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ABSTRACT 

The qualitative and quantitative evidence for the existence of Rossby-like eddies in 
hurricanes is examined. It is found that the spiral rain bands exhibit many characteristics 
similar to those found in the troughs in the “Rossby Waves” of the general circulation. 
In addition to many qualitative analogies, the spiral bands are regions where a substan- 
tial amount of potential energy is converted to kinetic. Although there are no direct 
measurements to show that the spiral rain bands mark the presence of a Rossby-like 
wave structure, observations of the momentum budget suggest that there is an eddy 
flux of momentum into hurricanes in the same sense as that observed in the general 
circulation. 

1. Introduction 
One observed property of rotating fluids is 

the frequent appearance of undulating, wave- 
like motions in a horizontal or spherical surface 
normal to the axis of rotation. The wave mo- 
tions indicate the presence of an organized eddy 
structure in the fluid. Where observations are 
available, the eddy structure, in certain cases 
referred to as “Rossby Waves”, frequently 
effects a counter gradient transport of physical 
quantities along the horizontal surface. From 
the rotating tank experiments of Hide (1953) 
and Fultz et al., (1959) it  has been surmised 
that the appearance of the Rossby waves de- 
pends both on the rate of rotation and the ther- 
mal gradient impressed radially along the hori- 
zontal plane. The Rossby waves that are found 
in the fluid motions that comprise the general 
circulation of the terrestrial atmosphere are 
also thought to be dependent on the earth’s 
rotation and the solar-induced latitudinal tem- 
perature profile. Some recent rotating tank 
experiments described by Lambert & Snyder 
(1966) have shown that horizontal velocity shear 
can also affect the critical Rossby number a t  
which the fluid motion changes from the sym- 
metrical (simple convection) to the Rossby 
wave regime. Observational studies of the pro- 
per motion of sunspots have led Ward (1964), 
(1965), to conclude that Rossby waves exist in 

the photospheric “wind” field of the solar 
atmosphere. Whether a latitudinal thermal 
profile exists along the solar surface or not is 
still debatable. Finally, Webster reports (1961), 
(1965) that the eddy structure found in the 
Gulf Stream produces a surface flux of momen- 
tum toward higher mean velocities. Further- 
more, associated with the momentum flux is a 
surface transfer of kinetic energy from the 
eddies to the mean flow. It thus appears that 
Rossby-like waves (or eddies) are a frequent, if 
not common, property of rotating fluids in 
general. 

I n  all cases where measurements have been 
possible in a fluid containing Rossby waves, it 
has been found that the organized eddy struc- 
ture effects a countergradient flux of momen- 
tum to maintain a velocity maximum in the 
mean flow against frictional and possibly other 
kinds of dissipation. In the tank experiments, 
in the general circulation and the Gulf Stream, 
it is known that the momentum transports 
(and kinetic energy transformations) by the 
eddies act to maintain a horizontal velocity 
profile having a maximum not only of linear 
but also of angular velocity relative to the 
rotating solid. In  the solar atmosphere it should 
be noted that the Rossby waves transport mo- 
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a b 

Pig. 1. The spiral cloud patterns as photographed by a satellite (a) and through the radar scope of a 
high-flying aircraft ( b ) .  The lines enclosing the reflected radiation denote the outer limits of the 
major spiral bands. 

mentum up the gradient of absolute angular 
velocity so as to maintain the equatorial accelera- 
tion against dissipation. 

The fully developed, mature hurricane can be 
considered as a fluid in rotation with a hori- 
zontal (and vertical) shear of the fluid motion 
that perists throughout much of the lifetime of 
the hurricane. It is the purpose of this paper to 
examine the evidence for the existence of 
Rossby-like waves in the hurricane vortex. 
Certain qualitative arguments will be advanced 
to show that the spiral rain (or cloud) bands 
indicate the presence of such an eddy structure. 
The quantitative evidence is summarized and 
it is shown that there frequently is an inward 
transport of cyclonic angular momentum by the 
horizontal eddy exchange process in those hurri- 
canes where sufficient wind measurements were 
available. The transport by the eddies is, on 
occasion, within a factor of three of the surface 
frictional drain of momentum. 

