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Abstract

The association between bi-decadal rainfall variability over southern Africa and the rainfall
contributed by tropical cyclonic systems from the Southwest Indian Ocean (SWIO) provides a
potential means towards understanding decadal-scale variability over parts of the region. A
multi-decadal period is considered, focusing on the anomalous tropospheric patterns that
induced a particularly wet 8-year long sub-period over the Limpopo River Basin. The wet
sub-period was also characterized by a larger contribution to rainfall by tropical cyclones
and depressions. The findings suggest that a broadening of the Hadley circulation
underpinned by an anomalous anticyclonic pattern to the east of southern Africa altered
tropospheric steering flow, relative vorticity and moisture contents spatially during the sub-
period of 8 years. These circulation modulations induced enhanced potential for tropical
systems from the SWIO to cause precipitation over the Limpopo River Basin. The same
patterns are also conducive to increasing rainfall over the larger subcontinent, therefore
explaining the positive association in the bi-decadal rainfall cycle and rainfall contributed by
tropical cyclonic systems from the SWIO. The regional circulation anomalies are also
explained in hemispheric context, specifically in relation to the Southern Annular Mode,
towards understanding variation over other parts of the Southern Hemisphere at this time
scale.

Introduction

Rainfall that occurs in association with landfalling tropical cyclones and depressions
(hereafter referred to as tropical systems) from the Southwest Indian Ocean (SWIO) over the
Limpopo River Basin in southern Africa vary at a bi-decadal time scale, in phase with a
similar cycle noted earlier in the rainfall time series over subtropical southern Africa
(Malherbe et al. 2012). Known as the Dyer-Tyson cycle (Dyer and Tyson 1977), the 18-20-
year (bi-decadal) cycle has been shown to be a feature of southern African rainfall over a
period of at least 600 years (Tyson et al. 2002). The ENSO-rainfall relationship in the region
(Ropelewski and Halpert 1987, Nicholson and Kim 1997, Reason et al. 2000, Reason et al.
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2005) is altered by this bi-decadal variation in the regional climate with EI Nifio and La Nifia
seasons being wetter/drier during multi-year epochs of above-normal/below-normal rainfall
(Kruger 1999). The importance of hemispheric-scale anomalies associated with this cycle is
implicated by teleconnections with glacial variation over New Zealand (Tyson et al. 1997)
since the early part of the 20" century.

Mason and Jury (1997) reviewed regional circulation anomalies associated with climatic
variability in the southern African region. These include for wetter periods positive anomalies
in the geopotential heights of the lower to mid-troposphere over the mid- to subtropical
latitudes, especially towards the southwest of the subcontinent over the Atlantic Ocean, and
towards the south (Miron and Tyson 1984, Preston-Whyte and Tyson 2000). Positive
anomalies throughout the troposphere towards the southeast and east over the Indian Ocean
are also associated with wet conditions (Jury 1996, Jury and Nkosi 2000, Hofmeyer and
Gouws 1964, Washington and Preston 2006). This association results from increased easterly
flow causing enhanced westward and southwestward advection of moist air from the SWIO
(D’Abreton and Lindesay 1993, Matarira and Jury 1992, Jury 1996) and concurrent increase
in barotropic instability responsible for a higher frequency and growth rate of tropical
disturbances (Mulenga et al. 2003). Furthermore, there is a southward shift in the occurrence
of westerly winds (including the Jet stream at 200 hPa) that would advect dry air from the
Atlantic Ocean towards the southern parts of the subcontinent if located further north
(D’Abreton and Lindesay 1993, Richard et al. 2001, Mulenga et al. 2003). The anticyclonic
anomaly to the southeast and east of southern Africa that characterizes wet summer seasons is
replaced by a cyclonic anomaly in the same area during dry conditions (Richard et al. 2001).
This is the case for non-ENSO-related droughts well as for ENSO-related droughts (Mulenga
et al. 2003, Pezza and Ambrizzi 2003, Richard et al. 2000). To the east of the subcontinent
during ENSO warm events, vorticity advection by storms in the westerlies tracking further
north is responsible for the development of a Rossby wave to the east of southern Africa
(Cook 2000), which may result in anomalously low rainfall over the subcontinent.

The bi-decadal geopotential anomalies over the oceanic regions surrounding southern Africa
can be attributed to the influence of planetary standing waves 1 and 3 (Trenberth 1980, Tyson
1981, Jury 1996) which may be modulated by large-scale SST anomalies in the Eastern
Pacific (Hurrell and van Loon 1994). The association with planetary standing waves indicates
a mid- to high latitude influence on the regional subtropical climate variability (Mason and
Jury 1997). The principal mode of variability between the extratropics and high latitudes in
the Southern Hemisphere (SH) is the Southern Annular Mode (SAM - Limpasuvan and
Hartmann 2000). Positive pressure anomalies over the mid-latitudes throughout the
troposphere are more prominent during the positive phase of the SAM. Hence, a positive
association between rainfall over much southeastern southern Africa and the SAM exists
(Gillett et al. 2006). This positive association of SAM with rainfall is also present at
subtropical latitudes of Australia and South America, whilst a negative relationship holds for
the southern parts of South America and New Zealand (Gillet et al. 2006) as well as the
winter rainfall region of southern Africa (Reason and Rouault 2005). While it is influenced by
ENSO (L’Heureux and Thompson 2006, Gong et al. 2010), the SAM is also positively
(negatively) correlated to ENSO cold (warm) event teleconnections towards the high southern
latitudes (Fogt et al. 2011).

While it is influenced by Gong et al. 2010), the SAM is also positively (negatively) ENSO
(L’Heureux and Thompson, 2006, correlated to ENSO cold (warm) event teleconnections
towards the high southern latitudes (Fogt et al. 2011).

