurricane location
increase significantly with decreasing radius. Figure 2 shows this
criterion as derived from low-level vorticity and divergence computa-
tions made by Yanai (1961) in connection with a detailed analysis of
typhoon formation and by Smith (1975) in connection with an analysis of
Hurricane Celia (1970). Hawkins and Rubsam (1968) using aircraft winds
at levels from 1000 mb to 700 mb computed values of cyclonic relative
vorticity greater than 100 x 10-6 sec-l within a 60-nmi radius of
Hurricane Hilda (1964).

The criterion shown in Figure 2 was applied to the evaluation of
the FIB analyses by computing net relative vorticity and net divergence
in rectangular areas of 14°, 10°, 6°, and 2° latitude % longitude centered
at the location of Hurricane Carmen. Figure 3 shows these concentric
areas superposed on the ATSWND analysis of VORT (RAWIN) for 4 September,
12:00GMI. The extent to which the computed values of areal vorticity
and divergence reproduced the magnitude and the relative variations shown
in the data of Figure 2 was used as the standard for evaluating the FIB
analyses. Specific quantitative evaluation criteria, such as vertical
motion patterns in relation to radar-detected rain-band locations, were
not considered applicable because of the limited coverage, reliability,

and resolution of the data analyses.

3. Application of Evaluation Criterion to FIB Results

The FIB program was applied by blending the relative vorticity

and divergence computed from the cloud motion vector and radiosonde data.

*In subsequent discussions, relative vorticity and divergence computed
from cloud motion vectors and radiosonde winds are designated as,
respectively, VORT(CMV), DIV(CMV) AND VORT (RAWIN), DIV (RAWIN).
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Two program options were considered. In one option, the cloud motion
winds were selected as the independent data and were blended with a back~
ground field based on radiosonde winds. In the other, the radiosonde
winds were assimilated in a background field based on the cloud motion
data. Values for the weighting factors A through D in Eq. (1) were
chosen as A = 0.001 and B through D = 0.01. At the grid points where
new independent data were assembled, the weighting factor was set equal
to DATAWT = 1.0. Thus, the gradient and curvature (Laplacian) properties
of the background field were given much greater weight in the minimiza-
tion solution of Eq. (1) than the scalar quantities, but the greatest

weight was assigned to the new data.

Figure 4 shows a representative sample of the FIB results, pre-
sented in the same graphical format as the data of Figure 2, so that magni-
tudes and trends of relative vorticity and divergence can be evaluated by
cross reference. The data of Figure 4 are typical of the FIB analyses
made for the entire period of the first case study and can be summarized

as follows:

e The increase in cyclonic relative vorticity toward the hurri-
cane center shows good positive correlation with that indi-
cated by the vorticity data of Figure 2, regardless of
background choice. Any effect from the sparsity of rawin-
sonde data in the area of analysis was practically eliminated
by the large number of assembled VORT(CMV) data weighted by
DATAWT = 1.0. When the background was that associated with
the cloud motion vectors, only a few assembled VORT (RAWIN)
data were available, so the FIB results were again dominated
by the CMV background data. Thus, the CMV data always con-
trolled the FIB analyses, regardless of background choice,
because of the dense CMV data coverage in an area of sparse
radiosonde data.

e The FIB analyses of divergence reflect unrealistic values.
Neither the sign of the divergence nor its trend corresponds
to the standard of Figure 2. The discrepancy results from
bad values of divergence associated with the initial CMV
data. Application of these values to the FIB program intro-
duces meteorologically unacceptable effects into the solution
of the blending equation.

e Unless the cloud motion vectors are obtained with higher ac-~
curacy and better height discrimination, only their rota-
tional part can be reliably included in the FIB analysis;
that is, only blending using vorticity derived from the cloud
motion vectors gives meteorologically significant results.
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FIB program was applied by utilizing vorticity and divergence computed from
V (CMV) and V(RAWIN) with different background fields and DATAWT = 1.0,
A =00018,C D, E F=001.
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More details of the results obtained from the application of
the FIB program to the data of the first test case study are presented
in Appendix A.

C. Simplified Blending Equation

While the dependence of the FIB results for the first study case on
independent data weight (DATAWT) and on background gradient weights (B-F)
was being explored, a simplified version of FIB was developed for blend-
ing vorticity. The low-level VORT(CMV) and the 850-mb VORT (RAWIN) data
for 7 September 1974 were selected for further analysis to illustrate the
approach. A detailed derivation is presented in Appendix B.

Figure 5 shows the patterns of VORT(CMV) and VORT (RAWIN) generated
by ATSWND and analyzed in terms of isopleths of relative vorticity within
a 12° latitude x 12° tongitude area centered at Hurricane Carmen. A
vorticity pattern such as that shown in Figure 5(a) contains near-
concentric isopleths of cyclonic relative vorticity that sharply increase
in magnitude toward the cyclone center. For such a pattern, the back-
ground gradients in the i and j directions [see Eq. (1), Section ITII-B]
can be assumed to carry large but equal weights (B = C > 0), and the
cross gradients for the left-hand and right-hand diagonals need not be
considered separately (E = F = 0). If, furthermore, the weighting
factors are assigned without spatial variability, the blending equation
can be simplified to a form that comprises only blending parameters
related to the Laplacian properties at i,j and at four surrounding grid
points, Thus, the curvature of the vorticity isopleths at i,j and at
adjacent grid points are the blending parameters. In this case, four
weighting factors were assigned: A, B = C = W, D, and DATAWT (for a
detailed discussion, see Appendix B).

Figure 6 shows the sensitivity of the FIB analysis of the relative
vorticity [VORT(FIB)] to different values of B = C = W, using VORT (RAWIN)
of Figure 5(a) as the background field with A = 0.001 and D = O, and
VORT (CMV) of Figure 5(b) as the independent data with weight DATAWT = 1.0.
Each curve represents VORT(FIB) as a function of W (from W = 0.01 to W = 1.0)
at a grid point where VORT(CMV) data were assembled. The ten grid-point

18
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locations in the VORT (RAWIN) background field can be identified by refer-
ence to Figure 5(a). It can be seen that significant changes in VORT (FIB)
require rather large values of W, unless the grid point is associated with
relatively large curvature in the background vorticity isopleths, as
occurs, for example, at 24°N, 90°W and at 28°N, 96°W. In general, in-
creasing W = 0.01 by a factor of 10 to 20 does not result in significant
changes in VORT (FIB). Values of W nearly equal to the data weight DATAWT
are required to conserve the curvature characteristics of the background

vorticity field.

Small values of W would affect the VORT(FIB) analysis much more
than showuit in Figure 6 if DATAWT were reduced proportionally. It is the
value of W relative to that of DATAWT which influences the FIB analysis.
For example, Figure 6 would remain unchanged if DATAWT and W were divided
by the same factor, provided DATAWT remained large relative to A = 0.001.

In practice, when applying FIB to the blending of vorticity, the
simplified blending equation can be used, and a proper choice of DATAWT
and W can be made semiobjectively by (1) examining the initial fields of
VORT (RAWIN) and VORT(CMV) generated by ATSWND, to determine the extent
to which the background patterns should be conserved, and (2) computing
the background Laplacian field and determining the values of W relative
to DATAWT at which VORT(FIB) begins to change significantly.

D. Second Test Case Study
1. Scope

A second case study to test and evaluate the FIB technique was
concerned with the migration of an extratropical cyclone in the eastern
North Pacific Ocean during the period 5 through 7 February 1976. Earth-
located CMV data obtained from the Space Science and Engineering Center
of the University of Wisconsin were available as part of a NASA/NOAA-
sponsored Data Systems Test (DST-6). Cloud motion winds were generated
on the McIDAS from SMS-2 data. The background with which the independent
CMV data must be blended was the geostrophic wind field obtained from
the Fleet Numerical Weather Central (FNWC) constant-pressure height
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analyses for the levels and times closest to the heights and times of

the CMV data. The geostrophic winds as a function of latitude and longi-
tude provided the input to ATSWND, which, subsequently, generated the
background fields of wind, vorticity, and divergence on a 2° latitude

x 2° longitude grid mesh.

