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NATURAL CLOUDS AND HAIN IN NELSPRUIT

1.0 INTRODUCTION
The PAWS project has one gualt- waker.

The preject exi1sts only because wakter is an increasingly
valuable resource. The central effort is weather modificationy
the artifiecial enhancement of rainfall from cumulus clouds.

PAWS nowever was designed not only ta evaluate the
feasibility of making more rain, but also to illumipate the
processes which create the natural rainfall along the Drlkensber?
escarpment. This is a proper mix of twa opposing schoals o
Ehaught on weather modification: ane school says that we must
understand the natural systems completely before we can attempt
to modify fhbem; the other says that we need only to proceed
empirically, say by performing randomized tests of cloud
treatments, The first is clearly wrong; we would have no medical
teehnology at all if this were so0. And the second, L[hough
undoubtedly being of greater merit, is a bit too extreme and
would lead ta mindless and expensive probing in the dark. In
fact, the more scientific Llearning that ane buiids into weather

modification evaluations, the more focussed eaeh succeeding step
becumes.

PAWS was set up wWith equipment and personnel capsable of
navigating this middle qround ofF research, and as a result has
produced a vast gool of information on which £a base a Fiurstk,
tentative description of the rainfall processes of the Eastern
Transvas] Lscatrpment.

[t is praper to present these results in &« volume of their
own, becguse they are expected to have a value of their awn,
Lrndependent of th& results of our efforts at modifving the clouds
for economic benefit. They sre also expected to be of interest to
8 wider audience then that concerned with weather mpdification. A
knowledge of the structure ang composition of clouds and of the
factaors debeemining their benaviour must tocenefit tne fields of
eviation, forecasting, climatology, hydr-rlogy, agricultural
meteorolegy, to name only a Few.

We Follow a scheme based on the instrument systems employed
in the research: first the rainfall is described as it appears to
instruments on Lhe groundi then the sssociatad metearojogical
influences are dealt with: thRen the stprms are describsd as seen

through the eyes of radar and, from within, by the instrumented
aircraft. .



2.0 A DESCRIPTION OF PAWS 5TUDY AREA RAINFALL (Garstang and
Emmitt)

In this secktion we describe the rainfall in the Paws study
area in terms aof :

* rainfall amounts

 rainfall rstes

*temperal distributions, e.y. climatic, annusal/seasonal
diurnal

Current raingauge networks are not adequate for resolving
seeding reponses - the nonrecording gauges have long periods of
recoerd (about 50 years) but lack temporal resolutioni the
recording gaupges hawve Jjust the reverse, Af this time, the seeding
response is spught in the mircraft microphysical data {(Volume 3,
Section 2}, and the PAWS 5 cm radar data (Yolume 3, Section 3).
fhe radar estimated rain voiume {(REHY) and area time integral
{ATLl) come closest ta praviding an estimate of rainfell response
to seediny. However, the radar data ia biased towards daytime
rainfall an days that presented seeding opportunities. Therefore,
our description of cainfall relies primarily upan the raingauges
for mast of the statistics dealing with climate, annual, seascnal
and diurnal variations., Spatial rainfall variationa and atarm

characteristics are documanked witn both the raingauges and Ethe
radar.

2.1 Data Hase

Rainfall in the PAWS study area is described in terms of
data obtained from the Following sources:

a. South African national raingavge netwark {(1%31-1985},
Nearly B0 gauwges providing daily tots]l rsinfall dsta in and near
the PAWS study area are available for this time period. Seventean
of these gauges have records that are sufficient Eo use in

describing the rainfall in the primary operations area {Fiq.
2.1.1)

b. PAWS Badplaas Valley recarding raingauge natwork {1982-
1986). Sixteen recording {5 minute totals) raingauges were
deployed in a 30 x 30 km area showsn in Fig. 2.1.0

c. PAWS meso-network recording raingauvges {(1984-1946). Mine
recording (5 minute totals) gauges were co-located with 10 metre

meteorological towers distributed over the escatpment region
{Fig, 2.1.,1}

d. PAWS 5 cm radal located at MNelspruit {1982-198%}. The
radar has been operating since 1971. Hawever anly the data for
this abbreviated time period is available in tha fFormat needad
for the rainfFall analysis.
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2.2 Climatie and annusal variations in rainfall

The general deacription of rainfall in the PAMS study is
obtained from the national gsuges located in the region outlined
in Fig, 2.2.0 The PAWY ares i3 enclosed primavily by blocks 517
518, 519, 554, 555, and 5%&. The annual average vainfall (mm
shown in Fig. 2.2.1 depicts:

a. general teainfall maximoum (1000 mm/yr} aligned N/3 alang
the escarpment,

b. & local maximum of 1100 mm/yr in an area near Sabie just
nacrth of Kelspruilt, and

£. atrong EfW gradients of annuel rainfall amaunts to the
east of Melspruit.

femporal variatiops i1n annuwal rainfasl]l amounts are
characterized oy wef and dry sequences of yesars which have a
dominant period near 18-2(} years {(Fig. 2.2.2). Uther shorter
periods of 26-3& months and 13-14 months have been resolved by
Kelbe, et al., 1983, The 50 year length of record used precludes
the deksction of longer periodicitiss or trends. lLanger periods
ar trends have been detected elsewhere at Lhese latitudes and are
probably present in the eastern lransvaal. The wet and dry
periods seen in the castern Yransvaal show marked variation in
amplitude dependging upan the locatian, size of area, and portian
af the rainfasll record examined., In generzl, khe annual rainfall
taktals vary more over the escarpment and lawveld than over the
highveld that lies above 1500 metres (Fig. 2.2.3).

Using the 18 gauges that praovide data covering the period
1930-1945, we see a somewhat noisiepr time gseries (Fig. 2.2.4)
than those in Fig. 2.2.2 which were based upan many more gauges,
However, the rainfall variation conforms to the wet-dry cycles
described by Tyson (198U) and suggests Lhat Lthe PAWS study (82-
86) was conducted during a generally dry period. Data after March
1945 have not been abtajined at this time, The possible
significante of having conducted ihe experiment in either drier
or wetter than normal sessons is examined in Section Z2.4.

2.3 Monthly and seasoni]l variations in rainfall

Basad upon %% years of dats from the rein gauges in fig.
2.1.0 summer (October-March} rainfall acecounts for approximately
B5% of the annual total. The moenthly distribution of summer
rainfal]l (Table 2.1) shows:

a. 8 maximum in December (175 mm) snd January {181 mam}
b. maximum rainfall variability oeccurring in february,
minimum in December.
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Figure 2.2.0. Map of a portion of the patiomal rain gauge
network reporting blocks (30" leong x 3SU' lat}.
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Fig. 2.2.2.The superimposed, smooth departuces of the annual block rainfall walues From
the block meapns; for the six =zones within the outlined area in Figure 2.7.
Each horizonta! bar in the overnll envelope represents one hlock's Jdeparture.
Swoothing was accomplished using a S5-term, low pass, bloowial [llter. The
wel aod dry period aomatacion is based upon Tyson (1980) {from Kelbe, et

al., 1983).
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The 48-vear mean annual rainiall for che 307 lacitude
by 30' longitude blocks. The 1500, 1000 and 500 m
surface elevacion contours are also shown. Shaded
blocks > 750 wm.

The coefficient of variation (C_= @ fx) for the 48
vear series of each block. 4Alse shoim is the 1500 m
surface elevation contour. Shaded blocks Cv » 20%.



TINE SERIES OF MEAN SUMMER RAINFALL OVER 13 ESCARPMENT GAGES

MEAN = 8i) mm
STD DEY = 175 mm
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Fig. 2.2.4%. Tine series (1930-1984) of mean summer {1 {]ctr to 3L Har) rainfall over 1% of the national
network gages {(see Fig. 2.1). Dry and wet periode are those described by Tyson {1984)
and Kelbe ot al. (19813).
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fable 2.1 Summer monthly rainfall hased on 53 yeacs of data

Me=an Standard Deviation Uispersion
{mm} (mm)

Ock B3.4 35,7 -4}

Novy 154.3 59.48 . 39

Dec 175.0 63.9 37

Jan 181.1 ig.0 v 43

Feb 159.2 95.0 60

Har 112.7 47.9 ¥

2.4 Daily rainfall varjation

Ta answer the question "What are the differences in the
manner in which rain falls between wet and droy yeara?" a 31 gauge
subset ofF the non-recording national gauges was used to
characterize the rain that fel} on any given day. The 31 stations
were chosen because they had a record of sufficient length (30
years) and were all near the same elevation {1000 m). Wet and dry

years were defined as +- 100 mm/year deviationa from the 30 year
gverage.

by looking at the cumulative rainfall vs. thes number of
raindays we find very little difference between wet eand dry years
{Fig. 2.4.0). Hegardless of the annual rainfall, it appears that:

g

L ?1 J

[=]]
Q
1

&
2

LUMULATIVE PERCENTAGE OF RAWN DAYS
8

CUMULATIVE PERCENTAGE OF Ram

figure 2.4.0. Cumulative percentage rain days and amount of
rain For wet years (mean summer season
rainfall greater thar B00 mm, s0lid) and dry

years (mean summer aeason rainfall less than
600 am, dotted).
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a. the top 12% of the raindays (ranked by ma/day) produce
50% of the annual rainfall, and

b. the lowest S0% of the raindsya producdg only B% of the
t‘ail‘lfﬂil.

[F we look at rainfall in terms of rainfall per station per
day a wvery significant difference in wet and dry years is
tevealed. Twg basic types of raindays were defineds Class [, a
day when the rainfall was 15 mm/day or greater averaged over J)
gauges; Class II, a day-when the rainfall was 7.5 mm/day or
greater averaged over the 31 gavges. A summary aof the statistics
for all raindays, Claze [ and Class [] reindays is providad in
Table 2.2, from this table we conclude that:

a. the total number of reindays {greater than .1 am] does
naot vary significantly from wet (157.5} ta dry (148.6) years;

b. amore significanmt difference ie in the number of Class |
and Class 1} raindays, i.e. there are halF the number of these
days in dry yearts 85 in wet yearsj

c. the manth of February has the greatest difference (wet to
dry years} in the occurrence of significant raindays;

d. the w@onth af March has the least difference between wet
and dry years.

Anather way of expressing the relationship between wet and
dry years and the number aof Clagg [ days is given in Fig. 2.4.7.
It is ¢lear Lthat the larger the deviation of amnual rainfall, the
greater the change in the number of Ciasas 1 raindays.

Examination of the deily contributions to sessonal rainfall
without reference to Class [ ar Class II days indicates that dry
years are dis¢inctly different from wet years in terms of rain
days of 10 mm/day or greater (Fig., 2.4.2),

Perhaps most significant for hydrologic interests, ia the
result that dey and wet years are quite different in the number
of consecutive Class | and Class Il rainfall days {Fig. Z.4.3).

