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Abstract Daily rainfall variability over southern Africa
(SA) and the southwest Indian Ocean (SWIO) during
the austral summer months has recently been described
objectively for the "rst time, using newly derived satel-
lite products. The principle mode of variability in all
months is a dipole structure with bands of rainfall
orientated northwest to southeast across the region.
These represent the location of cloud bands associated
with tropical temperate troughs (TTT). This study ob-
jectively identi"es major TTT events during November
to February, and on the basis of composites of NCEP
reanalysis data describes the associated atmospheric
structure. The two phases of the rainfall dipole are
associated with markedly contrasting circulation pat-
terns. There are also pronounced intra-seasonal vari-
ations. In early summer the position of the temperate
trough and TTT cloud band alternates between the
SWIO and southwest Atlantic. In late summer the
major TTT axis lies preferentially over the SWIO,
associated with an eastward displacement in the Indian
Ocean high. In all months, positive events, in which the
TTT cloud band lies primarily over the SWIO, are
associated with large-scale moisture #ux anomalies, in
which convergent #uxes form a pronounced poleward
#ux along the cloud band. This suggests that TTT
events are a major mechanism of poleward transfer of
energy and momentum. Moisture transport occurs
along three principle paths: (1) the northern or central
Indian Ocean (where anomalous #uxes extend east-
ward to the Maritime Continent), (2) south equatorial
Africa and the equatorial Atlantic, (3) from the south
within a cyclonic #ow around the tropical-temperate
trough. The relative importance of (2) is greatest in
late summer. Thus, synoptic scale TTT events over
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SA/SWIO often result from large-scale planetary
circulation patterns. Hovmoeller plots show that TTT
development coincides with enhanced tropical convec-
tion between 103}30 3E (itself exhibiting periodicity of
around 5 days), and often with convergence of eastward
and westward propagating convection around 40 3E.
Harmonic analysis of 200 hPa geopotential anomalies
show that TTT features are forced by a speci"c zonally
asymmetric wave pattern, with wave 5 dominant or
signi"cant in all months except February when quasi-
stationary waves 1, 2 and 3 dominate. These "ndings
illustrate the importance of tropical and extratropical
dynamics in understanding TTT events. Finally, it is
suggested that in November}January TTT rainfall over
SA/SWIO may be in phase with similar rainfall dipole
structures observed in the South Paci"c and South
Atlantic convergence zones.

1 Introduction

The nature of rainfall variability over southern Africa
(SA) has been investigated on numerous time scales,
including the synoptic (Harrison 1986), though inter-
annual (Jury et al. 1992; Jury 1997; Nicholson and
Kim 1997; Rocha and Simmonds 1997) to decadal and
millennial (Tyson 1986; Cohen and Tyson 1995; Stokes
et al. 1997). Focus on southern Africa is driven in part
by the importance of rain-fed agriculture to the econ-
omy of the region, and the observed high degree of
interannual variability in rainfall. Perhaps for this
reason, and owing due to the absence of accurate esti-
mates of rainfall over the surrounding ocean areas,
analysis of rainfall over the southwest Indian Ocean
(SWIO) has been limited. The impact of this rainfall on
the atmospheric structure of the region has therefore
been overlooked. It is known that a signi"cant propor-
tion of summer rainfall is derived from tropical-temper-
ate troughs (TTTs) which extend over both continental



Fig. 1 Mean rain rate (mm day}1) for summer months November}
February (1979}1995)

SA and the adjacent SWIO (Harrison 1984, 1986; Todd
and Washington 1998; Washington and Todd 1999). It
follows that studies of the atmospheric signals related
to land-based rainfall should consider the SA/SWIO
region as a whole.

During TTT events a band of cloud and rain links
tropical convection with transients in the midlatitudes.
SA and the SWIO is one of three known preferred
locations for such tropical-temperate interaction in
the Southern Hemisphere (Streten 1973). Unlike its
counterparts, namely the South Atlantic and South
Paci"c convergence zones (SACZ and SPCZ, respec-
tively), the SA/SWIO feature is not semi-permanent
and exists only during the austral summer months.
Rainfall associated with TTTs is re#ected in the mean
"eld of monthly summer rainfall (Fig. 1), in this case
derived from a combination of satellite infrared and
passive microwave measurements, rain gauge observa-
tions and numerical modelled "elds (Xie and Arkin
1997). Peak summer rainfall is associated with the
ITCZ and occurs over central SA at about 10 3S and
eastward over the Indian Ocean. Another band of
rainfall associated with TTTs extends south and east
from central Africa extending to the midlatitudes over
the SWIO at about 60 3E.

Whilst the dynamical mechanisms of these TTT fea-
tures remain poorly understood, variability in the loca-
tion and frequency of occurrence of the SWIO cloud
band has important implications for rainfall over South
Africa. In a synoptic classi"cation of central southern
African rainfall, Harrison (1984, 1986) shows that TTTs
represent the single most signi"cant rain-producing
system type.

