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Equation 1 should read

v Wo

ar aw
3t | ° SOnV < o% Taz

p. 11, 2nd line

2v PRy
convergence —;L not —¥1

Equation (4) should read

L = -/E tan /Ezt + tan_l £ 1= C
/g
2 tan ©

Fig. 1 was calculated with the correct equation.

(4)
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Abstract

Nine GATE waterspouts have been recorded on five experimental days.
From a case study on day 261, we hypothesized (in the Appendix reprint)
that necessary ingredients are a rotating cumulus updraft superimposed
on much smaller-scale whirl (20-100 m across) in the lower boundary
layer. In the day 261 case, we used a three-dimensional cumulus model
to investigate cumulus-scale rotation, which is related to wind shear in
the lower cloud layer. We postulated that a mechanism to initlate the
small low-level whirls could be cold cumulus outflows which would tilt
the horizontal vorticity in the lowest 10 m or so into the vertical;
subsequent stretching mechanisms were proposed which appeared to produce
realistic whirl veloeities in 3-5 min.

This report adds another case study on day 186, where two
waterspouts were observed associated with a persistent cumulus line
whose tops did not exceed 3-4 km. Pictorial evidence was found clearly
associating whirl initiation with cumulus outflows. The two waterspouts
and the cumulus line were collocated with a substantial, persistent
gradient in the sea surface temperatures, which was oriented nearly
parallel to the cloud layer wind shear. Primary data were from two
superposed aircraft, namely the U.S. Electra (elevation 30-160 m) and
the U.K. C130 at cumulus base (about 300 m), which executed three
butterfly patterns across the cumulus line, detecting the ocean front
radiometrically.

Directly above the ocean front, a strong concentrated sea-breeze
like convergence zone was suggested from the winds measured by both

aircraft. Estimated convergence magnitude near the waterspouts was

vii
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about 2 x 102 s~1 in 100 m horizontal distance at the Electra
(160 m) level, weakening somewhat toward cloud base. When this
magnitude convergence is used to stretch the outflow-tilted vortex
tubes, analytical integration of a simplified vorticity equation
suggests that a spray ring vortex (tangential velocity above
22 m s~1) could be spun up in 4 min.

This study supports our hypothesis regarding the role of cumulus
outflows in waterspout initiation and strengthens Golden's evidence that
sea surface temperature gradients may be a key factor enabling modest

cumull to produce waterspouts,
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1. Introduction and background

Intensive multi-platform analyses, including photogrammetric cloud
mapping on GATE day 261 (see, for example, Warner and Austin, 1978;
Warner, Simpson, Martin, Suchman, Mosher, and Reinking, 1979; Warner,
Simpson, Van Helvoirt, Martin, Suchman, and Austin, 1980) led to testing
a minor modification of Schlesinger's (1978) three-dimensional cumulus
model with that data set. Despite realistically weak updrafts (peaks
about 6 m 5‘1), the model clouds exhibited rotation unless the
observed vertical wind shear was removed (Simpson, Van Helvoirt, and
McCumber, 1982). Vortex pairs with vorticities roughly half that of
mid-latitude mesocyclones characterized model c¢louds in the typical GATE
windfield, leading to curiosity regarding waterspouts, together with tle
recollection that one had been sighted on low-level aircraft f£ilm during
that day. A preliminary model and observational study of the clouds
associated with that waterspout are contained in the Appendix of this
report.

The waterspout occurred at the upshear end of a congestus line
flanking a typical GATE cumulonimbus (Appendix Fig. 2.3). The
cumulonimbus, together with the impacts of its downdraft and gust front
system on the subcloud layer, had been modelled in an earlier paper
(Simpson and Van Helvoirt, 1980).

The Appendix study concentrates on a model of the
watergpout-bearing congestus which was growing in an esnvironment
slightly moistened and destabilized by the nearby cumulonimbus. The
model congestus showed realistic rise rates, a maximum updraft of

10 m s~! and a cumulus-scale vortex pair with weak vorticities of



80 x 10~4 s~1 (Appendix Figs. 4.1 and 4.2). A detailed

examination of the terms in the equation for the local time rate of
change of the vertical component of vorticity showed that the vortex
pair is initiated by tilting the updraft of the horizontal vorticity in
the lower cloud layer wind shear and then intensified by stretching,
similar to severe storm caeces studied, for example, by Klemp and Rotunno
(1983). These cumulus-scale vortices are also advected vertically,
upward at first and later down to cloud base as dewndraft dominates the
lower part of the cloud increasingly after 32 min model time (Appendix
Fig. 3.2).

A new, rapidly rising tower was observed by a higher level aircraft
at the time the funnel was seen extending below cloud base. The
cumulonimbus model suggested that the southern portion of its gust front
was rain free. The boundary was barely moving southeastward where it
probably underlay the waterspout bearing congestus. This was deduced
from the model combined with the observed cloud map as follows: the
observed distance between the cumulonimbus tower top (Appendix Fig. 5.1)
and 5ﬁé waterspout were exactly the same as the model distance between
towér top and gust front edge. Thus, model results and observations
were consistent with the hypothesis that the funnel was collocated with
the gust front convergence zone and density gradient. Golden (1974)
noted in his Florida Keys observations that waterspouts frequently were
located at the strongest gradient of equivalent potential temperature
associated with a cumulus outflow.

In the latter part of the Appendix, it was postulated that the gust
front was crucial in the initiation of the funmnel studied. It was

further suggested that the funnel-scale vorticity (on the order of



107! g1 or greater) is always available below 10 m

elevation. This vorticity is associated with the upward increase of

wind veloclty in the surface layer, so that its vector is horizontal.
The purpose of this report is to further develop this simplified

theory of waterspout initiation and to test it against observations of

GATE waterspouts on day 186, where cloud conditions appear strikingly

different from those of day 261.
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2. Relevant GATE and Florida waterspout observations
a. GATE waterspouts

At the time of the Appendix study, only one other GATE waterspout
had been found in the records, namely oie of those on day 186.which was
spotted by an aircraft pillot and photographed by the aircraft scientist.
Some controversy occurred between participants whether the rarity was
caused by difficulty of observation or by the necessary coincidence of
many cloud and boundary layer processes in critical stages of their life
cycles. While day 261 had lower cloud layer stability and somewhat
stronger cumulus updrafts than the GATE norm (LeMone and Zipser, 1980),
the substantial vertical wind shear associated with the southerly
monsoon (Appendix Fig. 2.1) was a daily feature, as were large
populations ~f cumulus outflows and gust fromts which occurred even from
relatively small clouds (see, for example, Warner et al., 1980).

By early 1983, a search among GATE participants' films and notes
had turned up seven additional waterspouts. Two of the seven were
regorted on day 261 by an experienced tcrnado observer. All nine are
summarized in Table 1.