From the sbowve we conclude that Ehe primary difference

between wet and 9ry years is not the number of raindays but the
number and sequences of days with more than 7.5 mm/ststion.,

11
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Table 2.2.

WET YEAR
Y YEAR

WET OCT
DRY OCT
WET ROV
BRY HaoV
WET DEC
LRY DEC

VET JaM

DRY JAH

WET FER

DET FER

WET Mid

DAY MAR

Number of srations out of 31 reporring average crainfall > 0.1 mm, > 7.5 am and > 15 mm

pet day based on 13 wat years and 1l dry years for each season and summer month for wet
The numbgrs in parenthesss are the ratio of tha dry versus wet ygars
for rain days and for number of statiens rveporting rain.

and dry years.

ALL RAIH DAY paYs * Y.5 o RAIN PAYE > 15,0 mim RAIH
# af I of t of ! or [ -1 # of | of fof ¥ of
Jale Days Bcaclona Hrariona Reln Daym Ecatione Cetaclons Raln Daya Sratlane Ftacions
Repoztiog  Por Day Reporting Fer Day Aeporiing Par Dey

157.5 1897 12.0 19,6 923 23.4% 18,2 443 14,3

(.94} (.73 [.58) (. DB} (.40) [.06)
1hE. d 1l 5.0 3.2 W55 20.& Tad 153 ik.0
21.9 ki1 11,1 3.5 A3 .Y 1.0 13 5.4

{.8) {.25) {-5N {.%1} {-503 (. B}
0.5 | § | 2.0 41 n.s 0. 5 10 20.0
25,0 13 L2.9 6.8 157 23, - 2.5 63 25.2

(.97} {1} {4543 {.84) (.44} (.81)
3.3 112 9.2 .7 T2 17,3 1.1 23 20.9
28,1 2% 11.1 4.8 14 6.3 1.8 105 7.6

(.93} {113 {.56) {.97) (.31 (.70}
7.6 257 9.3 3.8 T 23.5 1ak 1} 19.3
7.8 Jaz . 8.5 187} 2.0 &1 99 1.8

¢.08) {. T4} {-55) . {-86) {31} {.85)
211 43 L | 4.7 :1] .9 1.2 2% 0.0
5.0 3db 11.3 9.1 109 21,0 . LI 108 24.3

{.95%) (673 (.35) (.02} (.3 (.05}
23.5 113 3.1 3.1 40 [3: 9.3 1.4 9 6.7
6.0 104 10.8 4.B 111 11.1 1,3 59 1.6

{.91) (.062) (1.0% (.28} {.£6) {.95)
243 118 A9 4.8 % 10,6 .7 k1.2 21.4
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Figure 2.4.17. Percent departure of the summer rainfall from
the 51 year annual mean rainfall and the
percent departure of the number of Claas 1
days from the 51 year mean number for -dry
(crasses), wat {(cireles) and nocmal (dots)
for Class 1 days.

AVERAGE SEASONAL RAINFALL {MM]

55 € 70
AMOUNT OF RAIN (MM/STA/DAY)

Figure 2.4.2 Averege amaunt of seasonal rainfall
contributed in each station daily rate class
for dry (solid) and wat {dotted} years.
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AVG « CONSECUTIVE DAYS /SEASON

1

2 I3 14

CONSECUTIVE DAYS
Fig. 2.4.3, Average number gt consecut.ive days wikh rain
perc season where the consecutlve days consist
ef cluscers ot Class 1 and Class [I days as
defined in the text. Wet years - dotted line;
dry years - solid Lline,

2.2 Diurnal variations wvn rawnfaell

Hoth the 16 yauyes clustered in the Haogplaas valley and the
Y gauges spread over the PAWY study area show a clear divrnal
pattern in the rainfail amounts ano rainfall rates, Vata from the
bedplaas network end four sessons (H2/43, 83/44, H4/6% and B5/0é)
are shown in Fiys. z.%.0 tnrough £.5.7, Seversl pownts can oce
made with thegse H Figures:

a. 80% of Lhe summer rain falls vetween noon and midnight

b. Three of the Four seasons have two pesaks in the rainfall,
afternoon \12U00-160U L5T) anc eaecly evening (VHUL-220u0 LST)., Ine
two peaks are mgst clearly evaident in the diurnal distribubion
of convective rain rates.

Examination of the diurnal rawitall distributions at the 9
meso-~netwark stations 1ndicates (enly one good season of data -
85/86) that afterncon snd evening rtainfall maxima are conmon to
all of the escarpment statione ncluding Werturton and bel fast
(Fig. 2,5.8). However, as one moves eastward the aistributions
show shifts af rain into the warly morning houes {Nelspruit and
barberton} and eventually very Littie diurnal variaktions at tne
most eastern statians ol Wymbi and Kaapmuiden. This pattern 1s

la
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Diurnal distribution of B3/B4 summer rainfall in
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Badplaas valley. Rainfall (mm) is Lhe average
over the gauges for each hour of the day.



Fig., 2.5.2.

Figl 2‘5"3‘
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Diurnel distribution of B4/85 summer rainfall in
the 16 gauge PAWS network locaked in the
Badplaas valley. Rainfall (mm) is the average
over the qauges far eéach hour of the day.
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Diurnel distribution of 85/86 summer rainfall in
the 18 gauge PAWS nektwork lacated in the
Badplaas valley, Rainfall {(mm) is the average
over the gauges for each hour of the day.
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. Fig. 2.5.6.

Fig. 2.5.7.

DUELAAENCES OF 7 & G TIPS M. TA=F 0 Ny PER T WiaFET. Q4B SEafmm

=1

ildar 4 F GCORRENCEE

Diurnal distribution of conveckive rain rates
between 21 and 24 mm/hr for the 84/85 summer
geason. Number of occurrences is far the
entire gsmason.

OCCUMAEMCEE OF 7 £ B TIPS O T B B0 e FEA 3 HILUITCE - @300 BEAICH
=0
i3

HUMBER OF AoCLmREsCEd

%

o i + & i 1] [F | L] 1] il E L] i L]
TiaE = }a4 Ol CLOCM

Diwrnal distributian oF conveckive rain rates
between 21 and 24 mm/hr For the A5/86 symmer
seasan, Mumber of peécurrences is For the
entire season.

18

-



BELFAL] TOIAL MWL

B s ke b1 i

- I 4 L] ] Fl 3 H n L] (1] - m ak

6T

Fig.2.5.8. Diurnal disrri-
bution of rainfall ac 8 af
the PAWS surface network
stations for the 85/B6
geazson. Rainfall is in
total wm per hour of the
day. Plots are arranged
ta approximate the
relative locations described
in Flgure 2.2.

e E b DDA vty Madiatagy

g
-
-
™
-
Ak
-
-
m
1]
.L— i
ltillﬂltllltll-.nni
LI ] i
BAQFLAME TOTAL HOUALY BARnFauy
- '
[
-
EL
™
i -
-
L
M

+
] 1 4 a | ] L] 1] [1] L] [[] m n L]

AR IO YDA HRLY Bl

e -
« 3 5 F L 602§

4 B OIF W o B b e

F I
b—E

L L L T A |

SR EEY RN

| TS

HECIFRULD TuaL sl r P I AL

44 a
LLL &

WARBEATOM IDTAL HOWWLT RAJHFALL

e

[ IR T I I B R R T

Peirful oo

Fr a2 e ¥t srtl

LI LTy

E x4 W W M o M o o om om

i3 LTk ak N

RS TVIAL A ¥ O R AL L

- L] ~ L] L] - iF B M [ L]
n=-a

MARFRIDEN FOTAL (W0UELY R4 IHEALL




consisktent with the acrgqument that the diurnal variations are
primarily Lied to mesascale foreing alang the eastern zlupes of
the escarpment {(see Volume Il, Section 3).

2.6 A description aof rainfall over a dense ralnuyauge nebtwork
based on & hiplot presentation (matner)

UUne of the most effFicient ways of plotting matcices of
metenrological data is the biglot {Gabriel, 1972). A principal
component analysis of the two sesasans of rainfall data is
performed using the covariance matrix. Since over YU percent of
the variance is explained by the first twe camponents, a biplot
of these components is a wseful way of providing a visual ovisplay
ofF the patterns existing in the data., [he matrix used in CLhe
gnalysis is hourly rainfall sverages from the 16 stations, a 16
by 24 matrix, The loadings were calcuiated on the staktsens and
the scores on the howrs. The data are biplotted in Fig. 2.6.0.

The Following rainfall charecteristics ace displayed in this
plot:

a, fhe length of the hour vector is a function of the
standard deviation ofF the rainfall for that hour { 2 14:00 hour
yvector represents the raiafall that fel} between 13:00 and
14:00). 5ince a characteristic of convective rainfall is its
variability, long hour vectors signify convective rainfall. The
Firsk significant fall of convective rainfall occurs between
t3:00 and 14:U9 {14:09 haur vector)., Kelatively long hour vectors

persist through until abaut 22:00 after which rtainfali over the
network wanes,

lhis pattern suggeskts that most of the convection affecting
the nefwork is thermslly Forced and that this convection produces
mast efF the rain, The diurnal cycle is alag displayed an this
plet since Ehe component of the hour veetor resolved along the x

axis is directly proportional to the average network rainfall far
that hour.

o, The stations =are struny out alang the y axis 1n
roughly the 3ame mannar in which they are gesgraphically yrouped
north te sauth. This seems to be a characteristic of these plots
even though location informatiaon does not enter inko the
caleulatien., Rainfell incresses from left to right en khis
diagram, 3a stations Further to the right receive on average more
rainfall, The Fact that the stations are gQrouped in a nattow
vertical column indicates that similar amounts of rainfall are
received by all stations.
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C. The orthegonal projection feom the station onto Lhe
hout vector reflects the relative amounts of rainfall received oy
each station in that hour. For example, between 13:00 and 14:00
hgutrs, on average, wmosk of the rain is fFalling over the northern
stations. The converse 15 true bebtween 15:0U0 and 17:U0, Thus the
elongation of station groups along the y ax1s reflects the timing
gf the precipitation over the network. There appear tu pe 3}
convective surges aver the network, cammencing first gver the
northern stations, Lhen swinging over the southern gauges.

FRUM Tu
13:00 to 15:00 15:00 ko 17:{u
17:00 to 1H:00 18:0U0 to 19:u0
19: 00 ko 21:00 21:00 to 22:u0
d. The cosine of the angle between the hour vectors

approxiamates the correlations between hourly rainfall amounts.
The adjacent hours sre not always well correlsated, another
feature that can be attributed ko the convective nature of the
precipitation. Note that all the early morning precipitation aver
the network is light, but highly correlated, a characteristic aof
network-wide drizzle. The 14:640 and 21:00 hour vecktors are
strikingly similar. while it is reasonable to assume that the
14:00 rain event is thermally forced, some ather mechenism musg
be responsible Fur the convection at 21:00 haurs. As this late
ratn event swings over the network it becomes less convective as
is5 indicated by the shrinking hour vectors (22.00 and 23.0U).

