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Abstract

The study assesses onset of rains, cessation of rains, duration of rainy season and seasonal rainfall at different probability
levels. Daily rainfall data for 309 stations located in the Free State Province of South Africa were analysed from 1950 to
2008. The cumulative rainfall over 3 consecutive dekads (10-day periods) and cumulative rainfall over 1 dekad were used
to determine onset of rains and cessation of rains respectively. Seasonal rainfall was determined as the accumulated rainfall
from November to March. Rainbow statistical software was utilised to test for normality and determine probabilities at
20%, 50% and 80% risk levels. The other rainy season characteristics investigated were the probability of onset failure and
probability of rainy season duration of less than 50, 100, 120 and 140 days. These rainy season indices were investigated

in relation to maize production in the Free State. Rainfall behaviour during the growing period is one of the main limiting
factors to rain-fed maize production, consequently influencing household food security. The results show that for onset of
rains there is a large spatial variance over the Free State while cessation of rains shows small variance. There is also an east
to west progression of onsets while the duration of the rainy season and seasonal rainfall also increased from west to east.
Areas of low risk associated with rainy season characteristics are evident over the Thabo Mofutsanyane, eastern Motheo,
eastern and northeastern Lejweleputswa and the Fezile Dabi districts, making these areas highly suitable for maize produc-
tion. By contrast, high-risk areas are in the western and southern parts of the province and thus dryland maize production

has low production potential in these areas.
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Introduction

Rainfall is one of the weather elements which varies greatly on
a spatial and temporal basis, impacting on agricultural activi-
ties (Mwale et al., 2004; Tveito et al., 2005; Moeletsi et al.,
2011b). According to Sivakumar (1990) and Mugulavai et al.
(2008), it is important to determine at a reasonable accuracy
the probability levels of the onset of rains, cessation of rains
and length of rainy period, as well as their inter-relationships,
in order to assist in planning of dryland farming activities.
Knowledge of the length and probable dates of the onset and
cessation of the rainy season can help farmers choose the right
cultivar suitable for their particular location or region (Tadross
et al., 2005). Research in other parts of the world has shown
that farmers are interested in obtaining the dates on which they
can start planting, knowing that the likelihood of crop failure is
then minimal (Ati et al., 2002).

During spring, farmers are always anticipating the coming
of the first rains in order for them to make preparations for the
growing season. Onset of rainfall is one of the most important
occurrences to the farmer: earlier onset allows them to plough
land and plant earlier and benefit from the lower evaporative
demand, while later onset can cause the plant critical stages
that are sensitive to water stress to be aligned with months of
lower rainfall and higher evaporative demand, depending on
location and timing of the onset of rains (Moeletsi et al., 2011a).
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If the farmer is able to time planting in such a way as to avoid
false onset of rains and the plants’ crop water requirements are
met at critical stages of development then that season’s pro-
ductivity will be increased. The determination of the cessation
of rains is as important as the onset because this will enable
proper determination of the length of the rainy season and thus
enable decision makers to make suitable choices of the type of
crop or cultivar to plant for that particular location. In semi-
arid areas like the Free State it is impossible to ensure high
skill in forecasting of planting dates, but, when agrometeoro-
logical information about the behaviour of the rainy season is
available, crop losses should be minimised (Sivakumar, 1990;
Raes et al., 2004). As with most semi-arid areas, the Free State
Province’s agricultural production is affected by high climate
variability which causes the dates for the onset and cessation
of rains, length of the rainy season and seasonal rainfall to

be highly uncertain (Camberlin and Diop, 2003; Usman and
Reason, 2004; Mugulavai et al., 2008).

It has to be noted that most southern African economies
are dependent on rainfed agriculture and thus unfavourable
weather conditions result in low economic performance and
high food insecurity, while seasons that are characterised by
favourable weather conditions for crop production result in
widespread economic recovery (Unganai, 1994; Tsheko, 2003).
Agricultural losses in southern Africa are mainly caused by
climate variability impacting mostly the resource-poor farmers,
whose livelihoods depend solely on agriculture (Tadross et al.,
2005). Rural areas are the most vulnerable places and should be
given priority in cases of food relief or any other social assis-
tance that is required after the occurrence of extreme weather
conditions that have adversely affected agricultural productiv-
ity (Vogel and Drummond, 1993; Reason et al., 2005).
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Figure 1
Distribution of rainfall stations used in the analysis of rainy
season characteristics over the Free State Province

In this study, the rainy season characteristics over the
Free State Province were investigated. The risk or probability
levels of onset, cessation and duration of the rainy season were
determined, as well as the seasonal rainfall, and probabilities of
onset failure and a rainy season of less than a specific duration.
The study was initiated because of the high variability that is
associated with the rainfall season characteristics for dryland
maize production in the Free State.

