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A SUMMARY OF EMPIRICAL STUDIES OF THE HORIZONTAL MOTION OF SMALL RADAR
PRECIPITATION ECHOES IN HURRICANE DONNA AND OTHER TROPICAL STORMS

H. V. Senn and J. A, Stevens

Radar Meteorological Section, Institute of Marine Science,
University of Miami

ABSTRACT

Echo vectors relative to the storm center, obtained by vectorially
subtracting storm center motion, are analyzed for 3805 traced echoes from
hurricane Donna radar film. Distributions of crossing angle and radial and
tangential echo motion components are presented for various storm speeds,
quadrants, and ranges from the storm center. Detailed studies show that
significant differences in echo motion exist between the echoes which are
observed over land and over water, and also between those observed during
the nighttime and daytime periods. The dependence of echo speed on crossing
angle was obtained. When the dependence of echo motion on height was
studied using height as a function of range from radar, results were incon-
clusive. However, comparisons of echo and wind kinematics produced signifi-
cant relationships which varied from quadrant to quadrant, It is alsc found
that outward moving echoes have higher speeds than inward moving echoes in
the front quadrants (the opposite being the case in the rear quadrants);
that echo speeds increase with increasing storm speed; and that the absolute
crossing angles of the echoes decrease with increasing storm speed. Echo
lifetime studies showed that the longest lived echoes are found in the left
quadrants; the mean lifetime was found to be 35 minutes, and echo lifetime
is related to echo diameter.

When the Donna echo motion data are compared to three sets of other
echc data consisting of about 2200 echoes from nine other storms, it is
shown that similarities exist between the various sets of data, including
the relations between right and left quadrants in both speeds and crossing
angles of echoes. In addition, data from hurricane Carla are used to show
differences in echo motion due to echo environment with respect to spiral
bands. Possible reasons for some of the observed echo motion characteristics
are discussed.



1. INTRODUCTTION

Radar Hurricane Data

Despite the fact that radar has been in use for a number of years in
tracking hurricanes, advances in i1ts usefulness as an operational tool to
provide more sophisticated information about such storms have been slow.
Within certain limits, it is possible to gain quantitative knowledge of the
precipitation distribution around the hurricane from proper radar data; but
the motion of such elements and their relation to other meteorological para-
meters (knowledge of which would be powerful and useful operational and
research tools) have probably not received sufficient attention.

The major difficulty in radar hurricane research has always been the
lack of really good radar data which encompassed a significantly large part
of the life history of a particular storm. This particular difficulty was
partly overcome in the case of hurricane Donna, September 9 and 10, 1960.
Hurricane Donna was a major hurricane and the first hurricane to be under
surveillance of many land-based radars simultaneocusly. The storm approached
the Florida Keys on September 9, passed up the IFlorida southwest coast and
crossed over the coast just north of It. Myers on September 10 (see fig. 1).
During this period the storm was under continuous radar surveillance, both
while it was over water and while it was over land, and during both day and
night hours. Fortunately, several of the many radars observing the storm
obtained filmed radarscope data of exceptionally good quality, thus making
possible the first completely detailed study of radar echo motion in a single
hurricane. Certain reservations have been made regarding the accuracy of
some radar data for hurricane tracking and guantitative preciptitation
studies [6], [3]; but these reservations do not apply to the results pre-
sented here, since all individual echoes are relative to only a single radar.
While echo placement accuracies with respect to a given radar are only of
the order of several degrees azimuth or several miles, the relative positions
of echoes with respect to others appearing on the same radarscope or with
respect to the storm center are much more precise. '

The increased use of hurricane radar data in both operations and
research can not be effective unless the storms are described, as well as
merely observed. Only after adequate descriptions are available can we
begin to explain the processes which give rise to the observed results.
Consequently, empirical studies of the motion of small radar precipitation
echoes have been undertaken for several years at the University of Miami,
as data have become available. Good time lapse data on vertical echo
motion are still relatively scarce. This project has therefore been con-
cerned primarily with horizontal motions, including, where possible, the
differences in horizontal motion which may exist 1n different layers.
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Figure 1. - Track of hurricane Donna, September 9-10, 1960.

Studies Performed

This paper presents the results of a number of preliminary studies to
determine for the first time the complete picture of the simultaneous hori-
zontal echo motion at all ranges and azimuths from the storm center. The
advantages and superior results obtained from the Donna data over those of
previous studies [7] which, of necessity, combined data from various ranges
and azimuths of many hurricanes at different latitudes, observed by
different radars from various positions with respect to the storm center,
were obvious in terms of greater refinement, both of data and results. The
greatest part of this summary will therefore be devoted to the more complete
and representative Donna studies.



These studies were concerned with a number of wvery basic questions
whose answers should provide significant progress in hurricane radar research
as well as suggest additional operational applications:

(1) What is the statistical distribution of echoes, their
speeds (tangential and radial), and crossing angles
with respect to range and azimuth from the hurrlcane
center?

(2) Are there relationships between the above distributions
and the (large or small scale) motion of the storm center?

(3) Are there measurable effects on echo parameters when
there are changes in the external environment (i.e., day/
night, land/water) of the hurricane system?

(&) Can normal PPI scanning radars detect variations in echo
' motion with height?

(5) What is the specific dependeﬁce of echo speed on crossing
angle? :

(6) What is the relationship between the radar echoes and the
winds observed at various levels in the hurricane?

(7) Whét is the average epho_lifetime inside and ocutside
spiral bands; and is the lifetime of an echo directly
related to its diameter?

The results of the Donna studies were compared, where possible, with
the results of previous studies [7], [13], [12], and with the results of
the more recent Carla studies, which appear here for the first time.

It 1s apparent that it is not yet possible to answer fully some of
these questions because of lack of data which directly applies to the
problem, questions 4 and 6, for instance. In fact, attempts to answer
- important questlions such as these, or ones relating to changes in hurricane
radar parameters with time ovér water, have all been relatively inconclusive
because of the lack of well documented, continuous, exactly comparable,
guantitative radar data. -

While the airborne radar might seem well suited to the gathering of
such data, in the past such radars have rarely been well calibrated or the
film well documented; their characteriétics, and the environments and
heights at which they operate, make them, more often than not, unsuited for
the Jjob. Continuous and exactly comparable data are rarely possible
because of the rapidly moving platform, the varying mission requirements
(most of which may take precedence over the gathering of radar data), and
the relatively short mission endurance of a single aircraft in a storm.
Furthermore, there are great difficulties in using time lapse data obtained
from a platform whose motion characteristics, with respect to the moving
storm elements, are difficult to ascertain, even for the better data. A



far better, and often hopefully suggested, solution would seem to be the
meintenance of one or two ships in positions fixed with respect to the moving
storm center. They might remain reasonably close to the storm center in
areas of less than gale force winds, carry radars better suited to the
gathering of meteorological data, use a GPI (ground position indicator) on
which a fixed point - the hurricane center - would remain in the center of
the radarscope, and have sufficient endurance to ensure continuous
surveillance. Most of the difficulties associated with the airborne
platform in obtaining radarscope data would thus be overcome. If the area
of the storm were chosen carefully - left rear quadrant, for instance - a
submarine might even be used with relative ease. The purpose would not be
to replace many aircraft in tracking the storm in the wide oceanic areas,
but to provide much more accurate and continuous data for operaticnal and
research uses at low levels.

2. DATA FORMAT
Data Used

The specific radar data used in the Donna studies is shown in table 1
which indicates the number of echoes used from the filmed radarscope data
of the University of Miami L4.6-cm. MPS-I4 and 10.7-cm. SP-1M radars, the
U. S. Weather Bureau 10-cm. WSR-57 at Miami, and the U. S Air Force 23-cm.
FPS-20 at MacDill Air Force Base near Tampa. See [6] for characteristics
of these radars.

Previously, data from seven different storms (the "seven storms data"
from Edna.1954%, Connie, Diane, and Ione 1955, Audrey 1957, and Daisy and
Helene 1958) were obtained largely from different radars. Thelr character-
istics can be found in [7] and the data used appears in table 2. Sub-
sequently, data from hurricane Debra taken on the Texas A and M CPS-9 radar
were used to examine echo motion, see table 3. The U. S. Weather Bureau
WSR-57 radar at Calveston, Tex. supplied the data, in table 3, which was
used in the more recent Carla echo studies.

TABLE 1. - HURRICANE DONNA ECHO DATA USED

Total No.
Year Radar Begin End Echoes
1960 MIAC. WSR-57 1010E-9/9 1605E-9/10 1004
1960 MACDILL FPS-20  OT20E-9/9 000SE-9/10 1456
1960 U.M. MPS-4 1550E-9/10 1820E-9/10 109
1960 U.M. SP-1M 0GLSE-9/9 1135E-9/10 1236

3805 Total




'TABIE 2 - SEVEN STORMS ECHO DATA USED

Total No.