IfF this analysis 13 climatically representative, semding
sperations gver Lhis area would be planned to take mdvsntage of
the early and late afternoon starm surges across the artes covered
by these gauges. [t would Ge interesting to gauge other areas of
the Urakensberg escarpsent to determine whether these surges are
common to the whole ridge line.

3.0 RALDAH UESCRIPTIUN UF HAEN AND STURM CHARALTERISTICS (Mather,
Parsons, Wightman, Marqan and Emmitt}

The radar at Nelspruil has been systematically collecting
data on convective storms Ffor 4 consecutive seasons (each season
runs from 1 October to 31 Msarch). Radsr &nalysis offers a
degcriptian of the rainfall in Lthe study area which (s more than
merely complementary ko the description derived from rein gauges.
Radar observations of rainfall are available at superior spatial
énd temporal resolutions tham are the observations of reingauyges,
and the effort involved in obtaining the observations s
tncomparably reduced kecause of the single observation gsysktem.
There are certain well knawn difficulties in deriving precise
rainfall estimates from radar reflectivity, pbut these have hbeen
exhaustively debated in the scientific and technical literature
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{theTe exists a vast body of works published over the past 4u
years from all over the warld on this subject} and Lne ragar nas
emerged 23 an indispensable tool for the study of rainfall.

. Radar, properly employad, goes beyond the railngauge network
in furnishing a description not only of the rainfall but alsp of
the systems which produce it. [n the case of thunderstorms these
systems occupy deep layers of Lhe atmosphere,

The characteristics of the Nelsprult radar, Lts volume Scan
mode, Ehe limitations imposed oy range effects and Eterrain
shadowing, ete, are cavered in detail im Vol. IV %ection 3 of
this repart, Also described are the software snalysis technigues
which have been developed faor processing, displaying &nd
archiving the radar data.

Here we wish La imparct anm overall view of the nature of
Nelspruit storms 8s observed by radar. This will caver a list of
important characteristics:

- when they farm

- whetre they Fform

- direction and speed of their movement -
- how tall they are

- how much rain they produce

- geographitcal effects, etc,

J.% Uverall statisties

The Following convective storm climatologies are constructed
fram 4 seasuns of redar valume scan data., Table 3.1 shows the
number of storm tracks bDetween U and 8U km analysed each season.
A storm track staris when & 30 dbz rcsdar reFlegtivity volume
exceeds 3 km? and ends when Lt drops beiow 3 km? (see Vol. 1¥,
Yection 3.% for details of sturm tracking alygorithm}. "Case
tracks" in Fig. } 1.4 {f) refees to Lthe distribytiens of the rain
valumes of those storms chasen For experiments,

fable 3.1 Number af Sturm Tracks Analysea eachn Seasan

- . mm Em Em . m Em Em Ep Ep PR MR Em am AL — Em MM am L Al EE Py WP M B SR N A A oy R MM S Em . m Em Em NP NN R S A o A B M Em M Em R M E Er mm w Er

SEASUN 1982 /63 19d3/84 19uased 1985/00
NUDF
STURK
TRACKS 2270 18%d 33 3145

. . A e o R R MmN MM M MM A U Sm Sm EE AR A N R RN A . o MR R L o o M R N M PR R e - e o BE A S am Em Em Em Em Em wm Er wr

The storm track data ¥for all 4 seasons are very similar
indicating thakt, at least in the helspruil urea, a representative
climatic sample of convertive clouds can be obtained in just a
single seasan. Storm track times oF origin, durations, direckions
end speeds, maximum echo heights, area-time [ntagrals and radar-
estimated rain volumes are ovepicted in Figa, 3.1.0 (&) throughn
(F). Fig. 3.1.0 {a) also shows tne hourly temperatures avetraqged
over ¥ stations and three months {(Uecember 1985, January and
February 19B6) measured vy Lthe mesoscale network, fhe shape
closely approximates the time-of-origin histogram suggesting that
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maost of the storms in the deta set are thermally forced.
Comparison of these statistics with other analyses is somewhat

difficult as the statistics are cleerly & function of the storm
~tracking sBcheme.

3.2 Geographical patterns of radar echo freguency

The geographical dependence of storm echoes in the PAWS area
is shown by dividing the area within radar range inta 10 by 10 km
squares and analysing the fresquency of occurrence of selected
stors track properties in these squares, Fig. 3.2,0 is a simple 3
contour map of the terrain surrounding the radar. Fig. 3.2.1
depicts the areal first detection frequencies and Fig. 3.2,2 the
storm track frequencies per 10 by 10 km block susmed over the &
seasons, A storm track is logged each time 8 store tracks into
and out of a 10 x 10 km block, Both distributions are similar and
are closely related to terrajn features in the experimental area.
Some seasonal detail is apparent when this same analysis is
-repeated for each season. In 2 out of the & seasens, storm track
frequencies show a -maximum spouthwest of radar (west of the
Hadplaas wvalley). In the remaining 2 seasans, this maximum shifts
ko a popsition northwest of the sjte. These inter-season
differences are examined¢ more fully in Volume IV of this report.

From geogrephical distributions of |

track initiations

track terminations

track freguencies

limited track frequencies, which are the distribution
af tracks per block, allowing gnly & single count per block per
storm track, one can calculate aresal starm "source=-sink®
distributions {(see ¥olume l¥ for detsils of these calculations).
The columns and rows of the 10 by 10 distributions of storm
sources and sinks for the 4 gepagsons are summed ang plotted as
histagqrams in Fig. 3.2.3. The west-to-gast profile shows a very
clear pattern of storm sgurces to the west of Nelspruit end Einks
to the east, underlining the importsnce of the skorm generating
effect of the escarpment. The north-sguth profile shows po clesr
pattern, other than perhaps a slight tendency for & storm source
region south of the radar and 8 wesk sink to the north.

Fig. 3.1.0 (e) whose vectors, if resoclved onto the cardinal
points of the compass (N,E, 5 and W}, would show the west-to-east
vector as the largest and the south~-to=-north as the next largest.

This type of analysis is important since one of the
hypotheses of dynamic mseeding is that treated storms should last
longer {(Woodley et al., 1982). If this hypothesis is correct,
then large scale cloud seeding, 8% in @n area experiment, might
be expecked to alter the west-east profile shown in Fig. 3.2.3
moving the "sink™ trough eastwards,
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Additional questions asked of the ravar storm ttack data
concern the sites where the sequence of raaar echoes has specific
temporal characteristics. from & hydrologic perspective, it may
be importent to know where rain tends to tall in an uninterrupted
pattern leading te greater runaffsfrainfall ratiaos.

In Fig. 3.2.4 the contours of continucous rsinfall are
presented. A continuous vainfall smvent is delfined here as :
8. occurring within a 12 x 12 km area, and

b. bhaving 2 redar echo of 35 dbz or greater occurcing aver

the area for st least &U minutes with no ysps in aectivity longer
than 15 minutes,

BADPLAAS
LYDENBURG
NELSPRUIT

10

0 50

Figure 3.2.4. Contours of occurrence of centinuous events
a5 described in the text. fFor example, a value
of 16 means thalt on 16 oecasions rader echoes
persisted over the ares for more than &0 min.
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The two primaty areas for continuous rainfall events are the
eastern slopes pf the ridge along Lthe northern edge of the
Badpliaas valley and the eastern slopes of Ehe tidge to the
northwest of Sabie.

Next, the geographical distribution of some of the key storm
track properties that are related to gross radar-@easured
precipitation measurements are examined.

Average maximum echo tops.

Each storm reaches a maximum height durlng its lifetime.
These maxima are summed and aversged over 10 by 1U blocks and
plotted in Fig. 3.2.5. There is 2 tendency for storms to reach
greatef maximum heights to the west of radar. The outer ring of
heights above HUOJD wm is thought to be st lesst partially a

fFunction of the tendency of the radar to overestimate cloud tops
as distance Ffrom Lthe radar increases.

Average maximum 3 degree areas.

£ach storm reaches a maximum grea during 1ts lifetime. These
3 degree maximum areas are summed and plotted in Fig. 3.2.6. The
most striking fFeature in this display is the minimum to the west
of radar which corresponds to the radar ahadow caused by
Astaffin Kop. Haximum {greater than 40 kmZ?) areas occur more
fFrequently east of the radar in this plot. This confirms a
subjective impression long held at Nelspruit that storms that do
form ar ¢continue to track sast of radar are often more massive
than those observed along the escarpment, presumably because the
warmer and more moist air at these lower elevations gives rise Ea
deeper and thus more massive storms,

Average of the maximum of the mean 3} deqtes reflectivities.

For each scan, a mean rteflectivity at 3 degrees is
caleulated. The geovgraphical location where the mean 3 degree

reflectivities for each storm reaches a maximum is plottad in
Fig. 3.2.7.

Agsin the gasp to the west is5 evioent, casused by Lerrain
blocking the tadar beam. LGenerally, tne blocks in the immediate
vicinity of the radarcr show higher reflectivities than the more
distant blocks, There appear to be fewer higher reflectivitiegs at
Far rasnges to the southwest. This could be caused by partial
blocking of the 3 degree scan or weakel storms on kEhe highveld,
af a combination of both of these factaors.

Hany of the ather rainfall-related track parameters were
analysed in a similar manner. Yhe point that we wank to emphasis
here is that nat one ofF these analyses showed a systemalic
grouping of storm itrack properties Lthat could be rtelated to the
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underlying topography. Thus, while echo freguency and directian
of movement can be closely tied ta terrain, radar-measured sktarm
characteristics ecannot.

Mean Max Meon 3 Degree DBZ 1984/86
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Figure 3.2.7. Average of the maximum of the mean 3 deqrese
reflectivities.
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4.0 THE METEORDLOGY OF NELSPFRULT RAINFALL

4,1 Large scale meteorological influences (Carstang and
Coaper )}

The above and below narmal periods of rainfall 1lilustrateo
in Section Z appear increasingly to be tied to global cireculation
features., Tyson {1984) has pointed Lo the critical positioning of
the south Atlantic anti-cyclane and Ffor the role played by Lthe
Southern uUscillatian and the Walker Circulation 1n governing
summertime rainfall over sguthern Africa.

At least two aspects of these large scale controls are
cansidered important to the PA4S Findings:

8. the exploratory experiment conducted ower the pasgst &
years, with most of the observations baing aobtained in the
1944 /85 and 1985/B6 summer seasons, took place during & dry
period.

b. modulation of the rainfall in the Nelspruilt region is in
parl dependent wgpon the relakive contribution of tenperate Zone
compared to tropical rcain bearing systems.

