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AN EVALUATION OF THE ACCURACY OF TROPICAL CYCLONE
INTENSITIES AND LOCATIONS DETERMINED FROM
SATELLITE PICTURES

Robert C. Sheets and Paul Grieman1

An attempt is made to evaluate the accuracy of
tropical cyclone intensity and location estimates deter-
mined from satellite information only. Data- from three
satellites (ESSA, ATS, DMSP) were used for this study.
Operationally qualified groups from the National En-
vironmental Satellite Services in Washington and Miami
and from the U.S. Air Force Air Weather Service did the
storm intensity and location evaluations. Some 50 storms
including hurricanes, tropical storms, and Western Pacific
typhoons comprised the data sample. The results indicate
that higher resolution satellite data result in more
accurate positioning but the accuracy of intensity esti-
mates is not necessarily a function of the resolution
Logically, strong systems are more accurately located
than weak systems. The intensity estimates, however,
are most accurate for weak and average strength storms
than for rapidly developing storms. The errors were
also largest for the very strong storms contained in
the Western Pacific DMSP sample:

1. INTRODUCTION

Techniques have been developed during the past few years to

determine the intensity and location of tropical cyclones from satellite-
pictures. The Dvorak technique (Dvorak, 1973), appears to show the most

skill among these schemes,
al basis for the past 2 or 3 years.
sulted in the
(SRP) in the Western Pacific.

and has been used extensively on an operation-
The success of this scheme has re-
implementation of the "Selective Reconnaissance Program'
This program calls for substituting satel-

lite "fixes" for reconnaissance aircraft "fixes" under certain conditions.
The potential for reducing operational costs by use of this program leads
to the desire to expand the procedure in the Pacific and the Atlantic.
those individuals directly responsible for forecasts and warnings,
especially in the Atlantic, do not feel that adequate information is now

However,

available for making intelligent decisions about if, when,
substitutions should be made.

such information.

1Presently at the University of Washington, Department of Atmospheric

Science

and where
The purpose of this study is to provide

these



The Dvorak technique has been evaluated, but for various reasons,
the studies do not provide the specific intensity and position accuracy
information desired. For instance, operational storm classifications
from satellite pictures are evaluated by the Department of Defense (DOD)
Joint Typhoon Warning Center (JTWC) and the Miami Satellite Field Ser-
vice Station (SFSS) of the National Environmental Satellite Service
(NESS) groups. However, in mo,st cases, the analyst had information
other than satellite data available at the time of classification (e.g.,
past and present intensities measured by aircraft, and forecasts). How
much this additional information influenced the subsequent classification
is unknown. Also, sometimes only satellite data were available, there-
fore the classifications were essentially verified against themselves.

Erickson (1972) completed a study (unpublished report) uaing

ESSA satellite data where the analysts were requested to use only the
satellite pictures. The analysts were a mixture of trained and margin-
ally trained personnel. The results of this study indicated a reasonable
degree of skill in classification of storm intensities. However, iInfor-
mation on the location of the storm centers for the various satellite
products was not included in his study. Also, the Dvorak classification
scheme has been modified, products of other satellites are being used,
and considerable operational experience has been gained since that test-
ing. For all of the above reasons, Tfurther evaluation seems necessary.

The testing reported in this paper includes three different
satellite products. These are pictures obtained from the ESSA, ATS 111,
and DMSP satellite systems. The ESSA sample is from 1967, 1968, and
1970 with four storms chosen from the Atlantic Ocean (including Gulf of
Mexico and Caribbean Sea) and six from the Western Pacific. The ATS 111
sample contains 19 Atlantic storms that occurred in 1971 through 1973.
The DMSP sample of 21 cases was chosen from the 1972 and 1973 Western
Pacific storm seasons.

The three groups of participants in the testing were operation-
ally qualified in the application of the Dvorak technique. These in-
cluded a group from Washington, D.C., chosen by Dvorak from the NESS
operational and applications branches, an operational group from the
Miami, Florida, NESS/SFSS, and a group from the U.S. Air Force Air Wea-
ther Service (AWS). The Washington, Miami, and AWS groups were primar-

ily experienced with use of the ESSA, ATS, and DMSP products, respec-
tively. The AWS group had not worked with ATS and the Miami group had

not worked with DMSP data before our tests began. Some of the Washing-
ton group, however, had worked with both Atlantic and Pacific cases.

Two major tests determine the usefulness of any objective or
semi-objective scheme such as the Dvorak technique: (1) does the
system accurately perform its designed function, and (2) can individuals
with a reasonable amount of training, obtain repeatable results with a
reasonable effort? The second question can be answered rather easily



for the Dvorak scheme, but a conclusive answer to the first question is
much more difficult to obtain. That is; a measure of the consistency of
the analysis scheme is rather easily determined, but a measure of the
absolute accuracy of the intensity and location of the storm is more
difficult. This condition results from "ground truth,” i.e., the actual
location and intensity of the storm at the time of the satellite coverage,
being nearly impossible to ascertain. Therefore, the major portion of
this study is aimed at determining the internal consistency of the system.
However, certain bounds can be determined and reasonable speculations can
be made based upon the information available.

Dvorak has also developed a forecast scheme, an extension of his
analysis technique, which makes use of satellite photographs to determine
the cloud structure of the storm and its environment. The authors did
not consider the evaluation of the forecast scheme as an integral part of
the basic evaluation study. However, at the urging of Dvorak, each ana-
lyst was asked to complete the forecast block of their work sheets. These
forecast data were evaluated in the same manner as the iIntensity estima-
tions and the results are discussed in appendix A.