It is clear from examining the now avallable GATE waterspout
photographs that, in contrast to the Florida area, the funnels are
difficult to identify even by a relatively experienced observer mainly
because of poor visibility below cloud base. Furthermore, the GATE
funnels were commonly small and short-lived, although three of those in
Table 1 produced spray rings. According to Golden {1974), a spray ring

indicates tangential wind speeds above 22 m s~l1, on day 186, the

characteristic early stage dark spots were first rather easily noted on

the aircraft film and, after more careful examination, a funnel was
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Waterspouts recorded in GATE (up to May 1, 1983)

Julian Day Date Time Location Observet Remarks
1974 GMT
186 5 July 1200 Nr, Quadra Crossman No cu abave 4 ke
186 5 July 1200 Nr, Quadra Simpson On alrcraft film
252 9 Sept, 0930-1000 SW Quadra Polavurapu Spray ring
255 12 Sapt. 0930 NW Dallaws Tollerud/button Spray ring
255 12 Sept. 1110 Nr. Quadra Polavurapu Fhotoed 4n
distance
255 12 Sept. 1930-1940 N Gillds Bluestein Funnel cloud.
Moderate towering
cumulus
261 18 Sept. 1346 9,75N; 21,09 Simpson On aireraft film
261 18 Sept. 1835 W. Gillis Bleestein Funnal cloud
261 18 Sept. 1845 N. Gillis Bluestein ::2.2"3::}.;,33?
with spray ring
TABLE 2
Order of Magnitude of Variables
Associated with GATE Gust Fronts
At ~10 m Elevation
(One Minute Averages)
Variable Symbol Magnitude Remarks
Vertical Vorticity ¢ _tlo'zs"l Peak Value
Convergence Conv, l().'zun1
Updraft Gradient Iw/ax 21;1[)“31—l Near Gust Front
Updraft Max Voax 0.2 m/sec Near Gust Front
Draft Radius Ax 100 = Could be Less
Ambient Windshear %‘;‘E 1074t Logarithmic Profile
Tilting Term %":(’. %.\:.6.. 0.2x10" 3%~ Conservative
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detected protruding downward from the cloud. Enough waterspouts have
been found at this time Lo feel reasonably certain that more would turn
up if all the film, from both low-level aircraft and the ships, were
painstakingly examined. In particular, Table 1 shows multiple
waterspouts on all days which have so far been intensively studied. At
present, this excludes September 9 on which no airueraft flights were

made in the GATE ship array.

b. Variables associated with GATE gust fronts

Extensive observational analyses of GATE gust fronts were carried
out by Garstangl and colleagues at the University of Virginia. Some
of the material appears in a dissertation by Addis (1983). Particularly
relevaut to this study are observations made by the instrumentation on
the ship's boom at 10 m and on the tethered sounders. It was noted that
vertical velocities on the scale 20-100 m were greatly enhanced jJust
ahead of gust fronts. Since the tilting term ahead of a gust front and
the convergence and vorticity associated with the density boundary are
of particular interest to the hypothesis in this report, typical values
are shown in Table 2. These values are 1 minute averages (corresponding
to a horizontal distance of about 300 m); shorter-interval values can be

considerably higher.

IMany of the analyses appear in a report to the National
Science Foundation entitled "The Tropical Atmospheric Boundary Layer,
Part II" by M, Garstang, J. Simpson, G. D. Emmitt, E. Augstein,
G. M. Barnes, D. Fitzjarrald, R. Addis, E. Tollerud, and C. Warmer.
Department of Envirommental Scieunces, University of Virginia,
Charlottesville, VA, September, 1980, 105 pp. Additional information on
the short-term variability of parameters at elevations of 10 m near and
across GATE gust fronts has been obtained in personal communications
from R. Addis and G. D. Emmitt.



The z axis points vertically upward;‘wg is the prevailing
horizontal wind velocity vector, so that 8¥/3z is the ambient low-level
ghear. On day 261, ¥, is from the gouth, the x axis points to the
east, normal to the density boundary (Appendix Fig. 5.2) directed from

denser to less dense air.

c. Florida waterspout observations

Florida waterspouts have measured cireculation velocities of
4-35 m s~! with diameters ranging from 7-150 m. Funnel velocities
are 10 m s~1 or greater (Golden, 1974). Schwiesow (1981) added to
Golden's information using airboxne Doppler lidar to obtailn the
three~dimensional velocity fields in and near the waterspout funnels.
Results showed rough coincidence between the funnel wall and the outer
limi. ¢4 the solid rotation, characterizing the inner vortex, which will

be used in the theoretial development to follow.

ORIGINAL PAGE i3
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3. Hypotheses for funnel-scale vortex initiation in the lower
planetary boundary layer (I2L) and for the connection to overlying
cumuli

a. Physical postulates

It is hypothesized firstly that a gust front boundary may tilt
prevailing horizontal vorticity into the vertical at low levels {on a
hotizontal scale of 10~100 m) and that the vorticity is then further
intensifled and concentrated by the convergence assoclated with the gust
front., Pre-existing vertical vorticity in the gust front zone may also
contribute to the rapid spin-up of a funnel-sized whirl or several
whirls (cyclonic or anticyclonic) along a line or arc. These whirls may
make themselves visible under low wind conditions as roundish dark spots
cn the water surface.

Secondly, to develop a full waterspout, a cumulus with rotatiomn as
described in the Appendix model study, with a new actively risiﬁg tower,
must pass somewhere nearly above the low-level whirl. Emmitt (1978) has
shown that even failyly modest GATE cumuli had "roots" or cumulus-scale
updrafts extending continuously down into the upper PBL as detected by
the ship's boom instrumentation at 10 m, as well as by the wire-mounted
sounders., These cloud roots may be envisaged as a population of
"tentacles" reaching down into the interface layer which may "catch” a
low-level vortex from time to time. A similar process is apparently
seen on the film of the Purdue laboratory experiments (Snow, 1982) when
a surface whirl suddenly is connected up into the larger scalc rotating
ascent created by the warming and the fan.

Actually, in the day 261 case studied, the superposition of the

vortex containing cumulus congestus with its new tower roughly above
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several surface whirls way not be entirely coincidental, as the
cunulonimbus outflow may provide the forcing function for the new
cumulus tower as well as the tilting of the lower boundary vorticity.
The cumulus tops in the postulated vicinity of the outflow boundary had
a "boiling" appearance on the ailrcraft film, which was quite different

from those tops away from the vicinity of the cumulonimbus,
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4, Simplified analytical approach to funnel-scale whirl initiation

The local time rate of change of the whirl's vertical velocity g

will be assumed to be determined by tilting and stretching only, namely

oV

9 - ow 0 .
5t - SOV - 5% Ty (1)

where most of the symbols were explained in connection with Tablr~ 2,
All other terms in the vorticity equation can be shown to be much
smaller than these two on the space and time scales considered, namely
10100 m, 1~5 minutes. The vortex will be assumed to be in solid

rotation so that £ = 2u where w is the angular vglocity. Therefore,

=&
Vg=3r )

where V@ is the tangential velocity and r 1s the radial distance from
the center. The tangential velocity is maximum at the funnel wall ry,
assumed 25 m here (Appendix Fig. 2.4).
The tilting term will be held constant at the value shown in
Table 2. Actually, w might increase during vortex development and V' may
also be altered, but only early stages are under consideration.
Equation (1) will be solved for three cases, as shown in Table 3.
Physically, in Case 1, the gust front convergence (assumed
constant) aids the tilting provided by the eddies just ahead of it, but
no initial vertical vorticity is assumed. Case 2 is identical except |
‘that the gust front is assumed to have the initial vorticity given in
zTable 2. In Case 3, early connection between the whirl and the cloud

roots has begun, causing spiralling inflow at a 10° angle, consistent

with the photographs of Golden (1974). In this case, a radial velocity,

10



Ty = Ve tan O, occurs at the funnel edge, vanishing at its center so
v
that a convergence -;E-is added to the walue in Table 2.

ORIGINAL PAGE iS
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Vortex Initiation Cases

Tilting Conv % Inflov Angle 6
Case 1 As Table 2 As Table 2 0 0
Case 2 As Table 2 As Table 2 As Table 2 0
Case 3 As Table 2 Increasing 0 10°
from
Table 2

Thg analytic solution to equation (1) in Cases 1 and 2 is

L Ct (3

t;=—C'(eCt-1)+coe
where L denotes the tilting term and C denotes the convergence term,
both constant by assumption.

