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PREFACE

The central theme of this study concerns the use of
classification schemes on weather modification exp-
eriments designed to investigate the possibility of -
increasing rainfall from individual cumuli or cumulus
cloud systems. The principal objectives of these
experiments are the evaluation of treatment effects

and the identification of situations where seeding

with artificial ice-nuclei is likely to have positive
results, The classification of experimental units-into
categories that are associated with significantly diff-
erent physical processes aids the evaluation process
and the formulation of seed1ng strategies in the desir-
ed manner.

As part of this study a classification scheme, which
stratifies convective events on the basis of the

synoptic situations which give rise to and maintain

the convection, is formulated. In chapter seven and
eight this scheme and another scheme presently being
employed on a cumulus cloud weather modification experi-
ment are examined statistically. Investigations show
that the formulated scheme attains the objectives of
classification to a greater degree. Certain attributes
of the second scheme, permit the development of a classi-
fication procedure whereby the most effective strat1f1ca-
tion of experimental un1ts can be accomplished.
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ABSTRACT

Natural variability of atmospheric phenomena hinders : ‘
assessment of treatment effects on cumulus cloud

weather modification experiments. Classification of
weather situations, particularly convective events,
attended by significantly different physical con-
ditions, reduces variability within the set of experi-
mental units and assists the evaluation process.
Classification schemes may aid formulation of seeding
strategies if situations defined by a scheme display
“varying response to ice-nuclei seeding. Categorization
of synoptic systems which initiate and support convec-
tion reduces cumulus cloud variability in the desired
manner. Efficient identification of recurring synoptic
situations can be performed by means of surface synoptic
charts and satellite imagery. Failure to recognize con-
straints imposed by large-scale physical processes on
cumulus cloud characteristics in regions with hetero-
geneous synoptic regimes prevents effective classifica-
tion of convective events.



CHAPTER 1
INTRODUCTION

The science of weather modification was initiated to investigate the
possibility of reducing detrimental weathervphenomena (hail, tornadoes)

and increasing the beneficial effects of weather, particularly rainfall;

by technological means. Since 1946 a number of weather modification ex-
periments have been conducted to examine the postulate that rainfall cén

be increased by the artificial stimulation of precipitation formation
processes in cloud systems. Most of these experiments were designed to
assess the potential of increasing rainfall from summer-time cumulus

clouds and cumulus cloud systems by artificial ice-nuclei seeding. Even
where inquiry has been restricted to summ$r-time convective events,
significant differences are found in the response to treatment from one
climatic region to another. In addition to the influence of geographical
location, atmospheric processes in an area differ considerably from’day

to day, depending on the prevailing weather situation. Consequently, the
outcome of cumulus cloud weather modification experiments have been varied.
In a report to the United States National Academy of Sciences by the Review
Panel on Weather and Climate Modification on the results of investigations

made in thi$ regard, the following conclusions are noted:

The Panel now concludes on the basis of statistical analysis

of well-designed.field experiments that ice-nuclei seeding

can sometimes lead to more precipitation, can sometimes lead

to less precipitation and at other times-the nuclei have no
effect, depending on the meteorological conditions....

It is concluded that the recent demonstration of both

positive and negative treatment effects from seeding convective
clouds emphasizes the complexity of the processes involved.

The effects indicate that a more careful search must be made

to determine the seedability criteria that apply to the con-
vective clouds over various climatic regions. (Panel on Weather
and Climate Modification, 1973, p.4,7).



Cumulus c1dud modification experiments completed since 1973 have
emphasized the current limitations of weather modifiéation and provided
direction for future research (Grant and Cotton, 1979). The Weather
Modification Advisory Board (1978) have reviewed recently completed
weather modification experiments. The Co1orado River Pilot Project was
evaluated by comparing seeded and non-seeded days for all experimental
days. Elliot et af (1978) have shown that no significant diffefences
result fromvice;nuclei seéding. In post-event analysis, if physical
seedability criteria are incorporated, positive changes are noted for
seeded clouds which met the seeding criteria prior to treatment. The
Florida Areé Cumulus Experiment (FACE) has discovered that, for days with
moving echoes, treatement effects are posftjve while stationary echoes
appear to react favourably but no changes are observed in measured rainfall
for these cases (woodley ef al, 1977 and Biondini et al, 1977). Dennis
et al (1975), on the North Dakota project have concluded that positive
response to seeding occurs on days which show dynamic seedability. The
Israeli II cumulus cloud experiment has produced the most conclusive
.results. The analyses of Gagin and Neumann (1976) shows that increases
in rainfall of 13 - 15% are observed for‘seeded cases and-that the in-
creases are sﬁgnificant at the 2,2 - 3,8% level. The authors stress thé
need to combfne randomized seeding operations with studies of physical
proéesses, théreby ruling out the possibility that positive statistfcé]
results oCcur by chance. These recent expéfiments have not prdduced
results which alter the conclusions made by the Panel on Weather and
Climate Modification but have confirmed existing prob]em areas and

provided direction for future research.

PROBLEM AREAS OF WEATHER MODIFICATION
Two main obstacles need to be overcome if cumulus clouds are to be mod-
ified successfully by artificial means. The first is controlling the

enormous amounts of energy expended in convective storms. Since large



quantities of energy are jnvolved in atmospheric processes, the amount

of energy required to prqdﬁce any desired change is correspondingly
great. Thus weather modification techniques have been directed towards
controlling energy exchanges, particularly those associated with conden-
sation and sublimation, in the cloud systems. However, since development
and decay of  cumulus clouds is a delicate balance of constructive and
destructive forces operating in the clouds, undesirable side effects may
result if the artificially induced energy changes are too great or too
sma]i. Successful modification therefore depends on 1n1t1atihg a re-
distribution of appropriate amounts of natural energy so that theﬂdesired
changes are produced. Natural variability within the set of experimental
units is the second and more important obstacle since it hinders the
determination and sound evaluation of treatment effects. Without ahy
interference by man, a cumulus cloud may behave in several, totally
different ways. Of two apparently identical cumuli or cumulus systems
with similar 1ookfng clouds, one may cause torrential downpours while the
other produces little rain. Financial and time constraints prohibit the
investigation of each cumulus cloud onAevery experimental day. Thus a
principal problem facing the investigator in the design and evaluation of
a weather modification experiment is the devising of apprdpriate moduws
operandi to cope with the large natural variability of physical and

dynamical processes.

One method is randomization, a'procedure whereby treatment of:the ex-
perimental material is allocated and/or'eva1uated in an unbiased manner.
This approach divides the entire population of experimental units, be fhey
single clouds or days, into a treated and untreated samp]e of cases. By
application of statistical techniques an assessment can be made of the
overall effécts of seeding in the area concerned. However, the method
does not help fo identify thé cumuli which will respond best to ice-nuclei

treatment. Classification is a second, more effective method of reducing



natural variance within the set of experimental units. This approach
requires that the weather modification experiment be viewed as one

where the convective events can be partitioned into a number of cate-
gories associated with different physical and dynamical processes. If

the meteorological situations associated with each category are clearly
defined by the criteria for classification and are readily identifyable,
then random variability witin the set of experimental units can be

reduced substantially, thereby simplifying the evaluation process.

Should evaluation show that the scheme by which classification is per-
formed stratifies convective events into categories of varying response

to ice-nuclei seeding  then the scheme may be able to assist, additionally,
in the formulation of seeding strategies. It is important that the
classification criteria differentiate on the basis of established meteoro-
logical principles. This fact is emphasized by the following report from

the 1959 Skyline Conference:

The degree of success so far achieved by various programs

in weather modification is, in large measure, due to detailed
and skilled analyses of data which combines sound statistical
techniques and enlightened meteorological insight.

(Skyline Conference on the Design and Conduct of Experiments

in Weather Modification, 1959, p.5).

ConseqUently, a classification scheme should distinguish recurring
meteorological situations and enable quick and easy identification of

those situations.
REVIEW OF CLASSIFICATION TECHNIQUES

Most schemes formulated to stratify weather situations havé involved
c]assifi;ation of surface synoptic maps. The foremost aims in classify-
ing weather map patterns into types are to define characteristic weather

situations and to describe recurring weather conditions. The articles



by Gold (1920), Kriek (1943) and Elliot (1951) are representative
examples of the many studies which have attempted to satisfy the aims

of weather map classification. Luﬁd (1963) employed statistical

methods to partition a set of winter synoptic maps according to sea

level pressures. Longley (1967) abp]ied Lund's map classification
procedure to the strafification of southern African weather mabs.

Weather map classification has been Timited largely to forecasting
applications in the westerlies. The use qf satellite imagery in classi-
fication schemes has been réstricted to the categorization of tropical
(Fritz et al, 1966; Oliver, 1969) and extra-tropical (Streten and Troupe,

1973) cloud vortices.

The classification of smaller experimental units,,sUch as individual
cumuli, is much more difficult since on any one day cumulus cloud varia-
bility can be considerable. Consequently, most weather modification
experiments have avoided use of classification and have merely stratified
cumulus clouds into those eligible and those not eligible for treatment
on the basis of a set of seeding requirements and thereafter dividing the
eligible ones into treated and non-treated clouds on a random basis.
Where classification has been used the criteria have been based on a
subjective consideration of the cloud population such as the extent of
vertical development and cloud shape rather than on physical processes.
For example, on the Colorado River Pilot Project, a posterioni analysis
showed that thick c]ouds with warm tops (>29,0°C) produce 10% more rain-
fall when seeded if winds are light to moderate, fo;ecasting is accurate
and no opefationa] suspensions arise. (E11iot et a£,1978). On FACE the
data were classified on the bésis of cloud motion. Biondini (1976) con-
cluded that clouds in different categories respond to seeding in a signi-

ficantly different manner. In this classification procedure the control



exercized by 1arge-sca1e'motion on c]oud.characteristics is recognized.

In fact cumulus c1oud variability is limited to a very large extent by
constraints that large-scale weather systems exercize -on sma]]ér-sca]e
circulations. The processes of condensation,.cumulus c]oud development
and precipitation formation, all of which.are related to convective storm
seedability, are contfé]]ed by synoptic processes which determiﬁe horizon-
tal convergence and atmospheric moisture, instability and energy distribu-
tions. Consequently, cumulus storms can.be classified effectively by é
scheme which stratifies the synoptfc systems which give rise tQ and mainain
the convection. In addition, since the prevailing synoptic situation
dictates to a large degree the success with which cumulus storms may be
modified by artificial means, such a scheme may aid in the formulation of

seeding strategies.

In this study a scheme which stratifies convective events by classifica-
tion of the synoptic situations that initiate and support thé convection

is formulated. The criteria for classification represent the principaIA
meteorological procésses attending the various situations and are

" identified by heans of satellite imagery and surface synoptic charts.
Physical case-studies are undertaken to consider whether the identificatfon
process of the c]aséification scheme can:be improved. Statistical analyses
are performed to examine and evaluate how and to what extent this scheme
and a second scheme, currently being used on a cumulus cloud weather
modification experiment, attain the objectives of classification mentioned
above. Investigation indicates that the formulated classification scheme
significantly reduces.natural variation within the set of experimenta]
units and thereby reduces the number of such units needed in the evalua-

tion process. Secondly, it is shown from theoretical considerations that
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this scheme, which distinguishes the atmospheric processes associated
with convective storm development, may enable the stratification of
convective events into categories of varying response to ice-nuclei
seeding. Thereafter, by combining attributes of both schemes, a
procedure'iélformulatgd whereby the most effective classification

of experimehta]lunitsvcan be performed both in real-time and aftér

the event.



 CHAPTER 2
CLASSIFICATION AND CuMuLus CLoup MoDIFICATION

Cumulus cloud var{ability is determined by the moisture, instability,
energy and.Windf1ow characteristics of the storm environment. Since
the prime objective of classification is reduction of convective event
variability it is with respect to these variab]es that a classification
proéedure should reduce random variance. Ideally the procedure should
also stratify cumulus storms into categories'of varying response to
ice~nuclei seeding: The potential far augmenting rainfall from cumu]us
clouds by treatment with artificial ice;nuclej is directiy re]ated‘to
the ability of the storms to produce précipitation naturally. This
ability can be méasured‘direct1y from precipitatfon records and indfrect]y
by assessment of the storm envirdnment'and of cumulus cloud colloidal.

\

instability.
. The pretipitation regime.

The most direct measure of convective storm variability is precipitation.
The amount of Eainfa]]-pkoduced indicates the efficiency with which the
cumuli, whether seeded or unseeded, are processing the available atmosph-
eric moisture. Tﬁe manner in which the‘moisfure is being processed is
reflected in rainfa]] intensity and the extent and severity of hail events.
It is clearly important that the categories defined by any classification

scheme should have 'significantly different precipitation regimes.

. The storm environment.

The main limitation in using precipitation variables to test the effective-



ness of a classification scheme is that rainfall and hailfall can only
be ascertained after the event. It is essential that procedures for
classification of convective storms be able to stratify precipitation
events effecfive]y in a predictive sense. Consequently, a pfocedure
should show significant differences from one category to another with
respect to variables that deteamine precipitation characteristics and

which are measureable before cumulus storm development.

Moisture is an important variable, not only because it is an essential
micro-physical ingredient in the process ofyprecipitation fbrmation, but
also since the release of latent heat through condensation of water

vapour constitutes the principal energy source for the dynamics of the
convection mechanism. Efficient utilization of available moisture in
cumuli by the ite—phase process, is dependent on cloud condensation nuclei
: (CCN)_concentratioﬁs: Moist air deficient in aerosols will have vast
quantities of water vapour competing for few condensation nuclei and
precipitation formation is inhibited. Positive responée to ice-nuc]ei

seeding is maximized when Tow concentrations of natural CCN accompany an

abundanf supply of precipitable water, ceteris paribus.

Stability conditions of the storm environment will determine whether
cumulus cloud development will be encouraged or inhibited aftef conVection
"has been initiated. The introduction of warm, moist air at Tow Tevels and/
or cooling and drying aloft will enhance atmosphéric instability. In a
generally stable environment convection will be impeded, even to the ex-
tent that ice-nuclei seeding wi]} have no effect. If the atmosphere is
unstable, convective development will be promoted and the storms natura]iy
efficient. Under these conditions the introduction of artificial ice-

nuclei will be superfluous or even detrimental. The situation where a
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shallow stable layer or temperature inversion exists in the middle

troposphere offers optimum seedability. Strong vertical wind velocity
and/or direction shear wi]] encourage severe storm development and hail
formation. In this situation modificatign objectives are restricted to

reduction of hailfall.

Cumulus storm characteristics also depend on the manner in which thev
convection As initiated or triggered. Two mechanisms are principally
reéponsib]e for convective storm initiation and are determined by the”
nature of the low-level windfield. They are, surface convergence, which
occurs in association with well-defined, lTow-level streamline confluence
and surface heating, which triggersvconvection when the surface winds
are light and non-convergent. Surface coﬁvergence occurs when confluent
air streamS‘meetlproducing vertical air movement. Providing sufficient
moisture is available, this vertical movement will trigger convection.

- through latent heat release. Suitable environmental instability wil]
support and encourage'convection.. Frequently the synoptic system
generating the surface convergence a]sd~gives rise to an unstable atmosph-
eric stratification. Abundant low-level moisture in addition to these
conditions favours severe storm deve]opment_and hail formation. If the
air is relatively dry, excessively turbulent, pulsating storms whiéh
broduce 1ittle precipitation wil] result. Under conditions of well- ‘
defined, low-level convergence, sform %eedabi]ity is minimized. Surface
heating is the primary cause of local scale triggering of convection. On
clear days intense heating of the surface by solar radiation warms air
in the boundary layer. If the bouyant ehergy derived in this way and
atmospheric moisture are sufficient, convection will be triggered. This
situation is often attended by a mid-tropospheric stable layer or.sub-
sidence inversion and weak cumulus c]oud"dynamics. It therefore offers

maximum seedability.
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Energy profiles have been used to analyse the role of penetrative
convection in the energy budgét of the fropics (Rieh1 and Malkus, 1958§
Darkow, 1968). Immédiate]y above the 'surface in a shallow boundary
layer total energy rises due to heating of the air by conduction from
the surface. Above this layer mixing by means of microscale convection
and mechanical turbulence produces a constant value for total energy up |
to approximately 500 m, above which level total energy decreases with
hfght to a minimum in the mid-troposphere (500 - 600 mb).‘ Above the‘
mid-tropospheric minimum the total energy increases with height reaching
values sihi]ar to those in the surface layer in the upper troposphere

(Fig. 2.1).
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Fig. 2.1 Vertical profiles of total energy that are associated with:
' j)=————— vigorous convection,
fi)-—-——~ weak convective development,
iii) ———— neutral convection-potential.
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Since convective storms serve to transfer energy from regions of energy
surplus (the Tower layers) to regions of energy deficit (the middle and
upper layers), the entire layer from the surface to the mid-tropospheric
minimum is potentially-convectively unstable. The intensity of convection
is directly related to the vertical energy bradient. The greater the
deficiency in total energy in the upper layers relative to the Tayer of
potential-convective instability, the more ;igorous cumulus dynamics and
hence storm development wii] be. Under these conditions rainfall intensity
and hail potential are maximized and seedabi]ity minimized. ConvectiVe
activity is suppressed and stratiform cloud formation encouraged where lower
tropospheric energy deficiencies prevail. Consequently ice-nuclei seeding
will have no effect. Days with a symmetric vertical distribution of total
energy about the mid-tropospheric minimum provide maximum seedability.
Since neither Upper or lower tropospheric energy deficiencies exist on
these days convection is ngithér promoted nor suppressed by the storm
environment and the probability of altering the dynamics of individual

cumuli by ice-nuclei seeding is optimized.
Cloud base temperdture: an indicator of convective storm seedability.