Todd and Washington (1998) and Washington and
Todd (1999) used empirical orthogonal functions

(EOFs) (see Sect. 2.2) of satellite-derived estimates of
daily rainfall (see Sect. 2.2) to determine the dominant
modes of daily summer rainfall variability over SA and
the SWIO. In each austral summer month (Novem-
ber}March), with the exception of February, the
principle mode of daily rainfall variability is a dipole
structure characterised by two opposing rain bands
oriented northwest to southeast across southern Africa
and the SWIO, representing the location of TTT
features (Fig. 2). Numerical modelling experiments
have also suggests a dipole in the preferred location
of TTT systems (vanden Heever et al. 1997). During
February, a single tropical-temperate rain band links
southeast southern Africa with the southwest Indian
Ocean. Instead of the land-based convection centred
over southern Africa linking with temperate rainfall
systems, convection over Zambia, Zimbabwe and
Western Angola link with convection over the sub-
tropical Indian Ocean and the associated tropical-
temperate trough. Rainfall over much of South
Africa in February is not directly associated with this
interaction.

Thus, although TTTs emerge as the leading mode
of daily rainfall variability, there is monthly varia-
bility in their structure and location. Events char-
acterised by such tropical-temperate connections
occur relatively infrequently and with marked inter-
annual variability. Average rainfall anomalies (over
2.53 grid cells) associated with composites of the
major extreme temperate-tropical events peak at
8}10 mmday~1 in each month. The proportional
contribution of these small number of extreme events
to total rainfall is substantial and tends to be
highest over ocean regions (in all months exceeding
65% over the Mocambique channel), con"rming the
dominant role of TTT in summer rainfall over the
study region.

Other work has identi"ed a similar dipole structure
in rainfall over the region at longer interannual scales
which has been related to the preferred location of
a trough-ridge system in the monthly mean pressure
"eld in the region (Jury et al. 1992). Todd and Washing-
ton (1998) suggest that the position of this structure can
vary on much shorter time scales. The signi"cance of
tropical temperate troughs over SA and SWIO in the
transfer of energy, momentum and moisture between
tropical and temperate latitudes has been analysed by
Harrison (1984, 1986), D'Abreton and Lindesay (1993),
D'Abreton and Tyson (1995).

Using the objective de"nition of TTT events of Todd
and Washington (1998) and Washington and Todd
(1999), in combination with recently released global
reanalysis data, this study presents an analysis of the
structure of the regional and global atmosphere asso-
ciated with the distinct phases of the TTT rainfall
dipole. In doing so we seek to provide an explanation
of the spatial pattern of TTT rainfall and its intra-
seasonal variability.
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Fig. 2a+d EOF 1 weights of daily rainfall for: a November, b December, c January, d February (from Todd and Washington 1998)

2 Data and methodology

2.1 Data

Todd and Washington (1999) describe a technique to retrieve 3 h
estimates of global tropical and subtropical (40 3N}40 3S) rainfall at
2.53 resolution from satellite infrared observations contained within
International Satellite Cloud Climatology Program (ISCCP) D1
data (Rossow and Schi!er 1991). Although the ISCCP D1 data set is
currently incomplete, it will ultimately extend from 1983 to present.
The method entails a reconstruction of the GOES Precipitation
Index (GPI) (Arkin and Meisner 1987), and the products are here-
after referred to as the reconstructed GPI (RGPI). Although RGPI
estimates of rainfall exhibit minimal bias with respect to the GPI, it
is thought that the GPI, which was calibrated using oceanic data
from the Global Atmospheric Research Program (GARP) Atlantic
Tropical Experiment (GATE), may have a tendency to overestimate
land-based convective rainfall totals (Kidd and Adler 1997). The 3-h
resolution of the RGPI products contrasts with rainfall estimates
based on measurements of outgoing longwave radiation (OLR) from
polar-orbiting satellites which provide samples at best twice per day
(for periods where only one satellite is in operation). The RGPI
therefore represent the most extensive set of global tropical and
subtropical rainfall products available for continental and oceanic
regions, with the high temporal frequency necessary for analysis of
rainfall features at the daily and sub-daily scale.

Daily rainfall was derived using the RGPI algorithm on a 2.53 grid
for the austral summer months of November through February
(listed in Table 1), covering the period 1986}93 inclusive. In order to
study the structure of the atmosphere, 12-h global analyses were
obtained for these months on a 2.53 grid from the NCEP-NCAR
reanalysis project (Kalnay et al. 1996). Data from three levels (850,
500 and 200 hPa) were used in this study to represent low, mid and
upper tropospheric conditions. An evaluation of forecast products
and moisture transport in the NCEP model can be found in Mo and
Higgins (1996).

