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Abstract

The impact of aircraft reconnaissance on tropical cyclone (TC)
observation and forecasting is assessed. The motivation for this
assessment is the termination of Department of Defense (DOD)
aircraft reconnaissance in the northwest Pacific in 1987 and the
suggestion by some DOD officials that it may also be technically
feasible to greatly reduce or similarly discontinue DOD aircraft
reconnaissance in the Atlantic. In response thereto, the American
Meteorological Society (AMS) Committee on Tropical Meteorology
and Tropical Cyclones recommended that a specialized ad hoc
group be formed to study the technical aspects of this issue. The
resulting study presented here focuses on the issue of the extent
to which reliable TC warnings can be continued along the United
States hurricane-vulnerable coastiine without observations from
aerial reconnaissance and summarizes relevant information con-
tained in recent studies prompted by the termination of reconnais-
sance in the western North Pacific. Primary attention is given to
the technical and meteorological aspects of this question and
economic and societal aspects receive only brief attention.

Although it is recognized that weather satellites are absolutely
essential for tropical cyclone observation on a global scale, it is
found that independent satellite measurements of position, inten-
sity, outer wind distribution, and ambient steering current of tropical
cyclones are sometimes degraded from what can be provided by
aircraft over a limited but operationally significant area. Such de-
graded observational data can significantly impact forecasts of
these quantities.

1. Introduction

Observations of tropical cyclones (TCs) are obtained
from a variety of platforms, a chronology of which for
the Atlantic basin is depicted in Fig. 1. Also shown in
this figure are milestones in programs to process,
display, and disseminate these data. Recently, the
question has arisen as tothe redundant versus comple-
mentary nature of the various TC observing platforms
and the economic wisdom of maintaining the complete
observational suite. In connection with this, the De-
partment of Defense’s (DOD) long-standing routine
aircraft reconnaissance into tropical cyclones in the
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northwest Pacific was discontinued in August 1987.
Termination of this program was due primarily to
budgetary considerations and the assessment by
DOD that TC warnings in this region would not be
seriously impacted. It has been proposed that DOD
aircraft reconnaissance of tropical cyclones in the
Atlantic could also be discontinued. This suggestion
has stimulated a flurry of concern from civilian and
governmental bodies along the United States south-
east coastline. The AMS Committee on Tropical Me-
teorology and Tropical Cyclones at its April 1987
meeting in Miami, Florida, proposed that a special ad
hoc study group be established under the auspices of
the American Meteorological Society to study the
technical aspects of this guestion. This paper has
been prepared in response to that proposal.

A comprehensive assessment of the continuing
need for aircraft reconnaissance of tropical cyclones,
with the advent of satellite technology, has yet to be
accomplished. Internal studies by the United States
Air Force indicated that the loss of aircraft reconnais-
sance, with appropriate compensatory actions, would
not seriously affect the ability of the Joint Typhoon
Warning Center (JTWC) in Guam to perform its TC
warning mission in the northwest Pacific. However,
the Air Force studies focused on the effects of recon-
naissance termination on the northwest Pacific only
and may not necessarily be applicable to the Atlantic
since these two reconnaissance programs have dis-
tinct differences in their mission and mode of applica-
tion. In addition, Atlantic basin storm characteristics
(e.g., size, intensity, season) and their environmental
influences (e.g., latitudinal zone) are known to be
different. Consequently, the nature of TC forecasting,
in particular the coastal warning process in the United
States, is dissimilar from that in the northwest Pacific.
Because of differences in storm preparation proce-
dures, greater emphasis is placed on long-range
forecasts (=48 h) in the northwest Pacific while in the
Atlantic, the focus tends to fall on the shorter range
(<24 h) forecasts.

