278

JOURNAL OF THE ATMOSPHERIC SCIENCES

On the Scales of Motion and Internal Stress Characteristics
of the Hurricane

WirLiaM M. Gray
Colorado State University, Fort Collins

(Manuscript received 18 June 1965, in revised form 17 January 1966)

ABSTRACT

In cumulus convective atmospheres where important energy and momentum interactions are occurring
on the cumulus cloud scale (width 1 to 3 nautical miles) dynamical processes may be significantly different
than middle latitude baroclinically driven circulations. This is the case especially in the intense cumulus-
convective atmosphere of the hurricane. The purpose of this study is to present recent observational in-
formation of the cloud-scale and meso-scale wind fluctuations in the hurricane and to discuss their possible
significance with regard to understanding the dynamics of the cumulus convective atmosphere.

Detailed investigation is made of the wind observations collected during the 1958 season by the National
Hurricane Research Project (NHRP) B-50 aircraft from 28 radial penetrations in hurricanes at levels be-
tween 830 and 560 mb. Horizontal wind velocities are measured with the aid of an AN/APN-82 radio
navigation instrument utilizing Doppler frequency shift. These measurements, together with the author’s
(Gray, 1965) previous calculation of vertical air velocity along these same radial legs, give the complete
three-dimensional cylindrical wind representation to a space resclution of approximately one-half nautical
mile. From the characteristic width of the component fluctuations, space smoothing along the radial legs
is performed. With certain approximations this allows determination of the three component space-smoothed
(mean) and eddy winds. Computations of the turbulent Reynolds stress from these cloud-scale wind fluctua-
tions are made. Observational evidence of the correlation of cloud-scale horizontal and vertical wind com-
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ponents is presented. Other aspects of the hurricane circulation are discussed.

1. Introduction

Background. A topic of increasing interest to meteor-
ologists is the quantitative treatment of the cumulus-
induced tropical storm. A number of numerical models
have been proposed, but there are still major questions
concerning the interpretation of the physical processes
involved (Yanai, 1964). Dynamical processes occurring
in cumulus-convective atmospheres may differ sig-
nificantly from middle-latitude baroclinic circulations.
The purpose of this study is to present observational in-
formation on the cloud-scale and meso-scale wind
fluctuations in the hurricane and to interpret and dis-
cuss their significance.

Beginning in 1955, the U. S. Weather Bureau’s
newly formed National Hurricane Research Project
(NHRP) began instrumentation of two Air Force B-50
and one B-47 aircraft with the purpose of investigating
the meteorological parameters of the hurricane and
other weather systems on the meso- and micrometeoro-
logical scales. The then recent development of the
Doppler radio-navigation system had greatly en-
hanced the opportunity for meso-scale cloud and sub-
cloud observations of wind. Many investigations into
the dynamics on the cloud- and meso-scales of motion
could now be pursued. This paper will present and
interpret the wind characteristics on the cloud- and meso-
scales of motion in the lower and middle tropospheric
levels of the hurricane from the above measurements.

From the determination of the horizontal wind varia-
tions, along with the other standard aircraft measure-
ments such as radar and pressure altitude, power
setting, etc., it is possible to make determinations of
the mean vertical motion to a horizontal space resolu-
tion of 0.5 to 0.7 nautical miles (Gray, 1965). These
calculations have previously been made along the same
radial flight legs here studied.! All three wind com-
ponents are thus available.

Data used. This study will make use of the National
Hurricane Research Project (NHRP) radial-leg flight
observations collected on six flights into three hurri-
canes on four different days during the 1958 season.
These storms and flight levels for which computations
were performed are listed in Table 1.2

Fig. 1 shows a typical horizontal radial-leg flight
track. To obtain a complete picture of all of the data
which were simultaneously available, the data were
plotted with respect to time (usually one observation
every two seconds) on graph rolls. Fifty to sixty nautical
miles (n mi) of such data were plotted along 28 of the
radial flight legs of the six flight levels of Table 1.
Fig. 2 is a typical sample of a section of the plotted data.

Probably never before have so many meteorological
observations been so systematically taken on a selected

t The author’s other paper (Gray, 1965) describes in detail the
data used and results of vertical motion calculations.
2 See Monthly Weather Review for individual storm summaries.
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TastrE 1. Flight levels of computation for 1958 storms.
No. of
radial legs
on which
Storm Date Location Minimum Maximum Flight computa- Approximate
pressure wind level tions were n mi of
(mb) (knots) (mb) performed computation
Cleo 18 Aug. 21N 712w 970 90 810 5 250
Cleo 18 Aug. 27N 72W 970 85 560 6 345
Daisy 25 Aug. 30N 71W 990 65 830 5 300
Daisy 25 Aug. 30N 71W 990 65 560 4 163
Daisy 27 Aug. 34N 56W 940 120 620 5 217
Helene 26 Aug. 3IN 7TW 950 110 570 3 138

type of synoptic storm system. This study will concern
itself with the gathered wind data.?