Methodology
Study area

The Free State Province is situated between latitudes 26.6° S and
30.7° S and between longitudes 24.3° E and 29.8° E. It is South
Africa’s third-largest province with an area of around 129 825
km?, 10.6% of the country’s land area (FSP, 2005; Davis et al.,
2006). The province is administratively divided into 5 municipal
districts (Fig. 1) (Davis et al., 2006): Fezile Dabi, Lejweleputswa,
Motheo, Thabo Mofutsanyane and Xhariep. The main economic
activities contributing significantly towards the gross domestic
product of the province are community service (24.7%), agricul-
ture (20.1%), trade (10.7%) and mining (9.6%) (FSP, 2005). The
Free State Province contributes significantly to the agricultural
economy of the country with an average of 3 m. tons of maize a
year, comprising over 30% of the national maize production

(De Jager et al., 1998; DAFF, 2010). Agriculture in the province
is mostly rain-fed with less than 10% of the arable land being
under irrigation. This, together with high climate variability
associated with rainfall onset, cessation and duration of rainy
season, emphasises the importance of studies of rainy season
behaviour in the Free State Province.

Data

Rainfall data used in this study were obtained from the
Agricultural Research Council (ARC) agroclimate database
and the South African Weather Service (SAWS). Rainfall sta-
tions with 30 or more years of data with over 90% data effi-
ciency (i.e. less than 10% missing daily values) were selected
for the study. However, where the spatial network of stations is
sparse (as in most parts of the Xhariep district), stations with
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20 or more years of data with 90% data efficiency were used as
complementary stations to aid in obtaining better interpolated
surfaces. There were 309 stations that qualified to be used in
this study (Fig. 1). Daily rainfall data from 1950 to 2008 was
used in all the analyses of the rainfall season characteristics

of the Free State Province. For analysis, the data was arranged
in years starting from July to the following June, in order to
make the entire summer rainfall season fall in one continuous
dataset. All of the missing rainfall values at the selected sta-
tions were estimated by using the Inverse Distance Weighting
Method shown in Eq. (1), which uses the first law of geography
stating that ‘Everything is related to everything else, but near
things are more related to each other” (Longley et al., 2001

p. 61). The patching methodology employed a minimum of

2 neighbouring stations and a maximum of 5 stations within
the radius of 50 km; the estimated value at the target station is
calculated giving more weight to the closest station value.
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where:
y, is the estimated value of the missing data
X\, is the value of the i'" nearest weather station
m ranges from 2to0 5
D, is the distance between the target station and the i*"
nearest weather station.

Methods

Onset and cessation of rains and rainy season
duration

In this study the onset of rains is defined as the last day in
which rainfall of 25 mm or above has been accumulated over
the previous 10 days and at least 20 mm accumulated in the
subsequent 20 days (Tadross et al., 2005; Hachigonta et al.,
2008). This is the criterion commonly used to determine the
beginning of the growing period in most semi-arid areas in
southern Africa for dryland maize production (SADC-RRSU,
2004; FEWSNET, 2009). The additional 20 mm of cumulative
rainfall over the next 2 dekads ensures that there is enough
moisture, not only for germination but also to sustain the crop
through the early development stage. The onset of rains was
determined for all of the agricultural years at all 309 stations.
The probability of onset failure was also determined by cal-
culating the ratio of the number of years in which the onset
criteria was not realised to the total number of agricultural
years. As an example: if in 2 years out of the total of 20 years
the onset of rains criterion was not realised then the probability
would be 10%. This probability indicates the chances of not
being able to receive adequate rain to commence with planting.
The end of the rainy season is obtained by searching for the last
day on which the cumulative 25 mm over 10 days occurs. The
length of the rainy season is calculated by subtracting the start-
ing date of the rains in Julian days from 365 or 366 and adding
the number of Julian days for end of the rains if the start of the
season is before 31 December. If the start of rains is in January
or later, the rainy season length is obtained by subtracting the
start date of rains (in Julian days) from the end date.