Storm Year Radar Begin End Echoes

Edna 1954 M.I.T. 0000E-9/11 1145E-9/11 258
Connie 1955 HAT. SP-1M OO4OE-8/11 0520E-8/12 22

Diane 1955 HAT. SP-1M 1400E-8/16 2045E-8/17 96

Ione 1955 HAT. SP-1M _ 1146E-9/18 09L0E-9/19 150

Tone 1955 8. TRURO FPS-3 0100E-9/20 19L0E-9/20 73
Audrey 1957 ELL. A.F.B. CPS-6B _ 0600C-6/27 2030C-6/27 . 85
Audrey - 1957 ALEX. A.F.B. A.D.C. 0025C-6/28 0055C-6/29 196

Daisy 1958 HAT. SP-1M O726E-8/28 16L7E-8/28 126

Daisy 1958 NKT. SP-1M 1320-8/28  1212E-8/29 59

Daisy 1958 U.M. MPS-4 1202E-8/26 1505E-8/27 115

Daisy 1958 PAT CPS-9 0124E-8/27 1950E-8/27 78
Helene 1958 HAT. SP-1M 0035E-9/27 1935E-9/27 202
Helene 1958 CHS. WSR-1 O000E-9/26 09L40E-9/27 107

s 1567 Total
TABLE 3. - DATA USED FROM HURRICANES DEBRA AND CARIA
Total No.

Storm Year Radar Begin End Echoes
Debra 1959 TEXAS A and M CPS-9 1700C-7/24 2115C-7/24 600 (Approx. )
Carla 1961 GLS. WRS-57 1225C-9/10 1636C-9/10 67

Data Reduction

Figure 2 shows the relationship between the various storm center, echo,
and spiral band parameters used in analyzing the Donna data.
angle, "¢' is defined as the angle between a secant line and the tangent to
a circle passing through the point in question and having the hurricane

center as its center.

Crossing

The angle % was obtained, with other parameters, from

the best straight line vector approximation of 5 min. tracings of relatively

isolated small, hard-core echoes.

In most cases, the tracing was done with the aid of a Nemeth Radar Data
Plotter with the 35-mm. film image magnified about 50 times.
the storm center was fixed to a given point on the tracing before the echo
or spiral band position was recorded resulting in echo motion relative to the

When possible,
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Figure 2 - Relationships between various spiral band, echo, and storm center
parameters. Refer to list of symbols for definitions of variables.
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storm center (as contrasted to motion relative to a fixed point on the earth,
the radar station, which was obtained when no clear cut storm center was
available on the same photograph).

The crossing angle of each echo, its range and azimuth from the storm
center, etc., were all measured with respect to a line through the center of
the echo vector and the center of the storm motion vector for the same time
period. This is shown in figure 2 which illustrates the variables recorded.
In additicn, original echeo data which used actual simultaneous small-scale
eye motion were recomputed using a 30-min. running mean storm center
velocity. Both sets of echo and storm speed values appear on the TEM cards,
enabling the comparison of three types of echo motion: the relative echo
motion obtained by use of short-period, simultaneous storm motion data; the
relative motion obtained with a longer-period average storm motion; and the
actual motion relative to a fixed point on the earth - the radar site.

The echoes used in the hurricane Donna and previous studiles were
assumed to lie within the confines of spiral bands. While this might be a
valid assumption from the standpoint that the major precipitation areas
consist of such banded echo areas, individual small echoes are easier to
find and analyze outside of the bands. Since the bands are not well defined,
a decision must be made for each echo as to whether it is within or outside
a band. This decision might also require modification with time as a given
echo moves into a different environment. Such analysis was too time
consuming for each echo and therefore was not performed when the sample
included thousands of echoes. However, a separate study was subsequently
made on Carla echo data to determine such effects. The Carla data presented
later were obtained even more precisely than those for previous studies;
but they are somewhat limited in scope and results must be considered
preliminary.

Reproducibility of Data

Extensive studies were made to determine whether echo velocity data
could be reliably reproduced by an independent analyst. Studies of several
hundred echoes from three different radars showed that echo crossing angles
were generally reproduced within + 4° when the entire process was duplicated.
When only the reduction of existiﬁg velocity vectors from a tracing was
duplicated, the differences between independent analysts were less than + 2°
for 85 percent of the duplicated echoes. For one large group of echoes, the
analysts agreed exactly on crossing angle for 30 percent of the echoes.
Reproducibility of the data was therefore considered to be excellent and
well within the limits of accuracy necessary for an extensive statistical
treatment of the echo data.



Card Format

A1l of the data taken in hurricane Donna were reduced to a set of IBM
cards, one echo per card. The arrangement of the pertinent data for each
echo on the card is shown in figure Al in the Appendix. Definitions of
most of the basic variables are given in the List of Symbols at the
beginning of the report.

There were, of course, a number of intermediate computational decks,
which were desecribed in [12]; but the master deck shown in figure Al is
the one available for computation using the 3805 card deck of Donna data,
and contains all pertinent quantities that are presently available from
either direct measurement on the radarscope film or through computations for
individual echoes.

The card plan used for the seven storms data is shown in figure A2 in
the Appendix. These data were obtained in a slightly different manner from
the Donna data (different projection equipment, different storm center
track, some variables not registered), and are considered neither as
accurate nor as useful as the Donna data. However, the deck has been used
for IBM machine calculations of the relationship between precipitation
element variables as reported by Senn, et al., in [9], [10].

The Debra data were not obtained on the same plan as other studies.
Some of the variables were omitted and the data were not placed on cards
but were computed by hand for special investigation. Although a much more
sophisticated plan is being used presently for the compilatimm of data from
Carla, it has not yet been necessary to place that information on cards for
machine handling.

This plan is shown in the Appendix as figure Ak,

Techniques of Analysis

The Donna data used in these studies were analyzed using computer
techniques on large statistical samples of echoes. The following
illustrates the step-by-step computer computations performed in the reduction
of the data.

(1) About one-third of the echo data used were obtained from film on
which storm center did not appear. The radar site was used as the reference
point. Since echo motion relative to the storm center was required, it was
necessary to compute this motion using storm motion obtained from another
source. The remainder of the data had been originally obtained relative to
instantaneous storm motion plotted at 5-min. intervals coincident with the
echo motion. To make the data fully compatible, the echo motion had to be
recomputed relative to a uniform average storm speed, shown as a function
of time in figure 3. This figure is a 1/2 hour running mean derived from a
5-min. plot of storm speed. The importance of the regular oscillations that
show up in the storm speed has been discussed by Senn [12], who also
demonstrated the reproducibility of this phenomena when other radars are
taken into account. Figure 3 is a composite from all the radars that viewed
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‘the storm, the overlapping portions of which agree with one another. Tt was
also desired to resolve the echo motion into tangential and radial components
at the same time. These three separate steps were accomplished by a program
for the IBM 1620 entitled DONNA I.

-(2) The second phase of the computational program was to obtain
distributions of all variables with range, azimuth, and storm speed. This
‘program, the results of which appear in section 3, was entitled DONNA IT.
The output was a print-out of the averages of the pertinent variables n, v_,
1 . : L : ; e
6., and vr broken into classifications of quadrant, 20 n. mi. range
iherement, sign of crossing angle, and magnitude of storm speed.

: (3) The third phase of computation, using a program called DONNA IV,
‘was designed to produce a more detailed echo distribution with azimuth (50-
deg, seetigns), a distribution of echoes with storm speed, and a
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distribution of signed crossing angles with storm speed. These results also
appear in section 3.

(h) The fourth phase of the program was to repeat part 2 above with the
objective of determining environmental differences in the results. For this
purpose the data were broken down with respect to day-night and land-water.
These results are shown in section 3.

(5) Finally, part 2 was repeated again in an attempt to determine
whether differences occurred in the motion as a result of the different
heights of echoes. For this purpose the data were broken down with regard
to range from radar as the parameter which gives some indication of the
height of the echo. The results are presented in section 3.

3. ANALYSIS

Distribution of Echoes and Dependence of Echo Parameters on Storm Speed

The distributions of echoes here presented are intended to completely
define the locations of echoes; under the conditions of echo selection such
distributions do not necessarily have absolute physical significance.

Figure 4 is here presented for the purpose of indicating the relationship
between the radarscope presentation and the echo-selection process. It can
be seen from figure 4 that the traceable echoes are found mostly on the outer
fringes of spiral bands, and in the tails.

Tt must be emphasized that all the graphs pertaining to this section
represent predominantly small, hard-core, easily trackable echoes and not
the real distribution of echoes in the storm. Clearly, the density of
echoes in spiral bands and.im the wall cloud is so high that there are few
representatives in the collected data,

These studies show that while echoes generally are advected by the wind
layers in which they are embedded, important differences are present between
echo motion and winds. The reader is therefore cautioned against assuming
an exactly linear relationship between winds and echo motion characteristics
as the latter are presented throughout this report.

In order to study some of the echo characteristics which were masked
by the time averaging processes used in the seven storms, Debra, and Donna
studies, echoes were traced from hurricane Carla data. In this study the
aim was not to obtain a large statistical sample but to have all echoes in
one sample obtained simultaneously, and then to study variations in the
distribution due to position with respect to radar storm center, spiral
bands, etc., as for the earlier data. However, it is apparent even for the
Carla data that the echoes were selected carefully for other characteristics
(i.e., convenience of tracing, size, intensity, etc.) and therefore are not
representative of the actual distribution of echoes in the storm at any
varticular time,

The over-all distribution of the trackable radar echoes throughout
Donna shown in figure 5 was obtained by plotting the actual number of
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2.

Figure 4, - Example of echoes used for motion studies. Donna, 1645 EST,
September 9, 1960, University of Miami SP-1M radar, antenna
tilt +0.05, 5msec. pulse, 50 n. mi. range circles. (Some
echo definition which is clearly apparent in the original time
lapse film is unavoidably lost in reproduction. )
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Figure 5. - Distribution of echoes vs. range for each quadrant.

observéd echoes vs. range from storm center for all echoes and for each
quadrant separately. Although no attempt was made to trace all of the
relatively small and well defined echoes, the great number of trackings
suggests that figure 5 should be representative of the general distribution
of such echoes in Donna. It is apparent that the great majority of echoes
were found between the ranges of 40 and 200 n. mi. from the storm center.