2. Characteristics of plotted wind data

Wind speeds as measured by the AN/APN-82
system verified previous knowledge of the broad-scale
vortex nature of the hurricane’s winds. Wind fluctua-
tions of the order of 10 to 20 knots (kt) over distances
of approximately 1 to 10 n mi were often found super-
imposed on this broader scale motion, however. Winds
on this scale had previously never been measured.
Figs. 3 and 4 illustrate typical component fluctuations.
Gentry (1963) and Colén (1961) have also noted these
fluctuations in their studies of NHRP flight data.
These wind fluctuations were observed in both the
tangential and radial wind and appeared to be on a
space scale somewhat similar to that of the spacing
of the strong convective clouds as shown in the patterns
of the radar composite of Fig. 5.# These wind fluctua-
tions were not observed outside of the hurricane while
approaching or leaving it. They were usually larger
at the higher or middle tropospheric levels than at the
lower levels (Fig. 6). These fluctuations showed con-
siderable variation both along the individual flight leg,
and from leg to leg on the same flight level. Great
diversity of fluctuations occurred for similar mean
wind speeds.

Characteristics of the cylindrical wind components. At
middle tropospheric levels the NHRP observations
show that the storm average radial component of
motion varies only slightly from zero. Along individual
radial legs, however, an overall average radial wind of
+10 to 20 kt may be present. The asymmetry of the
broad-scale tangential wind may vary up to 40 kt.
The average vertical velocity is positive (upward) by
only a fraction of a knot. Within individual cumulus
and cumulonimbus clouds, however, the vertical mo-

# For a discussion of the accuracy and characteristics of the
wind data and the other observations recorded on the aircraft,
the reader is referred to the author’s previous paper (Gray, op. cit.)
and to papers by Hawkins ef al. (1962) and Hilleary and Christen-
sen (1957).

¢ Compositing of the radar flight observations is discussed by
Colén (1961).

tion, upward or downward, may be greater by an order
of magnitude or two (Gray, op. cit.).

Vertical wind fluctuations. Histogram distributions of
the cumulus and cumulonimbus draft magnitudes and
widths for the four middle tropospheric levels are por-
trayed and discussed in Gray (op. cit.). Magnitudes
were 10-20 kt; widths were 1-3 n mi. These widths are
designated as the half-wavelength or L/2 value of the
vertical motion.

Horizonlal component fluctuations. At places where
arbitrary inspection of the wind profiles showed sig-
nificant wind speed changes, a so-called ridge or trough
line would be drawn and distance and velocity changes
between these lines determined. No specific restriction
was placed on the speed changes or distance intervals.
In almost all cases significant-appearing changes oc-
curred on distance intervals of from 1 to 10 n mi.
Figs. 3 and 4 portray the typical places where choice of
trough and ridge lines and half-wavelength values.
would be placed.
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F1c. 1. Typical hurricane aircraft track.
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F1c. 3. Tllustrating typical tangential (vs) velocity component changes in knots along a radial leg to the west from the center of
Helene at 570 mb. Vertical lines are drawn where typical trough or ridges would be chosen. The distance between trough and ridge
(or vice versa) lines is defined as the half-wavelength or L/2 value of the vy variations.
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F16. 4. Illustrating typical radial (s,) velocity component changes in knots for the same radial leg as in Fig. 3.
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CLOUD RADAR COMPOSITE

From B-47 Flight into
o Hurricane DAISY
° Altitude 35,0001t.(237mb)
25 Aug. 1958
1800-2300 GCT
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[J Radar Echoes of lesser
intensity
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F16. 5. Typical radar composite.

No attempt was made to perform spectral analysis sented. On the average, the v, and vy variations between
on the wind data. It is felt that the magnitudes and trough and ridge (or vice versa) were 8-12 kt at the
characteristics of the wind variations on the 1-10 nmi 800 to 830 mb levels and 14-18 kt at the 560 and 620
scale are readily demonstrated by inspection of these mb levels. The distance intervals from trough to ridge
component profiles and by the calculations here pre- (or vice versa) averaged 6-7 n mi at both levels for

560 mb
810 mb
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r T T Al ™ T T L T ] r T T - T T —r —r T -
100 80 60 40 20 20 40 60 80 100

Fic. 6. Illustrating typical total or tangential wind variations (in knots) along the middle and lower
tropospheric radial flight legs across hurricane Cleo.



