A severe weather event on 29 December 1997:
Synoptic and mesoscale perspectives
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Abstract

On 29 December 1997 a severe hailstorm occurred over the eastern parts of the Free State. Hailstones with a diameter of 10 to
25 mm were reported. In this paper the authors try to establish the nature of the storm by looking at the synoptic and mesoscale
analyses of the weather features at that time. Due to alack of sufficient data, the South African version of the Etamodel’s 3 and
6 hforecast fiel dswere used to establish the storm environment. Most of the model parametersindicated that severe weather could
have been anticipated intheareaof interest. M esoscal eanal yses showed that steep temperature, pressure and dew point temperature
gradients were evident over the area and that this contrast in air masses served as agood trigger mechanism for the devel opment
of thunderstorms. Analyses with the upper-air data showed that the air was very unstable at Bloemfontein earlier that afternoon,
while Bethlehem was under the influence of an inversion (subsident motion in the upper layers of the atmosphere). The latter was
removed during the early evening due to orographic forcing. With the high amount of energy available underneath the inversion,
it exploded into a severe storm later that night. With the aid of softwarelike TITAN and CIDD it was possible to analyse the radar
datawith much more detail than would have been the case under operational circumstances where forecasters did not have access
tothese software packages. Looking at all available data, theauthorsare of the opinion that thiswasan isolated severethunderstorm

which displayed several supercell characteristics.

Introduction

On 29 December 1997 between 20:00 and 22:00 (al times are
SAST) ahailstorm passed over an areaof about 80 kmlong and 30
km wide from Clarens, over Fouriesburg, Bethlehem, Danielsrus
and upto Reitzand Petrus Steyn. Bethlehem’ sSMETARs(meteoro-
logical aviation reports) mentionedthat hail fell between 20:00 and
21:00 and that it was accompanied by rain and thundershowersfor
most of theevening. AccordingtotheVolksblad (31 Dec 1997) the
storm passed through Reitz at about 21:30 and grapetowal nut sized
hailstones (10 to 25 mm in diameter) caused R15 m. damage to
cropsinthisarea. Although thisevent was short-lived and resulted
in relatively small rainfall amounts, the severity was responsible
for avast amount of structural damageto farm buildings, aswell as
the damage to corn, sunflower and wheat fields. Radar rainfall
measured by Bethlehem’ sSMRL5 radar over a24 h periodisshown
inFig. 1. Thisclearly depictsthe swath of severeweather inaband
stretching from south to north just east of thelocation of theradar.
Theradar rainfall usually overestimatesthe rainfall dueto the hail
stones’ high reflectivity. Bethlehem measured a24 h rainfall total
of 20.8 mm (more detail in paragraph on 5 min AWS data),
Deneysville (Vaaldam) reported 29.5 mm, while other rainfall
totalsfor the Free Statewerelessthan 5 mm. Rainfall totalsof more
than 25 mm were also measured at: Johannesburg International
Airport: 30.5 mm, PretoriaWeather Office: 33 mm, Alldays: 25.8
mm, Tzaneen: 26.2 mm, Doornlaagte: 43 mm, Lichtenburg: 42.5
mm. Most of therainfall reported over therest of the country was
less than 10 mm, however.

In South Africa supercells are relatively rare. Thisis evident
from studies surrounding the nature of hail producing thunder-
stormsin South Africaby variousauthors(Held, 1978; Held, 1982;
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Carteand Held, 1978). A comparative study of hailstormsin South
Africa, Switzerland and Canada (Admirat et al., 1985) over a5to
20year periodrevealedthat very few supercellswithaquasi-steady
state were observed over South Africa (at least one in a 20 year
period). Analysing theavailabledata, theauthors show that several
supercell criteria were met, making this particular storm one of
these rare supercell examples.