For the purposes of the present study, we have
defined the short range as the 0-24-h forecast and the
long range as the 48-72-h forecast; the intermediate
period spanning the 24—48-h interval is not considered
since 36-h forecasts have only recently been issued
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by the US National Hurricane Center (NHC) and there
are scant verification data for the 24—-48-h time inter-
val. Also, this intermediate forecast segment may
represent a short- or along-range forecast, depending
on the movement and size of the TC. Another impor-
tant factor is that storm surge and its destructive
potential, while not a major consideration for United
States interests in the northwest Pacific, are a major
problem along the United States coastiine. Thus,
some of the arguments relevant to termination of
aircraft reconnaissance in the Northwest Pacific may
not apply to Atlantic coastal areas.

a. AMS study group

Termination of DOD aircraft reconnaissance over the
northwest Pacific and its possible demise in the Atlan-
tic have prompted several recent technical studies on
the TC observation/forecasting issue. These recent
studies offer much new quantitative information on
many aspects of the reconnaissance question and
help to clarify the complex nature of the role of aircraft
reconnaissance in TC analysis and forecasting; most
notable is the finding that when aircraft data are
available, TC satellite position and intensity estimates
are heavily influenced by the aircraft information.

b. Focus of study

The most recent statement by the American Meteoro-
logical Society policy on Hurricane Detection, Track-
ing, and Forecasting (AMS 1986) maintains that a
combination of observing systems, specifically includ-
ing aircraft, is necessary to provide the data required
for accurate TC forecasts and warnings. The goal of
this special AMS study group is to assess as objec-
tively as possible the impact, if any, of the potential
loss of the aircraft reconnaissance platform on TC
forecasting and warnings and whether other observ-
ing platforms can provide adequate information in the
absence of aircraft reconnaissance. Although there is
significant redundancy between the different plat-
forms, especially between aircraft and satellites, there
are forecast situations wherein aircraft observations
canimprove TC forecasts over what would be possible
without aircraft information. There may aiso be critical
forecast situations when redundancy of information
may be deemed essential by forecasters to help
corroborate other data and provide the necessary
confidence to the forecaster.

c. Types of aircraft reconnaissance

It is important that TC aircraft reconnaissance be
viewed in a broad perspective; there are different
types of TC aircraft reconnaissance and, although
most flights serve operational functions, other flights
are flown purely for research or for combining both
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research and operational requirements. The merits of
aircraft reconnaissance must not be judged purely
from the apparent utility of either mode. Depending
upon the specific situation and the type of forecast
desired, it is possible that one reconnaissance mode
for a given set of circumstances may provide largely
redundant information while another reconnaissance
mode for the same circumstances may be highly
beneficial.

The following sections will first compare and con-
trast the current and anticipated capabilities of aircraft
and satellites for measuring parameters relevant to
understanding tropical cyclones and the environment.

~ Theimpact of reconnaissance on both short- and long-

range forecasts will then be examined.

2. Capabilities of aircraft and satellites
for determining tropical cyclone
parameters

Recent studies by Martin (1988), Sheets and McAdie
(1988), Guard (1988), and Mayfield et al. (1988) have
compared aircraft and satellite information on posi-
tioning and intensity estimates. These authors point
out that there are limits to how accurately the current
satellite systems can measure the location and sur-
face wind structure of some tropical cyclones under
operational conditions in comparison with measure-
ments provided by reconnaissance aircraft. Although
frequent comparisons between satellite and aircraft
measurements will be made throughout this report,
this is not to imply that aircraft measurements should
always be treated as absolute (ground) truth. Indeed,
it can be shown that significant errors occur in aircraft
measurements. For example, although aircraft can
precisely measure flight-level winds, much uncer-
tainty can be introduced in the projection of these
winds to estimate conditions at the surface.

a. Comparative observations of position

Recent studies on position errors have been con-
ducted on tropical cyclones in the Atlantic, northeast
Pacific, and northwest Pacific oceans. Essentially, the
results of these studies are in agreement. The most
comprehensive position error study was conducted by
Martin (1988), wherein more than 4500 aircraft and
satellite position observations were directly compared
for tropical cyclones in the northwest Pacific during
1979-86. Martin found average aircraft and satellite
position differences (interpolated to approximate si-
multaneous measurements) of 44 km with the largest
10% (upper decile) of these position differences being
greater than 93 km. While Martin found that these
differences decreased greatly for TCs of greaterinten-
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sity, they still averaged 35 km for
hurricane-intensity cyclones with
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an upper decile ofthe differences
greaterthan 78 km. Fortyphoons
with visible eyes (constituting
about 25% of all tropical cyclone
fixes) these differences were
much smaller. For weaker cy-
clones where satellites may not
always be able to iocate the sur-
face center of circulation, upper-
decile position differences be-
tween aircraft and satellite ob-
servations were greaterthan 110
km. These position differences
occurred even though many of
the satellite analysts had access
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Sheets and McAdie (1988) made
a similar comparison of the posi-
tion differences in satellite ver-
sus postanalysis best track data
for more than 500 center fixes of
named storms in the Atlantic occurring during 1981—
86. Their position differences as a function of TC
intensity were very comparable to those of Martin.