2. PROCEDURE

All participants were asked to position and classify the storm
relative to the superimposed grid for the three sets of satellite pic-
tures mentioned above. The photographs were given to the participant
one at a time, starting with the Tfirst picture available f<jr the dis-
turbance. The participant analyzed and classified the picture and was
then given the picture for the same storm for the next day (one photograph
per storm day). He was not permitted to change past classifications based
upon later pictures, but retained past photographs; this procedure par-
tially simulated operational conditions. No other information was sup-
plied to the analyst.

3. STORM POSITIONING

There are three primary errors when a tropical cyclone is posi-
tioned using satellite pictures. These are variations in gridding the
picture; analysts pick different cloud centers for the same storm and
picture; and the actual storm center deviates from its analyzed position.
The magnitude of the last source of error mentioned above is the most
difficult to determine because of the lack of knowledge of ground truth.

3.1 Variations in Gridding
The gridding error is believed to be dependent upon how close the

storm is to land and the distance from the sub-satellite point (the point
directly below the satellite) to the feature being positioned. Therefore,



the gridding of ATS 111 pictures should be most accurate at low latitudes
near 70 W and least accurate at high latitudes over the oceanic areas.
The procedure used to determine the amount of the gridding error for the
ATS product was to have four different photo-technicians grid identical
sets of pictures (i.e., four possibly different grids for the same pic-
ture). Three analysts were then asked to pick the same cloud center on
each of the four sets of pictures; the sets consisted of 1 year’s worth
of storm pictures. Each analyst then determined the location of the
cloud center relative to the fixed grid on each of the four pictures.
That is, the only variation in location should be from a different place-
ment of the grid on the picture by the four photo-technicians. These
data were analyzed using all combinations of photo-technicians as the
reference. The statistics came out essentially the same regardless of
which photo-technician’s grids were used as the reference grid or which
analyst did the positioning.

Figure 1 shows the variations in storm locations for one analyst;
the data are stratified by latitude. As expected, the greatest variations
occurred at the higher latitudes, but the smallest occurred at the mid-
rather than low-latitudes. This condition probably resulted from the
mid-latitude sample containing several cases in the Gulf of Mexico and
along the east coast of the U. S. where land fixes were quite good. On
the other hand, some of the lower latitude storms were located iIin the
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Figure 1. Deviations in storm locations due totally to variations in

gridding of ATS satellite photographs stratified by latitudinal Zzones.



Atlantic away from surrounding land features. Figure 2 shows these same
positioning deviations now stratified by proximity to land. As expected,
those storms closest to land have the smallest variations. It appears
that, in general, the gridding error for the ATS photos is approximately
15 n mi except for storms at high latitudes or at considerable distances
from land.

The pictures for the ESSA and DMSP samples were supplied pre-
gridded. Considerable effort would have been required to obtain various
gridded sets of the same picture. Therefore, no similar test was con-
ducted for these satellites. However, knowledgeable people in the NESS
and the AWS estimated the gridding error to be about 30 n mi for the
ESSA pictures and about 10 n mi for the DMSF product. These values, of
course, would vary depending upon the proximity of land and the sub-
satellite point to the feature being positioned.

MEAN =15.28 NM
STD DEV. =10.92 NM
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Deviations in storm location due to variations in Deviations in storm location due to variations in
gridding for storms located within ~600 nm. of gridding for storms located greater than — 600
land. nm. from land.

Figure 2. Deviations in storm locations due totally to variations in
gridding of ATS satellite photographs stratified by proximity of land.



3.2 Variations of Storm Locations as Determined
by Different Analysts

The second source of positioning error mentioned previously, is
caused by the analysts picking a different storm center for the system
in the picture. The point of reference used in this portion of the
study is referred to as the "best" satellite track (BST), which was ob-
tained from the analysis of the Washington group. We chose this sample
primarily because of the greater experience of the analysts in this
group and its larger number; thus, this created a larger sample. The
BST position was not determined by a mean or mode value, but was sub-
jectively chosen from the grouping of the data. That is, if the sample
for a given picture contained 5 analysts and 3 chose a given point, the
position determined by the analyst nearest the center of the group was
chosen as the point of reference, regardless of the positions chosen by
the other two analysts. Therefore, a different analyst’s choice might
be used for the reference point on successive pictures. In the later
analyses, the analyst’s position used as the point of reference for a
given picture was not included in the sample for that picture. The pro-
cedure for chosing the BST builds in a bias in favor of the Washington
group when comparing their results with the other groups. This bias is
partially offset by removing the reference analyst for each picture from

the sample.

The deviation of the storm’s position as chosen by each analyst
from the BST for each picture was determined. All deviations greater
than 150 n mi were arbitrarily thrown out since we assumed that the
analyst had chosen the wrong system or just made an error in recording
the storm’s position. Also, the analyst would occasionally misread the
latitude or longitude by an even degree. These cases were either thrown
out or corrected, depending upon how obvious the mistake was in the judge-

ment of the authors.

Figure 3 shows the deviations of analyzed positions for the ATS
cases for each of the three participating groups. The data are strati-
fied by storm intensity and displayed as cumulative percentages. The
minimum sea level pressures (MSLP) were used to determine the maximum
sustained wind speed (MWS) through the use of Dvorak’s table of MWS
versus MSLP (Dvorak, 1973). The results indicate that for storms having
wind speeds < 50 kt, 80 percent of the Washington group had fixes that
deviated from the BST less than 30 n mi. The mean deviations then de-
creased as the storms became stronger with more well-defined circula-

tions.

