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'Oceanography Department, University of Cape Town, Rondebosch, Western Cape, South Africa

Abstract Dry spell frequency and wet day occurrence during the summer rainy season across
southern Africa are examined using daily rainfall for 1982-2019. Evidence shows two sharp gradients

in dry spell frequency, extending southeast from southern Angola to the African south coast near the
westernmost boundary of preferred cloud band occurrences (diagonal gradient), and west from the
Limpopo River Valley along 22-24°S (meridional gradient) (along 14-16°S in early summer) related to
regional topography. Trend analysis suggests that the diagonal gradient has weakened during 1982-2019
along with some other large areas in southern Africa whereas this is only true for part of the meridional
gradient. Contrastingly, wet days and Normalized Difference Vegetation Index have significantly increased
in several important agricultural areas in southern Africa. Evidence suggests these changes are related
to those in the midlevel Botswana High, El Nifio Southern Oscillation, Southern Annular Mode, and
subtropical Indian Ocean dipole.

Plain Language Summary Rainfall across southern Africa is highly variable. Thus, the
region is prone to drought and flooding events on a wide range of time scales which poses a great
challenge to the large poor rural population who rely heavily on rainfed agriculture for food production.
Daily rainfall data were used to examine the frequency of wet days and 5-days dry periods during the
main rainy season (December-February) as well as early summer (October-November), key characteristics
which tend to be more useful for farmers and water resource managers than seasonal rainfall totals. El
Nifio Southern Oscillation, the Southern Annular Mode, and the South Indian Ocean Dipole together
with the Botswana High were found to be related to changes in dry spells and wet days. Trends in these
characteristics were computed to identify significant areas of change across particularly sensitive and
agriculturally important gradient regions of southern Africa.

1. Introduction

Many impoverished rural areas in southern Africa rely on rainfed agriculture with substantial intraseasonal
through multidecadal rainfall variability (Reason et al., 2006; Tyson, 1986). Here, rainy season character-
istics such as dry spell frequency and moderate wet day occurrences (10-30 mm/day), which are of great
interest to user groups, are examined.

Dry spells and days with too intense rainfall represent opposites of the rainfall spectrum during the wet
season. Too frequent an occurrence of either is unfavorable for agriculture since crops prefer consistently
distributed rainfall throughout the growing season. Large anomalies in dry spell/wet day occurrences rather
than seasonal totals more likely lead to widespread crop failures and hence, severe hardship for communi-
ties. Since 2014, poor and erratic rainfall, with extended dry spells throughout the summer, led to major food
security concerns for much of southern Africa (FEWS NET, 2020).

Earlier studies assessed summer (December-February, DJF) dry spell frequencies over southern Africa as a
whole (Usman & Reason, 2004) or for smaller subregions (Hachigonta & Reason, 2006; Reason et al., 2005)
but are limited by coarse resolution (2.5°) data and relatively short periods (around 20 years). Thus, an
objective is to better understand dry spells and moderate rain days (given their suitability for agriculture)
over southern Africa using much higher resolution data (0.05°) for a considerably longer period (38 years).
A second objective is to assess trends in these characteristics since it appears there has been no systematic
study of such across southern Africa.

THOITHI ET AL.

1 of 10


https://orcid.org/0000-0002-3224-5243
https://doi.org/10.1029/2020GL091041
https://doi.org/10.1029/2020GL091041
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL091041&domain=pdf&date_stamp=2021-03-08

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091041

2. Data and Methodology

Since sufficient daily station data are unavailable, Climate Hazards Group InfraRed Precipitation with Sta-
tion (CHIRPS) rainfall (0.05° grid-resolution, 1982-2019) (Funk et al., 2015) was used to compute charac-
teristics across southern Africa for DJF as well as October-November (ON) (early crop season, important for
potential malaria outbreaks, Landman et al., 2020). Following Usman and Reason (2004), a dry spell was
computed as a 5-day period (pentad) with <5 mm; this criterion was found suitable for the subcontinent as
awhole as well as in Limpopo (Reason et al., 2005), southwestern Tanzania (Mapande & Reason, 2005), and
Zambia (Hachigonta & Reason, 2006).