In view of the good representation of the rotational wind field
by the cloud motion data of the first case study, the FIB technique was
applied by blending CMV winds and geostrophic winds, using the respec-
tive vorticity properties. In this case, the simplified blending equation
was used, and weighting factors were assigned according to A = 0.001;
DATAWT = 1.0; B=C =1.0; D =E =F = 0. The choice of B=C = 1.0
forced the vorticity-isoline patterns in the FIB analyses to conform to
those associated with the background (see Figure 6). Divergence obtained
from the CMV data was evaluated, but assimilation in a background field
based on geostrophic winds was not attempted, because of the nonrepre-
sentativeness of the geostrophic divergence. Blending was carried out
by using both low-level and high-level winds. Uncertainties related to
time and possible height differences between the CMV and RAWIN data must

be considered in interpreting the results of the data blending.

2. Application of FIB Program

Data blending was carried out for 6 and 7 February 1976, 00:00
GMT and 12:00 GMT, and for 8 February 00:00 GMT. Since the FIB technique
and the blending procedure showed similar results for these five cases,
the salient features of the second test study can be adequately discussed
on the basis of a single case. The single case valid for 6 February 1976,
00:00 GMT, was selected as representative. Figure 7 shows the SMS-2
infrared cloud images in the area of the second case study for 5 February
1976, 21:45 GMT, and the location and height levels of corresponding CMV
winds obtained during the period 22:45-23:45 GMT. The differences in
coverage between low-level (900-mb) and high-level (200~ and 300-mb)
CMV data are evident. High-level cloud motions are restricted to the
most western and southeastern parts of the analysis area. The low-level
motions having dense coverage around the center of the extratropical

cyclone are emphasized in the following analyses.
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FIGURE 7 EXAMPLE OF SMS-2 DATA COVERAGE IN AREA OF SECOND TEST CASE STUDY

(a) INFRARED CLOUD IMAGES, 5 FEBRUARY 1976, 21:45 GMT; (b) CLOUD
MOTION VECTOR LOCATIONS, 5 FEBRUARY 1976, 22:45-23:45 GMT
Numbers identify cloud motion heights in hundreds of millibars.
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Figure 8 shows the 900-mb cloud motion vectors and the ATSWND-

generated grid-point analyses obtained from the randomly located cloud
motion winds and from the FNWC 850-mb geostrophic winds. When FIB was
applied, the independent information was obtained from the ATSWND analysis
of the CMV data, while the geostrophic winds provided the background field.
In general, there was very good agreement between the general circulation
features of the FNWC analysis and those outlined by the CMV data. There
were, however, some important differences. For example, in Figure 8(b)

in a small area near 32°N, 119°W, the cloud motion winds differ signifi-
cantly from the geostrophic background field, and, intuitively, do not
seem to fit the synoptic-scale circulation pattern associated with the
extratropical cyclone. Figure 9 shows the fields of relative vorticity
computed from the CMV winds of Figure 8(b) [VORT(CMV)] and from the geo-
strophic winds of Figure 8(c) [VORT(Vg)]. The anomaly in the CMV data,
which is very evident in the vorticity analysis of Figure 9(a), is note-
worthy, since it was, of course, assimilated into the background field

and propagated through the FIB analysis during the blending cycle.

The extent to which the anomaly in the independent CMV data
affected the FIB analysis is illustrated in Figure 10. This figure shows
a grid print map of the difference between the original background field
of geostrophic vorticity [VORT(Vg)] and the FIB analysis of blended vor-
ticity [VORT(FIB)]. The areas in which cyclonic relative vorticity was
significantly reduced by the assimilation of the CMV data are outlined.
They are near the areas where the cloud motion winds show anticyclonic

vorticity in Figures 8(b) and 9(a).

3. Evaluation of FIB Results

The impact of cloud motion winds on an available conventional
analysis through the application of the FIB technique is most clearly
illustrated by Figure 10. This impact points toward what was considered
in this study one of the more important aspects of FIB. If new, inde-
pendent data introduce an anomaly in the blended analysis product, the FIB
program includes a routine, called Weight Reevaluation, which enables re-

examination of each blended datum value to assess its disparity with the
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FIGURE9 ATSWND ANALYSES OF RELATIVE VORTICITY (10-6 sec-!) OBTAINED FROM

s e w0

(a) 900-mb CMV WINDS (5 FEBRUARY 1976, 22:45-23:45 GMT) (b) FNWC
850-mb GEOSTROPHIC WINDS (6 FEBRUARY 1976, 00:00 GMT)

Boxes indicate major circulation centers; dashed isopleths indicate relative vorticity
patterns.
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FIGURE 10 RELATIVE VORTICITY DIFFERENCE (10-7 sec-') BETWEEN ORIGINAL BACK-

GROUND FIELD AND FIB ANALYSIS [VORT (Vg)-VORT(FIBH

Note large reduction in background vorticity in area of extratropical cyclone. Machine
contouring denotes: E = < - 10.0 x 1076 sec-!; F = 0 to + 10.0 x 10-6 sec-!;
G => +20.0 x 10-6 sec-
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background. By setting a limit on the extent to which the blended analy-
sis can differ from the background, large disparities such as those
illustrated in Figure 10 near the extratropical cyclone can be suppressed
by reducing the weights (DATAWT) of the independent data at relevant grid
points and recycling the data through the blending technique. The con-
straining criterion that is programmed into the FIB technique can be re-
laxed or tightened, depending on whether the anomaly must be maintained

or eliminated.

For a detailed discussion of the Weight Reevaluation routine,
see Maxwell (1976). In this SRI study, the average standard deviation
from the background was limited to about 1.0. Whenever it exceeded 1.0,
a new data weight was assigned, and an improved solution to the blending

equation was obtained.

Figure 11 shows the relative vorticity differences (10~7sec-l)
between the background field [VORT (Vg)] and the FIB analysis after
application of the weight reevaluation criterion. The large differences
(> 20 x 10-6sec-1) that are apparent in Figure 10 to the east of the extra-
tropical cyclone center are no longer present. Over the entire area of

analysis, differences have been reduced to € 10 x 10-6sec-1l.

Figure 12 summarizes the results of the FIB analyses of rela-
tive vorticity for 6 February 1976, 00:00 GMT. The data are typical of
the FIB results obtained from the second case study. The blending tech-
nique was applied by using both low-level and high-level cloud motion
winds. As already noted, a criterion similar to that applied in the first
case study was used for evaluation. Figure 12 represents magnitudes and
trends of net relative vorticity computed over variable-mesh-size con-
centric grid boxes centered at the three circulation systems (extra-
tropical cyclone, anticyclone, and sharp trough) indicated in Figures 8
and 9. For all three systems, the initial impact of the cloud motion
winds on the magnitude of the background vorticity field [VORT (BACKGROUND)
vs. VORT(FIB)] can be seen to be significant. When the criterion of
keeping the analysis product within one standard deviation of the back-~

ground is applied, the FIB analysis conforms much more to the background.
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FIGURE 11 RELATIVE VORTICITY DIFFERENCE (10-7sec~!) BETWEEN ORIGINAL

BACKGROUND FIELD AND FIB ANALYSIS, AFTER WEIGHT REEVALUATION
(VORT(Va)-VORT(FIB AFTER WEIGHT REEVALUATION)].

