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I. ENTRODUCT 10N

This report describes the C3IR research contributions ta the Programme for
Atmospheric Water Supply (PAWS) related teo the interpretation of radar
data, cloud medel output and statistical analyses. A summary of the
reselts of the entire Phase 2 of the Programme can be found in the

separate Execuiive Summary (Yolume 1),

01/220a/s99



IL. RAIN MEASUREMENT

Accurate rainfall measurement is crucial to the evaluation of rain stimu-
Tation projects. Artificial enhancement of storm precipitation is
often reported to be on the order of 10 to 20%. Rain measurements that
are far more accurate than this figure are obviously desirable, but
unlikely te be obtaimed. Since radar is the main rain measurement tool,
the problem 1is further complicated by the fact that the actual treatment
of storms with ¢loud seeding agents is likely to affect the size
distribution and/or phase characteristics of their hydrometeors as radar
rain measurement wsually assumes a constant drop size distributicen (DSD).
Consequently, 2 substanptial effort has been made by PAWS to examine the
factors which dinfluence radar rain measurement acceracy. These facters
include wind, terminal fall speeds, statistical procedures used to relate
radar observations to surface rainfall, DSD distribution measurement
procedures and gauge sampling requirements. Given that many locatiens in
South- Africa and elsewhere have little or no DSD information available a
survey and synthesis of existing worldwide DSDs s reported as well.
There 15 also a report describing razinfall in the Carolina study area.
This chapter starts with a survey of worldwide reports of radar rain
me2asurement accuracy.

05/22g5a/s509



A. RADAR RAIN WEASUREMENT STUDIES

R C Grash

1. INTRODUCTION

Observations by the PAWS 5 cm radar have provided the mest useful means of
evaluating the experimental activities. In the future, however, it app-
ears that truly accurate surface rainfall measurements will be required as
South African rain stimulation experiments approach a new phase of experi-
mentation; rain measurement aver a set area is expectad to be necessary
shortly. Thus radar rainfall obszervations must be even more heavily re-
lied on than before and the degres of absolute accuracy available will
become much more of an issue. The current report is concerned with the
accuracy of typical radar rainfall measwrements, such as thosé suited to
determining the hydrologic input te a basin by a horizonially scanning
radar,

2. THE ACCURACY OF RADAR RAINFALL WEASUREMENTS

A survey of radar rainfall measurement accuracy from earltier projects was
made {0 provide guidance for what might be expected in an actual field
measurement program utilizing conventional weather radars (scanning hori-
zontally). A total of 18 different source articles are summarized in
Table 1. ODnly rain totais for entire storm durations are considered. The
number of gauges used for calibration ranged from a few {Wilson, Harrold)
to  many. {The Florida and Illinois networks =each had merg than 100
gauges.) The resulis Tlisted in .Tab1e 1 are for both raw measurements
(based on only one Tecal Z-R relationship), and for those which have been
adjusted by rain gauge measurements from networks of various densities.
The results are given in terms of the G/R ratio of gauge {G) to radar (R}
rainfall estimates. Absolute values (when available) have been utilized
to calculate G/R when the ratio was not given directly in the original
article. Absciute values were also used to provide a conservative analy-
sis. Results are intended to depict atl important summer rain types. The
stratified rasults of Jatila (1973} and Coflier (1983) listed separate



TABLE | RADAR RAINFALL MEASUREMENT ACCURACY {“G/R RATIOS")
{No Gauges) hauge Adjusted
Year Z-R Measurements
| Aoyagi 1964|1.]9
2 Jonaes 1966(1.77 (1.39 with 3 Z-Rs)
3 Huff 1967 (1.30 1.12 Adjacent Gauges (AVE}
4 Hilson 1970(1.96 1.59 {1 Gauge) 1.53 (3 Gauges) 1.48 {3G,V)
5 Hoodiey 1970]1.30 {1.08)
b Jatila [973]1.12 (1.21) Continuous Rain 1.29
1.43 (0.98) showers 1.25
7 Harrold 1974 1.15 to 1.20 {1 Site, 3 Gauges)
8 Wilson 1974:1.20 {90% of time
g " 1975|1.49 with beam <2 km) 1.22 (V)
10 Brandes 1975(1.52 1.18 (Ave G) 1.14 (V)
11 MWoodley 1975(1.53 {2.23 showers, 1.68 daily totals) 1.38 {Cluster)
12 Huff 1978(1.558 1.27 {¥) -
12a Hildebrand|1979|1.87 RIPLEX 1.45 (V) 1.16 {EVAF)
13b 1979(1.37 [1inois 1.15 (V)
14 Wilson 1979(1.63 1.24 (V)
15 Cellier 1983]1.33 frontal .70 (AVE), 1.10 (Domain}
.79 shawers .63 [AVE}, g9 "
16 Barnston 19831 1.31 Abselute Vajues [.75 Algebraic Difference}|1.23 {Cluster}, .94 {Algebraic)
17 Kiostinen |I984]1.57 1.52 (V)
18 .Joss 1984) .86 to 1.17 Best 10 gauges RADAR Albis
b6 top 1.4% " - " Le Dole
[.08 to .24 Worst 10 gauges "  Albis ]
[.04 to .31 = " Le Dole]
Both sites use a vertical projection of ZMAX
Typicalty: -48% Difference 22% -25% Difference 20%
N=19 N =14

*¥ = Spatially varying Gauge Calibration used to adjust radar estimate (as oppesed to using the average [AVE] of G/R).



ratios for stable rains (frontal/continuous) and showers. Only the case
with the Jlargest deviation from 1.0 in each of these twe studies were
utilized to obtain the average listed at the bottom of the two columns.
This was intended fo obtain one value thought to best reprasent showers
embedded in stratus as this is moest generally representative of heavy
summer vrains. This was also 1intended to yield a censervative (high)
average vatue of the ratio.

3. RESULTS

Radars which are uncalibrated via gauges are surprisingly accurate. The
average bias is only about 50% (+20%). Furthermore, rain gauge calibrated
radar is within about 25% of the gauge estimates on average (+20%).

3.1 Cluster Adjustments

The recent thorough analysis by Barnston and Thomas (1983} of the 61 days
of FACE data is a good exampie of the cfuster calibration approach.
The rain data for the six hour pericd following treatment was the basic
analysis unit for their study. The dense (1 gauge per 10 km%)
cluster network of 48 gauges in about 500 km’ was located within a
Yarger network (13,000 km‘) which supplied final ground truth with
another 111 gauges (one every 11.7 knf). The radar wused was a
WSR-57 {I0 cm wavelength). The use of the cluster of gauges to calibrate
the radar lead to a better relationship between the 111 gauges in the
network and the radar estimates by improving the slope in the equations
relating te two rain measurements from 0.62 to 0.93. The unadjusted radar
rzin measurements are a bit high for rains below 3 mm, but ¢learly under-
estimate the heavier rains. This is probabiy due to the problem of incom-
plete beam filling by many relatively small cores and strong rain gradi-
ents during the heavy rains, However, the slope approaches one to one
with the adjustment, and this problem is largely eliminated by the use of
the auxiliary ogauges. Thus, the gauge adjustment eliminates the systema-
tic differential bias (underestimates of heavy rains, overestimates of
weak rains) from the radar measurements.



Nevertheless, the careful analysis of Barnston and Thomas reveals that
the use of the cluster approach to radar gauge calibration actually

leads to a 5light fncrease in the random scatter in the relationship
between radar and gauge measured rainfall.

This is because when the cluster gauge to radar G/R ratios used to adjust
the radar sstimates are applied to predict the G/R raties for the network
as a whole, only about 20% of the total network G/R variation is explain-
ed. Since the cluster only represented less than 4% of the larger neiwork
area, the Tlow representativeness is not surprising. Part of this problem
can be viewed as arising because the G/R ratio increases with R, but the
corretation is only 0.57. However, G/R ratios increased with range 66% of
the time. Therefore, the range dependent beam filling effect is likely ta
have played an important vele in the increased scatter cccurring after
cluster calibration. The main influence appears to have been the effect
of the wunrepresentativeness and random nature of the &/R values from the
small <¢luster compared with the ratios from the much larger netwaork which
are at increasing range from the cluster.

3.2 Spatially Varying Gauge Adjustments

Thus, Barmsion and Thowas concluded that, 1in general, it is betier to
calibrate with the distributed gauoes throughout the Tlarger network
{Brandes’ procedure), a technique they did not use themselves, but which
has overwhelming iptuitive appeal. Kpistenen and Pubhakka (1981) describe
one of the more thoresugh methods for applying the variable gauge (pr &/R)
lacation calibration technique:

| Calculate the wvalues of the adjustment factor Fg = (&/R)} at
geach gauge location G by dividing the gauvge-measured value ¢ by the
carresponding radar-estimated value R,

2. Perform a regression analysis by which the range dependence of
logifg) is determined. As a3 result, a symmetrical range
dependent adjustment factor field F{r) is obtained.

3. Check the quality of each G/R value by comparing it with the value
predicted by the regression model at the same range.



4. Calculate the spacing of rain gauges D{i,j) &t each grid peint 1i.j.
Determine the filtering parameter field k{i,j) needed in the objective
analysis wsing D{i,3).

5. Analyse individual adjustment factor values to the final grid by using
objective analysis. The quality 3as well as the actual spacing of the
observations are taken into account. As a result, a spatially
analysed adjustment factor field F{i,j) is obtained.

6. Combine fields F(r} and F{i,}} to give the final adjustment factor
field F{i,j} where the vrelative weighis of the component fields are
determined by the spatial representativeness of F{i.j}. This is
eéstimated from the gbserved autocorvelation field.

7. Multiply the raw radar measurement field R{i,j) by the fimal adjust-
ment factor field F(i,j) to-get the adjusted radar rainfall.

B. Substitute the objectively analysed rain gauge field in gridpoints
where no radar data are available.

The method is very flexible and can provide solutions which range from the
uniform but range dependent correction {uwsing F(i,j} set to zero), to
Brandes’ method (F(r) is set to zeroc), to raw gauge values depending on
subjective and objective quality control thresholds for G/R (te be accep-
ted the G/R point value must be within +/-2 standard deviations, after the
linear range correction 1is applied) and the weighting given to gauge
density.

4. CONCLUSION

Uncalibrated weather radar measurements of summer rainfall are likely to
be within about 650% of the actual ground truih {gauge) toial. However,
gauge calibrated radars will be within about 25% of an accurate gauge
network wvalue on average. The best means of radar gauge calibration is
with a distributed network of gauges throughout the measurement area. The
density of the gauges must be determined empirically for each arga, but
appears to be about 100 km® per gauge for storm rain totals inm
tropical areas.
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B. RADAR RAIN MEASUREMENT, FALL SPEED AMD WIND EFFECTS

M Hodson

1. INTRODUCTICN

The objective of the work undertaken in this study was 10 examine
quantitatigvely the meteorclogical components which degrade radar rainfall
measurements.  This report is a continuation of that presented in December
19288, It has four sections. The first dascribes the theoretical effect
of different drop terminal velocities and horizental winds on rainfall
rates in a rain shaft. The second section describes some resulis obtained
from a numerical model based on this theory. The third section discusses
some of the measurements that were made on rainfall and shows how these
related to the numericalk model. The final section summarised those
factors which degrade radar rainfall measurements and discusses the
requirements for more accurate radar rainfall measurements.

2.  THEORY
There are several factors which affect the comparison between radar
derived rainfall measurements and those made using rain gauges. The most

important of these are as follows:

a. The vradar reflectivity rainfall relationship, that is, the 2Z-R
relationship.

b. Evaporation.

c. The downdraught in the rain.

d. The terminal fall velocity of the raindrops, either on their own or
combined with a horizontal wind.
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We shall deal with the first three of these in the final section of this
report. The effect of the fourth is dealt with in the remaining sections
of the report.

¢.2 Ho Horizontal Wind

In order for rain to have the same drop size distribution at all altitudes
in a rain shaft, the drop size distribution at the top of the rain shaft
must vemain the same through the fall time of the smaller drops to the
ground. Because this is of the order of many minutes, it is unlikely to
occur  in rain.  Any change in the rain rate at the top of the rain shaft
takes many minutes to propagate throughout the rain shaft, therefore a
uniform drop size distribution is unlikely to eccur in rain. We look at
the mathematics that describes the changes 1rn the rainfall rate with
altitude in this section assuming that there is no horizontal wind.

Atlas and Ulbrich (1974) have published a mathematical expression for the
rainfall rate assuming an exponential drop size distribution. We have
assumed & drop size distribution of the form

W=D} , (1}

where D is the drop diameter and N 1is the number of drops per cubic
metire, We assume that drops of diameter larger than D break up.
Then the rainfall rate obtained by substituting this in the expression
given by Atlas and Ulbrich is

gD
R = {n/6 x 10°8) x 3600 x f;"b’ x £{D) x ¥{D}dD , (2)

where V(D) 35 the drop fall velocity as a function of diameter. This
equation assumes that no vertical air currents are present., If the drops
fall from heights H ({metres}, then the time t (seconds) for a drop of
diameter D, to reach the ground is

t = H/Y(D) . (3)
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Consider the case when there 1is a sudden onset of vrain, namely & step
function at time t, and at height H. Before time t, there is
no rain and after this time the rain is given by Equation (2). At time
t, there are no drops at the ground. Because the largest drops have
the greatest fall speed, the first drops to reach the ground do s0 at the
time given by

t=t,+HV(D,) . (4)

Drops of smaller diameters begin o reach the ground together with the
larger drops at the time given by

t =t, + H/V(D,) , (8)

This gives a drop spectrum at the ground that ranges from diameters

D, to D . The corresponding rainfall rate at the ground,
Rgp, is then
Ry = - fﬂm“ Y x f
g = LA/6 x 1077} x 3600 x D, D* x F(D) x ¥{D}dD . {6}

0 ‘can be obtained as a function of time from Equation (%) . Then

]
integration of Egquation (6) will give Rgn as a function of
0,. Eliminating O, from these two relationships we get the
rainfall rate at the ground as a function of time. Because the drop
velpcity tends tp zero as the diameter iends to zero, th wiil {end

to equality with R as t becomes Targer.

If we consider a negative step change aloft arising from the sudden
cessation of the rain, the maximum drop diameter after the step will be
D, and the minimum will be 0. When there is no horizental wind, the
rain rate at the ground is, using equation {6},

D,
R, = (7/8 x 10°%) x 3600 x rn 0¥ x f(D) x V(D}dD . (7}

A& pulse of rain (a sudden onset, a steady rate then sudden cessation) will
be compietely described at the ground by equations {6) and (7} during its
three stages.
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The rain accumulated over the complete durgtion of precipitation at the
ground (T} is

T, T, T
Iu R, dt + IDRg“dt - L"ndt (8)

These two integrals can be evaluated via Equations [6) and (7) to obtain
the total rainfall aloft. This shows that the accumuelated rain at the
ground equals that aloft provided there is no horizontal wind.

2.2 The General {ase

In general, the horizontal wind changes with time and height. The
horizontal distance travelled by a drop as it falls te the ground is no
longer independent of time, therefore the drop numbers at each point on
the ground do not have a fixed temporal and spatial relationship to the
step function change aloft. The rain rate at the ground will be different
along the direction of the wind, and ¢an only be obtained if the horizon-
tal wind speed is known as a function of time and height. Accumulating
the rain at the ground at a point no longer makes it equal to the accumula-
ted wvalue alaft. The only way to capture all the drops alofi and eguate
them to all the raindrops at the ground is to accumulate the areal rain
aloft and at the ground over an arez large enough to account for the
variability in the horizontal wind.

3. HNUMERICAL WOBELS

We have used & simple numerical mode) to illustrate further the "smooth-
ing" effects of the different fierminal velocities on the difference in
rainfall vrates &loft and at the ground. As an example let us take some
rainfall rates that occurred 7 minutes after the start of a record that
was taken on 22 January 1988, These have been plotted in Figure 3 in Tlast
year’'s report, and have been applied as input to our model. The model
input rainfall at 600 m altitude as well as the resultant rainfall rates
at the ground are shown in Figure 1. This comparison indicates that
differential terminal velocities have reduced the peak rain rate at the
ground by 19% compared with the input. If this pattern of input rainfall
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were repetitive, then we would obtain the rainfall plotted in Figure 2.
Here, the wminimum value of the rainfall at the ground is 50% greater than
the minimus measured aloft.

If the rainfall did wvary in space and time as shown in Figure 3 for
example, then wvery different results wouid have been obtained at the
ground as Figure 4 shows. Here, the drop diameter groups would have been
completely separated in space and time at the ground. This shows how
difficult it is to sample the rain at the ground adequately with a single
rain gauge under these conditions.

With rainfall aloft varying in {ime and along the direction of the wind, a
numerical wmodel would obtain the resultant rainfall at the ground if the
horizontal and vertical wind speeds are known. When the wind is variable,
integration would have {o be done in time and along the direction of the
wind to ensure that the same groups of raindrops are being compared. In
praciice, with winds varying in two horizontal dimensigns, comparisons
should be done by integrating in time and over an area.

4. EXPERTMENTAL RESULTS

The eguipment we used for our experimentz] work restricted the rainfall
records we could use when making comparison between gauge and radar
measurements.  Figure 5 illustrates the effects of strong horizontal winds
gn the rain we  measure alaft, causing it to fall well outside the small
area at the ground where the gauges were situated. We present two records
here, one with a low horizontal wind speed and the other with a high wind
spead.

The rainfall record taken on 9 February 1988 had 2 low enough horizonta)
wind speed (<10 km/br) 1o enable it to be used for radar and rain gauge
rainfall comparisons. Figure 6 shows the wind speed and direction during
the record. Figure 7 is a plot of the high resolution rain gauge measure-
ments at the ground and the radar rainfall measured at 360 m altitude.
This result clearly demonstrates the smoothing effect of the raindrop
terminal velecities on the rain rate at the ground.
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Figure 8 alstc shows the smoothing. Here the rate expected at the ground
was derived from the drop size distributions at 360 m altitude via the
madat. The rates have been ¢orrected for the measured downdraught. When
we accumulate the rainfal) over the b miputes of the record, we get 1 mm
for the gauge value and 0.94 mm for the radar record.

A record taken on 22 January 1988 is used to illustrate the effect of a
strong horizental wind on the comparison of radar and gauge measurementis.
Figure 9 it a plot of the rzinfall measured at the ground during this
recording period and Figure 10 is a2 plot of wind speed and direction at

7 m altitude. Ts summarise the many drop size distributions obtained
during this record, the rainfall rate aloft is plotted from them in Figure
11. For the purposes of discussion, this is divided into three time

periods. Buring period &, the radar showed a burst of very heavy rainfall
lasting 1.5 minutes with a peak of 66,8 mm per hour. Very little rain
fell into the gauges during this perind, some of the gauges registering a
rate of & mm per hour. This shows that the rain moved through the radar
beam and reached the ground outside the gauge network.

During period B, the radar and the gauge records showed considerably
better agreement, In the last half of period C, there was fairly steady
rainfall of 25 mm per hour with different gauges showing some fluctuation
about this value. The radar records had an average value which was lower
than this. Here it seems as though the radar was recording the edge of a
rain shaft and the gauges were measuring in the rain shaft.

Accumulating the rainfall over the total time of the record, we get values
of 11.68 and 11.9 mm for altitudes 360 and 600 m, respectively. The rain
gauge records for gauges 5, 6 and 7 have 8, 8.4 and B mm, respaectively.
Accumulating the rainfall amount aloft in the peak at the beginning of the
storm gives values of 1.7 and Z mm, respectively. This accounts for a
considerable partion of the difference between the accumulated values for
the gauges and the radar.

5  COMMENTS AND COMCLUSIONS

A. The thepretical and experimental results described in the report show
the effect of the drop velocity and horizontal winds on the comparison
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af rainfall measurements aloft and at the ground is essentially a
smogthing (i.e. ground peaks and valleys are reduced). Thay also show
that the timeg integral of the rain rates at the ground and aloft are
equal wunder special conditions. However, in the mast general case
complete theoretical agreement between radar measurements aloft and
gauge measurements at the ground is enly possible when the time-area
integral of the rain is compared aloft and at the ground.

If we are to compare the time-area integrals aleoft and at the ground,
several problems relating to this comparison must be addressed. These
are:

2. What is the smallest area that ¢an be compared successfully?
How often should the rainfall be sampled by the radar?

¢. What should the spatial resclution of the radar be in order {o
obtain the most accurate rainfall measurements?

Closely related ijssues have been studied by Zawadski {Calheiros and
Zawadski, 1987). if we calculate the trajectory of a raindrop as it
falls from 600 m altitude with an 8 m per second horizontal wind then,
in the worst case, only 50% of the rainflux through a 2 km square at
this altitude falls on a corresponding 2 km square at the ground.
Conclusions based on such canditions require that we compare results
over 36 km® if 85% of the rainfiux aloft is to fall on the same
arga at the ground. Under less severe conditions the area can be
¢considerably reduced and where the horizontal winds are less than 5 km
per hour, a single rain gauge is adequate.

The radar measured rates in Figure 11 for 360 m altitude have been
used as input 1o a Feurier transform to obtain the spectrum shown in
Figure 12, in which the square of the rate is plotted against fre-
guency in cycles per minute. This figure has a dominant harmonic at 1
cyele per minute. On this evidence, the Kyquists theorem indicates
that this particular record should be sampled every half minute.
Howewer, this record was taken aver an area of 3600 square meires ang
it 1s possible that a larger area could tolerate a greater time inter-
val. Again, this should be subjected to experimental verification.
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The best possible spatial resolution for the radar should be used in
order t¢ obtain good integrated values of rainfall over the areas

heing comparsd and to minimise the effect of inadequately filled radar
beams.

C. If we eliminate sampling errors arising from horizontal winds and drop
fall speeds when comparing gauge and radar measurements by comparing
areal rainfall, there still remzins the sources of degradation in the
radar measurements mentioned in section 2a, b and c. Corrections for
evaporation can be made if the temperature and humidity of the atmos-
phere 1in the wicinity cof the rainfall is known. The downdraught in
the rainfall cannot be measured by a conventional radar but requires a
multiple Doppler system. Estimating corrections for this reguires
further investigation.
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C. THE HIGHLY MON-LINEAR ASPECTS OF Z-R AND ¥Y-Z CAUSED
BY RAINORQP TERMINAL FALL SPEEDS

R C Grash
ABSTRACT

The standard relationships which have been widely used in the past to
apply radar measurements of refiectivity (Z) to estimate rainfall rate (8)
and the terminal fall speed (VT) of ensembies of raindrops are essentially
incorrect., This is because both are theoretically derived from an overly
simplified relationship ralating the terminal fall speed of individuzl
raindrops (¥, (0)) and their diameter (D}. Furthermere, an infinite
drop size distribution {(DSD) is assumed. Thus, when regression is applied
to obtain empirical relaticnships between Z and R or ¥T, such as when
measurements of the DSO from an experiment are integrated, it is standard
procedure to seek only simple 1leg-log relatienships. For example, the
classic Z-R relationship is in the power law form, 7 = aR®, with a
and b canstants. The wmast -well-known Z-R case, that of Marshall and
Palmer, 2 = 2Q0R'5, was obtaiped by regression, essentially (MP,
1948). The most weil-known VT-Z case, ¥T = 3,821 was obtained
via a thearetical derivation utilizing a crude power law for v.{D})
{Rogers, 1964]. However, more recent empirical analysas such as those
utilizing radar and rain gauge cumuiative distributions have found that
the Z-R relationship may be very highly non-linear in log-log coordinates
{Calheiros, 1987).

The present paper theoretically demonstrates that a strong form of
nen-linearity is introduced into the relationships with Z as soon as
V. (D) is correctly specified. In particular, the slope of the Z-R
relationship {in 1log-Tog coordinates, b) is not constant, nor are the
slopes of the V¥T-Z vrelationships. Explicit regressiocn and theoratical
forms are derived from the wmore realistic non-linear cases. Furthermore,
the additional non-linearity which enters the problem when the OSD is
truncated to reflect even more realistic conditions is also described.
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1.  INTRODUCTION

Mast earlier research on the Z-R and ¥T-Z relationships has focused on the
impact of differences in the observed DSD (Acyogi, 1968; Joss and Wald-
vogel, 1968; Fujiwara, 1965; Mugller 1866; Ulbrich, 1983; Willis, 1984},
For example, Battam (1973) 7lists about 70 empirical Z-R retationships
based on different DSDs, all published before 1971. These are all in the
simple power law forwm, which in turn implicitly assumes a power law form
for VD), and it s this which will be shown to be erroneous.
However, much of the difference between these "]inear™ Z-R relationships
appear to be mainly the result of sampling problems in estimating the
0SD. More recent investigations have explored the possibilities of
fitting gamma functions to the cbserved DSD and investigated the affect of
truncation of the DSD on the associated Z-R relationship {Ulbrich, 1983),
but once again only the power law form for Z-R and V,(D) were exa-
mingd so Ulbrich does not show the impact of the non-linear aspects of
¥.(D} in Tleg-tog coordinates. Another reason for taking a different
approach from Ulbrich and the earlier researchers, however, is the finding
of Joss and Gori {1978) that when D5Ds are integrated aover a sufficient
volume of data (about 500 minutes of distrometer observations or a sample
volume of about 1000 m’) that an inverse exponential DSD is closely
approached. Thus, the simple Marshall and Paimer {1948} form for the DSD
has stood the fest of time because it has wusually appesred to be
essentially accurate (Merceret, 1974; Joss and Gori, 1978). Though
variations in the small drep region are often observed {Mueller, 1966;
Srivastava, 1967} these are usually not of great importance to most radar
calculations. Nevertheless this will be re-examined here alsp. However,
the impact of the largest drops will-be shown to be the most dramatic.

It should alsc be noted that recent research has suggested.that above a
liquid water content of about 1 g/m® that some impartant details of
the Marshall-Palmer DSD formulation may be in error {Srivastava, 1971;
Hodson, 1986), i.e. it appears that the slope of the D5SD may be constant
for high ligquid water contents (and not a function of R). This would
require that VT alse be constant {e.g. with respect to LWC) for these
conditions. However, further observations appear to be reguired to con-
firm Hodson's finding, particularly for the rarer high liguid contents.
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Consequently, it is assumed here that the inversg exponential BSD function
popularized by Marshall and Palmer s basically correct znd that the
primary wvariations from it are dJsually in the form of missing drops at
gither the small or large drop end of the spectrum.

There appear to have been only a few explicit attempts at non-1inear des-
cription of radar relationships for R and ¥T {in log-log coordinates), and
these attempts are mostiy not in the widely available referead journals.
These attempts also do nat expiicitly identify the cause of the severe
non-linearity as being attributable teo V., {e.g. Jones, 199%6).
Consequently, this taopic, im spite of its fundamental importance, has

received 1ittle attention.

The earliest report to refer to strong Z-R non-linearity appears to have
been the well-known but in-house research report made by Jones in 1956 at
the I11lingis State Water Survey. This shows erroneous overestimates of R
would result from the use of a "linear” Z-R relationship (Z =
398R*¥}  fit te his data when compared to his more. accurate
quadratic fit, log 7 = 2.569 + 1.317 log R + 0.072(10ogR)®.

For first order {over-)estimates of R = 1, 10, 2§, 50, 100 and 150 mm/hr,
the corresponding more accurate non-linear estimates were 1, 9.7, 22.5,
40.9, 75.0 and 104.8 mm/hr Thus, the error becomes significant (>10%) for
R = 25 mm/hr and exceeds 40% for R over about 100 mm/hr. Jones made the
second order fit after plotting his DSD observations of Z and R on a
log-log graph and noticing that the relationship appeared to curve. He
did net dinvestigate the cause of the curvature and 2 decade later there
was still no comment on the cause of this complication when Fujiwara
{1965} summarized the massive body of DSD cbservations accumulated at the
ITlinois State Water Survey and elsewhere. The measurement of the DSD was
then the principal focus of attention {Mueller, 1966; Diem, 1966) and this
trend continues through the present {Joss and Waldvogei, 1968; Knocllen-
berg, 1876; Willis, 1984; Cunninc and 5ax, 1977; Jatila and Harju, 1975;
Breuer and Kreuels, 1976; Jorgensen and Willis, 15982; and Ulbrich, 1983).
Occasianally, subseguent Z-R investigations to Jone's reported eithar
different Z-R relationships for different ranges of 7 {or R}, {(e.q9.
Shupiaskii, 1957; Doherty, 1963; Cupning and Sax, 1977; Austin, 1981) or
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would Tist corvesponding averages {or distributions) of Z and R pairs that
were clearly not linear when plotted (Diem, 1966; Breuer and Kreuels,
1976; Stout and Mueller, 1988; Calhairas, 1982), but there was 2 distinmct
Yack of discussion regarding the cause., However, evan By 1966 the need
for a highly non-linear fit for V.(D) was baginning to receive some
attention from the radar community {Clark and Moyer, 1966; Imai, 1964).
Later, the microphysics community provided high'y accurate fits for
V.(D) (Foote and du Toit, 1969), but these tended to be clumsy and
it was only in 1968 and 1971 that Aoyagi and Lhermitte derived highly
non-tinear expressions for V¥IZ (as funciions of I/N, or Z) which
were caused by an accurate fit to V. (D) and still much later (1981)
when the cructal Z-R relationship was finally dignified with an explicitly
severg non-linear expression by Uplinger. However, the papers of Acyagi
and Lhermitte were not very explicit on the form c¢f the VTZ relationship,
perhaps because aof the more complicated algebra required to deal with the
multi-term V.{D) laws they were applying. Worse yet, Uplinger's Z-R
paper, though based on an accurate and far more convénient single term
V. {D) expression, bad several glaring errors in both Togic and the
chaice of constants and came to an erroneous conclusion. Moreover, these
three papers were never published in the refereed literature. It there-
fore remained for Wiliis (1984) to explicitly derive an accurate highly
non-lingar expressien for ¥TZ which accounted for V. (D) properly.
However, in the 1light of Uplinger’s failure, neither a proper expression
nor derivation appears to have been presented for the highly non-linear
Z-R relationship. Also, the severe effects of truncating the DSD en the
non-1inear forms of all these equations has remained uneXamined.

2.  HON-LINEAR ASPECTS

Twe approaches were utilized to investigate the true relationships between
VT, R and Z, numerical and aralytic integration.

Numerical Integration
Numerical integration was applied to calculate 2, R and the reflectivity

and mass weighted terminal fal) speeds {¥TZ and VTM). Integration steps
were AD = 0.5 mm. {iquid drops were assumed to be distributed in an
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inverse exponential form =imilar to that found by Marshall and Palmer
{1948) N(0} = M e*l, with N_ = 0.08 cm?.
The variables are theoretically given by

1 = fmn) % do (1a)
R = [v(0) N{D) O* n/6 dD {1b)
vi = fv (D) N(D) D' dO/ N(D) D° D (1c)
¥TZ = J v (D) N(D) O° dD/Z {1d)
with the integraiions assumed to extend from D = @ to =. Rayleigh

scattering is also assumed. Under these conditions amalytic solutions in
terms of the gamma function and X may be ¢btained for sach of the inte-
grals and thus R, VTM and ¥TZ can all be given as functions of Z {after
sybstitution), 4if an integrable analytic function i3 used to represent
v (D). In the past this has wusually taken the form, ¥ (D} = ¢
DY & crude approximation irrespective of the values of the con-
stants, In the present work, therefore, tabular values obtained directly
from the measurements eof Gunn and Kinzer {1947) and Beard (1977) were
applied in the numerical integrations. Above D = & mm, these papers

uggest that ¥ (0} is about 9.2 mps for sea level conditions, and
this has been assumed in the calculations.

Eight different concentrations of drops form the basic data set from which
values aof 2 versus R, VTZ and VTM were plotted {Figures 1-3). The right
basi¢c c¢ases correspond to eight different slopes of the DSD (in semi-log
coordinates) specified by the nominal rainfall rates (R} of 1,5,
10, 25, 50, 100, 200, and 400 mm/hr via X = 44.0 RO The
A-R  relationship is «consistent with both Merceret’s (1975) and
Jatila*s {1973} N, constrained regressions for 3 and also with
the Spilhaus (1948) constants for V. (0}, c = 1420, d = 1/2, with D .
in ¢m wnits. The eight basic cases are identified on the graphs by their
npminal rainfall rate {1 to 400) even though the rain rate, R, calculated
by substituting the linear A-R, regression relationship {in
log-Tog coordinates) for A wusually does not produce an R exactly equal
to R in the anaiytic eguation for R = f(2). Furthermore, when
the assumed DSD is truncated there will be additional and often much more
significant discrepancies between the calculated R and the nominal walue
{R.} which determings the slope of the D3D.
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Truncations

To show the possible range of effects of finite DSDs on the three Z rela-
tionships, the calcuiations of all four variables {R, Z, ¥TZ and YTM) were
repeated for all R for six cases in which the DSD was truncated
etther above D = 4,5, 6§ or 9 mm, and/or below D = 1 or 2 mm. Far each
case the slape of tha D0SD in semwi-log coordinates, X, remains constant
during truncation.

Often there is an observed deficiency of small drops (less than about 1 mm
and especially less than 1/2 mm} compared to the strict Marshall- Palmer
DsD. This may be the result ef selective evaporation of the small draps
and/¢r capture of them by larger drops. Thus, the assumed extreme
truncation for drops less than 2 mm is intended to show the maximum 1ikely
extent of the effect of such a potential small drop deficiency, while the
1 mm truncation shows the more typical effect.

At the other extreme, 5 mm represents the probable absclute maximum drop
size 1likely to be present. Drops larger than this do not appear to have
been observed and the existing theories of drop stability, though crude
glso find 9 mm to be about the maximum size which can be sustained
{Proppacher and Klett, 1978). Thus, the truncation of drops larger than
S mm from the DSDs 2lso represenis a very realistic minimem constraint on
the targe drop end of the spectrum. In addition, it is known that large
isalated drops hecome progressively more unstable above diameters of about
50 + 0.5 mm [Alyse and Blanchard, 1973). Drop breakup is enhanced by
turbulent air, but collisijon induced breakup appears to be the majn dis-
integration mechanism. Thus, drop breakup is very frequent in high liguid
water content regions. Conseguently, drops larger than about 5 mm tend %o
be transient with shorter 1ifetimes in heavy rains. However, Blanchard
and Spencer [1871) observed drops of nearly 9 mm after water released from
a hose had fallen over 60 metres and Waldvogel and Federer {1974, 1975,
1976) have pbserved natural drops well in excess of 7 mm, usually in asso-
ciation with hail. Therefore, drops ilarger than about 5.5 mm are observed
but are rare and probably reflect the existence of a cold rain process and
the proximity to a source region of larger frozen hydromeigors. Unfortun-
ately, it is difficult to theoretically specify the maximum drop size
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(D) 1ikely to be present for a given set of conditions bacause of
the transient nature of drops larger than sbout 5.5 mm and our ignorance
of the details of the breakup process active in clouds. Nevertheless,
because the large drops make the strongest impact on radar calculations
(e.g. Z 1is dependent on the 6th pewer of drop diameter), they require
special attention.

As a result of the lack of reliable theory and observations of DSDs, sever-
al extensive Jong-term DSD measurement pregrams have been undertzken.
Early results from a study in Germany showed that drops larger than 3 mm
constituted only about 0.1 to 0.2% of al) drops {Diem, 1988). Later work
showed that the 0.1% figure held up fairly well for warm seasen condi-
tions, but may be too large by a factor of 10 for cold season rainfails
{(Breuer =and Kreuels, 1976). Diameters aver 4 mm were abserved far only
about 0.001 to 0.01% of the drops. In terms of the individual spectra
determined from exposures of 1 to B0 seconds, Biem shows that only about
1.3% and 10.3% of spectra have drops over 3 mm in Germany, and equatorial
East Africa, respectively. Consequently, it is difficuit to obtain reli-
able statistics om the occurrence of large drops in most climatic zones
{(Cornford, 1968; Smith, 1976; Gertzman and Atlas, 19727; Mueller and Sims,
1966} .

In 1light of the uncertainty in the growth and breakup of large drops, and
since rain showers and continwous rain are expected to have smaller
0., than thunderstorms, the truncation of drops over 4, 5 and & mm
are shown (light solid lines) to depict the range of effects which might

be possible under various conditians.

A final more complex truncation which is rain rate dependent was also exa-
mined. o get a better idea of the relationship between rainfall rate and
D.,,. the DSD observations from 10 authors in 14 locations were plot-

ted on a graph of D_  versus R for convective storms (Figure 4}.

The data were chosen to be free of the affects of observational Timits on
the upper end of the 050 and rich in large drops associated with thunder-
storms and high rainfall rates. That is, resuits of camera and filter
paper observational tfechnigues were emphasized, while distromeier and

airborne measurements were de-gmphasized. Some hail was reporied to have
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occurred during the abservations of two of the wore pertinent studies
(Waldvogel and Federer, 1975 and Carte, 1971). Therefore, rain processes
in the subfreezing zone were obviously represented. The extensive
melti-location data of Mueller (1968} was very helpful. The results
showed great sampling variations, but after the most obvious outliers were
ignored in somea of Mueller’s spectra (for R <20 mm/hr) a ¢onsensus or
midpoint of the D, vs R trends seemed to emerge:

R {mm/hr) 1 5 10 25 50 100

b, (mm} 3.0 4.0 4.5 5.0 5,25 5.5

The range of the abserved D about the listed values for each R
was about +1 mm. Dashed 1ines connect the less certain data points for a
given author or Jlocation. Above 100 mm/hr, D, c2n be assumed to be

about 5.5 mm {in agreement{ with the independent observations of Fletcher
{196%) and Alusa and Blanchard}.

These  somewhat conservative restraints oo D were then used to
truncate the assumed DSD for each of the eight vailues of R in the
numerical calculations of R, Z ¥TH and ¥TZ (dashed lines in Figures 1-3).
In the 1light of the severe impacts which result, it is noted that even
more conservative DO versus R relationships have been preposed for
R<50  mm/hr (D = L23R%3,  Stephens, 1%964; and D =

mAX max

(10/3}{1.18)%, with K = D to 2, Le Grone et af.,, 1988).

Analytic integration

Analytic expressions for the untruncated relationships between Z and R,
V72 and VTM were alsc obtained, by using either of two cenvepient and very

accurate fall speed laws: .