The response of individual convective clouds to treatment by ice-nuclei
seeding is related to the stability characteristics of the clouds.
Maritime air masses have 1ower concentrations of CCN than continental air
‘masses and cumu1ﬁs clouds which form in these air masses possess broad
cloud drop]ct spectra with an abundance of large drops. These clouds,
said to be colloidally unstable, are efficient precipitation producers and
cannot be modified by ice-nuclei seeding. Droplet spectra in continental
cumulus clouds indicate high concentrations of small drops within a narrow

range. These clouds are colloidally stable and generally inefficient in
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the production of precipitation. Continental clouds may therefore respond
pos{tively to treatment with artificial ice-nuclei. Should these clouds,
which are colloidally stable, extend to sub;freezing temperatures,
(particularly to about -TOOC) the ice-phase process will dominate precipit-
~ation formation and silver iodide or dry ice‘seeding may produce positive
results. © The introduction of these‘artificial freézing nuclei to con-
vective clouds Cah pe carried out with two different objectives in mind.

In both cases, the parameter cloud base temperature serves as the most
important indicator of the response of super-cooled, colloidally stable

cumulus clouds to ice-phase seeding.
MICROPHYSTICAL ENHANCEMENT

When cumulus towers extend above the freezing level, much of their liquid
water remains super-cooled. If silver iodide (AgI) is introduced into
the super-cooled region of fhe cloud, the crystals act as precipitation
embryos énd may grow at the expense of the water droplets. In this way
the efficiency of the ice-pﬁase process is improved and increased precipi-
tation results. However, the introduction of artificial ice-nuclei may
alternatively cause the formation of large quantities of liquid drops which,
along with the pre-existing super-cooled drops are transformed into ice
crystals. Thus the number of ice-nuclei competing for the diminishing
supply of liquid water is drastica]iy increased and the efficiency of the
ice-bhase precipitation producing mechanism declines, resulting in reduced
rainfall. Gagin (1975) has shown that summer continental clouds with

cloud base temperétures above 10°C usually experience natural ice crystal

t Silver Iodide (AgI) and dry ice are the most commonly used
artificial freezing nuclei.
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enhancement. This is because such clouds have the ability to produce
drops larger than 25 um in large numbers at low altitudes (about -5°C)
and will therefore have corpulent supplies of natural ice nuclei. Thus
if the bases are warm the introduction of additional ice crystals (Agl)
will cause the Tower level of the cloud to glaciate premature]y thereby
preventing the natural processes from exploiting efficiently the avail-
able 1iquid water content of fhe cloud. Cumulus clouds with cold bases
which are continental in nature are unable to produce any precipitation
sized particles if their tops are warmer than about -10°C since in such
clouds the ice-phasé process is naturally inefficient. Because graupel
originally forms on ice, graupel contents in clouds with cold bases can
be ihcreased through artificial ice-nuclei treatment by microphysical
(static) seeding on condition that moisture available for precipitation
is reasonably abundant and the cloud tops are colder than about -10°C,

t

DYNAMIC ENHANCEMENT.

The dynamic approach to seeding is based on the contention that the
strength, size and duration of the vertical air currents, namely the
cumulus dynamics'has_a stronger control on cumulus precipitation than
the microphysics does. Table 2.1 shows clearly that a big Cumu]us cloud
'(about 13 km deep) with only 10% precipitation efficiency produces six
times more precipitation than a medium sized cloud operating at 100%
precipitétibn efficiency. (Precipitation efficiency is defined as the.
proportion of water vapour entering the cloud through its base that

eventually falls to the ground as rain ),
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Table 2.1 Rain from cumulus clouds as a function of precipitation
efficiency (PE) (after Simpson and Dennis, 1974 p.247).

Big Cloud Middle-sized Cloud Small Cloud

Air density (gcm~?) - ~1073 ~1073 ' ~10-3
Specific humidity (gg-*) 18 x 107 18 x 10-¢ 18 x 1073
Cloud base area (cmz)‘ 12,6 x 10'° 0,78 x 10%° 0,2 x 1010
Updraft velocity (cm sec-!) 200 ~ 100 50
Duration of pre- 3600 1800 .. 600
cipitation (sec)

Rainfall at 100% PE(kton) 1633 © 25,3 BN
Rainfall at 50% PE(kton) 816 12,6 0,5
Rainfall at 10% PE(kton) | - 163 2,5 0,1

Dynamic seeding has as its main objective the invigoration of cumulus
updrafts through glaciation of the available liquid water content.of a
super-cooled cloud, releasing the latent heat of fusion and thereby
increasing cloud bouyancy.‘ The nature of atmospheric instability and.
liquid water contents of the clouds determine to a large extent the
suitability of this technique in the treatment of convective clouds.
On humid days with a deep unstable layer cumulus clouds of all radii
will gfow naturally (i.e. seedability is a minimum). Condensation of
water vapouriinto liquid drops releases sufficient energy to drive the
cloud motions éffective]y. On days when the atmosphere is relatively
dry and stable the latent heat liberated by condensation may be limited
and cloud dynamics therefore restricted. Under these conditions cloud

droplets will grow by the condensation process to 5 to 20 wm. Foi]owing

15.
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vertical transport of these droplets in the cloud to the super-cooled

state, the rate of freezing is dependent on the number of active CCN.

If natural CCN are deficient then further cumulus growth is prevented.

The introduction of artificial ice-nuclei in the updraft region will
increase the freezing rate, the rate of latent heat release and cloud
bouyancy which is translated into greater updraft velocity and organization.
The enhanced updrafts ensure maintenance of super saturation in the conden-
sation region in the face of removal of water vapour by the growing drops.
In this way the condensation process is improved and cloud bouyancy further
increased by the augmented §upp1y of latent heat. Communication of the
added bouyancy aloft to the sub-cloud layer so as to increase the Strength
of the updrafts is dependent on the vertical distance through which the
bouyant energy has to be translated. The colder the cloud base, the smaller
the distance between the region of ice paftit]e formation and bouyancy
increase aloft and cloud base, the mdre efficient the translation of that
energy increase to the sub-cloud layer and the greater the effect on the
cumulus dynamics (Cotton, 1979).

Thus with respect to both microphysical and dynamic seeding with artificial .
ice-nuclei, warm-based clouds tend to producé less precipitation when
.seeded since they are naturally efficient. On the other hand cold-based

' c]oUds are naturally less efficient and show greater probability of '

positive response when seeded.

In summary, the following can be said regarding classification procedure
and cumulus cloud modification. Categories defined by a scheme which
classifies convéctive_events should not only possess sighificant]y diff-'
erent environmental moisture, instability, energy and windfield character-
istics but should also be attended by'varioform precipitation regimes and

cumulus cloud base temperature conditions.
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CHAPTER 3

A CumuLus Cowp WEaTHER MODIFICATION EXPERIMENT

A weather modification experiment presently being cdnducted in South

Africa is the data source for the proposed study. The Bethlehem Weather
Modification Experiment (BEWMEX) was initiated to "test the feasibility

of increasing rainfall and decreasing hailfall through silver iodide
seeding of super-cooled cumulus clouds (Harrisoﬁ, 1974}‘p.1)," The project
is based at Bethlehem, a town in the north-eastern Orange Free State in the
Republic of South Africa. The experimental area is that éncompassed by a
circle of 100 kmrradius centred at Bethlehem with the exception of those
parts lying in the'province of Natal and the Kingdom of Lesotho (Fig.3.1).
The plan of BEWMEX as originally envisaged involves an initial eight-year
period of experimentation which may be followed by an operational project
if the experiment should prove that such a project would increase rain-
fall at an economic rate. Over most of the project area the average

annual precipifat{on is between 600 and 800 mm. The wfnter months (April-
September) are characterized by 1ittle rain, warm clear days and cold clear
nights. More than 80% of annué] rainfall occurs in the summer months from

October to March.

Equipment and Data.

Real-time monitoring 6f the expefimenta] area is being done by means of
two weather radars; a Mitsubishi (5 cm) radar (Figs.3.2 and 3.3) operating
in volume scan, plan position indicator (PPI) mode and a Selenia (3 cm)
radar (Figs 3.4 and 3.5) operating in range height indicator (RHI) or
constant elevation PPI mode. An IFF (identify friend or foe) radar

(Fig. 3.5) for aircraft locating is slaved to the Mitsubishi radar. The
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Mitsubishi radar scope is being monitored by a motor-driven 35 mm
camera which takes exposures of each elevation scan and Polaroid
photographs are also being taken of both radar scopes at regular

\

intervals.

Four aircraft including two Twin-Commanches (CAO and CAN)(Fig 3.6)

and two Aztecs (CAM and CAP) (Fig. 3.7) are being used to make in-cloud
observations of cumulus dynamics and microphysics. A1l aircraft are

' equipped with instrument packages which record time, air pressure,
indicated air speed, temperature, dew-point temperature and liquid water
contents. A Mee Model 101 ice particle replicator (Fig.3.7) is fitted

to the Aztec, CAM. However, no reliable data have been collected during
the 1978/79 season. The same Aztéc is also fitted with a Particle

. Measuring Systems (PMS) one dimensional optical array cloud droplet
spectrometer and CAP has a PMS forward scattering spectrometer probe
(FSSP) installed. Some data on cloud base droplet spectra have been
obtained from these probes. Estimates of cloud base heights, temperatures
and updraft velocities as well as cloud top heights and temperatures in
convective conditions are recorded by the aircraft observers on a routine:

basis.

.A mesoscale automatic weather station network is being interrogated from
Bethlehem by telex. The stétions, which record time, pressure, temperature,
humidity, rainfé]],'wind speed and wind direction, provide data daily at
0600 GMT, 0800 GMT, 1100 GMT and 1400 GMT.  Rainfa11 data are obtained from
a network of gauges comprising about 65 autographic and 200'non-recording
raingauges. Details of hailfall are being supplied by voluntary observers.
On BEWMEX, days dn which at least two reports of hail are received from
observers in the project area have been defined as hail days. Hail days

have been sub-divided further into extensive hail days and isolated hail
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days. An extensive hail day is one on which hail reports are received
from at least fi&e different localities (towns or villages) in the
experimental ared, otherwise, it is an isolated hail day. Both rain-
fall and Hai]fa]] data are processed and disseminated by the Weather
Bureau in Pretoria. Upper-air data are being acquired from radiosonde
soundings made twice daily (0700 GMT and 1100 GMT) at Bethlehem. The
corrected data are stored on magnetic disc at the University of South
Africa combuter centre. METEOSATvgeostationary satellite visible (VIS)
and thermal infra-red (TIR) photographs received at Hartebeeshoek track- .
ing station are being made évai]ab]e for the 0600 GMT, 1200 GMT and
1700 GMT transmissions on a daily basis. Surface synoptic charts for
0000 GMT, 0600 GMT; 1200 GMT and 1800 GMT are archived at the Weather

Bureau in Pretoria.

Classification of convective events.

Analysis of summer-time precipitation in the BEWMEX area for the period
1961 - 1975 indicates that of 1955 rainfall days, general or stratiform
rains prevailed 8,9% of the time, scattered rainfall was evident on 59,9%
of the days and on 31,2% of the days isolated showers occured (Court,1979).
General rain days have been defined as days on which two-thirds of the
rainfall stations record more than 5 mm while on isolated rain days less
than 15% of the stations report rainfall. A1l other rain days are defined .
as having scattered rainfa]].b Since scattered and isolated rainfa]] is
depdsited in the form of local, infense convective showers, it can be seen
that cumulus storms are responsible for rainfall on more than 90% of

summer-time rain days.

Aircraft observations that have been made on 75 unseeded cumuli during
the 1977/78 and 1978/79 seasons indicate that cumulus clouds possess

diverse microphysical and dynamical characteristics. Mean cloud base
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droplet distributions show narrow ranges (2 - 24 um) of droplet diameters
with modal concentrations associated with drops of size 15 um. These
spectra are typica] of colloidally stable clouds. Shaw et al (1979) found
that, of the'c1ouds observed,which satisfied test cloud seeding criteria
(Appendix A), 76%‘c0ntained precipitatidn sized hydrometeors and sub-
stantial liquid water.‘+ In most of these clouds the ice-phase proéesé

is naturally efficient and microphysica] enhancement is unnecessary.
However, since 1iquia water contents are high, dynamic enhancement may

be possible under suitable atmospheric instability conditions. _Of the
clouds which did not meet the seeding criteria about one half had no

snow pellets or graupel above the -59¢ level, but nevertheless have
abundant supplies of liquid water. These clouds, which appear to be
colloidally stable, may therefore show positive response to both static
(microphysical) and dynamic ice-nuclei seeding. These findings reveal
that cumulus storms in‘the BEWMEX area mahifest a wide variety of micro-
physical and dynamic characteristics. To reduce this variability and
identify weather situations of greatest seéding potential the Bethlehem
Weather Modification Experiment is presently employing a c]assification.
scheme which defines six categories describing the general weather
expected or observed on a particular day in the experimental area. The

classification scheme is presented in Table 3.1.

Cumulus clouds which satisfy the criteria in Appendix A are termed
"test clouds' and being seeded on a random basis during aircraft
operations. All other cumuli on which in-cloud observations are
being made are termed 'observation clouds'.
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Table 3.1 Outline of classification scheme currently being
employed by BEWMEX to stratify experimental units
(after Hudak and Steyn, 1980 p.66,)

WEATHER CODE o WEATHER CONDITIONS
I ' Days with clear skies, cumulohumilis or stratus.
I1 Days with very weak convection; cumulus tops warmer
. than -5°C .
ITI Organized squall 1ine moves into BEWMEX area ovérnight

(this type is not used in the daily forecast or
~observed classification).

Iv | General or stratiform rains situation.
A. overcast, stratus or stratocumulus; little or no rain.
B.. overcast with prolonged periods of widespread rain.

C. broken to overcast low ahd middle clouds producing
some rain with convective elements producing heavier

showers.
) Days with significant convective activity; cumulus clouds
- have tops colder than -5°C and satisfy the test cell
criteria

S. Days with cumulus cloud tops colder than -5°C but the
~test cell criteria are not met.

VI A. Days with cumulus cloud tops colder than -5°C and many
of the clouds produce hail (moderate risk of hail)

B. Days with cumulus cloud tops colder than -5°C and most
of the clouds produce hail (high risk of hail).

A

Forecasts are made subjectively on the-basis of raw and processed data
from the 0700‘GMT ascent made at Béth]ehem,‘and information from the fore-
casting office of the South African Weather'Bureau)in Pretoria. The
appropriate weather type is used to describe expected weather conditions.
After the event, the code representing the actual weather s}tuation for
that day is being ascertained from radér and aircraft observations as well
as rainfall and hailfall data. The scheme stratifies firstly between

convective rainfall events and stratiform rainfall events (type IV days
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are days of general or stratiform rains) and secondly betweén significant
and inconsequent convective activity (types I and II are situations of
insignificant cumulus development). Days with significant convective

storm formation are divided further into three categories representative es-
sentially - of Qeak,(Vs) moderate (V) and strong (VI) convectibn. The

~ potential of the weather type scheme to reduce natura) variability in

the required manner and to identify situations of differing response to
ice-nuclei seeding will be assessed and evaluated in this study, the
methodological and analytical approach of whiéh is discussed in the next

chapter.



CHAPTER 4

- THe Stupy:  METHODOLOGICAL AND ANALYTICAL APPROACH

In thfs study the effectiveness with which two different classification
schemes reduce convecfive storm variability and identify situations of
diverse seeding potentiaT will be evaluated and compared. The weather
type scheme, defined in chapter three, is the first of thesé. The

second, to be formulated as part of the study, will be referred to as

the synoptic systems classification scheme. This scheme is based on the
premise that convective event varfbi]ity and the response of cumulus
clouds attending these events to ice-nuclei seeding are determined by
physical processes associated with the concomitant synoptic situation.

. Visible and infra-red imagery from the METEQSAT synchrnous meteorological
satellite is used in conjunction with surface synoptic charts to identify
summer-time synoptic situations defined by the criteria of the classifi- |
| cation scheme. By means of physical case-studies, methods of represent-
int the prevai]ing synoptic situation whiéh may improve the identification
process, are considered. Evaluation of the schemes will 1nvo1v§ statistic-
al ané]yses on a set of carefully chosen physical parameters. - A series of
statistical techniques are employed to test whether the categories defined
by the schemes have significantly different precipitation regimes, étorm
environment characteristics and convective storm colloidal stability con-
ditions. Following this examination the schemes are integrated to form

a procedure whereby the most effective c]assffication of convective events

can be performed.

28.
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Statistical Analysis

Various statistical methods have been emp]byed in an attemb? to diff-
erentiate between hailfall and less significant classes of convective
activity (Endlich and Mancuso, 1968; Modahl, 1979). Parameters and
computed indices'based on surface measurements and radiosonde data
from fairly dense surface and supper-air networks were used in these
ana]yses. Statistical evaluation of the weather type and synoptic
systems schemes is accomplished by examination of a set of parameters
Which reflect the precipitation regimes, storm environment character-
istics and cumulus cloud seedability. The parameters selected fqr use

in the analyses are discussed below.
a) Precipitation variables

Mean daily rainfall has been chosen as an indicator of rainfall character-
istics. This parameter is a measure of the efficiency with which convec-
tiva storms process available environmental moisture. Discrete measurements
of hailfall are not possib]é but differences in hailfall conditions can be
assessed by distinguishing between extensive, isolated and non-hailfall
events as discussed in chapter three. Hailfall is not considered for the
weather type scheme sincé all hail days are c]assified into one categofy

(VI).
b) Parameters representing storm environment characteristics.

The parameters Showalter index, total precipitable water and total static
energy are derived from data obtained via radiosonde ascents. The Show-
alter index is a measure of the stability conditions of the atmosphere

(Showalter,1953). It indicates the Tikelihood of convective development



following initiation by surface heating or horizonta] convefgence. The
index is defined as follows: a parcel with surface dewpoint and 800 mb
temperature istliffed dry adiabatica]]y‘to saturafion and then moist
pseudo-adiabatically to 500 mb. The temperature of the parcel subtracted
from the environmental temperature gives the Showalter index. Total
preéipitab]e water is‘a measure of the amount of moisture in the tropos-
sphere, over a given area, available to the proceéses of precipitation

formation. Total precipitable water is calculated as follows:

dz

- -

Consider a cylindrical column of air of height dz and cross-sectional

area 1 cm? . Let,

- PW = amount of precipitable water (g)
k = density of the air (g cm~?)
| q = mixing ratio of the air (gg~!)
Then, :
PW = jpqdz

since the change in volume, dv = 1.dz.
Now, a column of cross-sectional area 1 cm? containing 1g of water will

have height 1 cm. Also %g = pg

where,  p = pressure

[ta]
1]

acceleration due to gravity.