2.2 Methods

The study domain for analysis of daily RGPI rainfall estimates
covers a region of SA and the SWIO bounded by latitudes 153 to 403
South (the maximum southerly extent of RGPI rainfall estimates)
and longitudes 7.53 to 703 East. Todd and Washington (1998) and
Washington and Todd (1999) conducted EOF analysis on daily
rainfall for each of the austral summer months. Table 2 presents the
eigenvalue proportions of the "rst "ve unrotated EOFs of the
correlation matrix, and the North test (North et al., 1992) results of
eigenvalue separation. The leading EOFs of daily rainfall for indi-
vidual months are shown in Fig. 2 as the correlation coe$cients
between the daily rainfall time series at each of the grid boxes and
the EOF time coe$cients (scores). The EOF time coe$cients are the
cross product of the eigenvectors and the standardised daily rainfall
time series. The study region was selected after a number of experi-
ments on the sensitivity of EOF analysis to domain size, shape and
location had been conducted so that the EOF solutions presented
are not contingent upon a priori decisions (see Washington and
Todd 1999 for a complete description).

The results of this work for November through to February were
used to identify extreme events characteristic of tropical-temperate
troughs objectively. From the EOF time coe$cients (explained
already) the major extreme positive (negative) events typical of the
leading EOF in each month are objectively identi"ed by extracting
days with coe$cients above (below) one standard deviation from the
mean (Fig. 3). These episodes represent the major events associated
with the centres of activity of the TTT rainfall dipole structure (Todd
and Washington 1998). Table 1 presents the dates of the positive and
negative extreme events used in the analysis.

Positive events account for a larger portion of the rainfall variance
than negative events over eastern SA and the SWIO. It should be
noted that whilst the EOF loading patterns are dominated by
TTT rainfall structure, the dipole pattern and location of the TTT
is variable through the austral summer season. During January,
rainfall associated with negative events is truncated at the
south coast of SA, in February the dipole structure is absent. In
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Table 1 Dates of daily data used to form composites of positive and negative TTT events

November December January February

Positive Negative Positive Negative Positive Negative Positive Negative

1986 9,28 9}14,22,23,30,31 1,5}9 19}21,26,27 6}10 3
1987 * * * * 1}5, 23}26 * *

1989 4,10,16,27}30 3,18}20 * * * *

1990 24,25 7,8,27 1,4,5,15 1}3 22}28 7,11 3,4,19,28
1991 14}16,20}22 4}8,10,27 5 3,7,8,14,17}20,28 10,11 15}18,20}26 10,14}17
1992 17,25 24}27 8,9 8}13,18}22,28
1993 * * * * 11}20 2,8,11}16,22}25

Table 2 Variance of monthly
EOFs and sampling errors
based on North test (North et al.
1982)/ "pass x"fail

EOF November n"150 December n"155 January n"186 February n"141
Variance North Variance North Variance North Variance North

1 8.54 0.34 / 9.41 0.35 / 11.78 0.36 / 8.37 0.34 /
2 6.78 0.21 / 7.93 0.32 / 10.99 0.34 / 6.52 0.30 /
3 5.84 0.28 / 5.46 0.27 / 6.85 0.27 / 5.42 0.28 /
4 5.11 0.26 / 5.00 0.25 x 6.13 0.25 / 4.52 0.25 /
5 4.67 4.80 *} 4.10

these months negative events are not strictly representative of TTT
events.

These events form the basis of composites of positive and negative
episodes for which the mean anomalies of global RGPI rainfall and
of NCEP reanalysis atmospheric "elds were calculated. In sub-
sequent diagrams shaded areas represent the regions where the
composite mean anomalies are statistically signi"cant at the 5%
level (based on a t-test).

Moisture #ux at a given level (g g~1-ms}1) in the zonal (Q
u
) and

meridonal (Q
v
) planes can be calculated from:

Q
u
"qu (1)

Q
v
"qv (2)

where q is speci"c humidity (g g}1) and u and v and the zonal and
meridonal wind components respectively.

Numerous studies have shown that rainfall over SA/SWIO is
modulated by the Southern Oscillation (Lindesay et al. 1986;
Janowiak 1988; Ropelewski and Halpert 1989; Nicholson and Kim
1997). In a study of this kind, it is possible that systematic di!erences
between the circulation patterns associated with positive and nega-
tive events, may primarily re#ect inter-annual variability, such that
positive or negative events, may occur predominantly in ENSO
warm or cold phases. In such a condition the rainfall dipole pattern
would be driven by interannual rather than synoptic scale variabil-
ity. To test whether this is the case, all the study months were
classi"ed as El Nino or La Nina events, on the basis of the monthly
Southern Oscillation Index. Then, for each of the four study months
separately, the data used in composite analysis were tested for
sampling bias using a 2-sample s2 test on the frequency of occur-
rence of El Nino and La Nina conditions in positive versus negative
events. In all months except February there is no signi"cant di!er-
ence between positive and negative events in terms of their respective
sampling of El Nino and La Nina conditions. Thus, any di!erences
between patterns of rainfall and atmospheric structure associated
with positive and negative events are unlikely to be due to sampling
bias, although the database as a whole, originating as it is from
recent years, includes a preponderance of El Nino events. In Febru-
ary, however, the sampling of the negative events is signi"cantly
biased toward El Nino events.