2. Qualitative considerations 
One of the outstanding features observed in a 

hurricane is the spiral cloud structure shown in 
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satellite photographs and identifiable on radar 
scopes as shown in Fig. 1.  Numerous studies have 
shown that the bands are regions of heavy 
rainfall and large convective-type clouds. The 
regions between the bands, while not cloud 
free, are areas where precipitation is, at the 
most, modest and the vertical development of 
clouds is at  a minimum. The nonuniform distri- 
bution of clouds and precipitation implies that, 
in addition to the mean large-scale convection 
process, there must be some important hori- 
zontal asymmetries in the vertical motion field 
of the hurricane. 

The spiral bands tilt outward from the axis 
of rotation of the hurricane in the same sense 
as the “throughs” in the wave structure of 
the general circulation. The clouds associated 
with the typical northeast-southwest troughs 
(N. H.) should appear, from an extraterrestrial 
viewpoint, to spiral outward from the axis 
of rotation of the earth as depicted in Fig. 2. 
The spiral clouds in hurricanes appear t3 be 
analogous to those in tropopsheric through in 
many other ways. Tatehira (1962) has shown 
that convergence in the surface wind field leads 
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Fig. 2. An artist’s conception of how clouds asso- 
ciated with tilted troughs in the troposphere might 
appear from an extra terrestrial viewpoint. 

the bands and divergence follows. The heavy 
rain consistently observed under and in the 
bands implies that the upward motion of the air 
is most pronounced in these regions. It is a 
generally accepted fact that the upward vertical 
motion of air in the planetary scale circulation is 
common in the troughs. 

As studies by Senn & Hiser (1959), and Wex- 
ler (1963) have shown, the spiral cloud bands 
are composed mostly of numerous, large con- 
vective, cellular clouds. The individual cells 
form on the upwind side of the band and move 
inward toward the axis of rotation as their 
horizontal and vertical dimensions increase. 
The decay and eventual dissipation of the cells 
takes place some 10 to 20 miles downwind, a t  
or near the edge of the band. Thus, the bands 
are marked in the optical and radar portion of 
the spectrum by the reflections from the dense 
concentrations of water droplets in the con- 
vective cells. From a study of the azimuthal 
motion of a large number of bands, Senn& 
Hiser (1959) have concluded that the aximuthal 
motion is substantially less than the mean 
tangential component of the wind field in which 
they are found, i.e., the air moves through the 
bands. It is a well-known fact that the large- 
scale waves in the general circulation move 
longitudinally a t  a speed less than that of the 
mean zonal wind field in which they are em- 
bedded. Within the confines of the troughs in 

the general circulation, the individual cloud 
and precipitation-filled cyclones form, grow 
and move poleward toward the axis of rotation 
of the earth. In  many ways, then, the troughs 
in the general circulation and the spiral bands 
in hurricanes appear to be superficially ana- 
logous, albeit on a different time and space 
scale. 

3. Quantitative aspects 

One analogy between these two phenomena 
has some quantitative support. It is observed 
that much of the kinetic energy of the gross 
motions near the earth’s surface is found in the 
migratory cyclones that are generally found 
under the upper-level troughs. The author has 
found that the surface winds were stronger 
under the spiral rain bands associated with two 
New England hurricanes than the winds outside 
the bands. Hurricanes Edna (1954) and Esther 
(1962) passed over southeastern New England 
and were well monitored by radar as reported 
by Kessler (1957) and Atlas (1963) for a period 
of 10 and 20 hours respectively. The surface 
winds recorded a t  hourly intervals by the 
Weather Bureau observers a t  locations within 
the range of the radar were used to compute 
the average wind speed under and outside of 
the spiral rain bands. I n  the first column of 
Table 1, the difference between the mean 
tangential ( V t )  and radial (V,) wind components 
under and outside of the bands was determined 
using all of the 220 wind observations made 
during the passage of Edna and 400 observa- 
tions during Esther’s passage. The second 
column shows the difference between the magni- 
tude of the wind components with each observ- 
ing point entering the mean with equal weight. 
The weighting procedure consisted of a compu- 
tation of the average wind under and out of the 
band a t  each location over the period of obser- 
vation. Each average so computed (22 locations 
in the case of Edna and 20 during the passage of 
Esther) was used to compute the mean shown 
in column 2 of Table 1. This latter method was 
used to minimize the effects of any bias produced 
by orographic effects on the wind speed or the 
exposure of the anemometer. In  this table, and 
throughout the paper, the tangential wind is 
considered positive in the cyclonic sense. An 
inward component of the radial wind is treated 
as positive. It can be seen from Table 1 that  
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Table 1. The difference, A( ), between the magni- 
tudes of the time averaged tangential and radial 
components of the surface wind, vt, and v,. 
respectively, under and outside of the spiral rain- 

band8 associated with two New England 
hurricanes 

The positive values of A(Y,) and A ( 7 , )  signify that 
the average wind is stronger under the band. Units 

are knots. 

