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Abstract

The Hurricane Research Division (HRD) is NOAA’s primary
component for research on tropical cyclones. In accomplishing
research goals, many staff members have developed analysis proce-
dures and forecast models that not only helpimprove the understand-
ing of hurricane structure, motion, and intensity change, but also
provide operational support for forecasters at the National Hurricane
Center (NHC). During the 1993 hurricane season, HRD demon-
strated three important real-time capabilities for the first time. These
achievements included the successful transmission of a series of
color radar reflectivity images from the NOAA research aircraft to
NHC, the operational availability of objective mesoscale streamline
and isotach analyses of a hurricane surface wind field, and the
transition of the experimental dropwindsonde program on the periph-
ery of hurricanes to a technology capable of supporting operational
requirements. Examples of these and other real-time capabilities are
presented for Hurricane Emily. :

1. Introduction

An essential part of the mission of the National
Oceanographic and Atmospheric Administration’s
(NOAA) Hurricane Research Division and its prede-
cessor organizations (hereafter HRD) has been op-
erational support for forecasters. Soon after the for-
mation of the first federally funded hurricane research
group in 1956, the division helped support the estab-
lishment of additional radiosonde stations in the Car-
ibbean Basin, the mounting of cameras on coastal
radars, and the installation of Weather Surveillance
Radar-1957 (WSR-57) systems. HRD staff tested
subjective techniques forimproving synoptic analyses
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in the Tropics and examined the usefulness of verti-
cally averaged winds for optimum forecasting of storm
motion. Former directors of the organization Simpson
(1980) and Gentry (1980) summarizedimportantevents
during HRD’s first 25 years.

Hurricane track forecasts began to improve soon
after the research group, initially located in West Palm
Beach, Florida, moved into the same building with
forecasters at the National Hurricane Center (NHC) in
Miami. During the eight years following collocation,
Dunn et al. (1968) documented 10% and 12% reduc-
tions in the errors of the official 24-h hurricane fore-
casts in two oceanic areas adjacent to the Gulf and
Atlantic coasts of the United States. They attributed
the reduction in forecast track errors to close coopera-
tion between researchers and forecasters and im-
proved objective forecast techniques. Neumann’s
(1981) normalization of track errors from 1954-80
confirmed the forecast improvement. Although physi-
cal separation occurred in 1983, HRD has maintained
space at NHC for development work.

HRD developed or supported development of hur-
ricane track forecast models during the 1960s. The
first models used statistical regression techniques
(e.g., Miller et al. 1968) and were operational from
1964 t0 1987. Project funds supported development of
the first operational barotropic hurricane track fore-
cast model (Sanders and Burpee 1968), which be-
came operational in 1969. Later versions of the model
provided guidance to forecasters through the late
1980s. The National Meteorological Center (NMC)
has had the responsibility for new dynamical track
models (e.g., Mathur 1991) since the early 1970s. As
part of this responsibility, Lord (1991) added a syn-
thetic vortex to improve the definition of the initial
vortex in NMC’s operational Global Spectral Model.
Development of new operational hurricane modeling
capability within NOAA is in progress atthe Geophysi-
cal Fluid Dynamics Laboratory (GFDL) and HRD.
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Kurihara et al. (1993) have been running a high-
resolution three-dimensional hurricane model in a
semioperational mode at GFDL and are modifying the
maodel to run at NMC. HRD staff developed a multiply
nested analysis and barotropic forecast system
(DeMaria et al. 1992) that is competitive with the other
operational track models (Aberson and DeMaria 1994)
and are investigating the predictability of operational
track model accuracy.

In the Atlantic basin, military aircraft began routine
reconnaissance of tropical cyclones in 1944, and
research aircraft started flying into hurricanes in the
late 1950s. During the last 15 years, aircraft-to-satel-
lite transmission capability has increased the potential
of these planes to provide real-time observations to
hurricane forecasters (Pifer et al. 1978). The basic
data transmission includes occasionai descriptive
messages and flight-level wind and thermodynamic
observations recorded at 1-min intervals on U.S. Air
Force Reserve (AFRES) reconnaissance aircraft and
30-s intervals on NOAA research aircraft. Willoughby
etal. (1989) describe analysis procedures that display
the aircraft flight-level wind and pressure data in
storm-relative coordinates for the forecasters. Using a
workstation recently installed on the NOAA aircratft,
Griffin et al. (1992) developed techniques for airborne
analysis of dropwindsondes, radar reflectivity, and
Doppler wind data for real-time transmission to NHC.