The two right-hand curves (x-dashed and solid) in Fig. 1 shew the
development of vertical vorticity and maximum tangential velocity (from
equation 2) for these two cases. Reasonable whirls with speeds of 5
and 7.5 m s~1, respectively, exist after 5 minutes.

When 10° inflow is superimposed in Case 3, so that convergence

increases with time, the solution becomes

c = vV q tan[ -{%—E + tan—:L 'Q—J (4)
Vg

2 tan ©
where ¢ = 4Ltan ©- C2

The triangled (dashed) curve in Fig. 1 shows that the vorticity and
tangential velocity go to infinity by 3 minutes in this situation,
meaning that other forces such as friction become important, or
conditions change substantially, or both. The significance of the
result is the enormously enhanced growth rate of the vortex caused by

the imposition of intensifying convergent inflow, postulated here to be

11
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VORTICITY DEVELOPMENT AT Z ~ 10M
70 T i T T I 1
& g
INFLOW 10°: '
60 I GUST FRONT ~ 75
N CONV AND
I o VORTICITY
%, 60 ‘,{ DAY 186 -
= i, CONDITIONS
[V I
> [ GUST FRONT
E 40| 5 CONV ONLY - 5
Q
= |
£ Y /
S g / v
. 30 N
<
o
-
g 20 - 88
10 -]
| |
1 2 3 4 5 6
A TIME (MINUTES)
Fig. 1. Vorticity and Tangential Velocity Development with Time in Early Stage of Low-level Funnel-scale Whirl,

The calculations for vorticity are made from equation (1) and for Vg from equation (2). Initial
conditions for 3 curves (x-dashed; solid, with circles; dashed with triangles) found in Table 3. Curve
labelled "Day 186 conditions™ (dashed, with squares) is discussed in Section 5d.
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a consequence of the rotating ascent above the surface whirl. In this
example, the vortex would create a spray ring at 175 secs.

The cornerstone of the present hypothesis is the role of the
cumulus outfiow boundary in initiation of one or more low-level whirls
which are in earliest stages vertically separate from a rotating cloud
updraft above, which may or may mot be placed there by interaction with
other cumuli.

To test that part of the hypothesis regarding initially unconnected
(Ln the vertical) whirls on different scales will be difficult
observationally. To find other evidence from GATE data that cumulus
outflows play a role in the small vortex initiation process will next be

attempted.

13



5. Observational analyses of waterspouts on GATE day 186

a. Overall conditions and distinguishing features

GATE day 186 was selected from the Table 1 cases primarily because
a waterspout and its associated clouds were observed from the
U.S. Electra alrcraft. That aircraft was flylng repeated butterfly
patterns as the lowest member of a four ai»craft vertical stack; this
meant that some spatial and temporal data coverage was likely, in
probable contrast to the cases involving ship sightings which may be
studied later. Other reasons for selection of day 186 were 1) the
cumulus development was suppressed in considerable contrast to day 261
and 2) highly experienced observers were involved in the aircraft
flights?2,

On day 186, a line of small cumulus, some few of which were
showering, persisted in the vicinity of the ship QUADRA through at least
daylight hours. At no time did the tallest towers exceed 4 km. This
figure was estimated by the aircraft sclentists at the time and checked
by using the Electra film during this study. Figs. 2 and 3 show that
the line was orienicd from about southwest to northeast (actually 215°
to 035°). The clouds of interest were located about 120 km almost due
north of the QUADRA.

The prevailing wind shear around waterspout time (near 1200 GMT)
was difficult to determine since the ship winds failed and back-up

dropwindsondes were finished several hours earlier. It was estimated

2pr. Edward Zipser was Airborne Mission Scientist and
Dr. Robert Grossman was the Electra Scientist who noticed and
photographed the waterspout. Both have been enormously helpful in the
analysis.

14
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Fig. 3.

ORIGINAL PAGE 13
OF POOR QUALITY
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-
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1VT°N

/ C4
/ ®
QUADRA

y /° 50 KM

23.0 22.0
W. LONG.

PPI Radar Echoes from Ship QUADRA for 1157 GMT. The dashed line, constructed by eye, indicates the

NNE~WSW orientation of the echo line. 7The first of the three butterfly patterns executed by the
Electra aircraft has been superposed to scale. The nther three rircraft executed the same pattemrn at
higher levels. The two waterspouts, found on the Electra film between 1200-120) GMT one on each side

of the aircraft track are denoted by X's. Note that the waterspouts were found between and not far
from echoes B and C.
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from flight-level winds on board the several aircraft, together with
cloud pictures obtained from the Electra, that the shear in the lower
two-thirds of the cloud layer was closely parallel to the cloud line,
from roughly southwest, with a magnitude between 2.5 to
4 m s~} km~1 depending how one treats the reported
flight-level winds from the French DC-7 aircraft. In any case, the
magnitude was comparable to that on day 261, wlthough the direction was
almost opposite,

The thermodynamic conditions of the atmosphere are shown in Fig. 4.
The Electra sounding locations are indicated on Fig. 5. Despite the
substantial distance from the QUADRA, the ship and aircraft soundings
made at the same time are quite similar to each other. The much more
suppressed convection on this day relative to day 261 is illustrated by
a drier sounding on day 186, together with a pronounced stable layer
based at 850 mb. Around noon only the tallest clouds attained heights
above the stable layer. As the afternoon progressed, the stable layer
became stronger (Fig. 4b), associated with further suppression of
convection. No tops above 2.4 km were measured by 1530 GMT. By
1500 GMT, very few showers were occurring along the cloud line, while
near the location of the earlier waterspouts small cumull were still
actively growing although none produced precipitation.

The two waterspouts were recorded on the film nearly simultaneously
(1200-1201 GMT). Locations are noted on the schematic cloud map
(Fig. 5). It was difficult to determine the height of the cumulus tops
overlying the waterspouts from the Electra film. The highest tops in
their vicinity appeared to be roughly 4 km from the aircraft's turning

descent five minutes earlier, in agreement with the aircraft scientist's

17
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GATE —20° >/

DAY 186 °\

QUADRA e

12 GMT

X ELECTRA —10°%
O DAY 261

/-
00
/ 900 MB
— /)g“-‘la;. — 1000 MB
10° 20° 30°

Fige. 48+ GATE Day 136 Soundings for 12 GMT. The Electra values obtained on descent into the butterfly pattern

Fig. 4.

between 1145 and 1200 CMT as indicated on Fig. 5. Lower arrow denotes observed cloud base, 4 ka
indicates estimated tops of tallest clouds.

DAY 186
QUADRA
18 GMT

X ELECTRA

10° 20° 30°

Fig. 4b. GATE Day 186 Soundings for 1600 and 1800 GMT. QUADRA sounding wus made at 1800 GMT. Electra sounding

Was made on ascent out of the butterfly pattern (see Fig. 3) at 1600-1610 GMT. Note pronounced
stabilization and drying relative to earlier soundings in Fig. 4a.

