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ERROR CHARACTERISTICS OF SATELLITE-DERIVED WINDS

by

Lester F. Hubert and Albert Thomasell, Jr.
_ Meteorological Satellite Laboratory
National Environmental Satellite Service, NOAA
Washington, D.C.

ABSTRACT.  Errors of winds derived from geostationary
satellite measurements are estimated by analysis of
differences between satellite and rawin observations. It

SieSFR T Uhptthe, 600 O ORLaERSragh hean, e
for upper levels. These errors stem from the "noise"
inherent in measuring cloud displacements and errors

introduced by meteorological influences. "System noise,"

D N e s I

vectors and about 4 m s-* for manual vectors. These fig-
ures pertain only to clouds tracked with infrared imagery.

The accuracy of these data can be increased by reducing
system noise, but improving their meteorological value can
be realized only by modifying Procedures to enable clouds
to be tracked in meteorologically active regions.

1. INTRODUCTION

This report presents estimates of errors in_wind observations derived from
geostationary satellite data, based on analysis of differences between sat-
ellite winds and nearby rawinsondes and examines in some detail the error
component of satellite winds we_call "system noise.” Wind_errors are made
up of two parts a) errors_arising from the variable relation between cloud
motion and wind (at a specified level), and b) errors inherent in tracking
clouds with satellite imagery. The latter is a pervasive "system noise"
while the former depends upon_atmospheric conditions which can introduce
errors that range from Insignificant to major. Perhaps the greatest atmos-
pheric effect 1s that associated with vertical wind shear. Shear may
Introduce a motion component of its own to convective clouds. Even in_the
absence of such nonadvective motion, vertical shear produces serious wind
errors when cloud-drift vectors are assigned to wrong elevations.

Present data are inadequate for appraising atmospheric effects, but we can
assess the "system noise™ and thereby gain some insight into the error
characteristics of satellite winds.

Accurac¥ estimates of winds perch uneasily on_the weak twig of "ground
truth." Except for a few measurements made during field experiments



(Hasler et al. 1976 and 1977) the "truth" Itself is fraught with uncer-
tainty. Moreover, these Independent observations of wind are commonly
somewhat removed In space and time from satellite measurements. Space-time
variations of the wind, together with the random errors 1n measuring the
“true" wind fields, contribute to the differences between satellite winds
and Independent data.

Earlier studies such as Bauer (1976) and Hubert and Whitney (1974) conclude
that satellite winds were about as accurate as were rawlns. This conclusion
Rears closer scrutiny and some amplification—one of the tasks undertaken

ere.

Rawinsonde accuracy decreases when the balloon,_risin% into layers of
great speed, moves a great distance from the station. Error is thereby cor-
related with both speed and altitude and it has been expressed in terms of
root mean square error (rmse) as a percenta%e of speed. For_example see
Arnold (1956) and Gabriel and Bellucci (195I). Such a relation is not
appropriate to satellite observations because large cloud displacement (high
speed) usually is associated with smaller percentage error.

Satellite errors stem from other sources. For example, the relation is
unknown between the motion of clouds some kilometers thick and wind which is
changing with altitude. In the lower troposphere cumuli are the most common
target and_their_motion relative to a shearing flow is particularly complex
(Hubert 1976). Thus, when displacements of cumuli are reported as”winds at
a sPeC|f|c elevation, this complexity can introduce errors that range from
smaller to much larger than those of rawinsondes.

When the problems associated with convective clouds can be avoided by
tracking _thin clouds, another error source a?pears in its_place—that of
determining cloud temperature (and thereby altitude). This is especially
troublesome with cirrus.

Because the error sources are different, no fixed relation exists between
satellite and rawin errors. Moreover, the satellite wind errors due to
atmospheric conditions are likely to be influenced by a different set of
atmospheric variables in _the low troposphere than in the middle and upper
atmosphere. Hence, studies of low cloud motions in a limited variety of
synoptic situations are probably not representative of all satellite winds.
For_these reasons, earlier studies which found "about the same accuracy" of
rawin and satellite data, need some amplification.

The next section presents summaries of the deviation between satellite and
rawinsonde observations. By estimating the different factors that enter
into the differences between these data sets, we isolate the error of sat-
ellite winds. Also examined is the effect of letting low cloud motions
represent the wind at the 900-mb level. Section 3 reports three independent
assessments of cloud tracking accuracy (system noise), section 4 summarizes
the studies of error characteristics and points out features of a wind deri-
vation_system that can be improved to increase the accuracy of the present
operational product.



2. COMPARISON OF SATELLITE WINDS AND RAWINS

) N??rl¥ all the NESS_ogprat&onal windskfor Iogoleyels are deriyed a¥ﬁomat—
ica rom pairs of .infrare es taken at 30-mjnute intervals. e

are t¥ansm?t e worrd—W|de as é@ngB w?n ogservat=ons?, and t e%r accu¥acy
IS assessed by comparing them with rawin reports at that level. Upper
clouds, tracked manually on movie loops, are assigned to a variety of pres-
sure levels, and comparisons with rawins are made for the pressure level
assigned to the satellite winds.

2.1 NESS Picture Pair Winds for a Winter Period

Summaries presented in this section pertain to vector magnitude differ-
ences between cloud motions over water and nearby balloon measurements from
ships and island stations. Separation between clouds and rawin stations
ranged from 100 km to 350 km and they differed in time by two hours. Upper
alr data_from coastal stations were not used because we found that their
observations were not alwa¥s representative of the wind that existed some
300 km seaward where the clouds were tracked.

2.1.1 Data and Statistics

Picture pair winds for the months November 1976 through February 1977 were
paired with rawins for 0000 GMT and 1200 GMT from the following stations:

Station No. and Name Ho. of. . Summarized on
omparisons f|gure no.

08509  Azores 163 2.1

78016  Bermuda 184 2.2

76151  Guadalupe 109 2.3

91066  Midway 299 2.4

72600  Sable 226 2.5

C-7-H Ship:38°N.71°W 163 2.6
miscellaneous ships 42

Total....... 1186

AThe practice of assigning all low level data to 900 mb was the result of

an earlier study that showed the average agreement with rawins was slightly
better at 900 mb than at any other single pressure level. This is confirmed
by this study.

21n some cases two satellite observations were ?aired with a single rawin
observation, thereby providing a_greater number of comparisons than the
number of rawin observations during the period.