3 Structure of the atmosphere associated with tropical
temperate troughs in Southern Africa and the Southwest
Indian Ocean

3.1 Early summer

The rainfall EOF structure in the early summer months
of November and December is remarkably similar,
di!ering only in the detail of the TTT location. These
months are therefore discussed together.

During November positive events, signi"cant
850 hPa geopotential composite anomalies are negative
(peaking at !30 gpm) along the axis of the TTT (Fig. 4).
Negative anomalies are also found over Africa east of
20 3E, extending into the western and central Indian
Ocean north of 15 3S. Signi"cant positive departures
occur west of the southern African subcontinent centred
on 35 3S and 10 3E. An anomalous ridge of near surface
high pressure, peaking at 30 gpm near 45 3S and 75 3E
is also apparent. December 850 hPa geopotential com-
posite anomalies for positive events (not shown) are
similar, except that the trough described is located
slightly eastward and there is less structure in the mid-
latitude anomaly "eld. Negative event composites of
850 hPa geopotential (Fig. 4) are in most respects the
reverse of the positive events, particularly south of 15 3S.
During these events a weak tropical low is located over
western SA, and the Indian Ocean subtropical high lies
close to the mean position, extending over eastern SA.
The Atlantic high is displaced northwest allowing a weak
temperate trough to lie to the southwest of SA. Poleward
#ow results over SA with a cloud band oriented from
western SA across the continent along the TTT. Thus the
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Fig. 3a+d Time coe$cients of
EOF 1 (with $1 standard
deviation shown): a November,
b December, c January,
d February (from Todd and
Washington 1998)

early summer TTT structure shows an east-west alterna-
tion in position between the SWIO and southwest Atlantic.

An important feature of the early summer near
surface pressure "eld structure is a ridge, trough,
ridge (trough, ridge, trough) structure in the case of
positive (negative) events. At 200 hPa, the geopotential
anomalies are of the same sign as the surface anomalies
(Fig. 5) but with the ridge, trough, ridge system west
leaning, indicating a baroclinic atmosphere.

Table 3 shows the variance and amplitudes of the
zonal harmonic waves at 200 hPa for composite posit-
ive and negative events at 45 3S. In November positive
events the zonally asymmetric circulation in the upper
troposphere is dominated by wave 5 which accounts for
just under 40% of the variance and has an amplitude of
36 gpm. The trough of this wave overlies southern Afri-
ca. Wave 5 is also important during December, although
transient waves 4 and 6 all explain similar variance. The
most signi"cant feature of December, however, lies in
the variance associated with standing wave 1.

Low-level (850 hPa) moisture #ux composites for
November positive and negative events are shown in
Fig. 6. There are three main paths of anomalous moist-
ure #ux for positive events, namely:
1. A northerly #ux from the Northern Indian Ocean
2. A north westerly #ux from equatorial southern

Africa and the far eastern equatorial Atlantic
3. A southerly cyclonic #ow around the tropical-tem-

perate trough
Convergence of these three moisture conduits occurs
in the Mocambique Channel near 20 3S. Southward
moisture #ux occurs between 10 3N and at least 40 3S,
while a remarkably coherent zonal near surface #ux
occurs between 120 3E and 45 3E centred on 5 3N. It
is clear that the anomalous moisture #ux associated
with early summer TTTs, with convergence over the
Mocambique Channel, occurs at a planetary scale,
marking TTTs as major events in the general circula-
tion of the atmosphere. Inspection of 500 hPa moisture
#ux anomalies (Fig. 6) shows that the anomalous
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Fig. 4a+f Composite mean 850 hPa geopotential height anomalies (gpm) for a November positive events, b November negative events,
c January positive events, d January negative events, e February positive events, f February negative events. Shaded areas are statistically
signi"cant at 95% level

equatorial #ux extends at least 5 km into the atmo-
sphere. At this height, moisture from tropical convec-
tion near 10 3S 30 3E also serves as an important source
with a southward #ux of moisture extending from 5 3S
to at least 50 3S overlying the TTT cloud band.

Early summer negative events are characterised by
a less uniform structure, with low level moisture #ux
from the Atlantic being more important for these
events. Poleward low level #ux of moisture occurs near
20 3E and 80 3E. December moisture #ux composites
(not shown) are strikingly similar to November cases,
except that the vectors are generally smaller and the
westward low level conveyor across the Northern
Indian Ocean during positive events occurs south of
the equator centred on 5 3S during December.