Note reduction of large differences in area of extratropical cyclone. Machine
contouring denotes: E = <-10.0 X 10~6 sec™1; F = 0 to + 10.0 X 10-6 sec-?.
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FIGURE 12 SAMPLE OF FIB ANALYSIS RESLULTS FOR THE SECOND TEST CASE, PRESENTED
IN TERMS OF MAGNITUDES AND TRENDS OF NET RELATIVE VORTICITY
COMPUTED OVER GRID BOXES CENTERED AT THREE CIRCULATION SYSTEMS .

F1B was executed using DATAWT =10, A=0.01,B=C=10,E=F=D=0.
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Vorticity trends with respect to the center of the system are realistic
because of the relatively large weights assigned to the curvature of the
background vorticity isopleths (B = C = 1.0).

The meteorological significance of the absolute values of
vorticity in the FIB analyses is difficult to assess, since the true
vorticity characteristics of the atmospheric circulation systems were not
known. It is apparent, however, that the FIB program allows, by manipula-
tion of the background weights and the weight reevaluation criterion, for
any control the user wants to impose on the degree of change introduced
by the cloud motion winds.

E. An Alternative Method for Analyzing Cloud Motion Vectors

To aid in evaluating the accuracy and efficiency of the FIB tech-
nique, we experimented with an alternative method. In this approach, the
product is a blended grid-point wind analysis, rather than a blended
vorticity analysis (as described earlier). The alternative method is
presented because:

e It readily provides grid-point wind analysis in a form appropri-

ate for input to a numerical prediction model while reducing

computer time by a factor of nearly 3 compared to the FIB tech-
nique.

e It can easily generate a cloud motion data/conventional data
wind analysis in terms of its nondivergent (rotational) part.
Current difficulties in determining reliable divergence patterns
from cloud motion data may require that the wind analysis be
made nondivergent.

e It is available within the NEPRF-supplied computer programs by

combining Subroutines GRAN and BALDV in the ATSWND element.

The alternative method makes use of the excellent quality of the
pressure-height analyses produced by FNWC, by computing geostrophic winds
from them and using the geostrophic u and v wind components as background
(that is, a first-guess field) in an objective analysis of the cloud
motions. The weigh: assigned to the first guess is so chosen that the

first guess is retained in areas devoid of cloud motion vectors, but has
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little influence where cloud motion vectors are numerous. In the latter
areas, each grid-point value of wind is a weighted average of several
nearby cloud motion vectors. The analysis method is a statistical one
that fits a first-degree polynomial by least squares to several observa-
tions near the grid point. (The basic form has been described by Endlich
and Mancuso, 1968, and Mancuso and Endlich, 1973.) The weighting function
for an observation is decreased with its distance from the grid point, as
is normally done. In addition, the weight is made to reflect the orienta-
tion of the observed cloud motion vector and grid point in relation to the
local flow direction, so that upstream-downstream observations have
greater weight than cross-stream observations at the same distances, es-
pecially in regions of strong flow. In our experience, this is an impor-
tant feature in giving realistic, elongated isotach fields. The merit of
this type of anisotropic weighting was discussed theoretically by Sasaki
(1971).

In the computer routines used in this study the objective wind
analysis procedure is called GRAN. The number of wind observations used
in computing a grid-point wind component is a parameter (KS) that must
be specified before calling GRAN. In analyzing radiosonde winds, a value
of KS of 5 or 6 has been found to be appropriate. Since the present
cloud motion vectors come in pairs [as shown, for example, in Figure 8(a)l,
KS was set equal to 12 (six pairs); this value gave good results. A
smaller value of KS would give greater emphasis to individual winds near
a grid point, and a less smooth analysis. A second computer routine that
is useful in wind analysis enables one to alter the vorticity or diver-
gence fields (Endlich, 1967). For example, one can alter grid-point u

and v components to make them nondivergent. This routine is called BALDV.

The results of using this alternative method to analyze cloud motion
vectors are illustrated by using the data for 6 February 1976, 00:00 GMT.
The geostrophic wind vectors at 850 mb computed from the FNWC height data
have been shown in Figure 8(c). The analysis has good resolution and an
excellent overall appearance. In general, the low-level cloud motion
vectors shown in Figure 8(a) agree well with the geostrophic vectors.

However, the low-level cloud motion vectors are not evenly distributed

32




over the region. To the east of the low-pressure center, satellite IR
photographs showed that the clouds were generally at middle or high
levels; thus no low-level motions were measured. Also, at 34°N, 120°W,

a southwesterly cloud motion vector appears to be of significantly higher
speed than its neighbors; and, at approximately 28°N, 120°W, a cloud
motion vector is nearly at right angles to its neighbors. This vector
was probably unrepresentative or was assigned to the wrong altitude.
These anomalous features were evident in the FIB analyses; they could be
suppressed by proper adjustment of the weighting factors. The alterna-
tive method also has the ability to suppress these anomalies.

Figure 13(a) shows a grid-point wind analysis obtained by applying
the alternative method to the low-level CMV data [Figure 8(a)], using the
FNWC 850-mb geostrophic winds as a first-guess field. [The geostrophic
vectors are shown in Figure 13(c).] There is some unevenness in the
winds in the area east of the low, where the CMV coverage was originally
poor. (This unevenness appeared as small patterns of positive and negative
divergence (not shown) computed from the grid-point winds.) In general,
it was found that the divergence patterns associated with Figure 13(a)
did not relate well to the clouds; therefore it seemed desirable to make
the wind analysis nondivergent, while leaving its vorticity unchanged.
This was done by using Subroutine BALDV. The results are shown in
Figure 13(b). This nondivergent vector field appears quite similar to
the geostrophic wind field of Figure 13(c). However, differences between
the relative vorticities of the two fields are appreciable, as illustrated
by the isolines in Figure 13(c). Positive values indicate that the
objective analysis has larger positive (cyclonic) vorticity than the
geostrophic analysis, and negative values indicate the reverse. The
objective analysis method produces larger cyclonic vorticity for the
trough to the southwest of the low center, and also for the entire south-
east quadrant of the extratropical cyclone. To the north of the cyclone
center, there is more anticyclonic vorticity in the objective analysis.
Whether these vorticity differences are realistic or not cannot be deter-
mined for certain, since there are no independent data to enable this

evaluation to be made.
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RESULTS FROM ALTERNATIVE OBJECTIVE ANALYSIS TECHNIQUE

(a)

(b)

(c)

OBJECTIVE ANALYSIS OF CMV DATA (5 FEBRUARY 1976,
22:45-23:45 GMT) USING FNWC 850-mb GEOSTROPHIC WIND
FIELD (6 FEBRUARY, 1976 00:00 GMT) AS A FIRST GUESS
ROTATIONAL (NONDIVERGENT) VECTOR FIELD ASSOCIATED
WITH (a)

ISOLINES OF THE DIFFERENCE (10-5 sec™1) BETWEEN THE
VORTICITY OF THE OBJECTIVE ANALYSIS (b) AND THE FNWC
GEOSTROPHIC VORTICITY, SUPERIMPOSED ON THE
GEOSTROPHIC WIND VECTORS
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In summary, the alternative method of analysis uses the conventional
data, in the form of geostrophic winds obtained from the FNWC height
fields, as a background for directly analyzing cloud motion vectors.
Although the general appearance of the analyzed cloud motion vectors and
that of the geostrophic vectors is very similar, there are significant
differences in the vorticity fields, particularly in regard to the
smaller-scale (subsynoptic) troughs and ridges. Presumably, these dif-
ferences would be important for a limited-area fine-mesh numerical fore-~
casting model, although they are probably not important for a global
model. On the other hand, the divergence fields computed from these
cloud motion vectors were not reliable; therefore, the analysis of cloud

motion vectors was made nondivergent.
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V CONCLUSIONS AND RECOMMENDATIONS

Conclusions and recommendations are based on the results obtained by
executing FIB on the data of the two case studies discussed previously and

described in more detail in Appendices A, B, and C.