Deviations between cloud drift vectors and rawln observations were tab-_
ulated for 1000 mb, 900 mb, 800 mb and 700 mb_and for the level of best fit
(LBF). The LBF 1s defined as the level at which the vector difference
between rawln and cloud motion 1s smallest. Deviations 1n terms of vector
magnitude differences, as well as LBF pressures to the nearest centibar,
were summarized separately for each station, with the exception of the ship
data which were combined as noted above.

A LBF was not found for every comparison. In some cases differences
between rawln and cloud vector were Identical at two or more elevations.
These cases were discarded. In addition some cases were classified as
“No LBF" where the minimum difference exceeded the rawin wind speed. Cloud
vectors falling Into this "No LBF" category, about 5% of the total sample,
were divided Into two groups — those with” cloud speeds exceeding 5 m s”I
and those with lesser speeds. The latter correspond to data which, while
uncertain, would not seriously degrade a synoptic scale analysis because
usually the rawln speeds were also small. “Those cloud speeds_exceedln%
5m s”S on the other hand must he counted as significantly different tTrom
balloon data and are Included In the statistics. All cloud motions,
Including those In the "No LBF" category, were also compared to rawins at
the constant pressure levels.

2.1.2 Vector Difference Summaries

_Figures 2.1 to 2.6 show cumulative percent frequencies versus vector mag-
nitude differences. Figure 2.7 combines the data from figures 2.2 to 2.6.
Only the 900-mb curves are shown as solid lines—other levels are depicted
by unconnected symbols. Insets to these figures show the frequency distri-
butions of the LBF pressures in 5 cb class Intervals, as well as the
frequency of "No LBF" where the speed exceeded 5 m s™l.

Steep slope of a cumulative frequency curve indicates good agreement
between cloud drift and balloon vectors. For example the 900-mb curve of
flﬂure 2.7, rising sharply and remaining to the left of the curves for
other levels, shows that the correspondence to 900-mb rawins is closer than
at any other fixed level. By reason of its definition, the LBF curve must
alwayS lie to the left of other points. Note that the percent deviations at
LBF do not accumulate to 100% because of the "No LBF" category.

It 1s clear that the Azores data are significantly different from the
others. Figure 2.8 shows the Azores 900-mb curve together with the enve-
lope of all "other 900-mb curves. The histograms of LBF pressures suggest
the reasons for this difference. For most of the stations (fig. 2.7% modes
occur at high pressures and the median LBF is near 900 mb. Azores_LBF
pressures, Dy contrast* (flg. 2.1% show that a significant proportion of the
cloud drift winds correspond to the 650- to 750-mb balloon measurements.

2.1.3 Fixed versus Variable Height of Picture Pair Winds

The foregoing shows that assigning picture pair vectors to the 900-mb level
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or to anX other fixed pressure level, Introduces error. The contrast
between Azores and all other data appears to be real. At least for that
location, picture pair winds 1n winter might better be assigned to 800 mb.
This no doubt stems from a meteorological effect but Its nature is unknown.
It may simply be that the frequency of altocumuli In the 650 to 750 mb layer
s greater here than_at other locations. We have no read¥ means of Inves-
ti atln% this possibility. Analysis of cloud top temperatures would not
settle the question because low clouds whose motions correspond to the
900-mb wind frequently extend to 650 or 750 mb.

Several years ago in a_joint MSL—Office of Operations Broject we experi-
mented with assigning height to low cloud vectors on the basis of cloud
temperature. Differences between cloud motions and rawlns at those variable
helghts exceeded the differences at 900 mb--a result consistent with our

gar ter conclusion that cumuli pattern motions correspond to wind near cloud
ase.

A more recent experiment sought to relate the level of best fit to the
synoptic_situation by associating LBF with wind direction and 850 mb temper-
ature. This also failed to reduce the difference between rawlns and picture
pair vectors.

Several researchers at the University of Wisconsin and at Goddard Space
Flight Center (personal communications) have assigned low cloud vectors to
a variety of heights—mostly on the basis of adjusted cloud top temperatures.
Their goal was to obtain low-level wind analyseS for purposes other than to
compare satellite winds with rawlns. Accordingly none of these authors
studied the effect of variable height assignments or showed them to be
superior to fixed-level assignments.

We must conclude that at the present state of the art, no technique has a
demonstrated capability for ImprOV|n%_the assignment of height to_picture
pair vectors over water. However, this conclusion may not be valid for
other situations and other tracking methods—for example, manually tracking
small cumuli over land. Neither does 1t foreclose the possibility of
assigning heights to variable elevation of cloud bases according to clima-
tology. Note that this conclusion applies only to picture pair winds
derived from Infrared images.

2.2 NESS Picture Pair Winds for a Summer Period

Deviations between 900-mb rawins and picture pair measurements for 7 weeks
during July and August 1978 were obtained with a program different from that
used Tor the winter period. Differences at levels other than 900 mb were
not calculated nor were LBF pressures obtained. Coastal station data,
eliminated from the earlier period, were Included. The separation criteria
were also altered. South of 30° latitude, observations were paired if the
separation did not exceed 2° latitude and 2° longitude. Poleward of 30° the
separation distances did not exceed 2° latitude and 3° longitude. This
permits maximum separation of 360 km near 300. We have no record of the
mean separation distance in this data set, but believe it to be about the



same as the winter set where the mean separation was 290 km. These changes

may have Introduced additional deviations, compared to the winter deviations,

but they are used here to Increase the sample size. The¥ are the output of

a_program set up for an International comparison of satellite winds and we

did not feel the time and expense of a duplicate run, with the earlier pro-

%ram, was justified. Figure 2.9 displays vector magnitude cumulative
requencieS of picture pair data for these summer data.

Z 90
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N - 1452
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Figure 2.9—Cumulative frequencies vs. magnitude of vector difference
etweeq 900-mb “rawin_and nearby low level NESS low cloud vectors
or July and August 1978.

2.3 NESS Upper Level Winds for a Summer Period

UpPer level winds measured with movie loops and assigned to a variety of
levels above the 700 mb pressure level during this_summer period were com-
pared with rawlns at the assigned levels. Separation criteria were identical
to those for the summer picture pair data. Figure 2.10 1s a plot of vector
magnitude frequencies, similar to the earlier Tigures.

530 N e o622

2 3 4 5 6 7 8 9 10 I 1213 14 15 16 17 18 19
MAGNITUDE OF VECTOR DIFF. - M.SEC"

Figure 2.10—Cumulative frequencies vs. magnitude of vector difference
between rawlns ‘and nearby NESS upper level cloud vectors at

various heights, for July and August 1978.



