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DETAILS OF CIRCULATION IN THE HIGH ENERGY CORE OF HURRICANE CARRIE

7[:)'] SL' [Manuscript received June 16, 1958; revised Sept. 9, 1958]

1. INTRODUCTION

During the past two decades considerable information on the thermo-
dynemic properties and circulation of hurricenes has been acquired gradually
from sounding balloons and from reconnaissance aircraft. Various summaries
of these data (e.g., E. Jordan [3] and B. I. Miller [5]) have proved useful
in studying energy processes in the hurricane (e. g., Palmén and Riehl [T]).
Until recently, however, there have never been enough observations made with-
in a short period of time to describe synoptically the details of hurricane
circulation at any level. Moreover, there has been little or no sounding in-
formation from the general areas of the storm vortex where the greater portion
of the kinetic energy is concentrated.

One of the primary objectives of the National Hurricane Research Project
has been to obtain observations from the storm core on a space and time scale
which would permit the circulations in this area to be described synoptically,
and further quantitative studies of the energetics of the hurricane heat en-
gine to be made. As of this writing the research aircraft of NHRP have flown
32 missions into tropical storms of various sizes and stages of maturity. On
seven of these occasions, two planes were in the storm at the same time, col-
lecting data at two or more levels, and on two occasions three aircraft enter-
ed the storm simultaneously and collected information at levels ranging from
1500 feet to 35,000 feet. For a description of the instrumentation of the
research aircraft see NHRP Report No. 11 by Hilleary and Christensen [1]. The
most complete description of a single hurricane was obtained during flights
into hurricane Carrie on September 15 and 17, 1957. The findings presented
here are based entirely on data from these flights. However, most features
of circulation represented by the Carrie data have been reflected in the data
from other hurricane missions (e.g., LaSeur [4]), though generally in less
detail. Nevertheless, any conclusions based upon these descriptive materials
must necessarily remain tentative until additionel complete data samples can
be obtained to determine just how well these circulations found in Carrie rep-
resent those of hurricanes in general. It is intended that the materisl pre-
sented here serve only to describe the circulation of Carrie and to summarize
the implications which may be drawn therefrom. A more specific treatment of
dynamical and thermodynamic aspects of these data will be the subject of sub=-
sequent reports.

2. GENERAL CHARACTERISTICS OF HURRICANE CARRIE

Hurricane Carrie [6] was one of the longest lived hurricanes of record.
When the first reconnaissance flight into the storm was made on September T,
1957, some thousand miles east of the Lesser Antilles, it already had




Figure 2. - Profiles of wind, tem-
perature and D-value from the
storm center north~northeastward.
September 15, 1957.

Figure 1. = Sea level pressure map.
Hurricane Carrie, September 15,

1957.

hurricane~force winds. Before recurving northward along the 52d meridian,
its central pressure was reported as low as 945 mb. Subsequently it filled
and after September 12 its central pressure was never lower than 960 mb. On
September 14 Carrie was deflected once again to a west-northwestward course
until it finally recurved eastward late on September 16. During the flight
of September 15 the storm was moving on a course of 300° at approximately 12
knots, and on September 17 after recurvature its course was 70° at approxi-
mately 12 knots. The central pressure on both days was 960-965 mb., the
storm was fully mature, and had an eye vhose diameter was L0 miles on the
15th and 50-60 miles on the 1T7th. The storm area contained numerous spiral
rainbands on the 15th, but on the 1T7th there were virtually no bands present.
On both days, however, the eye was well formed with walls rising on all sides
to about 38,000 feet. Figure 1 is a surface analysis for the western Atlantic
on September 15 showing the track of the hurricane.

3. RADIAL PROFILES OF WIND, TEMPERATURE, AND PRESSURE

The most complete coverage of observations was obtained from reconnais-
sances at 14,000 and 11,000 feet. Flights were planned to provide a succes-
sion of diametrical traverses through the center of the storm so that one or
more radial profiles would be available from all quadrants. Figure 2 is a
typical radial profile of data for 14,000 feet. The abscissa represents the
radial track flown by the aircraft. In order that the variation of elements
recorded may be associated with the principal hydrometeors traversed by the
alrcraft, the eye wall and the several rainband segments encountered by the
aircraft have been schematically superimposed.

