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ABSTRACT

The contributions of aircraft reconnaissance to the accuracy of tropical cyclone center positioning, motion,
and intensity determinations are examined, along with their impact on the accuracy of track and intensity
forecasting. The analyses concentrate on differences in cyclone position and intensity diagnosis, as well as track
forecasting during periods when aircraft measurements were made versus times when aircraft data were not
available. Northwest Pacific data for the period 1979-86, which contain over 200 tropical cyclone cases with
approximately 5000 center fix positions, were used for the analyses. Aircraft versus no-aircraft situations are
examined with respect to the class of satellite data that were available and for day versus night measurements.
Differences in positioning and intensity estimates made from simultaneous independent satellite observations
are also examined. Results show that satellite analysts operating independently frequently obtain large differences
in their estimates of tropical cyclone positions, as well as their intensity estimates. Aircraft reconnaissance of
cyclone position and intensity, as were flown in the western Pacific, does not appear to improve track forecasts
beyond 24 h, nor does it affect the current 12-h motion vector estimate. Other areas of tropical cyclone warning
services, including estimates of current position and intensity as well as short-term estimates of motion, especially
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for recurvature forecasts, appear to be improved by aircraft data.

1. Introduction

The termination of aircraft reconnaissance of trop-
ical cyclones in the northwest (NW) Pacific in 1987
has raised a basic question: How well can these storms
be observed and forecast without the support of aircraft
reconnaissance? Similar questions have also arisen in
response to possible elimination or reduction of At-
lantic basin aircraft reconnaissance assets—currently
supported by agencies of the U.S. government. By con-
trast, a number of foreign countries are now considering
the desirability of initiating aircraft reconnaissance of
tropical cyclones. Neglecting the economic and political
judgments for aircraft reconnaissance, we will attempt
to delineate areas of confidence and of caution for those
who may be required to provide tropical cyclone warn-
ing services without the benefit of aircraft reconnais-
sance. Knowledge of the contributions of aircraft re-
connaissance will assist forecasters in making decisions
based entirely on satellite observations. This study also
provides useful background information for decisions
on aircraft reconnaissance resources in the Atlantic,
the only basin where routine reconnaissance flights are
still made.
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A central unresolved issue concerns the accuracy of
current- and near-term future satellite technology for
specifying the position, motion, and intensity of trop-
ical cyclones without support from aircraft reconnais-
sance. Most satellite position and intensity estimates
for tropical cyclones in the NW Pacific and Atlantic
basins have not been made independently of aircraft
information. Moreover, when reconnaissance flights
were not made, alternate forms of information were
not available to verify the satellite when it is the only
tropical cyclone measurement. Hence, a debate be-
tween satellite specialists and operational forecasters
over the accuracy and reliability of satellite observations
has occurred in the absence of verification from aerial
reconnaissance.

Reconnaissance aircraft directly measure cyclone
position and intensity, while satellite images provide
information from which position and intensity are in-
ferred. To document the importance of aircraft recon-
naissance, direct comparisons are made between ob-
servation and forecasting operations that were based
primarily on current weather satellite data versus those
aided with aircraft mission data. Aircraft minimum
central pressure was usually determined by dropwind-
sonde near the cyclone’s wind center from the 700-mb
pressure level height. When dropwindsondes failed or
were not made, the cyclone’s minimum central pres-
sure was extrapolated downward from the 700-mb level
with an assumed surface-to-700-mb mean temperature.
Weatherford and Gray (1988a) showed that such
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TABLE 1. Descriptive characteristics of the ASC, SSC, and AIF datasets including stratifications by intensity class, satellite, imagery type,
and day or night observations. All acronyms are defined in the text.

ASC

Study period 1980-86

SSC
1979-86

AIF
1979-86

Volume and quantity of data

7893 total images

Intensity class*

4594 satellite images = 3 h
of aircraft observations

2906 SSC events 4883 warning versus best-track cases
Forecasts: JTWC-CLIPER-OTCM
24 h——4123—3228—2704

48 h—3204—2662—2159

72 h—2397—2110—1541

Cl1-3 27% 39%

Cl 3.5-5.5 62% 52%

Cl 6-8 11% 9%

Satellite

DMS 25% 54% —
NOAA 28% 39% —
GMS 47% 5% —
Image type

IR 53% 35% ] —
VIS : 13% 13% —
BOTH 34% 52% - —
Day/night 72%/28% 69%/31%

Availability of aircraft fix data 6/12 h prior 100% NA**/63% 42%/68%

* Dvorak CI number.
** Not applicable

downward extrapolation gives very accurate surface
pressures.