The probability of a growing period of less than 50, 100,
120 or 140 days was also obtained for each station as the ratio
of the number of years with rainy season duration of less than
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that particular duration to the total number of agricultural
years. These probabilities are important for determining pos-
sible cultivars to be planted at a particular place. The probabil-
ity at 50-days threshold represents the occurrences whereby
the onset of rainfall enables the farmers to plant but the rainy
season becomes too short for any maize cultivar to reach full
maturity without any water stress. The 100-, 120- and 140-days
thresholds relate to short-season, medium-season and long-
season cultivars, respectively.

Seasonal rainfall

The rainfall season over the Free State is unimodal, mainly
occurring in the summer months. The accumulated rainfall for
the agricultural season was obtained by summing daily rainfall
from 1 November to 31 March for each of the stations for all of
the years.

Statistical analysis

The dates for the onset and cessation of rains, length of the
growing season and seasonal rainfall were analysed for

each station using Rainbow software, a package developed

to determine frequency analysis and to test homogeneity of
hydrometeorological data (Raes et al., 2006). The outliers
(defined as points that are more than 1.5 times the inter-quartile
range above the third quartile or below the first quartile (Von
Storch and Zwiers, 1999)) were first removed from all of the
datasets. Different probability levels (20%, 50% and 80%)
were determined for both non-exceedence and exceedence
probability. The curve fitting was done using the maximum
likelihood procedure, while the probabilities were estimated
using the Weibull method (Raes et al., 2006). In this study, the
Kolmogorov-Smirnov test and the closeness of linear relation-
ship between the fitted line and data points were used to deter-
mine whether the rainy season characteristics data resemble
the normal distribution for each station (Raes et al., 2006). The
datasets for each rainy season index and climate station which
do not conform to a normal distribution were transformed
using 4 methods: a) square root, b) logarithmic, c) square
method, and d) cube root method. The onset and duration of the
rainy season are presented with the non-exceeding probability
while the cessation of rains is presented using exceeding prob-
ability. The 20% probability level value for the onset implies
that 209 of the values occur on or before that value. The 20%
probability value for the duration of the rainy season means
that 20% of the values are equal to, or less than, that value. For
the cessation of rains, a 20% probability value implies that 20%
of the values are on or later than that value. The 20% prob-
ability level denotes the seasonal rainfall accumulated during
the dry seasons; 50% probability level is the median or average
seasonal rainfall while the 80% level denotes the accumulated
rainfall in relatively wet seasons.

Mapping

The interpolation of the rainy season characteristics was done
using ArcGIS 9.3 software. The inverse distance weight-

ing model imbedded in the spatial analyst tool was used for
interpolating all of the indices. The maps for most of the rainy
season indices are presented in dekads (10-day periods for the
month) whereby the 1 dekad is from the 1% to 10™ day of the
month, 2" dekad is from 11" to 20" day of the month and 3™
dekad is from 21t day to the end of the month.
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(b)

(c)

Figure 2
Date of onset of rainy season over the Free State Province at
a) 20%, b) 50% and c) 80% non-exceeding probabilities

Results and discussion
Onset of rains

Dates for the onset of rains at 20%, 50% and 80% non-exceed-
ing probabilities are shown in Fig. 2. The whole of Thabo
Mofutsanyane, most parts of Fezile Dabi, eastern Motheo and
far eastern Xhariep districts experience their onset of rains at
20%(50%)[80%)] on or before 2" dekad of September(2™ dekad
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of October)[2" dekad of November]. Western and southwest-
ern Fezile Dabi, eastern Ljweleputswa and most parts of the
Motheo district have onset of rains on or before 3 dekad

of September (3™ dekad of October)[1* dekad of December]

at 20%(50%)[80%)] probability level. Central and western
Lejweleputswa and most parts of the Xhariep district have
their beginning of the rainy season on or before 1t dekad of
October (1% dekad of November)[2" dekad December] corre-
sponding to 20%(50%)[80%] probability level. Farmers aiming
at planting maize for early markets can utilise earliest onset