GATE thermodynamic soundings of tem { + The dashed line 1is the
wet adiabatic ascent from the observed cloud base. e 80 soundings, X's are

obtained by the U.S. Electra aircraft and the circled dots com rise the sounding used in the A di
for the day 261 model cloud which produced a waterspout, P s use ® Appendix

18
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GATE / -10.6
DAY 186

—-10.4

f"‘o.s

—10,2

10.1

|
223 22.1
W LONG

Fig. 5. Schematic Map of Significant Features. Note waterspout-associated dark spotw, QUADRA-cbserved radar
echoes. Electra aircraft track (times are the four digit numbers (from 1159~1203 GMT and from
~1330-1333 GMT), corrected sea surface temperatures (SST's) ae obtained from the Electra radiometer
(three digit numbers), one-minute average flight-level winds with speeds indicated inm s =1 (two
digit numbers). Wind barbs are plotted conventionally in knots, with one-half barb for each five
knots, Only two of the tallest cumulus towers seen on the film are plotted, namely T and T' which were
estimated close to 4 km. Similar appearing towers were located approximately above showers C and D but
could not be meamured. Both waterspouts were beneath non~showering clouds which extended across the
aiccraft track and on to the west-southwest, There were several parallel lines of non-showering cumuli
to the east (warm ocean) side of the shower line and virtually no cumuli, except occasional extremely
suppressed fractocumull to the left of the dashed line labelled "Weat End of Cloud Line.” The Electra
soundings were made on descent (11451200 GMT) and sscent (1500-1610 GMT) into and out of the pattern
terainating and beginning, respectively, at the left end (arrow) of the line indicated. The dark spots
are drawn larger than to scale to be made visible. The dark line (inferred to he gust front edge)
connected to southern dark spot fe dzawn roughly to mcale.
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recorded estimate. No cloud top which could be measured later by
careful photogrammetry exceeded about 3,2 km. Fig. 4 suggests that
cumull would have to be strongly dynamically forced and/or the sounding
altered in their vicinity to attain top heights of 3~4 km around noon
(Fig. 4a) and 2.4 km arourd midafternoon (Fig. 4bh).

The actual funnels are hard to see on the photographs (Fig. 6) but
the circular cark gpots on the wacer are clearly visible. There were
two distinct dark spots asgsocliated with the northern waterspout (the one
photographed by aircraft scientist Grossman) and possibly more with the
southern more distant waterspout which was detected during our film
analysis. The funnels measured 25-30 m across; tue dark spots had
diameters of about 150-200 m. According to Golden (1974, loc. cit.),
the dark spots appear at the earliest detectable stage of waterspout
development. A dark spot may or may not become associated with a
downward developing funnel.

The most important feature relevant to the theory is noted on
Fig. 6 where the dark spot related to the southern fumnnel appears at the
end of a dark line on the water, to thé south of which occasional
whitecaps could be seen; these were also noted by #he alrcraft observer
on the UK-Cl130 aircraft. In both waterspout c&ses, a shower can be seen
further away from the aircraft in the background. The evidence is
therefore, substantial that these waterspouts were collocated with
outflow boundaries from showering cumuli.

b. The maintenance of the cloud line by the ocean temperature
gradients
The persistence of the cloud line for more than 9 hours in the same

position together with the strange appearance of the sea surface noted
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Fig. 6a. Print from right side " K ’ n o e il showing north waters Lt ! . black arrow) just
beginning and two sea sur . wrk spots (white arrows), Time MT plus about ) sec, Camers silmed
toward 12° Fast f Nort

Fig. 6b. Print from hand held 15 mm camera (wllide by aircraft sclentist Dr. Robert Grossman, Camera aimed
toward northeast, Arrow notation same as ». Time 1200 CMT plus about 9 sec.
Fig. 6. Photographs from Electra Alrcraft ATE Day 186.
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Fig. 6¢c. Print from left side-looking If movie film showing south waterspout funnel lack arrows), surface
darkapot (short white arrows) and edge of gust front (larger white arvrows ). Time (201 GNT; camera
almed tovard 2% West of ¢ th.

Fig. 6d. Print from left side~looking camera at 1446 OMT (second butterfly), camera aimed toward northeast,
showing that cloud layer shear {s from about southwest, This cloud's top is at about 3.2 km, typical
of the increasing suppression with time.

Fig. 6. Photographs from Electra Afrcraft on GATE Day 186.
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on the film and by all aircraft observers suggested that ocean structure
may have been responsible for its sustenance. The western portions of
the butterfly patterns had virtually ciear skies, weak surface winds and
strange smooth streaks, wavy patterns and blobs on the sea surface
reminiscent of the upwelling eddy patterns cften noted in strong tidal
currents and at the edge of the Gulf Stream.

The sea surface temperatures (SST's) as measured by PRT-5
radiometers on the Electra and UK-Cl30 aircraft were carefully examined,
before and after correction for the effects of water vapor below the
aircraft. On both aircraft records, an SST gradient of 0.5-1.0°C was
found concentrated in a band less than 20 km wide extending apparently
continuously for more than 170 km in a northeast-southwest direction.
The real gradient across the band was probably stronger since the water
vapor intervening between aircraft and surface reduces gradients as well
as absolute values of remotely detected SST's (Brown and Evans, 1982).
The Electra was at 160 m elevation when passing the waterspouts (it flew
at 30-90 m later) and the Cl130 was at 300 m, just below cloud base. The
graphically estimated corrections were 0.3C and 0.5C, respectively. The
SST's plotted on Fig., 5 are the Electra corrected values. The C13C
corrected values give an absolute value of SST about 0.5C higher,
although gradients corresponded almost perfectly. The higher values are
more consistent with the soundings in Fig. 4a and the cloud structure.

The cloud line was located over the region of strongest SST
gradient, not over the warmest witer. If we use the C130 SST's, the sea
surface temperature was 0.4-0.5C warmer than the lowest air on the east
side of the cloud line, with the sea-air temperature difference

decreasing to zero or slightly negative as the suppressed region west of
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the cloud line was reached3. The surface alr temperature in Fig. 4a

( was estimated from the lowest point on the Electra sounding at 100 m by
using a dry adiabatic lapse rate down to the sea level pressure as
determined at the QUADRA.

It is not known for certain that the approximate alignment of the
sea surface isotherms with the wind shear vector in the cloud layer was
fortuituous. In any case, the coincidence should have strengthened the
cloud line, since orientation along the shear vector is generally
favored (Malkus and Riehl, 1964). However, the primary forcing of the
cloud line and the reason for its being anchored on the SST gradient is
hypothesized to be wind convergence related to a sea-breeze type
circulation produced by the horizontal temperatuie gradient. Malkus
(1957) showed that SST gradients of this magnitude or less are often
assoclated with cumulus groups in the western tropical Atlantic; she
estimated the magnitude of the "seabreeze" circulation using "equivalent
mountain” theory.

To pursue this idea the low level windfield is examined next.

c. The low-level windfield

The Electra aircraft data were obtained in the form of both
l-minute and l-second averages. Winds were plotted for all three
butterfly patterns (the last incomplete) and examined for side-slip
bias, which appeared to be negligible. A substantial wind shift
occurred every time the aircraft crossed the cloud line. Winds were

from easterly on the east side shifting to northerly on the west side.

3Both SST's and low-level air temperatures increased slightly
toward the south, the data suggest 0.5-1.0C increase from C) southward
to the QUADRA. '
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The shear vorticity was cyclonic with convergence obvious; the wind
shift occurred exactly at the waterspout location as seen in Fig. 5.

The amazing finding occurred when the l-second winds were examined.
The windshift took place virtually entirely between consecutive l-second
values, namely it was confined to an interval of about 100 m in the
horizontal! An attempt was made to estimate both rectangular components
of the convergence and the vorticity. This procedure can have pitfalls
but the results regarded on a "what if" basis are thought-provoking.