We examine the errors for position, motion, inten-
sity, and forecast tracks based on measurements by
satellites and aircraft, and for combinations of the two.
To the extent possible, we also ascertain whether sat-
ellites, without supplemental aircraft information, can
provide sufficiently accurate information for monitor-
ing of tropical cyclones.

Because satellite measurement technology and anal-
ysis techniques continue to evolve, satellite data for
monitoring cyclone activity in the early to mid-1980s
(i.e., for this study) are not directly comparable with
information from the 1970s. Thus, our analysis was
limited to the years of 1979-86. This temporal restric-
tion ensures that the results are based on relatively re-
cent satellite technologies and image interpretation
techniques. Although only the NW Pacific basin was
studied in detail, other recent studies relevant to this
subject, including Sheets and McAdie (1988), Sheets
(1989), Mayfield et al. (1988), and Shoemaker et al.
(1990), have also been compared with results from
this study. Other relevant papers include Bell (1980),
Dvorak (1975), Hope (1971), Neumann and Pellisier
(1981), Shewchuck and Weir (1980), Sheets (1985,
1986), and JTWC (1987).

2. Data and methods of analysis

Three key acronyms define the types of comparative
analyses that were made for this study. They are the
following.

1) Aircraft-satellite comparisons (ASC). In these
ASC analyses, a comparison was made of differences
between concurrent satellite and aircraft measurements
of center-fix position, motion, and intensity values.
Timing considerations were adjusted by time-inter-
polating aircraft data to match satellite fix times. In
routine operations, analysts making satellite-based po-
sition fixes are cognizant of the most recent aircraft
reconnaissance data. Hence, the satellite fix data typ-
ically are not independent of aircraft observations.
Nevertheless, useful inferences on the impact of aircraft
data can be drawn from the ASC analyses.

2) Satellite-satellite comparisons (SSC). These
cases studied where two or more operational sites si-
multaneously and independently determined a tropical
cyclone’s position and intensity. These SSC analyses
examine the consistency of independent satellite po-
sition fix and intensity estimates both with and without
reconnaissance flights.

3) Aircraft influence on forecasts (AIF). The AIF
analyses examined the comparative differences between
24-, 48-, and 72-h motion forecast errors for tropical
cyclones when aircraft reconnaissance data for the prior
12 h either were or were not available.

A summary of the data assembled for ASC, SSC,
and AIF analyses are provided in Table 1. Tropical
cyclone track statistics were supplied by the Naval Re-
search Laboratory (NRL) of Monterey, California.
Supplemental information was obtained from the An-
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nual Tropical Cyclone Reports (ATCR), published by
the Joint Typhoon Warning Center (JTWC). These
datasets contain position and intensity information
obtained by both satellite and aircraft. Also inciuded
in the JTWC data were 6-h operational working tracks,
postanalysis best-track points, and intensity informa-
tion together with various forecast and verification data.

Satellite fix values were compared to the corre-
sponding time-interpolated aircraft track values. Air-
craft position fixes are generally not made simulta-
neously with satellite observations and therefore must
be time interpolated for comparison. These adjust-
ments are relatively small interpolations of less than 3
h to the comparison time. Figure 1 illustrates the in-
terpolation procedure used for aircraft positions form-
ing a cyclone track moving from southeast to north-
west; both satellite and aircraft fixes are plotted in the
figure. Tropical cyclone tracks were objectively speci-
fied from individual aircraft position fixes using the
Akima (1970) interpolation scheme. Aircraft fixes us-
ing Omega-Loran and Doppler navigation were as-
sumed sufficiently accurate to be used as ‘“ground
truth” (i.e., true) track determinations. Aircraft navi-
gational errors and related meteorological errors, such
as precise specification of the center of the eye or of
the center of closed circulation, are assumed to be sig-
nificantly smaller than for satellite values. Twice-a-day
aircraft missions with two fixes per mission were a
standard practice during the period of the dataset. Air-
craft estimates of minimum central sea level pressure
were also assumed to be accurate. We believe that the
resulting four aircraft fixes per day were sufficient for
obtaining an accurate interpolation track except, per-
haps, when cyclones were experiencing short-period
oscillatory or looping motions.

comparisons
made

. . time 3
@ aircraft fix

é satellite fix

B interpolated aircraft fix

FIG. 1. Conceptual illustration of procedures for the comparison
of center positions derived from satellite versus aircraft estimates.
The small black squares represent aircraft data interpolated to satellite
fix times following the thick gray-shade line. Open boxes isolate in-
dividual data comparisons. Time 2 illustrates an instance wherein
two SSC values are obtained.
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FIG. 2. Conceptual illustration of the SSC process. Satellite ob-
servations of a tropical cyclone are received at two sites (A and B),
which process the imagery and make position fixes simultaneously
and independently.