of rains occurring in September or October depending on

the locality of the farm. But it should be emphasized that the
chances of experiencing false start of the season at the period
corresponding to the 20% probability are high (80%); hence
crops might not have enough soil water to sustain them during
the early stages of vegetative growth. The 50% non-exceedence
probability level is that which is most used by the farmers, as
there is a 50:50 chance of the onsets being significant enough
to support a maize crop at the early vegetative stage. Utilisation
of this probability level for farmers aiming at producing green
mielies to be sold earlier than normal in agricultural markets

is recommended in preference to the 20% probability, unless
there are supplementary irrigation facilities available. The 80%
probability level is associated with low risk of crop failure dur-
ing the early stages of growth and development. But farmers
are encouraged to plant short-season maize varieties, especially
in areas of low heat units accumulation (highlands), to avoid
the plant growing period being aligned to periods of high agro-
climatic risk (Moeletsi, 2010). Low-lying areas in most parts of
the province are not associated with high agroclimatic hazards,
especially frost, which has a detrimental effect of productivity.

Probability of onset failure

Assessment of the number of years in which the onset crite-
rion is not met is an important risk index. Over the Free State
Province, the chances of onset failure are zero over most parts
of the Thabo Mofutsanyane district (Fig. 3). This means that
the onset criteria (over 25 mm accumulated in the previous 10
days and over 20 mm in the following 20 days) is realised at all
seasons in these places, making them less vulnerable to crop
failure due to inadequate rains to support land preparation and
planting (Moeletsi, 2010). The other places with no chance of
onset failure are patches over south-eastern Xhariep, eastern
Motheo and western Fezile Dabi, and pockets over eastern and
western Lejweleputswa (Fig. 3). Most parts of the province
have a less than 2% chance of onset failure, implying very low
risk of not receiving significant rains to initiate planting activi-
ties. The Xhariep district has a relatively high risk of onset
failure especially over the southern and western parts where
the ratio of agricultural seasons with ‘no onset date’ over the
total number of agricultural seasons is up to 0.1. A 10% chance
of not obtaining significant rains to start soil preparation and
planting implies relatively high risk of crop failure due to false
onsets, because at times the rainfall received does not stretch to
the early vegetative stages.

Cessation of rains

Cessation or retreat of rain dates for the 20%, 50% and 80%
exceeding probability, representing return periods of 5 years,
2 years and 4 in 5 years, respectively, are shown in Fig. 4. As
compared with the onset of rains in the previous sub-section,
cessation of rain dates shows less spatial variation. At the
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(@)

(b)

(c)

Figure 3
Date of cessation of rainy season over the Free State Province
at a) 20%, b) 50% and c) 80% exceeding probabilities

20%(50%0)[80%] probability level, most parts of the Free State
Province have the cessation of rains occurring on or after

the 2" dekad of May(3" dekad of april)[3 dekad of March].
Small pockets over the eastern Free State, western Xhariep and
Lejweleputswa have earlier cessation dates by 1 dekad at all
probability levels. In contrast, some parts of Motheo, most of
central Xhariep and some patches in the Thabo Mofutsanyane
district have their cessation of rains later by 1 dekad at all of
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Figure 4
Rainy season duration over the Free State Province at
a) 20%, b) 50% and c) 80% non-exceeding probabilities

the probability levels. Coinciding the time of maturity of the
maize crop with the 20% probability of the cessation of the
rainy season can potentially subject the crop to high risk of
water stress because at this probability level the chances of
end of rains being earlier are high (80%). At that risk level,
frost incidences are also high in some places in the prov-
ince thus increasing chances of crop failure and poor grain
quality. If the planting of maize is planned in a way that the
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Figure 5
Probability of rain onset failure over the Free State Province

maturity coincides with these 80% probability last rain dates,
the loss due to lack of water to support the maize crop can be
minimised.