Precipitable water can therefore be expressed in cm as follows:

PW

:% dp (in cm)

10
a%—fqdp (where Ps = surface pressure)

P

s

H

On BEWMEX Api corresponds to heighfincrements of 200 m and g5 is the aver-
age mixing ratio in the ith layer. Total specific energy combines the |

parameters of temperature, moisture, height (pressure) and velocity in a

physically consistent manner in terms of energy units.. The total specific

energy (ET) of a unit mass of air is given by the equation:

Er = CpT + gZ + Lg + v 2/2

the sum of thermal enthalpy, potential energy, latent entha]py‘and v

- kinetic energy respectively, where:

Cp specific heat of air at constant pressure
T = temperature

gZ = geopotential

L = Tlatent heat
qg = specific hﬁmidity
v = velocity.

‘The kinetic energy term (v2/2) is two orders of magnitude smaller than

the others and may be neglected in the calculations. The sum of the first
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three terms (CpT + gZ + Lq) is called fhe total static enérgy (ES).v For
a given pressure level, P the total static energy, through a series of
reductions can be expressed in terms of the temperature, geopotential
height and relative humidity as follows:

| 0. |
Eg = 0,247 + 0,00234 7 + (23828)(752,5 - 0,568T)

_ RH 19,08T - 4782,9
where, e = 100 .exp( o359 )

and,
P = pressure (mb)
T = temperature (°K)

Z = geopotential height (gpm) -

el
x
I

relative humidity (%)

Es = total static energy (cal. gm™!).

Total static energy is computed for the standard pressure levels and the |

resultant energy profiles are used in the analysis.
c) A data set for multivariate analysis.

Discriminant analysis, a powerful multivariate statistical techniqde, is
used as an overall tésf of the classification schémes' potential to define
‘catégories.possessing significantly different physical and dynamica]
characteristics. A set of parameters obtained frbm raw and processed

0700 GMT sUrface and upper-air data from Bethlehem are used in the
analysis. For each of the standard pressuré levels 800 mb, 700 mb, 600 mb
500 mb, 400 mb and 300 mb the following variables are used:

geopotential height

dry-bulb temperature

32,



dew point temperature

relative humidity

wind direction

wind speed

potential temperature

dew point depression

latent enthalpy (Lq)

total static energy (CpT + gZ + Lq).

The following parameters are also incorporated:

Showlater index

precipitable water' (surface to 1,4 km AGL)
precipitable water (1,4 km to 4,0 km AGL)
total precipitable water

héight of the freezing level

height of the -5°C Tevel

height ofthe -10°C level

convective temperature

maximum temperature’predicted

maximum temperature observed.
At cloud base the following are measured:

' hefght
temperature
relative humidity
wind direction

wind speed.
Surface measurements include:

pressure



pressure tendency
temperature

dew point temperature
relative humidity
wind direction

wind speed

- mixing ratio

The following indices, representing differences between variable at

se]ected'1eve]s, are used in the analysis:

-

dew point depression difference between .600 mb and 500 mb
dew point depression difference between 800 mb and 600 mb
wind speed shear between 700 mb and 800 mb

potential temperature difference between 800 mb and 300 mb
difference in total,stetic energy between 800 mb and 500 mb
difference in total static energy betweenv800 mb and 600 mb
difference in total static energy between 800 mb and 300 hb
diffefence in total static energy between 500 mb and 300 mb
difference in total static energy between 700 mb and 500 mb
relative humidity difference between 800 mb and 300 mb
relative humidity difference between 800 mb and 700 mb
relative humidity difference between 600 mb and 300 mb
relative humidity difference between 800 mb.and 500 mb.

The following indicators of convective potential are computed;:

i)

Difference between the convective temperature and the 800 mb dry-
bulb temperature: For deep convection the surface layers must be
warmer relative to the layers aloft for stable, dry conditions

than for moist unstable conditions. This index removes the temp-

34.
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erature dependency upon season and air mass associated with the
convective temperature.

ii) The K-index is given by: (temperature at 800 mb - temperaturé at
500 mb) . (temperature at 700 mb - dew point at 700 mb) + dew point
at 800 mb. It combines a measure of the 800 mb to 500 mb stability
with the 800 mb mofsture énd depth of the moist layer given by the
700 mb dew point depréssion. Larger values of the K-index indicate
greater thunderstorm potential.

i11)The D-index, defined by: (height at 600 mb - height at 800 mb) -
(height at 300 mb - height at 500 mb) gives atmospheric stability
by the thfckness difference between two layers. It therefore rests
pkimari]y on thermal consideratfons. Larger D-values are found where
a warm layer fs overlain by a cold layer, a condition favourable for
vigorous convection.

iv) The Total Totals Index is given by:(dew point at 800 mb - temperature
at 500 mb) # (temperature at 800 mb - temperature at 500 mb). The
“index is an indicator of severe weather (hail and torﬁadoes).

v) The SWEAT index is defined by:12(déw point at 800 mb) + 20(Total
Totals index - 49) + 4(wind speed at 800 mb) + 0,2(wind speed at
500 mb) + 125(0,2 + sin (wind direction at 500 mb - wind direction
at 800 mb )). |
These parameters and computed 1ndfces constitute a comprehensive data set
on which multivariate analyses can be performed using the discriminant

technique.
d) Cumulus cloud seedability.
The parameter cloud base temperature has been selected as an indicator

of cumulus cloud seedability on convective days. The manner in which

this parameter aids in the identification of seedable situations has been
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discussed in chapter two.

e) Statistical techniques

PARAMETRIC TESTS

Parametric statistical tests are carried out on the distribution of the
parameters mentioned in sections a) and b) and d) within the éategories
defined by the classification schemes. The analysis of variance test,
using the F-statistic, is performed on the data to determine whether the
variance betwéén the sample groups or categories is significantly diff-
erent from the variance within the sampies. If the test indicates that
between-sample variance is significantly greater than wfthin-samp]e
variance, then random variability in the observation set of tHe para-
meter under examination is’significant]y reduced by the particular
classification scheme. The larger the value of the F-statigtic,

the greater the differences between categories and the more effective
the scheme decreases variance with regard to the parameter in question.
The Student's t-statistic is employed to test differences between the‘.
sample means and is most useful as a compliment to the F-test. Should
analysis of variance indicate that differences between the samples are
truely significant, the Student's t-test can be applied to.any combination
of two samples to investigate which categories.§how greatest differences

between each other.
THE DISCRIMINANT ANALYSIS TECHNIQUE
A sub-program of the Statistical Package for the Social Sciences (SPSS)

called 'DISCRIMINANT' (Klecka, 1975 ) facilitates discriminant analysis

of a series of cases (experimental units) with which are associated a



number of discriminating variables. The analysis can be performed either
by entering all the variables directly or through a variety of stepwise
methods selecting the best set of discriminating variables. Criteria
available for controlling the stepwise selection are: minimum Wilk's -
lambda, minimum Mahalanobis distance between groups, largest minimum
between-groups F and tﬁé largest increase in Rao's V. Discriminant analy-
sis therefore provides a method to statistfca]]y distinguish between two
or more groups of cases. The groups are defineq by the particular
research situatioh. Thus in the present study the groups‘may‘ be the
synoptic categories 1A, 1B, 2A, 2B and 3 determined from the METEQSAT
imagery and synoptic charts. A set of variables (in this case Showalter
index, precipitable water etc.) that measure characteristics on which
groups are expected to dfffer is then selected. AThe discriminant
analysis then weighs'and linarly combines the discriminating variables
in some fashion so that the grqubs are forced to be as statistically
distinct as possible. The technique provides a test of the succesé with
which the discriminating variables actually discriminate the cases into
the sepcified groups by assigningAa probabi]ity that a particular casev-
belongs to one of the groups. Once a set of variables is found which
discriminates satisfactorily for cases with known group membership, a
set of classification functions can be derived which will permit the

classification of new cases with unknown membership.

Frequently there may be more diécriminating variables than necessary to
achieve satisfactory discrimination., In this event the stepwise procedure

can be used. The objective of the stepwise method is to identify the set
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of variables which "best" discriminates between a given set of K populations.

[f the F-statistic is used as the criterion to choose variables then
selection is based on a one-way analysis of variance test. The logic be-
hind the stepwise discrimination procedure is as follows: The variable

for which the mean values in the K populations are "most different" is
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jdentified. For each variable this difference is measured by a one-way
analysis of variance F-statistic and the varijable with the largest F is
chosen (or entered). On successive steps the conditional distribution of
each variable not entered given the variable(s) entered is considered.
Of the variables not entered, the variable for which the mean values of
the conditional distribution in the K populations is "most different"‘is
determined. This difference is also measured by a one-way analysis of
variance F-statistic. The stepwise process.is terminated when no additioﬁ—
al Variab]es contribute significantly to discrimination between the K
populations. The point at which the stepwise process is stopped is
decided by a prescribed inclusion level for F, called the F to 4nclude.
This inclusion value is specified by the degrees of freedom at any part-

icular step and the desired level of statistical significance, (o).
Physical Analysis.

Analysis of the physical processes associated with the categories of the
classification scheme. is best achieved by the case-study method. The
case studies are conducted to investigate whether significant improvement
can be made to the identification processes; which ehp]oys surface
synoptié charts and satellite imagery, by the inclusion of additional
methods of representing the prevailing synoptic situation. Micro-physical
characteristics of the convective storms are determined from data that has
been collected on 418 radar echoes and obtained by aircraft while pene-
trating cumulus clouds. Radar echo data iné]udes inforﬁation on first
echo and maximum top heights and temperatures. Observations that have been
-made of cloud base dfop]et spectra, cloud base temperatﬁre, updraft and

downdraft velocities, liquid water content and hydrometeors are also



available. Radar photographs are used to deduce the areal organization
pattern of the storms. On the synoptic scale, analysis involves con-
sideration of moisture, temperature and wind fields for the 700 mb,

500 mb and 300 mb pressure sdrfaces, surface synoptic charts and

METEOSAT imagery.

The formulation of the synoptic systems classification scheme, which

constitutes the first phase of the study, is performed in chapter five.

39.



40.

CHAPTER 5
FORMULATION OF THE. SYNOPTIC SysTEMs CLASSIFICATION
ScHEME

The southern African sub-confinent, by virtue of its geographica]llocation
between low and middle latitudes is influenced by weather systems of both
tropical and temperate origin. F]uctuationé in the intensity and latitud-
inal position of the sub-tropical high pressure zone determines to a large
degree the obserQed sequence of weather in this region. Stable atmospher-
ic conditions and fair weather accompany intensification of the sub-tropical
high pressure belt which is dissociated into fwo anticyclones located over
the south Indian and south Atlantic oceans respectively. Subs{dence in
this region of high pressufe gives rise to a mid-tropospheric temperature
.inversjon ovér the interior which strengthens as the pressure incfeases{
Periodical weakening of the sub-tropical anticyclones and upper-air sub-
sidence inversion promotes instability and permits migratory synoptic
depressions to-influence southern Africa. These Tow pressure systems
may have their source in either Tow or middle latitudes and are associated
with disturbed weather and unstable conditions. Situations conducive to
convective storm development occur in summer when thevhigh pressure

cells migrate southwards and the intensity of the subsidence inversion .

over the interior decreases.

In this section a classification scheme is formulated which facilitates
stratification of summer-time convective events on the basis of the synoptic
s{tuations which givé rise to and maintain the convection. METEOSAT

imagery and surface synoptic charts are employed to identify the situations

defined by the classification scheme.
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1. Situations involving tropical disturbances.

In gummer, the zone of converging air known as the Inter-Tropical Conver-
gence Zone (ITCZ) is deflected southwards over central Africa with north-
ern Zimbabwe as its southern-most 1imit (Fig. 5.1). A secondary belt of
convergence coincides with the confluence of warm moist tropical air Qvér
Zaire and the easterly trades. This convergence zone (which will be referred
to as the Za%re Air Boundaky - ZAB), extends south-westwards from northern
Zambia, throﬁgh Zaire to southern Angola. The ZAB is associated with_a
trgugh extending south-westwards from a tripple point located at about 1595,
34°E.  The low pressure system over western Bofswana and nérth—eastern
Namibia (henceforth referred to as the BOTNAM low) is located at the south-
western extremity of the ZAB. Under certain circumstances the BOTNAM
low intensifies and deepens and when this occurs a trough generatés south-
south-eastwqrds over the interior of southern Africa. This trough,
which will be referred to as the sub-tropical trough, is attended by an
butf]ow of warm, moist air from tropical latitudes. Vertically, this

. southward flux of thermal and latent energy extends fq middle levels
and anomo]ou$1y high moisture contents have been detected between 200 and
300 mb in association with the trough (Harrison, 1979). Low-level con-
vergence due:to interaction between the windfields of the sub-tropical
trough and the south Indian ocean anticyclone (SIA) initiates convection.
Unstable conditions and an abundant supply of moisture promote the gen-
eration and development of convective storms in the‘convergence zone. A
situation wofthy of special consideration is that whe;e strong mid-tropo-
spheric streamline convergence accompanies the sub-tropical trough. Con-
fluence between air flowing around a high pressure system in the upper
air over the central ‘interior and the windfield in association with a
longwave trough is responsible for the convergence. Because of the
corpulent supp]ieé of moisture in the mid-troposphere, horizontal conver-
gence at these levels encourages formation of stratiform rains. Océaéionally,

convective cells, which develop as a result of low-level convergence are
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observed embedded in the stratiform cloud deck. The cloud deck is
readily identifyable on satelite images as a'we11-def1ned cloud band
which develops soufhwands with the sub-tropical trough (Johnson, 1970).
Almost invariably this cloud band (henceforth referred to as the sub-
tropical cloud band) is found to be connected to a frontal cloud band.
The connection résu1ts\when,the band of cloud associated with the southQ
ward propogating sub-tropical trough coincides positionally with the
frontal cloud band. The connection between Tow and middle 1atifudes
thus established is not merely a visual phenomenon but is in facf, a.
di§t1nct synoptic system whereby momentum sensible heat andv1atent
enthalpy are transferred from the tropics to higher latitudes. Harrison
(1979) has found that measurable poleward fluxes of momentum, thermal
enthalpy and latent energy occur in apposi%ion to the cloud band. The
system may persist:for several days, the southern extrémfty being carried
eastwards by the baroclinic disturbance while the northern extremity

appears to be anchored in the BOTNAM Tow.

Since both these situations involve disturbances of tropical origin, the
convective events that they give rise to will manifést concordant micro-
physical and dynamical characteristics. Because the troughs are warm-coréd
and hence not as deep as those of temperate origin, the resultant low-level
convergence and atmospheric instability are such that the storms are not

as dynamically vigorous as those associated with cold-cored, mid-latitude
low pressure systems. However, the convective storms are nevertheless
naturally efficient producers of precipitation since they occur in warm,
moist tropical air masses and hence tend to be colloidally unstable. These
factors ensure that the cumuli will utilize the abundant supplies of
precipitable watef to produce heavy raihfa]] rather than hail, siﬁce the
Tatter will only form in cumulus clouds that are vehemently active dynami-

cally. The_1ike11hood of hail is therefore minimized when disturbances



of tropical origin are responsible for convective events. The potential
for increasing rainfall by ice-nuclei seeding is a]so‘minimal under these
conditions since the cumuli have warm bases and are'inclined to be
colloidally unstable. Although absolute energy values are high in both
situations, differences exist in the vertical distribution of total
energy. In addition, variations are evident in the relative strength

of horizontal convergence at low and middle levels. Convection is
encouraged by upper tropospﬁeric energy déficiencies and greater Tow-
Tevel convergence while stratiform events will dominate with strong
middle level streamline convergence and Tower tropospheric energy defic-
iencies. Herein lies the basis for distinguishing two synoptic situat%ons
that involve Tow pressure systems of tropical origin. The criteria by
which these situations are defined and the manner in which they are
identified by use of surface synobtic charts and satellite imagery are

given below.

Synoptic Situation 1A
TDENTTFICATION |
a) Synoptic Chart
i) a trough extending southwards from the BOTNAM Tow .
ii) conf]ﬂence between windflows attending the SIA and
sub-tropical trough.
b) Satellite imagery
i) the Zaire Air Boundary is present.
ii)  cloud configuration fndicates a southward flow of
tropical air from the BOTNAM Tow. |
1i1) cumulus cloud development is most prominent in the

confluence region.



EXPECTED CUMULUS CLOUD AND STORM ENVIRONMENT CHARACTERISTICS
a) Precipitation: heavy rainfall but low probability of hail.

