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EVALUATION OF A TECHNIQUE FOR THE ANALYSIS AND FORECASTING
OF TROPICAL CYCLONE INTENSITIES FROM SATELLITE PICTURES

Carl . Erickson
Meteorological Satellite Laboratory-
National Environmental Satellite Service, NOAA
Washington, D. C.

ABSTRACT. The technique itself is described elsewhere
(Dvorak 1972). This report concerns an experiment
carried out in March 1972 to evaluate the technique as
it existed at that time. Eleven participants made
estimates of current storm intensity (C.1.) from 33
tropical storms and disturbances in the Atlantic and
Pacific. These estimates were compared with independent
measurements of maximum wind speed (MWS) and central
sea-level pressure (PPP). Favorable results using the
Dvorak technique to estimate MWS* particularly for weak
storms, have led to its adoption operationally in modi-
fied form. Three-way correlations between C.1., MWS,
and PPP are discussed. The results for the Atlantic
were significantly different from those for the

Western Pacific.

1. INTRODUCTION

Since 196X., the Analysis Branch of the National Environmental Satellite
Service has routinely classified tropical cyclones on the basis of their
appearance in satellite cloud photographs. That older classification
method, based on the work of Fritz, Hubert and Timchalk (1966) and Fett
(1961i), was developed by using the earlier TIROS satellite cloud pictures.
Although that method proved useful in providing estimates of the maximum
wind speed (MWS) in tropical cyclones, there were certain deficiencies, such
as the tendency to underestimate the MWS for small but intense hurricanes
and typhoons. Another deficiency was the ambiguous classification of
certain kinds of weaker storms and disturbances.

The technique referred to in the title was developed by Vernon F. Dvorak
of the Analysis Branch (Dvorak 1972).

The new technique represents an effort to overcome the recognized defi-
ciencies of the older method. It provides a more unified and detailed sys-
tem of storm classification and, hopefully, a better relation between
classification and the observed MWS. The technique also permits forecasts
of storm iIntensity for the next day. For these reasons, it has seemed
desirable to conduct an experiment to assess objectively, as nearly as
possible, the results obtainable from the new method. This report concerns
such an experiment.

A second purpose of the experiment was to determine whether there were any
systematic differences between the results obtained by using the method on
Atlantic storms and Pacific storms. Since the technique was developed from



satellite photographs of Western Pacific storms and disturbances only, it
was expected that the results for Atlantic storms might be different. This
experiment showed that systematic differences did indeed exist; the reasons
for the differences are not entirely clear.

In the picture-classification portion of the experiment, and also in the
initial evaluation that followed, the desired parameter was Maximum Wind
Speed (MWS). Sea-level pressure was not considered. However, eventually it
became apparent that a rather good relationship also existed between the
picture-derived estimates of current storm intensity (C.X*) and the central
sea-level pressure (PPP). Consequently, a second evaluation was done with
respect to PPP. Both sets of results are included in this report.

The expected relation between C.l. and PPP was not stated prior to the
evaluation. Therefore, the approach of this study with respect to PPP has
been to determine best-fit relations using the existing data. Best-fit
relations also have been established for C.1. to MWS and for PPP to MWS, so
that comparisons between the three relations may be made. All the data thus
become dependent data,i.e., data used to establish the relation. Further
tests against independent data probably would yield results that are slightly
worse than the best-fit values quoted herein.

2. THE EXPERIMENT

The experiment was conducted during the week of March 13-17, 1972* It con-
sisted of 3 days of instruction and practice in the new technique, after
which each participant was given a set of satellite photographs not used in
the training and was asked to make his own independent classifications while

working at his own speed.

There were eleven particpants, including Dvorak. He instructed the others
during the first 3 days, and later made his own classifications of the same
photographs given to the rest of the group. Eight of the ten student par-
ticipants were meteorologists experienced with satellite cloud pictures. A
few of those persons also had some prior knowledge of Dvorak®s classifica-
tion system. The other two participants had had limited experience with
pictures and no prior knowledge of Dvorak"s system.

The photographs used for the experiment included 33 representative cases
of typhoons, tropical storms, and weaker disturbances over both the North
Atlantic and North Pacific Oceans. Collectively, these 33 storms and dis-
turbances exhibited a broad range of development, from little or none to
super-storm intensity (~130 kt). Cases were selected from the I*-year
period 1967-70. The photographs were from satellites ESSA 3, ESSA 5,

ESSA 7, ESSA 9, and ITOS 1. For each case, pictures covered a period rang-
ing from 3 to 18 consecutive days. There were I£ cases from the Atlantic
(including the Caribbean and Gulf of Mexico), I£ from the Western North
Pacific, and 3 from the Eastern North Pacific.

In the independent classification by the participants, we attempted to
simulate operational conditions insofar as possible. Each person was given
pictures covering the history of the storm or disturbance, but was required



to evaluate each day before looking at the next. Pictures for the first day
of each case were not evaluated, but were used only as history.

Four conditions of this experiment were different from actual operations:

1) Each person made 300 classifications. This was a much larger number
of decisions than would normally occur in a like period of time.

2) Participants had no knowledge of independent measurements or estimates
of storm intensity, such as wind estimates from aircraft recon-
naissance or from the storm advisories. These are more stringent
conditions than exist operationally.