The results of similar analyses for the ESSA data (fig. 4) show
much larger deviations for the weaker storms than were indicated for the
ATS product. However, for storms having wind speeds > 50 kt the results
were nearly the same as those for the ATS sample.
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Deviations of analyzed storm location from the "Best Satellite
(BST) for the ATS data sample

Figure 5 shows the results for the DMSP sample. The mean devia-
tions are significantly smaller for medium to strong storms when compared
with the ATS and ESSA results. This is probably a direct result of the
higher resolution data produced by the DMSP system.

The deviations shown in the three previous figures either could
result from a random scatter about the BST position or could be from a
bias where a given analyst consistently picked a position that was always
away Trom the reference position in the same direction. In such cases the
vector movement would be the same for the reference track and the ana-
lyzed track. Some of the statistical prediction methods strongly de-
pend upon the vector movement where as a shift of the fixed vector over
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Figure 4. Deviations of analyzed storm location from the "Best Satellite
Track™ (BST) for the ESSA data sample.

a few miles relative to the earth"s surface has very little effect on
the predicted movement. Therefore, it is more important for these pre-
diction methods to have relatively accurate vector movements than to
have relatively accurate positions

The difference between the storm center picked by an individual
analyst and that determined for the BST at the beginning of each 24 hour
period was computed. This algebraic difference was then added to the
storm center position picked by the same analyst 24 hours later. The
deviation of these adjusted positions from the BST position for the same
time (picture) then represents a corrected 24 hour vector deviation where
any consistent bias has been removed. Figure 6 shows the results of this



MAX WIND SPEED <50 KT MAX WIND SPEED 50-69 KT

DMSP SATELLITE DMSP SATELLITE

—— Washington Grp Washington Grp

______ Miami Grp. - Miami Grp.
------ AW.S Grp ---AW.S  Grp.
i
HO 120 130 140 150 100 110 120 130 140
DEVIATION  (N.Hi.)
90 -
MAX WIND SPEED 70 MAX WIND SPEED > 100 KT.
DMSP SATELLITE DMSP SATELLITE
— Washington Grp. 228 - Washington Grp
— Miami Grp. 139 Miami Grp
- - AWS. Grp. |37 - AWS. Grp

10 120 130 140 90 100 10 120
DEVIATION (N Mi.) DEVIATION (N Mil

Figure 5. Deviations of analyzed storm locations from the "Best Satellite
Track"™ (BST) for the DMSP data sample.

analysis. In nearly all cases, the mean 24 hour vector deviations are
slightly greater than the comparable deviations of analyzed storm posi-
tions from the BST for the Washington group. That is, the deviations of
analyzed positions from the BST are random.

3.3 Deviations from the Official Track

The third source of positioning errors is the deviation of the
"best fit" satellite track from the actual track. The magnitudes of
these deviations are only obtainable if ground truth is known. As men-
tioned earlier, ground truth is nearly impossible to obtain. However,
an estimate of ground truth is available in the form of the official
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Figure 6. Deviations of the analyzed 24 hour movement vector from the
"Best Satellite Track" (BST) for the Washington group and the DMSP,
ATS, and ESSA data samples.

track. This is the smooth track constructed after the fact and includes
all available information on the storm®s location and intensity. Ailr-
craft reconnaissance as well as satellite and land-based radar fixes are
used to construct this track. An objective technique which applies var-
ious weights to the various types of fixes, is used to construct this
track for the Pacific. The track in the Atlantic is made up subjectively
by a hurricane forecast specialist. Obviously, a bias can exist in such
a scheme, and table 1 indicates a possible bias in favor of positions
determined from reconnaissance aircraft over those determined from satel-

lite data.

The mean deviation of the BST positions from the official track

positions is about 15 to 20 n mi greater than the mean position scatter
among the satellite analysts. The summation of the errors due to scatter

10



Table 1. Deviations of the "Best Satellite Track™ positions and the air-
craft reconnaissance positions from the official track for all storms
contained in the data sample

ABS

No. of MEAN % LT % LT % LT
Satellite Group Cases (NW) 20 NM 40 NM 60 NM
WASH . 147 30.5 32.7 76.2 91.2
DMSP
RE CON 388 12.6 35.6 98.5 99.5
WASH.* 106 40.6 25.5 59.4 81.1
ESSA
RECON 370 13.8 82.7 95.9 97.8
k.
WASH . 105 37.1 33.3 61.9 84.8
ATS
RE CON 556 16.6 72.8 94.4 99.1

* "Best" Satellite Track

and due to gridding are comparable with the mean deviation of the BST
from the official track.

3.4 Summary of Approximate Storm Positioning Errors

Table 2 summarizes the approximate storm positioning errors as
determined from satellite products. This summary is somewhat subjective
in that the values are shaded toward the lower values obtained by the
groups. This bias was used because that some or all of the analysts
rushed some of their measurements due to the large sample. How much
this hurried approach affected the results is unknown. However, the
mean deviations for all groups and each satellite sample were nearly
the same (except for the AWS group with the ESSA satellite sample): The
groups were generally more careful during the earlier portions of the
testing than during the later portions and they were not always given
the data in the same sequence, yet the results being similar would indi-
cate no large degradation as a result of fatigue or rushing. Also, at
least two of the Miami analysts worked at a much more leisurely pace and
appeared to measure carefully throughout the tests. Their results were
similar to those of the other well-trained analysts and again indicate
no significant degradation due to fatigue or rushing.