V(D)

v.De"® (Uplinger, 1981)
or

VD) = ¥, - v,e™® ({imai, 1964},

Cgs wunits are used for these functiens. Thus, for Uplinger’s function =
1.5 and V. = 4854.1 give V. (0) accurate to within about 7%
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for D between 0.05 and 0.5 cm. ¥V, = 9865 com/s and V¥, = 1030
cm/s in the second expression give V(D) to within 2% for the same
range for the Imai Function. The very convenient single term Uplinger
function 15 wusually accurate, being within about 1.3% of the frue values
in this range except very near 0.5 mm, where even the strong weighting of
drop freguency is usually not enough to cause a significant amplification
of error in the calculation of the radar variables. However, above D = &
mm, where the radar variables are very sensitive, other V. (D) errors
begin %o approach 20% and the Imai function is more accurate. For 0 of 9
mn, the imai function is only 4.7% above the apparent true ¥, (0}

vatue (9.2 m/s).
3. RESULTS AND DISCUSSION

The numerically determinad relationships betwean Z and the dependent
variables (R, V¥TM, VTZ) for the untruncated OSDs are shawn by the heavy
solid Yine in each of the Figures (1-3}.

A1l three untruncated relationships are clearly curved downward on the
log-1og plots.

This reflects the highly non-linear downward curvatere of ¥ {0} as
also seen in the two analytic V(D) relationships {e.g. at large D,
V.{0) approaches an asympiote of about 9.2 m/s, after rapid changes
at small D (Figure 5)). In the most important of these three ¥, (D)
dependent relationships, Z-R, the resulting deviation from the near
1inearity at low Z can result in an error of aver 120 mm/hr in R at high 2
{Figure 1)!

The reflectivity weighted terminal fall speed is given by the integral of
V.(DIN(D)® integrated from D equal zero to infinity. This
flux of reflectivity is then divided by the total reflectivity, Z, to
obtain the normalized fall speed, V77 (Figure 2}. Consequently, VTZ is
strongly  affecied by large drops because of the D° weighting and
most  clasely approaches the V (D) asywptote (%.2 m/s), reaching a
speed of 8.9 m/s for the largast R examined (400 mm/hr).
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In VM, V¥({D} 1is weighted by only D* and normalized by the
liquid water content, ({which 1is proportional to the jntegral of

N{D}D%). Because of the more moderate D* weighting, VIM s
not as strongly influenced by large drops, only reaches a maxXimum speed of
.7 mfs for R = 400 mm/hr and is noft c¢losely approaching an

n
asymptote (Figure 3). Consequently, ¥TM is also not as obviously curved

as VTZ vs Z.

Because R c¢ontains D° weighting also, it is closely related to VIM
(R = VIM x rain water contents), and the Z-8 relationship {althouoh
unnormalised), is similar to the VTM-Z relationship, being moderately
non-linear 1in 1log-Tog ceordinates, Nevertheless, if the linearity
suggested by the lowest iwo or three Z-R values is exirapolated to the
largest ¥ value, &3 dbZ, the indicated rainfal) rate would be about 500
mm/hr compared to the actual ({non-linear) value of 380 mm/hr (R =
400 mm/hr). OFf course, thase more extreme errors also indicate a distinct
non-tinear aspect to the relationship that is not well described by a
simple power law. However, this is far more true for the 2 relationship
with VTZ, which is highly non-Tinear throughout the entire range of likely
i values,

Much more extreme errors (-500%} would occcur for YTZ linearly extrapalated
from the lewest Z wvalues. Erraors for ViM are more mpderate (-20%) but
still ipdicate a strongly non-lipgar relationship that is not well
dascribed by a simple power law.

Non-1inear regression on the Tlogarithms of the numerically calculated
variables shows that these untruncated relationships are very accurately
described by the following equations:

R{mm,"hrj = 0.0700 I-”!-.O‘DBEIS Iagzl
VTZ{cm/s) = 289 7-145-.0108 logl
ViMicm/s) = 162 Z-167--0094 lool

where Z is in mm*/m® units,

1f drops less than 1 mm are not present in the volume observed by a radar,
the concave downward curvature of the Z-R relationship is enhanced below
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ahout 53 dbZ ({(Figure 1). Even stronger and more pervasive effects occur
for truncation below 2 mm. However, most studies show that it is drops
less than about 1 mm which are most likely to be deficient compared to a
Marshall-Palmer 0DS0 {Mueller, 1966). Thus, the less seveare truncation is
most 1ikely to represent actual conditions.

Truncation of large drops act to reverse the curvature at the high 7 end
of the Z-R relationship, and may even cause a concave upward curvature in
the most severe truncations (see curves, labelled for 4 and 5 mm
truncations). One very interesting result of truncating large drops is
the & mm truncation curve for the 1log-log plot of Z-R. It is nearly
linear! Thus, Marshall-Palmer D5Ds with largest drops of around & mm will
be accurately depicted by the clder linear Z-R relationships. Since & mm
is near the 1ikely upper bound far qﬂ:* it appears that earlier
results which tended to confirm “Jipear" I-R relationships were to some
extent serendipitous. HNevertheless, in many cases only smaller drops wil

be present.

However, the normalized VT-Z relationships are never subjected to simitar
simpiification by truncation ai either end of the D5D. A1l truncations
resutt in non-linear VYT curves, and particularly in the most sensitive
case, VTZ, the curvature is usually severely exacerbated by truncation.

The truncation effect of drops over 9 mm is hard to detect in the 2-R and
VTM-Z relationships which are so close to the untruncated relationships
that this truncation is not plotted on these twe Figures (1-2).

However, the 9 wm truncation has a relatively pronounced affect on the
¥TZ-Z ralationship. This is an fmportant case of truncation because drops
larger than 9 mm probably do not exist. Thus, the 9 mm truncation closely
approximates the minimum effect likely to be imposed by the actual finite
nature of DSDs.

For V¥TZ even the minimum realistic upper end truncation has a significant
impact.

The 5 and & mme truncations represent the mare typical effect of finite
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0SDs and show that while a linear Z-R relationship in 1og-log coordinates
may actualiy be appropriate for at least some real situations, this is
never true for W¥TM and V¥TZ! In fact, with these more realistic condi-
tions, ¥TM is now in a near asymptotic comdition {but omly to at most
7 mps) and VTZ is so seriously distorted [doubly definad), even at modar-
ate reflectivities, that it may be of dubious utiTity for some appiica-
tions (e.g. VTZ capnot be wused to determine Z. However, using Z to
establish ViZ still is valid).

The curves for the more complicated truncations identified on the figures
as "D, ~Variable" and described in the D, versus R table

usually coincides with the untruncated Z-R and ¥TM-Z curves for low Z and,
as expected, lays between the 5 and & mm truncations in the higher Z range

where the impact of the missing large drops is significant.

However, this possibly st realistic depiction of finite DSDs din
thunderstorms greatly distorts VTZ throughout the entire Z range. The
truncated VTZ curve hardly even approaches the untruncated ¥TZ curve, It
is therefore clear that the sensitivity of V¥TZ-ZI to large drops must
atways be given stromg consideration for real situations with finite
0SOs. Whila the impact ¢f truncation on the Z-R and VTM-Z relatignships
also requires consideration, this is mainly for the higher reflectivities.

4,  CONCLUSION

When an accurate depiction of the {ferminal fall speed of raindrops is
included in the thearetical derivation of relationships relating radar
reflectivity to rainfall or to the average terminal fall speed of the
hydrometeors, it causes the relationships to be non-linear, even in
10g-log coordipates. This non-linearity may be considerably enhanced if
the distribution of drop sizes is not infinite.

However, in the case of aone realistic truncation of drops larger than
about € mm, the deletion acted to remove the curvature from the calculated
Z-R relationship and in general the loss of Jarge drops acts to reverse
the curvature of Z-R.
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However, when smail dreps are eliminated from the calculatiens, the down-
ward curvature of Z-R js always enhanced.

Also, the ensemble terminal fall speed-reflectivity relationships are in
all cases further distorted by truncation and show nv subsequent approach
to linearity. These relationships are always extremely non-linear, and in
the presence of realistic truncations of the laroe drop end of the DSD
become almost bizarrely contorted, even at moderate Z, (e.g. ¥TZ is doubly
definedl).

These considerations have recently become more pertinent with the advent
of wmore accurate radar rain measurements through ground truth calibration
in near real time, as well as through the more common usage of long
wavelengths which are less subject to attenuation and non-Rayleigh scatter-
ing. The ald rule of thumb factor of two accuracy gquote faor radar rain
seasurements js ne  longer generally applicable. Errors on the order of
20% are now being reported frequently {e.g. Collier, 1975; Grosh, 1990).

However, it has been shown here that if the linear trend of the untrunca-
ted Z-R reltationship at low Z is extended to higher values, errors in R of
cver 100 mm/hr can occur compared to the nen-linear Z-R relationship which
accurately accounts for the strong curvature of the terminal fall speed
relationship of individual drops. For both V¥TM-Z and, especially, VTZ-Z
large errors will also occur for similar extrapolations, but even worse
arrors occur for relationships for truncated 0SDs compared with those for
infinite D5Ds. In some of these cases the errors may be severe also.

In light of the above noted effects of V(D) and DSD truncation, it
is conciuded that the bagsic meteorological radar theory needs to be re-exa-
mined. The equations and graphs shown here are a step in this.direction.

ACKNOWLEDGEMENT

This paper was presepted, in siightly altered form, at the 24th Radar
Meteorclogy Conterence of the American Meteorclogical Sacieiy.



38
REFERERCES

Alusa A L and Bilanchard D C, 1573, Drop size distributions produced by
the breakup of large drops under turbuience. J. Rech. Atmos,, 7, 1-9.

Aoyogi J, 1968. Mean Doppler velocities of precipitation near the ground.

Preprints: J3th Radar Meteorclogy Lonference. AMS, Soston, 22-25.

Austin P M, 198). On deducing rainfall from radar refiectivity measure-
ments. Preprints: 20th Radar Meteorology Conference, AMS, Boston,
200-208.

Battan L J, 1973. HRa Observati ft here. U. Chicago Press,
324pp.

Beard K V¥, 1977. Terminal velocity adjustments for cioud and precipita-
tion drops aleft. J. Atmos. Sci., 34, 1293-1298.

Blanchard D C and Spencer A T, 1971. Experiments on the generations of
raindrops-size distribution by drop breakup. J.  Atpos. Sci., 27,
101-108, .

Breuer L J and Kreuels R K, 1976. Seasonal wariations of precipitation
parameters. Preprints: 17th _Radar Meteorclogy Conference. AMS Boston,
423-438.

Calheires R ¥, 1982, Ph.D. Thesis, Sao Carlos Engineering School, Univer-
sity of Sao Paulo, EECS/USP 230 pp.

Carte A E, 1971. Raindrops spectra in Pretoria. 5. Afr. Geogr., 53,
100-103.

Clark R A and Moyer ¥ 5, 1966. Some theoretical considerations of the i-R
relationship. Proceedings  12th Radar Meteorglogical  Conference, AMS,

Collier £ @G, 1975. Rainfall measurement by radar. Procegdings Symposium
on MWeather Radar and Water Management. Water Research Center, Medmenham,
Faper 1.

Cornford S G, 1968. Sampling errors in meascvrements of particle size
distributions. Meteor. M3ag., 97, 12-16.

Cunning J B and Sax R I, 1877. A I-R relationship fer the'GATE b-scale
array. Moot Weath. Rev. ., 105, 1330-1336.

Diem M, 1966. Rains in the Apctic, Temperate and Tropicai Zoges.
Scientific Report, European Research Office, United States Army, 93 pp.

Doherty L H, 1964. 2Z-R relationships deduced from forward scatter Dopptler
measurements. J. Afmos, Sci., 21, 6B3-097.

Fletcher N H, 1969. IThe Physics of Rain Clouds. London, Cambridge Univer-
sity Press.




39

foote G B and du Toit P S, 1969. Terminal velocity of raindrops zloft.
J. Appl. Meteor., 8, 24%-253.

Fujiwara M, 1965. Raindrop size distribution from individual storms. J.
Atmos. Sci., 22, 585.591.

Gunn R and Kinzer G D, 1947. The terminal velecity of fall of water drop-
lets in stagnant air. J. Meteor., 6, 243-248,

Gertzman H S and Atlas D, 1977. Sampling errers in the measurement of
rain and hail parameters. J. Gegphy, Res., 82, 4955.4966.

Grosh R €, 1990. Radar rain measurement studies. This volume, 3-9.

Imai I, 19564. A fitting equation for raindrop size distributions in

various weather situations. FPreprints: 11th Radar Meteorology Confergpce,
AMS, Boston, 149 A-0.

Hodson M, 1586. Raindrop-size distributien. J. Clim. Appl. Mstegr.,
251 ].n?n‘ ln?q' ]

Jatila E J, 1973. Experimental study on the measurement of snowfall by
radar. Geophysjgg, 141-149.

Jatila E J and Harju A £, 1975, The calibration ¢f radar by measuring the

flux density or maximum size of raindrops. rints: 1éth_Radar
Meteorology Cenference, AMS, Boston, 4B4-487.
Jones D M A, 195, Rainfall Dr jize Distri i d Radar 1 iy -

ty, Res. Rep. Np. &. Urbana, I17inois State Water Survey.

Jorgensen D P and Willis P T, 1982. A 7-R relationship for hurricanes.
J. Appl. Meteor., 21, 356-366.

Joss J and Waldvogel A, 1968. The variation of raindrop size distribu-
tions at Locarne. Preprints: Int. Cloud Physics Conference, 359-373,

Jess J and Geri E G, 1978. Shapes of raindrop size distributions. J.

Appl. Meteor., 17, 1054-106.

Knollenberg R G, 1976. Three new jnstruments for cloud physics measure-
ments. Proc. Int. Conf. Cloud Physics, AMS, Boston, 554-561.

Le Grone A, Fowler M S and Dean A P, 1968. Drop size distributions in a
rain. Preprints; ]3th Radar Mete Confe , AMS, Bostbn, 158-164.

Marshall J S and Palmer W M, 1948, The distribution of raindrops with
size. J. Meieor., 5, 165-166,

Herceret F J, 1975. A note on the vertical size distribution of raindrop-

size spectra in tropical  storm Felica. Metepr. Magazine, 103,
358-361.

Mercerst F J, 1975, A comment on "The N, jump of raindrop spectra®.
J. Atmos. Sci., 32, 652-634.




40

Mueller A E, 1966. Radar {rposs Sections from Drop Size Specfra. Ph. D.
Thesis, University of 11¥ineis, Urbana, 84 pp.

Mueller A E and Sims A, 1966. The influence of sampling volume on rain-
drop size spectra. P ints: 12t et Conferenca, AMS
Bastan.

Pruppacher H and Klett, 1978. MHicrophysics of clouds and precipitation.
Reidel Co. Boston, 714pp.

Shupiaski A B, 1957. Radar measuremeni of precipitation by means of refer-
ence a target (in Russian). Jrudy ITsentral Aerc Obs., Moscow, No. 22.

Smith P, 1976, Comments. J. Appl. Metegr., 15, 1BB-192.

Spilhaus A, 1945. Drop size intensity and radar eche of rain. J.
Meteor., 6, 161-164.

Srivastava R C, 1971. G5Size distribution of raindrops generated by their
breakup and coalescence, J. Atmos, 5ci., 2B, 410-415.

Srivastava R C, 1967. On the role of coalescence between raindrops in
shaping their size distribution. J. Atmos. Sci., 24, 287-292.

Stephens J J, 1964. On the applicability of Rayleigh scattering in radar
meteorology., J, Appl. Meteor., 3, 211-212.

Stout G E and Mueller E A, 1988. Survey of relatienships between rainfall
rate and radar reflectivity in the measurement of precipitatien. J. Appl.
Meteor., 7, 465-474,

Ulbrich € W, 1983. WNatural variations in the analytic form of raindrop
size distribution. J. Clim. Appl. Meteor., 22, 1764-1775.

Uplinger W G, 1981. A new formula for raindrop terminal velocity.
Preprints: g0th Radar Meteorology Conference, AMS, Boston, 389-392.

Waldvogel A and Federer B, 1976. Large raindrops and the boundary between

rain and hail. Preprints: ]7th Radar Meteorology Conference, AMS Boston,
167-172.

Waldvogel A and Federer B, 1975. Raindrop spectra in severe local

storms. Prepripts: Severe Lpcal Storms Conference, AMS Boston, 431-435.

Waldvoge] A, 1974. The K, jump of raindrop spectra, J. "Atmos. Sci.,
31, 1067-1078,

Willis P T, 1984, Functional fits to some observed drop size distribu-
tions. J. Atmos. Sci., 41, 1648-1e6l.

0/22ga/sqg



1]

D.  STATISTICAL Z-R RELATIONSHIPS

R C Grosh and € Muller - CSIR

An additional statistical Z-R study was undertaken with the Nelspruit
radar data. There were two reason for this study. First, the use of the
"statistical" approach to obtaining Z-R relationships has led to unusual
highly non-linear relationships (Caltheiros and Zawadski, 1988) which
require further investigation, particularly 1n the light of tools which
have recently been assembled for the investigatien of non-linear Z-R
aspects related to truncated drop size distributions and raindrop fall
speeds {Grosh, 1989). In particular, the statistical appreach usually
religs on non-simultaneous observations of 2 and R and is thus always open
t6 a2 degree of uncertainty. The present study was undertaken as the first
check on the statistical method using simultanecus observations. Also,
the first PAWS study using the Badplaas rain gauge network can be critici-
sed due to the use of conditional probabilities {Calheiros and Zawadski,
1587) and the unfortunate location of the rain gauges socuth of the radar
behind the tallest terrain obstructions to radar viewing (Mather et
al., 1987). This Ted to partial blockage of the lowest radar beam, that
which supplied the observations used in the earlier correlations.

In order to obtain simultanecus observations of Z and R independent cbser-
vations were utilised from the South African Weather Bureau for two sites
to the north of fhe radar. Two other sites were also considered, but one
{Friedenheim) was too close to the radar {and therefore located in a data
veid), and the other (Skukuza) was too far away {90 km) to pravide optimum
resutts {the Jowest radar beam s nearly 6 km above the gauge at this
range). Table 1 is a list of the sites with usable data and their geogra-
phic coordinates. The two stations utilised were at ranges of 62,5 km
(Lydenburg) and 63.25 km {(Graskop) from the former Nelspruit radar site.
Thus, the radar viewed volumes that were at least about 2.8 km abave the
gavges (as the minimum elevation angle used by the Nelspruit radar was
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only 3.0°). Although unfeortunately high, these viewing conditions
represent a considerable improvement on the earliey PAWS study which was

based on stations -4 km below the beam height [Mather ef al., 1987}.

Table 1. Station locations, elevations.

Latitude Longitude Altitude (m)

Melspruit radar 25°30°10"5 20°54740"F 824

Lydenburg gauge 25°6'S 30" 28"'E 1439
{from radar: range = 62.5 km, azimuth = 315.5%)

Graskop gauge 24°50°S IP°50°E 1441
{from radar: range = 63.25 km, azimuth = 353.5°

2.  RANGE_GAUGE DATA

Copies of the charts from the rain gauges were obtained. Because of the
temporal resplution of the original charts and practical considerations,
it was only possible to reduce the gauge data for 15 minute “clock-hour”
periods. Although siphan gauges were used, the integqrated results were
chacked against independent measurements and the data included found te be
guite accurate. The ¢harts were read to 0.1 mm accuracy.

The rainfall data set of matched radar and gauwge observations were
obtained from 30 rafn days at the CGraskop gauge and 38 rain days at
Lydenburg.  Thus, there were 58 station days contributing data to the main
analysis. This amounted to 337 fifteen minute data points (187 + 150) or
about B4 hours of data,

3,  RADAR DATA

The characteristics of the radar are 1isted in Table 2.
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Table 2. PAMS radar characteristics {measured by Smith, 1984).

Wavelength 5.3 ¢cm
Beam width 1.85 deg (H)
1.5 deg (V)
Pulse tength {long) 2.3 miTrGSEt
PRF 197.5 s~
Gain 38.4 48
First side lobe -25 dB
PROCESS NG
Integration: Azimuth : every 1/8 deg inio 1 deg wide bDins
Range : & microseconds

Range bins: 600 m

For this study two additional integrations were undertaken. Given that
the effective recorded beam width at the range (v} of Lydenburg, 62.5 km
(or of Graskaop 63.25 km}, contains information observed on either side of
the beam axis from up to (1° + 1.85*)/2 away, the aciual tangen-
tial distance observed by the main lobe of the beam must be considered to
be up to at Jeast 2.85/57.3 x 62.5 = 3.11 km {or 3.I5 km for Graskop}.
Although the actual recorded beam width corresponds to 1.09 and 1.10 km at
the two ranges, most of the recerded information comes from the region
covered by the centrzl beam {1.85%%). Thus, 1.85{(e2.5 km}/57.3 = 2.02
km {or 2.04 km at Graskop) was taken as the typical effective beam
width dimension and the basic data uwnit for this study was defined to be
the sum of three consecutive range bins {each being 600 m radially x 1
degree wide) as this represents 3 nearly square reqion f[e.g. 1.8 km x
2.02} of about 3.6 km?.

Comparisons with the rain gauge data were made for these individual data
units and also for averages of the nine similar data units suvrounding the
gauge Jocation. The nine unit radar analyses represent an area of about
8.6 km {= 31 x 1.8 km x [3" + 1.85°Jr/57.3) at \Lydenburg's
range. The radar data used corresponds tg the periods with rain at the
gaugas.

4.  ANALYS1S PROCEQURE

Cumulative frequency distributions are wused in the statistical approach
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for obtaining ZI-R relationships. Values of Z and R from the distribution
with equal cumulative probabilities of occurrence are then matchad fo
obtain the relationship. In this analysis, values were matched for each
10% interval in tha distributians, The 95% and 98% values were included
as well.

5.  RESULTS

Low 2 and R values were relatively frequent. Extrapoiation was required
to obtain the 10% and 20% R valees. Furthermore, 15% of the central radar
abservations directly over the gauges during rain as well as §.5% of the
28 &m’ average 7Is were found to be zero. The explanation for the
zeros comes from the great bheight of the radar beam (wind drift), the
spatial and tempora) resolution of the radar observations and their sensi-
tivity, as well as from possibla azimuth alignment and gauge samp)ing
problems,

The main results are shown in Figures la and b, The twa Z-R curves for
the combined Lydenburg and Graskop data sets each can be inierpreted as
having three different slopes. The curve for the radar observaiions
directly over the gauges 15 s1ightly smoother than the one for the area
averaged reflectivities. 1In the middle range of the distributions {30% te
95%) both the relationships are essentially linear (in Jog-log
coordinates). However, the higher and lower values are associated with
slawer increases in R for a given change in Z. The lower {IZ, R} pairs are
all associated with the low cumutative freguencies of R which had to be
obtained by extrapolation and are ignored hereafter. They may well be
artifacts of the extrapolation {which extends below the Towest measurable
R value). However, fthe slopes for the high values are thought to be
real, Curvatyre enters the relationship at about the same Z.range (above
logZ =4} similar to the curvature reported in Figures 12 and 13 of
Calheiros and Zawadski [1987) and Figure 1 of Grosh {1982}. Thus, the I-R
curvature may be related te the fact that terminal fall speeds for larger
raindrops {associated with higher R and Z} increase more slowly with
diameter than for smaller drops (Grosh, 1989). This finding tends to
confirm the earlier Z-R analyses of Grosh (198%) and s a critical case
for the comparison as the current statfistical approach s based on



P ba Figurn lb.

YVALYELS OF RARAR REFLECTIVITIES AND RAINFALL RATHES ANALYRIS OF RADAR REFLECTIVITIES AND RAINFALL RATES
&7 LYDCHDINRG AND GRASKOP - RATHPALL SEASONS 84/85, B5/85 AMD HE/A7 AT LYDEMEURG AND GRASKOP - RAAINFALL SEASONS 84785, 85786 AMD 8&6/0T
R - - Cen . . G T = e s
1 4
1
P
1
1 ! h]
1_ 5
t =
| b
s :-
. l ; 2
h . .
- ~
L] -
' . =
- + = L]
' L ' N ol L It
L ] Ll
"
& ovi,
N ' R Y a' . Ii
k , : . . ‘t —y oty :
" P +u“}ﬁ‘"’h . .
¥ X TY b b N o LT B N LI ] "
™
uqd': ‘o P A T T T .
- e
f.ﬂ"
i "
e T T ke T - F - -1 T T T T T T ¥
-1 1] 1 2 ] L] =] 1] 1 2 i 4
RADAR REFLECTIVITY {(LOGLD} RADRR REFLECTIVITY (LOG1D)
RS DR HATHAR ORSERVAT[ONS DIRECTLY ABOVE THE RRIHGAGE BASED QN HINE RADAR OBASEAVATIONS CENTERED OVER THE RAINGASE
AYENAGED VIR 1S HIHUTE PERIGDS AND THREE RAHMGE BINE AVEHMIZI' IWER 15 MINUTE FERIOQDS AND THREE BANGE RTHE

St



46

simuitapeously observed (Z, R} pairs and (nearly) unconditicnal probabili-
ties. it is therefore vecommended thal won-linear Z-R relationships such
as that reported by Grosh [1989) be used for future PAWS radar calcula-
tions when high rain intensities are likely.

As in many other direct Z-R comparisons, the actual correlatSon of the
individual (Z, R} points in the present study is low, ranging from r = .3
to r =0.4 [if the Z=0 values are ignored). The statistical technique was
devizsed to deal with non-simultanecus observations and the Yarge scatter
which often results from radar and rain gauge cotparisons. In the present
analysis the use of simultanecus {Z, R) observations has shown that the
statistical technique can Tlead to an apparentiy reasonable Z-R relation-
ship when the individval data points are poorly correlated. This suggests
that results based on the statistical technique must be carefully interpre-
ted.

The effect of wind and alignment errors on the correlations must be
examined in the future.
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E. A REVIEW OF RAIN DROP SIZE DISTRIBUTION MEASUREMENTS

R C frosh

ABSTRACT

Because of its broad viewing capability, weather radar is well suited to
the evaluation of rain stimylation experiments and ather hydrological
situations. Since sampling is a major problem in obtaining the drop size
distribution (DSD} information needed to relate the radar measurement
{reflectivity, Z) to rain rate (R}, a quick but fajrly thorough search for
all previously observed I-R relationships for convective weather wa.
undertaken. These covered the entire spectrum of "warm” season rain types
at geographic locations where both convective and stratiform rains occur
simultanaousiy. Ffor example, recent research shows that about half the
rain which falls from tropical cloud clusters and squal? Yines may be
stratiform and that this anvil region may be much larger than the
convective core ({Gamache and Houze, 1983). The goal was, if possible, to
synthesize a representative Z-R relationship and DSD and discuss their
variability. Thus, an important aspect of the study is the cbserved varia-
bility of the Z-R coefficients a and b for convective rain. Fifty six
different relationships which appeared to have the reguired general
application were found, Twenty-four of these had sampled air volumes
pver 200 m®, The analysis of their characteristics reveals that

Z - 260 RV
is a representative composite function For DSDs in general convective
storms, as the standard deviations for the a and b parameters are
moderate, +/-5¢ and +/-0.10.

1.  INTRODUCTION

Z-R relationships are a central issue to radar rainfall rate measure-
ments. Radar rain estimates are often desired in regions where informa-
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tion on raindrop size distributions and/or radar comparisons with rain
gauges 1is completely Jlacking. For example, radar is receiving rapidly
increasing use as a topol to verify weather modification experiments.
Also, from the flash flood point of view radar information is particularly
important during heavy rains. In the 1ight of the well-known variability
of raindrop size distribution measurements and the massive DSD research
{Breugr and Kreuels, 1976; Aniol et al., 1980; Richards and Crozier,
1983; Jorgensen and Willis, 1982) which has occurred since Battan's review
was published ({1973}, a new review of the situation appeared appropriate.
The present study was undertaken with a major goal! being to identify the
mast representative Z-R relationship to assume in areas with insufficient
DSD cbservations such as in Africa. Furthermore, the natural variability
of the Z-R parameters {a and b) require study as these might be expected
ta be altered by cloud seeding activities {Cunning, 1976}.

I-R relationships obtained directly from 0SDs are emphasized here, since
there are fewer measurement problems than when using radar and rain gauges
(the indirect appreach). For example, the effects of cloud base altitude
must be considered, as evaporaticn is known to effect the coefficient .
Thus, the directly abtained 2-R relationships contain the more pure
metearological information. 1n practice, however, eqguations obtained with
radar are obviously more directiy applicable to the rain measurement
problem.  Perhaps most important, radar cbservations consider large sample
volumes. Thus, these Z-R relationships are also discussed.

2.  DATA SOURCES

There have been about 10 very strong and/or weli-known DSD measurement
programs to obtain Z-R relationships. By far the mast well-known is the
widely referred to study of Marshall and Palmer (MP, 1948). .MP made both
radar @nd dual raingauge observations near Ottawa (Canada) io supplement
aother D50 observations made on “several days by different observers" which
fncluded data from C(linton, Ontaric (Canada}, and some much earlier data
of Lenard in Germany. However, MPs results appear to rest most heavily on
garlier DSD observations made by Laws and Parsons [LP, 1943) in a warmer
climate. The empirical result MP obtained in 1947, Z = 190 R1:7Z,

was modified in 1948 to 220 R'® to account for the more comprehen-
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sive DSD measurements made about a decade earlier in Washington D €. The
LP observations were also used in the original paper to relate radar
observations to rain intensity, which was written by Wexler {19347).
Later, MWexler {1948) did a more direct leasi squares regression on the 98
storm spectra that LP obtained and found

7 = 214 R-%8,
From the magnitude of these parameters it seems clear that the final WP
result is strongly influenced by the substantial twe year Washington data
set of LP. In fact, the "MP" result is usuvally simplified to

Z = 200 RSB,

This compromise between the early MP result and the LP equaticns obtained
by Wexler obviously favours the substantial LP data set.

Therefore, it must be concluded that the main data set from the early
analyses 1is that of LP. It was obtained using the flour technique of
Bentley {(1904).

Modern DSD Measursment Programs

The first major wmodern metecrclogical DSD measurement programs appear to
have been conducted at:

(1) The [11ino%s State Water Survey 1in the central US (utilizing the
famous drop camera of Jones (1%56) ard Muelier (1966)).

{2) The Technische Hochschulze in Karlsruhe SW Germany {Diem,.]966).

{3) New Delhi and Poona 1in India {Ramama, Murty and Gupta, 1959;
Sivaramakrishnan and Selvam, 1967).

The German and Indian projecis used the difficult and now obsolete dye and
filter paper technique.
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Subsequently, Joss et al. ([1968) developed the now dominant disdro-
meter measurement technigue in Switzerland. The imporiant newer projecis
at the University of Bonn in W Germany, in Southern Bavaria and in Canada
also utilize the disdrometer {Breuver and Kreuels, 1976; Aniol et al.,
1980; and Richards and Crozier, 1983). In addition, Austin and Geotis
{1979) wutilized disdrometers on ships supplemented by aircraft foil
observations during GATE. The last seven groups made primarily local
measuremanis, while Diem and Mueller made world wide observations.
Another npotable program is the 1long-term measurement project of the
National Hurricane Research Laboratory, usually over the o¢eans near
Hiami, Florida {Jorgensen and Willis, 1982}.

The estimated total sample volume obtained by these and cther qualifying
groups are Jisted in Table 1 to provide a standard for compariscns when
considering the stability and significance of the Z-R parameters.

Sample ¥olume Esiimates

The air vplume ({vol) sampled by a horizontal sensoer surface of area A
depends on the size of the hydrometeors samplied since raindrop terminal
fall speeds V, (D} are dependent on their equivalent spherical
diameter,

vol = A V. (D) At.

Following Austin and Geotis (1979) disdrometer measurements are assumed to
sample about 2 m/min, &ithough this is actually dependent on the
drop sizes striking the 50 cm® sensor.  Thus, this calcylation
requires prior knowledge of the OS50 or rain rate. Either of these is
equivalent to the assumption of an average drop group fall.speed, which
must be 6.7 mps (or a median diameter drop of D = 2.1 mm) for the
gircumstances of Austin and Geoatis [1979).

brop Camera
The camera measurements usually observed about 1 m? per spectra and

were collected every minute, which is the approximate sampling interval in
most ground level DSD studies.
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Table 1: Principle Z-R Relationships For All Rains of Convective Season
{woridwide)}.

Source

11220 1.60 -300
21 372 A7 1,453
3| 286 | 1.43 2,506 Mugiler (Miami)
& | 301 | 1.84 1,703 " {Oregon}
51 221 { 1.32 2,552 " {Marshall Is.)
6 | 267 | 1.54 2,688 " (Ataska}
7] 256 } 1.4] 3,147 * (New Jersey)
8 | 230 | 1.40 4,804 " (N. Carolina)
9] 180 ] 1.26 432 Diem {Karlsruhe)
10 | 278 | 1.30 267 " {Entebba U.)
| 11 | 300 | 1.50% -%0,000 Joss/MWaldvogel
12 | 1751 1.33 316,000 Breuer/Kreuels
13 | 231 1.43 15,440 Aniol/Ried?
14 f 271 | 1.87 30,000 Richards & Crozier
15 | 186 | 1.35 4,100 Austin & Geotis
16 1 330 | 1.4] ~1,500 GoreYik (Moscow)
17 | 298 | 1.46 ~1,500 " {5 km away}
18 | 238 | 1.45 260 Jatila
19 | 310 | 1.49 08 Geotis
Radar studies
20 | 285 | 1.30 2.5 x 100 Caton
21 ) 2844 ) 1.39 ? 0,000 Doherty
22 | 295 | 1.43 | 10°%/30,000 { Richards & Crozier
Airborne studies
23 | 170 | 1.52 534 Cunning & Sax

124 | 300 | 1.35 10,338 Jorgensen & Willis

* held constant

Paper and Flour

However, in the flour and dye paper techniques considerable variation in
the sample duration is possible, because it depends on how quickly the
surface saturates at different rain rates. Thus, duration has usually not
been carefully specified in many of these drop sivdies.
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This was particularly true for the duration of the filter paper measure-
ments. Howevey, Ramana, Murty and Gupta show an average At value of
2.4 seconds. Others show 2.7 sec for At. Conseguently, when this
information was not included in a report, At was assumed to be about 2
seconds.

Although the average terminal fall speed of the drops impinging en the sep-
sor is taken to be a constant 6.7 mps, this may in fact vary. For light
rains, smaller drops and slower V. (D) will be observed and, on occa-
sion, the assumed value of ¥, = &.7 mps may be too large by a facter
of at least twe. For heavy rains, this spead may be too slow. However,
for this 1iype of sampling procedure the vaiues of At and the average
V.(B) are interdependent. When the drops fall rapidly A1 must
decrease or the paper is saturated. Thus, the product YV (D}at
is approximately constant. Consequently, vel is dapendant mainly upon the
sample area, A.

Diem apparently wused a sampling area of 100 cw? (Diem, 1960) for his
filter paper studies. Although socme researchers report much larger
sensing areas [WP, LP, Doumoulin, Best, Anderson}, this value was used
when in deubt, as many reports claim to follow Diem. The largest A was
almpst 700  cm®  ([Kelkar, 1959, 1960). Thus, a factor of seven
uncertainty 1m wol may be present from this source of error alone.
Hevertheless, 1t i35 1ikely that most unspecified sensing areas did not
appreoach this extreme size. Therafore, the uncertainty in the estimates
of these sample volumes s in general probably on the order of 50% or
less. Furthermore, in substantial experiments the number of samples (N)
will dominate the calculation of the total sample volume {N x vol).

The Disdrometer *

The key Swiss disdrometer project based its primary calibration on 48 days
of disdrometer measurements between 1 July and 30 November 1967 which
totalled 913 mm of rain dering 44¢ hours and included 7.4 millien drops
{er 80% of all ihe sterms during the peried). Using the Austin-Geotis
2 m/min sample volume conversion figure, the total sampie volume
amgunts to 52 B00 @, a volume g$o large that it seems unlikely for a
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five month period. Pearhaps the 440 hours did not have rain at each
minute. The caiculated average rain rate, %13 mm/440 hr = 2.1 mn/hr, also
suggests that the 2 w°/min conversion figure is too high for this
project as the average terminal fall speed for R = 2 mm/hr is about 3.7
mps (a drep of about D 1 mm). Thus, 25 000 m® may be a better
sample volume estimate for this project. However, this is a substantial
set of observations in any case.

The Swiss disdrometer measurements were supported by four tipping bucket
rain gauges (located within 20 wmetres) and a vertically pointing radar
measuring 2 at 200 m abgve the gage/disdrometer site. The daily rainfall
totals at tihe gauges agreed {p within z 6% standard deviation, and the
disdrometer agreed with them to within 8%. Furthermore, on 46 ¢ccasions
with uniform rain {temporal wvariation Jess than a factor of 2) with an
average duration of 14 minutes each, the radar calculated 7 valuas agreed
with the disdrometer values to within a standard deviation of 8% (R ranged
between 0.5 and 30 mm/hr). Thus, the disdrometer appears a very capable
instrument. If the &% difference betwsen gauges represents sampling
errer, then fhe 8% difference between the gauges and the disdrometer
indicates an instrument standard error may have been only about 2%!

Airborne Studies

The airborne studies were made at cloud base and employed two measurement
techniques, foil and the 2D-P optical array. The sample volume of the
2D-P depends on the air speed, array width (6.2 mm) and depth of field
{which depends on the pumber of diodes occluded). Since the penetrations
lasted about 10 seconds and covered about 1.3 km, each 2D-P spectra is
based on about 2 m. The foil was exposed perpendicularly to the
air flow through a 14.5 cm® opening at 100 mps for 0.2 seconds.
However, the original analysis used 3 ka flight segments for each spectra.
Thus, the foil derived spectra represented about 1 m® each,

Radar QObservations

Modern vadar rainfall measurement studies often use adjustments based on
raingauge measuremenis to correct the initial radar estimates. Conseguent-
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ly, there has been a minor trend away from reporting new Z-R reiationships
for some radar vrainfall studies.  Usually ¥ = 200 RY® is used for

unadjusted (pure) radar measurements and the percentagz improvement shown
for various calibration gage densities is reported (Wilson and Brandes,
1979; Grosh, 1984), Furthermore, there has recently been a great deal of
discussion about the difficulties in relating radar and raingauge measure-
ments because of their different sample volumes and separation in time and
space {Zawadski, 1984}. For example, calculations of the evolution of a
0S50 during a fall of 1 km below cloud base indicates parcel reflectivity
may jingrgase up to perhaps 20% (depending on R) while R itself might
decrease due to evaporation by a nearly equal amount (depending on R and
the relative humidity). Thus, fewer recent reports of these indirectly
obtained 2Z-R relationships are available. Nevertheless, some long term
indirect Z-R siudies, which appear to supply siable results for their lo-
cations, have been conducted recently, and it is clear that the quality of
recent studies, as measured by sample size, for example, is much improved,

Canada

One of the best of these 1is clearly the Toronto study of Richards and
Crozier [1983) which employed a disdrometer 2s well, so that both radar
and D50 measurements could be used to supply Z-R relationships. Data was
obtained during three warm seasons {over 14 000 minutes of high quality
data). They found

7 =271 R&S7 (SO only)
and Z = 295 RY-%?  (Radar and 03D},

using seven minute averages of the disdrometer measurements and radar
observations made at 5 to 8 minute intervals. The standard.error of the
indirect method {s much larger than with the disdrometer only (69% vs
3%%). The difference beiween the resulis of the two methods is mosi
likely due to measurement difficulties with the "indirect” method.