Data

Routine surface observations, 5 min AWS (automatic weather
station) data, satellite imagery (mostly Infrared) and the MRL5
radar (stationed northeast of Bethlehem [SynopticID: 68461]) data
were used to analyse the event. In addition to normal displays,
TITAN (thunderstorm identification, tracking and nowcasting,
Dixon and Wiener, 1993), RAOB (Rawinsonde observation sys-
tem) and CIDD (Cartesian interactive data display) were used to
interpret the raw data. Due to the lack of upper-air data the local
version of the Eta model’s 3 and 6 h forecast fields were also
utilised to get an estimation of the model’s short-term forecast
ability inthestorm’ senvironment. For amoredetailed description
of the Etamodel, the reader is referred to Mesinger et al. (1988).
The South African version of the Etamodel hasa48 km horizontal
resolution and 38 levelsin the vertical.

Analysis of the data

At the surface, at 14:00, a high pressure system wasridging in on
theKwaZulu/Natal coast, advectingmoist, cool air over theeastern
parts of the country. A low pressure system was present over the
central interior. A relatively steep pressure gradient was present
between the higher pressures in the east and the low pressure
system over theinterior (Fig. 2). Pressure tendencies were mostly
negative over the region of interest. Very high temperatures were
recorded over the western Free State and Northern Cape. A steep
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Figure 1
24 hour rainfall total from Bethlehem’s dual wavelength, S-band, MRL5 radar

temperature gradient existed (Fig. 3) between the cooler south-
eastern parts of the country (Eastern Cape and southern Kwazulu/
Natal) and the interior (Free State and Northern Cape). Wet bulb
potential temperatures were all above 22°C, but more than 26°C
over the northern Free State and southern Gauteng. A tongue of
drier air (dew point temperatures less than 10°C) pushed into
northern Free State from the south-west to create adistinct dryline
(i.e. an areawhere there is a steep gradient of dew point tempera-
tures over arelatively small distance, see Fig. 4).

At 500 hPa, at 14:00, a high-pressure system dominated the
circulation with west-southwesterly winds over theinterior. Rela-
tivehumidity at 500 hPawasintheorder of 20to 30% over theFree
State. At 700 hPait was 55 to 65% over thisareaand at 850 hPathe
relative humidity was 29% at Bloemfontein and 94% at Durban. A
westerly jet stream was present at 250 hPa with a velocity of 55
knots over Durban, which was the exit region of the jet stream.
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Looking at the hodograph (adapted for the southern hemi-
sphere by Forbes, after Doswell, 1991) for a typical cyclonic
supercell in the southern hemisphere (Fig. 5), the wind directions
measured at Bloemfontein at 14:00 arein close agreement withthe
theory, namely that the surface wind was from the north-east, the
3kmAGL (al heightsin AGL unless otherwise stated) wind from
the north, the 500 hPawinds were from the west-southwest with a
westerly jet stream at 250 hPa. According to the hodograph model
for cyclonic supercell motion, the stormwoul d have been expected
tomoveeastward. However, inthiscasethe Drakensberg mountain
range steered the storm in a northerly direction.

Onthe21:00Infrared satelliteimagery at thetime of thestorm,
the northern part of the country was covered by clouds where
convective development was also evident. The southern half of the
country was cloud-free. Cirrus clouds could clearly be seen blow-
ing off inan easterly direction duetotheupper level jet stream. The
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Figure 2
Mesoscale analysis of the pressure data over the region of interest on 29 December 1997 at 14:00
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Figure 3
Analysis of the temperature data (isotherms at 2° intervals) over the region of interest on 29 December 1997 at 14:00
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Dy point temperatures

Analysis of the dew point temperature data (isotherms at 2° intervals) over the region of interest on 29 December 1997 at 14:00
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Figure 5
Schematic representation of
the cyclonic supercell in the

southern hemisphere
(adapted by Forbes after
Doswell, 1991)
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Figure 6
Wind speed (m-s?) data from the AWS for Bethlehem from
19:00 to 24:00 on 29 December 1997

cloud patterns associated with the storm showed a wedge shape,
which is favourable for the development of heavy precipitation
(Conway, 1997; Bader et al., 1995).