A General

The FIB program and its associated elements as organized and developed
by NEPRF are suitable for blending satellite-derived cloud motion data with
conventional wind information, and they can provide meteorologically
meaningful analyses. Quality control of the cloud motion winds, however,
must be exercised. Execution of the program requires judgment as to
whether features in the cloud motion data that appear anomalous with re-
spect to the available conventional-data analysis should be maintained or
suppressed in the blending cycle. By manipulation of built-in constraints,

the FIB program can accept, suppress, or reject undesirable features.

This study suggests that subjective interaction with the computer
program is required, to set the proper constraints on the degree of
change allowed in the resultant FIB analysis. Initial input data and in-
termediate steps in the FIB program need to be monitored as long as the
true relation of cloud motion vectors to the atmospheric wind field cannot

be objectively formulated.

B. Specific

For both case studies, the FIB program properly executed the blending
of information obtained from cloud motion winds with that available from
conventional data. It was found that, when blending using vorticity is
applied, a simplified form of the blending equation can be used that con-
siders only the Laplacian (curvature) properties of the background field
as the blending parameter. In this case, the weight of the independent
data (DATAWT) should be set nearly equal to the weight of the background

Laplacian.
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The significance of the FIB analyses was found to depend entirely
on the information content of the cloud motion winds. For the first case
study, only the blending that used vorticity derived from the cloud motion
vectors gave meteorologically significant results; that is, only the
rotational part of the cloud motion vector could be reliably included in
the FIB technique. Divergence computed from the CMV data of the first
test case study, and its subsequent assimilation through the FIB program,
did not provide meteorologically acceptable analyses. The results from
the second case study were similar. Circulation was again the outstand-
ing feature in the CMV data that provided meteorologically significant
input into the FIB technique. Divergence computed from the cloud motion
winds was evaluated but not used in the FIB program because of the non-

representativeness of the divergence computed from the geostrophic wind.

The following blending technique is tentatively recommended as
optimum:

Step 1--Apply the FIB program using VORT(CMV) as independent data

and VORT (RAWIN) as initial background field.

Step 2--Apply the ATSWND Subroutine BALDV to convert VORT(FIB) to
its corresponding (purely rotational) vector field.

Step 3--Apply the ATSWND Subroutine BALDV to the background field
of DIV(RAWIN) to obtain the corresponding (purely divergent) vector
field.

Step 4--Add the vector fields obtained under Steps 2 and 3 to obtain

a final analysis product that represents a vector wind field improved

over the initial background wind field with respect to its rotational

properties only. Its irrotational (divergent) part will remain that

associated with the initial background field.

This recommended blending technique can also be carried out by an
alternative objective analysis method that can be readily assembled by

using subroutines available in the NEPRF computer program.

A crucial and unresolved problem is that of determining divergence
fields from satellite cloud motion data for input to fine-mesh forecasting
models., In this study, divergence objectively computed from the ATSWND
analysis of "low-level" and "high-level' cloud motion winds was not re-
alistic. It is emphasized, however, that reliable evaluation of diver-

gence entails a three-dimensional analysis, which was considered outside
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the scope of the study. If divergence computed from cloud motion winds
is to be evaluated more rigorously as to its meteorological significance
and operation usefulness, it is recommended that divergence fields be
obtained at five or six levels from 1000 mb to 100 mb and that the ob-
jective procedure described by O'Brien (1970) and Frankhauser (1969) be
applied to adjust the vertical profile of divergence so that realistic
boundary conditions of vertical motion at 1000 mb and 100 mb are satis-
fied. The cloud motion wind field can, subsequently, be adjusted at all

levels to reflect the adjustments in divergence.

Also, a promising approach is to use satellite microwave radiometer
measurements that show moisture concentrations, to compute the low-level
convergence necessary to account for these concentrations, and to alter
the cloud motion vector analysis to fit the specified convergence, using
Subroutine BALDV (Viezee, 1977).
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Appendix A

FIRST TEST CASE ANALYSES

3 (58 General

The first test case considered the passage of Hurricane Carmen across
the Gulf of Mexico from the Yucatan Peninsula to the Louisiana Coast,
2 through 8 September 1974. Successive locations are indicated in Figure

A-1. Observations from the conventional radiosonde network and cloud
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motion winds from the ATS-3 satellite were supplied by NEPRF. Cloud
motion vector endpoints obtained by means of the interactive man-movie
loop-Bendix Digitizer technique were supplied in two height categories:
"low-level," assigned to 5,000 ft, and "high-level," assigned to 30,000
ft. The radiosonde winds corresponding to these levels were assumed to
be those of 850 mb and 300 mb. In addition to the required height match-
ing, frequent time differences of 3 to 4 hours occurred between the ATS-3
satellite wind data and the radiosonde data. The computer programs did
not contain an algorithm to account for such time differences. As a rule,
the cloud motion winds were blended with the closest synoptic-time radio-
sonde data. Uncertainties related to time and height differences must

be considered in interpreting results of the data blending.

Two-degree latitude-longitude grid-mesh analyses of wind, relative
vorticity, and divergence, using the program elements LUPWND, RSNDAF,
and ATSWND were generated from 68° W to 102° W and from 8° N to 38° N,
each day of the test case study. Only the low-level (850-mb) wind anal-
yses were used. The high-level (300-mb) cloud motion vectors were too

few to allow meaningful grid-point analyses.

Ze Evaluation Criterion

To evaluate the results obtained from the FIB technique, a criterion
was adopted, based on the model low-level wind circulation associated with
a tropical cyclone, wherein, on the scale of the FIB analyses, relative
cyclonic vorticity (circulation per unit area) and convergence in a cir-
cular area centered at the hurricane location increase significantly with
decreasing radius. Figure A-2 shows this criterion as derived from low-
level vorticity and divergency computations made by Yanai (1961) in con-
nection with a detailed analysis of typhoon formation, and by Smith (1975)
in connection with an analysis of Hurricane Celia (1970). Hawkins and
Rubsam (1968) using aircraft winds computed values of relative cyclonic
vorticity greater than 100 x 10"6 sec-1 within a 60-nmi radius of Hurricane
Hilda (1964). Table A-1 presents further data in support of the conver-

gence criterion. The listed values of net divergence computed from
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Table A-1

NET DIVERGENCE IN HURRICANES
COMPUTED FROM AIRCRAFT WINDS IN AN
AREA AT APPROXIMATELY 60-nmi RADIUS

Approximate

Flight Phvct ek a Maximum
Level v_6 g n_cl Winds
Hurricane Date (m) (10 “sec ) (kt)
Betsy 1 September 1965 500 -170 80
Betsy 1 September 1965 300 ~260 80
Betsy 3 September 1965 1000 -160 125
Betsy 5 September 1965 610 -110 125
Gladys 17 October 1968 540 - 13 64

Source: Gentry et al. (1970)

aircraft winds indicate very large negative divergence (convergence) in

a grid square of approximately 2° latitude x 2° longitude at the cyclone

center.

The criterion shown in Figure A-2 was applied to the evaluation of
the FIB analyses by computing net relative vorticity and net divergence
in rectangular areas of 14°, 10°, 6°, and 2° (latitude x longitude) centered
at the location of Hurricane Carmen. Figure A-3 shows these areas super-
posed on the ATSWND analysis of relative vorticity obtained from the
radiosonde winds for 4 September, 12:00 GMT. The extent to which the
computed values of areal vorticity and areal divergence reproduced the
magnitudes and the relative variations shown in the data of Figure A-2

was used as the standard for evaluating the FIB analyses.
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4 September 1974, 12:00 GMT.

3. Application of Evaluation Criterion to First Test Case Study

a. Examination of Initial ATSWND Analyses

As has been shown in Figure 1 Section III, ATSWND analyses of the
CMV and RAWIN data provide the initial input to the FIB program. It there-

fore seems appropriate to first examine the quality of these analyses.

