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ABSTRACT

This is the second (Paper IT) of two papers on the characteristics of the hurricane’s inner core region as
revealed by the research flight data of the National Hurricane Research Laboratory. This paper presents in-
formation on the thermal stability and the dynamic characteristics of the hurricane’s inner core region from
information derived from Paper I. Discussion is given on the hurricane’s inner core vertical stability, di-
vergence, vertical motion, heating mechanism, wind-pressure acceleration, thermal wind balances, and other
features.

It is shown that large vertical moist instability is present in the eye-wall cloud. Large super-gradient winds
are present at the radius of maximum winds. Substantial mixing occurs between eye and eye wall and the
average hurricane eye ventilates itself by about half of its mass during the time it takes to move the distance
of its eye diameter. Maximum heating does not occur at the radius of maximum updraft. Inner core heating
comes from the sinking motion within the eye and not from heat diffusion from the cumulus updraft. Other
features are discussed.

1. Introduction Hurricane Research Laboratory of Miami which the

This is the second (Paper II) of two papers on the authors’ have processed in a massive data listing
characteristics of the hurricane’s inner core region as (Gray and Shea, 1973). The following discussion on
revealed by the research flight data of the National the thermal stability and dynamic characteristics of
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F16. 1. Equivalent potential temperature (9.) profiles at several radii in the mean symmetric storm. Jordan’s (1958) mean
hurricane season sounding is provided as a reference. The assumed relative humidities are indicated. RMW is the symbol for
the radius of maximum wind.

! Present affiliation: National Center for Atmospheric Research, Boulder, Colo.
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T16. 2. Equivalent potential temperature (8,) profiles at the RMW for several individual storms. The
assumed relative humidities are shown.

the hurricane’s inner core is based on the observa-
tions of Paper I by the same authors which dealt
with the symmetric and asymmetric structure of the
hurricane. The flight information is based primarily
on the collected data of the lower half of the
troposphere.

This paper discusses the eye and eyve-wall cloud
vertical stability, the inner hurricane divergence,
vertical motion, eye-region ventilation, eye and eve-
wall mixing, heating and evaporation, radial and
thermal wind imbalances, and other inner hurricane
characteristics.

Paper I should be referred to for a listing of the
data treated and a discussion of the hurricane’s gen-
eral structural characteristics, etc. Paper T also dis-
cusses the accuracy of the data used and the com-
positing procedures. A previous project report by
Shea (1972) discusses the flight data and results in
more detail than is possible in Papers I and II.

2. Vertical stability in the eye and eye wall

a. Height variation of 0,

Profiles of equivalent potential temperature (8,) at
several radii for the mean symmetric storm are pre-
sented in Fig. 1. The assumptions made in drawing
this figure are as follows:

1) In cloudy areas (i.e., at the Radius of Maximum
Winds (RMW) and at the RMW+20 n mi) there is

a linear decrease in relative humidity from 90%, at
900 mb to 709%, at 500 mb.

2) Well inside the RMW where subsidence is
present (i.e., between the RMW—7nmi to the RMW
—20 n mi contours) there is a linear decrease in relative
humidity from 909, at 900 mb to 509, at 500 mb, based
on Jordan’s, (1957, 1961) data.

3) A uniform surface temperature of 25.5C at 909,

relative humidity is present.
At the middle levels 70% relative humidity at the
RMW is quite reasonable when one considers that
only a small portion of the eye-wall region is covered
with updrafts (Riehl and Malkus, 1961), that sub-
sidence occurs between the updrafts, and that out-
ward mixing of drier eye region air is occurring. It is
seen by this figure that the cloudy areas exhibit large
moist instability (86,/9z<0) up to ~700 mb. Above
this a marked increase in moist stability (86,/9z>0)
is noted. Clearly, the instability decreases as the RMW
is approached from outside, i.e.,

a0, - 00,
—(RMW+20) >~—(RMW) <0.
9z dz

As noted by Sheets (1969) this is probably due to
the stronger cumulus activity near the RMW which
acts to decrease the convective instability. Even if a
relative humidity of 1009, is assumed at all levels at
the RMW the shape of the 6, profile is not significantly
altered between 990 and 700 mb (see Fig. 1). Individual
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Fic. 3. Equivalent potential temperature () profiles for Jordan’s (1961) six typhoon classifications. The dashed line shows
the sensitivity of the lapse rate to different relative humidities for the intense storm. The numbers shown give the relative

humidities.

