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ABSTRACT

Observational information from 533 radial flight legs executed by the National Hurricane Research
Laboratory over a 13-year period (1957-69) is used to present the structural characteristics and the vari-
ability of the hurricane’s inner core region. Tangential and radial winds, D-values, and adjusted tempera-
tures are composited with respect to the Radius of Maximum Wind (RMW) in order to construct a five-
level mean symmetric storm and a five-level mean asymmetric storm. The slope of the RMW with height
and the position of the RMW relative to the inner cloud wall are presented. Utilizing these results, an
idealized, steady-state schematic model of the flow conditions in the inner hurricane core is presented. Storms
are stratified by deepening and filling tendency, intensity and storm speed. Finally, the variations of the
RMW with latitude, maximum wind, inner radar radius, central pressure, and other features are discussed.

Many significant features are noted: 1) storm inflow is confined almost exclusively to the lowest layer and
occurs at radii larger than the RMW; 2) inside the RMW (i.e., in the eye) outflow is present; 3) the warmest
cyclone temperatures result from subsidence and occur just inside the eye-wall cloud edge where the sinking
is strongest; 4) the largest D-value and adjusted temperature gradients occur at and just outside the RMW ;
5) the largest convergence occurs in the lowest layer at the RMW ; 6) the slope of the RMW with height is
small and appears to be a function of intensity; 7) the maximum winds occur within the eye wall cloud area;
8) inner core winds are shown to have a natural asymmetry beyond that induced by storm motion; 9) verti-
cal wind shears in deepening storms are much smaller than in filling storms; 10) in intense storms the maxi-
mum winds occur closer to the center than in weaker storms; 11) faster moving storms were more intense
than slower moving storms; and 12) at high latitudes the maximum winds occur father away from the storm
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The Hurricane’s Inner Core Region. I. Symmetric and Asymmetric Structure

center than at low latitudes. Other features are shown and discussed.

1. Introduction

This is the first (Paper I) of two papers by the
authors on the structure and dynamics of the hur-
ricane’s inner core region. This paper discusses the
structural characteristics and the variability of the
hurricane’s inner core region. Paper II (Gray and
Shea, 1973a) discusses the dynamic and thermodynamic
characteristics. A more complete discussion of all the
flight data in project report form has been given by
Shea (1972). A data atlas of the flight information
in project report form will also shortly become avail-
able (Gray and Shea, 1973b).

a. History

The National Hurricane Research Project (NHRP)
was established in the middle 1950’s at the instigation
of Congress following the devastating flooding caused
by hurricane Carol in the Connecticut Valley in 1954.
Dr. Robert Simpson (present Director of the National
Hurricane Center) was the driving force behind the
initial organization and functioning of the NHRP as

! Present affiliation : National Center for Atmospheric Research,
Boulder, Colo.

it was then called.? The first flights were accomplished
in late 1956. Except for the year 1959 (during the
changeover from Air Force to civilian aircraft) an
almost continuous monitoring of the hurricane by the
Weather Bureau’s (now NOAA’s) Research Flight
Facility was accomplished in the decade from 1956
through 1966. From 1966~67 onward the interest of
NOAA has steadily shifted to hurricane modification
and the typical radial or cloverleaf flight patterns
have been modified.

b. Character of flight missions

From 1957 through 1966 the majority of flight
missions were flown into the hurricane eye and out
again. This was repeated at individual flight levels
four to six times with a rather even balance between
the storm quadrants. Fig, 1 shows a typical flight
pattern. Most of these flights into and out of the
hurricane have occurred at radii <100 n mi. Volu-
minous data are available from the center to 50~60
n mi radius. Beyond this radius the quantity of flight
data drops off. A small sample of individual radial

% In 1960 the name was changed to the National Hurricane Re-
search Laboratory (NHRL),
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legs® from several flight missions have been super-
imposed to illustrate this in Fig. 2.

The data have been primarily gathered by propellor
aircraft (B-50’s from 1956 through 1958, and DC-6s
from 1960 to the present). This has restricted opera-
tions to below the 500-mb level. Also, due to safety
restrictions on low-level flight missions most of the
data were taken above 900 mb. In this tropospheric
range from 500 to 900 mb there have been approxi-
mately 700-800 radial legs flown. Of these lower
tropospheric flights the processed reliable data at this
time comes to 492 radial legs.

Upper tropospheric sampling was accomplished be-
tween the 180- and 260-mb levels by B-47 aircraft
in 1957 and 1958 and by a B-57 after 1960. The
number of B-58 flights has not been large because of
range and instrumental difficulties. For this reason
there are only 11 evaluated upper level missions
(41 radial legs) used in this study.