Bethlehem’s 5 min AWS data between 19:00 and 24:00

AnAWSaverageswind speed over alOmintimeinterval, withthe
data being logged every 5 min (bottom linein Fig. 6).The gust is
measured as an instantaneous maximum gust (top line in Fig. 6).
Althoughtherewasasteady increaseinaveragewind speedleading
up to the passage of the storm over the Bethlehem Weather Office,
the most significant indication of the storms presence was the
marked increase in the wind gusts at 20:15. The wind direction
veered by about 80° as the storm moved over the Bethlehem
Weather Office (around 20:15) and maintained this direction for
approximately 25 min beforebackingtoitsoriginal directionagain
at 21:15.

Temperature and relative humidity values are averaged over 5
min periods by an AWS. A significant drop in temperature coin-
cided with the passage of the storm at the Bethlehem Weather

Available on website http://www.wr c.org.za

Bethlehem 97-12-29

.-'_‘-\.!,EJ}
O e 3
D a3
u_'| -
e ]
o
O B ]
=T
'\-\_o-'za}
=z ]
2 e
T an —
Loz ] 3 o
= e
a4 I
T g e o™ T o A =
C 4] T
£ %] |
[ : : : — : : : :
AS0G 190 2 BRI 210 0 2EO0 ZEE 200 ZME Rl
Tirme
Figure 7

Wind direction (degrees) data from the AWS for Bethlehem from
19:00 to 24:00 on 29 December 1997

a Lods i Figure 8
- F Eta model 6 h forecast
. field for Bulk
m i ] Richardson number
(interval 3), valid for 29
December 1997 at
20:00

Office. At around 20:20 the temperature dropped by nearly 3°C
within 5 min. At the same time the relative humidity showed a
markedincrease, but never reached 100% duetotherelatively little
liquid precipitation. Once the storm had passed, the temperature
again increased.

The onset of precipitation wasin theform of ashort shower at
20:20, with 6.8 mm recorded in 5 min and another 6 mm during the
following 10 min, thereafter the precipitation decreased signifi-
cantly. The tota precipitation for the evening amounted to 18.8
mm.

The analysis of Bethlehem'’s 14:00 upper air temperature and
humidity profiles (there were no wind data available for this
sounding) showed that the atmosphere in the lowest 300 m was
unstable, above it up to 3 km, it was conditionally unstable and
above3kmstable. A stronginversion existed, which meansthat an
air parcel’ sascent would have been limited dueto subsiding air in
the upper layers of the atmosphere. Convective available potential
energy (CAPE) representsthe amount of buoyant energy available
toaccelerateaparcel vertically (Louisville Science Page, hereafter
LSP). CAPE values at Bethlehem were very low (66 Jkg?). The
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Lifted Index measuresthedifference between aparcel’ stempera-
turecomparedwiththeenvironmental temperatureat 500 hPa, after
theparcel had been lifted fromthelifting condensationlevel (LCL)
(AWS, 1990). In this case the Lifted Index was -1 which is
consideredtobemarginally unstable(L SP). Themaximumvertical
velocity of the potential convective updraft calculated by the
RAOB softwarewas 11 m-s™. It is calculated as the square root of
twicethe CAPE valueand CAPE valuesof 1500to0 2500 Jkg give
a maximum updraft velocity of 50 to 70 m-s* (LSP). This value
does not take into account the fact that entrainment and mixing
occur and is thus overestimated and should be halved to obtain a
more redlistic value (LSP).
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Figure 9
Eta model 6 h
forecast field for
SWEAT Index
(interval 50), valid
for 29 December
1997 at 20:00

Figure 10
Eta model 6 h
forecast field for vertical
wind shear (interval
0.5 x 103 s?), valid for
29 December 1997
F. at 20:00

Bloemfontein’ sascent wasmuch morefavourablefor devel op-
ment withaCAPE valueof 2458 J-kg?. A CAPE valuegreater than
1500 Jkg!issuggested by Rasmussen and Wilhelmson (1983) as
being necessary for supercells to form, but Johns and Doswell
(1992) found that anumber of supercellsover theUnited Statesal so
arisein situations with CAPE values less than 1 500 Jkg*. There
was no inversion present at Bloemfontein, while the Lifted Index
was-7.6 (very unstable, LSP). The Showlater Index iscalculated
by lifting aparcel dry adiabatically from 850 hPatoitsLCL, then
moist adiabatically to 500 hPa and comparing the parcel versus
environmental 500 hPatemperature (L SP). For Bloemfontein the
Showalter Indexwas -2.2 (moderately unstable, LSP). Thelowest
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Figure 11