storm @, profiles determined at the RMW also exhibit
this characteristic slope (Fig. 2). These figures clearly
show that in the lower troposphere the eve wall does
not have a constant 6, profile as would be the case
with a moist-adiabatic lapse rate.

Well inside the RMW where subsidence is present,
only a slight decreasc of §, with elevation is noted in
the 850 -500 mb layer. Below 850 mb more pronounced
instability exists. Equivalent potential temperature
profiles drawn using Jordan’s (1961) typhoon eye data
(Fig. 3) show similar features up to 500 mb. Both
Figs. 1 and 3 may be used to explain the low-level
cumulus cloudiness which is often observed in the
hurricane eve. Deeper convection in the eve is in-
hibited by subsidence which produces middle level
dryness. This causes rapid erosion of any cumulus
towers. At times some middle level “forced” layered
clouds are found in the eye. These arc believed to be
due to anomalous inflow from the eye-wall cloud.
Cirrus layers over the eve can also occur due to upper
level inflow from the eye-wall cumuli (Simpson and
Starrett, 1955).

b. Potential buoyancy of the cloud wall convection

Some researchers feel that within the area of eye-
wall convection the relative humidities are nearly
1009, that small 4, vertical gradient exists, and thus
that there is little potential moist buoyancy. The

cumulus convection would then be primarily a result
of the low-level frictionally forced convergence with
little or neutral moist buoyancy. Observing the inten-
sity of the individual eye-wall cumulonimbus this
assessment does not seem physically valid. At the
radius of maximum convection (i.e., the RMW) the
area covered by active updrafts may only be about
10-209%,. With the sinking motion around the cumuli
and the outward advection of drier air from the eye,
it is likely that the relative humidity at this radius
(averaged around the storm) is considerably less than
1009,. The observations of vertical temperaiure gradient
with various assumed relative humidilies support sub-
staniial polential moist buoyancy (i.e., 80./9z<0) up lo
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F16. 4. Cross section of divergence relative to the RMW.
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FiG. 5. Cross section of kinematically computed vertical motion
relative to the RMW.

600-700 mb at the radius of maximum convection. Only
filling storms had small or positive change of 6, with
height starting as low as 800 mb (see Shea, 1972).
One has to go into the upper troposphere to find 6,
values as high as the values which would exist at the
surface with air temperatures of 25-26C and relative
humidity of 909, (Fig. 1).

3. Mass circulation of the inner core are aand
physical implications
a. Divergence

Fig. 4 presents a vertical cross section of divergence
(DIV) in units of 1075 sec™, where

v, V,
+—. 1)

or 7

DIv=

Note the intense convergence (~23X107°sec, or
mass replacement in about 1 hr) at and just outside
the RMW at 930 mb. Large convergence is also present
just inside the RMW. This rapidly changes at inner
radii to large divergence. At 5-7 n mi inside the RMW
divergence of ~20X 107 sec™! is observed in the lowest
layers. _

Although there was a large variability in the indi-
vidual storm intensities, their individual RMW, etc.,
the variability of the “gradient” of the radial wind
near the RMW was not as large. This term largely
determines the divergence. The change of the radial
wind with radius was individually calculated on all
the radial flight missions studied. Although there was
a large variability in the individual radial leg values,
there was a distinct tendency for an increase or small
jump in the radial wind speed with radius increase
just inside the RMW. This gave rise to the large
lower level divergence just inside the RMW. This
radial wind change tendency was found in the ma-
jority of the low-level radial flight legs irrespective
of radius. A small error in location of the storm center
would cause a large error in the radial wind, but not
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necessarily in the gradient of the radial wind. If errors
in the location of the storm center or in the radial
wind measurement are largely random, as the authors
believe, then they should be largely eliminated in the
averaging process.