2.4 Estimates of Error in NESS Operational Wind Data

_ Differences between rawlns and satellite winds such as those summarized
in figures 2.3 to 2.10 are the sum of several components. In this section,
by means of some reasonable assumptions, we estimate the part of those dif-
erences that is due to errors 1in satellite winds.

Consider the vector magnitude difference (Z) between a rawin at point a
and a satellite wind at point b for N cases:

2= Z(Ra-S5)2/N (2.1)

and R =W +e
a r

d
Sb= Wbt e$, where
Ra : rawin measurement of wind at a specific level, at point a, time t*

Sh satellgte measurement of wind at a specific level, at point b,
time t

Wa : true (error-free) synoptic scale wind at point a, tj.

Wb : true synoptic scale wind at point b,
AW . (Wa-Wb)—Time-space difference of the true synoptic scale flow.

er : random error of rawin measurement,

es : random error of satellite measurement of wind,

Substituting
Z2 = Z[AW+(er-es)]2/N
= 1ZAN2+Ze2+Ze2+27AW(er-es)-2Zeres]/N (2.2)

The last two terms can be d[0ﬁped because theX are each the summed product
of random variables which vanish for large N. Approximately, therefore,

(2.3)
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The quantity AW represents the time-space difference of the error-free,
synoptic scale wind at points a and b. The two error terms, er and_e™ rep-
resent the differences between that actual large (Synoptic) scale wind and
those respective measurements. These erfors stem from different causes.
Rawin error, er, consists of measurement errors plus differences between the
synoptic_scale wind and the turbulent wind that advects the balloon. The
latter might be regarded as a scale error. Satellite wind error, es, con-
sists of cloud tracking errors and all differences that exist between cloud
motion and the synoptic scale wind at the assigned height. Scale error is
assumed to be negligibly small because cloud motions correspond to large
scale flow. Upper clouds, for example, are tracked for 2 hours over dis-
tances In excess of 100 km. Picture pair vectors (Aow clouds) correspond

to large scale flow because they are derived from the displacement of cloud

ensembles that occupy squares about 125 km on a side.

Cloud tracking errors, which are but one component of satellite error,

are examined 1n the next section. _Here we are concerned with estimatin
the total rms error o% satellite W|n§s, namely, [(Ee8)/NJi/2. we Wl}l !

evaluate that error using measured values of Z, estimates of AW made from
Independent statistics, and with some assumptions regarding the relative

magnitudes of er and es.

Operational NMC analyses of winds were used to estimate the quantity
(EAW2)/N, as follows. " For a given time and pressure level, the differences
of the u-component of wind (Au) and the v-component of wind éAv) were com-
puted successively over distances of 1, 2, 3, 4, and 5 grid distances from
about 8° to 550 north latitude. Weighted for map scale In this zone, the
mean grid spacing 1s 291 km. The rms of each different component was summa-
rized and combined to yield the rms of the vector magnitude difference.

That Is, rms (vector difference) = jjrms cawj~r + [ms (Av)Jo 1/7

These were calculated for three pressure surfaces and are listed in table 2.1,

Table 2.1 Root mean square of vector magnitude differences of analyzed wind
fields as function of horizontal distance and elevation, m s-!

Distance Km

291 582 873 1164 1455
Pressure-ht
850 mb 2.9 5.2 6.9 8.1 9.1
500 mb 4.6 8.6 11.7 14.0 15.8
(300 mb)* (6.4) (12.0) (16.4) (19.7) (22.1)
250 mb 7.1 13.3 18.1 21.7 24.3

¢Interpolated linearly on a log-pressure scale.
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Because satellite winds were derived from ima%es only 2 hours from the
rawin observation times, time changes are neglected, therefore,

rms (vector diff) = [(eaw2)/N]1/2

The calculated values increase with height linearly with log of pressure at
all distances and this relation was used to interpolate rms values for the
300-mb level which 1s representative of the upper level winds.

Using rms (vector difference) as an estimate of [(EAW2)/N)]1/2 in eg. (2.3)

makes the implicit assumption that spatial variability of the real synoptic
scale wind is depicted by the NMC analyses. This appears to be valid
because we do not depend on the analysis to reﬁresent the actual wind at
every grid point; rather, we imply only that the analyses exhibit the same_
statistical characteristics as the real wind. That is, the scale and ampli-
tude of disturbances of the real and analyzed fields are assumed to be

identical

Satellite wind errors contain a component due to_height assignment that is
essentially astent from rawin measurenﬁents. That 1s, Teq. 33? Een§>EeE1

That Thetr e hErE ieS! iR Ehe CTange” rron 52 o 3 o That I oFeE -"Bedr "

where R lies in the range from 0.67 to 0.50.3 Substituting in eq. (2.3)
and rearranging,

Ee2/N = [Z2-(EAW2)/N]/(14R). (2.4)

We now have estimates of all the terms on the right hand side of this _
equation and can compute the probable range of rms errors in satellite winds.
These errors represent the rms differences between the satellite wind
(reported as the wind at a specific level) and the real synoptic scale wind

Tk e '8 rand 0k BT EO tnd Bl e e 30T Tetahe 5 Compute
the picture pair and the upper level wind errors, respectively. The average

distance between satellite wind and upper air station was about 290 km so
the two tab}e %.1 values to Be useg apg 2.8 ms ? and 6.4 m s~I. The

assumed values 0.67 R ~.0.50 yield the range of error estimates listed
in table 2.3.

3The exact value of this ratio 1s unknown, but the ultimate result is not
very sensitive to the value used, as long as R<l. Ratios less than unity
obtain when satellite wind error is greater than rawin error. The evidence
presented here, as well as the consensus of those involved in deriving sat-
ellite winds, Is that the uncertainty in assigning heights to cloud motions
vectors creates a strong tendency for R<l.
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Table 2.2 Vector magnitude difference between satellite winds and

raW|?? at level assigned to satellite wind and mean

satellite wind speed, m s-1

Date Sample N
Picture pair: all island

and ship data for winter 1977 1186
All island and ship data

except Azores 1023
Azores 163
Picture pair: summer 1978 1452

All picture pair
data for winter 1977 and

summer 1978 - weighted mean 2638
Manual (upper level) winds,
summer 1978 622

Median

4.3

4.1

5.3

3.7

4.0

9.2

rms

6.98

6.74

8.30

6.30

6.61

12.40

Mean wind
speed

11.8

11.7
12.2

9.0

10.2

14.5

Table 2.3 Estimates of vector magnitude error for satellite winds

Data sample Range* of

Picture pair: all island
and ship data for winter 1977  From 4.9

Al island and ship data

except Azores I 4.7
Azores I 6.1
Picture pair: summer 1978 I 4.3

AIl picture pair data for
winter 1977 and summer 1978,
weighted mean I 4.6

Manual (upper level) winds,
summer 1978 I 8.2

MmS m s

to

to
to
to

to

to

5.2

5.0
6.3
4.6

4.8

8.7

*See text for explanation of these upper and lower limits
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The result _is Insensitive to the assumed value for R as illustrated by the
following: Table 2.3 shows the total samBIe of picture pair winds to have
an rms_error ranging from 4.6 to 4.8 m s~*. If we assume that the satellite

coper Finfe"ot $Be1OCRaNoea ha s 0% 2" *f°%he Rsthetshat P safeliite

error were equal to the rawin error, the lower limit becomes 4.2 m s~I.