It s often difficult to find well defined small echoes in the vicinity of

the eye wall, so relatively few echoes were traced in this region. However,
several non-hurricane factors contributed to the relatively large number of
echoes at greater ranges out to and beyond 300 n. mi.: the position of three
out of four of the radars in the right front quadrant of the hurricane for a
very long period from the time the storm was several hundred miles away until
1t had passed to the south and west, recurving around the radars; the fact
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that several of the radars discontinued operations relatively few hours after
the storm's passage, having used most capabilities many hours EEEbr to its
passage; and the absence of cameras on upstate Florida radars otherwise
capeble of documenting accurate eye motion, resulting in loss of much of the
later data.

Figure 5 indicates that most of the suitable echoes were found in the
right front quadrant, with a maximum at 130 n. mi. and the great majority
of all echoes found beyond about 100 n. mi., from the storm center. Vhile
this is due partly to radar factors listed above, this is also typical of
the echo distribution in well defined hurricanes which are moving at average
rates for the region between 15° and 35° N. latitude.

The relative number of echoes found in the other three quadrants also
seems representative at most ranges. The data for the right rear quadrant
probably suffered most at long ranges from the radar factors enumerated
above, DMuch of the unused echo data on hand were drawn from great ranges
in the right rear quadrant, which were not included in this study because
no accurate concurrent radar storm center motion was available.

An important feature of figure 5 is the range of the maximum number of
echoes observed in each quadrant. Since the right quadrants were well
covered by three of the four radars, the peaks are probably representative.
However, with the storm at least 60 n. mi., to the west of the same radars
(storm heading nearly north), the range beyond 100 n. mi. in the left
guadrants received little or no coverage. ILesser ranges in the left
guadrants could not be adequately covered because of the increasing height of
the radar beams with distance and loss of echoes from partial or complete
"overshooting." The 70-n. mi. peaks in the left quadrants may therefore be
too near to the storm center, the real peaks being somewhat closer to the
right quadrant peaks, but not necessarily as far out.

Figure & shows the distribution of all the echoes with azimuth in
hurricane Donna. In this as in other references to echo azimuths in this
study, the angles are measured clockwise from the direction of storm motion.
For angles measured in this way, the right front quadrant is the angular
segment 0°-90°, the right rear 90°-180°, the left rear 180°-270°, and the
left front 270°-360°. Nearly half of the echoes meeting selection criteria
are found in the right front quadrant, with very few echoes found in the
left rear quadrant. This is to be expected since the mechanism that generates
echoes appears to proceed with its greatest vigor in the right front guadrant,
with secondary vigor in the adjacent quadrants, and with its least vigor in
the left rear quadrant. Despite the fact that data were obtained from four
radars, this curve shows that the sample is apparently representative with
respect to azimuth.
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Figure 6 also shows the
distribution around the storm of
fractions of echoes possessing signed
crossing angles at all ranges in a
given azimuth. Over 50 percent of
the echoes between the azimuths of
330° and 180° (i.e., mainly in the
right quadrants) possess inward
crossing angles, while about 30 per-
cent possess outward crossing angles
and 10-20 percent possess zero
crossing angles at those azimuths.
The boundary between the right rear
and left rear quadrants shows the
greatest fraction of zero crossing
angles, while the boundary between
the left rear and left front quadrants
is the region having the largest
fraction of outward crossing angles.
Inward crossing angles predominate
by a wide margin in all quadrants
except for about 100° of azimuth from
220° to 320°,.

IMCR.

FRACTION OF SCHOES AT 309 AZ.

1000

800 .
NUMRER OF

ALL FOHNES
600 AT 30° AZ.

TNCREMENTS
Lhoo

200

0
0 %0 170 270 30 8,

A significant polnt in the Figure 6, - Distribution of all echoes
comparisons of figures 5 and 6 is and fractions of echoes with
that the azimuth with the greatest

. . signed crossing angles vs.
LEaouinn, Of aiiaar woving echoes azimuth in hurricane Donna.

contains the smallest number of total.
echoes. Also, the greatest fraction
of inward moving echoes occurs in the
region which has the largest number
of echoes.

Figure 7 represents the distribution of number of echoes vs. echo
speed for low (less than 9 kt.), medium (9-12 kt.) and high (greater than
12 kt.) storm speeds, plotted at 10-kt. increments of echo speed in Donna.
For various storm speeds there is very little difference in the average
echo speed observed, since the curve maxims or modes all fall between 33 and
37 kt. While the distributions for low and medium storm speed are symmetrical,
that for high storm speed exhibits two pronounced secondary maxima.

The number of echoes found in the entire storm in each 2-kt. increment
of storm speed is plotted in figure 8 together with the fraction of this
total found in each of the four quadrants. It is clear that the frequency
with which Donna moved in a given speed interval determines the size of the
echo sample in thagt interval. It may be observed that the vast majority of
the echoes were found at the medium storm speeds, with far fewer echoes
obtained for low and high storm speeds. The choice of the limits of v
medium places the oscillating storm speed in this category more often £han
in either the low or high storm speed classifications, as can be seen in
figure 8. '
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For all storm speeds more echoes were found in the right front quadrant
than were found in all the others; more were found in the right rear
guadrant than in the left quadrants; and more were found in the left front
guadrant than in the left rear, except for storm speeds between 4 and T kt.
A1l plots of combined-quadrants data against storm speed, then, are biased
toward the right front quadrant in preference to the others, and also biased
in favor of the right semicircle. To avoid such bias and to exhibit true
relationships between the variables, most data have been plotted by
individual gquadrants and for high, medium, 'and low storm speeds separately,
in the graphs which follow.

Figure 9 shows echo speed (v ) vs. storm speed (v ) for signed echo
crossing angles in each quadrant.  These graphs show: (a) that the slowest
echoes are in the front quadrants (for most values of 0 ) at all but the
low v S? and the fastest echoes are in the front quadran% at low v_, and the
left Pear quadrant for all v_ and o ; and (b) that v_ rises with Encrea51ng

(beyond about v T kt., )Sln all®cases except in Ehe left front quadrant
for zero and posit%ve C%.

Figure 10 shows 0 vs. v_ in each quadrant. In general, it is shown
that inward moving ech%es have crossing angles which decrease in magnitude
as the storm speed increases (except for medium and high storm speeds in
the left front quadrant). At storm speeds greater than about 6 kt., outward
moving echoes have markedly constant crossing angles in all quadrants (except
the left front, where crossing angles decrease with increasing storm speeds).
For most storm speeds above 8 kt., the largest outward crossing angles are
found in the left rear quadrant, and the smallest in the right rear quadrant;
while the largest inward crossing angles are found in the right front
quadrant, with the smallest found in the left front quadrant. Although the
graphs are weighted means of & at each v_, some values of v_may represent
very few samples so that only %he gross fgatures can be consfdered reliable.

Radial Dependence of Parameters

The speed of the echoes in Donna relative to the storm center is plotted
against range for signed crossing angles at high and low storm speed in each
quadrant in figure 11l. It can be seen that for nearly all ranges, inward
moving echoes have higher speeds than outward moving echoes for three cases:
at high storm speeds in the left quadrants, and at low storm speeds in the
right front quadrant. In the other cases outward moving echoes move faster
than inward moving echoes. Except for the left front quadrant, there is a
much larger variation of echo speed with range at high storm speeds than
there is at low storm speeds (from 40 kt. peak to minimum in the left rear
quadrant for outward moving echoes, to 15 kt. peak to minimum for inward
moving echoes in the left rear quadrant). For ranges greater than 150 n. mi.
the echo speeds are generally less at high storm speeds than at low storm
speeds, except for inward moving echoes in the left rear quadrant. An
increasing dependence of echo speed on storm speed is thus demonstrated for
ranges less than 150 n. ni,



18

T0[ T W
\\ LF RF
N
6] == '“’ N
Vo KN. R Vg KN
i .
N
i R L —
‘\\3:\“““:;::::::7”"
40/ - S == =i o s
g q 3 8 6 iz A 16 )
Vg KN.
KEY
o, POS. — —
Oty ! NEG. ===~
Oyt 0 =——
B So— g e
LR RR
L2 — - e //\\ ] T S = = ]
Yo K. \\ Z*“"—';& ¥
- ; e
s50] - _._3.__.:,><>‘:-,~>.:._._—_—_-:;z= - > J
/”‘«3—‘—“’:__ e e
40 —— e o 4 e = = -
30
2 3 © ) 7 14 N Kum a0y Iy i [} T [F R v ;‘,Nlr.
5 s KN
.
Figure 9. - Echo speed vs. storm speed for signed crossing angles ., each
quadrant . '
P b 36 e ST
]
LE RF
17 i Rl S e B e 20 —pe=—— | e
\ -_——_____________._.—
oy e
of — - e e Ol T P i R S —
£ 4 3 8 10 12 14 iE 4 € [] 0 [F3 ia 16
vg KN Vg KN,
KEY
OLg:POS. =~
OlgiNEG. === =
30 - o 30 ~————1 e - . -
i . R o ) FOE— L) [l ER
\&___%__‘_-__d - 4Ty !
Ky Olg
o IS I N o e
200 . . ,,l -------------------------------------- -20 SRR
2 4 6 8 0 12 14 6 2 4 & 8 10 12 14 16
vy KN, Vg KN.

