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Hugh Willoughby (HW) has reported on gradient
wind balance (GWB) calculations near the 850 mb
level within the inner-core region of tropical cyclones
from recent decade NOAA p-3 research flight mea-
surements. He states that his observations verify a
symmetrical gradient wind balance and, further, that
such measured balanced gradient wind calculations
provide “tidy explanations” for many observed features
of the axisymmetrical tropical cyclone vortex including
inward eyewall propagation.

I question HW’s interpretation that his observations
provide such a tidy theoretical explanation for the
complex inner-core hurricane circulation, particularly
of the dynamics of intensifying cyclone systems.

Willoughby states that earlier calculations of gradient
wind balance by myself and Shea (Gray 1967; Shea
1972; Shea and Gray 1973; Gray and Shea 1973 ) using
Doppler wind measures and implying a degree of sys-
tematic unbalanced inner-core gradient wind flow were
in error.

I disagree with HW’s implication that our earlier
calculations [particularly the Gray (1967) and Gray
and Shea (1973) papers] misrepresented the gradient
wind conditions within the hurricane’s inner core (0-
1° radius). My rebuttal is as follows.

1. Averaging strategy

Willoughby (1990) has performed an azimuthal av-
erage of his tangential winds and height fields with re-
spect to the tropical cyclone center. This greatly sup-
presses and in many cases eliminates the possible types
of non-GWB around the eyewall and the Radius of
Maximum Winds (RMW ) because the RMW can vary
with azimuth and time. Compare symmetric tangential
winds of 5 hurricanes in Fig. 1 where winds were av-
eraged with respect to the RMW with Fig. 2 where
averages were made strictly by radius. There can be
large time changes in the eye and RMW during and
between individual flight mission. Such averaging pro-
cedures by radius (as HW has made) can obscure or
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greatly reduce eye-RMW influences on possible non-
GWB conditions. In our previous analyses (Shea and
Gray 1973; Gray and Shea 1973) we average our data
with respect to the RMW. Such an analyses produced
super-gradient winds (see Fig. 3-4) near the RMW
and radial gradients of Vx across the RMW which did
not occur for our averaging with respect to the TC
center. Compare the tangential winds of Fig. 5 where
averaging has been done with respect to the RMW (our
preferred method) with the averaging with respect to
the TC center (Fig. 6—HW’s method). Note that there
is much less radial decrease of V' near the expected
RMW in HW’s averaging method. The sharp maxi-
mum winds at the RMW have been entirely smoothed
out. Given the exponential dependence of tangential
wind in the gradient wind equation any radial accel-
eration is altered by such an averaging procedure.

If one does not well resolve the eye-RMW in his
calculations (which HW has not done due to his radius
averaging method) it is to be expected that any distinct
non-GWB influences associated with the eye-RMW
will be greatly reduced or obscured. Is this a legitimate
analysis procedure for understanding the TC’s inner-
core dynamics and for implying that balanced flow is
a valid theoretical supposition near the hurricane’s
RMW and eyewall?

The question then becomes one of determining to
what extent a proper resolution of the RMW and eye-
wall structure, and associated convection of the TC, is
a fundamental component to understanding the
TC’s inner-core structure? I am of the opinion that it
likely is.

This review agrees with HW that the inner-core of
a TC must be close to GWB. The data I have analyzed
over many years, however, indicates that important
systematic imbalances may exist near the eyewall-
RMW region. Such systematic imbalances could be
meaningful to a proper dynamical interpretation of the
tropical cyclone’s inner-core structure and should likely
not be eliminated in an averaging process intentionally
designed to obtain simpler theoretical descriptors.

The references of HW to a few individual case ob-
servational papers (Willoughby 1979; La Seur and
Hawkins 1963; Hawkins and Rubsam 1968) indicating
gradient wind balance do not necessarily support HW’s
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F1G. 1. lllustration of a compositing average of the tangential wind
in the lower troposphere with respect to the Radius of Maximum
Winds (RMW) for five hurricanes during the late 1950s and early
1960s. (Shea and Gray 1973).

balance contentions. This is not a binary question of
balance or no balance, but the degree of GWB. No
wind system is likely ever in perfect balance. It is the
degree of imbalance that is in question. Willoughby’s
calculations are not accurate enough to indicate a bal-
ance to an accuracy to a few percent.