The term “Satellite-Aircraft Measurement Compari-
son” (SAMC) was used by Martin (1988) to describe
the methodology that he used in the comparison of
aircraft and satellite TC position estimates. A more
precise determination of the spread of satellite posi-
tion errors (or more precisely, the consistency of
satellite positioning) can be obtained from an analysis
of Simultaneous Independent Satellite Observations
(SISO). The SISO procedure is based on situations
wherein two or more satellite analysts (usually at
different locations) independently specify TC position
and intensity from satellite information imaged at the
same time. Here, the absolute positioning error is not
involved; rather, consistency among satellite analysts
with regard to location and intensity of the TC is the
mainissue. Martin’s (1988) SAMC comparison showed
position differences similar to those found in the SISO
comparisons. His results are also in close agreement
with earlier evaluation of satellite versus aircraft posi-
tion differences by Sheets and Grieman (1975).

The previously cited reports by Martin, Guard, and
Mayfield et al. compared several hundred SISO mea-
surements made during the 1980s in the northwest
Pacific, northeast Pacific, and Atlantic Ocean basins.
The results of these studies very consistently showed
an average positioning error spread of about 55 km
with an upper decile greater than 115 km. SISO
differences were smaller for more intense TCs and

Fic. 1. Chronology of t
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MILESTONES IN ATLANTIC TROPICAL CYCLONE OBSERVING SYSTEMS

he evolution of various tropical cyclone observational tools.

larger for the weaker systems; these differences were
also about 10% greater at night than during the day.
Although Martin found that SISO location differences
in the northwest Pacific were about 20%—25% smaller
when reconnaissance aircraft missions had beenmade
during the 12 h before the SISO determinations,
stratification by storm basin and by type of satellite
produced no appreciable SISO differences. These
results appear to confirm the practice of satellite
analysts of frequently relying on aircraft reconnais-
sance information when available to help “calibrate”
their sateliite-derived position fixes. The SISO mea-
surements are a good index of the spread among
independent satellite measurements of TC positions
and show clearly that there are limitations as to how
consistently individual satellite analysts can currently
position a TC. Except for weak and poorly organized
systems, independent TC aircraft fixes would not be
expected to show position spreads nearly as large.
Some of the large SISO position differences ob-
served for intense TCs were likely a result of the
inherent subjectivity of satellite image interpretation
and possible navigational problems. Although looping
30-min GOES image sequences appears to improve
satellite position estimation, significantiocation uncer-
tainties still remain in many situations, particularly for
weaker storm cases and at night. Data from polar
orbiting satellites can compensate for nighttime reso-
lution deficiencies of geostationary data and DMSP
can provide nighttime visual data when there is suffi-
cient moonlight illumination. However, the very valu-
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able animation capability of geostationary data cannot
be compensated for in polar-orbiting data. The 85-
GHz channel of the DMSP microwave imager can also
see through nonprecipitating cirrus to help locate
cloud-covered eyes. The 3.7-micrometer channel of
the NOAA TIROS satellite is useful for detecting low-
level cloud lines and exposed low-level circulations
not detectable by other infrared sensors. While all of
these capabilities are very useful, the orbital and scan
characteristics of polar-orbiting satellites limit the con-
sistency and timeliness of their coverage. Therefore,
the best position estimate is usually obtained by a
combination of the animated geostationary data and
the higher-resolution polar data when available.