Figure 10. - FEcho crossing angle us. storm speed

in each quadrant.



(o)%

& ‘dusapsnb yows ur spesds wIoys MOT pus YITY 98 §9T8uR Bulssoad psudis J0J S8uex ‘sa posds oyog - “IT 8In8Tg
033dS WNOLS mO" 033dS  WHOLS HOIH
WN S 002 00l 0 TWNS 002 00| o . , NN S 002 00| 0 MN S 002 00! L
_
ﬁ
i -1 =%
N g " o 3 *
A -y ~ Loy E '
~ -t
ﬂ”)/u\ / it ___ ) _._
\ \.._ _‘ = 0s } —. b4
e 7 / A.- a-
3 # [} P H
i ! /, \
4, S s}/ .—
t 09 R os
! NY @ __/ L TVE)
! R
oL 5 L 09
IJI _'
A}
\
e A
08 . oL
¥y ﬁ ¥l ¥y SR
of —— 5040 5
_\\// BN - ceme D3NP0 m
W ~ N : A3M
| L _../\J A
MM/ /’ i \\ . &2
m / / il ) -.
i : |- \ , b X
" | !
i A "— f oS ._,, A} __ ov
m \ Z 3 \
| ' 7 »/ / /—
4 L N
w S —« G 1-.\\ (0
A N,
| Vol o B ,/ l\/ " %
1 i f— -
oL
o8
Y Epl a4 4




20

. It is interesting to note that in the left rear quadrant there are very

~" few inward moving echoes at low storm speeds, and that at high storm speeds
there are almost no outward moving echogs. If the procedure of subtracting
the whole storm speed vector is correct”, it would seem that for low storm
speeds at all ranges greater than 150 n. mi, in this quadrant a condition of
complete echo outflow exists. At high storm speeds the situation has
reversed itself, and conditions of complete echo inflow prevail in the left
rear quadrant.

Figure 12 shows the crossing angle of the Donna echoes plotted against
range for high and low storm speeds in each quadrant. In all quadrants
except the left rear, at all ranges and for all storm speeds, inward moving
echoes have larger crossing angles than outward moving echoes. In the left
rear quadrant at low storm speeds, outward moving echoes have much larger
crossing angles than inward moving echoes. Outward moving echoes seem to
have slightly larger crossing angles at most ranges in the left quadrants
when the storm speed is low. Inward moving echoes at most ranges in the
front quadrants have similar crossing angles at both high and low storm
speeds. Inward moving echoes in the rear quadrants have their largest
crossing angle values for low storm speeds.

Figure 13, a plot of radial echo speed vs. range for high and low storm
gpeeds in each quadrant, is naturally dependent on the values of crossing
angles. Thus the same conclusions apply as for figure 10,

Azimuthal Dependence of Parameters

Figure 14 is a graph of echo speed vs. azimuth for echoes with signed
crossing angles at high and low storm .speeds for three range intervals:
"near" (40-60 n. mi. from the storm center), "mid" (80-100 n. mi.), and "far"
(120-140 n. mi,). In all quadrants except one in these range intervals the
echo speed is highest for high storm speed; (in the left front guadrant at
the far range interval, inward moving echoes at high storm speeds have the
lowest speeds). At high storm speeds it is concluded that: (a) in the near
range interval inward moving echoes have higher speeds than outward moving
echoes; (b) for the mid-range interval inward and outward moving echoes
have nearly the same speeds; and (c) for the far range interval outward
moving echoes have generally higher speeds than inward moving echoes.

At low storm speeds in the three range intervals, outward moving echoes
generally move faster than inward moving echoes. It is apparent that:
(a) for the nearest interval the arrangement of the four curves remains the
same at all azimuths of the storm; (b) for the mid-range interval this is
generally true, except in the left front quadrant at low storm speeds; and
(c) in the farthest range increment no clear cut conclusions are apparent.

5Myers and Malkin [5] present a case for subtracting only part of the storm
center motion in obtaining wind distributions about hurricanes.
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Figure 15 shows echo crossing angle plotted against azimuth for three
range intervals at high and low storm speeds. The following observations
are pertinent: (a) the absolute crossing angles corresponding to low storm
speed are generally greater than those corresponding to high storm speed
(except for outward moving echcoes in the right front, right rear, and left
rear quadrants in the far range increment and outward moving echoes in the
middle increment); and (b) inward crossing angles are slightly larger in
value than outward crossing angles (except at low storm speeds at mid-ranges

and the rear quadrants at high storm speeds in the nearest range increment,
where the reverse is true).
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Figure 16 shows radial echo speed vs. azimuth for three range increments
at high and low storm speed. It differs from figure 15 in that v enters

into its computation. The conclusions are, however, very similar®to those
for figure 15,

Environmental Dependence of Parameters

Echo Motion Over Land and Over Water - The differences in the effect of
the land and water environments on the echo motion were studied by dividing
the Donna echo data into four categories by the following scheme:
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I. Over-water; before 0000 EST, September 10;

TI. Transition I; from 0000-0800 EST, September 10;
ITI. Transition II; from 0800-1600 EST, September 10;

IV. Over-land; after 1600 EST, September 10.

Approximately one-third of the echoes in Donna appeared over water, one-
third over land, and one-sixth in each transition period. The location of
the storm during each of these periods is shown in figure 1, a plot of the
hurricane track on September 9-10, 1960,

Figure 3 indicates that Donna was moving slowly over water and increased
in speed over land. Consequently, both the over-land low storm speed and the
over-water high storm speed categories have very few echoes. In order to
facilitate land-water comparison, the medium storm speed case is presented in
figure 22 and 24 for echoes with positive and negative crossing angles. The
summarized land-water comparisons are also presented for all o and v_ in
figure 2% and 25. © ©

An attempt was made to plot the distribution of echoes in the various
categories. Considerable bias was present in the location of the radars with
respect to the storm center at the time the echoes were traced. Consegquently,
only these very tentative conclusions could be drawn: (a) most echoes are
found nearer the storm center when the storm was over land, but there is a
more even distribution of echoes to greater ranges when it was over water;
and (b) when Donna neared land, it quickly assumed the echo characteristics
of the over-land type with very little "transition'.

Figure 17 shows v_ vs. r for v_medium and + « , and figure 18 shows
. . s - e

v vs r_ for all v. and &. Bince Donna's speed was generally low over
vater ahd high ove? land,efigure 18 is biased so that v_ over land is greater
than it is over water. However, figure 17 is considera%ly less complicated
since the storm speed and crossing angle bias have been eliminated by plotting
all sections of the figure using only one value for each of the variables v
and O e Figure 17 shows that inward moving echoes move faster over land
than over water, within about 100 n. mi. from the storm center in the right
quadrants. This conclusion is verified by figure 18 despite storm speed bias.

The situation in the left quadrants of figure 17 is considerably more compli-
cated. The echo speeds in transition I are also lower than those in
transition II, although the transition II echo speed exceeds the over-land
echo speed in the rear gquadrants.

Figure 19 shows the change in crossing angle with range from the storm
center for v_medium (positive and negative crossing angles only). There
appears to be a slight increase in «_ with range from storm center, as we
would have expected from previous data. However, echoes in the front guad-
rants over land seem to have few significant differences in crossing angles
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compared to those over water., The over-water echoes have larger crossing
angles- in the right rear quadrant.

Figure 20 shows absolute ae for all cxe and v_. The curves are
remarkably similsr for the front quadrants. “The right rear quadrant shows
a definite tendency for over-water echoes to have larger crossing angles
than those over land, beyond 100 n. mi. from the storm center, In the left
rear quadrant the average absolute crossing angle for over-water echoes is
almost twice that for over-land echoes. These conclusions must be viewed in
the light of the data sample characteristics where it can be shown that the
over-water crossing angles in the left rear quadrant are very few in number,
possibly reducing confidence in them.
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Despite the fact that considerable bias is inherent in the data, the
above study has led to the following tentative conclusions: that the maximum
concentration of echoes is generally found closer to the storm center when
the storm is over land than when it is over water; and that, at least in
the rear quadrants, the echoes are moving faster and with slightly smaller
crossing angles while the storm is over land.

Echo Motion - Day and Night - For this study the Donna echo-card
data were divided into three groups:

I. Day; 0900-1700 ‘EST
II. Night; 2100-0500 EST
ITI. Transition; 0500-0900 and 1700-2100 EST

Approximately one-half of the echoes appeared in the transition category and
one~fourth in each of the others.
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Radar bias is minimized in this study since both Miami and MaeDill
radars see echoes during both day and night periods., The day echoes on
September 9 gre subject to the same conditions, -On September 10 the day
echoes were seen by both University of Miami and MacDill radars and appear
mostly in the right and front quadrants; night échoes on September 10 are
from the MacDill radar. Tt is clear that each radar viewed the storm througt
one day-night cycle without any very great change in the orientation of the
storm with respect to the radar. Thus we can discuss the results without
reference to radar location,

In the discussion of the land-water study, the medium storm speed,
positive crossing angle case was presented for specific reasons. In this
section the presentation is again confined to one or two specific cases



30

25— P~

30 =

25 i

- WATER
— _AND

o 1 ! — ] 1 ! | | | | !
a0 80 T 60 @0 240G NMI 0 a0 80 120 60 200 2407, N.MI

Figure 20. - OE vs. rsover land and water for all Vv and Q-

rather than all cases, since the data are rather voluminous and the reader
would probably be confused rather than enlightened by a complete presenta-
tion. The low storm speed, positive crossing angle case was selected because
it seemed representative of the variety which appeared in the specific cases.