If conditions were out of GWB to the extent of just
2 percent for typical eyewall wind of 50 m s™! at a
typical radius of maximum wind of 25 km there would
be a radial acceleration per unit mass of (0.02) X (50
ms H2/25km =2 X102 ms2or72ms ' /h(or
720 m s~! per 10 h). Is this magnitude of acceleration

F1G. 3. Ratio (in percent) of the wind acceleration to the pressure
acceleration near 900 mb for 61 radial leg penetrations. Due to the
small motion of the water surface from which the Doppler wind
reference is made 5% and 10% increases of this wind have also been
shown. (Gray and Shea 1973).

unimportant to an understanding of inner-core dy-
namics? Of course, when wind and pressure accelera-
tions are as large as they are in the inner-core of a
hurricane, conditions must (percentagewise) be very
close to gradient wind balance. I do not question this.
But this does not mean that there are not significant
systematic imbalances in radial accelerations which can
be important in giving a proper theoretical under-
standing to the TC’s inner-core circulation.

If there are negative radial gradients of ¥z across the
RMW as indicated in the data by our observations,
then it is quite reasonable to assume that a degree of
supergradient winds are present near the RMW. It is
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FiG. 2. lllustration of the tangential wind for the same hurricanes
as in Fig. 1, but where data is averaged with respect to absolute radius.
Note how the solid line average of these 5-cases smooths out the
peaks of the maximum wind. (Shea and Gray 1973).
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F1G. 4. Same as Fig. 3 except for all 492 radial legs within the
lower half of the troposphere between 900 and 500 mb. (Gray and
Shea 1973).
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FIG. 5. Tangential and radial wind profiles for 61 radial leg flights
with respect to the Radius of Maximum Wind (RMW) at levels near
900 mb. Positive radial winds indicate outflow. (Shea and Gray 1973).

unfortunate that HW did not make GWB calculations
with respect to the RMW with his superior P-3 inertial
wind data. If he had done so, I believe he would have
found average V' gradients across the RMW and sym-
metric supergradient winds at the RMW.

Most of the flight data that HW uses in his attempt
to infer gradient wind balance is at or near the 850 mb
level with a smaller number of flights near the 700 mb
level. One might question whether this distinctly lower
tropospheric data is representative of middle level and
upper middle level flight information for which he im-
plies gradient wind balance as well. We have previously
observed the strongest supergradient winds at the
RMW to occur at middle levels. This would be con-
sistent with the cyclone’s convection and vertical wind
shear structure.

Willoughby implies that the earlier (1957-69) hur-
ricane flight data using Doppler wind measurements
are not representative because of inherent instrument
inaccuracies and/or conceptual calculation deficien-
cies. He offers no evidence to substantiate or quantify
these claims. I do not believe our earlier flight data
have misrepresented conditions within the hurricane’s
inner-core as HW implies.

Willoughby states that it is crucial to “distinguish
between the slowly evolving maximum of the axisym-
metric mean wind and the transient, local, often very
sharp maxima in the individual profiles that make up
the average.” Why is it crucial to make such a distinc-
tion? These transient, local, and very sharp maxima
are part of the real hurricane system and may be im-
plicated in special eddy transfers, knowledge of which
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may be important to a full understanding of the tropical
cyclone’s inner-core structure.

2. Role of imbalances

It appears to me that HW has a desire to interpret
his observations so as to verify that the theory of sec-
ondary circulations in balanced vortices (as earlier ad-
vanced by Eliassen 1951) is applicable in real hurri-
canes. His analysis technique is chosen so as to enhance
this interpretation. The crux of this exchange is the
extent to which such a balanced flow model is appli-
cable within and around the hurricane’s inner-core re-
gion. Our previous analyses indicates that there are
likely special and varying eyewall convection effects
not accommodated by Eliassen’s theory.