_In summary, this analysis shows the rmse (vector magnitude) of satellite
winds probably lies in the ranges:

Picture pair 900-mb winds: rmse 4.6 to 4.8 m s~*

Upper level winds . rmse 8.2 to 8.7 m s“*

The contrast between errors for upper level and lower level winds shows
that the random errors of satellite winds cannot be adequately expressed by
a_s&ngle Jlgure nor, as discussed earlier, be expressed as a function of
wind speed.

The error figures just cited may be overestimates. They derive from the
assumption that all the differences between balloon and cloud drift measure-
ments are due to two Independent, random errors. This may not always be
true. _In addition, the presence of a few extreme errors in each set of
satellite winds tends to e aggerat; tne rm% deviations frgm rawins. Figure
2.10, for example, shows that 5% of the differences exceeded 21 m s~1. “In
man¥ situations these extreme errors would be @asil% detected by the wind
field analysis procedure. Perhaps the error might be reflected more accu-
rately by the smallest 95% of the deviations. Moreover, it should be
emphasized that the errors in table 2.3 pertain to individual vectors and
that no account has been taken of the density of satellite winds relative to
rawins. The ultimate objective, accurate analysis of the wind field, is
enhanced by great data density. These factors should be considered care-
fully br users of satellite wind observations in order fully to exploit the
meteorological information in these data.

3. ERRORS IN CLOUD TRACKING (SYSTEM NOISE)

The previous section treated error ﬁertalnlng to measuring the wind with
satellite data and pointed out that these errors are the sum two Separate
components. One of these is the error inherent in measuring cloud motions
which we call "system noise." This section evaluates that component by
three independent methods; self-comparison, tracking experiments, and Simul-
taneous vectors. Results are comparable and lend greater credibility than
would be deserved by any one method.

3.1 Self-comparison Error Estimates of Low Level Cloud Motion Vectors
_This method of estimating cloud tracking error was devised initially for

picture pair vectors which are calculated hy NESS three times daily on a
regular grid extending over wide areas. With slight modification 1t is also
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applicable to dense networks of irregularl sgaced vectors. Here it is
aﬁplled to the GATE Wind Sets (Martin et al. 1975, Chatters et al. 1977).
This latter application is especially useful for estimating error character-
Istics which can then be used to further analyze picture falr errors. A
typical set of picture pair vectors 1s shown in figure 3.1. Where cloud
targets ?ermlt, winds on_the regular_grid network are available at each
corner of a 50 square, with an additional wind at the center of the square.

1*0.: 1*0.0 170.0 160.0 150.0 160.0 130.0 120.0 110.0

V *V v N

Figure 3.1—Typical NESS picture pair vectors for the northeast Pacific,
0900 GMT July 1, 1978.

The method calculates an error estimate for one set of winds at a time
(the set in figure 3.1 for example), then those estimates are grouped and
averaged for some meaningful period.

The first steq in calcuéatln an error estimate is _to |d§nt%f¥ those winds
that are centrally located In @ ° square, where at least 3 of the 4 corners
of the square have a wind. Figure 3.2 illustrates these central winds for
the wind set of figure 3.1. Next, the vector average of the winds at the

3 or 4 corners is calculated and 1s assigned to_the central point of the
square (see fig. 3.3). The departure of the original wind at the central
point from the colocated average wind is computed for all such central points
and provides the basic measurement for the error estimates. These departures
a:e sﬁgwn graphically® In figure 3.4 at the grldpolnts where two vectors are
plotted.
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1*0.0 110.0 170.0 160.0 150.0 uo.0 130.0 120.0 110.0

Figure 3.2—Picture pair vectors selected from the set of 3.1 at central
oints of 5° blocks that have vectors at three or four corners.
full barb represents 10 kt.

1".0 uU0.0 170.0 160.0 150.0 HO.0 130.0 .120.0 110.0

Figure 3.3—Average vectors calculated for each of the central points shown
on figure 3.2.
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110.0 170.0 160.0 150.0 uo.0 150.0 170.0 110.0

Figure 3.4—Average vectors of figure 3.3 (long barbs) plotted over the
original central vectors of figure 3.2 (short barbs). Locations
with single vectors show the original corner vectors used in the
averaging process.

Because the averaging process tends to cancel out the random fluctuations
that we presume to exist 1n all picture pair vectors, we assume that the
average assigned to the central ﬁOInt of the 5° square is a better estimate
of the true cloud motion there than the original picture pair vector. To
the degree that this assumption is valid, we may ascribe the measured de-
parture at the central point to observational error, the quantity we are
attempting to estimate. As shown later, some adjustment of the measured
departures 1Is required.

_Calculation of the error estimates is based on the following considera-
tions. If, for a given set of winds, there are n central points that satisfy
the data constraints, then the measured departure D for some scalar property
of the wind may be given by

D2 = “E(Oi-1i)2 3.1)

where 0 Is the observed central cloud motion vector at point i and &,

1s the average value calculated from vectors at the 3 or_4 corner points
about the point i. Each vector comprises a true value tj, a random error e®,
and a constant error k (constant for substantial regions” of the set).
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Figure 3.5 shows the basic 5° block used in the comﬁutations the 4 corner
points where at least 3 vectors are required, and the central point i. This
will be referred to as a gridmesh of 2.5°.

50
+ + +
r 4
+ +
3
L J L J

Figure 3.5—The basic 5° grid block used for vector error calculations

(2.50 grid).
The average value calculated for the central point i is given by
ai = mE(timteimtk) s tj+ej+k (3.2)

where m represents the points 1 through 4 in figure 3.5, tim is the true
value at each ﬁOInt m, and e-jm is the random error at point m. For picture
pair vectors the maximum m 1S 4, one located at each of the 4 corners. For
dense nonregular data, it is possible that each point will have a cluster of
vectors about it. In this case many measurements will determine the aver-
ages. With a large sample, the sample mean of a random variable such a e

in eg. (3.2) will be close _to zero. _In the case of picture pair vectors
where the maximum sample size is 4, it is improbable that the sample mean of
ei will be zero. For this reason Fj is retained as a yet-to-be determined
variable in eq. (3.2) and elsewhere.