Plots were made of the fraction of echoes in each 20-n. mi. T
increment as well as ¢ _. It was apparent that most of the night echoes are
found at shorter ro than the majority of the daytime echoes. From the
echo distributions the storm thus appears smaller at night than during the
day; but the normal daytime eccentricities in echo distribution about the
storm center are found at night as well as in the daytime, It should be
pointed out that a change in the type of predominant echo from day to night-
time, rather than the distribution of the field of echoes, could also produce
the above results. Although the statistical results would be the same, the
meteorological mechanisms responsible for each could be very different.
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Figures 21 and 22, echo speed vs. range for L and s and for all vy
and o _ respectively, show that the echo Speeds at"night are slightly lowsr
than dfiring the day.

Figures 23 and 24, positive crossing angle vs. r_ for v low, and
absolute crossing angle vs. r for all %e and @ respectiveiy, show that
the crossing angles at night are equal t6 or smaller than those during the
day. This is an expected consequence of the apparent decrease in storm size

and shows that the storm is more symmetrical at night,

The question of radar bias entering into this study has already been
discounted. However, possible bias arising from storm location with respect
to land-water must be accounted for in any discussion of land-water and
night-day results. During the day and night of September 9 the storm was
over water; during the day on September 10 the storm was either over land
or in the transition IT category; at night on September 10 the storm was
partly over water and partly over land. Therefore the day category is
divided between over-land and over-water echoes, while the night category
consists of a majority of over-water data., It appears that the day and night
categories are divided between land and water echoes so that bias from one
or the other should largely cancel out,

Looking at the land-water study from the point of view of day-night
bias, it can be seen that the over-water categories are evenly divided
between day and night, canceling out bias in this category. The over-land
categories consist primarily of night and transition echoes. Some of the
transition echoes would serve to counteract to some extent the effect of
the night echoes, but there does exist a clear bias in this case. The
conclusions of the land-water study, already questionable because of radar
bias, are now made even more amorphous as a result of g night bias in the
over-land category. The day-night study, however, is found to be almost
completely without bias.

The Dependence of Echo Motion on Height

Although no good time-lapse CAPPI (Constant Altitude PPI) radar data
are available for hurricanes, it has been one of the aims of this project to
determine the variations which might exist in echo motion with height., This,
with simultaneous wind data from NHRP flights, could lead to a separation of
advective and bropagative echo motion components, and also provide further
insight into the energy processes involved in echo growth and decay. Since
such data are non-existent (even the usual vertical cross sectional RHT
photographs are rare for hurricanes on a time lapse basis), we attempted to
use the voluminous Donna data to study variations in echo motion with height,

In the present studies the height of the volume in space that is being
sampled by the radar pulses is a known function of range (assuming normal
propagation and constant 0° antenns elevation angle). The radar beam
automatically integrates a rather large interval of height, and the radar-
scope shows the maximum (detectable) reflectivity cross section of any
integrated echo. Actually, the echo itself may extend above and/or below

the beam limits (defined at the half power points) or may be entirely
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enclosed within these limits. This makes it very difficult to assign an
"average height" to the echoes. Furthermore, the motion of the echo is the
resultant of vector winds over its entire height, considered together with
growth factors, and thus may be primarily the result of conditions occurring
outside the limits of the radar beam. Clearly, the results of such a study
could be expected to be amorphous at best.

Indeed, the over all results are completely inconclusive, although there
appears to be a tendency for echo speed and crossing angle to decrease with
increasing r. regardless of r . Such results correlate somewhat with NIRP
wind print-outs which show, af least for the inner hurricane regions, a
general decrease of wind speeds with height and a more circular wind pattern
with less inflow in the middle levels as compared to lower levels.

The Dependence of Echo Speed on Crossing Angle

Some sort of dependence of echo speed on crossing angle was indlcated
in the initial study of Domna data [13]. Accordingly, the data were sorted
and listed and the average echo speed obtained for 10° intervals of crossing
angle. The v_ vs. o was plotted in figure 25 for three separate range
increments. & plot 6f n vs. @ is also shown so that confidence levels may
be established for the data.

Figure 25 shows a definite linear relationship between echo speed and
crossing angle. In general the line has a positive slope in the front
quadrants (i.e., inward moving echoes move faster than outward moving echoes ),
and a negative slope in the rear quadrants (the opposite case) for all storm
speeds. This is a more conclusive result than that described in Radial
Dependence of Parameters, where the data were somewhat confused on this point.

The variation of echo sgpeed with crossing angle can thus be represented
to within + 15 kt. accuracy by the equation

Vo= + % & + 4k
e - e

where the plus sign of the slope is associated with the front gquadrants and
the minus sign with the rear quadrants.

Echo-Wind Kinematics

Figure 26 shows the 1800 GMT surface winds in the region of Donna, along
with some of the 1,600-, 13,000~ and 1k4,200-ft, winds from NHRP flights
between about 1400 and 2000 GMT on September 9, 1960. Radar echo data for
1700-1900 GMT are superimposed on the wind data for comparison. Although
some of the differences in time for the various data are obvious, certain
general inferences can be made. The surface winds, as one might expect,
have greater inward crossing angles than other winds or echoeg in the same
vicinity. The magnitude of the crossing angles is suprisingly great even
for surface winds, 75° for one and 60° for the other observation within 75
n. mi. of the storm center. The 1,600-ft. winds are essentially tangential
in the left front and right rear gquadrants, outward in the left rear

quadrant, and appreciably inward in the right front. The 13,000~ and
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14,200-ft. winds are essentially tangential with very small outward radial
components in most quadrants. Unfortunately, the storm center was so far
from land that echoes are representative of only the right quadrants and
the left front quadrant.

Echoes in the right front quadrant have inward crossing angles of
smaller magnitude than those of the 1,600-ft, winds, and sbout the same

crossing angles as the 14,200-ft, winds; but their speeds are generally lower

than the winds at all levels plotted in figure 26 near the storm center.
However, in the right front gquadrant echoes at_grggtgg_raggggmggpggg};y
exceed the wind speeds.
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Echoes in the right rear gquadrant have greater inward crossing angles
than all the winds plotted but their speeds are near the wind speeds.

Echoes in the left quadrants more nearly approximate the wind speeds and
directions at both the 1,600- and 14,200-ft. levels. (There appear to be
few differences between the winds at these two levels in this region. )

Almost all echoes and winds plotted are nearly tangential, i.e., they have
small inward or outward crossing angles.

Although height data are not available for all the echoes shown in
Tigure 26, RHI data for the reglon of the right quadrants taken a few hours
later show a widespread "bright band" at 17,000-18,000 ft. as in figure 27.
The bright band, an indicator of the melting level, was higher by 1000 to
1500 f%t. when found in Donna than is usually the case in the Miami area. TIts
pPresence is widely thought to indicate mature or decaying convective systems
and general stability. The average convective echo tops in the right front
quadrant exceeded the 13,000-14,000-ft. wind levels by 6,000-10,000 ft.

Echo bases were not available because of distance and earth curvature effects,
The bright band was not present earlier on September 8 in the regions of
Pre-hurricane squall lines or outer convective activity; nor was it present
later on September 10 in the region of spiral band tails in the far right
rear quadrant. Thus, it appears that the rainshield and most inner regions

of the hurricane Donna precipitation pattern (at least in the right quadrants)
were relatively stable compared to the inner "core" and the "outer convective
region." PPI observations have long led to the same conclusion where the
rainshield was called the "graveyard of spiral bands" [8].

The data in Tigure 26 indicate slightly less wind shearing with height
in the left quadrants than the right. Some RHT data are also available for
further study of echo motion at various heights, and allied studies of the
problem with the present IBM echo data are now in progress. There is g
growing conviction that the hurricane echo-wind relationship is severely
complicated by propagation components. Since evidence exists that small
radar precipitation echo areas do not necessarily move exactly in accord
with the wind at a particular level, or even with the integrated winds
through the layer in which the echo is embedded, the term "spa-wind" [L] -
would be inappropriate and possibly misleading in such cases. The possibility
of relating echo-motion to integrated environmental wind is not a bright one.
The question of the effects of propagation on such a relatidﬁgﬁip is
sufficiently indeterminant to wvoid any clear cut conclusions at this time.

The present hurricane Donna echo distribution should be at least
partially duplicated with data from other storms when better simultaneous
radar end wind data become availsble. Even though such studies are time
consuming, it is necessary that they be repeated in order to determine the
true kinematic echo-wind relationships for both hurricane and other tropical
weather situations.
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Figure 27. - 'Bright band" in hurricane Donna, 1655 EST September 9, 1960.
University of Miami MPS-4 RHI scope, 1.3 sec. pulse, 164°
azimuth. Precipitation attenuation is evident.

Hurricane Echo Lifetime and Diameter

Echo Lifetime - Echo lifetime (I, ) was studied for several hundred
echoes 1n 1950 (9] but was not plottéd against range or azimuth from storm
center at that time. An average Lt of about 35 min. was indicated in that
study. :

It was originally planned to include such a study as part of the Donna
work; but the increase in time and effort required to provide this informa-
tion in the initial tracing of the Donna echo motion data made it necessary
to drop this objective. The average time for which the echoes were traced
was about 17 min, and consisted of four or five 5-min. traced echo outlines.
This L,, which appears on the cards for each echo, was usually the same for
all echoes (up to 57) on a given tracing and can not be used to infer the
actual I% of either the individual echo or the group.
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In lieu of the above, a special case study of L, and echo diameter (4 )
as functions of range from the storm center, quadran%, and storm speed was
performed. The data consist of 125 distinct, relatively circular echoes
independently derived from the MacDill film of Donna. Echoes which were
distinct throughout their lifetime were selected and carefully traced through
the entire duration of their existence in the horizontally directed (but
vertically wide) radar beam. The varameters of the study were Lt and de at
the midpoint of the echo track.

