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Z • vertical distance
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P a deflection angle, positive when inward toward lower pressure

Q a azimuth angle, positive when measured clockwise from the di
rection of motion of the storm

p =t density of air

iv



LIST OF SYMBOLS (Cont'd.)

t « horizontal shearing stress

V 2 ~ the two"dimensional (horizontal) operator,

§x" + §7

= bar indicating average value of a quantity



SOME PROPERTIES OF HURRICANE WIND FIELDS

AS DEDUCED FROM TRAJECTORIES

Vance A. Myers and William Malkin
Hydrometeorological Section, Hydrologic Services Division

U. S. Weather Bureau, Washington, D. C.

i Manuscript received June 23, 1961 7

ABSTRACT

Surface wind fields for hurricanes are simulated by a tra
jectory technique. Both normal and tangential components of
friction are considered. The technique applies to a moving as
well as a stationary storm and only the pressure profile and
frictional coefficients need be specified. The trajectory tech
nique is applied to test several theoretical suppositions, some
of which are developed from equations of motion. Among the as
pects considered are (a) causes and character of the asymmetry
of surface wind fields, and (b) wind field modifications due to
motion of the hurricane, variation in pressure gradient, and
variation in frictional coefficients.

An "equilibrium wind" concept for flow with friction is
suggested as a logical counterpart to the gradient wind for
flow with friction neglected.

1. INTRODUCTION

There are many problems that require an adequate description of the sur
face wind field in hurricanes. Such information is useful for forecasting
and navigating, is required in estimating the wind field over areas with no
observations, and is fundamental to an understanding of the formation, life
history and structure of tropical storms. The particular problem that prompt
ed this study was a requirement for patterns of surface wind speeds and di
rections in hurricanes that might at some future time affect coastal regions.
These wind fields are used to estimate tides and waves that the storms might
produce. The height and duration of the tides and waves are in turn consid
ered in the design of hurricane protective works.

When the essential morphological characteristics of a hurricane, such as
the pressure profile and the distribution of radar echoes, in addition to in
formation concerning the storm's movement, are known the problem of describ
ing the surface wind field remains. To the present time, there have not been
sufficient knowledge and data on the distribution of wind speeds and direc
tions in hurricanes to develop an adequate quantitative model of what to
expect in severe hurricanes of the future. Further, for the purpose of surge
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computations, a hurricane model yielding average wind speeds over a period of
several hours is desirable. Even if a dense network of individual observa
tions were made available at some future time, an additional requirement
would be for observations not influenced by the short-period wind variations
known to exist in hurricanes. The model would serve to define a rational
average velocity field, both in space and time.

A needed approach, therefore, seemed to be the development of a dynamic
model of the surface wind field of a hurricane which could lead to more com
prehensive analysis and interpretation of such data as are available and pro
vide representative wind values for all regions of the storm.

The objectives of this study were, specifically:

(1) To obtain characteristics of the horizontal surface wind fields in
a hurricane by deductions from the governing equations of motion;

(2) To verify these deductions and draw additional conclusions by con
structing dynamic trajectories in a model hurricane; and

(3) To formulate from these characteristics and conclusions a substi
tute for the patently untenable hypothesis that the physical cause of the
asymmetry of the hurricane surface wind field is to be found in the vector
addition of distinctive components of rotation and translation.

The first objective is treated in sections 3 and 4. The second objec
tive is introduced in section 2, and is developed in sections 5 through 9.
The final objective is covered in section 11. Section 10 contains material
of a preliminary nature on the energy source, which is in addition to the
basic objectives of the study.

2. TRAJECTORIES IN A MODEL HURRICANE

Radial profiles and horizontal maps of the wind in the friction layer
of a model hurricane were obtained by graphically constructing dynamic tra
jectories through a model pressure field, starting with initial wind values
at an outer boundary. The trajectories were constructed by a stepwise, so-
called "arc-strike" technique, developed and explained by Goodyear /3/.
Modifications of Goodyear's method were introduced in order to incorporate
the accelerations due to both normal and tangential friction*. The outer
boundary was at a radius of 120 miles from the hurricane center; thus the
study was concentrated on the more vigorous part of the storm.

•Throughout this paper, "friction" and "frictional acceleration" are synony
mous terms referring to the frictional force per unit mass derived from the

1 OT u
variation of horizontal shearing stress with height. This term, - gj , has

the dimensions of acceleration. The "friction coefficient" is the propor
tionality factor, having dimensions of length"1, which factor when multiplied
by the square of the wind speed, gives the frictional acceleration. 1



Earlier attempts by collaborators of the authors to simulate airflow in
a hurricane without incorporating the effects of friction, and by consider
ing tangential friction only, gave unsatisfactory results. Without friction
a trajectory with initial incurvature resembles a segment of the orbit of an
asteroid. The trajectory swings in to a point of tangency with a circle
about the center and then swings out again on the opposite side of the storm.
With tangential friction only, the opposite extreme was encountered. Trajec
tories dived toward the storm center at excessive crossing angles. Haurwitz
/6/ has referred to the use of tangential friction only (in a sea breeze) as
"admittedly crude/' Other studies have reported normal components of friction
(Godske, et al. /27, Hubert /77, Myers /157) of about the same order of mag
nitude as the tangential component.

Of the frictional coefficients available from earlier studies those de

termined by Myers /157 in the hurricane of August 26-27, 1949 over Lake •
Okeechobee, Florida, were considered the most nearly applicable to hurricane
wind flow over a water surface, and these were introduced into the trajectory
computations. The coefficients are K = .022 miles"1 and K = .020 miles"1.

r t n

The mechanics of the step-wise trajectory technique are outlined in the
appendix. The technique pre-supposes that the pressure field is known, or
that an average pressure profile representative of the pressure field is
available. The pressure field observed in the 1949 Lake Okeechobee hurricane
was adopted for the model. In the basic field, the pressure was assumed to
be symmetrical with respect to the geometric center, the pressure gradient
being given by the relation (Schloemer, /187):

-R/r
e (1)

The values of p
rr

?•- (P -dr vtn »,>
R

and R used were 1014 mb., 955 mb., and 22 statute

miles respectively, these being averages observed in the Lake Okeechobee hur
ricane (Myers /14/). A more detailed enumeration of the pressures and pres
sure gradients"in this model pressure field appears in table 1. Air density
in the trajectory computations was assumed to be constant at 1.15 x 10" gm
per cubic centimeter, while avalue of .238 hr.-1 for Coriolis parameter,
corresponding to latitude 27°, was used.