' b) Storm environment: abundant moisture, moderate instability,
upperftropospheric energy deficiencies and moderate Tow-level
convergence. |

c) Colloidal stability: cumuli are colloidally unstable and
have warm bases.
EXAMPLE: 5 FEBRUARY 1979
Below are presented the surface chart and METEQSAT 1mages.for 790205

a typical type 1A day from the 1978/79 summer season.
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Synoptic Situation 1B
TDENTIFICATION '
a) Synoptic Chart
i) a trough extending southwards from the BOTNAM low.
ii) little or’no coni]uence between the windflows of the
sub-tropical trough and the SIA.
b) Satellite imagery
1) historically: a band of cloud devé]ops'southwards from
the BOTNAM low and merges with a passing frontal cloud bandf
ii) the cloud band forms a continuous, well-defined connection
between tropical and temperate latitudes. |
iii) the cloud band constitutes principally stratiform cloud.
EXPECTED CUMULUS CLOUD AND STORM ENVIRONMENT CHARACTERISTICS
a) Precipitation: steady rainfall of long duration, little or no
risk of hail. |
b) Storm environhent: very moist, mbderate instability, lower-
‘tropospheric energy deficiencies ahd strong middle-level stream-
line convergence. |
c) Coiioida] Stabi]ity: convective ce]is if present in the stratiform
deck are colloidally unstable and have very warm bases.
EXAMPLE: 22 FEBRUARY 1979 | ~
METEOSAT imagery and surface synopfic,chart for 790222 a typical type
1B day arepresentéd below. The system was already well developed by

1200GMT on 22nd, having formed the previous day.
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Situations involving temperate disturbances

South of the sub-tropical anticyclones, in middle lattitudes, is the zone
of the temperate westerlies in which baroclinic disturbances and their
attendant troughs and frontal systems originate and travel eastward.
Southward migration of the pressure belts in summer limits the influence
temperate disturbances have on weathér over southern Afriga in these
months. However, especially in early and late summer, low pressure
systems of temperate origin may nevertheless affect the weather of this

~ region to a significant degree. In this regard, Taljaard (1972, p.158)

observed:

It is common experience that when lows move

eastward with their centres at 45-55% and when

their associated fronts do not extend into sub-

tropical latitudes (25-35°S), deep sympathetic

troughs are nevertheless found at these Tow

latitudes in positions N or NNW of the lows.
These mid-latitude troughs are well-developed and cold-cored. Inter-
action of the windfields attending the trough and the SIA gives_risé to
strong low-level convergence. In addition, the advancing sector of the
trough is a region of positive vorticity advection where surface con-
vergence is supported by strong divergence aloft. This windfield is

ideal for the triggering and maintenance of severe convective storms.

Cumulus storms which form under these synoptic conditions will therefore
be dynamically vigorous. Bec;use environmenta] instability is high and
prominent upper-tropospheric energy deficiencies exist cumulus development
will be rapid, the ﬁature stage being reached soon after initiatioﬁ. :
Dissipation will occur equally suddenly if atmospheric moisture, which is
Athe enefgy source for the convection mechanism, is deficient. Under theSe
conditions 11£t1elprec1p1tation will reﬁu]t, but successful modification
is not pbséib]e since it is precipitabTe water that is lacking and the

~cumuli are dynamically efficient anyway. However, if atmospheric moisture,
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particularly at low-levels is relatively high, severe storm potential is
maximized. Intense showers and hailfall accompany these storms. Because
temperate air is involved, cloud base temperatures will be low, but the
factors mentioned above indicate that these convective storms are naturally
efficient processors of available precipitable water and ice-nuclei seeding
will have nb effeét. (Modification of severe convective storms to reduce

hailfall, is not considered in this study.)

Differences in atmospheric moisture conditions are responsible forA
variations observed within the set of convective events that are associated
with disturbances of temperate origin. The presence of a weak sub-tropical
trough on certain days sefves to augment atmospheric moisture by its attend-
ant flow of warm, moist air from tropical latitudes. Thé sub-tropical
trough does not, however, influence cumulus deve]opﬁent in any other way.
The front-associated trough alone, is responsible for the generation of low-
level convergence and environmental instability. Synoptic situations
invo]ving low pressure systems of mid-lattitude ofigin may be classified.

into one of two categories as follows:

Synoptic Situation 2A
IDENTIFICATION |
a) Synoptic chart. -
i) confluence between the windfields of a front-associated
trough and the SIA.
b) | Sate]iite imagery ,
i)  the presence of a baroclinic disturbance and frontal cloud
“band south of the sub-continent.
ii) the existence of extensive‘tumulus cloud cover in the

.

region of surface convergence.
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EXPECTED CUMULUS CLOUD AND STORM ENVIRONMENT CHARACTERISTICS

a) Precipitation: 1intense showers of short duration with moderate
to high 1ikelihood of hail. |

b) Storm environment: variéb]e moisture but tending to be;16w, very
unstable, prominent upper-tropospheric energy deficiencies with
lower absolute values than 2B and very strong iow41eve1 convergence;i

c) Colloidal stability considerations are unimportant in this categoryl

EXAMPLE: 15 MARCH 1979

VA typical type 2A day océured on 15 March 1979. fhe surface synoptic

chart and METEQSAT imagéry for that day are presented below.
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Synoptic Situation 2B
IDENTTFICATTON |
a) Synoptic chart
i) confluence between the windfields of a front-associated
trough and the SIAL
ii) the presence of a weak sub-tropical trough.
b) Satellite imagery
i) the presence of a baroclinic disturbance and frontal cloud
band south of the sub-continent.
i) the existence of cumulus cloud cover in the region of -
.surface convergence, |
iii) the ZAB is present and broken cloud cover oécurs in association -

with the,sub;troﬁica1_trough. |

EXPECTED CUMULUS CLOUD ANb‘STORM ENVIRONMENT CHARACTERISTICS

a)  Precipitation: heavy showers with a very high probability of hail.

b)  Storm environment: abuhdant moisture, very unstable, upper tropos-

pheric energy deficiencies with higher absolute values than 2A and
very strong low-level convergehce. |

c) Colloidal stability considerations are unimportant in this category.

EXAMPLE: 16 MARCH 1979 ‘

Surface synoptic chart and METEOSAT'imaQery for 16 March 1979, a typical

type 2B day are given below.
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A situation involving local-scale convective storm generation.

When the sub-tropical high pressure region over southern Africa intensifies
and prohibits tropical or temperate disturbances from inf]uencing'weather
conditions, convection may nevertheless be triggered by localized surface
heating and sustained by the release of latent energy through condensation
and siblimation. A common feature on mid-day, summer-time synoptic charts
is a shallow Tow pressure-ce}] oVer the central interior which is, in fact,
a consequence of surface hgating. Above this thermal low, which is not
attended by a cyclonic windfield but is rather characterized by 1ight and
variable winds, the flow becomes anticyclonic at about 700 mb. In the anti—
cyclonic circulation aloft the air is subsiding. This subsidence gives Eise
to a genera]iy stable atmospheric stratification with a mid-tropospheric
temperature inversion. ConQective development under these conditions is
therefore entiré]y dependent on surface heating for initiatioﬁ and liberated

latent heat for support.

Characteristics of the convective storm envjronment associated with this
situation determine thatvthe cumuli will have a weak dynamic structure. For
this reason the cumulus c]ouds, which are colloidally stable, will be ineffic-
ient producers of precipitation. The existence of a subsidence inversion at
middle levels inhibits convection but provides maximum seedability since an
artificially induced iﬁcrease in bouyant energy may cause the cumulus clouds
to penetrate the inver§idnf However, this effect can only be achieved if
the energy, in the latent form of precipitable Water, necessary for the
increase in bouyancy, is available. If atmospheric moisture is low, cumulus
tops may not even reach the -5 level, in which casé seeding will have no
effect because artificial seeding agents only become active at approximately
this temperature. Convective storms which originate in the absence of both

tropical and tempefate disturbances are grouped into one category defined

as follows:



. b6.
Synoptic Situation 3

IDENTIFICATION

a) Synoptic chart
i) a low pressure cell of thermal origin over the central interior.

ii) light and variable surface winds. |
iii) no evidence of a sub—tropica]‘trOUQh or front-related trough.

b) Satellite imégery

i) the presence of a nearly cloudless region of high surface
temperature coincident with the heat Tow.

ii) there s no evidence of a frontal cloud band or sub-tropical
cloud band over'the sub-continent.

EXPECTED CuMuLus cLoup AND_STORM ENVI?ONMENT CHARACTERISTICS

a) Precipitation: Tlow rainfall with little 11ke]1hood of hail.

b) Storm environment: highjy variable moisture, generally stable
with a mid-fropospheric invefsion, very low absolute values of -
total energy and light and variabTe surfacé winds. |

c) Colloidal stability: cumuli are cé]]oida]]y stable.

EXAMPLE: 14 MARCH 1979 _

On 14 March 1979 the synoptic sftuation defined above was responsible

for convectivé storm formationl The surface synoptic chart and

METEOSAT imagery for this dayare given below.
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The synoptic systems scheme is‘presented in summarized form in Table 5.1.
In addition to Satef]ite imagery and surface synobtic Charté other
methﬁds may be used to identify characteristic synoptic situations. The
advantages to be gained from incorporation of these methbds,in the
identification process of the synoptic systems classification scheme are

given consideration in the next chapter.

89.



60.

OmFmRG

THe IDENTIFICATION PROCESS OF THE SYNOPTIC SYSTEMS CLASSIFICATION SCHEME

The classification criteria of the synoptic sygtems scheme are based on
knowledge of the manner in which synoptic scale physica1 processes
influence the storm environment and hence the microphysical and dynamical
characteristicsVOf the cumulus cloud population. It is clear that the
constraints which 1arge~$ca1e systems impose on cumulus cloud character-
istics will be consistent with physical proéesses attending these systems.
Thus tropical disturbances will give rise to convective storms that are
different dynamically and microphysicallyvto those storms accompanying
disturbances of temperate origin. With regard to the c]assification of
synoptic situations, once suitable criteria have been formulated fo
differentiate between the Sjtuétions:td be stratified; the main problem
remaining is decidiﬁg on the best means for fdenﬁification‘of these
situations. C]assification‘procedure must avoid the dangers of over
simplification on the one hand, and of making the criteria for classi-
fication too complicated on the othef. Likewise with regard to the
methods to be used in the identification process, a balance must be main-
tained between methodé that are too subjective and techniques that are
overly invoived. Since thé aim in c1aé$if1cati§n ig quick, eaéy and
effective identification of characteristic situations, it is vital that
such balance be achieved. The synoptic systems scheme emp1oys satellite |
imagery and'surface synoptic charts to identify the situations defined by
the scheme. However, other'methods’of depicting the prevailing synoptic
situation may be utilized in the identification process. Inclusion of

~ these methods, although enabling more objective identification to be



accomplished, will also serve to complicate the process of identification.

In this section the benefits to be accrued by incorporating additional
ways of representing the synoptic situation in the identification process

are weighed against the disadvantages that may result from this action.

Physical case study analysis.

Investigation of methods used to depict the synoptic éituation, that may
be employed in the identification process, is carried out by the case-

study approach. The five‘days cited as typical examples of the synoptic
categories and for which the surface synoptic charts and METEOSAT iﬁagery
are presentedvin the pfevious chapter have been selected for study. The:
days chosen and the categories into which they are classified according -

to the weather type and synoptic systems schemes are given in Table 6.1..

Table 6.1 Case-study dates and classifications according to
the weather type and synoptic systems schemes.

790205 790222 790314 790315 790316

Weather type forecast v VIA v - I
Weather type observed VIA IVc ) ) v

Synoptic category . 1A 18 3 | 2A 2B

61.



TABLE 6,2 SUMMARY OF THE WEATHER SITUATION ON THE DAYS FOR WHICH CASE STUDIES ARE BEING CONDUCTED,

SYNOPTIC CATEGORY

1A

1B

27

2B

3

16 March 1979

14 March 1979

Date 5 February 1979 22 February 1979 15 March 1979
Mean Rainfall 3,451 9,093 1,418 1,487 0,757
Hailfall Isolated none none none none
Cloud Base Temp-—
erature (°C) 9,0 10,9 5,7 4,1 2,0
Cloud Base Height (m) 3900 3150 3800 3400 4300
First Echo Temp~
erature: mean -10,6 0,3 -15,5 -17,1 -11,8
(°c) mode -15,9 ~1,4 -15,9 ~18,0 -9,6
First Echo Height:
mean 6613 4847 6728 6910 6190
(m) mode 7500 5177 6723 6822 5750
Maximum Cloud Top:
mean -33,5 -10,3 -27,1 -30,5 -29,6
Temperature ('C)
mode -21,7 and -36,1 -3,1 -26,4 -24,5 -20,9
Maximum Cloud Top:
mean 9691 6630 8415 8938 8673
Height {(m):mode 10126 5834 8201 8667 7300
Test Cloud Data
First Echo Temp. (°C) -19,5 No -10,7 No -15,6
First Echo Height (m) 7800 Data 5900 Data 6900
Maximum Top Temp. (°C) ~40,5 -31,2 -49,5 ;
Maximum Top Hgt. (m) 10600 9000 11400 ’
Aircraft Penetration
levels (%C) 8,0 -7,0 -13,0 1,0 -14,5 2,0 5,0 -13,0
Maximum LWC (gm—3?) - 2,2 3,0 N - 2,1 No 0,7 1,4
Max.Updraft (m5-1!) 5,00 17,5 15,0 ° - 5,0 Data 5,0 3,0 7,5
Max.Downdraft (m5~!) 2,5| 10,0 7,5 Data - 7,5 5,0 6,0 7,5
Hydrometeors Rain} Rain,Snow| Snow Graupel, Soft Hail, Rain Snow, Raiﬁ Snow, Snow,
Rain : Rain, Rain.
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a) The weather situation.

The observed weather situations for the days being examined are presented
in summarized form in Table 6.2. Characteristics of the cumulus cloud
population as determined from in-cloud, aircraft observations and radar
data collected on echo-producing cumuli are presented in the table

(Fleischer, 1980).
b) Representation of the synoptic situation.

Besides satellite imagery and surface synoptic charts, differences in
meso- and large-scale physical processes can be discerned from radar
photographs, by direct measurement of storm environment characteristics

and from upper-air synoptic charts.

i) Radar imagery.
The areal organization patterns of cuﬁu]us clouds as deduced from
PPI scope radak photographs, reflects the scafe at which the
horizontal dynamics of the storms are being determined. Lines of
storms, particularly tines of storm complexes tend to occur ih a
zone of we]]-defined surfate“convergence resulting from the inter-
~action of synoptic scale windfields. Cumulus cloud distribution is‘
usually scattered on days where the surface winds are light and
variable and deye]opment is thermally initiated. On days with a
weak synoptic scale windfield and exceptiona]ly high atmospheric
moisture, the circulation systems of convective storms which form
first are enhanced rapidly by latent energy release.’ Moisture,
cohtaining energy in the Tatent form, is drawn into these storms.
and they will therefore tend to develop further,'doihg so at the

expense of the other cumuli with weaker dynamics. Since horizontal



convergence is a principal criterioﬁ of the synoptic syétems
c]assif{cation scheme, the areal organization pattern of Cumu]us
é]ouds can be used to identify differeﬁces in the synoptic
situations defined by the scheme. For the‘days being.considered

the areal organization patterns are presented in Fig. 6.1.

ii) Physical coﬁditibn of the storm environment.

The criteria for classification can be quantified if discrete
measurements are made of the temperature, moisture and windflow
characteristics of the storm environment. Such measuremént is.made
by means of radiosonde ascents at a location above which the tropo-
spheric conditions are representative of the meso-scale storm
environment. HoWeVer, quantification tends to make the identifica-
tion process too involved and time cohsuming. Subjectively deduced
changes in the moisture, temperature, energy and winﬁfie]d conditions
between successive upper-air ascents at various tropospheric levels
may nevertheless provide useful means for idehtification. The 0700
GMT and 1100 GMT kadiosonde ascents made at Bethlehem provide data
on changes 1in §torm environment conditions for the days being studied.
The data are presented in Table 6.3 in the form of tephigrams and

vertical profiles of total energy, wind speed and wind direction.

iii) Upper-air synoptic charts.
Physical conditions in the upper-air are best represented by charts
depicting the wind, temperature and moisture fields for selected
pressure surfaces. For the purpoées of the case-studies, 1200 GMT
upper-air data from South Africa's network of radiosonde stations
are used to construct these fields for the 700 mb, 500 mb and
300 mb pressure surfaces. Streamlines énd isotachs are used to

~ represent the windfield while depression to dewpoint (T-Td) is
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TABLE 6,3 PHYSICAL CONDITION OF THE STORM ENVIRONMENT

Synoptic Category

1A

1B

2A

2B

3

Date
Showalter Index

Total Precipitable
Water (mm)

g

<

?Qbruary 1879

-2,6

18,9

22 February 1979

15 March 1979

-3’5

17,4

16 March 1979
-4,2

20,0

14 March 1979

-2,4

16,6

Vertical Profiles of:
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employed as a measure of moisture conditions. The temperature
field is expressed in terms of the potential temperature. The

analyses are presented in Fig. 6.2.

2. Improving the identification process.

The areal organization pattern of cumulus storms provide useful means
for identification of the presence and 1nten;ity of low-level stream-
line convergence, an jmportant criterion of the synoptic systems classi-
fication scheme. However, the fact thatvconveétive'storm organization
batterns can,oniy be deduced by monitoriﬁg of the radar PPI scopeAin
real-time and are not determinable in a predictive sense, 1imits the
usefulness of this identification hethod. ‘Information from the radar
may be used to verify c]assifications‘during‘and after events without

causing significant complication of the'cTassifiCation procedure,

Unless the criteria'for classification ére to be quantified,'measurements
of tHe physical condition df)the storm environment is not a suitable

means for improving the 1dentifcatioh protess. Since quantification com-
plicates the c]assifiéation procedure such>actioﬁ is not desireable.. In |
additioh, the relatively short time period between successive radiosonde
ascents (4 h0ur§) does not allow for detection of significant changes in
the storm environment. Because of the stétic nature of this identification
method it will be of little use to the synoptic systems classification
scheme which is dyhamical]y ortented. No advantages accrue to the
classification scheme by inclusion of this method in the identification

process.
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The currently employed methods of identification, utilizing satellite

imagery and surface synoptic charts, give Timited consideration to
large-scale upper-air physical processes in the c]assification‘of

synoptic situations. This failing arises because analyses of lower (700 mb),
middle (500 mb) and upper (300 mb) tropospheric wind, moisture and temp-
erature fie]ds are not available in real-time and .cannot, therefore, be
utilized in the identification process. However, examination of these
data‘for the case-study days indicates that fhese upper=-air charts Qi]]
assist in the identification of the synoptic categoriés. Features of

these synoptic situations which can be distinguished particularly wé11 by

this identification method are:

Synoptic category 1A: i) a flow of warm, moist air from tropical
| latitudes. |
B: i) a flow of warm and very moist air in
association with the cloud bﬁnd conneétion.
i1) when compared to 1A, the greater strength
of horizohta1 convergence at middle and
upper 1evéls.