The convergence and vorticity (at 160 m elevation) jumped to
l-second peaks of 2%x10~25-1 and 7x10~3s-1
respectively, nearest to the waterspout location! When the aircrait
repeats the same path ! hour and 38 minutes later, the estimated
convergence is still about the same, although the cloud tops are lower,
waterspouts are not observed and showers are no longer seen on the film,
If these estimates are even approximately valid, the implication is that
the forcing by sea temperature gradient and low-level air convergence
remained fairly constant while the convective response of the atmosphere
weakened because of the stabilization and drying (Fig. 4b).

The most important finding, however, is the concentration of
convergence on the PBL eddy scale - essentially the funnel scale -~ and
what this concentration may mean for vortex development. The
concentration of the convergence, regardless of the question regarding
magnitude, is almost surely outside the errors of the aircraft
instrumentation, particularly since it was encountered each time the
aircraft crossed the cloudline and at no other places in the flight

pattern.
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Supporting evidence was found in the l-second data from the UK
C130. At 300 m, the windshift located above the warm edge of the SST
gradient was in the same sense but much less pronounced than that
observed by the lower aircraft, owing in considerable part to the
stronger winds at cloud base (about 4 m sl versus 1-2 m 871
at the lower level) in the crucial region near the waterspout location.
However, the estimated convergence in the 100 m horizontal interval of
the windshift was roughly half as great at cloud base as that estimated
from the Electra winds at 160 m. This upward decrease of convergence 1is
consistent with theories and observations of tropical seabreezes
(Malkus, 1957) and less consistent with an alternative hypothesis that
the clouds themselves caused the convergence below them.-

d. Vortex growth hypothesis considered with day 186 evidence

On day 186, there may have been one more ingredient present to spin
up a funnel-scale vortex than those we hypothesized for day 261. As
postulated for day 261, there were cool outflows from showering clouds,
whose boundaries evidently were collocated with the dark spots on the
water, The postulate regarding tilting could equally well apply - and
is equally untestable with the existing data. However, on day 186, the
waterspouts formed in a concentrated convergence band whose magnitude
may have been as great as 2x10"2s~1 on the 100 m scale.

Hence, we will apply equation (3) under the following conditions:

Tilting term = 0.2x10"3s~2 (constant)

Convergence = 2x10~%s™1 (constant) from obs

Initial vorticity (g,) =  5x1073s-1 gyon obs.

The dashed-dotted curve in Fig. 1 gives the result. The vortex growth

rate is more than tripled by the superimposition of the doubled
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convergence; this model vortex would spin at Vo = 22.7 m s~1 at

4 min, thereby casting up a spray ring.
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6. Conclusions, questions raised and recommendations

The evidence from GATE day 186 appears strongly supportive of a key
portion of the hypothesis advanced in the Appendix regarding waterspout
initiation. It is not inconsistent with the remainder. Day 186 data,
particularly Fig. 6, shows a waterspout loccated at an ouf:flow boundary, in
support of the postulate that convective outflows can play a crucial role
in their generation.,

Different originating mechanisms appeared to provide the key
ingredients on the two days. On day 261, the hypothesis was that the
tilting by and convergence in the gust front outflow from a nearby
cumulonimbus initiated the low-level funnel scale whirl., On day 186,
which was much more suppressed, 1t appeared that a concentrated
seabreeze-like convergence related to an ocean temperature gradient both
sustained the cumuli, and superimposed itself on two outflow boundaries,
so that two waterspouts appeared simultaneously, one on either side of the
observing aircraft.

The role of the sea-breeze like convergence associated with strong
SST gradients raises fascinating questions in connection with waterspouts.
GAIE oceanographers found similar ocean fronts on numerous occasions?.
Woods”® hypothesizes that they may originate by interaction between
rainwater puddles with nocturnal convection and mesoscale jet streaks in
the thermocline. 1In the waters off the Florida Keys and the Bahamas,

surface temperature gradients are well known and pronounced. Golden

4personal communications from Feodor Ostapoff and John Woods.

°In a paper to be presented at the IUGG Conference at Hamburg,
FRG in August 1983.
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(1974, Fig. 7) noted preferred locations for waterspout formation
associated with surface warm spots.

A most interesting question raised by te day 186 study concerns the
spectacular concentration of the atmospheric convergence (~100 m) in
comparison to the apparently much more spread out SST gradient (about
10-20 km). A high resolution version of a model such as that of Pielke
(1974) could be used to investigate this interesting aspect of sea-air
interaction. Also, a small research vessel equipped with water
temperature thermistors and atmospheric boundary layer sounders similar to
those used by Emmitt (1978) in GATE could inexpensively document
relationships between SST's, low~level windfields, cumull and possibly
waterspouts in the Florida Keys.

Meanwhile, we hope to investigate the remainder of the GATE
waterspouts in Table 1 with whatever data there are available and also to
pursue further studies of the connective mechanism between the small

surface whirls and the rotating cumulus cloud above.

29



ACKNOWLEDGEMENTS

This work could not have been conducted without the generous and
extensive help of Drs. Joseph Golden and Edward Zipser who provided data,
valuable analyses, enthusiasm and constructive criticism at all stages.
The idea concerning the role of cumulus outflows in tilting low-level
vortex tubes was evolved jointly with Professor Bruce Morton, with whom I
plan a publication on waterspouts using the GATE cases as examples.

The writer is again grateful to the serendipity of NCAR pilot
Gil Zinser for sighting the waterspout and to her GATE colleague
Dr. Robert Grossman for photographing it, retaining the photograph, his
notes, tapes and thoughts for nine years, which proved invaluable,
Dr. Charles Warner provided the ship soundings and other excellent help.
I am grateful to Drs. Robert Addis and George D. Emmitt for information on
GATE gust fronts. Oceanographers Feodor Ostapoff and John Woods supplied
fascinating material on ocean fronts and their possible genesis.
Professor David Rodenhuis pointed out correctly that the simplified
vorticity equation used could be solved analytically and the physical
basis for its use explained better. Appreciation is owed to the numerous
GATE participants (mostly listed in Table 1) who wrote or phoned me with
their records of waterspouts seen and/or photographed.

Last but by no means least Goddard colleagues William Skillman and
Cora Lee Sawyer carried out aircraft data analyses; Lafayette Loag and
William Skillman helped with the photogrammetry from the Electra films and
Lafayette Long supervised production of all diagrams. Cora Lee Sawyer,
Vicky Chin and Kelly Wilson typed the several drafts of the manuscript.

Lee Dubach kindly served as Editor.

PRECEDING RAGE BLANK NOT FILMED

31



REFERENCES
Addis, R. A., 1983: Surface outflow of convective storms. Ph.D.
Dissertation, Department of Environmental Sciences, University of
Virginia, Charlottesville, VA, 317 pp. Relevant parts submitted to

Boundary Layer Meteorology.

Brown, O. B. and R, H. Evans, 1982: Visible and infrared satellite remote

sensing: A status report. Naval Research Reviews, 24, 7-25.

Emmitt, G. D., 1978: Tropical cumulus interaction with and modification

of the subcloud layer. J. Atmos. Sci., 35, 1485-1502.

Golden, J. H., 1974: Scale interaction implications for the waterspout

life cycle II. J. Appl. Meteor., 13, 696-709.

LeMone; M. A, and E. J. Zipser, 1980: Cumuilonimbus vertical velocity
events in GATE. Part I: Diameter, intensity and mass flux. J.
Atmos. Sci., 37, 2444-2457.

Malkus, J., 1957: Trade cumulus cloud groups: Some observations
suggesting a mechanism of their origin. Tellus, 9, 33-34.

