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A study is made of supercooled liquid water in winter storm clouds over the Great
Dividing Range of Victoria. The implications for precipitation enhancement by
cloud seeding are considered.

Several cloud and precipitation variables are treated. One is the supercooled liquid
water flux in clouds passing over a target area for precipitation enhancement near
Baw Baw Plateau east of Melbourne. Another variable is the precipitation flux over
the target area. The ratio of these two fluxes is the seedability. The precipitation
efficiency is the inverse ratio.

One finding of the study is that winter storm clouds often produce precipitation with
an efficiency that is only 0.2-0.3. At the same time the seedability varies from three
to five during the storm studied. This high seedability suggests that cloud seeding as
currently practiced could be improved, with a range of appropriate instrumentation

and procedures, and a higher precipitation increase achieved.

Introduction

Melbourne Water, formerly the Melbourne and
Metropolitan Board of Works, has been conduct-
ing a randomised, precipitation enhancement,
cloud seeding experiment since 1988 over its
major water supply catchment. Two field research
projects, aimed at understanding the potential for
precipitation enhancement, have also been con-
ducted in 1988 and 1990 by the CSIRO Division
of Atmospheric Research and the Desert Re-
search Institute (DRI) of Reno, Nevada, USA.
This paper describes research findings with re-
spect to cloud supercooled liquid water and the
implications for winter mountain storm cloud
seeding. The supercooled liquid water is import-
ant for two reasons: it affects precipitation
particle nucleation and growth; and it influences
precipitation fall trajectories toward the earth.
The supercooled liquid water thus determines the
success of precipitation enhancement efforts.
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The physics of precipitation particle pro-
duction by cloud seeding must meet the following
requirements:

(a) There must be artificial nucleation of ice
particles by cloud seeding. Nucleation will be
aided if a supersaturation with respect to ice is
present, such as would be found in a cloudy
field of supercooled liquid water. Successful
nucleation also means the concentration of,
and cloud volume occupied by, seeding par-
ticles must be large. The seeding plume must
intersect a large part of the supercooled cloud
water.

(b) The supercooled liquid water within the cloud

must be sufficient to promote growth of the

particles, by deposition and/or accretion,
along a significant part of the trajectories of
precipitation particles moving toward the
ground. Growth of particles prone to mechan-
ical linkage and aggregation may also occur.

The vertical fall speed and horizontal speed of

the individual growing particles must carry

the particles slantwise downward and toward
the ground area (target) intended for aug-
mented precipitation.

(c)
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If the supercooled liquid water content is'of suf-
ficient magnitude and widely distributed in the
atmosphere, conditions are suitable for cloud
seeding. In a precipitation enhancement exper-
iment, sealed instructions can then be opened,
read and followed about seeding the clouds (or
not, according to randomised instructions) with
artificial ice nuclei. In a precipitation enhance-
ment operation all clouds suitable for seeding
would be seeded. In this case there are no instruc-
tions specifying only a fraction of the clouds to
seed. As a result, in an operation evaluation of the
seeding effect is not possible. In either an exper-
iment or an operation, as a result of the seeding,
extra particles will be nucleated and grow in the
region of supercooled liquid water. A greater ver-
tical fall velocity will develop for these growing
particles than for those outside the region. The
trajectories of the seeded hydrometeors will be
steepened and foreshortened and directed into the
target area.

Prior research on supercooled liquid
water

There have been a number of studies of the devel-
opment of supercooled liquid water in winter
storms. Some of the studies have been concerned
with the synoptic, mesoscale and orographic cir-
cumstances of supercooled liquid water.

Stability, synoptic and mesoscale circumstances
of supercooled liquid water

Reference is made to the work of Cooper and
Saunders.(1980) and Marwitz (1986). Cooper and
Saunders (1980) identified three stages of stability
when supercooled liquid water was present in
winter storms in the San Juan Mountains -of
southwest Colorado, USA. The stability was
measured with local rawinsondes. An aircraft
measured the liquid water. In the initial, stable
stage of a storm, clouds were deep and there was
blocked flow parallel to and at the altitude of the
mountains. There was little lift, low liquid water
content of a few hundredths of a gram per cubic
metre, and little or no riming of ice crystals. In
the second, neutral stage there was advection of
low-level moisture (Marwitz 1986) ahead of the
mountains, convergence and more lift by the
mountains. The liquid water content was a few
tenths of a gram per cubic metre. The supercooled
liquid water was spatially uniform and not affec-
ted by convection. In the final, unstable stage
there was flow at medium altitudes toward the
mountains with stronger convective lift above re-
gions of rising terrain ahead of the mountains, and
convergence ahead of and lift over the summit of
the mountains (Marwitz 1986). Cloud tops were

lower and-warmer than in the stable-and neutral
stages. Over the summit the liquid content was
greater, and exceeded 0.5 g'm~3.-In generalithere
was-more frequent liquid water than-in the stable
or neutral stages. There-was significant -accre-
tional (riming) growth of*ice particles.