Figure 28 shows a plot of L, vs. r_ and guadrant. In all guadrants I,
decreases with increasing range from th8 storm center. For instance, echo€s
in the right frontquadrant have lifetimes of 4O-45 min. at a range of 80-90
n. mi. from the storm center and lifetimes of 20-25 min. at ranges greater
than 160 n. mi. Data for the other guadrants were not so complete but the
curves are consistent except for the left rear quadrant, which levels off to
a lifetime of 35-40 min. at ranges past 120 n. mi. Echoes in the left quad-
rants have generally longer lifetimes than those in the right quadrants, with
those in the left front guadrant existing longest of all. The echoes have
greater lifetimes at high storm speeds than at low or medium storm speeds up
to ranges of 160 n. mi. past which there is no clear storm speed dependence.

The mean L, of about 35 min. of this study appears to support previous
results, but the decrease in I, with range from the storm center was not
anticipated. The increasing héight of the radar beam with range from land~-
based radars and the decreasing detection capabilities with increased range
could combine to produce the general rapid decrease in I, with range shown
in figure 28 if the radar were located near the storm center. Although the
radar was relatively close to the storm center, it was located far enough
away so that the results cannot be accepted at full face value.

Echo Diameter - There does not appear to be any clearly defined
dependence of echo diameter on range and quadrant, other than an unpredictable
oscillatory one. Echo diameter seems to decrease with increasing range from
the storm center at high storm speeds, from maxima of 6-6.5 n. mi. at 90 n.
mi. range to minima of 4,25-4.5 n. mi. at 180 n. mi. range., But for low and
medium storm speeds, the echo diameter appears to increase with range up to
about 200 n., mi., and to decrease outside this range. The average diameter
ls about 5 n. mi., except in the right front where it is about 6 n. mi.

Donna Echo Data Compared with Data From Other Storms

The other studies of hurricane radar echo parameters that.may be
compared with this work are those performed by the authors in 1960 and 1951
[7], [13]. The data used in one of the studies were a group of about 600
echoes from hurricane Debra 1959. Hurricane Debra was much smaller than
Donna and all the Debra data were within a range of 70 n. mi. of the storm
center. Furthermore, the Debra data were not separated with regard to sign
of crossing angle or storm speed, thus various kinds of statistical incon-
sistencies were introduced into the computations. It is therefore difficult
to tell whether some of the minor differences are significant.
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Figure 28, - Echo lifetime vs. range in each quadrant.

This study showed a hump in echo speed at a range of 35 n. mi. in the
left front quadrant, a feature also apparent in the Donna data. The Debra
1959 data also supported the general conclusion that the fastest echoes are
found to the left of the storm center. In fact, the general conclusions from
the 1961 study regarding number of echoes to be found in various parts of the
hurricane are also true for the Donna echo motion data. These and previous
results have indicated that the precipitation pattern is more symmetrical
about the storm center when forward motion is slow, and concentrated in the
front, especially the right front, when storm speeds are higher. A more
important point of agreement between the various sets of data is that the
greatest outward echo motion occurs to the left of the direction of eye
motion. This 1s best shown by figure 29 which depicts radial and tangential
echo speeds in knots for the 1569 echoes from seven storms studied in 1960
[7], and for the 3696 echoes from Donna.
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Tangential echo speeds for the first 100 n. mi. from the storm center
are highest in the left rear guadrant in both sets of data. Beyond that
they drop off to relatively low levels, about 35-40 kt., in all quadrants
except the left rear in Domna and the left front in data from the seven
storms, where very significant increases are evident. In fact, the region
containing the fastest individual small echoes (not "protuberances") in
Donna, averaging over 60 kt,, is beyond 180 n. mi. in the left quadrant.

When radial motion for the seven storms and Donna are compared in
figure 29, it can be seen that general inward echo motion is indicated for
both sets of data in the right quadrants. This is true except for the area
nearest the eye in the right front, where outward motion is indicated in
Donna. In the left front quadrant, data from the seven storms indicated
essentially no radial motion. However, in the left front of Donna, inward
motion exists equal to that in the Donna right front quadrant. Even the
outward motion very near the eye in the right front of Donns is duplicated
in the left front guadrant. The left rear quadrant has some inward motion
near the eye, the strongest of any quadrant for those ranges; but at
greater ranges outward echo motion is generally indicated, becoming strong at
170-210 n, mi. The data from the seven storms shows the strongest outward
motion at slightly shorter ranges in the same quadrant.

It should be remembered that methods of arriving at storm motion,
especlally direction, influence the echo velocity and quadrant into which a
given group of echoes is placed. It is considered very significant that the
increase in speeds, the general speed profiles, and the gross features of
outward radial motion sppear in all three sets of data.

A special study of L, for 67 echoes from hurricane Carla showed an
average lifetime of exactiy 35 min., the same as that for the Donna data.
The card echoes were found at various ranges from the radar and at ranges out
to 200 mi. from the storm center. The mean diameter of the echoes was 6.5
n. mi. For these data, d was plotted against I,. As one might expect with
radar echoes, some of whigh might be multi~-celled despite attempts to be
selective, the larger 7-8 mi. d_ echoes had lifetimes near 50 min. while the
4-5 mi, 3 echoes had lifetimes®of only about 25 min. The Donna echo
diemeters were plotted against r_ and averaged gbout 6 n. mi. at 90 n. mi.
range and 4.5 n. mi. at 180 n. mf. range.

Although range differences exist in both the echo diameter and lifetime
of echoes found in the various sets of data, radar sampling bias severely
limits the conclusions which might be drawn from them. The average lifetime
of 35 min., and the average diameter of about 5 n. mi. for echoes 1g corrobo-
rgted by all hurricane echo studies we have made to date.
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4k, FINE SCALE MOTION OF ECHOES

Although the above studies determined the general fields of large-scale
echo motion in hurricanes, they were not adequate to describe the differences
in echo motion which might exist in various smaller regions in and around
spiral bands. For this purpose, a more selective study was begun on the
hurricane Carla data using the plan shown in figure A4, Appendix. The
results, although interesting, are based on a relatively small number of
echoes from a Gulf Coast storm. They may not be directly compared to the
previous "seven storms" or Donna data and must be considered preliminary in
nature.

Since echoes vary in L,, they were compared on the basis of their
individual quarter lifetimes and separated into 50 mi. r_, 30° @ , and
environmental categories: 1I. those located inside spiral bands? IT, those
found outside of bands; and IIT. those in spiral band "tails", the upwind
region of relatively distinct echoes, relatively far from the storm center,
usually in the right rear quadrant.

When echo speed is studied considering the entire storm, it is found
that echoes increase in speed from the first to second gquarters of their
lifetimes and decrease in speed from the second to third and last gquarters.
The decrease in speed from first to second half of echo L, was evident at
all ranges except the 150-200 n. mi. increment, where the maximum speed
occurred during the third quarter,

When azimuth was considered, it was evident that speeds were greater in
the left front quadrant for all quarter periods. Unexplained, however, is the
observation that echoes directly ahead of the storm had speed maxims in the
first quarter lifetime whereas, proceeding clockwise around the storm, the
speed maxima occurred progressively later until the right rear quadrant
maximum occurred in the third quarter. These echoes correspond largely to
the 150-200 n. mi. r_ increment and are probably in spiral band "tails."

When spiral band environment was introduced as a parameter, the average
speed was greater in spiral bands, least outside of the bands, and at inter-
mediate values for the band tails.

Echo crossing angles were mostly negative in the 50-100 n. mi. r
interval, ‘most highly negative in the third (decreasing echo speed) glarter
L . The largest percentage of positive crossing angles was found in the
280-250 n. mi, renge. The echoes in the 150-200 n. mi. r increment (mostly
in band tails) became progressively more positive in thei? L% quarters.

Echoes located outside of bands had largest positive @ in the second
quarter, while those in band tails had the greatest negativeé @ in that
quarter, becoming less negative (or more positive) in the third and fourth
quarters.
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It is obvious that with so few echoes, some of the r or 6 increments
. X ] e s

had no data, or were relatively unrepresentative of average conditions as
a result of the extensive variations which exist in even the best echo
motion data. These studies are being continued in an attempt to increase
confidence in some of the above conclusions, as well as to answer important
questions concerning the relative motion characteristics of echoes on
opposite sides of the spiral bands. It is also desired to determine whether
echoes tend to move across the spiral band or down-band as the band moves
outward.

5. SUMMARY AND CONCLUSIONS

In the foregoing sections we have discussed the echo motion in several
storms in general, and in one of these (the one for which we had the most
data) the motion was discussed with considerably more precision and detail
than had previously been attempted. By way of summary, we now list some of
the important results, and discuss some of the conclusions which seem to be
pertinent. '

Consider first the location of echoes around the storm. After careful
analysis we conclude that for most of these studies, echo altitude variations
due to beamwidth and range bias do not noticeably influence the determination
of echo velocities. In azimuth, we find nearly one-half of the echo sample
in the right front gquadrant, with very few echoes found in the left rear
quadrant and the remainder of the echoes distributed evenly between the
other two quadrants, In range, the largest group of echoes arrange them-
selves in a band between 70 and 110 n, mi. around the storm. The range
distributions for low and medium storm speeds are more "normal"” in that they
peak higher and more sharply than the curve for high storm speed, which shows
a considerable degree of disorganization in its three relatively low peaks.