The moderate wet day definition (10-30 mm/day) follows since the staple maize crop needs rainfall of
~400-600 mm during its germination/growth phases (~110 days) and because southern African rainfall is
convective, any given season is unlikely to be made up of numerous light rain days (few mm/day). Maize is
well adapted to rainfall coming via thunderstorms producing ~20-30 mm as long as these are spaced out
through the summer. Thus, moderate wet days are more likely to contribute to the accumulated amount of
rainfall needed for each crop phase (Tadross et al., 2009). The upper 30 mm threshold was selected because
heavy rainfall may reduce crop yields due to water logging, soil erosion and nutrient leaching (Munodawa-
fa, 2012; Phillips et al., 1998; Tadross et al., 2007).

To assess spatial variations, intensity-frequency maps were produced. These plot the number of seasons
out of the maximum of 38 at each grid-point that contain at least half or more of the 18-pentad DJF season
consisting of dry spells and the number of seasons which have at least 20 moderate wet days out of the total
90-days season respectively (and similarly for the 60 days ON season).

Maps of trends in the frequencies of dry spells and moderate wet days were evaluated using the Theil-
Sen slope estimator (Sen, 1968; Theil, 1950) and the nonparametric Mann-Kendall test (Kendall, 1975;
Mann, 1945). These methods are relatively insensitive to outliers with the Mann-Kendell test making no
assumption about the distribution of the underlying data. Statistical significance was assessed at the 95%
level.

Normalized Difference Vegetation Index-3rd generation (NDVI-3g) from GIMMS was used to consider veg-
etation impacts. These 1/12° resolution data are available at 15-days intervals for 1982-2015 (Pinzon &
Tucker, 2014).

3. Dry Spell Frequencies

Figure 1b shows mean DJF distributions of dry spell frequency across southern Africa with several promi-
nent features. Low frequency stands out over the Congo, Lesotho/eastern South Africa and Madagascar, all
convective hotspots at this time of the year with consistent rainfall facilitated by orographic lifting of moist
unstable airmasses, especially the Drakensberg and Madagascar. Very high frequency occurs in the coastal
Namib desert and extends east over Namibia into the western Kalahari Desert and south into the western
Karoo and Mediterranean-type climate of southwestern South Africa. As a result, two strong gradients in
dry spell frequency exist during DJF in southern Africa (Figure 1a). More pronounced is the NW-SE gradi-
ent (termed diagonal gradient) across the western margins of the Kalahari Desert that runs through south-
ern Angola, Namibia, southern Botswana, and central South Africa and which roughly marks the western
boundary of the preferred continental cloud band location (Fauchereau et al., 2009; Hart et al., 2013). These
cloud bands often originate from the Angola Low whose preferred position is evident in the area of low dry
spell frequencies over southeastern Angola/northeastern Namibia.

