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This Final Report covers all work performed under grant number AFOSR-
82-0079, éovering the period 15 January 1982-14 January 1985. The overall
goal of this study was to identify and evaluate the environmental or
microphysical parameters that control the efficiency of the various mechanisms
of precipitation development. Such evaluations can then be used as the basis
for studying, or even predicting, the effect of geographical or climatological

differences between regions on the microphysical mechanisms of precipitation

development.

This study includes work on warm rain initiation and developgéil,
ice multiplication, snowflake aggregation, and the growth of graupel by
collection of supersooled water droplets. During the first yeér of the
study, work concentrated on the warm-cloud studies and on ice multiplication.
During the second year, work continued on the warm-cloud studies and began
on the investigation of snowflake aggregation. With the extension of the
study into a third year, additional investigations were made on showflake
aggregation and preliminary investigations were begun to extend these studies

into mixed-phase (riming) precipitation. The studies of riming and graupel

development were quite successful and indicated that the studies of warm
rain initiation and development could be extended to include mixed-phase
precipitation development. These background studies have been summarized

in a article being submitted for publication, which is presented in the

appendix. Other articles resulting from this study are under preparation
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and should be completed in the near future.

In general, the study identifies a number of key parameters that
control the microphysical development of precipitation. The two primary
parameters that need to be measured on a climatological basis are cloud base
temperature and cloud droplet concentration. With a knowledge of these
parameters it is possible to estimate the liquid water content and mean
droplet diameter as functions of the deptn of a cloud. This in turn permits
an estimate of the likelyhood of warm rain development, ice multiplication,
and ice crystal concentration in the cloud (see Hobbs and Rangno, 1985:

Journal of the Atmospheric Sciences, 42, 2523-2549.). Combined with

satellite observed cloud tops, a climatological knowledge of cloud base
temperature and droplet concentration would go a long way toward predicting
the type of particle development likely in widely different geographical
areas. Other key parameters include the degree of entrainment and stability
of the environment. Entrainment is still difficult to predict in any quant-
itative way, but may not be as variable geographically as some of the other
parameters. Studies of stability are currently possible using the large
world-wide data base of sounding data currently available. Cloud base
temperature and droplef concentration data, on the other hand, are still

rare for most parts of the world.
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E ! BACKGROUND STUDIES
.

A

From the very onset of these studies it has been clear that cloud

base temperature is a uniquely important parameter for assessing geographical
) variability in the microphysical mechanisms of precipitation development. . It

\ ¢+ has significance in areas ranging from the overall water budget and R
L precipitation efficiency to the actual details of the cloud microstructure o
and its evolution. If entrainment is neglected, for example, then the
consensationally produced liquid water contents at any height above cloud

P base are uniquely defined by the temperature and pressure at cloud base.

L

¢ The build-up of condensed water with height, of course, is the basic driving

vy

h 'r' ”

force behind precipitation development. Estimates of these adiabatic water

- contents are shown in Figure 1 (after Ludlam, i950). In this presentation,

ALl

o the cloud base pressures have been varied in parallel with the cloud base
temperatures in order to produce a single graph having applicability to a .
- wide variety of summertime convective clouds. The water content profiles,
however, are not very sensitive to variations in cloud base pressure. This n
means that a single figure of this type can be used to estimate water contents
for many different sets of meteorological conditions.
In a sense, Figure 1l represents the maximum liquid water content that

would be expected in the absence of a precipitation-related accumulation

zone. The average water contents that are observed in convective clouds, ;:

3 however, are typically much lower than the adiabatic values illustrated in

3 - - - Figure 1. Warner-(1970), for example, summarized a humber of observations™ "~ "~
; of the ratio of the observed mean liquid water content at a given height N

to the corresponding adiabatic value. Although there is considerable variation
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- Figure 1. Adiabatic liquid water contents for cumuliform clouds.
0 Saturation with respect to liquid water is assumed
R throughout with the isopleths labeled in g m-3. The
] dashed lines indicate the corresponding temperatures
A within the clouds.
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ﬁ:j: in the observations there is a consistent trend with the ratio decreasing

! 3,“.

L‘-‘ with increasing height above cloud base. This decrease can be approximated

ﬂ&:« by an empirical relation ' }
R :

S 0.16

o F=02+qv 0 > ~ 1)

(] .

ltj? where H is the height above cloud base in km and

-

\;“ .

O ) T =

-,‘-1 L F La Y (2)

A _

e where L and L, are the mean liquid water content and adiabatic liquid water

B contents respectively. Figure 2 illustrates the effect of applying (1) to

the water contents shown in Figure 1.to produce an estimate of the expected I

i}éﬁ mean water contents as a function of height above cloud base. f
Ry {
}{} Although cloud base temperature has been frequently ignored in '
e .

;' summarizing project results, I was able to compile some data on base

N temperatures of summertime convective clouds in the United States and Canada.

.;ﬂj Figure 3a shows the observed distributions of cloud base temperatures for

[;) Florida and Hawaii, while 3b shows the distributions for the Midwest and the

;t; Great Plains. The Florida data was obtained during the FACE-2 experiment in

;f 1978, 1979, and 1980 and includes. data-from 48 different operational days.

o Hawaiian data were obtained from Professor Takahashi at the Cloud Physics

f;f Observatory in Hilo and represent observations taken over 32 different days.

f:? The Midwest data was combined from three different projects to give data for

LR

tj 72 days. The Great Plains data was similarly combined from the NHRE, HIPLEX,

Y )
E:{ and CCOPE projects to give data for 123 different days. Recently, similar j
:%t} data was obtained from Dr. Schemenauer at the Atmospheric Environment Service

®

(Canada) for two additional Canadian sites (Fig. 3c¢).




T T AT L S Ay iy A b b i R A A P N7 he it S o S5 A R it S il aingt tue Ju ae AR

.....................................

KILOMETERS ABOVE CLOUD BASE

[ -10 ‘ 0. 10 20 30
G CLOUD BASE TEMPERATURE (°C)

i.:_:::_ i (. | [ ]
1 600 700 800 900
s CLOUD BASE PRESSURE (mb)

Figure 2. Average liquid water contents for cumuliform clouds.

Saturation with respect to liquid water is assumed
throughout with the isopleths labeled in g m-3. The
o dashed lines indicate the corresponding temperatures
: within the clouds.
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Figure 3a.

0 10 20 30
CLOUD BASE TEMPERATURE (°C)

Observed distributions of cloud base temperature
for summertime convective clouds in Hawaii and
Florida.
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Figure 3c. Observed distributions of cloud base temperature for
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These distributions are rather interesting in that they highlight the

- il el

_I.
»

,7

wide variety of cloud base temperatures expected in summertime convective

s 4
L

> clouds. Perhaps the most interesting feature of this data is how moist
E: w. Midwest clouds can be, often having temperatures in the same ranée as found
v in Florida or Hawaii. Cloud base temperatures in the Great Plains, on the
° other hand, are significantly colder than those in thp other two regions
‘x‘ > with little overlap between the observed distributions. Studies of clouds
i in the Great Plains are thus not likely to be relevant to clouds over much
- .
of Central and Eastern areas of the United States.

=

'ﬁ I WARM RAIN INITIATION .

. In earlier studies (e.'g., Johnson, 1978; 1980) it was suggested“that
e u a quantitative threshold could be defined that would signal the onset of
:\_ effective coalescence growth. This concept was the direct result of a .
E :':" limited number of tests, with fhe threshold that was ultimately suggested
L (% %—%’ >4 x 10-3 sec“l) growing directly out of a graphical examination
~» ) of drop growth as a ‘function of time. 1In the current studies, this concept
_.-_ was re-examined and tested over a wide range of conditions. In these
" studies, possible thresholds were redefined in terms of the mass doubling
: 8 time of the growing drop. Two Jdifferent thresholds were examined - mass
- doubling in 3 minutes and mass doubling in 5 minutes. The mass doubling
.: . time (MDT) is a more appealing way of expressing the coalescence threshold
x : since it can be relatively easily interpreted in terms of significant drop

TS
growth over cloud lifetimes. S:che large cloud droplets beginning their
',fﬁ _ growth to raindrops will have to double in mass approximately ten times

-r .- before reaching raindrop proportions, these possible thresholds effectively
e |
Sor, ot

o

. .. e e e . o e . BRI IR T TP T N UL L S S, ST 0 PR | S S Sl
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restrict the description of growth as 'effective'" to those situations in
which coalescence rain .could be produced in the 30-50 min lifetime of a
convective cloud.

Figures 4-11 illustrate the growth of large drops in a variety of
situations. In each case, drop growth is modeled in a constant updraft
framework in which continued condensation results in a steady build up
in water content as the parcel is lifted. In a separate series of runs
drop growth was computed in clouds having a constant liquid water content
and negligible updraft (1 cm s’l). In effect, the forme; runs correspond
to growth in a convective cloud, while the latter runs simulate stratiform
clouds. .

The model used for these calculations is essentially the continuous
collection parcel model discussed in Johnsén (1982). For use in this
study, however, the model.was modified ot include an adjustmenf in the
calculated terminal velocities of cloud droplets and raindrops to account
for changes in air density :as the parcel rises. In addition, the model
was modified to permit.dfop growth by condensation to be arbitrarily
restricted to any fraction of the expected growth in an adiabatic parcel.
If desired, the condensational growth can also be controlled to yield water
contents that follow the empirically derived mean water contents specified
by equation (1).