3) The sample contained a larger proportion of iIntense disturbances than

occurs 1In nature. This was necessary to obtain independent
(reconnaissance) wind measurements for a sufficient number of cases.

1) A few of the participants may have recognized one or more of the

storms in the sample and may have remembered the wind speeds associated
with the storm. This factor, however, is probably minor.

The initial results showed that the classifications by one of the two
persons with limited experience differed significantly from the group average
in a number of cases. Another participant tended to underclassify most
storms. Because such errors are correctible with experience, the figures
for those two persons omitted from the results.

3. THE PARAMETERS AND THE VERIFICATION DATA

For each storm day or disturbance day, the Dvorak technique permits the
determination of up to five interrelated parameters. Two of these translate
directly into wind speed:

The Current Intensity (C.l1.), which is the estimate of wind speed at
picture time, and

The Forecast Intensity (F.l1.), which is the estimate of wind speed for1

the next day.
Those two parameters are compared with the iIndependent measurements of
MWS .

A third parameter, the T-number, forms the basic classification of the
storm or disturbance. (The T-number does not translate directly into wind

speed, but it is the major factor for determining the values assigned to
CiX. and F.1.). In this report, the T-number is evaluated only with respect

to consistency of classification among the participants.

This report also compares C.l. with independent measurements of PPP. A
moderately good relationship existed between C.1. and PPP.

Aircraft reconnaissance provided most of the MWS and PPP verification data.
For the Western Pacific, the MWS and PPP data were taken from the best-track



intensities available in the Annual Typhoon Reports for the years 1967-70
(U.S. Fleet Weather Central/Joint Typhoon Warning Center). In the Atlantic,
MWS and PPP data were obtained from reconnaissance reports and from published
articles (Simpson and Pelissier 1971, Sugg and Hebert 1969, Sugg and
Pelissier 1968).

For both oceans, the above sources were supplemented by surface reports and
analyses. These additional verifications from surface data were available
mainly for the weaker disturbances or for those in the early stages of devel-
opment when no aircraft reports were available. However, for many of the
weaker disturbances there were no verification data.

Three Eastern Pacific storms, all of which occurred during 1970, were in-
cluded in the experiment. Data for these storms were obtained from the
Annual Typhoon Report (1970) and Denney (1971). These storms are omitted

from most of the results.

With respect to MWS, the number of days for which there is verification of
C.1. and F.1. is much less than the total number of disturbance days (300).

There are three reasons for this:

(1) MWS data do not exist for many weaker storms.

(2) Values of C.1. and F.I. at the low end of the scale—1.0 and 1.3—do
not translate into wind speed (a value of 2.0 is equivalent to 30 kt).
Thus, many weak disturbances are not evaluated in terms of wind speed.
(NOTE: This is iIn accordance with the technique as it existed in mid-
March 1972. Slight changes to the technique have been made since
(Dvorak 1972)).

(3) Days on which the storm center was over land are not included.

Item 2 also accounts for the differing number of verifications between par-
ticipants. Many weaker disturbances were classified as 2.0 (30 kt) by some
persons, and therefore may be compared with the MWS, whereas the same weaker,
disturbances were classified 1.3 by other persons and cannot then be

compared.

As a result of the three factors listed above, the number of verifications

of C.1. and F.I. averaged somewhat more than half the total number of days
(300). The total number of MWS verifications varied between participants,

ranging from 183 to 217 for C.l. and from 138 to 196 for F.I.

With respect to PPP, the situation was similar. The total number of
comparisons of PPP with C.I. was very nearly the same as for MWS with C.1I.
PPP data were not verified against F.I.*

*The initial compilation also omitted those storms with their centers near,

but not over, land. Because it was later determined that the statistics for
C.1. (but not for F.1.) were not adversely affected for these storms, they

have been included in the verifications of C.I.



Each PPP measurement or estimate was assigned a code figure indicating
degree of confidence or reliability. The code figures and their explanations
are listed below, in descending order of confidence:

Code Description

1. Eye penetration by reconnaissance aircraft within
30 min of picture time—actual PPP value used.

2. Eye penetration 1/2 to 2 hr away from picture time—PPP
determined through linear interpolation or extrapolation.

3. Eye penetration 2 to 6 hr away from picture time, and
indicated rate of pressure change “~1 mb/hr--PPP

determined through linear interpolation or extrapolation.

1*. Same as 3, except rate of pressure change =1 mb/hr.

5. No penetration within 6 hr of picture time—PEP estimated
from plotted storm track.

6. PPP estimated from surface observations and analyses.
9. PPP missing.

Eye penetrations for the Western Pacific storms of this study were more
frequent than for the Atlantic storms. Consequently, confidence in the
Pacific PPP data is somewhat higher than in the Atlantic data. In the
Pacific, approximately two-thirds of all PPP observations were of confidence
1, 2, or 3* For the Atlantic, the corresponding ratio was about one-half.

4, RESULTS AND DISCUSSION

A_ Internal Consistency of the Technique.

Table 1 shows that the basic T-number classification is moderately con-
sistent between different persons, with few large deviations from Dvorak®"s
work. Approximately 70 percent of all classifications deviated 0.5 or less
from Dvorak, about 90 percent 1.0 or less, and about 10 percent more than
1.0. Differences of 1.0 or greater were more frequent in the middle ranges
than at either end of the scale (table Ib). This greater spread in the
middle ranges showed up in larger percentage deviations from the MWS in the
middle ranges of wind speed.