Willoughby’s analyses suppress most centrifugal
mass exchange from the eye to the eyewall cloud; this
does not fit the likely valid concept of a ventilating eye
structure in which some of the mass subsidence in the
eye is centrifuged to the eyewall cloud. In our earlier
analyses of many hurricane individual flight legs (Shea
and Gray 1973), we frequently observed radial outflow
above 900 mb near or just inside the RMW. It is pos-
sible that the transient features of the eye and eyewall
cloud are important nonlinear influences that, in ag-
gregate, have an influence on the dynamics of the inner-
core circulation. Such transient information should not
be (intentionally) suppressed through time and azi-
muthal smoothing of data with respect to the cyclone
center. It is unfortunate that HW does not also show
individual flight leg information relative to the RMW
with his P-3 Inertial Navigation System (INS) mea-
surements and verify or negate that individual radial
leg flights do not frequently exhibit a radial outflow
and supergradient winds at, or just inside the RMW.,

Also, implicit in HW’s conclusion of gradient flow
is the dismissal of the possible role of cumulus friction
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FI1G. 6. Tangential and radial wind profiles for the 900 mb level
for the same observations of Fig. 5 but where all the data has been
averaged with respect to absolute radius. (Shea and Gray 1973).
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as a potential balancing torque for small imbalances
in the gradient wind at the RMW. Near the hurricane’s
eyewall region where temperature gradients and cu-
mulus convection are quite strong, it is not unreason-
able to assume that vertical gradients of convection
induced stress (p VW', pV ,w') may play a role in caus-
ing small but significant imbalances of the gradient
wind. This author (Gray 1967) has previously proposed
a model for such convective-induced imbalances which
appears to offer a reasonable explanation for our earlier
measured thermal wind imbalance around the RMW.
Lee (1984) has, from residual rawinsonde composite
calculations of typhoons, shown that unresolved scales
can account ( presumably due to cumulus influences)
for important tangential accelerations in the radial belt
spanning 1°-5° latitude radius from the storm center.
It is reasonable to expect that similar cumulus influ-
ences would also manifest themselves near the inner-
core radius where the strongest deep convection exists.
If gradient wind balance around the RMW does exist
as HW implies, then he should advance hypotheses as
to why cumulus induced imbalancing influences are
not present.

3. Thermal wind calculations

I am of the opinion that the best way to observa-
tionally determine if any systematic GWB imbalances
exist near the RMW may not be to make gradient wind
measurements at one level (where GWB is always
close) but rather to apply the cylindrical thermal wind
equation, which isolates and accentuates the vertical
differences in the gradient wind. The earlier hurricane
laboratory flight data of 1957-69 was well suited for
this because a large number of similar track double
level flights were flown. My paper (Gray 1967) details
thermal wind calculations which show that measured
horizontal temperature gradients around the RMW
were substantially larger than those specified by the
measured vertical shear of the tangential wind.

There were many azimuthally well positioned, 0°-
1° radius, multiple radial leg, cloverleaf type flight
missions which were flown during the Doppler wind
era. A number of simultaneous double level missions
of this type were also flown during this period. These
were ideal for inner-core cylindrical thermal wind cal-
culations or

(14 20) 2z —tar) 0
P

or oP Por

where

f  the Coriolis parameter,
Vr the tangential wind,

T temperature,

R gas constant.