In general this profile exhibits the kinetic and thermal properties to be
expected in en intense warm core circulation, Of curious interest, however,
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and perhaps the most striking feature of these data, is the striated charact-
er of the temperature and wind speed profiles. As the plane left the eye cen-
ter, the wind increased rapidly to more than 0 knots before the clouds of the
eye wall were penetrated, then on to a maximum of 83 knots sbout 25 miles from
the center. Beyond this, a succession of wind maxima and minima were observed
as the plane proceeded outward throﬁgh the vortex. After a second 83-knot
maximum at a radius of 42 miles, still a third meximum was encountered at 55
miles, and a fourth at 78 miles from the center. These four maxima occurred
while the aircraft was traversing five major rainbands (including the eye
well) and one minor band. The vertical located about 29 miles from center is
the position where the aircraft crossed the axis of a dissipating rainband in
which there were active convective elements to either side of the track. The
location of these wind maxima apparently do not occupy unique positions rela-
tive to the rainy areas identified by radar.

The temperature profile reveals similar (though not corresponding)
fluctuations rather than a steady decrease outward from the storm core.
While in general there is a trend toward more pronounced temperature falls
through the rainey sections, the salient maxima and minims do not occupy
unique positions relative to the rainband areas identified by radar. More-
over, there is little evidence that the variations observed could have been
due primerily to wet-bulb effects.

The profile of D-valuesl reveals a rise of 950 feet in a horizontel dig-
tance of 80 miles from the center. Here also there are spparently systematic
variations in slope of the profile. However, variations of this profile seem
to be associated specifically with the rainband segments and were observed
generally on the high pressure side of the radar echo simllar to those previ=-
ously reported by Simpson and Starrett [8].

In attempting to associate spatially the observed striations with the
spiral rainband segments identified by radar, one must remember that the ra-
der echoes represent rain areas and do not identify uniquely the regions of
meximum convection. J. Malkus2 has recently pointed out that rainband con-
vection tends to be displaced horizontally from regions of maximum rain iden~
tified by radar, and that this displacement varies with height, due to wind
shear and other factors. She proposes the model in figure 3 for relative dise
tribution of convection and rain in the spiral bands of the hurricane.

Finally, figure 2 shows, perhaps more graphically than usual, how very
concentrated are the primary changég in thermal and kinematic properties about
the eye. Most of the wind and temperature change at this elevation occurs
within a radius of 10-25 miles from the center. '

lD-value as used here refers to the difference between the observed height
and standard (atmosphere) height of the pressure surface along which the
aircraft flew,

2Personal communication to Director, NHRP.,




Figure 5. -~ Model of radial section through an active convective rainband
(J. Melkus). The convective Chimney may slope by sbout 45° radially
outvard if Inflow occurs at low levels snd outflow higher aloft. Thus
the axis of maximum updraft and maximum buoyancy may have a 45° slant
from vertical and the active convection bubbles would follow this
slanting path. If they should succeed each other sufficiently rapidly
the mean draft structure and buoyancy structure would follow the solid
vavy lines. Thus a vertical column having meximum mean virtual temper-
ature (and minimum D) would be produced, indicated by the shaded col-
unn, The maximum liquid water and drop size, on the other hand would
be as designated in curve C, because maximum liquid water must occur
in the middle cloud region and thus be displaced toward low pressure
from the max, Tv and min. D. Cloud physics studies have shown that
meciimun water contents are mainly at lower levels and thus in a slant-
ing cloud colwin would be displaced radially inwerd,

4. DATA COMPOSITING FOR SYNOPTIC ANALYSIS

A cursory examinastion of date from various radial tracks flown through
bhurricanes reveals significant asymmetries from quadrant to quadrant. These
tend to limit the use which can be made of a single profile of data in study-
ing the dynamics of the vortex. For example, radial components of motion re-
lative torthe center might well indicate net mass inflow in the right reer
quadrant and pronounced net outflow in the left front quadrant. Therefore,
to study the dynamical properties of the vortex as a whole, it is necessary
to have data from each quadrant which can be analyzed synopticelly. Ordinar-
ily it takes an airplane 3-4 hours to collect data for this purpose, This
means that individual observations must be adjusted in space to account for
the travel of the storm during the period of data collection. In addition,
some’ cognizance must be taken of changes due to non-steadiness of circula-
tions during the period. The latter is more difficult, and no suitable means
has been found to deal with it. The former is not difficult, and is discussed
here mainly because of the problem which arises in defining and specifying
the hurricane center about which data must be composited for quasi-synoptic
analyses.,




The compositing or repositioning of observations collected from the
vortex of a moving hurricane over & 3- or L-hour period, ordinarily involves
the computation of a virtual latitude and longitude for each data point.