Storm tracking showing the passage of the storm by means of 30 dBz volume scans
taken at ~ 5 min intervals from south to north and the mainly connected core of

uniform size

700 m of the atmosphere was unstabl e, the next 4 km conditionally
unstable and above that predominantly stable. The maximum
vertical velocity for the potential convective updraft according to
RAOB software was 70 m-s?, which more redlistically implies
35 m-st. The level of zero wet bulb potential temperature was
around 2 500 m for both Bethlehem and Bloemfontein, which is
favourable for large hail production (LSP).

Theforecast issued by the Central Forecasting Officein Preto-
riaon that day included isolated to scattered thundershowers over
the region of interest.

Eta model analysis

Duetotheinsufficient upper-air dataprovided by upper-air sound-
ings, the Eta model’s 3 and 6 h forecasts were utilised to get
additional information about the instability and severe weather
potential of theatmosphere. Themidday run (starting at 14:00) was
used to obtain forecastsfor late afternoon (3 hforecastisfor 17:00)
and early evening (6 h forecast isfor 20:00). The charts displayed
here (Fig. 8 to 10) are of the eastern parts of the country and
Bethlehem'’slocation isindicated by a cross (+).

TheBulk Richardson Number (BRN) isused to quantify the
relationship between buoyant energy and vertical wind shear
(Weisman and Klemp, 1982), both of which are critical factorsin
determining storm devel opment, evolution and organisation. The
Etamodel calculated BRN valuesof 20to 60 for 17:00 for an area
south of Lesotho. Later that evening, at 20:00, BRN at Bethlehem
was40 (Fig. 8). Thisisintherangethat isfavourablefor supercell
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development (Moller et al. 1994).

Miller (1972) introduced the Total Totals
Index for identifying areas of potential thun-
derstorm development. It accounts for both
static stability as well as the presence of 850
hPamoisture. For 17:00the Total TotalsIndex
was forecast as 56 south-east of Lesotho and
between 55 and 60 at 20:00. These valuesare
viewed as favourable for the development of
strong to severethunderstorms (AWS, 1990).

TheK-index isameasure of thunderstorm
potential based on vertical temperature lapse
rate, moisture content of thelower atmosphere
and vertical extent of the moist layer (AWS,
1990). For 17:00 the K-index was more than
40intheregion of development and morethan
44 at 20:00. Vauesabove40 areviewed asthe
best potential for thunderstorms with heavy
rain (AWS, 1990).

The CAPE values forecast by the model
were between 1 000 and 1 500 Jkg? at the
relevant times over the area of interest. The
maximum updr aft velocity values southeast
of Lesotho were >45 m-s* at 17:00 aswell as
at 20:00 which arereasonablevaluesfor thun-
derstorm devel opment.

TheShowlater | ndex wascal culated from
800 hPainstead of 850 hPafor the purpose of
this article, since Bethlehem’s surface pres-
sure is 840 hPa. The values predicted by the
model were in the order of -4 south-east of
Lesothoat 17:00 and -4 to -6 inthe Bethlehem
region at 20:00. These values indicate the
possibility for severe thunderstorms (AWS,
1990).

TheLifted I ndex values varied between -
4 (at 17:00) and -5 (at 20:00) which indicates moderately unstable
conditions (LSP).

The SWEAT Index evaluatesthe potential for severe weather
by combining several instability parameters like low level mois-
ture, instability, low level jet, upper level jet and warm advection
into oneindex (AWS, 1990). The predicted valueswere 350to 400
at 17:00 and more than 400 at 20:00 (Fig. 9). Thiswould indicate
the possibility of strong or extreme thunderstorm devel opment
(L SP) because values between 300 and 400 are given as adequate
for severe thunderstorms.

