Theor. Appl. Climatol. 82, 153-176 (2005)
DOI 10.1007/s00704-005-0129-0

Theoretical
and Applied
Climatology

Printed in Austria

! Department of Oceanography, University of Cape Town, Rondebosch, South Africa

2 Tanzania Meteorological Agency, Dar es Salaam, Tanzania

Relationships between intraseasonal rainfall
variability of coastal Tanzania and ENSO

A. L. Kijazi'? and C. J. C. Reason'

With 7 Figures

Received February 20, 2004; revised December 15, 2004; accepted December 16, 2004

Published online March 31, 2005 © Springer-Verlag 2005

Summary

The influence of ENSO on intraseasonal variability over
the Tanzanian coast during the short (OND) and long
(MAM) rainy seasons is examined. In particular,
variability in the rainfall onset, peak and end dates as
well as dry spells are considered. In general, El Nino
appears to be associated with above average rainfall
while La Nina is associated with below average rainfall
over the northern Tanzanian coast during OND, and to
lesser extent MAM. Over the southern coast, the ENSO
impacts are less coherent and this region appears to be a
transition zone between the opposite signed impacts over
equatorial East and southern Africa. The increased north
coast rainfall during El Nino years is generally due to a
longer than normal rainfall season associated with early
onset while reduced rainfall during La Nina years tends
to be associated with a late onset, and thus a shorter than
average rainfall season. Wet conditions during El Nino
years were associated with enhanced convection and
low-level easterly anomalies over the equatorial western
Indian Ocean implying enhanced advection of moisture
from the Indian Ocean while the reverse is true for La
Nina years. Hovmoller plots for OLR and zonal wind at
850hPa and 200 hPa show eastward, westward propagat-
ing and stationary features over the Indian Ocean. It was
observed that the propagating features were absent during
strong El Nino years. Based on the Hovmoller results,
it is observed that the convective oscillations over the
Tanzanian coast have some of the characteristic features
of intraseasonal oscillations occurring elsewhere in the
tropics.

1. Introduction

The economy of Tanzania depends significantly
on rain fed agriculture, which is highly vulnerable
to the amount and distribution of rainfall. Both
spatial rainfall anomalies over the region and tem-
poral variability within the wet season itself can be
prominent and lead to significant deficiencies. In
some areas of Tanzania, agriculture is limited by
the length of the rain season while in others it is
amount limited (Mhita, 1984). Intraseasonal rain-
fall forecasts can assist farmers in decisions
regarding planting, fertilising, pesticide applica-
tion, and irrigation demand. Preliminary work on
the onset and end of the rainfall seasons over
Tanzania has been done by Alusa and Gwange
(1978) and Mhita and Nassib (1987) but there is
a need for investigation into the possible impacts
on intraseasonal rainfall of the El Nino Southern
Oscillation (ENSO) and other large scale modes.

On interannual scales, it has long been estab-
lished that ENSO modulates rainfall variability
over East Africa (e.g. Ropelewski and Halpert,
1987; Janowiak, 1988; Ogallo, 1988; Hastenrath
et al., 1993; Hutchinson, 1992; Nicholson and
Kim, 1997; Indeje et al., 2000; Mutai and Ward,
2000; Amissah-Arthur et al., 2002). Recently,
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Hastenrath and Polzin (2004) have shown that
East African rainfall during the OND season is
related to the strength of the equatorial surface
westerlies over the Indian Ocean and the zonal
pressure gradient across the basin. Both of these
variables are modulated during ENSO as well as
during other modes such as the Indian Ocean
Zonal Mode (Webster et al., 1999) or tropical
dipole mode (Saji et al., 1999), which also im-
pacts strongly on East African OND rainfall.
Typically, rainfall tends to be enhanced (reduced)
over equatorial East Africa during El Nino (La
Nina) events (e.g. Camberlin, 1995; Nicholson,
1996). Given the strong evidence of significant
ENSO signals in the Indian Ocean (e.g. Cadet,
1985; Nicholson and Kim, 1997; Tourre and
White, 1997; Reason et al., 2000) and over much
of East Africa, an ENSO influence on East African
intraseasonal rainfall variability might also be
anticipated.

Intraseasonal oscillations (ISO) in the atmo-
sphere are generally defined as fluctuations with
periods longer than the synoptic scale but shorter
than the seasonal time scale and are a prominent
feature of tropical weather particularly in the
Indo-Pacific region (Madden and Julian, 1971,
1994; Vincent et al., 1991). Initially identified
by Madden and Julian (1971) they have become
widely studied in recent times. However, most
previous work on East African climate associa-
tions with ENSO has looked at seasonal anoma-
lies. With the exception of Mpeta and Jury
(2001), relatively little research has been
conducted on Tanzanian intraseasonal variability
although some work has been done for other
countries in southern Africa (e.g. Matarira and
Jury, 1992 for Zimbabwe; Levey and Jury, 1996
for South Africa). Previous work did not look at
how ENSO influences the intraseasonal variabil-
ity of Tanzania and therefore this study intends to
address that gap by attempting to investigate the
ISO responsible for short-term rainfall variability
in the Tanzanian coast during ENSO years. In
particular, there is interest in the relationships
between the ISO and ENSO, e.g. are El Nino
and La Nina years characterised by coherent dif-
ferences in intraseasonal wet and dry spells over
Tanzania?

Studies of ISO which link tropical Africa and
the adjacent oceans include Zhu and Wang
(1993) who observed two prominent action cen-

tres in the central Indian and western Pacific
oceans for tropical 30—60 day convective vari-
ability. Anyamba (1992) identified a 20-30 day
oscillation in the tropical outgoing long wave
radiation (OLR) spectra in the western Indian
Ocean and found that while the 40-50 day ISO
is characterized by an eastward propagating
wave in the Indian and West Pacific Oceans,
the 20-30 day ISO has a much weaker zonal
propagation. Rui and Wang (1990) documented
the development and dynamic structure of typical
intraseasonal convection anomalies using pentad
OLR and ECMWF derived 200 and 850hPa
wind divergence. Mpeta and Jury (2001) found
that convective events over southwestern
Tanzania were associated with an influx of north-
easterly Indian Ocean monsoon flow followed by
increased westerly flow from the Guinea/Congo
region.