Germany

The German group &t Bonn also used radar for two suamers of calibration
observations with their disdrometer. They found
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7 =175 RY-3  (DSD only)
and
Z =175 R (Radar and DSD).

Russia

Another indirect case which appears well established is the result of
Berjuljev et al. (1966), Z = 340 R'-3®, which 1is based on about
cne year Of data (581 hours, 584 mm} at Valday in the USSR ([between
Leningrad and Woscow).

Other Studies

Other eguations based on cembinations of D3D information fine tuned by
radar are the equations wused by Hudlow and Arkel) (1978) for GATE, Z =
230 R, and by Weodley and Herndon (1970} for Miami, Z = 300
pl.43 The last retationship yielded rain total estimates for 50
showers with an average duration of 40 minute {+/-20 min) that averaged
within 8% of the single gage wvaiues {or within 30% for the average of
absolute values).

Special radar measuremenis have alse been used te determine Z-R relation-
ships. Doherty {(1964) parformed an unusual and very thaorouch two step
project wusing a modified bi-static radar system which measured scattering
at an angle of &0 and ODoppier shifi information as well. The verti-
cally peinting Doppler radar studies of Caton (1965, Z = 285 Rl:?

for several unifors rains adjusted to ground Tevel} and Sekhon and
Srivastava (1971; Z = 300 R'¥  in a2 thunderstorm} are also

well-known. Althouch hased on samples of onty 17, ten and one storms,
respectively, these three studies represent much larger sample valumes
than are obtained during the entire duration of most of the disdrometer
projects because of the very large volume of the radar beam. Only the
disdrometer sample wvolume obtained by Breuer and Xreugls is of the same
order of magnitude as the special radar studies.
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The Largest Samples

The table shaws that while the well-known direct study of Mueller gbtained
large sample volumes at many locations, that the Bonn project dominates
the single location studies with rather impressive sample volume of about
00 000 m. The excellent single site study by Richards and Crozier
also deserves special notice, although its sample size trails the German
effort by a factor of ten. The sample volumes of the Swiss and the other
German disdrometer studies are also of about the same size as the Canadian
volume (Joss et al., 1968; Aniol et al., 1980},

3. ANALYSIS

Analyses of average values of a and b were undertaken for both general
convective and thunder type storms.

ieneral Convective Storms

Twenty-four of <he genperal summer Z-R relationships, including MF were
based on sample volumes well in access of 200 o (Table 1). Since
the final MP result appears to have stood the test of time rather well,
the 200 m* threshold appears reasonable to screen out less substan-
tial studies. The unweighted average parameters of these 24 cases are
given by

7 = 260 RL-43

where the standard deviations are moderate, 52 {a} and 0.10 (b).

Thunderstorms

Table 2 s a Vist of the a and b values for 14 additicnal I-R relation-
ships obtained primarily during thundersiorm Conditions. Note that the
[ndonesian relationship in Table 2 is for all rains. Thus, it could have
been included in Tabte 1. However, since there are about 320 thunder days
per year at the Bogor site, it is best included in Table 2. The average
thunderstorm a2 and b parameters are



57

7 = 38% RL-46

The standard deviations are +/-94{a) and +/-0.15(b).

Table 2: Thunderstorm Z-R parameters.

a b Sourcea
i1 435 | 1.48 | Jones, 1956
2 [ 290 | 1.41 [ Bilanchard, 1953
2| 450 { 1.46 | Fujiwara, 1963
4 | 500 | 1.50*%| Joss, 1968
5[ 224 | 1.51 | Florida: Mueller 196
6 | 339 | 1.64 | Oregan: " "
) 7 1 31 1.44 | Indonesia: " "
i B 482 | 1.30 | Kreusls, 1976
9 | 311 | 1,38 | Aniol/Reidl, 1980
10 | 430 | 1.44 | Austin/Garrison, 1978
11 | 417 | 1.27 | Doherty, 1964
P12 | 520 | 1.81 | Foote, 1966
13 | 300 § 1.35 | Sekhon & Srivastava 1971
lﬁean 385 | 1.46
D o4 1%

* Constrained £o be constant.

Comparison

Almost none of the individual a and b values listed in Tables | and 2 are
more than about 1 1/2 standard deviatiens from the mean. Consequently,
the values in each table are mostly not significantly different from other
values in the same table.

Howevar, a sample of 14 cases from the convective storm population would
be expecied to have a standard deviation for a of about 13.9 (=
52/714). Thus, there appears to be a truly significant difference
{185-260/13.9 = 9 standard deviations) in the coefficients of the Z-R
relationships for the convective and thunder rainstorm cases.
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4. CONCLUSION

PAWS research on raindrop size distributions skould continue, as radar is
the main evaluation tool. The present preliminary study indicates that
there 1is some agreement amongst previous research on Z-R relationships and
that thunderstorm rains should be analysed with a different Z-R relation-
ship (Z = 385 R'“*®) than more typical mixed convective and strati-

farm rain situations {Z = 260 RL-#), However, further study of

these data s required, particularly with regard to sub-cloud relative
humidity conditions at the sites within each group of the data.
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F. RAIN CLIMATE HEAR CAROLINA
R C Grosh and € Muller
1. INTRODUCTION

The annual cycle of precipitation in the PAWS experimental area is being
examined because it i3 imporiant to undersiand where and when additional
rain would be most desirable, as well as to be familiar with natural
variations. The monthly rainfall data from all known sites within 100 km
from the new Carolina radar site were obtained and are being analysed to
provide this information. The analysis is in terms of annual and monthly
mean rainfall and its spatial and temporal variability. Oniy 12 stations
are considered in this preliminary report.

2. DATA

The 12 sites chesen for inclusion in this first look at the data were
selected to be representative of the four quadrants about Carolina and
because they had Vtong records which would supply stable statistical
infermation (Tabie 1).

Table 1. Stations examined

Station height| Length of |Annual rain|Anpual rain
{m} |record (yrs) days {mm})
T e ———————

1 Carolina {C) | 1696 75 92 179
2 Amsterdam (A) | 1239 83 61 843
3 Badplaas (B5}| 10&7 i6 59 839
4 Belfast (B) | 1970 az 58 795
5 Bethal (6L}| 1663 24 95 724
6 Dullstroom (D) | 2034 8l 62 801
7 Ermelo {E£) | 1694 a4 96 734
8 Machadodorp (M) | 1608 84 97 794
9 Middieburg (MB}| 1447 B4 70 891
10 Morgenzon  (MN)| 1637 63 57 688
11 Nelshoogte (HWH}| 1370 53 59 1109
12 0shoek (0) | 1370 22 57 897
Mean 1566 66 75.2 808
s.0. 283 18.5 114

— . — ——— —————— ————— — — __ -
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3,  GEOGRAPHY

in gengral, the network caonsists of Highveld to the west and Lowveld to
the east. There are two main areas of unusually high ground in the net-
work. One ridge line extends northward from Belfast through Dullstroom.
Numerous peaks in this Jine exceed 2 km with the tallest peaks north of
Dullstroom. There are alse a number of more isolated peaks in a line
which begins about 15 km east of Machadodorp and extends northward to
beyond the natwork. Most of these peaks are slightly less than 2 ¥m.
Thus, the highest ground tends to be in the centre of the network along a
north to socuth line with the tallest peaks near its northern edge. The
Lowveld terrain is considerably more irregular than in the Highveld.
Altitudes of the 22 stations range from 1067 m {Badplaas) to 2034 m
{Dullstroom) with the mean height being 1566 m {+283 m).

4,  ANNUAL RAINFALL

The mean annual rainfall in the petwork is about B00 mm (B08 em) with a
station to station standard deviation of about 100 am {114 mm, Table 1).
The highest annual rains are in the east (Figure 1). However, strong
local wariations not noticeabie from the 12 station network are to be
found near topographic features in mare detailed analyses, most noticeably
near the southgast boundary.

On average, the rain falls on about 75 days (Table 1}. However, there
were distinct short distance variations in the number of rain days, also.
Carolina had 92 rain days per year while nearby Belfast and Badplaas
reported less than &0 raim days per year, The correlation between
reported rain days and annual rainfall is very poor {r = 0.16).

Annual rainfall for these 12 stations is alse poorly correlated with sta-
tion height {r = -0.36). However, if one considers only the seven sta-
tions west of the escarpment, the correlation is much improved (r = 0.87).

5.  MONTHLY RAINFALL

The mean monthly rainfalls for the 12 stations are shown in Figure 2.
Obyiously, there 1is & clear seasopal cycle with a distinct rainy season,
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Swazi border

Figure 1. Annual rainfall - Carelinz network {(mm).
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MONTHLY RAINFALL TOTALS FOR BADPLAAS
AVERAGED OVER 78 YEARS
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primarily from October to March. HNovember, December and January are the
three months with the most rain at all 12 stations. However, a few
stations (CarpYina, B8elfast, Bethal &nd Oshoek} have very pronounced
January rainfalls as well {Figures 2b-ge).

For the netwerk as a whole, rainfall in January averaged 146 mm with a
between stations 5D of 21 mm. January is also usually (but not always}
the month with the largest standard deviaiion between years at a given
site {Figure 3a with 3b and 3c).

A convenient measure of the relative variability of monthly rainfall is
the coefficient of variability, {¥. Since CV consists of the SO/mean, the
Yarge SDs in wmonths with theavy rainfall are normalised. The graphs
(Figure 4} reveal that in CV¥ terms, the reiative variability is least
during the rainiest months. BDuring the heart of the rainy season, CV -
0.5 at most stations. There is usually a smooth annual trend of CV as
well, aithough cccasionally February is slightly anomalous {compare Figure
4a with 4b).

The correlatien of Janvary rainfall with altitude was very poor {r = 0.03}
for the 12 station network, but was greatly improved for the seven wesiern
stations {r = 0.83),

6. CONCLUSION

The annual rainfall near Carotina i§ expected to be about 500 mm #+-100
. There is a distinct rainy season with heaviest rains in November,
December and January. During the wettest month, January, mean rainfall in
the network was nearly 150 mm and a standard deviation of over 20 mm can
be expected.

Some stations have relatively heavy January rains compared with November
and Oecember. The areat variability of January and the other wet month
rains at the 12 stations is somewhat compensated by the large mean monthly

rains. Thus, the coefficient of variability is usually about 0.5 in the
heart of the vrainy season and varies relatively smoothly throughout the
year. February CV¥s have a slight positive anomaly for about half the

sites.
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STANDARD OEVEATIONS OF MOMHTHLY RAIMFALL TOTALS
AT HACHADODORF AVERAGED CVER 84 YEARS
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The correlation between rainfall and altitude for the eniire network was
poor on an annual basis and for January. However, this point requires
further analysis of wind and terrain effects, as the seven stations west
of the escarpment yielded much improved correlations,

0l/28gal/sgg
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G. RAIN SAMPLING FOR RAIN STIMULATION EXPERIMENTS
R € Grosh
1. INTRODUCTION

Radar rainfall estimates are widely accepted as being the best saurce of
areal precipitation information. These estimates are optimised when
supported by appropriate auxiiiary “ground truth® or calibration observa-
tions, as the electronic calibration may drift, and there are some uncer-
tainties in the knowledge of the true raindrop size distribution (Grosh,
1990), as well as in the impact of drop growth, updraughts, wind effects
and evaporation. For example, Zawadski {1984) has found that subcloud
coalescence can increase radar reflectivity by 20% while evaperation can
dacrease rain rates by a similar amount and Grosh {1984) shows that effec-
tive rain rates =are reduced to zero for even the heaviest ligquid rain
contents if updraughts are over 9.2 gps. On the other hand, most still
air rain rates are effectively doubled in downdraughts of about 5 mps.
Given that the dimensions of up and downdraughts in convective starms can
be as small as a few hundred metres [{Ackerman, 1967) and have been repeat-
edly observed to be ftypically only one or two kilometres wide since the
time of "The Thupderstorm® report, it follows that there may be a need for
many ground c¢alibration points if the mzin small-scale infiugnces are to
be accounted for properly.

Calibratien with ground truth to reduce the bias of the radar estimates is
almaost always achieved via rain gauges. The rain gauges are same times in
clusters but more often in a nearly uniformly spaced network, as cluster
calibration has been found to be of limited utility because storm cases
will freguently "miss" the cluster and, in general, the clusters are not
representative enough. For example, the use of cluster calibration
in¢reased the scatter in the relationship between the radar rain estimates
and the true rainfall in FACE {Barnston and Thomas, ]1983). However, it is
passible that for some applications gauges may not be the best approach to
calibration, particulariy when storms rarely occur over a ground network.
Thus, airborpe rain samplipg for radar calibration is also considered in



69

this repert, in spite of the present uncertain accuracy of aircraft
measurements.

The main variabtes in the problem of determining the rain gaege require-
ments for a vain stimuiation project relying an radar observations for
evaluation are the network size, the number and density of rain gauges,
the geometric configuration of the network, and the size and shape of the
storms., ¥When making comparisons with airberne technigues, it is also
necessary to know the volume of air sampled by the ground-based and
airborne instruments.

2. MHETHORK SIZE

Network size is of fundamental importance, as it controls the number of
storms to be sampled. Consequently, this variable is discussed first
{Table 1).

Table 1. Number of storms sampled annually by netwerks of various size
for PAWS. '

- Area sampled {km2

20 D00 [nominal)
10 000
5 000
1 250
1 000
500

In the PAWS (the Program for Atmospheric Water Supply) rain stimulation
experiment {Morrison et al., 19B6; Dixon and Mather, 1986; Grosh,
1988; 1989 and Grosh et al. 1989}, about 50 storms per year meet the
ogperational decision making reguirement for launching the aircraft, two
separate 40 dBz precipitation echo centres within B0 km of the radar. The
following calculations are based on the current criteria for storm selec-
tian. However, the criteria may be subject to change in the future.
Also, stratification of the data will effect the effective sample size.
Thus, in the 3-year PAMWS seeding experiment at HNelspruit, 160 cases
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actualty met the operational decision making criteria, but the number of
cases included in most of the final analyses was reduced to about 85.
Cbviousiy, the nominal wvalue of 50 cases/year represents a compromise of
these extremes. A smaller ground network will only sample a proportionai
fraction of these cases (Table 1). It follows that a typical network with
an area of about 10 000 km® {such as the 13 000 km® used in
FACE] wiil c¢ontain only about half the radar viewing area sample, or about
25 cases per year.

Such statistics suggest that if the spatial distribution of storm tracks
is unifarm, then an areal rain stimtlation experiment must be conducted in
an area of at least 10 000 ks’ to obtain a reascnable sample of the
selected storms in a limited number of years. Therefore, this report is
focussed on petworks of 10 000 and 20 000 kml. Obvicusly, the
targer the netweork, the guicker an experiment can be completed. Conse-
quently, an area even larger than 20 000 km® is preferable. Thus,
increasing the wseful range of the PAWS radar rainfall measurements by
reducing the radar beam width requires immediate serious consideration.
For example, 1f the radar observations could be accurately extended to a
range of 108 km (the mean range of the echoes evaluated for FACE) the
additional number of storm cases obtained would permit an experiment to be
cencluded 3.5 times faster than for a 10 000 km® network,

However, large networks require many rain gauges. This may become costly
and inconvenient. Thus, the number of gauges {or samples) likely to pro-
vide calibration informatjon for radar rain estimates for rain stimulation
experiments s also discussed.

3.  ECHO TRACK AREA

The radar observations of 137 storms included in the earlier three years
of PAWS research at Nelspruit show that the maximum instantangous areas of
rainfall for the experimental storm cases have a wean value (aloft) of
slightly less than 120 km® ({117 km?). Assuming a circular
echo, the peak radius {r) is about 6.1 km. The experimenial cases also
had a mean echo duration of 1.56 hours,
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Echo Speed

Several studies have shown that typical echo speads in the Lowveld near
Nelspruit and in the Highveld near Carolinz are about 2% km/hr (Mader,
1978; Dixon, 1977; Kelbe, 14984}, but may range between 20 and 30 km/hr
(Carte and Held, 1978) and are size dependent, In particular, 2 manual
study of computer ploited storm tracks for 50 PAWS cases found the
average storm speed to be 23.4 {+/-9.7} km/hr {Grosh and Muljer, 1980}.
Thus, the typical path length (1) would be about 39 km for the average
starm duration. The echo swath or track area may be estimated by a
parallelogram. This shapa is based on assumed linear growth and decay
befare and after the peak echo area is reached halfway through the storm’s
life c¢ycle, The swath area js then given by A = v} and 1s typically about
250 km’ with the likely vrange being about 200 to 300 km
{corresponding to storm speeds of =20 to 30 km/hr). Larger and
smalter storm sizes are also considered, to provide a spectrum of results
in the range 1ikely to be encountered. For example, there is some
controversy over the best echo speeds o apply as one repori suggests
general HNelspruit echoes move at less than 15 km/br (Mather, 1990). This
possibility 1is also covered, although the median size of the general
storms is well below that of the mean experimental cases. [f a speed of
15 km/hr is assumed, A will only be about 130 km?.

4.  THEORY

The probabiiity of at Jeast one rain gauge in a network detecting a rain-
storm depends on the size, shape and motion of the storwm and the density

of the gauge network. However, two approaches must be considered when
determining the detection probability of a given network with 2 known
number of gauges, The choice depends on the uniformity.of the gauge
spacing.

Random Spacing

if the gauges are randomly lecated throughout the network, the probability
of one gauge detecting the storm is given by the ralio of the storm area
fA) to the network area {Anet), A/Anet. The probabllity of the storm not
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being detected is 1 - AfAnet. The probability of two gauges detecting the
storm is (A/Anet)?. Thus, @&rosh (1977} has shown that the probabili-
ty of at least one gauge in a network of N gauges detecting the storm is:

Prnet = 1 - {1 - AfAnet)t,

This function was evaluated for A between 50 and 400 km? and for
various Apet(l 000, 2 500, 5 000, 1D 000 and 20 000 km?) and N(20,
50, 100, 200, 300, 400). See Figure la.

Uniform Spacing

Hetworks of gauges with uniform spacing will provide the highest detection
probabilities (Grosh, 1577).  Pnet must be estimated empirically for the
uniform networks. Thus, an experiment based on randomly dropping rectang-
ular paper storms of different sizes and shapes on gridded pages was
undertaken to demonstrate the advantages of uniformly spaced networks.
The paper experiment simuiated storm aress of 50, 100, 200, 300 and 400
ko’ with networks scaled to gauge spacings of 25, 100, 225, 400 and
625  km’/gauge. Different storm shapes were simulated by using
storms with different aspect ratios. 6700 trials were run as up to 450
trials were needed to aobtain stable Pnet values for some D and A combina-
tions.  The results are listed in Table 2. Since only a limited number of
grids can be used, the plotted curves usually required short extrapolation
(dashed}) toc the Pnet = 100% axis (Figure 1b). This was usually done by
gither simply extending the existing trend for the same A, or by using a
parallel line to the curve for the next Tower A,

Pret Stability Analysis

The Pnet values for the uniform network were obtzined in sets of 50 trials
for each A and 0 combination considered. The sets of 50 trials were
continued untit Pnet changed by at most 1% from the sum of the previous
trials. In one «case [A = 300 km?, D = 400 kné/gauge) this
required 450 trials, but 200 to 250 trials were typical for most cases
where 1trials were necessary. 5torms too large to fit between the gauges
in any imaginable aligrment were assigned Pnet = 1.0 after a quick
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inspection. After Pnet curves had been plotted against B, 2 few hundred
additional trials were run tec eliminate the noisy appearance of some
neighbouring curves, Of four points checked by this precedure, two
required replotting as they varied by 4 and 6%.

Table 2. Ppet for uniform networks of density (D) as a
functicn of swath areal {A).

A{km?) 50
{ompact
. B
{km“/gauge)
25 .o | 1.0 1.0 1.0
100 - 0.92 | 1.0 | 1.0 1.0
225 - 0.47 | 0.87 [ 0,97 [ 1.0 |
400 - 0.27 | 0.595| 0.77 | 0.92
625 - 0.12 | 0,38 | 0.46 | 0,58
ing Storms (aspect rafios >

25 1.0 1.0 1.0 1.0
100 0.51 | 0.84 | 1.0 1.0
225 0.24 | 0.45 | 0.85 | 6.91
400 0.13 | 0.24 | 0.54 | 0.68
625 0.05 | 0.}5 | 0.34 | 0.44

Deviate Grids .

Both the theoretical and empirical appreaches must be considered, as
actual ogauge networks often deviate considerably from uniform spacing, and
it is impossible to anticipate all the possible patterns. Nevertheless,
another experiment was conducted to examine the effect of gauge locations
deviating slightly from uniform grid points. Thus, a grid with + 2 km
deviations from the wuniform I0 km grid was constructed. A pattern of
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deviations was assumed. At the start of the first originally uniform west
to east row of simulated gauge locations the first grid focation was dis-
placed 2 km to the north while the second location was moved 2 km to the
south. Then two similar east and west (+ then -) deviations were plotted.
This pattern repeated itself until the end of the row. In the second row
the opposite deviation was assumed for the initial gauge location, but
with the scuth and nerth deviations st111 plotted first. At the start of
the third and fourth rows both deviations to the east and west were incor-
porated before the north and south direction was considered., The fifth
row was similar to the first row and so forth. Only the 50 and 100
km’ storms were studied on the deviate network.

5.  RESULTS
Gauge Density

The most impertant variable in the storm detection prublem s the density
{0} of the raingauge network. Figure 1 centains plots of both the theore-
tical ({random} and empirical {uniform) Pnet calculations as functions of
0. The expected increase in detection probabiiity as gauges are placed
claoser together is quantitatively depicied in the diagrams for both
approaches for all storm sizes.

The advantage for uniform gauge locations is greatest for dense neiworks.
This can be seen best in Figure lc, which is a plot of the interpolated
curves for both methods for the assumed typical storm size of experimental
seeding cases (A = 250 kaf). The advantage of the uniform network
appears to begin at D =700 km‘/gauge and continues to increase
as [ decreases. Thus, while Pnet Tor the random network exceeds 90% for D
= 100 km’/ gauge, Pret for the uniform network reaches the same
200 kmi/gauge.  Consequently, half as many dgauges
are needed far uniform networks to achieve the same Pnet.

I

leval at D

Of course, there is an obvious 1imit to the increasing detection advantage
of uniform networks at Pnet = 100%. For example, the uniform grid curve
in Figure Ic reaches the Pnet = 100% axis at about 200 kw?/gauge.
Consequently, the maximum advantage of the uniform network occurs near the
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D where Pnet = 100% for the uniform network. The favourable Pnet
difference must decrease for closer gauge spacing as Pnet for the random
network will continue to improve, while the perfect Pnet (= 100%) result
for the umiform network is constant.

It is interesting to note that the [ value for the 90% detection level
suggested by this study corresponds to about the same as the spacing used
between gauges in the large FACE network, 11 km {vs 10 to 14 km in the
tastern Transvaal).

Storm Shape

Compact storms [aspect ratio l:1) are more efficiently detecied by uniform
networks than are 1ine storms. The 1line storms simulated mostly had
aspect ratios of 2:1. However, the larger storms (4 = 300 and 400
km?’) had 3:1 and 4:1 aspect ratios. The impact of storm shape is
most noticeable for the largest aspect ratios, and may actuzlly be more
important than storm size in some cases. For example, at D less than
about 300 km®/gauge, the linear 400 km® storm was detected
less efficiently than the 200 km compact storm (not shown).

If a1l storms had the same shape, the ratio A/D could be used directly to
provide very gecod estimates of Pnet throughout a large range of A/D. A
plot of the empiricaily obtained Pnet for the uniform networks versus the
ratio of the starm track area to the gauge demsity for storms with 1:]
aspect ratios revealed that up to Pnet = 80 to 90%, A/D describe a 1:1
relationship to Pnet for all the different storm sizes very well {not
shown) . In fact A/D may be the best estimate of Pnet im this range since
the empirical probabilities must be recognised as havipg been affected by
sampling Ffluctuations to an unknown extent {a few per cent is 1ikely) in
spite of the rather stringent stability criterion. However, above Pnet of
zbout 90% there were unmistakable deviations from the linear 1:1 relation-
ship between Pnet and A/D. Above A/D =], the empirical detection
probabilities are distinctiy less than the 1:]1 relationship with A/D weuld
predict. These variations are real and due to the obvious physical
possibility fer (square) storms with 1:1 aspect ratics to easily fit
between the grid points when occurring at an angie to the grid rows.
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The empirical Pnet estimates for the lines had similar but even larger
deviations from the 1:1 relationship with A/D. The breakdown occurred
earljer, at A/D «=0.7, and the Tipes with the Jlargast aspect ratios
tended to have the Jlowest probability of detection at large A/D. The
decreases in Pnet for lines are associated with the obvious fact that
storms with the same area but ane Tlong dimensicn will frequently be
aligned parallel to the rows and can more easily occur between gauges.
Since storms of various shapes occur in nature, the Pnet for storms of the
same area but with different shapes have been combined to produce Figure
2. Because of the stabilising influence of the compact storms, this
diagram indicates reduced variability relative to the 1:1 relationship of
Pnet with A/D compared with that of the Tinear storms {not shown).

Effects of Deviations from Uniform Grid

The impact on Ppet of gauge 1leocation deviations from uniform spacing
depends on the ratis, A/D. W%When the storm track area is about the same
size as the gauge density, detection is clearly hindered by non-uniform
locations, as enough extra space between some of the gauges is then
available to permit the s$torm track to be between the gauges more often
than is possible in the uniform network which is very efficient at
detecting square 100 km® storms. Although the decrease in Pnet was
small (=6%), there was no mistaking this dmpact during the A = 100
km® trials.

Number of gauges

Figure 3 has bean plotted to aid determining the number of gauges that are
required for networks of 10 000 and 20 000 km* to detect a spectrum
of Tlikely storm sizes at any selected probability level. Both random and
unifoerm networks are considered so that possible location variations may
be anticipated when designing a neiwoerk. Figure 3a is for the average
PAWS storm case (A = 250 kef). For 90% detection and a 20 00O
km  network, random gauge locations require about 200 gauges, but
uniform locatiens onply require about 100 gauges. There is also about a
factor of two reduction in the number of gauges required for the uniform
10 000 km® network to provide 90% detection, The advantages of



78

uniform networks may therefore provide significant economies for experi-
mental duration, as large areas wmay be gauged adequately with fewer gauges
for the purpose of storm detection.

However, many more gauges may be regquired for small storms. For example,
storms with track areas of 150 ks’ are likely te occur frequently in
the PAWS study area. Even the uniform 10 000 km® network requires
about 100 gauges to detect these storms 90% of the time {Figure 3b).

Storm Size

Figure 4 has been constructed to provide information on Pnet for storms of
all likely sizes. Oaly random and uniform netwerks with gauge densities
of about 100 to 200 km kmi/gauge are considered. The uniform net-
work with D = 100 knf/gauge detects storms smaller than 100
km’ with Pnet = 90%, while the corresponding random network reaches
the same detection level only for storms well over 200 kmi. The
sepsitivity to gauge spacing is also very evident, as the uniform network
with D = 225 km’/qaune only crosses the Pnet = 90% level for siorms
over 300 ka’.

B. RAIN GAUGE SAWPLING

A typical rain gauge has a 400 cm® opening. If a typical rain rate

ts assumed, the air volume sampling rate may be estimated follawing the
approach Austin and Geotis {1979) applied to disdrometer sampling. Recent-
1y, Rogers (1989) has shown that an average rain rate of 4 mm/hr can be
assumed for the radar echo above the 2% dBz contour. Thus, this c¢rude
procedure is not unreasonable. In essence, Austin and Geotis assume that
a typical median volume drop fails at a constant falil speed.above the 50
em®  disdrometer  sensor. Thus, a volume of about 2 m*/min {3
swept out by such drops falling above the disdrometer. Because of the
larger gauge collecting area, the sample wvolume Austin and Geptis
calculated must be increased by a factor of B for a rain gauge, or to
about 16 m'/min.
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Figure 2. Pnet versus AU (composite storms).
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In a network with one gauge every 100 km’, a 250 km® storm
track can be expected to intercept about two and a half gauges on
average. If the average instantaneous storm area, =50 km?, is
applied to calcuiate the sample from a gauge crossing at 25 km/hr, a
distance slightly less than the actual storm diameter (8 km} must be
applied as a direct hit of the gauge is unlikely. The length (L) of storm
which affects a rain gauge during a complete overpass will on average be
about 64% of the storm diameter (d). The typical distance, L/d {=
2/x), 1is calculated from the average of the cosine of the azimuth over
a2 920" quadrant. However, gauges intersected by the middle hali of the
storm will sample precipitation from an overpass length which exceeds BS%
of the storm diameter. Thus, the time over & gauge will be less than the
maximem of about 19.2 minutes and the sample volume somewhai less than
07w, However, if all the affected gauges are considered, the
sample volume could average twe and a half times this, or up to 768
m per case for the rain gauge netwerk. During this 0.8 hour pericd
over the gauges a radar samplipng only every 5 minutes could obtain up to
-9 scan measurements for direct comparison with the gages. At slower
speeds {e.q. ~15 km/h), the 0.8 h maximum samp)ing period is unchanged.

7. AIRBORNE SAMPLIKG

It is also possible to sample rainfall near cloud base by means of low
flying aircraft. This technique has the great advantage of being very
mobile. Thus, obtaining samples is assured, provided severe weather or
terrain problems for airborné operations c¢an be avercome.  However,
uncertainties in instrument performance and its sampling volume, as wel)
as in the impact of distortion to the air flow about the plane on the air
passing through the instrument’s aperture are major shortcomings of the
airborne approach, There may also be a limit te the maximum drop size
measurable, depending on the analysis technique employed for the 2-D
probe.

The array of diodes is 6.2 mm wide. If the depth of field is taken as
261 mm (although this actually depends on the number of diodes occluded),
a crude estimate of the volume sampling rate can be obtained from the
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plane’s air speed. In the case of the PAWS cloud base plane the speed is
nominaliy S0 mps. Thus, the sampling rate is about 0.15 m’/sec, and
a penetration through a typical cell of about 8 km width (=90 sec),
corresponds to a sample volume of about 13 m. If such samples are
obtained every s5ix minutes, a potential sample volume of about 200
m* might be obtained from a vainstorm lasting about 1.5 hours, as in
the case of the typical PAWS experimental unit.

Angther preblem is that airborne measurements are made well above the
surface. Thus they are, tc the extent that the small sample velume is
representative, indicative of conditions which uswaliy will be much
different from these at ground Jevel where the impact of rainfall is most
important. However, even the Timited representativeness of the measure-
ments is undercut by the navigation accuracy which is only on the crder of
1 km. Thus, the airborne approach clearly cannot be relied on as a sole
calibration source, and leading authorities strongly recommend the use of
rain gauges Tor radar rain measurement calibration in rain stimulation
projects {Changnon, 1989).

8. CONCLUSEOR

Rain gauge onoetworks on the order of at least 10 knf are
neaded to ocbtain an adequate number of storm cases for weather
medification experiments with limited durations. Thus, it is highly
desirable to extend the range of high resglution radar observations beyond
the current 80 ka Timit required by the current PAWS radar.

A strong effort should be made to obtain fairiy uniform rain gauge ioca-
tions, as network storm detection will be substantially increased. For
randomly spaced networks, gauge densities must be about. one per 100
km? to  detect typical PAWS storm cases (track area =250
km?) 90% of the time. Howaver, to detect smaller storm cases (A =
150 km?) adequately (90%), densities of order 60 to 70 km?/
gauge may be needed for random networks, In a 10' km* network
this may require over 150 gauges. However, 250 km® storms are
detected at the 90% Jevel by uniform networks with D=225 km?/
gauge and even storms with only 150 km? track areas are detected 90%
of the time by uniform neiworks with D = 150 km‘/gauge.
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In the range of storm areas and networks considered likely, it was shown
that uniform gauge networks of a given density require about half as many
gauges 2s a random network to obtain the same probability of stoem
detection.

Slight deviations from uniform gauge locations apparently can have a
moderate impact on storm detection probibilities. The most Tikely result
is a decrease in detection rates as storm size approaches the gauge
spacing. Fortunately, the effect is small.

Storm shape may have @ more dramatic impact on detection probability for
uniform networks as 1ine storms are more poorly detected than compact
storms. This effect is most distinct when storm size and gauge density
are nearly equal, but is alsg noticeabla at most other values of these two
varjables.

Preliminary calculations suggest that sample volumes obtained by typical
rain gauge networks (i00 ¥w?/gauge) may be significantly larger than
the optimum airborne sample volume for a typical PAWS storm case being
observed with the airborne 2D-P probe. However, the difference derives
mainty from the number of gauges Yikely to be intercepted by a2 storm in 2
dense network, rather tham an intrinsic sampling advantage to the rain
gauge instrument. Mevertheless, the wide spread acceptance of rain gauge
measurements, the fact that they make ground-level measurements, and the
stmpie  and relatively well-known characteristics of gauge performance give
them crucial additional advantages,

Because small storms are frequently present and because it is desired to
have a number of gauges detect a storm for radar rain calculation, a
uniform network with a density of about 100 kmé/gauge .seems a good
compromise that s also compatible with feasible logistic and economic
canditions. If the entire viewing area of oné of the current radars
{-20 000 km?) cannot be gauged, an area of at least 10 000 kmé
selected for highest storm frequency should be gauged, providing radar
viewing is not severely affected by terrain. However, a shorter
experiment will result if a new radar is abtained with improved beam
width characteristics that allow greater areal surveillance and more
storms to be included per year,
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I11. CLOUD MODELLING

Because of {1} the extremely complex nature of the interactions between
the moisture elements and particles needed to preduce precipitation and
{2) the need to consider the spatial and dynamic characteristics of clouds
and their interaction with the ensembles grawing precipitation particles,
multi-dimensional time varying numerical <loud medels are destined to
become increasingly more important to rain stimulation experimentation as
these activities develop into more truly scientific endeavours. For a
particular case, cloud models can depict both the seeded and the unseedad
outcomes and thus the great natural wvariability cof rainfall that
statistical approaches must confrent {s avoided. Considerabie savings in
terms of experimental duration could be realised with realistic cloud
models. Alsg, there is a greai need to better undersitand the outcome of
cloud seeding activities and, within limitations, the detailed and
comprehensive output of cloud medels is wel) suited to such analysas,
This section contains two summaries of multiple-dimensional time varying
ctoud modeiling activities related to FAWS. A study of the climatic
potential for dynamic seeding effects {seeding increased storm heights)
and 2 study of the coalescence time parameter (CTP) are also included, as
these two variabies derive from numerical and conceptual cloud models and
are useful in Jnderstanding the nature of cloud atterations in the Eastern
Transvaal.

03/22ga/s99
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A. REVIEW OF EARLIER PAWS CLOUD MODELLING

G Reuter

1. IKTROBUCTION

The goal of the Program for Atmospheric Water Supply {PAWS} is to explore
the potential of convective cloud seeding as 2 possible means for
modifying the rainfall over and near the escarpment of the eastern
Transvaal. The difficuity of this task 1ies in deterwining whether there
indeed exists a causal Tink between seeding and precipitation, and if so0,
to quantify such a link. This repert summarised some highlights of PAWS
research on rain drop growth, mixing, storm water budgets and related
numerical cloud model development.

2.  FORMATION OF RAINDROPS IN TURBULENT AIR

Observations 1in the PAWS region show that the time between the initial
development of a convective storm and the first appearance of
pracipitation can be as short as 20-30 min. It is necassary to explain
the vrapid transformation of a cloud droplet population, consisting aof on
the order of 10® droplets {~I0 gm in vradius) per m intoc
about 1000 rain drops per & (with typical diameters of 1 wm).

Microphysical data sampled with the Learjet suggest that the cellision-
coalescence mechanism 1is important for Jocal rain formation, and together
wWith the freezing mechanism coatescence probably yields the primary rain
production in the warm based cumulus towers in the moist.air over the
Lowveld region., Cloud drops ¢ollide mainly because of the different fall
speeds of drops of different sizes. However, calculations suggest that
gravitational collisions cannot occur in significant numbers until some of
the drops have grown to a radius of about 20 pm. Thus, initially some
other process must account for the production of at least a few droplets
{perhaps only 1 in 50° droplets, or 1 per litre of cloud volume) as
large as 20 um.
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PAWS investigations were focussed on whether small-scale turbulent motions
in the clouds can contribute to the initial drop formation. The fact that
drops of different sizes respond with different inertia to a fluctuating
turbulent velocity field may result in an enhancement of the drop colli-
sion  rate. In addition, overlapping of turbulent eddies may effect the
growth of a cloud droplet population. This mechanism may be of particular
interest for the initial stages of raindrop formation as it operates for
drops with equal or different sizes.

The first step in dealing with this problem was to consider a single pair
of drops and the probability that they collide while falling in a turbu-
Tent medium. The results suggested that the magnitude of the collection
kernel 1s increased with 1increasing intensity of turbulence (Reuter et
gl., 1588). This study was novel in using stochastic differential
equations for modelling the kinematics of the falling drops. As usual
with a new approach, there are shortcomings and Timitations in the model
assumptions and the resuits shouid be evaluated against this background
{Cooper and Baumgardner, 1989; Reuter, 198%a). The next step was to
develop an efficient numerical scheme %o solve the collection equation
that governs the evolution of the size spectrum of 2 large population of
droplets (Eyre et al., 19B88). By combining the turbulent collection
kernel with the coalescence equatjon we could examine the effects of
sverlapping eddies on the evolution of a realistic drop spectrum {Reuter
at zl., 1989}, The results suggest that a slight breadenirg of the
spectrum can occur when the turbulent intensity is wvery strong.

3.  DOWNDRAUGHTS AND MIXING IN CUMULUS CONGESTUS CLOUDS

The dynamic-mode glacicgenic sesding concept for convective clouds aims at
maximising the effect of latent heat release by glaciating €loud updrau-
ghts ear}ier in time and at warmer temperaturas that would be accomplished
by less efficient natural nuclei. It is hypothesised that the additional
freezing of supercosled 1iguid water causes enhanced buoyancy which may be
communicated down to the subcloud layer leading tp stronger convergence
and possibly merging of neighbouring clouds {Simpson, 1980). Furthermore,
Simpson has speculated that downdraughts would act as the primary communi-
cation mechapism 1in this dynamic-mode seeding scenario. Since strong
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downdraughts are often encountered im convective storms in the eastern
Transvaal, it 1is desirable to investigate their extent and fercing mecha-
nism in natural clouds before the effects of dynamic-mode seeding can be
realistically assessed.