Table A-2 summarizes the results when the evaluation criteria out-
lined above are applied to the ATSWND-generated initial fields of relative
vorticity and divergence obtained from the low-level cloud motion winds
and the 850-mb radiosonde winds for 2 through 7 September. The listed
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GMT times correspond to the synoptic-chart times to which the satellite

data are assumed to be applicable.

The increase in net relative cyclonic vorticity toward the hurricane
center and the magnitude closest to the center computed from the low-
level cloud motion (wind) vectors are in accordance with the vorticity
criterion of Figure A-2 for each day of the period. Vorticity values
computed from the 850-mb radiosonde winds show the correct trend, except
for 3 and 6 September, for which some data at critical locations on the
Yucatan Peninsula were missing. The cloud motion winds, however, are
superior in representing relative vorticity. Figure A-4 shows the dif-
ference in data coverage between CMV and RAWIN for 3 September, when
differences in net areal relative vorticity were large, according to
Table A-2. The superior coverage of cloud motion winds around the cyclone
center is obviously the reason for the good values of cyclonic vorticity

computed from the cloud motion vector data.

The computations of net areal divergence shown in Table A-2 are
inconsistent from day to day in terms of both trends and magnitudes.
Only for 2 and 5 September, do the RAWIN data show good values. Diver-
gence based on the CMV data, however, shows unrealistic trends and magni-

tudes.

Table A-2 suggests that divergence computed from CMV in the area of
Hurricane Carmen is incompatible with the circulation of a tropical
cyclone, while derived relative vorticity is meteorologically signifi-
cant and should, therefore, be assigned high reliability (weight) in
the FIB technique. Inaccurate height discrimination in the CMV data of
the first test case may have been responsible for the unacceptable diver-

gence values.

b. Examination of FIB Results

The FIB program was applied by blending vorticity and divergence

computed from the cloud motion vector and radiosonde data.* Two different

*
In subsequent discussions, relative vorticity and divergence computed from
cloud motion vectors and radiosonde winds are designated as VORT (CMV),
DIV (CMV) and VORT (RAWIN), DIV (RAWIN).
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cases with respect to the selection of new, independent data and back-
ground data were considered. In one case, the cloud motion winds were
selected as the independent data and were blended with a background field

based on radiosonde winds. In the other case, the radiosonde winds were

assimilated in a background field based on the cloud motion data.

Values for the weighting factors A through D in Eq. (1), Section III,
were chosen as A = 0.001 and B through D = 0.01. At the grid points
where new, independent data were assembled, the weighting factor was set
equal to 1.0. Thus, the gradient and curvature (Laplacian) properties of
the background field were given much higher weight in the minimization
solution of Eq. (1) than the scalar quantities, but the highest weight

: was assigned to the new data.

Results from the FIB program are summarized in Figure A-5 and are
presented in the same graphical format as the data of Figure A-2, so that
magnitudes and trends of vorticity and divergence can be evaluated by

cross reference. The following features are noteworthy:

@ The increase in relative cyclonic vorticity toward the hurricane
center. shows good positive correlation with that indicated by
the vorticity data of Figure A-2 regardless of background choice.
The anomaly in the analysis for 6 September using background
(RAWIN) resulted from the ATSWND-computed background field of
VORT (RAWIN), which included low values in the data-sparse area
of the hurriccune at grid points where no VORT(CMV) data were
assembled. For all other days, any effects from the sparsity of
rawinsonde data in the area of analysis were practically elimi-
nated by the large number of assembled VORT(CMV) data weighted
by 1.0. When the background was that associated with the cloud
motion vectors, only a few assembled VORT(RAWIN) data were avail-
able, so the FIB results were again dominated by the CMV data.
Thus, the CMV data always controlled the FIB analysis results,
regardless of background choice, because of the dense CMV data
coverage in an area of sparse radiosonde data.

g ahasa.

e With the exception of 3 and 6 September (for the CMV background
case), the FIB analyses of divergence reflect the unrealistic
divergence values associated with the initial CMV data listed in
Table A-2. Application of these values to the FIB program intro-
duces meteorologically unacceptable effects into the solution of
the blending equations.

! ; To assess the effects of background gradients and curvature on the
FIB analyses, the FIB program was applied tc the data of the first test
case, assuming B through D = 0. This assumption implies that the best
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available estimate of the true vorticity or divergence analysis equals
the combined field of scalar background values and assembled data. No
blending equation need be solved. The results for this specific case

are summarized in Figure A-6.

Day-by-day comparison between the data of Figures A-5 and A-6 shows
practically no difference in the FIB results for the vorticity analyses,
and only occasional differences (for examples for 2 and 6 September) for
the divergence analyses. As mentioned above, and exemplified by Figure
A-5, the primary reason for the similarity is that the analysis evaluation
involved an area of dense CMV data and sparse conventional radiosonde
data coverage, so the FIB analyses are always similar to those associated
with the CMV data. For example, the 14°-latitude-x-14°-longitude grid
square, for which net relative vorticity and divergence were computed,
contains 49 grid points. For the case of 3 September, 12:00 GMT, VORT
(CMV) data were assembled on the 49-grid-point VORT(RAWIN) background at
39 grid points, but only 3 VORT(RAWIN) data were assembled on the 49-grid-
point VORT(CMV) background. For the case of 5 September, 12:00 GMT, these
numbers were 30 and 3, respectively. The data for all the other days
gave similar figures. Generally, when a RAWIN background field was used,
more than half the grid points within the area of analysis were replaced
by CMV data. On the other hand, when a CMV background was used, practi-
cally no RAWIN data were assembled. Thus, for both FIB program options,
the resulting analyses were heavily weighted toward the CMV data.

4. Conclusions to the First Test Case Study

From the preceding discussion, it is evident that divergence computed
from the CMV data of the first test case study, and its subsequent assimi-
lation through the FIB program, does not provide meteorologically accept-
able analyses. Circulation, however, is an outstanding feature in the
CMV data, especially in the synoptic situation associated with a tropical
cyclone. Therefore, vorticity computed from the CMV data appears to be
a meteorologically significant input into the FIB technique. This implies
that only the rotational part of the cloud motion (wind) vectors contains

useful information.
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V(CMV) and V(RAWIN) with different background (first-guess) fields and
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FIGURE A-6
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Appendix B

SENSITIVITY OF FIB RESULTS
TO BACKGROUND WEIGHTING FACTORS

1. Background Data

To explore the sensitivity of the FIB results for the first study
case to changes in independent data weight and in background gradient
weights (B through F), the low-level VORT(CMV) and the 850-mb VORT
(RAWIN) data for 7 September 1974 were selected for further analysis.
For this date, the ATSWND analysis of VORT(CMV) is based on dense cover-
age of low-level cloud motion vectors for the time period 18:47:00
through 21:10:00 GMT, while the corresponding VORT(RAWIN) analysis is
based on the 850-mb rawinsonde data for 8 September, 00:00 GMT. The
rawinsonde data analysis has high reliability because of the proximity
of Hurricane Carmen to the relatively dense radiosonde network of the

U.S. mainland.

Figure B-1 shows the coverage of low-level VORT(CMV) and 850-mb
VORT (RAWIN). The corresponding patterns of VORT(CMV) and VORT(RAWIN)
generated by ATSWND and analyzed in terms of isopleths of relative
vorticity are shown in Figure B-2 within a 12°-latitude-x-12°-longitude

area centered at Hurricane Carmen.

For the sensitivity study, the FIB technique was applied by using
VORT (RAWIN) as the background field and VORT(CMV) as the independent
data. The high reliability of the VORT(RAWIN) background is evident
from its classical pattern of vorticity isopleths shown in Figure B-2(a)
which satisfies the vorticity criterion for tropical cyclones: relative
cyclonic vorticity sharply increases toward the hurricane center and

reaches a maximum value of 92.6 x 10~% sec-1.