The foregoing studies have shown that there has
not been much improvement in the accuracy of posi-
tion estimation from satellite platforms since the mid-

estimation of TC intensity, maximum wind, and central
pressure measurements, satellite analysts must infer
such parameters through interpretations of cloud pat-
terns. Indeed, aircraft data have been accepted as
“ground truth” in the development of the satellite
interpretation techniques. Satellite analysts do, how-
ever, provide internally consistent estimates of TC
intensities for a given analyst or group, as was indi-
cated by Martin’s (1988) SISO comparisons. The
nature of variability for satellite-based intensity esti-
mates is opposite from that of SISO comparisons of
TC location. Martin (1988) shows that SISO intensity
estimates differed from each other by average values
of only 2 hPa (2 mb) with an upper decile difference of
only 8 hPa (8 mb). This apparent precision for the
SISO intensity estimates is primarily the result of
systematic constraints placed on the satellite analysts
while making their in-
tensity estimates in

distinct Dvorak Current
Intensity (Cl) number
categories (Dvorak
1984). In the Dvorak
method for choosing a
Cl category, satellite
analysts must select
values from TC inten-

The 3.7-micrometer channel of the NOAA TIROS satellite is useful
for detecting low-level cloud lines and exposed low-level circu-
lations not detectable by other infrared sensors. While all of
these capabilities are very useful, the orbital and scan character-
istics of polar-orbiting satellites limit the consistency and time-
liness of their coverage. Therefore, the best position estimate is
usually obtained by acombination of the animated geostationary

data and the higher-resolution polar data when available.
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1970s. Some improvement of basic satellite sensor
resolution and capabilities as in the SSMI instrument
are planned for the next few years. However, it is not
presently clear to what extent these improvements will
contribute to improved TC center surveillance. This is
not to say that new refinement and interpretations of
satellite data, such as cloud animation and other
processing techniques, will not improve the TC satel-
lite location, but that these new techniques must be
proven over time.

b. Intensity and wind distribution measurements
It has been observed that some intense TCs have
weak outer-core winds while others with much stron-
ger outer circulations may have only a moderate or
weak maximum wind speed. Weatherford and Gray
(1988a, b) have shown that both the strength and time
variations of the outer radius low-level wind circulation
are only slightly related to the current value and trends
of minimum central pressure. Currently, aircraft are
the only tool that can measure inner and outer radius
low-level winds where significant precipitation is oc-
curring. (SSMI data can be used to estimate surface
winds in nonprecipitating areas when it is available.)
Whereas aircraft provide a superior platform for the
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sity categories based
on prescribed cloud
signature patterns.

The SISO intensity data were further analyzed to
determine if differences in estimated intensity were
reduced when aircraft reconnaissance missions were
flown during the previous 12-h period (Martin 1988).
Rather surprisingly, a greater spread of SISO intensity
estimates was observed when aircraft reconnaissance
was flown, wherein simultaneous satellite intensity
estimates occasionally differed by as much as 50%.
Thus, the availability of aircraft reconnaissance data
actually increased the inconsistency of intensity esti-
mates among satellite analysts in the western Pacific
sample.

Even when there is agreement among two to three
independent observers, satellite TC intensity esti-
mates can sometimes be in error by 20-30 hPa or
more (Case 1989). Although aircraft can obtain excel-
lent measurements of central sea level pressure,
there is considerable uncertainty in estimating the
maximum surface wind. In fact, the differences be-
tween maximum flight-level wind and empirically re-
lated winds based upon the measured central pres-
sure can be as large as with satellite estimates, though
less frequent. Such differences typically occur after
recurvature, as in the case of Atlantic hurricane Emily
in 1987.
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An important aspect of TC warnings over the Atlan-
ticis the accurate specification of storm surges (Sheets
1990). The Atlantic storm surge model (SLOSH)
Jarvinen and Lawrence (1985), uses central sea level
pressure rather than the maximum surface wind as a
measure of the intensity. Also important is the radius
of maximum wind and the wind field characteristics
beyond the radius of maximum wind. That is, is the
wind profile characterized by a very peaked maximum
wind with a rapid dropoff with increasing radial dis-
tance from the storm’s center or is the wind profile
“flatter” with strong winds extending great distances
from the center? Such different wind characteristics
result in large differences in the associated storm
surge. All of this information is used to construct a
simulated wind profile for use in the “SLOSH” model.
Thus, the reliability of aircraft for measuring these
quantities is extremely important for determining the
population at risk.