The summary results iIndicate that the smallest positioning
errors were obtained from the DMSP data. This result is probably caused

by the higher resolution data obtained with this satellite. The minimum
mean potential error, due solely to gridding and variations of analyses

11



Table 2. Summary of approximate mean absolute storm position errors
where columns A and B represent the internal consistency of the satel-
lite analysis

SATELLITE
ATS ESSA DMSP
Deviation Deviation Deviation
STORM (M) (M) (M)
STRENGTH
A B A B A B
< 50 KT 25 26 36 43 25 30
50-69 KT 24 24 22 *‘29 16 20
70-99 KT 20 19 16 19 15 19
>100 KT 10 8 13 16 11 16
GRID 15 — 30 7 10 ?
"BEST"™ SAT. * 37 41 31
RECON. * 17 14 13

A - Deviations from "best" satellite positions. B - Deviations of 24
hour movement from "best” satellite track. * - Deviations from offi-
cial track

of the satellite products, ranges from approximately 21 to 35 n mi for
the DMSP product, 25 to 40 n mi for the ATS pictures, and 43 to 66 n mi
for the ESSA data. The smaller deviations are associated with the

stronger storms, but the larger 'values were associated with the weaker

sys terns.

The probable extreme upper bound of the mean absolute error can
be obtained by summing the deviation of the BST position from the offi-
cial track and the mean scatter of analyzed positions about the BST. The
BST of course already contains the gridding error. The probable upper
bound mean positioning errors would then be 50, 59, and 60 n mi for the
DMSP, ATS, and ESSA products, respectively. Slightly larger values would
be obtained for weak storms and smaller errors for strong systems.

12



4. STORM INTENSITY

There are two primary sources of error in determining the strength
of a storm when the analyst uses techniques based upon the storm structure
as revealed by satellite pictures. These are variations in analyses be-
tween analysts and the calibration of the system. The magnitude of the
error caused by variations among analysts is rather easily obtained by
having several analysts, trained in the technique being tested, analyze
a significant number of duplicate satellite photographs of storms. That
was the technique used and discussed in section 4.1. The calibration
factor, however, is more difficult to obtain. That is, how well does
the system intensity as determined from the satellite product, correlate
to the actual storm intensity?

For the Dvorak technique, the Dvorak current intensity (Cl) num-
ber and the actual maximum sustained wind speed (MWS) must be correlated.
This requires a knowledge of the true strength of the storm. The MWS has
traditionally been determined in two ways, either by the direct measuring
of wind speed as reported from aircraft reconnaissance fTlights into these
storms or by some pressure-x~ind relationship using the minimum sea level
pressure (MSLP) as determined from the same reconnaissance flights.

The problems of using the direct reconnaissance reported wind
speeds as a measure of storm intensity are many. For instance, the re-
ports often come from different altitudes and different locations within
the storm, the wind speeds are determined from various sources such as
the state of the sea; Doppler, inertial systems, or combinations of each
and; different crews sometimes define the MWS differently. Furthermore,
even if all flight crews and organizations used the same equipment and
techniques, large variations would still exist. The senior author has
found MWS variations over a few minutes as large as 20 to 30 percent of
the total wind speed. These variations in wind speed profiles obtained
or repetitive tracks of research aircraft through the high energy por-
tion of the storm where no apparent change in the actual intensity of
the storm occurred. Figure 7 is a simple schematic illustration of how
such observations could occur. The large bold vector represents the
hurricane scale flow, while the small vectors represent a superimposed
cumulonimbus scale flow at some arbitrary inflow level. The aircraft
proceeding outward from the storm’s center could pass on the north side
of cell A where the two illustrated components act in opposite directions.
The track of the inbound leg could be on the south side of cell A where
the components act in the same direction. This condition, of course,
could be observed with no actual change in the storm’s strength and the
measurements being made at the same geometric position relative to the
storm center, since convective cells often circulate or form and dis-
sipate around the vortex.
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Minimum sea level pressures measured by aircraft using dropsondes
or interpolated from height deviations of a given pressure surface change
slowly and do not have the large fluctuations shown by wind speeds. Also
these measurements are generally done uniformly among organizations and
cannot be easily influenced by the observer. Occassionally the calibra-
tion can be off by some constant factor that can be determined and cor-
rected. The uniformity and conservativeness of the MSLP is quite evident
in the data sample used in this study. The mean deviation of the offi-
cial pressures from the MSLP’s, as determined on reconnaissance aircraft
flights, for these cases was generally less than 1 mb. OF course, the
official pressure profiles were derived from the ailrcraft measurements,
and therefore we are comparing dependent data. However, similar compar-
isons for winds show much larger fluctuations.

The authors believe, along with many others, that the MSLP is a
much better measure of the strength of the hurricane of typhoon than
spot measurements of wind speed. This belief is based upon the above
discussion and the high correlation of MSLP to maximum sustained wind
speeds (MWS) (Sheets, 1972; Holiday, 1969; Kraft, 1961). Even higher
correlations are anticipated for wind speeds filtered to remove the small
scale or high-frequency components. Widespread variations of wind speed
versus pressure are often noted during the weak stages of a tropical
cycloneTs development. These wind
speed measurements can be mislead-
ing because they often appear to be
dominated by contributions from in-
dividual thunderstorm cells (see
fig. 7) rather than by the circula-
tion of the meso- or larger scale
features. The Dvorak technique is
based upon the cloud structure of
the hurricane or typhoon scale
rather than that of individual
cells. Therefore, it seems that
the more conservative pressure
measurements would be more highly
correlated with the Dvorak inten-
sity measurements. This was, in
fact, generally found to be true
for the sample used in this study.