The encircled grid points on Figure B-2(a) are those at which
VORT(CMV) data were assembled prior to solving the blending equation.
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These grid points are closest to the locations of the CMV data [see
Figure B-1(a)]. The vorticity pattern obtained from the cloud motion
vectors shown in Figure B-2(b) is not as strong as that from the rawin-
sonde data, and the analyzed central value (60.8 X 10-6 sec'l at 30°N,
92°W) is displaced with respect to the indicated hurricane location for
7 September, 18:00 GMT.

2. Blending Equation

The FIB technique entails solution of the so-called blending

equation at every grid point of a rectangular (I,J) grid array. Accord-

ing to Maxwell (197€¢), the blending equation can be written in the form:*

S(i,§)p*(1,3) - H(i,j) = G(i,}) , (B-1)

where p*(i,j) represents the scalar quantity to be analyzed at the grid
peint (i,j); S(i,j) is the sum of the weights of the blending parameters
(DATAWT, A through F); H(i,j) is the sum of terms each of which is the
product of a weight and a non(i,j) (ambient) p*; and G(i,j) is a function
only of the background and assembled data.

When the weights of background blending parameters are assigned

without any spatial variability, G(i,j) can be written as

G(i,j) = A(1,j)p"'(1,)) - B[p(i,j+1) +p(i,5-1) - 2p(4,j)]
- Clp(i+1,j) +p(i-1,3) - 2p(4,3)]
- E[p(i-1,j+1) +p(i+1,j-1)-2p(i,j)]
- Flp(A+1,j+1) +p(i-1,5-1) - 2p(4,))]
=4D[p(i+1,5) +p(i-1,5) +p(1,j+1) +p(1,i - 1) - 4p(4,])]
+D[p(i-1,5+1) +p(i,)) +p(i-1,j-1)+p(1-2,3) -4p(i-1,3)]

+ D[p(i+1,j+1)+p(1,j) +p(i+1,j-1)+p(i+2,j)-4p(i+1,]))]

*Here, S(i,j) is equivalent to Si j*
’
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+ D[P(i:j) +P(1+1,j = 1) +P(i,,‘| v 2) +P(1‘ l’j - 1) 5 4P(i,j = 1)]
+ Dlp(1,j) +p(i+1,j+1) +p(i,j+2) +p(i-1,j+1) - 4p(i,j+1)]

In the above expressions, p represents the scalar quantity of the back-
ground field, and p' represents the independent information assembled

at the grid point (i,j). If no independent datum is assembled, p' = p.

When the first gradients in the i and j directions and along the
right and left diagonals are assigned equal weight (B=C=W and E=FZK),
G(1,j) can be simplified as follows:

G(1,3) =A(1,)p"'(1,3) -Wlp(i,j +1) +p(i +1,3) +p(i,3 -1) +p(i -1,3) -4p(i,1)] |
- Kp(i-1,j+1) +p(A+1,j+1) +p(i+1,j-1)+p(i-1,j-1) - 4p(i,])] |
-4D[p(i,j+ 1) +p(A+1,5) +p(i,j-1) +p(i-1,3) - 4p(i,5)]

+ D[Laplacian of p at (i,j+1) + Laplacian of p at (i-1,j) +
Laplacian of p at (i,j-1) + Laplacian of p at (i+1,j)] .

Using the same assumptions, H(i,j) in Eq. (B-1) can be expressed
similarly, and the blending equation can be written as

A(1,3)p*(1,3) - Wlp*(1,§ +1) +p*(d1 +1,]) +p*(4,] - 1) +p*(1 - 1,3) - 4p*(1,3)]
- K[p*(1-1,§+1) +p*(i+1,j+1) +p*(i+1,j-1) +p*(i-1,j-1) - 4p*(i,j)]
=4D[p*(i+1,3) +p*(1i-1,3) +p*(i,5+1) +p*(4,] - 1) - 4p*(i,])]

+ D[Laplacian of p* at (1,j+1) + Laplacian of p* at (i-1,j) +

Laplacian of p* at (i,j- 1) + Laplacian of p* at (i+1,j)] =

A(1,9)p'(1,3) -Wlp(1,j+1) +p(1+1,5) +p(1,j - 1) +p(1-1,3) - 4p(1,1)]
- Klp(1-1,+1)+p(i+1,§+1)+p(1+1,j-1)+p(i-1,5-1) -4p(1,3)]

-4p[p(1,3+1) +p(1+1,3) +p(1,5-1) +p(1-1,)) - 4p(1,))]
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+ D[Laplacian of p at (i,j+1) + Laplacian of p at (i-1,j) +
Laplacian of p at (i,j - 1) + Laplacian of p at (i+1,j)] . (B-2)

Thus, under the assumption of no spatial variability in the back-
ground weights, and for B=C and E=F, the blending of VORT(CMV) data
into the background field of VORT(RAWIN) consists only of blending
parameters related to the Laplacian at (i,j) and the Laplacian at four
surrounding grid points. Thus, the curvature of the vorticity isopleths
at (i,j) and that at adjacent grid points are the blending parameters.

It is of interest to note that the assignment of a value to D in
Eq. (B-2) adds an additional weight of 4D to W.

3. Application of Eq. (B-2) to FIB

The vorticity pattern associated with a tropical cyclone such as
that shown in Figure B-2(a) is composed of concentric isopleths of
relative cyclonic vorticity that sharply increase in magnitude toward
the cyclone center. For such patterns, the gradients in the i and j
direction should carry large weight (B,C »0), and the cross gradients
for the left and right diagonals need not be considered separately
(E=F=0). If there is no obvious reason to distinguish between B and
C, B=C=W, and Eq. (B-2) is applicable in the form

A(L,3)p*(1,3) - Wlp*(4,5 +1) +p*(1+41,3) +p*(i,j - 1) +p*(i-1,3) - 4p*(1,3)]
+ D[Laplacian of p* at (i,j+ 1) +Laplacian of p* at (i-1,j) +
Laplacian of p* at (i,j- 1) +Laplacian of p* at (i+1,j)] =
A(1,3)p'(4,3) -Wlp(,j+ 1) +p(i+1,j) +p(i,j-1) +p(i-1,]) - 4p(4,))]
+ D[Laplacian of p at (i,j+1) + Laplacian of p at (i-1,j) +
Laplacian of p at (i, - 1)+ Laplacian of p at (i+1,3j)] . (B-3)

The Laplacian term associated with the weighting factor 4D in Eq. (B-2)
has been combined with the identical Laplacian term weighted by W.
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First, we consider the sensitivity of the FIB results to W by setting
D=0 in Eq. (B-3). Consider the pattern of relative vorticity isopleths
of VORT(RAWIN) background shown in Figure B-2(a). Because of its high
reliability, we wish to conserve this background pattern in the applica-
tion of the FIB technique. Therefore, a relatively large value should
be assigned to W. The sensitivity of the FIB analysis after the first
pass [VORT(FIB1)] for different values of W is illustrated in Figure B-3,
using DATAWT =1.0 and A=0.001. The FIB results are presented in terms

of isopleths of relative vorticity at intervals of 10 x 1076 gec~1.

For the special case W=0 and D=0, Eq. (B-3) reduces to

A(i,3)p*(1,3) = A(1,3)p'(1,7)

and the vorticity analysis simply consists of the background VORT (RAWIN)
with the assembled VORT(CMV) data superimposed. No blending is required.
It is evident from Figure B-3 that, in this case, the relative vorticity
isopleths represent a pattern that is incompatible with the highly re-
liable VORT(RAWIN) background field, because of pronounced double vor-
ticity centers. When a weight is assigned to W, the secondary vorticity
center is considerably reduced. The patterns of VORT(FIBl), however,

do not significantly change from the pattern associated with W=0.01
until W increases to 0.5 or 1.0. This implies that, using DATAWT=1.0
and A = 0.001, the FIB analysis does not significantly reproduce the

latitudinally elongated vorticity pattern of the background field until
the weight of the Laplacian blending parameter is comparable to that of

the assembled independent data.