Combining upper and lower levels there are 533
radial legs. This study concentrates on the flight data
between the 500- and 9J0-mb levels.

¢. Characler of the measurements

The development of the Doppler navigation instru-
ment in the mid-1950’s and the simultaneous measure-
ment of pressure and absolute altitude (possible over
water where terrain features do not interfere) have
allowed accurate wind and D-value* measurements
down to the cumulus scales of motion.

Doppler wind measurements are much more re-
liable in high wind conditions because the error-noise-
to-true-signal ratio is much smaller than in weak wind
conditions. The general validity of these Doppler de-
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FiG. 1. Flight path at 600 mb through hurricane
Carla, 10 September 1961.

3 A radial leg is the portion of the plane’s flight pattern during
which the plane was flying directly into or out of the storm center.
For example, the flight pattern shown in Fig. 1 has six radial legs.

4The D-value is the difference between the absolute altitude
and the pressure altitude.
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I16. 2. Small sample of superimposed individual radial legs from
several flight missions.

termined winds has been demonstrated on many occa-
sions when navigation errors after many hours of
flight proved to be but a few nautical miles.

The vortex temperature measurements have shown
a very strong reliability in the statistical average.
It is possible to obtain an independent check on the
observed inward radial temperature gradients by mea-
surement of the pressure level thickness changes when
simultaneous double level missions were flown. When
this was done the average calculated temperature
gradients from the thickness changes and the average
directly measured temperature gradients proved to be
quite close (see Appendix for more discussion on tem-
perature measurements).

d. Processing of lhe data

Only in the last few years has this complete set of
processed and checked flight data become available.
The data reducing, cross checking, navigation correc-
tions, hydrostatic consistency checks, etc., that had
to be made have required a rather lengthy and
painstaking evaluation procedure. This large data
sample is now available for close scrutiny.

2. Purposes of study

Perhaps the most outstanding characteristic of hur-
ricanes is the large variability of conditions in the
inner core® area. Not only is one storm different from
another (e.g., intensity, asymmetries, storm motion,
etc.), but day-to-day and even hour-to-hour changes
in the individual storm’s inner core are frequently
substantial. Fig. 3 presents a small sample of observed

& The term inner core refers to the inner 50 nmi of the hurricane °
This region includes 1) the area of high winds, clouds, and intense
ver)tical motions and 2) the calmer, clearer area inside (i.e., the
eye).
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Frc. 3. Sample of observed tangential wind profiles.

tangential wind profiles. The variable character of
these profiles is immediately seen. Some profiles ex-
hibit sharp peaks, whereas others show a slow increase
to the maximum wind and then a flat profile.

Obviously, results drawn from individual storm case
studies [e.g., Staff NHRP (1958), Jordan et al. (1960),
Colén and Staff NHRP (1961), Riehl and Malkus
(1961), Miller (1962), LaSeur and Hawkins (1963),
Colén (1964), Sheets (1967a, b, 1968), Hawkins and
Rubsam (1968a, b, ¢) and Bell and Tsui (1973)] may
not necessarilv be representative of the majority of
storms. Generalizations of typical hurricane dynamics
from individual storm data can be misleading. Yet,
except for the hurricane modeling of Qoyama (1969)
and Rosenthal (1970, 1971a, b), most of our hurricane
concepts have come from individual storm evaluations.

This study will utilize the large amount of aircraft
observations collected by the National Hurricane
Project to present the structural characteristics and
the variability of the hurricane’s inner core region.
This portion of the storm is of special interest because
of its potential destructiveness and its concentration
of cyclone dynamics.

3. Data collection .
a. Data

Discussion of the instruments and aircraft employed
to obtain the meteorological data used in this study
have been made by Hilleary and Christensen (1957),
Hawkins ef al. (1962), Gray (1962, 1965a, b, 1966,
1967), Gentry (1964), Reber and Friedman (1964)
and Friedman ef al. (1969). For detailed descriptions
of the instruments and the character of the data
collection the reader is referred to these reports.

After a flight into a storm has been completed, the
raw data are composited with respect to the moving

storm center by computer. The data are further
processed and the computer prints out the plane’s
distance from the storm center, the actual tangential
wind (Vs), the actual radial wind (V,, positive out-
ward), the relative tangential wind (V,), the relative
radial wind (V,.), the D-value (D), and the adjusted
temperature (7°) at that radius. The actual winds do
not consider the effects of storm motion whereas the
relative winds have had the storm motion subtracted
from the data. The adjusted temperature is the ob-
served temperature adjusted to a constant pressure
surface using typical hurricane lapse rates.