282

TasLE 2. Distance (n mi) and velocity (kt) changes from trough
to ridge (or vice versa) of horizontal wind plus draft widths and
velocities along five middle tropospheric radial flight legs (from
eye wall to radii of 50-60 n mi) of Daisy, 27 Aug. at 620 mb and
Helene, 26 Sept. at 570 mb.*

Maximum, average, and
minimum velocity change
from trough to ridge (or
vice versa) along each

Maximum, average, and
minimum distance from
trough to ridge (or vice
versa) along each radialleg

(n mi) radial leg
(kt)
Max. Ave. Min. Max. Ave. Min.
Radial wind (v,)
Daisy 9.7 6.6 2.0 31 10.6 2
13.3 8.9 3.9 22 16.4 8
6.4 3.1 1.7 18 7.2 2
10.6 5.0 1.7 21 11.6 5
8.5 4.0 1.5 32 11.6 3
Helene 12.8 6.7 2.0 19 11.2 1
8.3 4.8 1.8 22 12.6 2
12.8 6.5 33 20 13.0 4
Tangential wind (2)
Daisy 9.5 6.2 3.0 15 8.4 3
9.0 4.5 2.2 31 10.0 4
10.9 5.6 1.9 32 12.2 6
10.1 5.7 1.8 22 9.6 2
7.8 4.6 1.4 23 9.0 3
Helene 10.7 6.4 5.1 33 114 1
11.2 6.4 2.6 29 17.6 3
12.4 6.5 5.3 28 17.1 3
Vertical wind draft widths and velocities (w)
Daisy 1.8 1.3 0.9 14 8.9 4
2.1 1.4 0.9 21 7.4 4
2.0 1.3 0.8 12 7.2 4
2.1 1.5 1.0 10 6.6 3
2.1 1.7 1.2 15 7.8 3
Helene 2.0 1.4 0.7 14 - 7.3 3
1.3 1.2 0.8 13 7.8 4
1.9 1.3 0.8 15 8.5 4

* See Figs. 3 and 4.

both components. There were large individual devia-
tions from these averages, however. Table 2 lists flight
leg distance fluctuations for Daisy, 27 August, at 620
mb, and Helene, 26 September, 570 mb. Other levels
showed the same characteristics. These component wind
fluctuations with wavelengths of 2-20 n mi will hence-
forth be referred to as eddy or cloud-scale fluctuations.

Resolution of wind values to 10 sec averages (0.6-0.7
n mz). The length scales associated with changes of the
vertical wind velocities are the shortest. In order to
resolve the vertical wind variations, a grid interval
smaller than the typical draft width vertical motion
scale (1-3 n mi) must be chosen. The smallest re-
solvable distance to which the vertical motion could be
obtained was 0.5-0.7 n mi (Gray, op. cit.). This dic-
tated the choice of wind component space resolution. It
was thus deemed advisable and convenient to average
all three wind components over similar 10-sec flight
time intervals. This is equivalent to a grid or space
resolution interval every 0.6-0.7 n mi.
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3. Equations of motion

How does one handle and incorporate these eddy
or cloud-scale wind fluctuations in the framework of
the equations of motion? It is evident that two char-
acteristic flow regimes must be treated; the expected
and predicted, and the unpredicted. The broad-scale
general vortex current would represent the expected or
predicted flow. The highly variable cloud-scale wind
fluctuations would represent the unpredictable or
turbulent field. The turbulent Reynolds stress equations
of motion might be employed to incorporate both
characteristic flow patterns. With certain manipulations
and approximating assumptions, which neglect lower
order terms (in general involving the earth’s curvature),
the complete Reynolds stress cylindrical equations of
motion applicable to hurricane motion inside radii of
100 to 150 km can be derived. Thus,