In the convective cases (Figs. 4-11) the basic pattern is one of
slow initial growth followed at some point by a sudden spurt of growth.
This overall pattern and the seeming suddenness of the transition from 4
slow growth to fast growth wer; the original features which suggested that

it might be possible to define the transition from one growth regime to
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of 0°C. The middle plot assumed a 10°C base temperature and
the bottom plot assumed a base temperature of 20°C. Each case
involved adiabatic water contents.
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Figure 7. Growth of large drops (30-200 um initial diameter) in a simple
cloud model. The upper plot assumed adiabatic water contents,
the middle plot assumed water contents that were half of the
adiabatic values, and the bottom plot assumed a height dependent

N fraction of the adiabatic water content that corresponds to
t’! Figure 2. In each case, the cloud base temperature was
v assumed to be 10°C.
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the other in terms of a ''coalescence threshold." The symbols superimposed
on each growth curve indicate the points at which the coalescence growth
alone is adequate to make a MDT of 5 minutes (left-most symbol) or 3
minutes (right-most symbol). Either of these possible thresholds is
capable of partitioning the growth curves into a slow initial growth
regime and a rapid growth.regime that quickly produces drops of raindrop
dimensions. Of these two possible thresholds, the 3-min doubling is a
rather conservative measure of the onset of rapid growth while the 5-min
doubling is a rather optimistic estimate of the transition point. In
most cases, however, the transition from slow to rapid growth is so fast
that these two alternatives.for defining a threshold value are not very
far apart. This is particularly true in the cases for which drop growth
is relatively rapid. For this reason, the most sensitive comparisons of
the two possible thresholds are those runs in which the evolution of
raindrops is relatively slow - i.e., those runs which have the coolest
cloud base temperatures, highest total drop concentrations, weakest
updrafts, or most entrainment.

The stratiform runs examined drop growth in situations in which the
weak updrafts present do not force the cloud development by the continual
buildup in condensed liquid water, but rather have liquid water contents
that are effectively constant with time. In these cases the onset of
effective coalescence growth was less dramatic and the critical parameter
for raindrop or drizzle production seemed to be the overall time available

for growth to continue. Although the coalescence threshold (MDT of 3 or §

" minutes) didn't signify any marked change in the stratiform growth curves,

it still serves as a rough indicator of the relative speed of drop growth.
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To be useful in the context of interpreting cloud structure and

~y

evolution, the coalescence threshold (MDT of 3-5 minutes) must be

re-expressed in terms that directly relate to cloud thickness or degree
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of development. Figures 12 and 13 are a start in this direction,

identifying those drops .that will grow at or above the 3 (Fig. 12) or
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5 (Fig. 13) minute MDT threshold for liquid water contents between 0 and

el f f

(N A

N
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s 3 grams per cubic meter. In each Figure, plots have been generated for
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each of six different total droplet cohcentrations (N = 50, 100, 200,

z§5 400, 800, and 1200 cm's). It is clear that there are miﬁimum liquid

water contents (and minimum drop diameters) for effective coalescence

growth. If the shaded region of each plot were strictly rectangular, it

would be possible to identify specific minimum water contents and drop

e diameters for effective.coalescence growth. Since the lower-left-hand
corner of the shaded region is curved, however, there is a degree of

- uncertainty in assigning any single minimum value of liquid water content

as marking the transition to effective coalescence growth. One

identifiable critical.water content is the lowest value for which any

size drop can meet the threshold criteria of a 3 or 5 minute MDT. In

o1 general, hdwever, drops meeting this criteria will have to already be

- approaching millimeter dimensions. The more crucial question is when

drops in the vicinity of 50 ym diameter are capable of starting effective
" coalescence growth since these drops may be numerous enough to have

significant impact on subsequent cloud development (Johnson, 1982). This

means that some compromise must be invoked between the minimum water content

that can support effective coalescence for any sized'drop and selection of
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j; Ei numerous) drops possible to grow effectively. Close examination of the
' . plots included in Figures 12 and 13 (as well as other plots not shown) led
i ) to a simple relation that may be édequate to specify a rough estimate of

;; ;5 the minimum water content that could support effective coalescence growth
_i ~ as a function of the total droplet concentration: -
S
L =0.6+0.00 N3, | (3)

L where Lmin is the minimum liquid water content in g m-3 and N is the total
- E;: droplet concentration in cm~3.. This particular relation corresponds rather
E - well to both. the minimum value of water content that can ever meet a MDT

¢ ¥ threshold of 5 minutes and (simultaneously) allow.relatively small large

drops to exceed a MDT threshold of 3 minutes.
A similar, but independent, estimate of the minimum radius of lgrge

- l' drop capable of effective coalescence growth led to the relation
_i_i log q R_; = 1.5 + 0.006 N> (4)
;} !! where, as before, N is the total droplet concentration in em~3 and Rmin is
;E ) the minimum large drop radius in microns.

:3 - Figure 14 repeats several of the growth curves for individual large

‘2 - drops that were previously discussed, but with additional shading to
identify the region of the plot which (3) and (4) identify as being capable
:; i of supporting effective coalescence growth. While the correspondence with
b .. the individual growth curves is not perfect, it is apparent that these

suggested relations can be useful tools in quantifying the start of effective

.
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coalescence growth,

. Another way of looking at this same threshold is illustrated in

.

b

3
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Figure 15. This figure is a copy of Figure 2, but with an overlay identifying




0. 00 5. 00 10. 00 /5. 00 20. 00 25. 00 30. 00 35. 00 40. 00
: TIME [MIN? .

‘0. 00 s. 00 10. 00 15. 00 20. 00 25. 00 30. 00 35. 00 40. 00
TIME (MIN)

Lac M
-‘6_

s. 00 10. 00 1S. 00 20 00 25.00 30.00  35. 00 0. 00
TIME (MIN)

Growth of large drops (30-200 um initial diameter) in a
simple cloud model. The shaded area indicates the region
of the graph which might be expected to support effective
coalescence growth.
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the region of effective coalescence growth as defined by (3) for a cloud

base droplet concentration of 600 em”3. This figure suggest a major difference
between clouds with base temperatures substantially below 10°C and those with

base temperatures substantially above 10°C. In either case, effgctive

coalescence can begin within an adiabatic core within a kilometer or so

of cloud base. In the warm based clouds, however, effective coalescence )
growth can still occur even in regions that have average water contents. i

On the other hand, in cold-based clouds average water contents would not

be adequate to support effective coalescence growth.

e

TIME AND LOCATION OF WARM RAIN DEVELOPMENT

Following the study of coalescence onset, additional studies were
performed to identify the time and location of precipitation formation as
a function of the cloud base temperature, updraft velocity, total droplet
concentration, and degree of entrainment. These studies made up the bulk

of the first year effort of this study. Ihe initial studies of this type

all used the same continuous collection parcel model employed in the studies
of the growth of individual particles (Figs. u-11).

Table 1 shows some of the results of these studies - presenting the

e .

height (m) at which the radars reflectivity factor first exceeds 10 dBZ.

This is a commonly used measure of precipitation onset and corresponds to 3
-l

the first development of significant concentrations of raindrops. In all
cases in which the parcel exceeded 8 km altitude or fell below -40°C before 1
reaching 10 dBZ, the height entry is replaced with a full field of asterisks.

Tables 2 and 3 present similar data, but in these tables sub-adiabatic water j
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contents were employed (half of adiabatic in Table 2 and a variable

fraction of adiabatic corresponding to equation (1) in Table 3). One

of the most interesting results of this study is the relative insensitivity

of the time and location of precipitation onset to total droplet concentration.
The first echo heights can be redefined in terms of the additional time

(or height) required to reach the 10 dBZ echo intensity after passing thef

threshold water content defined by (3). These "adjusted" heights are

presented in Tables 4, 5, and 6 for the same three bulk entrainment rates

invoked in generating Tables 1-3. Adjustments of this sort to allow for

the initial "incubation" period of a cloud in which céalescence growth is

either absent or ineffective may ultimately simplify predictions of the time

and location of precipitation onset and reduce some of the variability

S introduced by differing updraft velocities or entrainment rates.

The parcel model used for these studies is an attractive tool for
investigations of this sort. It is relatively inexpensive to run and
i_; produces a rather precise estimate of the height of precipitation development.
These are both valuable attributes when performing a large set of runs for
-~ intercomparison. While intercomparisons between runs are relatively reliable

with this model, the absolute accuracy of the locations of precipitation onset

- is suspect since the model neglects differential sedimentation of the falling
%: drops. This problem can be addressed by using a "trajectory' model that
-#i allows explicit consideration of the relative motion of the growing raindrops.
'Y

. When incorporated into an appropriate framework (see Johnson, 1982), this

sort of model can produce time-height cross-sections of radar reflectivity

prattLt

that behave very much like obsérved radar "first echoes" (e.g., Battan, 1953).

S
4k

! ’
Sdhaind

.
SO

¥

Figure 16 shows one such cross-section calculated with an improved version
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of the "trajectory" model. Rather than producing a single estimate of
the height at which the radar reflectivity reaches detectable limits, this
sort of model actually predicts the base and top heights of the echd as a
function of time. By scanning over the calculated cross-sections, it is
then possible to estimate the average heights of the echo top and base
expected in an observational study.

The current version of this model has been improved to include the
velocity adjustments. for changing air densities and variable entrainment
algorithms already introduced into the parcel modei. In addition, in
order to improve the resolution of the calculated cross-sections, it has
been necessary to increase the number of drop categories used in the

computations by a factor of four over that used in the parcel calculations

(to 101 categories). The extension of the warm rain studies to include results
from the trajectory model comprised the major portion of the year two efforts

of this study.

A full set of runs of this model have been completed, almost a thousand
in all, covering a wide range of updraft velocities, cloud base temperatures (and
pressures), droplet concentrations, and degrees of entrainment. Table 7 shows
the temperature of the predicted first echo for an adiabatic updraft (°C).
Temperatures for both the top and the base of the 10 dBZ 3-minute first echo
are shown. [The "three-minute first echo" is just the average top and base of
the echo which has reached a 10 dBZ threshold, followed cver three minutes of
development.] At the upper left hand side of the table, no. data are given since

the model never developed a 10 dBZ echo. At the lower left, one run is also

indeterminant since no echo was formed within one hour, and calculations were
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. TABLE 7 .