b. Verlical motion

The vertical motion pattern was kinematically de-
termined utilizing the divergence values just described.
Fig. 5 shows the resulting vertical motion pattern in
units of 100 mb day™. The largest ascending vertical
motions (~—>50X 10> mb day™) are concentrated in
a narrow area at the RMW. At radii outside the RMW
weak and variable vertical motions are noted. This
pattern supports the often held viewpoint, first men-
tioned by Wexler (1945) and later emphasized by
Robert and Joanne Simpson and many others, that
a large fraction of the “ascending motion often occurs
through a relatively narrow ring near the storm’s
center.” A narrow region of strong subsidence (~40-50
X102 mb day™) is present approximately 5-7 n mi
inside the RMW. It is interesting to note that this
is approximately the mean position of the inner radar
eye radius (see Paper I). Well inside the RMW weaker
subsidence is present.

Although mean ascending vertical motions within
the eye-wall clouds of approximately 50X 102 mb day™
(~0.8 m sec™) appear to be low for a hurricane, case
studies (e.g., Riehl and Malkus, 1961) indicate that
the hurricane does not have a uniform vertical motion
pattern. Only a small portion of the inner core area
is covered by strong updrafts. Assuming that 10%, of
the eye-wall region is covered by intense convection,
a mean middle level ascending vertical motion of about
8 m sec! would be present in these regions. This
agrees with the magnitude of Gray’s (1965) earlier
direct calculated vertical motions at the radius of
maximum winds.

c. Vertical motion relative lo lemperature, D-values and
radius of maximum winds

Fig. 6 presents an idealized view of the lower half
of the troposphere. Note that the largest ascending
vertical motions occur at the RMW and that the
“hump” in temperature inside the inner cloud wall
corresponds to subsidence warming which occurs at
that radius.

As previously mentioned in Paper I the radial
winds in the lowest level (930 mb) are directed out-
ward -everywhere inside the RMW and inward outside
this radius. This results in very large convergence
and vertical velocities at and just outside the RMW
as shown in the previous two figures.

d. Eye-region ventilation

The very strong horizontal wind shears at the
boundary of the eye and eye-wall region induce a high
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degree of turbulent mixing and horizontal momentum
transfer into the eye where the pressure gradients are
small. The winds on the inner edge of the eye must
thus become super-gradient and be accelerated out-
ward into the wall cloud. This outward directed air
from the eye requires a compensating mass replace-
ment into the eye from higher levels. The outward
measured mean radial winds just inside the RMW
at all lower tropospheric levels (averaging about 1 m
sec™!; see Figs. 7 and 8 of Paper I) verify this eye-
area sinking and outward directed eye mass transport.
This was anticipated by Malkus (1938).

The measured mean eye divergence below 525 mb
(i.e., divergence in the area with radii less than
RMW—5 n mi) shows an average value of about
4-5X107°sec™! or a total eye mass replacement in about
5-6 hr. The eye will typically move the distance of its
diameter in about 2-3 hr; thus, on the average, only
about a half of the eye mass remains within the center
of the moving storm after it moves the distance equiva-
lent to its eye diameter. These observations are con-
sistent with the view that the eye is continually ventilated
and reforming ilself by new sinking and warming as it
moves. Fast moving and intense storms with small eye
diameters will likely ventilate their eye at a much more
rapid rate, some in less than an hour. Slower moving and
weaker storms with wide eye diameters have very slow
eye ventilation rates. A flight into the center of a quasi-
stationary storm by the senior author (hurricane
Gladys, 20 September 1964, central pressure 960 mb)
showed no center area convection. The warm cyclone
center air was stagnate. Without storm motion there
was no need to cycle air through the storm’s center.
By comparison, the radiation and purely turbulent
diffusion heat losses were small.