A higher frequency of tropical systems tracking into the interior over the Limpopo River
Basin was responsible for an increase in major flood events (e.g. Crimp and Mason 1999,
Dyson and van Heerden 2002, Reason and Keibel 2004) during the 1995-2003 period
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(Malherbe et al. 2012). This was consistent with a predicted increase in rainfall during this
period as per the aforementioned bi-decadal rainfall variation (Dyer and Tyson 1977). Large-
scale circulation anomalies such as the Pacific-Decadal Oscillation and Atlantic Multi-
decadal Oscillation have been shown to cause decadal-scale variability in the tracks of
tropical cyclones over the Atlantic and Pacific Oceans (Chu 2002, Liu and Chan 2008,
Matsuura et al. 2003, Kubota and Chan 2009, Goldenberg et al. 2001). This happens through
forcing of variables important to tropical cyclone tracks such as steering flow (defined to be
the weighted average flow between 850 hPa and 200 hPa), moisture availability, SSTs, large-
scale vorticity as well as vertical wind shear (Chan 1985, Holland 1982, 1984, Becker et al.
2010). ENSO also affects the tracks of tropical cyclones over all ocean basins through the
remote forcing of genesis parameters and circulation patterns (Gray 1984, 1988, Chan 1985,
Vitart et al. 1999, Camargo et al. 2007). In the SWIO towards the north of 20°S in particular,
large-scale lower-level vorticity becomes anomalously positive in response to ENSO,
diminishing dynamic potential for the development of tropical cyclones in the region (Vitart
et al. 1999). In general over the SWIO, a southward shift of upper air westerlies, increased
easterly trade winds and a strengthened Hadley circulation are characteristic of summers with
more tropical cyclones (Jury 1993). Furthermore, an anomalously strong easterly flow to the
east of the subcontinent in the subtropics increases the chance of tropical cyclone landfall
(Vitart et al. 2003).

Extensive research has been performed on the influence of SWIO variability on southern
African rainfall (e.g. Jury and Nkosi 2000, Reason 2002, Washington and Preston 2006). This
paper will describe the synoptic circulation anomalies associated with the most recent surge in
direct influence of tropical cyclonic systems from the SWIO on southern Africa, within the
context of the maximum in the bi-decadal Dyer-Tyson cycle during the late 1990s. The bi-
decadal cycle in the frequency of occurrence of landfalling tropical systems over southern
Africa is also placed within the context of circulation anomalies of the SH, specifically the
SAM.

Data and Methodology

NCEP Reanalysis | data (Kalnay et al. 1996) at a 2.5° spatial and daily temporal resolution for
the years 1979 to 2011 are used in the analysis of large-scale synoptic fields over the Area of
Interest (AOI — Fig. 1). The geopotential heights at 17 standard pressure levels are considered.
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Fig.1  Area of interest (the Limpopo River Basin is indicated as well as 8 rainfall stations used later in
the analysis).

Data are firstly considered for the period 1979 to 2011 for the analysis of regional anomalies,
due to the superior quality of the data since the inclusion of more surface observations over
the southern high latitudes since the early 1970s (Hines et al. 2000) and inclusion of satellite
data from 1979 onwards (Kanamitsu et al. 1997, Sturaro 2003, Tennant 2004). Since
landfalling systems that cause high rainfall totals over the Limpopo River Basin only occur
during the three-month season of January through March (JFM — Malherbe et al. 2012), our
study will subsequently focus on this part of the austral summer season. During this period,
tropical systems in general control the summer circulation to a large extent (Preston-Whyte
and Tyson 2000). Rainfall data for the period, representing parts of the Limpopo River Basin,
are considered for eight rainfall stations with locations indicated in Fig. 1.

The study firstly employs a Self-Organizing Map (SOM) analysis (Kohonen 2001) towards
understanding synoptic circulation associations with landfall events of tropical systems
resulting in rainfall over the Limpopo River Basin. The analysis using SOMPAK 3 (Kohonen
et al. 1996) is performed to classify regional synoptic patterns of geopotential heights, for
each of the standard atmospheric levels from 1000 hPa to 30 hPa separately. The synoptic
data considered are for each day during JFM within the 1979-2011 period. The analysis is
performed on the standardized values to compensate for latitudinal difference in magnitude of
variation. By studying the synoptic-scale patterns associated with the nodes of the SOM
analysis, and taking the error when associating synoptic conditions with the SOM nodes into
account, it was decided to use a 25-node 5X5 SOM. The nodes resulting from the SOM
analysis are evaluated in terms of the percentage of days with landfalling systems mentioned
above relative to the total number of days represented by that node. The yearly JFM time
series of the nodes are considered towards identifying the presence of synoptic-scale
variability supporting the prominence of rainfall caused by tropical systems from the SWIO
during a sub-period. Any grouping of the resulting SOM nodes is done by classifying the
existing 25 nodes resulting from SOM analysis again using the SOM analysis software.



A change-point analysis (Taylor 2000, Cram et al. 2003) is performed on the normalized
yearly rainfall contributed by tropical systems from the SWIO at the six stations (Fig. 1).
Identification of these systems and associated rainfall are detailed in Malherbe et al. (2012).
The results of the change-point analysis, supported by the SOM node time series, are used to
identify the specific sub-period during which tropical systems from the SWIO contributed
significantly more rain than the climatological average. Various tropospheric variables are
then considered and contrasted to the rest of the 1979-2011 period. These variables, important
to the movement of tropical systems and rainfall over southern Africa, are: low level and
upper air geopotential height, 700-500 hPa steering flow, 850-250 hPa wind shear, low level
relative vorticity and relative humidity at 600 hPa. Statistical significance is determined by
comparison of results to a thousand randomized time series generated through Monte Carlo
simulations (Wilks 2011), from the observed annual JFM averages for the same period.