The area of Tanzania studied herein is
bounded by latitudes 4-12°S and longitudes
38.5-41° E. Two main rainy seasons are experi-
enced in the north coast (4-8°S), the long rains
(March—May) and the short rains (October—
December), and these are associated with the
northward and southward movement of the ITCZ
respectively. The south coast (8—12°S) experi-
ences one rain season from November to April
and appears to be a transition region in its ENSO
response between the opposite signed rainfall
impacts of equatorial East Africa and tropical—
subtropical southeastern Africa.

2. Data and methods

NCEP gridded data for 1970-1999 were used to
provide insight into the circulations associated
with onset, peak and withdrawal of rainfall.
NOAA OLR data, together with rainfall station
and CMAP data, were used to explore the influ-
ence of ENSO on Tanzanian coastal rainfall.
CMAP data, which are available from 1979
onwards, are a merge of satellite, model and rain
gauge data at 2.5° resolution (Xie and Arkin,
1997) whereas the rainfall station data used
consists of monthly totals obtained from the
Tanzania Meteorological Agency. The latter in-
cludes observations from 10 rainfall stations scat-
tered throughout the coastal region of Tanzania.
The period 1970-1999 was selected for analysis
since all stations had continuous quality records.
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In order to investigate the influence of ENSO on
Tanzanian coastal rainfall, the normalised and
spatially averaged rainfall indices for the north
and south coasts (Fig. 1) were developed using

Northern Coast Seasonal Rainfall Anomalies for MAM (1970-1989)
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Fig. 1. Time series of normalised station rainfall anomalies
for a) north part (4-8°S) of coast MAM season, b) north
coast OND season, ¢) south part (§8—12°S) of coast JFM
season, d) south coast OND season

the means and standard deviations of the station
data. A departure of at least 1 standard deviation
above (below) the mean defines an anomalously
wet (dry) season. Consistency of these results
were checked with CMAP data for the overlap-
ping 1979-1999 period.

Moisture fluxes were derived from the product
of specific humidity and the horizontal wind vec-
tor using NCEP re-analyses. However, due to the
fact that NCEP has probable errors in specific
humidity and there are relatively few tropical
African observations for assimilation into the
model (Kalnay et al., 1996), this study will focus
more on the sign than on the magnitude of the
moisture flux.

To remove diurnal variability, the analyses use
5 day pentads beginning with pentad 1 (1-5
January) of a given year and ending at pentad 73
(27-31 December). Pentad 12 contains an addi-
tional day to include February 29 in the case of a
leap year. CMAP data is used for the pentad anal-
ysis since the station data are only available as
monthly totals. Mean values and anomalies of
pentad rainfall were calculated separately for
the north and south coasts. Pentad area-averaged
rainfall time series were inspected and rainfall
onset peak and end dates derived as per Table 1.

Table 1. Criteria used to define onset, peak and end dates of
the rainy season

North coast short rain season (OND)

Onset: 5-day rainfall at least 7.5 mm followed by three con-
secutive pentads having rainfall amount of not less than
5 mm/pentad.

Peak: The pentad with highest amount of rainfall in the
season.

End: If three consecutive pentads have mean rainfall of
2mm/day or less, the preceding pentad is considered to be
the end of rain season.

Dry spell: 5-day rainfall less than 7.5 mm.

North coast long rain season (MAM) and south coast
November to May season

Onset: 5-day rainfall exceeds 10 mm followed by three con-
secutive pentads having rainfall amount of not less than
10 mm/pentad.

Peak: The pentad with highest amount of rainfall in the
season.

End: If three consecutive pentads have mean rainfall
<2mm/day the preceding pentad is considered to be the
end of rain season.

Dry spell: 5-day rainfall less than 10 mm.

Note: The pentad preceding the onset pentad is considered as
the pre-onset
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These criteria have been found by the Tanzanian
Meteorological Agency to be appropriate for the
region. These dates were used for analyses of the
regional circulation associated with the pentads
corresponding to pre-onset (one pentad prior to
onset, P—1), onset (PO), peak (P1) and end
(P+ 1) of the rainfall season.

Longitude-time diagrams or Hovmoller plots
of OLR and zonal wind at 850 and 200 hPa are
used to identifying zonally propagating ISO.
These plots were constructed for various ENSO
years for both the short rain (OND) and the long
rain season (MAM) starting from one month
before the season and ending one month after
the season. To isolate the ISO, the data used in
these Hovmoller analyses were first subjected to
a 30-50 day band pass filter using the Dolph —
Chebyshev convergence window (Doblas-Reyes
and Déqué, 1998).

3. Seasonal anomalies

In general, Fig. 1a—b indicates that El Nino years
are associated with above normal rainfall and La
Nina years are associated with below normal
rainfall for the north coast. The OND signals
appear to be more robust and coherent than those
during the MAM wet season. The years 1972,
1982, 1986, 1994 and 1997 are identified as El
Nino years with more than one standard devia-
tion departure from the mean for the north coast
while 1970, 1973, 1975, 1988 and 1998 are the
corresponding La Nina years. OND 1997 stands
out as the wettest season and coincides also with
a positive Indian Ocean Zonal Mode event. For
the MAM season, most mature phase El Nino
(La Nina) years correspond to above (below)
average north coast rainfall.

For the south coast, the OND season seems to
show similar ENSO impacts to the north coast,
except for 1990 and 1994, and inspection also
suggests a quasi-decadal signal in the anomalies
(Fig. 1d). A less coherent signal is evident for the
JFM season for the south coast (Fig. 1c) with
1973, 1983 and 1995 representing mature phase
El Nino years with above average rainfall and
1987, 1992 and 1998 years with below average
conditions. A similar mixed response is evident
for the mature phase La Nina years. This mixed
response may arise as the south coast appears
to be a transition region between the different

ENSO signals in equatorial East and tropical—
subtropical southeastern Africa. Given the mixed
signals over the south coast, focus here is placed
on analysis of the ISO for the north coast.