If in eq. (3.1) we replace (- with t- + e" + k and a,- witheq. (3.2), we get
D2 = fiZ(ti+ei+k-ti-irk)2 (3.3)
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The systematic error, k drops out and eg. (3.3) expands to

D2 = Ir(t1-t1)2+ jjne,-?,)2* 21(trt1)(51-e,) (3.4)

The first term on the right hand side of eq. (3.4) represents the mean
square of the difference between the true value at the central points i and
the mean of the true values at the 4 grid points surrounding each point i.
This quantity 1s called the true analysis error, T2, at the central points.
The second term contains _the, desired statlsthc, the gean square gf the ran-
dom observational error(Te/n denoted E2. The second term %eq. 3.4) expands

Into the expression

E2 +E2- 7Ee(ei

where E2 = (E&f)/g,the mean square of the average random error of observa-
tions available for each central point 1. The third term of this expression
becomes zero for sufficient large n, because ¢-j and e< are Independent ran-
dom variables. Similarly, the third term of eq. (3.4; 1s also zero.

The solution of eq. (3.4) for E2, leads to
E2=D2-T2-¢2. (3.5

Of the three terms on the right hand side of eq. (3.5), only D2 is measured

directly. Both T and E must be estimated by other means to obtain a value
for E. ~The analysis error T represents the departure of the true cloud
motion at the central point i from the true block average and it will
aﬁproach “ero as the grid mesh on which it is computed becomes very small.
The term E_depends on the number of observations that entered into the
determination of each_individual e,*; the greater the number of observations,
the more likely that E will be small.

For a dense network of observatioqs_grocessed on a small enough gridmesh,
we may assume that T and E are negligible and that

Ed = *°d. (3.6)

where the subscript denotes dense data and the asterisk a fine gridmesh. _
The value of E given by eq. (3.6) does not depend upon data denSity or grid
distance; It does depend Uﬁon the data sets and the procedure used for cal-
culating winds. Thus if the ?lcture pair procedure produced sufficiently
dense vector sets we could_select a fine grid mesh and calculate directly
the picture pair cloud motion error E. Unfortunately, picture pair calcula-
tions are made on a 2.5° grid, which 1s judged to be too coarse to allow
either T or E to be ignored.
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The analysis error T depends on 8rid mesh and on the variability in the
true motion field but 1t does not depend upon the procedure that produces
winds. Therefore we may use a dense data network, process the data with a
grid mesh that matches the Plcture_palr grldmesh (2.5°), and calculate a
value of T that 1s applicable to picture pair vectors. With dense data, E
may be neglected and eq. (3.5) may be rewritten

¥ - DfEjf. 3.7)
Further eq. (3.6) may be substituted for Ed to give
T2 = (3.8)

where T2 is valid for the same grldmesh used In calculating Da. A typical
set of dense data, extracted from the GATE wind set, is shown in figure 3.6.

Tables 3.1 and 3.2 present the basic measurements used to estimate obser-
vational errors. Departure measurements, D, for NESS operational

Table 3.1 Measured deParture values D for operational picture pair vectors
on a 2.5° grid, m s-1

New VISSR data base Old data base

rms rms rms s rms rms
Date 1 VA Date ! Voo <5'\>/"
Jan. 78 2.6 2.2. 34 Jan. 77 2.5 1.9 3.1
Dec. 77 2.5 2.3 3.4 Dec. 76 2.5 20 3.1
Nov. 77 21 2.3 3.1 Nov. 76 2.4 1.9 3.1
Mean 2.4 2.3 3.3 2.5 1.9 3.1

picture pair vectors on a 2.5° grid mesh are given In table 3.1; the
parameters are the u and v vector components and the absolute magnitude
of the vector difference. Table 3.2 contains measurements Dd for similar
arameters, but for the dense network in the GATE wind set. Where table
.1 gives data only for the 2.5° grid mesh, table 3.2 gives data for a
range of grid meshés extending from 1° to 3°.
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-1
Table 3.2 Measured departure values Dd for September 1974 GATE winds, m s

&?:o [ >
frilu -~

Figure 3.6—A typical set of dense cloud motion vectors from the GATE wind
set, 1500 GMT, September 3, 1974.

An estimate of Ed for the GATE winds may_be made from eg. (3.6) .and the
val?fstln tab!% %.% |E we a?sugedthag a %rid mesh of %° IS ﬁuffICIent|¥f_
sa ermi 0 be neglected and yet large epough so there are suffi-
c?ent ogsgrvatlons to perm?t Ez to Be Xeglectgg a?sog 8n Easgs oT those
assumptions, we may say that the GATE Wind sets display random rms errors
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of 1.5 m s*1 for u and v components and an rms vector magnitude error of
21ms’l

To obtain similar estimates for NESS vectors, we must next evaluate T from
eq. (3.8) for the NESS grid mesh size of 2.5°. In that equation the first
term, Dg, 1s evaluated Trom estimates for the_2.5° grid mesh In table 3.2;
the second term *Dg 1s derived from the 1° grid mesh and 1s given in the

evious paragraph. T the rms values (T) _for u, v and the absolute_.mag-
Hgtude ofptﬁegvégtor d?%%erence are 1.17,(0256, and 1.%6 m s-1 respectlveﬁy.

Eq. (3.5) 1s now used for estimating the random error for NESS vectors
using vaiues of T above and the values of D from table 3.1. Unfortunately,
withthe information available, there is no independent means for estimat-

Weber, DILgePISOSaHE Salpylation,ff 2 unigie value for £l ity

lower value of E2 should be zero. Since E2 and E2 are both functions of _
E%pdoqhe{rqrs e, drawn from the same population, the maximum value of Ec is
. That is,

-2 2
OK E «E. (3.9)

To obtain the range of values for E we insert into eq. (3.5) estimates of T
mentioned above and values of D from table 3.1. A series of guesses of E is
then inserted to calculate E . The guesses that yield values satisfying

eq. §3.9) are valid solutions. The maximum and minimum of these solutions
are listed in table 3.3. This shows that the self-comparison method esti-

S YS9 Fanll ARRETS'E NGl 48 Bl VT, ron 2 ©

Table 3.3 Estimates of the random observational errors
of NESS low level cloud motion vectors

New VISSR.data base
rms error estimates, m s"1

u v [SV]
Min Max Min  Max Min  Max

1.5 2.0 1.6 22 22 3.0

Old data base
rms error estimates, m s

U v |6V]
Min  Max Min  Max Mln  Max
1.6 2.2 1.3 1.8 2.0 2.1
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3.2 Errors in Low Cloud Vectors Calculated from Tracking Experiments

Experiments described in this section were devised to evaluate the
accuracy of tracking clouds over water under optimal conditions and under
degraded conditions in order to assess the effect of less-than-optimal con-
dition, viz. those that simulate picture pair computations (Bristor 1975).
This procedure provides an estimate of errors in the picture pair measure-
ments and indicates the amount of accuracy lost by using low resolution
imagery.