Certain large-scale anomalous circulation features characterizing the wet sub-period are
subsequently considered together with the SAM, to identify possible global characteristics of
the bi-decadal variation observed in rainfall data. This is done for the entire 1948-2011
period, spanning the period of data availability of NCEP Reanalysis I. Here, the SAM is
calculated by taking the difference between the normalized 850 hPa height anomalies per grid
point between 40°S and 65°S. These are the same latitudes used by Gong and Wang (1999) in
their calculation of the SAM from Sea Level Pressure data. Ho et al. (2012) found the station-
based index by Marshall (2003) to be superior to reanalysis-based definitions. For the period
of station data availability (1958-2012) for that index, the Pearson correlation between the
SAM calculated for JFM in the present study with the station-based index is 0.85.

The relationship between Austral summer rainfall over southern Africa and ENSO is well
known (Ropelewski and Halpert 1987, Nicholson and Kim 1997, Reason et al. 2000, Reason
et al. 2005). While no significant correlation exists between the SAM and ENSO during JFM
or any of the individual months December through April (Pohl et al. 2010), caution is advised
when attributing an apparent correlation between summer rainfall during November-to-
February to the SAM while it may in fact be a result of ENSO variability. The focus of the
current study is bi-decadal variability, focusing on circulation patterns in the JFM season.
While associations between ENSO and rainfall is expected on inter annual basis, the interest
of the current research rather lies in the multi-year variability, which may also be noticeable
in the regional anomalies and magnitude of impacts associated with ENSO, and which may
also be detected in rainfall at a multi-year timescale. An example of a similar situation in the
Northern Hemisphere is the modulating effect the North Pacific Oscillation has on the
impacts of ENSO over North America (Gershunov and Barnett 1998). A Fourier analysis is
therefore performed for low-frequency (5-year and longer) variability of the JFM SAM, JFM
rainfall and the JFM SOl in the current study.

The study ends with an overview of circulation anomalies over the southern African region
during decadal wet and dry epochs during the entire 1948-2011 period. Trends in the average
JFM geopotential height as well as U and V vectors during this period are calculated for each
gridpoint using the method of pairwise slopes (Lanzante 1996). These trend values are
subsequently used to detrend the 1948 to 2011 JFM geopotential, U and V vector values prior
to analysis. The detrended data are used to calculate the association between the (detrended)
SAM and circulation anomalies in the southern African region and to calculate anomalies for
each complete wet and dry epoch since 1948.



Results and Discussion

Synoptic circulation associations with Ilandfalling tropical

systems

The total number of landfalling tropical systems responsible for rain at the eastern stations
over the area of interest (dark circles in Fig. 1) during 1979-2011 is 18 (Malherbe et al.,
2012). The associated synoptic sequences account for 110 days out of a total of 3240 days (90
days per JFM over 33 years). Based on the percentage representation of these 110 days within
each of the 25 nodes, landfall of tropical cyclonic systems causing rainfall over the Limpopo
River Basin is found to be associated with very specific anomaly patterns from the 1000 hPa
to 100 hPa levels. Above the 100 hPa level, trends in the time series during the study period
dominate the results for these levels and are excluded from further analysis.

The results of the SOM analysis for the 850 hPa and 250 hPa levels are shown in Fig. 2a and
2b. These figures provide a summary of the associations found through the troposphere,
focusing on favourability of synoptic conditions for landfall and also rainfall contributed by
tropical systems over the Limpopo River Basin. The Sammon map is shown for both these
levels also with an indication of the extent to which each of the 25 SOM nodes favours the
synoptic sequence (landfall, propagation into the subcontinent): darker (lighter) shades
indicate more (less) favourable synoptic conditions. The distances between the nodes in the
Sammon map is an indication of how much the various synoptic states associated with each
node differ from the synoptic states associated with surrounding nodes in terms of spatial
distribution and size of anomalies.
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Fig.2a SOM based on the standardized values with lighter (darker) shades showing positive (negative)
deviations for the 850 hPa level (top), and Sammon map (bottom) showing the concentration of days
associated with landfall and movement of tropical systems from the SWIO into the Limpopo River Basin for
each SOM node. In the Sammon map, darker shades represent a higher concentration of days with landfall
events. Numbers on the Sammon map correspond to the numbers of the nodes in the SOM. The 5 most
favourable SOM nodes at this level are highlighted.
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Fig. 2b  As for Fig. 2a, but for 250 hPa.

Results are more coherent with increasing height from 850 hPa to 100 hPa (not shown), with
a more distributed occurrence of favourable versus unfavourable nodes at the lower levels.
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From Fig. 2, the following main circulation categories, and their relation to landfall, may be
indicated:

The patterns at the 850 hPa to 100 hPa levels that are associated with landfall events are:

o Negative deviations in height to the north of southern Africa associated with weak or
strong positive deviations to the south of the country;

e Positive deviations towards the southeast of the subcontinent and negative deviations
towards the southwest of the subcontinent.

The patterns at the 850 hPa to 100 hPa levels that are not associated with landfall events are:

e Positive deviations in height to the north of southern Africa associated with weak or
strong negative deviations to the south of the country;
o Negative deviations towards the southeast of southern Africa.

These SOM results indicate an association in landfall events with anticyclonic anomalies
towards the south and southeast of southern Africa and cyclonic anomalies over the
subcontinent. These anomalies are also associated with above-normal rainfall over much of
southern Africa (Tyson 1981).

Decadal variability of synoptic nodes

Based on the 4 synoptic circulation patterns relevant to landfall of tropical systems from the
SWIO and movement into the Limpopo River Basin, as identified above, the 25 SOM nodes
at each standard level have been reclassified into 4 groups:

o Negative deviations in height to the north of southern Africa associated with weak or
strong positive deviations to the south of the country (subsequently referred to as
Pattern A+);

e Positive deviations in height to the north of southern Africa associated with weak or
strong negative deviations to the south of the country (Pattern A-);

e Positive deviations towards the southeast of the subcontinent and negative deviations
towards the southwest of the subcontinent (Pattern B+);

o Negative deviations towards the southeast of southern Africa (Pattern B-).