The evolution of TTTs may be studied by means of
Hovmoeller plots of composite rainfall anomalies.
Figure 7 shows the time evolution of this "eld 10 days
prior to, and 5 days after the start of the TTT events,
for four latitude bands (03}10 3S, 103}20 3S, 20}30 3S,
303}40 3S), over the domain 20 3W to 120 3E. Tropical
convection between 20 3E and 30 3E in the latitudinal
band 03}10 3S shows a pulsing of enhanced and sup-
pressed convective activity at 5-day intervals. Rainfall
anomalies propagate towards the east. In addition,
rainfall pulses, occurring at least 10 days prior to the
main TTT event near 80 3E, appear to propagate to-
wards the west, forming a convergence of positive rain-
fall anomalies at the TTT event. Eastward propagation
is evident in rainfall anomalies at latitude bands
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Fig. 5a+d Composite mean 200 hPa geopotential height anomalies (gpm) for a November positive events, b November negative events,
c January positive events, d January negative events. Shaded areas are statistically signi"cant at 95% level

Table 3 Amplitude and variance
of "rst 10 harmonics (most
important 3 in bold) of
composite mean 200 hPa
geopotential anomalies (gpm)
for positive events at 45 3S

1 2 3 4 5 6 7 8 9 10

November
Amplitude 24.7 14.2 10.1 13.9 35.9 22.6 14.4 9.8 5.5 1.7
Variance 18.6 6.2 3.7 5.9 39.5 15.6 6.4 2.9 0.9 0.1
December
Amplitude 36.9 18.7 18.3 26.1 23.1 25.7 10.7 6.5 3.3 1.7
Variance 33.2 8.6 8.2 16.6 12.9 16.1 2.8 1.0 0.3 0.1
January
Amplitude 11.4 0.9 19.7 16.9 37.3 6.7 6.6 3.4 0.4 3.0
Variance 5.3 0.0 16.8 12.4 60.5 1.9 1.9 0.5 0.0 0.4
February
Amplitude 23.8 29.2 31.3 13.0 8.9 5.5 4.2 8.9 6.2 2.4
Variance 19.9 30.2 34.7 5.9 2.8 1.0 0.6 2.8 1.3 0.2

centred on 153, 253 and 35 3S. Much smaller, eastward
propagating positive rainfall anomalies are apparent
in the 303}40 3S panel some 5 days prior to the TTT
event. It is tempting to speculate that these episodes
failed to be realised as TTT events because of a con-
comitant convective break in tropical convection
evidenced by the negative rainfall anomalies at this
time near 5 3S, 25 3E.

3.2 Late summer

There are important di!erences in the structure of
the leading rainfall modes which constitute the late

summer months. January and February are therefore
discussed separately.

The January circulation patterns associated with
positive and negative events, inferred from the mean
composite of the low level (850 hPa) and upper level
(200 hPa) geopotential "elds are shown in Figs. 4 and 5.
During positive events, a statistically signi"cant anom-
alous near surface TTT is located to the east of SA,
extending from around 10 3S to at least 50 3S. This
feature is associated with an eastward retreat of the
Indian Ocean subtropical high, but negative departures
extend over the entire Indian Ocean north of about
10 3S. Positive departures are found over much of the
tropical Atlantic. A deep trough is also located near
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Fig. 6a+g Composite mean moisture #ux anomalies (g g}1 ms}1) for
a 850 hPa November positive events, b 850 hPa November negative
events, c 850 hPa January positive events, d 850 hPa January nega-

tive events, e 850 hPa February positive events, f 500 hPa November
positive events, g 500 hPa January positive events

45 3S 120 3E. At 200 hPa, a westerly trough overlies
SA with a ridge southeast of Madagascar. As in early
summer, this west-leaning system points to a baroclinic
structure. In most respects, features of the January

negative events are the opposite of those described for
the positive events.

January low-level moisture #ux composites (Fig. 6)
for positive and negative events are similar to those
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Fig. 7a+d Composite mean rainfall anomalies (mm day}1) for periods preceding and following onset of November positive events averaged
over latitudinal bands: a 03}10 3S, b 103}20 3S, c 203}30 3S, d 303}40 3S

for discussed for early summer. Important di!erences
include the more southerly location of moisture #ux
across the Indian Ocean (centred on 10 3S) so that
convergence of moisture from three sources occurs near
12 3S and 55 3E, somewhat further east than in early
summer. Mid level (500 hPa) anomalous moisture #ux
(Fig. 6) for positive events in January are southward
between 15 3S and 40 3S to the east of southern Africa.
Anomalous westerly #uxes occur over most of equato-
rial Africa.

Time evolution of TTT episodes in January, revealed
through Hovmoeller plots (Fig. 8) again show the puls-
ing of equatorial convection as well as convergence of
tropical convection, though more so in the latitudinal
slice centred on 15 3S. Eastward propagation of posit-
ive rainfall anomalies is clear in the band centred on
25 3S and 35 3S, less so along 15 3S.

As in the early summer, the zonally asymmetric cir-
culation is dominated by wave 5 (Table 3) which

accounts for over 60% of the variance in the 200 hPa
anomalies at 45 3S. The amplitude of wave 5 in January
is comparable to that found for November (36 gpm).