This relocates the point geographically about the mean position of the hurri-
cane so that all observations are at the same azimuth and distance from the
storm center as they were at the time the data were recorded. This is done
with an electronic computer which calculates the adjusted position as a funce
tion of time, in terms of initial position of data and the successive posi-
tions of the hurricane center, It was soon apparent that relatively small
differences in identification and tracking of the center could meke the dif-
ference between a homogeneous appearance of data or serious discontinuities
— the important question being, how shall the center of the hurricane be
identified? A hurricane can be located in terms of a (1) pressure center,

2) circulation or wind center, (3) temperature center, (4) geometric center
of the radar eye, or (5) geometric center of the ring of maximum kinetio
energy.

The eye wall can be considered in effect as a substantial surface. In-
side the eye, horizontal circulations, pressure, and temperature gradients
are not a direct consequence of the circulation dynamics in the rain area.
Rather they are a product of — and to a considerable extent a manifestation
in eddy form of — the subsidence and other vertical motions in the eye and of
convective scale motions surrounding the eye. They are perhaps the least con-
servative of hurricane properties. Intuitively one is led to the concept that
the effective center of the hurricane, as an atmospheric heat engine, is the
geometric center of maximum kinetic energy. This more conservative center can
not always be specified with ease fronf data customarily available. However,
the geometric center of the radar eye wall, or region of maximm convergence,
is a closely related center and is more readily and continuously observable.
The convention finally adopted and used in compositing data for the analyses
which follow is to identify the hurricane center as the geometric center of
the radar eye. This means of compositing has consistently produced the most
uniform tracks and homogeneous dsta groupings. It suffers the obvious de-
ficlency that not all hurricanes have closed or circular eyes. Moreover the
problem of time variations in circulations still remains unsolved. INeverthe-
less in the samples collected to date, it has not been necessary to do more
than minor smoothing of data to obtain the kind of enalyses presented here,

5. CIRCULATIONS AT 14,000 FEET

Enough radial passes were made at 14,000 feet to permit reasonable
analyses of wind, temperature, and pressure for all quadrants of the storm.
These are shown in figs, k-8,

Figure 4 is an analysis of isotachs at 14,000 feet on Septenber 15, This
indicates that the striations of wind speed observed in the radial profile of
figure 2 are not local in nature, but, rather have continuity from quadrant
to quadrant. While it is not contended that the data, copious as they were in
this and succeeding analyses, eliminate subjectivity and the need for inter-
pretation, these analyses have been completed without appreciable smoothing
or violation of individual data points,
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Figure 5 is a streamline analysis which corresponds to the isotach pat-
tern in figure 4. The most interesting feature of this analysis is the cir-
cular asymptote of streamline divergence at a radius of approximately 40 miles

rom the storm center, a cyclonic outdraft extending toward higher pressure
and cyclonic indraft toward low pressure., If one subtracts from the observed
winds the vector of storm travel, the circulation residue relative to the
storm center is much more symmetrical. This is quite evident from the relas-
tive streamlines in figure 6. Upon first inspection, the circulation here
would appear to be almost pure rotation. However, an analysis of radial cor-
ponents of the wind reveals a horseshoe pattern of radial outflow surrounding
the center, with equally pronounced radial inflow near and immediately shead
of the storm center. The radial outflow at these levels was indicated in the
mean data of Miller [5], although the mean data failed to indicate the selec-
tive region of inflow. Again, the circular asymptote of streamline divergence
appears at a radius of approximately 40 miles with gradual cyclonic indraft
toward lower pressure.

If there is indeed pronoumced inflow to the very core of the hurricane
through the forward quadrants and outflow through the rear quadrants, then
the storm core must experience a ventilation action in which colder environ-
mental air is mixed Wl‘th warm rising currents of the storm, a factor recently
identified by Riehl) as one which tends to reduce the efficiency of the hur-
ricane heat engine and throttles the release of kinetic energy. The amount
of ventilation ocecurring is illustrated by the vectors of relstive radial
motion computed from spot measurements of wind by the research aircraft and
superimposed on the streamline analysis of figure 6.

The presence of cyclonic indraft in the storm core is of special inter-
est for several reasons. If it may be assumed that (1) the circulation pat-
tern is characteristic, and (2) the circulation remains reasonably steady,
then a constant level balloon released in the eye of the storm at this level
would move to and remain near the storm center and could serve as a position-
ing device for the moving storm (e.g., see hurricane beacon [9]).

