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RELATION OF WIND FIELD AND BUOYANCY TO RAINFALL
INFERRED FROM RADAR

Hugh M. Stone

Eastern Reglon Headquarters
National Weather Service, NOAA
Bohemia, New York

l. INTRODUCTION

Forecasting the potential for heavy rain, which may cause
flash ficoding 1s one of the most Important actlivities of the
National Weather Service. The problem is difficult because heavy
raln events are usually the result of small scale convectlive
storms and frequentiy occur with a synoptic map pattern that
appears very benlign.

Maddox et.al. (1979) compliled a 5-year climatology of flash
flood events from 1973 to 1977 and classifled the heavy rain
events Into three types: synoptic, frontal, and mesohigh.
Synoptic events characteristically Involve a major trough at 500
mb moving slowly east or northeastward and an assoclated surface
system with convective storms continuously developling and moving
over the same area. This type of event occurs mostly frequently
in spring and fall when favorable dynamic and thermodynamic
condlitions prevall. Frontal t+ype flash flood events involve a
stationary or slow moving frontal boundary usually orfented
east-west which serves to trigger and focus heavy rain on the cool
side of the front as warm unstable air flows over the front.
Mesohigh events are simllar but much smaller scale and assoclated
with a nearly statlionary thunderstorm outflow boundary generated
by prlor convection. Heavy rain occurs on the cool side of the
boundary.

Various features are common to all the flash flood types:
heavy rains are from convective storms, large surface dewpoints
are present, large moisture content prevalls through a deep
tropospheric layer, and vertical wind shear [s weak to moderate
through the cloud depth.

To get a heavy raln accumulation from convectlve storms I+ is
essentlial that the storms be stationary or slow moving or several
storms must pass over the same area. Fast moving cells may have
high rainfall rates but thelr resultant rainfall is usually not
excessive at any point because the rain does not last for long.
The motlon of a storm complex may be considered as the sum of two
vectors: the velocity vector of the Individual cell motion plus
the propagation velocity due to new cells discretely forming along
the perlphery of the storm complex (Chappell, 1986). The vector
of mean cell motfon |ies along or to either side of the vector
mean wind of the cloud layer. Propagation may occur anywhere on
the cell periphery. A diagram showing the effect of propagation
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on storm motlon Is shown in Fig. 1. [+ Is evident that
propagation may either acceierate or decelerate storm motion or
deflect It to either side of the mean cell motion. I|f the
propagatlion vector Is dlirectly opposite the mean cell velocity
vector, the resultant may be zero storm motlon (Fig.1), the
condition that leads to excessive rainfall and flash floods.

Backward propagating mesoscale convective systems (MCS)
usually produce heavier ralnfalil and more flash floods than
forward propagating systems. Sh! and Scofield (1987) have
ident!fled several characteristics favorable for backward
propagation of an MCS: wind maximum at 850 mb with warm unstable
alr being advected Into an area or an area of [nstablllty belng
lifted by 500 mb positive vorticity advection (PVA), convective
outflow or frontal boundary present, east-west orlentation of
thickness pattern, and weak mid to upper level fiow.

The development of quasi-stationary MCSs appears to occur
most frequently as the storm complex moves past the most unstable
alr across the band of maximum low level winds, and In the region
of strongest molsture convergence (Chappell, 1986)., When this
situation is achleved the ftrend Is for thunderstorms on the
leading edge of the MCS to decay, while new cell generation occurs
on the rear flank of the storm, forming a slow moving or
stationary MCS.

Mean hodographs were constructed for the three types of flash
floods provided in the data samplte from Maddox (1979) and the
results are shown In Fig. 2. All! three hodographs show an
easterly component for the surface wind and a relatively strong
southerly component for the 850 mb level wind. An easterly wind
at the surface causes the outflow boundary from the main storm to
move primarlly westward providing a triggering mechanism for new
cell growth on the rear fiank of the storm, while the southerly
flow at 850 mb feeds a fresh supply of moist unstable air to the
newly developing cells.