The trajectory technique was tested by constructing trajectories be
ginning with boundary values at 120 miles radius, with the model pressure
field held stationary. It was found that the computed radial profiles of
wind speed and deflection angle did simulate the average profiles observed
in the storm. This was a test of the trajectory technique only and not of
the friction coefficients, as the latter were derived from this same storm.

The manual technique for preparing the trajectories, even with the help
of the nomograms described in the appendix, is tedious and time-consuming,
requiring painstaking efforts to avoid any error that would preclude checking
by construction of a reproducible trajectory. The available manpower and
time restricted the construction of trajectories to a relative few. Plans
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are being implemented for programming the numerical computation of the tra
jectories using one of the smaller electronic digital computers now avail
able.

3. EQUATIONS OF HORIZONTAL MOTION FOR HURRICANE SURFACE LAYER

VECTOR EQUATION. Some of the characteristics of surface winds and wind

fields in hurricanes may be surmised from the equations of horizontal motion.

The wind flow near the sea surface in the region of a hurricane outside
the wall of the eye is essentially horizontal. The vector equation of hori
zontal motion which governs this flow is (Haltiner and Martin /57 see
especially p. 173):

ffl--I$2p +f« +fc (2)

Integrating over a time interval from t. to t?:

t_-t - "-$„ P+ fVxt +f
P 2

(t2 - tx).

The bars in equation 3 represent averages over the time interval t~ - t ,

For convenience we introduce into (3) the vector definition of the geo-
strophic wind:

which yields

V -t=(-fV xt +fVxk +F) (t0 - t.)=f (V - V )xk (t - t ) +"?(t -t ). (5)
21g 2 1 L gJZi e-

These vectors are shown schematically in figure 1. The trajectory technique
adapted from Goodyear /|7 and described in the appendix is a graphical step
wise solution of equation (5).

* * 1 £

(3)

(4)

Figure 1. - Schematic representation of the vectors involved in construction
of the trajectories (see equation (5)).
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SCALAR EQUATIONS. Insight into the factors controlling the average
horizontal motions in the hurricane surface wind field is obtained by use of
the scalar components of (2). These components, tangential and normal to the
trajectory of the air, respectively are

dV _m1dp. . F (6)
dt P os t

vp „.1gt +fv +F. (7)
dt p on n

Several substitutions and transformations in (6) and (7) prove to be
useful. The frictional accelerations are related to the speed, according to
studies by Myers /157. It was empirically determined in the August 26, 1949
hurricane over the waters of Lake Okeechobee, Fla., that

F =KV2; F =KV2 (8)
t t ' n n

where K and K are empirical constants with dimensions of length .

A transformation is now made to a polar coordinate system centered at
and moving with the center of the model hurricane. In this system (see
fig. 2) the position variables are the radius vector, r, and the azimuth, 0,
positive clockwise from the direction of motion of the storm (conforming to
meteorological instead of mathematical convention with respect to sign).
Gradients in the s, n, r, and 0 directions of any variable, X, are related by
the standard forms

oX ax m1 j&gj =-gj sin f> ro0 cos p (9)

ax oX 1 oX . o

Thus,

||=-|aSinP-i||coSP!^=̂ cosP-ii|sinP (10)
The next substitution is to replace the absolute value of the wind di

rection, a, in equation (7) by variables more suited to a quasi-symmetrical
_„...*..»_ 1?«>Am f i mire 0system. From figure 2,

Differentiating,

a = 0 - 0 + 90°. (ID

da„.I,di (12)
dt ~ dt dt *
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Finally, relations of acceleration to velocity and gradient of velocity
(equations (17) and (19) below) are obtained from the expressions for the
total derivatives. Since V and p are functions of r, 0, and t only, we can
write:

d_V dv dr . oV d0 . aV
dt or dt + 00 dt at (13)

dt " or dt 00 dt

Here dr/dt is the total time rate of change of the distance from the storm
center to an air parcel. But

dr

dt
(14)

dt

dr

dt
1 v"V2

where (dr/dt), is the rate of change of length r due to motion of the air

parcel and (dr/dt)9 is the change in r due to motion of the storm center.

From geometrical considerations:

dr

dt

dr--Vsin ft, \g) =-Vh cos 9.

By similar reasoning,

V.

&jm Jm =^cosP +^ sin 0.dt \dtjl w2 r r
Now substituting (8) and (10) into the right-hand side of equation

(6), and (13) thru (16) for the left-hand side, yields the expanded tan
gential equation,

f=-g (V sin p+VR cos 0) +̂ g (VH sin 0-Vcos p) +g
=i8* sin p+I || cos p-RV!
p dr K pr 00 K t

(15)

(16)

(17)

The same substitutions in equation (7) together with the following com
bination of (12) and (16)

da dfi V Q H
-r- = - -fr - — cos P + —
dt dt

yield the expanded normal equation

sin 0,

teVdf ="Vof (V Sin P+VH C°S 0) +r of (VH Sln 9' VC°S P) +^
_ I £R _ ft . i- k sin p . fV - ^

p oi
cos P

pr 00

(18)

cos a+(J) VH sin 0- KnV2.
(19)



It is worthy of note that V /rT> the total centrifugal force, is divided
into three parts in equation (19). (V2/r)cos pis that part of V2/r that
must be overcome to maintain a constant deflection angle in a stationary
storm, while -(V/r)VRsin 0 is the additional centrifugal force that must be
overcome to maintain a constant deflection angle in the moving storm. The

2
remaining portion of V /r^ is available to modify the deflection angle and is
symbolized by V(dp/dt).

The only restriction on the generality of equations (17) and (19) for
expressions governing the horizontal components of motion is that the re
lation of the frictional stress to speed be as stated in equation (8). The
0-gradients of pressure are generally of a lower order of magnitude than the
r-gradients, the frictional accelerations, or the centrifugal acceleration;
even in hurricanes with appreciable asymmetry of the pressure field, and may
be neglected in most applications of the above equations.