The National Weather Service (NWS) is imple-
menting a modernized instrumentation network over
the continental United States. NHC, however, issues
many of its most important forecasts when hurricanes
are over the ocean, beyond the range of the modern-
ized network. To help improve operational forecasts
and warnings, HRD has developed real-time analysis
and modeling efforts that optimize use of sparse
oceanic observations and special datasets from hur-
ricane reconnaissance and research aircraft. This
paper describes the current real-time analysis and
forecasting capabilities and presents examples from
Hurricane Emily of 1993. The real-time activities in-
clude analyzing flight-level and surface winds,
compositing reflectivity patterns from aircraft radars,
processing vertical soundings from dropwindsondes
in the hurricane environment, forecasting storm mo-
tion with a barotropic forecast model, and predicting
intensity change with a statistical regression model.

2. Hurricane Emily
The precursor of Emily was a cloud cluster associ-
ated with an easterly wave of African origin. Satellite

images showed that the convective area inthe wave’s
trough developed rotation and the characteristic cloud
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Fic. 1. NHC best-track positions for Hurricane Emily from 22
August to 6 September 1993. The large solid circles represent the
0000 UTC locations, and the small solid circles indicate the 0600,
1200, and 1800 UTC positions. The short lines paralleling the best
track indicate the approximate times of the NOAA research flights.
The enlarged area shows the cusp in the track on 25 and 26 August.

patterns of a tropical depression ~1300 km east-
northeast of Puerto Rico on 22 August 1993. The
depression moved northwestward for two days and
then, on 25 and 26 August, its northward motion
slowed and the track formed a cusp near 29°N,
60.5°W. As the system emerged from the cusp toward
the west-southwest, NHC forecasters upgradedittoa
tropical storm on the morning of 25 August and briefly’
to a minimal hurricane at midday on 26 August. After
only 6 h, Emily weakened to a tropical storm but
reached hurricane strength again on 27 August as it
headed generally westward. Figure 1 shows Emily's
“pest track,” the track of the storm center determined
by poststorm analysis of all available observations,
and the approximate times of the NOAA research
flights.

Emily turned northwestward on 28 August in re-
sponse to a midlatitude trough and, three days later,
became a category 3 hurricane on the Saffir-Simpson
scale (Simpson and Riehl 1981) with maximum sur-
face wind speeds >50 m s7'. At that time, Emily’s eye
was moving northward just to the east of the North
Carolina coastline, with part of the western eyewall
overthe outerbanks near Cape Hatteras. Thiswas the
closest that Emily came to land duringits lifetime. After
causing about $35 million in damage in coastal North
Carolina and three deaths, the hurricane recurved and
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remained over the ocean until it became extratropical
on 6 September. Near the time of closest approach to
land (CAL), reconnaissance aircraft measured Emily’s
lowest sea level pressure of 960 mb and strongest
flight-level wind speed of 67 m s™' at 500 m.

3. Analyses and forecasts

a. Vortex-scale evolution

Since the late 1980s, HRD has provided NHC with
real-time analyses of the structure of the hurricane
core based upon flight-level observations of wind and
D value (Willoughby and Barry 1987; Willoughby et al.
1989). The analyses, plotted in storm-relative coordi-
nates, enable forecasters to compare flight-level ob-
servations from different parts of a single flight with
data from earlier flights. The D value (the departure of
a selected isobaric height from the corresponding
value in the standard atmosphere) is a proxy for
pressure so that D-value variations at the center
reflect changes in intensity and its sharpest radial
gradient coincides with the strongest swirling wind.
The motivation for this project has been the
observationally based convective ring model, in which
some tropical cyclones intensify by contraction of
rings of convection that coincide with tangential wind
maxima (Willoughby et al. 1982; Willoughby 1990).
The analyses of flight-level data depict the structure of
the vortex and, interpreted in terms of this model,
provide input for statistical (Samsury and Rappaport
1991) and subjective forecasts of its evolution. Real-
time analyses of the data from Emily illustrate these
capabilities.