The numerical cloud modelliing studies of Weisman and Klemp
(1986) Indicate that environmental wind shear has a strong
influence on the ftype of convectlon that develops, supercell
convection developing In high shear conditions and multicell
convection In low shear conditions. The best way to examline wind
shear 1s with the ald of a hodograph, which also aliows a rough
estimate of cell motion to be made. Given the same wind shear
structure, a westerly surface wind moves the ceils more raplidly
eastward while an easter!y component to the surface wind has the
effect of slowling down cell motlon possibiy even stoppling It.
Since the hodograph may be a useful tool for evaluating the
potential for heavy rainfall, a sample of data was collected over
the midwest and eastern United States during the warm season of
1988, and various features of the wind fleld were correlated to
rainfall inferred from VIP levels over the MDR grid.



I'l1. METHOD

Wind profile data and stabillty/buoyancy data were collected
from seventeen locations in the Midwest and East where raob
observation sites are colocated with network radar sites (Fig.3).
Radar and raob data were obtalned automatically by a data
collectlion program, which extracted operationally available data
from the AFOS circuit. Raob data from both synoptic times G000
UTC and 1200 UTC were used In the analysls. Due to various
problems with the computer system only about 35 percent of the
potentially avallable data were saved. U and YV wind components
were computed and iineariy Interpolated from the standard
reporting levels to exactly one thousand foot Intervals from the
surface to sixteen thousand feet above ground level (AGL).

Several measures of wind shear were computed from these wind
profiles: the vector product shears ¥S5, VS10, and V¥S15, the speed
shears 585, 5510, and S8S15 and the shear SHR used In the
computation of Buik Richardson Number; these have all been
previously defined in Stone (1988b). An additlonal wind parameter
+NEGU5, was computed which [s the sum of the negative "U" wind
components from the surface to five thousand feet AGL. Five
buoyancy parameters were tabulated: the energy index (Ei) which Is
computed by integrating the positive and negative energy areas of
a parcel ascending from the level with maximum wet bulb potential
temperature to the 400 mb level while entraining environmentai alr
during the ascent (Stone, 1984). Ei+ and El- are the positive and
negative parts of Ei. Poslitive and negatlve buoyancies B+ and B-
were tabulated and these represent the buoyanclies of a saturated
parcel ascending with zero entrainment from the convective
condensation level (CCL) to the equllibrium level (EL).

Direct rainfall data were not used, but preclpitation amounts
were Inferred from radar using accumulated VIP levels over the MDR
grid. The relation between radar VIP tevel and rainfall intensity
Is not very accurate due to varying drop size distributioen In rain
clouds, radar attenuation, and various other factors. : -
Nevertheless, high VIP levels are generally associated wlth heavy
rain and low YIP levels with lighter rain. Heavy rain events that
can cause flash floods are mostly commonly caused by a stationary
convectlve cell|l or the passage of several cells over the same
area. A high Y{P level occurring in a particular MDR box for
several hours should be indicatlive of a heavy rain event.

The twelve hour period following each of the standard
synoptlic hours 0000 UTC and 1200 UTC was examined for the
perslistence of varlous VIP levels in each MDR box within 100
nautical miles of the radar site. A count was made for each MDR
box of the number of hours that VIP level equals or exceeds level
3 and level 5. The maximum number of hours of level 3 or level 5
Tn any of the boxes surrounding the radar will be denoted M3 and

M5 respectively and these values will be consldered as an indirect
measure of maxImum rainfall in the area within a 100 nautical mile
radtus of the radar/raob site. If any single hour of radar data

was missing, that missing VIP value was Interpolated or
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extrapolated from the preceding and/or following hour. If two
consecutive hours were missing, then that case was rejJoected and
not used In the statistical analysis. Interpolation of a single
hour was done to avold decreasing the sample size, since missing
data over a twelve hour period s not an uncommon occurrence.

I1l. RESULTS

Standard correlation coefficlents were computed between M3
and the various buoyancy and wind shear measures. The sample was
filrst stratified by season and geographic area. Spring season is
considered to be the months of Aprii, May, and June, and summer
season July, August, and September. Midwest and eastern areas are
indicated In Fig. 3. The resulting correfation coefficlents are
shown in Table 1.