Column 

I I1 

(Unweighted) by location) 
(Weighted 

A ( 7 , )  Esther 0.3 0.3 
Edna 1.9 1.5 

A(Vr) Esther 3.2 1.5 
Edna 2.9 4.0 

both components of the surface winds were 
consistently stronger under the bands than 
outside. 

If  the bands are Rossby-like waves or eddies 
in the general circulation of the hurricane, then 
one should expect that energy transformations 
within the eddies should be important. Saltz- 
man &Fleisher (1961) have shown that the 
conversion of available zonal potential energy 
to kinetic takes place in the eddies in the tro- 
pospheric general circulation with a wavelength 
comparable to the dimensions of typical cyclo- 
nes. Most of the kinetic energy is found in 
cyclones so that it seems likely that the poten- 
tial energy conversion takes place through the 
correlation of the vertical motion and tempera- 
tue field associated with cyclones. Simultaneous 
measurements of the vertical motion and tem- 
perature field have been made by aircraft flying 
in a number of rainbands in hurricanes as re- 
ported by Gentry (1964). According to him 
these observations show that the fluctuations 
of the vertical motion and temperature, associa- 
ted with the convective cells in the bands, are 
correlated so that available potential energy is 
converted to kinetic. Gentry estimates that as 
much kinetic energy is produced in the bands 
as previous studies had indicated to be gene- 
rated from all other sources in the average 
hurricane. 

If Roasby-like waves are present in the hur- 
ricane one should also expect that angular 
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momentum should be transported into the 
vortex by the eddy structure. Observational 
studies by Starr, et al. (1954) of the momentum 
budget of the general circulation have shown 
that, over most latitudes, the flux of relative 
angular momentum toward the axis of the 
earth's rotation occurs through the horizontal 
eddy exchange process. With the possible ex- 
ception of the tropics, the poleward trans- 
port of momentum by the meridionally ori- 
ented mean vertical eddies1 is either negli- 
gible or negative. On the other hand, it is 
generally believed that a substantial flux of 
cyclonic momentum into hurricanes takes place 
through the mean vertical circulation produced 
by free or forced convection. It is crucial to the 
hypothesis that spiral bands reflect the presence 
of Rossby-like waves, to determine the relative 
importance of the horizontal eddy flux in the 
momentum budget of hurricanes. Some efforts 
in that direction have been reported in the 
literature notably by Pfeffer (1958u, 19586) 
and Riehl (1961) using composite or mean cli- 
matological date, to make the estimates. In  his 
paper, Pfeffer concluded that cyclonic angular 
momentum is transported into the outer peri- 
phery (within 120 nautical miles) of the vortex 
by the surrounding horizontal eddy structure. 
But until recently, wind observations closer to 
the center of the hurricane vortex have been 
sparse and not in sufficient quantity for a de- 
composition of the mean and eddy wind com- 
ponents around the center. In  the past decade 
data have been collected by aircraft instru- 
mented for research purposes within several 
hurricanes. From the wind observations ob- 
tained by these flights i t  has been possible to 
measure the momentum flux at a number of 
levels by the horizontal eddy exchange process 
closer to the center. 

4. The momentum flux in hurricanes 
It is convenient to measure the transport of 

angular momentum into a cyclonic vortex in 
the manner first suggested by Starr (1953) and 
later applied specifically to  hurricanes by Pfeffer 
(1958~). The instantaneous momentum tran- 
sport is measured across a series of vertical 
walls surrounding the atmospheric volume of 8 

stationary hurricane with each wall chosen to 

The Hsdley cells produced by free or forced 
convection. 
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enclose a fixed cylindrical volume about the 
axis of rotation of the hurricane. Assuming that 
the diameter of the base of the atmospheric 
volume is small and the hurricane is located 
away from the equator, then the beta effect 
can be neglected (see Pfeffer 19586). The 
vertically integrated flux of angular momentum 
from the top of the atmosphere to the surface 
relative to the axis of rotation, across the fixed 
boundary a t  one instant in time is given by: 

where: 

M =absolute angular momentum per unit mass 
relative to the specified axis, 

V ,  =radial wind component (normal to the wall) 
and considered positive when directed in- 
ward, 

L =2nR, 
R =distance of the wall from the axis of rota- 

tion, 
g =acceleration of gravity, 
Po =surface pressure. 