Table 3 lists Dvorak’s
empirically determined relation-
ships of his current intensity (Cl)
number and the MWS and MSLP. This
table was used to convert from MSLP } } )
to MWS in the sections that follow. Figure 7. Schematic drawing of a
The analyzed Cl’s were computed hurricane illustrating probable

versus both the official MWS and sources of errors in measuring
hurricane scale motions (winds).

14



Table 3. Dvorak calibration table of current intensity (Cl) number
versus the tropical cyclones maximum sustained wind speed (MWS) and
minimum sea level yressure (MSLP) (from Dvorak, 1973) .

C.I. MWS MSLP MSLP
Number  (Knots) (Atlantic) (Pacific)

1.5 25K 1010 mb 1004 mb
2 30K 1007 mb 1001 mb
2.5 35K 1003 mb 997 mb
3 40K 998 mb 992 mb
3.5 50K 993 mb 987 mb
4 60K 988 mb 982 mb
4.5 72K 979 mb 973 mb
5 85K 970 mb 964 mb
5.5 97K 960 mb 954 mb
6 110K 948 mb 942 mb
6.5 122K 934 mb 928 mb
7 135K 920 mb 914 mb
7.5 150K 906 mb 900 mb
8 170K 891 mb 885 mb

the MWS derived from the official MSLP. In general, however, only those
computations using pressure are presented for all the reasons listed
above. Also, since the Dvorak technique uses a picture-comparison method,
the analysis for the first picture in each sequence is not included in
the results that follow.

4.1 Variations of Storm Intensity as Determined
by Different Analysis

Table 4 gives a measure of the internal consistency of the Dvorak
intensity classification scheme. Here, the data are stratified by MWS
(determined from pressure), satellite, and analysis group. The "Best
Satellite Analyses™ (BSA) were determined from the Washington sample as
described in section 3.2, except that the Cl was used rather than the
position. This procedure, of course, provides a bias in favor of the
Washington group when compared with the other groups. The affects of
this bias appears primarily in the first of two categories. Again, the
groups analyzed the same sets of photographs so that any variations in
results are solely a function of the analysis.

15



03
4)

0)

43
@3

03
cl

t
0di
03
*9

Eh

Qv o5

&o g

o?

43
to

03
03
03

to
to

R«

43

2y

*« ¢f

$5 U

16

AU



The results indicate that 95 to 100 percent of all cases (ATS,
ESSA, DMSP), are analyzed to be within + 1.5 ClI numbers of each other.
For storms with maximum wind speeds of < 40 kt, this would mean varia-
tions of + 15 kt, and for approximate 100 kt storms variabilities of
+ 35 kt would occur less than 5 percent of the time. The internal con-
sistency of the Washington group analyses seems to be best using the
ESSA and ATS satellites for the weaker cases (< 50 kt), and using the
DMSP and ATS satellites for the stronger cases. The Miami group, in
general, shows greater consistencies with the ATS product with which
they are most familiar. However, their DMSP results run a close second.

The AWS group results are a little more erratic, especially for the ATS
and ESSA products

4.2 Deviations Analyzed CI Number From
the Official Intensity

The previous section showed the internal consistency of the
Dvorak technique for the three types of satellite products. This sec-
tion indicates the accuracy of the system versus the official intensity
and, for all the reasons mentioned in section 3.0, probably gives a
good representation of the absolute accuracy of the technique as applied.

Contingency tables were constructed for each analyst and each
satellite; the analyzed values are plotted versus the official intensity
and table 3 is used to convert pressure to a Cl number. Table 5 shows
such a contingency table constructed for a climatological analysis of
the DMSP sample. These climatological values were computed for compar-
ison with the results obtained by the various analysts. These analyses
were done by using climatological tables constructed by Michaels (1971;
1973) for the Pacific and Atlantic typhoons and hurricanes. These data
are stratified by storm intensity, location, and direction of movement.
That is, given yesterday’s storm intensity, direction of movement, and
location, we apply the 24 hour change determined from the climatological

sample to obtain today’s intensity. In one caae, the official pressure
is used to obtain yesterday’s intensity, the 24 hour climatological
change is applied, and table 3 is used to convert to a Cl number. In

the other case, the official maximum wind speed is used. You should be
aware that this is not cumulative blind climatology but dependent clima-
tology. That is the climatology is updated to the "known'" storm strength
before each 24 hour period. It is in fact a 24 hour forecast based on
climatology where the initial condition is known. Therefore, do not
conclude that this is how well an analyst could do with climatology
alone, but realize that some other source of information is needed to
determine the strength of the storm at the initial time. This informa-
tion is presented here only because most forecasters are familiar with
the relative accuracy of a 24 hour forecast based on climatology and can
therefore compare a known quantity with the skill of the analyst. Cumu-
lative blind climatology would be equivalent to 24 hour, 48 hour, 72
hour, etc. forecasts based upon climatology alone and such forecasts are
known to deteriorate rapidly with time.