The best single correlatlion was from the EIl in both seasons
and both geographlic areas. The buoyancy parameter B+ was not as
good as EI probably due fo the fact that B+ Is computed using an
undiluted saturated parcel while El uses a parcel with an
entralinment process and is therefore senslitlive to environmental
moisture. Correlation of all the wind shear parameters to M3 1Is
rather poor. The vector product shears VS5, V¥S10, and ¥S15 yield
the best results in the spring season. |In the summer they are
statisticaily significant only in the east. The parameter NEGU5S,
the sum of negative "U"™ components to five thousand feet, yletded
a poor correlation that was not statistically significant.

Table 2 shows correlations to M3 for the comblined dafta
without seasonal or geographic stratiflication, Of the 2145 cases
in the combined sample, 871 of these had VIP levels of 3 or more,
all the others, 59 percent of the sample, had VIP levels of less
than 3. We have previously determined that EIl Is well related to
the observed YIP level (Stone, 1985). Since most of the sampie
conslsts of cases with M3 equal zero, It seems possible that the
correiation may be unduly influenced by this portlon of the
sampie, i.e. the parameter being correlated is discriminating
between cases with M3 = 0 and cases with M3 2 1. Therefore, atl
the cases with zero M3 were removed from the sample and
correlatlons were recomputed. The results are shown In the second
column of Table 2. We see that all the statistically significant
correlatlons of column 1 are greatly reduced in column 2, with the
wind shear correlations becoming Insignificant, some reduced to
zero. The energy Index continues to be statistically significant
and has better correlation than any of the other buoyancy
parameters.

The poor relatlonshlip of wind shear to M3 suggested that
correlations be computed for al! the "UM™ and "V" components of the
hodograph from the surface to 16 thousand feet AGL. These results
are shown in Table 3 with the full sample in the left column and a
reduced sample with M3 = 0 removed in the right column. All of
the "U" component correlations are very poor, although the surface
component U0 is statistically signiflcant. The negative UD
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correiatlon means that there is some tendency for easterly surface
winds to be associated with large M3 but the correlation -.087 Is
very low. Considerably better correlations are obtalined with the
"Y" wind components, in particular those above 5 thousand feet
AGL, although they are not very good when cases with M3 = 0 are
removed. The .signiflicant correlations of surface "U" component
and mid-level "¥" components should be expected since easterly
surface flow and southerly mlid level flow are characteristic of
conditions associated with flash flood events (Fig. 2).

Composite mean hodographs were computed according to the
value of M3, using the same data from which the previously
discussed correlation coeffliclents were computed. The results are
shown In Fig. 4 for the spring season and Fig. 5 for the summer.
The western hodographs In springtime (Fig. 4.) show a tendency for
easterly surface winds to be associated with large values of M3,
however, This tendency is not seen in the eastern hodographs. The
summer hodograph in the west (Fig. 5.) for M3 of 6 hours or more
also shows easterly surface winds, but there is little evidence of
this In the eastern hodographs on the right side of the figure.

In all the hodographs of Fig. 4. and Flig. 5. there Is a tendency
for strong southerly winds at mid levels to be assoclated with
high values of M3. Of course, all of Thlis is consistent with the
correlations in Table 3,

Similar composlite hodographs were prepared for various values
of M5, the number of hours of perlistence of VIP level 5 or more In
an MDR box. These are shown In Fig. 6. for spring and Fig. 7. for
summer. The hodographs are roughly of the same form as those
obtained stratifying data according to the value of M3. There Is
a general veering of the shear vector with height In most of them,
and a weak relationship between value of M5 and surface U™
components and mid level "Y¥" components is still evident, but the
relationship Is not as good as that seen when hodographs are
composited according to value of M3. This apparent deterloration
In the relatlonship may be due to the small sample of long-iived
YIP level 5 events.

The mean hodographs composited according to the persistence
of M3, VIP level 3, (Figs. 4 and 5) show much varlability. Except
for the Mlidwest In spring, there is no definite trend In the :
hodographs as hours of M3 increase. However, there are
similarities among the long-lived VIP level 3 hodographs shown at
bottom of both figures: there Is an easterly surface wind
component in all of them, although very smalt{ In the east, there
Is a relatively strong southerly wind component at around 5
thousand feet AGL, and strongest wind shears occur near the
surface with the shear vector veering wilth height. These are
general characteristics of the wind fileld assocliated with heavy
rainfall, but the forecaster should remember that these are mean
hodographs and there Is considerable variation among the
indlvidual hodographs that comprise the mean.