February near-surface circulation anomalies (Fig. 4)
include the characteristic widespread anomalous sur-
face low over the Mocambique Channel and much of
the Indian Ocean. Unlike earlier months (notably Jan-
uary), the surface low extends over much of the African
subcontinent, so that tropical convection over SA is
linked with that over the SWIO, a distinguishing fea-
ture of February. Negative events are largely opposite
to this (not shown). February moisture #ux anomalies
(Fig. 6) are similar to other months described here,
except that the moisture source is con"ned to two
regions, the Indian Ocean and equatorial Africa. The
main convergence of moisture is east of Madagascar
near 60 3E. The time evolution of TTT outbreaks in
February is shown in Fig. 9. Pulsing in equatorial
convection is clear along the band centred 5 3S 20 3E,
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Fig. 8a+d Composite mean rainfall anomalies (mm day}1) for periods preceding and following onset of January positive events averaged
over latitudinal bands: a 03}10 3S, b 103}20 3S, c 203}30 3S, d 303}40 3S

although convergence from westward moving convec-
tion originating near 70 3E on the latitudinal band
centred on 15 3S, while present, is weaker. Eastward
propagation of the TTT associated rainfall is apparent
along 25 3S and 35 3S.

Adjustments to the circulation associated with the
generation of the unique distribution of February rain-
fall are re#ected in the zonally asymmetric waves
(Table 3) which show the importance of quasi-station-
ary waves 1, 2 and 3. This is the only summer month
during which wave 5 is not important.

4 Structure of the global rainfall anomalies associated
with tropical temperate troughs in SA and SWIO

Given the planetary scale of the anomalous moisture
#uxes associated with major SA/SWIO TTT events an

important question is whether these events are asso-
ciated with characteristic patterns of global rainfall.
Figure 10 presents mean RGPI rainfall anomalies for
these composite events over the entire equatorial zone
and Southern Hemisphere subtropics.

The spatial pattern of major rainfall anomalies (in
the Southern Hemisphere convergence zones and the
tropical Paci"c region) for positive and negative events
are almost opposites of each other in all months,
adding con"dence to a physical interpretation of
the anomaly patterns. The rainfall dipole over the SA/
SWIO region, coincident with the EOF loadings (Fig. 2),
is immediately apparent, with rainfall anomalies in
excess of 10 mmday}1 and 5 mmday}1 associated with
positive and negative events respectively in each
month. In November positive (negative) events are
associated with markedly enhanced (suppressed) rain-
fall in the central equatorial Paci"c (centred on the
Dateline), the SACZ and equatorial Indian Ocean, with
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Fig. 9a+d Composite mean rainfall anomalies (mm day}1) for periods preceding and following onset of February positive events averaged
over latitudinal bands: a 03}10 3S, b 103}20 3S, c 203}30 3S, d 303}40 3S

suppressed (enhanced) rainfall over the Maritime
Continent and equatorial west Africa. Along the
SPCZ rainfall is enhanced (suppressed) in a band
oriented northeast to southwest from 155 3W, 15 3S
to 130 3W, 40 3S (Fig. 10a). Rainfall anomalies ex-
ceeding 5mmday~1 exist over extensive areas. A
similar pattern of anomalies emerges in December (not
shown).

In January the pattern is similar to that in November
over equatorial Africa, much of the Maritime Conti-
nent and the SACZ. Rainfall anomalies in the SPCZ
are displaced eastward, with enhanced (suppressed)
rainfall associated with positive (negative) events cen-
tred on 165 3W, 5 3S, and extending from 140 3W, 15 3S
to 120 3W, 40 3S (Fig. 10b). Substantially enhanced
(suppressed) rainfall is apparent over the central and

eastern Indian Ocean coincident with positive (nega-
tive) events.

It appears that associated with the phase of the
SA/SWIO rainfall dipole, other dipole structures exist
in certain key regions, for example the Maritime Conti-
nent/central Paci"c, the SPCZ and to a lesser extent the
SACZ. Comparison of Fig. 10 with global composite
200 hPa geopotential anomaly "elds (Fig. 11) shows
that statistically signi"cant 200 hPa geopotential
anomalies are generally in accord with rainfall anomaly
patterns over the SPCZ and SACZ regions. Whilst we
do not suggest any mechanisms for the observed pat-
tern of rainfall anomalies in the tropical zone, the
location of rainfall associated with tropical-temperate
interaction along the SPCZ and SACZ in November}
January may well relate to the longitudinal position of
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Fig. 10a,b Composite mean rainfall (mm day}1) for positive minus negative events: a November, b January