QA AN
dv, 7
————fy
dt r
an pVal pVa) hVa) pVal pVal
oD [9v,2 v,/ 9v/v v dpv.w'
=—g I - ], 1)
or ar 7 rof r p0z
hVal hVal
I A
——+“‘_+f71r
at oy
pVal pVaAY 2N pVaY pV.
- aD [avg’vr’ L21)9"0,’ dv'? apvg'w’]
— e e e } 1 2
0 L oar v se8 poz J )
pVal
aw >Q
— —k(¥, sinf+s cosf) g
dt 20 V. hVa) 20 20
dp [v/w v/ duw dpw?
p0z r ar 706 p0z

where the origin of the system is located at the surface
center of the hurricane and

r=horizontal radial distance from center

6= azimuthal direction normal to

z=vertical axial distance normal to horizontal
v,= velocity component along 7

99=velocity component along 8

w=velocity component along z
D= altimeter correction defined as the difference of

pressure altitude from the standard value

¢=latitude of origin of coordinate system
Q=angular rate of rotation of earth
f=2Qsine

k=20 cose

p=atmospheric pressure

p=atmospheric density

g=acceleration of gravity

d a ad d d

=tttV —tw—
dt at 9r rd0 9z
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— and ’ denote the time or space determined mean
and eddy wind

an is the horizontal space or time average of the
already determined mean and eddy wind, den-
sity and pressure.

There is no difference in the averaging interval of
— andsa, — applies to the initial determination of
the mean wind and sa to the average of the already
determined mean and eddy terms.

In averaging the wind velocity, pressure and density
over appropriate space or time intervals, initial mean
and deviational values are obtained from the defining
equations:

V.= 0,9,
v9="Tp+1¢’ p, 4)
w=10+w’
p=0+7, ®)
p=p+0, (6)

where the bar and prime stand for the space or time
averaged value and the deviational or eddy value,
respectively.’

4, Defining of mean and deviational winds for data
sample

In most atmospheric turbulence studies the mean
motion is defined with respect to time. This definition
of the mean motion as one in time is not mandatory.
Defining the mean with respect to space or length is
also acceptable. In Reynolds’ original paper (1895)
developing the concept of turbulent stress, space means
were used. Space means were used in this study. The
selection of space or time means should be determined
by the nature of the problem to be handled.

In the evaluation of atmospheric turbulence from
aircraft observations, it is obviously impossible to
obtain eddy deviations from time averaging at a fixed
position. One must assume that over short time in-
tervals the observations on the flight levels have been
taken simultaneously. This is not too severe an assump-
tion if the averaging is performed on overlapping space
intervals of, say, 20 n mi, and it is the cloud-scale
fluctuations that are dealt with. The B-50 aircraft
traveled at approximately 4 n mi min—. One need only
assume steady state for periods of 5 min or 23 min on
either side of a centered 20 n mi space interval to obtain
mean and deviation values. Observations indicate that
the individual wind fluctuations, operating primarily

5In the above derivation, the eddy pressure deviations (p')
stand by themselves and drop out in the space averaging. In
addition, there are many terms resulting from the double and
triple correlations of the turbulent density and wind components.
With the compressibility of the atmosphere being quite small
(i.e., p'/p<K1), these terms become negligible. The density and
pr_esdsure have far less percentage variation than the component
winds.
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in response to the convective cloud spacing, have fre-
quency periods greater than this. The average time
during which individual hurricane convective radar
cell echoes can be traced is 30 min.

The appropriate smoothing interval was determined
from the statistics of the wind component fluctuations
as described in Section 2. The widths of the vertical
drafts ranged from £ to 4 n mi. Smoothing intervals of
10 n mi or greater would thus be a few length units
greater than the characteristic vertical motion widths.

Distances from trough to ridge (or vice versa) of the
radial and tangential wind fluctuations averaged ap-
proximately 6 n mi. Average wavelengths would then
be 12 n mi. Maximum half-wavelengths on all radial
legs were approximately 10 n mi while minimum half-
wavelengths averaged 2 to 3 n mi. Radial and tangen-
tial wavelengths thus varied from just a few n mi up to
and occasionally in excess of 20 n mi.

To apply the Reynolds criteria, an absolute minimum
requirement would be that the average smoothing
intervals be at least as large as the maximum wave-
length of the fluctuations under consideration. In this
case the area of a minimum smoothing interval would
have to be at least (20 n mi)%. A larger smoothing
interval could be chosen, but important variations of
the basic flow pattern with radius and tangential
direction might then be obscured, especially near the
storm’s center.

It is necessary that a smoothing interval be chosen
which best accommodates both the wind fluctuations
which are of the random or unpredictable mode, and
those which are characteristic of the broader, more
basic current. In the attempt to satisfy both require-
ments, it was deemed advisable to use a space smooth-
ing interval of (20 n mi)%. It was at or a little below
this area size that further increase of the space smooth-
ing interval yielded little or no change of the eddy wind.