Température, humidity and liquid water measurements gathered by the Lear-
Jet were analysed to determine the source region of the cleudy air in the
observed downdraught regions of developing cumulus congestus cloud towers
for three case study days. Using the method of Paluch (1979), it was
found that in many cases the descending air was composed of a mixture of
air, but came primarily from near cleed base. A small fraction of the air
also seems to have originated from aliitudes close to cloud top (Reuter
and Yau, 1987a; 198B).

To further elucidate the nature of downdraughts in developing c)oud
towers, high resolution numerical simuelations were made using & non-hydro-
static deep anelastic time-dependent cloud model {Reuter and Yau, 1987b).
To keep the computations manageable a two-dimensional model was used. The
model s novel in that a stretched cocrdinate is incorporated in the hori-
zontal direction. This feature allows & fine resolution in the inner
reqgion occupied by the c¢loud but yet is computatienally efficient. The
strategy was to perform simulations in both axi- and slab-symmetric
geometries to obtain information on the three-dimensional processes
gceurving in deep convective clouds.

The c¢loud simuiations made for the three case study days displayed highly
structured organisation. Downdraughts formed ®ainly near the ¢loud bounda-
ries with maximum speeds of up to 10 ms'l. To determine the realism
of the simulations, mode) results were compared with observed data from
the Learjei. The resulis for all three cases indicated that $he model had
considerable skill in reproducing observed cloud characteristics in terms
of vertical velocity, temperature and liquid water content.

The forcing mechanisms of the downdraughts were further investigated by
analysing the time history of dynamic and thermodynamic properties alaong
computed parcei trajectories. The results confirm that evaporative ceool-
ing contributes to the formation of downdraughts along cioud boundaries.
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However, perturbation pressure forces largely influence in the initiation
of downward momentum. In the wupper regions of rapidly growing cloud
towers, the air pressure deviates substanfially from its hydrestatically
balanced value, and the resuliing pressure gradient force is comparable in
magnitude to buoyancy.

The slab-symmetric model results show that cloud development is retarded
in the presence of wvertical! shear in the envirgnmenta) air flow (Reuter
znd Yau, 1987¢). The downshear side near the cioud top becomes more
diluted, cooler and has stronger downdraughts thanm the upshear side, The
computed parcel trajectories show that the asymmetri¢ organisation is
probably caused by the mixing of horizontal momentum at the cloud top. To
study the initiation of downdraughts in mixed-phase clouds, the
thermodynamic scheme of the cloud model was exiended 1o include the
release of Tatent heat associated with ice phase processes. A comparison
between the simulation resulis of a mixed-phase cloud and a liquid-phase
cloud shows that the downdraught speed is not sensitive to whether the
cioud water is in the mixed-phase or ligquid-phase {Reuter, 1987).

4,  WATER BUDGETS OF CONVECTIVE STORMS

The water budget was investigated using radar observations for three case
study days {Reuter, 19902). The radar measurements were used to compute
estimates of the total precipitation content (integrated over the storm
volume} as a function of time. Similarly, ‘estimates of the area-
integrated outflow of precipitation through the cloud base level were
deduced. The nine storms apalysed lasted for 1 to 2 h and the total
accumulatien of rain ranged from 1-10 Tg. During the maturing stage, the
storms had precipitation contents of about 0.2-5 Tg and vainfall rates of
about 0.302 Ggs™!. The "characteristic® storm updraught., defined as
the ratio of the area-averaged vrainfall rate to the velume-averaged
precipitation content, was close to 4-6 ms™' for all storms during
their maturing stages.

Radar abservations have the shortcoming that only guantities associated
with precipitation size particles can be directly obtained. Furthermere,
radar daty provide 1little insight inta the quantitative contributions of
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the various physical processes that act as the sources and sinks in the
water budget. A time-dependent three-dimensicnal cloud model was used as
a tool to further study the water budget {Reuter, 1986b). Three-dimension-
al cumulus modelling requires extensive computing resources. With the
facilities available at CSIR, only isolated deep convective clouds could
be simulated. As large-scale convergence was not included, only relative-
1y short-lived storms were modelled. The simuiation results for all three
case study days suggest that the rain is formed mainly by coalescence,
while the ice-phase processes were rather limited. This finding has still
to be confirmed with a better jce-phase parameterisation scheme,

Numerical experiments with the three-dimensional model were also made to
estimate the effects of glacionic seeding on the cloud water budget
{Reuter, 1950b). A comparison between the simulated natural and seeqed
clouds showed no significant differences in terms of rainfall at the
ground. Since the wmodel resulis were in close agreement to observed
statistics of radar echoes for the two case study days, it seems reason-
able to assume that the simulatiorn results are nef far from reality.
However, the following article shows distinct seeding signatures aloft in
ice mass and occasionally in rain and cloud mass [Reuter, 1980b). Thus,
more cases need to be examined. )

5.  DEVELOPMENT AND ACQUISITION OF NUMERICAL CLOUD MODELS

Numerical modelling of cumulus clouds has become an important area of
weather modification research, because cloud models are 3 useful too) for
investigating the complicated interactions of dynamical, micrephysical and
thermodynamic processes. Not all microphysical and dynamical processes
can be included im detail because of the limitations of speed and core
memary of existing computers. Therefore, the assumptions te be utilizad
depend on the purpose of the application of the numerical model. Clearly
a set of model assumption that may be adeguate for one study, may be
inadequate for another. Thus, different cloud models with various degrees
of complexities have been acquired and developed during the last five
years, The major features of them are briefly summarised here:
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TWOCYLINDER (written in FORTRAN), Yau {1979); Yau {1980);
Yau and Austin (197%); Asaj and Kasahara (1967)

The simplest model that includes a closed formation of the cloud updraught
and the interacting environment is the time-dependent two-cylinder model.
The ¢loud and environment are assumed to consist of two concentric cyliin-
ders and all quantities are allowed to vary in time. The effect of the
perturbation pressure are fncluded. The model includes cloud water, rain
and graupel. The growth of cloud droplets are paramaterised. The evolu-
tion of particle size spectra for larger hydrometeors and the effecis of
differential fallspeeds are aliowed for the growth of rain and graupel
particles in a total of 25 size categories.

The model does not require sxtensive computer rescurces and thus may be
suitable for some sensitivity siudies. However, the oversimplified model
geometry requests extreme caution in the interpreting individual results.

Cuzp-AXI5 [written in FORTRAN), Reuter and Yau (1987bH)

Model equations are formulated in cylindrical coerdinates, and all depend-
ent variables are assumed to remain constant in the azimuthal direction
{(i.e. axi-symmetry)}. The model uses the deep anelastic system of prognos-
tic equations suitable for deep convection. The condensed water is ass-
umed 1o follow the air flow and there is no precipitation in the present
model formulation. A stretched coordinate is used in the radial direc-
tion. The model can be run with heat and moisture fluxes at the bottiom
boundary and trajectory analysis is performed for a set of initial
parcels.

The model is suited for simulating some aspects ef single-cell convective
c¢louds without {or before) precipitation formation. Effects of environment-
al wind or cloud-cloud interactions cannot be included. The coding is
efficient to allew high-resolution simulations.

CU2D-SLAB {written in FORTRAN), Reuter and Yau ([1987¢)

The model equations are formulated in cartesian coordinates and the



g2

variance in the y-direction are assumed to be zero (i.e. slab-symmetry).
Except for this difference in model geometry, the code CU2D-SLAB is very
similar to CU2D-AX[S. It is suited for simuiating some aspects of two-di-
mensional c¢loud bands, allowing for unidirectional vertical shear in the
ambient flow.

CU3D [written in PLI), Steiper {1973); Yau (1980); Reuter (198Bb)

This three-dimensional medel s based on the deep anelastic system of
equations. The microphysics is treated using the bulk water technigue.
Water subsiance is divided intoc five categories: vapour, cloud water, rain
water, ice c¢rystals and snow. The micraphysical processes included are;
condensation of wvapour to form cloud droplets; autoconversion of cloud
water and collection by rain (i.e. coalescence); evaparatjon of rain
water; evaporaticn of cloud water; nucleation of ice crystals from vapour;
depositional growth of ice and snow; sublimation of ice and snow; melting
of ice and snow to form rain water; and growth of ice and snow By riming.

This model requires extensive computing time and can thus be run only in
fairly coarse resolution. The simulation results, however, are the most
realistic of the medels discussed, because there are no artificial restric-
tions imposed on the air flow. The code is compiicated because there is
extensive transfer of files from disks to core memory. Further develop-
ment of this code is not encouraged as it was written in PLI in 1970-1980
and does not take advantage of modern computer architecture such as
vectorisatian, efc.
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ASAT J and KASAHARA A, 1967, A theoretical study of the.compensating
downward motions associated with comulus clouds. J. Aimos. Sci., 24,
487-456

COOPER W A and BAUMGARDNER D, 1989. Comment:s on “The collection kerne)
for two falling cloud drops subjected to random perturbations in 2 turbu-
lent azir flow - A stochastic model™. J. Atmos. Sci., 46-8, 1185-1167.

EYRE D, WRIEHT C J and REUTER G W, 1988. Spline-collocation with adaptive
mesh grading for solving the stochasiic collection eguation. _J. Comput.
Phys.. 78, 2B8-304.



93

MORGAN G, REUTER & W and MATHER & K, 1987. Progragme for Atmospheric
Waiter Supply (PAWS}. Contract Report to the Water Ressarch Commission,
Movember 1987, Pretoria, 37-42.

PALUCH I R, 1979, The entrainment mechanism in Colorado cumeli., J.
Atmops. Sci., 36, 24867-2478.

REUTER & W, 1987. Penetrative downdraughts in mixed-phase clouds: A
numerical study. S.A. J. of Physics. 10, 139-145,

REUTER & W and YAV M K, 1987a. Mixing mechanisms in cumulus congestus
tlouds: Part I. Observations. J. Atmos. Sci., 44, 781-797.

REUTER & W and YAU M K, 1987b. Mixing mechanisms in cumulus congestus
clovds: Part 1I. Numerical simulations. J. Atens. Sci., 44, 798-827.

REUTER G MW and YAU M K, 1987c. MNumerical meodelling of cloud development
in a sheared environment. Beitr. Phys. Atmgsph., 60, 65-80.

REUTER & W, 1988a. The effect of turbulence on the coliection of ¢loud
drops: A stochastic model. Exten Abstracts of the JOth Internatipnal

Clovd Physics Conference, 15-20 August, Bad Homburg, West Eermany, 97-99.

REUTER G W, 1988b. Water budget and kinetic energy transformaticns of a
mixed-phase cumulus cell: Three-dimensienal numerical simulatign. Baite.

Povs., Atmosph., 61, 30-38,

REUTER & W, DE VILLERS R and YAVIN Y, 1988. The ¢ellection kernel for two
falling cloud drops subjected to random perturbations in a tarbulent afr
flow: A stochastic model. J. Atmos. Sci., 45, 765-773.

REUTER 6 W and YAU W K, 1988. Reply to "Commeni on 'Mixing mechznisms in
cumelus congestus clouds. Part I: observations’". J. Atmos. Sci.,
45, 2464-2466.

REUTER G W, 1989a, Reply to "Comment on ‘The collection kernel perturba-
tions in a turbulent air flow: A stochastic model. J. Atmos. 5ci.,
46, 1168-1169.

REUTER & W, 198%b, Radar observations of precipitation production in
thunderstorms. Atmosphere-Ocean {submitted}.

REUTER & W, WRIGHT C J and EYRE D, 1589. Effects of turbulence on the
growth of cloud drop spectrum. J. Atmos. Sci., 46, 1407-1410.

REUTER G W, 1990a. Radar studies, This volume, 142-160.
REUTER G W, 1990b. Medelling of cloud seeding. This volume, B7-94.

SIMPSON 4, 1980, Downdrafts as linkages in dynamic cumulus seading
effects. J. Appl. Meteor., 19, 477-487.

STEINER J T, 1973, A three-dimensional model of cumulus cloud develop-
ment. J. Atews. Sci., 30, 414-435.



el

YAU M K, 1979, Perturbation pressure and cumulus convections. J, Atmos.
Sci., 36, 690-§894.

YAU M K, 1980a. A two cylinder model of cumulus ¢ells and its applicaticn
in computing cumulus transporis. . Atmos., Sci., 37, 2470-2485.

YAU M K, 1980b. The effects of evaporation, water lcad, and wind shear on
cloud deue]npment in a three-diménsional numerical mnde] J. Atmgs. Sci.,
37, 4B88-994.

YAU M K and AUSTIN P M, 197%. A model for hydrometeor growth and evolu-

tion of raindrop size spectrz in cumulus cells, J, Atmas. S¢i., 36,
655-858.

03/22ga/509



9%
B. MODELLING OF CLOUD SEEDING

G. Reuter

1.  INTRODUCTION

Detajled measurements from aircraft and radar aof ¢ioud evolution have
allowed objective determination of the suitability of a cloud (or system
of c¢louds} for modification by seeding. However, the complexity and
natural wvariability of precipitation systems remain significant obstacles
to the assessment of artificial seeding effects. Furthermore, dynamic and
microphysical processes interact with each other and seeding generates
various feedback effects which are not yet fully understood.

The accumuiated knowledge of cloud physics, thermodynamics and fluid dyna-
wics, built up over centuries, makes it possible to describe the various
processes in clouds using a Tlarge set of mathematical equations. The
advent of more powerful computer sysiems has made it possible to solve
these equations accurately. In fact, recent studies have indicated that
numerical convective <¢loud models have significant s5kill in simulating
observed cloud features realistically. The goal of numerical cloud model-
¥ing is to c¢btain quantitative estimates of how the physical processes,
such as seeding, interact within the cloud system. Modelling should not
be considered & thing apart, but rather as an intégral member of the
theoretical, laboratery and cbservational effort fo understand rain modi-
fication. The following quotation comes From the book ‘Precipitation
Enhancement - a Scientific Challenge’ (Braham, 1986).

"It fis strongly urged that before we invest in major Ficld experi-
ments to test a weather modification concept, we thoeroughly test the
concept by computer simulation. We Hhave the computer technology
today to thoroughly examine the physical consistency of a concept.
This may require several years of compuler-code development plus the
expenditure of large amounts of compuler time, but ¥n this author’s
epinfon, we would be in a much better position to design Taboratory
and field experiments that can definftely test the concept. It
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should be emphasized that 1 am not talking about computer models that
use simpliffed physics and dynamics such as we have been forced to
use fn the past. I am talking about sophisticated wmodels of
turbufent transport and diffusion, cloud microphysics and cloud
dynamics."”

There is actually only one way that models should be used in cloud seeding
gxperiments. They shouwld play a key role in helping to evaluate seeding
potential. In particular, model results coupled with observational
studies should be valuable in refining a particular seeding hypothesis and
putting it on a more guantitative basis. Cloud simulations will clearly
identify the critical parameters involved in a seeding hypothesis.

In the past, simple models have beer used operztionally on & daily basis
to predict the possible modification affect, given a particular seeding
strategy and the existing atmospheric conditions. However, simple models
that run in short time cannot adequately capture the real cloud processes
and are thus of limited utility. We believe that models are only valuable
in ¢loud studies if they can simulate nature realistically. And it is a
fact of 1ife, that time dependent muiti-dimensional ¢ioud scale models
that can mimic convection skillfulily, use large amounts of computing power
and storage and will certainly not run in rezl-time on present-day compu-
ters. Therefore, sophisticated cloud modelling should not be expected to
be of any use in field operations. The value of cloud modelling is found
in the evaluation of the potential “seedability" of the ¢loud types that
occur within the geographic arez of interest.

2. MODEL DESCRIPTION

The three-dimensiocnal cloud model employed in this study has been
developed by Steiner (1973}, Yau {1980) and Yau and MacPherson ([1984).
The major features of the model are:

{a) It is fully three-dimensional and time-dependent.

{b) It allows for perturbation pressure effects uvsing the deep anelastic
system of equations.
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{c) It contains a warm rain parameterisation scheme using autoconversion
&nd accretion {coalescence).

(dy It alse contains a cold rain parameterisation scheme using
nucleation, deposition, riming and melting.

(e} It includes the effects of turbulent diffusion using a first order
turbulence clasure scheme with the dispersion depending on
deformation shear and Tocal bucyancy.

{f) It 1is idmitialise from observations specifying the femperature and
moisture stratification and the wind regime.

3. SIMULATION OF ISOLATED CLOUDS

The present study discusses the simulation of isolated cumulus congestus
¢louds rather than a group of convective clouds or a squall line storm.
This choice seems odd because 4t is well known that most precipitation
falls from line storms or multi-cellular cloud systems whereas rainstorms
from dsolated cumuli s only marginal. However, the limited computer
power available has required initial focus to be on single cells. The
simulation of a cloud complex would require a model domain of size at
least 100 km x 100 km x 15 km. To cover this domain with a net of grid
points uniformly spaced 200 m apart, requires a total of 3.8 x 1013 grid
boxes, In the model computations at each grid point it is necessary to
siore about thirty wvarizbles and make about iwo hundred calculations for
each time step. The total reguired memcry space and computing time is
several orders of magnitude larger than those available on CSIR computers.
These severe constraints on coemputing power have forced the focus to be
on the simplest case, a sing]e'isn]ated cloud cel?. Once access 1s gained
to generous computing time on super computers the more relevant cases of
cloud populations should be considered.

The experimental unit in the field project conducted at Helspruii has
always been active multi-cellular storms that produce significant amounts
of rajn. In the Bethlehem Precipitation Research Project (BPRF), on the
other hand, there has been more experimental interest in isolated cumulus
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congastus  clouds, Environmental conditions for the present cloud
simulations are thus taken from observations made in the BPAP area. Threa
case study days from the 1981 season where fair data coverage was
available were selected. The aircraft and radar observations sampled on
these days were presented in the doctoral thesis of Hudak (1986). A
discussion of the envirenmental conditions, results of cloud simulations
and a comparison of mode) results with radar observations is given in
Reuter (19688, hereafier R8B). The interested reader shouid work through
the sections of RB8 which focus on the discussion and interpretation of
the simulated water budget and kinetic energy transformations. This
material provides insight intc the precipitaztion mechanism and convective
circulations of & single mixed-phase cumuius cell.

4,  SIMULATION OF CUMULUS SEEDING
Hodelling of Seeding

Before a model can be used with confidence to examine the potential of
rain enhancement by cloud seeding, it {15 necessary te ensur2 that natural
convection can be simulated realistically. This has been done with the
present model for various convective situations in different gepgraphical
regions including the fellowing: the tropics {Turpeinen and Yau, 1981),
Alberta ({Yau and MacPherson, 1984} and Quebec (Yau and Michaud, 1982}. In
all of these cases, the model results were very similar to observed radar
data. The model has also rezlistically simulated ispiated convective
cells occurring over the Highveld region in Southern Africa (RB88).

Another essential feature of a cloud seeding model is that the actual
seeding process is modelled realistically. In this model, we follow the
numerical procedurs suggestaed by Orville to simulate the release of silver
iodide particles. The method is based on the assumption that silwver
iodide particles act as deposiiion or contact nuclei.

The maximum number of idce crystals per litre of air activated under
natural conditions is given by Fletcher {1969} as

N = 107 exp (-0.6 T) (1)
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where the given temperature is T{°C). The number of artificial nucleij
M, per litre of ajr activated by silver ijodide particle seeding is
given by

N, = 8 exp [(-0.022T - 0.88) T - 3.8)] (2}

where 8 1s the number of artificial nuclei per litre of air at
«5°C. Equation ({2) constitutes the empirical efficiency curve for the
combined effect of all nucleation mechanisms active between -5°C and
-20°C  (Orville and Kopp, 1974). In our simulation experiments,
seeding is simylated by specifying a seeding time 7. The maximum
number of ice nuclei activated bafore 7 i35 given by N but is
set equal to N+ N after 7. Of course, in the event

that N ice c¢rystals per 1litre of air are already present only the excess
of N, + N, will be nucieated.

Description of Experiments

The effects of seeding were investigated for isolated cumulus clouds over
the EPRP area. HNumerical experiments were wade for the observed environ-
mental conditions occurring on 5 and 22 Feb. 1981. For both cases, two
simulated runs were conducted, designated as “natural®™ {N) and "seeded”

{5). Equation (1} is used in experiment N for nucleation under natural
conditions while {2} 1is wused in experiment § after the seeding time
T. A is assigned a wvalue of 100 per litre to simulate heavy
sgeding. T is set at 15 minutes at which stage the simulated clouds

were actively growing with their tops passing through the -10°C level.

Results

The evelution of the convectioun is described in R88. MHere, we focus on
the diffarences between the natural and seeded clouds. In the model, the
effects arg most significant in the 15 minutes following seeding decisien
Lime. Figure 1 compares the structures of the natural and seeded clouds
at 30 minutes (i.e. 15 minutes after seeding decision time). The vertical
sections passing through the cloud core in the east-west direction are
shown. Thae wupper portion compares the precipitation structures. The
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solid lines are contours of radar reflectivity factor (in dBz), the dashed
line 1is the 0.1 g kg'! contour of c¢loud water mixing ratic and the
little crosses identify grid boxes that contain ice mixing ratios in
axcess of 1077 g kg, The Tlower paortion compares the

vertical velocity structures.

The comparisen indicates that seeding reswits in numerous ice crystals
that are not present in the "naturai™ run. Alse, the precipitation field
of the “"seeded" cloud is slightly more developed and the rain has fallen
further down. The effacts of seeding on the vertical veiocity structure
are ipsignificant. The core updraugh® is cnly marginally streonger in the
seeded ¢ase and the differences in the downdraughts are also small.

To suwmarise, the qualitative comparisen at a single time step suggests
that the microphysical precesses for rain formation are slightly faster
{or more efficient) in the seeded ¢ell. However, there are hardly any
differences in the dynamic structure of the natural and seeded cloud cell.

The effects of seeding can be further examined by comparing the
instantaneous masses of ice particles, raindrops and cloud droplets
integrated over the model domain. Table 1 compares the results for
February 5. In the natural case, the integrated mass of ice is small
relative to mass of rain. The cloud water reached its maximum mass at 25
minutes, whereafter it decreases gradually as the mass of rainwater
increases. The mass of rain that actually reached the surface is only
3.62 x 10° kg during the integration period of 35 minutes In compari-
son, the seeded c¢loud <ontains a substantial amount of ice. The ice
crystals grow mainly by riming and the cloud water content is partly
depleted though the collection process. In the seeded case, the total
mass of rainwater increases faster during the 10 minutes period following
seading. The model vresults indicate that the accumulated rain on the
ground i$ almosi the same for the natural and seeded cases.

On 22 February 1981 the cloud convection was short-lived and no rain
reached the ground. The total mass of ice-crystals, rainwater and cloud
water are compared for the seeded and natural clouds. Table 2 shows the
results for selected times. The qualitative behaviour of the seeding
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Table 1 Comparison of total mass of water substances in natuwral {N) and
seeded (S) clouds on 5 February 1981.

Model time (min)
Mass of ice Eig} N(2,47 (-2)}|2,02 (0)|2,41 (4)|4,22 ({5)|8,66 (5)
$|2,47 [-2}|4,50 (5)74,98 ({6)|2,30 (&8)(3,6% (7)
Mass ©f rain {kg) [N}1,01 (2}!9,06 (5)11,%1 (7}{7.60 (7)]1,22 {B)
§11,01 ({2}!1.47 (5)i1,93 (7)|7,61 (7)[1,13 (8)
Mass of cloud NjZ2,52 (7)|4,47 (7)]5,88 (7)|5,37 ({7)|2.22 {?}I
water (kq) 12,52 (714,85 ({7}15,55 (7){4,45 (7)11.,79 {7}
Mass of total Ni{2,52 (7)|4,56 ({7)|7,79 (7){1,30 (B)|1,45 ({8)
condensate {kg) |[3]2,52 (7}/4.,84 (7)|7,98 (7)|l.44 (8)|1,68 (8B)
Accumulated mass ([N 0 0 0 0 3,62 {3)
of rainwater at |5] O 0 0 0 3,85 (3)
ground [kg) "

Table 2 Comparison of total mass of water substances in natueral (N) and
seeded {5) clouds an 22 February 198].

Mode] timeI[min} 20 i
Mass of fce {(kg) |MN[4,40 [-2)|6,89 (-1}]4,53 (-1})|2.23 (-2)|7.,28 (-4)
s{4,40 (-2}[4,18 (4)]3,30 (4}]9,23 (2}|2,2¢ (1}
Mass of rain [kg) [H]6,16 (2)|1,70 (S}[5,14 (51,50 (S)|1,13 (4)
$|1,16 (2)|1,73 (5)|5,49 (35)|1,68 (5)(1.32 (4)
Mass of c¢loud Ni1,53 (7)|9,00 (6}|6,63 (5)|6,54 (4} ¥
water (kg} S11,83 (7)]8.98 (&6)|6,60 (&5)|6.,21 (4) D
Mass of total Nl1,53 (7)|9,}7 (6}|1,18 (6)}|2,15 (7}|1,13 (4)
condensate {(ke} 15/1,53 (7)]9,19 (6)|l,24 (6)|2,30 ({7)]|1,32 (4)

effects is similar to the one presented for the other case study day.
Again, the seeding results 1in the vrapid formation of ice. Also, the
seeded cloud has a larger mass of rainwater suggesting that the presence
of ice enhances the production of precipitation particies.
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5.  CONCLUSION

The work done so far has illustrated the usefulpess of ¢loud simulations
by computer 1o further our understanding of cloud processes and the
effects of seeding. We found that a 3-D cumulus model has considerable
skill in simulating a

single convective clouwds. So far, the simulations have been confined to
the simple case where there ijs no forcing <aused by topogdraphy or
mesosCale convergence. Mzjor changes in the model are needed before these
can be included reatistically.

The model results indicate that isoiated convective clouds are affected by
glacisgenic seeding. The seeding causes the formation of more ice crys-
tals than in the natural case. The presence of jce s)ightly emhancas the
formation of raindrops. The seeding, however, cannof be traced in the
dynamic structure of the ¢leuds, and the size of the cloud is not signifi-
cantly influenced by seedind. Also, the amount of rain accumuiated at the
ground is not changed by seeding.

These results have been cbtained for two cases of isclated convective
clouds in an eaviromment without any large-scale forcing. The results
cannot be generalised. In particular, no conclusive statements can be
made for precipitation produced by 1ine storms or cumulus complexes.
Further work will be pursued to address these cases.
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C. SOUNDING ANALYSIS

R C Grosh, 6 Hofmeister

1.  INTRODUCTION

It is possible to imagine several sets of conditions which might lead to
cloud seeding induced rain increases. The conditions associated with-the
hygroscopic, static and dynamic seeding hypotheses are well known {Dennis,
1980) . The dynamic hypothesis in particular has received a great deal of
attention because of Simpson’s very promising cloud seeding experiments,
and, more importantly, because of her analysis of the atmospheric
conditions associated with artificial rain increases from proximal clouds
{Figure 1). The model determined potential for additicnal vertical cloud
grawth from seeding ({"seedability" or “dynamic growth potential" is the
preferred term by 1Jlater researchers} was directly related to observed
increased cloud growth and increased rainfall following seeding {r>0,9),
but there was no significant correlation betwean model predicted seedabil-
ity and observed cloud growth and rain flux when the clouds were not
seaded (r-0). This powerful inter-relationship has received a great deal
of attention, since it verified the theoretical foundation for dynamic
seeding alterations in Florida {Smith el al., 1986; Stith, 1983).

Anather form of sounding analysis has alsc been applied in an apparently
very successful effort for PAMS, Mather at 27. ([19868) have shown
that, when the coalescence-time parzmeter, CTP (the ratio of the ¢loud
base temperature, €BT, to the 500 mb thermal buoyancy, ATS5}, is greatl-
er than a critical threshold, there is a high probability of finding 1i-
quid waier amongst the Tlarger dreoplets at the seeding level (-10°C).
High wvalues favour coalescence drop growth because rising currents should
be relatively siew and adequate time available for frequent drop
collisions. CTP also appears ta be very effective in identifying clouds
which are susceptible to positive glaciogenic seeding effects [Morgan et
al., 1987; Grosh and Mather, 19B8) and it 1is clearly desirable to
continue to expand our understanding of this ratio. Therefore, c¢loud
models can be used to:
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{1) Clarify the relationship of CTP to other sounding variables such as
classical seedability,
and

{2) Fine tune thg specification of the vertical velocity component of CTP
which is currently represented by a surrogate (thermal buoyancy}
defined by only & point valug (at 500 mb) while the model vertical
integration c¢an proevide a more representative wertical velocity
value, or even a direct estimate of the rise time.

2. CLoUD MODELS

A1l present frequently used numerical cloud medels have highly unrealistic
aspects - regardless of their apparent sophistication. In particular, the
1985 International Cloud Modeling Workshop reported that “simulated rates
of micra-physical processes in numerical cloud models commonly did not
adequately match the observed rates" (Bulletin of AMS, 1988). MWorse yet,
the best performances of dynamics in non-steady multi-dimensional models
require previeus ad hoc calibratien runs with the same input data but
altered kinematics {Orville, 1988). Thus, it is crucial to carefully
consider the application intended for a model run to assure @ truly
valuable conclusion can be drawn from the output.

Thus, except when used with & very close proximity sounding and measured
¢loud radius and base, 1-D steady state results certainly canngt be
related to individual cloud performance and thi: is not the present
intention, More information on the 1local elimatic potential for
dynamic modification of <¢loud growth is needed in the Eastern Transvaal.
If seedability 1is not present frequently, new seeding hypotheses may need
to be developed for PAWS.

Mathews (1981) has succinctly described the application of 1-D ¢loud
models to determine seedability:

"One-dimensional steady-state parcel wodels provide an objective
analysis of basic thermodynamic features which affect the potential
for convective cloud growth. They quantify the manual analysis of
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positive area above the convective condensation Jevel (CCL) found on
a thermodynamic diagram. This  highly sioplified, fast, numerical
simiflation of parcel buaoyancy provides a systematic measurement tool
to determine the relative potentizl for convective ¢loud growth and
its intensity. These c¢haracteristics of convection are diagnosed by
the wodel ... wysing the radiosonde data for model imitialization.
These data are analyzed in terms of cloud properties such as
cioud-base height, cloud-top height, maximum vertical velocity of the
parcel and other quantitative properties which may be compared for
different soundings znd locations to describe the natural variability
of potential for convective cloud growkth. Due to the simple and
incomplete microphysics and dynamics of these wodels, care must be
taken 1in the interpretation of results. Meaningful comparisons
between model diagnosed cloud properties and these of a specific
observed cloud are difficult, if net impossible, due to the complex
three-dimensional time-dependent nature of cloud growth. HNeverthe-
less, useful thermodynamic characteristics of dindividual clouds
within a field of clouds may be obtained from model apalyses which
quantify the potential for convection in & given area and time. Such
resuits may be interpreted as gemeral i{hermodynamic characteristics
which may be useful for examining the natural variability of convec-
tive potential.

The atmosphere’s capacity to support convective cloud development, as
defined by the cloud depth diagresed by the model, is probably the
most wuseful information available from ane-dimensional, steady-state
cloud modets (Silverman, 1976). This "dynamic potential” for convec-
tive cloud , growth is directly related to the positive area observed
on  a thermodynamic diagram. ODue to the limited ability of one-dimen-
sional steady-state models to correctly diagnose precipitation {Sax,
1972; Weinstein, 1972b), this study focuses on the model's strength
in diagnosis of the dynamic potential for convective cloud growth
(Sax, 1969; Marwitz et al., 1970; Simpson and Dennis, 1974).

...comparison{s) between model and aircraft cbhservations ... indicate
that the model is able to diagnose basic cloud properties such as
base height and cloud-top height which can be used to broadly
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classify the potential for convective development from a local
radiasonde, Hence, the model 4s viewed as a more comprehensive
Showalter (19%3) or Totals Totals Index of convective development to
examine the natural variability of thermodynamics related to
convective cloud development...®

Simpson's seedability concept, &s verified in her correlation approach
{Figure 1} and alssc later by Dennis ef al. {1975} and cthers, is the
most widely recognised scientific theory which has had apparent success in
confronting the rain stimulation problem. It attempts to identify
atmospheric conditions when the artificial cause (seeding) will have the
desired effect ({increased vertical cloud growth and rainfall). Thus, 1-b
steady state models may supply useful cost effective climatic information
for ralating potential causes to effects in cloud seeding. The i-D steady
state model approach 1is very crude, but that §s why it has been useful.
It examines a single and simple but fundamental ¢limatic 1ssue, the paten-
tial for vertical growth of individuzl convective bubbles or jets of a
given size 1ip the study region. Its realism {s not over-axtended to
details of ingividual cloud growth or temporal effects. It purports to
answer only one of many possible guestions, but it does supply a reliable
answer. The Florida cloud top height calculations from the EMB }-D steady
state model were on average within 50 meters of actually measured proximal
cumyl? tops (Simpson and Wiggert, 1971). Dennis, et. al. (1575} appiied a
slightly different 1-D 55 model and used soundings which were nol nearly
as c¢lose to the cloud cases as Simpson’s soundings but, on average
predicted cloud tops te within 200 meters of radar tops. These studies
and three others {Meinstein and MacCready, 1969; Sax, 1967; Mathews, 1981)
found good <corrvelations {r = 0.8} between model and observed tops.
Finally, wusing IlTinois soundings much dater, Wiggert et al. {1982)
also concluded that "the {Florida) model’s predictions are realistic and

can discriminate between broadly different weather situations", If
frequent seedabilities >} km are found in a region, there may be poiential
for seeding-ephanced rainfall wia the dynamic hypothesis. 1f the
seedability is weak or infrequent, other concepts have to be drawn in.
Thus, this iype of sounding analysis is =&n essential first step in
understanding regional potential for rain augmentation.
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A wmyriad of Tecent and past articles point to the high frequency with
which many other knowledgable atmospheric scientists overseas have drawn
this same conclusion (e.g. Ackerman & Sun, 1985; Mathews, 1981: Smith
et al., 1986; Stith, 1983; Hudak and List, 1988; Sax, 1872;
Simpson and Wiggert, 1971; Weinstein and MacCready, 1968; Dennis et
al., 1975; McCarthy, 1972; Semonin, 1977; Simpson and Brown, 1978;
Miggert et af., 1982).

Weinstein and MacCready described the situation which prevailed before the
1-D 55 models were applied:

"The principal reason for the inconclusive results obtained in many
of the previous isolated cumuli seeding experiments was a poor choice
of test clouds. Clouds which could not have possibly responded
appreciably to seeding treatwent were seeded along with those which
couid, and did, respond. When cloud top and precipitation increases
for 211 of the clouds were combined, the negative, or n¢-increase,
cases masked the favorable cases and the results were jnconclusive,”

The concept of seedability, as revealed by the 1-D 55 Model studies chang-
ed alt this. These studies show that the Florida climate has significant
seedability ({(over 1 km) present on about 50% of summer days. In other
climates (Virginia, the High Plains, Arizona, I11inois) seedability is
much ltess frequently observed {only -50 to 70% of the time}. Worse yet, a
study of 39 days in Horth Qakota showed only two had seedabilities over
1.2 km and only six had seedabilities over 0.5 km. For this and other rea-
sons, it was concluded that only microphysical seeding effects were iikely
in that climate, Thus, seedability is & key climatic variable for rain
stimylation research, and §s particutarly 3$mportant to consider in the
Eastern Transvaal where many seeded clouds do not show obvious seeding
effects.

In addition, the crude 1-D steady state model output rain estimates were
one of the most valuable ggyariates in the FACE rain enhancement analysis

(Flueck et al., 1986}.

Finally, it should be recognised that these simple model runs are very
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inexpensive, and that steady state c¢Toud assumptions have been used
recantly 1in another application by an eminent atmospheric scientist
because it 1is believed that the best appreach is to use the simplest
possible model. It is still necessary to Yearn "how simple a model can be
and still remain useful” for explaining ebservations {Knight, 1987).

3. DATA

In the present study, December, January and February merming soundings far
the 3-year MHelspruit phase of the PAWS project {1984-87) are analysed for
their seedability and other c¢loud medification potential. The morning
data set was selected for primary amalysis because it was nearly complete,
and because the balltoon soundings were taken at zbout the same time each
day (-0800 SAST). The later soundings made by the Learjet upon take off
or near cloud cases at the end of operations are aiso of great value, and
will be examined later. However, since these required a plane flight,
were not time synchronous and were much less frequant (-22% of the days)
they are not as suitable for a full ciimateloyy.

Unfortunately, most of the Nelspruit soundings were terminated at levels
above 200 mb (<l2.4 km}. Temperatures at 50 mb intervals from nearby
Pretoria have been substituted for the missing data zbove 200 mb.

4., THE GPCM

The Great Plains Cloud Model (GPCM, Mathews, 1981; Hirsch, 1971) was
selected for use because it appears to be more accurate than the
well-known 1-D model of Simpson and Wiggert (Ackerman, Erosh and Sun,
1979; Ackerman and Sun, 1935). The BPCH is less V1ikely to over-estimate
cloud tep heights. The GPCM computer program has two basic functions: to
determine the in-cloud thermodynamic and dynamic structures.

The thermodynamic calculation to determine the in-cloud tapse rate is:

d7 g ol, BL, el,lg |t
— == [1+—]-p(T-Te} - —{q-q)fl + {1
a | RY ¢ _ ¢ RT?
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A set of assumed freezing functions simulates npatural {-20 to -40°C)
and modified glaciation (-5 to -25°C).

The dynamit equation governing the vertical cloud motion (w) is

1 dw? T -T,
qr s

¥

- Q) - : (2)

This dynamic calculation is made to determine the vertical air velocity,
based on environmental and in-cloud virteal  temperatures (T,
T.), the water Joading (Q), and the assumed mixing process. The
cloud ftop height is defined by w= 0. The calculations are terminated
when w = 0. This is a steady state equation with no horizontal advective
terms included and 1is the source of the models name, "one-dimensionai
steady state”. Thus, this equation is obviously also the source of many
of the models mest noticeable shortcemings, such as the lack of larger
scale forcing for example.

A number of mixing calculations are performed te account for entrained
momentum, mpisture and energy. The basic expression for the fractional
mixing rate (g = {1/m){dm/dz)} of the mass flux {m) depends on the
cloud radius (R) according te p = 0.15/R. 5mall clouds are sevarely
diluted in calculations for deep ascents {~10 km) and approach the environ-
mental conditions but targer c¢louds may be diluted by only -25% far the
assumed mixing function.