Without the availability of accurate central sealevel
pressure and the wind field characteristics, there
would be a considerable increase in the uncertainty
associated with storm surge forecasting at the Na-
tional Hurricane Center, which would significantly af-
fect evacuation planning. In the case of the Houston
area, an uncertainty of 20 mph in the wind speed can
result in a difference of more than 200 000 people
being evacuated or not (Sheets 1990). Many of the
current coastal population evacuation plans are based
on the forecast arrival time of sustained winds of 17 m
s~'. The official advisory also requires the specification
of selected wind speed radius information, which is
used largely by marine and military interests. Satellite
microwave data could potentially provide a better
description of the 17 m s~ wind radius information
outside of rain areas in the future. Currently, however,
aircraft are also the best platform for this measure-
ment, despite problems in conversion of flight-level
winds to the surface.

c¢. Direct measurement of surface winds from aircraft
Reconnaissance aircraft typically penetrate a hurri-
cane at the 700-hPa level (~3-km altitude) and if
turbulent conditions permit at 500-m altitude for weaker
systems (winds less than 80 kt). Although accurate
measurements of 700-mb winds are obtained, fre-
quently there are questions as to the accuracy of the
surface winds that must be inferred from these higher-
level measurements. Recent developments in instru-
mentation have allowed surface winds to now be
directly and accurately measured from the upper-level
aircraft platform. New Airborne Stepped Frequency
Microwave Radiometer aboard HRD aircraft has been
used to obtain successful measurements of surface
wind speeds directly and accurately in intense hurri-
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canes (see the reports by Tanner 1984; Black and
Swift 1984). Such surface measurements in the inte-
rior of hurricanes greatly improve the potential for
short-range forecasts of surface winds and surface
wind-induced storm surge. Thus, one of the technical
deficiencies of reconnaissance aircraft, namely, the
inability to directly measure surface winds, may now
be alleviated when this instrument is installed on all
reconnaissance aircraft.

In this same vein, the Improved Weather Recon-
naissance System (IWRS) instrumentation recently
installed on all USAF WC-130 reconnaissance aircraft
has inertial wind measurement equipment, which will
refine aircraft-based estimates of cyclone intensity,
position, and outer-radius wind distribution. Installa-
tion of these instruments was completed during 1991.
This is a substantial improvement over the systems
previously used in the western Pacificandinthe earlier
years in the Atlantic. The forecaster now has rather
complete flight-level wind field data available in real
time, which has resulted in minimizing misinterpreta-
tions and inconsistencies of isolated “spot” winds
mentioned earlier. Examples of these products are
shown in Sheets (1990). The full value of the IWRS
also needs to be assessed in the future. For more
detailed information on types of aircraft reconnais-
sance refer to National Hurricane Operations Plan
(1990), Martin (1988), Shoemaker et al. (1990),
Weatherford (1989), Weatherford and Gray (1988a,b),
and Sheets (1990).

3. Reconnaissance influence on
short-range (less than 24 h) forecasts

Interior storm aircraft reconnaissance is of greatest
benefitto shorter-range TC forecasts. Accurate knowl-
edge of TC position, motion, intensity, and radial
distribution of winds is extremely important for obtain-
ing an accurate shorter-range forecast, especially for
position, motion, and the degree of risk. Degradation
in these measurements can lead to a similar deterio-
ration of the short-range forecasts for these param-
eters, primarily because extrapolation is the major
component of the 12- to 24-h forecast (see Neumann
1972).

It is generally the short-range forecast upon which
United States coastal evacuations are decided and
ordered. The accuracy of these shorter-range fore-
casts is greatly facilitated by accurate knowledge of
current TC position, movement, intensity, and radial
wind distribution, as well as with trends in these
variables. Coastal radars can sometimes monitor TC
positions reliably out to 250-350 km from the coast,
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