Thermal wind calculations specify vertical differ-
ences in gradient wind balance. Such calculations are
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more sensitive for determining the possibilities of gra-
dient wind imbalance. This is particularly the case
when potential thermal wind imbalances around the
RMW are typically of one sign (temperature gradient
stronger than vertical wind shear). The radial pressure
gradient appears to decrease with height at a greater
rate than does the balancing wind. For example, if the
tangential wind around the RMW were in gradient
balance at 850 mb (100 units of wind acceleration to
100 units of pressure acceleration) and two percent
supergradient at 500 mb (98 units of wind to 96 units
of pressure ) we would calculate a high percentage ther-
mal wind imbalance. The change of wind acceleration
(or vertical wind shear term) from the 850 to 500 mb
level would be minus 2 units and the change of pressure
acceleration (or horizontal temperature gradient term)
would be minus 4, or 200 percent greater than the wind
acceleration changes. This type of thermal wind im-
balance around the RMW at lower and middle level
conditions appears to be particularly large for inten-
sifying cyclones. It should be noted that such thermal
wind calculations are insensitive to whether there are
systematic errors in either the wind or pressure gradient
determination.

Thus, thermal wind calculations through a deep layer
near the RMW may be better able to isolate potential
gradient wind imbalances than are individual level
gradient wind calculations. Direct gradient wind im-
balances at individual levels to an accuracy of 1-2 per-
cent cannot be well measured. By contrast, thermal
wind imbalances encompassing only the differences in
the gradient wind through deep layers are much more
reliably observed. If thermal wind imbalances exist, so
too do gradient wind imbalances.

Earlier period calculations. There were 492 recorded
radial leg penetrations in and out of tropical cyclones
of hurricane or near hurricane strength during the
Doppler wind era (1957-69). Nearly half of these
flights (221 flight missions ) were made at or above the
700 mb level, many near 500 mb. Unlike the recent
P-3 flights, a good sample of middle troposphere radial
leg data was available (see Fig. 7).

These many radial leg flights allow the construction
of a climatology of vertical wind shears at the RMW
and of the adjusted horizontal temperature across the
RMW. We found that the inward radial gradients of
virtual temperature across the RMW (see Fig. 8) were
on average, significantly larger than what one would
anticipate from the observations of vertical wind shears.
This is particularly the case at middle levels. Observe
in Fig. 7 that the average vertical shears of tangential
wind at the RMW in the lower half of the troposphere
are quite small. The ratios of temperature gradient to
vertical wind shear were, as expected, more pronounced
for deepening than filling hurricanes (see Figs. 9, 10,
and 11). The outward slope of the RMW in the lower
half of the troposphere (900 to 500 mb) was quite small,
typically less than a few kilometers (see Fig. 12). Ver-
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FIG. 7. Vertical distributions of tangential wind profiles for the
mean symmetric hurricane averaged with respect to the Radius of
Maximum Wind (RMW). (Fig. 9 from Shea and Gray 1973). The
number of radial leg passes making up this average are 61 (900 mb),
200 (750 mb), 157 (650 mb), 74 (525 mb), and 41 (240 mb).

tical slope of the RMW does not explain these calcu-
lated thermal wind imbalances, especially the vertical
slope of the RMW in the lower half of the troposphere.
In my earlier paper (Gray 1967) I calculated the vertical
shear of tangential wind required to balance (assuming
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FiG. 8. Deviations of the individual mean adjusted temperatures
(T,;) from the mean adjusted temperature at the RMW ( Trmw, for
each of the four lower level flights of Fig. 7. (Fig. 14 from Shea and
Gray 1973).

NOTES AND CORRESPONDENCE

1205

45

4o

35k

30

25

-‘-
v
&
/

20

TANGENTIAL WINDS (m/s)

s s PR "

[o] t 1. 1 1

-60 -40 -20 RMW 20 40 60 B8O
DISTANCE FROM THE RADIUS OF MAXIMUM WIND
(km)

L

F1G. 9. Mean lower and middle level tangential wind profiles of
deepening storms. (Fig. 42 from Shea and Gray 1973).

thermal wind conditions) the 18-54 km radial tem-
perature gradient of 17 cloverleaf type flight tracks (1.e.
six azimuthally spaced radial flight legs) for six hurri-
canes during 1957-61. Calculated vertical wind shears
to match the observed horizontal temperature gradients
for individual cases ranged from 10 to 74 percent per
450 millibar vertical depth. Average values were 40
percent. These calculated vertical wind shears (assum-
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F1G. 10. Mean lower and middle level tangential wind profiles of
filling storms. (Fig. 43 from Shea and Gray 1973).
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middle tropospheric levels corresponding to the tangential winds of
deepening and filling hurricanes shown in Figures 3 and 4. (Fig. 61
from Shea 1972).
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ing thermal wind balance) were much greater than the
observed vertical wind shears shown in Fig, 7.