Heggli and Rauber (1988) measured.the super-
cooled liquid water with a.radiometer at a high
elevation in the Sierra Nevada in California; USA

-and related the measurements to the surrounding
‘synoptic storm class. The .classes: were -dis-

tinguished by the synoptic characteristics listed

- below. Altogether 56 storms .were: grouped “into
-five classes. They were:

Zonal storms ‘classes

1. Developing storm, embedded in strong west-
erly or.southwesterly zonal flow
— post=frontal orographic-cloud system.

2. Moderate "amplitude short wave  associated
with an-occluded: storm
— post-frontal- region following ‘cold frontal

.- rain-band.

" 3. Split flow in the middle troposphere-associated

with a dissipated cyclonic. storm
— post-frontal orographic.cloud system and
frontal band.

Meridional storms classes

- 4, Cut-offlow or large amplitude short wave near

‘40°N
— pre-frontal orographic cloud system.
5. Large amplitude long wave-pattern-producing
. cold northerly storms
— pre-frontal region.

" The regions:listed after each.class of storm are

where supercooled liquid water is-maximum- in
the Sierras. in that class.-The water is located in
post-frontal and -pre-frontal conditions.

Within a winter storm there are mesoscale fea-
tures called bands. These cloud and precipitation
structures are-characteristic mainly of synoptic
systems (Hobbs 1978) and not of the-orography in
their area. They are linear in'shape and move ina
direction approximately. perpendicular to.their
long dimension. In the case of AWSE studies, the
bands can move from far upwind of the study area

.(seé Fig. 1), across the area, and then downwind

(Long and Huggins 1992b).

Enhanced supercooled liquid water is present in
bands especially after they have moved off the
ocean and have encountered coastal mountains
(Elliott and Hovind 1964). The lift by the moun-
tains triggers convective instability within the
bands and liquid water formation.

Effect of seeder-feeder cloud on supercooled
liquid water

In a winter mountain storm, e.g. in the Sierra
Nevada in California, USA, there can be a deep,
two-layer, seeder-feeder cloud (Reynolds and
Kuciauskas 1988). With the passage of an upper-
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Fig. 1 Map of the target and control areas of the Mel-
bourne Water randomised, precipitation en-
hancement, cloud seeding experiment. The 1988
AWSE precipitation enhancement research pro-
gram collected data with Omegasondes at Blue
Rock Reservoir, with a microwave radiometer on
Baw Baw Plateau, with precipitation microphy-
sics equipment and visually at the radiometer
site, and with precipitation gauges at the sites
marked with the solid, black circles. The present
research is concerned with (a) the horizontal
supercooled liquid water flux across the south-
west, west and northwest borders of the target,
and (b) the downward precipitation flux in the
target area. The contour interval is at 1000 m
MSL with the highest elevation being 1500 m
MSL on Baw Baw Plateau.
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level baroclinic zone known variously as a kata-
front, cold surge or humidity front the seeder
cloud aloft will evaporate. The atmospheric ther-
modynamic structure will be altered with convec-
tive or potential instability developing at the top
of the remaining lower-level feeder cloud. The sig-
nificant supercooled liquid water in the feeder
cloud is no longer being used in any precipitation
process and increases by condensation (Rauber et
al. 1988). As the cloud flows up the orography the
accumulated-instability is released and embedded
convection develops. The convection leads to a
high concentration of supercooled liquid water

within convective elements eroded from the main
cloud mass. The feeder cloud is similar in its
location and height to the unstable orographic
cloud next discussed and presents a similar pre-
cipitation enhancement opportunity. Identifi-
cation and monitoring of feeder clouds is import-
ant for precipitation enhancement.

Orographic influences on supercooled

liquid water

In the AWSE project the orography protruding
into the prevailing westerly flow (Fig. 1) lies pre-
dominantly along the southwest, west and north-
west sides of the target area. Wind flowing toward
the orography goes over or around it depending on
the height and cross-wind length of the orography,
the speed and direction of the wind, and the
atmospheric stability (Heggli and Rauber 1988).
The upward motions on the upwind side of the
orography will influence the amount of super-

" cooled liquid water that develops there from the

vapour.