: 10 DBZ FIRST ECHO TEMPERATURE (TOP/BASE)
ADIBAT = 1.0 g Lo

\
™ .
K~ CLOUD BASE TEMPERATURE <L,
< UPDRAFT VELOCITY, M/S ’
o (# CONCENTRATION, C¥-3) -5 0 5 10 15 20 25 20
L Ny .
" 16.6 ¢ 50.) exajewn  maafwes 44730 -36/-17 =23/ -8 =11/ 1 o/ 8 7”16 -
- 16.0 ( 200.) snufaan  wwmjeee 437230 -33/-17 -20/ -8 -8/ 1 o/ 9 9/ 16 -]
‘ 16.0 ( 600.) seajane  wwsfeer _44[/-32  -36/-18 -20/ -8 -8/ 1 o/ 8 9/ 15 -
16.0 (1200.) senjann  smafens _42/-3% =35/=20 =23/ -9 <11/ O o/ 8 1S
. 14.0 ¢ 50.) sna/wan  40/-38  -10/-25 =28/-1& =17/ -5 -6/ 3 211 /1 .
N 14,0 ( 200.) wen/ews  40/-39  -L1/<24 <29/-13 <17/ -4 -6/ & 3y 10/ 17
N 14.0 ( 600.) sas/een  wawjans  40/-217 -28/-15 <-17/ -6 -6/ 3 1710 10/ 17 B
v 14.0 (1200.) senjenn  amafaws 40/-29 =31/-16 <-16/ -7 -8/ 3 2110 11/ 16
“
- 12,0 ( 50.) snsjawn 239/230  -36/-19 <24/-10 <13/ -2 <=3/ 6 /12 12/ 18 .
12.0 ( 200.) seafumn 40/232  -34/-20 <24/-10 =14/ -1 =3/ 6 s/12 12/ 19 ha
] 12.0 ( 600.) sen/aar  039/-33  -36/-21  <26/-ll =13/ -2 -3/ § 6/ 12 12/ 19 «d
: 12.0 (1200.) een/enn 2397235 237/-23  <26/-12 -12/ -3 -3/ & 4/ 12 12/ 18
- 10.0 ( 50.) -38/-31  ~40/+23 =31/-16 <18/ -6 -9/ 1 0/ 8 8/ 14 16/ 21 -
- 10.0 ( 200.) -38/-33  =40/-23 -31/-l4 -19/ -6 -9/ 2 o/ 8 8/15 1/ 2
. 10.0 ( 600.) -36/-35 =39/-26 -30/-16 -18/ =7 -9/ 1 o/ 8 8/ 16 16/ 21 -
10.0 (1200.) waa/wee  _39/-28  31/e17 20/ -8 -1}/ O -2/ 7 146 15/ 20
- 8.0 ( 50.) ~40/=27  <35/-20 ~25/-10 =14/ =2 -5/ & 3/ 11 10717 16/ 23 2
8.0 ( 200.) -38/-28  =36/-17 =25/ -9 -1/ -2 =4/ & 4/ 10 10/17 1/ 22 b
o 8.0 ( 600.) -38/-29 =31/-19 -24/-12 <13/ =4 =5/ & 3/ 160 10/ 16 16/ 22 -
N 8.0 (1200.) -38/-31  ~36/~21 =27/-12 <14/ -4 =7/ 3 1/ 10 9/ 16 16/ 22
N . ..
' 6.0 ( 50.) <37/-22  ~28/-14 ~17/ -7 <8/ 0 -1/ 7 6/ 13 13/ 19 19/ 28
N 6.0 ( 200.) -38/-21 -27/<l4 17/ -7 -8/ © =1/ 1 6/ 13 13/ 19 20/ 2%
- 6.0 ( 600.) -37/-20  -29/-14 -20/ -6 -9/ O -2/ 7 6/ 12 12/ 19 19/ 25 -
- 6.0 (1200.) -37/-20  -30/-14 -19/ =7 =11/ 1 -3/ 7 6/ 12 13/ 18 18/ 2
f 4.0 ( 50.) ~29/-13 =20/ -1 -12/ -1 -4/ & 3/10  10/15 16/ 21 2/ 7 T
- 4.0 ( 200.) -29/-13 =21/ -7 =12/ -2 -5/ & 310 10/15 16/ 21 22/ 27
~: 4.0 ( 600.) -30/=-12 =23/ -7 -14/ =1 -5/ 3 </ 10 9/ 16 16/ 20 22/ 26 .
9 4.0 (1200.) -28/-11 =20/ =7 =14/ -1 -6/ S 2/ 10 9/ 15 15/ 21 21/ 26
7 3.0 ¢ 30.) ~23/ -9 -16/ -3 -8/ 1 -1/ 6 6/ 12 11/ 17 1/ 23 23/ 28 "
) 3.0 ( 200.) 222/-11 <16/ =4 -9/ 1 -1/ & s/12 11/ 17 17/ 22 23/ 28
3.0 ( 600.) <25/ ~9 <17/ =4 -10/ 1 -2/ 6 4/ 12 10/ 17 16/ 22 23/ 07 "
7] 3.0 (1200.) 222/ -8 1%/ -4 10/ 2 -3/ & 3/ 13 10/ 18 16/ 23 22/ 28
- 2.0 ( 50.) -17/ =1 -0/ -1 =¥ 3 2/ 9 8/ 14 14/ 15 20/ 26 25/ 29 -
- 2.0 ( 200.) <17/ =1 =10/ -2 =&/ 3 2 8 8/ 14 14/ 19 19/ 2% 28/ 29 =)
g 2.0 ( 600.) <18/ =7 -12/ -2 -6/ 3 VAR 713 13/ 19 19/ 2% 25/ 29 -
0 2.0 (1200.) -17/ =6 =il -1 =5/ 3 o/ 9 Wle 13/ 19 19/ % 2%/ 29
. 1.0 ( 50.) -10/ =% 4/ 0 1/ s 6/ 10 12/ 15 17/ 20 22/ 27/ 30 e
. 1.0 ( 200.) -12/ -4 -6/ 0O YA 6/ 10 11/15 17/ 20 22/ 28 21/ 30 e,
¢ 1.0 { 600.) -13/ -5 <6/ 0 -1/ 5 5/ 10 10/ 15 16/ 21 21/ 28 21/ 30
3 1.0 (1200.) wesjann 6/ 0 -2/ 6 4/ 10 10/ 15 15/ 20 21/ 2 26/ 30
1 ".
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terminated. In addition to looking at the temperature of the first echoes,
the height of the echoes was investigated. Table 8 shows the same results
. as Table 7, but now presents the echo heights in terms of height above cloud
base (km). In this presentation, the effect of cloud base temperature on echo
height is weakened considerably as compared to the parcel model previously
¢"ployed. The water contents within the cloud are lower when the cloud base
temperatures are reduced and the echo takes longer to form, but the actual
position of the echo that eventually does form is not dramatically different.
e For example, for the case of a 8 m/sec updraft (600 droplets cm-a) the parcel
model predicted that you might produce a 10 dBZ first echo by 3.2 km above
r cloud base for a 30°C cloud base temperature and by 4.0 km above cloud base
- for a 10°C base temperature. With the trajectory model, the base of the echo

= ' for the 30°C cloud base temperature would be at 2.1 km and top of the echo at

uf . 3.9 km. For a 10°C cloud base temperature, the echo base would be at 2.6 km
%'5f' and the top at 4.3 km. In this particular example the sensitivity to variations

“

-2 in cloud base temperature is essentially cut in half.

Table 9 shows the effect of reducing the liquid water contents to half

"."‘T -

their adiabatic values. As would be expected. the reduction in liquid water

content results in higher first echces, but the effect is not as dramatic as

was predicted with the parcel model. Table 10 shcws the effect of further

]

.'l‘l
oA
“»

N
a i

"ot - reducing the water contents. In this case, they have been reduced to a function i
h. \
- ‘
. . s e . 1
N of height above cloud base specified by (1). As discussed above (see Background |
P

Section), this expression gives an estimate of the mean water content expected

AP
S te e
Y

in a convective cloud. As expected, echoes are higher still and the conditions

for which the model fails to predict echo formation are enlarged.
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CLOUD BASE TEMPERATURE

TABLE 8
-9

(¢ CONCENTRATION, CM~3)

UPDRAFT VELOCITY, M/S
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TABLE 8

10 DBZ FIRST ECHO HEICHT (TOP/BASE) .
“  ADIBAT = 0.5 .
. CLOUD BASE TEMPERATURZ
UPDRAFT VELOCITY, M/S

. (# CONCENTRATION, CM~3) -5 [ H 10 15 20 25 30
16.0 ( 50.) sea/aak  Awn/nan wsa/ame 7.7/7.4 9,1/6.8 B8.9/6.3 8.7/6.0 8.2/5.8
16.0 ( 200.) ang/has  Ans/as%  san/xee 7 B/7.4 B.9/6.7 8.5/6,3 B8.2/6.0 7.8/5.9
16.0 ( 600.) ean/ann ake/ank  saa/aas wne/asr 9.0/7.0 B8.,9/6.6 B8.6/6.2 8.3/6.0
16.0 (1200‘) Q.l/... .../... t../.t. .Qﬁllﬁ. 9.0,7.‘ 9.2/6.‘ ‘.516.‘ ’.1/6.2
15,0 ( 50.) et /ans  awe/aan  sen/wse 7.8/6,6 B8.3/6.0 B8.2/5.6 1.9/5.4 7.6/5.2
14,0 ( 200.) RER/adh ARe/eah wxe/ene 7. B/6.5 B8.4/5.9 7.8/5.7 1.5/5.3 7.2/5.2
14.0 ( 600.) sRs/aas ks /ank  aae/een ]7.7/6,8 B8.6/6.2 8,1/5.8 7.9/5.6 7.6/5.4
14.0 (1200.) wnh/ane ek faen Anafexe 7.7/7.3  8.7/6.6 8.4/6.2 7.2/5.8 7.4/5.6
12,0 ( 30,) snk/ene  aen/awd §.4/5,6 7.7/5.5 T.4/5.2 1,4/4,.8 1.0/4.5 6.8/4.8
12.0 ( 200.) han/ahk A /aad 6 4/5.8 7.6/5.5 7.5/S.1 1.0/4.9 6.8/4.7 6.4/4.8
12.0 ( 600.) nak/aaa  wae/aed  §.2/6,1 7.6/5.8 7.7/85.3 1.2/5.0 7.0/4.8 6.8/4.6
12.0 (1200.) setfann  hbkkfean aae/ean ], 6/6,1  7.8/5.7 1.4/5.3 1.4/5.1 7.0/5.0
10.0 { 50.) wwe/ans 4 .4/3.9 6.4/5.0 7,0/4,6 6.7/4.2 6.3/64.0 6.1/3.9 S5.8/3.8
10.0 ( 200.) san/ass  wxe/ad% 6 4/4.8  7.0/6.6 6.7/6.2 6.3/6.1 6.1/3.9 5.9/3.7
10.0 ( 600.) san/ann  aknjese  § 4/5,2 7,2/4.6 6.9/4.4 6.5/6.2 6.0/4.1 $5.7/4,0
10.0 (1200,) wak/aws  ank/and §.4/5,5 7.1/5.2 6.9/4.7 6.6/4.6 6.1/4.4 6.0/4.2