Malkus, J. and R. Riehl, 1964: Cloud Structure and Distributions Over

the Tropical Pacific Ocean. University of California Press,

Berkeley and Los Angeles, 229 pp.
Pielke, R. A., 1974: A three~-dimensional model of the sea breezes over

south Florida. Mon. Wea. Rev.; 102, 115-139.

Schlesinger, R. E., 1978: A three~dimensional model of an isolated
thunderstorm. Part I: Comparative experiments for variable ambient

wind shear. J. Atmos. Sci., 35, 690-713.

Schwiesow, R. L., 1981: Waterspout velocity measurements by airborne

Doppler lidar. J. Appl. Meteor., 20, 349-360.

3 ~ e IS O WY ,"7'1'}*
PRECEIING RACHE RIANE, ROL FYUMED

33



Simpson, J. and G. Van Helvoirt, 1980: GATE Cloud-subcloud interactions

usisg a three~dimensional cumulus model. Contr. to Atmospheric

Physics, 53, 106-134.
Simpson, J., €. Van Helvoirt and M. McCumber, 1982: Three-dimensional

simulation of cumulus congestus on GATE day 26l. J. Atmos. Sci., 39,

Snow, J. T., 1982: A review of recent advances in tornado vortex

dynamics. Reviews of Geophysics and Space Physics, 20, 953-964.

Warner, C. and G. L. Austin, 1978: Statistics of radar echoes on Day 261

of GATE. Mon. Wea. Rev., 106, 983-994.

Warner, C., J. Simpson, D. W. Martin, D. Suchman, F. R. Mosher and

R. F. Reinking, 1979: Shallow cunvection on day 261 of GATE:

Mesoscale arcs. Mon. Wea. Rev., 107, 1617-1635.
Warner, C., J. Simpson, G. Van Helvoirt, D. W. Martin, D. Suchman and
G. L. Austin, 1980: Deep convection on day 261 of GATE. Mon. Wea.

Rev. ’ 108’ 169-194l

34



i

ORIGINAL PAGE |
OF POOR QUALITY

APPENDIX

Cumulus Rotation: Model and Observations
of a Waterspout-bearing Cloud System

J.Simpson

1 Introduction, Motivation, and Background Research

Intense cumulus rotation ha - been found to precede severe
tornadic storms. Substantial ausances in documenting and under-
standing precursor conditions for destructive tornadic vortices
have been made using Doppler radar observations. A-typical
tornado~associated "mesocyclone" has a diameter of 5~10 km, tan-
gential wind velocities 15-25 ms~' and vorticities in the neigh-
borhood of 10~2 s-1, Only about 60 percent of these strong meso-
cyclones produce funnels, however, suggesting that a special
juxtaposition of a number of conditions is required,

Waterspouts appear to be similar, less intense atmospheric
vortices, more accessible to measurement, This paper addressed
the conditions required to produce a waterspout, using a three~
dimensional cumulus model and observations made on a well~
documented day (261) of the GATEl experiment of the Global
Atmospheric Research Program, Primary emphasis is placed on the
simulated development of cumulus-scale rotation. Second and more
speculative emphasis is addressed to pussible dynamic connections
betwee~ the mesoscale rotation at intermediate cloud heights and
the concentrated vortex funnel observed below cloud base,

Numerical model results (SCHLESINGER, 1978) and observations
(HEYMSFIELD, 1981) show that rotation, usually in a cyclonic and
anticyclonic vortex pair are the tule rather than the exception
in cumuli growing in a windfield which varies with height. 1In
particular, BLECHMAN's (1981) application of SCHLESINGER'S model,
with no initial wind perturbation, shows mesovortex strength
increases non-linearly with shear magnitude~-rapidly at first and
then levelling out at vorticity of about 10-2 s-l when shear
magnitudes reach about 1.5 x 10~3 sec~l (in the layer 1~4 km with
the same statically unstable thermodynamic sounding used by
SCHLESINGER) .

Two studies of the cumuli on day 261 of GATE have been per-
formed with the same model using a precipitation scheme modi~
fied for tropical clouds. SIMPSON and VAN HELVOIRT (1980) simu=-
lated both the observed cumulonimbus and the cumulus congestus
to investigate downdrafts, gust fronts and their impacts on the
surface layer, The dependence of mesovortices on shear and their
relation to organized entrainment was explored in further con~
gestuy model studies by SIMPSON, VAN HELVOIRT, and MCCUMBER
(1981). The finding of mesovortices in all the model clouds,

lGATE stands for GARP Atlantic Trepical Experiment

Topics in Atmosplexic and Oceanographic Sciences
Intense Atmospheiric Vortices, ed, by Bengtsson/Lighthill
© Springer-Verlag Berlin Heidelberxg 1982
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combined with recollection of an observed waterspout on GATE day
261 (one of two recorded on all 60 days of that field program)
led to this effort to illuminate the combination of processes
required,

2 Key Aspects of the Observations

The oceanic clouds and theilr surroundings in the study area
on GATE day 26) were observed by five instrumented aircraft fly-
ing vertically stacked in a box pattern 150 km on a side, The
northeast corner of the box, located at 10°N lat,, 21% long.
contained a developing cumulonimbus system, which intensified
while propagating slowly southwestward. Three of the GATE re~
search ships were located just outside the box to the west and
gouth, providing radar data, wind profiles (Fig. 2.1). thermo-
dynamic soundings (Fig, 2.2) and boundary layer measurements,

12
‘Q;\\\ {10
& VX 18
16
sre
/%Jm
2
270°% 4 -—-—E-——d 90°*
4 12 4
[ 2 mA Fig. 2.1. Hodograph of ob~-
* gerved wind profile near
T4 waterspout cloud on GATE day
261, Wind at any level is
6 vector from center to level's
180° imags point

Fig. 2.3 shows the northeast corner of a detailed photogram-
metric cloud map constructed from the aircraft £ilms, Components
of this map appear in extensive analyses of convection on thkis
day (WARNER et al. 1979; 1980), fhe cloud heights (km) and
locations agreed extremely well in comparison with both radar

and satellite data,

The watersgout (Fig, 2.4) was captured on the side-looking
cine camera of an Electra aircraft flying southward at 540 m
elevation. The funnel was directly under the eastern edge of
a congestus at the upshear end of a line flanking the cumulonim-
bus in Fig. 2,3, Restricted visibility prevented observation of
the direction of funnel rotation, The congestus tower appeared
stalled a+ about 7.8 km, as measured by a higher level aircraft
(at 6.5 km elevation) just 2 min 50 sec before the funnel was
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Fig. 2.2, Thermodynaaic sounding at Ship QUADRA
near ¢cloud system at 1200 GMT day 261 plotted
on tephigram. Solid line temperatures. Dashad
or dotted dewpoint temperatures

Fig, 2.3, Portion of photogrammatrically

constructed cloud map for cloud system

near waterspout on GATE day 261, North

o8 upward, Four digit numbers times in GMT

that C=130 (at 6.5 km) aircraft was at a
L location, Two digit numbers cloud heights

»ene in km
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GATE DAY 261

WATEREPOUT
1348 QMY
.78 N; 21.00 W

t"&uyf—‘

}&yﬁa’ ~ HONIZON

o smmnand
200 m

h~7‘ b

SOUTH NONTH

*ig, 2,4, FPhotogeammetrically construeted outline of waterspout from cine
I on Blectra aircraft flying southward at 540 m elevation., Waterapout
diamotar about 50 w

soon directly west of tho Eleectra, The lowor congastus towers

at the upshear (northorly) ond had a "boiling" appearance aon

tho £ilm, suggesting a morae rapid riso rate than shown by mam-

gnra of the many congestus linos not associated with a cumulonim-
us,

Typical significant features of the GATE cloud environment
aro 1) thae stable dry lowor cloud layar, which caused the
rapid upward crosion of cumulus bases, and 2) the strong
northorly windﬂghaa{ botwoon 0,8 and 4 km olovation (magnitude
about 2,8 x 1077 s~+) which wag proviously shown to be essential
$8§l$ho mesovortax oxistance and or}cntnh on (SIMPSON at al,