The brackets refer to the azimuthal means and 
the bar the mean with respect to pressure. The 
primes and asterisks refer to the departure from 
these means, respectively. It is tacitly assumed 
in this formalization that the hydrostatic as- 
sumption is valid and that a pressure surface is 
nearly enough a t  a constant height a t  the 
distance, R, around the vortex. 

The first term on the right of (1) describes the 
momentum flux produced by the net transport 
of mass into or out of the volume. As Pfeffer 
(1958) has noted, in hurricanes it seems unlikely 
that this term, by itself, is important in main- 
taining a steady state hurricane. These systems 
usually weaken when the pressure rises. The 
remaining terms comprise the flux by the ver- 
tical and horizontal eddy exchange process. The 
importance of the vertical eddy can be mea- 
sured by the vertical correlation of the azi- 
muthal means of M and V r  a t  one instant in 
time. A net inward transport by the vertical 
eddy takes place when there are cyclonic winds 
in the low-level inflow area and anticyclonic 

(or weaker cyclonic) motions in the region of 
upperlevel outflow. The horizontal eddy com- 
ponent depends on an azimuthal correlation 
between M and V ,  a t  individual levels in the 
vertical wall. If the term is consistently positive, 
the angular momentum should be greatest 
where the inflow is strongest and vice versa 
allowing a net inward flux by the horizontal 
eddies. 

It should be noted that the pressure (and 
frictional torques) and the vertical transports of 
momentum are not contained in (1). For pur- 
poses of this paper, no effort is made to examine 
the redistribution of momentum in the atmo- 
spheric volume by vertical motions but the 
intent is to examine the flux normal to the 
whole vertical wall only. In  the absence of 
fixed topographical barriers (such as moun- 
tains) the pressure torque vanishes identically. 
The net effect of molecular and small-scale 
eddy viscosity along the boundaries of the 
atmospheric volume is probably very s nall 
compared to the torque exerted by the under- 
lying surface (ia., skin friction). The surface 
torque is presumably draining the cyclonic 
momentum from the steady-state hurricane a t  
a rate comparable to the flux described by (1).  

The angular momentum per unit mass, M ,  
described in (1)  is composed of that due to the 
earth’s rotation and that associated with the 
motion relative to the earth’s surface around 
the axis of rotation of the hurricane, so that: 

M = R R a  + V,R  (2) 

where R is the earth’s rotation rate about the 
axis of the cylinder, and V ,  is the cyclonic 
tangential wind component. Assuming that [v,] = O  at the wall, then the momentum due 
to the earth’s rotation is constant about the 
chosen axis of the cylinder. Under these condi- 
tions, the variability of M depends only on the 
tangential wind component at the distance R 
of the wall from the axis of rotation. Without a 
net inflow of mass, the angular momentum due 
to the earth’s rotation cannot be transported 
inward to increase the total within the whole 
volume. 

5. Estimates of the momentum flux 

Ideally, the measurements of the winds ne- 
cessary to decompose the eddy fluxes should be 
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made by aircraft making simultaneous observa- 
tions azimuthally around a fixed radial distance 
from the center and a t  altitudes ranging from 
the low-level cyclonic inflow and including the 
anticyclonic outflow layer. The purpose of such 
flights would be to sample the vertically inte- 
grated flux across the wall into the atmospheric 
volume. Practically, such coordinated flights 
have been difficult to make for a variety of 
reasons, among them the scarcity of well- 
instrumented aircraft. 

In the past there have been some samples of 
the flux made at one or two levels by research 
aircraft flown by the NHRLl and the Air Force 
Cambridge Research Laboratories. Using the 
data collected on those flights, estimates of the 
horizontal eddy flux in several hurricanes have 
been made. The flux by the horizontal eddy 
exchange process a t  one level is measured by the 
covariance of V t  and V,. When the correlation2 
of V ,  and V ,  is significantly different from zero, 
the momentum flux by the horizontal eddies is 
not negligible. The spatial correlations of the 
Vt  and V ,  wind components have been com- 
puted at several levels and certain distances 
from the center of hurricanes Carla (1961), 
Gladys (1964) and Betsy (1965). A complete 
summary of the aircraft type, flight dates, time, 
altitude and the distribution of the points 
where the observations were made with respect 
to the cyclone centers is contained in the ap- 
pendix. 