A set of bulk moisture balance equaticns are solved to account for the
formation and partitioning of Jliguid and frozen water intc cioud, rain,
ice and graupel components via condensation, freezing, auto-conversion and

accretion, Equations are upsed for rain and graupel colleciing cloud
water, rain water and cloud ice. Graupel 1s allowed to form between
-8°C and the glaciation temperature. The fractional precipitation

fallout is calculated to be the ratic of the time for the parcel to rise
through the wvertical height step over which the integration is performed
to the time the volume mean diameter particle requires to fall through one
cloud bubbie radius.
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The program calculates the moist adiabatic ascent and wixing separately
for each 200 m height step. The moist adiabatic values at the new height,
, @&nd g, are adjusted for mixing with the environment (e)
via

T+ T paZ
T Trmr
and
q, + g, pal
4% = T+ L
T, and g, are the final in-cloud values after resaturation and

are determined via successive approximatian with

i
T,=T, - 'E; (9 - 9,)

The cloud water and ice ceontents mixing ratios (Q, and Q.)
linearly vary in reverse direction over ihe freezing interval chosen. The
temperature change reswlting from the partial freezing is given by

€L, _
uJ QJLF + T ['E,.. -Ei:'
AT = — -
Q, €L e,
C +g L +
O - 3 C

where {, is the total amount of 1iquid available for freezing and
Q, is the amount of liquid to be frozen, ?; is the weighted
mean of e, and e..

Sensitivity - Cloud Base Conditions

The cloud base conditions (height, updraught dimension and speed} need te
be determined for each model run. The cloud base height is determined in
the model pre-processing of the sounding. Various updraught radii betwzen
%00 {tp 6000 m are assumed for each soumding. The initial cloud base
updraught speed 1is assumed to be 2.5 mps. The model is sensitive to all
of these inputs, but probably least so to the cloud base updraught speed.
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5. RESULTS
Seedabilities

234 soundings were examined. These represent 87% of ihe possibie morning
soundings for December, January and February 1984-87.

Only abeut 9 to 1%% (depending on the subcloud mixing depth used) of thase
234 days had seedabilities (S} over 1 km for at least one of the assumed
input cloud radii (0.5 to 6 km) for the runs with 60 and 100 mb mixing
depths, respectively. The 100 mb mixing depth produced seedabilities over
1 km on 60% mora days than the 60 mb mixing depth. Altheugh 43 to 50% of
the days had seedabilities greater than zero, only S»>I km cases are
considered physically meaningful {Mathews, 1981).

Flight operations Tleading to successful case jdentification for inclusien
in the PAUS experiment occurred on about 22% of the 234 days with morning
soundings. However, these cases coincided with seedability over 1 km for
anly about 4 te 5% of the total study period. Thus, most [~75%) of the
operationally active 22% of the days had morning soundings with S<1 km,
However, 56 to b3% of the case days did have 5>0 on the morning sounding.

The 1largest seedabilities at Nelspruit were over 8 km. The average value
of the maximum seedabilities which were over ] ka is a substantial 4.]
k. Thus, when prasent, dynamic effects are expected to be strong in ths
Fastern Transvaal,

Seeding Windows

Abaut half (46 to 51%) of the days with soundings indicated that natural
clouds would rise above the -10°C level for at Jeast one of tha
assumed cloud radii between 0.5 and & km. OF these days, again about half
{45 to 50%) appeared to be quite promising candidates for rain stimulation
through glacicgenic seeding because their natural tops were not predicted
to pass above the -20°C level and they would not be expected to have a
great amounit of natural glaciatiaon. Thus,_ahuut a quarter {21 to 25%) of
all the days at Nelspruit have scundings which favour positive glaciogenic
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seeding effects. About 43 to 60% of these days (9 to 15% of the total
number of days) have seedabilities greater than 1 km and thus hold the
further promise of relatively well understood dynamic effects on rainfall
in the Eastern Transvaal,

Mcdel Accuracy

Since experimental cloud cases had to have towers penetrating the
-10°C level, they provide rough quality control information. The 1-D
model apalyses of the morning soundings indicate that 63% of the natural
experimental cases should have had towars reaching the -10° leval.
Given that some previous 1-D cloud model studies in other climates have
shown that mesoscale variability of seedability may be great {Cotton and
Tripoli, 1980}, that morning soundings will obviously underestimate after-
noon  convactive potentizl (and seedability) and that the actual ¢leud
cases were obtajned for the experiment in mid-afisrnoan about € hours
after the morning soundings, the 63% figure suggests that accurate local
model performance has been obtained.

CTP

The coalescence time parameter (CTP) is by definition an inverse buoyancy
index intended to provide a measure of rise rates in clouds. The present
discussion focuses on the precision of the reltationship between ATS
and the actual updraught speed. Since the updraught speed may be expected
to follow the vertically integrated buoyancy from Eguation (2), the use of
a2 point value to represent the buoyancy can be expecied 1o give a far less
than perfect correlation with either model or actual updraught speeds.
The model values of ATS and W at 500 mb are both known and their
correlation is plotted in Figure 2. The correlation coefficient is about
0.8 regardless of whether the comparison of w is with &4T% or
(ATE) 172, The correlation is based on model runs for an assumed
cloud radius of 6 km (minor entrainment), with the rising air "parcel"
defined by the average of the lowest 100 mb of the atmosphere. Thus, al-
though there is good correlation between the point values of &T5 and
the wvertically integratad values of w, there is still a substantiail amount
of unexplained wvariance in the relatisnship (~40%) which it might be very
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useful to reduce as this could lead to a more efficient stratification
parameter,

6. CONCLUSION

Using either 60 mb or 100 mb mixed layers for averaging the sub-cioug
inputs of thermal and latent energy suggests that only about & to 15%
(respectively) of the morning soundings at Nelspruit would be associated
with promising clouds for rain stimulation activities based on the dynamic
modification hypothesis.  Thus, the main conclusion of this study is that
the frequency of good potential for dynamic seeding in the morning at
Nelspruit is much less than in most other locations where 1-D cloud models
have been applied. For example, Florida, Arizona, [1linois and Virginia
have seedabilities over 1 km on between about 90 and 50% of the rainy
season days On the other hand, a South Dakota study found significamt
seedabilities which were both much less than the Nelspruit enhanced growth
projections and occurred less frequently {on enly about 5% of the study
days).

However, thers are caveais. It is {important to recognise that at
Nelspruit there were many more operational days than days with mornino
values of 5>1 km as there were airborne experiments on 22% of the days
with morning scundings. Furthermore, about 21 to 25% of the days at
Nelspruit appear suitable for some type of glaciogenic seeding, as natural
cloud teps are eaxpected between -10°C to -20*C and about 43 to 60%
of these window days have $»] km. Finally, about 56 to 63% of the opera-
tional days were associated with S>0 for the morning soundings and there
prabably were important destabilising changes of the thermodynamic
structure of the atmosphere during the course of the operaticnal days.
Although in some cases seedability probably impraved significantly, it
nevertheless seems likely that many of the actual case days were not
closely associated with significant seedabilities. Thus, dynamic seeding
enhancement, as described by Simpson et al. may not have been active
an a large number of the PAMS case days. The afternoon soundings will be
examined to clarify this point, Since PAWS cloud enhancements have been
reported, an important cencliusion 1s that other seeding enhancement
mechanisms may be active and require expleoration.
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In spite of the above, a dynamic effect may well be expected to be present
in many of the positive seeding results from PAWS, as 43 to 60% of the
days in the seeding window (-10°C to 20°C cloud teps) have S»1 km,
and when present, the dynamic effect is expected to be strong as the
average of the maximum seedability for cases with 5»1 is 4.1 km. Further-
more, given the fact that seeding signatures are often not apparent in
seeded storms, it may be that dymamic effects are the main enhancement to
PAWS clouds. Case studies will be continued to determine the relationship
between seedability and apparent seeding signatures.

Model output has also been used 1o suggest ways to improve the coalescence
time parameier as a stratification variable.
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D. THE COALESCENCE TIME PARAMETER

R C Grosh

1. INTRODUCTIGN

The coalescence time parameter (CTP} has not received adeguate attention,
This concept has been found to be useful in identifying cioud conditions
which are 1ikely to be associated with high liguid water contents in the
larger cloud drop sizes {Fiqure 1) and thus appear io be susceptible to
some type of glaciogenic seeding induced rain alterations (Mather et
al., 1986). The purpose of this note is to stimulate further
exploration of this interesting éunCEpt through the prasentation of
related PANS data and some speculative calculations.

The parameter {s defined by the ratio of the cioud base temperature [CBET)
to the 500 mb bugyancy (AT5)

CTP = CBT/ATS . (1)

ATS is determined by the temperature difference between the environ-
ment at 500 mb and a parcel rising adiabatically to that level from the 50
mb layaer nearest the surface. When the ratio is large, liquid droplets
are more 1likely and when CBT/AT5>2 curreni results alsoc suggest that
glaciogenic seeding is most effective in rain stimulation {Grosh and
Mather, 1988). This last condition corresponds t¢ the points above the 2
to 1 Yine in Figure 2. The plotied data points are from the Nelspruit
experimental cases sbtained by PAMS.

The flight Tevel serves as a constant reference levei {-10°C). Thus,
the c¢loud base temperature {and in-cloud Jlapse rate) determines the
distance the growing drops must rise before they reach the seeding and/or
sampling level for PAWS airborne opéerations. The vertically integrated
true buoyancy of the rising air parce) determines how rapidly it actually
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rises. The 500 mb point value of AT serves as a crude estimate of the
true parcel buoyancy. Together with the CBT, the buoyancy information
provides an index of the time required for the parcel te reach the con-
stant reference level height. This is also the time available for drop
growth via, for example, coalescence, Thus, the ratio is referred to as
tha coalescence time parameter.

In the mean HNelspruit PAWS case, CBT is 11.4°C (with a standard devia-
tion of #2.5°C}. The 500 mb thermal bucyancy for the 147 cases is
4.3°C, - on average (+1.9°C). The frequency distributions of both
CBT =and ATS are shown 1in Figures 3 and 4 {ihe bars repraseni an inter-
val one unit wide starting with the number below each bar}. Based on the
average ATS and CBT, the mean CTP from the PAWS data set is 2.65, with
variations of 1.38 to 3.33 associatead with the 5D of the CBY and with
variations of 1.84 ito 4.75 associated with the SD of ATS. Thus, it
appears that CTP is more sensitive to buoyancy alterations. IFf this were
true, CTP might be reducible toc a simple stability index. Furthermore, it
appears that the actual time available for drop growih is related to CTP
by a non-linear function. Thus, the actuval growth time could be even more
drastically affectzd by the relative variations of CBT and ATS. A
preiiminary investigation of these passibilities follows.

2. TINE FOR DROP GROWTH

The actual time available for any mechanism to act on the dropliets as thay
rise from ground base to the cobservation level (at temperature = TREF =
-10°C) can be estimated by

JREF - CB1

- .
. o (2)
LT > .

Here&, ¥ is the mean updraught velecity. W depends on the average parce}
buoyancy, B {-AT5/T), and the radius of the current, r. According to
Scorer and Ludiam {1553}, ¥ = ci{gBr)’2, with c = 1.2. The in-cloud
Tapse rate (1.) is taken t¢ be 5.5°C/km, and ATH s
assumed to be representative for Tlowar altitudes as well. Thus, the
approximate nature of CT must be immediately recognised.
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Analytic manipulation quickly reveals that because W is taken to be
proportional  to  (ATS)Y?, CT is related to CTP via non-linear
equations such as

T« 3, 35.1 x CIP(aTE) -
(AT5)M? (3a)
or
CT = 301 (CTP/LBTIVZ 4 30.1{CTP)¥3/CBTVZ, {3D)

However, CT is mors conveniently obtained directly from CBT and ATS,

CT = 301/{AT5)}!? + 30.1 CBT/{ATH)V? (3c)
= (301 + 30,1 CBT)/{4T5)"2

The distance travelled between cloud base and the -10°C level is on
aVErage about 3.9 km (m{-10"L-11.4°C)/-5.5°C/km). Fluctua-
tiens in the travel distance associated with the observed standard devia-
tion of CBT, 2.9°C, are between about 3.4 to 4.4 km.

If the average updraught of PAWS storms is about 5 mps as suggested by the
general radar analyses of Reuter {1990}, the time available for raindrop
growth is on average about 780 setonds with varifations due to CBT fluctua-
tions beiween about 680 to BBQ seconds., Small thermal bubbles (r -110 m)
must be associated with these velocities given the strong mean buoyancy
{4.3°C). However, if the average of the maximum in-cloud updraught
velocities ({-12.5 mps) measured at Nelspruit by Morrison et al. (1986}
are taken to be representative of the central convection, more realistic
large bubbles are permitted {r ~680 m) and CT is about 310 seconds with an
approximate 270 to 350 second range of variations caused by the CBT
variations.

The range of wvariation of W associated with the observed standard devia-
tion ({SD) {in ATS, +1.5*, is calcuiated with the W equation to be
9.4 to 15.0 mps (for the same large r). This W range is similar to the
observed wariation beiween fthe ‘“worst" and “best" cases averaged by
Morrison et al., 11 to 14 mps. Thus, variations in LT associated with
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buoyancy fiuctuations are calculated to be between about 260 to 410
seconds. Consequently, the buoyancy variations also appear to play a
slightly stranger role in determining CT than the cloud base temperature
variations.

The above calculations are summarised in Table 1 and indicate that the
actual drop growth time as the core of the rising air ascends the nearly 4
km distance above c¢loud base to the flight level is mast 1ikely to be
about 4 to 7 minutes. However, CT may be over 15 minutes for cases with W
-5 mps. The key wvariable not well specified from measured datz is the
updraught radius, as this may dominate the calculations. Mevertheless,
the main conclusion is that both CTF and CT are more strongly influenced
by buoyancy than by the cloud hase temperature variaticns.

The relative variation of CT is smaller than that of CTP. Over the range
of the PAWS data set a factor of 10 change in CTP corresponds to only a
factor of -3 change in CT (Figure 5). Another important result is that a
Tinear function fits the observed {CT, CTP) data points very well [r =
.89},  Thus, in the present theory, the relaticenship between the index and
the actwal time available for growth appears to be relatively simple.
Furthermore, the dataz peints 4n Figure 5 revesl that the time available
for droplet grewth that corresponds to CTP = 2 is -250 seconds. However,
at this point the true importance of ATS compared with CBT is somewhat
difficeit to determine, particuiarly for the more realistic case of
simuttanecus ATS and CBT variations.

Table 1:  Flectyations in the cozlescente Lime parameter and the
coalescence time due 1o variations in cloud base temperature
and buoyancy for PAWS cases.

CBT{11.442,.9%C) ATH{4.3+/-1.9"C)
Ave
+15D -15D +150 -15p
h cTP 2.65 3.33 1.98 1.84 4.75 i
AZ (km) 3.9 4.4 3.4 {3.9) (3.9}
| W {mps) 12.5 (12.5) (12.5) 15.0 9.4
I T (sec) il 353 288 259 414
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The relationships that CT? and C7 have with their independent variables
{CBT and ATS5) are revealed by the gplots in Figures & and 7. The
substantial ranges of variation in both CTP and €7 associated with changes
in AT5 are evident, but the bulk of the variaiions is associated
primarily with only a few small ATh observations. On ihe other hand
avoiding cases with the ratio greater than twp eliminates the strongest
puoyancies (Figure 6a). There is far more scatter of CTP and CT over the
range of CBT ([Figure 7). This is partly because CBT and ATS are
poorly correlated (Figure 2}. However, the expected increasing linear
relationships would be better supported by the data if two cold CET
{-4°C) data points from one day were not present.

3.  MATHEMATICAL ANALYSIS

The best means of analysing the variations of CTP and CT with simultaneous
variations of both 4TS5 and (BT is probably wvia the total differen-
tial. The total differential is often appiied in error analysis. The
total differential of a function (f) is given in terms of the partial
derivatives with respect to the related independent variables (e.g. x, ¥),

df = £, dx + f, dy, (4)

where f_ and fr are the partial derivatives of f. for the
case of £ =CT (or f = CTP), the most obviously related variables are CBT
and ATS. However, it may be important to recognise that other vari-
ables correiated to the independent variables may make substantial contri-
butions to the wvariation of CTP and CT. MNevertheless, the analysis here
considers only the CBT and AYTS contributions, and is therefore only a

relative comparison of the importance of these two variables, Thus,

1 CBT
d[CTP] = — d[CBT] - —— d[4T5] ) {5)
ATS {ATS)E

and

30.1 1/2(301 + 30.1 CBT)
d[CBT] - d[ATS] . {6)

d[CT] =
{aT5)17? (AT5)3/2
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Using the mean values for CBT {11.4°'C) and ATS (4.3°C} to
evaluate the partial derivatives and the ochserved standard deviations {2.9
and -1.9°C, see Table 1) for the independent variable differentials
(the d[CBT] and d{AT5) terms) yields

d{CPT]) = 0.233 [2.9]) - 0.617 [-1.8]
= 0.67 + 1.17 = 1.84
{or 36% + 64% = 100%)
and
d{CT] = 14.5[2.9] + 36.1{1.9]
= 421 + 68.6 = 110.7
{or 38% + 62% = 100%).

Since positive deviations from the mean CBT and negative deviations from
the mean ATS both increase CTP and CT, it is appropriate to compare
the impact of positive CBT deviations with negative ATS deviations.
The above numerical calculations are similtar to the results in Tabie 1
{divided by 2) and indicate that CBT and ATS coniribute 38% (=
42.1/110.7) and 62% of the total wvariation in CT, respectively.
Similarly, CBT and ATS contribute 36% and 54% of the CTP variation.

4.  CONCLUSTON

In spite of the fact that the theoretical relationship between the coales-
cence time parameter and the estimated actual time available for drops ris-
ing 1in convective currents to grow is non-linear, the actual data points
are very well fit by a linear function. Thus, the impact of buoyancy and
cloud base temperature on CT is not greatly distorted compared with their
impact on CTP. Consequently, the buoyancy contribution to both the
estimated droplet growth time and to CTP accounts for slightly more than
60% aof their total variations as determined by differential calculus.
Furthermore, the CTP = 2 threshold eliminates all the strongest buoyancy
cases and thus acts something 1like a buoyancy thresheld. However, the
cloud base temperature still makes a substantial contribution to the total
differentials of both CT and CTP and obviously can not be overlooked in
gither c¢ase. The PAWS data can also be used to crudely estimate the time
available for droplet growth. it is estimated for example, that a
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duration of <250 seconds coerresponds to CTP = 2. Therefore, a droplet
graowth time of more than four or five minutes appears to favour positive
seeding results in the Eastern Transvaal, although more data is desirable.
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TV¥. CASE STUDIES
Examipation of the observations from individual cases from the PAWS data
sat was undertaken to determine the nature of seeding effects en storm

processes and to better understand the mojsture processing mechanisms of
thunderstorms in the Transvaal.
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A. SEEDING EFFECTS
R € Grosh, € Muller
1.  INTRODUCTION

An integral part of many weather medification projects has been the
detailed examination of a few individual experiments to better Jink cause
and effect ({Grosh and Semonin, 1973; Farley, 1987}. Thus, a number of
case studies of seeded PAWS storms which appear to have responded have
been ipitiated to improve our knowledge of cloud processes at Nelspruit
and Carplina. These storms were selected from the summary radar histories
for each of the PAWS storms,

Previous research on seeding induced storm alterations through the study
of radar rain echa evolution and cloud photographs has shown:

1y Storms treated with Tlarge doses of seeding material within five
minutes of echo development may be by far the most effacied storms
{Gagin et al., 1986).

2} In the forty minutes following the start of treatment, seeded PAWS
storms tend to initially have more rapidly growing echs centroid
heights, followed by more intense reflectivities and, finally,
greater areal expansion and increased rainflux than their untreated
counterparts (Mather ot ai., 1988). Simpson and Dennis (1974)
describe a similar two step process of visually observed seeded cloud
growth, wvertical tower develepment followed by areal expansion with
both phases being accomplished in about 20 minutes.

3) Updraught stimulation due to artificial glaciation is quickly obser-
ved and glaciogenic seeding at the 6 km level can cause precipitation
gffects which may reach the lower region of individual cloud in ahout
¥ minutes (Simpson, 1970}, Grosh et z!. (1985) show that there
w2y be rapid (-5 wminute) communication between cloud top and the
rainout Tlevel. Hevertheless, in area experiments the net rainfall
enhancement from seeding may only become apparent after about an hour
{Woodley, et a7., 1982).
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4) Another important aspect of rain enphancement s cloud mergers.
Simpson (1980) suggests that these way be induced via enhanced
low-level convergence which is thought fo be associated with
updravghts and/or downdraughtis stimulated via glaciogenic seeding
under the "dymamic¢" seeding hypothesis. Induced cloud mergers are
viewed as being very important to rain stimulaticn efforts as merged
clouds are knewn to produce much more rain than the sum produced by
their constituent clouds before merger.

The case siudies have also been underizken to discover any similarity
between the earlier findings and the individual PAWS cases. Two seis of
case studies are discussed. These consisted of six Nelspruit and iwp
Carolina experiments.

2.  MNELSPRUIT CASE STUDIES

The radar observed cloud evelution of six Relspruit cases is depicted on
the “Storm Time History® profiles (Figures la to 1d}. Cases with rainflux
or other echv properties increasing within about 20 minutes of seeding
activities were selected for further study. Only about half of ihe seeded
cases had distinct signs of seeding dinduced increases on the profiles
(note logarithmic ordinates),

Case 40 (23/2/85)

Seeding began early in the echo lifetime of case 40, at 13:15 (SAST), or
about 10 minutes after the first echo (FE)}. & substantial increase in the
growth of echo size, height, and rain flux began about 10 minutes after
the initial seeding, and was sustained until shortly after the last of the
six penetrations (Figure 1la). The growth occurred mainly im the form of
two pulses, starting about 10 minutes and 50 minutes afier seeding began.

Case 56 (2/11/85)

Seeding of Case 56 started at 12:21, abeut 35 minutes after the FE (Figure
1b}. The first seeding penetration appears to have occurved at about the
same time a5 a distinct increase in the size and ra{nflux of the echo
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began. However, given the 7 to 8 minute resalution of the radar volume
scans, the precise time of the initial rise of the enhanced echo growth
raie is not known. The observed peak was at about 12:26. The increasing
trend in top height and rain flux were all underway before the seeding
commenced, buet at a less intense rate than after the initial seeding. The
last of the five penetrations occurred as the echo was well into its
decline. Conditions for effective seading may be assumed to have ended by
this time. The fast response to seeding [<5 minutes) seems less likely to
be & true seeding effect compared with Case 40 (Figure 1a).

Case 108 (27/10/88)

The first seeding penetration of Case 109 occurred at 16:;52, about 30
minutes after the FE (Figure Ic). A very distinct maximum in echa size
and rainflux occurred about six minutes after the last of the four
penetraticns and is reasonably impressive evidence for a seading effect
during a period of generally growing storm conditjons apd probable
Tow-lave] air flow convergence.

Case 125 {19/12/86)

The first of the six seeding passes through Case 125 began at about 13:00,
about 30 minutes after the FE, and during a period of sharply decreasing
rainflux (Figure ld}. This case was included because within 15 minutes the
rainflux began a strong comeback and quickly exceeded its eariier peak
value by a very substantial amount. This occurred during a period of
generally decreasing echo heights. However, top heights also reached
secondary maxima within 10 minutes after seeding commenced. A new cell
intensifying within the general echo mass seems to be the cause of the naw
growth, and was doubtlessly associated with a seeded tower. #s such, this
must be viewed as a promising case for a positive seeding effect.

Case 151 {6/2/87)

The FE of Case 151 formed about 5 minutes before the first seeding penetra-
tion at about 15:08 {figure le). The size of this echo was rather uniform
with little fiuctuation during or after the seeding period. WHevertheless,
a detectabie in¢rease in rainflux occurred at about 15:14, -6 minutes
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after the seeding commenced, but peaked well before the last of the seven
paretratjons. The quick appearance and moderate amplitude of the rain
peak appear somewhat dubicus as seeding signatures. In general, this case
was hot impressive evidence of a seeding effect, but a true effect cannct
be ruled out, especially in the light of the very large growth in the echo
top and 45 4Bz heights shortly after seeding commenced and the large
sustained echo volume during the seeding peried.

Case 155 (27/2/87)

The seeding of Case 155 began at 13:02, at least 40 minutes after the FE
(Figure 1f). Only a very slight increase in the rainflux occurred {a few
minutes after seeding), but a dramatic increase (~5 km) in the height of
the 45 dBz echo began about 10 minuies after seeding, and was accompanied
by moderate rises of the echo top height and centroid. Interestingly,
there were only tws short penetrations at 13:01 and 13:03 {of 13 and 24
seconds of seeding duration, respectively). The medest increases in eche
centroid height and rainflux suggest that the normal seeding signature is
only partly present, and may be explained by the decreased dosage (~8.9
kg) and lack of sustained treatment that this case received.

3. CAROLINA CASE STUDIES

The two Carolina cases selected for study were also chosen because of
their relatively promising echo profiles for seeding enhancements (Figures
2 and B8). An  important difference from the Nelspruit experiments in
addition to the drier location at Carolina is that unlimited ampunts of
sgeding material could be released depending only on logistics and the
availability of suitable cloud towers.

CAROLINA CASE 6 (26/11/88)
Introduction
The storm on 26 NHovember 1988 was selected for study because it included a

merged echo track (Figure 2). This locally intense storm case was located
25 to 40 km north of Carolina and occurred between 12:50 and 14:40 as part
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of a line of scattered cells from 60 km north to 120 km southwest of
Carclina {Figure 3}.

Synoptic Situatien

The synoptic chart at 14:00 showed moist air east of z trough over the
Southern African interior. A surface trough is usually aiso associated
with a well-defined moisture boundary, separating moist air to the
northeast from drier air to the southwest., Thunderstorm activity can be
axpected te develep within a convergence zone 200 to 300 km east of the
moisture boundary. However, as the study area was under a regiocn of high
pressure, convective activity was sowmewhat isolated (Figure 4}. The
maximum temperature near Carolina was about 30°C. The dew point
temperature wag about 9'C, Nearby rainfall measurements from the
syncptic report were beiween 2.1 to 3.6 mm for Carelina, Ermelo and Piet
Retief. No rain was reported at any of the other rain-recording stations
in the area.

Storm Echo History

The storm echo top reached to 14 km and with a mean area of 50 km?
and a volume of over 300 kw®, it classified as a moderate to smali
storm with a fal) top (Table 1}. The probabiliiy for the presence of haii
was high, due te reflectivities being larger than 50 dBz, with the 45 dB62
contour extending to almest 12 km. Ouring its ~]00 minute Tifetime, the
storm tracked a distance of 27.2 km,

The seeding signzture appeared shortly after the end of the 10 seeding
penetrations and about 50 minutes after seeding began at 13:11
{Figure 2). The cumulative seeding time amounted to 215 seconds, =
substantial increase over the 120 second (23 kg) 1limit used in the
Nelspruit experiments. The last seeding penetration began at 13:54 and
lasted 15 seconds. The growth of the storm size, mass and rain flux
commenced at about that time. This suggests the prolenged seeding may
have been successful in favourably altering the precipitation process.
Since the echo volume and height increased distinctly, the dominance of a
dynamic alteration over a static effect seems likely, but is not proven.
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Table 1. Echo Characteristics of Carolina Case 6.

Echo top mean : 10 480 m
Yolume mean 1 321 km®
Total mass mean . 231 kign
Area 3° mean : 49.9 km
Area cutoff mean : 37.4 me
Rflux 3° mean : 232 m*/s

Rflux cutoff mean 131 mafs

CCL temperature : 6.0°C
Buoyancy at 500 mb 2.3°C
TCCL/DT500 : 2.6

Upper Air Sounding

The earlier of the twe aircraft soundings started at 12:24 (Figure 5a).
The cloud base temperature was 11.7°C and the avérage sub-cloud mixing
ratio was 10.8 g/ky. Ona of the main features prasent was an elevated
inversion layer at about 450 hPa. At Preteriz, winds were from the nortih-
west or west betwsen 500 hPa and 200 hPa. Below 500 hPi the wind was weak
but consistently from the north. A sirong low level inversion and the low
mixing ratio were not very promising for a strong convective day. The
coalescence time parameter {9), the ratio of cloud base temperature to the
500 mb thermal buoyancy, was well above than the ¢ritical value {2). This
suggests substantial time was available for rain drop growth in the
updraught.

The second sounding was taken during the period of apparent seeding
induced rain enhancement at 14:07 {Figure 5Sb}. The 500 hPa buoyancy,
though initially small (1.3 *C), was positive and increased with time
to 2.3°C. The coalescence time parameter (2.6) had decreised markedly
but was still above 2. Although a stabilising change can be seen in the
sTight decline in height of the upper inversion from the earlier sounding,
the dew point temperature near 650 hPa is now approaching the environment-
al tewperature trace. This and the buoyancy trend suggest that instabili-
ty adequate for substantial wertical cloud growth was now prasent. The
observed cloud growth proves some type of destablising mechanism, like
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Analytic manipulation quickly reveals that because W s taken to be
proportional to  {ATS)YE, €T is vrelated to CTP via non-linear
gquations such as

¢T= 30 | 30,1 x cTP(aTE)1 ' B
{AT5)1/2 _ (3a)
or
CT = 301 (CTP/CBT)Y? + 30.1(CTP)*/2/CBTYZ, {3b)

However, CT is more conveniently obtained dirvectly from CBT and ATS,

CT = 301/(AT5)2 + 30.1 CBT/(ATS)!/2 | (3¢)
= (301 + 30.1 CBT)/{aT5)}¢

The distance travelled between cloud base and the -10°C level is on
average about 3.9 km {=(-10°C-11.4°C)/-5.5"C/km)}. Fluctua-
tions in the travel distance associated with the observed standard devia-
tion of CBT, 2.9"C, are beiween about 3.4 to 4.4 km.

If the average updraught of PAWS storms is about S mps as suggested by the
general radar analyses of Reuter (1990), the time available for réindrup
growth 1is on average about 780 seconds with variations due to CBT fluctua-
tions between about 680 to 880 seconds. Small thermal bubbles {r ~110 m)
must be associated with these velocities given the strong mean buoyancy
(4.3°C). However, if the average of the wmwaximum in-cloud updraught
velocities {-12.5 mps) measured at Melspruit by Morrison ef al. {1986}
are taken to be representative of the central convection, more realistic
large bubbles are permitted (r -680 m) and CT s about 310 seconds with an
approximate 270 to 350 second range of variations caused by the CBT
variations.

The range of variation of W associated with the cbserved standard devia-
tion (5D) in ATS, +£1.9°, is calculated with the W equation to be
2.4 to 15.0 mps (for the same Varge r). This W range is similar to the
observed variation between the "worst” and “hest" cases averaged by
Morrison et al., 11 fo 14 mps. Thus, variations in CT associated with
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seeding enhanced downdraughts (or updraught induced surface Tow pressure
areas), must have bean acting on the low-leval environment of the cloud
since the first sounding. However, the nature of the true mechanism is
net clear at present and requives further analysis which would have had
much more chance of providing a firm answer if it had been supported by
Doppler radar observatiens. The rather iselated activity (Figure 3) is a
sign of relatively dry atmospheric conditions, and weak flow dynamics.
However, storm motion and height suggest the influence of the northwest
winds above the seeding level (-]0°C or -500 mb). Thus, 1t appears
seeding enhanced downdraughts may have transferred upper level northwester-
Ty momentum downward and spread out to the southeast at the surface set-
ting up convergence as a propagation mechanism in the lower atmosphere
near the storm.

Storm Track

The radar echo track for the seeded cell during the time period 12:56 to
14:37 is depicted in Figure &. The computer analysed PPl echo area is
alst shown schematically as a function of time. The rain echo travelled
from northwest to southeast at an average speed of 18 kw/h. At about
13:30, there was a temporary pause in the storms motion which lasied about
a2 half hour, and was associated with cloud merging.

The Learjet and cloud base plane paths indicate that the seeding took
place just to the northwest of the actual rain centre (Figures 6 and 7).
Thus, the seeding was upwind from the direction of cell propagation. In
the existing air flow, rain cells enhanced by seeding could have contribu-
ted to the downdraughts which caused the southeastward propagation of
cloud growth and, eventually, merger with another rainstorm to the south.

Detaited PPIs

The first radar echo of the case occurred at 12:56. Maximum reflectivi-
ties of 50 to 55 dBz occurred within minutes of the first echo {Figure
7a). At 13:37, thirty minutes after decisien time, the storm had expanded
and propagated as a small multi-cellular sterm about 10 km to the south-
east {Figure 7b). In close proximity south of the ireated storm is
angther storm ceil, propagating northeastwards.
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The two rain systems merged zbout 12 minutes later at 13:49 {Figure 7¢).
A consplidated storm centre with increased central area, is obvious at
14:03 {Figure 7d). By 14:30, about 20 minutes after the last seeding
penetration, the initial storm centre is dying {Figure 7e).

The merging of two separate storm celis can lead to greatly increased rain
production, The seeding was also closely associated with the core of the
initial storm intensity centre. Thus, the seeding may have led to the
merging and subsequent increased rainfall, as suggested in Simpson’s
hypothesis.

Discussion

Synoptic and environmental conditions are expected to strongly affect
storm history, even when seeding is effective. In this case relatively
dry, stable atmospheric conditions are assaciated with generally moderate
but Jeocally intense convective activity. The propagation of new cells
toward the southwest and the multicellular nature of the storm are
probably related to the northwesterly winds in the middle and upper
troposphere, and may have been seeding induced.

The entire seeding period lasted 33 minutes with an effective 3 minute 35
seconds of seeding time in the cloud. There is & substantial increass in
storm size and intensity variables just before the end of the last
penetration. This growth period lasted about 20 minutes and was associated
with a 10 000 ft {2 km) rise in storm height, a -300 ks® increase in
velume, and a ~400 m%/s inorease in rain  flux. This might be an
indication of a dymamic seeding induced cloud merger. However, an
exptanation for the siow response of storm rain output to the seeding at
earlier times is needed. Furthermore, the pattern of development appears
atypical of seeded storms at Melspruit in that the potable growth in storm
size and rainflux occurred aver 40 minutes after seeding hegan.

Doppler radar or other supperting observations would have been very useful
in this case, as the present analysis of seeding induced downdraughts
which lead to cell mergers is mainly conjecture.
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CAROLINA CASE 8 (29/1171988)
Introduction
A delayed reaction to seeding appeared on Z8 November 1988 in a storm to
the southeast of Carolina {Figure B). Thus, this case raises a key issua:
"What technigue can be used 1o relate a possible seeding effect occurring

with a potentially arbitrary delay to the treatment?"

Another wunuswal characteristic of this storm was its B0 km long track

{Figure 9}. The storm first appeared on the radar scope 10 km east of
CaroVina around 12:40 and dissipated 72 km to the southeast at about
15:00, Other storm activity occurred throughout the entirve radar viewing

area in the form of scattered storms (Figure 10}.
Synoptic Situation

Quring the afternodon, a cold front moved near Carolina with an anticyclene
to the scuthwest of the subcontinent driving weak southerly flow (Figure
I1). Temperatures in the study area ranged up to 27,5°C and the dew
paint was about [3°C, Under these conditions, convective activity and
scaltered thunderstorms can be expecied over the eastern and northeastern
parts of southern Africa. Consequently, widespread rain fell over the
radar viewing area with nearly all stations recording substantial amounts
over 40 mm.

Stors Echo History

The 1ifetime of the storm was approximately 140 minutes during which the
storm had 2 mean area of 45 km?, an eche top height of 6.8 km, and a
volume of over 100 ke, Thus, it was a smaller and shallower storm
than Carolina Case 6 [Table 2}.

Maximum reflectivities were generally much weaker than in Case B, typical-
ly being about 45 dBz or less. However, reflectivities were highest (57
dBz) Just before the seeding and exceeded 50 dBz for about 20 minutes
thereafter (Figure 8).
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Tabie 2. Echo Characteristics of Carolina Case 8.

ECHO TOP MEAN: 6778 m
VOLUME MEAN: 115 km
TOTAL MASS MEAN: 44 kton
AREA 3° MEAN: 44.5 knl
AREA CUTOFF MEAN: E.Eakmz
RFLUX 3* MEAN 91 my/s

RFLUX CUTOFF MEAN: 1im

CCL TEMPERATURE 9.9
BUCYANCY AT 500 mb: 2.7°C
TCCL /DTS00 3.7

The first seeding penetraticen into the c¢leoud occurred at 13:32 {Figure
8). The cumulative seeding timeé during the eight penetrations inte the
storm was 120 seconds. After a formerly slow and steady decline of ail
storm parameters, storm size, mass and rain flux suddenly increased at
about 14:24. However, the subsegugnt rain increase is delayed longer than
normal for seeded PAWS storms, as it begins ~50 minutes after seeding
commenced compared with the normal 20 to 40 minute lag.

Upper Air Sounding

At the time of the first sounding {12:43), the cloud base temperature and
average mixing ratiec were 11.6°C and 11 o/kg, respectively {Figure
12a). Upper air wind data for Pretoria showed west to northwast winds up
te 100 hPa. Relatively strong northwesterly winds were preseni near the
surface. The occurrence of many scattered cells indicates more widespreaad
instability, and with the Jack of a mid-level trapping inversion, the
conditions seem more promising for natural cloud growth than on 26
Novembey 1988. However, the echo top of Carolina Casé No. 8 never
exceeded 10 km. Nevertheless, the 500 mb buoyancy (2.7°) was
moderate, and the Tlarge CTP (3.7) suggesis adequate time for drop growth
in updraughts was available during the sterm {Figure 12b).

Storm Track

The radar echo followed a Tong narrow storm track, propagating from north-



149

west to southeast in the direction of the wind but with an average speed
of 37 km/h ([Figure 9), Seeding occurred west of the fast moving echo
centre {Figure 13}.

Detailed PPIs

Rapid growth of the storm followed the first radar echo at 12:42. Tha
quick development of new cells was conticuous throughout the echo pattern
and may bhave been & seeding effect {Figure 13). However, the overall
storm size decreased immediately after the seeding. Nevertheless,
propagation of npew c¢ell1s continues until about 14:07, when the storm was
pnear its minimum size. The last seeding penetration occurred at 14:04,
and about 20 minutes later, the storm increased in strength reflecting z
possible positive seeding effect (Figure B). If so, the storm life has
been pralonged for abeout 20-30 minutes, resulting in longer rainfall and
subsequently increased total rain output.