Fig. 11a,b Composite mean 200 hPa geopotential height (gpm) for positive minus negative events. a November, b January. Shaded areas are
statistically signi"cant at 95% level

the trough-ridge pattern of wave 5. The pattern of
global tropical and subtropical rainfall anomalies in
February, when waves 1, 2 and 3 dominate, is distinct
in that positive events are associated with sup-

pressed rainfall over the central and eastern Indian
Ocean, enhanced rainfall over the western Paci"c, and
an incoherent pattern of anomalies in the SPCZ (not
shown).
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5 Discussion

5.1 Atmospheric circulation

Associations between rainfall anomalies over southern
Africa and the modulation of atmospheric circulation
have been extensively examined (Tyson 1981, 1983;
Harrison 1984, 1986; Lindesay 1988; Jury 1992, 1996,
1997; Jury et al. 1992, D'Abreton and Lindesay 1993;
D'Abreton and Tyson 1995; Mason and Jury 1997).
Without exception, this work has used land-based rain-
fall indices as a sampling base for studying atmospheric
circulation anomalies, usually on the basis of monthly
averaged data. This study is novel in that a newly
derived daily satellite rainfall data set allows an objec-
tive sampling base over both land and ocean which,
together with the NCEP reanalysis data, provides
a temporal and spatial resolution adequate to resolve
speci"c synoptic conditions and the associated atmo-
spheric circulation anomalies.

Tropical-temperate trough events are associated
with a cyclonic circulation system in the vicinity of
SA centred over the SWIO. From Fig. 4 it can be seen
that positive (negative) events are associated with an
eastward (westward) shift in the Indian Ocean and
South Atlantic subtropical highs. The 200 hPa height
anomaly "elds of positive and negative events show a
well-de"ned and opposing trough-ridge wave pattern
in the midlatitudes poleward of 30 3S, with a
wavelength of about 703 longitude. This is in line with
the "ndings of Jury et al. (1992) that an alternation in
a standing trough-ridge pattern with 703 longitude
wavelength is associated with interannual rainfall
variability over central South Africa. It appears, there-
fore, that the location of tropical temperate troughs
and therefore the structure of moisture convergence and
resulting rainfall in the SA/SWIO region, is strongly
in#uenced by low frequency eddies in the midlatitudes.

The TTT features analysed here are clearly forced by
a speci"c zonally asymmetric wave signature. Adjust-
ments to the rainfall anomalies over southern Africa
have previously have been assumed to be associated
with the longitudinal position of the "rst ridge of wave
3 (Tyson 1981) which controls between 8 and 23% of
the 500 hPa Southern Hemisphere variance at 45 3S
(van Loon and Jenne 1972; Trenberth 1979). This analy-
sis based on NCEP 200 hPa composite "elds for daily
rainfall events, point to Southern Hemisphere wave
5 as the most important feature in all months except
February, when the quasi-stationary waves 1, 2 and
3 dominate. Streten (1973) and Yasunari (1977) suggest
that waves 1 and 3 are most strongly linked to the
major cloud bands of the Southern Hemisphere. How-
ever, the observed coherent dipole pattern of rainfall
anomalies over the SPCZ and SACZ in phase with that
over SA/SWIO suggests that wave 5 exerts a sub-
stantial in#uence on tropical-temperate interaction
throughout the Southern Hemisphere.

5.2 Moisture transport

The southwest Indian Ocean is generally regarded as
the source region of moisture for southern Africa
(Taljaard 1986, 1987). This moisture is thought to be
transported around the semi-permanent anticyclone o!
the east coast. Harrison (1986) has also drawn attention
to the southward migration of tropical air from the
ITCZ and Zaire air boundary. D'Abreton and Lin-
desay (1993) and D'Abreton and Tyson (1995) used
land monthly rainfall over South Africa as a sampling
base, and show evidence for a complex pattern of
moisture transport with pronounced seasonal and
interannual variability. During wet early summers
moisture transport from Indian and Atlantic Oceans
converges to the north of South Africa and is trans-
ported primarily by eddy divergence. Dry early sum-
mers are characterised by little or no transport from
the Atlantic, but with an enhanced #ux from the
tropical Indian Ocean which is not transported south-
ward to South Africa (D'Abreton and Tyson 1995).
A major source of moisture in wet late summers is
the western Indian Ocean north of Madagascar.
Transport occurs southward in association with a
thermally forced westerly wave while the eddy compon-
ent of transport is minimal (D'Abreton and Tyson
1995).

Using COADS data, Rocha and Simmonds (1997)
have also examined moisture #ux on the basis of wet
minus dry composites for seasons SON and DJF de-
"ned using rainfall in Southeast Africa. Wet minus dry
SON composites resemble those shown for early sum-
mer months in this study, except that large #ux
anomalies fail to reach west of 70 3E whereas in our
composites the path is much clearer.