4. Hovmoller analyses

Longitude time plots of 30-50 day filtered OLR,
lower and upper level zonal wind anomalies were
derived for the El Nino years of 1982, 1986, 1994
and 1997 (1972 is not included since OLR data
are not available) and reveal alternating positive
and negative features for each year. Figure 2a
shows examples for the 1982/83 and the
1986/87 seasons (the others are not shown for
brevity). This period of filtering was found to be
optimal (20—40, 20-60 and 40—60 days were also
tried) and roughly spans the 40-50 and near
30 day peaks in tropical convection and upper
air parameters derived by Hayashi and Golder
(1993). Figure 2a often indicates eastwards
propagating anomalies between September and
December over the central Indian Ocean (70°—
100°E) while westward propagating anomalies
were sometimes observed between the Tanzanian
coast and 70° E. These propagating features may
be convectively coupled equatorial Kelvin, n=1
equatorial Rossby or mixed Rossby-gravity waves
(Madden and Julian, 1994; Wheeler and Kiladis,
1999; Wheeler and Weickmann, 2001). Stationary
features dominated 1997, which was the wettest
year during the period of study and also occurred
in 1982, particularly in the central Indian Ocean.
This result suggests that propagating features
occur less often during particularly strong El
Ninos and wet OND seasons in Tanzania.

It is seen that the largest OLR negative anom-
aly values (below —20 W/m?) occur between 70
and 120° E, indicating that more active convec-
tion occurs towards the maritime continent over
the central and eastern tropical Indian Ocean as
found by other researchers (e.g. Rui and Wang,
1990). Westward propagating negative OLR
anomalies over the western Indian Ocean propa-
gate with a mean speed of about 2m/s and are
associated with strong convection over the
Tanzanian coast and increased rainfall during EI
Nino years. Eastward propagating features were
found to have different phase speeds in different
years and over different areas. They generally
propagate between 2—6m/s with mean speed of
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about 3m/s or slightly slower than typical east-
ward propagation in the Indian Ocean region
(Madden and Julian, 1994).

Areas of large negative OLR anomalies
(strong convection) couple well with areas of
strong westerly anomalies at 850 hPa and strong
easterly anomalies at 200 hPa. Such an associa-
tion has been found in previous studies of tropi-
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cal intraseasonal oscillations (e.g. Rui and Wang,
1990; Knutson and Weickmann, 1987). The com-
bination of strong convection over the Indian
Ocean with westerly wind anomalies at lower
levels coupled with easterly wind anomalies in
the upper levels implies a well-established Indian
Ocean Walker cell during the OND season, con-

sistent with the findings of Hastenrath (2000).
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Fig. 2. Hovmoller plots of band-
pass filtered OLR, zonal wind at
850 hPa and 200 hPa for 1982/83
and 1986/87 El Nino years
during a) OND and b) MAM
season. Contour intervals are
5Wm=2, 0.5m/s and 1 m/s re-
spectively. Shaded areas repre-
sent negative anomalies
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Fig. 2 (continued)

Longitude time plots of 30-50 days filtered
OLR, 850 and 200hPa zonal wind anomalies
for mature phase El Nino years 1983, 1987,
1995 and 1998 are shown in Fig. 2b. Alternating
positive and negative OLR anomalies are a
common feature of most years except in 1983
between May and June when disorganised pat-
terns were observed. Eastward propagating nega-

tive and positive OLR anomalies were observed
in 1994 and 1997 with a mean phase speed of
2m/s. Westward propagating features, which
seem to originate from near 80° E, were mainly
observed in 1983 and 1987.

Stationary features tend to dominate the
850 hPa wind over the central Indian Ocean be-
tween March and May with westward propagat-
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ing features over the western Indian Ocean (less
obvious in 1983). At 200hPa, the dominant
aspect was eastward propagating positive and
negative wind anomalies except in 1987 where
well-defined westward propagating features were
observed between February and April. As for the
OND season, the areas of large negative OLR
anomalies (strong convection) couple well with
areas of strong westerly anomalies in lower
levels with strong easterly anomalies in upper
levels, which leads to increased rainfall over
the Tanzanian coast.

Filtered OLR and wind anomalies for La Nina
and mature phase La Nina years were also con-
structed (not shown). As for the El Nino seasons,
alternating positive and negative OLR anomalies
were observed with both propagating and station-
ary features occurring. Eastward propagating fea-
tures were observed to be the dominant pattern in
both 850 and 200hPa zonal winds except for
1999 when westward propagating anomalies
were observed between March and June.

Two differences in the oscillations are appar-
ent between El Nino and La Nina years. First, the
eastward propagating OLR anomalies seem to
have high phase speed during La Nina years, a
good example is 1999 (7m/s). Secondly, east-
ward propagating OLR anomalies dominated
the western Indian Ocean during La Nina years,
a good example is 1988 /89 while for the El Nino
years the anomalies maintain westward propaga-
tion (e.g. 1982/83, 1986/87). The presence of
eastward propagating OLR anomalies over the
western Indian Ocean during La Nina years leads
to suppressed convection and drier conditions
over the Tanzanian coast since it implies mois-
ture convergence and unstable conditions signifi-
cantly offshore rather than over the land.

5. Intraseasonal rainfall
variability and criteria
for rainfall onset, peak and end

The CMAP pentad rainfall data are averaged
between 38.5°-41° E, 4°-8° S for the north coast
and between 38.5° —41°E, 8°—11° S for the south
coast. CMAP data are used for this purpose as
only monthly data are available for the stations;
however, this restricts the analysis to 1979 on-
wards. Figure 3a represents the climatological
time series of pentad rainfall over the Tanzanian

north coast while El Nino and La Nina OND
composites and the following El Nino-+ 1 and
La Nina+1 MAM composites for the north
coast are shown in Fig. 3b. Rainfall time series
for each individual El Nino and La Nina year
during OND and MAM seasons and preceding
months were also derived and plotted but are
not shown for brevity. The rainfall onset, peak
and end (withdrawal) dates (Tables 2—-4) were
extracted from each of these time series using
the criteria listed in Table 1.

Table 2 indicates that for the north coast OND
season, the rainfall starts almost a month earlier
than climatology during the El Nino years, these
seasons reach their peak pentad about the same
time as the mean, and this peak receives a large
amount of rainfall (7 mm/day) (Fig. 3b). Only
one significantly dry pentad occurs during El
Nino OND seasons. By contrast, the La Nina
years start the rainy season two pentads later than
the mean, reach their peak pentad over a month
later than average with reduced values (around
4mm/day) and, as a result of a shorter season
and reduced intensity, receive below average
rainfall. In addition, the La Nina OND seasons
are characterised by three dry spells as compared
to only one on average for climatology or El
Nino seasons. Note that there is no difference
in the end date of the OND season for any of
the three categories in Table 2; thus, the major
ENSO influence seems to be on the onset date
and the intensity of the OND rains.