Experiments were performed with the Goddard Space Flight Center_equipment
known as AOIPS (Atmospheric and Oceanographic Information PFOCGSSIH% Systenm)
(Billingsley 1976). With that system, Identical cloud targets can De
tracked by different techni?yes on a given sequence of pictures or on the
same scene displayed at different resolution, in either IR or visible fornm.
In addition, diagnostic parameters_are_dlspla¥ed so that a uniform, high
level of quality control can be maintained. These are:

1. Motions of a given target which are measured with a sequence of
Images are also measured between successive images. In a 4-image
sequence, for example, in addition to the vector for the entire
eriod, vectors are also calculated from image 1 to image 2, from

to 3, and from 3 to 4. Large dispersion marks questionable sets.

2. Where tracking is performed by correlation, the sharpness of the
correlation peak is displayed, and

3. A warning appears if the correlation peak lies on the boundary of
the search area.

4. After the above items appear in digital form, a cursor on the
animated display 1s also animated and flies along with the velocity
just computed. It is easy for the operator to see if the calculated
displacement is indeed the motion he attempted to follow.

Vectors may be calculated on AQIPS by three methods: manually or by
either of two gomeuter (correlation) algorithms. Correlations are per-
formed automatically after the operator has selected an initial array and
the Iar%er search array by means of a cursor_controlled by a_éoy-stlck.
Either the standard linear correlation algorithm or the Euclidean Norm
(SSEC Staff 1972) may be used. Under some conditions these two algorithms
yield different results but for the cloud patterns used here, the vectors
they produce are virtually identical. For that reason only the Euclidean
Norm algorithm was used to obtain computer-derived vectors.

3.2.1. Description of the Experiments
Cloud vectors were derived from four-image sequences that displayed the

tropical Atlantic for the period 11:30 to 13:00 GMT, September 15, 1974.
Figure 3.7 1s the 12:30 GMT visible picture from that period. Vectors for
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WSsBm

Figure 3.7—Visible picture for 12:30 GMT, September 15, 1974, showing area
used In the AOIPS tracking experiment.

the three half-hour intervals were calculated as well as the motions for

90 minutes. Only low clouds of a_carefully selected type were tracked-
targets chosen for their hl?h visibility on both infrared and visible
pictures and for their stable behavior. This selection, together with pre-
cise registration with high resolution imagery and the moderately long
tracking interval, afforded optimal conditions. Accuracy was maximized.

After tracking a large number of targets by different methods, various
vector subtractions were made and summarized in table 3.4. Each vector set
Is described at the bottom of that table and the column headings indicate
the subtractions. A right-handed coordinate system, illustrated in
figure 3.8, was employed and four different parameters are identified on

that figure.
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Table 3.4 Differences between low cloud tracks derived by various
methods over a 90-minute interval, degrees, m s-1

Visible Infrared
(A-B) (A-0) (A-D) (A-E) (A-F)
DIR alg. mean +0° -5° +0° -1° +0°
abs. mean 6 12 8 11 12
DIFF rms 9 19 10 16 16
STRM alg.mean .26 -.17 .66 -.10 .18
abs. mean .93 1.37 1.20 1.35 1.31
DIFF rms 1.19 1.74 1.84 1.72 1.72
NWL alg. mean +0 -.08 +0 -.02 +0
abs. mean .10 21 14 .18 21
DIFF rms .15 .30 .18 .26 27
G
mean .95 1.41 1.25 1.41 )
DIFF rms 1.20 1.76 1.86 1.74 %.%2
Number (N) 34 36 32 35 32

Each column summarizes the vector-by-vector subtraction of cloud motions
derived for the following sets:

. Manual trackin? on 1 kn visible images. ) o

. Computer correlation with Euclidean Norm algorithm on 1-km visible images.
. Manual track|nq on 8 km resolution visible images. o )

. Computer correlation with Euclidean Norm algorithm on 8-km visible images.
. Manual trackln% on 8 km infrared Images. ) ] .

. Computer correlation with Euclidean Norm algorithm on 8-km infrared images.

Mmoo oo >
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REFERENCE VECTOR

COMPARISON VECTOR

Directional difference ( DIR DIFF )
Difference along streamline ( STRM DIFF )

Difference normal to streamline ( NML DIFF)
Magnitude of vector difference ( VCTR MAGN DIFF )

L |

=Ezu0no

Figure 3.8—Coordinate system used with the AOIPS tracking experiment to
measure along-track and cross-track and directional differences.

3.2.2 Estimates of Error under Optimal Conditions

Column (A-B) of table 3.4 provides an estimate of the vector magnitude rms
error of the most_accurate motion measurements. The other columns are used
to deduce the additional errors introduced by resolution reduction.

That the first column of table 3.4 represents the greatest accuracy is
attested to by the small differences and by reference to table 3.5. "The_
latter shows different levels of noise caused by the irregularity of motion
from one 30-mlnute displacement to the next. Principal causes of this
zig-zag motion, in order of decreasing importance are:

e residual error of registration (image navigation)

 dispersion created $y the uncertainty of locating the precise outline,
or other trackable feature, on successive pictures, and

» the granularity of measurements due to pixel (picture element) size.

The real acceleration of targets in this experiment appeared to be small and
Is neglected.

In the absence of systematic differences, the set with the least noise
of this type must be the most accurate. Table 3.4 shows the lack of system-
atic difference while table 3.5 indicates that high resolution vector sets_
are the most accurate (least noisy). This confirms the subjective impression
gained during this experiment by inspection of the “flying cursor" used for
quality control.
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One further detail should be examined before estimating error, viz. the
effect of interpolating between |nteqral pixels in set B (computer tracked)
and no interpolation in set A (manually tracked). In the manual method,
target location can be no more precise then +0.5 pixel and it is estimated
In practice to be + one pixel, or a range of 2 km. Using the approximation
that the range represents about + 3 standard deviations, we estimate that
the rms error in odHced bg lack of |nt8r88lat|on Is 1/3 kp. Over ]
90-minute interval this amounts to but 0.06 m s-*--insignificant relative

to the errors listed in table 3.4. It can be neglected.