The dry conditians prevailing during the early and mid-
1980°'s may influence both the kind and frequency of rain bearing
stormg over Lhe eastern Transvaal. Larstang and Emmitt {1983} and
Garstang et al. (1983} =how that wel years have spproximately the
same number of rain days and rain at approximately the same rale
on the signiFicani rain days (days with average station rainfgall
greater than 7.5 mm) a5 in dry years. The primary difference
between wet years and dry yesrs is the frequency af opecurrence of
significant rain days. In wet years significant rain days
contribute ¥5% of the total seasonal rainfall with rain fallinmg
at about 50% more stations than in dry years., Days which receive
4 station avetrage greater than 15%.0 mm account For 50% of the
rajnfall in wet years and rain at 74% mare stations in December,
January and Februsary than in dry years. Storms which yield more
then 30 mm/day are tognfined to wet years and ogcur most
frequently in late (January-March) summer. The most significant
difference between wel and dry years is the frequency of
occurrence af signifFicant rain days.

Dry years have more days with low average rainfall per
statlion (less than 2 mm} thsn du wet years. However, in bath wet
and dry years 12% aF the days with rain yield 50% of the rain,
alternatively 50% of the days with the lowest rainfall yield aonly
1.3% of the rawn in both wet and dry y2ars.,

The large scale chsnges in the moist static energy field are
illustrated in the time series For the 1985/H6 season shawn in
Fig. 4.1. The departures in moist staktic energy of the daily
Nelspruit sounding are from the seasonal mean. The period From
Decemver 6 to the end of March shows significant positive

34



departures from the mean at the surface and thraugh the
atmospheric calumn. October, in contrast shaws periods {1 to &
daysa) of very dry conditions. A similar trend was noted for the
latent heat content of the air. High valuesa are frequent at and
naar the surface from early December onwards. 4nalyses of
westerly/sasterly and northerly/southerly Fiow in the troposphere
revealed marked westerly incursions extending through most of the
atmospheric eolumn in Dctober and early November. From mid-
Movembar gnwatds, westerliea ate coenfined to levels mostly above
2 km while easteriies prevail in the lower troposphere {oelow 5
km), Meridional fFlow is strong with marked changes in aign from
Uctober to esarly December. From early December onwards maridional
flows below & km are weak and mosktly southerly.

Figure 4,1.1 shows the vertically integrated latent heat
(LW} from the surface to 1 km and From the surface to & km For
two seasons (1984/85 and 1985/86)., Integration to intermediate (3
km) and higher (12 km) levels =2haws no additianal information
than is cgntained in the 0«6 km integration. In common with the
previous fFigure, Fig. 4.1.1 {a) and {c) show that in the Barlg
part of the s#ason integrated valuas of LW remain below 1.5 x 10
J xg=1 in the firat kilometre and belaw 2.5 x 10% ] kg=' in the
Firset &4 km, After the end of November extending to lete March,
Fig. 4.1.9 (b} and {d) show integrated values of LW in the two
layers are mostly above these two levels.

Ihere is, thus, little doubk that rvain producing systemsa at
Nelspruit c¢hange in character from early season (October-
November) to mid and later season (Deceaber, January, February
and March). These differences in the large scale atmosphere
reflect changes in the rain praducing synoptic syatema From
temperate to tropical back Lo temperate. Such distinct
intraseasenal differences besr upon the question of weather
modification through the possitble differences in the microphysics
angd stability of the assaciated ¢louds. We deal with these
implications in Volume II1.

4.2 Synoptic-scale controls

Uiab and Garstang (1985, 19B6), Harrison (19B84) and cthers
have attempted Lo deftermine whether synoptic scale systems can he
identified. If uniquely identified, then the synoptic class or
category is likely to exhibit specific characteristics of say
rainfall. Covariates have been developed te discriminate bekween
five synaptic categories with significantly different rainfall
characteristice (PAWS, 1984). Table 4.t shows these differences,
demanstrating that the tropicel systems, TRUPLINK and SUBTROP,
while occcurring anly 13% of the time produce a combined total
which accounts for mare than 55% of the seasanal rainfall. Both
tropical syatems also yield the largest amount of rsin per
station, Heavy razin days {(greater than 15 mn/station/day) pccur
most fregquently in association with the TROPLINK category and
account For 35% of the seasonal reinfall, Harrisen (1984) showed
an identical result For rainfall over the Orange Free State. In
crontrast, temperate zone fronts/troughs produce only 17% of the
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A — g —

Total raln

A W s v e e A B . . e N e

Bynoptic Percent hvg. rain Contribution
Category Frequancy® Qver NHetworlk per Reporting to Total®
{mm) Station (mm) Rainfall (%}
COARSTLOW 11 1463 4.9 it.5
TROPLIRK 9 28917 9.6 J3.2
HPRIDGE 13 1312 4.4 15.1
HPESTAB 32 1029 i.5 1.8
SUEBTROF & 2013 £.& 23.1

Tyl P o e B e e e s D s ol Y- s AP S N P Y . . . e B .l e

* some days were not classified due to missing discriminating
variablesz, and hence the total is less than 100%.

Table 4.1, Rainfall characteristics of syncoptic

Synoptic class

categories

Rainfall Characteristics

COASTLOW

HPRIDGE

HPESTAB

SUBTROP

TROPLINKE

Midlatitude in origin. Cyclonic
curvature of lscbars, steepening
of pregssure gradient, pre-{rontal
Wwarning, upper air subsldence
causing lowering of inversion
beipght.

Rising pressure, advection of cogl
moist aie pesulting in cool,
unstable conditions.

Weak surface pressure gradients.
Litkls thermal advection.
Dominant upper air ridge with
itz attendant subsiding motion
and stgble stratification.

Mo apparent mid-latitude influence.
Low pressure systams usuzally
extended southwestwards over
subcontinent with unstable
conditlonz to E of this axis.

Trough apparent ovaer E part of
country. Aligned in NW/SE directinn}
lipking tropical disturbance=z with
thoze griginating in westerliss.

&2



rainfall total. The remaining 27% of the seasonal rainfall is
assaciated with high pressuvre systems {designated HPRIDGE and
HPESTAB)} with HPESTAB containing some &BA% of the no rain days.

4.3 SynopEtic-mesoscale interaction (Garstang, Kelbe
and Martin)

The inkteraction between synoptic scale systems and mesoscale
features suech as the escarpment have been invesktigated by Kelbe
and Garstang (1983} and GCarstang et al. {1986}, Storas along the
escarpment of the eastern FTransvaal are shown to be associated
with mid-tropospheric troughs of temperate origin which interact
with low level easterlies of tropical origin and with the major
topographic boundary between the Highveld end Lowveld.

Figqure 4.2.0 shows that &68% of all storm and hail days over
a > year period {19%2-1977) occurred when the B5U mb wind was
westerly (260 degrees) to nartherly {20 degrees). OUnly s guarter
of the non-storm days occur with N-W 450 mb flow. The probability
of storm occurrence For each wind direction is shown in Fipg.
4.3.0. When summed over the Northwesterly 850 mb wind directions
the probability for storms is 51%. Conversely, there is only an
B% probability of severe storms occurring with the 850 mb wind
between 170 and 30 degrees.

Synoptiec scale troughs produce northwesterly Flow over the
escarpment. Fig. 4,3.1 shows thnat these troughs interact with
local influences which control the time of pccurrence of maximuem
westecrly Flow at B50 mb across the escarpment. The timing of this
event ie shown Lo be critical with respect to four cther local or
mespscale processes:

&. local heating

b. farmation of a eubsidenre inversion east of the
escarpment

g, intensification of the inversion esst of the escarpment
by advection of the mixed layer air off the elevated
heet source of the escarpment

d. influx of moist jow level air.

Fig. 4.3.,2 is a schematic representation of these progesses
and Fig. 4.3.3 provides evidence of the role played by the low
level inflow.

Convective storms on and near the escarpment are thus =
product of a number of different scales of motion which interact
to reinforce or interfere with each other. Timing as well as
location become critical. We have developed svidence which bears
both uwvpon the guestion of timing and upon the guestion of
preferred location. Answers to these questions involve scales af
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motion smaller than the synoptic. He deal with these scales in
the next two sections.

4.8 Mesoscale conkrols

A mesoscale network of nine 10 m aeteorological towers
described in Yoluwme 1Y was established across the escarpment in
1984. The purpose of kthese measurements was ko determine whether
the mesoscale forcing of convective rainfall can be detected in
terms of low level mass divergence, vertical mass transports and
surface horizontal moisture Flux divergence. [IF suca
relationships exist then the purpose is to classify the magnitude
of surface mesoscale Forcing for given days and times, Unce the
magnitude of the mesoscale forcing is determined Lhen both the
natural response {as measured in rainfsll or by radar signal

responses) as well as the modified response can be characterized
in terms of that forcing.

Details of the surface meteorclogical procedures are given
in Yelume I¥. Figure 4.4.0 gqives mean hourly seasonal [(Octoher-
March) statistics for tempersfure, moisture, and equivalent
potential temperature. Figure 4.4.1 shows the wmonthly values for
the same variables. These fiqures illustrate

g. that there is little diurnal varistion in the meen for
moisture as opposed to temperature; '

b. January and Februvary are considerably moister {(by about
20%) in the mean then the other months.

Figure 4.4.2 shows Lthe mean and standard deviation
divergence as a function of time of day for no-resin days and for
rgin days. No-rain days are defined as those days on which no
rain was reported at any of the 9 surface network stations. Rainm
days are defined as days on which at least one station in the
network reported rain., The mean network (Y station) rainfall for
the rain days considered in Fig. 4.4.2 is 3¥.4 mm, ho-Tain days
show little diurnal varistion in diveryence with the network
rem3:ning divergent through the twenty Ffour hours. hain days, 1in
contrast, show 8 clear diurnzl signal with nebtwork showing
convergence between about OO0 and 1700 hours L5T. The magnitude
of the standard devistion of the mass divergence is about 2.5 x
10=7 5! an the no-ra&in days. This 1ncreases somewhat on tailn
days during the afterncon and early night. The undisturbed
standard deviation ofF around 2.5 x 10-2 5‘1, however, 1I5S
accepted as the limit on the resolution of this estimate for the
network, i.e, any values outside of those limits are accvepted as
significent. figure 4.4,3{a) shows a typical divergence signel,
moisture flux divergence and associated rainfall for a rain day.
Figure 4.4.4 shows the corresponding signals for a no-rain day.
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che mean,
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The amplitude of the divergence signal for the network can
be determined and tabulated, Table 4,2 gives the time of
occurrence, magnitude and amplitude ofF the divergence signal for
50 days during the 19B4/85 and 1985/86 seasons. Figure &,4.9
ghows Ehe distribution of the time for occurrence of maximum
convergence and divergence. The time ofF cccurrence of maximum
convergence is well ordered, centred arcund 1400 to 1560 hourt
LST. The time of vecurrence of maximum divergence on the gther
hand, is not simple, sugge=sting & bimodal distribution wikh the
first maximum around T6U0-17UU and a second peak just before
midnight, The diurnal distribution of rainfall as measured in the
16 gauge Hadplaas network reflects the divergence distribution.