Pattern A+ (-) is an indication of positive (negative) anomalies over a wide region to the south
of southern Africa, stretching from 20°W to 60°E. Pattern B+ (-) is an indication of positive
(negative) anomalies specifically towards the southeast and east of southern Africa, between
30°E and 60°E. Fig. 3 shows the percentage of days with which tropical systems making
landfall and tracking into the Limpopo River Basin are associated within each of the four
groups (Pattern A +/- and Pattern B +/-) with height.
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Fig. 3  Variation in concentration within each of the four SOM groups (indicated at the top) of landfall-
event days per pressure level. The pressure levels are represented on the vertical from bottom (1000 hPa) to
top (100 hPa).

The frequency of occurrence of landfall days is indicated in Fig. 3 with higher (lower)
concentration shown in darker (lighter) shades. It provides insight into the vertical structure of
the geopotential height anomalies occurring when tropical systems make landfall and move
into the Limpopo River Basin. Throughout the troposphere, the positive anomalies in pressure
for the entire region to the south of the subcontinent (Pattern A +) or to the southeast only
(Pattern B +) are associated with rainfall contributed by tropical systems from the SWIO over
the Limpopo River Basin as opposed to the other two patterns. At the lower levels (from
1000 hPa to about 400 hPa), Pattern A is most strongly associated with landfall (largest
contrast in concentration found between the far left and far right in Fig. 3). From 300 hPa to
100 hPa, the strongest contrast is associated with Pattern B (largest contrast between the
middle left and middle right). To summarize, this indicates that while anomalously high
pressure towards the southern parts of the region of interest favours landfall and precipitation
contribution by tropical systems, positive anomalies towards the southeast specifically
becomes more important with increasing height, indicating the presence of a deep
anticyclonic anomaly throughout the troposphere in that region. Tropical systems moving into
the Limpopo River Basin only occurred on roughly 4% of the total number of days during
JFM over the 33-year period, resulting in the seemingly low percentages association with the
4 groups in Fig. 3.

Change-point analysis based on the average normalized rainfall at the stations over the
Limpopo River Basin (marked stations in Fig. 1 - Malherbe et al. 2012) contributed by
tropical systems from the SWIO indicates that the period 1995 to 2002 can be considered to
be anomalous from the rest of the time series spanning the period 1979 to 2011, with a
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significance exceeding the 90% level of confidence. The rest of the analysis will focus on this
period, based on the altered contribution to rainfall by tropical systems.

As the association of the deep anticyclonic anomaly towards the southeast of southern Africa
with tropical cyclone landfall and precipitation over the Limpopo River Basin has now been
identified, the variation of this anomaly (occurrence of Pattern B) from the 250 hPa up to
100 hPa determined through SOM analysis, is considered. This is done towards understanding
the higher concentration of landfall and a larger contribution to rainfall over the eastern parts
of the subcontinent during the 1995-2002 period. Fig. 4 shows the yearly total rainfall
contributed by tropical systems from the SWIO, averaged over the 4 eastern rainfall-recording
stations (dark circles in Fig. 1). Also shown is the time series of the balance of positive and
negative occurrences (number of days with positive minus number of days with negative) of
Pattern B as averaged over the entire 250-100 hPa depth. El Nifio and La Nifia events (NOAA
Web Page 2012) are also indicated.
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Fig.4 Time series of the difference between the number of occurrences of Pattern B Positive and
Pattern B Negative per JFM season (grey line, primary y-axis), 5-year moving average (black line) and
annual rainfall (bars, secondary y-axis, units: mm) associated with tropical systems from the SWIO. El Nifio
and La Nifia event years are indicated by solid and open circles, respectively.

The occurrence of anticyclonic anomalies towards the east of the subcontinent (Pattern B+)
reaches a maximum during the 1995-2002 period. The variation in time of this pattern (Fig. 4)
over time is influenced by the occurrence of ENSO, but further also displays a modulation
causing it to be more prevalent during La Nina / EI Nino events from 1993 to 2002 compared
to the rest of the time series. This is not the case for Pattern A (not shown). The variation
since 1979 of Pattern B, as an average over all standard pressure levels up to 100 hPa, is also
reflected at the individual levels (not shown). Variations in the geopotential pattern are
therefore visible throughout the troposphere up to 100 hPa (not shown), with a maximum
from 1993 to 2002. This maximum is consistent with the change-point analysis which
indicates that much of this period was characterized by enhanced contribution of rainfall by
tropical systems from the SWIO. The average low level (850 hPa) and upper air (250 hPa)
geopotential height anomalies for the period 1995-2002 relative to the average for the rest of
the 1979-2011 period (Fig. 5) is a further reflection on the anomalous occurrence of certain
nodes as indicated by the SOM time series in Fig. 4.
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Fig.5 850 hPa (shaded) and 250 hPa (contours) height anomalies (units: m) for the 1995-2002 period.

The 850 hPa height anomalies reflect the same patterns as those associated with the earlier
multi-year wet periods (Tyson 1981, Reason and Rouault 2002) and ENSO cold events
(Reason et al. 2000). Negative anomalies over the subcontinent and positive anomalies
towards the south dominate. At 250 hPa the most outstanding feature is the anticyclonic
anomaly to the east of southern Africa as well as negative anomalies towards the southwest of
the subcontinent, or Pattern B+ from the SOM analysis, already shown to be more frequent
during this period (Fig. 4). Positive anomalies in geopotential height towards the eastern parts
of the AOI throughout the troposphere occur during years of anomalously easterly flow,
associated earlier with positive rainfall anomalies over southern Africa (Jury and NKkosi
2000). Stronger west winds are further located towards the south of this anomaly. Considering
now the vertical profile of zonal wind anomalies, for the same sub-period, Fig. 6 shows the
zonal wind anomalies to the east of southern Africa at 40°E, near the east coast of Africa.
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Fig. 6  Average zonal wind along 40°E during the 1995-2002 period (solid contours, units: ms?),
compared to the rest of the 1979-2011 period (dashed contours) and the difference (shaded).