In general the smoothing interval should be a large
number of space or time units larger than the char-
acteristic eddy size. For this evaluation the smoothing
interval was chosen between one and three length
units larger than the characteristic horizontal eddy
wavelength. This will be sufficient for accurate eddy
wind representation if terms of the type involving the
product of eddy wind and gradient of the mean wind

A
1.€., Vg o

. . -0y A
wind { Le., ve—;1> approach zero over the smoothing in-
‘.

and mean wind times the gradient of eddy

terval as required by turbulent criterion. Calculation
of these terms showed them to be of insignificant
magnitude.

Definition of mean and eddy wind. The mean or
space-smoothed winds will be denoted with a super-
script bar (7). In theory all wind values in the
(20 n mi)? box are averaged. This is then considered as
the mean flow at the center of the (20 n mi)? box. The
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FLIGHT
TRACK
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F15. 7. Horizontal space smoothing interval of (20 n mi)2

difference between the (20 n mi)? space-smoothed wind and
the 10-sec or (0.6 n mi)? average wind at the center of the
box will be defined as the eddy wind. The shaded rec-
tangular-shaped area of Fig. 7 shows the area over
which the space smoothing should be performed.

In practice the wind smoothing and consequent de-
termination of eddy winds could only be made directly
along the radial flight leg. Thus,

290 sec or 20
10 sec 10secor 0.6 n mi average
v [average eddy} =9 [ n mi aver-] ~—7%| wind strad-
wind age wind dling 10 sec
wind
Fig. 8 demonstrates how the 20 n mi mean and eddy
wind would be determined along a radial leg. All com-
putations of eddy wind were made only along the radial
legs.

It is sufficient to use the 10-sec average (or 0.6 n mi)
averaged wind for the eddy, if the smaller resolution
components on scales below 0.6 n mi are primarily
uncorrelated. This is felt to be a realistic assumption
in the middle tropospheric levels above the surface
boundary layer. To perform the intended computations

Ve =52Kn |

—~—30

RADIUS {n.m)
60 50 40 30 20 10
L

Fr6. 8. Determination of space mean and eddy from difference
of 10 sec average wind at center of interval from average wind
10 n mi on either side.
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TasLE 3. Individual radial leg stress and correlation coefficients
for five legs of Daisy, 27 Aug., at 620 mb, and three legs of Helene,
26 Sept., at 570 mb. All data from the eye wall to radii of 50-60
n mi.

Leg maximum, average
and minimum eddy

wind products Leg average Entire leg

t stress correlation
Max. Ave. Min. (dyne cm™2) coefficient
A
w'vg’ —pw'vy’ W' with vy
Daisy 28 1.8 -12 -~3.7 0.14
9. -2.5 ~30 5.2 -0.21
56 4.0 —18 -8.3 0.32
160 7.0 ~60 -14.5 0.39
240 16.9 —174 —-35.0 0.43
Helene 126 -2.0 —120 3.8 -~0.05
299 124 —-120 —24.2 0.37
84 —1.5 ~72 29 —0.03
an
v, —pw'v,” W with v,
Daisy 18 —-1.1 —25 2.3 —0.12
81 —2.3 ~54 4.8 ~0.18
50 10.8 —21 —-22.2 0.66
48 14 —84 ~2.9 0.07
230 7.5 —66 ~—15.5 0.31
Helene 39 -0.1 —39. 0.2 0.00
48 12.3 —24 —24.0 0.67
36 —8.8 —153 17.0 —~0.28
2
26y, —pve'vy vy witho/
Daisy 18 —5.2 —117 10.8 —0.40
70 2.6 —40 —5.4 0.19
40 0.1 -3 ~0.2 0.01
65 5.2 —-70 —10.8 0.16
552 26.4 —36 —54.7 0.50
Helene 203 —1.2 —156 2.3 —~0.03
200 11.8 —119 —22.6 0.38
342 32.2 —48 —61.7 0.51

it was necessary to make this assumption at the middle
levels (see footnote 6).

It was also necessary to assume that the component
20 n mi mean winds along the radial leg segments are
representative of the mean winds 10 n mi in the tangen-
tial direction on either side of the radial segment.

5. Results

Determination of 10-sec (=0.6 n mi) space-averaged
values of the three wind components were made along
the 28 radial-leg penetrations of the six flight levels as
shown in Table 1. From these values, mean- and eddy-
wind components were determined with the 20 n mi
smoothing scheme as discussed in the previous section.
Table 3 lists individual radial-leg maximum, average,
and minimum computed 10-sec average eddy-wind
products and resulting stress for five legs of Daisy,
27 Aug. at 620 mb and for three radial flight legs of
Helene at 570 mb. These statistics are based on data
from the eye wall to radii of S0-60 n mi. These data are
typical of the other flight levels.

The eddy winds showed no systematic component-
magnitude difference. Maximum and minimum values