The well ordered nature of the convergence signal suggests a
single mesoscale pulse which lnitiates convection. The subsequent
divergence signal represents initial response to the mesoscale
Forecing fFsllowed by a subsequent pulse which can ke interpreted

88 the outflow response to the initial convection, UOutflow
interactions are addressed in thke section belaw,

Figure 4.4.6 using the numbers provided in Table 4.2, shaws
the relationship bektween totsl network mean daily rainfall and
the amplitude of the divergence signasl. Twenty days fall in the
first 11 ranks with a mean daily network rainfall of 53.6 mnm,
while the remaining 30 days fFall in ranks 12 to 23 with a mean
geily rainfall of 39.7 mm.

TR =
11

50 -
TOTAL NETWORK 7
MEAN DAILY 5O + "
AINFALL o
RAIN a0 —l 12

{mm
30 = B
20 -
n=50 days
10 =
o T T T T

20 1.75 1.5 1.25 1,0 0.75
AMPLITUDE OF DIv { x 107" sec™! )

Figure 4.4.6. Maximum amplitude of the nebtwork diveraence
signal (maximum absolute convergence +
maximum absolute divergence} for Lhe same
50 days used in Fig. 4.4.5 compared againgt
total Badplesas mean daily rainfall on those
S0 days.
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Table 4.2

Syrface Diveygence: Maximum Convergence/Divergance

Tims Mag Time Mag

Date Max iax Max Max |piv| Rank Rainfall
Can Can biv o Div
(wsm  -107% 2"t (1sm 11:.'k s71 1074 571

1 Hov B84 1540 -1,

1.0 1750 +0.5 1.5 10 8K, 2
12 New B4  13%0 =10 1620 +1.2 2.2 2 148.0
15 Nev B4 1320 ~1.2 2030 +0.2 1.45 11 17.8
27 Mow 84 1104 ~0.8 1B00 +0.5 1.3 14 &3.0
28 Hov B4 1405 -0.8 1805 +0.32 1.0 19 101.0
29 Rov 854 0940 =1.0 1235 +0,2 1.2 16 95.8
10 Dec B4 1200 -0.8 1505 +0.5 1.3 14 24.2
12 Dac 84 1029 -0.8 1740 +0.5 1.35 13 150.2
13 Dac 84 1230 =0, 2 1825 +1.1 1.3 14 a3.8
14 Dec B4 1415 =-0.7 1645 +0.8 1.5 10 46.0
16 Cet B3 1555 =1.1 2220 +0.2 1.55 ] 2.0
23 Oee BS  1BRAG -1.% 2345 +0.7 2.6 1 186.0
Z Nov 85 13130 =0,9 -— “a 6.9 21 B2
B Nov BS 1200 -0.9 14440 +0.9 1.8 6 45%.0
9 Nov B85 1140 =1.5 2040 +0.6 2.1 3 122.5
22 Hov AS 1540 -0.9 2155 +0.4 1.1 14 0
25 Howv BS 1845 -0.8 2250 +.4d 1.0 1% £8.5
3 Dee B5 1000 =0.4 1745 +0.4 n.g 22 it
& Dae B3 1540 =0.8 2210 +0. 2 1,05 La 5.2
7 Dac BS 1558 =0.% 2220 +1.8 1.7 1 14.5
‘11 Dec 85 0820 =1.1 1405 +0.8 1.85 5 4.0
14 Dec 85 1345 -0.9 1650 0.9 1.8 & 2.8
a0 Das 8% 1420 =0, 4 1305 +0.6 1.0 19 11.8
3 Jan B& 1445 ~0.8 1845 +0.5 1,3 14 2.0
7 "Jan B& 1415 -0.32 21058 +.8 1.05 18 1.2
12 Jan 66  185% =, 4 2154 +i.0 1.6 8 16.5
13 Jan 86 1615 -0.3 1820 +0.9 1.2 16 49,5
14 Jan B6 1718 =0.2 1335 +1.0 1.25 15 21.5
1S Jan 86  1B3& =0.8 1750 1.1 1.9 4 3.5
18 Jan BE 1430 -3.7 L7035 +0,5 1.2 16 20.5
29 Jan 86  1445% -0.8 2114 +0.4 1.0 1% £Q.0
4 Fab B& 1715 -1.3 1845 0.8 2.1 1 29.5%
5 Feb 46 1520 -0.7 1945 +0, 2 0.95 20 49,2
& Fab 96 1440 ~0.2 1635 +0.,5 0.75 23 ‘28.0
7 rFeb 86 1110 ~1.4 2014 +. 7 2.1 3 41.5
B Fab 8& 1329 =0, & 2230 +0.3 n.9 21 24.5
9 PFab B& 1300 -0.§ 1455 +1.5 1.1 i7 26.2
10 Feb 8G6 140% -}.5 Le00 +0.7 Y.2 16 20.2
11 Feb 86 1540 =-0,8 2413 +0.9 1.7 T 75.8
12 Feb 86 1840 -0,5 1815 #1.2 1.8 6 4.5
11 Fab A6  115% =0.4 1415 +0.4 0.8 - 15.8
21 Feb BE 1050 -0.8 164% +0.3 1.1 17 40.0
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Tima Hayg Time Mag

Date Max Max Max Max lozv| Rank Rainfall
cen can Div Div
wsm 1079 sl asm 1wt el 107 g7t
22 Tab BE 200 -0.8 21060 +1.0 1.8 ] 32.B
2 Mar B& 2000 1,2 0005 +0,.5 1.7 7 0.8
& Mar B8 1900 =0.8 - - - - 0
10 Mar 85 1428 -0.5 1645 +1,0 1.5 10 85.5
12 Mar 86 1555 -0.& 2010 +0,3 0.9 21 69.8
13 par 84 1345 =0.7 22040 0.7 l.4 12 4.0
14 Mar B& 12040 =0.5 1440 +0.8 1.3 14 12.5
24 Mar 86 1330 -1.0 1300 +0.2 1.2 113 0

&l
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On the basis of the above results three classes of mesoscale
Foreing can be established:

Strong mesoscale forcing: amplitude of DIVZ>1,5 x 10-4 & -1
Weak mesoscale forcing : amplitude of 0.5 DIV<1.S x 104 g~
‘No mesoscale forcing + gmplitude of DIV<D.5 x 10 -% g -1

The mean network total dsily rainfalls corresponding to
tnese three classes of surface mesoscale forcing are
approximately 55 mm, 40 mm and legs than 25 mm rainfall with
Yarge standard deviations of 50.37, 36.92 and 19.63 mm
respectively.

The relationship between divergence ag calculated Ffrom the
mesoscale network and rainfFall may be improved by including the
areal extent of the maximum convergence as parameterized Dy
Ulasnski and Garstapg (1978) and by including a measure of the
norizontal moisture Flux at the gurface. Figure 4.4.7 shows an
attempt to measure the advection of moisture inte the Lowveld,
escarpment and Highveld. Figure 4,4,7 (a) and {b) shaw
contrasting situations in rainfall production., Figure 4.4.7 (aj
for 10 March 1986 shows a well defined convergence/divergence
pair with high esquivalent pontentisl temperatures (3569K)
contained within the divergence pair. Figure 4£.4.7 (B} For 22
Movember 1985 shows s wvery similsc divergence gattern {magnitude
and size) but with Theta-e only reaehing 332Z9K. Un Harch 10 a
total aof 9&6.5 mm of rain was recorded by the surface mnetwork
stations. Un November 22 no rain was recorded,.

4.5 A description of the meteorology of Nelspruit rainfall

based on practical observing and forecasting experience
{Mather and Margan)

Uur knowledge of the meteorology of stoerms and rainfall
derives from attempts to forecast stocm accurrences, types and
intensities. Forecasting is 8 skill acquired through experience,
with occasional assistance from science. In  Nelspruit the main
body of experience has come from the many years of hail
suppression activities.

During the PAWS years the fecilities for manipulating and
archiving metesrological dska at Nelspruit have been brought to s
high level. With the new computer system and the fund of data
that has been mcrumulated, it is now posgible to begin producing
motre objective storm forecasts, using past experience 8s a

guide. A collection of forecpst studies sppears in ¥ol. IV aof
this Report. :

The subjective forecasting methods applied at Nelspruit are
quite successful in predicting dsily westher for operationsl
purposes. Theugh surprises do occur, the forecasting is useful in
terms of scheduling varying levels of maintenence on aircraft and
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other important sysatews and establishing daily priorities Far
data reduction and analysis. It would beg difficult to conceLve

of carrying out & personnel-limited field programme such as
PAWS, without 1it.

4.%.1 Forecasting.

The inforwmation that 15 used to prepare the daily forecast
at Nelspruit comes from the following sources:

a. the Nelsprurt 0&6LDE radiosonde ascenk, whicn measures
vertireal profiles of temperature, humidify and wina velocily

b. the Do{Gf yurface data vbitained from the Weather
Bureau by interreogating ineir computer via telex

c. the DOUDZ rediosonde ascents from eight South African
upper air stations

d. recardings of Lthe satellite images of the 0730 and
UR{D infrareo and visual Meteosat frensmissions,

The 0s0U0EZ surface datas is Fed into the project computer and
9 maps of surface variables are computed. One of the most useful
variables plotted is the equivalent potential temperature (Theta-
e}. Since this temperature i5 conservatbtive with respect to dry
and pseudo-adiabatic procvesses {such as lifting caused by sirmass
traverses over higher terrain}, maps of Theta-e are free From
terrawn effects that mask essential differences in alr mass
properties when only surface temperatures are plotted. Hore
simply, Durtan and Johannesburg will exnibit the same Theta-e
temperatures despite their differences in height provided they
are both vnder the 1nfluence of the same sirmass.

Uther maps of considerable interest are 24 hour diffgrence
plots. These provide a guod 1ndicativon of the tate of movement of
synoptic systems across the country.

Maps of country-wide stability indices and their 24 hour
tendencies are also plotted and displayed in colour on the visual
display unit. Examples gt these maps anu some forescasts prepared
from them are given in Volume 1V.