We now assume that the errors in different methods of cloud tracking are
random and uncorrelated. Consequently the differences in the first column
table 3.4 are comprised of the sum of two equal "method" errors. The vector
magnitude of the absolute error of each method is therefore

>/1.202/2 = 0.85 m s"1 rms.

Table 3.4 also shows that errors are mostly along the direction of flow so
that streamline differences (STR DIFF) are quite similar to vector magnitude
differences. While the algebraic mean of "STRM" differences are positive,
the bias is insignificant compared to the rms.

In summary, the foregoing analysis ipdicates that the error inherent in
tracking cﬁ%uds una;r %ﬂe %ost avorabpe conditions amounts to 0.%5 m s™*

rms, which is made up mostly of speed disEersion and has no significant
bias. From this_base we can now assess the additional error caused by
degraded resolution.

3.2.3 Error Incurred by Reduced Resolution

If all errors are random and uncorrelated,
2 2 2

=% "%
where ot= rms values in table 3.4, columns 2 through 5,
a0 = rms of cloud tracked under optimal conditions = 0.85 m s-*

ar= rms due to resolution reduction from 1 km to 8 km.

Using the above equation and the values from table 3.4 gives,
(A-C) . (1.762-.852)1/2 =1.54m s"1

(A-D) :(1.862-.852)1/2 = 1.65 "
(AE) 1 (1.742-.852)1/2 = §i.52
(A-F) :(1.742-.852)1/2 = 1.52
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In Ygew of the sample size a better value derived from combining them to
yield:

°r = 1.56 m s-1 rms.

_As with_the hi%h resolution differences, we note that errors are chiefly
in direction of the flow and that bias is not significantly different from

Zero.

While table 3.4 appears to indicate that visible 8-km imagery has no
advantage over infrared imagery (compare column 2 to 4 and column 3 to 5),
note that this is the consequence of target selection. All clouds selected
for this experiment were easily dlstlnﬂglshable from their background in
both visible and infrared pictures. This is not always the case. In some
situations cloud elements are not resolved on infrared pictures. Then the
field is uniform and no trackable features appear. By contrast the visible
image, even when reduced to 8-km resolution, displays trackable features
and _brightness variance exceeding by two orders of magnitude the variance
of infrared temperatures.

3.2.4 Errors Added by Decreased Time Interval

Errors estimated in the foregoing subsections ﬁertain to cloud motions for
90 minutes. They are not representative of the NESS Elcture pair vectors
which are derived from a single 30-minute interval. Larger errors are
expected because of the following:

Residual registration error is an important source of noise in cloud
tracks. IE IS_particu aréy damggl?g to tn? mﬁasurement of 3I0wly movlnq
targets. Consider a cloud” speed™of”5 m s“l which corresponds to”a displace-
ment of 9 km in 30 minutes. A registration error of one Pixel produces a
vector error of 11% with high resolution sequences and 89% with 8-km
resolution. While the mean registration error_averaged over many sequences
Is less than one pixel, the accuracy of measuring displacement depends upon
the accuracy of registering each sequence. These considerations lead us to
anticipate error from this source which is |nversel¥ proportional to the
distance (hence to the time) over which clouds are tracked. Table 3.6

supports this contention.

Table 3.6 lists the rms "noise" compared in the same way as for table 3.5
but pertains only to computer-tracked vectors. Time differences for 30- and
60-minute intervals are shown to illustrate the increase of variance with
decreasing time. The first two columns are most representative of this
effect because sequences from which these were calculated were registered
with 1 km data. Variance of vector magnitudes in the first column is larger
by a factor of 1.92 than variance in the second column (Ratio of the rms
values squared). This 1is in reasonable agreement with expected factor of
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_ Larger Increases with decreasing time shown in the other columns are due
In_part to registration error. That 1s, registration error of image !
relative to 3 1s Indeﬁendent of the registration error of Image 2 to 4.
Differences between those errors would add to the differences due to the
Increased time.

The increase of error with decreasing time can now be used to estimate the
error for 30-mlnute interval vectors that have been measured with 8-km reso-
lution ipagery, i.e., conditions that simulate the NESS picture pair
calculation. ~ The absolute error for s-km data was found to be 1.56 m s"*
rms when derived from 90-minute Intervals. Reducing the tracking interval
by a factor of 3 is expected to increase the rms error bhy:

X 1.56 = 2.7 m s’1,

To summarize these experiments, we note that:

o With optimal target selection and for 90-minute intervals, on high

re38lgt|on imagery, the error of tracking clouds may be as little
as 0.85 m s”1 Tms.

o Loss of accuracy caused by reducing image resolution from 1 km to
8 km, approximately doubles the rms error, apparently due to greater
granularity of the measurements and blurring of the cloud features.

« The estimated error for picture pair vectors which is deduced b
these experimental means Is comparable with the estimates reported
in section 3.1 and summarized in table 3.3.

3.3 Errors in Low Cloud Vectors Calculated from Simultaneous Measurements

GOES East at 75°W and GOES West at 135°W, identical spacecraft operated
by NESS, view a common area in the western Gulf of Mexico and the Eastern
Pacific. Cloud motions are measured from both satellites. While the pro-
cedures for deriving cloud motions are identical, the calculations are
independent. That 1s, data gngest, movie loop production, picture pair and
movie loop measurements are independent of each other and independent from
one data set (time period) to another. Differences between simultaneous
colocated cloud vectors provide a measure of system noise which is comprised
of the sum of error in tracking cloud targets, random and bias error of
registration, etc. Considerations of cloud height do not enter.

3.3.1 Data and Method of Analysis

Simultaneous vectors were analyzed for two periods, approximately a year
apart, as follows:

Number of simultaneous Vectors
picture pair manual

April 12-May 12, 1977 866 259
July 1978 776 65
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Colocated vectors were resolved Into u and v components and subtracted.
Individual vector ma?nltude differences were then calculated. These dif-
ferences were _assembled for each data set 1n 1977 1n order to study the
effect of registration bias, etc. (Hubert 1977). The 1978 data were
summarized only for the entire period. Table 3.7 shows summaries for hoth

years.