For a permanent-state hurricane in which the isotach and isogon fields
move forward without change at the velocity, VR, of the pressure field, and
with the coordinate system also moving with the storm, the terms oV/ot and
V(o p/ot)=0. For a stationary steady-state symmetrical storm (17) and (19)
reduce to:

dV „ oV . a 1 do . n 2jjj- =-Vgj. sin p--£ sin p-KtVZ (20)

vf --V2 g sin p.Igcos p-fV -£os p-K/. (21)
4. EQUILIBRIUM WIND

The extensive utility of the geostrophic wind in approximating friction-
less flow of little curvature prompted the idea of defining a counterpart
wind vector representing a balance of forces in the hurricane surface wind
field. This concept was indeed found useful and the vector was named the
equilibrium wind. It is defined as that value of the wind speed and direc
tion at a particular point in a hurricane pressure field such that dV/dt=0
and dp/dt=0 in equations (17) and (19). Momentarily there would be no change
in speed or in deflection angle if the wind vector were equal to the equilib
rium value. The gradient wind, as defined by the conventional gradient wind
equation, is a particular case of the equilibrium wind in which K , K , and

t n

p are zero; r is so chosen that dp/d0=O; and V is neglected. Another par
ticular case is for uniform unaccelerated flow over the sea at an angle to
straight isobars, a condition closely approximated in much wind flow over the
ocean. In this latter example r equals infinity and V„ = 0.

H
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j- • The EQUILIBRIUM WIND EQUATIONS, from (17) and (19) are
j; )

ill p£sin pt> +^ stcos eb "Vb =° (22)
I1 ' 2
' ! 1h. Q 1 dfi , Vb 2 VhVH
I: j P5? °0S Pb •pT §1 sln ^b "£Vb "r cos Pb -Vb + r 8in 9=°- <23>
j| \ Simultaneous solution of (22) and (23) will yield values of V, and p at any
ij point in a model or observed hurricane, for assumed values of K and K and

i i_ j t n
[;••; observed or assumed values of the pressure gradient and V .

: H
n

! f

; l

i "'•

EQUILIBRIUM WIND FOR MODEL HURRICANE. The most simple application of the
equilibrium wind is to estimate the surface wind associated with a symmetri
cal stationary pressure field by simultaneous solution of

p§£8in Pb' Vb - ° <24>

v2
pt cos Pb -fVb -"^ C0S Pb -Vb -°- (25)

A nomogram is shown in figure 3 from which one may make this computation
for the model hurricane described in section 2. The intersection is found
between the arc corresponding to the pressure gradient force and the sloping
line corresponding to the radius. Then V. and p, are read as indicated in

P b

the insert. The resulting equilibrium wind values for the stationary case
are shown in table 1.

The effect of storm movement on the equilibrium wind is illustrated
(table 2) by repeating the solutions for two values of storm speed, V„, thus

H

including the last term of equation (23). A direct numerical solution of
(22) and (23) was used, the nomogram of figure 3 being valid only for a sta
tionary storm. The equilibrium wind speeds are everywhere higher to the
right of the storm than at corresponding points in the left semicircle. How
ever, the differences in speed are small at a radius of 120 miles and get
gradually larger as the distance from the center decreases. The differences
are magnified somewhat in the faster moving storm. The largest speed dif
ferences at corresponding points in the right and left semicircles occurred
in the 30 m.p.h. hurricane, near the radius of maximum winds, the speed on
the right being approximately 130 percent of the speed to the left. Deflec
tion angles decrease with decreasing distance from the center, the rate of
decrease being greatest on the inside of the radius of maximum winds. The
30 m.p.h. hurricane deflection angles are greater than those in the 10 m.p.h.
hurricane in the right semicircle, while the reverse holds in the left semi
circle.
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The dp/de terms of (22) and (23) were equal to zero in the above com
putations because of the symmetrical nature of the model pressure field.
However, as indicated previously, for hurricane pressure fields with the
usual degree of asymmetry these terms would still be small in comparison to
the other terms and for most purposes could reasonably be neglected in equi
librium wind evaluations.

ADJUSTED EQUILIBRIUM WIND. For a stationary hurricane, a further step
may be taken in developing a dynamic description of the wind field by taking
into account the acceleration of the air inward along r. A field of equi
librium wind vectors reveals a variation of V along a trajectory, yet is de
rived from the assumption that dV/dt = 0. One means of obtaining a wind
field that is dynamically consistent with a given pressure field is to adjust
the equilibrium wind the minimum amount required to yield compatible values
of dV/dt and V(dp/dt) in the equations of horizontal motion. This adjusted .
equilibrium wind is readily obtained to a close degree of approximation for ,
a stationary symmetrical storm.

While the adjusted equilibrium wind will differ somewhat from the equi
librium wind, the radial gradients of the two can differ very little. (For
an example of a comparison, see fig. 6). We therefore assume

where the primes refer to the adjusted equilibrium wind. Substitution in
(20) and (21) yields the adjusted equilibrium wind equations.

-V^sinP' =i^sinP' -KtV2 (27)

-V'2 r^sin p» =-I* cos p» -fV --cos p' -KV'2 (28)
or r p or r n

The adjusted equilibrium wind is obtained by first solving for the equilib
rium wind at various radii, obtaining the radial gradients, oV./dr and

op./or, and substituting these into (27) and (28). Equations (27) and (28)

are then solved simultaneously for V and p1.

The adjusted equilibrium wind values for the model hurricane may be com
pared with the equilibrium wind in table 1 and figure 6.

5. FRICTIONAL DAMPING

In both nature and machines a common behavior of friction is to damp
motions toward some particular velocity. This occurs where there is an in
terrelation between the frictional acceleration and the speed and where at
least one of the applied forces is not small in comparison with the other ap
plied forces and is independent of the speed. The strong frictional acceler

ations on hurricane winds at the sea surface play this role and everywhere
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tend to damp the wind toward an equilibrium value. That the winds are in
deed so damped will be illustrated by examples from trajectories in the
model hurricane.

Trajectories were computed through the model pressure field from dif
fering initial velocities at a radius of 120 miles by the graphical tech
niques based on equation (5). The equilibrium wind at this radius has a
speed of 28.4 m.p.h. and a deflection angle of 33.3°. Different speeds were
introduced at this radius, at the equilibrium deflection angle. The respec
tive speeds from the trajectories are graphed in figure 4.

Note how the profiles having initial wind speeds that are too high for
equilibrium overshoot toward lower values. In analogous fashion, the profile
of the trajectory with too low an initial speed overshoots toward high val
ues. Rapid damping of the oscillations brings the profiles into approximate
coincidence with each other long before they reach the radius of maximum
winds.