A detailed analysis of the local stability is prepared by
plaotting the Melspru:it UsU0/ and the Pretoris 0D0D0UZ sounding on
the same thermodynamic diagram, khen constructing an 1nterpolated
sounding from the twe for the escarpment west of Melspruit.
Experience has shown & canditionally or neutratly stable
ke lspruit spunding can De de-stabilized by storms thakt Form alony
ihe escarpment, then move 1nto the Lowveld. Cold air from their
outflows can undercut anmd Lift the neutrslly stable Lowveld air
to its level of free convection {LFL), setting off convectiaon

thet would not bave been forecashk on the basis aof the Nelspruit
gsounding alone,
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4.5.2 Weatber types and their attendant rainfall

The types of weather affecting the rainfall in the PAWS areas
are divided into Ffour yeneral cuteqouries:

- g@irmass

- frontal

- post frontal
- tropical

a. Airmass

Isolated to arcasional sceslbtercd storms occur 1 2lCMasses
undisturbed by synoptic evenks. The extent aof bthese general ly
isolated storms oepends upon the soisture content of the airmass
and the surface neating available. Airmass stocrms are most
Frequent in tne mid-summer months of November Lo February when
mpist airmasses are almpsl always present in the area. hain tnat
falls from these storms &5 errafically distributed and
concentrated mainly along Lhe escarpment. This is due to a
mesosEcale "sea preeze" tnat begins between O¥0uU and 1000 local
time, This airflow s relatively rcool, bDut is laden with
moisture. The huogh terrain wWwest of kelspruit is the First area to
reach iks convective temperature and the easterly breeze supplies
Lhe necessary muoltsture for convection, Un a classicel airmass
thundersterm day, the escarpment areas as seen by radar or

satellite is delineated oy cunvective storms, Lthe highest ares
showing Fitst activity.

The extent Lo which the Lowveld benefi1ts from these
putbreaks is dependent upon two factors the strength and
direction of tne storm steering winds {the 50U mb flow) and the
temperature of the low |evel easterly flowing aic., [f the 500 mb
fFlow is absent or even e¢asteriy, the escarpment storms will
remain stationavy or move westward fram their points of
inttiation, Louod westerlies will drive the sterms nto the
Lowveld where they will survive. as long as the temperature of

the low level paster]liee 1ls not touo low [(the Lowveld airmass
uriconditional ly stable}.

These stationary escerpment storws may also Lnrow extensive
anvils over the Lowveld which cut off neatiny, effectively
damping convection 1n the Lawveld.

These escarpment storms are almost always present during the
summer manths and while augmenting rainfall from these storas
would nokt benefit the Lowvelda directly, awvditional water would
benefit stream Flow and matural and actificial wakter storage
systems in this ares.

b. frontal systems
Cold Fronts, which sweep into the area from the suuth and

the southeast, sare mejor 81n events in the Lowveld. These
systems are clearly visivle on the images from satelliles as they
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approach and pass the Cape and sweep up the southeast coast
through vatal. Twe Ffactors which swbstantially affect tne
rainfall produced by these systems are Lheir timing and the
extent of uvpper sir supparvrt.

A cold front that arrives in the area in the early morning
or late evening may undercul air that is too cool to relrease
convecktian, A c¢cold front, whose arrival couilncides with the
daytime heeting meximum, can set off some of bthe must severe
vweather witnessed in the area. Ine arvivel of a cold frant
coincident with the spproach of a strong upper sir truugh bLrings
some of the best and most widespread rsins Lo the Lowveld. The
rate of movement of the upper air trough eastward also determines
how long rain events persist in the area.

c. Past-fronmtal weather

Post-frontal weasther is characterized by cocol overcasi
ronditions with intermittent drizzle, The rainfall from these
svents comprises less than 5 percent of the annual totbtsl., It is
an important condition for the near Highveld, howEver, as the
extent of the westward push of the cagl moist aicmess debermines
where storms will Firet break out on the Highwveld, Satellite
images clearly snow storms Farming along kEhe wesktern edge of the
cloudy post frantal air. lheir subsequent trajectories are agein
dependent on the upper level flow and on the rate at which the
cool moisk air pushes westward. Experience in the PAWS area

suggests Lhat these storms m®might possess considerable
mpdification potential.

d. Trapical weather events

The weather described above in (i),{1i) and (111} 13 most
prevalent in the early summer {(Uctober threough Uecember} and can
be ascribed to mid=-latitude forcing (easterly movement of
weather systems driven by the subtropical jet stream). While
infrequent, there &te two other weather events that can
profoundly affect the Lowveld seasonal rainfall.

The first occurs when a tropical cyclaong drifting duwn tine
#ocambique channel mekes landfall sast of Nelspruilb. bSuch a
cyclane at the end of January 1983 accounted Yaor 25 percent of
that season's rainfall. Ancther event similar to the cyclone
event occure when a deep low over Zimbabwe and a stronyg Indian
Ocean high preesure aree converge csusing strong easterly Flow at
all levels sbove the Lowveld. This event, which lesds to general
rainfall over the srea, often for severval days, can progduce more
rainfall than a cyclone., An analysis of summertime rainfall (see
RAIN Il report} indicates that the presence nr absence af these

Lwo events may mean the difference between below 0T above average
summer rainfall.

Modifjircation sattempts in these two situations are nol even
contemplated since these systems are already efficient rain
producers and because of the Flood rcisk,
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5.0 A PHYSICAL DESCRIPTION OF MNELSPRUIT CLOUPS (Moraan,
Morrison and Makher}

5.1. Introduction

Rain is produced over the Eastern Transveal Escarpment
mostiy by cumuliform clouds, -and it is these that PAWS has been
studying. Cumulus clouds are distinguished primarily by their
shapes, {looking like hesps or piles of cloud), but the processes
going on in them are also very particular to kthem and are the key
te stimulating them to enhence their rain production. Cumulus
clouds exist over a wide range of sizes, from small, fair-weather
‘cumulus to giant cumulonimpbuse. The aireraft investigations of
PAWS asre carried out in grawing claud turrets on the flanks of
convective complexes.

In the following, the cheracteristice ofF the cloud turrets
which have been sampled by the PAWS Lear jet are presented, to

give the reader 2 quantitative picture of the clouds which are
being studied and seeded,

Measuremenits are pre&santed here without a discussian of
measurement techniques. The interested reader will find
measurements discussed in VYol. 1Y, Sections 2,% and 10.

5.2 ¥Yertical VYelocitiss and Condensation Rates

Perhaps the most important single physical characteristic of
cumulus clouds is the rate st which condensation is taking place
in them and this depends primarily on their vertical velocikies.
The same vertical velocities determine the clpoud's ability to
haeld water drops and ice patticles in suspension long enough to
grow to the larqe sizes characteristic of convective rainfall.
Fig. 5.2.0 summarizes the updrefi measurements made during the
past 5 vears by the insktrumented Learjet.

Vhe average maximum vertical velocity is alwast twice the
average minimua, an almopst oniversal characteristic for cumulius
clouds and thunderstorms, The mean af Lthe average vertical
velocities is only 3.1 m sec™', and a significant percentage of
cases had negstive average vertica]l velocities. These correspond
to encaunters with deed or dying clouds. It ie for this reason
that for many purposes we restriet our attention to cliouds wilth
sverage vertical velocities grester than 2.7 m sec~1. Dying

clouds often Fill rapidly with ice particles and have depleted
cloud liquid water.

The Cloud Sample Dstabase slzo contains the average updraft
gnd average downdraft, These are averages over only the upward
moving and downward moving portions of the cloud pass,
respectively, They are summarized in Table 5.1. Sample sizes
differ vetween Fig. 5.2.0 and Table 5.1 becsuse of definitions;
some clouds have no updraft, some no downdraft, but all have 8
meximum and =2 minimum verticsl velority. Sample sizes are large
for both displays because the calculations required ithat only the
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veloecities for all first passes in the cloud
sample database with good vertical
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vertical motion system be Functioning.

Table 5.7 Means, extremes and standard deviations For avera%e
updraft amd average downdraft {sll speeds in m sec™'}

minimum average
aversge updraft V] 5.5 23.0 3.3 583
average
downdraflt -10,4 -2.1 0 1.4 568
HMIMUM - ——— W = —————— -
AVERAGE UP f-——d—mmr = - ——- o
AUERAGE B i it B o o e e oy — 0
AVERAGE ~ e=—m-%=0
OWN
MINIMUM  +—————=— Mmoo — ——— 0
-03 02 -0 I 02 .03 0L .05

EVAPORATION conpensation (g kgls -1

Figure 5.2.1, The condensation rate in Nelspruit clouds,
19844 /45 season. Averages indicate computations

pecformed over the upward and downward moving
portions of the clouds.
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Fig. 5.%.1 shows condensation relLes estimated at (11 ight
level far clouds exeminea during the 1%84-85 PAWE frelu sewson,
calculated as describeo in ¥ol. LY Section 1u.3. Tne qgpdrart
condensatipon rates are at times quite high, reflecting net anly

-stronyg updrafts but alsoc the warm, moist suocloud 81 Frequently
encounfered 1n the region.

5.3 Fluuxes

Cumulus clouds can he vieweo as the visiple parl of a very
special type uf airmass mixing. They transport large amounts of
warm air from near the earth's surface thitough very deep loyers
of the atmospnere. With sowme simple zssumptiocns (atscusseud in
Vol. IV Section tU.4) it 1s possible to look at the magnitude and
variability of air and water vapour fFluxes i1n the clouds.

lable 5.2 ygives the means, extremes and variaviiity of the
air and vapour fluxes 1n 8 large number of clouds {first
peneirations only).

The average airmass flux in turrete 18 in tte neighboutnood
of 20 kton sec-!. wt 20x1U? g sec ~', This is an order of
magnitude or twe less than the flow estimated in mature
thunderstorms or hailsturms, {bhe vapour flux 1s Lhres orders of
magnitude less tnan tne mass Flux, since vapaur density bears
that relationship to air density. An sdditional view of the
oversl]l sizes of the cloud turrets s given in Table 5.3 which
summarixes measurements af outside dimensions of cells. Lloud
widih estimates are based vn time in 2loud and true air speed.
Clowd cross-sectional area 18 simply the area of a circle whose
diameter is the cloud width. Lloud tap heights were calculated
based on video measurements (see Vol. IV Section 10.13). The
sample size is determined by egquipment status, cloud wiulth
measurements requiring that the FSSP and JW pe working, for
getermining cloud buundarcies.

5.0 Hixing

lhe Fluxes have besn divideg nto tnelr upward snd dpownwaru
components., The clouu turrets investigatsu vy FAwS often contarn
both up and downdrafts., lhe existence uf oowndrafits in risingy
clouds is a well known manifestation of mixing., To 1solate this
phenomenon, we have established for esch traverse the percentage
of the distance flopwn 1n cloud which was wpdraft. Fig. 5.4.0

shows that, the strongyer the updraft, the yreater the percentayge
of the cloud it oecupiles.
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lable. 5.2z Summary of tne Fluxes of airc and water vapour 1n cvlood
turreis, First pesses only.