8.0 ( 50.) wakjews  5.0/3,7  6,1/4.1 6.2/3.4  5,7/3.4 8$.3/3.4 5.2/3.2 $5.0/3.1
8.0 ( 200.) ssn/aee  5.0/3.8 6.2/3.9 6.1/3.6 5.7/3.5 5.3/3.4 5.2/3.2 5.0/3.1
8.0 ( 600,) nek/ent (,6/3.9 6.1/4.2 6.0/4.0 5.8/3.7 5.5/3.5 S.4/3.3 S5.2/3.2
8.0 (1200.) san/une £,2/3.7 6,3/4,2 6,1/4.1 6.0/3.8 5.8/3.5 5.4/3.5 5.3/3.4
6.0 ( 50.) 2.8/1.9  5.1/3.0 5.3/2.9 4.9/2.8 4.5/2.8 4.5/2.5 4.2/2.6 4.1/2.4
6.0 ( 200.) 2.8/2.1 5.1/2.9 $.4/2,9 S$.1/2.7 4.8/2.6 4.6/2.6 4.2/2.6 4.1/2.%
6.0 ( 600.) 1.8/1.64 5.0/2.6 S$.4/2.9 5.2/2.8 5.0/2.6 4.5/2.8 4.5/2.5 4.5/2.3
6.0 (1200.) sne/aee 4 .7/2.6 $.3/2.8 5.0/3.2 5.0/2.7 4&.7/2.7 4.4/2.7  4.4/2.95
4.0 ¢ 500 3.5/1.8  4.0/1.6 3.9/1.5 3.B/1.5 3.4/1.8 3.4/1.7  3.4/1.%5  3,2/1.6
4.0 ( 200.) 3.4/1.3 3.9/1.8  3.,8/1.9 1.9/1.6 3.4/1.8 3.5/1.6 3.3/1.7 3.3/1.6
4,0 ( 600.) 2.7/71.1 3.9/1.3 4,0/1.6 4.1/1.4 3.9/1.5 3.7/1.6 3.2/1.8 3.5/1.6
4.0 (1200.) 2.6/0.9 3.5/1.4  3.8/1.4 3.5/1.7  3.9/1.4  3.B/1l.6  3.5/1.6 3.4/1.6
3.0 ( 50.) j.2/0.8 3.0/1.1 3.0/0.9 2.8/1.1 2.8/1.0 2.8/0.9 2.7/0.9 2.6/1.0
3.0 ( 200.) 3.1/0.8 3.1/1.0 3,0/1.2 2,9/1.1 3.0/1.0 2.8/1.1 2.8/1.0 2.7/1.1
3.0 ( 600.) 2.6/0.5 3.1/0.6 3.2/1.0 3.3/0.9 3.1/1.1 3.1/1.0 2.8/1.2 2.9/1.2
3.0 (1200.) 2,3/0.5 2.5/0.7 2.7/0.8 2.8/1.0 3.0/0.9 3.1/0.8 3.0/0.9 3.0/0.9
2.0 ( 500 2.2/0.2  2,2/0.3 2,0/0.6 2.0/0.4 1.9/0.5 1.9/0.4 1.8/0.5 1,9/0.4
2.0 ( 200.) 2,2/0.3  2.2/0.% 2.2/0.5 2.0/0.6 2,1/0.5 2.0/0.6 2,0/0.5 2.0/0.5
2.0 ( 600.) 1.7/0.2  2.0/0.3 2.2/0.5 2.4/0.5 2.3/0.6 2.3/0.5 2.1/0.7 2.2/0.6
2.0 (1200.) sek/eee  2.0/0.2 2,0/0.5 2.2/0.3 2.1/0.5 2.0/0.6 2.1/0.5 2.1/0.%
1.0 ( $0.) aan/axs  ana/aes 0.9/-.2 0,9/0.0 0,9/0.0 0.9/0.0 0.9/-.1 0,9/-.1
1.0 ¢ 200.) non/awe  ske/aes | 2/0,0 1,2/0.0 1,2/0.0 1.1/0.1 1.1/0.2 1.1/0.0
1.0 ( 609,) aat/nh  wak/ane and/ean den/ees ] .4/0.2 1.4/0.0 1.3/0.1 1.2/0.2
1.0 (2200.) ARa/aa ARt jene  eek/wan  senjaan  senfese  seefens  1.370.1  1.3/0.0
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ADIBAT = -1.0

UPDRAFT VELOCITY, M/S
(# CONCENTRATION, C4-3)

16.0
16.0
16.0
16.0

1.0
14.0
14.0
14.0

12.0
12.0
12.0
12.0

10.0
10.0
10.0
10.0

oo 0o G0 0o GO
« .o AR
0000 0000 ©OOO0Oo

» s e
PR

[POR
. MR
0000

[~ X=X 0000

NN
.

e
MR

( 50.)
( 200.)
( 600.)
(1200.)

( 50.)
( 200.)
( 600.)
(1200.)

( $0.)
( 200.)
( 600.)
(1200.)

( $0.)
( 200.)
( 600.)
(1200.)

( 50
( 200.)
( 600.)
(1200.)

( 504
( 200.)
( 600.)
(1200.)

( 50.)
( 200.)
( 600.)
(1200.)

( 50.)
( 200.)
( 600.)
(1200.)
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Nan/and
tad fann
sen/aad
t.t/...

tek/hak
LLLFA s 1]
LIT YR L
han/had

.t./.‘.
wan/anw
LI YA L L
!it/.t.

san /otn
ane/ann
st jane
ane fnan

..‘/...
I'l/'..
a“ne/nas
wae/ant

..'/...
!-./...
ane/wre
.../...

.../...
"./..Q
'../.'.
.../..'

.../...
'../Q..
-'./...
.Q./...

e /ane
cnd/ane
nen/het
wed/aeh

can/ann
raefenn
een/ane
.../..Q

TABLE 10

0

ane/any
wne/abw
ten/ane
ans /a4t

ese/one
e jarn
LIy
nhe/anw

Iy
aee fawe
Q../...
twefann

tnefnen
aea/wan
ted /ean
o/ aaw

bk fatn
see/une
.'l/.'.
...,."

1.0/0.4
0.2/-.1

LYY T
LA TR L L

3.3/1.8
2.6/0.7
1.8/0.7

...,...

2.7/0.58
2.4/C.4
aatfoun
cen/ane

1.4/0.1

ate /e
hoe/aen
tat /avn

.'./...
t../.'.
LI AL 1)
.../...

10 DBZ FIRST ECHO KEICHT (TOP/BASE).

CLOUD BASE TEMPERATURE

5

LIT ¥ 12 ]
ane/ane
skn/Ane
aae/aws

Ly
ane/ane
“su/tnn
ane/ane

nen/ons
hun/dnn
e /oun
nan fank

can/nee
sen/ane
.../...
o/ aan

4.4/3.
4.0/3.

?
6

hon/han
wre [hae

5.4/2.
5.0/2.
L.2/2,
4.0/2,

4.1/1,
.3
3.5/1.
3.3/1.

bob/l

3.1/0.
3.2/0.
2.3/0.
2.2/0,

2,0/0,
1.7/0.

9
6
6
5

9

0
2

8
7
3
[

0
3

ane/ane
..‘/...

ann/ean
tan/nnn
san/nas
wna/ane

10

ade/ene
Ak fuen
.../...
res/ean

Ly
axnfeen
R /und
avn/une

Sk /hhd
"N /ane
(I LY LT
LI yLT ]

6.8/5.6
6.8/6.0

snk/uan
ke /wan

T.1/647
7.0/4.6
6.8/4.8
6.6/5,2

6.4/3.)
6.4/3.1
5.8/3.2
5.6/3.2

4.4/1.9
4.6/1,9
4.0/1,3
3.6/1.4

aanfane

ane/ane
ane/oane
enefann
wan/ann

15

akn/ang
ask/ane
ase /e
ane /hae

8.6/8.3

.../...
.../.'.
st fann

8.8/17.1
8.8/1.2
8.6/8.0

xR jany

8.8/5.7
8.8/5.9
8.4/6.5
8.6/6.8

8.0/4.6
7.9/4.8
7.6/5.1
7.9/5.0

6.0/3.7
6.5/3.2
6.2/3.2
5.9/3.3

4.3/1.8
«.5/1.9
4.1/1.7
3.8/1.6
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One of the surprising results that was discovered in this analysis was
the potential for growth of large liquid drops in relatively cold-based
convective clouds. Such clouds are typical of the High Plains (Colorado,
Montana, etc. ). Although precipitation formation in these clouds i§ primarily
an ige or mixed-phase process, large liquid drops have been observed in these
Slouds. Since it was thought to be impossible for such drops to grow diree;ly.
by coalescence, these observations were interpreted as evidence for recycling of
ice or graupel that fall below the 0° isotherm, melt, and are then carried back
into the updraft. The current model results, on the other hand, suggest that
direct grow%h of liquid drops is not only possible, but likely.