The zonal wind anomalies during the 1995-2002 period, calculated with respect to the
remaining years of the 1979-2011 period, display the following characteristics:

o Intensification of subtropical easterlies in the lower to middle troposphere and
intensification of westerlies to the south;

Southward contraction or weakening of the Jet stream from north of 35°S;

Stronger upper air Jet stream towards 50°S;

Stronger Equatorial upper easterly Jet stream;

Stronger Equatorial westerlies in the lower to middle troposphere.

These zonal anomalies show a broadening in the Hadley cell and a Walker circulation
anomaly during this period. This feature in the zonal flow is visible over a wide area
surrounding southern Africa. The anomalously easterly flow over the subtropics (40°S to
15°S) and westerlies further south (55°S to 45°S) are visible throughout the column below
100 hPa. The boundary between the relatively westerly flow towards the south and the
relatively easterly flow towards the north around 40-30°S throughout the column represents
the center of the deep anticyclonic anomaly. In the middle troposphere it is significant above
the 95% confidence level for the 1995-2002 period and above 99% confidence level for the
1993-2000 period (Fig. 7).
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Fig. 7 Time series of normalized difference in zonal wind (40-15°S minus 55-45°S) at 600 hPa (black solid
line), 3-year moving average (broken line) and level of significance (secondary y-axis) exceeding 90% for
moving 8-year above-average value (light grey bars) and 8-year below-average value (dark grey bars).

Other features visible in Fig. 7 such as the weakening and southward displacement of the
upper air subtropical Jet stream with a strengthening towards 50°S as well as the Walker cell
anomaly (Fig. 6) are also associated with wetter conditions over southern Africa (Tyson 1981,
Tyson et al. 1997). These however don’t attain a level of significance exceeding 95% during
the sub-period. It is concluded that especially the broadening of the Hadley circulation,
associated with the deep anticyclonic anomaly to the east of the subcontinent, defines the
contrasting tropospheric conditions within the region during the 1995-2002 period.

Implications of variable synoptic conditions for tropical systems

Steering flow, low-level convergence, mid-tropospheric relative humidity, low level relative
vorticity and vertical wind shear are all factors considered important to tropical cyclone tracks
and intensity. These will now be considered for the 1995-2002 sub-period relative to the rest
of the 1979-2011 period. The 700 hPa to 500 hPa levels have been singled out over the SWIO
as important steering flow level for tropical cyclones SWIO (Jury and Pathack 1991). Fig. 8
shows the anomalous steering flow during the sub-period.
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Fig.8  Difference wind vectors (scale shown, units: ms?) of the 700-500 hPa flow for the period 1995-2002
(difference in zonal component shaded, units: ms*) compared to the rest of the 1979-2011 period.

Wind vectors over much of the mid-latitudes and subtropics, between 45°S and 15°S, are
anomalously east (Fig. 8). The strengthened easterlies over the subtropics at these levels
indicate an enhanced westward steering flow for tropical systems during the 1995-2002 sub-
period into the subcontinent. The mid-level cyclonic anomaly over northern Namibia /
southern Angola in Fig. 8 represents the deepening of the Angola Low, which is located on
the northern flank of the anomalously easterly flow. The strengthened easterly flow is also
reflected from the surface to the upper troposphere (not shown). On the northern flanks of
enhanced easterlies there is a large elongated area of increased convergence at 850 hPa and
increase in relative humidity (RH) at 600 hPa between 10°S and 20°S (Fig. 9), showing a
southward displacement of the Inter-Tropical Convergence Zone (ITCZ). This is visible over
both the subcontinent and SWIO, but most strongly in the area of intensification of the
Angola low.
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Fig. 9  Difference in 850 hPa convergence (shaded, units: s ) and difference in relative humidity at
600 hPa (white contours, units: %). 850 hPa wind vector anomalies for the period 1995-2002 relative to the
remaining years in the period 1979-2011 are also indicated (scale shown).

An increase in RH, as seen from the 600 hPa anomaly over much of southern Africa including
the Limpopo River Basin (Fig. 9), is associated with the enhanced easterly flow in the lower
to mid-troposphere into southern Africa together with the southward displacement of lower-
level convergence. The anomalous circulation pattern therefore enhances zonal transport of
moisture and a southward displacement of the ITCZ over Africa. The increase in RH over
Africa and towards Madagascar also indicates increased thermal potential for the
development and sustenance of tropical systems over these areas.

The boundary between the increased easterly flow over a large part of the subtropics and

anomalously westerly flow towards the north of 15°S (Fig. 8) identifies an area of enhanced
negative relative vorticity (Fig. 10).
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Fig. 10 Difference in 850 hPa relative vorticity (shaded, units: s1), wind shear between 850 hPa and
200 hPa (black contours, units: ms*/km) and wind vectors (scale shown) for the period 1995-2002 relative to
the remaining years in the period 1979-2011.