During the north coast MAM season (Table 3),
the onset for the El Nino + 1 composite was three
pentads late but the amount received was higher
than average with maxima of about 9 mm/day
(Fig. 3b) as opposed to 5-6 mm/day in the cli-
matological plot, and this peak was one pentad
later than average. For the La Nina+ 1 years,
onset occurs at about the same time as the clima-
tological mean but the amount received was
more variable (maxima 7-8 mm/day) and the
peak pentad is substantially later than average.
Neither the El Nino + 1 nor the La Nina + 1 sea-
sons experienced any significant dry pentads and
both finished one pentad earlier than climatology.

Plots of individual ENSO OND and MAM
seasons show that each event has its own char-
acteristics in terms of onset, peak and end of the
rainy season and dry spells as listed in Table 4.
With the exception of 1986, all EI Nino OND
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Table 2. Rainfall onset, peak, end and major dry spell dates as derived from CMAP data for OND for the north coast

Events Climatology El Nino composite La Nina composite
Pre-onset 58™ Pentad 54™ Pentad 60™ Pentad

P-1) (13—17 October) (23-27 September) (23-27 October)

Onset 59" Pentad 55" Pentad 61°" Pentad

(PO) (18—22 October) (28 Sept.—02 October) (28 October—01 Nov.)
Peak 65™ Pentad 65™ Pentad 72" Pentad

(P1) (17-21 November) (17-21 November) (22-26 December)

End 4" Pentad 4" Pentad 4™ Pentad

P+1) (16-20 January) (16-20 January) (16-20 January)

Major dry 60™ Pentad 63™ Pentad 63", 68"—69™ Pentad
Pentads (23-27 October) (07-11 November) (07-11 Nov., 02—-11 Dec.)
seasons are found to have an early onset. This average, and in fact, 1994 had a season that
does not always translate into a longer rainy sea- lasted one pentad shorter than climatology and

son since some OND seasons end earlier than 1986 was the same duration. However, in 1997,
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Table 3. As for Table 2 but MAM season for the north coast (MAM season)

161

Events Climatology

El Nino composite

La Nina composite

Pre-onset (P —1) 13" Pentad (02—-06 March)

Onset (PO) 14™ Pentad (07-11 March)
Peak (P1) 24™ Pentad (26-30 April)
End P+1) 31% Pentad (31 May—4 June)
Major dry Pentads 0

16™ Pentad (17-21 March)
17™ Pentad (22-26 March)
25™ Pentad (01-05 May)
30™ Pentad (26-30 May)
0

13™ Pentad (02—-06 March)
14™ Pentad (07—11 March)
27" Pentad (11-15 May)
30™ Pentad (26-30 May)
0

Table 4. As for Table 2 but for each ENSO (north coast OND season) and ENSO + 1 (north coast MAM season) year. E and L
represent El Nino and La Nina year respectively with corresponding following year E41 and L + 1

Year Pre-onset Onset Peak End pentad Major dry
pentad (P—1) pentad (PO) pentad (P1) P+1) pentads
1982 (E) 54 55t 57t 37 (1983) 61%-63", 70",
2™ (1983)
1986 (E) 58™h 59 67", 69™ 4™ (1987) 61, 63", 68",
and 71% and 73
1994 (E) 571 58t 69" 2" (1995) 65" and 66™
1997 (E) 54t 55 59 10" (1998) 60™, 63", and
23-27 Sept 28 Sep—02 Oct 18-22 Oct 15-19 Feb 5™ (1998)
1983 (E+ 1) 16™ 7% 24 33 22™ and 26™
1987 (E+1) 19 20t 26t 32nd 30" and 31%
1995 (E+ 1) 19 20t 30t 30t 26
1998 (E+1) 16™ 7% 23" 26 0
17-21 March 22-26 March 21-25 April 06—10 May
1988 (L) 61% 62" 73, 5t (1989) 5™ (1989) 66" and 67
1995 (L) 59t 60" 61% 2™ (1996) 63", 64,
68—70" and 73
1998 (L) SEE NOTE BELOW
1999 (L) 62" 63" 64 71 68" and 69
1989 (L+1) 18 19th 22nd 30t 0
1996 (L + 1) 13t 14 2gth 209t 26t
1999 (L) 12t 13t 24th 31 28th
2000 (L) 15® 16" 24h 27t 2o

Note: In 1998, the onset and end of rainfall were undefined as the whole season was dry except 65", 66" and 67" pentads,

which recorded rainfall

which was the wettest year during the period of
study, the rainfall started about three weeks
before and the withdrawal was one month later
than climatology. This season stands out as un-
usually long (by comparison, 1982 was three pen-
tads longer than average). Of these four seasons,
all except 1986 were also an Indian Ocean Zonal
Mode year so it does not appear to be the com-
bination of this mode with a strong El Nino that
is responsible for 1997 being so unusual in this
respect. OND 1997 and 1986 were also unusual
in that wet spells were more closely spaced (1-2
pentads apart) than for 1982 and 1994 which
showed generally longer spacing, with one dry
spell of seven and five pentads respectively.

In terms of OND totals after onset, 1982
(310 mm) represents the wettest OND El Nino
season after 1997 (480 mm), and 1994 (210 mm)
was the least wet.

Turning to the La Nina OND seasons, these
have a shorter rainfall season than average
which results from a late onset and a generally
early withdrawal (except 1988 which ended one
pentad later). Major wet spells also seem to be
more widely spaced in time than for the El Nino
OND seasons. An extreme example is 1998,
when the length of the rainfall season was only
about two weeks. None of the four La Nina sea-
sons correspond to a negative Indian Ocean
Zonal Mode year. In order of increasing dryness
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after onset, the seasons are 1988 (155 mm), 1995
(140 mm), 1999 (105 mm) and 1998 (90 mm for
the whole season — the onset criterion was never
satisfied in this case). In general, the common
feature for all La Nina years is below average
rainfall during the season while El Nino years
show above average rainfall during the north
coast OND season.

For the MAM season, all El Nino years were
delayed in starting the rains but two finished late
and two early compared to climatology. The
major wet spells are also more widely spaced
than for the OND season and all MAM seasons
experienced at least one dry pentad. After onset,
the wettest seasons were 1983 and 1998 and the
least wet 1995. By comparison, two of the La
Nina seasons started late and one early, and all
but 1999 ended rather earlier than average. Each
season except 1989 had one dry pentad and the
major wet spells for this season were more close-
ly spaced in time than for the other three cases.
After onset, the wettest season was 1999 and the
driest 1989 and 2000. For the MAM season,
ENSO rainfall impacts over the north coast
appear more variable than those during OND.