This study does not treat humidity measurements.
Nevertheless, an estimate of the effect a virtual tem-
perature correction would have on the observed
temperature and temperature gradients has been made
and is discussed in Section 5. ,

The data are unique in that we have simultaneous
wind, temperature and pressure measurements down
to the cumulus scale. Over land, where terrain features
obscure D-value measurements, this is not possible.
The simultaneous pressure and wind measurements
allow examination of radial wind and pressure balances.
Where double-level flights were made, an examination
of the cylindrical thermal wind balance can be made
(see Paper II).

b. Data errors

In general, the final processed data are quite reliable.
Two non-instrumental factors can contribute to errors
in the wind reports, however. These are positioning
of the aircraft relative to the storm center and water
motion under the aircraft.

The positioning of the aircraft is quite important.
Hawkins and Rubsam (0p. ¢il.) have discussed the
sensitivity of the radial winds to the aircraft’s posi-
tion to the storm center. They note that even small
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changes in position can result in significant changes
in the radial winds. Thus, along individual radial legs
the radial winds are believed to be only marginally
acceptable. If these positioning errors are random,
however, a large data sample will tend to average
them out. The mean radial wind data should then
he meaningful.

The AN/APN-82 Doppler navigation system is
used to determine the motion of the aircraft relative
to the ocean. The wind speed is obtained from the
vector difference between the true airspeed and the
aircraft motion relative to the ocean. Because the
aircraft measurements are made over the ocean which
moves under wind stress, the Doppler winds have
been suspected of underestimating the true wind
speeds by 5-109%, (Grocott, 1963; Gray, 1967) and
upward to 209, by Black et al. (1967). The observa-
tional evidence (presented in Paper II) supports the
former estimates of only 6-7% water motion
correction.

A few researches (e.g., Coldn, 1964) have asked how
individual parameters (temperature, D-values, radial
winds) might vary as data are gathered by inward
(IN) plane penetration as opposed to outward (OUT)
plane penetration of the inner core area. In order to
investigate this, each radial leg was stratified accord-
ing to whether the plane was flying IN or OUT.
In the statistical average no systematic differences
are noted in any of the parameter profiles. The tem-
perature and D-value gradients for the IN and OUT
legs are remarkably similar. The radial wind profiles
differ but not in any consistent fashion (Shea, 1972).

In other uses of the DC-6 aircraft some researchers
have noted that in flving through cumulus clouds with
heavy liquid water concentrations that the vortex
temperature sometimes measures values 1-2C too low.
This is presumably due to evaporation cooling. As
discussed more extensively in the Appendix, this effect
(although possibly present in some of the hurricane
flights), was not explicitly detected by us. As the
temperature portrayals of this paper are statistical
averages of temperature gradients on a scale larger
than the individual cumulus, the possible influences
of this liquid water effect on the measured temperature
gradient are not believed to be significant.

c. Dala available

All the fully processed and checked reconnaissance
data from the hurricane flights of 1957-69 have been
gathered. This included data from 21 hurricanes, on
41 storm days. The number of radial flight legs was 533.
[See the project reports by Shea (1972) for more
specific information on the pressure levels at which
the data was collected, the maximum winds at flight
levels, the central pressures, radar eye radius, radius
of maximum winds, etc., for the storms used in this
study.’]
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Fic. 4. Distribution of radial leg data in the vertical for the five-,
three- and two-level mean storms. The number in parentheses is
the number of radial legs in each layer average. The pressure level
is the level which the data best represents.

The data were collected on days when storms were
deepening and filling and while the storms were in a
quasi-steady state. The combined data sample is believed
to be large enough to assume steady-state condilions.

Other data collected included the time interval
during which the data were obtained, the ground track
of the aircraft, the octant in which the aircraft was
flying both with respect to geographic north and storm
motion, and whether the plane was flying toward or
away from the storm center.

Although the wind, pressure and temperature data
were recorded every few hundred meters, it was
decided that the very small scale data fluctuations
should be smoothed. This was accomplished by printing
out information from 3 to 50 n mi from the storm
center using a 2.5 n mi overlapping data interval.
This interval offers enough horizontal resolution for
the purposes of this study.

d. Distribution of dala

Fig. 4 shows the manner in which the data were
combined in the vertical. The number of radial legs
at each level and the pressure level which the data
best represents is indicated. A five-level mean asym-
metric storm was determined by dividing the informa-
tion in the horizontal in azimuthal octants. Since
several of the octants contained only a few radial
legs, individual octant data for each level were com-
bined with the data in each adjacent octant in order
to increase the data sample. This overlapping tech-
nique slightly underestimated the degree of asymmetry
but made the data more representative.
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4. Compositing methods

The data compositing was accomplished in two
ways:

Method I consisted of compositing data and dynamic
calculations (see Paper II) with respect to the Radius
of Maximum Wind (RMW). This method is illustrated
in Fig. 5 using tangential wind profiles from five
. different storms.