These observations do not support the ‘“stagnate-
eye” hypothesis where the eye particles move with
the storm for long periods without substantial mixing.
The central region of the moving hurricane with eye-
wall convection may thus be thought of as a “driven”
and “mixed” inner core area with considerable eye
and eye-wall cloud exchange. The magnitude of the
mixing-induced eye outflow at low levels determines
the eye intensity by regulating the amount of upper
level air from the cumuli which will have to flow
back into the eye and not be caught up in the upper
tropospheric outflow.

e. Eye compressional heating and evaporation for mean
storms

Averaging the sinking air motion of Figs. 4 and 5
over the whole inner eye region (i.e., radii inside the
RMW—35 n mi), one obtains a mean 525 mb to surface
average compressional warming of about 3C hr~. For
steady conditions this must be mostly balanced by
evaporation from inward turbulent mixing of cloud
liquid water from the eye wall. Averaging over the
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F1c. 6. Idealized portrayal of the mean flow conditions in the
lower half of the troposphere relative to the RMW.

eye area, this evaporation amounts to about 0.6 gm
cm™? hr~'. At the places of maximum downward mo-
tion near the cloud edge, this evaporation may average
over 2-3 gm cm™? hr . For stronger and faster moving
or weaker and slower moving storms, these values will
be correspondingly larger or smaller. With the eye
measured temperatures (Paper I) and the calculated
sinking motion shown in Fig. 5, the following mean
eye area relative humidities will permit an evaporation
rate such that the compressional heating is nearly
balanced (with small 1-hr eye ventilation effects sub-
tracted out) and an eye-averaged steady state can be
maintained :

Pressure Temperature Relative humidity
(mb) ° Yo
525 2 50
630 9 60
750 14 75
900 21 90

These are approximately the relative humidity values
expected in the eye as reported by Jordan (1961)
from eye dropsonde data (Fig. 3).
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f- Eye lo eye-wall cloud lransfers

Fig. 7 shows the direction of the advective (scale
larger than cumulus) and turbulent (scale smaller than
cumulus) radial transfers of mass, momentum, enthalpy
and moisture between the eye and the eye-wall region
which must take place in the lower half of the tropo-
sphere to maintain the inner hurricane circulation.
The advective and turbulent momentum transfers go
opposite to each other as do also the liquid water
and vapor transfers.

g. Implicalion for inner-core warming mechanism

Fig. 6 portrays the correspondence of the RMW
with both the radius of maximum vertical motion
and the radius of maximum horizontal temperature
gradient, not maximum temperature. The positive
temperature departure from the surroundings at the
radius of maximum vertical motion is only about half
the magnitude of the positive temperature departure
inside the eye. One cannot explain the inner eye
warming from direct diffusion of sensible temperature
from the cumulus or cumulonimbus updraft. One is
forced to hypothesize that the inner eye warming
comes from the sinking motion inside the radius of
cumulus activity. The downward motion shown in
Fig. 5 just inside the eye wall will support a large
compressional warming. This heating is spread by
turbulence outward from the eye into the cloud area.

It appears that most of the air for the sinking in
‘the center comes from the eye-wall cloud air which
rises and is not advected-away in the upper level
outflow but drifts further inward and sinks inside
the eye-wall cloud. This produces the eye-wall warm-
ing, and the inner temperature rises.
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It is hypothesized that latent heat released from
the cumuliformx clouds goes primarily into potential
energy gain and increasing the temperature of the
rising parcel to that of the environmental temperature.
The small extra, above-environment temperature in-
crease of 1-2C of the rising parcel, which is required
for buoyancy, does not warm the environment unless
it directly mixes out from the cloud at a higher tem-
perature. It is believed that the rising parcel typically
continues rising until it loses its buoyancy and tem-
perature excess. It lhem mixes its air to the environ-
ment (or surroundings) at a temperature little dif-
ferent than that of the environment. This does not
warm the environment. Any diffusional or advective
heat transports out from the rising, and warmer,
cloud parcels are more than overcome by the evapora-
tion of the residual cloud liquid water particles around
the cumuli or in downdrafts. Individual hurricane
cumulonimbi last only about 30-35 min. Any residual
liquid particles which remain after the vertical motion
in the cumulus has stopped, cool the environment in
and around the dying cloud at a rate of 2.4C per

- gm kg=! evaporated. Thus, the Cu or Cb directly cools

lhe environment around which it exists. The influence
of the cumulus clouds acting in this way has been
fully discussed by Gray (1972), Lépez (1972a,b) and
Yanai ef al. (1973).