The other strong gradient (termed meridional gradient) extends from central Namibia/Botswana to north-
ern South Africa with maximum dry spell frequency centered on the Limpopo River valley (LRV). Thus, the
LRV appears as a region with inconsistent rainfall distribution despite it being located close to the major
moisture sources of the tropical western Indian Ocean and southwest Indian Ocean (Rapolaki et al., 2019,
2020). Again, topography plays a role since the Mozambique Channel Trough which results from the dy-
namical adjustment of the easterly trade winds to the Madagascan mountains acts to divert moisture away
from the LRV (Barimalala et al., 2018, 2020). The lower topography of the LRV is less favorable to convective
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Figure 1. (a) Schematic of the key features discussed in the text. Green “*” symbols show mountain features
(D = Drakensburg, C = Chimanimani, M in South Africa = Magaliesberg, M in Malawi = Mulange, N = Namuli),
purple circles denote cyclonic circulation features (Mozambique Channel Trough [MCT] and Angola Low [AL]) and
red dashed lines the mean location of the “diagonal” and “meridional” dry spell gradients, R1 and R2 are representative
regions analyzed for the diagonal and meridional gradients. Pink dots show the location of rainfall stations used in
the supplementary information. (b) DJF dry spell frequency climatology (shaded contours in pentads), (c) intensity-
frequency map showing the percentage of the total number of seasons which consist of at least nine dry spells out of
a maximum possible of 18, and (d) DJF dry spell frequency trends (dry spells decade™). Hatching denotes areas of
significant trends calculated over the period 1981/1982-2018/2019. DJF, December-February.
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development than the higher ground to its north and south. Other topographic influences leading to very
low frequency can be observed on the windward side of the Chimanimani Mountains on the central Zim-
babwe/Mozambique border and near Johannesburg (~26°S) due to the Magaliesberg. Outside urban areas,
the latter is an important agricultural region (mainly maize). Although broadly comparable to Usman and
Reason (2004), the higher resolution CHIRPS data allow a much better representation of both gradients and
topographic influences (Figure 1b) as well as the identification of others (e.g., Johannesburg) which could
not be seen in the 2.5° resolution data used by these authors. The early summer (ON) has not previously
been considered. While the diagonal gradient remains similar, the meridional gradient is now located across
the tropics (~14-16°S, Figure Sl1a) reflecting the imminent NE monsoon over East Africa.

Figure 1c (intensity-frequency map) shows how many of the 38 DJF seasons during 1982-2019 experienced
more than half of a given summer (18 pentads) as containing dry spells indicating the vulnerability of differ-
ent parts of southern Africa to dry spells. The purple areas (10% or less of the summers experiencing more
than half of that season as dry) in subtropical southern Africa essentially mark the extent of the agricultural
crop area (mainly maize) where rainfall is more consistent and where cloud band activity and random air
mass thunderstorms are most common (Blamey et al., 2017; Hart et al., 2013).

The two gradients seen in Figure 1b are again evident with the LRV standing out in the meridional case.
Here, between 75% and 90% of these DJF seasons are dry for more than half of each season. On average,
the LRV appears to be as susceptible to summer dry spells as the western Kalahari Desert in southwestern
Botswana/southeastern Namibia, posing great challenges for its rural population. This region surround-
ing the Zimbabwe/South Africa border is therefore one where the population is particularly vulnerable to
multiyear droughts (Blamey et al., 2018; Malherbe et al., 2012; Reason et al., 2005). Extending west along
20-24°S (roughly the boundaries of the meridional gradient) from the LRV is a region where at least 50% of
the summers contain more than half the summer rainy season as dry spells, termed the drought corridor
across subtropical southern Africa by Usman and Reason (2004). For ON (Figure S1b), there is an additional
E-W drought corridor across the tropics extending over the hydroelectric dams on the Zambezi River which
are crucial for Zambia and Zimbabwe's electricity supply.

The coarser CMAP data used by Usman and Reason (2004) extended over the ocean and, as a result, had
several inconsistencies. These included maximum dry spell intensity over coastal Mozambique/western
Mozambique Channel near 22-24°S and a much less tightly defined drought corridor. The high-resolution
CHIRPS data not only highlights the vulnerable LRV better but also that the highest intensity over southern
Mozambique is confined to the region near the border with northeastern South Africa and does not extend
all the way to the coast. Further topographic influences are also apparent; e.g., the small area of relatively
high intensity south of the drought corridor in northern South Africa (~24°S) which is near the Waterberg
and downstream of the northern Drakensberg. This small area is used more for cropping than less consist-
ent rainfall regions (~22°S) which contain livestock or wildlife farms.