Statistics on GATE cumulus updrafts (LEMONE and ZIPSER, 1980)
roveal a sufificiont condition for the rarity of waterspouts,
Only 10 poxcent of the GATE updraft core sample exceedesd
5 m 8™, while Floxrida samples show updrafts more than a factor
of two groater in the same parcentile, Day 261 cumuli were
active for GATE; both observations and models showed cores of
about 6 m s=1 in the active stage of both typical congestus and
cumulonimbus, Thorefore it is likely that the filow force is
ordinarily too weak. The gross flow foxce ¥ is dafined (MORTON,
1969) as [(pw2 + p) ds whore w is updraft spoed, p is dynamic

8
pragsure and 8 is any suxfaco on a cilrecumsciibing circuit., A
buoyant term must also be incorporated for warm flows.

A main hypothasis is that the altoration of the ambient
tharmodynamic sounding by tha cumulonimbus in ¥ig. 2,3 shown by
the x's in Fig. 2.2 onabled the nearby congestus to davalop an
updraft strong onough to provide the necassary funnelesustaining
flow force, although this condition Ls not regarded as sufificient,
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3 Model Cloud in thae Modifiled Environmant

The modifiad version of SCHLESINGER'S 3-dimensional cloud
model was run with the x'ed asgunding in Fg. 2,2 and tha sane
initial eylindrical partoarbation umed in the othex congestus
cases of SIMPSON at ad. (1981), Mags, 3,1 and 3.2 show profilua
of tha invigorated model eloud, The updraft peak (v10 m a™) ia
strongar than that of althar tho congesti or cumulonimbi modelled
with the unmodified sounding (SINPSON and VAN NELVOXRT, 1984Q).
Tha modal towexr top ascands at about 4 w 8™ in agraement with
obaeorved relationships.

w run I-A X»18,60 km T»24,10 min Cl* 2,00
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In Fig. 3.1, if updraft Yelocity contours had been drawn at
25 cm s~l instead of 2 m s™, the updraft extension to cloud

base on the southeast side (rear, downshear flank) would have
been apparent, Examination of the flow field relative to the
cloud shows that its upper portions act as an obstacle towaxd
relative flow from the north and east, while near cloud base

the cloud acts as an obstacle to relative Flow from southwest.
Air is flowing into the downdraft (from the southwest) around

the 2 km level, while it is entering the updraft (from both north
and south) in the 3-4 km layer, By the time of Fig,_3.2 (8 min
later) the updraft core has weakened to about 3 m s~ and no
longer has a downward connection to cloud base in the model.

The lower portion of the mogel cloud is dominated by downdraft,
with a core speed of 6 m 8™ at cloud base, which has eroded
upward to about 1,2 km, ’

In the model cloud, precipitation reaching the surface begins
at 20 minutes and terminates by 32 minutes, Rainfall is entirely
confined to the northern half of the cloud and has shrunk to a
tiny area at y=18 km by 24 minutes. On the aircraft £ilm, no
rain is seen falling from the base of the waterspout<producing
cloud, although there are showers from the clouds to the south
of it.

While the core updraft is only increased by one~third owing
to the sounding modification, the flow force term containing the
updraft is increased by 78 percent since it depends on the
velocity sguared,

The other postulated ingredients for waterspouts are examined

next, before estimating the funnel time relative to the model
cloud,

4 Cumulus Scale Rotation Related to Cloud Properties

Fig. 4.1 shows the vertical components of vorticity in the
model cloud, as a function of time, at the level of strgngeit
vorticities, namely 3.6 km. The peak value of 80 x 10™* s™ is
in the range of mid latitude mesocyclones and two«thirds of the
peak obtained by SCHLESINGER (1978) applying tle model to mid-
western severe storm conditions. A horizontal slice through the
model cloud at 24 min (Fig. 4,2) shows the vortex pair at 3.6 km.
All flow vectors are relative to the cloud motion, defined as
the horizontal velocity of.the center of gravity of the liguid
water. The updraft core is split at this level with meso-
anticyclone at the edge of the eastera (stronger) core and the
mesocyclone collocated with the western (weaker) core, The
meso~anticyclone tilts toward the south with height, but is
continuous from cloud base to 6,8 km; the mesocyclone is con-
tinuous from 2 -~ 6.8 km, leaning more strongly to southeast,
Both vorticity centers are within or at the edge of updraft
from 2 -~ 6.8 km and one grid interval (1.2 km) or less away
from updraft at cloud base, This is important because the
funnel must be able to connect to the flow force (the rapidly
rising tower), The vortex pair is strongest and most vertical
in the layer 2 - 5.2 km, which is the layer of strong vertical
windshear. It should be emphasized that the level of organiza-
tion of vorticity in the cloud vortices reaches a maximum near
the top of the shear layer extending from 0,8 to 4 km and then
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falls again as a consequence of diffusion without strong organi~
zation. The strong vortex layer also happens to coincide with
the region of upward increasing updraft,

A horizontal slice through the cloud at 3.6 km, 8 minutes
later than Fig. 4.2 (not reproduced) shows the cyclonic
vorticity is stronger and the anticyclonic vorticitv is about
the same as previously, but the mesocyclone is within strong
downdraft, while the meso-anticyclone is at the eastern edge of
the downdraft, which now f£ills the model cloud up to 5 km
(rig. 3.2)., Both vortices have little tilt at this time., The
mesn-anticyclone is in updraft at 5.2 km, The mesocyclone is
within updraft at 6.8 km, but within downdraft at levels below,

At this time (32 min), the cloud tower has reached its maxi~
mum elevation, but has not yet started to descend. GOLDEN (1974)
has observed waterspout funnels for a few minutes within obvious
(precipitating) downdrafts. The mesocyclone peaks later and
keeps extending further downward until after 40 minutes model
time (Fig. 4.3). At the time of Fig, 4.3 (41 min) the cloud
tower has just started its descent as the cyclonic vorticity
peaks (Fig. 4.1). The mesocyclone_is essentially vertical and
is within weak updraft (1-2 m sec™l) from cloud base level up
to 5.2 km,
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A datailed axamination of the terms in the eguation for the
vartical componant of vortleity showa that the vortex pair is
initinted by tha tilting tevm, 'The vortices ara intensifiied by
tha stratching or convergance term and advected vertically,
upward at firvabt and later down to cloud base na downdraft domi-
nates the cloud incﬂanainql§ after 32 minutes of model timae,

The downdrafit also acty to iIntensify the vorticity by stratching,

fwo factors arve aeen opposing a deaper, strongey, and less
alanted vortex pair, The first is the rapid changa in sheax
vagtor divection with height at 4.8 kw, preventing the tilting
term from helping the vortax pair develop at those lavala,
Second, tha stable lower cloud layar typical of the GATE arvea
caugaes the aearly appearance of downdraft in thae lower cloud
portions in both modelled and observad clouda, Thia causes the
tilting tewxm to oppose tha vonrtax at low lavels afiter a ghort
time. In the rlorida Xeys, the lowar cloud layer ia more
unatable, pevhaps halping to account for more common and more
intengsa wataergpouts under similar or weaker windahear conditions,
In the midwast, a very unatable lower cloud layaex is couplad
with shear, which only alowly vaars in niddle and wppenr levela
providing the very strong mesooyclones found by Doppler radax,

5 Hypothasized Pactorg Related to Funnael Production

Florida watergpouta have meagured circouwlation valocitias of
4=35 m =1 with diamatevs ranging fxom 7 - L50 w (GOLDEN, iqui
SCHWYBESOW, 1981}, runnel vorticlties are in the range LO0™ a™
or greater, Higheat vorticities found in wmidweatern naso-
eyclonas ara of the order 10~ s=} while the maximum iun the
model oloud waz alightly lesa. The funnel on GATE day 261
maaguraed about 50 w aocyross anlthah avan if ita periphexal
voloclties were only 4=5 m 87, an order of wagnituda laxger
vartical vorticity is atilll required than observed or modelled
in oumulua~gealo magovorticas.