Discussion

The late peak in the rainflux might indicate & positive seeding effect in
this case, although the response appears to be a bit slower than normal.
However, without additional observational and/or cloud modelling tools it
is impossible to link cause and effect with confidence.

4. BGENERAL CORCLUS1ON

The fact that the search for obvious seeding signatures amongst the PAMWS
starm radar histories was frequently unsuccessful is of fundamental import-
ance - the integrated properties of many storms do not appear to have been
strongly affected by seeding. Furthermore, the storms studied evolved in
a wvariety of different patterns after the seeding. The meaning and
importance of this diversity requires further study., The variety of cloud
response  times suggests different seeding paths and influences. Thus,
trajectories of the seeding material and the affected air and precipita-
tian must be known to Jink cause and effect. This information cannot be
obtained without the use of muitiple Doppler radar observations ar
detailed multi-dimensional «cloud moedel calculations. More extensive
surface and airborne observations would also have been helpful.
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€. RADAR OBSERVATIONS OF PRECIPITATION PRODUCTION IN PAWS STORMS

G Reuter

ABSTRACT

During the 1last six years, digita) radar data have been recorded at Nels-
pruit for numerous storms in the PAWS region. The present work syntha-
sizes some of the radar data te obtain estimates of the total amount of
precipitation produced in a storm, the rate at which the rain is produced
and the {total outflow of rain at cloud base. We believe that a careful
study of rain production in FAWS storms is mandatory in considering the
potentizl rainfall erhancemert by seeding. The major findings are the
following:

{a} Precipitation production varies greatly during a sterm life cycle.

{b}) During the matufing staga, the storms had precipitation contenis of
abgut D.2-5 Tg and rainfal) rates of about 0.3-2 Gg/s.

{c) Rain accumulation ranged from about 1-10 Tg.

{d) The precipitation production in Lowveld storms agree well with those
reported by others for Tlarge thunderstorms in Alberta and New
England.

Finding ({d) 1impiies that the integral properties of convective storms in
different geographical localities are rather similar, in spite of the fact
that the microphysics of these storms differ greatly.

1.  INTRCDUCTION
Mast of the rainfall in the tropics and subtropics is produced in cumulus

clouds. Organized convection also cccurs frequently during the summer in
mid-Tatitudes, and may contribute substantially to regional razinfall.
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Precipitation production can be characterized by the time evolution of two
storm-integrated quantities: the total precipitation content P{t) within
the storm volume at time t, and the instantaneous outiflow rate O} at the
cloud base. Both guantities can be estimated froem a series of radar obser-
vations of the three-dimensional storm pattern. Using a single relation-
ship between reflectivity facter and precipitation content and integrating
over the storm volume provides a crude estimate of P{t) since hydrometeor
phase is not considered {Grosh et al. 1983)}. Applying an empirical
relationship between reflectivity and rain rate to the data near cloud
base, and integrating over area, yields an estimate of 0({t).

Fstimates of integrated storm parameters have been reported for storms of
different intensities occurring at different geggraphical Tlocations:
severe hailstorms in Il1linois (Mergan and Grosh, 1972}, hailstorms over
Alberta (Pell, 2971), a huge convective storm complex over Quebec {Holiz,
1968), a severe Jlacal storm over Okilahoma (McLaughlin, 1967), infense
thunderstorms aver HNew England (Geotis, 1971), & hailstorm over Oklahoma
{Fankhauger, 1971), a thunderstorm of "modevate intensity" over Caolerade
(Foote and Fankhauser, 1973), large thunderstorms over Alberta (Rogers and
Sakellariou, 19B6) .and air mass storms ¥n I1linois and Missouri (Grosh,
1978}, Before reliable radar data were available, integrated storm para-
meters had been estimated using data from radjosondes and rain gauges
{Braham, 1952). Some estimates of precipitation production were also
derived from vresults of numerical <loud meodels {Sikdar et al., 1974;
Reuter, 1988}.

Remarkably, the English Titerature does not coniain much information about
the magnitudes and temporal behaviour of integrated storm parameters for
thunderstorms in regions outside WNorth America, except perhaps Brasil
{Grosh, 1985).

The purpase of this study is to analyse precipitatien production in convec-
tive storms occurving over the Lowveld in South Africa. Using radar obser-
vations for three days, the precipitation content P(t) and the outflow
rate 0Ot} are estimated for nine intense thunderstorms, along with the
accumulated outflow through the cloud base, the total generation of preci-
pitation, and the characteristic time and updraught for the precipitation
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process. These estimates will then be compared with those reported for
thunderstorms in New England and Alberta.

2 DATABASE

The storm observations used in this study were collected during the
1986/87 field season of the Project of Atmospheric Water Supply {PAWS) in
the Lowveld of South Africa. The radar was located at Melspruit. Most of
the annual precipitation in this region falls during the summer from con-
vective storms, often accompanied with hail (Kelbe, 1982}. Localized
storms ever the Lowveld are usuzlly triggered when the easterly low-level
moist airflow is able to pengtrate the capping inversion typically present
in the lee of the escarpment barrier (Garstang et al, 1987). Analysis
of microphysical measurements indicated that rain is formed mainly by a
¢oalescence-freezing precipitation mechanism (Mather et af., 1988).

The Pacer [IIl Radar located at Nelsprueit cperates at a wavelength of 5.3
cm. It transmits a peak power of 250 W in pulses of 2 ps duration.
The pulse repetition frequency is 200 Hz, the horizontal and vertical
beamwidths are about 1.6°, and the anteuna’s gain factor s 40 d8.
The antepnz rotates in azimuth at a scan rate of 3 rpm and ascends in
elevation to 20°. As the Melspruit radar 1is surroundad by hilly
terrain with mountains to the east, the elevation angle is never lowered
beneath 3°. A complete volume scan takes abeut 8.5 minutes. However,
when convection is isolated, sector scanning is employed to improve the
time resolution.

Radar data are stored every degree as the mean values from eight returns
0.125° apart in azimuth. In range, data are stored from 10 to 130 km
at 600 m intervals. In this study, however,to aveid cases with poorly
aobserved tops or bases, only data within the range 30 to 6D km are
examined.

3.  METHOD OF ANALYSIS

The method ¢f data analysis follows that of Rogers and Sakellariopu (1988).
From the observed radar reflectivity value, 7 (em®m™), rain-
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fall rate R (mm h') is derived using the Marshall-Palmer (1948)

relation Z = 200 RS, The outflow rate s .obtained from an area

integration of the rainfali rate R near cloud base level. The reflectivi-
ty values are converted to precipitation content values M (g m3)
using the relation of Z « 20300 M%7 first suggested by Morgan and

Mueller (1972} for severe storms. The total precipitation content P{t) is
obtained from integration of M over the storm volume. The values of O and
P depend slightly on the value chosen for the echo threshold that defines
the storm beoundary. For the data observed, it was found most appropriate
to use a threshold wvalue of 30 dBz, corresponding to a rainfall rate of
2.7 mm hl. This threshold value was high enough to allow tracking
of convective echogs even when they were embedded in layers of nimbus
stratus. On the other hand, the threshold value of 30 dBz was also suffi-
ciently low to dnclude almost the entire precipitation region for the
integratijons.

It is difficult to judge the accuracy of the calculated values of P{t) and
O{t}. Some errors are 1ikely to occur due to the simple Z-R and Z-M
relations that are probably not highly accurate for those regions in the
storm that have ice-phase precipitation. Also the cheice of the 30 dBz
threshold will result in underestimating the actual storm size. Other
sources of error may come from partial beam-fillting {due to poor radar
spatial resolution) and from wertical drafts near the cloud base. The
estimated values are probably within & factor of two of their corract
values.

There are a number of other variables that can be derived from P{t)} and
0(t) that further characterize the precipitation production. The accumu-
lated wmass of precipitation that has fallen from the storm up io time t
can be obtained by integrating the gutflow rate O{t). The cumulative
amount of precipitation generated G{t) is defined by the mass of precipita-
tion aloft plus the accumulated outflow. Thus 6 can be written as

6(t) = f§ s(t)dt = P(t) + f§ oct)dt , (1)

where g{t) is the rate of generation of precipitation, i.e. the rate of
accumulation aleft plus the rate of cutflow., Other quantities that will
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be examined are the average precipitation content and the average rainfall
rate, defined by P/V and O/A whera V and A dencte the storm velume and
hase area. Holtz (1968) introduced the concept of the characteristic
time, 7, of the precipitation production defined by the ratio

Tt} =

o~

(2)

In periods during which P(t) and O(t) are relatively steady, 7 can be
interpreted as the time needed far precipitation development. [Inspired by
the approach of Holtz, we define the characteristic updraught U{t} of a
storm by the ratio

uity = g (3)

In periods during which 0/A and P/V are relatively steady, U is the storm
updraught required to maintain an average precipitation content of P/Y
while rain is falling through cloud base at the average rate of 0/A.

4.  RESULTS

Data were analysed for 2 December 1986, 30 January 1587 and 9 March 1987,
The synoptic conditions on the three days were similar. An upper-level
trough was moving with the westerly flow over southern Africa. When the
flow passed over the mountain barrier in eastern Transvaal, it created a
subsidence inversion on the lee side of the escarpment. This subsidence
inversion was apparent in the sounding data for all three days, but most
pronouncad on March 9 (Figure 1), The low-level inversion layer is
usually not spatially uniform over the PAWS vegion (Garstang et al.,
1987}, but exhibits a detailed structure resulting from differential
sinking ovey the complex topographical shape of the escarpment.

Table 1 summarizes socme values derived from sounding data sampled by air-
craft rising from WNelspruit when convection started. Since the aircraft
did not measure the wind profile and moisture values for temperatures
below -12°C, the wind speeds and precipitahle water are taken from the
radiosonde cobservations sampled in the morning at Nelspruit. On all days,
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the surfate rir was very humid. The wvalues of vapor mixing ratio

{averaged over the bottom 60 hPa) ranged from 11.6 to 14.2 g/kg. Moist

conditions extended well to mid level Tayers with values of total Table

1. Parameters derived from observed sounding data for three different
days.

Parameter

i Surface pressure
Surface temperature

Average mixing ratiol
LCL pressurg
CLL temperature
Precipitable water?
Showalter Etabi]ity index
Wind speeds at 3 km AGL
Wind speed2 at 6 km AGL

Wind speed? at 9 km AGL {w/s)
; averaged over the lowest & kPa layer.

from the morning radiosende observations.

precipitable water ranging between 23.4 and 29.4 wom. The Convection
Condensation Level was close to 705 hPa and cloud hasé temperatures were
14 to 10°C, which s typical to ceool for Lowveld storms (Mather et
al, 1986). On all three days the atmosphere above the CCL was unstabie

io moist ascent. 30 January had the most unstable air with a Showalter
index of -9.6, while 2 December had the weakest potential for severe
convectian, Consequently, the largest and most severe storms occurred on

3p January, while the convection on 2 Oecember was the wezkest. On all
three dzys, the winds were rather calm in the Tower and middle Jevels.
Shear was weazk and there was also little veering. One of the consequences
of such calm wind conditions is that storms are usually short-lived, as
there is inadeguate shear to separate the cloud updraught from the
precipitation generated downdraught.

On 30 Janvary and 9 March, mpist convection was triggered throughout the
afternoon by surface heating at localized "hot spots™ near the foothills
of the escarpment. On 2 December, low-level convergence combined with
orographic 1ifting and surface heating to initiate the convection, start-
ing at abgui 10h00 Tocal time. On each day., a number of convective ele-
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ments at different stages of their 1life cyclie co-existed at any given
time. To examine this wvariability, we tracked those radar echoes with
signals above 30 dBz throughout thefr Tifetime using the tracking method
of Mader (1979)., For each cel) tracked, we cbtained the maximum volume,
echo beight and reflectivity factor during its 1ife cycle. The observed
frequency distributions of these parameters are shown for 9 March in
Figure 2. There was great wvarjability im storm size, intensity and
duration. Small hailstones were reported for some of the more intense
storms  {typically those with peak refiexivity factors exceeding 58 dBz)
but Targe hail stones were not recorded.

Table 2 summarizes some observed characteristics for nine storms.

Table 2. Estimates of certain thunderstorm characteristics.

= — S A N
Life- Total Maximum | Maximum Max imum
Storm Date time outflow | voluge areg reflectivity
(min) | (Tg) {kmg} {km®) (dBz})
—S— = .
A 9 Mar 75 1100 390 80 59
B 9 Mar &0 1000 1330 170 57
C ¢ Mar S0 1700 1590 260 581
D 9 Mar | -120 ~8000 4310 580 59
i 30 Jan | -120 -2000 1250 130 55
F 30 Jan | -180 -11000 8930 780 59
G 2 Dec 135 1700 480 130 58
H 2 Dec 130 1780 570 120 57
1 2 Dec 125 1280 420 135 L 55
Average --3280 | 214D 250 57

These nine cases are selected to be representative for the larger, more
severe storms observed on the three days. The values listed for maximum
volume, maximum area and maximum reflectivity are instantanecus peak magni-
tudes, Storms D, E and F, were not sampled accurately during their decay-
ing stage as they ieft the favourable range for good radar observations,
Rough estimates of the Tifetime and total outfiow for these storms however
were still made, based on the available data. The peak reflectivity was
above 50 dBz in ail nine storms. The values for total outflow varied con-
siderably, ranging by a factor of about 10, The four storms of March 9
had the shortest 1life time, consistent with the very weak wind shear on
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that day. Remarkably the three storms on December 2 were quite similar in
all guantities }isted.

For each storm, the time histories of the tota) precipitation content
P{t), the outflow rate O{t), the average precipitation content [P/V¥}, the
average rain  rate (Q/A), the characteristic time 7{t) and the
characteristic updraught U{t) were 3al] obiained. These parameters,
averaged over "their maturing stage" are listed in Table 3.

Table 3. Storm parameters averaged for the 20 min when the precipitation
content is maxisum.

- TN,
Average | Average | Charac- | Charag-

Rain Outfiow rain Rain teristic| teristic

Storm| Date content rate cnntgnt Rate time |updraught
(Gg) (Mg/s) (g/m} (mm/h) (min} (m/s)
A g Mar 290 329 0.79 17.7 15 5.9
B % Mar B0l 483 0.69 12.9 28 5.2
C 9 Mar 640 029 0.46 a.5 20 5.1
D % Mar 2ap8 1516 0.73 11.3 33 4,3
E 30 Jan 716 018 0.64 18.3 23 4.8
F 30 Jdan 5379 1857 D.74 11.7 17 4.3
G ? Dec 244 kL L] 0.82 12.% 12 5.8
H 2 Dec 267 307 0.57 12.0 14 5.8
I 2 Dec 212 349 0.55 12.5 12 6.1

Average 1282 692 0.67 1.1 23 5.

The "maturing stage" was taken as the half hour period when the precipita-
tion content values were maximum. Ouring this 30 minute peried, P and O
remained gquasi-steady (see e.g. Figure 3}, so that 7 may be thought of
as the duration for precipitation formation and U provides a rough esti-
mate of the average storm updraught.

The wvalues of rain content &nd outfiow varied greatly between the nine
storms. However, the values of the volumz average rain content and area
average rain rate were uniform, never deviating much from 0.7 g m?
and 11 mm hl. The characteristic time of the precipitation process
varies between 12 and 47 minutes, averaging about 23 minutes. The charac-
teristic updraught is found to be close to 5 m s™!, consistent with
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average draft measurements sampled by aircraft in Lowveld storms {Reuter
and Yau, 1987). The larger storms seem to have a slightly weaker average
epdraught.

Figures 3 to 6 show the evoluticon of precipitation production in Storms A,
0, E and F. Four pair of vartables are plotted as functians of time: out-
flow rate and vain content, area average rainfall and volume average rain
content, cumulative amount of rain generated and accumulated outflow, and
characteristic time and generation rate. To allow easy intercemparison of
differant storms, the same grdinate scales are used for all four cases.

The plots indicate that storm properties change considerably during the
lifetime of the storms. The values of outflow and precipitation content
are closely correlated in Storms A and F, but less in the other two

storms. ihe curves of average rainfall rate often show double maxima,
{Storms A, E, and F) and a similar behaviour is appareni in the average
prectpitation content. Veriation in rain production with a period of

30-4% minutes was also recorded in Albertz thunderstorms {Rogers and
Sakellariou, 1986)}.

The accumulated amount of rain gemerated and the accumulated outflow are
rather smaoth curves. The vertical separation of these curves shows the
instantansous rain content aloft. Total rain generated over the 1{fe of
egach storm is much larger than the maximum of P{t) present at any stage.
The characteristic time of the precipitation process is rather uniform in
Storms A and D, but irregular in the other two cases. In Storm F, 1
is close to 1000 s for the first 40 minutes, but thereafter it increases
with a factor of 3. This jump in 7 i5 caused by the "explosive growth*
in P{t} from about 100 to j200t Gg during the period 15h40 to 16h20. The
rate of generation of precipifation exceeds 3 Gg s during this

period. This large amount of precipitation is formed mainly in the upper
partion of the storm, and it takes several minutes before the rain
descends to the cloud base where it contributes to the outflow rate. The
generation rates in the other three storms are smaller. The peak valuas
found in Storms A, 0 and E are 0.57, 2.6 and 1.0 6g s°',

respectively.
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5.  COMPARISON OF RESULTS

The available data reported in the literature concerning precipitation
praduction in thunderstorms have recently been reviewed by Rogers and
Sakellariou (1986). The estimates of precipitation content and outflow
rate cover a large range of values, resulting from the fact that
convective storms vary ogreatly in size and intensity. This large
variability makes it difficult to compare precipitation production in
different storms. A comparison becomes even more problematic in that most
previous stodies dealt only with a single extremely severe storm which
might not be very representative.

To attempt to make a meaningful comparison of precipitation prodection in
Lowveld storms with those reported for storms elsewhere, values averaged
over many 5storms are required, Unfortunately only a few are available.
Tabie 4 summarizes average values for Lowveld storms, iogether with those
reported for MNew England storms (Geotis, 1971) and Alberta storms {Rogers
and 5Sakellariouw, 1984).

Table 4. Comparison between averages of storm characteristics.

Lacatian New Eng1and1 Alberta® | Lowveld

Number of storms

used far averaging 8 3 g
Duration {h) - 4.7 1.9
Accumulated rainfall {Tg) 5.30 4.90 3.28

Rain content at |
maturing stage {Tg) 1.70 0.78 1.28

Outfiow rate at
maturing stage

[Gg/s) 0.96 0.80 0.69

1

Taken Trom Geotis {1973).
Z Taken from Rogers and Sakellariou {1988).

The values for Hew England storms represent average values obtained for
eight severe thunderstorms observed with an S-band radar. The values for
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P and 0 were computed wusing smoothed cylindrical representations drawn
from RHI photographs. The assumption that the precipitation field is axi-
symmetric is a grass simplification, and therefore Geotis’ values repre-
sent only rough estimates, The values Jisted for Alberta storms show aver-
ages for only three 7large thunderstorms observed with a 10.4 cm radar.
The integral storm parameters were calculated as functions of time using
the same methods as reported here. Two minor differences, howaver, are
that Rogers and Sakellariou used 3 different Z-W relation and the echo
boundary was taken to be the 20 dBz contour. The "maturing stage" values
of P and O for the three Alberta storms represent the maximum hourly-aver-
age values. The data for Lowveld storms are averages for the nine storms
listed in Tables 2. The “"maturing stage” values are taken from Table 3,
representing values averaged Tor the 30 minutes when P is maximum.

Qur comparison suggest that the average values for the storms in the three
different regions are rather similar, The averaged accumulated outfiow
vatues are between 3.2 and 5.3 Tg. The average values of precipitatien
content and outflow rate for storms in their maturing stage ranged from
0.78 to 1.7 Tg, and from D.69 to 0.96 Gg s', respectively. The
most obvious difference between the storms is in their duration. The
average Jlifetime of thunderstorms in the Lowveld is about half of that in
Alberta. This finding has &lse been noted by Admirvat et al (1985} in
their comparison of hail fall characteristics between storms occurring in
Alberta and southern Africa. The shorter duration of Lowveld storms can
be attribuied to the weaker wind shear compared to Alberta conditions.

Rogers and Sakkelariou alsp included time history plots of storm para-
meters. As mentioned earlier, both the Alberta and Lowveld storm samples
have iwo or more peaks in their precipitation production separated by
about  30-45 minutes. The values of characteristic time 7(t]) and
generation rate g(t} reperted for Alberta storms compare well with our
estimates. The Lawveld storms have a stightly higher average precipita-
tion content and average rain rate than the Alberta storms. This finding
is expected, since Lowveld storms are warmer at cloud base. Also, the
troposphere is higher in the Lowveld and this results in taller storms.
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6. CONCLUSTIONS

Digital radar data were used io analyse the precipitation production in
thunderstorms over the Lowveld of southern Africa. Nine convective storms
from threse different days were selected for case studies. During their
maturing stage, the storms had precipitation content values ranging from
about 0.2 to 5 Tg and outflow rates between 0.3 and 7 Gg s°'. The
total mass of precipitation falling from cloud base was about 1 to 10 Gg.

The npine storms had similar values in volume-averzged rainm content {-0.7 g
m3) and area-averaged rain rate (-11 wmm 1) during their

maturing stage. The c¢haracteristic time for the precipitation process
varied from 12 to 47 minutes, with an average of 23 minutes. The charac-
teristic updraught, defined as the ratio of the instantaneous area-averay-
ed rainfall rate to the volume-averaged precipitation content, was close
to 46 m sl The time histories of storm parameters indicate that
precipitation production §s not a steady process. Some storms show
multiple peaks in their activity, typically separated by about half-hourly
intervals.

Our estimates of precipitation content and outflow rate, when averaged for
the nine Lowveld storms, agree weil with estimates reported for intense
thunderstorms over New England and Albertiz. The time variations of preci-
pitation production 1in Alberta storms also showed multiple peaks in
precipitation production, separated by 310-45 minutes. The sample of
Alberta storms, however, differs from the zample of Lowveld sftorms in that
they last longer, consistent with 2 stronger wind shear over Alberta.

This type of study can be extended im many ways. One useful extension
would be to znalyse many more storms, and to stratify the cases into diff-
erent classes according to synoptic conditions and atmespheric stability.
With a sufficiently large number of storm cases, one should gain insight
in how these environmental factors contrel the precipitation productien in
local storms.  Another useful extension would he to also examine observa-
tions of wvapor Ffluxes. With this additional information, the water bud-
gets in thunderstorms can be derived. This would allow estimates of the
efficiency of a storm to convert water vapor into precipifation (e.q.
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Fankhauser, 1971; 1988). It would also be useful to compare observation-
al data with results obtained with a numerical storm model (e.g. Reuter,
1988) . A combined observational and modelling approach would offer a
powerful tool to further understanding of precipitation producticn in
thunderstorms.
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¥. STORM TRACKING AND MOTION REVIEW

The analysis of the PAWS radar observations is achieved via a computer
program which defines and tracks storm cells based on the centroid within
a given intensity contour ({usvally 30 dbZ), and a maximum permitted
displacement betwsen radar scans. The displacement Jimit is determined by
the maximum storm speed allowed, and this is the actual parameter set in
the oprogram. A study was made of the effect of setting the maximum
permitted speed at a high value, since the maximum value used in praciice
is much higher than the actual average storm speed of the PAWS cases.

05/22Ga/sqg
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A. MAXIMUM TRACKING SPEED IMPACT ON SEEDING ANALYSES

€ Muller, R € Grosh

ABSTRACT

The effect of the maximum speed allowed in a radar echo tracking programme
is shown to affect the findings of significant seeding infiuences on
rainstorms.

1. INTRODUCTION

One of the kay innovative features of the past PAWS research has been the
spplication of an objective and automzted technigue to track radar echoes
from clouds and thereby define the basic analysis unit for ithe Lagrangian
study of storm histories of rainflux and size characteristics. A large
number of different storm tracking procedures exist. Some procedures
track echo centroids, intensity maxima and maxima clusters (Brandes, 1972;
{rane, 1976; Blackmer and Duda, 1972) while others apply patiern recogni-
tion or cross correlatieon {Bellon and Austin, 1975). Recently, an effort
has also been made to study the top heights and rainfall of the smallest
echo elements, the towers {cells) of individual rain showers, for weather
modification research (Rosenfeld, 1987). Therefore, ff is important to
understand the characteristics of the tracking programme being applied to
the PAWS data, both in terms of the physical storm units which are
anzlysed, and the statistical evaluation which follows.

The PAWS tracking programme follows cenirpids and is an adaptation of a
method originally devised by CSIR {Meder, 1575) which now considers the
three-dimensional structure of the echo (Dixon and Mather, 1586). Thres-
holds of 30 db? minimum intensity and 750 k' maximum initial echo
volume are applied in the pregramme for the usual statistical analyses,
with the maximum translation between images being constrained to be less
than an echg speed of S0 km/hr would permit.



173

It is necessary to reconcile the constraint on the maximm velpcity allow-
ed in the tracking programme, with the climatological findings for many
south African locals: typical echo speeds calculatied from scalar displace-
ments are only 25 to 30 km/hr {Carte and Held, 1977; Mader, 1979; Mason-
Williams, 19B4; and Dixon, 1977). Mason-Williams suogests that 95% of
South African storms move slower than 40 km/hr based on the data of Dixen
and Mader. If daily averages or velocities are used, even slower speeds
are calcultated. Mevertheless, Mader notes geographic variability can be
great. Typical QOklahoma (USA) storms move at about 608 km/hr.

This section describes the affect of varying the censtraint for the
maxiwum permitted speed, on the resultant eche properties, and their
apparant influence on the significance of the analysed seeding effect.

2. DATA

A sampie of 50 experimental cases was examined, including 25 seeded cases
and 25 cases which were najther seeded nor penetrated by the Learjet, but
met the cloud selection criteria. These cases occurred between October
1985 and March 1987, and were selected on the basis of two other criter-
ia. It was intended to oniy utiiise ¢ases on days with many other cells
present to provide a good test of the programme. In practice, the
criteria adopted required at least 8 other celils to be present. Seeded
cases were also selected on the basis of a probable seeding signature
being detected by the apalyst, 2 winimum 10% jump in the case rajinflux
following seeding, as measursd by the radar viewing at an elevation angle
of 3. Only 23 unseeded cases met the criteria so they were relaxed te
permit two other cases into that subsample. Thus, the selection criteria
should favour the finding of significant seed-no seed differences.

The steps in the standard PAWS radar analysis were followed, including
tracking, the calculation of physical storm wvariables and then their

statistical analysis wvia 1000 re-randomizations. However, only 45 of the
250 storm variables were examined, to economise computer usage.

1. RESULTS

The effects of varying the maximum displacement velocity accepted by the
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tracking programme on the apparent seeding enhancement of the rainflux
from the storms {and its statistical significance level) are listed in
Table la. The rainflux enhancements of the storms calculated for their
entire durations range between 11 and 20%, but are not near the normal
statistical significance levels. The post-seeding periods of 10, 20, 30
and 40 minutes have enhancements of 11 to 38%, none of which approached
significance either. However, these enhancements show strong evidence of
increasing with the maximum velocity accepted by the tracking programme.
This {5 also found for the three ten-minute time windows listed at the
bettom of the table. Even more important, true statistical significance
(~90%} s approached in the 20 to 30 minute time window and exceeded in
ithe 30 to 40 minute window. The seeding enhancements in the last window
are alse much larger, 53 to 112%. The peak seeding enhancement of
rainflux is indicated at 9¢ km/hr.

Tabie la: Effect of maximum tracking wvelogcity on rainflux at & km (%
seeding increase/significance probability level).

Speed (km/hr) &0 80 90 100 120
|
Period {min)
[0 - 10 14747 14752 - 14750 17746 §
0 - 20 11737 18/39 - 18/42  22/40
0 - 30 13/37 21742 - 22/41  26/45
0 - 40 22/45 13749 - 34/54  38/55 |
Entire 1ife | 20736 15737 11731 12/33 14/2%
10 - 20 15/31  28/50 - 28/52  33/5%
20 - 30 15/67  33/76 - IB/79  38/79
30 - 40 53790 93794 112/99 101796 112798 :

The percentage seeding enhancement usually increases with the maximum
permitted tracking velocity up to about 90 km/hr for the mulii-dimensicnal
radar wvariables, except for the entire life time duration category (Table
1b}. The increase is most noticeable for the 30 to 40 minute time window,
as  "statistically significant” seeding induced increases begin to be
suggested above B0 km/hr for echo area and, it appears, at lower veloci-
ties for the other variables which are more complicated than simple
length,  Seeding induced increases in the "multi-dimensional” variables of
over 100% are usually calcuwlated for velocities above 80 km/hr. In the
case of rainflux, this threshold is reached at 90 km/hr (Table la).
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Table 1b: Effect of increasing maximum tracking wvelocity on "multi-dimen-
sional™ radar variables (% seeding increase/significance
probabiTity).

Speed (km/hr) 60 80 50 100 120

Period (min)

Fvolume 10 25/59  26/63 25/64  27/52

20 18/53  29/63 - 29/62  31/51
30 23/57  34/64 - 14/64 31758
40 37/70  52/75 - 52/78  56/70
Entire 1ife | 35/61  32/53  23/50  25/55  27/40

10 - 20 18/51 37778 - 38/78  41/73
20 - 30 | 31/79  51/85 - 57/88  55/85
30 - 40 (101792 137796 160799  148/98  161/99

0-10 | 33/63 30/65
0 -20 | 24/54  29/58
0 - 30 | 24757  30/6] 30/59 34759
0 - 40 | 33/68 44770 - 45773 49/69
Entire 1ife | 31/56  24/51  17/44 19749  21/38

10 - 20 22/51  33/74 . 33/75  38/75
20 - 30 13/77  37/84 - 43/86  42/82
30 - 40 53793  107/97 128/93 117/9  129/99

30/64 33/59
28/58 32/54

Area 0 - I0 19/73 23/77 - 22/78 24/81
(& km} 0 - 20 14/68 27779 - 21/79

0 - 30 16/70 29/79 - 29/78

0 - 40 25/78 41/87 42/88

Entire 1ifa | 22/73 e3/74 17/72 18/72

o - 20 14/67 36/82 - 36/85
20 - 30 22/69 39/83 44/86

30 - 40 18/8%  111/97 131799 120/98
ﬁ — S

The 30 to 40 minute time window for echo top height also shows these
trends with statistical significance being indicated at and above 90 km/hr
where a 16% enhancement is calculated {Table lc).

Table 2 1is a 1list of the number of variables for which a significant
seeding effect was found {at the 90% level or above} as 23 function of the
maximum permitted iracking velocity. Again, the positive affect of the
maximum tracking wvelocity is revealed. The main effect is seen in the 30
to 40 minute time window after seeding, where the number of significant
variables increases from 20 for &0 km/hr to 39 at both 100 and 120 km/hr
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Table le: Effect of maximum tracking velocity on eche top height (%
seseding increase/significance probability lsvel).

Speed (km/hr)
Period {min} i
; 0- 10 -2/38 -3/32 - -3/30 -3/32
0 - 20 -3/32 -3/26 - -3/29 -4/29
0 - 30 -3/34 -3/31 - -3/33 -3/33
8- 40 -1/47 -1/40 - -1/46 -1/46
Entire 1ife -4/25 -5/18 -6/15 -6/15 -6/13
10 - 20 -4/27 -4/2G - -4/32 -3/33
20 - 30 -2/40 0/51 - 1/83 1/58 |
30 - 40 10/79 13/88 16/95 15/92 17/96 [

maximum permitied velocities. The effect is also apparent in the 20 to 30
minute window, the only other case with a noticeable number of significant
variables. However, in this window the peéak number of significant
variables occurs at 100 km/hr.

Table 2: MHumber of wvariables with significant seeding effect (&t the 90%
level) for five different maximum permitted tracking velocities.
A total of 45 variables were examined for each velocity.

=‘:

Velocity 60 B0 490 100
Peripd

! Entire life 5

0 - 10 0

0 - 20 0

4

0

20 - 30

! 30 - 40 rd

The 45 variables axamined are listed in Table 3. Significant variables
and their seeding enbancements for the B0 km/hr maximum permitied velocity
are also identified.

4.  COHCLUSION

Apparently significant seeding effects on radar storm observations are
indicated for all the speads examined, although mostly for the 30 to 40
minute time window after treatment decision. However, even at a maximum
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Table 3. Variables tested, with % seeding increase {0} and probabilities
{P) for cases significant at 90% Yevel (for maximum permitted
tracking wvelocity of B0 Km/hr). Definitiens are given In
garlier reports. Numbers are D/P.

1 Duration
9 Vol at decision time
10 Peak dbZ at decision time
11 Echo top - max
12 Echo top - max ROI
13 Echo top - mean
18 Depth - max
15 Depth - max ROJ
20 Depth mean 27/90
25 Volume - max 132/95
26 Yolume max ROI 188/98 |485/98
27 ¥Yolume - time int 139/97
28 Velums - mean 137796
33 Mass tot - max 94/90
34 Mass tot - max ROI 129/90 1440/95
35 Mass tot - time int 108/97
36 Mass tot - mean 167 /97
41 Mass A.C. - max 136/50
42 Mass A.C. - max RO! 517/93
43 Mass A.C. - time int 165/95
H44 Mass A.C. - meap 165/95
49 Area 3 - max 49/9]1 | 88/97 | 54/95
5¢ Area 3 - max ROI 97/97 |257/100| 54/95
51 Area 3 - time int 52/90 | 84/96
52 Area 3 - mean 44/9] 81/93
57 Area cuteff - max 105/98 | 43/9]
nﬂﬂ Area cutoff - max ROI 100/95 |463/100] 38/92
59 Area cutoff - time int 112/94
60 Area cutoff - megn 111/97
65 Rflux 3 - max 57/490
66 Rflux 3 - max ROI 365/100
67 Rflux 3 - mass 62/96
68 Rflux 3 - mean 61/95
73 Rflux cutoff - max _ 8z/94
74 Rflux cutoff - max ROI 424/100
75 RFflux cutoff - mass 93/95
76 Rflux cutoff - mean : 93/94
Bl Precip water - max
82 Precip water - max ROI 495/97
83 Precip water - time int a1/91
84 Precip water - mean B5/96
89 MTIl/rain mass - 3 32/95
90 MTIi/rain mass - cutoff 42/92
9] Mean mass/rain mass - 3
[92 Mean mass/rain mass - cutoff
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permitted tracking wvelocity of only €0 km/hr, rainflux, eche volume, and
mass all suggest significant seeding effects at the 90% level 30 to 40
minutes &after treatment. Thus, this comparison reflects the bias of the
sample {the seeded storms were chosen for their evidence of a seeding
effect]. Neverthetess, the main point 1s that nearly twice as many
variables in the last window appear significant as the tracking velocity
approaches 90 to 100 km/hr. In fact, at high permitted speeds almost alil
of the 45 variables examined appear to have significant effects in the 30
te 40 minute window. Therefore, it is c¢lear that the choice of the value
for the maximum permitted tracking speed parameter can strongly influence
seeding effect analyses.

Since the effect of increasing the maximum permitied velocity in the echo
tracking programmé can markedly increase the apparent statistical signifi-
cance of the seeding effect indicated by the radar variables, the
procedure fTor selecting this parameter amust be carefully specified in
advance of a confirmatory rain stimulation experiment, Otherwise
meitipticity will enter the analysis and the calculation of true
probabilities of significance may be made difficult or impossible. The
maximum permitted tracking velocity should also be physically realistic,
and 1t seems reasonzble to determine it from the abserved winds or some
other objective parameter which correlates well with actual storm motion
{Battan, 1873; Fernandez, 1989). This i3 now under study.
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B. STORM SPEEDS
R C Grosh and C Muller
1. INTRODUCTION

Storm motion was very important to PAWS. Both the definitions of the
experimental units via the radar tracking program and radar rain measure-
ment requirements are affected by storm speed. Unfortunately, the nature
of storm motion in the Eastern Transvaal has been controversial. This
appears to have been partly the result of an idiosyncrasy in a computer
program, In the past the program used to track and calculate average
storm properties for PAWS determined the average case speed to be about 2
km/hr. Leng experience with rain storm tracking and motion {Grosh, 1971,
19732 and b, 1974, 1975z and b, 1877a and b, 1978a, b and ¢, 1984, 1985;
Changnon et al., 1975; Morgan et al., 1975} immediately suggested
to the new CSIR PAWS directorate that an erronecus calculation was being
reparted by the computer and this was promptly confirmed by a cursory
examination of a handful of PAWS storm track plots in Pretoria. Two years
later, coincident with the initiatien of this study, the tracking program
was finally re-examined by CloudQuest and it was immediately found that
echa voiume weighting was used in the averaging and that this contributed
to the obviously teo slow results. When the volume weighting was removed,
the average PAMS case speed was calculated by the corrected computer pro-
gram to be about 13 km/hr. However, this also appeared somewhat suspect
as other storm motion siudies both at Nelspruit and in the nearby High-
veld, reported distinctly faster average eche speeds of about 22 to
30 km/hr for typical storms {Dixen, 1977; Kelbe, 1984; Mason-Williams,
1584; Mader, 1979; Carte and Held, 1578). 5See Table 1.

Tahle 1. Echo speeds from siudies in the Eastérn Transvaal.

Hader

Dixon _
(Nelspruit) {Highveld)

Carte & Held
(Highveld)

————————- ——

Humber of 98 1861
H cases
Speed 22 23

km/hr
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Mader’s results must be given the most attention, as he made measurements
of 1861 storms. The maximum instantaneous echd area of these Highveld
storms averaged about 80 kn®. The MNelspruit study of ODixen
considered 928 long-1ived cells {2 hour duraticn), which moved slower than
the more {ypical smaller cells (Mader, 1979). it is well known that storm
spead is very closely related to the winds above cloud base, for winds
over 16.2 km/hr (Batten, 1973). MNevertheless, when directional wind shear
is present large sterms tend to move much slower than ambient winds {up to
24 ka/br slower in Oklahoma) and may have a strong propagative component
related to the generation of new feeder towers on their flanks especially
at lower wind speeds (<16.2 km/hr) when propagation dominates storm
matien.

The averaged wind in the cloud bearing layer (up to 200 mb) normally
provides the best correlation with steorm velocity. At nearby Pretoriz,
winds for these levels are alsc greatly in excess of the current storm
mation program results, as the menthly 700 mb to 200 mb winds averaged -47
km/hr (see Table 2). &Given that Newton and Fankhauser {1964) have shown
that small storms such &s those studied by PAWS (maximum echo areas
averaged about 120 km’} move within about % km/hr of the average
wind below 200 mb, there is good reason to expect that many PAWS cases
mave much faster than 13 km/hr.

Table 2. Scalar average sieering level wind speeds (km/hr) at Pretoria
during the convective season.