Figure 17 illustrates some of the large drop trajectories in the case
of a 5 m/sec updraft and a 5°C cloud base temperature. Figure 18 shows, for
this run, the evolution of the expected size distribution of liquid drops
that would be found at the -5°C and -10°C levels of the cloud. The small drops
are the first to arrive at a given level, with the larger drops lagging behind.
Eventually the concentration of large drops builds up, as can also be seen in
Figure 19 which shows the concentrations (m-3) of half miliimeter (left hand
figure) and millimeter (righf hand figure) diameter drops. Even at higher
updraft velocities it is possible to grow large liquid drops during the primary
ascent. Figure 20, for example, shows the possible concentration of millimeter
drops (top figures) and half millimeter drops (bottom figures) .or updrafts of
10 m/sec (left hand figures), 15 m/sec (middle figures), and 20 m/sec (right hand
figures). In each case, the initial concentration of large droplets that grow

to raindrop dimensions was based on aeroscl observations that were made over the

High Plains during the HIPLEX project.
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Figure 17. Sample trajectories illustrating the trajectory model.
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Figure 18. Evolution of the drop-size distribution as a function of time
and height above cloud base.
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ICE-MULTIPLICATION

e In some clouds, many more ice crystals are pbserved at temperatures
T of -10°C, or warmer, than can be accounted for by measured concentrations
of ice nuclei. This has long been interpreted as evidence for some sort of
AN ice multiplication mechanism. 1In a series of articles, Hallett and Mossop
o have reported on laboratory experiments supporting a possible ''splintering"
s ‘ mechnaism for the production of secondary ice crystals (Hallett and Mossop,

o 1974, Mossop and Hallett, 1974; Mossop, 1978a; Mossop and Wishart, 1978).

In laboratory studies of ice-multiplication Mossop (1978a) suggested

& that the rate of production of secondary ice crystals is proportional to

N N2N50.93, where N, is the number of large drops (D > 24 um) swept up

N each second by a falling graupel particle at -5°C and N is the corresponding

! sweep-out rate of small (D < 13 um) drops. Recently Mossop (personal

communication) has suggested that the exponent Q.53 may be unrealistically

S precise and that a simplier proportionality of N2 NS is probably more

O appropriate.

"- “.. . .y . .

o In many cases, the cloud droplet distribution can be descirbed

e i : .

L accurately by a gamma distribution. Following Berry and Reinhardt (1974),
e

3 fcr example, the cloud droplet distribution can Se expressced as

where,

G(v)

S -
o e
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i T

:
ﬁf? ﬁ: and where f<x> is the number density of drops of mass x, N is the total

wooe WL
‘;:: l‘ number concentration of cloud droplets, L is the liquid water content,

E{: B . and v is a shape parameter specifying the breadth of the distribution.
?;E_f. . The relative dispersion (or/Eﬁ of droplet distribution is often obsewved
(;..A to be near 0.2. This corresponds rather closely to a value of v = 2.

f: :: In some observations, however, }he relative dispersion appears to increase
i?; . with height above cloud base (e.g., Warner, 1969). 1In this case the

fa: N appropriate value of v could vary from v = 2 down to v = 0 (relative

{:E i dispersion = 0.4).

-?} ;, Whatever the value of v, of course, it is always possible to integrate
f}f ) (5) to give the number of drops larger or smaller than any specified size
5{f i“ limit. This means that, with an appropriate choice for v, the total droplet
?5: l. distribution can be expressed in terms two physically meaningful parameters:
)

;g i N ard L. The relative number of large and small drops swept out by a

Eii ;; ° falling graupel particle, however, will not necessarily be directly

63‘ " proportional to the relative number concentration of large and small drops
ii; since the collection efficiency for capture by the graupel will be different
_E? _ for the large and small size-ranges that are of interest. Examination of
i;ﬁ ) the collection efficiencies suggest that the collection efficiencies for

SE QE small drops (D<13 um) is typically about 80% of the corresponding collection
i; - efficiency for large drops (D> 24 um) over a wide range of possible graupel
.;; 2 diameters,
13K

:i: 5: Taking this relative collection efficiency into account, Iigures 22,
N,

'ig . <3, 214 25 illustrate the relative effectiveness of the Hallett-Mossop ice-
i; 5: multiplication mechanism as a function of the cloud base temperature and

i .droplet concentration. In all cases the contours of relative efficiency
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are labeled in relative units only. Figure 2! is based on adiabatic water
contents, while Figure 23 is appropriate for water contents that are half

25 corresponds to the mean observed water contents

adiabatic and Figure
shown in Figure 2. 1In each of these cases, the shape parameter v was
assumed to be constant (=2). Figures 22, 24, and 26 repeat the same sort
of estimates of ice-multiplication effectiveness, but in this case invoke
a variable v which ranges from 2 (at cloud base) to 1 (at 750 m above
cloud base) and ultimately to d (at 2 km altitude and above). These plots
agree rather well with the empirical '"'boundary' .suggested by Mossop (1978b)

separating conditions conducive for ice multiplication from those not

conducive, but goes well beyond the boundary concept.
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SNOWFLAKE AGGREGATION

-\_ -
o

SN . s 13 . ~ - . .
AR In most detailed microphysical modeling efforts, snowflzke aggregation is
l‘ simply ignored. In recent years, however, aggregation has increasingly been

- R : .
1SR h . R . -
S spotlighted as an important physical process that needs to be better understood.
1S

- - While in principle, aggregation of snowflakes into larger and larger units seems
. to be a rather straightforward problem, the wide variety of particle shapes,
-~
h L bulk densities, and fall behavior as well as the potential interactions between
,{f . nearby particles have presented formidable obstacles to anything mcre than a
r qualitative understanding cf the procblem. As recently as 1971, Mason said,

S "The growth of these aggregates is governed by the collision and

P aggregation efficiencies of the crystals and by their relative
w mctions which, because of the aerodynamic problems posed by the
L o complexity and variability of the ice-crystal geometry, are not

\ Ii amenable to quantitative computation.®

L Passarelli (1978a), has developed an enalytical approach to modeling the

-, "‘..

ARSI evclution of the snowflake size distribution by vapor deposition and aggregation
7 !, of flakes that bLypasses many of the difficulties menticnad by Mason. This

o ecproach involves assuming an exponential form for the snowflake size distri-
) :', .,

e buticn, .

’ ‘;' ' -AD

hp n(D) = XN, e (<)

[ )
P
woetale

s e et e

I.n .
.

" i s oy -3, . . . -
e whnere n(D)dD is the number c¢f snowflzkes (ecm 7) in the diameter range from

®
e (D-24D) to (D+3dD), and ther sclving the moment conservaticn equations for the
Al total mass and radar reflectivity in terms of the distributional parzmeters

- N, and L. The end result is to prcduce expressicns for these parameters as

=

o functions of +ime. Although this approach ignores many of the complexities that
R can ccmslicate the analysis (e.g. Passazrelli and Srivastava, 1973), Passarelli
N

",




o ->3% '
LI I
o . . L .

L has had considerable success in applying this analytical approach to cbservational
P
p data (e.g. Passarelli, 1978b; Lo and Passarelli, 1982)

:zf: If the snowflake size distribution is truely exponential, then the

AN distributional parameters N, and X can be related to other more physically

-

) . ey

~ meaningful properties of the distribution such as the total number (nt) or
O

o r.ass (mt) of snowflakes per unit volume,

) N

‘ n, = (7)
L t A

.._1-.

- TRy N, .
o m, = (8)
o A"

i

};f where e is the snowflake bulk density. Alternately, the number or mass of snow-
‘;:A flakes larger than a given diameter, D,, can be expressed as :

n(C>Dy) = n_ e 0o (3)
(9
2 . s
- - ")\Do - D x‘ D°3 13
m(I>Ly) = LI 1 + 0, + + (19)
2 6

In rmanv cases, thase last two paraneters are cf mcre Interest than (7) end (2).

In terms of precipitaticn formation, the parameter of interest is the rate cf
increase of the miss ¢f large flakes which can be exgressed as

o m. -AD, dA 21)

e ‘ ¢m(D>D.) . _ _% p* 2 e Do &2 G

. N __._—————'-——':jt - 6 o] dt

s

o Tra critical term in (12)is dX/3+t, which can be obtained from Passarelli (1978a).

For the case of aggregation alone,

e dr | 2 Tt x-(b-2) (1)
S t (5-1) J
[ -
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where b is the exponent in a particle fallspeed relation of the form

2,

N _ b (13)
T ) Vt = ab
LR The censtant C, in (22) is defined as

\

J .,
S _ (1-b) a E 1(b)

T €2 2880 p, (%)
L 1

" o

where a and b are defined by the fallspeed relation (13), E is a mean collection
o ::: efficiency, and Ch is the snowflake bulk density. Both E and p; are assumed to
:f::' .. be independent of particle size. The term I(b) is defined by a rather intimidating

‘1 r relation:

RIS 3 . .
o T - 1-p F(1,p38-i3;3)  F(1,p;u+b+i;})- (15)
et -\b) - A(p) 2 C 3 - n
AR o, 1 7-1 3+b+1i
u - = 4
l::-:‘.: where p=10+4b , Cl:CZi:l , C2=2 ,» T represents the gamma function, and F represents
AT Gauss' hvpergeometric function. For these arguments, the series sclution for F
®f ! can be expressed as
s F(c) © TI(b+n)
F(1,55¢3;3) = - 2*n) (3P (22)
N T r(b) '\ZO F{c+n) ()
o1
'_"_'.-j:f - While (15) and (12) can be readily evaluated on modern computers, the constant
::-j:: - I(5) itself is rather well behaved cver the range cf interest (se= I'lIgurs 27)
®y . . . . .
v and can 2lsoc be estimated using & simple polynomilal expression:
O
-.) v,
e W
.“‘:} .
; - 2 3 (17)

x‘{-\ R I(b) a, b+ a, b® + a_ b
- =
- ; « 3 3 - .2

where 2, = 1.57 x 106 ,a2=1.86x10 , and ay = 2.87 » 147 .
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igure I3 shows an example of a series of observations of snowflake size

" O

,,,-
-

31; X distributions that were obtained in a advecting spiral descent (Lo and Passarelli,
" 1882), plotted as functions of the individual slope, XA, and intercept; Ng»

;g;. h parameters. The general trend of the observations during the descent is from

SE: ;; T, e upper right {highest observations) to lower left (the lowest heights

f;; . cbserved). Tigure 29 shows, as functions of the same distributional parameters,

R ;; the rate of increase of large snowflake mass (g cm.3 sec-l) for the case E = 1.4,

- a = 150 (cgs), b = 0.31, D, = 0.3 cm, and Py = 0.05 g cm-3. For the same case, g

AT 1 dm(D>D, )

S n(D>D,) dt

RN defined by (1) and (11), which is often a mcre useful way of expressing the
NE trarnsfer of mass to large tarticles and was extensively used in the warm rain
NS initiation aspects of this study.