Synoptic category 2A: i) the presence of well-defined, intense,
Tow-1evel convergence and upper- ;
tropospheric divergence. ‘ |

B: i) when compared to 2A, the existence of
a tropical component.
Synoptic category 3: i) the exjstence of light and variable winds
at Tow and midd]e—1eve1s.. |
ii) a characteristic configurétion‘of the
moisture field in relation to the isotachs

at low-levels.
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Access to upper-air temperature, moisture and windfield ahalyseS'in

the identification process wii] reduce misclassification by the synoptic
systems scheme to a significant degree. Availability of these analyses
in real-time, for inclusion in fhe classification procedure, will
necessitate computerized construction of the synoptic fields. This is
not yet being undertaken in southern Africa and it is unlikely that such

will be accomplished within the foreseeable future.

Analyses of large-scale physical processes on five days, each of which
are typical examples of the syndptic categories defined by the synoptic
systems: scheme, indicafe that limited improvements can be made to the
identification process by including additional methods of depicting the
| prevailing synoptic situation. Radar imagery can only be used as a
means to verify classificafion decisions that have already been made.
If upper-air moisture, temperature and wind field analyses can be made
available in real-time, incorporation of these analyses in the identi-
fication procéss will improve the accuracy of C1as$ification. Thus, at
the present time, satellite imégefy and surface synoptic charts constitute
the best means of identifying summer-time synoptic situations over

southern Africa.

The synoptic systems c]assification scheme is based on the premise
that cumulus cloud variability and their response to ice-nuclei seeding
are determined by differences in the moisture, stability energy and‘wind
field characteristics of the storm enyironment, which differences are
caused by synoptic scale bhysica] processes; The scheme therefore

attempts to reduce natural variability within the set of convective events



By classification of the synoptic situations giving rise to and support-
ing the convection. In the following chapter the extent to which and -
the manner in which the synoptic systems classification scheme accompli-

shes this objective.are«examined statistically.

71.
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| CHAPTER 7
STATISTICAL EXAMINATION AND EVALUATION OF THE SYNOPTIC SYSTEMS
CLASSIFICATION SCHEME

‘Because the synoptic systems classification scheme stratifies convective

events on the basis of physical porcesses associated with the attendant
synoptic situation, it is reasonab]evto expect that the categories thus
defined will posseQQ significant]y different precipitation regimes,

storm environment characteristics and cloud base temperature conditions.
In order'fo test, statistically, whether this is the case the synoptic
systems c1assification scheme is employed to tategorize days for the
1978/79 summer season (1 October 1978 to 31 March 1979). Thefeafter

the distributions of the parameters mean daily rainfall, hailfall, Show-
alter index tota1«precipita1 water, total static energy and cloud base
temperature are examined by paramétric statisticé] techniques to determine

the 1eye] at which differences between the categories are significant.

‘The monthly distribution of synoptic categories during the summer of

1978/79 is also considered. Discriminant analysis, is applied to the set
of synoptic variab]és defined in chapter‘fohr as an overall test of the

scheme's abi]ity tb‘stratify.convective events. .

STATISTICAL EXAMINATION

Distribution of days for the summer of 1978/79. ‘
Of the 182 days during the 1978/79 summer season, the absence of data;V
made classification impossible on 13 days. Of the remaining’169 days,

the synoptic situations on 10 days were such that they could not satisfy



the criteria of any one of the five categories defined by the synoptic
systems scheme. The distribution of each synoptic category by months

for the 1978/79'summer are'given in Table 7.1 and Fig. 7.1.

Table 7.1 Distribution of each synoptic type by months
for the 1978/79 summer season

CATEGORY  |OCT NOV DEC JAN FEB MAR| ~ TOTAL
1A 0 2 7 0. 11 3 33
1B 1 1 7 5 9 2 25
2A 20 4 0o . 2 0 6 32
2B 0 2 6 1 2 3 14
3 8 16 8 7 4 14 52
No Data 0 1 3 3 4 2 13
Not Classify-| 2 4 0 3 0 1 10
able
313 3 3 28 31| 182
20- A 20 B
104 ‘ 10-
] L1 ; ]
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Fig. 7.1 Histograms depicting the

distribution, by months
. ~ o o during the 1978/79
summer season, of the
10 : s synoptic categories:

(a) 1A, (b) 1B, (c) 2A,
4 1 : ' (d) 2B, and (e) 3.

As expected, tropical systems (1A and 1B) domihate during the mid-
summer months (December—February) when the pressure belts are at their
southern-most eitremity. Type 2A accurs most frequently in early
(October) and late (March) summer since mid-latitude depressions extend
their inf]uencelfurther north in these,montﬁs than in mid-summer.
Synoptic situation 3 prevails most oftén in November and early March
when surface heatﬁng is sufficient to induce convection and when

tropical disturbances have not yet commended or have ceased their

influence on weather conditions.



2. The precipitation regime.

a)  Mean daily rainfall,

Average déi]y precipitation for the BEWMEX area is derived from a dense

raingauge network.

For analytical purposes the data have been strati-

fied into a series of classes.

The distribution of precipitation by

classes for each synoptic category is presented in Table 7.2 and

graphically in Fig. 7.2.

Days for which no data are available and

those not classifyable under the synoptic systems scheme are omitted.

Table 7.2

Distribution of mean daily rainfall (x) by classes

and by months during the 1978/79 summer for each
synoptic category,

x<1

4>x>2
6>x>4
8>x>6
10>x>8
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Fig. 7.2 Histograms depicting the distribution of the parameter mean
daily rainfall (mm)during the 1978/79 summer season for the

synoptic categories: (a) 1A, (b) 1B, (c) 2A, (d).2B and (e)3.
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VIt is noteworthy that;highest mean daily rainfai]s under type 1 conditions

occur in February when tropical systems are at their strongest. Temperate -

disturbances cause high rainfall in October when the intensity and north-
ward extent of these troughs are a maximum. Of the 55 days in category 3,

53 have an average rainfall ofiiess than 1 mm.
STATISTICAL TESTS

Differences in the rainfall characteristics of each category are investi-
gated statistically by the F and Student's % paranetric tests. Overall
differences are examined by an analysis of:variance on all five groups

and the'catégory means (Table 7.3) are combaréd using the null hypothesis
that no significant differences exist between the means of the groups.

The results are presented in Table 7.4. SD denotes that a significant
difference exists between the means of the two categories being compared.
The figure in pafenthesis is the level (%) at‘wnich the differences are |
significant. The cut-off significance level is taken at 5%. NSD denotes --
that no significant difierenéekexists between the means of the groups

concerned, i.e. the null hypothesis is accepted.

77.

Table 7.3 Mean daily rainfall characteristics for each
synoptic category

CATEGORY A | 1B 2A 28 3

MEAN AVERAGE DAILY RAINFALL ‘ 2,535 4,830 ! 1,853 3,502 0,316
CONTRIBUTION . | 83,66 120,76 | 59,30 49,03 | 17,40

% CONTRIBUTION . 24,1 34,8 17,1 14,1 5,0




Table 7.4 Summary of parametric (F and %) test results
for the parameter mean daily rainfall
Analysis of Variance
CATEGORIES . | '
INCLUDED ca]cu]gted F0,05 F0,01 FO,005{ RESULT
ALL 15,327 2,45 3,51 3,98 |SD (> 0,5%)
Student's t-test
CATEGORY 1B 2A 2B 3
1A sb(5,0)  NSD NSD sD(0,1)
18 SD(0,1)  NSD SD(0,1)
2A NSD sD(0,1)
28 SD(0,1)
DISCUSSION

Analysis of variance, using’the/F-statistic, applied to all categories
indicates that differences between the categories are significant at
>0,5% level. The Student's #-test results show that category 3 has
a significantly lower mean than all the other synoptic types. The two
synoptic situations involving tropical systems have significant]y diff-
erent means, type 1B having a larger mean than 1A. Although type 2B
A/does’have a higher mean than its counterpart, category 2A, due to the
tropical component in the former, the difference is not statistically
significant. Where no significant differences exist between the means
Vof categories Eepresenting unrelated synoptic situations (viz. 1A and

2A, 1A and 1B, 1B and 2B), it is apparent that processes operating are

78.
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almost equally efficient in the production of rainfall. The classifica-
tion scheme therefore reduces natural variability as measured by mean

daily rainfall most significantly with fespect to category 3.

b) Hailfall.

Hail formation is maximized in an environment of strong, well-organized

- low-level convergence and excessive energy deficiencies in the upper
troposphere. These éhortages of energy in the upper-air are created by
an influx of cool, dry air at high Tevels and/or an inflow of warm, moist
air at low levels, which processes also promote storm environment insta-
bility. The synoptic situations which produce an environment ideal for
hail formation are types 2A and 2B and prominent hail events can therefore
be expected to accompany these situations. Of the 54 days classified as
hail days for‘the 1978/79 season, 20 were extensive hail days and 34
isolated hail days. The distributions of extensive hail days, isolated
héi1 days and non-hail days by synoptic category are given in Table 7.5

and presented graphically in Fig. 7.3.

Table 7.5 Hailfall characteristics of each synoptic category
‘ for the 1978/79 summer season
CATEGORY 1A 1B 2A 2B 3 UNCLASSIFIABLE | TOTAL
‘ DAYS

EXTENSIVE HAIL. DAYS | 1 2 8 6 1 o2 20
ISOLATED HAIL DAYS g 7 5 3 10 0 | 34
NON-HAIL DAYS 15 24 19 5 44 ‘ 8 115
DISCUSSTION

When tropical systems prevail and hailfalls result, these falls are usually
isolated. There is a distinct preference for hailfalls, especially exten-
sive hailfalls to occur when mid-latitude systems involving temperate air

masses influence the BEWMEX area. In fact on over 60% of type 2B days and
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Fig. 7.3 Histograms depicting the frequency and percentage frequency
: of occurence of (a) extensive hail days,
(b) isolated hail days, and
(¢) non-hail days
dur1ng the 1978/79 summer season for each synopt1c category.
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on nearly 40% of type 2A days hail was reported for the 1978/79 season.
Because discrete measurements of hailfall are not possible, differences
between categories cannot be tested statistical]y: Nevertheless, it is
clear that noteworthy differencés do exist between the categories

particularly between situations involving systems of different latitud-

inal origin.

Stofm Environment Characteristics.

The parameters Showalter index, total precipitable water and total

static energy are used as indicators of the stability, moisture and
energy characteristics of the storm environment. These parameters are
derived from the 0700 GMT radiosonde ascent made daily at Bethlehem and
therefore reflect the condition of the atmosphere in the BEWMEX area
prior to storm development. These data are available for 112 days during

the summer of 1978/79.

a) Showalter index.
Negative values of Showalter index denote unstable atmospheric conditions
and positive values greater stability. The distribution of Showalter

index by classes is given in Table 7.6 and the corresponding histograms

in Fig. 7.4,
20+ A 204 B
10~ » 10
——
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Fig. 7.4 Histograms depicting the distribution of the parameter Showalter
index during the 1978/79 summer season for the synoptic categories
(a) 1A, (b) 1B, (c) 2A, (d) 2B and (e) 3.
Table 7.6 Distribution of Showalter index by classes for
each synoptic category
CATEGORY SHOWALTER INDEX (x)
x<=b -b<x<-3 3<x<-1 1<x<1 1<x<3 3<x<5 x>5 TOTAL  MEAN
1A 3 3 - 14 6 4 0 0 30 |-1,7667
18 1 4 3 6 1 0 0 15 }-2,2000
2A 0 7 5 3 1 0 0 16 2,2125
28 11 2 0 1 0 0 | 5 F1,750
3 0 5 1 13 10 3 4 46 | 0,3565
TOTAL 5 20 35 28 17 3 4 2| -




STATISTICAL TESTS
The results of statistical tests using the variance ratio F-statistic

and the Student's t-statistic are presented in Table 7.7.

Table 7.7 Summary of parametric (F and &) test results
for the parameter Showalter index

Analysis of Variance

CATEGORIES F F0,05 F0,01 F0,005 | RESULT
INCLUDED calculated
ALL 5,860 2,46 3,51 3,95 | SD(>0,5%)
2A, 2B © 0,011 4,38 8,18 10,07 NSD
2A, 28, 3 6,606 3,15 4,95 5,79 | SD(>0,5%)
1A, 18 0,190 3,19 5,08 5,95 NSD

Student's t-test

CATEGORY 18 2A A" 3
1A NSD NSD NSD sD(0,1)
18 ~ NSD . NSD s0(0,1)
2A NSD - SD(0,1)
2B ' | NSD
DISCUSSION

Analysis of variance tests on a series of‘combinations of categories
indicates that, although differences are significant at >0,5% level if
all categories are considefed, the stability characteristics of type
3 are responsible for this significance. When the F-test is applied to
2A and 2B alone and.to 1A and 18 without éategoryﬂ3, no significant

differences are discernible. As soon as type 3 is included with 2A and
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2B the value for F increases dramatically. Tests on category means
substantiate this fact. The mean of group 3 is significantly greater
than those of all other categories (éxcept 2B, which is probably due tq
insufficient observations in this category). Since no significant diff-
erences are evident between the means of categories 1A, 1B, 2A and 2B,
similar values- of Showalter index may occur under.tﬁtally different
synoptic situations. Similarities in the stability conditions accompany-
ing these categories may be'reé]g However, consideration of the energy
profiles of these synoptic types (see later) suggests that the Showalter
index, a rather primitive indicator of environmental instability, may not
be a suitable indicator of stability characteristics in the BEWMEX area.
The Showalter index is related basically to the likelihood of instabiiity
resulting from convergence. It is not surprising therefore that the
categories 1A, 1B, 2A and 2B display similar values of Showalter index
since in all these synoptic situations surfaée convérgencefis responsible
for the initiation qf convection. It is noteworthy foo, that category 3,
the only synoptic type devoid of low level convergence; has significantly
different Showaiter index values. A more appropriate indicator 6f environ-

"mental instability should be sought for application in the BEWMEX area.
Analysis of the parameter Showalter index nevertheless indicates that the
‘synqptic systems classification procedure does reduce natural variation
in environmental stability characteristics in that it differentiates
between category 3 (significantly more stable) and the categories 1A, 1B,

2A and 2B (significantly more unstable).

b) Total precipitable water.

Total precipitable water, expressed in millimetres is a measure of the
amount of moisture in the atmosphere that can be utilized by the processes
of precipitation formation. The distribUtion‘of the parameter total
precipitable water by classes for each synoptic category is given in

Table 7.8 and Fig. 7.5.
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Table 7.8 Distribution of the parameter, total precipitable
water by classes for each synoptic category
Total Precipitable Water (x) in mm.
CATEGORY 1570 T0<x<T3 T3<x<16 T6<x<19 19x<22 224x<25 x325 | 'O'AL|  MEAN
|0 0 1 9 7 9 4 30 |21,0933
18 0 0 0 0 4 3 8 15 24,8800
2A 0 1 . 1 6 6 2 0 16 |18,6175
2B 0 0 1 0 0 4 0 5 (20,1620
3 6 7 14 17 2 . 0 0 46 14,7152
TOTAL | 6 8 17 30 19 18 12 112 -
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Fig. 7.5 Histograms depicting the
20- E distribution of the para-
meter total precipitable
water (mm) during the
1 1978/79 summer season
for the synoptic categories:
10 (a) 1A, (b) 1B, (c) 2A,
! (d) 2B and (e) 3.
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STATISTICAL TESTS
The analysis of variance F-test and Student's Z-test are used to est-
ablish the statistical significance of differencés and similarities

between the categories. - The results are presented in Table 7.9 below.

Table 7.9 Summary of parametric (F and %) test results for the
parameter total precipitable water

Analysis of variance

CATEGORIES F F0,05 F0,01 F0,005 RESULT
INCLUDED calculated '

ALL 35,096 2,46 3,51 3,95 | SD(>0,05%)

Student's if-test

CATEGORY 18 28 28 3
1A SD(0,1)  SD(2,5) NSD $D(0,1)
18 SD(0,1) $D(2,6)  SD(0,1)
o | NSD sD(0,1)
28 | . SD(0,1)
DISCUSSION

The variance ratio test shows that differences between all groups are
highly significant with the calculated F value being exceptionally large.
The Student's Z-test indicates that these differences exist between nearly
all possible combinations of categories. The categories, in general, have
‘dissimilar atmospheric moisture characteristics. Type 3 has a significant-

1y lower mean than all other categories at >0,1% level and category 1B has
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a mean that is highef than the other synoptic types at >2,5% level of
significance. As in the case with mean daily rainfall, although the
differences between the means of 2A and 2B are not significant the

mean of the latter is marginally higher which shows that the weak sub-
tropical trough does serve to augment atmospheric moisture. These
findings, with regard to the parameter total precipitable water, indicate
that anomalies observed in the precipitation characteristics of the var-
ious categories are caused by atmospheric moisture and wind field
peculiarities rather than differences in environmental instabﬁ1ity as
indicated by the Showalter index. In addition, the analyses show most
conclusively that the categories defined by the synoptic systems classi-
fication scheme are.associated with moisture regimes that are

significantly different.
c) Total Static Energy.

The jmportance of using vertical profiles of total static energy rather
than some absolute energy value when considefing the energy characterfstics
of the sform environment was discussed in chapter four. Total static
energy has been computed fdr the 800, 700, 600, 500, 400 and 300 mb press-
ure levels for each of the 112 days on which upper-air ascents were made

at Bethlehem during the 1978/79 summer’season. For each standard level the
mean value of total static energy was computed for each of the‘categories
defined by the synoptic systems classification scheme and the resulting
energy profiles are shown in Fig. 7.6. In order to facilitate considera-
tioh of the relative importahce of the moisture component (Lg) and the
other terms (CpT+gZ), the profiles of latent enthalpy and thermo-geopotential

energy are presented in Figs. 7.7 and 7.8.
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Fig. 7.6 Vertfca] profiles of

Fig. 7.7
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Differences in the shape and location of the static energy profiles

are visually spectacuTar. Comparison of Figs. 7.7 and 7.8 reveal that
these differences are caused primarily by moisture anoma]ieﬁ. It would
be desirable to conduct some mﬁ1tivariate analysis on the data in order
to verify these differences statistically. However, such én examination,
becéuse of the intricacies involved, would tonstitute a study of its own
and hence makes performing therefore impossible within logistical time

constraints.