If it can be assumed that radar location and other bias is unimportant,
then it appears that this disorganization in the echo distribution at high
storm speeds may be the result of some disturbance in the internal mechanism
of the storm which is in some way connected to storm motion, thus giving rise
to the sinusoidal storm speed fluctuations that are observed in the studies
of small-scale eye motions [12].

Now consider the echo motions, which also give evidence of the presence
of a propagating disturbance coupled to storm speed. In crossing angle, we
find that most of the echoes in the right semicircle possess inward crossing
angles; 1indeed, inward crossing angles predominate throughout the storm,
except for a 100° segment directly to the left rear of the direction of storm
motion., Inward moving echoes have larger absolute crossing angles than out-
ward moving echoes, The fraction of echoes possessing inward crossing angles
rises with the increasing storm speed, while the fraction of echoes possessing
outward crossing angles falls, In speed, we find that outward moving echoes
generally have higher speeds than inward moving echoes in the rear quadrants,
the opposite being the case in the front quadrants. There is greater
variation in echo speed with range from the storm center at high storm speed
than at low storm speed, with the slowest echoes usually found in the right
front quadrant and the fastest in the left rear guadrant. It is to be
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particularly noted that echo speeds increase with increasing storm speed,
while at the same time the absolute crossing angles decrease within 150 n. mi
For ranges greater than 150 n. mi. the reverse is the case. Completely
unexpected is the fact that for the small echoes studied here the highest
speeds are found to the left of the storm motion and in a region well away
from the eye wall. Generally, echo speeds drop off gradually with range from
the storm center but the profiles do not have either the relatively high
speeds throughout the storm area or the pronounced speed maxima near the eye
wall which characterize the surface wind field,

If echo and storm speed were coupled by a mechanism that originates near
the center of the storm and propagates disturbances outward, then it would
be expected that the echoes at extreme ranges and high storm speeds would not
respond to the mechanism immediately, possibly not until the storm was moving
slowly again.

It has been seen that the storm speed oscillations seem to be reflected
in the echo motlons with a delay factor which increases with range, as
shown in figure 3. Since the period of the storm speed oscillation is of
the order of 1/2 hour, the speed of its outward propagation to reach echoes
150 n. mi. away would have to be of the order of 300 kt. This suggests that
the echo generating disturbances are not advected by the winds but might be
propagating through the hurricane in the manner of pressure Jump waves,

Attempts to gain echo motion information at various heights by stratify-
ing the data according to range from the radar were inconclusive. However,
the results of some of the horizontal echo motion studies, which show
variations in both speed and crossing angle of echoes with storm speed and
other parameters, can be used to infer a probabilistic picture of echo height
1f certain assumptions are made. To do this, one must temporarily ignore
echo propagation effects and assume a roughly linear relationship between
echo velocity and the mean wind vector for the levels in the atmosphere which
affect the motion of the echo. Then echoes generated in the inflow layer
(generally assumed to be at low levels) will be advected by those winds-(+aw)
resulting in +0, until (and unless) they propagate into the outflow layer
(generally assumed to be at high levels) where the vector sum of the winds
acting on their total heights is sufficient to give outward motion (-a ),
resulting in L A rise in the fraction of echoes with - would thef
indicate an increased proportion of echoes had reached highér levels; a
decreasé in the fraction of such echoes would indicate either a decrease in
the number of echoes reaching higher levels or a relative increase in the
number of echoes produced in, and remaining at lower levels. The data show
that except in the left rear guadrant both echo velocity and the fraction of
inward echo crossing angles rises with increasing storm speed. This would
indicate that a decrease in the levels at which most echoes are found occurred
with an increase in storm speed in Donna. It is well known that relations
also exist between convective activity and echo heights, which may in turn
be related to echo motion and storm motion by the above analysis; but
available data are not yet sufficient to study and document such relationships.
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It was seen in section 3 that inward moving echoes in the front quadrant
had higher speeds than outward moving echoes and that the situation generally
reversed in the rear of the storm, especially the left rear. This effect can
only be explained by an inward component in the two forward quadrants and an
outward component in the two rear quadrants. If the echo directions are
taken as representative of winds and a large number of echoes is considered
somewhat indicative of convergence, then echo convergence is indicated for
the right front guadrant and divergence for the left rear quadrant, The
possible ventilation effects indicated would also tend to make echoes in
both right quadrants move a bit more slowly than those in the left quadrants,
an observation which agrees well with our earlier results of echo motion in
all storms.

Quantitative conclusions with regard to echo height as a function of
crossing angle are, however, very difficult to make, since a cloud tower
has a high degree of lateral inertia imparted to it by its low-level
convective generation. An echo with its base in the inflow layer dces not
react to the stresses imparted to it by the wind field until its top is at
the level of the outflow layer, say 5 or 6 n. mi. high. Much of the tower
is then in the outflow layer, and the stresses combine to give its resultant
motion outward crossing angle, thus leading perhaps to the breaking away of
the echo tower from its base, and the resulting disintegration of the cloud
itself. During such a process significant amounts of water may be raised to
the middle and higher levels, to remain as multi-cloud layers generally moving
with the winds associated with those layers.

Considerable differences exist in the motions of echoes found over water
and those over land, as well as between those studied during day and night
periods., Although some radar position bias is admittedly present for the
former, both of the transitions indicate that the echoes hecome more con-
centrated near the core region when the storm is over land, and at night.

The effect of the different atmospheric conditions prevailing at night causes
the storm to become more compact and symmetrical and more closely organized
in the core region. The night storm is also generally less intense than the
day storm and has somewhat lower wind speeds, 1f the echoes are used as
indicators. The night echoes were found to move slightly slower than the
day, and the land echoes to move faster than the over-water echoes. The
echo data should also lead to the conclusion that the storm becomes smaller
and more concentrated as it moves from the water to the land environment.

As a matter of fact, Donna did not maintain its over-water state (intensity,
maximum winds, lowest pressure, etc.), but lost considerable intensity as it
moved across the Florida peninsula, as most storms do after making land-fall.
However, the radar bias mentioned above forbids any strong conclusions to be
made directly from the data.

When echo-wind relationships are studied using relatively concurrent
land-based radar data and NHRP flight data, it appears that there are
significant differences between the relationships from quadrant to gquadrant.
Echoes in the right front quadrant move more slowly than winds at low and
middle levels but with crossing angles nearest the winds at 14,000 ft.;
echoes in the right rear quadrant have greater inward crossing angles than
all the winds plotted, but their speeds are near the wind speeds; the echoes
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in the left quadrants more nearly approximate the wind speeds and directions
at the 1,600~ and 1,400-ft. levels. It has been felt for some time that
echo-wind relationships are severely complicated by propagation components,
and the present studies tend to confirm this theory.

It seems apparent from the above that when echo motion is compared to
winds at the various levels reported here for Donna, it cannot be said that
the echoes follow the winds at a particular level in all regions of the
hurricane. Instead, it appears from the very limited observations to date
that there are significant differences in the echo-wind relationships in
the right quadrants. Until far more data become available, one can only
hypothesize that echoes in the right quadrants (especially the right front)
move more slowly than the winds because they are in a low-level region of
generation and are being "ventilated." In the left quadrants (especially the
left rear), the echoes may be in the dissipating stages at somewhat higher
levels and subject to more simple wind transport without affecting their
immediate environment as much as those in the right quadrants.

Although their data did not pertain to hurricanes and was rather limited
at higher speeds, the Thunderstorm Project [2] found that "radar-cloud”
movement was considerably slower than the mean wind speed in the gradient to
20,000-ft. layer when winds exceeded 20 m.p.h. Since almost all of our
echoes are found in regions of higher wind speeds, we should not expect the
precipitation elements to exactly follow the local winds. The important
question which remains is why they appear to follow the winds in some regions
very closely and not in others.

The statement was made intuitively several years ago [1l] that spiral
bands get their shape from disturbances in the low-level flow, but that their
echo components move generally in accordance with the flow at higher levels.
This is now at least partially confirmed by the results of these studies.
Our observation of negative O for echoes in bands means that if such echoes
are to "seed" additional echoés downwind, as proposed by Atlas [1] the spiral
band must be moving outward. This is also the case even for the spiral band
"tails", which Atlas called a region of "generabors", where @ and o (wind
crossing angles) are near zero but where 0. (band crossing angle) is'"maximum
inward. Further work needs to be done on %his problem, but it presently
appears lmpossible for echoes to generate other echoes downwind, except with
a large component normal to the band and possibly near the wall cloud. (a
region not discussed by Atlas), because the bands generally do not appear
to move outward as fast as the observed Vo component normal to the band.

All of the above data shows that there are generally large differences
between echoes in the various quadrants of the hurricane; and some of the
differences become even more apparent when the data are divided into 30°
segments of @e. Then it appears that the logical and most convenient
dividing line through the hurricane from the point of view of echo generation
and motion is from the center of the right rear quadrant through the center
of the left front quadrant,
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Echo motion studies are continuing, but on a finer scale than previously.
The differences in the small-scale motion of echoes inside and outside of
bands and the analysis of that motion with regsrd to the local winds and
storm speed deserve further effort.