.:}j .

'y it interssting way to cast figures of this seort in a new light is to convert

*hem o 2 naw cooriinate system that meves away frem the slope and intercept
t' ~aramevers in faver or more rhesicaliy meaningful properties such as number or
) -~:33 csncentraticns oF crponalsz. Filgures 31 and 32, for exampls, illustrate the
:i zame relationshing as were shown in figures 29 and 20, but In terms of nuwber and
o -zc3: yz-her <hnan abstract ''parameters.' In this case, the nunber and mass were

- fefinaiogaing oand 10 (D, .03 em), wnich is a cerveniant threcheld for data

ce=z chwalned from oairtcorre farticle probes. Mest interestingly, this conversion

e suzzests that it may Te possible to parameterize the growth of large aggregates
o 2z 2 relizively simple function of the total ice particle mass-- the same concept
‘;,’.

" ‘ i 3 3

o 3ed in ¥esslar-style taraneterizations of warm-cloud misrophysics. Alternately,
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Abstract

Riming growth rates for graupel and frozen raindrops are compared
with those of unfrozen drops growing by coalescence. The results indi-
cate that graupel can have a considerable advantage over unfrozen
raindrops in regions where the cloud droplets are large. On the other
hand, if the cloud droplets are small the situation can reverse itself
with water drops being favored over graupel. In addition, the results
suggest that low density graupel or aggregates may be particularly
effective growth centers for accretion, and that particles entering a
~wet growth regime may experience a sudden jump in growth associated with

a change in the particle's surface roughness.
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1. Introduction

More than 20 years ago, Braham's (1954) observations of precipitation
cevelopment in Missouri clouds led him to conclude that snow pellets
{(graupel) grew faster by riming than unfrozen drops grew through
coalescence. This conclusion suggested that the freezing of supercooled
drizzle drops increased the precipitation efficiency of summertime con-
vective clouds in the Central United States (Braham, 1964: 1968), At
the time that these ideas were introduced, however, quantitative testing
of the hypothesis was a long way off, Only recently, in fact, has our
knowledge of coalescence and riming progressed to the point that treat-
ment of the problem could be attempted. This paper performs such an

evaluation, examining differences in particle growth by riming and

o
“n

-
-
-

coalescence, and seeing whether these differences would be m2intained in

4

different ge2ographical or climatological regimes,

The starting point for the current discussion is the familiar growth
equation for a particle of mass M, -and terminal.velocity V, growing by
gravitational sweepout of a mcnodisperse cloud of water droplets of

mass m and terminal velocity v:

== 4 (V-v) Eey o, m ) (1)

whera o is the zross-sectional area of tne particle normal to the direc-

"y

D

~
-

oud ¢r

(@]

ticn of fall, %o is th slet mixing ratio, Py is the air den-
sity, £ is an appropriately defined collision efficiency, and ¢ is the

fractica ¢f collisions that resul® in a ccalescence. If we restrict
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"o ourselves to oblate spheroidal shapes, the cross-sectional area . can
b be expressed as

7 )
7 o4 = I 6M /3

':'\.‘: 4 i Qi 'y ’

1‘\“

N

T where in addition to the terms already defined, p, is the bulk density
V)

O of the collecting particle and 4 is the axis ratio of the oblate

- spheroid,!

% The major goal of this study is to examine the expected growth rates
-

{:;j of graupel or frozen drops as compared to those of liquid drops of the
:lﬁ sam2 mass. This can be done most easily by normalizing the riming ’
!: growth rates predicted by (1) with the corresponding coalescence growth
;f' rate for an unfrozen drop of identical mass. This results in a quan-
ﬂﬂj titative estimate of the relative growth rate, to be represented by the
s symbol v, such that

7 _ M (graupel) , dM (liguid)

._-. y - dt / Gt ’ (2)
J

!ﬂ?: where the numerator and denominator are beth evaluated using (1). The
2&1 relative growth rate defined by (2), is the primary quantity that will
?i be used in the sudseguant discussions. No considerztion will be rzde ¢f

ctiher modes of growth, such as condensation or aggragation. In many
- casas, convective precipitation developmant can be thought of 25 a2 two-

staje process involving precduction of embryos that are large enouch to
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11¢ the dianaters of three principal axes of tne spheroid are Dy, D), and
D, such taat Dy = Dy and O3 < Dy, then 4 = D3/0).
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j::;:: begin to grow effectively by riming or coalescence and the subsequent
NS
< growth of these embryos to precipitable sizes. This study focuses on

the second stage of that process.

isii :kj 2. Formulation

O
e It is readily apparent that there are three critical parameters in
f&ié . (1) that need to be evaluated: the terminal velocity, the collision

i;{ = efficiency, eand the coalescence efficiency. Historically, each of
:ﬁfg e these parameters has been subject to considerable uncertainty. In

§Z§ ) each case, however, recent work permits us to make more quantatitive
o éi estimates of the parameter values than previously possible,
ool

Fiz -g a. Terminal Velocities
o
"[ Terminal velocities for water drops are relatively easy to estimate.

. — Beard (1976), for example, gives appropriate expressions as functions of
:ﬂff EI drop size, ambient temperature, and pressure. Ice particle terminal
;)..:_ velocities, on the other hand, are less well known and considerably more
;éi? - complicated. For these particles, the terminal velocity will depend on
;é;i ;; the particle's size, shape, bulk density, and surface roughness as well
?;; L as the environmental temperature and pressure,
?féz . The starting point for the graupel terminal velocity estimates will
.' be an expression for the fall velocity of a smooth spherical particle of
ﬁ;f? - bulk density pj falling in air with dynamic viscosity n and density o, .
'.’_ Vs =§;—;[2+C2~X-2(1+C2_§)0'5] ,
5

o
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where

0.5
8Mg Pa (oi - °a)
ﬂ nz P

M and D are the particle mass and diameter, g is the acceleration of

<
“

gravity, and C; and Cp are constants equal to 20.52 and 0.0901, respec-
tively. The dynamic viscosity of the air, n, is exclusively a function
of temperature, while air density, ps, depends on both temperature and
pressure, The dimensionless variable 52 is often termed the Best
number, Equation (3) is ultimately based on Abraham;s (1970) expression
for the drag coefficient of a sphere as a function of Reynolds number,
as discussed by Beard (1980). The actual terminal velocity of the ice
particles can b2 obtained by mulitiplying Vg by correction factors for

shape or roughness:

Ve f v ’ . (4)

Since a particle's drag coefficient is invarsely nroportional to the

4]

squarea ¢ its terminal velocity, the appropriate correction factor will

S5e of the form

¢ - (c 0.5

ps/Cp

whzr2 C. is the drag coefficient for the rnonsphericel or rough-surfacad
9]

particle while C“S is tre drag ccefficient of a smoath spherical par-
»
ticle. 2y limiting consideraticn to ctlet2 spharoids, shape effects can

be dascrited as a1 edditive factor of the form Cy = Cpg + £, where £ s

a simple functicn of the axis ratio of the spheroid (Beard, 1376). 1In
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_a¥§ -~ this case, & = 0.8 (1- 3 ). Roughness effects are less well known, but
Lie T may Se evaluated by com: ring graupel drag coefficient estimates based
T . 't on fall velocity and mass measurements (e.g., Heymsfield, 1978) with the
e corresponding ccefficients for smooth spheres. Even though this sort of
‘SRt data typnically includes both roughness and shape effects, there is a
1Y , . ..
.;2 L. strong suggestion that roughness effects may be expressed as a multipli-
I . . .
s cative factor of the form Cp = CCDS' For dry graupel particles having
.‘1“': -~
§£:£~ - Reynolds numbers > 100, typical surface roughnesses seem to correspond
deacl to a value of ¢ = 2. For Reynolds numbers < 100, roughness seems to be
N progressingly less important and g can be assumed to drop linearly with
PO AN the logarithm of the Reynolds number from 2.0 at Reynolds number 100 to
= 1.0 at 2 Reynolds number of 1.0. If surface roughness doubles the drag
S
RN coefficient, the terminal velocity will be reduced to about 0.7 that of
‘Q._'n'
AN 5: a water drop of similar mass, which is exactly the reduction in fall
P spreed measured by Braham (1564). 5
SOdNE it may be interesting to note that the "golf ball" effect, in which
Ef{_ . acaad roughness in the form of dimpling on the surface of the ball
A racuces crag, is not agpliceble to frozen raindrops or creupel. In the
- casa of the golf oail, the cimpling serves to felp induce turbulance in
(A the Soundary laya2~ oF the projectile sooner than it would occur if the
\‘t--:‘ "'-\. - . . . .
e ball were smooth, This turbulence delays the separatisn of the toundary
- R
S layer, witn a correspcenaing raducticn in drag, Tnis prencmanca, howavar,
O
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‘:i is only observed at very high Reynolds numbers (approximately 105).
Therefore, if it is applicable to all atmospheric particles, it is only

of concern for large hail (Mason, 1971).2

h. Collision efficiencies

A cloud droplet being overtaken by a larger particle will tend to
follow the airflow as it diverts around the particle. This means that a
targe particle will actually collide with only a fraction of the cloud
droplets in its direct path of fall, This fraction is termed the colli-
sion efficiency, E. In general, collision efficiencies between falling
particles need to be known as functions of the size shape, bulk density,
and surface properties of the interacting particles, and as functions of
the ambient air temperature and pressure as well. To date, most studies
of collision efficiencies have been concerned with collisions between
liquid drops with very little work being done on rime growth. The major

ceptions to this gsneralization are the wind tunnel study of Pflaum

iy

and ®Prugpacher (1973) and the suggestion by Hall (1980) that Beard and
Grovar's (1874) algorithm for estimating efficiencies with which small

raindrops collicde with cloud droplets or large zercsol particles could

it

(18]

be extarded to inzlude eitner liquid or solid collactors. In th
stucy, Seard and Grover followed Lengumir's (1948) asproach in deve-

ioping gquzntitative expressions for the collision efficiencies in terms

of two dirensiorless paramaters: the Stoxes impaction parameter and the
Reynoics numher of the collecting particlie, This m2ans that it is eas
y y