V. CONCLUSIONS

The results presented above are In agreement with both
theoretical (Welsman and Klemp, 1986) and prlor observational
studies (Maddox, 1979) which Indicate tThat excessive ralinfall
events are asspclated with a particular form of hodograph. An
easterly wind at the surface with strong southerly flow around 850
mb is favorable for stationary or slow moving convectlive storms.
The easterly surface wind causes the outflow boundary to move
primarily westward allowing new cells to form on the rear flank of
the main storm, while the southerly flow of moist unstable air at
low levels provides the fuel to feed the growing cells. Mean
hodographs constructed from mandatory level wind data, which was
interpolated subjectively In beth space and time for documented
flash flood events (Maddox, 1979) are shown In Fig. 2 and exhibift

+his charactesristic structurs.

OQur data sample does not Include any noteabie flash flood
events, but the heavy rain (long-tived VIP level 3 and 5) cases
generally have the same features as the Maddox (1979} hodographs,
except our wind shear Is not as strong. This may be due to the
fact that our events are not as extreme and we are not
interpolating In space and time to get a proximity hodograph.
Figures 4 and 5 show a seasonal variation of hodograph forms In
the Midwest between spring and summer. In the East only the
springtime hodograph associated with VIP level 3 persisting for
five or more hours (Flg. 4) has some similarity +o the hodographs
of Maddox, but these similaritlies diminish durlng the summer
season (Fig. 5). These seasonal and geographic differences are
not necessarlly typlcal since our data is from a singie year,
1988, An expanded sample covering several years may yleld a
somewhat different picture.

Qur study uses perslistence of VIP |eveis 3 and 5 rather than
observed rainfail. The relation between YIP !evel and ralnfall
rate is not very precise, but generally high VIP levels are
assoclated with heavy rain and lower YIP level with light rain.
It seems unlikely that significantly different results would have
been obtained using observed rainfal! over the 12 hour period
rather than the persistence of VIP values.

The rather poor relationship between rainfali Inferred from
VIP levels and hodograph patterns can probably be better ascribed
to the varlation both In time and space of the wind fleld. In
this study the hodograph at the beginning of the twelve hour
perlod Is reiated to the subsequent persistence of VIP levels
observed during a twelve hour period within a 100 nautical mlile
radius of the radar site. Thls is a falrly large area and the
hodograph could be signiflicantly different away from the radar
slte, also the time variation In the wind fleld could be very
large over this long a time perliod.
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There is a relationshlip befween heavy rainfail events and the
wind field, but since raobs are onily available twice per day with
a |large distance between raob sites, It is necessary to estimate
the wind profile at+ the time and place where convection Is
expected to occur. This Is a difflcult task but the situation
will improve when a wind profiler network is estabiished which
will allow frequent temporal sampiing of the vertical wind
structure. '

Meanwhile, the forecaster should keep In mind that the
preferred wind structure for statlonary convectlive storms is an
easterly surface wind with strong southerly fiow around 850 mb and
decreasing wind shear above 850 mb with these conditlons
prevallling at the time convectlon is expected to begin.' The
synoptic and mesoscale condltions must be carefully evaluated to
determine proper conditlons for a backward propagating storm
system which may produce excessive rainfaii. 1in addifion To the
proper wind structure, several other important features are
necessary: Increasing instability, some type of boundary and
upward vertical motion, low level moisture convergence, and plenty
of moisture. Backward propagating storms usually occur when the
most unstabie air Iles to the west of the convective system. Shi
and Scofield (1987) found that the field of mean equivalent
potentlal temperature for the layer 850 mb to 300 mb Is useful for
determining areas of potential backward propagation of storms.
They found that storms develop In the unstable air along and to
the north of the ridge line axls of this fleld (Fig. 8.). The
fleld of mean wet bulb potentlal temperature has the same form as
equivalent potential temperature and may be used for this
. purpose. Mean wet bulb potential temperature Is avallable from
the CONVECTA AFQOS appllication program (Stone, 1988a). Shl and
Scofield (1987) also provide a useful declision tree for examining
factors that contribute to heavy ralnfall.
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Table 1

Correlation coefficlents between various buoyancy and wind shear
parameters from both 0000 UTC and 1200 UTC raobs and M3, the
maximum persistence In hours of radar VIP level 3 or greater in
any MDR box within 100 nautlical mlles of the radar/raob site. M3
may be consldered as proportlonal to the maximum rainfall in the
MDR box. M"F" denotes that coefficient Is statistically
significant at the one percent level.