- o L g e . o Em EN WM M Em Em e mm mm mr wh leb B MR T MR MM mm o e mm e ek B CEE E EE M R B M R M kel omm e W W

min avg max sto.dev, M
air mass flux -29,7 18.HD 2682.6 35.U bH/
kion sec”™ -

Bir mass qpflux { £d.Y 291.7 3a.0 b7
kton sec”

gir mass =55.7 - 4.0 G b.32 Ya?
aownflux

kiaon EEE'1

Yapour fFlux -9Z.Y 6.4 1027 .6 115.4 Y85
tan sec”

Yapaour uqflux 0 £7.4 iusa.4 114.Y9 SB5
ton sec™

¥apour dawn- -45.3 -1u.,2 0 15.5 580
Flux %nn

1T

Table 5.3 & sumaary of cloud dimensions {first passes anly)

. r r wr wr w w wr wr wr mr wr Er W mr wr W e = e e AR L g o A e b M M U E M L B W W W R R R W

m1n avqg aa X std.dev N
cloud widin 0.5 1.9 9.4 1.4 i3y
{km}
cloud cross 0.17 B.1 Tu.9 B, 419
sectional area
(xmt)
¥ideo clouo al0a 725% 9zul (Y W4 3z

tops {m asl)

The influence of mixing on helspruit clouds 15 tetter shawn
by looking at iks effect on the thermodynamicsa. It has been
poesible to show, with tne Total wWater Lontent Instrumentation on
opard khe Learjet (Vel. IV Section ¥.1) that at |east some
portiens of the interiors of clguds, around the =-109C level, sre
close to heing upmixed. That i1s, the innermpst cores (at lesasty,
are sdiabaticy the peak measured valuegs of Total Water Mixing
fisti1o 11e very close Lo the water vapour misxing ratio averayea
over the lowest layers above the ground. Thaet 1n Lteelf is & vely
satisfying result, and of considerable consegquence to wur
understanding of the clouds. A better way to show the net
effect of mix1ng on the clouds is to consider thne percentaye of
the flux of air in the cloud which contains varicows fractions of
the sdiapatic Total Water Hixing Hatio {(lwrH} wvalue., Fig. 5%.4.7
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shows the cumulative Freguency of upward flux versus the ratio
between TWMR end the adigbatic wvalue, for 25 clouds with little
or nop precipitation content and adiabsetic Total HWater Conktents
as estimated by the Engine-¥apour method. It is clear Lhat
sizeable percentages of the upward flux in Lhese eclouwds are close
to being adiabatic.
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Figure 5.4,1. The distribution of uvpward air flux as a
Function of the Tota! #Water Mixing Ratin
{TWHR) divided by its maximum value in each
cloud, feor 2% clouds with little or no
precipitation and adisbatic peak wvalues of
TWMR. Dashed curve i8 cumulative, the shaded
histagram is frequency.

5.5 Buoyancy

The aokions within cumulus clouds, whose dimensions and
magnitude have just beesn shown, ace driven by non-hydrostatic
forces and inertia, opposed by drag. These are rather complex
both theoretically amnd practically. It is conventional 1in
discussing cumuvlus cloud motions to simplify the cloud dynamics
to very few elements. Kinetic energy is put into the base of the
cloud (cloud base updraft} presumably by some impulse or lifting
mechanism and Subsequent changes in snergy are predicted based on
the concept of buoyancy. This is expressed as the temperature
difference between the clouwd amd its environment.

The buoyancy in clouds can be &stimated from the temperature
measurements of the Lear., The buoyancy is really the difference
in density between cloud and environment and density 1is
proportional ta the virtusl temperature, which tekes account of
the water wapour in the air.

More impoctant is the effect of the condensed water in the
cloud on the air densit., For this we have calculated the Cloud
¥Yirtual Temperature (v¥gl. IV Section 10U.9) which includes a
correction term based on tne Condensed Water Content measured by
the Engine-Vapour technigue, This correction lowers the bueoyancy
significantliy in many cases,
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Fig. 5.5.0 shows histograms of excess temparsture {average
jn=cloud temperatute minus environmental .tempersture) and excess
cloud virtusl tempereture (sverage ch in cloud minus
environmental temperature} sveraged across the width af Ethe
cloud. The excess temperafure distribubtion shows a mean value gaf
zero wikth 48 % of the sample being buoyant and the rest not. The
excess T,  distribution seems shifted to the left by about a
deqree [t%a maan is -0.99C} and results in anly 13% of the sample
being buayant.

6
----- ch; average = -.09 H=1G8
N F———— T T average = 0 =126
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Figure 5.5.0, The excess temperature (T) and the excess

Cloud V¥irtuwal Temperature (T,,)
distributions,

This is a very ismportant point. Whichever way One sumiarizes
the buoyancy, and even allowing for a slight negative biasing
gffect due to the random occurrence of wetting of the element of
the Rosemount temperature probe, the buoyancies avre not large.
Thaugh buayancy is a contributor to updraft development in
turrets an convective complexes in Nelspruit, other Forces are
equally aor more important. What is required is convergence at
cloud turret scele, not only below clouud base, but through deep
layers of the lawer cloud. The low bubyancies shown here suggest
that the modest increases in cloud temperature which are shown to
be possible by freezing ligquid water {(see Vol. I¥ Section 9.11
and 10.7} im Nelspruit clouds are potentially important to the
Nelspruit ploud seeding hypothesis,

5.5 Hydrometears in Nelspruit Clouds

Melspruit claouds exnibit a very charecteristic range of
hydrometeor sizes and types. At cloud penetration altitudes the
cloud droplet concentrations are fairly low due to the modified
maritime character of the boundary layer airmass and the high
degree of coalescence which often takes place in the lower park
of the ¢loud. Mean cloud droplet sizes are large, due to the high
condensation Fates. Precipitation sized particles {diameters
1J0 um, visible on the 2D-C records) can be water drops, graupel
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or 8 mixture of both. Pristine crystal shapes are rarely seen
except occasionally at cloud edges in the -15°C region and in
anvils. Aggregates of indiscernible types are seen occasionally
at colder temperatures.

5S.6.1 Cloud droplets and coalescence products

It is difficult to discuss the cloud droplets alone because
they are in constant interaction with the larger particles in the
hydrometeor spectrum. This will become evident later on when

coeglescence is discussed. Here we will just display same
magnitudes.,

The concentrations of cloud droplets have been described
aboave as low., The range of concentrations is given in Table 5.4
for severel subsets of the cloud-sample datahase.

Table 5.4 GStatistical summery of measutements of cloud particle
concentrations and mass weighted mean diameters {HWMD)

- mm e mm mm mm e B BN B S AR mer b ke A R S S . gk b b A SR S Em g AN BN WP SR R mm mm mm ke am mm mm mm v mm ok P FF o mm o mm mm e ek PP oW W W

min avg max std.dev N
average F35°P

concentration &7 .2 318.3 676.6 H8.56 439
fem™?)

max FS5P

cuncintratinn 61.0 421.2 B95.3 104.3 439
{em=)

average F35FP

HWHD B.b 21.5 26.3 2.1 439

g e g N R W W TR M mm . M mr e wm mm mm mde BN N EE MR W sl R S m s am  mr Em mm mm e e e e B CE W W W W

The sizes of cloud droplets are @also summarized 1n Table

The concentrations and average sizes of rcloud droplets are
not independent., They bear an inverse relationship toc each other,

as shown in Fig.5.6.0, The date points on this qraph are skorm
averages.,
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The liquid water cantent in clouds is weasured by Lhree
techniques. Two are hot wire devices, the Johnson-Willieams (Jdl)
Ligquid water meter and the King liquid water meter. Ihe other is
the F55P cloud droplet spectroseter. The hobt wires give liquid
water content (g m~“7) as a direrct output; the FS55¢ presents a
size spectrum which must be integrated over all sizes to ewstimate
the LWC. .

The King hot wire has been a very important instrument for
pur resesrch. In fact, since it has been mounked an the airteraft
we have decided to remave the JW., The measurements of the King
instrument, however, require judgement on the patt of the analyst
due to & saturation which ocecurs in moskt clouds so it will not ce
used here to describe claud LWE values.

The liguid weter confent in the cloud dismebter range is
shawn in Table 5,9, measured by two instruments, the Johnegon-
Williams bot wire and the FS5F.

Table 5.5 A summary of messurements of cloud liquid water content
{LWC) by two techniques, the Johnson-Williamg hot wire
{JW) and the Forward Scatter Spectrometer Pyobe {F55P),
first passes only.

g A e . W B M Em Em Em MM M Em EE Em EE . M M M N N M . A S M M A R R M Em R Er M Em Em Em Em mm e mm mm mm e b A A

min avg max std.dev. N
average JW LWC 1] 0.9 2.32 .42 439
{g m=7}
max JW LWC i 1.57 3.03 4.6 439
(g m=?)
average FS5P LWC .UH 1.07 2.HZ 0.4 aiy
(g m=>-)
max FS5P LwC 09 1.54 4,52 J.% 639
{g m=3)

At cloud penetration altitude, the process of precipitatian
Formation in active clouds is already well unoerway, tulbt not
always observable by our conventienal instruments. The resson for
this is disgussed in ¥ol. 1¥ Section ¥.1. In clouds in which no
precipitation particles are revealed by the 20-C probe, the cloud
liquid water contents are markedly less than the sdiabalic
values, The Engine=vapour instrumentation, howeyver, shows Lhe
presence af roughly adiabatic vaiues of condensed water. The
additional water thus revealed consists of drops which are Lhe
produgts of coalescence. We are unegble to measure thelirt sjizes,
but expect them to lie in the SU - 150 um diameter range. (Since
this was written, a King bot wire device has been installed on
the Learjet. ln Lhe sbsence of 2-D ackivity, there is excel lent
agreement petween cloud liquid water contenkts measured by the
King and the Engine-Vapour instruments. Hoth the F535P and J
tnstruments considerwbly underestimate tne ligquid water conktent
in most clouds in the Nelspruwit area). Fig. %.6.,1 (discussed
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further 1o Yol, l¥ section 9.68), shows thak, in clouds with likttle
or np precipitation {(2U-L average concentration [ess thnan
10 1'1}, the number of cloud particles i5 1nversely propartional
to the mass of the coalescence products. 1his demonstraktes tne
important interaction between the clouwd particles and Lhe rest of
the particle spectrum. The data ofF Fig. 5.6.1 are averages over
cloud passes, not core or parcel measurements. The negative
regression shows up well tn spite of the averaging and n spite
of other fFactors' variations, indicating that tne efreck of Lhe
coalescence is a strong one.
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Figure 5.6.7. The dependence of FS5F cloud particle
' concentretions on Condensed Water Content
measured by the E-V technigue in elouus
between -B and -12PC which cuntain little or
no precipitation,