Layer weighted vertical wind shear calculated for the cloud
layer (700 to 250 hPa, as per thermodynamic diagram at Bethle-
hem), at 17:00 was between 2.5 and 3x 10-%s? southeast of L esotho
and between 3.5 and 4.0 x 103s? at 20:00 (Fig. 10). These values
are consistent with well-documented supercell environments ac-
cording to Marwitz (1972).

The 3 h forecast (for 17:00) of surface layer moisture flux
conver gence showed that moisture was converging in the area
wherethe storm devel oped. Thissituationimproved towards20:00
when the moisture flux convergence was a so combined with 700
hPa upward motion.

Radar interpretation by means of TITAN and
CIDD

Using TITAN/CIDD tracking facilities the 30 dBz volume scans
taken at ~5 min intervals are fitted into a composite field. From
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Fig. 11itisclear that the storm moved in anortherly direction due
to the alignment of the topography as well as the upper air winds
which changed from west-southwesterly at 14:00 on the 29" to
southerly at 02:00 on the 30™". The storm cloud was mainly a
connected, continuous core which lasted for more than an hour.

The storm devel oped south of Lesotho and moved in anorth-
easterly direction initially. At 16:05 the storm was visible on the
southern part of the radar image, and 55 dBz reflectivities were
aready evident. At this stage the storm tops were above 16 km.
Lemon and Doswell (1979) stated that during the first stage of
supercell formation theleft rear flank of the storm (in the southern
hemisphere) devel opsamid-level overhang and weak echo region
(WER). This overhang is the consequence of a strong, persistent
updraft and correspondingly strong divergencein the upper layers.
At 19:09 the storm moved into South Africa (from Lesotho) and a
WER could bedistinguished onavertical crosssectionthroughthe
storm. At 20:05 maximum reflectivitiesreached thelower level sof
the storm and strong reflectivity gradientswere also evident onthe
north-western flank of the storm. According to Lemon and
Doswell (1979) the second stage of the supercell lifecycleismost
clearly defined when abounded WER (or BWER) isdetected. This
isanindication of increasing water and ice content around the core
of the updraft and also of continued updraft intensification. A
mesocyclone usually forms at this stage. A vault, associated with
a strong updraft region, and a BWER were visible at 20:55
(Fig. 12a) on the northern side of the storm. The existence of a
mesocyclone cannot be accurately verified without Doppler radar,
but by using CIDD at the 3 km CAPPI level in atime loop, weak
signsof acyclonic rotation (Fig. 12b) could be seen. Also evident
in the 3 km CAPPI at 20:55 in Fig. 12b isthe hook echo on the
northern side of the storm. This pattern correlates well with the
hodograph model for a supercell shown in Fig. 5. The horizontal
extent of thestormwasabout 5kmat 21:03, after whichit gradually
dissipated.

Summary

Accordingto Moller et a. (1994) super cell characteristics can be
summarised as:

e Supercellsare ‘steady state’ convective storms

e A supercell isasingle, continuous cell

e Supercellshavedeviatemotion, although thisisnot an absol ute
prerequisite

e Supercellshave adeep, persistent mesocyclone and aBWER.

M esocyclones are defined (Moller et a., 1994) as having vertica
vorticity greater than or equal to 102s?, lifetimes at least on the
order of tens of minutes and are present through a substantial
fraction (more than a third) of the storm’s depth. Burgess (1990)
was of the opinion that it is extremely unlikely for a convective
storm with abona fide BWER NOT to have a mesocyclone.

Thestorm on 29 December 1997 displayed thefollowing radar
characteristics:

« High reflectivities (>60 dBz)

e A mainly connected core for longer than an hour

¢ A WER and BWER visible

* A hook echo on the northern flank

e A possible mesocyclonic circulation

* Good correlation with typical Southern Hemisphere cyclonic
supercell hodograph.
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All of these point toward a good correlation with the typical
characteristics of a supercell environment based on findings by
Moller et al. (1994).