Basic considerations regarding the SSC data are il-
lustrated in Fig. 2. Satellite data came primarily from
six operational sites: JTWC (Guam), Air Force Global
Weather Center (Omaha, Nebraska), and military
bases in the Philippines, Okinawa, Korea, and Hawaii.
A careful assessment of SSC fix and intensity differences
among these stations showed no obvious systematic
bias. Operational personnel changed frequently at each
of these sites during the 1979-86 period of study, and
hence, little analyst or other site-specific influence had
been expected.

In the operational environment, all data sources are
continually monitored in order to develop the most
accurate working track and intensity estimates possible
when both aircraft and satellite data are available. Sat-
ellite analysts use aircraft reconnaissance data to assist
them in their assessment of present position and in-
tensity. As persistence usually plays a major role in
operational position and intensity estimates, assess-
ments of current conditions are influenced by the most
recent aircraft observations. An after-the-fact estimate
of the satellite analyst’s location and intensity of a
tropical cyclone in the absence of aircraft information
is impossible to determine. In addition, aircraft obser-
vations typically bias satellite measurements to a much
larger degree than the satellite data bias aircraft mea-
surements.
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Despite this lack of independence, some general in-
formation on the reliability of the satellite measure-
ments can be gleaned from these comparisons. This
assessment 1s based on the facts that no two satellite
analysts use aircraft data or prior satellite data in the
same way and that the availability of aircraft data is
often sporadic with a varying degree of impact on sat-
ellite estimates for different situations. Latitude and
longitude values for cyclone vortices obtained by sat-
ellite were compared with time-interpolated latitude
and longitude values for the aircraft data. Differences
in total scalar position U (east-west) and V (north-
south ) motion components, speed, and direction were
then determined for both satellite and aircraft data.

The Dvorak Current Intensity (CI) number (see
Dvorak 1984), reported for each satellite observation,
1s included in the analysis. Although this CI determi-
nation was also generally biased by aircraft measure-
ments, aircraft—satellite comparisons nevertheless offer
some insight into the reliability of satellite intensity
estimates. A simple linear time-interpolation scheme
was used to derive aircraft intensity measurements for
comparisons at each satellite fix time. Current intensity
number values were converted directly to a represen-
tative minimum sea level pressure value, and estimates
of maximum surface winds were made (see Dvorak
1984) for comparison with aircraft time-interpolated
measurements of pressure.

SSC calculations involved simultaneous independent
position and intensity estimates at two or more oper-
ational satellite analysis sites. Analyses of the differences
between these measurements were made, noting
whether or not an aircraft center fix had been made
during the prior 12 h. The two groups of SSC data
appeared to remain statistically representative, indi-
cating similar challenges in estimating position and in-
tensity. The SSC provides a means for evaluating the
extent to which satellite analyses are biased by aircraft
observations and for determining how accurate satellite
fix estimates might have been if the support of the air-
craft had not been available. About 3000 simultaneous
SSC cases were separated into two groups, according
to whether or not aircraft position and intensity
measurements were available during the 12 h prior to
the SSC.

Both the mean and standard deviation of SSC po-
sition differences (Fig. 3) for the data group based on
analyses without the aircraft measurements were 30%
larger than values for the group made with aircraft
measurements during the prior 12 h—strong evidence
that the satellite analysts were using aircraft informa-
tion to improve their fix estimates. Note also in Fig. 3
that the mean differences between independent satellite
fixes without prior aircraft data were, on average, 63
km. In addition, the largest 15% of the independent
satellite fix difference values were greater than 124 km.
By contrast, differences of only a few kilemeters would
be expected (particularly in more intense tropical cy-
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F1G. 3. Comparisons of the means and standard deviations of fix
position difference from SSC with and without reconnaissance aircraft
within 12 h prior to the satellite fix times.

clones) if two reconnaissance aircraft were to simul-
taneously and independently fix the tropical cyclone
center. The SSC analyses for cyclone intensity do not
appear to provide useful information on the overall
accuracy of satellite-based estimates of intensity; in this
case, the impact of aircraft bias is greater and more
difficult to quantify. Also, the time continuity of the
SSC observations was not adequate to permit mean-
ingful analyses of cyclone motion with these data.