Orographic clouds are seedable if they contain
warmer regions with insufficient ice crystal con-
centrations and at the same time significant vol-
umes of water with high supercooled cloud liquid
water content. All of this would pass across the
mountains unused in precipitation.

Orographic influences on supercooled liquid
water can be superimposed on winter storms
which have originated elsewhere: (Houghton
1968). The orographic influence becomes domi-
nant in the late neutral and unstable stages of a
storm. The supercooled liquid water is often not
far (< 1 km) above the altitude of the barrier crest
(Rangno 1986), but this is still sufficient for pre-
cipitation particle growth. The liquid water may
not extend above the ~10°C level.

An important feature of orographic clouds is
the cloud evaporation that occurs downwind
down the lee slope of the mountain barrier. The
evaporation is a clear sign that at least some of the
cloud and precipitation water substance within
the cloud is being lost to the atmosphere and will
not reach the surface. The precipitation efficiency
isthen less than unity. Precipitation enhancement
techniques are aimed at reducing the evaporating
water substance and increasing the precipitation
efficiency.

Trajectories of precipitation particles

Natural or seeded precipitation particles pass
through various formation and growth stages
along their trajectories to the ground (King 1984;
Lee and Jensen 1992). The stages are: ice nuclea-
tion, vapour deposition on crystals, and riming of
crystals and graupel. At lower altitudes there can
be particle melting and evaporation. An appreci-

‘able fall velocity of the hydrometeors occurs only

in the graupel and melted stages. It should be
noted that elapsed trajectory times depend on
cloud depth with increasing depth implying more
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particle growth and decreasing elapsed time. In-
creasing liquid water content also increases the
riming. In turn, riming will bring precipitation
particles sooner to the surface in the vicinity of the
barrier rather than later and farther downwind.
Overall, trajectories depend on the distribution of
supercooled liquid water.

It is useful to consider how trajectories may
vary with wind velocity. With excessive hori-
zontal wind velocity there is excessive liquid
water content for a seeded growing precipitation
particle to encounter. Excessive particle growth
results in a consequently high terminal fall vel-
ocity and steep trajectory to the ground upwind of
the target area. With a low horizontal air velocity
there is a low liquid water content, and a seeded
precipitation particle grows slowly. This reduces
particle growth with a consequently low terminal
velocity and flat trajectory overshooting the target
area. By implication, there are an intermediate
wind velocity, particle growth, fall velocity, and
trajectory slope which can be used advan-
tageously by cloud seeding to yield particles fall-
ing in the target area.

Instrumentation

Four instrument systems were used in the
CSIRO/DRI, supercooled liquid water studies.
The systems were Omegasondes, a microwave ra-
diometer, surface precipitation microphysics ob-
servations, and a precipitation gauge network.
These systems are now described.

Omegasondes

Vaisala/Digi-Cora Omegasondes were launched
by Bureau of Meteorology personnel! at Blue Rock
Reservoir as shown in Fig. 1. Launches were con-
fined to the time periods of winter storms passing
through the experimental area. Launches were
made every three or six hours. The typical sonde
collected data up to the 120 hPa level. The vari-
ables sampled were equivalent potential tempera-
ture, temperature, dew-point temperature, and
wind speed and direction. The Omegasonde data
rather than synoptic data are used in the meteoro-
logical analysis in this paper.

Radiometer

The Desert Research Institute (DRI) operated its
microwave radiometer on Baw Baw Plateau (see
Fig. 1) (see Long and Huggins (1992a)). The ra-
diometer follows the design of Hogg et al. (1983).
It operates at two frequencies (20.6 GHz) and
(31.65 GHz) mainly sensitive to water vapour and
liquid water aloft, respectively. The radiometer
has a 2.5 degree wide field of view. It can point
vertically and measure in a Eulerian sense the line
integrals (condensed depths in millimetres

through the cloud) of vapour and liquid water
passing overhead. The data are recorded every
two minutes. Alternatively, the radiometer can
scan 360 degrees of azimuth while pointed at a
fixed elevation angle above the horizon and
measure the slantwise line integrals of vapour and
liquid water. Long and Huggins (1992a) discuss
the quality of the DRI radiometer data.