The differences between echo motion and wind, all of which we include
under the term "propagation effects", remain as one of the most important
studies to be made when data finally become available on echo motion con-
current with relatively local multi-level winds in the echo environment, A
separgtion of propagstive and advective components, if possible, would lead
to significant advances in understanding the echoes and convective processes
as well as the role of spiral rain bands in hurricanes.
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DoNNA #1 DONNA #2% DONNA {#3%* DONNA_#1%#%

8

- Storm #

] Blank ] Blank - Storm #, (1) lz.
7] Honth ] ] ] Moneh, (1) 3
13-74 3-4

4

Day Day, (1)
] - Blank ] Blank ] ’ z
} Year ] 76-77 ] ] Yeer, (1) 7

7-8
8
] Blank  iank o
Begin E.8.T, Begin E.S5.T., (1) 10
J 24-26 ] D, (c) 111
- Lt(CJ - L[' (1) :;
] radar 1.D.(C) ] Blank ] Blank ] Radar 1.p., (1) i
. 15
J2r-28 1 Vol ] Blank 16
- Blank - Blank 17
18
Blank ] 29-31 ] 8 _(e) ] D,s (3) ;g
- Blank - Blank ] 21
vy (3) 22
] 32-34 ] ra(c) «+ Blank 23
24
] D, (mC) - Blank + Blank ] Dy (1) 25
26
-37
3,200 ] Jreo o @ 3
- Blank 29
] o (m) I e ] o, (3 30
] 42-43 ] v, (<0) ;;
] T (M) « Blank ~ Blank ] r_, (1) 33
¥ - 47 ] X 34
- a_(C) s
} £, () Jiesr4s % ] £ () ge
7
] Blank 1 Blank - Blank 38
39
] BLABK - 55 1v e ] D, (3 40
41
] Blank

1v,m ] Blank 1ve e
- Blank - 56 ] vgte) - Blank 44
Ja @ ] Blank ] Blank ] e, () i‘i
= 11 if a, Neg. ] 58-89 ] klch) : :i::kul,vr,kl, (3) :;
- Blank - Blank 49
Blank - sign on k,(C) ] ver (3} 50
i 62-64 - Blank 51
] B i
1vg @ %
] s1ank ] Biank 2 svar i
= Tracing Basis (C) e i3 = Tracing Basis, (1) 55
- Time Basis D, ,,v_.(C) 1 e5-c6 1 s9-60 - Time Basis D ,.v_o.(1 ):g
el 7 Blank ] Blank * Blank 4
Ir 1r @ 59
145 ] 15-16 o
7] Blank = 2 ] D) 81
- 4 62
] e : : ] e :
] ] 65
v, o0 d ] Iv,, @ i
"1 E - Sign on @ 1 (1) 67
4 4 8 68
d ] le,, m 69
Blank il 4 - Sign on kz, (3) 70
4 Blank { Blank Tk, 71
ji j 2 72
i ] 73
] Tracing # 1 ] ] tracing #, (1) 4
Blank E 1 = Blank 75
an| ] 1 i
Echo # ] ] ] Echo #, (1) 7
] p 78
] Blank - E ] Blank 79
J J 80

(C) Coded - See explanation next page.

(c) Computed or recomputed value - See Fig, 9, sect. 4 and text for definition.

(M) Measured value from tracing.

(m) Measured value but not from tracing; or measured from tracing but later replaced by a
computed correct value.

* Data from indicated cols. {n Donna #1. Input to Donna 1 program, see text.

** Answers to Donna I program. Cols. indicate data from Donna #2. Input to program
Donna I1, III, and IV, see text.

*** Master deck combining corrected data of deck #1 (1) with computed data of deck #3 (3).

Figure Al. - Hurricane Donna echo deck
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- Storm #
] Month

] Day

] vear

1 Begin E.S.T.

{c)
] Radar 1.D.(C)

~ Time L.

} Blank

] D_ (M)

J v a0
- Blank

} D, (m)

] v, (m)
- Blank
- Echo Quad (C)
Blank

r

. o

} LGV RN
] D, (M)
Jv.a0
- Blank
la,m

= 11 if a_ Neg.
- Blank ©

] v_ (<)
= Blank
Tvg®

j Blank

Blank

Blank

Echo #
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Seven storms echo deck



54

COL.
12
13-14

24-26
27-28
30

12

24-26,62-64 DS
27-28,65-66 v and v

55

56

Time Length of Echo Traced-Punch 1: under 15 min; 2: 15-30 min; 3: 31-60 min; 4: over 60 min.
Radar I.D. and Location

Punch Punch Punch

0l. Boca Chica SX 11. Chas. W.B. WSR-1 21.

02. Cape Chas. FPS-3 12. Nantucket SP 22. Eglin CPS-9

03. Cape Hat. SP 13. Univ. Miami SP-1M 23. AQQC WSR-57
04, San Juan SP 14, Patrick CPS-9 24, DAB WSR-57
05. F.W.C. Miami CPs-9 15. Univ. Miami MPS-4 25. NIP CP5-9

06. S. Truro FPS-3 16. MIAC WSR-57 26. MacDill CP5-9

07. Cape Chas. FPS5-4 17. EYW WSR-57 27. MacDill FP5-20
08. M.I.T. 18. Key West FPsS-37 28.

09. Ellington Cps-63 19. Key West FPS-6 29,

10. Alexandria ADC 20.° 30. Tampa WSR-57

D, blank for zero v, or missing data.

v blank for missing data, punched zeros for zero storm speed.

Echo Quadrant-Punch 1: right front; 2: right rear; 3: left rear; 4: left front.

58-59 R blank 1if missing, punched zeros for zero eye radius. Donna II supplied 08 (mean) for 400 +
missing R's. '

DONNA #1 - 3805 CARDS

Time Length of Echo Tracing in # of 5 min periods (mot necessarily entire lifetime of echo).
13-14 Radar I.D. and Location: same as 7 Storms Data.

and DS same as 7 Storms Data,.

1 2

5 same as / Storms Data.

sl

Tracking Basis-Punch 1: Storm center held fixed while tracing echo; 2: Radar center held fixed
while tracing echo.

Time Length Basis of v Z-Punch 1: hourly mean storm speed used; blank if 30 min mean storm
speed used. &

DONNA #2 - 3805 CARDS

This deck has same items as Donna #l1 transferred positionally for computational convenience
only.

DONNA #3 - 3696 CARDS

30-32 ve(c)can exceed 100 while ve(m) Donna #1 could not.

34-36 ae Col 36 and/or 35 are signif. digits; Col 34 or 35 sign ae: 11 if neg., blank if zero or pos.

50

47-48,51-52 kl, k2 left col. signif. digit, right col. power of 10 nec. to approx. kl’ k

47,67,

sign on k., : punch 1 if negative, 2 if zero or positive.

70

—

g
DONNA #1A - 3805 CARDS
Sign on ae,kl,k2 indicated by blank if positive, 11 punch if negative,

Additional Notes for 7 Storms Data and Donna #1
If data group is more than 1 cel. wide bgt data is only one number, punch zero in left
spaces: Month 9 = 09; storm direction 2~ = 0027, etc.

1f any data is missing, punch NO card for that echo. (Donna I substitutes R=8 if R blank).
Punch "X" (or 11) col. 47 if @, is negative. Leave BLANK 1f positive.

No crossing angles greater than 90°,

Col. 18-22 is blank where tracing made holding stcrm center constant on Donna #1 only.

TE Vor Ve Vg greater than 100, punch 99. About 6 such cards were sorted out and deleted
computations on Donna programs.

Vo kl and ae all take-sign from col. 47: Blank if positive, 11 punch if negative.

Figure A3. - Codes and explanations of Al and A2
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Figure AL, - Hurricane

56:Time Basis:l,llv.Maan ¥5,0s; 2, 30 Min.

Carla echo data format
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{Continued from inside front cover)

Some aspects of hurricane Daisy, 1958. H. Riehl, J. Malkus. July 1961.

Concerning the mechanics and thermodynamics of the inflow layer of the mature hurricane. 5. L. Rosenthal.
September 1961.

On the structure of hurricane Daisy (1958). José A. Coldn and Staff, October 19561.

Some properties of hurricane wind fields as deduced from trajectories, Vance A, Myers and William Malkin,
Tovember 1961,

Proceedings of the Second Technical Conference on Hurricanes, June 27-30, 1961, Miami Beach, Fla,
M. A, Alaka, March 1962,

Concerning the general vertically averaged hydrodynsmic equations with respect to basic storm surge
equations, Heinz G. Fortak, April 1962.

Inventory, use, and availability of NHRP meteorological data gathered by aircraft, H. F. Hawkins, F. E.
Christensen, 8. C. Pearce and Staff. April 1962,

On the momentum and energy balance of hurricane Helene (1958). B, I. Miller. April 1962,

On the balance of forces and radial sccelerations in hurrieanes. W, M. Gray. July 1962.

Vertical wind profiles in hurricanes. H. T. Hawkins, June 1962,

A theoretical analysis of the field of motion in the hurricane boundary layer., Stanley L. Rosenthal.
June 1962,

On the dynamics of disturbed circulation in the lower mesosphere, R. H, Simpsen. August 1962.

Mean sounding data over the western tropical Pacific Ocean during the typhoon season. and Distribution
of turbulence and icing in the tropical cyclone. Kenji Shimedas and Z. Hashiba. October 1962,
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