Negative vorticity is enhanced in the region of the Angola Low, stretching zonally eastward
to northern Madagascar and further east into the SWIO along the northern edge of enhanced
easterlies. This region (around 15°S) over the SWIO is important for cyclogenesis and
anomalous negative vorticity represents an increase in dynamical potential for development of
tropical cyclones, a situation associated with ENSO cold events (Vitart et al. 1999).
Furthermore, wind shear between 850 hPa and 200 hPa increases over southern Africa
towards the north of 15°S and towards the south of 30°S, with smaller increases over much of
the 30-15°S region, and even a decrease over much of the Limpopo River Basin and into the
SWIO crossing southern Madagascar. This relative decrease in wind shear and enhanced
negative vorticity over much of subtropical southern Africa represent dynamical features
conducive to the development of tropical systems over the SWIO and also into the Limpopo
River Basin. The intensification of the Angola Low together with increased moisture and low
level convergence over much of southern Africa further represent more favourable conditions
for rainfall over the Limpopo River Basin and in fact much of southern Africa (Preston-
Whyte and Tyson 2000).

The increase in positive vorticity towards the southeast of the subcontinent where the deep
anticyclonic anomaly occurs has important implications for moisture transport and rainfall
over the southern African region. It is over this part of the SWIO where negative vorticity
advection due to transient eddies in the westerlies, leading to the development of the mid-
latitude Rossby wave, has been indicated to enhance dry conditions over the subcontinent
during ENSO warm events (Cook 2000). The anticyclonic anomaly over this area therefore
represents a modulation in the regional atmosphere important to ENSO teleconnections over
southern Africa.
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Decadal variation within context of circulation of the hemisphere

Over the Southern Hemisphere, the sub-period 1995-2002 is associated with positive
geopotential height anomalies over much of the mid-latitudes and negative anomalies over
Antarctica, throughout much of the troposphere. While evident throughout much of the
troposphere, this is demonstrated for the 500 hPa level in Fig. 11.

Fig. 11 Difference in 500 hPa geopotential heights (units: m) for 1995-2002 compared to the remaining
years of the 1979-2011 period.

The positive tropospheric anomalies in the southern African sector in the mid-latitudes are
reflected across the SH mid-latitudes, indicating a positive SAM relative to the rest of the
period. This supports the finding that the rainfall over eastern-southern Africa is positively
correlated to the SAM (Gillett et al. 2006). The positive phase of the SAM is further also
associated with a southward positioning of the mid-latitude Jet stream (Limpasuvan and
Hartmann 2000), noticed also specifically towards the east of southern Africa during this
period (Fig. 6).

Considering now the period 1948 to 2011, there are indications that similar large-scale
features were associated with multi-year wetter periods. These periods were also
characterized by more frequent occurrences of tropical cyclones responsible for extensive
rainfall over the Limpopo River Basin (Malherbe et al. 2012). The anomalies over the African
and New Zealand sectors (Fig. 11) are of particular interest. In the region of New Zealand the
1995-2002 positive anomalies in geopotential height over and to the east of the country
relative to the full 1979-2011 period are, in correspondence to Tyson et al. (1997), more
closely associated with the bi-decadal retreat of the Franz Jozeph Glacier. These authors also
indicated the anomalies surrounding southern Africa (Fig. 11) to be associated with wetter
conditions over much of the subcontinent. Tyson et al. (1997) further indicated that these
multi-year anomalies recurred together on bi-decadal time scale throughout the 20" century
up to 1996 and could be related to changes in the amplitude and position of troughs and ridges
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of SH standing wave 3. The present study shows evidence that this oscillation of anomalies
has subsequently persisted until 2012. The glacial advances/accumulation of the Tasmanian
Glacier, located relatively close to the Franz Joseph Glacier, has subsequently been shown to
have a negative association with the SAM (Purdie et al. 2011) while Gillett et al. (2006)
showed these southern areas of New Zealand to be warmer and drier when the SAM is
positive. Indications that the variation in JFM rainfall over the Limpopo River Basin varies on
18-20 year time scale with the SAM will therefore be considered in this paper.

During the 1979-2011 period the most recent peak in the bi-decadal rainfall cycle in the
Limpopo region is associated with an anticyclonic anomaly to the east of southern Africa.
This is detected in the zonal wind anomaly in that region with stronger westerlies towards the
south of 45°S and anomalously easterly flow towards the north of 45°S. On hemispheric
scale, this is part of a tendency for anticyclonic anomalies over the mid-latitudes, associated
with a positive SAM. Three features of the climate system regionally and on hemispheric
scale, which have been considered earlier for the 1979-2011 period, are now considered for
the entire period of 1948-2011:

e The geopotential height anomaly at 250 hPa east of southern Africa: (30-70°E, 45-
25°S);

o Difference in normalized zonal flow throughout the 700-300 hPa column (30-70°E:
45-15°S minus 55-45°S). Positive values are associated with easterly anomalies
towards the north and westerly anomalies towards the south, associated with
anticyclonic anomalies throughout the 700-250 hPa column;

e Southern Annular Mode: Difference between normalized height anomalies at 850 hPa
between 40°S and 65°S.

The positive trend in the SAM in reanalysis data is a well-known feature (Marshall 2003).
Positive linear trends revealed by each of the three time series (listed above) are removed for
time series analysis by subtracting the first order polynomial regression equation fitted to each
time series. Fig. 12 shows the time series of the variation in the SAM and the relative strength
of the anticyclone to the east of southern Africa as well as the associated anticyclonic flow
anomaly throughout the troposphere, calculated as the difference in normalized tropospheric
flow (30-70°E: 45-15°S minus 55-45°S) from 700 hPa to 300 hPa. Rainfall over the region
from the continuous dataset for the 6 stations (Fig. 1) is also shown.
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Fig. 12 Top: Detrended time series of the SAM (grey bars), normalized geopotential height anomaly (30-
70°E, 45-25°S, solid line) and normalized zonal flow anomaly throughout 700 to 300 hPa (30-70°E: 45-15°S
minus 55-45°S, broken line) for the 1948-2012 period. Bottom: 5-year filtered SAM (black line, secondary y-
axis), normalized geopotential height anomaly at 250 hPa (dark grey line, secondary y-axis) and normalized
zonal flow anomaly throughout 700 to 300 hPa (light grey line, secondary y-axis), 5-year filtered normalized
total seasonal rainfall (grey bars, secondary y-axis) at all stations in the area of interest (Fig. 1) as well as
average total rainfall per year contributed by tropical systems from the SWIO (black bars, primary y-axis,
units: mm) over stations (dark circles in Fig. 1) in the Limpopo River Basin.