For five selective simultaneous double level missions
in Hurricane Cleo (1958), Daisy (1958), Donna
(1960), and Clara (1961—2 days), the horizontal
temperature gradient term across the RMW between
18 and 36 km radius was measured to be four times
greater than what would be expected with the observed
vertical wind shear (see Table 8 of Gray 1967). These
large horizontal temperature gradients across the RMW
together with the corresponding lack of fully compen-
sated vertical wind shear are strong evidence for the
lack of a fully balanced gradient wind flow within the
hurricane’s inner-core region.

Observed temperature gradients are too large to be
influenced by radial gradients of virtual temperature
as HW has implied. Horizontal temperature gradients
derived from thickness gradients between pressure sur-
faces on the double level flights closely agreed with the
direct measurement of temperatures. The measured
radial temperature gradients were much larger than
any potential errors in the horizontal gradients of vir-
tual temperature correction—as was discussed in our
previous reports. The occasional uncertainties in the
Doppler era data in heavy rain conditions were not
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frequent enough as to negate earlier calculations of large
thermal wind imbalance around the RMW. Wil-
loughby should have been more aware of this earlier
research. Those who have not worked extensively with
the earlier Doppler wind data should not so readily
dismiss the information of these earlier flights. If HW
wishes to dismiss our earlier flight information, then
he should present evidence to back up his assertion
than all of our earlier flight data and a// of our earlier
conclusions concerning thermal wind imbalance are
not valid due to instrument or conceptual deficiencies.

Willoughby’s assertion that Jorgensen’s (1983)
thermal wind calculations for Hurricane Allen (1980)
on 5 and 8 August refute al/ of our many earlier cal-
culations are absurd. Jorgensen’s 5 August case rep-
resents a period of strong filling for Allen, where the
thermal wind imbalance would be expected to be weak
or negative (—9%) as he calculated. Jorgensen’s other
thermal wind calculation occurred during the inten-
sification stage of Allen on 8 August. This second case
showed a mass weighted 850-500 mb temperature gra-
dient term to be 46% greater than the thermal wind
balanced vertical wind shear term. This second case
agrees well with our earlier calculations. It is noted that
Allen’s maximum winds decreased from 78 m s™! on
1800 UTC S August to 60 m s~! on 0600 UTC 6 Au-
gust—a weakening phase, and there was a greater slope
to the eyewall and little thermal wind imbalance on
the Sth. By contrast, Allen’s maximum winds were in-
creasing from 60 m s™! at 1200 UTC 8 August to 80
m s~ at 0600 UTC 9 August. The thermal wind was
unbalanced and the eye sloped very little on 8 August.
Cyclones with intensifying inner-core winds with in-
creasing eyewall convection do not slope much in the
lower half of the troposphere.

There have been comparatively few multiradial leg,
double level P-3 aircraft flight missions with the Inertial
Navigation System (INS) that would be suitable for
thermal wind calculation. If HW had similar double-
level flight data from the P-3 aircrafts, I believe he also
would have detected large percentage thermal wind
imbalances near the RMW between the 850 and 500
mb levels, especially for double level flights into intense
or intensifying hurricanes.

Willoughby’s analysis does not make a distinction
between deepening and filling cyclones. The enhanced
inner-core deep convection of deepening cyclones
would be expected to bring about a distinctly different
alteration of the vertical shear and GWB than would
occur with filling cyclones.

4. Representativeness of cases

As most of HW’s gradient wind calculations are
made near the 850 mb level, these lower level calcu-
lations may not fully represent conditions at middle
levels (300-700 mb).