Table la reveals that the student group used the half-values of T-number
(1.5, 2.5> etc.) less frequently than whole-number values. To correct this
bias, the percentages of table Ib are obtained by using a three-point
binomial smoother.

Table 2 is a presentation of deviations from Dvorak"s values for the
parameter C.l.,the Current Intensity, iIn kt, as estimated from the pictures.
R is the correlation coefficient and b the slope of the linear regression.



Table 1a —pPercentages of T-number classifications by the group of eight
persons (@bscissa) vs. Dvorak®"s T-number classifications (ordinate)

Classification by 8 students

"-No 1 ik 2 2h§ 3
1 ™0 5 » 5 52 0 0 o 0 O 0O O O 0 O
ik 29 "2k 27 ik 5 1 1 o 0 0 0O 0O O O O
2 17 WK™* 15 13 5 o, 0 0 O O O O O O
y40 kK 10 26 2325 7 5 1 0 0 0 O O 0 O
d 3 , 0 9 13 377ik 9 k 1 0 O O 0O 0O O
| jfe 1 1 2 8 2k i5. 5 1 0 0 0 0 0O
iy K o 0 2 2 9 16 7 3 0 0 0 O
Kk o o 0 o k 9 2 2 23 8 9 2 0 0 0
5 o o 0 0O 2 2 10 17 2k2k 18 1 1 0 O
5*s O 0 O O O o O k 1126 22 21 11 3 1
8 6 o o 0O o 0 o0 1 1 162333. 11 1° 1 1
’n o o 0o o 1 0 0O 0 710 23 2. 28 7 O
7 6o o 0 0 0o o0 O 0 0 0 0 38°3"38 13

1k

Table lb-——Smoothed percentages and cumulative percentages (parentheses)
’ of class deviations from Dvorak®s T-number

Deviations from Dvorak®s T-number

. or
0 1 ik 2 more™

1 k7 (k7) 25 (72) 21 (93) 5 (98) 2 (100) 0 (100)
ik ko (k0) 33 (73) 20 (93) 5 (98) 2 (100) + (100)
2 33 (33) 38 (72) 21 (93) 6 (98) 2 (100) 0 (100)
& 31 (31) 39 (70) 22 (92) 6 (98) 2 (100) 0 (100)
bj 3 29 (29) 39 (68) 23 (92) 6 (98) 2 (100) 0 (100)
sk 27 (27) kO (67) 2k (90) 7 (97) 3 (100)  + (100)
' K 25 (25) kI (66) 21 (88) 9 (97) 3 (100) 0 (100)
" Kk % (26) kI (66) 21 (87) 10 (97) 3 (100) O (100)
@ 5 o5 (25) kI (66) 2k (89) 8 (979 3 (100) 0 (100)
cd & 27 (@7) 37 (6k) 26 (90) 6 (96) 3 (99 1 (100)
{ 6 29 (29) ko (68) 23 (92) 6 (98) 2 (100) 0 (100)
a 26 (26) k7 (73) 20 (93) 5 (98) 1 (99 1 (100)
7 51 (21) 58 (80) 16 (95) 5 (100) O (100) 0 (100)

ik

8

*The plus sign indicates a percentage greater than zero but less than 0.5



Table 2.—Statistical comparisons of the current intensity (C.1.) obtained by

eight student participants with the C.1. obtained by Dvorak
Mean Algebraic mean
RMSE deviation difference (kt)
1. 15.06 .92 77 10.00 + 8.77
2 16.25 .87 .76 12.66 + 7.3k
,3 11 .30 .91 1.01 10.61; - 3.78
11.06 +01 1.03 10.91; + 1.146
5- 18.59 .90 .66 11.56 + 1.93
6. 11;.61; 871 13.01; + 0.24-1
7- 12.82 +01 .78 10.56 + 3.18
8. 12.96 .90 .80 11.07 + 3.05
Average
for 11;. 28 .88 .18 12.21 + 3.58
group
Legend: R = correlation coefficient

b

regression slope

All participants showed a moderate degree of scatter (mean deviation 12.21 kt,

mean RMSE 11;.28 kt). Persons 1, 2, and 5 also_disRIaygd a marked tendency
to obtain values of C.l. higher than Dvorak®"s in the middle and upper ranges.

This is revealed by positive mean algebraic differences of 7 to 8 kt together
with regression slopes (b) considerably less than unity.

The participants were initially unfamiliar with the technique, and per-
formed for the record after only 3 days of instruction and practice. Al-
though nearly all felt that their understanding was adequate, several also
felt that they were continuing to improve and that more experience would
improve their results significantly.

B. The Estimation of Wind.

At the time of the March 1972 experiment, the expected relationship between

C.1. and the maximum sustained wind speed was as fTollows:

C.1. No. Wind speed (kt) C.1. No. Wind speed (kt)
1.0 not specified 5.0 75
1.5 not specified 5.5 87
2.0 30 6.0 100
2.5 35 6.5 115
3.0 Uo 1.0 130
3.5 kI 1.5 1U5
h.o 59 8.0 160
h.$ 65



No allowance was made for possible differences between Atlantic and Pacific
oceans—indeed, it was one of the purposes of the experiment to discover
whether such differences exist.

Because the present working relation of C.1. to wind speed is slightly dif-
ferent from that above (Dvorak 1972), the verification statistics for C.I.
vs. MWS based on the above tabulation are not given. However, the iImportant
conclusions are:

< Dvorak was significantly better than the student group In some respects.