Given the susceptibility of the region to drought, it is interesting seeing whether the recent observational
record displays any significant trend in dry spell frequency (Figure 1d). Significant decreasing trends in
DJF dry spell frequency are evident over central South Africa/western Botswana/northern Namibia along
the diagonal gradient and over northern Botswana/western Zimbabwe and northeastern South Africa (part
of LRV meridional gradient). Figures 1c and 1d suggest that the diagonal gradient in high dry spell in-
tensity stretching from northeastern Namibia/western Botswana to central South Africa (Figure 1b) may
have weakened and shifted further west during 1982-2019. Since this region is very important for livestock
farming and is on the margins of the South African maize growing area, this has important agricultural
implications if it were to continue or strengthen further. Note, however, that the region also experiences
considerable decadal rainfall variability (Blamey et al., 2018; Tyson, 1986). At present, the trend magnitude
in the significant regions is of order 1-2 less dry spells per decade. Further north, parts of the LRV as well
as southeastern Mozambique also show significant decreasing trends in dry spell frequency. Thus, in the
drought corridor region, there is also a tendency for reduced dry spell frequency in some key areas sug-
gesting a tendency toward more consistent rainfall. For ON (Figure Slc), the diagonal gradient as well as
the Angola Low shows the opposite, i.e., increasing dry spells, implying decreased rainfall, consistent with
CMIPS5 projections over southern Africa of early summer drying (Munday & Washington, 2019).
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Figure 2. DJF moderate wet day frequency (a) climatology (shaded ure 2¢). In South Africa, two areas of significant increase are evident, one

contours in pentads), (b) intensity-frequency map showing the percentage
of the total number of seasons which consist of at least 20 wet days, and
(c) trends (wet days decade™). Hatching denotes areas of significant trends

stretching northwest from the central Drakensberg toward Johannesburg
and another stretching southwest from the border with Lesotho. Signifi-

calculated over the period 1981/1982-2018/2019. (d) Trends in GIMMS- cant trends in rainfall totals (unshown) match up with all these areas as
NDVI-3g for February calculated over 1982-2015 with stippling denoting well as exist more broadly in Botswana and eastern South Africa. The two
significant trends. DJF, December-February. South African as well as the Angolan region of significant wet day trends

are important existing agricultural areas whereas the others are sparsely

settled. The magnitudes are about an extra 1-3 wet days per decade in-
crease on the climatology of about 7-12 such days per summer in western Zimbabwe/eastern Botswana,
12-15 such days in the central Drakensberg region, 20-28 days in central Angola, and about 28-35 near the
Zambia/DR Congo border. A few areas of significant decreases occur in tropical southern Africa, notably in
southern DR Congo which when viewed with the increase to its south suggests that the convergence zone
here might have shifted slightly south during 1982-2019 and in coastal Tanzania. In general, the overall
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patterns in Figure 2c are very similar to those for light (2-9 mm/day) trends (unshown) except in western/
central Angola where there is a significant decreasing trend. For heavy wet days (>30 mm/day, unshown),
there are significant increases (decreases) in eastern Zimbabwe, southern LRV and southeastern Mozam-
bique (central and northwestern Madagascar, southwestern Tanzania). The increasing trend in moderate
wet days in central South Africa combined with the broader region there of decreasing dry spell trend
(Figure 1c) is further evidence of weakening of the strong diagonal gradient. Similarly, Figures 1d and 2c
indicate that the drought corridor has weakened in the western LRV and eastern Botswana. Figure 2d shows
a significant “greening” trend in February, particularly in the diagonal and meridional gradient regions
consistent with the dry spell and wet day trends for DJF. Since NDVI in southern Africa typically responds
1-2 months after rainfall (Richard & Poccard, 1998), February was chosen.

For ON (unshown), there are significant decreasing trends in wet day frequency over parts of the diagonal
gradient in South Africa, again consistent with early summer drying climate projections (Munday & Wash-
ington, 2019) and the December NDVI (unshown) indicates large areas of “browning.”

If daily satellite derived data (TRMM (0.25°) (Kummerow et al., 1998) or NOAA PERSIANN-CDR (0.25°)
(Ashouri et al., 2015; Nguyen et al., 2019)) are used, very similar gradients and trends to Figures 1 and 2
result (unshown). Although there are some small differences in detail which necessarily result from the
different resolution, processing algorithms, or shorter data records compared to CHIRPS, this consistency
provides confidence in robustness of the results. However, the reduction in station coverage in some areas
and changing satellite methodologies during the period means that caution needs to be taken. CHIRPS
rainfall anomalies are highly correlated with station data over the Eastern Cape (Mahlalela et al., 2020) as
are station-derived dry spells in the gradient region (Figure S2).