Table 3.7 Vect mggnituqe ifferences betyeen co-located

S|mu?Ean

us cloud vectors, m s-
Data N Mean speed Mean diff.  Diff ms  (rms2/2)l/2
Picture pair_vectors
Spring 1977 866 9.3 3.4 4.3 3.0
July 1978 776 9.5 3.8 4.5 3.2
wgtd mean 9.4 3.6 4.4 3.1
Manual vectors
Spring 1977 259  30.4 4.2 4.7 3.3
July 1978 65  15.6 5.4 6.6 4.7
wgtd mean 27.4 4.4 5.1 3.6

3.3.2 Results

Differences shown in table 3.7 Include errors both random and systematic.
Previous analysis of the 1977 data (Hubert 1977) showed there was ‘insignif-
icant bias for the period as a whole, but that biases did exist in individual
data sets. The contrast between the 1977 and 1978 manual vectors might be
due to excessive bias in the latter, as suggested later, but we have no
ready means of checking that speculation.

As 1n the Preceding sections, we can assume that these differences result
from two equally noisy measurements and divide the variance equally. This
1s shown in the last column of table 3.7 and represents the rms system noise
attributed to each satellite system.

In summary, system noise evaluated from simultaneous measurements is:
Picture pair 3.0 to 3.1 m s"™ rms vector magnitude

Manual vectors 3.3 to 4.7 m s** rms vector magnitude.

In view of the small sample size, the maximum of 4.7 m s"* for manual

vectors may be due to excessive reﬁlstratlon error. Since this systematic
error depends so critically upon_the care and skill of the photo technician
who registers the movie loops, bias 1s likely to vary widely from time to
time. Moreover, In mid-July 1977 a new spacecraft replaced GOES 1 at
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135 west. For a time the orbital parameters were less accurately known and
this could have contributed to cloud trackln% errors. We might regard this
large value as an upper limit rather than a typical error.

3.4 Summary of Errors in Cloud Tracking (System Noise)

Three methods have been used to estimate the vector magnitude rms error
that exists 1n NESS operational picture pair cloud motions, with the
following results:

Self-comparison 2.0 10 3.0m S_1 s vector

Magnitude
AOIPS experiments 2.7m s-1 radn}

Simultaneous measurements o-1 M S"1 I

The first two are indirect and the results depend to various degrees on
assumptions that variability 1s random and independent. The largest error
estimate, from simultaneous measurements, is sensitive to registration error.
Each data set (time period) contains some systematic error from this cause
and thereby increases the error attributed here to "random” error. This may
be responsible for this largest estimate.

The GATE Wind Sets provided data density that yielded a more precise
assessment of the rms error in the self-comparison analysis and it was shown
to be about 2.0 m s . The relatively sparse picture pair data could not
be analyzed with this precision; rather, the rms errors are based on esti-
mates of u Eer and lower limits. Therefore it is not possible, on basis of
the available data, to conclude whether the apparent advantage of the GATE
Wind set (table 3.2) over the picture pair data (table 3.3), is real.

Simultaneous measurements provided a measure of the noise in manual cloud
vectors that ranged up to 4.7 m s** rms vector error. An earlier analysis
of these data (Hubert 1977) suggested that this larger figure may be due to
a bias arising from registration error. While each movie loop registration
can introduce a bias to each data set, it is_not systematic from one sequence
to the next. For that reason this type of bias is” legitimately included
here in the estimate of rms error.

While these error estipates vaF%, the important result is that the basic
system noise is about 2.5 m s1 S vector error for picture pair vectors

and perhaps 4 m s 1 for manual vectors.

This study of system noise suggests that the wind-derivation procedure
could be improved. The AOIPS experiments showed that the rms error of low
level clouds could be halved b u3|n% high resolution pictures. Therefore
visible high resolution data should be used whenever possible.4 Similar
The advantage noted here concerns onlx_registratiqn. But sometimes the

i

most, effective targets, discernible on h resolution visible pictures, can-
¥p% he seen on |n¥9are6 pictures. In such situations, the advaﬁtage o? tﬁe

ormer 1S even greater.
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study was not performed for upper level clouds. Systematic error from this
source could be virtually eliminated by computer-registration and electronic
display of sequences.

4. SUMMARY AND CONCLUSIONS

Comparison of satellite winds with rawlnsonde observations, together with
some reasonable assumptions, yield estimates of error 1n measuring wind
from satellites by the NESS operational system:

rmse
900-mb wind measured with picture pairs 4.7 ms

nger level winds at variable heights :
above 700 mb. 8.5 ms

These errors in measuring wind are comprised of a highly variable compo-
nent related to atmospheric variables such as shear, and a component we
call system noise which depends on the accuracy with which clouds can be
tracked with satellite Imagery.

_Three Independent methods have been used _to evaluate system noise. We
fin a%out ZF% m s"™1 rms vector magnltuge for picture pa¥r vectors and about

4m s rms for manual vectors measured with movie loops.

Having the total wind error and one component (system noise) we cannot
resist subtracting them to find the component due to atmosphere-related
errors. That 1s,

(4.72-2.52) ™2

4.0m s-1 for low cloud winds and

(8.5"-4.0™=*/2 = 7.5 m s-* for upper cloud winds.

But these figures must be viewed with caution. Their validity degends upon
the components being independent random variables. This may not be the
case. It 1Is easy to conceive of situations where both cloud tracking and
height assignment errors vary together. If these are positively correlated,
another subtractive term will appear under the root bracket. This exercise,
at best, suggests an upper limit of errors caused by atmospheric effects.
Whatever their magnitude, it appears that a significant share of the )
atmosphere-induced errors arises from improper height assignment. Next_in
importance 1s the effect of nonadvectlve cloud propagation such as gravity
waves. Every data set Includes a few cloud vectors that do not correspond
to winds at any level. Although the latter are few 1n number, they are
responsible for many of the largest vector errors.

The AOIPS experiments and an earlier analysis of simultaneous vectors show
that the NESS winds could be Improved by reducing the basic system noise by
means of:
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» Using high resolution, visible, Imagery whenever possible and,

* Replacing photographic movie loops which are registered manuaII%
with electronically-displayed animation of sequences that have heen
registered by computer.

These Improvements can be realized with an Interactive system.

Finally, 1t must be emphasized that reduction of error is .by no means the
only or ‘the most effective way of Improving these data. Accuracy Is essen-
tial, of course, but the gold assay of this meteorological ore will become
high only when winds are measured 1n meteorologically active regions.
Routine picture pair procedures avoid such active reglons. _The result is
very low grade ore. Picture galr machinery 1s capable of mining only low
grade ore. The nuggets must be extracted with an Interactive system
operating on high resolution satellite Imagery.
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