< There was a large and quite consistent negative bias for Atlantic
storms.

< The method was quite accurate for estimating the low wind speeds
("5>0 kt), was Tairly accurate for intense storms (>-100 kt), but was
least accurate for storms of intermediate strength (99-100 kt).

< The new technique appears definitely superior to the old for esti-
mating thd MWS in weak storms, but not for intermediate and intense

storms. For an assessment of the older method, see Hubert and
Timchalk (1969).

Because the Dvorak technique was developed using photographs of Pacific
storms and disturbances, the technique should be expected to work better in
the Pacific than in the Atlantic. As noted above, the experiment resulted
in a strong negative bias for Atlantic storms. Every person underestimated
the mean MWS for Atlantic storms and disturbances (group average: -10.9 kt).

No systematic bias was noted for the Pacific Storms.

Hiring the experiment, the sequence of storms was random, so the bias
should not have arisen from that source. Two reasons are suggested to
account for the negative bias in the Atlantic:

(1) There is a real physical difference between Atlantic storms and
Pacific storms, or

(2) there is a systematic difference in the measurements by recon-

naissance between the Atlantic and Pacific, with the Atlantic
measurements tending to be higher than the Pacific measurements.

The author inclines toward the first as being more likely."*

]

ylt is possible that some of the Atlantic values of MWS used in this study
may be a bit too high. After the C.I1.-MWS evaluation had been completed,

a corrparison was made between the U.S. Navy Best-track MWS values (not used
in this study) and values from other sources (which were used) for 69
Atlantic cases where both existed. The latter averaged 96.9 kt, the former
99-U kt or 1.9 kt less. Thus, the use of the U. S. Navy MWS values would
slightly reduce the observed difference in technique performance between
Atlantic and Western Pacific oceans, but it certainly would not eliminate
that difference.



The greater degree of error in the intermediate (53~ to 100-kt) range of
MWS might be attributed to the fact that rapidly developing and rapidly
weakening storms tend to fall iIn this range. Such storms probably are more
difficult to "hit."

Hurricane Beulah of 1967 may be offered as evidence. Beulah was included
in this experiment and was a difficult storm to assess, as it underwent
rapid intensification, pronounced weakening, and then re-intensification.

As might be expected, the scatter of scores for Beulah was greater than for
most of the storms. Many large deviations from the MWS occurred, nearly all
negative. Although nearly everyone correctly interpreted the direction of
major changes, the changes tended to occur sooner than expected.

In assessing the results from this technique (and, specifically, in com-
paring C.l. with MWS), it is useful to eliminate the systematic error. This
is done through construction of regression lines fTitted to the data by least
squares so that the scatter is minimized. Table 3 presents some statistics
for such linear best-fit relations between C.1. and MWS. These are given
for each of the eight student participants and for Dvorak. Different rela-
tions for the Atlantic and Western Pacific oceans can be seen by comparing
the slopes of the regression lines. For each person, the slope for the
Atlantic is greater than that for the Western Pacific.

Table 3.—Best-fit linear relations between current intensity (C.1.) and

maximum wind speed (MWS). MWS (kt) is the dependent variable. Includes
all cases where both C.lI. and MWS are reported, except storms over land
Western Pacific Atlantic
MWS Mean MWS Mean
inter- RMSE abs. inter- RMSE abs.
Person b cept R (kt) error N b cept R k)  error N
(kt) (kt) (kt) (kt)
1.1 8 3-2 .813 18.8 11+3 115 109 1.8 *8U9 11*5 11.6 61
2. 77 11.1 761 21.1 17.3 116 123 -6.2 .760 17.8 11*.1 76
3. 1.09 3.2 .815 18.6 11*.9 113 1.56 -8.1* .760 18.3 11*9 62
u. 1.08 -2.1* .791* 19.8 15-U 117 1.32 -10.7 -830 19.2 12.1* 82
9. .61* 20.2 .752 20.8 17.3 109 1.03 8.7 .822 19.3 12.9 66
6. .78 17.2 771 20.2 16.0 111 1.29 =-2.1* .835 19.6 12.6 39
7. .83 "9.6 .811* 18.8 19.1 113 1.09 7.1*  .811* 13.8 13.6 60
8. .86 8.3 .825 18.2 11*.6 113 1.01 9.7 .806 16.0 13-2 63
Mean .793 19-5 15.6 809 16.1 13.2

Dvorak | 1.06 -1.1* .887 11*.7 11.7 111 | 1.25 0.3 88 1U-3 12.28 67

Legend: b = slope
R = correlation coefficient
N = number of cases
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The Western Pacific sample contains a higher proportion of intense storms
(high MWS) than does the Atlantic. Therefore, although the Western Pacific

RMS errors and mean absolute errors seen in table 3 are slightly larger
numerically than the Atlantic errors, they are not larger in percent. The
MWS intercept is (a) and the number of cases N.

Figures 1 through It (appendix) display some of the C.I.-MWS regression
curves and the plotted data from which they are derived. Data are pre-
sented for Dvorak and for one representative participant from the group of
eight students. In each figure, both the linear regression and the best-fit
2nd-degree polynomial curve are shown.