The relative importance of convective and cyclonic processes in weather
phenomena is- reflected in the vertical distribution of total static energy.

The 550 mb level has been chosen arbitrarily to divide the upper and lower

Fig. 7.8 Vertical profiles

energy (CpT+gZ),
as derived from
Bethlehem's upper-
air data during
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troposphere. Profiles associated with types 2A and 2B have greatest
energy deficits in the upper troposphere. Their minima are both at

500 mb, about 160 mb lower than both tropical-disturbance situations.

The environmental energy conditions accompanying categories 2A and 2B
favour severe storm develdpment. Convective storms attending these
situations will haVeAstrong updrafts and downdrafts, intense precipita~
tion and high probability of hail. This finding harmonizes with results
of previous analyses in connection with hail events. It is noteworthy
that category 2B has higher absolute values of total energy than 2A. The
latent enthalpy (Lq) curve and the graph of CpT+gZ indicate that this
difference is caused by a greater moisture component in the former. This
observation corre]ates‘weiltwith findings deduéed from analyses of total
precipitable water. The structures of the ;ot?l energy profiles of the
synoptic categories 1A and 1B are simi];r, witﬁ type 1B having marginally
higher absolute energy values. In both categories energy deficits are A
concentrated in the region below 550 mb. Convection will therefore be»A
less vigorous than that associated with temperate disturbances but rain-
fall will nevertheless be high because moisture is abundant. Type 1B is;
considerably warmer and hore moist at middle levels (500 - 600 mb) than

1A which is significant since stratiform rain decks, which require warm,
moist air at those levels to form, tend to occur under 1B conditions.
Although thé‘engrgy profile of tategory 3 resembles those of types 1A 7
and 1B, consideration of the latent enthalpy and thermo-geopotential energy
graphs show clearly that the factors giving rise to the energy prdfi]es are
vastly different. In the first instance, ab501Qte energy values are much
lower in the case of category 3. In addition, Fig. 7.7 indicates that the
energy deficit below 500 mb is dqe to excessive drying in this region.
Also, the energy'curve intersects a 1ine extending vertically from the

800 mb value at 450 mb, a level much lower than in the other cafegories.
This energyAsurp1us in the upper-troposphere is caused by abiabatic warm-

ing of these layers through subsidence, thereby promoting stability and
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inhibiting convection. Therefore, to have cumulus cloud development
under type 3 conditions, warming aloft must be compensated for by
intense surface heating and the supply of atmospheric moisture must

be adequate.

Analyses of the parameters Showalter index, total precipitable water
and total static energy indicate that natural variability within the set’
of convective events as reflected in the storm environment -can be signif-
icantly reduced by application of the synoptic systems classification

scheme.

Discriminant analysis.

Following several computer runs using the direct method, the stepwise
" procedure emﬁ]qying, largest minimum betwee-groups F equivalent to»min-
imum Wilks' lambda) as the selection criterion is applied to the set of
parameters and computed indices defined in chapter four and derived from
the 0700 GMT radiosonde ascent made daily at Bethlehem. To ensure a 1%
level of significance for the analysis an F to entex value of 2,4 is
utilized. First]y; the aha]ysis determines the set of variables which
discriminates most effectively between the categories de%ined by the
synoptic systems classification scheme. The parameters and computed
indices éhosen, in order of entry and hence discriminating bower, are:

i) total precipitable water,

ii) potential temperature difference between 800 mb and 300 mb,

iii) wind speed at 600 mb,
iv) surface mixing ratio,

v) total static energy at 500 mb,
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Vi) maximum temperaturé predicted,
Qii) relative humidity difference between 800 mb and 500 mb,
viii) ° relative humidity at 500 mb,
ix) wind direction at 700 mb, and
X) temperature at 500 mb.
In addition.to selecting the set of variables with greatest discrimina-
ting power the analysis also computes the multivariate F matrices
associated with each entered variable. These matrices (Table 7.10)
indicate the relative importance of the particular variab]e in discrim-
inating between any two of the given categories. Larger F denotes

greater discriminating power.

Table 7.10 Multivariate F matrices for the variables chosen by
the discriminant .analysis technique as those with
the greatest discriminating power,
VARIABLE CATEGORY 1A 1B 2A 2B
TOTAL PRECIPITABLE 1B . - 15,7
WATER ‘ 2A 8,4 35,7
‘ 2B 0,1 4,4 4,5
. 3 65,5 114,2 11,3 19,8
POTENT IAL TEMPERATURE 1B 8,6
DIFFERENCE BETWEEN 2A 16,4 32,3 ,
800 mb AND 300 mb. - ZB 3,6 7,5 2,4 '
3 38,9 65,5 8,5 10,2
WIND SPEED AT 600mb 1B 5,9
2A 12,4 23,7
2B - 2,7 5,7 1,6
3 38,7 54’9 8,0 813
SURFACE MIXING RATIOD 1B 4,7
2A 10,4 17,8
2B 6,6 6,9 3,0
3 : 28,8 41,5 7,9 11,7
TOTAL STATIC ENERGY 1B 4,2
AT 500 mb ‘ 2A 9,5 16,5
2B 5,6 6,4 2,4
3 22,9 33,0 8,5 9,8
MAXIMUM TEMPERATURE 1B 5,1
' PREDICTED 2A 9,3 13,6
- 2B 4,7 5,4 2,1
3 20,2 27,4 7,1 8,1




Table 7.10 (continued...) - -

VARIABLE CATEGORY 1A 1B 2A 2B
RELATIVE HUMIDITY 1B 4,8
DIFFERENCE BETWEEN 2A 9,5 1,8
800 mb and 500 mb 2B . 4,1 4,8 2,5
' ‘ 3 17,3 25,5 7,3 6,9
RELATIVE HUMUDITY 1B 5,8
at 500 mb : 2A 9,0 10,4
2B ' 3,5 ‘5,0 2,5
3 | 15,6 20,9 6,4 6,2
WIND DIRECTION AT 1B 6,6
700 mb 2A 9,0 9,2
ZB 3’3 4,5 213
A | 3 | 14,6 18,7 5,8 5,5
TEMPERATURE AT 500mb 1B 6,3
2B 4)0 519 3i0
3 12,0 17,2 5,1 6,0
PISCUSSION

Ofvthe 10 discriminating variables, four are moisfure_parame%ers,'three

are temperature variables, two reflect wind variations and one is an

energy parameter. Total precipitable water is thé most powerful discrimin-
ator between most combinatfonsAof categorieé.,‘Excebtions are 2A and 1A and
2B and 1B where potential temperéture differencg between 800 and 300 mb is
most powerful and 2B and 1A, where the variable with the greatest discrim~
inating powéf is surface.mixing ratio. Moisture parameters are clearly

of primary importance in distinguishing between the synoptic categories.
Parameters reflecting middle 1éve1 and low level tropospheric conditions
‘rather than upper-air characteristics disckiminate mos t effective]y«between
the groups.' This is noteworthy since variations in the terospheric en~
vironment are most marked below the subsidence inversion located between
450 mb and 550 mb, whereas above. this temperature inversion, environmental

|
conditions remain fairly uniform through time.

93.



The discriminant analysis technique also provides for tesfing the overall
ability of the synoptic systems scheme to classify cases (days) into

groups that are mos t distinct statistically. The probability that a

particular case belongs to each of the five specified groubs is calculated.

Based on these probabilities the predicted group membership is computed
and then compared to the actual group membership. The predicted group
membership is that which will make the groups as statistically dﬁfferent

as possible. The results of this analysis is presented in Table. 7.11.

Table 7.11 Comparison of actual and predicted group membership
for the synoptic systems classification scheme.
SYNOPTIC | NUMBER PREDICTED GROUP MEMBERSHIP
CATEGORY OF 1A 1B " 2A - 2B 3
1 DAYS ,
25 1 1 2 | o

ol 1A 29 86,22 | 3,4% 3,44 6,94 0
x
s}

% » 3 1 1 0 -0
H 18 15 204 | 73,3% 6,7% | 0% 04
= .

z .

: 1 0 11 0 - 3
s 2 15 6,74 0% | 73,34 0% | 20%
= ‘

o «
: 0 0 1 4 0
2 5 0% 0% 20% 80% 0%
> ,
=2 3 a5 3 -0 3 0 39
6,7% 0% 64,7% 0% 86,7%
Percentage of grouped cases corréct1y classified = 82,57%

The table shows thét the groups most difficult to distinguish between are
~2A and 3, 1A and 1B and, 2A and 2B. Types 1A and 1B are both synoptic
categories aSsociated with tropical disturbances while synoptic situations

involving temperature disturbances are classified into categories 2A and

2B. It is encouraging to find that the greatest degree of 'misclassifica--

tion' occurs between groups possessing similarities. Predicted group

membership corresponds with actual group membership in 82,57% of the
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cases. Thus the memberships of the categories, is defined by application
of the synoptic systems classification scheme, will be the same as that
membership which would make the categories most different from one another,
statistically, 82,57% of the time. Discrimination analysis shows that
‘naturally occuring variations in weather conditions in the BEWMEX area,

as reflected by the set of parameters and indices measuring moisture,
temperature, energy and wind flow overhead Bethlehem, can be reduced td

a large degree through classification by means of the synoptic systems

classification scheme.
Cloud base temperature: an indicator of cumulus cloud seedability.

In the BEWMEX area cumulus clouds have typically continental cloud con-
densation nuclef concentrations (Lyons, 1979). Analyses of drOplét
evolution spectra at 500 m abdve cloud base reveal a narrow distribution
of droplet sizes and an abundance of small drops (Shaw et af, 1979). Cloud
base temperature can therefore bé used as an iﬁdicator of cumulus cloud
colloidal instability and hence also of response to icé~nuc1ei seeding.
The potentia1vof the synoptic systems scheme to c]ass{fy convective events
into categories of significantly different cloud base femperature con-
ditions will be investigated by statistical analysis of data from the
summer of 1978/79. The distribution of cloud base temperature by classes
for each synoptic category is given in Table 7.12 and depicted graphically -

in Fig. 7.9.
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Fig. 7.9

Histograms depicting theodistribution of the parameter
cloud base temperature ( C) during the 1978/79 summer
season for the synoptic categories: .

(a) 1A, (b) 1B, (c)2A, (d) 2B, and (e) 3.

96.



Table 7.12 Distribution of the parameter cloud base temperature
‘ by classes for each synoptic category

CATEGORY

* CLOUD BASE TEMPERATURE (x) in °C-  |TOTAL| MEAN.

x<0 0<x<2 2<x<4 4<x<b6 6<x<8 B<x<10 10<x<12 x>12

1w o
B |0
28 |0
28 |0
30 |2

o 2 o 9 15
0o 0 9 1 6
1 3 8 3 1
1 20 1
4 12 14 M 3

3
6
0
0

0

1 30 8,380
1 |15 7533
0 |16 [5,2250
0 5 [3.8500
0 46 |a,8870

STATISTICAL TESTS

Results of the variance ratio (F) test and Student's t-test are presented-

in Table 7.13

. These tests determine the statistical significance of

differences that exist between the categories of the synoptic systems |

classification scheme,

:

Table 7.13 Summary of parametric (F and t) test results for
' the parameter cloud base temperature
Analysis of vafiance
CATEGORIES F F0,05 | F0,01 F0,005 RESULT
{INCLUDED calculated.

ALL 21,619 2,46 3,51 3,95 SD(>0,5%)|
2A,28B, 0,315 4,38 8,18 10,07 NSD
2A,2B,3 0,174 3,15 4,98 5,79 | NSD

Student’s t-tesf
CATEGORY 1B 2A 2B 3
1A sD(5)  SD(0,1) SD(0,1)  SD(0,1)
1B sb(0,1) sSDb(0,1) sD(0,1)
2A NSD NSD
2B NSD
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DISCUSSTION

The F-test when applied to all groups shows that differences between the
groups are significant at >0,5% level but between the categories 2A, 2B
and 3 there are no significant differences with respect to c1oud‘base
temperatu?e. It is evident therefore that greatest’différences occur
between categories involving tropical temperate and localrdisturbances
rather than within these major divisions. The Student's #-test results
substantiate this view. No significant differences exist between the

means of any combination of the categories 2A, 2B and 3. In addition

che synoptic situations 1A and 1B have significantly warmer cloud base

- temperature conditions than the other categories. However this does

not necessafi]y mean that cumulus storms occuring under conditions
accompanying the synoptic categories 2A, 2B and 3 will provide more
rainfall when seeded. Other considerat%ons, regarding horizontal con-
vergence, environmental instébi]ity and vertical energy gradients, show
that the cumuli associated with categories 2A and 2B are not suitable

candidates for treatment with artificial ice-nuclei. The synoptic

situation generating cumulus clouds that may respond favcurably to ice-

nuclei seeding is therefore type 3.

EVALUATION

The synoptic systems scheme‘attemps to achieve the objectives of
classification by sfratifying thé convective events into categories
possessing significantly different physical and dynamical characteris-
tics. Consideration of the meteorological processes associated with
these categories suggests that differences in precipitation regimes,

storm environment characteristics and cumulus cloud base temperature
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Fig. 7.14 Summary of statistically significant differences between the categories defined by the synoptic systems
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conditions can be expected to exist between the categories. In-this
chapter the exﬁstence of theée differences and their statistical signifi-
cance‘have'been determined by a number of analytical techniques. Examin-
ation of the parameters mean daily rainfall, hailfall, Showalter index,
total precipitable water; total stat{c energy and cloud base temperature
indicate that differences do, in fact, exist and are statistica]]y
significant in most cases. The results of these analyses are presented,
in summarized form, in Table 7.14. Only those differences verified by
statistical tests to be Significant are noted in the table. The tab]é
indicates that the synoptic systéms’c]assification scheme is particularly .
effective in identifying situatﬁohé of diverse moisture, energy,cloud base
.temperature and horizontal convergence conditions. All these factors
directly affect cumulus cloud characteristics ard their response to ice-
nuclei seeding. Discriminant analysis confirms that the scheme

c]aésifies convective events into categories'that.are significantly
different. Two shortcomings of the synoptic systems classification

scheme are discernible. Firstly, the cfiteria of the scheme do not

enable selection of individual cumuli fof observation or seeding on a
pakticu]ar day. In this regard, the shape, vertical dimensions and
stage‘of development of the clouds are of importance. It is fherefore
necessary that a set of selection criteria, such as that in Appendix A,
:be used in conjunction with the scheme so that cumuli suitable for
‘observation and/or seeding can be identified. Secondly, the scheme does
not eliminate days oh which cumulus cloud tops do not extend vertically
above the -5°C Tevel and days with stratiform rains from the set of |
experimental units. This would be necessary if cumulus clouds are the
only candidates for modification. ‘This problem can be overcome by in-
corpordation of certain features of the weather type classification scheme,
which are established following the examinationvof this scheme in the

next chapter.
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CHAPTER 8

STATISTICAL EXAMINATION AND EVALUATION OF THE
WeATHER TYPE CLASSIFICATION SCHEME

The weather type classification scheme, defined in chapter three, is
presently being used on the Bethlehem Weather Modification Experiment

to categorize experimenfa] days. The scheme endeavours to reduce

natural variability by differentiating, firstly, between convective

events and stratiform rain days and secbnd]y, between sigﬁificant and
unsubstantial convective activity. Days with significant convection
(cloud tops colder than —5°C) are sub-divided further into three categor-
jes corresponding to weak, moderate and strong cumulus development. The
-extent to which the scheme attains the principal objectives of classifica-
tion (chapter 1) by defining categories possessing significantly different
physical characteristics is examinéd statistically in this chapter. The
distribution of‘the parameters mean daily rainfall, Showa1ter index, total
precipitable water, total static energy and q]oud base temperature for the
1978/79 sUmmer season are analysed by the statistical techhiques used to
~examine the synoptic systems scheme. It is important to note that the
observed weather typeS»and not the forecast weather types fqr each day are
_used in the analysis. According to Hudak,and.Steyn (1980), during the
1977/78 summer 80% of type I forecasts were corréct, 17% of type II, 68%
of type IV, 78% of type V and 62% of type VI, which represents an overall
accuracy‘of 73%. Thus, findings of the statistical investigation will
pertain specifically to fhe usefulness of the weather tybé scheme in post-
event analysis. For the pdrposes of the examination the weather types are

grouped into five categories as follows: /11, 1V, V,AVs and VI.
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STATISTICAL EXAMINATION
1. The precipitation regime.

a) Mean daily rainfall.

Of the 182 days during the summer of 1978/79, 135 were experimental days,

The distribution of mean daily rainfall by classes for each weather type

is presented in Table 8.1 and the cdrresponding histograms are shown in

Fig. 8.1.

Table 8.1 Distribution of the parameter mean daily rainfall

by classes for each weather type.
WEATHER MEAN DAILY RAINFALL (x) in mm TOTAL MEAN
TYPE x<l T<x<2 2<x<4 4<x<6 6<x<8 B8<x<10. x>10

1/11 31 2 0 0 0 0 0 33 | 0,2314
v 4 1 2 2 0 2 0 11 3,5722
v 17 15 9 2 0 1 0 44 1,4630
Vs 13 2 1 1 0 0 0 17 | 0,8053
vi 1 4 7 5 5 3 5 30 6,3618

,miﬂ

204 A
10
.*“-1
A20- B.
104
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Fig. 8.1 Histograms depitting the distribution of the pakameter mean daily
rainfall (mm) during the 1978/79 summer season for the weather
types: (a) I/II, (b) IV, (c) V, (d) Vs and (e) VI.

[y

STATISTICAL TESTS _
Results of the variance ratio (F) and Student's t-test on differences

between the category means are presented in Table 8.2

Table 8.2 Summary of parametric (F and t) test results
' ‘ for the parameter mean daily rainfall.