The dates given in Table 4 are used to define
the periods for which NCEP re-analyses are com-
posited in order to try and understand the circu-
lation patterns associated with the onset, peak
and withdrawal stages of the rainy season.

5.1 ENSO influence
on the short rains (OND)

Figure 4a—d show NCEP anomalies in OLR,
850 hPa moisture flux, middle and upper level
wind for the El Nino years and Fig. 5a—d the cor-
responding La Nina seasons. To qualify for com-
positing, El Nino and La Nina years need to show
a north coast station averaged rainfall anomaly of
at least 1 standard deviation during the OND
season (Fig. 1b). The resulting El Nino years
for the OND composite are 1972, 1982, 1986,
1994 and 1997 with the corresponding La Nina
years being 1970, 1973, 1975, 1988, 1998 and
1999. The pentads used are the same as those

used above with the dates for the El Nino and
La Nina composites shown in Tables 2—4.

One pentad before the onset of the OND rain
season (P—1) (Fig. 4a), much of the western
Indian Ocean is covered by positive OLR anoma-
lies with the highest anomaly value of the order
of 40 W /m? observed over the equatorial central
Indian Ocean. At 700hPa, the easterly wind
anomalies over this region oppose the mean flow,
implying convergence and subsidence down
through the lower atmosphere. Most of the
western Indian Ocean is characterized by an anti-
cyclonic moisture flux anomaly that results in
northwesterly to northerly anomalies near the
Tanzanian coast. As a result, there is little pene-
tration of moisture inland, which is consistent
with positive OLR anomalies over Kenya and
northern Tanzania. At 200hPa, easterly wind
anomalies exist over much of Tanzania, thereby
opposing the background flow and implying con-
vergence, and hence subsidence down through
the atmosphere, suppressing convection.

By the onset of the OND rain season (PO)
(Fig. 4b), a deep convective zone has developed
over the equatorial western Indian Ocean, as
indicated by negative OLR anomalies over the
region. Enhanced moisture flux convergence over
the Tanzanian coast, as indicated by northeast-
erly anomalies over the Kenyan and north
Tanzanian coasts, which also imply less export
of moisture away from East Africa over the equa-
torial western Indian Ocean, results in increased
rainfall over the north coast at the onset of the
rainfall season. In addition to the convective zone
near 55—-65° E, a developing area of convection is
now apparent over coastal East Africa. Over the
equatorial Indian Ocean, easterly anomalies are
evident at both 850 and 700 hPa consistent with
a weaker zonal pressure gradient across the
basin and enhanced rainfall on the African side
(Hastenrath and Polzin, 2004). At 200 hPa,
strong westerly wind anomalies are in the same
direction as climatology implying strong upper
level divergence. This is consistent with the ini-
tiating convective zone over coastal Tanzania,
which suggests enhanced rainfall there. The

»

»

Fig. 4. El Nifio composite OND anomaly fields OLR in (W/m?), 850 hPa moisture flux in g/kg-m/s and 700 hPa and
200 hPa wind in m/s for a) pre-onset (P — 1), b) onset (P0), ¢) peak (P1) and d) withdrawal (P + 1) pentads. Scale vectors are

shown and shading represents negative OLR anomalies
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Fig. 4 (continued)
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Fig. 5. La Nina composite OND anomaly fields OLR in (W/m?), 850 hPa moisture flux in g/kg-m/s and 700 hPa and
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shown and shading represents negative OLR anomalies
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presence of an active convective zone over the
equatorial western Indian Ocean with enhanced
moisture convergence results in above average
rainfall over the Tanzanian coast during El Nino
years.

At the peak of OND rain season (P1) (Fig. 4c),
the convective zone over the western Indian
Ocean shows significant westward extent and
has merged with that initiated over coastal East
Africa during the onset (Fig. 4b). Over coastal
Tanzania, negative OLR anomalies of about
—15 to —20W/m2 are apparent. The area be-
tween 10°N and 5°S over the central Indian
Ocean shows low-level easterly moisture flux
anomalies and easterly anomalies at 700hPa
opposing the climatological export of moisture
away from East Africa by the equatorial westerlies,
consistent with negative OLR anomalies over
the region and enhanced rainfall (Hastenrath and
Polzin, 2004). Much of Tanzania and the nearby
ocean indicates a westerly moisture flux anomaly,
which converges with the easterly moisture flux
anomaly at about 55° E. Since the mean moisture
flux over Tanzania during this time is easterly, the
westerly moisture flux anomaly tends to oppose
the flow causing deceleration and enhanced mois-
ture convergence over the coast. This convergence
leads to the peak of rain during this pentad of
above average rainfall. Moisture convergence
over the Indian Ocean at about 55° E with stron-
ger negative OLR anomalies over the region
coupled with divergence at 200 hPa (not shown)
indicates the position of the rising limb of Indian
Ocean Walker cell, which shows a significant
westward shift towards East Africa.

At the end of the OND rain season (P-+1)
(Fig. 4d), the convective zone over the western
Indian Ocean is replaced by periods of clear
weather as is evident from the positive OLR
anomalies covering the tropical western Indian
Ocean, the Tanzanian north coast and Kenya.
The moisture flux anomaly over much of the
equatorial western Indian Ocean indicates a rela-
tive divergent pattern as it flows in the same
sense as the climatological flow, leading to more
moisture advected towards 50° E and increased
export from this region back over the ocean
north and east of Madagascar. Relative conver-
gence occurs over Zambia, southern Tanzania
and northern Mozambique as the flow anomalies
are in the opposite direction to the mean flow.

This period marks the shift towards the summer
rainy season over southern Africa as indicated
by negative OLR anomalies over this part of
the landmass. Subsiding conditions and reduced
clouds occur over the Tanzanian coast with
divergence in the lower levels as suggested by
the moisture flux anomalies and convergence in
the upper levels. The latter is implied by the
wind flow pattern at 200hPa that opposes
the mean flow. These circulation patterns mark
the end of the rainy season over equatorial East
Africa.