Of importance to the forecaster is the direction of the changes in inten-

sity of a tropical cyclone. In this respect, the Dvorak technique produces
good results (see table 1). For the group of eight person®s, the satellite-
derived estimates of past 2U-hr changes in intensity (C.l. today minus C.I.

yesterday) had the correct sign on nearly 90 percent of all cases. The
correlation with the observed changes was +0.62. For Dvorak, the figures
were even better; 91 percent and +0.70. On the whole, it appears that the
technique is much better for recognizing changes in intensity than it is
for indicating®™ the iIntensity itself.

Table , —Correlation coefficients (R) (columns A and C) between observed
,4_ Nr changes in MWS, as determined from independent data, and the 24-hr
changes in intensity estimated from satellite photographs (see legend).

Columns B and D are the percentages of satellite-derived estimates having
the correct algebraic sign.

For past 2h hr -For next 2h hr
A B c D
Person Q) 00 ® (S0
1 .68 90 *53 83
2 89 A1 75
3. .61 92 51 86
u* .62 91 012 76
.60 87 .52 83
6. *63 89 51 81
7. *65 86 *50 77
8. .66 88 *53 78
Average
for .62 89 .19 80
group
Dvorak .70 91 *56 83

*For past 21 hr: Change estimated from photos = C.l. today minus C.lI.

yesterday,
Observed change = MWS today minus MWS yesterday.

For next 2h hr: Change estimated from photos = F.l. minus C.I.,
Observed change = MWS tomorrow minus MWS today.

R * correlation coefficient
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Forecast changes in intensity for the next 2K hr (columns C and D of table
U) were not as accurate as were the estimates of past change. However, the

correct sign was obtained for 80 percent of all forecasts.

Two other conclusions, based on limited evidence, are offered:
(1) Poor picture quality has an adverse effect on classification, and

(2) the influence of land masses has an adverse effect in that wind
speeds tend to be overestimated after the storm has moved inland.

Evidence for the former comes mainly from two Western Pacific storms of
August 1968 that were viewed by ESSA 5 in the late afternoon. The standard
deviations of the group T-number classifications for those two storms were
larger than those for nearly all other cases. The comparisons with the MWS
data also were worse than the average. The author believes that low sun and
resultant below-average picture quality were partly responsible.

C. Estimating Pressure.

As noted in the Introduction, there was no stated relation between C.I.
and PPP prior to this study. Therefore, the approach has been to determine
best-fit relations using the existing values. Table 5 gives statistics for

such linear best-fit relations for C.1. to PPP (similar to that presented
for C.1. to MWS in table 3). The data are for all PPP.

Table 5.—Best fit linear relations between current intensity (C.l1.) and
central sea-level pressure (PPP). PPP (mb) is the dependent variable.
Includes all cases where both C.1. and PPP are reported and storm center
is not over land

Western Pacific Atlantic

Slope PPP Mean Slope PPP Mean

Person (Wb inter- abs. (mb  inter- abs.
er Cepi':l R RMSE error N er Cept R RMSE error N

Et) (mb)"* (mb)  (mb) | Bt) (mb)> (mb)  (m

1 " _69 239 -.858 136 9-9 117 ' ' 39.U -876 8.8 6.7 61
2 -.68 21.i ~-.811 15.8 12.7 118 -.82 37.6 -.791; 10.5 7.1; 78
3. -.89 296 -.850 13.8 10.3 113 -1.01; 39.1*+ -.778 11.1; 8.3 69
u* -.9k 32.7 -.851; 11*.1 10.5 121 -.88 0.3 -.870 8.1; 6.2 89
9. -=99 12.1 -.799 19.9 12.6 108 -.73 30.5 -.873 8.7 6.9 67
6. -.67 19-9 -813 19.3 11 .k 111 -.91 37.8 -.890 8.1; 6.0 63
7. -.69 19.1 -.857 13.U 10.5 111 -.78 316 -.893 9.6 1.2 62
8. -.71 19.9 -.81*8 11;.0 10.8 113 -.72 301 -.873 8.6 6.6 69

Mean -.836 '1U.1+ 11.1 -.851 9.3 6.9
9-8 67

Dvorak ! --88 28.U -.909 10.9 7-7 111 rIL39—2 -.878 8.9

*Add 1000 mb to PPP intercept. R = correlation coefficient
N = number of cases
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Differences in the confidence level of PPP seem to have little effect on
the result. For the relations C.l. to PPP and PPP to MWS, the RMS errors
were slightly larger for confidence levels 1, 2, and 3 (not shown in table
5) than for all confidence levels. Perhaps this is because confidence
levels 1, 2, and 3 generally correspond to the much lower values of PPP that
occur in the intense storms that are penetrated more frequently by recon-
naissance aircraft. Thus, the assumed greater reliability of the measurement
is more than offset by the larger range of the values to be measured. In any
event, the net effect is small.

As with the C.I. to MWS relation, the numerical values of the mean errors
for the C.l1.-to-PPP relation, given in table 5, are larger in the Pacific
than in the Atlantic. However, the goodness-of-fit, as shown by the cor-
relation coefficients, is approximately the same for both oceans.

Figures 5 and 6 (appendix) show the plotted data and regression curves for
Dvorak.