Marwitz (1972) summarised the environmental conditions
surrounding supercells as:

e Severethermal instabilitieswithathermal buoyancy at 500 hPa
of +4°C

e The mean subcloud environmental winds are strong (>10
m-st) and veer by 60° from the mean environmental winds,
with more than 50° veering within the subcloud layer

e Theenvironmental wind shear throughthecloudlayerisstrong
(2.5t0 4.5 x10% s?), but not extreme.

Moller et al. (1994) said that the lift needed to initiate deep, moist
convection insupercell environmentsis provided by mesoscal e or
storm-scal e processes (including drylines).

The 5 min AWS data at Bethlehem showed that the average
wind speed was between 8 and 10 m-s* during the storm and
dropped to 4 m-st after the passage of the storm. Wind gusts of up
to 16 m-s* were, however, measured during the storm. The wind
direction veered from 66° to 140° (>70°) during the storm and then
backed to 40°. This is in agreement with Marwitz' ideas of
subcloud layer wind direction and speed for supercell environ-
ments. Confirmingthe prerequisitewithregardto moisturecontent
(Moller et a., 1994), it was clear that Bethlehem had ample
moisture (relative humidity > 70% prior to the storm, increasing to
90% during the storm).

UsingtheEtamodel’ soutput of instability parametersfor 3and
6 h predictions, it was clear that an above-normal thunderstorm
could develop inthe areawhere the storm occurred. Morethan one
of theindicators had valueswhich woul d take thunderstorm devel -
opment into thestrong or extreme category. The Showalter indices
for the relevant area and time were between -4 and -6 for the 800
to 500 hPa layer. This gives the buoyancy required according to
Marwitz (1972) for supercell environments. The vertical wind
shear values in the cloud layer were in close agreement with
Marwitz' sideasfor vertical wind shear inthe cloud layer and ideal
for supercell development.

Examination of the storm features and environment on 29
December 1997 showed that steep pressure, temperature and
dewpoint gradients were evident in the area where the storm
developed and moved to. Thisisin agreement with Moller et a.
(1994) ideas about supercell sdevel oping due to mesoscal e bound-
ary forcing (like drylines). Bluestein and Crawford (1998) pre-
sented evidence from two case studies that an isolated supercell
formed along adrylinein aregion of elevated terrain. They argued
that when anumber of stormsareinitiated along adryline, themost
severe activity may be associated with those cells initiated over
higher terrain. The steep gradient in dewpoint temperatures (or the
so-called dryline) which was present in the area along with the
proximity of the Drakensberg to the east of the storm proved to be
important role playersin this case.

Conclusions

Based on all the above-mentioned information, theauthorsbelieve
that this could well be one of the few rare supercell events over
South Africa. The Etamodel’s 3 and 6 h forecasts provided good
indicators of the severe weather potential of that evening and by
using the mesoscale analyses and radar tools like TITAN and
CIDD, it would have been possible to monitor the rea time
development and movement of the storm. Without the optimal
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utilisation of the mentioned tools and methodol ogies, it would not
bepossiblefor operational forecasters in South Africato recognise
and forecast severeweather eventssuch asthe onedescribedinthis
article.

One of the aims of the recently developed research pro-
grammes in the South African Weather Bureau - the Weather
Forecasting Research (WFR) Programme - is to gain knowledge
and to develop tools in order to improve forecasting accuracy of
severe weather events. Some of the key elements in this kind of
researchistohaveenough observations(surfaceand upper-air) and
good radar coverage. Although conventional radars can be agreat
help, thefuture of severeweather forecasting liesin Doppler radar.
Meteorol ogistsinthe USA candetect theexistenceof mesocyclones
and tornadoes by merely looking at the screen since built-in
algorithms exist to identify these phenomena.

Further case studies and relevant software (composite radar
imagery, better quality satelliteimagery, CIDD and RAOB) will be
utilised by the WFR programmeto provide thevital ingredientsto
successful mesoscale and severe westher forecasting in South
Africawith our limited resources.
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Figure 12a (right)
Vertical cross section at 20:55
from the baseline shown in (b)
indicating the presence of the

BWER

Figure 12b (bottom)
3 km AGL CAPPI image at 20:55
indicating the baseline for (a), the
mesocyclonic circulation and the
hook echo

Hookll_,é"'cho
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