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Abstract

The drivers of precipitation variability in the Ethiopian Highlands are complex, and they have considerable impact on the
local rural economy of the region. While interannual variability has been studied extensively, relatively less study has focused
on intra-seasonal variability in precipitation, even though this variability can be critical for agricultural activities. In this
study, we examine the impacts of the Boreal Summer Intra-Seasonal Oscillation (BSISO) on precipitation variability in the
Upper Blue Nile Basin (UBNB) during the rainy season (June—September). In order to optimally capture Intra-seasonal vari-
ability, we developed a customized ISO index based on leading modes of the variability in the UBNB, and found that this
index shares the general character of a standard BSISO index. Analyses performed with both the customized and standard
BSISO indices show that a core convective region centered on the Indian Ocean propagates to the northwest, eventually
exerting significant influence on Ethiopian rainfall. The primary mechanism of influence appears to be BSISO influence on
both lower and upper level tropospheric wind fields over the western Indian Ocean that influence moisture flux, convergence,
and convection in the study region. This includes BSISO modulation of the East Africa Low-Level Jet and the Tropical
Easterly Jet. We also find that the BSISO influence on Ethiopia is consistent with a BSISO-associated Rossby wave signal,
but the magnitude of the Rossby wave signal is small relative to other mechanisms of influence.

Keywords Boreal Summer Intra Seasonal Oscillation - Upper Blue Nile Basin Intra Seasonal Index - Intra seasonal
variability - Upper Blue Nile Basin - Precipitation

1 Introduction

The Ethiopian Highlands are characterized by significant
spatial and temporal climate variability (Conway 2000). This
variability is of considerable importance, both because the
rural economy of the region depends strongly on rainfed
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smallholder agriculture and because the highlands are the
“water tower of Africa,” serving as the headwaters for mul-
tiple major rivers, including the Blue Nile River. For the
Upper Blue Nile Basin (UBNB), the drivers of interannual
variability at basin scale have been the subject of consider-
able study (e.g., Gissila et al. 2004; Korecha and Barnston
2007; Block and Rajagopalan 2007; Abtew et al. 2009; Diro
et al. 2011; Viste and Sorteberg 2011; Zeleke et al. 2013;
Nicholson 2017), with much research and operational inter-
est in the influence that the El Nifio Southern Oscillation
(ENSO), the Indian Ocean Dipole (IOD) and other modes of
large-scale climate variability have on summertime (Kiremt)
rainfall and Blue Nile flow. Spatial variability in climate, and
particularly rainfall, within the UBNB is generally under-
stood to be a function of local altitude, latitude, humidity
and winds (Zeleke et al. 2017). As rainfall in the region is
highly convective in nature, these contrasts influence both
mean climate conditions and temporal variability at local
scale.
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While most studies of temporal climate variability and
change in the UBNB have focused on interannual variability
in rainfall, subseasonal variability within the Kiremt can be
substantial, with significant impacts on agricultural liveli-
hoods and enhance the quality of climate forecasting (Ber-
hane et al. 2014; Zaitchik 2017; Eggen et al. 2019). Under-
standing variability on this timescale, therefore, is important
both for the fundamental science of climate variability in the
region and for agriculture and resource applications.

When considering variability at subseasonal timescales,
particularly in tropical regions, the tropical intraseasonal
oscillations (ISOs) offer an important point of entry to
reduce risk of natural disaster (Donald et al. 2006). The
Madden-Julien Oscillation (MJO; Madden and Julian 1971)
is the leading ISO and has a significant impact on rainfall
patterns across the global tropics (Jones and Carvalho 2011;
Jones 2016). This includes regional impacts on precipita-
tion in South America (e.g., Recalde et al. 2019; Souza and
Ambrizzi 2006; Shimizu and Ambrizzi 2016), Indonesia and
tropical Australia (e.g., Hidayata and Kizu 2010; Rauniyar
and Walsh 2011; Wheeler et al. 2009), and Africa (Zaitchik
2017)—including West Africa (Lavender and Matthews
2009; Berhane et al. 2015), and equatorial East Africa (Pohl
and Camberlin 2006; Berhane and Zaitchik 2014)—among
other regions. The strength and mechanisms of these impacts
vary by season and by region, and include direct influence
of the eastward-propagating MJO convective core through a
region, synoptic influences of MJO convective activity, and
the influence of MJO-associated Kelvin and Rossby waves
that propagate eastward and westward from the center of
MJO action.