5. Potential Mechanisms

Potential mechanisms are investigated for two agriculturally important areas —Region 1 (diagonal gradi-
ent, southwest of Lesotho) and Region 2 (meridional gradient, part of the drought corridor extending from
western Botswana to the central LRV).

Figure 3a indicates that DJF dry spells in Region 1 are associated with a stronger midlevel Botswana High
and negative Southern Annular Mode (SAM)-like pattern with cyclonic anomaly south of South Africa.
These patterns imply more subsidence/reduced cloud bands over South Africa and increased westerly ad-
vection of cool, dry Atlantic air over the southern landmass (Figures 3b and 3e, Figure S3a) consistent with
literature for rainfall totals (Driver & Reason, 2017; Mulenga et al., 2003; Reason, 2016). The corresponding
plots for moderate wet days are essentially the reverse (unshown) but with a larger area of significant corre-
lation right across the tropics. The latter suggests ENSO relationships, indeed SST correlations show strong
El Nifio (La Nifia) patterns in the dry spell (wet day) case for the Pacific and South Atlantic but less so for
the Indian Ocean (Colberg et al., 2004; Reason et al., 2000) (Figure S3b). Figures 3c and 3d show significant
correlations between the dry spell/wet day time series and those for ENSO, SAM, and Botswana High. Five
year rolling correlations indicate coefficients >0.6 for ENSO/Botswana High except during 2003-2007 when
they briefly change sign. SAM is more variable suggesting its relationship is less robust.

Figure 4a suggests that Region 2 DJF dry spells are linked with a weaker Mascarene High and stronger Mo-
zambique Channel Trough (MCT) which acts to advect less moist marine Indian Ocean air toward the LRV
with less penetration of this moisture into the mainland (Barimalala et al., 2018, 2020). Strong relative subsid-
ence is apparent over the mainland implying less cloud bands/rainfall there and more over Madagascar (Hart
et al., 2018) where there is also enhanced easterly moisture flux (Figures 4b and 4e and Figure S4a). Westerly
moisture flux anomalies over southern Mozambique imply less moisture advection into Region 2 favoring dry
spells. The patterns for moderate wet days (unshown) are essentially the reverse. SST correlations (Figure S4b)
show weak ENSO Modoki patterns in the Pacific and a strong negative (positive) phase subtropical Indian
Ocean dipole (SIOD) for dry spells (wet days) consistent with literature for rainfall totals (Behera & Yamaga-
ta, 2001; Reason, 2001, 2002). Figures 4c and 4d show significant correlations between the dry spell/wet day
time series and the SIOD with rolling correlations strong except for 1999-2003, 2009-2010, and 2015.

For ON, there are significant correlations with ENSO for both Regions 1 and 2 but they are not as strong as
in DJF, consistent with the phasing of ENSO impacts on southern African rainfall totals.
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Figure 3. Regression between dry spell frequency over Region 1 and (a) 500 hPa geopotential height, (b) 500 hPa omega, (e) 850 hPa moisture flux. Stippling
denotes significance at 95 %. Panels (c) and (d) plot time series of DJF region one dry spell and moderate wet day frequency together with indices of ENSO
(Nifio 3.4), the Botswana High (as in Driver and Reason [2017]) and SAM (as in Marshall [1993]) and their corresponding correlation coefficients (all significant
at 95%). DJF, December-February; SAM, Southern Annular Mode.

6. Conclusions

Understanding rainy season characteristics other than totals is more helpful to user groups. Here, two such
characteristics (dry spell frequency and moderate wet day occurrence) are analyzed for December-Feb-
ruary, the main rainy season for most of southern Africa and the crucial period for the staple crop of
maize, to find that two strong gradients (diagonal and meridional) exist in dry spell frequency across the
region. A similar diagonal gradient but northward shifted meridional gradient exists in the planting season
(October-November).