Figure 2 shows the history of Emily’s MSLP (mini-
mum sea level pressure) and eye radius. Emily expe-
rienced a long-term intensifying trend on 26 August as
it emerged from the cusp in the track (Fig. 1), but the
winds weakened below hurricane strength early on 27
August, while the pressure rose by a couple of milli-
bars. As Emily curved back to the northwest, it re-
gained hurricane strength. The 0000 UTC 28 August
vortex message from the reconnaissance aircraft indi-
cated that the MSLP had reached 981 mb, a fall of 36
mb during the previous 72 h. During the early stages
of the formation of Emily’s eyewall, a reconnaissance
aircraft reported a tiny eye with a radius of only 2 km.
About 10 h later, observers on a research aircraft and
a second reconnaissance plane noted that the eye
radius changed discontinuously from 14 to 5 km and
then to 19 km in only 1.5 h. This unusual sequence of
events may have resulted from differences in the
organization of convection in Emily’s developing eye-
wall or the replacement of the initial eyewall, labeled |
in Fig. 2, by a slightly larger eyewall, labeled 1l. After
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the eye expansion, the MSLP remained within a
millibar of 981 mb for 12 hand thenfell only 6 mb inthe
subsequent 48 h. During the time the MSLP was
steady, Hurricane Emily had a well-defined eye with a
radius of ~20 km and maximum winds of 40 ms™" atthe
850-mb flight level (Fig. 3a).

Discontinuous expansion of the eye radius associ-
ated with an interruption of intensification, or even a
weakening, is a commonly observed aspect of tropi-
cal cyclone development. It is termed “eyewall re-
placement” or “a concentric eyewall cycle.” As the
names imply, the expansion occurs when a second
eyewall forms around the original one. Observational
analyses (Willoughby et al. 1982) and analytical and
numerical modeling studies (Shapiro and Willoughby
1982) suggest that the outer eyewall induces upper-
level subsidence overthe inner wall and interrupts the
inflow of latent and sensible heat in the surface friction
layer. Thus, as the outer eyewall strengthens, the
inner eyewall weakens. Some intense hurricanes,
such as Allen in 1980 or Diana in 1984, weaken
abruptly when the inner eyewall disintegrates and the
weaker outer eyewall becomes dominant. In weaker
hurricanes with maximum winds <50 m s, such as
Emily before 31 August, the outer eyewall is usually
as strong as the inner by the time of the replacement,
so that the storm slows its intensification but seldom
weakens appreciably (Willoughby et al. 1982;
Willoughby 1990). Monitoring the development and
propagation of convective rings requires careful at-
tention to temporal and spatial continuity as well as
comparison with radar reflectivity data. This proce-
dure distinguishes persistent wind maxima that con-
trol the evolution of the vortex from asymmetric,
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Fia. 2. The time history of Hurricane Emily’s minimum sea level
pressure (MSLP—solid line) and the radii of eyewalls I, Il, and Il
(dottedline).
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Fia. 3. Flight-level wind speed and D values reported inreal time
by AFRES reconnaissance aircraft flying in Hurricane Emily: (a)
when eyewall It became dominant, after the pause at the end of the
initial deepening phase; (b) when outer eyewall 1ll, indicated by
arrows, first became well defined; (c) as eyewall lil replaced eyewall
II; (d) after the eyewall replacement; and (e) just before maximum
intensity off Cape Hatteras.

transient features sometimes induced by single con-
vective cells.

One reason for the slow intensification after Emily’s
first eyewall replacement was the formation of an
outer eyewall. At 1703 UTC 28 August, outer eyewall
Il appeared as a wind maximum in the flight-level data
(Fig. 3b). The eyewall replacement was well under
way a day later when the outer wind maximum be-
came stronger than the inner (Fig. 3c). During the
replacement, the MSLP rose from 973 to 979 mb. By
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1200 UTC 30 August, the distributions of wind and D
value had broadened, and only eyewall Il remained
with 40 m s~ maximum wind at 50-km radius (Fig. 3d).
Subsequently, the MSLP began to fall at a rate of a
millibar every 3 h, reaching a minimum of 960 mb at
2349 UTC 31 August as Emily’s track passed over the
Gulf Stream close to Cape Hatteras. The maximum
flight-level wind increased to >60 m s at a 45-km
radius (Fig. 3e). After Emily turned eastward, it main-
tained a large, slowly expanding eye with hurricane
force winds for four days and eventually dissipated
over the open Atlantic.