In addition to the aircraft and satellite observations,
a third basic dataset consisted of track forecasts and
verification data that were assembled to assess the ex-
tent to which prior 6- or 12-h aircraft fix data affected
24-72-h tropical cyclone ( TC) track forecasts. Postan-
alysis best-track positions were used to verify forecasts.
All track forecasts versus postanalysis best-track posi-
tion differences were computed using a great-circle al-
gorithm, and results were stratified according to
whether or not aircraft reconnaissance was available
for either the 12- or 6-h interval immediately prior to
forecast initialization. In addition, reconnaissance in-
fluences on track forecasts were also stratified by gross
cyclone motion characteristics including categories
characterized as ‘“‘recurver,” “straight mover,” and
“odd mover.”

3. Aircraft reconnaissance and the accuracy of
cyclone position, motion, and intensity
measurements

a. ASC and SSC fix position differences

The satellite and aircraft data typically provided fix
positions that were concurrent to within a few hours
of each other. Aircraft fix positions that were taken
within 3 h of a satellite fix were time interpolated to
correspond to satellite fix time. A number of rather
large position differences were observed in both the
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TABLE 2. Statistical characteristics of fix position difference values
(in km) for the ASC and SSC datasets.

Difference statistic ASC SSC
Mean 44 56
Standard deviation 43 56
10th percentile 11 11
90th percentile 93 115
10th percentile to 90th percentile range 82 104
Number of cases 4588 2906

ASC and SSC analyses. Table 2 summarizes values for
the mean, standard deviation, and 10th and 90th per-
centiles of cyclone positioning difference values from
both ASC and SSC analyses. Both analyses yielded
similar results, with the SSC fix differences being
somewhat larger. No attempt has been made to remove
aircraft bias from the satellite fix values within the ASC
data, and relatively large position differences occur fre-
quently. The mean SSC differences were about 55 km,
and there was a 10% chance of differences greater than
110 km. If aircraft bias of satellite positioning could
be removed from the SSC data, the positioning differ-
ences would presumably be even larger.

The usual presence of a fairly well defined eye in
more intense cyclones allows easier observation and
better positioning. Positioning differences as a function
of intensity for ASC and SSC storms are shown in Fig.
4. Note that positioning differences decrease with in-
creasing intensity for both sets of curves. As with the
data in Table 2, no attempt has been made to remove
aircraft bias from the satellite positioning data, and the
observed differences would presumably have been
smaller if satellite position fixes were completely in-
dependent of the aircraft information. Although it is
not surprising that the mean fix differences decrease
for increasingly intense and therefore better-defined
storm centers, some large position fix differences oc-
curred for storms with maximum winds in the 33-50
m s~! range. Tropical cyclones with maximum winds
of 49 m s~! have a 15% chance that satellite fixes will
differ from aircraft fix locations by 35 km or more.
Satellite position fix errors are frequently the combined
result of satellite navigation errors and the analyst’s
inability to precisely determine where the center is.
Whereas center fix errors decrease with cyclone inten-
sity, the navigation of satellite images is more a function
of the discernibility of known land features and pro-
cedures used to geographically locate image features.

Weatherford and Gray (1988a,b) have shown that
there is an 80% probability that a NW Pacific cyclone
will have an eye when the cyclone’s central pressure
falls below about 950 mb, corresponding to CI values
of 5.0-5.5 and maximum sustained wind of 45 m s!.
However, the type and quality of enhancement used
with the IR data may also have an impact on resolving
the eye from satellite imagery. A satellite may not be
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able to resolve an eye obscured by high cloudiness,
especially at night when only infrared information is
available. A generally diminished center detection ca-
pability occurs at night due to decreased infrared image
resolution (4-6 km) as compared with daytime visual
imagery (0.5-1.0-km resolution). Comparative day
versus night positioning differences for ASC data are
shown in Fig. 5 as a function of cyclone intensity. These
results show that 20% larger aircraft versus satellite fix
position differences (i.e., 28 km) occur at night. Su-
perior daytime positioning information from visual
imagery being carried over to the nighttime hours
probably accounts for this effect. An infrared-only sat-
ellite system would probably show less nighttime ac-
curacy than is indicated here.

In general, day—night differences for the SSC analyses
are comparatively small (see Martin 1988). Satellite
imagery may be stratified into several subgroupings in-
cluding visual imagery (VIS) only, IR only, and situ-
ations where both visual and infrared data were avail-
able. Curiously, only small fix differences are observed
between these data groups. Even when operational sites
had both VIS and IR available, little improvement was
noted over VIS-only fixes.

Further stratifications of the position fix distributions
were made for individual satellite sensors. These strat-
ifications show no significant trends in positioning un-
certainty with regard to satellite type or, when ordered
chronologically in the time series for new satellites de-
ployed between 1979 and 1986, for either the ASC (11
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FIG . 4. Comparative values for the mean and mean pius one stan-
dard deviation for ASC (solid line) and SSC (dashed) positioning
differences shown as functions of cyclone intensity.