- 24 lztter in Jure 1979 issue c¢f Scientific American has an interesting
F}{ example of an inappropriate application of the golf ball analogy to
oo small particles.
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to obtain collision efficiency estimates for almost any type of collec-

tor or set of envircnmental conditions by merely making appropriate
modifications to these two parameters. If we 1imit our consiceraztion to
collectors that have oblate spheroidal shepes, the Reynclds number, 3,

and Stokes impaction parameter, K, can be expressed as
~p

Vo ( en | /3
n 1?914

5 =

2 -2/3
(. e dd ( oM ) ‘
~ 9_oa T Di'l

where in addition to terms already defined, C.. is the Cunningham factor

SC
(see Beard and Grover, 1974), d is the cloud droplet diameter, and o, is

tnhe density of liquid water.

This aporoach, however, is basad on flow around smooth spheres and
does not account for parturbations in the flow filed caused by surface
roughness or flow through the particle. Of course, surface roughness
still ;slavs an important role in determining the collisicn efficiency
through its inclusion in the terminal velocity estimatas, even if there

is no atterpt <o consider specific disturbances to the fluid Tiow intrc-

duced by tr2 rougn surface. In perticular, increaszd suriace roughness

jaid ar? Pflaum (1685) recantly reexaninad Pfleum and

data on the riming of frczen dreps and concluded
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that the collisicn efficiency estimates obtained with the formulas of
Seard and Grover generaliy agreed quite well with the wind tunnel esti-
mates of m2an collision efficiencies during graupel growth, While the
available data only covered a portion of the domain of interest, this
study confirms that the Beard and Grover formulation will often provide
a useful first approximation for the collision efficiencies of growing
graupel. Ultimately, however, it is likely that a correction term will
Se ne2ezad to adjust these calculated efficiencies for factors such as

the shage, Sulk density; and surface roughness of the graupel.

For simplicity, collision efficiencies for both raindrops and graupel
will b2 calculated using the equations of Beard and Grover (1974).
~hile othar sources are available to estimate collision efficiencies for
liquid collectors, the Beard and Grover formulation tends to be as good

as any of the alternatives for most sizes of interest, and is virtually

ferent environmental conditions. In addition, it is clearly advanga-
32045 1o use tne sam2 basic formulation for both 1iguid and solid

nydromatzors t2 avoid any bias in the reiative growth rates that might

resytt Trem incensistencies in the collision effici

D

ncy calculations.

In calautating graupel greowth rztes, it is necessary to extend the
catzuliticns Seyond Reynolds number £00, which represents the upper
Timit 2203070y considerad by 22arg and Grover, Zeard and Grover did

argar particies, but this eguation was mzrely

intezn221 Lo crovide a rough estimzta for darge collectors using poten-
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tial flew approximations. If this equation is arbitrarily introduced
for all R > 400, there will be a sharp discontinuity iﬁ the growth esti-
mates at R = 400 since the potential flow calculations result in signi-
ficantly increased collision efficiencies., In the upcoming
calculations, the transition to the potential 7low solution is smoothed
by simply interpolating between the two formulaticns over the Reynolds

number range of 400 to 2400.

¢. Coalescence efficiencies

The coalescence efficiency, ¢, represents the fraction of collisions

that actually result in coalescence, Failure to coalesce may be due to
the drops bouncing apart before the air film trapped between them can
drain, or by the rapid oreakup of 2 large drop created by temporary
coalescence of the interacting drops. In the present context, the first

rmachanism s the one of primary interest.

wnile it has long been known that colliding drops will pot always

LA coalesce, it has bezen difficult to develop gquantitative expressions for
¢ thet nave gaenaral epplicenility. Perhaps the best available

- axprassicns ara the e=si~ical formulas of B2ard and Ochs (1984)., In

== J$ing these eguatinsns, howavar, Ochs and Beard (19%5) suggest that the

’ calzutes=d efficizncias ba constrained te stay in the rance of 50 to 100

" cercent,

- In anziyzing their laboratory dita, Beard and Ochs (1824) made use of
a mac¢ified Wabar numbSer. Tnis dimensionlass paramater invoives a
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daformation radius was interpreted as the small dropiet radius while the

characteristic impact speed was associated with the terminal velocity of

the largs drop.

where p. is

-
X

/
pid\
2 o ’

the density of 1i

In this case the Weber number becomes

2

quid water, d is the diameter of the small

droplet, V is the terminal velocity of the collector drop, and o is the

surface tension

tarze drop does detorm si

-
no\‘

is nzar unity. AS the wWeber

-

s
wli o
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(@]

oatascaence efficiency (Ochs
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of liquid water,

N, S

when the Weber number is small, the
gnificantly and the coalescence efficiency

number increases, the possible deformation

larce drop should increase, with an associatad reduc*ion in the
C p s

and Beard, 1984%; Beard and Ochs, 1984),

arzlysis suppcrts the intuitive conclusion that graupel or frozen

hould always collect tne supercooied cloud

Seard have *zaken considarable
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mined a variety of scenarios involving charged drops and imposed
electrical fields, there is no generally accepted treatment of the
problam, As a result, the magnitude, and even the direction, of
possible electrical effects remains unresolved. In spite of these
uncertainties, there is usually a tendency to assume that electrical

effects may be expected to enhance coalescence.
3. Results

In examining the relative growth rates of graupel particles, the
range of parameters considerad will be extended well beyond the con-
ditions Braham observed in Missouri clouds. The critical variables
involved include the size, shape, bulk density, and surface rouchness of

the graupel particle as well as the diameter of the cloud droplets.

Figures 1, 2, and 3 iliustrate many of the key results of this study,
showing the relative growth rates of spherical graupel particles of two

cifferent bulk densities as functions of the particle's spherical melted
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calculated for a cloud droplet diameter of 12 um, while the figures 2

and 3 are based on cloud droplet diameters of 16 and 20 .m, respectively.
A cloud drecplet diameter of 12 um may be &ppropriate for the cold-based
continental clouds of the High Plains (e.g., Cooper and Lawson, 1984),
while the larger cloud droplets would be more appropriate for warmer

¢louds or clouds with lower droplet concentrations.

A11 in all, these results support Brahem's conclusion that the

freazing of large supercooled drops in warm-based clouds may signifi-

cantly accelerate precipitation development (e.g., Fig. 3). When a

supercooled drizzle drop freezes, there should be an immediate jump in

ct

he accretional growth rate associated with an increase in coalescence
efficiency to ¢ = 1.0. Like liquid drops, newly frozen drops would be
expacted to have smooth surfaces. So long as the surface remains
smooth, tne growth rale of the particle will remain high. As the par-
ticle rimes, however, the surface will quickly roughen (e.g., Heymsfield

and Pfiaum, 1385), with ccrresponding reductions in the terminal veloci-

-n
h

iciancies, and growth rates to r2re modest values, In this
c258, crop freezing would be accompanied by a sudden, but short, spurt

in zzcrational growth. Even after this sgurt nes ended, the rims growth

2

etes w2y still e significantly larger than for water drops of the sams

(Yo}

. While the associated grcwth from the vapor [sublimation) weculd
27352 be greater than for a2 co-carable unfrozen drop, these growth rates
are usuzily small for particles of this size, zs compared to gro«t

reves for cocalescence or rimirg, and nay 2 neglected.
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This pattern of a sudden spurt in growth following freezing would

also be expected in clouds composed of smaller droplets (e.g., figs. 1
and 2). The main difference would be that the magnitude of the growth
spurt will be smaller, and the subsequent growth rates may often slow to

less than that of a liquid drop of comparable mass.

One of the interesting features of this analysis is the relative
insensitivity of the relative growth rates to changes in the bulk den-
sity of the graupel. This result is examined in more detail in figure
4, illustrating the relative growth rates as functions of the graupel

bulk density. In each plot, separ&te curves are drawn for Dy = 0.5 mm

and Do = 2.0 mm. In these examples, only the surface roughness

algorithm for dry graupel was used.

For a cloud droplet diameter of 12 um, the growth curves are relati-
vely flat with a hint of a maximum in the bulk density range of 0.5 to
0.6 g cm-3 before dropping off rather sharply as the bulk density falls
below 0.1. For slightly larger cloud droplets (d = 16 um), the relative
growth rates are larger for all bulk densities, with maximum values
associated with bulk densities in the range of 0.2 to 0.3 g cm=3. For
d = 20 um, the relative growth rates increase still further with the
maximum values corresponding to bulk densities near 0.1 g cm=3.  In the

present model, the treatment of very low bulk density particles (< 0.1 g

Cm's) is suspect since no airflow through the particle is permitted.
While it is not necessarily clear what the net effect of such flows

would be, it seems that at the very least this would tend to increase

the particle terminal velocities and result in increased collision

efficiencies and accretional growth rates.
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Up to this point, only spherical graupel particles have been con-

sidered. Figure 5 extends the calculations to oblate spherioidal shapes
with axis ratios down to 0.3. As in figure 4, these examples all use
the surface roughness algorithm for dry graupel. And again, as in

figure 4, separate curves are drawn for Dy = 0.5 rm and Dy = 2.0 mm, In

this case the maximum graupel diameter would be simply D° [pi/(4 pi)]1/3.