A diagonal gradient extends from southwestern Angola southeastwards across the western Kalahari and
Karoo deserts to the African south coast, roughly marking the westernmost location of cloud bands that
bring most of the summer rainfall. Over South Africa, the eastern edge of this gradient indicates the transi-
tion from sheep farming to maize in the wetter areas to the east/northeast. The meridional gradient extends
west from the Limpopo River Valley (LRV) across central Botswana and Namibia in DJF and along ~14-
16°S in ON. These gradients are also areas where at least half of the rainy season is made up of dry spells
during >50% of the 38 summers analyzed. Applying that criterion to 21 years of 2.5° CMAP data, Usman
and Reason (2004) defined the 20-25°S zone across southern Africa as the drought corridor based on its
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Figure 4. As for Figure 3 except for region two and time series show the South Indian Ocean subtropical dipole (as in Behera and Yamagata [2001]) and
correlation coefficients (significant at 95%). ENSO, the Botswana High and SAM do not show significant correlations for region two and hence are not plotted.

SAM, Southern Annular Mode.

susceptibility to drought during DJF. Based on 38 years high-resolution CHIRPS data, the drought corridor
is much better defined, revealing a core along 22-23°S near the Zimbabwe/South Africa border for which
85-100% of the summers are dry more than half of the time. A spurious secondary maximum along the
southern Mozambique coast in Usman and Reason (2004) no longer exists in the CHIRPS analysis. In ON,
there is a second, previously unknown, drought corridor bordering the Zambezi River which has important
implications for both agriculture and the crucial hydroelectric dams here which Zambia and Zimbabwe
depend on. The trend analysis indicates a statistically significant decrease in DJF dry spells along much of
the diagonal gradient during the period but increase in ON consistent with climate model projections of
early summer drying in southern Africa (Munday & Washington, 2019). An area just south of the core of
the meridional gradient also shows significant decreasing DJF trends as do the south coast of Mozambique
and a large area in western Zimbabwe/northern Botswana. However, in summer 2018-2019, there were 1-3
standard deviation increases in dry spell frequencies (unshown) near the diagonal gradient in South Africa
as well as over southern Zambia/northwestern Zimbabwe leading to ongoing power shortages due to mas-
sive drops in the hydroelectric dam of Lake Kariba and widespread famine.

Despite being located in the generally wetter eastern half of southern Africa and near major moisture sourc-
es of the western Indian Ocean, the core LRV of the drought corridor also stands out in the climatology map
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of moderate wet days as a relative minimum. It is suggested that this is related to local topography and its
position relative to the MCT that acts to divert moisture away from this part of southern Africa (Barimalala
et al., 2018, 2020). Topographic influences on moderate wet day and dry spell frequencies are clearly ap-
parent in the climatologies. The windward side of the mountains stand out as areas where at least 25% of
DJF seasons contain >20 moderate wet days out of a possible 90 per season. Near the tropical convergence
zones, 75-100% of these seasons satisfy that criterion. Statistically significant increasing trends in moderate
wet days are found over central Angola, northern Zambia, a large northern Botswana/western Zimbabwe
region, and some of the important agricultural areas of central South Africa.

Dry spell frequencies/wet days in the diagonal (meridional) gradient regions appear related to ENSO, SAM,
Botswana High (SIOD) which cause changes in subsidence and convective cloud/cloud bands across south-
ern Africa. Future work needs to investigate these mechanisms further to provide robust projections that
can be used for planning and mitigation purposes.
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Publicly used data sets for this research are available from the following repositories:

The CHIRPS rainfall data set was obtained from https://data.chc.ucsb.edu/products/CHIRPS-2.0/

NCEP II data were obtained from https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.pressure.
html

PERSIANN data were obtained from https://chrsdata.eng.uci.edu/

ERAS data  were obtained  from  https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels-monthly-means?tab=form

GIMMS-NDVI-3g is available from https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/

Station rainfall data from the South African Weather Service are available for research purposes via a
direct request to www.weathersa.co.za
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