Method II consisted of compositing all the data
and dynamic calculations with respect to the absolute
radius. This method is illustrated in Fig. 6.

Method I has the advantage of allowing the dy-
namics in the region outside the RMW?¢ to be separated
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Fic. 6. Illustration of compositing for Method II where the data
are averaged with respect to the absolute radius.

¢ The expressions “inside the RMW” and “outside the RMW”’
will be used throughout this study. The former expression refers
to radii less than the RMW (e.g., RMW—5n mi, RMW—10n mi,
etc.). The latter expression refers to radii larger than the RMW
(e.g., RMW+S5 n mi, RMW+410 n mi, etc.).
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metric storm averaged with respect to the RMW at 900 mb
(Method I). Positive radial winds indicate outflow.

from the region inside the RMW. This is necessary
because the two regions are dynamically quite dif-
ferent. At and outside the RMW convergence and
high winds are present. Inside the RMW high vor-
ticity values, divergence and subsidence are present.
In general, compositing method I has more physical
relevance for understanding the hurricane’s inner core
dynamics. The data presentations which follow were
made by use of Method I only. A more detailed
analysis of the results using Method II are discussed
in the CSU project report by Shea (1972). The dy-
namic calculations presented in Paper II which involve
the radius are, of course, always made before com-
positing with respect to the RMW.,
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F1G. 8. As in Fig. 7 except at 525 mb.
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F16. 9. Tangential wind profiles for the mean symmetric storm
averaged with respect to the radius of maximum wind (Method I).

5. The structure of the mean symmetric storm
a. Structure with respect to the radius of maximum wind

The structure of the mean symmetric storm ob-
tained by compositing parameters with respect to RMW
(Method I) will now be discussed. Data from at least
20 radial legs were required for a point to be plotted.

1) TANGENTIAL WINDS

Radial profiles of the mean tangential wind for
lower (930 mb) and mid-tropospheric (525 mb) levels
are shown in Figs. 7 and 8. The similarity of the
wind profiles in the lower half of the troposphere
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I'16. 10. Vertical cross section of tangential wind for the mean
symmetric storm (Method I).
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F16. 11. Mean tangential wind profile and standard deviation (s)
for the 900-500 mb layer in the mean symmetric storm (Method I).

should be noted (see Fig. 9). All exhibit sharp peaks at
the RMW and show large anticyclonic shears outside
the RMW. A vertical cross section of the tangential
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F1c. 12. D-values for lower four levels of the mean symmetric
storm. The mean D-value profile for the 900-500 mb layer is shown
by the dashed line (Method I).
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winds (Fig. 10) shows that the winds decrease with
height, but the decrease is much smaller than one
would expect from the steady-state cyclindrical thermal
wind relationship. This is in agreement with the
earlier findings of Gray (1962). The mean wind profile
and the standard deviation for the four-level average
of the 900-500 mb layer is shown in Fig. 11.

2) RADIAL WINDS

Radial wind profiles are also shown in Tigs. 7 and 8.
The lowest layer exhibits inflow from the outer regions
into the area around the RMW. The magnitude of
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this inflow is largest at distances far from the RMW
and decreases sharply as the RMW is approached.
Inside the RMW outflow is present. Thus, in the
lowest layer at and outside the radius of maximum
winds we have the strong convergence one might
expect in a layer near the top (~930 mb) but ap-
parently just within the surface frictional boundary
layer. By contrast, the three middle levels (750, 650
and 325 mb) show very little overall inflow or outflow
around the RMW. No radial winds are presented for
the 240-mb level due to the small amount of radial
wind data available.

3) D-VALUES

D-values for the four lowest layers of the mean
symmetric storm are presented in Fig. 12. D-value
data were not available in sufficient quantity at the
upper tropospheric level to give a reliable profile. The
largest D-value gradients are found at and just out-
side the radius of maximum wind. At radii inside the
RMW the D-gradients are much less.

4) ADJUSTED TEMPERATURE

Fig. 13 shows the profiles of the adjusted tempera-
tures for the five levels. Clearly, the warmest tem-
peratures occur well inside the RMW, whereas the
largest temperature gradients occur at the radius of
maximum wind. For the three middle layers these
temperature gradients around the RMW average ap-
proximately 1.5C (5 n mi)~L

The departure of individual mean. temperatures
from the mean temperature at the RMW for each
of the four lower levels is shown in Fig. 14. The largest
temperature deviations inside the RMW occur at
525 mb. These deviations become smaller with de-
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F1G. 14. Deviations of the individual mean adjusted tempera-
tures (7,;) from the mean adjusted temperature at the RMW
(Trmw) for each of the four lower levels,