A1l the plots in this figure were based on a cloud droplet diameter of
16 um, with separate panels corresponding to bulk densities of 0.1, 0.3,
and 0.7 g cm=3,  While there is an interesting crossover in the curves
in each panel, the principal result is that the relative growth rates do
not show great variation with shape. For the warm-based clouds,
however, there is a distinct tendency for increased growth rates as the

axis ratio gets smaller.

Since the collision efficiency estimates are based on spherical
cclieciors, the predicted collision efficiencies are .likely to be

unierastimated for low axis ratio_oblate spheroids. Hall (1980) has

cevzizped an alternative set of equations to estimate collision effi-
ciencies for "plate-like" particles which can be used to illustrate the

~anza ¢f uncerteiaty present in calculated growth rates for 4<< 1,
Hall's collision efficiency formulation parallels trat of Beard and
Grovar (1274), but is basa2d on the results of Pitter and Pruppacher
(1974} and Pitter (1977) for oblate sphersids of axis ratio 0.05. As in
the work of Beard and Grovar, the collecting particles are assumad to
have smooth surfaces that are impermeadle to airflcow, FRelative growth

rates using Hall's collision efficiencies are plotted as dashed lines in

16
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As should be expected, the relative growth rates are significantly
larger using Hall's collision efficiencies. In addition, these results
do not evidence the low bulk density drop off in growth rates predicted
for spharical collectors (e.g., Fig. 4). Although the current model is
not well suited to evaluate the riming of snowflakes and aggregates, the
results suggest that these low density particles, which often have axis
ratios in the range of 0.3 to 0.%, may be quite effective growth centers

for accretion.3

4. Discussion

This analysis of the relative growth rates of graupel and supercooled
reindrops tends to confirm Braham's conclusion that graupel particles in

warm-based clouds may be expected to grow faster by riming than unfrozen

" drops of the same mass grow through coalescence. The Missouri clouds

that Braham was studying, however, seem particularly favorable to
graupel growth and his conclusions should not be generalized to clouds
in other gecgraphical areas, such as the High Plains. In fact, if the
supercooled cloud droplets zre small enough, graupel particles can often
grew significantly slowe~ than waterdrops of comparadle mass., These

th rates, of course, are only one &spect of precipita-

)
3
[®]
3
ctr

ticn efficiency. Since tne chang2s in accretional growth rates asso-

nt

(2]

ciated with phase changes ¢ retner dramatic, however, it seems

i

3Recent studies by Rasmussen a~i Lew (1985) also suggest that aggregates
may rime more effectively than previcusly thought.
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i: 1ikely that this could well influence the probability that a cloud deve- =
S; 1c2s precipitation or the amount of precipitation produced. w
?\ In examining the relative growth rates defined by (1) and (2), it is f
E apparent that graupel particles are increasingly favored over liquid .;
.2' drops as the collecting particles get larger., Increasing the cloud :j
; droplet diameter, d, can also preduce significant increases in the r3
¢ .

relative growth rates and is probably the critical factor in controlling

the geographical variability of the present results. In general, warm

AL

cloud beses and low droplet concentrations promote large cloud droplets

AR
W 'y

: while ccld cloud bases and high droplet concentrations tend to reduce

the mean droplet diameter., The sensitivity to dreplet size is linked to

Ao

the coalescence efficiency, which is one of the two critical terms that

|
Lo

determin2 the difference between the growth of liguid and solid collec- .

o f

tors. The importance of this term to the overall resuit also suggests

'- B . . . “w
- that tha charced particles and electric fields of & mature thunderstorm .
- . . e : X
L mzy oftan atfect the microphysical efficiency of precipitation develop- .3'
- ment, Ffor exeémple, if the charged environment in & thunderstorm were ‘
;ﬁ found to increase coalescence efficiencies to values near 1.0, raindrop ]
.-
L
. coczlascance growih might be enhanced by as much as & factor of two. :
§ g
- . .
> 17 i3 important to note that the increased c¢rowth expacted for a -
= newiy frozen raindrop as ¢ » 1 is seldem r2alized Tor vary long. In
s e . . . . )
*; cenarzi, this increase will progressivaly be 0°fset oy the increasing J
3 surfeca ~cughness as the particle rimes, slowing its fall and lowering ,)
e the coliision efficiency. The end result is thus 2 balance between the R
\':
" effacts of different coalescence efficiencies and surface roughness fac- :}
i’ 3
o >
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tors for liquid drops and graupel. Other factors, such as particle

shape and bulk density, also play a role in the microphysical growth

rates, but are generally less important,

The insensitivity to changes in particle bulk densities is par-
ticularly interesting to examine. From (3), it is apparent that for

spherical particles of the same mass and roughness, the fall velocity is

essentially proportional to the inverse of the particle diameter. The
area swept out, on the other hand, is directly proportional to the
square of the diameter, Decreasing the bulk density thus increases the
voiume swept out by the graupel particle, in an amount proportional to
the particle's increase in diameter. The lower fall velocity, however,
reduces the collision efficiency and almost totally cffsets the

increased sweep-out volume. This balance between increasing the sweep-

“out volume and decreasing the collision efficiency is also the key fac-

tor in explaining the lack of sensitivity to changes in shape.

The most direct application of this study is to compare particie
growth before and after a change of phase. This could involve the
Trzezing of a supzrcooled drizzle drop or melting of a falling graupel
J2 before it is recycled into another upcgraft. In addition, these
analyses can be applied to wet growth, whare 2 graupel particle coilects
supsrcoci=d water so quickly that the latent heat released cannot be
dissipated rzpidiy enough to fr2eze all the watar that is accreted. In
most czses, wet growith should generate a smooth surface on the growing

graupel with an associated jump in growth rate. Examination of figures

19




P AN AN /A b e wa S/l S Suni S s A S A e s S e AR Ol e Ve i B S B S R A AL A 8t Gl Bie G- Sse B4a e a4 AR ek AT S ekl s sl S rvvw‘
i - - A R P AR -« e Y RN T LT L B U I

1 to 3, in fact, suggests that the onset of wet growth may often mean a

doubling in the growth rate. This means that the transition back to dry i
growth will oftaen take place at substantially lower water contents than i
requirsd to initiate wet growth in the first place. Since such tran- .
siticns depend on the prior history of the particle, they represent a i
good exzmple of a hysteresis loop. At some point, as the water coat
becomes thicker, the surface of the wet graupel should start to deform 1
during collisions with the result that the coalescence efficiency may i
Segin to approach that of an unfrozen waterdrop. ‘
This study can also be used to compare the relative growth rates of 1
different kinds of precipitation embryos, It is necessary to keep in i

3

mind, of course, that all types of embryos are not equally likely to be

*y
LA ] .,l {‘

7
'y

found in any given cloud and thus the compariscns are largely academic,

RV
PRy

‘I
’

In addition, it is not imperative that relative growth estimates of this

sort be mades on the basis of particles of the same mass. Heymsfield "l
(1382}, for example, has performed a similar compari§on tor particles of y
the sa7e dizmeter. The growth rate is so dependent on the particle -
%é mass, howaver, that the results of such comparisons simply show that 1
b
o particies of nhigh bulk density grow faster than comparzble diameter par- 3

a M
...ll
[t

.. L . . - » , y
ticies of dow bulx density. The interesting f22ture of the present ana-

P

‘!.

4

- lysis 1s tnet the bulk density dependence is reducad to a sacond order

£42

{4

T when tne growth rate comparisons ar2 made on the basis of par-

(4}

A A
Al )

Al

Y tizies of the seme mass. In fact, the lower bulk density graupel forms
o ‘
o wara oivten found to be slightly more effective as precipitation embryos )
- J
-, , L. .
ot than nigher bulk density graupel or frozen drops.
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i

£§ While the overall pattern of the results should be fairly accurate,
:i : it is impertant to remember that both of the critical ﬁarameters that

'_ 5 control the magnitude of the relative growth rates are still subject to
:? . considerable uncertainty. Our quantitative knowledge of coalescence

:é :i efficiencies, for example, is still in its infancy and almost no quan-
i; - titative work has been done on the effects of surface roughness. If

i; " anything, however, these lingering uncertainties only highlight Braham's
SN

:? ;z jnsight in his pioneering analysis of Missouri clouds.
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Figure Captions

Figure 1. Relative growth rates of graupel particles with bulk densities
of 0.3 end 0.7 g cm_3 es functions of melted drop diemeter (Do).
In this case, the results are based on a cloud droplet diameter

of 12 L.

Figure 2. Relative growth rates of graupel particles with bulk densities
cf 0.3 and 0.7 g ca > &s functions of melted drop diameter (Do).
In this case, the results sre based on z cloud droplet diaceter

or 16 um.

Figure 3. PRelative growth rates of graupel particles with bulk densities
of 0.3 end 0.7 g cm*3 as functions of melted drop diemeter (Do)'
In this case, the results are besed on a cloud droplet diameter

of 20 i=m.

Figure 4. Relative growth rates of rough surface graupel particles of melted

diameters 0.5 and 2.0 =

fy

¢ functions ¢Z particle bulk density.
Separste plots ere shown fcr cloud droplet diameters of 12, 16, zand

“3

20 —m.

"y
$e

[5]
[
"
(3]
w
.

Reletive growth rates of rough surface? oblate spheroidal grauvpel

elt

1y

i

particles cof d dizmeters €.5 and 2.0 r= 25 functicns the exis

(A1)

e. The dashed lines &t the left of each panel

[y

oo

ratio of the partic

are based on collision efficiencies for plate-like particles (see

tevt for discussion). Separate plots z2re shown for bulk densities

_~3

hJ

[
o

of 0.1, 0.3, and 0.7 g ¢ . In each case, the restlts are based
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