The corresponding anomalies for the various
pentad stages of the OND La Nina composite
are given in Fig. 5a—d. One pentad before the
onset of OND season (P —1) (Fig. 5a), the La
Nina composite is more or less the reverse of
the El Nino composite with negative OLR anom-
alies over the equatorial central Indian Ocean
coupled with enhanced westerly moisture flux
which feeds the convection there. The presence
of offshore (westerly) moisture flux anomalies
over the Tanzanian coast suggests suppressed
moisture advection one pentad prior to the onset
of rainfall season. At 200 hPa, the winds repre-
sent a strengthening of the mean, and hence
divergence, near the negative OLR anomaly, pro-
moting convection and suggesting that the posi-
tion of the rising limb of Walker cell is located
over the equatorial central /eastern Indian Ocean
consistent with negative OLR anomalies appar-
ent over this part of the ocean. As discussed in
Hastenrath (2000), an enhanced Indian Ocean
Walker cell in the OND season tends to occur
during La Nina.

During the onset of the OND rain season (P0)
(Fig. 5b), the negative OLR anomalies over
the central Indian Ocean are strengthened, and
shifted further east, reaching approximately
—40 W /m? at 80° E. This location contrasts with
the El Nino onset situation (Fig. 4b) where the
developing convection shifts west towards Africa
and is located near 55-65° E. Most of Tanzania
shows positive OLR anomalies suggesting
reduced cloud and convection compared to aver-
age. At 850hPa, westerly moisture flux anoma-
lies exist over much of the Indian Ocean, which
feed the convective zone centered at about 80° E
and increasing the climatological export of
moisture away from East Africa. This offshore
moisture flux results in reduction of rainfall over
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the Tanzanian coast during La Nina years. Strong
westerly anomalies are particularly evident at
850 hPa in the equatorial Indian Ocean consistent
with a strong zonal pressure gradient and reduced
(enhanced) rains over East Africa (Indonesia)
(Hastenrath and Polzin, 2004). The ascending
limb of the Walker cell over the central Indian
Ocean strengthens as indicated by enhanced wes-
terly moisture flux at 850hPa with enhanced
westerly winds at 200 hPa and hence divergence
(not shown).

At the peak of the OND rain season (P1)
(Fig. 5c), positive OLR anomalies are observed
over the Tanzanian coast with highest values of
15—20W/m2 indicating suppressed convection
over the coast. Negative anomalies are evident
over countries further south, consistent with the
enhanced rainfall generally experienced over
much of southern Africa during La Nina. The
moisture flux anomaly plot is roughly the reverse
of the El Nino composite with ongoing westerly
moisture flux anomalies over the western equa-
torial Indian Ocean and easterly anomalies north
of Madagascar and near the Tanzanian coast.
The northeasterly moisture flux anomaly over
the coast represents acceleration relative to cli-
matology resulting in moisture flux divergence
and reduction of rainfall, which is consistent
with positive OLR anomalies over the region.
At 700 hPa, there are strong westerly anomalies
over the Tanzanian coast enhancing the mean
flow, implying divergence. Divergence at these
middle levels (not shown) weakens the vertical
extent of the convection and results in reduced
rainfall.

At the end of the OND rain season (P-+1)
(Fig. 5d), negative OLR anomalies are apparent
over most of the tropical Indian Ocean and south-
eastern Africa indicating a strengthened Walker
cell over the Indian Ocean and reduced uplift over
Kenya and northern Tanzania. In addition, strong
negative OLR anomalies are evident over the
Mozambique region consistent with the develop-
ing wet conditions over southeastern Africa asso-
ciated with La Nina. Weak northeasterly to
northerly moisture flux anomalies exist near the

Tanzanian coast with relative divergence, marking
the end of the rainfall season here.

5.2 ENSO influence
on the long rains (MAM)

One pentad before the onset of the MAM rainy
season, (P — 1) (Fig. 6a), a convective zone is ap-
parent over the equatorial western Indian Ocean
(negative OLR anomalies). The other area of sig-
nificant negative OLR anomaly east of Madagascar
is too far south to be associated with the ITCZ.
Westerly moisture flux anomalies over the equa-
torial North Indian Ocean feed the equatorial
convective zone. The enhanced equatorial
westerlies at 700 hPa relative to climatology sug-
gest that the mid-level moisture flux also contrib-
utes to this developing convection. The upper
level wind patterns show convergence (not shown)
over much of the Tanzanian coast suggesting
subsidence, and hence reduced cloud one pentad
before the onset of the rain season.

During onset (PO) (Fig. 6b), the negative OLR
anomalies over the equatorial Indian Ocean ex-
tend westwards towards the Tanzanian coast
consistent with the southeasterly moisture flux
anomaly just off the coast that opposes the mean
flow. The ascending convective limb is over the
equatorial western Indian Ocean as indicated by
negative OLR anomalies and moisture conver-
gence over the region coupled with upper level
wind divergence (not shown). The enhanced
moisture convergence over the equatorial western
Indian Ocean results in increased rainfall over
the coast during MAM season of the mature
phase El Nino years.

At the peak of the season (P1) (Fig. 6¢), nega-
tive OLR anomalies over the western Indian
Ocean deepen reaching a minimum anomaly
value of —25W/m? centered at 50-55°E and
show the westward extent of convection, which
covers the entire north coast of Tanzania. A
cyclonic moisture flux anomaly exists over the
equatorial western Indian Ocean with westerly
moisture flux anomaly across southern Tanzania.
This leads to enhanced moisture convergence

»

»

Fig. 6. El Nifio + 1 composite MAM anomaly fields OLR in (W /m?), 850 hPa moisture flux in g/kg-m/s and 700 hPa and
200 hPa wind in m/s for a) pre-onset (P — 1), b) onset (P0), ¢) peak (P1) and d) withdrawal (P + 1) pentads. Scale vectors are

shown and shading represents negative anomalies
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MAM P—1, 850hPa mfiuz (E+1)

MAM P-1, OLR anomaly (E+1)
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Fig. 6 (continued)