Being an open system, the typical cumulonimbus
converts nearly all its condensation heat to potential
energy and exports this to the immediate surroundings.
Even though heavy rainfall may have occurred, there
is typically no immediate warming at the place and
time of the precipitation. Usually there is a slight
cooling. This is not to say that the total effect of
the condensation to the more “closed svstem” of the
entire hurricane environment has not been one of
warming. It has. It is hypothesized that the dry
adiabatic sinking within the eye or at larger radii
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more than compensates for the local evaporation
cooling around the clouds. In this way the cumuli
act in a delayed action sense. The sometimes en-
visaged cumulus warming mechanism of heat mixing
to the environment from a slightly warmer updraft
(i.e. the “hot tower” hypothesis) is not believed to
be the warming mechanism operating in the inner
hurricane area. It is necessary to hypothesize that the
positive temperature anomalies at the radius of maxi-
mum convection result from outward warm advective

from the eye.

4, Radial accelerations, super-gradient winds and
their role in inner region dynamics

a. Pressure gradient-wind balance
§

In Eulerian coordinates, the steady-vortex-averaged,
frictionless, cvlindrical gradient wind equation [where
the total derivative (dv,/df) term is not considered ]
can be written

1 o Ve 1 LEEY )
_[ (fVo+——>750=-—~ / 780, (2)
27r Jo 7 2mr Jo ar

where Vg is the tangential wind, / the Coriolis pa-
rameter, g the acceleration of gravity, D the D-value,
and 7 the radius. Balance computations using Eq. (2)
were performed along each radial leg. The radial legs
were then azimuthly averaged using the procedure
outlined by Riehl (1963) in order to ascertain the
degree of gradient wind balance.” “Super-gradient” or
“sub-gradient” flow is defined as to whether the term
on the left of Eq. (2) is larger or smaller than the
term on the right. Figs. 811 show the ratio of the
left-hand side of (2) to the right-hand side for each
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1'16. 9. As in Fig. 8 except at 750 mb.

2 The Vg/r term is felt to be only slightly underestimated using
this procedure.
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F1c. 10. As in Fig. 8 except at 650 mb.

of the four lower levels (900, 750, 650, 525 mb). Note
that almost everywhere outside the RMW the wind
accelerations are less than the pressure accelerations.
At the radius of maximum winds distinct super-
gradient winds are observed. When the Doppler wind
correction for water motion is made (see next section)
even larger super-gradient flow is present at and just
inside the RMW. Malkus (1958) has previously
hypothesized that these super-gradient winds just
inside the eye are the result of an inward turbulent
transfer of angular momentum from the higher wind
region outside the eye. This is consistent with the
observed divergent area just inside the eye wall which
results from the required outward acceleration of the
super-gradient winds above the friction layer.

b. Wind correclion due lo waler motion

Attempts have been made to determine the effect
that water motion has on the Doppler measured
winds. It was felt that a Doppler wind correction
might best be obtained from the imbalance in Eq. (2).
To accomplish this, the winds along each individual
radial leg were arbitrarily increased by 5 and 10%.
The computations were again perlormed and com-
posited. Figs. 8-11 show that such wind increases will
allow for gradient wind balance at radii outside the
RMW. Inside the RMW, especially in the lowest
layer, the winds are super-gradient, supporting Malkus’
(1958) hypothesis. At the radius of maximum wind
significant super-gradient flow is observed with or
without any correction. At 930 mb it is necessary to
interpret these super-gradient winds as being “over-
shot” (i.e., accelerated by the pressure gradient beyond
the point of pressure gradient equilibrium). The super-
gradient winds at middle levels may be attributed

- primarily to the vertical transport by the cumuli of

higher momentum from lower levels and to smaller
inflow.