Oct Hay Dec Jan Feb Mar Ave r
— S & —
700mb | 27.0 4 25.6 | 20.5 | 19.1 | 12.4 | 18.7
00 mb | 45.4 | 38:2 | 29.2 | 22.0 | 2Z.7 { 26.8
300mb | 77.0 | 67,3 1 58,7 | 41.0 | 43.6 | 53.5

200 mb 1102.6 { 90.4 | 82.4 [ 60.1 | 58.2 [ 73.8

AVE _ ) J__-

Furthermore, there 1s a remarkable order of magnitude difference between
the currently reported average (13 km/hr) and the maximum permitted
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speed {90 km/hr} used by the tracking program to establish cell continuity
between the successive radar images used for storm case definition. Thus,
further research was reguired and CSIR undertock a study of S0 PAWS case
tracks which were on hand to to atiempt to provide more clarity on this
issue.

2.  PROCEDURE

Computer plets of the location and areal evolution of the radar echaes for
twenty-five seeded and twenty-five non-seeded cases had been cbtained for
an earlier study of the Helspruit tracking programme {Grosh and Maller,
1988}, A maximum permitted tracking speed of 80 km/hr was used by the
acho tracking program which determined the X and ¥ coerdinates of the
plots. Plots for the standard maximum tracking speed {90 km/hr) were not
available. However, plots for maximum permitted speeds of 60 and 100
km/hr were available but not used in the primary anzlysis. The plots for
the 80 km/br maximum potential fracking speed were selected because they
were close to the speed used "routinely" by CloudQuest, but could not be
accused of favouring higher c¢alculated speeds relative to the standard
procedure using the 90 km/hr maximum. The choice of 100 km/hr for the
maximum permitted speed input parameter te the tracking program would have
favoured faster estimated actual  storm  speads from the program
calculations.

The measuring procedure manually determined the distance batween the
centroids of the starting and ending points of the echo plots on a
detailed point by peint basis. Each data point is separated in time by
about 5 to 8 wminutes. Thus, a set of many length measurements was
integrated to calculate each storm speed. The speed 1s determined by
dividing this length by the achae duration, There was good agreemant
between the storm speeds measured by the two analysts employed to provide
quality control. The individual track speeds are thought to be accurate
ta within about +3 km/hr.

3. RESULTS

The mean speed of the 50 tracks is about 23.4 km/hr (Table 3), which
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compares well with the average 700 mb {steering level} wind speed for
these cases, based on the MNelspruit morning soundings {20.2 km/hr).

Table 3. Mean speed of S0 PAWS storm case plots obtained manually from
plets generaied by a computer tracking program which defined
cases with the maximum tracking speed parameter set to 80 km/hr.

The standard deviation of the echo track speeds can be used {by multipiy-
ing by N/(N-1)=50/49} to provide an {"unbiased") esiimate of the popula-
tion wvariance of (9.9)%. Thus, the mean wvalue theorem indicates
that the sample mean value {23.4 km/hr) should be within about 1.4 ka/hr
(=9.9//50) of the true mean speed.

4. DISCUSSION

However, the 2% case samples were not drawn randomly from the axperimental
data set. Wevertheless, as the 25 cases in each group represent 60% and
33% of the tetal number of unseeded and seeded cases, respactively, they
are likely to be representative and this appears to be confirmed by the
close agreemeni between the seed and no seed sample means (23.7 vs 23.1
km/hr}.

A number of the computer piotted echo paths were upusual {jumping, irregu-
larly turning, or lcoping back on themselves). The distinctly irregular
storms constitute wp to about 25% of the unseeded sample. These will be
examined further at 3 later time. However, it must be noted that a few of
the paths were so unusual {e.g. u-shaped or jumping large distances be-
tween scans) that their validity requires careful consideration. The seed-
ed cases had much more regular tracks. Examination of the tracks obtained
by computer tracking the storms with the maximum permitted valocity para-
meter set to 60 km/hr did not have the effect of reducing the number of
large jumps which were caused by missing scans or unusual tracks, but did
decrease the path lengths of somg apparently normal tracks {[linear with
uniform distances betwzen images) significanily.
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5. CUNCLUSIOM

This study has lead to a much improved estimate of the mean PAWS storm
case velocity by the CloudQuesi tracking programme, 13 km/hr. However,
based on the estimates of the present study and ithe earlier work of Mader
and Dixen, a storm speed of about 25 km/hr seems the wmost likely average
value to apply to PAWS calculations {rounding to the nearest 5 km/hr}. At
slowest, the present study and that of Dixon can be used to support a
speed near 20 km/hr as well. In addition, all the manual echo tracking
studies, the steering wind speeds and the small standard deviation (1.4
km/hr) of the mean estimated from the present large sample (N = 50)
suggest that slower storm speed averages are unlikely to have generzi
vatidity for the relatively small PAWS storm cases. In spite of all the
abave reaspns, the conflict with the resuit of the improved CloudQuest
tracking programwe has not been resolved, as it is difficuelt to envision a
further c¢omputational error in the tracking programme. Thus, further
tracking research appears necessary. For the present, it is concluded
that a broad range {15 to 25 km/hr} of storm speeds may be expected in the
Eastern Transvaal.
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¥i. STATISTICAL AMALYSES

It 1is essential that rain stimulation experiments which are statistically
evaluated by the original experimenters receive independent confirmation.
CSIR/DATATEK was subcontracted for {hat purpose. Their apalyses of the
PAWS data are summarised in the following section.

04/229al/59q
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OYERVIEW OF THE STATISTICAL ANALYSES OF THE RADAR DATA FROM
THE MELSPRUIT CLOUD SEEDING EXPERIMENT

Jacqueline S Balpin

SUMMARY

This report ojves an overview of the statistical analyses carried out at
CACDS on the data which arise from a randomized experiment carried out
between 1984 and 1987. In this experiment, storms were given one of three
treatments: ‘“seed and sample", “no seed and sample” or "no seed and no
sample”. The hypotheses investigated concern differences between these
treatments for 250 “track properties™ ({variables related to changes in
storms over a fixed time period), The investigations indicate that there
areg a number of track properties for which differences are significant.
These differences arise mainly between the two no seed treatments, and
also occur 1in the time pericd befeore any treatment is applied. This
indicates the presence of an inadvertent bias in the data set, which
appears to be mainly due to storwms of higher than average volume being
assigned to the no seed apd sample group than tc the other groups.

Differences taking this bias into account are investigated by means of
analysis of covariance techniques. Several differences between treatments
are found after correcting for bias, particularly in the first tan minutes
after decision time, although significant differences still occur before
decision time.

1. TNTRODUCTION .

This report provides an overview of the statistical investigations carried
out between 1987 and 1989 into the PAWS randomized experiment, using the
data from the ground radar at Nelspruit obtained between 1 October 1984
and 1 April 1987. The aim of the PAWS randomized experiment is to investi-
gate the changes taking ptace within a sform cell om seeding. Three treat-
ments are involved 1in the experiment. The first is termed "seed and
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sample” and involves flying through growing turrets om the flanks of the
sturm; dispensing dry ice pellets ({the seeding material used in this
experiment). The second treatment 1s termed "no seed and sampla", and
consists merely of flying theough the rising turvets on the flanks of the
storm cell as if seeding were taking place, but without actually seeding,
The 1last treatment is termed “no seed and no sample", and for this treat-
ment the pilot does not penetrate the sterm cell, but merely flies near
the storm to mark its position.

The analyses carried out at CACDS have been concerned oniy with the data
from the ground radar and not with data from the clgud base asroplane, nor
with the microphysical data obtained during passes through the storm
cells. Mo description is thus given of the procedures or data invalved in
these two activities,

As an overview ryeport, this report summarizes seven reports by CACDS on
different analyses, and discusses the final results obtained, dispensing
with historical changes between versions of the data set angd the Tike. It
is intended that the report should be sufficiently comprehensive to infarm
those not interested in the finer detaiis, of the structure and con-
straints of the data collected, and of the conclusions that can be drawn
from it. Te this end, all statistical questions raised in ihe other
reports are discussed briefly here.

The previous reports summarized in this report are:

CKOMP 88/7:  Preliminary analysis of radar data concerning the
Helspruit cloud seeding experiment, by J § Galpin;

CKOMP B9/18: interim report of the analyses of covariance of the
PAMS data, by J S Galpin and [ Auret; -

CKOMP 89/25%: Special PAWS request for regréssion analyses, by J §
Galpin and [ Auret;

CKOMP 89/26: Further analyses of randomization tests; by J § Galpin
and M B Mare;
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CKOMP 89/27: Interim report on the updated radar data set, by J S
Galpin, M B Mare and | Auret;

CKOMP 89/32: Report on the application of Automatic Interaction
Detection to the Kelspruit ¢loud seeding experiment, by
I Auret and J S Galpin;

CKOMP 89/33: Final report on analyses of covariance on the Nelspruit
data set, by J 5 Galpin, M Mare and I Auret.

These reports will henceforth be referred to by number only. The refer-
ences will indicate where further detaii on the apalyses and discussions
should be sought.

The history of the statistical analyses began with the data set being
obtained from the Nelspruit researchers in October 1987. Some time was
spent in converting the data and programs to rum on the C5IR computers,
and in familiarization with the data set. Randomization tesis were then
performed to look for differences between the three treatients applied,
for each of the 250 variables, in different time periods around "decision
time" or “time zero” {the time at which treatment aliocation was done, and
application begun). All pairwise copmbinations of the three treatments
were also examined, as opposed to the seed versus no $eed comparison made
by the Nelspruit researchers {Simpson Weather Associates and Cansas Inter-
national Corporation, 19%8&). hifferences were found between all three
treatments, with many of the differences being betwean the two no seed
groups. In addition, there was & significant difference on the storm
volume before the application of the treatmeni, indicating an inadvertent
bias in the data, despite the precautions of randomization. Several
analysas were then performed using the statistical procedure of analysis
of covariance, to test for differences between pairs of treatments, after
adjusting for the biases. These initial analyses examined changes in the
time periods 0 toc 10, 10 to 20, 20 to 30, 20 to 40, © te 20, O to 30 and O
to 40 minutes, as well as in the period ten minutes before decisien time.

It was dacided at this stage to suspend analyses of the time periods 0 to
20, 0 to 30 and 0 to 40 minutes, as some of the storms in these data sets
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did not last more than 15 minutes afier decision time, a factor that could
contaminate the analyses. These analyses, reported an in CKOMP 88/7,
examined a slightly different data set from that examined by the Nelpruit
researchers, bDeing one from which all storms without an echo before
decision time had been removed, in arder to allow for testing of bias.

Later examinztion cf the randomization test results led to discrepancies
being noticed between the results obtained by the Nelspruit researchers
and those at CACDS. Investigation revealed that the initial data set ob-
tained was possibly incorrect, there having been a change in the tracking
speed at which the tracking algorithm was run. A fresh data sel was thus
obtained in December 1988, and investigated as to the possible sources of
differences. Although some differences were found, these were not major,
and it was realised that the initial indication of a discrepancy was due
to a misunderstanding of the reports by the Nelspruit researchers. How-
aver, it was dacided that the previous analyses should be re-done on the
new data set. Little reference will thus be made in this report to
results obtained on the old data set; emphasis being on the new data set.
It was aiso decided that the analyses should include not only those for
the three combinations of the pairs of treatments mentioned above, but
also the combinatign of seed versus no seed treatments, and that both the
data set with storms witheut pre-decision time eche omitted and the data
set without this restriction, should be examined.

Further &nalyses of covariance were then performed. While the initial
analyses of covariance were done for pairs of treatments, it was decided
now to perform three way analyses of covariance, simulfanecusly comparing
all three treatmenis. One reason for switching to the three way model is
that the estimated treatment mean for the seed and sample treatment (say)
obtained from the comparisen of the seed and sample and no seed and sampie
treatments wili differ slightly from the adjusted treatment mean obtained
from the comparison of the seed and sample and no seed and no sample treat-
ment, due to the random error component of the data points. Use of the
three way model allows a single estimate of each of the three treatment
means to be obiained. These may then be followed up by two way compari-
sons, as a muliiple testing procedure to find cut where the differences
actually lie.
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As the apalysis of covariance procedure used assumes the bias adjustment
made to be lipear, and that no interactions exist between covariates,
Automatic Interaction Detection (AID) procedures were used to check these
agsumptions. Certain regression analyses were also performed at the
request of the Scientific Director of the project.

The tayout of this report is as follows: the structure of the data set is
described in section 2, together with a description of the experimental
proceduras relevant to the analyses; the statistical background to the
randomization tests, the analyses of covariance, and the AID procedures
are discussed in section 3; the results obtained from these procedures ang
from the regression analyses performed at the request of the Scientific
Directors of the project, are reported on in section 4; and the conclu-
sions reached by the various analyses are summarized and drawn together in
section 5.

2.  EXPERIMENTAL PROCEDURES AND STRUCTURE OF THE DATA SET

The data under discussion arise from experiments conducted around Nel-
spruit during the seeding seasons of 1984/B5, 1985/86 and 19865/87, where
each season lasts from 1 October to § April. All Jays were considered
gligible for the experiment, except Sundays, public holidays, and days on
which assential equipment was not functioning. 1% is assumed that these
days are missing at random, as the Nelspruil researchers state that no
meteorological reason can be anticipated as to why these days should be
either more or less favourable for seeding than other days.

2.1 Definition of Experimental Unit

The experimental unit used is the medium-sized, isolated multicellular
storm, where a storm is defined as “"any contiguous volume all of which
exhibits raflectivity in excess of a threshold vazlug" (Simpson Meather
Asspciates and Cansas Inteérnatienal Corporation, 1986, volume 4, page
3-12). The use of a storm 3s experimental unit is different to a number
of other weather modification experiments, in which days are chosen as the
experimental units, each day being declared as experimental or non-experi-
mental. The aim of the Jatter experiments has mainly been in testing
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whether rainfall is increased by seeding. As previously mentioned, the
aim of the current investigation concerns the changes taking place in the
storm cell after seeding, with the specification that not all storms are
of interest, but only the medium sized storms of the type that may be
expected to produce about I mm of rain per hour at cloud base. Thase
storms are characterized by baving radar reflectivities greater than 30
aBz. Isolated c¢ells are wused as they are easy to track, changes wiil
readily be wvisible, and in order that there may be no contamination from
other exparimental storms.

2.2 Experimental Procedures

Data obtained from the Weather Bureau concerning the synoptic situatiaon as
well as data obtained from 2 balloon ascent are used to decide whether the
day is a "go" day er a "ne-go" day. This {nformation is supplemented by
reflectivity wvalues obtained from the radar, which is activated on "go”
days, wusually between 9 and 10 am. This latter information is generated
by a radar sweep of the area, the sweep being done at 3 , followed by a
volume scan (described in detail below). For economic reasons, the seed-
ing aeroplane (Learjet) is onily launched if twp storm cells with closed
contpurs of greater than 30 4Bz, contzining reflectivities of 40 dBz or
mora, are foupd within the experimenial area. This 13 defined as being
within 100 km of the radar site, but not within 10 km of the radar or over
foreign territories.

After take-off, the Learjet flies toc one of the storm cells identified by
the radar as an experimental possibility. A visual inspection of the
storm cell is carried out before it is decided that the storm ceil should
become part of the experiment. Storm ¢cells eligible for the experiment
are defined as those having "reasenable cloud dimensions, that is, good
width to height proportions and not excessively sheared”, having well-de-
fined bases, and having one or more cloud turrets actively growing through
the -10°C ‘level {this implying that attempts are made not to include
decaying storm cells in the experiment)}. They are further reguired ito be
separated from other cells already included in the experiment by at least
35 km {20 nautical miles). According to the Nelspruit researchers, tests
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have bteen <carried out on the pilots involved in the experiment as to the
pessibi{lity of different decision rules being follewed by the pilots, and
an assurance has been given that the piiots'give the same decision in
alepst  all cases. As np decision has at this stage been made as to the
experimental treatment to be applied, any bias arising from this subjec-
tive procedure may be expected to be independent of the conclusions drawn
from the experiment, provided that the pilots are consistent in their
decisions.

Further restrictions on the data arising from the tracking algorithm are
that the reflectivity should remain above 30 dBz, the volume should be a
minimum of 3 cubic kiTometers and ihe maximum speed of movement should be
under 90 km/hour. Other restrictions on the data include a limitaticn on
the quality of the radar signal that leads to storms further tham 80 km
from the radar being dropped, and & possible initial bias that leads to
storms with & volume greater than 750 cubic kilometers being excluded.

To  summarize, the experimental unft is a medium-sized, jsolated
multicellylar storm with

i) volume between 3 and 750 cubic kilometers,
it} minimum radar reflectivity always above 30 dBz,

iii} "reasgnable cloud dimensions™, such as good width to height propor-
tion, not excessively sheared and having a well-dafined base,

iv) having cloud turrets actively growing through the -10°( leve],
V) speed of movement less than 90 ke/hour, v

vi) being separated by at least 20 nautical miles from other experiment-
al storms,

¥ii} first being recorded beiween 9am and 5 pm, and

viii) being between [0 and B0 km from the Helspruit radar, but not over
foreign territory.
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The population from which these units are drawn is the population of such
storms occurving on days characterized by not being Sundays or public holi-
days or days on which essentizl equipment malfunctioned, being classified
as "go" days, and being days having at least two storms with closed 30 dBz
contours enclosing a 40 dBz reading occurring simultanecusly,

2.3 Treatment Allocation and Application

If the storm cell passes the visual inspection, the time is recorded {and
termed the decision time) and the radar operator is informed that an ex-
periment is declared. In the first two seasons under discussion, fhe
radar operator then opened a sealed envelope, and informed the crew as to
the experimental treatment to be applied. During the third season a read-
only chip was installed in the lLearjet, and the treatment selection was
abtained by pressing a button, which indicated that the storm should be
gither sampled or not sampied. The seed/no seed part of the treatment was
then done without the pilots’ knowledge, the chip controlling whether the
dry ice was rejgased from the bin or not, the tell-tale ratiling sound be-
ing obscured by a horn., This was dene to quard against bias arising from
the possibility that the pilot may fly in a different way when simulating
seeding. It is assumed that the correct treatment was in fact applied.

In the case of "no sead and no sample" the pilot flies in the vicinity of
the storm cell for a few minytes, ip order to assist in the radar identifi-
catien of the storm cell. In the case of either "seed and sample™ or “no
sead and sample”, the pilot penetrates all rapidly growing turrets on the
flank of the storm bDetween fhe -5 and -15°C isotherms on the flank of
the storm. If the treatment was "seed and sampie", the seeding material is
dispensed while the Learjet is within the turret, and the treatment pericd
continues until either 120 seconds of seeding has taken place {which uses
approximately 23 kg of dry ice), or until no more rapidiy rising turrets
are available, For the "no seed and semple” treatment, the pilot flies
through the turrets as if seeding, and for the same period as if seeding
was taking place, but without dispensing any seading materizl.

On completion of treatment application to one experimental storm, the
aircraft moves to another pessible ¢ell, which must be separated from the
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first cell by at least 20 nautical miles, edge-to-edge, and again épp]ies
the above procedure. When insufficient fuel remains far completion of
anathar "sead and sample" run, the aircraft lands, If is possible for the
plane to fly further missions, after refuelling. The final data set has
up to 4 experimental storms on a day.

After the treatment has been applied 1o the experimental storm, it is
tracked by vradar until its peak refiectivity drops beleow 30 dBz, or until
it passes ouiside the range of the radar.

The sealed, numbered envelopes contain a prespecified 1ist of treatments,
provided by the Waier Research Commission in Preioria. These treatment
alleocations were obtained by generating a random sequence of treatment
allocations, subject to certain specifications. The first is that there
is an 50% probability of chobosing the "seed” treatment, and a 50¥% chance
of choosing the "no seed” treatments. The "no seed" treatments are fur-
ther split approximately 50/50 according to the "sample® and "no sample®
portions of the treatment. Acceptable sequences thus consist of about 0%
"seed and sample" treatments, 25% "no seed and sample", and 25% "no seed
and no sample, generated in a random order. According to the Nelspruit
researchers, further restrictions were also plated on acceptible sequen-
ces, for example that the sequence did not contain any runs of 7 or more
eccurrences of the same treatment allocation. Several acceptable sequen-
ces were ogenerated, each containing 150 treatment allpcations, with be-
tween 70 and 80 “seed" sequences. One of these sequences was then chosen
by officials of the Water Research Commission, and the treatment sequence
was placed intp pumbered, sealed envelopes. The Nelspruit researchers
were not informed as to which sequence was chosen.

A possible problem arises with the amount of seeding material dispensed
while flying through the growing turrets. The PAWS report indicates that
the 23 kg of seeding material may be dispensed over a period of 40 min-
utes, with 60% of the material having been dispensed, on average, within
15 minutes. Hot all sesding material js dispensed in all cases - if no
more rising turrets occur, seeding is stopped. Thus the amount of mater-
fai received by a storm cell may vary from storm to storm, as may the rate
of dispensing, and thus the period over which seeding takes place. This
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problem may also otcur in the "no seed and sample® treatment. It implies
that there may be mazny more than three treatments applied, the only treat-
ment that does not wary from storm te storm being the "no seed and no
sample” treaiment.

2.4 Pata Description

The raw data for this experiment consists of the radar data cbtained from
each volume scan.

Yolume Scan

The volume scan consists of radar sweeps at increasing vertical angles in
steps from 3° to b50°. In the horizental plane the scan may be a
full 360 scan, or may be a sector scan, in which the radar reverses direc-
tion after completion of the required sector before stepping up to the
naxt vertical angle of scan, The sector scan is used in cases where the
onty storm cells lie in cne sector of the sky, and is used te save time by
not sweeping large areas of blue sky. The scan at elevation 3" is
always a full 360" scan, and may be used to check that no storms have
appeared 1in areas not being swept. A fuil 360* volume scan takes 8.5
minutes, while the average scan frequency is stated to be & minutes.

There 1s one possible statistical implication with this eminently practi-
cal procedure, and that 1is that the time between steps in a volume scan
and between separate volume scans may vary for the different storms in the
experiment, Variation 1in duration of volume scans implies that the
varicus data peints may bDe obtained with different precisions, for two
reasons. Firstly, more data points may be available over a given period
on which to base the estimate of change over the period. Segondly, since
it is probable that fewer or smaller changes occur during shorter time
periods, a volumé scan built up over a shorter pericd will give a more
precise reading of the state of the storm at a particular instant in time.

The initial processing of the data {done at Nelspruit} encompasses the re-
moval . of blue sky data and the building up of a storm track of the volume
5Cans, The Jatter is done by first creating the volume scans from the
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radar readings at each of the scan heights, and then joining these volume
scans tegether to form a track. The algorithm used to track the storm
centroid is able to take care of storms merging and splifiting. The case
tracks are then identified. At this stage, a few of the experimental
cases are lost through probiems of tracking, seeding having taken place at
the -25°C 1level, etc. It must be assumed that this loss of experiment-
al wunits is independent of the treatment applied, as no data was made
available through which this could be tested. It could presumably be
checked by examining the relative numbers of storms with invalid tracks in
each of the treatment classes,

Storm Praperty Yariables

The data received from Nelspruit consists of 63 variables concerning re-
flectivities for each volume scan for each of a number of storms. These
records  included non-experimental storms. This data is described in
detail in Appendix A of CKOMP B8/7. The variables include the volume
waighted centroid {in the x, y and 2z directions); the reflectivity
weighted centroid; the top and base of the storm (at 30 d8z); the volume
and 3* area, total and 4n 11 dBz ranges; the mass and peak reflectivi-
ty in 12 heights above ground level; the area, mean reflectivity and rain
flux at 3* and at the cutoff altitude {6 km); the mean and peak refiec-
tivity; the height of the peak refslectivity; and the maximum height of
the 45 dBz echo. For convenience, a 1ist of these variables is reproduced
in Appendix A.

One possible problem with this dataz is a reseit of the unavoidabie 3 limit
an the bottom of the scan range - at 10 km, 3* relates to a height of
0,52 km, while at a distance of 100 km the height is 5,2 km. As the base
of the cloud can be below this height, this implies that the estimate of
the height of the base of the storm will be affected by the distance of
the storm from the radar. This also implies that the variables relating
to 3" f{such as area, area in a certain dBz range, rain flux, etc.),
retate to different parts of a storm depending on the distance of the
storm from the radar. This statemeni alsp applies to all other variables
based on the volume scan. Another implication is, however, that thes mass,
yvolume and peak vreflectivities cannet be obtained for the Tower parts of
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storms that are further away, so that the mass, etc. of such storms may be
under-estimated. For some variables the 3 restriction may be less import-
ant, for example it may only be serious if changes cccurring below this
attitude are important. It is stated in the PAWS report (volume 4, page
3-14) that the -10*C altitude at which seeding takes place occurs at
appreximately 6 km above ground level, which may imply that gne is more
interested in the part of the storm above 3.

Track Property ¥Yariables

A5 previously mentioned, this experiment is concerned with chapges taking
place in certain time perieds after seeding. The basic radar variables
described above are thus processed over a given time period to give "track
property® wvariables. The first time period of interest is the 10 minutes
before decision time to decision time {-10 to 0). Values of track proper-
ties in this period should be independent of the treatment, as no treat-
ment has yet been applied, so that comparisons of variables over the three
treatment groups can be used to check for bias.

Each of the 250 tirack properties is calculated by interpolation of the
values of the 63 basic radar variables described in the previous section,
with the interpolation taking place between the volume scans near each end
of the time period of interest. A description of how each of these vari-
ables s calculated by the track-properties prograin is given in CKOMP
88/7, where it 1is stated whether linear or logarithmic interpolation is
uvsed. For convenience, a 1ist of these variables is given in Appendix B.

Vartables in the first and last groups (groups 1 and 11}, other than
variable 1 (the duration of the storm above 30 d82 in the time period of
interest) relzte mainly to wvalues at decision time, to synoptic conditions
of the day and to mesoscale conditions. 8oth groups are thus independent
of the time period beipy examined, and are termed contro} properties in
the PANS report. The tatter growp is also fixed for all experimental
cases on a particular day. '

Several wvariables are highly correlated with each other, for example the
mean and maximum of most variables have a {linear) correlation ¢f at Jeast
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90%. Similar variables in different groups also correlate highly, an
example being the maximum rates of increase for most variables, Other
variables correlating highly are the echo top and depth, and the persis-
tence &nd maximum ratio. The volume at decision time {property 9} is also
highly correlated with such properties as mean and maximum volume, mean
and maximum total mass, mean and maximum mass at cutoff, area at 3and at
cutoff, precipitable water, etc.  Property 10, the peak dBz at decision
time, 1is also highly correlated with the peak dBz total, mean dBz total,
percentage volume as a function of dBz, "delta vertical centroid®, etc.

3. BACKGROUND TO THE STATISTICAL PROCEDURES USED

As previously mentioned, the statistical technioues used so far in the
analyses of the radar data set are those of randomization testing,
analysis of covariance, and automatic interaction detection. A brief
description of these technigues is given in sectiens 3.1, 3.2 and 3.3
respectively. '

3.1 Randomization Testing

The statistical methods of analysis of weather modification data recommend-
ed by the Statistical Task Force (Brillinger, Jones and Tukey, 1578) are
those based on randomization tests (sometimes alsop c¢alled re-randomiza-
tion). These are not really tests in themselves, but & method of obtain-
ing the significance of a test by means of & randomization procedure. Any
hypothesis may be tested by means of a randomization test, using any appro-
priate test statistic. These methods obviate many of the assumptions
usually needed in statistical analyses that cannot be made for weather
modification data, such as those of the {ndependance of observations, of
shapes of distributions, or of the data having been obtaimed by simple
random sampling.

Randomization tests are most easily described by examining the case where
twoe treatments have been applied to & set of subjects, and the hypothesis
to be tested concerns the difference of some statistic, for example the
mean, maximum ar variance, between the twi groups. To illustrate the pro-
cedures, consider the one sided hypothesis that the mean of the measure-
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wents from the n subjects given treatment I is higher than that of the m
subjects given treatment 2, which is equivalent to the hypothesis that the
difference of the means of treatments 1 and 2 is positive. Under the null
hypothesis, there 1is no difference between the two treatments, so that it -
makes no difference which treatment is assiqgned to each subject. Thus, if
one were to scramble the data, and regard the first n ohbservations as re-
sulting from treatment )} and the rest from treatment 2, one should obtain
a similar result for the difference-of-means statistic to that obtained
originalfy, if the null hypothesis is true. This will then form another
observation from the distribution of the difference-cof-means statistic.
Cne c¢an then do & number of such "scramblings” or re-randomizations, and
lock at how many of the differences of means exceed or equal that obtained
in the actual experiment. This percentage will give the probabilTity of
the test vzlue being exceeded by chance.

Using all possibie permutatiens of the treatment assignment to obiain the
probability, while giving an exact p-value, is npot feasible sxcept for
experiments involving small sample sjzes [there are 3 628 BOO possible
permutations of a sample of size 10, and many more for the datz under
analysis). Fortunately, Etdgington {1987} shows that the p-value may
validly be estimated using & random sample of this full populaticn set.

The method of cbtaining the randem sample used in the PAWS reports is the
same as that used to generate the original sequence. However, the experi-
mental observations being analysed are not really obtained from this defi-
nition, due to some experimental units having been lost afifer assignment
of the treatment {owing to invalid storm tracks, storms merging or spliti-
ting, etc.). This does not actually cause a severe problem, in that a sub-
set of the random selections from the population of acceptable schemes
will consist of those without the missing observations. A further problem
is that soch a randomization will not necessarily comply with the further
length-of-run restrictions that were placed en the string composition.

Another problem 1is that, when the re-assignment is done, the numbers of
observations allocated to each of the treatments will differ far the
different re-randomizations ({see CKOMP B88/7 fTor a detailed discussion}.
This s then a problem in estimating the probability of exceeding the test



201

statistic value by chance alone, as ome is comparing numbers of differing
precisions. This problem may be circumvented by using whai may be termed
a "marginal" set, namely the set of parmutations of the experimental treat-
ments such that nl observations are allocated to treatment 1, n2 to treat-
ment 2 and n3 to treatment 3, where nl, nZ and n3 are the numbers of cases
that received each treatment in the data set. This is also a valid set of
re-randomizations as all these possibilities are included among the full
set of valid re-randomizations.

The randomization scheme wused here is used to test all pairwise hypothe-
ses, and not Just the seed versus no seed comparison. The scheme thus
uses different re-randomizations for each hypothesis, the re-randomiza-
tions involving only cbservations arising from the application of the pair
of treatments under consideration. This is in contrast to those used by
the Nelspruit researchers.

The initial application of the randomization testing precedure was to each
variable in the data set individually. However, although it is commonly
stated that one would expect to find 5% of the tests significant by chance
glone if ope is performing the tests at the 95% level, this 75 not always
true, unless the tests are independent. In the case of the analyses repor-
ted here, that is definitely not true, as the 250 variables are highly
correlated. It is obvious that, if there is a significant difference in,
for example, the mean echo top of the storm, it is very likely that the
maximum eche top, and the maximum ratie for the echo top are also signifi-
cant. In the most exireme situation of perfectly correlaiad variables,
one would expect all tests to be significant (or nonsignificant). A1l
that can be said is thus that the number of tests significant by chance
alone can be expected to lie between 5 and 100. The level at which the
hypothesis testing 1is done must thus be adjusted to obtaim a test at a
true 95% level.

The alternative to considering this problem as being one in which 250 indi-
vidual hypotheses are being tested, is to consider the test as being of
the joint hypothesis that none of the 250 variables differ significantly,
as opposed to the alternative hypothesis that at ileast one of the vari-
ables differs significantly. This test is based on the union-intersection
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principie (Gabriel, 1979), in which the distribution of the maximum of the
250 variables is wused. In terms ¢f rzndomization tasting, one thus ob-
tains the maximum for the fest statistic over the 250 variables at each
re-randomization, and uses this distribution as the basis for the compari-
son with the wvalues found for the test statistics in the actual experi-
ment. A1) variables for which the statistic is larger {or larger in abso-
lote wvalue) than this maximum are then significant at the 5% level. (The
test using the abselute value is of course the two sided test, that is the
test of no difference. A test using the actual value of the test statis-
tic is a one-sided test, testing for an increase.)

3.2 Analyses of Covariance

As has been mentioned, the results of the randomization tests show that
there are significant differences, mainly between the two no seed treat-
ments, and indicate that the differepce in wvolume arises even in the
before decision time period. This difference thus appears to be due to an
inadvertent initial bias between the samples allocated to the different
treatments, '

A partial examination of such differences could be carried out through the
examination of pairwise plots of the data. Howaver, the sheer volume of
the plots to be examined is prohibitive. In addition, it is very possible
that the bias wmay not lie just in the relation between 2 variables, but
may lie in a relation of more than two variabies, and may thus not be
visible on pairwise plets. Examination of plots is zlse & somewhat subjec-
tive procedure. An alternative procedure was thus employed, namely the
analysis of covariance.

In this procedure, the means of the treatment groups are compared for some
track property, after correcting for the effect of the "covariates” or
"correcting” properties. In order to clarify the object of this techmi-
que, consider the following hypothetical example (which may or may not
make sense metecrologicaliy), using just twe treatments. Suppose that we
are examining the change in echo top height of the seed and sampie cases
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versus the no seed and no sample cases, in the 10 minutes ifter decision
time. It may be that the changes 1in echo top height as a result of
seeding are highly affected by the initial volume of the storm, with the
rate of change of echo top height depending linearly on the initial
volume. "Adjusting™ the echo top height for the initial volume may then
allow one to see c¢learly whether seeding has had an effect ar not.
Although this example wuses only one "correcting” variable or covariate,
the method also caters for the use of several variables,

The analysis of covariance mode] used in these analyses is that where all
three treatments are taken into account. One representation of this modal
is:

Y by tbptohyt ﬂlixl,i - E]} + ﬁE{“E,i - EE} + ... + ﬂp{xp,i - §ﬁj + €y,

where y, vrepresents the value of the dependent variable under censi-
daration for the i'th case, the g’'s represent the adjusted treaztment
means, the A’s are the ({linear] regression coefficients of the p pre-
dictor variables, the xhj’s are the wvalues of these predictor
variables for the i"th case, the X's are the corresponding means of these

values, and ¢, is the random component for the i‘th case.

Tests can then be carried out as to the significance of the differences
batwean the three adjusted means {pi, i, and #3}-
In many cases (where there is sufficient data, compared to the number of
covariates included) one can also test the hypothesis that the same
regression 1ine can be used for all three treatments.

Comparing the three means allows identification of whether there is 2
significant difference between the treatment means, bui not as to where
the difference lies, should the difference be significant. This can be
examined by considering covariance analyses using only two variables at a

time.
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As the covariates wuwsed are correlated among themselves, the coefficients
of the regressions will change, sometimes greatly, depending on which
variables are in the aguation. Thus the elimination of varijables should
be done wusing & method in which nonsignificant variables are eliminated
from the equation in a stepwise fashion. Several criteria may be used in
chopsing the final equation - significance of individual terms, drop in
explanatory power af the equation, efc. An examination for ouwtliers
should also be performed.

There are two drawbacks to the analtysis of covariance, however, which are
nal shared by the plotting procedure. The first is that, even though one
could wuse different regression lines for the different treatments, the
correction performed {s basically that of Tlinear regression, so that
guadratic or other nonlinear effects are not taken inte account. The
sacond 15 that the procedure anly looks at means. [f the data come from a
skewed distribution (2s many of the variables in this study appear toj,
this 1is not necessarily z statistic of interest. These assumptigng may be
checked using the automatic interaction detection methods.

3.3 Automatic¢ Interaction Detection (AID)

This is actually a family of methods, wused for analyzing data sets
consisting of a large number of gbservations (Hawkins and Kass, 1982).
The aim of these techniques is to classify the datz into mutually
exclusive homogenepus subsets describing a (continuous or categorical)
dependent wvarizble in terms of ({categorized) wvalues of the predictor
variables. Ho assumptions are made 23 to the structure of the
relationships, whether linear or otherwise, or as (o the presence or
absence of interactions. The main aim of applying the AID procedure in
this case is {o examine the appropriateness of an analysis of covariance
by determining the presence of interaciion terms and non-linearity, and
the identification of outliers.

In this technigue, each predictor variable i3 considered in turn as to iis
ahility to explain the variztion in the dependent variable. This is done
by dividing the dependent variable into groups, based on categories of the
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predictor variable. A splitting and merging process {based on t tests) is
used to get the best combination of the possible categories, with the
criterion being that the variation of the dependent variable values within
each group shouid be as low as pessible {with the major part of the
variation thus lying between the groups}. Once the best predictor for the
first split has been chosen, and the split implemenied, each subgroup is
considered separately in the same way as before, all predictor variables
again being considered. A tree structure dis thus formed, with the
dependent variable being split inte sma)ler and smaller groups until no
further splitting will lead to significant improvement, This tree can be
used as a non-parametric method for predicting the dependent variables
fram the predictor variables. The tree also gives an indication of what
the best variabies are for predicting the dapendent variable, and whether
different variables are needed for predicting low values of the dependent
variable to those needed for predicting high values, etc.

The member of the AID family most appropriate for the current analysis is
Extended Automatic Interaction Detection or XAID, {Heymann, 1881), which
has begn developed for the case of a continuous dependent variable. It is
alse abte to handle smaller data sets than the other methods (the minimum
recommended size of data set is 50). The current data set is too small
for the other methods {o be useful. However, XAID defects only a change
in Tocation and supposes that the dzta are normal and equally precise.

As previously mentioned, these techniques require the predictor variables
te be categorized., This was done by examining the distribution of values
for each predicter variables, and taking the Towest 25% of the
observations to be the first category, the next lowest 25% the second
category, and sa on, to form four categories.

-

A more detailed description of the technigue is given in CKOMP 89/32.
§, DATA ANALYSES
The data sets analysed are, as already mentioned, those derived from the

Nelspruit radar data set, as obtained in December 1988. Both the “three
condition" and the "four condition™ data sets are analysed, the "three
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condition"” data set being that with the post-experimental stratification
of all storas being less than 750 cubic kilometers in size, being between
10 and 80 kilometers from the radar, and with temperature ratio partition
greater than 2. The "four condition" data set has the further restriction
that all storms have an eche in the before decision time period. The
numbers of observations in the data sets, for each of the time periods,
and for each of the treatments, are shown in table 1. Under the heading
"Treatment", 1 denotes seed and sampie, 2 denotes no seed and sample, and
3 denctes no seed and no sample.

Table 1 MNumbers of observatians.