Fig. 12 shows the positive association between the SAM and a deep anticyclonic anomaly to
the east of southern Africa. This anomaly is associated with multi-year periods with enhanced
late summer rainfall and also enhanced rainfall contributed by tropical systems from the
SWIO as also indicated in Fig. 12. Three multi-year periods of anomalously positive SAM
and associated regional circulation features with related above-normal rainfall are centred
around 1958, 1976 and 1997, coinciding with the maxima within the bi-decadal rainfall cycle
(Dyer and Tyson 1977). Also, from reconstructed SAM indices spanning 53 and 119 years,
Yuan and Yonekura (2011) report significant peaks at 16 and 18 years for autumn and at 9
years for summer — both these seasons are considered partially in the JFM time series. The
negative association of multi-year rainfall over the eastern parts of southern Africa with
glaciation over southern New Zealand (Tyson et al. 1997) can therefore also be attributed to
this variation in the SH, as a negative correlation between net accumulation of glaciers in that
region and the SAM exists (Purdie et al. 2011). The correlation between the three time series
in the southern African region in Fig. 12 is significant (Table 1).
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Table1 Correlation between the SAM, anticyclonic geopotential height anomaly towards the east of
southern Africa (30-70°E, 45-25°S) and the anticyclonic zonal flow anomaly (difference in normalized zonal
flow throughout the 700-300 hPa column (30-70°E: 45-15°S minus 55-45°S). Significance above the 90% and
95% levels of confidence is indicated by single and double asterisks, respectively. The period 1948-2011 is
considered.

SAM High Zonal Wind

SAM 1 0.29* 0.59**

High

1 0.5**

Zonal Wind 1

The significant correlations indicated in Table 1 support previous findings over the SWIO and
southern African region. The anticyclonic anomaly throughout the troposphere towards the
east of southern Africa is associated with above-normal SSTs over this part of the Indian
Ocean (Jury and NKkosi 2000), which therefore also have a positive correlation with rainfall
over southern Africa (Reason and Mulenga 1999). These positive SST anomalies, when
associated with a positive South Indian Ocean subtropical dipole event, are further also
suggested to be associated with the SH standing wave pattern and SAM (Hermes and Reason
2005). While the SAM influences the ENSO teleconnection towards high latitudes (Fogt et al.
2011), the correlation between the SAM and anticyclonic anomaly to the east of southern
Africa is further evidence for modulation of potential regional responses to ENSO as part of
large scale hemispheric anomalies. The correlation between the SAM calculated at 850 hPa
and the 250 hPa height and 700-500 hPa flow anomaly in the southern African region is
shown in Fig. 13. These variables have all been considered earlier for the 1979-2011 period.
Also shown is the result of a Fourier analysis performed on the 5-year moving average JFM
rainfall, JFM SAM and JFM SOl for the period 1948-2011.
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Fig. 13 The change (top) in JFM 250 hPa height (contours, units: m) and 500-700 hPa flow anomaly
vectors (scale shown), with U-component shaded (red - positive, blue — negative, units: ms), per unit SAM
increase. Areas where grid points indicate a local significant correlation with the SAM exceeding the 95%
level of confidence is indicated by the white solid and broken lines for positive and negative correlations
respectively. The period 1948-2011 is considered. The Periodogram (bottom) is the result of a Fourier
analysis over the same period based on the 5-year average of: the SAM (black line, primary axis),
normalized SOI (grey line) and normalized rainfall (white line) at the stations in Fig. 1. Broken black lines
are the 95% and 90%o significance levels calculated for all three time series.

The significant positive correlation between the SAM calculated at 850 hPa and the 250 hPa
height anomaly around 40°S is to be expected. More importantly though is the relatively large
positive correlation towards 60°E as well as the large extent northward over the SWIO of
these positive anomalies. Steering flow trends are easterly throughout most of the region
towards the north of 45°S. To the north of this region of anomalously easterly flow, the
circulation becomes more cyclonic over the northern parts of Namibia (see “C” in Fig. 13).
These trends closely resemble the anomalies observed during the 1995-2002 period relative to
1979-2011 (Fig. 5). The Fourier analysis further indicate that (only) the 5-year moving
average SAM and JFM rainfall time series both display significant peaks at the ~20-year
period.

Fig. 14 is a summary of regional 250 hPa height and 700-500 hPa steering flow anomalies
over the southern African region from 70°S to 10°S also for the entire 1948-2011 period. Data
are subdivided into 9 or 10-year periods, staying with the 18-20 year Dyer-Tyson cycle,
supported also by the findings in this paper (Fig. 12, 13). While supporting the result of the
Fourier analysis (Fig. 13), it provides further insight into the bi-decadal variability in the
SAM and regional anticyclonic anomaly shown in Fig. 12.
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Fig. 14 500-700 hPa steering flow anomaly vectors (scale in ms? shown for each map) with U-component
shaded (red - positive, blue — negative, units: ms?), and 250 hPa height anomalies (contours) for alternating
wet (left) and dry (right) multi-year epochs as indicated. Contour intervals are 5 m; dark (light) contours
are for negative (positive) anomalies. The positions of prominent ridges at 850 hPa are also indicated
(broken black/yellow lines). Inter-quartile ranges for rainfall (units: % of average during JFM) as average
for all 8 stations in Fig. 1 and the SAM are indicated per epoch for comparison in box plots. The average
annual rainfall contributed by tropical systems (TCR, units: mm) from the SWIO calculated as an average
for the eastern stations (dark circles in Fig. 1) is also indicated per epoch.
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Fig. 14 shows that low frequency, decadal-scale circulation features over the southern African
region have alternated between patterns conducive to wet conditions (and increased rainfall
contributed by tropical systems from the SWIQ) and patterns conducive to drier conditions
(with less rain contributed by tropical systems from the SWIO). The wet patterns (left hand
side of Fig. 14) resemble the correlation map (Fig 13) indicative therefore of features more
strongly associated with a positive SAM during JFM. This is also indicated by the inter-
quartile ranges of the SAM for each epoch, as shown in the box plots in Fig. 14. Most
noteworthy is the dominance of westerly anomalies in steering flow towards the south of 40°S
and strengthened easterly anomalies to the north of 40°S during the wet epochs. These are
reversed during the dry epochs. Other features of the alternating near-decadal epochs include
for wet (dry) conditions:

e Cyclonic (anticyclonic) flow anomalies dominating over the subcontinent to the north
of the anomalously easterly (westerly) flow — indicated with “C” (cyclonic) or “A”
(anticyclonic);

o Large areas of positive (negative) geopotential height anomalies throughout the
troposphere centered near 40°S, between the anomalously westerly (easterly) steering
flow to the south and easterly (westerly) flow towards the north.

Considering the steering flow and 250 hPa height anomalies towards the east of southern
Africa near 40°S, the wet epochs have always been dominated by deep anticyclonic
anomalies and replaced by cyclonic anomalies during the dry epochs. Positive anomalies
in this region are also associated with the movement of tropical cyclones and depressions
into the Limpopo River Basin (Fig. 2 and 3) and therefore further explain the larger
contribution to rainfall (Fig. 4 and “TCR” in Fig.14) by these systems during the wet sub-
periods.

Conclusions

Several tropospheric anomalies were responsible for higher rainfall and also a larger
contribution to rainfall by tropical cyclones and depressions over the Limpopo River Basin
during the 1995-2002 period. These circulation anomalies are also associated with ENSO cold
events and positive SAM. The main feature of this wet period is a broadening of the Hadley
Cell with a deep anticyclonic circulation anomaly (at 40°S) towards the east of the
subcontinent. This feature has been shown to be associated with higher tropical cyclone
activity in the SWIO basin (Jury 1993, Jury et al. 1999) and has the following consequences
related to tropical systems from the SWIO:

o Enhanced easterly steering flow directing tropical systems towards southern Africa
and also responsible for further inland penetration — related also with higher landfall
risk (e.g. Vitart et al. 2003);

e Increased moisture content of the lower to middle troposphere towards the southern
parts of southern Africa due to low-level convergence over the region and stronger
subtropical easterlies — increasing the tropospheric potential for tropical systems
moving into the subcontinent to be sustained (e.g. Mulenga et al. 2003);

o Enhanced dynamic potential (negative vorticity and relatively smaller vertical wind

shear) for the development of tropical systems over the SWIO as well as over the
southern African subcontinent (e.g. Vitart et al. 1999);
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e A southward shift in both the upper air Jet stream and upper air troughs east of the
subcontinent (west wind trough formation east of South Africa interacts with the
vorticity field (Becker et al. 2010) and steering flow of tropical cyclones in the
SWIO, thereby inhibiting the westward trajectory towards and into the Limpopo
River Basin).

Conditions become favorable for above-normal rainfall over much of the subcontinent as the
Angola Low strengthens (Tyson 1981, Cook et al. 2004). This happens in a band of enhanced
negative vorticity and low-level convergence on the northern edge of stronger subtropical
easterlies with increased moisture advection over the subtropical subcontinent. The result is
that the period associated with above-average rainfall as identified by the Dyer-Tyson cycle in
the region is also characterized by an increase in tropical cyclones and depressions
penetrating the subcontinent (Malherbe et al. 2012). The implications are that more tropical
cyclones and depressions penetrate the subcontinent during wet summers in multi-year
periods with above-normal rainfall when soils are saturated and reservoirs full, enhancing the
probability of major flood events in the Limpopo River Basin such as happened in 1996 and
2000.

Since 1948, three wet epochs over parts of southern Africa (1954-1963, 1973-1982 and 1993-
2002) were associated with the anomalously anticyclonic circulation east of the subcontinent
(throughout the troposphere) and a lower level cyclonic anomaly over much of the
subcontinent. The anticyclonic anomaly has been shown to be related to a bi-decadal cycle in
the SAM for JFM. This anomaly may contribute to observed ENSO-like decadal to
multidecadal variability (Reason and Rouault 2002) in the region. The SAM and associated
regional anticyclonic anomaly have varied in tandem since 1948 (the period for which data
are available). The regional circulation anomaly provides further insight into the bi-decadal
Dyer-Tyson rainfall cycle over parts of southern Africa and associated variation in influence
of tropical systems from the SWIO over the Limpopo River Basin (Malherbe et al. 2012). Its
association with the SAM also explains the inverse relationship between multi-year wet
periods over large parts of the southern African summer rainfall region and glacial advances
over southern New Zealand noted earlier (Tyson et al. 1997), a feature that has occurred on an
18-20-year time scale since at least the beginning of the 20" century. It is therefore concluded
that the bi-decadal rainfall cycle can be attributed to the low-frequency variation in pressure
distribution and (zonal) wind anomalies over much of the mid- and high latitudes of the SH.
This is represented by an oscillation in the SAM during JFM with similar periodicity. The
associated variation in the Southwest Indian Ocean implies a possible mechanism for an
altered regional response to or expression of ENSO, with both warm and cold events being
wetter (drier) during the wet (dry) part of the bi-decadal oscillation.
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