Our "ndings are necessarily di!erent from all pre-
vious studies since we are able to resolve the explicit
rainfall episodes by using daily data. In addition we use
both ocean and land-based rainfall in our EOF "ltering
scheme. We "nd that rainfall associated with tropical-
temperate troughs over southern Africa and southwest
Indian Ocean results from distinct patterns of anomal-
ous low-level moisture transport which extend to the
planetary scale, notably across the equatorial Indian
Ocean. In early summer, these anomalies extend to at
least 500 hPa over the Indian Ocean sector.

In all months, a broadly similar pattern of low-level
moisture #ux is produced. Positive events are asso-
ciated with an anomalously strong easterly #ux from
the Indian Ocean and an anomalously strong westerly
#ux from central equatorial Africa, driven by a cyclonic
circulation around the TTT system. These moist air-
streams merge with the north easterly monsoon winds
to produce convergence along the ITCZ and Zaire air
boundary at about 20 3S. A northwesterly #ux from this
centre of convergence results along the TTT cloud
band from east SA to the SWIO. The easterly #ux
extends across the entire Indian Ocean basin, with
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reduced westerlies apparent over the Maritime conti-
nent in all months except February. The precise nature
of this circulation pattern varies between months.
During early and late summer, the magnitude of the
westerly #ow from equatorial Africa and the Atlantic is
reduced such that the easterly #ow dominates moisture
transport. This is associated with the eastward move-
ment of the Indian Ocean subtropical high during the
peak summer months.

In contrast, during negative events in early summer
the circulation over SA is dominated by a #ow of
north easterlies from the Indian Ocean entering the
continent at around 10 3S (associated with the west-
ward displacement of the Indian Ocean subtropical
high) and a northwesterly #ow around the temperate
trough over the extreme southeast Atlantic. With
weaker westerlies over the tropical zone moisture
convergence (located over continental western SA)
and poleward transport of moisture is much less
than in positive events resulting in the observed
weaker loadings in the rainfall EOFs. Negative events
have a more localised circulation pattern, with no sig-
ni"cant moisture #ux anomalies over the Maritime
Continent.

With the bene"t of a daily satellite rainfall record as
well as the NCEP Reanalysis data we can con"rm the
work of Harrison (1986) who argued that TTT systems
represent a substantial transfer of moisture from the
central Indian Ocean, eastern tropical Atlantic Ocean
and central tropical Africa to SA and the SWIO. Low
level moisture #ux composite anomalies clearly show
the poleward transport of moisture along the TTT
cloud band located at the leading (easterly) edge of the
temperate disturbance (Figs. 4}6), as suggested by
Harrison (1986). This moisture convergence zone co-
incides with the loading pattern in the satellite-derived
rainfall EOFs (Fig. 2), and the composite rainfall
anomalies (Fig. 10). Driven by moisture convergence
from the east and northeast Indian Ocean and equato-
rial Africa and the Atlantic, positive events result in
greater rainfall and quite probably poleward transport
of energy and momentum in comparison to negative
events. What is particularly striking is that the synoptic
scale features of TTTs in the study region are part of
a large-scale circulation extending from the Maritime
Continent in the east to the eastern Atlantic in the west,
some 1203 in longitude. The latitudinal extent of this
circulation pattern is about 503. The frequency of TTT
occurrence however is such that the poleward
meridonal component these events is not imposed on
the mean moisture #ux "eld.

The occurrence and location of TTT events appears
closely tied to patterns of tropical convection over
continental Africa and the Indian Ocean. Development
of TTT events is associated with periodically enhanced
convection in the latitude band 03}10 3S, and intensi"-
cation resulting from convergence of eastward and
westward propagating convection in the band 03}10 3S

in early summer and 103}20 3S in late summer. The
TTT may provide the mechanism by which this en-
hanced convective energy and moisture is transported
poleward.

6 Conclusions

Tropical-temperate trough systems are the dominant
rain-producing synoptic type over the study region
(Harrison 1986; Todd and Washington 1998; Washing-
ton and Todd 1999). This study is unique in that it is
based on an objective de"nition of major TTT episodes
(derived from recently developed daily satellite rainfall
products), combined with recently released reanalysis
products. This has enabled for the "rst time an objec-
tive description of the regional and global atmospheric
circulation and moisture #ux patterns associated with
major TTT events, over an extended period.

In describing the patterns of atmospheric circulation,
moisture #ux, and rainfall, we have shown the signi"-
cance of both tropical and extratropical dynamics, at
the regional and planetary scales, in the development of
TTT cloud bands. The results also highlight important
intra-seasonal variations. Given that tropical SA rep-
resents the weakest of the three principle regions of
Southern Hemisphere summer convection it has been
suggested that this region is likely to be driven by one
or both of the other major zones (Tyson 1986). We
show that the most important region occurs east of
South Africa, illustrating the need to consider the na-
ture of rainfall dynamics of this region.

Tropical-temperate troughs are clearly of profound
signi"cance in the meridonal transfer of energy and
momentum (Harrison 1986) and, on the basis of the
results presented here, important future work should
include a comprehensive analysis of momentum and
ocean-atmosphere energy #ux budgets in the region.
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