Analasis of variance

WEATHéR TYPES | - F F0,05 F0,01 >F0,005 RESULT
INCLUDED calculated ' ' -

ALL ' 26,72 - 2,44 3,15 3,92 | SD(>0,5%)




Studént's £-test
WEATHER TYPE 1/11 U v Vs
v SD(0,1)
v SD(0,1) . SD(0,1)
Vs SD(0,1) SD(0,1) NSD
VI sD(0,1) ' NSD SD(0,1)  SD(0,1)
DISCUSSION

Both the F and t-tests indicate that, in general, the categories of the
weather type scheme have significantly different rainfall characteristics.
Type I/1I has a significantly Tower mean than all the other categories due
to the fact that the convective clouds on these days produce little or no
rainfall. However, the differences between the means of the hailfall
“category (VI) and the stratiform rain type (IV) is not significant.'with—
in the categories of active convection (V, Vs and VI) differences are
statistica11y'significant except for that between V and Vs. The classi-
fication scheme reduces natural variance as indicated by mean daily rain-

fall within the set of experimental days.

Storm environment characteristics.

Of the 135 days during the summer of 1978/79 that were classified accord-
ing to the weather type scheme, 0700GMT upper-air data for Bethlehem, from
which the parameters Showalter index, total precipitable water and total

static energy are calculated, is available on 131 days.
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FREQUENCY

a)

Showalter index.

The distribution of the parameter Showalter index by classes is given

inyTab]e 8.3 and Fig. 8.2.

105.

Tahle 8.3 Distribution of Showlater index by classes for each
weather type. '
WEATHER SHOWALTER INDEX (x) TOTAL] MEAN -
TYPE | x<-5 =-b<x<-3 -3<x<-1 -1<x< T 1<x<3 3<x<h  x»5 :
I/11 0 1 5 g g 5 4| 33| 1,6303
v o 1 5 3 2 0 0| 11|-1,2273
v 1 10 17 9. 7 0 0] 44 |-1,6341
Vs 0 3 2 7 2 o+ 0} 14-0,8714
vi | 4 9 m 4 1 0 0] 29-2,9103
TOTAL - 5 24 40 32 21 5. 4 131’~ -
20 A. 20- 8
10 10
| e— ) w—
20 - C. 20 D
104 104
B e B e
-5 -3 - 1 3 5
Fig. 8.2 Histograms depicting the
E distribution of the parameter
20~ : Showalter index during the
1978/79 summer season for the
. weather types: (a) 1/1I,
(bY IV, (c)} V, (d) Vs and
10- (e) V;.
L
-5 -3 -t 1 3 5
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STATISTICAL TESTS

Statistical test results using the parametric Fand & tests are presented

in Table 8.4.

H

|{Table 8.4 Summary of parametric (F and t) test results for
the parameter. Showlater index.

Analysis of variance

WEATHER TYPES F o F0,00 F0,01 F0,005 |  RESULT
© INCLUDED calculated - o

ALL 16,92 2,44 3,47, 3,91 SD(>0,5%)

V, Vs, VI 5,62 3,11 4,88 5,68 | SO(>1,0%)

Student's t-test

|WEATHER TYPE 1/11 N v Vs
IV ~s(0,1)
v sD(0,1) NSD
Vs SD(0,1) NSD NSD
VI | $D(0,1) SD(5) SD(5) SD(0,1)

IDISCUSSION,

The weather situations associated With little or no convection (I/II) and
strong convective activity (VI) have mean Showalter index values that are
'reépective]y higher aﬁd ToWer than the other categories. No significant
differences éxist between the means of any combination of the categories
IV, V and Vs. . It is unusual that stratifokm rain situations should poss-
ess enviranmental stabi1{ty'conditions that are‘simi1ar to those associated

with convective events.
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FREQUENCY

b) Total precipitable water.

The distribution of total precipitable water, a parameter in which

indicates the quantity of moisture in the atmosphere available for

rainfall production, is tabulated below (Table 8.5) and presented

graphically in Fig. 8.3.

Table 8.5 Distribution of the parameter, total precipitable
water by classes for each weather type. :
WEATHER TOTAL PRECIPITABLE WATER (x) IN mm | TOTAL| MEAN
TYPE |x<10 10<x<13 13<x<16 16<x<19 19<x<22 22<x<25 x>25
I/11 7 10 6 9 1 0 0 33 {12,9258
Iv 0 0 1 . 2 0 1 7 11 24,5509
v 0 0 4 17 . 14 6 4 43 19,7807
Vs 0 0 1 9 2 1 1 14 18,5450
vI |0 0 2 6 9 o 29 |20,8386
TOTAL 7 10 14 - 43 26 19 13 130 -
20- A 204
10- 10+
— —{ ]
20 C. 204
104 10
| —— ——-l""—_“ﬂ"'“_‘l
0 6 19 22 25 0 13 1B 19 22 25

13
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20+ «
' Fig. 8.3 Histograms depicting the
: distribution of the para-
: meter total precipitable water
o (mm) during the 1978/79
104 : summer season for the weather.
' . ' types: (a) I/II, (b) IV,
9 (c) vV, (d) Vs and (e) VI.

0 1B 16 19 22 25

STATISTICAL TESTS
The statistical significance of differences between the categories
" are established by test carried out using the variance ratio (F) and

T statistics. The results are presented in Table 8.6.

Table 8.6 Summary of parametric (F and %) test results for
the parameter total precipitable water.

Analysis variance

WEATHER TYPES F F0,05 F0,01 F0,005 RESULT
INCLUDED calculated , )

ALL 36,73 2,44 3,47 3,91 . | SD(>0,50%)
V, Vs, VI | 2,84 3,11 4,88 . 5,68 NSD

Student's t-test

WEATHER TYPE 1/11 v v Vs
v sD(0,1)
oy | SD(0,1) sD(0,1)
Vs SD(0,1) sD(0,1) NSD

VI SD(0,1) SD(0,1) NSD | SD(5)
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DISCUSSTON

An analysis of variance test on all five groups shows that differenceS,
between the categories are highly significant. Further analysis on

the groups V, Vs and VI shows that differences are most significant

- between the major divisions I/II, IV and the groups representing active
convection (V, Vs and VI) and that differences within the group of
categories V, Vs and VI are minimal. This finding is substantiated by
the results of the Student's f-test. The stratiform rain category (IV)
has a significant]y higher mean precipitable water than the other four
weather types. Similarly the convection-free category (I/II) has a
significantly lower mean that the other groups. With regard to the
categories of active convection, apart from a weakly signifjcant diff-
erence between Vs and VI (at the 5% level), differences between the

means of any combination of the catego%ies‘v, Vs and VI are non-significant.
c) Total static energy

The vertical profi]eé of total static energy (Fig. 8.4) indicate that thé

" categories with the most distinctive energy characteristics are I/II and
Iv. Category I/II is different from V, Vs and VI in that the area enclosed
by-a line extending vertically from the 800 mb value and the curve is small
. and the energy curve cuts this line at a low pressure level (500 mb). The/
-principal distinguishing feature between the category I/II. and type IV is

| the difference in absolute energy va]ués. In its turn category IV is diff-
erent from the groups V, Vs and VI for the same reasons thét type I/11 is
different from theése groups. The groups of active convection differ from
the categories I/I1 énd IV as described above, but show very little
diversity between one another. A1l three have large areas enclosed by

the curve and a vertical line from the 800 mb energy value and similar
absolute energy values (especially V and VI). In addition shapes of the

graphs for V and VI are almost identical.
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Analysis of the parameters Showalter index, total precipitable water and
total static energy, measures of environmental stability, moisture and
energy characteristics show that the greatest differences exist between
the primary divisions of the weather type scheﬁe and that differences

between categories within these divisions are minimal.
Discriminant Analysis. .

The set of variables and‘computed indices, derived from 0700 GMT surface
and upper-air data each day at Bethlehem, employed in the testing of the
synoptic systems scheme, is used to investigate the effectiveness with
which the weather type schéme stratifies experimental units into it's
various categories. Discriminént analysis is performed on the data using:
the weather types I/II, IV, V, Vs and VI as the pre-determined groups. ‘To:
ensure a significance 1eve1 of 1% in the analysis, an F to include value
of 2.4 is utilized. Using the stepwise method and minimum Wilks' lambda
as selection criterion, the following set of variables are chosen‘as the
most effective discriminators: | |
i) Total precipitable water,

ii)  total totals index,

ii1)  maximum temperature predicted,

jv) difference between the re]at{ve humidity at 800 mb

and 300 mb,
| v) difference iﬁ total static energy at 700 mb and 500 mb,
aﬁd |

vi) convective temperature.
The multivariate F matrices associated with each of these variables is
presented in Table 8.7. These matrices indicate the relative importance
of each selected variﬁb]e in discriminating between any two weather types.

Larger F denotes greatef discriminating power.



Table 8.7 Multivariate F matrices for the variables chosen
by the discriminant analysis technique as those
with the greatest discriminating power.
VARIABLE WEATHER :
I/11 Iv . v Vs |
TYPE '
TOTAL - IV §0,0
PRECIPITABLE '
WATER v o 72,2 12,6
' Vs 22,72 18,7 2,9
VI 81,0 6,5 1,7 6,9 |
TOTAL IV 48,2
“TOTALS
INDEX v 74,3 7,5
Vs 20,3 9,3 4,2
Vi . §3,5 6,1 1,8 §,7
{MAXIMUM IV ‘1 45,5
TEMPERATURE
PREDICTED v 49,7 15,7
Vs - 13,5 16,7 3,1
VI 57,6 10,6 1,9 7,2
DIFFERENCE IV 38,7
IN
RELAT IVE v 37,0 17,1
HUMIDITY AT Vs 10,1 1743 2,4
800 mb AND
300 mb VI 42,9 13,5 1,5 5,4
DIFFERENCE IV 31,4
IN TOTAL
STATIC ENERGY v 33,4 13,8
AT 700 mb AND '
500 mb Vs 10,6 14,0 1,9
VI 38,6 11,2 1,3 4,3
CONVECTIVE IV 28,1
‘TEMPERATURE v , 30,6 11,6
Vs 11,0 11,6 1,6
vi 33,7 9,5 1,1 3,7
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DISCUSSTION

The set of best discriminators includes two moisture parameters, one
measuring absolute conditions (total precipitable water) and one assessing
the vertical distribution of humidity (difference in relative humidity at
800 mb and 300 mb), There are two thermal indices, maximum temperature
predicted and convective temperature. Two measures of convective potent-
ial, the total totals index and static energy difference between 700 mb and
500 mb (similar to Darkow's severe storm index), are among the selected
~variables. It is notéworththhat no wind field variabies are included.
Moisture parameters are most impoftant in discriminating between type IV
and the other categories, Absolute moisture differences (total pfecipitable)
water) are foremost in séparating types I/II and Vs from IV whereas the
difference in relative humidity between 800 mb and 300 mb is the primary

- factor in differentiating between category IV and the categofies represen-
ting moderate to strong convection (V and VI). Category I/II ﬁf Segregated
most effectively by moisture parameters from IV and Vs and byjéohvective
potential indicators from V and VI. The principal parametersrdiscrimina-
ting between the groups of active convection (V, Vs and VI)(are the tota]
totals index and maximum teperature predicted. Both of these are non-
moigture parameters. In fact, in the case of category VI, total precipit-
able water,rthe primary discriminating parameter, is not the leading
discriminator between type VI and any of the other categories. It is note-
worthy that the multivariate F values associated with types I/II and IV

are considerably greater for each discriminating variable than those for
the categories V, Vs and VI. This shows that the most heterogeneous cate-
gories of the weather type classification scheme are.I/II and IV. There |
is no particular tropospheric level at which several of the discriminating

parameters are concentrated as is the case with the synoptic systems scheme.
In addition, no wind field parameters are included as powerful discriminating

variables. This is consistent with the fact that the weather type scheme



partitions according to observed weather conditions rather than by

investigation of the prevailing synoptit situation.

In Table 8.8 the actual group membership is compared to that group
membership, predicted by the discriminant analysis, which will force

the groups to be as heterogeneous as possible. Thé predicted group
membership is that which maximizes variance bétween the groups and
,minimizes variance within the groups, thereby optimally reducing natural
variability within the entire set of experimental units (déys). Table
8.8 therefore enables examination of the classification scheme's overall

ability to stratify experimental units.

Table 8.8 Comparison of actual group membérship and predicted
group membership for the weather type classification
scheme.

WEATHER | NUMBER PREDICTED GROUP MEMBERSHIP

TYPE | of
DAYS I/11 IV v Vs VI
I/11 32 26 0 3 -3 0
_ 81,3% 0% 9.,4% 9,4% | 0%
Iv 10 0 8 1 0 1
0% 80% 10% 0% 10%
v 42 0 2 | 30 2 8
: 0% 4,8% | 71,4% 4,8% 19,0%
Vs 15 1] o 8 | 5 ]
6,7% 0% 53,3% 33,3% 6,7%
VI .29 0 2 17 1. 9
- 0% 6,9% | 58,6% 3,4% 31,0%
Percentage of Grouped Cases Correctly .Classified = 60,94%
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Discriminant analysis confirms the results obtained from the parametric

F and t tests. Table 8.8 shows that the weathér_type scheme discriminates
most effectively between category I/II and the 6ther categories and type
IV and the remaining groups. The analysis indicates that the scheme |
does not reduce natural Variabi]ity significantly within the categories
of active convection. That is why the greatest degree of 'misclassifi-
cation' is shown to occur between the weather types V, Vs and VI;
Predicted group membership correlates with actual group membership in
60,94% of the cases. Thus the overall ability of the weather type scheme
to reduce natural variabi]ityjby classification does not compare favour-
ably with the competence of the synoptic systems classification scheme -

to do so.
Cloud base temperature: an indicator of -Cumulus Cloud Seedability.

The importance of the parameter cloud base temperature in the assessment
of ice-nuclei treatment effects has been discussed. The distribution of
the parameter cloud base temperéture during the summer of 1978/79 by

classes for each weather type is given in Table 8.9 and the corresponding

histograms are presented in Fig. 8.5.

Tab]e. 8.9 Distribution of the parameter cloud type temperature

by classes for each weather type.

WEATHER . _CLOUD BASE TEMEPRATURE (X) in % |TOTAL  MEAN
TYPE  [x<0 <6x<2 2<x<4 4<x<6 6<x<8 8<x<10 10<x<12 x>12 I (°c)
I/11 3 5 8 4 8" 5 0 0 33 4,1424

Iv 0 0 0 0 5 2 4 0 11 {8,8000
v 0 0 5 11 10 11 6 1 44 16,9523
Vs 0 0 1 4 4 5 0 0 14 16,2571
vi fo 0 3 5 4 10 4 3 29 18,0345
TOTAL | 3 5 17 24 31 33 i4 4 131 | -
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STATISTICAL TESTS

The analysis of variance (F) and Student's t-test are used to examine

differences between the categories and the results of these tests are

presented in Table 8.10

Table 8.10 Summary of parametric (F and t) test results for
the parameter cloud base temperature.
Analysis of variance
WEATHER F
TYPES calculated  FO0,05 F0,01 F0,005 RESULT
{INCLUDED
ALL 10,09 2,44 3,47 3,91 SD(>0,5%)
vV, Vs, VI| 0,58 3,11 4,88 5,68 NSD
Student's t-test
WEATHER TYPE I/11 v v Vs
IV SD(0,1)
v SD(0,1) SB(5)
Vs SD(0,1) SB(0,1) NSD
VI . SD(0,1) NSD NSD SD(5)

DISCUSSION

When all five categories are considered, the variance ratio test indicates

17,

that the differences between the groups are significant. However if cate-

gories associated with significant convection (cumulus cloud tops colder

than ~S°C) are examined then no significant differences are observed

between the groups.

The Student's t-test shows that the means of the

categories display differences in the same manner. Between the categories

of active convection (V, Vs and VI) no significant differences exist with

regard to the parameter cloud base temperature except for a weakly signifi-

cant’difference‘between Vs and VI (at the 5% level). The category showing



118.

significantly colder cloud base temperatures, I/II, is automatically
exc]uded‘when seeding potential is considered since the cumuli assoc-
jated with this category do not develop above the -59C tevel. In
addition, type IV is the stratiform rain category and days in this
group are excluded from the set of experimental units since BEWMEX

is only concerned with cumulus cloud modification.

EVALUATION.

The weather type scheme endeavours to accomplish the objectives of
c]assifi;ation by partitioning experimental days on the basis of
whether:
i) cumulus clouds do not develop above the -SOC
level (Types I and II), -
ii) stratiform rains prevail (Type IV),
iii) cumulus cloud tops are colder than -5%

(Types V, Vs and VI).

The ctassification criteria suggest that these primary divisions should
manifest significant differences between one another with regard to
environmental stability, moisture and énergy characteristics. Analyses

of the barameters Showalter 1hdex, total precipitable water and total
static energy confirm that these differences do exist (Table 8.11).
Discriminant analysis reveals that the écheme differentiates most effect-
ively between category I/II and the remaining categories, and type IV and
the other groups. By classifying experimental days into one of these primary.
divisions the weather type scheme reduces natural vafiabi]ity to some
degree and, with regard to the design and evaluation of seeding strategies,
isolates types V, Vs and VI (cumulus cloud tops colder than —5°C) for con-

sideration. It is this feature of the weather type scheme that will be



by the weather type classification scheme. (G.T.= greater than, L.T.= less than.)
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utilized in the formylation of a procedure whereby éxperimenta] days can

be classifiedin both a predictive and an a posterioni sense. However,

since this study is concerned with the modification of cumulus clouds,

if a classification scheme is to be of use in the evaluation and formula-
tion of seeding strategies, it is essential that the scheme should stratify
convective events into categories possessing significantly different
physical characteristics. Table 8.11 indicates that the weather type scheme
is not effective in classifying convective events into categories display-
ing differences in the distributions of the parameters Showalter index,
total precipitable water and total static energy which ref]ect variations

in the physical condition of the storm environment and hence a]so of the
attendant cumulus clouds. Categories V and Vs manifest no significant
differences in environmental stability, moisture and energy characteris-
tics and these weather types also have similar precipitation regimes. Types
V and VI have almost identical energy profiles, simitar atmospheric moisture
conditions and stability characteristics that are only marginally different.
Yet they have completely discordant precipitation regimes, typg VI possess-
ing a much higher mean rainfall than V- and being associated with all hail-
fall events. Differences between Vs and VI are restricted to environmental
stability and the precipitation regimes of these categories are also dis-
similar: Discriminant analysis shows that the greatest degree of 'mis-
classification' occurs between the grups V, Vs and VI. -~ Thus statistical
investigation shows that the weather type classification scheme does not
decrease variabi]ity within the set of convective events since variance
within the catégories V, Vs and VI is not significantly less than variance
between the categories. The primary objective of classification is there-

fore only partially attained by the scheme.