Ihe coalescence products centain a considerable portion of
tne condensed water in the clouds. We are anle to estimate the
tota)! Londensed Water Lontent (LWC) with the newly developeo
tnging-¥apour technigue [¥gl. !¥ Section %.1) and Table 3>.b
g8l lows comparison of those estimetes with the estimates ob (JW
and F55FP) cloud water onty. The CWL is on average more than twice
the cloud water, indicating Lhat the rcpalescence products
contribute a major portion of the total LWL,
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lTable 5.6 Comparison of HMean Condensed Water Contenls (measuced
by the Engine-Vapour technigque} with Cloud Liquid
Water Content (measuvred by Jd anag F55%F) in cilsuds
cantaining no precipitation particles.

e T W I WP WR CEF EE L M EE N N AR R e e S ML SR A L e AR e e e e e m m r m m m a W em m m w  am m  r r

- P b W TR WS T N EE R M e e e v N BN R e m mm e mm o mr o mr — e rr tm W W R W mr T wm wr wr L M g W N M A A MR N A R e e

0-1 1-2 2-3 3-a4 4-5% 5-8 6-7 Avy std.Uev
Engime-vapour T
syskem ] 1 4 P 11 1 1 4,02 1.17u
J-# hot wire 1. 13 i 0 0 1] U 1.71 J.di
FSse 1] 14 6 U 0 ] u 1.91 u.ad

5.6.4 Liguid Frecipitation Particles

The first precipitation particles to appear in a cloud at
the -10Y%C level, as revealed by the 20-C, are often water drops.
This is just an advanced stage of develaopment of the coalescence
process described just above. Dtten, a mixture of ice (graupel)
and water particles appear. In those cases, the ice pacticles ate
quite round in shape and are probably rimed frazen drops of
fairly high density. Cpalescence is Lthe precipitation generation
mechanism in these clouds and probably plays a strang role in
most Nelspruit clouds,

A published study (Mather 2t al., 1988) has shown that the
apperarance of precipitation in the form of large drops ot large
drops and grzupel is predictable by parameters from the
environmental sounding. Fig. 5.8.2 shows the excellent
discrimination between drops and no drops on a plot of cloud base
temperature varsws buayancy at 500 mbh. The appearance of large
drops appears to be Favoured oy a deep layer between cloud pese
and the -1U9C level, and by a long time of passage of the cloud
air parcel between those levels. This coanforms ta theoretical
considevations.
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Figure 5.6.2. Plot of convective condensatjon levels (CCL)
temperatures versus buovancies at 500 mbh far
the starms in this study. Circles represent
those storms containing some images of drops.
Lrosses represent khose storms im which
graupel images only were detected.

%.6.3 lce (Grsupel} Precipitation Particles

At times the first precipitatian in clouds at «109C is in
the farm pf graupel particles or a mixture of graupel particles
and water drops., This is due to ice nucleation, whicn is a
difficult phenaomenan of yrealt theoretical snd practical
impartance to the field of cloud physics.

The variability of ice concentrations in Nelspruit c¢louds
shows an important component of the precipitation precess. Lt
also underlines the importance of understandiag and predicking
the degree of ice formstion. An exploratory study of the
variations of ice nucleus concentrations was carried out in

February~March 1986 at Nelspruit and is deseribed in Yol. 1V
Section 12.

A study of the accurrence of ice in vigorous (mean vertical
velocity>2.% m sec™1) clouds (see Vol. IV Section 9.8) between
the Jevels of -32C and -229C has shown that large liquid drops
can be found in clouds even at -20%C, and ice particles can be
Found even at -59C. Alsp, a fraction of clouds can be fFound at
all the heights considered with no detectable precipitation sized
particles in them. Fig. 9.6.3 summarizes the fractions of clouds
with and witnout ice and with and without drops as a lunction of
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temperature, Fig. 5.6.4 ghaws the percent of clouds which
contained ice only and water only, over the same tempetature
range. 1.8 T T T ¥
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Figure 5%.6.3). Summary of the firequency of occurrence of
Clouds Wwith ice particles and water draops,
Qr ng precipitation, as a functian of the
environmental tempersture =t penetration
level,
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Figure 5.6.4. Summary of the frequency of occurrence of
clouds which rontaimed precipitation
particles which were ice only ar water
drops only.

4 study was maue of the concentrations of ice patrticles 1n
those cloude oF the stugy just described which cuntaiped ice
particles anly. Lt was necessary to uoelermine these for the
enticre layer between -89C and -179C. These are shown 1n Table
5.7. The sample s:izes are smaller 1n the lasi two rows pecause
zeros were not used in the calculations,
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Table 5.7 The variability ofF ice concentrations in clouds
with gaveraqge uvwpdraft spaeds greater than Z.3 m
see~1, with 2D-C image classificatians
graupel and ice.

[T —— e B R R e Rl R R N W W PR TR R S ey

avyg max std.dev N
Z2b-C cnncentrat%un averaged
over cloud (17"} Z0.3 137.1 29.3 52
max%mum ZB-C concentrations
(17"} TH.4 GHG .5 14b.9 52
avqg,zero image concentration
(1-1) 6.1 50,3 0.8 52
max_zero image concentration
(1= 2.7 196.7 8.3 52
avg D<I72H um cancentration
{1=1) 10.4 79.0 17.2 52
max D=<128 um concentration
(1-1) 41.3 438.6 B0O.2 52
avg D>>128 um conc (171} 10.5 61.7 12.9 52
max D>>128 uvm conc (1-1%) a4 .2 455.0 79.8 52
avg D21067 ua conc (1-7) .247 1,145 .2BS 38
max U>1067 um conc (171) 1.8 16.9 3.6 38
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5.6.4 Radar HefFlectivity in Cloud Turrets

The reflecktivity from a single range yate of the Learjet's
airborne radar is recorded as part of the digital deta set, an
magnetic tape. The range gate is situated 1.5 km {(about 10 sec of
fliqht} straight ahead of the aircraft and the data are time
shifted during processing to bring them into coincidence with the
rest ofF the data set.

Radar reflectivity interpretation is wvery complex, and
glways subject to many uncertainties. RefFlectivity is however a
goocd general index of the state of development of Lthe
precipitation inclouds. In mast cases rgdar is the only view one
has of this. OUur recorded airborne radar reflectivities are thus

a proper component of this physical description of Nelspruit
clouvd turretks.

B4



Fig. 5.6.5 shows the histograms of average and peak radar
reflectivities from a lerge sample of clouds studied during the
1984-85 and 19B5-86 seasons. They show that most frequently the
clouds examined have weak reflectivities. MHany Limes, however,
the radar indicates advanced precipitation developmenkt. uUn s few
oceasiaons, reflectivities corresponding to very heavy rain were
encountered,

This description of {he clouds at Nelspruit is & synopsis aof
observations and analyses carried out through the 1985-B6 season.
Further analyses end more abservations can be sxpected to further

sharpen our comprehension of the precipitetion mechanisms that
are sctive in Nelspruit clouds.

Average Radar Maximum Radar Reflectivity
Reflectivity
3 -
Minimum -23.7 Minimum 3.7
MaxIimum 32.7 Maximum 48.7
Average 7.0 bverage 16.3
5td. Dev. 2.8 Std. Dev.13.7
2-
FREQ.
-
4T
& o & & I 15 3o 13 &4 32 AE 1o & 18 27 1& 31D 34 3% a2 4G B0 -

RADAR REFLECTIVITY FACTOR (DBZ}

Fiqure 5.6.5, Histograms of average and peak radar
reflectivities from a learge sample of clouds
studied during the 19B84/HS5 and 19B53/d6
seasaons. All data are fFrom first passes
Lhrough turrtets rising aon the flanks of
multicel]l storms.
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5.6.5 The Precipitation Efficiency of Cloud Turrets in the
Nelspruit Study Area {Margan and Morrisan)

Precipitation efficiency is an important concept in the
fialds of cloud physics and weather modification. In fact, it is
the very concept which gives rise to some of the modern concepts
far enhancing rainfall by artificial means.

Perhaps the most commomn definition of the precipitation
efficiency of & cloud sysatem is the sum total of the
precipitation reaching the ground during the system's lifetime
divided by the sum of all the water vapour entering its base
during the same period. Such a definition is nat very useful
because of the difFfFiculty of meesuring the required guantities.

For the study of Nelspruit clouds we have eaployed a
definition of efficiency whicth is suilted to the measurements made
bty the instrumented Lesarjet. With the Learjelt we measwre
gquantities within the cloud which allow ap eatimate of the local
and instantaneous efficiency. V¥ol. 1¥, S5erct. 9.5 gives the
details underlying two indetes ofF local efficiency, bLhe
conversion efficiency and the reservoir effect.

The conversicn efficiency is the rate at which cloud water
is being converted into precipitation (through capture by
precipitation and through coala=scence to form new pregipitation
particles) divided by the condensation rate {(the rate at which
cloud water is being repleced). A value of one would indicate
that precipitation wae growing {by capturing cloud droplets)
exactly 33 Fast 83 cloud was being made available by the
condensing of wvapour.

Fig. 5.6.6 shows the cumulative distributions of conversion
efficiency index a3 megsured in 299 unseeded cloud turreks in
four temperature ranges. The warmest clouds {-4 to -8°PC) clearly
have lower efficiences than the colder ones. The curves far Ethe
colder temperatyre intervals are grouped together, and indicate =

wide range of efFiclencies, with over 50 percent of clauds having
index values of less than 1.0.

Another important Factor is the teservoir of cloud waker
which is available for the growth of precipitation, 1Ff there 15 a
high liquid water content, precipitation will continue to grow
for some time, even if the condensation rate is low and Lhis,
called the Reservoir Effect Index, is computed by dividing the
precipitation graowth rate by the cloud liquid water content. It
indicates the fraction pf the cloud water content which is heiqg
converted bo prgcipitation each second, and has dimensions Sec” .
A value of 16”7 indicates that a thousandth of the cloud liquid
water content {ingorning condepnsation) is being converted Lo
precipitation sech second, and that a time of the order of 1000
seconds (15 miputes) would bﬁ repuired to completely consume Lthe
cloud. An index value of 10° ' indicates that s tenth of Ehe cloud
water is being converted each second, snd that the cloud will
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dissppesar in about Lten seconds. The invetrse af the HeservolLr
Index is similar to, but not the same as, the depletion time
discussed in Knight et al., (1982}).
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Fig. 5.6.6. Lonversion efficiencies (CL} over Fuur
temperuture ranges computea for all
"Firstk pass" clowa turrets {vntreated).
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Fig. 5.6.7 shows cumulative distributions of the Heservoir
Fffect Index for 299 unseeded turrets in four temperature
intervals. Again, the warmest clouds show different behaviour
from the colder ones, with low values of the resecvoir index
indicating an excessive cloud water content relative te the
precipitestion content. The colder clouds exhibit s wide range of
index values, with roughly half having values less than 3 x 10-?
{consumption time, scale of 300 seconds or 5 minutes).
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Fig. 5.6.7. Reservoir effects (RE) over four

temperature ranges for all Firet psss
cloud turrets.
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