Figure T is an analysis of isotherms at lh,OOO feet. Here the analyst
envisages circular continuity of a striated character of the temperature
field similar to those of the wind field. However, because of the more fre-
quent, though systematic, radial fluctuations in temperature there is more
subjectivity in this analysis than was the case for the isotach analysis of
figure L,

Figure 8, a contour analysis based upon D values, indicetes that while
there is greater symmetry in the pressure fields at the core than there is in
either wind speed or temperature, there are numerous local disturbances to
the pressure field, probably associated with pronounced convective activity
in certain segments of the spiral rainbands and hence of a transitory nature.
Of considerable interest to the problem of kinetic energy production is the
cross=contour motion indicated by the radial components of the observed wind.,
These individual observeations, superimposed on the cuntour analysis, inlicate

3Unpublished notes, March 1958,
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Figure 7. = Temperature distribution atv 1,000 ft, for Hurricane Carrie,
September 15, 1957.

that, instantaneously, there is net outflow towards higher pressure, a
kinetic-energy-absorbing process.

6. CIRCULATIONS AT 35,000 FEET

Indications are that the striations of wind speed observed at 14,000
feet tend to prevail throughout the lower and middle troposphere. Figure 9
indicates that remnants of these striations remain even at 35,000 feet where {
the B-LT research plane flew near the top of the cirrostratus outflow of the J
storm while these data were being collected. Here the circulation is pre- '
dominantly a cyclonic outdraft except over a small area near the center where
there is a cyclonic indraft. This pattern is essentially preserved in the
relative motion field. On the other hand, temperature at 35,000 feet, ana=-
lyzed in figure 10, reveals no evidence of the striations which were promin-
ent at 14,000 feet. Here the considerable temperature gradient in the eye
itself appears to stem from subsidence.
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Figure 8. = Contour chart (D-values) at 14,000 ft. pressure altitude for

Hurricane Carrie, September 15, 1957. Individual arrows represent radial
components of the observed winds (length of arrow scaled to represent
speed).

T. COMPARISON OF CIRCULATIONS BEFORE AND AFTER RECURVATURE

Hurricane Carrie remained approximately the same in overall size and in=
tensity, and there was little change in central pressure between the recon=
naisance of September 15 before recurvature and that on the 1T7th after re=-
curvature. Moreover, the total kinetic energy both in the middle troposphere
and the high troposphere remained essentially unchanged. There were, however,
two noticeable differences. irst, the radius of maximum wind had materially
increased on the 1Tth, and second, there was a minimum of organized convection
in the form of spiral rainbands on the 17th., ‘hile striations of temperature
and wind were observed on the 1Tth as on the 15th, they were greatly dampened
on the 17Tth and in some quadrants almost absent., This would suggest that
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Figure 9. - Streamlines and isotachs (knots) ol the observed wing field at
35,000 ft. for Hurricene Carrie, September 15, 1957. Uinds measured by
B-LT7 reconnaissance aircraft,

while the striations may not be the local result of convection in a rainband

segment, they most likely are associated systematically with the rainband ¥
system as a whole, their prominence depending therefore on the degree of de-

velopment of the spiral rainbands.

Figure 11 shows the isotach pattern atv 11,000 feet on September 17, and
figure 12 shows the corresponding streamlines, In figure 11 the salient fea-
tures of figure L, including the outdraft spiral of wind speed mexima, are
preserved. Also, in figure 12 the asymptote of divergence, a prime feature
on the 15th (fig. 5), is again present and similarly located.
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Figure 1l. - Wind speed field at
11,000 ft., for Hurricane Carrie,
September 17, 1957.

8. SIGNIFICANCE AND SOURCE OF WIND
SPEED STRIATIONS

It is reasonable to assume that
the striations observed either stem di-
rectly from imbalances which develop in
the vortex and are therefore of rela-~
tively short duration, or comprise a
characteristic part of a circulation
complex and thus may tend to persist.
“Thile not enough information has been
collected to decide between these two
possibilities on the hasis of steadi-
ness of circulations, it is significant
that striated patterns have been ob-
served in every hurricane investigated
by the reseasrch aircraft supporting the
HHRP, and the patterns observed have
had continuity and have persisted over
the period of hours in which the re-
search aircraft were in the storm.
Certainly the wind speed patterns are
more persistent than the spiral rain-
band segments which continually change
intensity and form.