The correlations were computed only from 
those cases where observations were made 
circumferentially through at least 180 azi- 
muthal degrees with respect to the storm center. 
Vertical walls were selected of a finite horizontal 
width of 20 miles to allow a sufficient number of 
observations for significant correlations. Each 
wall was restricted to this radial extent to mini- 
mize the effect of the radial variations of [V, ]  
and [V,]  that are both believed to be increasing 
inward. In  addition, all data collected on radial 
flight patterns were excluded. "he computa- 
tions were further stratified by using only ob- 

National Hurricane Research Laboratory of the 
Environmental Science Services Administration, 
U.S. Weather Burftau, Miami, Florida. 

2 I ( v ~ ,  V r ) = ( [ V t  V ; I / U V ~ U V ~ ) .  
The confidence level assumes that the pairs 

entering the correlations are independent. However, 
serial correlation is present and the degrees of 
freedom are somewhat lower than N shown in the 
t8bles. 
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servations made over 2000 f t  intervals in the 
vertical to minimize the chance of spurious 
correlations introduced by the presence of the 
vertical variations. It is assumed that time 
variations of 8, and Vr  over the 1- to 3-hour 
period of each flight were negligible. The 
distribution of the mean tangential and radial 
components; also the covariances and correla- 
tions are shown in Table 2. The correlations are 
further summarized in Tables 3 and 4. 

The 17 sets of correlations in Table 2 are 
summarized in Table 3 and stratified by radial 
distance from the hurricane center and by sign. 
Table 4 displays the same set of correlations 
distributed by height and sign. The number of 
positive correlations exceeds those that are 
negative by about a factor of 2 to 1. The number 
of correlations significant at or above the 99% 
confidence level* denoted in parentheses, is well 
in excess of that expected by chance. Two- 
thirds of the significant correlations are positive, 
and one half of these occur in the very low 
levels in the region of maximum cyclonic wind. 
The negative correlations imply that the eddy 
structure tilts away from the axis of rotation 
in the opposite sense to the average spiral band, 
Such orientation of the bands is occasionally 
observed. It is of interest to note that two 
significant negative correlations were found in 
hurricane Betsy during the time the direction 
of motion was reversing and the hurricane wall 
cloud was collapsing. 

The correlations were computed, separately, 
in each quadrant and there was no obvious bias 
in the distribution of correlations by quadrants. 
It can be seen from Table 3 that there is no 
obvious bias in the importance of the eddy 
flux with distance from the cyclone's center. 
Table 4 clearly indicates that the sampling, to 
date, has been strongly biased to the lower levels 
of hurricanes. 

A direct comparison of the relative import- 
ance of the contribution of the horizontal and 
vertical eddies to the momentum flux is not 
possible from the data collected to date. It is 
therefore of interest to determine whether the 
inward component of the horizontal eddy flux 
is, on any occasion, significantly close to the 
rate a t  which momentum is lost to the earth's 
surface by friction in the typical hurricane. The 
average covariance of Vt  and V ,  waa obtained 
from the 3 cases where the correlations were 
significantly positive a t  a distance of 60 nautical 
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Table 2. The mean tangential and radial Wind components [ V , ] ,  [V, ]  respectively, the spatial 
covariance [ V;,  V;] ,  and the correlation r( V t ,  V r )  of V t  and V r  computed from wind data collected 

during 14 flights in  three different hurricanes 
N refers to the number of data points entering into the computation of the means and the number of pairs 
entering the correlation. R refers to  the average distance from the storm center and H to the average 
height. The asterisk denotes the correlations significant at  or above the 99 % confidence levels respectively. 

N r V,l [ Vrl r v;. v:1 T ( v ~ .  v,) R H (  x 103 ft) 
Hurricane name 
and date (m/sec) (m*/seca) (n. mi.) 