The corresponding deflection angle profiles for the same trajectories
are portrayed in figure 5. The amplitude of the oscillations is large, but
again damping is effective in bringing the profiles together. The oscil
lations are grouped around the profile based on the trajectory having for its
initial velocity the value of the equilibrium wind at the respective radius.

The significance of the computed equilibrium wind, and especially the
adjusted equilibrium wind, as values toward which the wind in the friction
layer is damped, is pictured in figure 6. In this figure are shown coinci
dent plots of (a) the trajectory-derived wind profile from figure 4 which ex
perienced the fewest oscillations, (b) the equilibrium wind, (c) the adjusted
equilibrium wind, and (d) the smoothed over-water observed wind profile in
the hurricane from which the friction coefficients and pressure field parame
ters were derived (1949, Lake Okeechobee, Fla.) The deviation of the trajec
tory-based wind profile from the adjusted equilibrium wind, due to the effect
of approximations in the graphical trajectory technique, has not been deter
mined.

Further understanding of the manner in which frictional damping takes
place is gained by comparing the forces that change the wind speed. Equation
(6) is a convenient expression of these forces. Each of the three terms of
equation (6) has been plotted independently against lapsed time in figure 7
for the case of initial speed of 34 m.p.h. in figure 4. Note that the pres
sure gradient force along the trajectory decreases slightly during the first
hour, because an initial wind somewhat stronger than the equilibrium speed
was introduced at the periphery. The wind immediately turns to a smaller de
flection angle (fig. 5). Sine pof equation (10) decreases more rapidly than
op/dr increases, for a short time, giving a net decrease in op/os.

Subsequently, the increase in the pressure gradient force is nearly
matched, by the increase in the frictional retardation. Consequently,

J
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Figure 6. -Average observed speed profile in hurricane of August 26, 1949
and some computed profiles.
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the values of net acceleration remain fairly constant and rather low. The
frictional force, being directly proportional to the square of the speed, and
acting opposite to the component of the pressure gradient along the trajec
tory, keeps the resultant acceleration within moderate bounds.

The final conclusion of this section is that peripheral velocity asymme
tries of the hurricane surface wind are quickly damped out and have little
effect on the major part of the surface wind field.

6. EFFECTS OF A MOVING PRESSURE FIELD

A question of great interest is the effect of motion of a hurricane on
the surface wind field. The winds are usually observed to be stronger in
some parts of the right half of a moving hurricane than at corresponding lo
cations in the left half. The dynamic effect of motion per se on the surface
winds derives from the motion of the pressure field. Air in the front of a
moving hurricane encounters a stronger pressure gradient more quickly and air
in the rear less quickly than in a stationary storm for the same air veloci
ty.

The equilibrium wind (table 2) portrays the above-described asymmetry.
However, as previously pointed out, a field of the equilibrium wind is
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SS »i?fincon=ist™t- ««• ^vice of the adjusted equilibrium wind, by
which asolution for the equations of horizontal motion was obtained for a
stationary storm, was not extended to the moving storm. In that techniaue
H£*VS""!'* °f-the •*»llita*- wind -«• substituted for radial gradilents of the adjusted equilibrium wind. There is less basis for equatLg the
6-gradients of equilibrium and adjusted equilibrium winds; such astep it
was feared might impose asolution of the equations in which the asymLtry of
the wind was artifically restricted. asymmetry or

Conclusions on the effect of storm motion were therefore based on samole
in thif TJTT TJT01^' The asW* a°d °ther effect^esSm this section are attributed solely to the influence of storm motion.

*i- ^ind £1fldS rXe obtained bv analysis of point values of speed and de-
fhr r,8"816! ?btaiDed by manUal '""section of three sets of trajectoriesthrough the model pressure field moving at 10, 20 and 30 m.p.h. In each i"
stance 12 trajectories were constructed to provide the data for each respec
tive wind field. The individual trajectories of each set originated 12$ miles
tion antl^"' t^ inltial conditi°ns «« sP^d 34 m.p.h. and deflation angle 33 . The pressure field was held constant and also symmetrical
^quatioHl) ^T^TV' '5" Prevailin« P*-«- 8"dient beinTgiven oy
Se the wind lielS! "" °' "Stati°na^ st°™» «« trajectory sufficed'to

f. The traces o£.the trajectories for the 10 m.p.h. storm with respect to
the surface superimposed on one another, are shown in figure 8. The tra
jectories when plotted with respect to the moving center/for ail the storms
ure 9rsilufr! ll ^ "Rectory field for the stationary storm TR
peciaUy p 425). aVe"8e traJeCt°rieS shown bv Hughes(/I.7 see es- *

Acomparison between the speed of the storm and the number of tralec-
tories that spiral in toward the center is shown in table T

Table 3. -Comparison between speed of storm and number of
trajectories spiralling in toward center

Number of Trajectories
Total Number of That do not Spiral in Speed of Storm
Trajectories in Set Toward Center (m.p!h.)

0 Stationary12

12 2
12

12

10

6 20
8 30
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Figure 8. - Trajectories relative to the underlying surface, in the 10 m.p.h,
hurricane.
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TRAJECTORIES RELATIVE TO STORM CENTER

Figure 9. - Trajectories relative to the storm center in model hurricane
moving at different speeds.
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We may conclude from table 3, or by inspection of the trajectory fields
(fig. 9), that as the speed of the storm increases, the area over which the
paths of air parcels fail to spiral inward also increases. As a corollary,
we may infer that the greater the speed of the storm the greater the ex
change of air per unit time between the storm and its environment. We would
then expect that modifications such as filling, in a storm that remains
tropical in structure, would proceed at a higher rate as the speed of trans
lation increased, other factors being neglected. This hypothesis was born

out in a study of filling (Malkin /127), wherein Hazel of October 1954 was
the exceptional storm out of a total of 13 storms studied, moving at a phe
nomenal rate and simultaneously filling at a rate that appeared unrealistic
when compared to the other 12 storms.

Further examination of the trajectory fields (fig. 9) discloses that, the
trajectories that approached the zone of maximum winds along the shortest
paths originated to the right of the storm center. This observation is conr
sistent with Hughes' findings /_S7 that air parcels from the right front
quadrant require the least time to approach the center, and leads to the
speculation that, considering the outer portions of the storm, the air to the
right is most closely associated with the modifications occurring near the
radius of maximum winds and the center.