Figure B-4 shows more explicitly the sensitivity of VORT(FIBl) to
the changes in W. Each curve presents VORT(FIBl) as a function of W
at a grid point where VORT(CMV) data were assembled. The ten grid-
point locations in the VORT(RAWIN) background field can be identified
by reference to Figure B-2(a). Significant changes in VORT(FIB1)
require rather large values of W, unless the grid point is associated

with relatively large curvature in the vorticity isopleths, as occurs,

for example, at 24°N, 90°W and at 28°N, 96°W. In general, increasing
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W=0.01 by a factor of 10 to 20 does not result in significant changes
in VORT(FIBl1l) because of the choice of DATAWT = 1.0 and the magnitude
of the background Laplacian--that is, the value of G(i,j) [right-hand
E : side of Eq. (B-3)] at any one grid point does not change significantly.

Small values of W would affect the VORT(FIBl) analysis much more
than is shown in Figure B-4, if DATAWT were reduced proportionally
which would be equivalent to dividing both sides of the blending
equation (B-3) by the same factor. Thus, the value of W relative to
that of DATAWT influences the FIB analysis. For example, the data of
Figures B-3 and B-4 would not change if both DATAWT and W were divided
by the same factor, provided DATAWT remained large relative to A = 0.001.

Figure B-5 shows G(i,j) as a function of W/DATAWT for the ten grid
points of Figure B-4. As expected, the curves are similar to those of
Figure B-4, and show that the solution to the blending equation, Eq.
. (B-3) does not significantly change until W/DATAWT > O0.2.

4. Preliminary Conclusions

When the FIB technique is applied to meteorological analyses that
pertain to tropical cyclones, a simplified form of the blending equation
may be used to assimilate vorticity computed from cloud motion vectors.
The simplification is possible because of the pattern of near-concentric
isopleths of cyclonic vorticity that is characteristic of a tropical
cyclone and that reflects the large rotational component of the horizon-

tal wind field.

The blending parameters in the simplified blending equation are
related to only the Laplacian properties of the background (first-guess)
field. The background forcing function G(i,j) can be expressed as:

G(1,j) = A(1,))p'(1,)) - W[Laplacian of p at (i,j)] +
D[Laplacian of p at (i,j+1) + Laplacian of p at (i-1,j) +

Laplacian of p at (1,j-1) + Laplacian of p at (i+1,j)] .
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In the sensitivity analysis discussed above, the influence on the
FIB analysis of the Laplacian properties at the four grid points adjacent
to (i,j) was omitted (D=0). 1In this case, the background forcing func-

tion reduces to:
G(i,3) = A(1,3)p'(1,3) - W[Laplacian of p at (i,j)] , (B-4)
and the blending equation takes the form
A(1,3)p*(i,j) - W[Laplacian of p* at (i,j)] = A(i,j)p'(i,j) -
W[Laplacian of p at (i,j)] .(B-5)

In our example of Figure B-3, A(i,j) =DATAWT + A = 1.001, and W = 0.01,
0.08, 0.16, 0.5, and 1.0. The above form of the blending equation shows
that FIB results similar to those illustrated in Figure B-3 would have
been obtained if DATAWT and W had been divided by, for example, a factor
of 10. Thus, relative rather than absolute values of the weights con-

trol the FIB technique.

A proper choice of DATAWT and W can be made semiobjectively by
(1) examining the initial fields of VORT(RAWIN) and VORT(CMV) generated
by ATSWND, to determine the extent to which the background pattern
should be conserved, and (2) computing the background Laplacian field
and determining the values of W relative to DATAWT at which the forcing
function [Eq. (B-4)] begins to change significantly. Two examples
illustrate the approach.

Example A--7 September 1974

This example has been discussed in detail in preceding sections.
Figure B-2 shows the ATSWND analyses of VORT(RAWIN) and VORT(CMV). The
background field of VORT(RAWIN) has high reliability, and its pattern
of relative vorticity should be conserved to a large extent. Figure B-5
shows that W should be > (0.2 DATAWT) to significantly change G(i,j)

and, consequently, the solution to the blending equation.
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Example B--6 September 1974

Figure B-6 shows the initial ATSWND analyses of VORT(RAWIN) and
VORT(CMV) for 6 September 1974. The background field of VORT(RAWIN),
which is valid for 12:00 GMT, is not representative of the vorticity
pattern associated with a hurricane, because the area of analysis lies
outside the network of available radiosondes. The superiority of the
vorticity analysis obtained from the cloud motion vectors is evident
from Figure B-6(b).

Obviously, no features in the background analysis of VORT(RAWIN)
need to be conserved, and, therefore, the blending technique must be
applied with minimum background weights. Figure B-7 shows the results
of the FIB technique after the third blending loop and the 5-point
smoothing. The blending equation is solved in the form given by Eq.
(B-5), using DATAWT = 1.0, A = 0.001, B =C = W = 0.01l. The pattern
: of relative vorticity obtained from the FIB technique [VORT(FIB3)]
shows improvement over that of the VORT(RAWIN) background [Figure 6(a)].
The improvement, however, does not reflect the relatively large values
(>70 x 106 sec~1) associated with VORT(CMV) [See Figure B-6(b)]. Onme
reason is that, prior to blending, values of VORT(CMV) are assembled
only at the grid points closest to the location of the cloud motion
vector data. Consequently, the large values in the VORT(CMV) analyses
were not assembled [see Figure B-6(a)]. The FIB technique can be
improved by modifying the program so that all values of the VORT(CMV)
analysis are assembled, not only those closest to the location of the

original cloud motion vectors.

An improved VORT(FIB) analysis could be obtained by using VORT(CMV)
as the background (first-guess) field. The concept of assimilating
available rawinsonde data into a background field of VORT(CMV), how-
ever, may not be desirable from an operational viewpoint. For example,
conventional weather analyses obtained by numerical techniques are
routinely provided, while CMV data can be expected to become available .
periodically in areas of extensive cloud cover. Therefore, it seems

logical to periodically assimilate the CMV analyses into the conventional -

background analyses.
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Appendix C

SECOND TEST CASE ANALYSES

1 A General

A second case study to evaluate the FIB technique for blending cloud
motion data with conventional wind observations was carried out in the
eastern Pacific Ocean from 20°N to 50°N and 120°W to 160°W. This case
study involved the migration of an extratropical cyclone during the
period 5 through 7 February 1976. Earth-located cloud motion vector
(CMV) data were available as part of a NASA/NOAA-sponsored Data Systems
Test (DST-6). Such tests are conducted as a prototype for the First
GARP Global Experiment (FGGE). SMS-2 CMV data tapes were obtained from
the Space Science and Engineering Center of the University of Wisconsin.
Cloud motion (wind) vectors were generated on the University of Wisconsin
McIDAS. CMV heights to the nearest 100 mb were determined from both the
visible and infrared data.

The time periods for which CMV data were obtained are listed below.
All data were for the 100-to-900-mb range and had full DISC coverage.