LI S A ) ==

CLLbyyyyd>Tt a4
<€ < Llbvywd > T T GwY
FCEEE€CLLLY> T >y yu

MAM P-1, OLR anomaly (L+1) MAM P-1, 850hPa mfluz (L+1)
LL€E €L ‘-\1")‘77?«7-)\*\\‘-.‘

v o
| N3
7
;. ¢
) . Vv .
¥ <oy >y > T-T —)ﬁg\x\;-

32NNV RRATTTII
s AbvVrERAAAAAANAS
Ly € L b R RERRERRREAN A g 5
povr X XSS S T
£ EERKAAN AR o]
ngRRN AA PPt hrged
v.’,,“"ﬁ$?*"’*n’kf(-(-!
A2 >FAAAR MM € 2 2 < o
A >3 FITATAAAAA N Ly ) L 4
3 FPFAA >3 F3FTTAATFFTAAT > 4 44
AP 2ITATTFITAIAAA1TAAAT L 4 4
AMTITITXXIIFITTIAAAAARTEE <y |

s C
b4
MAM P-1,700hPa wind(L+1) MAM P-1,200hPa wind(L+1)
A T A A P il TSN OT L Sl iR
' “r*‘,qd)-&ba# L rn‘.vkk"ikkd“l‘ﬁ?‘ PR

pwvvvv&l)‘l‘T"’"?ﬂ)‘
fevvvaadramrrarita,y
v I k**qﬂuii?ﬂx—?w;ﬂa_)
Puynsdddarya 13?7
Lo r<bppbecrr 7777 Loy
ze(-eg,;g&vb&i?‘r?‘r) Vi
A i & ¢‘,q>ﬂ’f’1?¥))a.‘
ryvnar?TTagsssay
PR Gy Y TF YL L bbeen
o B Y
"R AR R BRIl Ty
Ad4Ad APV g kY

e e "RREE F A4y >4
Eﬁ,‘.@ﬂﬂﬂﬂ‘\'\k b ad gy

LI L I
«wRRRRRreey )
ke € FFFET €y i
G-EK‘!FG(-‘.‘(Z
e.c-.ﬂkklt;“”w“
(”‘,.ﬁ_q.ﬂﬁ.‘\‘\v\w.(.
S €S SRR RS

> A oy YR RNy LT € /(¥g¢¢$ﬂﬂﬂﬁﬂﬂﬂ$¢.‘
A NAS B Wy b e e b by o i &€ FERNRRRERR 4
x}“ z_,“\nl\l“._hh”'u‘w_xi,‘ﬁ;@@ﬁnﬁ. bbb bppwyprpt <FENERRRRRRK k4
e A e N 5 e
a - -

MAM PO, OLR anomaly (L+1) MAM PO, 850hPa mfluz (L)

T v T
A A4 -V ‘-"Vvv.ga- > 7
FAX 779 pcrr<viirrs
A3 > v<crre tid>rry>]

VA AAT€ce €« €< <rhAhrprre <L
FrYLL L LT TTAAMMETAT ]
FFeeee€cTrpad VY arraqq
E T €l T CFT L bR b A

erhbdra i een RN
NAAAR AR, Lo e RRNN
WS TAAAAA 4> v b oAb

]
- i
3
MAM P0,700hPa wind(L) MAM P0,200hPa wind(L)
caraphAdayssiagyfhecd BRI ¢ LT MM STXY

”’;‘Z**'ﬁh.\.‘l¢{-¢"“’¢ o . 5
"’”"""?"ia@,b ¢g¢<-<- et i - F ®, kw:tn‘.*‘\&&%*
ﬁzs#v,a*qq‘.,i*w;xee reles L eiiet ¥ YAM PR ccbdgyyuia PRl
PAATZ S>> >3 NAVV Y ppULEs RRrrrrccivyyadgasny
ﬁﬁfﬁ-"—)ﬂrﬂ‘wﬁ;‘u*#*‘,wwv 54 APAABAAT >35> vyyywdg anrh
""Jﬂ/"*‘*ﬁ‘uu&*¢¢yw\f‘*5 AP Ags2r7qtbnacecernRN
>¥? P 2 3 aquyad>>aayya 1081 AAT327TAAAAANNF R AA A4
AT Fraaqund>r iy T EPFPTAATCCFEEE T R A M
AAARERIFEIE Aoy oy sasviceeeeewrhrl

\h*“”“")*‘* PRI L R
-)“.,3371,'-‘41)*““ AFREFERRERERRR R R R o

PRy yud T rT PR Ly y P PPPRTTT LGN |
.. FE vV Crv Ly 4 havyiiececeesSRRNRAARA
FTTraaAsauwnadv <rrrrclh MIYYPPPPRISSPRIE LS A ANSS
g iggiitvviﬁkeﬂ—ﬁ.ﬂﬂﬁkkkkkl
£ ggggeet-i-(-q-k‘,wm'&.ﬂakk!
r ‘ﬁ‘ ’#’ 3 ] < sar £ 3 3 L Y

b = =

Ay

Fig. 7. La Nifia + I composite OND anomaly fields OLR in (W /m?), 850 hPa moisture flux in g/kg-m/s and 700 hPa and
200 hPa wind in m/s for a) pre-onset (P — 1), b) onset (P0), ¢) peak (P1) and d) withdrawal (P + 1) pentads. Scale vectors are
shown and shading represents negative anomalies
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Fig. 7 (continued)
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over much of Tanzania (not shown) and in-
creased rainfall marking the peak of rainfall sea-
son over the Tanzanian coast. The 700 hPa wind
shows an anticyclonic anomaly centered over
Madagascar with strong easterly anomalies over
the tropical western Indian Ocean and Tanzania
opposing the background flow, hence reducing
the climatological export of moisture away from
East Africa. This anticyclonic anomaly shows an
equatorward shift with height and, at 200 hPa, it
is located over the tropical western Indian Ocean
thereby indicating the position of the ascending
convective limb.

During withdrawal (P + 1) (Fig. 6d), the con-
vective zone over the equatorial western Indian
Ocean shows an eastward shift leaving weak neg-
ative anomalies over the Tanzanian north coast.
The cyclonic moisture flux anomaly over the
equatorial western Indian Ocean is less apparent
and a south equatorial westerly moisture flux
anomaly, which feeds the maritime convective
zone, is evident. The descending limb of the con-
vective cell is located over the equatorial western
Indian Ocean as indicated by positive OLR
anomalies over this region with wind conver-
gence at 200 hPa (not shown) implying reduced
cloud cover. This marks the end of the rainfall
season over the Tanzanian coast.

The corresponding anomalies for the MAM La
Nina + 1 composite are now discussed. One pen-
tad before the onset of MAM rain season (P — 1)
(Fig. 7a), negative OLR anomalies cover eastern
Tanzania and southeastern Africa and positive
OLR anomalies are located east and north of
Madagascar. An anticyclonic moisture flux anom-
aly is evident over the Indian Ocean east
of Madagascar. The northerly to northwesterly
moisture flux anomalies over the Tanzanian coast
are in the same direction as the mean flow imply-
ing moisture flux divergence. The convective
zone over the Tanzanian coast is short-lived since
there is upper level wind convergence (not
shown), which implies descending motion over
the region.