The trajectory for the stationary storm had a radius of maximum winds of
22 statute miles. This was the average value obtained from the Lake Okee
chobee data. The radius varied in the moving storms from:

(a) 13 to 20 miles in the 10 m.p.h. hurricane
(b) 11 to 18 miles in the 20 m.p.h. hurricane
(c) 8 to 20 miles in the 30 m.p.h. hurricane

In each of the moving storms, the radius of maximum winds varied
throughout a range equal to roughly half of the value of the average radius
of maximum winds. Any hypothesis concerning the variation of the radius of
maximum winds with storm movement would consequently be premature at this
stage.

An intriguing item concerns the conditions or factors that distinguish
between a trajectory that moves in toward the center and one that does not.
The radial component of the acceleration of a parcel at a given point in the
wind field may be determined using an expression derived from equations (14)
and (15):

f 3 -V sin p-V„ cos 6 (29)
dt *»

The field of dr/dt in mi./hr. for the 30 m.p.h. hurricane, is shown in fig
ure 10. The area with negative values (toward the center) has a maximum near
the radius of maximum winds in the right front quadrant. Positive values of
dr/dt (where air parcels have a component of velocity away from the center,
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i.e., are being left behind) are of distinctly lower magnitude than the nega
tive rates observed in the right front quadrant. The positive values are
confined to a smaller areal extent in the rear of the storm.

The isotach fields corresponding to uniform motion of the model pressure
field are shown in figure 11. An examination of these fields indicates sev
eral features of interest:

1. In the moving storms, the highest speeds occur in the right
forward quadrant.

2. The higher speeds are found in the faster moving storms.

3. The wind speeds at points directly to the right of the
center are only slightly higher than speeds at corresponding
distances to the left of the center, the differences being
generally very much less than twice the speed of the storm.
The actual differences in wind speed, for any point in the
field, between the moving and stationary storm, have been
depicted in figure 12.

Some averaged fields of radial, tangential, and total wind speeds in
tropical storms were computed by Hughes /8_7, and it is of interest to find
that the significant features are reasonably consistent with the isotach
fields of figure 11. In making the comparison, it is important to note that
the scale in degrees of latitude, as used by Hughes, cannot be expected to
show as much detail as the scale in our figures, which is in statute miles,
and the wind fields cover an area somewhat less than 2° of latitude from the
center.

The deflection angle fields corresponding to the previous isotach and
trajectory fields are shown in figure 13. Several features appear to be
characteristic and worthy of mention:

1. The largest positive deflection angles are found in the
right-front quadrant.

2 Negative (outflow) values of the deflection angle were
found in the semicircle to the left of the track and
within the radius of maximum winds.

3. The field of deflection angles shows considerable
asymmetry in any one storm.

4 The range of deflection angle values computed was great
er the higher the speed of the storm or, looking at
this in another way, extreme values of both outflow and
inflow were more prevalent, the faster the speed of the
storm.
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Figure 13. -Deflection angle fields in the stationary and moving storms.
Same as figure 9.
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The field of radial velocity components (fig. 10) shows an alignment of
extreme value centers similar to the deflection angle centers of the corre
sponding 30 m.p.h. storm of figure 13. This consistent orientation supports
what appears geometrically reasonable about the deflection angle making an
important contribution to the radial component of the velocity in a moving
storm.

7. EFFECTS OF AN INCREASE IN PRESSURE GRADIENT

Another important factor controlling hurricane surface winds is the
pressure gradient. In view of the strong damping of the wind toward the lo
cal value of the equilibrium wind vector, it would be expected that the
equilibrium wind equation would offer clues as to the differences in wind be
tween storms of differing pressure gradient and also variations of the wind
within one storm with an asymmetrical pressure field. Consider two circu
larly symmetrical stationary hurricane pressure fields, indicated by sub
scripts 1 and 2 respectively, such that at each radius,

v2 -• fe\ <»>
where m is constant, the same over-all radii. What are the corresponding
ratios of V to V, and p, to (3, ? Approximate ratios may be found from the

b2 bl b2 bl
respective equilibrium wind equations,

1 faz\M)«*\-h\m0 <31)

i®,«mp̂ sin \ -Kt <, =° <32>

i (5^cos \ • f\ --rcos \ -Knvb1 -° <33>
i

m- I§*•) cos 0. - fV, cos a -KV2 =0 (34)~v*-' b2 b2 r b2 nb2

First, dividing (32) by (31) yields the joint relation

sin p, 1
D v ~"

Sm^d~2 (35)V s V

b2 b
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The equilibrium wind nomogram, figure 3, shows that as the pressure
gradient is varied while r is held constant, 6 changes slowly in general

in comparison with V"b. This suggests that the following particular solution
of equations (31), (32), and (35) be tested as a solution of (33) and (34):

\ - \ <36>

vb2 -\ m1/2 <»>
Now inserting (37) in (34), and combining with (33), the concomitant relation
of deflection angles is:

m " 1/2fV, +KV?
b, n b,( bl nbl ^ ft

v r)cos pi-v fV. + K V. ' L
cos p2 =( — )cos p,. (38)

b1 ~*~ tvn*b1

Equations (36 and (37) are the desired approximate solutions of (31)-(34) to
the extent that (38) is equivalent to (36). The value of the fraction in
(38) is slightly less than 1 for m greater than unity. The departures will
be illustrated by an example.

Let the subscript 1 apply to the basic pressure field of the model hur
ricane and let m = 1.4. At r = 50 mi.:

V = 55.5 m.p.h.

bl

vf =3080 (m.p.h.)2
bl

f «.238 hr."1 (27°N)
K = .020 mi."1
n

p, » 28.8°
1

cos p^ = .8763
bl

With these values, the respective p. 's from (36) and (38) are 30.7° and
,: 2

28.8°, while the respective V. 's from (37) and (35) are 65.5 m.p.h. and
2

64.2 m.p.h. Thus it is seen that (36) and (37) are good, but not excellent,
approximate solutions of (31)-(34).
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The inferences are that, in view of the close relation of the surface
wind to the equilibrium wind, the square of the surface wind speed at a given
radius in the more vigorous part of a hurricane, other things being equal,
will be approximately proportional to the pressure gradient, while the de
flection angle will not be greatly affected.