Thare are no adeguate nechanismas for spinning up a vevtical
component: aff vortielity of the order 10"} sec~l in the lifetine
of a cumulus congestus cloud., We wust, tharafore, hypothesine
that strong horisontal vortax tubes in the lowest baunﬂnn{ layax
are suddenly tilted into the vertieal, In neutral stability
conditions over the oceans the logarithmic wind proﬁili pras
vaila, with sheayr vorticity (in tha haviﬁonful) off 10=! g=) op
greataxr balow about 10 w elavation and 1 8™ or greatexr below
about 1 w alevation., Adequabe vovticity is clearly available,

On day 261, tha boundary layor vortisity is asseciated with
southorly £low increasing upwaxd so that the vortieity vaator
points roughly wostward,

The proposed tilting wechaniasm is the guat front from the
naighboring cumulonimboa, ®ig. 5.1 abows the lowest modal level
of the cumulonimbus, digevssed in an earlier papar (STMPSON and
VAN HELVOIRY, 19280}, "The waterspout on the dlagram iz locatad
by the obaarved distance betwoen the waterapout and the cumu~
lonimbus tower top, 'This astimates the waterspout locatien in
the convergence sone and dp Front asseciated with the medel
yust front,

,W,—w--- S TR T e TR R
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Fig. 5.1. Conditions below model cumulonimbus AA shown in ¥Fig, 2,3 (further

analyses in SIMPSON and VAN HELVOIRT, 1980) at mature stage. X-axig points
east; Y-axis poiEJt.s north. Cloud relative airflow shown by vectors,
largest 9.93 w s —. T denotes where observed cumulonimbus tower was
located relative to observed waterspout location

The gust front is a wedge of cold dense air moving very
slowly toward the waterspout location from about northwest,
can be envisaged as tipping bundles of the westward pointing
vortex tubes upward into a vertical orientation so that the
circulation around a tilted bundle is cyclonic (Fig, 5.2).
GATE gust fronts on day 261l have been discussed by WARNER et al,
(1981). Many (but not all) Florida waterspouts are observed on
the upshear end of a congestus line flanking a cumulonimbus as
in this case (GOLDEN , 1974),

It

The combination of the direction of boundary layer vorticity
with the gust front location and motion appears to decide in
favor of cyclonic rotation for the waterspout analyzed here,
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Fig, 5.2. Hypothesized upward tilting of vortex tubes in lowest boundary
layer by gust front associated with cumulonimbus AR, ILow-level vorticity
agsociated with rapid upward increase of southerly wind just above ocean
surface, Resulting cyclonic whirling postulated to connect with meso-
cyclone at cloud base producing visible funnel by rapid condensation

Other evidence favoring this hypothesis is that the waterspout-
bearing cloud had "topped out" nearly 3 minutes prior to sight-
ing the waterspout. Midwestern tornadoes are also found usually
when the cloud tower is descending and when the mesocyclone has
reached down to cloud base,

The above reasoning leads to estimating the time of the
waterspout occurrence somewhere between 30~-40 minutes cloud model
time (see Fig. 4.1). An apparent problem is the weakened flow
force and deep downdraft layer in the model cloud at 32 min; by
40 min the vertical velocity component of the flow is weaker
still in the model cloud, although the mesocyclone is nearly
vertical and in weak updraft up to 5.2 km, The difficulty here
could be with the model, which was initiated with a non-
repeating perturbation, Frequently, in real clouds a second
thermal follows the first, or one may originate at mid-levels,
It is also possible that the congestus just east of the water-
spout rising through 4.9 km in Fig., 2,3 was providing some of
the upward flow force at this time, '

If the event sequence postulated here is on the right track,
it becomes clearer why the dark spot is seen on the water first
below the rotating cloud and the funnel is the last part of the
system to appear. If the strong vorticity in the lowest 10 m

or so is critical, intense whirling at the surface should appear
before the funnel.
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6 Concluding Remarks, Remaining Vital Questions and Recom~
mendations for Further Work

It is concluded that most cumulus clouds in a shearing wind-
field will develop mesovortex pairs, hence areas of rotation,
and that existing three-dimensional cumulus models are adeguate
to provide useful frameworks for synthesizing existing observa-
tions and for suggesting future observations, Improvements in
the model ranging from microphysics, finer space resolution and
different methods of initiation can make the simulations in-
creasingly useful in examining important gquestions related to
mesovortex evolution.

Many factors must coincide in space and time for an adeguate
mesovortex to exist at cloud base, connected upward to a con-
vective flow force and downward to a suddenly tilted bundle of
vortex tubes in the lower boundary layer. For the waterspout
on GATE day 261, it seems that the nearby cumulonimbus was
essential in two ways, first to strengthen the flow force and
the mesocyclone via intensified updraft, and second to provide
a steep density current (gust front) at just the time and
place where the mesocyclone had reached cloud bagsa. With the
short active lifetime of GATE clouds relative to those in the
Florida area, owing to the more stable lower cloud layer, it
is not surprising that the "window" for coincidence of the
necessary factors is short, and so waterspouts are guite rare
in the GATE area.

A cloud which has a longer active lifetime of its updraft
could use its own gust front to "scoop up" surface vorticity.
This must be the case with those isolated waterspout-bearing
cumuli off the Florida Keys; evidence (LEMON and DOSWELL, 1979)
is similar for tornadic storms where updrafts and downdrafts
may coexist side~by-side.

Major questions not addressed in this paper are 1) how the
"scooped up" vortex tube bundle suddenly connects upward with
the mesocyclone (and thence the flow force) which must involve
pressure forces, and 2) what factors determine the scale of the
funnel. These problems are probably better addressed in labora-
tory experiments, theoretical analyses and model simulations
{e.g., SMITH and LESLIE, 1979),

Further observations are, however, required of waterspout~
bearing cumulus clouds. The highest frequency in an accessible
area is undoubtedly the Florida Keys where GOLDEN'S and
SCHWIESOW'S find work should be followed up with the improved
measuring systems now available, In particular, the in-cloud
motion field needs to be measured as a function of time to
relate updraft/downdraft structure to rotation, Fortunately,
maritime cumuli in the Floirda area usually have plentiful
precipitation particles inside them by the time they have
grown to 3-4 km elevation so that Doppler radar could be used,
which would be particularly valuable if airborne and so enabled
to "chase" clouds.

A lower-flying aircraft carrying the Doppler lidar effectively
used by SCHWIESOW (1981) could relate the waterspout properties
to the associated cloud mesovortices above. Ambient wind and
thermodynamic profiles might be obtained by aircraft drop-
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windsondes or boundary layer profiling systems as in the GATE.
I1f resources were very limited, winds obtained by a network of

pllot balloon releases togather with time-lapse camera sites
could provide the minimum additional essential information.
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