17



OFFICIAL OBSERVED C.1

Table 5. A contingency table constructed for climatology and each
analyst for each satellite data sample to obtain the skill scores
etc. shown in tables 6 through 11. The number in each block is
the number of cases that fell in the particular square.

24 HOUR UPDATED PACIFIC CLIMATOLOGY C.1I.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0  TOTALS
1.5 1 4 5
2.0 6 3 4 13
2.5 1 i 3 3 1 9
3.0 1 2 6 9
3.5 1 1 6 9 1 4 22
4.0 1 5 6 9 7 4 32
4.5 4 6 11 10 2 33
5.0 6 8 7 8 1 1 31
5.5 1 1 3 6 5 2 2 20
6.0 2 6 1 6 1 16
6.5 1 1 4 4 10
7.0 1 3 1 1 6
7.5 1 1 2
8.0 0

TOTALS 0 10 10 20 28 24 31 26 22 12 16 8 1 0 5*o«

BIAS 0 .77 1.11 2.22 1.27 .75 .94 .84 1.1 .75 1.6 1.3 .5 A COR-26.9

Table 6 shows the results of the intensity analyses for the ATS
satellite sample. The analysts are listed by letter and group. Ana-
lysts K through Q comprised the Washington group and analysts G, H, J,
and R were Miami and S, T, and U made up the AWS groups. The category
deviations correspond to the contingency tables where 0 indicates that
the analyzed value is the same as the observed or official value, cate-
gories 1, 2, 3, 4, and 5 correspond to analyzed values deviating from
the official value by +0.5, +1.0, +1.5, +2.0, and +2.5 Cl numbers.

The deviation skill score was computed using the formulation derived by
Vernon (1953). This skill score is similar to the Heidke skill score
except that the greater the deviation of the analyzed value from the
observed value, the greater the penalty. The skill is computed versus
that value expected by chance and versus that value expected by the
climatology of the sample. The final two columns measure the bias of
the analyst. The column headed LT means that the analyst gave a CI
value less than what was observed; 1i.e., underestimated the strength

of the storm, and vica versa for GT (greater than).
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Intensity (Pressure)-ATS-Atlantic**

Deviations of Analyzed Current Intensity From Official

Table 6.
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The direct comparison of the dependent climatological skill
scores with the analyst’s skill scores (tables 6 through 8) is unfair as
indicated above. That is, the climatological computations are based
upon a knowledge of the storm’s intensity, 24 hours before each ana-
lysis period. The analyst has only past and present satellite photo-
graphs of the disturbance upon which to base his intensity estimate.
However, the comparison does give a relative indication of the effec-
tiveness of the analysis scheme, which has meaning to most operational

forecasters

The results for the ATS data indicate comparable skill scores
for the Washington and Miami groups except for two analysts. It is also
interesting that the Washington group tended to overestimate the strength
of the storm, but the Miami group’s estimates showed more variability.
However, we find that 85 to 95 percent of the sample for this satellite
was analyzed to be within +1 Cl number of the official value. Also,
only two cases out of more than 670 deviated by more than 2 Cl numbers
from the official value.

Table 7 shows the intensity analysis results for the ESSA satel-
lite sample. Here, more analysts were available for the Washington
group. The skill scores are considerably higher than for the ATS data,
but a greater percentage of misses in the higher categories also occur-
red. That is, the number of misses greater than +1 CI number ranges
from 10 to 20 percent of the total sample as compared with 5 to 15 per-
cent fTor the ATS sample. The skill scores are higher because the data
cover a wider range of values than those of the ATS sample and are
therefore less likely to be picked by chance. The scores are also quite
uniform and comparable with the dependent climatological scores showing
essentially equal skill for most of the analysts. Also, except for two
or three analysts, the bias was less than for the ATS sample.

Table 8 shows the results for the DMSP sample. Here, the skill
scores again are generally uniform and comparable with the dependent
climatology score, except for a few of the analysts. The scores are
slightly smaller than for the ESSA sample, but larger than for the ATS
sample. In general, the number of misses in the higher categories for
the Washington group is less for these cases than for the ESSA sample.
Also, the biases for most analysts are smaller than for the ATS or ESSA

samples

Tables 9, 10, and 11 show the skill in determining the 24 hour
change in intensity by use of the Dvorak technique. That is, the ana-
lyzed 24 hour change (today’s CI number minus yesterday’s Cl number)
is compared with the official change for the same time period. Here,

2 See previous explanation of dependent climatology in section 4.2.
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a direct comparison can be made with the climatological values. Also,
constant biases no longer affect the results. The skill scores seem to
be more variable for the 24 hour change data than for the data shown in
the three previous tables. However, note that the average analyst’s
skill scores are consistently much higher than those obtained for clima-
tology. The deviations are smallest for the ATS sample and largest for
the ESSA data. Remember that the ESSA and DMSP samples contained more
strong storms than the ATS sample.

A least-square parabola of Cl number versus MSLP was computed
for the ESSA and ATS Atlantic cases from the Washington group data
(fig. 8). These parabolas are compared with Dvorak’s curve plotted from
table 3. The small overestimation bias previously mentioned is shown
for both cases. The linear and non-linear correlation coefficients are
relatively large, but some 30 to 40 percent of the variance remains un-
explained by this fit. Figure 9 shows similar computations for the ESSA
and DMSP Pacific cases. The ESSA data were those of the Washington
group, while the DMSP fit was obtained using the Miami and Washington
group, but excluding analysts K and R who showed strong biases. The
ESSA Pacific data show almost a straight line fit considerably different
than for the ESSA Atlantic cases. This curve indicates a large over-
estimate of the intensity for strong storms and an underestimate for weak

ATLANTIC

NO OF LIN. COR NON-LIN UNEXP.
GROUP SATELLITE COEF COR COEF VAR.(%)

DVORAK
WASH. ESSA -.801 .83
WASH .