The inferred relation of wind speed to pressure gradient was tested by
constructing trajectories. A 40 percent increase in the basic model pres
sure gradient was obtained by increasing (p - p ) of equation (1) by 40 per

cent. As before, trajectories were computed from a 120-mile radius in this
intensified, but stationary, pressure field.

The resulting speed profiles may be compared with one profile based on
the initial pressure field in figure 14. The oscillations of the speed, pro
files with unbalanced initial conditions were soon damped as before. The-40
percent increase in the pressure gradient produced a roughly 20 percent aver
age increase in the speed. These results substantiate that for frictional
flow in which the friction is proportional to the square of the wind speed,
the square of the wind speed tends to be proportional to the pressure gradi
ent. This result is consistent with the principle of the kinetic energy in
crease being equal to the net work done.

8. CORIOLIS PARAMETER AND ASYMMETRY OF THE WIND FIELD

At latitudes at which hurricanes are found the Coriolis parameter varies
about 10 percent along a north-south line 200 miles long. The previous tra
jectories and the equations of horizontal motion permit the following de
ductions: Variation in the Coriolis parameter can account for but a small
variation in the wind speed. Consider first the inner region of the hurri
cane. Here we have two other forces normal to the wind vector, the centrifu
gal force and the normal component of friction, either being nearly an order
of magnitude larger than the Coriolis force. Secondly, more of the asymmetry
induced by the Coriolis parameter will appear in the deflection angle than in
the speed.. This is because frictional damping has a more direct effect on
the speed than on the direction. The wind speed asymmetry that can be as
cribed to the Coriolis parameter is somewhat less than that in the upper
right-hand panel of figure 11, ascribed to 10 m.p.h. forward motion of a sym
metrical pressure field. The highest speeds and largest deflection angles
from the Coriolis parameter asymmetry will tend to be downwind of the south
side of the storm, regardless of direction of motion, but will tend to be
masked by the larger storm-motion effects.

9. MODIFICATION OF WIND PROFILES BY ALTERATION OF FRICTIONAL COEFFICIENTS

The trajectories can also give information on whether the characteristics
of the two-dimensional flow in the hurricane at anemometer level apply at
other levels in the friction layer.

In a typical hurricane, outside the eye, the horizontal pressure gradi
ent force changes little with height in the lowest several thousand feet.
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The coefficients of friction, on the other hand, decrease rapidly with in
creasing distance from the underlying surface. Therefore flow at various
levels may be simulated by computing trajectories as before through the same
field of pressure gradient force, but with reduced values of friction.

Figure 15 shows the speed profiles for such trajectories computed with
friction again having components both opposite and normal to the wind but
with coefficients one-half their anemometer-level values. It is seen that
profiles from speeds with differing initial velocities converge as before,
but that the damping of the speed is slower, as would be expected with less
friction. Comparative central damped values of speed and direction for the
two differing frictional levels have been listed in table 4. At the upper
level, the speeds are greater (20 percent to 30 percent) and the deflection
angle smaller (out to r = 60 mi.) than at anemometer level, as would be ex
pected. The tangential frictional acceleration (KV2) is 10 percent to 30
percent less.

The general character of these results would not be altered if modest
departures were permitted from two assumptions made, namely that the ratio
of the tangential friction coefficient to the normal coefficient is constant
with height, and that the frictional acceleration remains proportional to the
square of the speed instead of to some different power of the speed.

It is seen that as the friction decreases upward the corresponding in
creases in speed are reasonable.

10. REGIONS AND ASPECTS OF CONVERGENCE

The horizontal forces controlling low-level hurricane winds have been
considered up to this point. The hurricane winds are related in an equally
fundamental way to interactions in the vertical. This section will present
some speculations that attempt to relate the low-level horizontal wind field
to the energy source. We might regard the heart of the hurricane as the re
gion where the maximum low-level convergence occurs. That is probably where
the most ascent takes place, where the most latent-heat is released, and is
the "sink" which removes air from the lower levels. The horizontal conver
gence is readily computed from the trajectories that were constructed, and
is found to be concentrated near the eye. Figure 16 (right panel) shows the
convergence for the 20 m.p.h. hurricane for which other data are shown in
figures 11, 12, and 13. The outer solid curves are obtained graphically from

T> A2 "Al

V2V"2(A2 +V (t2 "tl)
where the A's refer to areas of a small polygon at successive times, t^ and
t . An average value of convergence near the center could be closely deter

mined from the same formula, but with the polygon encompassing the entire
central region of the hurricane. The exact distribution within the central
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region is not obtained from the trajectories because they overlap, intersect,
and become indeterminate. It can be assumed that the convergence is near
zero over a substantial portion of the eye. The combination of necessary
average values of convergence within the "4" isopleth of figure 16, right
panel, together with the assumed zero area, can be obtained only by a tight
band of high values around the circle corresponding roughly to the position
of the eye wall. The "8" center ahead of the storm center is largely based
on the preceding deduction.

The streak of higher convergence values to the right rear is associated
i|| with the asymptote of confluence between air entering the storm directly from

the right and right-rear sides and the air curving into the storm after pass
ing around the left side.

As an argument in favor of the largest convergence values being found in
front of the storm, consider the isallobars shown in the left panel of figure
16*. Since both the isallobars and the region of maximum convergence are re
lated to flow patterns at high levels that are favorable for divergence, and
to warming and vigorous vertical motions in the region of maximum convection,
it would be expected that the isallobaric center and the convergence center
would be near each other. In a moving hurricane, the sea level isallobaric
center must lie ahead of the storm center, except in rare circumstances.
Therefore there is reason for seeking the convergence center in advance of
the storm center.

As the center of maximum convergence moves, it must be fed by a current
of low-level wind toward that place. If the maximum convergence is located
as shown in figure 16, because of the circular nature of the hurricane this

U "feeding current" must come around the right side of the storm in a slow-
!fj moving hurricane. In a fast-moving hurricane the "feeding current" could
A come from the right-front quadrant. We speculate that the feeding current in
;i| the Tropics will tend to be drawn from the environmental air of the highest
[J wet-bulb temperature and that mutual adjustments of the pressure field, the

vertical motion field, and the horizontal velocity field will tend to produce
the highest horizontal velocities in this current. The highest velocities

j| t will tend to be found most often somewhere on the right side of the moving
storm in the Tropics but not at any geometrically predetermined radius or

r bearing, as small variations in air mass characteristics, and other non-
geometric factors, exercise control. In hurricanes that are tapping an
extra-tropical source of energy, the maximum winds might be expected in any
quadrant, depending on many complicated factors.