Duration of rainy season

Duration of the rainy season for the 20%, 50% and 80% non-
exceeding probabilities over the Free State Province are shown
in Fig. 5. Thabo Mufutsanyane district has the longest rainy
season duration mainly due to early onset of rains experi-
enced in the area. The 20%(50%)[80%)] percentile values in
this district mostly range from 161 to 180 days(181-220 days)
[over 220 days]. In the Fezile Dabi district rainy season dura-
tion in most places is between 141 and 160 days(181-200 days)
[221-240 days] at 20%(50%)[80%)] probability level. Over

the remainder of the province (Lejweleputswa, Motheo and
Xhariep districts), duration of the rainfall season ranges from
less than 80 days(<140 days)[<200 days] over the western parts
and increases eastwards to values up to 160 days(220 days)
[240 days] in the eastern and south-eastern parts at 20%(50%)
[80%] risk levels. Planting of medium- to long-season maize
varieties in places where rainy season is less than 120 days can
result in excessive water stress conditions because the later
stages of the growing period of the crop (growth stages with
high water requirements) would be subjected to insignificant
rains. Depending on the actual planting date, median duration
of rainy season can fully support the growing period of most
maize varieties in most parts of the Free State, except over the
western parts where short periods are experienced.

Probability of rainy season of less than 50, 100, 120
and 140 days

The absolute probabilities of having a rainy season of less than
50, 100, 120 and 140 days are shown in Fig. 6. In this study,
rainy season duration of 100, 120 and 140 days denotes dura-
tion of short-season variety, medium-season, and medium-Ilate
to long-season maize varieties, respectively. But it has to be
noted that the actual duration of the variety is highly depend-
ent on the heat unit requirement from emergence to maturity
(Neog et al., 2008). Due to varying heat unit accumulation rates
over the Free State, one variety can take 100 days to mature
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(a)

(c)

(b)

Figure 6
Probability of rainy season over the Free State Province of less than
a) 50 days, (b) 100 days, (c) 120 days and (d) 140 days

over the western parts and over 140 days to mature over the
eastern parts of the province, depending on the planting date
(Pannar, 2010).

The probability of obtaining a rainy season of less than
50 days is less than 6% for the Fezile Dabi, Lejweleputswa,
Motheo, far eastern Xhariep and Thabo Mofutsanyane dis-
tricts, with the eastern parts of the Thabo Mofutsanyane
district having zero chance (Fig. 6a). The risk increases when
moving south-westwards, reaching a maximum of 30% over
the western parts (west of Koffiefontein). These areas of high
risk cannot be used for maize crop farming unless under
irrigation. The chances of the rainy season being less than 100
days, as shown in Fig. 6b, are low over the Fezile Dabi, Thabo
Mofutsanyane and eastern parts of the Motheo district, with
less than 6% probability. In these areas, planting of short-
season maize varieties (<100 days) is subjected to low risk of
failure due to inadequate rainfall to support plant growth and
development. As for the Lejweleputswa district, the risk is
slightly higher for most places with probability values between
11 and 20%. The highest chances of a rainy season of less than
100 days are over the Xhariep district especially in the west
where probability values of up to 40% are realised. The lowest
risk of planting a 100-day maize crop in this district is obtained
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over the southeast (east of Smithfield), with probability of less
than 10%, while the central parts experience relatively moder-
ate risk of between 11 and 20%.

The probability of rainy season duration of less than 120
days (growing period of short- to medium-season maize cul-
tivar) is less than 6% for most parts of the central and eastern
Thabo Mofutsanyane district and patches over the Fezile Dabi
district (Fig. 6¢). Low probability indicates that 120-day maize
cultivar growth and development in these areas would not be
hampered by a short rainy season period. Most parts of Fezile
Dabi have between 6 and 10% probability of a rainy season
of less than 120 days. Less than 10% probability shows high
suitability of planting a short- to medium-season maize crop.
Most areas over the Lejweleputswa and Motheo districts have
probability values between 11 and 20%. The western parts of
the former have relatively high risk with patches of 21 to 30%
values, while over the north and eastern Lejweleputswa there
are pockets of less than 11%. Over the Xhariep district, the area
around Zastron has relatively low values while for the western
parts risk is higher, with up to 50% probability of a rainy sea-
son of less than 120 days.

The risk of obtaining less than 140 rainy season dura-
tion days (growing period for medium- to long-season maize
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Figure 7
Seasonal rainfall (November to March) amount over the Free
State at a) 20%, b) 50% and c) 80% non-exceeding probabilities

cultivar) is low over the Thabo Mofutsanyane district with less
than 6% probability (Fig. 6d). Most parts of this district record
between 6 and 10% chances of rainy season length of less than
140 days. Over most parts of the Fezile Dabi district the risk

is lower than 20% in all of the places, while in Lejweleputswa
most parts have a risk of between 21 and 30%. The area extend-
ing from Bothaville to Brandfort in the Lejweleputswa district
has a probability ranging from 11 to 20%. In the Motheo and
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Xhariep districts the risk is low over the eastern parts, increas-
ing towards the west with the highest risk of up to 60% over
western Xhariep. High probability at the 140-days threshold
shows unsuitability for planting medium- to long-season maize
varieties.