Date Time Period
(Feb. 1976) (GMT)

4 09:15-10:15
5 08:45-09:45 ~

22:45-23:45

(3 09:15-10:15

14:45-15:15

22:15-22:45

7 09:15-10:15

14:45-15:15

8 09:15-10:45
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The background fields with which the independent CMV data were to be
blended were the Fleet Numerical Weather Central (FNWC) constant-pressure
height analyses for the levels and times closest to the heights and times
of the CMV data. The background fields were generated from data tapes
provided by the Technical Monitor.* The tapes contained contour height
values for each of the 3969 points in the FNWC 63 x 63 operational grid
for the standard constant-pressure levels and at the standard (GMT) times
corresponding to the CMV data. A computer routine was developed to con-
vert a given field of height values to a latitude/longitude field of
geostrophic winds for the area of interest. The geostrophic winds as a
function of latitude and longitude then provided the input to ATSWIND,
which subsequently analyzed the background fields of wind, vorticity, and
divergence on a 2°-latitude-x-2°-longitude grid mesh.

In view of the good representation of the rotational wind field by
the cloud motion data of the first case study, and the simplification
of the blending equation described in Appendix B, the second study was
an evaluation of the FIB technique by blending CMV winds and geostrophic
winds, using the respective vorticity properties and the solution to
the simplified form of the blending equation. Divergence obtained from
the CMV data was evaluated, but assimilation of this kinematic quantity
in a background field based on geostrophic winds was not attempted, be-
cause of the nonrepresentativeness of the geostrophic divergence. The
blending equation was applied to the second case study in its simplified
form (see Appendix B) and solved by using the weighting factors listed
in Table C-1.

Data blending using both low- and high-level winds was carried out
for 6 and 7 February 1976, 00:00 and 12:00 GMT, and for 8 February, 00:00
GMT. The FIB technique and the blending procedure showed similar features
for these five cases. One representative case (6 February, 00:00 GMT)
has been described in Section IV. An additional case (7 February 1976,

*
Mr. James Clark of NEPRF. 2
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Table C-1

SUMMARY OF WEIGHTING FACTORS
USED IN FIB SOLUTION

Weighting Factor Weight Assigned Value
New data DATAWT 1.0
Background scalar A(d,3) 0.001
Gradient in j direction B(4,j) 1.0
Gradient in i direction C(4,j) 1.0
Cross gradients E(1,j),F(1,3) 0
Laplacian D(1,j) 0

00:00 GMT) is discussed in this Appendix. All other cases are summarized

as to the significance of the blended end products.

2. Case Study of 7 February 1976, 00:00 GMT

(1)

Application of FIB, using low-level winds.

(a) Initial Input Data Analyses

Figure C-1 shows the SMS-2 visible cloud images for 6 February
1976, 22:45 GMT, and the corresponding low-level (900- and
800-mb) CMV winds for 22:15-22:45 GMT. Figure C-2 shows the
ATSWND analyses of the CMV data and the FNWC 850-mb geostrophic
winds valid for 7 February 1976, 00:00 GMT. The circulation

in the geostrophic wind field associated with the extratropical
cyclone off the California coast and the anticyclone further
westward are clearly defined by the CMV winds. However, when
relative vorticity is computed from the data of Figure C-2,

the CMV winds show various small-scale anomalies, as illustrated
in Figure C-3. While the FNWC geostrophic winds represent a
smooth synoptic-scale cyclonic relative vorticity pattern con-
sistent with that associated with the extratropical cyclone,
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the CMV winds produce small areas of anticyclonic vorticity
east of the cyclone center. Whether these areas reflect meso-
scale features or inaccuracies in the CMV data cannot be deter-
mined. During operational application of such data, however,

a decision must be made whether to maintain such anomalies or
edit them out of the CMV data. Since this research study was
concerned with a test and evaluation of FIB, the anomalies

were kept in the initial CMV input data so as to assess their

effect on the objective FIB analysis.

(b) Independent Data Assembly

To initiate the blending cycle, a set of new independent VORT
(CMV) data must be assembled in the VORT(Vg) background field.
The independent data set is obtained by selecting the grid-
point values in the ATSWIND analysis of VORT(CMV) [Figure C-3
(a)] that are nearest to the actual location of the cloud
motion winds of Figure C-1(b). These values are subsequently
assembled at the corresponding grid points in the ATSWIND
background analysis of VORT(Vg) in Figure C-3(b).

(c) Evaluation of FIB Results

The impact of the VORT(CMV) data of Figure C-3(a) on the back-
ground field of geostrophic vorticity of Figure C-3(b) after
application of the data blending technique is illustrated in
Figure C-4. This figure shows grid-point values of the differ-
ence between the original background field of geostrophic vorti-
city [VORT(Vg)] and the FIB analysis of blended vorticity
[VORT(FIB)] before and after so-called weight reevaluation.

In Figure C-4(a), before weight reevaluation, geostrophic
cyclonic vorticity east and south of the extratopical cyclone
center has bevn reduced by the assimilation of the CMV data.
This impact is apparent from the initial input data of Figure
€-3: the small areas with anticyclonic vorticity in the CMV
data are responsible for the reduction. When this reduction
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(2)

in cyclonic relative vorticity is not accepted, the weight
reevaluation routine is applied to the data of Figure C-4(a).
For a detailed discussion of the weight reevaluation routine,
see Maxwell (1976). 1In our study, the average standard devia-
tion of the FIB solution from the background was limited to
about 1.0. Whenever it exceeded 1.0, a new data weight was
assigned and an improved solution to the blending equation was
obtained. The overall improved FIB analysis is shown in Figure
C-4(b). Increased conformity to the background is evident.

Application of FIB, Using High-Level Winds

(a) Initial Input Data Analyses

Figure C-5 shows a high-level (300-mb) data sample used to
evaluate the FIB technique. The SMS-2 cloud images correspond-
ing to the CMV winds are those of Figure C-1(a). The ASTWND
analysis of the 300-mb CMV winds [Figure C-5(b)] has discrepan-
cies in the area of no data; otherwise, it represents the general
circulation features of the FNWC 300-mb geostrophic wind field
quite well. Differences between the cloud motion winds and the
geostrophic winds are more evident in the analyses of relative
vorticity shown in Figure C-6. In the area of cloud motion
data coverage, many anomalies are present, and magnitudes of
relative vorticity are much lower than those of geostrophic

vorticity.

(¢c) Evaluation of FIB Results

The impact of the high-level cloud motion winds on the 300-mb
geostrophic vorticity field is shown in Figure C-7 before and
after weight reevaluation. Differences are shown between the
original background of geostrophic vorticity and the results

of the FIB analyses. Positive differences in the area of the
extratopical cyclone indicate that [VORT(Vg)—VORT(FIB)] > 0,

so cyclonic relative vorticity was reduced by the blending

technique.
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3. Summary

The FIB results of the second test case study are summarized in
Figure C-8. For four different times, average relative vorticity was
computed over variable mesh-size grid squares centered at the extratropical
cyclone (upper frames of Figure C-8) and at the anticyclone (lower frames).
Grid squares of 18°, 14°, 10°, 6°, and 2° latitude x longitude were

selected.

The vorticity computations, shown on the right-hand side of each frame
were carried out using:
e The ATSWND analyses of relative vorticity obtained from the

"independent" cloud motion winds and from the "background" FNWC
geostrophic winds.

o The blended FIB analyses of relative vorticity before and after
the weight reevaluation.
Average divergence was computed over the same grid squares only
from the ATSWND analyses of divergence obtained from the "independent'

cloud motion winds.

The vorticity data reflect the same features as the grid-point
analyses presented in previous sections: In all cases, there is initially,
a significant difference in magnitude of relative vorticity between the
cloud motion winds and the geostrophic winds. The sign and the general
trend of the vorticity, however, are similar. The cloud motion data
correctly represent the extratropical cyclone as associated with large
cyclonic vorticity increasing toward its center, and the anticyclone
with negative relative vorticity. The impact of the cloud motion winds
on the geostrophic background field is clearly demonstrated.

The average divergence associated with the cloud motion winds is
more difficult to evaluate, since divergence pattern can be asymetric,
depending on the movement and intensification of the extratopical cyclone.
Analyses more detailed in time and space than carried out in this study

are required to evaluate the blending of divergence.
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