*As an incidental item, we draw attention to the coincidence that the
isallobaric pattern in the left ganel of figure 16 is strikingly similar to
the field obtained by Kasahara(/lo7 his fig. 1(b)) representing the individu
al time rate of deformation of a moving vortex pattern, depending on the
gradient of the absolute vorticity. The patterns are not only alike in shape,
but are similarly antisymmetric.
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capsized and was destroyed in the left side of the storm. Rodewald /177
estimates from logs of other ships that, at the time of the sinking,"wind
forces in the left rear quadrant (frequently a relatively favorable quadrant)
were two and one-half forces higher on the Beaufort scale than at correspond
ing positions in the right front quadrant (frequently a relatively unfavor
able quadrant). Rodewald speculates that the ship's master may have sailed
across the front of the advancing hurricane to the most severe part of the
storm in an attempt to follow the rule to gain the "navigable" /left/ semi
circle, which in this instance turned out to be the most dangerous one. This
tactic, of course, was contrary to Reid's rule not to run before the wind in
the right front quadrant.

|| For the sake of completeness, we point out that LaSeur /ll7 in comment-
g in8 on an analysis of the wind field at 500 mb. in the hurricane of Septem-
| ber 17> 1955, said that "maximum speeds ahead of and behind the storm cen-
II ter are about the same, but wind speeds to the right of the center are sig-
| nificantly greater than those to the left. The difference of about 25 knots
J-j is essentially twice the speed of the storm. On the basis of this distri-
'% bution of speeds one might consider the horizontal motion near the eye at
^ this level to be composed primarily of a translation plus the rotation of the
|l storm. However, the presence of large variable vertical motions complicates
IS this simple picture."

Jl The heart of the rotation-plus-translation fallacy is that a law of
|| motion of solid bodies has been misapplied to a fluid. The parts of a solid

body are firmly bound to each other by internal forces; each part must there
fore respond to a torque applied to any part of the body, thus gaining a ro
tational component of velocity. A straight line force through the center of
gravity of the body will impart a translational velocity to the entire body.
In the hurricane, on the other hand, the shearing stresses between air par
ticles horizontally adjacent are negligible; a torque is therefore impossi
ble. The only real forces affecting the motion of each air particle are the
3-dimensional pressure gradient force, the vertical shearing stress, and
gravity. Only the local magnitude of these forces affects the motion of the
particle. One might say that the air has no knowledge of forces applied at
other places and does not react to them.

The other aspect of the fallacy is the concept of a uniform basic cur
rent of parallel flow. Hypothesize a sink vortex imbedded in uniform
parallel flow, and moving at the rate of the basic flow. Let the pressure
gradient forces in the vortex be radially symmetrical about its center and
neglect friction. This model would obviously produce a wind field which fits

j|| the rotation-plus-translation description. The component of velocity equal
to the initial velocity of the basic current would be the translation com
ponent, while the component acquired from the radially symmetrical field of

~^ acoeleration would be the rotational component. But there is a fundamental
- incongruity in this model! A sink vortex cannot be imbedded in uniform
parallel flow. Continuity of mass is impossible. Tropical meteorologists
would immediately call attention to the fact that singularity points must
always occur in pairs. The complex fashion in which a hurricane vortex must
blend with its envoronment is illustrated by Sherman /2l7 in his figure 1.
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In summary, the resolution of hurricane wind velocities into »mtm
tional" and "translational" components, to be anything more th^nan exercise
in geometry requires either of two conditions-that the respective compo-
52\ ^'ff tQ different kinds of forces within the hurricaneT or that
it Lrt ATS* f°me differin8 fashion to the momentum of the air beforeit entered the hurricane. Neither is tenable. The rotation-plus-translation
concept should not be applied to fluids. translation

The contributing factors to the asymmetry of the typical hurricane sur
face wind field can be identified from the fundamental equation™^ motion
ifLiL\VSnTtry °VhG ^°ri?US Parameter> (2) asymmetry of friction coefficients, (3) asymmetry of velocity at the periphery of the storm, (4) mo
tion of the pressure field, and (5) asymmetry of the pressure field. The
relative significance of each factor may be assessed from the results given
In this paper. First, the Coriolis parameter relates only to anorth-to-
south asymmetry rather than asymmetry from left to right with respect to the
storm path and furthermore, as discussed in section 8, it is small in com
parison with other causes. Secondly, for a storm entirely over open sea it
is difficult to envision a circumstance which would produce any significant
asymmetry in the friction coefficients other than that produced by the wind
itself by a differential roughening of the sea surface. Such a wind-
dependent variation is part of the exponent and coefficient in equation (8)
In a hurricane moving partly over land, the asymmetry of the friction co
efficients becomes a major control on the character of the wind field.
Thirdly, it was found in this study that, because of the frictional damping
of the wind toward an equilibrium value, initial velocities have only aminor
effect on subsequent velocities; that is, asymmetry of the peripheral veloci
ty makes little contribution to the asymmetry of the wind in the heart of the
storm.

Motion of the pressure field was found, by construction of dynamic tra
jectories in this study, to produce an appreciable but not large asymmetry of
the hurricane wind field, considerably less than would be deduced from ap
plication of a rotation-plus-translation computation.

Thus it is deduced, by elimination of the other major factors, that the
primary mechanical cause of the asymmetry of a hurricane surface wind field
is an asymmetry of the pressure gradient field. This is consistent with the
findings of the relation of wind to pressure gradient in this study. A sig
nificant secondary factor is the motion of the pressure field. All other
factors are relatively inconsequential. The causes of pressure gradient
asymmetry bear further investigation. Probable important factors are pat
terns of divergence aloft, asymmetry of moisture and temperature in the air
mass surrounding the storm, and the necessity of a feeding current which
enters the front of a fast-moving hurricane. Two examples of hurricanes with
maximum winds in sectors other than the right semicircle are the hurricane of
the Pamir disaster already referred to (Rodewald /177), and the hurricane of
March 1904_over Delaware Bay, in which the strongest winds were to the rear
(Spuhler /227).
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12. SUMMARY AMD CONCLUSIONS

A manual technique for constructing trajectories has been adapted to
include the effects of normal and tangential frictional forces. The tech
nique has been applied to the simulation of hurricane wind fields. These
wind fields, upon analysis, were shown to possess characteristics and prop
erties that were reasonable and consistent with features that have prevailed
in observed storms.