In any event observational data
make it clear that the striations of



T T T T T T wind speed in the hurricane vortex are
not simply a manifestetion of the
squally outflow from convective cells
or rainbands of the storm, as in thun-
derstorms where air is dragged down to
the surface by heavy rain and causes
large increases in surface wind as it
spreads out laterally. The striations
in the hurricane obviously are as
prominent in mid-troposphere as they
- are nearer the surface,
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ft. in Hurricane Carrie, Septem- 9. ACCELERATIONS IN THE

ber 15, 1957. The pressure gra- HURRICANE VORTEX

dient, Coriolis and centrifugal

forces are means for successive Figures 6 and 8 reveal that net

concentric eircles, and are based outflow toward higher pressure was pre-
upon analyzed rather then indi- sent in the middle troposphere on Sep-
vidually observed values. Accel~ tember 15. Radial components vary from
eration is considered positive quadrant to quadrant with mainly inflow
outward. in the forward sectors, but with out-
flow laterally and to the rear of the
storm center. In view of the extensive
information available at 14,000 feet,
it has been practicable to examine by quadrants and for the vortex as a whole
the balance of forces which sustain the gradient wind. By considering only
tangential components VO of the wind, the gradient wingd relation may be ex-

Pressed as follows:
2
\'s
0 _ . dD
F *To-ex

in which R is the radial distance from the storm center positive outward.
Figure 13, based upon the analysis of circulation at 1l »000 feet, shows the
mean cyclostrophic, Coriolis » and pressure gradient forces acting in the hure
ricane vortex at this level together with the net imbalance of these forces
available to overcome frictionsl decelerations and tending to produce accel-
eration of the wind. The mean values are based upon averages of tangential
wind speeds and pressure gradients from twelve equi~spaced points on each of
13 concentric circles sbout the storm center. Circles were spaced 5 nautical
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Figure 14, - Resultant forces tending to cause horizontal acceleration at
14,000 ft. in each quadrant of Carrie, September 15, 1957. These compu-
tations are based upon radial profiles of recorded date in each guadrant,
rather than upon enalyzed values as in figure 13. Acceleration is posi-
tive outward.

miles apart. The acceleration potential is at a minimum at the eye wall and
near the circular asymptote of divergence in figure 6. It is at a maximum in
the eye and at a radius of 35 to L0 nautical miles from the center (on the
low pressure side of the asymptote of divergence).

Figure 1l shows the imbalance of forces tending to cause acceleration of
the gradient wind in each storm quadrant at 14,000 feet. These data are for
radial profiles flown by the aircraft rather than from analyzed values as in
figure 13. For purposes of computation, running averages of Ve were obtained

for distances of 5 nautical niles; likewise the D-value profiles were smooth-
ed to provide conservative estimates of pressure gradient forces useful for

this computation. The net potential acceleration of the gradient wind is
essentially the same here as represented by the mean in figure 13 with the
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exception that marked acceleration toward the storm center is indicated in
the forward quadrants near and in the eye, while in the rear quadrants po-
tential acceleration in the eye is away from the center. Minimal accelera-
tion is indicated in the vicinity of the circular asymptote of divergence
(fig. 5). It is also interesting that in the right rear quadrent, accel-
eration is much smaller than in any other quadrant.

10. CONCLUSIONS

Insofar as these data from hurricane Carrie are representative of a ma-
ture hirricane circulation — and there is no reason to suspect that they are
not — they show that a number of circulation features in the high energy core
of the hurricane differ from those which have been deduced by extrapolation
and from scattered observations previously available. The most prominent of
these is a striated distribution of wind speed, temperature, and pressure,
vhich seems to have a systematic character. While the hurricane is a warm
core storm and its kinetic energy necessarily must decrease with height, the
striated pattern of wind speed appears to be conserved with height through
the low and middle troposphere, and maximum winds near the surface in the
hurricane tend to be conserved into the upper troposphere. The niost intense
gradients of the temperature, wind, and pressure are concentrated in a narrow
band about the center extending from sbout 8 miles inside the eye wall out-
ward through the wall cloud. Outflow in the middle troposphere works against
the pressure forces and dissipates part of the kinetic energy produced in the
hurricane. Finally, a computation of forces tending to accelerate the wind
at 14,000 feet is qualitatively in analytical agreement with the observed
wind circulation including the ventilation of the hurricane by currents which
accelerate into the core in advance of the center and out of the core through
the rear quadrants,
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