MINIMUM SEA LEVEL PRESSURE (MB)

Figure 8. Parabolic least-squares fit of the Washington group analyzed
current intensity (Cl) numbers versus minimum sea level pressures for
the Atlantic data sample. The Dvorak calibration curve is illustrated
as a point of reference
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Pacific

NO. OF LIN COR. NON-LIN. UNEXP.

GROUP SATELLITE COEF COR. COEF VAR (%)
DVORAK
WASH. ESSA -.855
WASH-MIA.  DMSP (72-73) 1069 -.816
WASH.-MIA  DMSP (72) -.853
WASH.- MIA  DMSP (73) -.753
960 950 940 930

MINIMUM SEA LEVEL PRESSURE (MB.)

Figure 9. Parabolic least squares fit for the Washington and Miami
groups analyzed current intensity (ClI) numbers versus minimum sea
level pressures for the Pacific data sample. The Dvorak calibration
curve is illustrated as a point of reference

storms when compared with Dvorak’s calibration curve. The total DMSP
sample shows a remarkably close fit to the Dvorak curve. However, when
the data were stratified by year, the curves varied. Underestimates of
more than 20 mb are evident for strong storms (MSLP > 920 mb) for the
1973 sample when compared with the Dvorak curve, and overestimates result
for the same catagories for the 1972 data. Part of this disparity, how-
ever, is probably caused by a relatively small sample of low pressures
in the 1973 cases and that extreme intensification occurred in two of
those storms. However, these trends are observed in the 920 mb to 950
mb range where a relatively large sample was available indicating some
problems with the strong and very strong cases.

4.3 Summary of Approximate Storm Intensity Errors

Table 12 shows a summary of the approximate storm intensity
errors determined from satellite products. This summary again is some-
what subjective in that values are shaded toward the consensus of the
analysts who obtained the better scores and were least biased. The
first sets of numbers are those showing the internal consistency of the
scheme, while the last line represents an estimate of the absolute accu-
racy of the system as applied by skilled analysts. The internal con-
sistency values are 10 to 15 percent higher and 5 to 10 percent higher
than the analyzed values versus the official intensity for Cl number
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Table 12. Summary of approximate intensity estimation errors for the ATS
ESSAf and DMSP data sample. All but the last line in the table repre-
sent the internal consistency of the Dvorak scheme. See table 3 for
wind speeds corresponding to Cl deviations of +0.5 and +1.0.

SATELLITE
ATS ESSA DMSP

DEVIATION DEVIATION DEVIATION

0 + 0.5 £1.0 0 + 0.5 £1.0 0 + 0.5 £1.0
FROM "'BEST"
SATELLITE % in  Cum. Cum* % in Cum. Cum. % 1in Cum. Cum.
Cat % % Cat % % Cat % %

<50 KT 51 88 98 52 88 98 40 82 95
50-69 KT 45 91 98 42 79 95 43 84 97
70-99 KT 46 88 93 37 77 95 38 79 93
> 100 KT 50 87 100 42 84 97 37 72 92
FROM OFFICIAL 32 73 92 28 67 85 25 63 86

deviations of +0.5 and +1.0, respectively. The deviations being
slightly larger for the ESSA and DMSP as compared with the ATS sample
data is probably caused by the greater number of more intense storms
in the ESSA and DMSP samples. This conclusion results from the
quadratic fit of the data implying greater problems with the upper end
of the scale (stronger storms) than the lower end (weaker storms)

5.  CONCLUSIONS

The position errors summarized in table 2 show no major surprises
That is, the higher resolution data result in smaller analysis errors.
Also, as storms become stronger and more well defined or closer to land,
the position errors decrease. The Air Weather Service (1974) indicated
mean position errors of from 15 to about 50 n mi for operational fixes
obtained with the DMSP satellite photographs. The low values correspond
to eye fFix positions with geographical gridding, while the upper values
correspond to poorly defined circulation centers. These values are com-
parable with those obtained by a summation of the grid and internal con-
sistency errors (table 2) that range from 20 to 35 n mi.
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The major questions that remain to be answered are how can these
positioning errors be decreased and how well can we expect to do in the
future? One of the dominant sources of error shown in the previous sec-
tions was the variations in center positions caused by different analyses
of the same picture. This error is particularly large for the weaker
and less well-defined systems and should be considerably decreased by
the use of the GOES photographs. The movie loop capability of the GOES
product which has the resolution of the DMSP, and the enhancement tech-
niques now becoming available to operational units should make locating
the center of the circulation less ambiguous. The ™"scatterll error for
the less well-defined storms should then approach that of the well-
defined ones. Also, as was mentioned, the vector movement of the storm
may be more important for some applications than the approximate loca-
tion of the instantaneous circulation center. Movie loops should help
in obtaining this vector movement. In addition, defining some cloud
envelope as representing the hurricane scale circulation, possibly could
make these measurements even more consistent. This has been previously
suggested by Dvorak and others, but more work must be done in this area.