Seasonal rainfall

Seasonal rainfall varies a lot over the Free State Province, with
a clear north-eastward gradient, and with the lowest values of
less than 200 mm(<250 mm)[<350 mm] accumulated rainfall
from November to March being over the western and south-
western parts at 20%(50%)[80%)] probability level (Fig. 7).
Seasonal rainfall values over the central, south-eastern and
northern parts of the province mostly range between 251 and
350 mm(351-450 mm)[451-550 mm] at 20%(50%)[80%)] per-
centiles. Areas of highest seasonal rainfall are evident over the
far eastern Free State with values exceeding 400 mm(500 mm)
[600 mm] at the three risk levels. These areas stand a better
chance of high maize production because maize water require-
ments are likely to be satisfied even in the driest (20% probabil-
ity) seasons. Places of less than 400 mm in the median category
are likely to have soil water deficits impacting negatively on
maize production, and thus the use of high water-use efficiency
cultivars will be advisable for these areas.

Conclusions and recommendations

The onset-of-rains results clearly show that, for Thabo
Mofutsanyane, eastern parts of Fezile Dabi, far eastern parts
of Motheo and far eastern parts of Xhariep districts, planting
can be done early with onset occurring on or before the second
dekad of November in 4 out of 5 years. The cessation of rains
in these places is also relatively late. For the western parts of
Fezile Dabi, eastern parts of Xhariep and most parts of Motheo
and Lejweleputswa, the onset of rains is not as early as the
above regions. The duration of the rainy season over the Free
State varies significantly for all the probability levels owing to
great variation in the onset of rains. By contrast, the province
has low spatial variation of dates of cessation of rains. The
spatial variation of the 20%, 50% and 80% probability levels
is more or less similar. Generally, the rainy season duration for
all of the probability levels is short over the south-western Free
State (west of Koffiefontein) and increases gradually moving
eastwards or north-eastwards and peaking over the south-
eastern, eastern and far north-eastern parts of the province.
In most places the 20", 50" and 80" percentile duration of the
rainy season is over 120, 140 and 200 days, respectively. At
20% probability, the risk of total failure of maize is high over
Xhariep and the western parts of the Lejweleputswa district,
especially for the medium- and long-season cultivars. The risk
at other parts of the province is relatively low. At 50% prob-
ability, the risk of crop failure due to water stress is high for
long-season maize cultivars over the far western parts of the
Xhariep district. At 80% probability, the risk for crop failure
caused by water shortages over the Free State is minimal due to
very long growing periods, especially over the central, northern
and eastern parts of the province.

Seasonal rainfall is lowest over the south-western parts
of the Free State. In these regions accumulated rainfall is less
than 350 mm, even in very wet seasons (80% non-exceedence
probability). These areas are not suitable for rain-fed maize
production. The central and western parts obtain moderate
seasonal rainfall with median rainfall between 300 and 400
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mm. Highest accumulated rainfall from November to March is
recorded mostly in the northern and eastern parts of the prov-
ince with median rainfall exceeding 400 mm. These places are
expected to have a relatively low risk of crop failure due to crop
water deficiency.

The results of the analysis for all of the indices show high
vulnerability of maize production over the western, southern
and south-western parts of the Free State Province. The rainy
season is favourable for all maize cultivars over the Thabo
Mofutsanyane district due to early onset of rain resulting in a
long rainy season and high seasonal rainfall especially in the
north-eastern parts. The northern parts (Fezile Dabi district)
also show a relatively long rainy season as well as less risk of
onset failure. It is thus expected that maize should flourish in
those areas of low risk if all other climatic requirements are
met and rainfall is the only limiting factor to maize production.
The western Xhariep district and some pockets over western
Lejweleputswa have the highest risk of onset failure and prob-
abilities of rainy season being less than 100, 120 and 140 days.
Planting of maize of any cultivar length is not advisable under
dryland conditions in these areas.
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