Surface precipitation microphysics observations
These mainly visual observations were made in
1988 at the site of the DRI radiometer. The data
allow inferences about the time-varying micro-
physical processes in the cloud precipitating on
the observation site. The data interval is 15 min-
utes. Variables observed are the precipitation rate
from snow mass measurements, precipitation
particle size, ice crystal habits, other particle
forms, the occurrence of crystal aggregation, and
the extent of particle riming,

Precipitation gauge network

Altogether, 87 precipitation gauges were placed in
the experimental area. The gauges were of the
tipping-bucket kind with digital datalogging. The
gauges at higher, colder altitudes were heated to
prevent clogging by snow. Of the gauges, ten were
in the target area (see Fig. 1), 45 were in the
control area, 17 were around the target area and
between it and the control area, and 15 sup-
plementary gauges were between the target and
control area to increase detail there. The gauges
were 95 per cent reliable and are temporally accu-
rate to +2 min. The precipitation which has
entered a gauge is known to within two per cent.

Precipitation efficiency and
seedability

The precipitation efficiency and the seedability
indicate, respectively, the propensity for natural
precipitation and the increase in precipitation
which may come from cloud seeding. Studies of
precipitation efficiency and seedability (defined
below) have been made by Elliott (1986), Grant
(1986), Grant and Elliott (1974) and Hill (1980,
1982, 1986).

It has been found that supercooled liquid water
increases with the cross-barrier wind speed and
with the cloud-top temperature. The wind speed
determines the updraft speed up the barrier
especially when the flow is perpendicular to the
mountains. The updraft speed is, in turn, related
to the condensate supply rate in the clouds over
the mountains (Reynolds and Kuciauskas 1988).
According to Hill (1986), the horizontal flux of
supercooled liquid water behaves as the square of
the horizontal velocity. This follows from the
direct relation of the supercooled liquid water
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amount to the horizontal velocity and the depen-
dence of the flux on the liquid water amount times
the horizontal velocity.

The dependence on cloud-top temperature im-
plies that there is more supercooled liquid water
in clouds with warmer tops. An increase in riming
in such clouds has been observed. On the other
hand cloud-top temperatures <—20°C appear to
induce ice naturally and to be too cold for super-
cooled liquid water to be present in significant
amounts. This has implications for not seeding
deep clouds.

Hill (1986) has introduced definitions of the
precipitation efficiency and the seedability. The
definitions are modified here for local conditions
and instrumentation.

The seedability, o, is a variable whose higher
values indicate there is a potential for precipi-
tation enhancement by cloud seeding. Seedability
is usually defined as the ratio of two physical vari-
ables. The variable in the numerator is the poten-
tial precipitation amount that may fall from the
cloud if it is seeded. The variable in the denomi-
nator is the actual precipitation amount that may
fall naturally from the cloud if it is not seeded.
One definition of the seedability ratio (Hill 1980,
1986) is:

_ supercooled liquid water mass concentration
ice crystal mass concentration

In this case the seedability is the supercooled
liquid water mass available per unit ice crystal
mass. The above seedability has been measured
approximately by lidar by Sassen (1980) who
found that it is often large in post-frontal clouds.
By way of contrast, mesoscale bands have been
thought to have a small ratio. In this case seeding
would not be recommended. Recent evidence pre-
sented later in this paper shows, however, that the
seedability in these bands is larger than earlier
thought.

Figure 2 is a schematic cross-section through
Baw Baw Plateau, the Melbourne Water (MW)
Thomson Reservoir, and hills to the east. It
shows a schematic trajectory of an Omegasonde
launched upwind of the plateau, the locations of
precipitation gauges upwind and downwind of the
plateau, and the location of the radiometer. The
two arrows represent E and P discussed below.
Some of the relationships used in the text appear
in the upper right-hand corner.

Precipitation efficiency
The precipitation efficiency ¢ is defined as:

e=P/E ol

where P is the actual natural not-seeded vertical
precipitation flux downwind of the plateau bar-
rier. This is the Melbourne Water target area
where enhanced precipitation is sought. The vari-
able E is the horizontal supercooled liquid water

Fig.2 Schematic diagram of Baw Baw Plateau showing
the locations of the Omegasonde, precipitation
gauges and the DRI radiometer. The two arrows
E and P represent the horizontal supercooled
liquid water flux and the downward precipitation
flux, respectively. Some of the relationships for ¢,
o, E and P are shown.
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flux across the plateau measurable with the
radiometer. Cloud-seeding activities attempt to
convert this cloud flux to a precipitation flux.

Seedability
For the purposes of this paper the seedability is
defined as:

oc=E/P .2

The ratio of E to P is the potential fractional in-
crease in P that precipitation-enhancement could
potentially cause. For example, if c=1.9 then
E = 1.9P and the potential additional increase in
precipitation due to seeding is (1.9—1)P =0.9P
or 90 per cent-P. On the basis of Eqns | and 2 a
relation exists between the seedability and the
precipitation efficiency as follows:

c=1l/eand e=l/c .3

There is an inverse dependence between the two
variables. If the seedability is relatively large there
is justification for a decision to seed clouds (as in
an operational program) or for making a seed/no-
seed decision (as in a randomised precipitation
enhancement experiment).