D. Comparison of Wind Estimates with Pressure Estimates.

Table 6 gives comparative statistics for the three best-fit relations C.I.
to PPP, PPP to MWS, and C.l1. to MWS. All the linear correlation coeffi-
cients are relatively large, indicating useful basic relations between the
parameters. Correlations are best for PPP to MWS (-.903 to -.930). They
are not quite as good for C.1. to PPP (-.820 to -.903), and are slightly
lower yet for C.l. to MWS (.783 to .886). This indicates that classifica-
tions according to the Dvorak technique correlate a bit better with pressure

than with wind.

However, if wind is the desired end product, the direct relation between
C.l1. and MWS will, on balance, be better than the combined relation of C.I.
with PPP and PPP with MWS (see table 7). This is true even though both
C.1. vs. PPP and PPP vs. MWS are better than C.l1. vs. MWS.

PPP is generally believed to be a more conservative parameter than MWS.
Usually it is measured more accurately, and it occurs in the center or eye
of the storm, In contrast to the banana-shaped areas of MWS that fluctuate
in intensity and may rotate around the storm at some distance from the
center. For these reasons, PPP may be more valuable than wind speed for
tropical cyclone analysis and forecasting. But when a storm goes ashore,
the private citizen whose house is blowing away has no interest in PPP.
Prior wind knowledge is essential. PT"erhaps the most helpful operational use
of the Dvorak technique would be to supply estimates of both parameters.

The results shown in table 6 are influenced by two differences between
Atlantic and Pacific data. Over the Western Pacific much of the basic MWS
data is derived from the published best-track intensities, which, in turn,
have been influenced by the reported reconnaissance values of PPP. This
leads to a built-in correlation between PPP and MWS. Therefore, the large
negative coefficients (-.930) shown for PPP to MWS over the Western Pacific,
probably are excessive. In the Atlantic, the measurements or estimates of
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Table 6.——Comparisons of best-fit relations between C.1. and PPP, PPP and
MWS, and C.I. and MWS (see legend). Includes only cases where all three

quantities were reported and storm center was not over land

Western Pacific Atlantic
o i g_ﬁ Mean Mean
—Pa Pl R RMSE abs. N R RMSE abs. N
a
% %f % g ] error | error
0 Tj 00
ha o dw (mb) (mb)  (mb)
Group A -.820 1176 11.3 (107) -857 9.3 63 (65
mean (B 11.0 (107) 9.1 6.7 (65)
C.l. to PPP
, -903 110 7.8 107 -.883 81* 5-7 66
Dvorak ¢ 109 7.6 107 81* 57 66
Ikt) (kt)
Group (A -930 TT76 (107) -.908 1TT5 (65)
mean |B 11.it 8.8 (107) 105 8.2 (65)
PPP to MWS
089 117 9.0 107 -903 116 9.6 66
Dvorak - 111+ 89 107 107 85 66
Lfo.) (kD) (kt) (kb
Group A +783 197 ‘178 (107)  +806 1672 133 (65)
mean B 18.9 11*9 (107) 15.9 129 (65)
C.1. to MWS
(A +886 18 11.7 107 +8J40 16 12.3 66
Dvorak: g 4.3 111 107 138 115 66
~Legend: C.l. = current storm intensity (kt), as estimated from satellite

photographs.

PPP = minimum central sea-level pressure (mb) in storm, as
measured by reconnaissance aircraft or as estimated from
interpolation or from other sources.

MWS = maximum wind speed (kt), as determined from post-analysis
best track, aircraft reconnaissance, or other sources.

A = Linear Regression (least-squares best fit).

B = 2nd-degree Polynomial (least-squares best fit).

R = correlation coefficient.

N = number of cases (values enclosed iIn parentheses are
averages for the group of 8 persons).
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PPP and MWS were more nearly independent, and the excess of correlation
should be less.

Table 7.—Comparison of the linear correlation coefficients between current
intensity (C.1.) and maximum wind speed (MWS) with the automatic correla-
tion coefficients obtained by going from C.1. to MWS through central sea-
level pressure (PPP)

A = Automatic correlation (through PFP)
B = Direct correlation
'S
Western Pacific Atlantic
A B (B - A) A B @ - A
i (-.820) —
T ((-.857;
Group *(--930j x(--908 606 +.08
mean 163 .783  +-020 178 - -
. (-.903 (--883)
(--903) X(-.903)
Dvorak .886 +.01*6 -797 | 8 o i"o

The second difference between oceans is that the Western Pacific contains
3, higher percentage of the more intense storms. Again, the reader of table
6 should note that the larger numerical errors seen for the Western Pacific
estimates of MWS are not larger in percent than those for the Atlantic.

Table 6 also contains mean error data for the best-fit 2nd-degree poly-
nomials (lines B) as well as for the best-fit linear regressions (lines A).
Because the 2nd-degree curves are nearly linear, their use gives only slight
reductions in the mean errors—usually a few tenths of a knot, or a few
tenths of a millibar. An exception is the PPP to MWS relationship for the
Atlantic, where the 2nd-degree curve departs moderately from the linear
regression (also see figure 8). In that relationship, the reduction in mean
MWS errors obtained by use of the 2nd-degree curve is approximately 1.0 kt.

If wind is the desired end product, it has been shown that the direct route
from C.1. to MWS will, on the average, yield better results than will the
indirect route through PPP. However, because the demonstrably good relation
between PPP and MWS willl remain useful for some purposes, figures 7 through
10, showing that relation, are included in the appendix. Those figures dis-
play the regression curves and the plotted data segregated by ocean and by

two classes of PPP.