~~ ~ 

Carla 
9.8.61 
9.9.61 
9.9.61 

Gladys 
9.17.64 
9.17.64 
9.17.64 
9.17.64 
9.17.64 
9.17.64 

Betsy 
9.3.65 
9.3.65 
9.3.65 
9.3.65 
9.5.65 
9.5.65 
9.5.65 
9.5.65 

94 
65 

110 

69 
27 
57 
34 
35 
61 

89 
98 
61 
89 
50 
96 

103 
72 

30.1 
30.2 
33.6 

28.6 
J1.5 
33.4 
34.7 
29.9 
36.0 

27.6 
27.9 
26.3 
31.6 
29.7 
27.7 
10.9 
31.7 

0.6 
0.8 
0.5 

0.7 
- 0.7 

0.1 
- 1.2 

1.3 
- 0.5 

0.8 
9.2 

- 2.4 
0.5 
5.1 
2.0 

- 2.6 
- 0.9 

2.85 
3.16 
2.12 

- 2.88 
- 1.55 
- 0.20 

4.87 
1.31 

14.30 

-5.82 
11.49 
0.21 
1.97 
4.09 

- 8.76 
2.05 

- 4.32 

.26* 

.32* 
.10 

-.15 
-.11 
- .01 

.18 

.07 
.80* 

- .30* 
.75* 
.01 
.19 

.36* 
- .62* 

.32* 
- .44* 

80 
80 
80 

60 
80 
40 
40 
40 
40 

60 
60 
60 
60 
60 
60 
60 
60 

10 
20 
5 

10 
42 

5 
10 
15 
2 

12 
2 

18 
7 
2 
7 

25 
12 

miles from the hurricane center. The measured 
fluxes ranged in height from 2000 f t  t o  25,000 f t  
and averaged 5.9 x lo4 cma/sec2. Assuming that 
the  net flux above the 30,000 f t  level ( - 300 mb) 
by the horizontal eddies is negligible, then from 

Table 3. The 17 sets of correlations shown in  
Table 2 summarized with respect to distances from 

Parentheses denote number of these correlations 
significantly different from zero at  or above the 

99 yo confidence level. 

the storm center 

(1) the average eddy flux of cyclonic momentum 
across the vertical wall centered 60 miles from 
the center is 1.6 x gm cm*/seca. The rate of 
the frictional drain of momentum over the 
surface area contained at the base of the at- 

TabIe 4. The 17 sets of correlationa shown in  
Table 2 summarized with respect to height 

above msl 
Parentheses denote those correlations significantly 

different from zero at  or above the 99 % 
confidence level. 

r(Vt ,  Vr)’O r(Vt,  vr) < O  
Distance from (inward (outward 

hurricane eddy flux eddy flux 
center of of 

(nautical miIes) momentum) momentum) Total 

r(Vtt Vr)’O r(Vt,  vr )<O 
(inward (outward 

eddy flux eddy flux 
Height above of of 
msl ( x lo3 f t )  momentum) momentum) Total 

1 to 9.9 5 (3) 7 (4) 

> 19.9 2 (2) 1 (0) 

Total 11 (6) 6 (3) 17 (9) 

10 to 19.9 4 (1) 
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mospheric volume within 60N miles of the 
center is estimated by: 

IOR tr’ dr d0 (3) 
0 

where t is the surface stress, approximated by 

(4) 

In  this approximation, we let V t  = [ V,] be a 
function of r alone where [V,] is the azimuthal 
mean tangential wind component averaged at 
12-mile intervals along r ;  C, is the drag coeffi- 
cient, and 8, is the surface density. The radial 
profile of [ V , ]  from the 60 to 30 miles was 
obtained from the “average” hurricane wind 
profile data published by Hughes (1952). The 
profile farther inward to the center was deter- 
mined by a linear interpolation between the 
value at 30 miles and zero at the center. A drag 
coefficient, C,, of 3 x was estimated from 
an extrapolation of the data published by 
Deacon et al. (1956). From these data and the 
use of (3) and (4) the rate of frictional drain 
was computed to be 4.5 x 1O*a g m  cma/seca. The 
cyclonic angular momentum pumped into the 
hurricanes by the horizontal eddies, in the caaes 
where the correlations were significantly posi- 
tive is, therefore, within a factor of 3 of this 
rate. In  view of the difficulties inherent in the 
wind measurements and the uncertainties in 
the estimates of the frictional drag, this agree- 
ment is about as reasonable aa can be expected. 