The fluxes E and P in € and 6 were measured
with a combination of the Omegasondes, the DRI
microwave radiometer, and the precipitation
gauges described earlier. The fluxes were
measured either (a) when the only cloud present
was generated by moist air rising over the orogra-
phy on the west side of the target area, (b) when
the cloud was part of a mesoscale band moving
across the area or (c) when cold frontal cloud was
present. These stages of a storm are identifiable in
the time series for P shown later.
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Calculations
The horizontal supercooled liquid water flux
comes from the formula

E(ML h~!)=3.6W(mm)V(m s~ Hd(km) ...4

In this equation W is the supercooled liquid water
depth measured with the radiometer, V is the
mean Omegasonde wind speed in the cloud layer
estimated to contain the supercooled liquid water,
and d is the mean cross-wind dimension of the
target area as viewed downwind. All of these
quantities and E are calculated every 15 minutes.
[t should also be noted that E is estimated at the
intersection point of:
(a) the ridge crest along the upwind boundary of
the target area; and
(b) aline parallel to the wind direction within the
cloud and extending upwind from the centre
of the target area to the point where it inter-
sects the boundary ridge crest.
This ‘upwind boundary point’ is on the upwind
side of the downwind cloudy volume located
above the target area. Both the boundary point
and the downwind volume rotate about the centre
of the target area as the wind direction varies.
The vertical precipitation flux comes from the
formula

0
P(ML h")=(1/lO)IZri (mm h="HA(km2) .. .5
i—1

where r; is the precipitation rate at the surface at
thei-th of the 10 gauges in the target area. The area
A of the target area is 487 km2. An average pre-
cipitation of | mm melted depth over the target
area amounts to 487 ML (megalitres).

From Eqns 4 and 5 the seedability is given
by:

3.6WVd
TA

From Eqn 6 o compares the potential precipi-
tation increase E from cloud seeding to the natural
precipitation amount P. Also, ¢ is the ratio of the
horizontal supercooled liquid water flux to the
vertical natural precipitation flux. The temporal
behaviour of o tells when to seed.

The precipitation efficiency € is calculated from
o using Egn 3.

_E_
O'—P ..6

An alternative interpretation of seedability

From Eqn 6
o= <ﬂ> <3.6\7<_i> 7
= I\ TA . -

The main variability of o is due to natural varia-
bility in W and T. The other quantities V and d

vary less and, except for affecting its base value,
influence o less. The two terms in the right-hand
side of Eqn 7 are two time intervals.

T,= = ...8(a)
_ A
| T,= 36V ...8(b)
This yields the following equation:
o=T,/T, .9

From its definition in Eqn 8(a), T, 1s seen to be
the ratio of the supercooled liquid water depth W
in the cloud to the precipitation rate T. In order to
maintain this rate as precipitation mass disap-
pears, the conversion of supercooled liquid water
in depth W to precipitation must be of the same
rate T. The time for complete consumption of
supercooled liquid water is then T,= W/t. From
its definition in Eqn 8(b), T, is the ratio of the area
A of the target area to the rate at which super-
cooled liquid water cloud with speed V and cross-
wind dimension d sweeps the target area. (The
factor 3.6 converts the units in the right-hand side
of Eqn 8(b) to hours.) T, thus measures the time
required for the supercooled liquid water to move
across the target area. This time is that available
for converting supercooled liquid water to pre-
cipitation and having it fall in the target area.

The ratio 6 =T, /Ty, is the time needed to con-

- sume by precipitation the supercooled liquid

water over the target area, divided by the precipi-
tation time available over the target area.

It should be noted that T, reflects the consump-
tion time-scale of supercooled liquid water,. while
Ty, reflects the kinematic time-scale of cloud and
precipitation motion over the target area. If
T,<T, then o<1, natural precipitation pro-.
cesses can be said to be fast, and supercooled
liquid water is consumed over the target area.
There is no precipitation enhancement oppor-
tunity. If T,>T,, then o> 1, natural precipi-
tation processes are slow, and supercooled liquid
water is available for conversion to precipitation
over the target arca. Cloud seeding could induce
the supercooled liquid water to fall to the surface
in the target area. '

Storm of 5 to 7 August 1988

This section discusses for one winter storm the
meteorological structure, the ~microphysical
characteristics of the precipitation, the super-
cooled liquid water and precipitation fluxes, the
seedability, and the precipitation efficiency. The