SPRING SUMMER

(Apr, May, Jun) (Jul, Aug, Sep)

MIDWEST EAST MIDWEST EAST

No. Cases 4587 569 489 620
Ei .462 F .458 F El .509 F 521 F
El+ 379 F .351 F El+ BH513 F .461 F
Ei= .421 F .430 F El- .442 F .476 F
B+ 332 F .364 F B+ .318 F .333 F

B= 006 L1111 F B=- .041 .096
¥s5 .184 F .200 F ¥s5 .094 .116 F
¥si0 .196 F 167 F ¥Si0 101 .105 F
Vs515 197 F .169 F Y515 .107 .105 F
§$S§5 .093 .160 F $§5 .046 .184 F

§810 .069 .087 $S10 .006 .074
SS15 .033 .056 SS15 -.002 .049

SHR -,012 .071 SHR .014 .028

NEGUS -,118 .033 NEGU5S -,022 -.078

Table 2

Correlatlion coefficients between various buoyancy and wind shear
parameters from both 0000 UTC and 1200 UTC raobs and M3, hours of
radar YIP 2 3. The first column contalns the comblned cases of
Table 1, The second column has cases with M3 = 0 removed.

M3 > 0 M3 > 0
No. Cases 2145 871
El .493 F .298 F
Etl+ 441 F .252 F
Ef= .447 F 266 F
B+ .336 F .154 F
B- ,060 F L053 F
Vss 135 F 0186
¥S10 .126 F -,003
¥Si15 129 F .000
S§5 .099 F .000
Ssi0 .027 : -.044
$s815 .000 -,071
SHR -.006 -.010
NEGUS -,.042 -.080



Table 3

Correlation coefflclents between U & ¥V wind components from
surface to 16 thousand feet AGL and M3, hours of radar VIP > 3.
Same data and stratification as In Table 2.

M3 >0 M3 > 0
No. Cases 2145 871
uo -.087 F -.103 F
u1 -.010 -.071
u2 .019 -,058
U3 .042 -.044
U4 . 047 -,035%
us .043 -.025
usé .034 -.022
u7 .030 -,021
us .026 -.021
use 015 -.028
u1o .003 -.039
uti -.008 -.048
ut2 -.01¢9 -.054
ut3 -.025 -.055
J14 -,029 -.058
uis -.031 -.058
uié -.035 , -.057
Vo 132 F -.032
LA .190 F -. 011
V2 .249 F .036
¥3 292 F .078
V4 317 F 107 F
V5 331 F 130 F
V6 .333 F .138 F
¥7 336 F 141 F
v8 «343 F .146 F
VY9 346 F .146 F
LA Ry .347 F .150 F
LA 350 F .156 F
vi2 352 F .158 F
Y13 .350 F .160 F
Y14 352 F .162 F
Yi5 .351 F .160 F
V16 344 F .153 F
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PROPAGATON

ZERO STORAM MOTION

Fig. 1. Yector diagram showing the effect of propagation om storm motion (top),
and the relationship between propagation and mean cell motion for deweloping a
quasi-stationary storm complex (bottom). From Chappell (1986).
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MIDWEST

Fig. 3. Raob/radar stations used in the analysis.
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Fig. 7. Mean hodographs, surface +o 16000 ft+ AGL, In summer season for varlous

values of M5 (hours of radar YIP > 5).

Midwest region on left and east on

right side. ®N*" denotes number of cases In each mean. Unlts are knots.
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Fig. 8., Favorite area (stippled) for occurrence of backward propagating MCSs;
area Is located along and north of the mean equivaient potential temperature
(%e) ridge axls. From Shi and Scofield (1987),
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