The replacement of Emily’s eyewall Il by eyewall 11l
is a typical example of a concentric eyewall cycle in a
weak hurricane (Willoughby et al. 1990). Samsury and
Rappaport (1991) identified five distinct wind profile
shapes in a study of hurricane observations recorded
by research aircraft. The wind profiles in Figs. 3b—e
are similar to their broad/dual, dual, and narrow cat-
egories, and the wind speed changes in the 36 h
following the observation times are comparable to the
average speed changes in their Table 1. Thus, the
radial profiles of wind speed and D value provide
forecasters with a valuable diagnostic tool that con-
tains information on current storm structure and its
future changes.

b. Radar reflectivity composites

Until Emily, forecasters did not have access to
information describing the precipitation structure of
hurricanes over the ocean unless a storm was within
range of the coastal radar network. During 1991,
Griffinetal. (1992) developed an airborne compositing
technique for analyzing reflectivity data from the 5-cm
radar mounted to the iower fuselage of the NOAA WP-
3D research aircraft. The radar scans horizontally,
has 4.1° vertical and 1.1° horizontal beamwidths, and
records refiectivity only. Interpretation of reflectivity
patterns from single rotations of the radar is difficult
because of aircraft motion, intervening attenuation,
and inadequate filling of the beam by precipitation
particles. These problems are overcome by combin-
ing a sequence of radar scans in a composite map
centered on the storm position (Marks 1985). Each
1-km? area of a composite contains the maximum
reflectivity for the corresponding storm-relative area of
all individual radar sweeps. Composites for 1—2 h
provide an overall mesoscale perspective of the hori-
zontal patterns of precipitation and a framework for
interpretation of thermodynamic and kinematic obser-
vations.

Griffin et al. (1992) demonstrated their airborne
radar compositing technique during eastern Pacific
Hurricane Jimena of 1991; however, communication
problems between computers prevented successful
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operational transmission of the data from the aircraft
to NHC until the 1993 hurricane season. During Emily,
radar reflectivities were composited on one of the WP-
3D aircraft. The aircraft-satellite data link transmitted
the composites to NHC, where the data were decoded
and color prints prepared for the hurricane forecast-
ers. They were able to examine the radar images less
than 1 h after data transmission, while the aircraft was
still airborne.

During the acquisition of the radar data, the aircraft
was at altitudes of 5-6 km, which is just above the
melting level. Reflectivities at these altitudes are usu-
ally much less than those below the melting level
because of the predominance of ice particles, which
are only 20% as reflective as raindrops (e.g., Marks
1985). Despite the lower reflectivities, the radar com-
posites transmitted to NHC clearly identify the most
important mesoscale precipitation features in Emily’s
core (Fig. 4).

The composites show the positions of the eyewall
and major rainbands, the distance from the center of
the radar eye to the ring of maximum reflectivities, and
the increasing circular symmetry of the reflectivity in
the core. The changes of these features with time are
consistent with the concentric eyewall cycle described
earlier in the radial profiles of the aircraft winds. On 28
August, a partial outer eyewall formed in the northern
half of the storm at a radius of ~76 km from the center
(Fig. 4b). The inner eyewall was well developed only
on the northwest side of the storm. The limited extent
of the inner eyewall was likely an indication that the
outer eyewall was replacing it as in Hurricane Allen on
5 August 1980 (Willoughby et al. 1982). A radar
composite is not availabie for 29 August because the
mission that day was to obtain dropwindsonde obser-
vations on Emily’s periphery at distances farther from
the storm center than the radar’s quantitative range.
The radar images on 28 and 30 August (Figs. 4b and
4c) combined with the flight-level winds (Fig. 3) sug-
gest that the inner eye in the composite on 28 August
was replaced by the outer ring during this period.

The radar composites provided a tool for interpret-
ing Emily’s structure that was also consistent with
satellite imagery (not shown). On 27 and 28 August,
strong upper-tropospheric northerly winds advected
cirrus from the rainbands in the storm’s northern
semicircle, toward the storm center, obscuring the eye
evidentinthe radar composites. The sheared environ-
ment resulting from the northerly winds and low-level
southeasterlies helped to maintain the asymmetric
rainfall structure observedin other sheared hurricanes
by Willoughby et al. (1984). After the upper-tropo-
spheric winds weakened on 29 August, the storm
began to strengthen, satellite imagery detected the
eye, and the concentric eyewall cycle proceeded to a
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