Discussion 

The consistent observations of the variability 
of clouds and precipitation outward from the 
hurricane wall clouds can be interpreted, qua- 
litatively, as evidence for asymmetries in the 
upward vertical motion field. From the correla- 
tions that have been presented in this paper, it 
appears that azimuthal asymmetries (or eddies) 
are often found in the horizontal wind field over 
most elevations inside the hurricane vortex. 
The eddies are frequently organized in such a 
fashion that cyclonic angular momentum is 
transported inward toward the tangential wind 
maximum found close to the axis of rotation of 
the hurricane. The measurements showing an 
inward eddy transport of momentum disagree 
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with some earlier estimates reported by Riehl 
(1961) from data assembled over a period of 
several days. Unless the asymmetries remain 
azimuthally fixed with respect to the hurricane 
center and their time variations over several 
days are negligible, the compositing of data will 
mask the eddies. Observations by Senn & Hiser 
(1959), Tatehira (1962) and WexIer (1963) have 
shown that the spiral bands do not remain in a 
fixed position within the hurricane, but rather 
move, appear and disappear over periods of a 
few hours. I f  the bands are associated with the 
asymmetries, then the form of compositing done 
previously amounts to a smoothing which 
damps out the variance of the spatial wind field 
and hence maaks the contribution of the eddies 
to the momentum flux. In  most of the results 
described in this paper, the measurements taken 
during the flights were made over a period of 
time close to that of the average lifetime of the 
spiral bands and more closely approximate the 
instantaneous wind field. 

Other asymmetries in fluids subject to rota- 
tion that appear qualitatively similar to the 
spiral bands have been found to be waves of the 
Rossby type. This is specifically the case in the 
general circulation of the terrestrial atmosphere 
where the waves are transporting relative angu- 
lar momentum up the gradient of relative 
angular velocity. Although the same process 
appears to be at least partially responsible for 
the momentum transport in hurricanes, the 
observations described in this paper do not 
show that the spiral bands are, themselves, a 
portion of Rossby-like waves in the general 
circulation of the hurricane vortex. That ques- 
tion can best be answered by resolving the cyclo- 
nic and radial wind field in and around the 
bands or by decomposing the eddy wind com- 
ponent into wave components and examining 
the momentum flux contributed by each wave 
number. Future research plans include an ob- 
servational program designed to examine the 
wind field around the spiral bands and to 
resolve the instantaneous vertical and horizontal 
eddy fluxes. However, the results to date sug- 
gest that there are horizontal asymmetries, 
similar to Rossby waves, in the cyclonic wind 
field of hurricanes, that play a role in the 
angular momentum budget of hurricanes. It 
seems likely that spiral rain bands mark the 
location of these asymmetries within the hurri- 
cane vortex. 
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JIPOFIBJIEHME CYWECTBOBAHMFI BOJIH TklJIA BOJIH POCCEM B BklXFE YPAI’AHA 

H3yWeTCR KaZIeCTBeHHOe II KOJIElYeCTBeHHOe 
IIpORBJIeHHe @aKTa CyqeCTBOBaHHR BIlXpefi 
Tuna BOJIH F O C C ~ K  B yparaaax. HafineHo, ZIT0 
CIIHpaJIbHble CEiCTeMbI J&OX,I(eBbIX 06JIaKOB o6na- 
AaIOT MHOPRMH XapaKTeplTCTIIKaMH, aHaJIOPHZI- 
HbIMll TeM, KOTOpbIe  HafiAeHbI RJIR rpe6aefi HBOJIH 

KO MHOrHM KaYeCTBeHHbIM aHaJIOrHRM, CnEIpaJIb- 

3HaZIHTeJIbHOe KOJIIlYeCTBO ILOTeHqHaJIbHOfi 3Hep- 

Focc6ur B o6uefi ~ H P K Y J I R ~ H H .  B RononHeHtie 

HbIe CTPYKTYpbI RBJIHIOTCR 06JIaCTRMH, PJ&? 

Tellus XX (1968), 1 
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Fig. 13 

1965  
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Fig. 14 
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1965 
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1965 

SEPT 3 
HURRICANE BETSY 

- 

Fig. 19 

A summary of the hurricane flights from 
which the data contained in Tables 2 through 4 
were obtained. The dates, time range of flight 
level, aircraft type, and r ( V t ,  V,) are shown in 
Figs. 3 through 10 for the 14 flights from which 
the 17 sets of correlations were obtained. The 
spatial distribution of the data points of the 
one-minute averaged winds that were used to 
compute T (  V,, V,) plotted a t  2-minute intervals 
in each 20-mile wide “wall” are also shown. 
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