Figures 7 through 10, and especially the Pacific data of figures 7 and 9,
contain the built-in correlation noted earlier. For a similar figure without
such built-in correlation, see Shea (1972). Shea"s diagram (his figure 80)
is derived from reconnaissance spot measurements that presumably are indepen-
dent, and shows a larger scatter in the plot of PPP vs. MWS*
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Figure 11 shows the differences between the PPP-MWS regression curves for
the Atlantic and the Western Pacific. It is apparent that the same PPP"-to-
MWS relation cannot be used for both oceans. For the pairs C.I. to MWS and
C.I. to PPP, the oceanic differences are less, but they are large enough to
require different curves for each ocean.

In operational tropical cyclone analysis, the estimation of MWS from cen-
tral pressure is an old and imperfect procedure. A number of empirically-
derived equations have been used by the various field forecast offices
(Holliday 1969). Several of those equations have been compared with the
PPP-MWS data of the present study. In the Atlantic, Kraft®s equation
(wws = 1k V1013 - PPPX) most nearly fits these data. The equation was close
to both the linear and the 2nd-degree curves of figure 8 through the middle
range of wind speeds (30 to 100 kt). 1In the Western Pacific-, Takahashi®s

equation (MWS 13.kK VIOIO - PPP~) was best for intense storms and Myers"®
equation (MWS 11 VIOIO - PPP®) was best for weaker storms.

5. CONCLUSIONS

The new technique is better for estimating the MWS in weak storms (™50 kt)
than is the storm classification method previously in use.

The technique is much better for estimating changes in storm intensity over
the past 2h hours than it is for estimating the intensity itself. The sign
of the 2lit-hour past changes was correct in nearly 90 percent of cases. The
sign of the forecast changes was 80 percent correct. The author believes that
the forecasts of sign would be useful operationally.

There was a large and quite consistent negative bias in the MWS estimates
for Atlantic storms. No such systematic bias was noted for Pacific storms.

The Binear correlation between C.I. and PPP is slightly better than the
correlation between C.1. and MWS. However, if wind is the desired end
product, the direct relation, C.1. to MWS, will yield better results than
will the indirect relation, C.lI. to PPP to MWS.

Best-fit relations yielded the following ranges of mean absolute error:

C.l1. to MWS MWS 11 to 16 kt
C.l1. to PPP PPP 6 to 11 mb
PPP to MWS MWS 8 to 10 kt

Tests using independent data probably would show slightly larger mean errors
than these.

The best-fit regression equations all show considerable differences between
Atlantic and Infestem Pacific storms. It appears that different working
relations should be used for each ocean.

ClassifTication errors tend to be larger with poor quality photographs and
with storms of rapidly changing intensity.

Experience helps. Dvorak averaged better than any of his students.
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160
linear regression:
150
MWS (kt) = -1.39 + 1.0591pcC.1.
140 x (C.1.) = 68.32 kt
y (MWS) = 70.99 kt
R = .887
130 RMSE = lit.72 kt
Mean abs. error = 11.68 kt
N = 111 cases
120
110
100
90
80
70 o// o
60
50
40
30 B 2nd-degree polynomial:
/<9 0 o ’ ’
20 mws (kt) = -25-8036 + 1.83787x0.1. - .00531539x0.1.
RMSE = lit.2It kt
10 Mean abs. error = 10.98 kt
0
C. I. (kt)
qure 1.—Estimates of maximum wind speed (MWS) from current intensity
CIW')' Western Pacific storms, 111 cases. Includes Dvorak data
onl~» —all Western Pacific cases where both MWS and C.l1. were reported

and storm center was not over land.



linear regression:

MWS (kt) = 0.28 + 1.2U8HXC.1

y (MWS)
EMSE
Mean abs. error 12.16 kt

67 cases

MWS (kt)

B. 2nd-degree polynomial:
MWS (kt) = -33.9211 + 2.55173x0.1

RMSE 13.7U kt
Mean abs. error = 11.37 kt

140 150

C. 1. (kt)

Figure 2.—Estimates of maximum wind speed (MWS) from current intensity -
(C.1.)j Atlantic storms, 67 cases. Includes Dvorak data only—all

Atlantic cases where-both MWS and C.1. were reported and storm center
was not over land.
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A. linear regression:

MWS (kt) = 8.53 + 0.86206x0.1.

* (C.1.) = 71.1*1 kt
y (MWS) = 70.09 kt
R = .825
RMSE = 18.2k kt 0
Mean abs. error = 1lk*61 kt
N = 113 cases
=
[2)
=
=
B. 2nd-degree polynomial:
<p O O mws (kt) = -13-7558 + 1.5U833xC.1. - .00Uil185x0.1.
RMSE = 17.83 kt
Mean abs. error = 1k>17 kt

C. I (kt)

Figure 3.—Estimates of maximum wind speed (MWS) from current intensity,
(C.1.)j Western Pacific storms, 113 cases, (for Person No. 8—all

Western Pacific cases where both MWS and C.l. were reported and storm
center was not over land).



linear regression

MWS (kt) = 9.70 + 1.008UxC.I
X (C.1.) = U6.60 kt
y (MWS) = 56.69 kt
R = .806
RMSE = 16.03 kt
Mean abs. error = 13*17 kt
N = 65 cases

MWS (Kt)

2nd-degree polynomial
MWS (kt) = 18.3357 + 1.30592x0.1. 1

RMSE
Mean abs. error

15-99 kt
13*07 kt

C. I (kt)

Figure ~.--Estimates of maximum wind speed (MWS) from current intensity

(C.1.)jJ Atlantic storms, 65 cases, (for Person No. s8—all Atlantic
cases where both MWS and C.l. were reported, and storm center was not
over land).
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1030 linear regression:
PPP (mb) = 1028.1*2 - .8782x0.1.
X = 67.50 kt
y = 969.1U mb
R = -.909
RMSE = 10.86 mb
1000 Mean abs. error = 7-66 mb
p 0 N = 111 cases
o
E
a
a
o}

B. 2nd-degree polynomial:

PPP (mb) = 1037.27 - 1.16386x0.1. + .001971*25x0.1.