Four condition data set

Treatment
i

The reason for the {nitial use of the four condition data sei for
randomization testing was the great importance of testing for bias. It is
not possibte to test for bias unless there are observations present in the
before decision time period. However, there has been some literature
indicating that it 14s precisely these cases, which are rapidly growing
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storms, where the greatest effect of cloud seeding is apparemt. For this
reason, both data sets have been examined in the randomization testing
anatysis. Examination of means for the different treatments and time
periods (after decision time), given in Appendix E of CKOMP 89/24,
indicates, however, ihat including these cases resulis in a decrease in
the mean value for most variables.

4.1 Randomization Testing

The test statistics wused for randomization testing, 1ihe separate
randomization tests for each variable and the randemization testing taking
the myltiplicity of tests into account are discussed under separate
headings belaw.

Tests Used in this Repart

A number of test statistics have been used in the analyses. Among these
are the test statistics wused in the PAWS reports, namely the arithmetic
and geometric means, the standard deviation, the skewness and the maximum
and minimum, of each variable. The kurtosis has also been listed in some
of the tables in some of the reports, but has not been discussed. The
definition of the geometiric mean differs somewhat from that defined in the
Neispruit analyses, being defined as zero if any of the values involved is
negatfve. (See CKOMF 8B/7 for mere details on these statistics).

A further blanket test for differences in distribution is included in this
study, namely the Kolmggorov-Smirnov (KS) two sample test. This test
essentially computes the cumulative distribution functions for each of the
two sets of sample data, and looks at the maximum absoluie difference
between the {wo cumulative distribution functions. This can be stated
formatly as:

KS = max}F{x) - G(x}|

where F(x) and G{x) denote the sample cumelative distribution functions of
the two samples, and the points x over which the maximum is taken are the



208

points forming the two data sets. (Strictly speaking, % ranges over the
set of all vatues that the variable can take on, but changes in the func-
tion |F{x} - G{x)| can occur only at the actual values present in the two
samples.) This test covers zl] the possibilities of difference in mean,
standard deviation, skewness, Kurtocsis, maximum, minimum etc.

As stated, the Kolmogorov-Smirnov test used here is based on the maximum
absolute difference, and is thus a two sided test, testing for any differ-
ence in distribution and not just an increase. This is in contrast to the
tests used in the Nelspruit analyses, which are gne-sided tests, testing
for an increase in the statistic. While it may be sensible to test for an
incregase in mean or maximum in seeding or sampling, it is not clear
whether it is sensible to test for an increase in variance, skewness or

minimum.

Another reason why the KS test is used is that it is a non-parametric test
and 15 less affected by a few outlying points. This contrasts with the
statistics wused in the Nelspruit study, which are all highly affected by
even a single very outlying point. The reason why this is undesirable is,
of course, that one is looking for changes that affect all {or at least
mast) of the storms given a certain treatment, and is not interested in
differences 1in c¢hanges due tg only one or two storms. Unfortunately, the
KS test is not totally robust against such peints, and may thus still give
a significant result due to only a few points. Alternatively, it is
paessible that a significant difference may be obscured by the presence of
a faw outlying points.

Randomization Tests

The initial analyses, discussed in CKOMP 88/7, included apalyses of the
data set without the restriction on the initial volume being less than 750
cubic kilometers, and the temperature ratic partition being greater than
2, for the data set with all cases without readings in the period 10 min-
utes before decision time to¢ decision time {-10 to 0) being removed. It
was found that the presence of very large volume storms {there are nine
storms with initial volume greater than 750 cubic km), led to skew distri-
butions of the wvariables, and bias between the treatments. These cases
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were thus dropped. The bias, however, did not disappear completely.
Stratifying on the temperature ratio partition, which remoyes the graupeil
only cases, was found to result in a great change in the results, {see
CKOMP 8B/7), with a number of variablas now becoming significant. These
indicated the possible presence of both a seeding and a sampling effect,
with a possible bias again being found. Jt was decided to implement the
temperature ritio partition stratification.

For the new data set, CKOMP 89/27 gives full details of the randomization
tests (based on a sample size of 1 000) of each of the 250 variables (for
each of the hypotheses of seed and sample wersus no seed and sample, seed
and sample versus no seed and no sample, no seed &nd sample versus no seed
and no sample, and seed versus no seed). Variables significant on any of
the test statistics are listed in Appendix 8 of that report for the three
condition data set, and Appendix € for the four condition data set,
separately for each of the 10 minute time periods. These tables show a
large number of variables to be significant on the various tests, with a
number of wvartahles aiso being significant in the before decision time
period. This may be due to either hias, or to chance effects, the Tatter
being made more probable because of the large number of hypotheses being
iested.

Joint Randomization Testing

CXOMP  B9/27 also reporis on the results for the randomization testing tak-
ing the multiplicity of the tests and the correlation between the vari-
ables into account. As one uses the maximum of the test statistic aver
the different variables as criterion in this precedure, it is obvious that
any test statistic used for such 2 test musi be scale-invariant. Thus one
cannot use the maximum as a test statistic, as the scales of volume, rain-
flux, rates of increase, etc., vary greatiy. Two test statistics were
thus chosen for this analysis - the Kelmogorov-Smirnoy (K-5) statistic, as
an overall test of change of distribution, and the f-test, as a test of
change of mean. As the Relspruit analyses test for an increase in mean,
this test was also done in those terms, and is thus a one sided test. The
K-§ test 1is a two-sided test. This analysis was done for both the three
and four condition data sets. Results of this test are listed in Table 2.
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A single asterisk in this table indicates significance at the 10% level, a
double asterisk significance at the 5% level, and a treble asterisk
significance at the 1% Jlevel. Where significances differed between the
two data sets, they were higher on the four condition data set - these are
indicated by the extra stars in brackets. Test | represents seed and
sample, test 2 45 no seed and sample, and test 3 is no seed and no
sample. Tests of seed versus no seed {test 4) wera also perfarmed, but
only one varizble was significant {variable 237 on 20 to 30).

Table 2 Variables significant on multiple testing

(a) On both three and four condition data sets

Time period

191 *

g &% -
i 69 *+

0 to 10 2vg 3| 9 * -
" 2? **{*] 2? *{*}
za **{*} EE *[*}
33 *(*) .
35 stk 35 *?{*]
35 x5k 36 **t*}
- 43 *{%)
| - 65 *{*}
57 ** 57 **
EE x> EB e
- 7o *{*)
- 7o *(*)
Bl **[*]
B3 ek B3 **{*]
B4 Fxk B§ *x(*)
" 115 *(*) 115 **
117 * 117 *{*} - {
121 ** 121 *{*)
" - 126 *(*
128 * {28 +*(*)
135 L4 ] -
- 140 * ’
142 *{*
149 ** 149 #(x*)
201 *** 20] w |
Euz 1 11 202 i*{i}
- 203 **(*}
I 206 *(*} | 206 **(*} |
208 *+
221 * -
225 *#
lﬁ — e ——— ﬁl

{continued)
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10 to 20 2 vs 3 g ** -
59 *(*} .
B0 *(*} -
u 116 * 116 *(*) I
121 *(*)
128 *(*)
- 149 *(*)
206 *(*)
208 *(*)
286 *
228 ** 228 *(*¥)
0 to 40 Y v 3| )55 * -

(b} Three condition data set only

Time period Test K-5 Mean
0 to 10 1 vs 3 - 164 *
Zwvs 3 - 143 *
30 to 40 1 vs 3 160 *

{c) Four condition data set only
—_— _——

Time period | Test K-5 Mean
0 to 10 1 wvg 3
2 vs 3

&

3

8

3
- 73
1
142
“ 208 *

223 *
- 228 *

{continued)



10 to 20 1 vs 3

-
.

¥ % & = & ¥ * & W
Se———

['s
%

- 115
114

126 *

¥

133
- 135 W
- 147 *
. Q] w*

202 *% [ 202 **

- 203 *
206 **

207 *

- 29] wk
222 ww

226 *»
- 707 **

20 to 30 1 wvs 3| 133 * -
2 vs 3 q -
I vs 4 - 23T **

30 TO 40 2V 3 g -

It can be seen from table 2 that almost all significant variables are sig-
nificant for the iest of no seed and sample versus no seed and no sampie
{i.e. a Fly-through effect}). However, it can be seen that variable 9, the
volume at decisfon time, differs significantly in the before decisicn time
period. Many of the variables that differ ip the post-decision time
period are related to volume, so that these differences could be due to an
unanticipated bias.

4,2 Analyses of Covariance

Analysis of covariance is a complicated procedure, as has been illustrated
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with this data set. Firstly, the covariates have to be chosen, as well as
their form {linear, quadratic, etc.). There are thus ¢oncerns over the
correctness of these assumptions, as well as concerns over distributional
assumptions. These ‘tatter can be removed by doing the znalysis within a
randomization testing framework. However, a significant difference
between the adjusted treatment means does not imply that the analysis is
finished. Some check must also be carried out that the bias correction
has been adequately done, but that over-compensation has not taken place.
The only way of doing this is by detailed examinztion of the regression
aquation and of the residuals, and of the plausibility of the results.

Initial Analyses of Covariance

In the initial analyses reported on in CKOMP 88/7, a number of the analy-
ses of covariance proved significant (73 for the period 0 to 10 minutes},
with the majority of the tests being significant when comparing either the
saed and sample and no seed and no sample treatments, or the two no seed
treatments.,  Many of these significant analyses are for variables found teo
be significant during the re-randomization tests, thus indicating that
even after taking into account possible {linear} relationships with the
control variables, there are differences in treatwent weans. Some variab-
les, however, become non-significant {indicating that the significance was
due to bias). while the cpposite also holds - several previously non-signi-
ficant wvariables are naw significant {indicating that the bias previously
obscured the significance).

At this siage it was deemed advisable to check some of the assumptigns
{linearity, lack of interactions, and absence of putliers}.

XA1D Analyses

Due to the large amgunt of work involved in setting up an running an AID
and the time constraints, only a few, setected variables of meteorological
importance ({as chosen by R, Grosh and 6. Mather) were used as input to the
XAID analysis. The dependent variables investigated are variable 67 (Hass
rainflux at 3°), wvariable 68 ({Mean rainflux at 3°}, variable 75
{Mass rainflux at cutoff}. &nd variable & {Mean rainfluz at cutoff), while
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predictoer variabies are the twenty control properties: variables 1 to 10
and 241 to 250, and several varijables of meteorological interesi: such as
the wvalues cof the dependent variables before decision time, as well as
varizbles 11,13, 20, 27, 28, 40, 51, 52, 59, 60, 84, 95, and 102.

The values of the predictor variables are those of dats recarded before
decision time. The dependent variable is chosen from corresponding storms
in any of the four ten minute periods following the decision time. It is
important to note that the data used from the before and after decision
timg pericds must be from the same storm, implying the deletion of all
storms without pre-decision time eche, as in the four condition data set.

In the analyses wusing the twenty control track properties as predictors,
the 1initial wvolume at decision time appears as the mest important factor
influencing post-decision time rain flux. Analyses of the augmented set
of predictor variables chosen on meteorclogical grounds, showed that the
area at decision time and the initial rain flux vatue of the cloud at
decision time <¢ontributes most towards the produced rain flux after the
application of the treatment. Transformation of the data to the Jogari-
thmic scale (indicated as the variances of the dependent variable
increased with the mean) resulted in the initial volume as well as the
mean precipitable water in the cioud befoyre decision time coniributing
mest to the subsequent measured rain flux., After adjusting the data for
the initial wolume the mean x coordinate of the storm (track property 5},
the C{L temperature ({irack property 244) and the cumulative 3° area
time integral (track property 246) are the most important predictors.

No first Jlevel partitioning due to treatment accurs but several cases of
lower significante appear in the 10-20 and 20-30 minute periods after
deciston time. There are thus indicaticns of a treatment effect, but they
are not of major significance and could well be affecied by bias in the
data.

Several interactions, outliers and non-linearities are present, but as
they are not of majer significance, it seems that the assumpiions for the
analysis of covariance are reasonable. However, as only a few predictor
variables were examined, c¢onclusions cannot be drawn for the entire data
set.
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The results are given in detail in CKOMP 89/32.
Seeding Material Examinatijons

As mentioned above, concern was also Teit that the "seed and sample”
treatment s mat in fact a single treatment, in that the amount of seeding
material dispensed differs from storm to storm. So does the number of
turrets that are penstrated in order to dispense this material, and the
time spent flying through the turrets. Attempts were initially made to
anatyse these wvariables together with the other variables in the analyses
of covariance, despite the fact that the only legal covariates are those
independent of the treatment. It was hoped that these znalyses would show
whaether an adjustment for these variables was in fact necessary. However,
the high correlation of these variables with the treatments resulied in
nonsensical results (the estimates of the adjusted treatment means for the
no seed and sample treatment were large but negative for all wariables - a
physical mpossibility). Deletion of these variables from the anzlyses af
covariance yielded more sensible results.

An alternative check as to the imporiance of the seeding material amount
was then carried cout by testing the significance of these variables for
the seed and sample data, and significance of the other two variables was
thecked using the no seed and sample data set. The analyses showed no
significant relation to these thres parameters in most cases.

Further Analyses of Covarlance

A further analysis consisted of again perferming analyses of covariance
for all non-control variables {(that is, track properties 11 1o 240), with
the predictor variables being examined being the contrel properties {track
properties 1 to 10 and 241 to 250) on the new data set. Tests were then
carried out as to the significance of the differences between the three
adjusted means (nl, it and n3}, using randomiza-

tion testing. Where there is sufficient data, compared to the number of
covariates included, a test of the hypothesis that the same regression
Yine can be used for all three treatments was a¥se included. The hypathe-
$is was accepted in almost all cases where a significant difference in
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means was found. Cases where the analysis indicated that different regres-
sion lines ware appropriate still need to be investioated,

Several of these analyses of covariance gave significant results {confirm-
ed by randomization tests), when all predictor variables were included in
the equation, and these results are listed in table 3 {for the three condi-
tion data set) and table 4 {for the four condiiion data set), together
with the estimates of the adjusted treatment means. ({The randemization
significance is also given.]) The results for the analysis for seed versus
no seed {for the three condition data set) are given in table 5.

Even though some of the covariates in these analyses are non-significant,
the estimates of adjusted treatment means will be unbiased. However, if
one wishes to interpret the regressions, it is sensible 1o remove non-sig-
nificant wvariables. The question of possibly owmitted covariates has not
been addressed, nor has the guestion of interactions or of quadratic er
higher order effects. However, those variables examined by means of AID
indicate that the overriding effect is a linear effect, with inieractions
being present in a weak form. The residual plots examined do not indicate
the presence of nonlinear {quadratic or cubic) effects.

Table 3 Variables for which the apalysis of covariance is significant
{Three condition data set)

-10 te O minutes

Yariable | Significance | Mean 1 #Mean 2 Mean 3
25 016 265.20 226.23 23B.79
28 .034 6.565 5.006 7.797
69 .005 6.379 9.830 6.782
BS .014 6,181 8.587 8.274
103 037 5.659 5.739 3.084
110 .Q07 5.597 2.489 2.581
169 .03] 0.621 1.194 0.804
0 te 10 minutes
14 036 4.736 5.690 2.517
47 025 0.036 | -0.002 | -0.374

{cont inued)
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48 D13 D.305 0.306 0.090
58 .012 D.057 0.0%2 0.021
6l 016 6.009 6.035 2.993
64 .00l 0.28% 0.281 0.065
74 044 D.248 0.214 0.034
17 .002 5.112 5.576 1.471
19 .017 0.034 ¢.049 | -D.352
80 .002 0.309 0.302 0.0%6
103 .b43 5.378 3.803 2.445
122 027 4.478 5.832 2.142
143 .002 5.165 5.879 1.371%
145 .034 0.015 0.020 | -0.089
164 L023 1.158 0.579 0.511
185 023 1.803 1.318 2.842
201 .04z 36.493 | 36.798 | 35.934
202 .040 37.059 | 37.429 § 36.530
216 .D05 32.461 | 32.767 | 32.534 I
217 .004 32.411 { 33.198 | 32.618
220 L0003 -0.000 ! 0,002 0.000
230 L029 0.003 G.001 g.003
i
10 to 20 minutes
118 022 51.868 | S2.809 | 49.188 H
121 .08 49.956 | 50.924 | 46.905
12E .037 39.930 | 40.423 | 38.4%89
135 Q47 39.349 | 39.99¢ | 37.801
140 .44 40.190 { 40.097 | 36.780
145 Q27 5593.0 | 5668.8 | 3912.8
169 .14 {.568 0.238 0.251
184 .046 1.186 0.509 D.876
202 .026 36.684 | 36.976 | 35.984 i
222 048 37.683 | 37.829 | 36.614
20 to 3D minutes
129 049 ¢.025 4,320 £.396
131 .034 -0.028 | -0.008 0.012
30 to 40 minutes !
151 .005 31.279 .44] 1.373
159 .0la (.065 -.045 -. 029
160 .025 11 .048 .031
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TABLE 4 Variablas for which the apalysis of covariance is significant
(Four condition data set)

— ———— - —
-10 to 0 minutes |

Variable | Significance | Mean 1 | Mean 2 | Mean 3
23 L0186 258,20 | 226.23 | 238.79
4] .034 8.565 9.006 7.797
69 .05 6.379 9.630 6.781
8% .014 6.191 8.587 B.274
103 037 5.659 5.739 3.084
110 .007 5.597 2.489 2.581
169 031 0.621 1,190 0.504
0 to 10 minutes
“ 25 021 315.20 | 309.60 | 244.74 I
26 044 0.285 0.28% 0.107
27 013 43,050 | 44.02]1 | 35.342
28 .015 253.16 | 285,21 | 213.40
31 .048 0.098 0.103 | -0.158
32 .012 0.254 0.258 0.103
39 .038 {.059 0.078 | -0.247
[ 40 .018 0.278 0.27% 0.102 {
47 019 0.023 | -0.013 | -0.404
18 006 0.306 0.215 0.075 |
58 .015 0.057 | 0.054 | 0.020 |
61 019 5.948 5.726 Z.98]
64 .001 0.293 0.283 0.059
77 .005 5.038 5.39]1 1.324
79 012 0.036 0.034 | -D.371
80 Q02 §.321 D.30% 0.047
87 044 0.073 0.116 | -0.206
88 048 0.278 0.282 0.
89 Q4B 0.428 0.274 0.
119 .046 53.043 | 54.212 .
| 121 .028 51.179 | 51.871
122 .017 4. 591 5.357
124 037 -0.010 0.023
125 043 0.040 0.0561
126 .044 40,722 | 41.317
143 003 5.011 | '5.731
145 029 0.017 J.019
164 .039 1.121 0.652
172 .047 -0.363 | -0.503
185 .014 1.763 1.417
201 023 36.551 | 36.831
202 022 37,125 | 37.495
206 049 4,545 4.825
207 L0372 E.127 5.349
216 .003 32.460 | 32.783
217 . 001 32.406 | 33.230
220 002 -0.000 0.002
230 031 0.003 0.002
- — e e

{continued}



218

10 to 20 minutes "

¥Yarizble | Significance

TABLE 5 Tests for seed versus no seed variables significant

on the three condition data set

—

.10 to O niinutes=]|

" Yariabte | Significance { Mean 1 | Mzan 2 "
25 .045 253,33 | 235.14
29 .017 6,566 £.217
a5 006 6.246 8.336
110 .01 5.557 2.561
113 032 5.424 | -1.718
160 .031 0.119 0.057
169 .017 0.618 0.577
184 039 1.581 2.337
e

{continued)

Mean 1 | Mean 2 [ Mean 3
i18 .021 R1.926 | 53.0684 | 49.182 |
121 .0i6 50.006 | 51.187 | 46.893
126 .021 39.956 | 40.630 | 38.481
i 128 .040 38.766 | 239.479 | 37.458 *
133 .0z20 40.5802 | 41.639 | 39.035
135 022 15,322 | 40.262 | 37.820
140 L0432 40.235 | 40,262 | 36.673
145 .023 h614.8 | B655.4 | 3801.9
167 004 15i1.0 | 1543.8 { 1228.%
l 169 .015 0.56] | 0.247 | 0.241
202 .013 36.699 | 37.069 | 35.945 {
221 .039 36,733 | 37,259 { 35.955
222 .020 37.670 | 38.073 | 36.619
226 .024 4.222 4,872 3.740
227 .024 4.878 5.412 4,313
228 022 3.717 4 250 3.057 §
234 .013 0.00) 0.000 0.001
q 239 .. 040 0.007 0.002 0.004
| 20 to 30 minutes
129 .01% 2.115 3.504 §.544
.038 -0.031 | -0.016& ¢.012
.01l -0.038 { -0.015 0.017
.036 5796.3 | 6334.5 | 4070.6
.010 35.472 | 33.042 | 33.708
30 fo A0 minutes
.012
—————————— - —
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0 to 10 minutes

Variable | Significance | Mean 1 | Mean 2

94 048 1.222 0.680

103 018 5.325 3.070

105 047 -0.005 | -0.042

164 .010 1.155 D.542

172 027 -0.376 | -0.578

174 012 0.002 0.001

L L .005 32,452 | 32.642
217 .005 32,389 | 32.885

220 009 -0.000 0.00]

10 to 20 minutes

12 -050 2.348 1.416
142 046 38,715 1 35.178
145 036 -0.033 | -0.145
164 .031 0.758 0.399
169 .Q02 8.570 0.245
184 033 1.201 0.700
239 020 G.007 0.003

20 to 30 minutes

124 .038 -0.047 { -0.003
129 004 Z.054 4.824
131 .029 -0.027 0,00]
143 .046 2.319 4193 }
145 .027 -0.143 | -0.005
237 013 35.225 | 32.881

239 ‘03¢ 0.008 | 0.002

30 to 40 minutes

| 104 .020 3.829  2.069
159 .008 0.065 -0.038 |
160 005 0.111  0.040 T

|21 048 6.000  0.00

Since it is not possible to address these questiens for all variables in-
volved, 1t was decided to choose a few variables of particular interest,
and to investigate these inm depth. The variables chosen as dependent
variables were variabies 52 (mean area at 3°) and 68 {(mean rain flux
at 3*) A number of variables were c¢onsidered as covariates - track
properties 1 to 10 and 24] to 250 as before, as well as 36, 52 6B, 84 and
149 from the before decision time pericd. These combinations were also
examined as single wvariable regressions, and are described in the next
section,
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With respect ta the analyses of covariance, it was found that there was no
significant difference between the adjusted treatment means for these
varjables, although the regression part of the analysis of covariance was
significant. Plots did not give any dindication of a requirement for a
quadratic or higher effect, although this is still being investigated.

4.3 Regression Apalyses Requested by the Scientific Director

Linear regression relationships for certain variables (13, 20, 28, 36, 52,
60, 68, 76, 84, 95, 102) of the PAWS data were investigated {on the old
data set), and are reported on in CKDMP 89/25. The aim of the investiga-
tion was to see if the total post-decision time respense can be predictiad
from the pre-decisien time responses, and to see if this relationship
differs between seeded and unseeded storms. Reasonably good regressions
exist for the predictor variables mean area at 37, mean mass for the
whole storm, mean volume, mean area at cut-off and mean precipitable
water, but no significant differences were found between the regression
relationships for the different treatments. Suitable transformations of
the data and removal of possible outliers did not improve the fit of the
model, or change the significance due to treatment.

Simple 1inear regression relationships {predicting the dependent variable
from one predicter variable only) were also investigated for the variables
involved in the detailed analysis of covariance investigations, as is
mentioned abeve (thus being on the new data set}. The regressions were
again estimated allowing for separate intercept and slope terms for the
different treatments, but, as before, the test as to whether separate
slopes and intercepts were needed proved nonsignificant. These results
are discussed fully in CKOMP 89/33.

5. CONCLUSIONS

Fhe analyses have shown that there is a bias in the data set, with the
valume in particular differing between the three treatment groups. In
view of this, and as mest variables correlate highly with volume, it is
not pessibie to state that the other variables that differ significantly
between the treatments do so because of the treaiment effect.
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The @analyses of covariance, used to test for differences between the
treatment means after the bias has been taken into account, show several
variables to be significant, particularly in the 0 te 10 minute pariod.
Hawaver, several varizbles 1in the before decision time period are also
significant, indicating that the analyses of covariance have not been
totally successful in adjusting for bias.
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APPENDIX A
BASIC RADAR WARIABLES

WD DD == T G e L

{entroid X

Centroid ¥

Centroid 2

Reflectivity weighted centroid £
Top

Base

Volume Total

Yolume < 20 dBz

Volume 20 - 25 dBz

Volume 25 - 30 dBz

Volume 30 - 35 dB:

Volume 35 - 40 dB:

Yolume 40 - 45 gBz

Yolume 45 - 50 dBz

Volume 50 - 55 dBz

Volume 55 - &0 dBz

Volume 60 - 65 dB2

Volume 653+ dBz

Area at 3 deg

Mean reflectivity at 3 deg

Rain flux at 3 deg

Area at cutoff altitude

Mean reflectivity at cutoff altitude
Rain flux at cuteff altitude

Area at 3 deg < 20 dBz

Area at 3 deg ¢0 - 25 dBz

Area at 3 deg 2% - 30 dBz

Area at 3 deog 30 - 35 dBz

Area at 3 deg 35 - 40 dBz

Area at 3 deg 40 - 45 dB:

Area at 3 deg 45 - 50 4Bz

Area at 3 deg 50 - S5 Bz

Area at 3 deg S5 - B0 dBz

Area at 3 deg 60 - 65 dBz

Area at 3 degq 65+ dBz

Mass Ground Tevel - 2500 m

Mass 2500 - 4000 m

Mass 4000 - 5500 m

Mass 5500 - 7000 m

Mass 7000 - 8500 m

Mass BSO0 - 10 000 m

Mass 10 800 - 11 500 m

Mass 11 500 - 13 000 m

Mass 13 000 - 14 500 m

Mass 14 500 - 16 000 m

Mass 16 000 - 17 500 m

Mass 17 500+m

Peak reflectivity Cround level - 2500 m
Peak reflectivity 2500 - 4000 m
Peak reflectivity 4000 - 5500 m
Peak reflectivity 5500 - 7000 m
Peak reflectivity 7000 - 8500 m



Peak reflectivity
Peak refiectivity
Peak reflectivity
Peak refiectivity
Peak reflectivity
Peak reflectivity
Peak reflectivity
Mean reflectivity
Peak reflectivity
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B500 - 10 000 m
10 900 - 11 500 m

11 508 - 13 000 m
13 000 - 14 500 m
14 500 - 16 Q00 m

16 000 - 17 500 m
17 500+m

Height of peak reflectivity
Maximum height of 45 dBz echo

Track number
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APPENDIX B
TRACK PROPERTIES

GROUP 1 - GEOMETRY, TIME
Duration of storm

Time ef 6rigin

Speed of movement
Direction of movement
Mean X coordinate

Mean ¥ coordinate

Mean range

Envelope decision time
Yolume at deciszion time
Peak dBz at decision time

i ALY OO0 -8 TN LN L dad B

2 - TOP, DEPTH, VOLUME, MASS
Echo top - maximum
Echo top - maximum razte of increase

Echo top - mean

Echo top - time to maximum

Echo top - time o maximum rate of increase
Eche top - persistence

Echo top - maximum ratioe

Depth - maximum

ODepth - maximum rate aof increase

Dapth - mean

depth - time to maximum

Depth - time to maximum rate of incraase
Bepth - persistence

Depth - maximum ratio

Volume - maximum

Volume - maximum rate of increase

¥olume - time integral

Yolume - mean

Volume - time {0 maximum

Volume - time {o maximum rate of increase
Volume - persistence

Yolume - maximum ratio

Mass for whole storm - maximum

Mzss for whole storm - maximum rate of increase
Mass for whole storm
Mass for whole storm

Mass for whole storm

time integral
mEEN

Hass for whole storm - time to maximum

Mass for whale storm

persistence

Mass foar whole storm - maximum ratio
Mass above cutoff altitude - maximum

Mass above cuioff altitude - maximum rate of increasze
Mass above cutoff altitude -
Hass above cutoff altitude - mean
Mass above cutoff altitude -

Mass above cutoff altitude - time to maximum rate of in.rpase

time integral

time to maximum

Mass above cutoff altitude - persistence
Mass above cutoff altitude - maximum ratio

time to maximum rate of increase
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GROUP 3 - AREA, RAIN, PRECIPITATION, RATIOS

49 Area 3 degrees - maximum

50 Area 3 degrees - maximum rate of increase

51 Area 3 degrees - time integral

52 Area 3 degrees - mean

83 Area 3 degrees - time to maximum

54 Area 3 degrees - time to maxiamum rate of increase
55 Area 3 degrees - persistence

56 Area 3 degrees - maximum ratio

57 Arez cutoff - maximum

58 Area cutoff - maximum rate of increase

%9 Area cutoff - time integral

B0 Area cutoff - mean

&1 Area cuteff - time to maximum

62 Area cuteff - time to maximum rate of increase
63 Arez cutoff - persistence

64 Arez cutoff - maximum ratio

b5 Rain flux 3 degrees - maximum

1 1 ] rod

713 Rain flux 3 degrees - maximum rate of increase

67 Rain flux 3 degrees - mass

68 Rain flux 3 degrees - mean

&9 Rain flux 3 degrees - time to maximum

70 Rain flux 3 degrees - time to maximum rate of jmncrease
71 Rain flux 3 degrees - persistence

iz Raip flux 3 degrees - maximum ratic

73 Rain flux ¢utoff - maximum

74 Rain flux cufoff - maximum rate of increase

75 Rain flux cutoff - mass

76 Rain flux cutoff - mean

77 Rain Flux cutoff - Lime to maximum

78 Rain flux cutoff - time te maximum rate of increase
79 Ratn fiux cutoff - parsistence

80 Rain flux cutoff - maximum ratio

8] Precipitable water - maximum

BZ Precipitable water - maximum rate of increase

83 Precipitable water - time integral

84 Precipitable water maan

B5 Precipitable water - time to maximum

86 Precipitable water - time to maximum rate of increase
87 Precipitable water - persisience

a8 Precipitable water - maximum ratio

a9 Mass time integral/rain mass - 3 degrees

qp Mass time integral/rain mass - cutoff

61 Mean mass/rain mass - Y degrees

92 Mean mass/rain mass - cutoff

GROUP 4 - YERTICAL CENTROIDS

g3 Voertical centroid - maximum

94 Vertical centroid - maximum rate of fncrease

85 Vertical centroid - mean

96 Vertical centroid - time to maximum

97 Vertical centroid - time to maximum rate of increase
98 Yertical centroid - persistence

a9 Yertical centroid - maximum ratio

100 I weighted vertical centroid - maximum

101 I weighted vertical centroid - maximum rate of increase
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102 I weighted vertical centroid
103 7 weighted vertical centrpid
104 I weighted vertical centroid
105 7 weighted vertical centrpid - persistence

106 7 weighted vertical centroid - maximum rafio

107 Deaita vertical centrold - maximum

108 Delta verticail centroid - wmaximum rate of jincrease

104  Delta vertical centroid - mean

110  DBelta vertical centroid - time to maximum

111 Pelta vertical centroid - time to maximum rate of increase
112 Delta vertical centroid - persistence

113 Delta verticai centroid - maximum ratio

mean
time Lo maximuim
time to maximum rate of increase

GROUP & - SPARE

114  Discriminant function

115 Mass of the 3 degree rain flux/area time integral at 3 degrees

116 Rain flux at 3 deqrees at the beginning of the time period of
interest

117 Rain flux at 3 degreas at the end of the time period of interest

GROUP & - REFLECTIVITY

119 Peak dBz whole storm - maximum
120 Peak dBz whole siorm - maximum rate of increase
121 Peak dB? whole storm - mean

time fo wmaximum
time to maximum rafte of increase

122 Peak dB? whole storm
123 Peak dBz whole storm

124 Peak dBz whole storm - persistence

125 Peak dBz whole storm - maximum ratic

126 Mean dBz whole storm - maximum

127 Mean dB2 whole siorm - maximum rate of increase
128  Mean dBz whole storm - mean

129  Mean dBz whale storm - time to maximum

130 Mean dBz whole storm - time to maximum rate of increase
121 Mean dBz whole storm - persistence

132 Mean dBz whole storm - maximum ratio

133 Mean dBz 3 degrees - maximum

134 Mean d8z 3 degrees - maximum rate of increase

135 Mean 4Bz 3 degrees - mean

136 Mean dBz 3 degrees - time to maximum

137  Mean dBz 3 degrees - time to maximum rate of increase
138 Mean dBz 3 degrees - persistence

139 Mean dBz 3 degrees - maximum ratic

140  Mean dBz cutoff - maximum

141 Mean dBz cutoff - maximum rate of increase

142 Mean dBz cutoff - mean

143 Mean dBz cuteff - time to maximum

144  Mean dBz cutoff - time to maximum rate of increase
145  Mean dBz cutoff - persistence

146  Mean dBz cutoff - maximum ratio

147  Maximum height 45'S - maximum

148  Maximue height 45'S - maximuem raie of increase

149 Maximum height 45°S - mean

150  Maximum hejght 45°S5 - time to maximum

151  Maximum height 45°S - time to maximum rate of increase
152  Maximum height 45°S - persistence

153 Maximum height 45°5 - maximum ratic

1 L] L i [ ] 1 1 1] | ] 1 L] 1
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155
156
157
188
159
160

GROUP
161
162
163
164
165
166
167
168
ig89
170
171
172
173
174
175
176
1717
178
179
180

GROUP
181
182
183
184
185
186
187
188
189
190
191
182
153
184
195
196
187
198
159
200

GROUP
201
202
203

Height pezk dBz
Height peak dBz
Height peak dBz
Haight peak diz
Height peak dBz
Height peak dB8z
Height peak dBz

1 i ] ] i i 1

7 - HASS=F (HEIGHT)

Mass=f{height} :

Mass=f{height} :
: mean
. Mean
Mass=f(height) :
: standard deviation - mean
: standard deviation
: standard deviation
: standard deviation
: standard deviation
Mass=F{height) :
Mass=f{haight} :
Mass=f{height} :
Mass=f(height) :
Mass=f{beight) :
: mode -
: mode
Mass=f{height} :
Mass=f(height) :
¢ mode

Mass=f(height)
Mass=f(height}

Mass=f{height)
Mass=f(height}
Mass=f{haight)
Mass=F(height}
Mass=f(height}

Mass=f(height}
Mass=T{height}

Mass=f{height}

mean
mean

mean
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maximum

maximum rate of increase

mean

time to maximum

time to maxioum rate of increase
persistence

maximum ratio

mean

M X imum

minimum

maximum rate of increase
maximum rate of decrease

max i mus
minimum
maximum vrate of inCrease
maximum rate of decrease

~-skew - mean

-skew - maximum

-skew - minimum

-skew - maximum rate of increase
-skew - maximum rate of decrease

mode
mode

mean

wax imum

minimum

maximum rate of increase
maximum rate of dacrease

- mean

8 - PEAK{DBZ}= F{HEIGHT]
dBz=f(height) : mean
dBz=f{height) : mean
dBz=f{height] : mean
dBz=f(height) : mean
dBz=f(height) : mean

dBz=f(height)
dBz=f{height)
dBz=f{height)
dBz=f(height)
dBz=f[height} :

dBz=f({height) : -skew -
dBz=f(height) ; -skew
dBz=T{height) @ -skew
dBz=f{height) @ -skew
dBz=f{height] : -skew
dBz=f{height) : wode -
dBz=f{height) : mode -
dBz=f(height) : wmode -
dBz=f(height) : mode -
dBz=f{height) : mode -

9 - %VOLUME=F{DBZ)

%Yolume=f{dBz)
%¥olume=Ff{dBz)

%Volume=f{dBz) :

max imum
minimum

maximum rate of increase
maximum rate of decrease

: standard deviation - mean
: standard deviation
: standard deviation
: standard deviation
standard deviation

maximum
mi e mm
maximum rate of increasa
maximum rate of decrease

t

mean
maximuim
minimum
maximum rate of increase
maximum rate of decrease

Wean
maximum
minimudm
maximum rate of increase
maximum rate of decrease

* mean - mean
© mean - maximum

mean - minimum
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204  %V¥olume=f({dBz) : mean - maximum rate of increase

205  %Volume=f{dBz) : mean - maximum rate of decrease

206 %Wolume=f{dBz) : standard deviation - mean

¢07  %Velume=f{dBz) : standard deviation - maximum

208  Wolume=f(dBz) : standard deviation - minimum

209 ZVolume=f{dBz) : standard deviation - maximum rate of increase
210 %WVolume=Ff{dBz) : standard deviation - maximum raie of decrease
211 %Volume=f{dBz) : -skew - mean

2l2  %Volume=f{dBz) : -skew - maximum

213 %Wolume=f[{dBz) : -skew - minimum

214 %Volume=f{cBz) :@ -skew - maximum rate of increase

215  %Volume=f{dBz) : -skew - maximum rate of decrease

216 Z¥olume=f{dBz) : mode - mean

217 %V¥olume=f{dBz) : mode - maximum

218 ZWolume=f{dBz) : mode - minimum

219 %VYolume=f{dBz) : mode - maximum rate of increase

220 %Volume=f{dBz) : mode - maximum rate of decrease

GROUP 10 - %3 DEGREES AREA=F(DBZ}

221  %Area=f(dBz) : mean - mean

22¢ %Area=f{dBz} : mean - waximuy

223  ZArea=f{dBz)} : mean - minimum

229 %Area=f{dBz) : mean - maximum rate of increase

225  %hrea=f{dBz) : mean - maximum rate of decrease

226 %Area=f{dBz) : standard deviation - mean

227  %Area=f{dBz) : standard deviation - maximum

228  %Area=f([dBz}) : standard deviation - minimum

229  %Area=f{dBz) : standard deviation - maximum rate of increase
230  ¥%Area=f{dBz) : standard deviation - maximum rate of decrease
23]  %Area=f{dBz) : -skew - mean

232  %Area=f{dBz) @ -skew - maximum

233 ¥Area=f{dBz) : -skew - minimum

234 %Area=f{dBz) : -skew - maximum rate of increase

235 %Area=f{dBz) : -skew - maximum rate of decrease

236 %Area=f{dBz) : mode - mean

237 %Area=f{dBz) : mode - maximum

238  %Area=f{dBz) : mode - minimum

238  %Area=f{dBz) : wode - maximum rate of increase

240  ¥%Area=f{dBz) : mode - maximum rate of decrease

EROUP 11 - CONTROL

241  Average mixing ratic for the lowest 60 mb

242 Cloud condensation level temperature

243  Buoyancy at 500 mb

244  Temperature at cloud condensation level/buoyancy at 500 mb
245  Number of tracks for the day

246 Cumulative 3 degrees area time integrat for the day

247  Maximum volume of any storm for the day

248 Maximum rate of increase of volume for the day

249  Maximum tops of any storm for the day

250 Maximum dBz of any storm for the day
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