At onset (PO) (Fig. 7b), a dipole pattern in
OLR anomalies exists over the Indian Ocean
with positive anomalies south of 10° S and nega-
tive anomalies to the north. Most of Tanzania
shows weak negative OLR anomalies. The anticy-
clonic moisture flux anomaly east of Madagascar
shows a slight westward shift, which allows

easterly moisture flux anomalies to dominate
much of the western Indian Ocean between the
equator and about 25°S. As a result, the mois-
ture flux anomaly over the Tanzanian coast is the
same sense as the mean flow and therefore
divergent, leading to reduction of rainfall. At
700 hPa, there are strong southwesterly anoma-
lies over tropical Africa and the western Indian
Ocean that feed into the equatorial convective
zone offshore, but lead to mid-level convergence
(not shown) over Tanzania, subsidence, and less
rain.

During the peak of the season (P1) (Fig. 7c),
negative OLR anomalies are observed over the
Tanzanian coast consistent with low level mois-
ture flux convergence over the region (not
shown). However, the development of deep con-
vective clouds is unlikely since the upper level
wind anomalies are relatively strong easterlies,
opposing the mean flow, and leading to conver-
gence at 200 hPa (not shown) and hence subsi-
dence. Below average rainfall over the Tanzanian
coast is evident during this period.

Towards the withdrawal of the season (P+ 1)
(Fig. 7d), a convective zone develops over the
northwest Indian Ocean with relatively strong
westerly moisture flux anomalies at 850hPa
feeding the convection. These suggest that the
developing monsoon over the northwest Indian
Ocean may be initially stronger than average
and the ITCZ has moved northwards more
quickly than typical. The descending limb of
the convective cell is located over East Africa,
with reduced cloud there as indicated by positive
OLR anomalies near the coast. This marks the
end of rainfall season over the northern coast of
Tanzania.

6. Summary and conclusion

This study has outlined some of the important
dynamical patterns underlying the intraseasonal
variability of rainfall over the Tanzanian coast.
Focus has been placed on the north part (4-8°S)
of the coast which shows a coherent ENSO
impact; the signals over the south coast are less
clear and appear to be a transition between
the opposite responses over East and southern
Africa. The climatological onset, peak and rain-
fall withdrawal plots confirm the association of
Tanzanian coast rainfall with the migration of
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the ITCZ. The peak of the rainfall season is
found to occur while the ITCZ is over the
region.

Hovmoller and pentad analyses revealed a
coherent temporal and spatial relationship be-
tween the enhanced and suppressed convection
associated with intraseasonal oscillations during
ENSO years. The rainfall time series for the
north coast revealed that increased rainfall dur-
ing El Nino OND seasons was associated with
an early onset, less dry spells and more intense
rainfall whereas reduced rainfall during La Nina
years was associated with a late start of the sea-
son, more dry spells and less intense rains. For
MAM, the El Nino seasons tended to start late
as did most of the La Nina seasons. Rainfall
impacts were less clear in MAM than for
OND. A possible explanation for this may be
because the ENSO-induced oceanic Rossby
wave that propagates the signal across the Indian
Ocean leads to a negative feedback between this
wave, the overlying winds and SST in the post-
mature phase MAM season whereas for the
preceding OND season, the feedback with the
atmosphere is positive and the SST signal is
more robust (Xie et al., 2002). Thus, Fig. 6c,
which corresponds to the peak pentad of the
MAM rainy season shows a low level cyclonic
anomaly north of Madagascar implying a damp-
ing of the El Nino-induced SST warming via
Ekman divergence and upwelling. Conversely,
the low level anticyclonic anomaly south of
India during the peak phase of the OND rainy
season (Fig. 4c) implies Ekman convergence and
hence amplification of the developing warm SST
anomaly during this phase of ENSO. This anti-
cyclonic anomaly extends towards East Africa
and is co-located with increased rainfall over
the western Indian Ocean. As a result, ENSO
impacts over Tanzania are more likely to die
out quickly in MAM, or not be coherent if the
timing of the event is shifted relative to the
annual cycle, leading to a less obvious relation-
ship between north coast rainfall and ENSO dur-
ing this season.

Increased rainfall over the north coast during
El Nino years was observed to be associated with
enhanced convection and moisture flux conver-
gence over the Tanzanian coast and reduced
export of moisture away from East Africa over
the equatorial western Indian Ocean. La Nina

years tend to show the reverse. Consistent with
Hastenrath and Polzin (2004), there are weak-
ened (strengthened) equatorial westerlies over
the central Indian Ocean during El Nino
(La Nina) with signs of weaker (stronger) south-
easterly trades. The wet conditions of the OND
season of the El Nino onset years are extended to
the usually dry months of January and February
of the mature phase El Nino year.

The OLR and zonal wind Hovmoller plots
revealed eastward and westward propagating as
well as stationary features over the Indian Ocean.
It was observed that the propagating features
tended to be absent during strong El Nino years
whereas for strong La Nina years, they are often
present. It is also found that the areas of large
negative OLR anomalies (strong convection)
tend to couple well with areas of strong westerly
anomalies in lower levels with strong easterly
anomalies in the upper levels. Westward propa-
gating negative OLR anomalies are found over
the far western Indian Ocean during El Nino
OND seasons and are associated with strong con-
vection over the Tanzanian coast and increased
rain while the reverse is observed during La
Nina. Further east over the Indian Ocean, east-
ward propagating features are evident during El
Nino whereas the signals are less clear for La
Nina. For the MAM season, some years show
westward propagating features over the central
and western Indian Ocean (e.g. 1983, 1987)
whereas others show eastward propagation (e.g.
1995, 1998).

The onset and peak of rainfall during El Nino
years are found to be associated with an active
convective zone over the equatorial western
Indian Ocean with enhanced moisture conver-
gence, which results in above average rainfall
while the reverse is true for La Nina years. In
conclusion, ENSO has a significant influence
on intraseasonal rainfall over the north Tanzanian
coast, particularly for OND. For the south coast,
the signals are similar to the north coast and the
rest of East Africa for OND, but for the other half
of the rainy season (JFM), mixed ENSO signals
are evident.
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