10.77 mb
7.1*2 mb

RMSE
Mean abs. error

140 150
C. 1. (kt)

Figure 5*—Estimates of central sea-level pressure (PPP) from current
intensity (C.1.)" Western Pacific storms, 111 cases. Includes Dvorak
data only—all Western Pacific cases where both PPP and C.1. were
reported and storm center was not over land.
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A. linear regression:

30

PPP (mb) = 1035-16 - .8658x0.1.
= U5.22 kt
=996.01 mb
- -.878
= 8.52 mb
Mean abs. 5.85 mb
N = 67 cases
B. 2nd-degree polynomial:
PPP (mb) = 1033.12 - .788287x0.1. - -00061563x0.1.2
RMSE = 8.52 mb
Mean abs. error = 5«80 mb
| | | i | J | | | L
40 50 60 70 80 90 100 110 120 130, 140 150
C. I. (kt)

Figure 6.—Estimates of central sea-level pressure (PPP) from current

intensity (C.1.)"»

Atlantic storms, 67 cases. Includes Dvorak data

only—all Atlantic cases where both PPP and C.l. were reported and
storm center was not,over land.
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linear regression:

MWS (kt) = 1191.60 -
X = 969.81; mb
7 = 69.56 kt
R = -.936
RMSE = 11 .1*1 kt
130 -O- Mean abs. error = 8.72 kt
N = 113 cases

d>™Mo

MWS (kt)

B. 2nd-degree polynomial:

MWS (kt) = -1377-85 + 1i.17380xPPP - .00276273xPFP

11.18 kt
8.65 kt

RMSE
Mean abs. error

890 900 910 920 930 940 950 960 970 980 990 1000 I0I0 1020
PPP (mb)

Figure 7.—Estimates of maximum wind speed (MWS) from central sea-level
pressure (PPP)® Western Pacific storms, 113 cases. Includes all

Western Pacific casep where both PPP and MWS were reported and storm
center was not over land.
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A. linear regression:

MWS (kt) = 1513.35 - 1.UB650xPPP

* = 999.73 mb
y = 1j.8.78 kt
R = -.913
RMSE = 11.27 kt
Mean abs. error = 9*20 kt
N = 86 cases

B. 2nd-degree polynomial:

MWS (kt) = -9291.7t + 20.5570xPPP -.0112136xPPP2

RMSE 10.05 kt
Mean abs. error = 7.90 kt

910 920 930 940 950 960 970 980 990 1000 I0IO 1020
PPP(mb)

3 8.—Estimates of maximum wind speed (MWS) from central searleve]
ssure (PPP), Atlantic storms, 86 cases. Includes all Atlantic

3s where both PPP- and MWS were reported and storm center was not
? land.
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linear regression:

MWS (kt) = 1169.02 -
X = 963.58 mb
y = 7747 kt
R = -.911*
RMSE = 12-33 kt
Mean abs. error = 9-67 kt
N = 79 cases
O O

g

%

s

= oo

000 o000

B. 2nd-degree polynomial:
MWS (kt) = -3382.89 + 8.36337xPPP - .00t9i:939xPPP

RMSE
Mean abs. error

11.70 kt
9*02 kt

890 900 910 920 930 940 950 960 970 980 990 1000 1010 1020
PPP(mb)

Figure 9.—Estimates of maximum wind speed (MWS) from central sea-level
pressure (PPP)® Hfes”em Pacific storms, 79 cases. Includes only
those Tifesteln Pacific cases where PPP of confidence 1, 2, Or 3 existed.
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160 A. linear regression:
MWS (kt) = 1244-06 - 1 .1879xPPP

150
= 992.53 mb

65.00 kt
-.892
140 RMSE 10.96 kt

Mean abs 9.26 kt
130 45 cases

120
110
100
90
80
70
60
50
40

B. 2nd- | ial: .
30 nd-degree polynomia

MWS (kt) = -1*778.98 + 11 .1610xPPP -

20 RMSE
Mean abs. error

10.56 kt
8.73 kt

10

0
8 900 910 920 930 940 950 960 970 980 990 1000 100 10!
PPP (mb) |

§ 10.—Estimates of maximum wind speed (MWS) from central sea-leve
ssure (PPP)_, Atlantic storms, cases. Includes only those
mtic cases where PFP of confidence 1, 2, or 3 existed.
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ho degree polynomial (least-square” fit)
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11.——Comparison of Western Pacific and Atlantic best-fit curves
estimating maximum wind speed (MWS) from central sea-level pressi

). Derived from all cases where both PPP and MWS are reported ai
m center was not over land.
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