One of the most conclusive findings of the parametric F and % tests is

that related to cloud base temperature conditions within the group of



of categories associated with active coﬁvection (V, Vs and VI). Both-
the tests show that no differences exist between these categories.
-Since the parameter cloud base temperature is a principal indicator of
the manner in which cumuli will respond to ice-nuc]ei seeding it is
doubtful whether the weather type schemehis able to classify convective
events to categories of varying response to seeding with artificial |

ice-nuclei.

The shortcomings of the weather type classification scheme arise -
because it does not Tlink cumulus cloud dgve]opment to the synoptic
systemsbgiving rise to and supporting their formation. By neglecting

this inter-relationship the scheme overlooks the fact that the fundamen-

tal determinants of convective activity, atmospheric moisture, environ-

mental instability, the vertical energy gradient and horizontal stream-
1ine convergence are all connected to physical procésses occuring on the

synoptic scale, o
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CHAPTER 9

AN INTEGRATED CLASSIFICATION PROCEDURE

In the broceeding chapters an evaluation has been made of how and-
to what extent the weather type and synoptic systems classification
schemes reduce natural variability within the set of experimental

units. The weather type scheme differentiates effectively between

i) situations where cumulus clouds do not develop
above the -5°C level
ii) stratiform rain sifuations, and
iii) situations of active convection, where cumuli have
tops colder than -5°¢.
Howevér, the scheme does not serve to reduce natural variabi]ity within
the third division and will therefore be of minimal use in the evaluation
process of cumulus cloud weather modification experiments. On the other -
hand, the synoptic systems scheme decreases cumulus cloud variability
inké manher that wii] aid ih the evaluation of treatment effects and in
the formulation of Seeding strategies. The main shortcoming of this
scheme is that stratiform rain eyents‘and situations with cumulus cloud
tops warmer than -59C are included along with events of significant
cumﬁ1us development in the set of days be]ongihg to a partitu]ar cate-
gory. In the case of experiments conerned with cumulus cloud modification
it is essential that only dayé on which cumuli have tops colder than -59%,

be incorporated in the set of experimental units.
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These assessments disclose that deficiencies in the synoptic systems
scheme correspond to attributes of the weather type scheme and vice versa.
Consequently, joint application of the schemes should accomplish the
greatest reduction of cumulus cloud variability in the most desireable
fashion, since expedient features of the schemes compliment one another.
In order to investigate whether this is in fact the case, experimental
days for the 1978/79 summer are c1;ssified by both the weather type and
synoptic systems classification schemes. Cross-classification in this
manner produces the matrix in Table 9.1. The corresbonding histograms

are presented in Fig. 9.1.

Table 9.1 Cross-classification matrix for experimental days
during the 1978/79 summer season using the weather
type and synoptic systems classification schemes.

CATEGORY /I v Vs VI
1A 4 3 1 3 9

1B 0 6 1 1 7

2A 0 1 9 2 5
2B 1 0 2 0 2
3 22 I B P 8 2

Fig. 9.1 Histograms depicting cross- c]ass1f1cat1on of experimental days
(below) during the 1978/79 summer season for:

1) The synoptic systems scheme, with the categories,
(a) 1A, (b) 1B, {(c) 2A, (d) 2B and (e) 3.

2) The weather type scheme, with the categories,
(a) I/I1, (b) IV, (c).V, (d) Vs and (e) VI
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DISCUSSTON

Cross-classification of experimental days shows that the situations de-
finéd by the synoptic systems scheme may Be atten@ed by the entire
spectrum of weather types and that the weather types, including the
categories of active convection, may be accompanied by a wide vériety

of synoptic situations. A significant number of days in categories

1B and 3 are associated, respectively with stratiform rains and in-
consequent cumulus cloud development. Elimination qf these days would
therefore reduce the number of experimental units to be considered in
the evaluation process. This can be accomplished by application of the
wéather type classification scheme. Also, the categories of active
convection (V, Vs and VI) are not correlated with particular synoptic
situations. In view of the importance of directing attention to the

- synoptic situations responsible for cumulus cloud formation and develop-
.ment when stratifying convective events, classification by the synoptic
systems scheme is also necessary. Cohsequent]y, by {ntegration of the
weather type and synoptic systems schemes a classification procedure can
be formulated which will facilitate the most effective classification

of experimental units on cumulus cloud weather modification projects.

This procedure is presented in the form of a flow diagram in Fig. 9.2.

In addition to the fatf that the classification procedure will assist

a posteriond analyses in the evaluation proéess, it will also be
advantageous to real-time investigations of cumulus clouds. There is

no need for detailed forecasts to be made on each experimental day. It
merely has to be decided which of the primary divisions I, II or III best
describe the weather expected for that day and what the likelihood of |

rainfall is. The synoptic situation can be classified quickly and easily
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A classification procedure for specific use on cumulus
cloud weather modification experiments.




from the most recent satellite imagery and synoptic charts. Thereafter
the radar scope should be monitored in order to verify the forecast.

This can even be done automatically by computer. Once convective echoes

appear on the radar scope the appropriate course of action can be taken.

In the evaluation procéss, days on which active convection occured can
be grouped according to the categories defingd by the synoptic systems
scheme and case studies made'accordingly. Once the procedure h;s been
apﬁ]ied for one or more operational seasons and investigated further;
both statistically and physically, the extent to which the categories
are, in fact, different can be established. Should progressive exam-
ination show that the categories are nearly mutually exclusive,
experimental days can even be selected on a random basis within the
categories. Thus the number of experimental units required in the
evaluation process can be reduced substantially. In this way evaluat-
ion can be accomplished most successfully, in the shortest poSsib]e
period of time and at the lowest cost. Also, if certain categories

are associated with cumulus clouds that are likely to respond positively
to ice-nuclei seeding, then the procedure presented in Fig. 9.2 can be
used directly in designing seeding strategies ih the final part of the .
experimental stage and, should the ekperiment indicate that rainfall

can be augmented at an economic rate, also in the operational stage.
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CHAPTER 10

Summary - CONCLUSION

This study has been concerned with the formulation and evaluation of
classification schemes to be employed on weather modification experi-
ments designed to investigate the possibility of augmenting rainfa11 from
cumulus clouds by artificial ice-nuclei seeding. Efficient evaluation
of treatment effects on these experiments is hindered by variability
that exists naturally in atmoSpheric phenomena . However financfa] ahd
time constraints prevent the analysis of each experimental case.
Consequently, methods must be devised whereby objeétive assessment

of treatement effects can be made using fewer experimental units in:
the evaluation process. Classification of recurring but significantly
different meterological situations into separate categories aid
eva]ugtion in this manner. In ;he‘case of cumulus cloud weather modi-
fication experiments, it is particularly with regard to convective
events that fhe categories defined by a classification schéme should
manifest differences. If a scheme is to assist, additionally, in the
design of an operational project then the manner in which cumulus cloud
variability is reduced by the scheme is also of importance. In this
regard, the scheme should identify situations in which'the cumuli are

11ke1y to respond positively to ice-nuclei seeding.

The potential of two classification schemes, one of which was formulated
as part of the study, to aid in the evaluation of treatment effects on a

cumulus cloud weather modification experiment has been examined. Considera-



tion has also been given to the capacity of the schemes to stratify
convective events into categorie§ of varying response to seeding with
artificial ice—nuc]ef. Thereafter the schemes were integrated to

form a classification procedure whereby the most effective stratifica-
tion of experimental days can be accomplished. The conclusions which‘
proceed from invéstigations made in this study are presented summarily

in this chapter.

The weather type c]assificafion scheme endeavours to reduce natura]
variability within the set of experimental days by differentiating
between the following major 'weather situations: | ( |
i) insignificant cumulus development - cloud tops
warmer than -5°C (Types I and II),
ii) stratiform rains (Type IV),
iii) significant cumulus development - cloud tops

colder than -5°C (Types V, Vs and VI).

The categories of active convection (V, Vs and VI) are segregated on

the basis of whether:

i) hailfall is ‘probable (Type VI),
ii) hailfall is not probable (Type V),
iii} = hailfall is not probable and the cumuli do not

satisfy a set of seeding criteria (Vs). .

From the statistical examination of differences between the categories

defined by the weather type scheme, the following can be concluded:

129.
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1. The categories of the weather type scheme have significantly different

+

precipitation characteristics.

a)

b)

The scheme is particularly effective in differentiating type I/11,
whith has a signficantly lower mean daily rainfall than the other
categories, and type VI which has the highest mean daily rainfall.

Category VI, by definition, is associated with all hailfall events.

2. Analysis of the parameters indicating environmental stability, moisture

and energy conditions shows that differences are most significant between

the primary divisions (I/IL), (IV), and (V, Vs, VI) and that differences

between the categories of active convection are minimal. In particular:

a)

b)

The category of insignificant convection (I/II) has more stable
environmental conditions than the other categories, while the
category of strong convection (VI) is associated with significantly
greater storm environment instability than the remaining weather

types.

“A11 the rainfall producing categories (IV, V, Vs and VI) have

similar environmental moisture conditions. Differences that do
exist are not consistent with anomalies eQident in the precipitation
regimes of the categories.

The vertical gradients of total static gnergy associated with the
convective weather situations (V, Vs aﬁd VI) are not substantially
différentAand, in addition, the absoTute energy values of these

categories are similar.

3. Discriminant analysis confirms that the most heterogeneous categories

of the weather type scheme are I/II and IV. The analysis shows that

- differences between the categories V, Vs and VI are not significant
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statistically.

. With regard to cumulus cloud seedability, investigation of the para-
meter cloud base temperature for the categories of significant con-
vective activfty,'indicétes that the weather type scheme is not Tikely
to divide convective events into situations where the response qf

cumuli to ice-nuclei seeding will be significantly different.

1

‘The synoptic systems classification scheme is based on the premise that
convective event variability is a consequence of physical processes
operating in association with synoptic scale weather systems. Thus the
scheme stratifies experimental days by categoriz{ng the attendant
synoptic situation. The categories are defined according to whether

convection is initiated and maintained by:

i) systems of tropical origin (Types 1A and 1B),
i1) systems of temperate origin (Types 2A and 2B),

iii) local factors (Type 3).

Categories within these major divisions are distinguished primarily on

the basis of anomalies in the windfields attending the synoptic situations.
Differences in the precipitation regimes, storm environment characteristics
and seedability conditions of the categories defined by the synoptic
systems scheme have been examined statistically. The following conclusions

proceed from the anaTysis:

AY
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. The categories defined by the synoptic systems classification scheme
have significantly different hailfall characteristics, but unrelated
synoptic situations may produce similar amounts of rainfall. More

specifically, the conclusions derived are:

a) There is a preference for hai]fé]]s, especially extensive hail-
fai]s, to occur when temperate disturbances and air-masses
influence whether conditions. "

b) Category 3 has a significant]y Tower mean daily rainfall than’
the other types, while tropical systems tend to cause higher
rainfalls than temperate disturbances.

2. Examination of environmental stability,moisture and energy characteris-
tics by'statistical analysis indjcates that the categories of the
synoptic systems classification scheme are'moét different with respect
to moisture and energy conditions. Since low Tevel windflow patterns
are incorporated in the classification criteria, by definition, the
categories also have varioform windfield chéracteristics. The examin-

ation produces the following conclusions:

~a) A1l the situations attended by synoptically generated streamline
convergence (1A, 1B, 2A and 28) have similar environmental A
stability conditions as indicated by the Showalter index, whi]e
category 3 has significantly mofe stable environmental character-
istics. |
b) The synobtic situations are associated with diverse moisture
regimes, ranging from 18, the most mdist, through 2B, 1A, 2A to

3, the driest.
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c) Findings with respect to the parameter tota] precipitable water,
a measure of environmental moisture conditions, indicate that
anomalies observed in the precipitation characteristics of the
categories defined by the synoptic systems scheme aré caused by
tropospheri§ moisture and windflow peculiarities rather than
differences in environmental instability as indicated by Showalter
index.
d) Noteworthy differences are evident in the shape and location of
the static energy profiles of the synoptic categories, as follows:
i) Situations invo1ving tropical disturbances and air-masses.
are associated with lower-tropospheric energy deficiencies
andvhigh absolute values of total energy.

i) Temperate-systems are attended by a storm environment with
upper-tropospheric energy deficiencies and lower absolute
values of total static energy than types 1A and 1B.

iii) Category 3 has a vertical energy profile that is symmetric
about the mid-tropospheric energy minimum and has energy
surpluses, induced by adiabatic heating through subsidence,

'.above 450 mb.

3. Discriminant analysis shows that the synoptic systems scheme facilitates
effective classification of experimental days and that differénces between
any combination of categories are statistically significant. Also, the
fact that moisture indicators and parameters reflecting middle and low
tropospheric cbnditions, rather than upper-air characteristics, discrimin-
ate most effectively between the groups is consistent with the criteria

by which the scheme performs classification.
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4. Consideration of cloud base temperature conditions in conjunction with
the environmental stability, moisture, energy and windfield character-
istics associated with the categories of the synoptic systems scheme

suggests that ice-nuclei seeding is 1likely to:

a) have no effect on or detrimentally influence precipitation
formation under Synoptic conditions 1A and 1B,

b) be superfluous in the case of categories 2A and 2B,

c) have the best chénce of increasing rainfall.under synbptjc

situation 3.

Following statistical examination of the weather type and synoptic
systems classification schemes an evaluation was made of the extent to
which and the manner'in which the schemes achieve the objectives of

classification, namely:

i) reduction of random variance within the set of
experimental units, in particular the reduction of
convective event variability, and

i) the stratification of convective situations into

categories of varying response to ice-nuclei seeding.
Assessment of the schemes reveals that:
a) 'The weather type classification scheme differentiates effeéti?e]y

between the situations of active convection, stratiform rains and

inconsequent convective activity but fails to decrease natural
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variability within the set of convective events and therefore
achieves the primary objective of classification only to a
limited degree. |

b) Random variance within the set of experimental days, specificé]]y,
cumulus cloud variability can be reduced significantly if the days
are c]assified oﬁ the basis of the synoptic systems which give rise
to and maintain conveétidn.

c) There afe positive indications that the synoptic systems scheme
will be able to assist in the formulation of seeding strategies,
but it is certain. that the weather type scheme will not be able to
aid in this manner,

d) The overall ability of thé weather type scheme to be of use in the
eVa]ﬁation of treatment effects and subsequently in the design of
seeding strategies does not compare favourably with the competence

of the synoptic systems scheme to do so.

The only shortcoming of the synoptic systems scheme that has bearing
upon the classification of experimental units is the fact that the scheme
does not eliminate days of stratiform rains and days on which cumuli have
tops warmer than -59C from the set of experimental days. However, this
shortcoming of the syhoptic systems scheme is the major attribute of the
weathér type scheme. Cross-c]aséificatioh of experimenta1‘d§ys using both
the weather type and synoptic system§ schemes shows that: |
a) In the classification of convective events, attention should be
directed towards stratification of‘the synoptic situations

responsible for cumulus cloud formation.
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b) The evaluation process of cumulus cloud weather modification
experiments may be improved and streamlined by application of
a classification procedure which integrates the expedient
features of the weather type and synoptic systems classification

schemnes.

In this study particu1ar attention has been given to the influence whicH
large-scale systems -have on convective events. By virtue of southern
Africa's latitudinal position, between Tow and middle latitudes, the
synoptic situatiohs which initiate and support convective activity in
this region involve disturbances and air masses of both tropical and.
temperate origin. Therefore, in fhis region, it is important that the
constraints which large scale physical processeé impose on cumulus

cloud characteristics be given attention in the formulation of schemes

to classify convective events.’ The study .has shown that, by c]assifyihg
. situations of convective activity on the basis of the synoptic systems
résponsib]e for the convection, cumﬁ]us cloud variability can be reduced
in a manner which will aid in assessing the results of ice-nuclei seeding
on cumulus cloud weather modification experiments. Where similar
experiments are being conducted in other regions with correspondingly
diverse synoptic regimes, the findings of the study suggest that evalua-
tion 6f treatment effects may bé accomplished more effectively and in a
shorter period of time if the constraints which synoptic systems exercise

on the physical characteristics of cumulus clouds are recognized.
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APPENDIX A

The criteria used for test cell selection during’the 1978/79 summer

season are as follows:

1. Cloud Top
(a) should show active convection

(b) temperature <-5°C

(¢) show no visual glaciation
2. Cloud Base
(a)‘ should be firm and continuous

(b) diameter > 2 km

(¢) should be isolated from adjacent cloud bases

3. Cloud depth should be between
2 400 m and 7 600 m

4, . The horizontal cloud dimensions should -be

>50% of the cloud's vertical -dimensions

5. Cloud base must be wider than cloud top

(i.e: No "V" or hourglass shaped clouds)

6. ATl test cells must be in the BEWMEX area
and not further than 93 km (50 nm) from

the Bethlehem radar site
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If suitable clouds with isolated bases are
not available, then feeder cells or cells
in 1ine developments will be chosen but
(a) 0n1y suitable cells near the end of
a line development will be selected
(b) if more than one suitable cell is
present inka feeder 1ine, the one
furthest from the main storm will

be selected.

(after Shaw et af, 1979, 'p.2)
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