The intensity estimates from the satellite pictures are rela-
tively consistent among the more experienced analysts regardless of the
satellite data used. This does not mean that all analysts came up with
the same iIntensity estimate for the same picture; but their percentages
of correct, scatter, and skill scores are comparable. These results
are not significantly different to those obtained previously by Erickson
(1972) for the better analysts in his study (unpublished) and only
slightly larger than the results obtained by Gaby (1974) in his evalua-
tion of the Miami/NESS SFSS analyses for 1974. The skill scores for
the ESSA and DMSP products in general were the highest and probably repre-
sent a close approximation of what will be attained using the Dvorak
technique and the GOES products with similar resolution. However, re-
call that the analyses for the weaker storms were better with the lower
resolution data. Perhaps some minor modification of the system may be
necessary for the weaker systems when using the higher resolution data.

The analyst’s results were comparable in accuracy to a 24 hour
dependent climatological forecast (see section 4.2 for an explanation
of dependent climatology). That is, given yesterday’s intensity, loca-
tion, and direction of movement, we can predict what today’s intensity
should be based on the 24 hour climatological change. The skill scores
for these climatological values are quite high. It is the authors
opinion that the intensity classification technique could be signifi-
cantly improved by taking advantage of this iInformation as a fTirst-guess
intensity for the analysis scheme. For instance, in a known area of
potentially rapid development, a greater change from the Dvorak model
Cl would be permitted than for a statistically average development area

etc.
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The Dvorak intensity estimation scheme seems to be best for weak
and average strength storms and worst for the very strong or extremely
fast developing storms. Perhaps new research and additional experience
with strong storms will result in better estimates for these cases in
the future. The consistency of the results and the skill scores attained
when compared with climatology indicate the usefulness of this product.
To what degree these observations can or should replace or supplement
aircraft reconnaissance information of course remains a decision for
others. The data are presented so that the people making these decisions
can determine the probability of a given error.
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APPENDIX A

EVALUATION OF THE DVORAK FORECAST SCHEME

We mentioned in the Introduction that Dvorak has developed a
forecast scheme based upon the storm’s cloud structure as observed in
the satellite photographs. This scheme is essentially an extension of
his intensity analysis scheme discussed in the main text. All analysts
participating in the evaluation study were also asked to complete the
forecast scheme as devised by Dvorak. These forecasts were evaluated in
the same manner as the 24 hour changes of current intensity (C.l1.) des-

cribed in section 4.2.

Our procedure was to determine the change in the current inten-
sity estimated for the next 24 hour period. That is, if the day’s
analyzed CI number was 3.0 and the 24 hour forecast Cl number was 4.0,
then the change of ClI was +1.0. This procedure removed constant biases
of the analyst, as discussed in section 4.2, and enabled a direct com-
parison between a simple 24 hour forecast change based on climatology.
The results of these analyses are shown in tables A-1, A-2, and A-3.

The interpretation is the same as for tables 9 through 11 in the main
text, except that the 24 hour forecast intensity change, rather than the
analyzed 24 hour change, is being evaluated.

Table A-1 shows the results for the ATS sample. A comparison of
the analysts' forecast values with values obtained by a direct applica-
tion of the 24 hour climatological change shows an average improvement
over the climatological-based forecast of 6 percent for the 0 deviation
category (change forecast was change observed) for the top eight
analysts. However, only three analysts showed improvements of more
than 5 percent. The cumulative percentages for the deviation category
of 1 (< 0.5 CI number deviations from the observed change), showed an
average improvement over climatology of only 1 percent for these same
eight analysts. The major iImprovement appears in category 2, (< 1 Cl
number deviation from the observed change)

The forecasts for the ESSA data (table A-2) show a higher per-
centage of correct calls (0 deviation) for the climatological-based
forecasts than for any of the analysts. However, the analysts in
general slightly exceeded the cumulative percentages associated with the
climatological-based forecasts in the first deviation category (<.5 CI

number deviations).

The analysts’ forecasts for the DMSP data (table A-3) show
slightly improved results over those obtained through use of straight
climatology. These improvements are similar to those obtained for the
ATS data sample with only small average percentage increases in each

category.
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The results of this analysis indicate that only small improvements
are obtained by the analyst over simple climatologically-based forecasts.
These average differences are generally less than 5 to 10 percent for any
category or satellite. With two exceptions, the more skilled analysts!
results were relatively consistent. This exception was the ATS sample
where two analysts obtained significantly higher correct forecasts (0
deviation) than other analysts for the same data set or for their own
analyses of the ESSA and DMSP data. This condition may have resulted
from better "behaved™ storms in the ATS sample and/or recall of specific
cases which probably influenced some forecasts. More subjectivity enters
the forecasts than the intensity analyses and, therefore, permits some
conscious or subconscious bias from prior knowledge of a given storm. The
fact that, in general, the percentages correct for the ATS sample were
larger than for the ESSA and DMSP sample indicates that the ATS sample
contained better 'behaved™ storms.

The skill scores generally indicated a higher skill for the
analysts! forecasts than for climatological-based forecasts. This re-
sulted primarily from a greater number of climatological-based forecasts
in the higher deviation categories. This number is small, but the devi-
ation skill scores penalize greatly for large misses. We do not mean
to imply that the analysts were able to accurately forecast large changes.
In fact, an examination of individual forecast changes for the Washington
group revealed that seldom were large changes (2 Cl numbers) forecast
correctly within two categories. In summary, this forecast scheme appears
best for well "behaved" systems and shows only minimal improvement over
climatologically-based forecasts in its present form.
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