The dynamic factors associated with the form of hurricane surface wind
fields have been described. The effects of variations in the dynamic fac
tors have been studied in wind fields synthesized by the trajectory method.
It has been demonstrated or deduced that:

(a) the asymmetry of inward spiraling trajectories increases
with the speed of the hurricane;

(b) the portion of the periphery from which trajectories will
fail to spiral in toward the center increases with the
speed of the hurricane;

(c) while the highest speeds are generally found in the dan
gerous (right) semicircle, the difference between the
wind speeds at points equally distant to the right and
left of the center is much less than twice the speed of
the storm, when motion is the only factor producing the
asymmetry;

(d) the commonly observed asymmetry of the field of surface
wind speeds in a moving hurricane can be primarily at
tributed to the effects of asymmetry in the horizontal
pressure gradient, and not to motion per se. For centro-
symmetrical pressure fields, speeds in the friction layer,
at equal storm radii, tend to vary as the square root of
the pressure gradient;

(e) by contrast to the previous item, asymmetry in the field
of deflection angle in a moving hurricane is ascribed
mostly to the motion of the storm, with variations in
pressure gradient having only a secondary effect;

(f) the largest inward values of deflection angle for a mov
ing storm occur in the right front quadrant. The fields
of deflection angle were typically more heterogeneous
than the isotach fields, in consequence of the greater
frictional damping control on speed rather than direction;

(g) when unbalanced velocities are imposed upon the pressure
field in a stationary storm, damping by the frictional
forces rapidly brings both speeds and deflection angles
back to near equilibrium values;



Tv' 39

(h) the concept of an "equilibrium wind" for frictional flow,
analogous to the gradient wind for frictionless flow,
was formulated. The local surface wind velocity was found
to approach closely the value of the equilibrium wind at
the same point.
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APPENDIX

Manual Construction of Trajectories by the "Arc-Strike" Technique

Many and various schemes have been devised for manually computing dy
namic trajectories. The unique features of the technique to be described
are:

a. the inclusion of both tangential and normal frictional
components.

b. the use of nomograms to avoid the actual construction of
the very large geostrophic wind vectors that are character
istic of hurricane pressure fields.

1. Plot the wind displacement vector, Vy^, with origin at agiven'dis
tance and azimuth from the storm center (A*?, fig. 17). The sense of the
initial vector is determined by the known or given deflection angle. The
magnitude of the time increment, At, is decreased as the trajectory ap
proaches the center, from 1/2 hour down to 3minutes, by steps, as indicated
in figure 18. The selection of amagnitude for the time increment, At, in
volves a compromise between the use of large time increments whereby ac
curacy and detail are sacrificed for ease and rapidity in performing the
manual labor, as against shorter time intervals which give more refinement
(up to a limiting point) but require tedious and painstaking manipulations
with the drawing instruments.

2. Find the mid-point, M, of VjA^ (AC),

3. Draw the line HMP, with AP perpendicular to HMP. Point H is
located in the direction of motion from the storm center at a distance
given by (speed of storm) (At). Note that when the storm is stationary,

2

point H remains at the storm center.

4. Measure the distance HM. Then get the geostrophic speed V

corresponding to the given pressure field at a distance HM from the
center.

5. Compute IV- At^ as the magnitude of the vector from A, ^per
pendicular to HM, the end point being marked Bin the figure. Draw BC,
which represents the ageostrophic displacement, by definition.

gl

ALTERNATE TO STEPS 5 AND 6. When using a reasonable working scale,
such as 10 statute miles to the inch, point B may nevertheless extend some
2 feet or more from point A. One may circumvent running off the paper when
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Figure 18. - Tiime increments used vs. distance from cent
er,
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drawing line AB, and omit drawing lines BC and BD, by a scheme that makes
use of the nomograms Y and Z of figures 19 and 20 respectively. The scale
of nomogram Y must be the same as the scale of the map on which the trajec
tories are constructed. The centers of the arcs lie on the baseline, at the
indicated distances from 0. The base of nomogram Y is made to coincide with
the segment AP, while simultaneously making point C lie on an arc of value

v Agl 1
Determine the baseline distance on the nomogram corresponding

to AQ.

Subtract the distance AQ from
->

<W
->

to get BC. Go into nomogram

Z with the distance BC and the "arc-strike" angle A0, as computed in step 6
j below, to obtain the chord length CD. Use nomogram Y for the second time,
1 lining up the base line along AB as before, with the origin at point Q.'
j Then CD is drawn, such that point D falls on the arc through C.
i

I
5 __

!
\ 6. Now swing an arc to the right around the point B, of radius BC, the
] magnitude of the angle or "arc strike" being determined by: A0 - At f, fol-
- lowing Goodyear (1959), where:

I f is the Coriolis parameter
\ At is the time increment

| A0 is the angle, or "arc strike"
I -*
'. 7. Draw AD, which represents the wind displacement vector corre

sponding to the velocity at the end of the time increment, but with no
\ friction.
J

8. Measure one-third of the distance CD, to point E. Experience has
'. indicated that the line segment AE is an excellent approximation to the av-
: erage speed in the interval with friction, and is therefore used as a nec-
! essary first approximation. This pseudo-displacement AE, when divided by At,
\ gives the best estimate of the velocity, v, to be used in the next step.

9. Compute the tangential and normal frictional displacements. Ac
cording to Myers (1959), the tangential frictional acceleration, is
approximated by .022 V2, the normal acceleration, by 0.20 V2. The corre
sponding displacements due to friction are obtained by applying the

| formula:
\ 2

displacement =1/2 (acceleration) (At)

using F and F for the respective accelerations.

10. Bisect CD at 0. AO is the average wind displacement without
friction during At.
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11. Plot the tangential frictional displacement F from 0 backward

along OA to F, and plot F perpendicular to AO and to the right, from F to

I. Al is the final average wind displacement with friction.

12. Extend CI to J, making CI = IJ. AJ is the final wind velocity
displacement, representing the equivalent of V times At., shown in fig

ure 1.

13. Repeat the process for the next step starting at I, but with in

AJ _?.itial speed equal to , and sense as given by

Figure 20. - Nomogram Z used in the manual drawing of the trajectories.