One of the fundamental features of tropical intraseasonal
oscillations is the pronounced seasonal variation in their
intensity (Madden 1986), movement (Wang and Rui 1990),
and periodicity (Hartmann et al. 1992). In particular, the
boreal summer ISO (BSISO) exhibits several fundamental
characteristics that distinguish it from the MJO found in
other seasons, and these differences are critical when con-
sidering ISO-related rainfall variability during the summer-
time Kiremt rainy season. The MJO is classically defined as
an equatorially trapped, eastward propagating convectively
coupled Kelvin wave (Madden and Julian 1972). The MJO
lifecycle is thus conveniently described in terms of phases
that are defined by the position of the convective core across
the tropical longitude (Zhang 2005; Hsu and Li 2012; Wang
et al. 2012; DeMott et al. 2015; Zaitchik 2017). In contrast,
the BSISO exhibits prominent northward propagation in
the monsoon regions (Yasunari 1979; Krishnamurti and
Subrahmanyam 1982; Chen et al. 2016) and a significant
standing oscillation component between the equatorial
Indian Ocean and the tropical western North Pacific (Zhu
and Wang 1993). It also features a northwest-southeastward
tilted rainband (Ferranti et al. 1997; Wang and Xie 1997).
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It has complex structures in time and space owing to its
interaction with the mean monsoon circulation (Webster
et al. 1998; Lau and Waliser 2005; Wang et al. 2005), and
the mean state moist static energy distribution (Wang and
Xie 1997).

Though BSISO teleconnections are not as widely studied
as MJO in other seasons, the BSISO has been implicated
in the modulation of tropical cyclones across the tropics,
including the Indian, northwest Pacific, northeast Pacific,
and Atlantic Ocean (Liebmann and Smith 1996; Maloney
and Kiehl 2002; Higgins and Shi 2001; Klotzbach 2014).
More generally, BSISO (or, sometimes “summertime MJO”)
impacts on precipitation events have been documented in
Asia (Zhu et al. 2003; Mao and Wu 2006; Yang et al. 2010;
Lee et al. 2012; Chen et al. 2015; Hsu et al. 2016), and
further afield, the BSISO produces a significant variabil-
ity in West African summertime rainfall (Matthews 2004;
Mohino et al. 2012) via easterly wave activity. Zaitchik
(2017) reviews some studies that consider ISO influence
on East African summertime rainfall, but those studies
use MJO rather than BSISO indices and do not investigate
mechanism. To our knowledge, no study has quantified or
explained the influence of BSISO on the UBNB during its
summertime rainy season.

2 Methods of analysis

2.1 Studyarea

The UBNB is located in northwestern Ethiopia and covers
a drainage area of 175,000 km?, extending from the escarp-

ment of the Rift Valley in the east to the Sudanese border in
the west and from the Lake Tana basin in the North down
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Fig. 1 The location of UBNB (green shaded region)
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to Ambo River basin in the South (see Fig. 1). The UBNB’s
elevation ranges from 350 m asl near the Sudanese border to
4230 m asl in the central part of the basin (Betrie et al. 2011;
Taye and Willems 2012). The climate of the basin varies
significantly according to altitude, with annual rainfall rang-
ing from 400 mm near the Ethiopia—Sudan border to 2200
mm in the Didesa and Dabus sub-basins. Rainfall peaks in
summer, in concert with the seasonal migration of the Inter-
Tropical Convergence Zone, or ITCZ (Mellander et al. 2013;
Zeleke et al. 2013). These summertime (June-September)
Kiremt rains are by far the dominant source of precipitation
in the UBNB. The eastern part of the basin does also receive
spring Belg rains (February to May), but summer rains are
larger, and the western part of the basin has a unimodal sum-
mer rainfall regime. The Blue Nile River discharge regime
is highly seasonal, with over 80 % of its annual discharge
occurring from July to October, and only 4 % from January
to April (Kim and Kaluarachchi 2009; Sutcliffe and Parks
1999). The Blue Nile is the largest tributary of Nile River,
contributing from 60 to 70 % of the total annual flow of the
main Nile (Nawaz et al. 2010).

2.2 Data and analysis

Daily outgoing longwave radiation (OLR) data are obtained
from the Advanced Very High-Resolution Radiometer
(AVHRR) onboard the National Oceanic Atmospheric
Administration (NOAA) polar-orbiting satellites for the
period of 1983-2018 (35 year) and are used as a proxy
for deep convection (e.g., Nogués-Paegle et al. 2000; Lee
et al. 2012). Daily precipitation estimates are drawn from
the Climate Hazards InfraRed Precipitation with Stations
(CHIRPS) product, v2. CHIRPS is a blended product that
combines thermal infrared observations from geostationary
satellites and in-situ rainfall observations from Global Tel-
ecommunications system (GTS) and other sources (Funk
et al. 2015; Knapp et al. 2011). CHIRPSv2 offers monthly,
pentad and daily products at 0.05 ° resolution for all land
areas from 50 °S to 50 °N and is available from 1981 to pre-
sent. The CHIRPS product is effective for investigating pre-
cipitation variability because of its high resolution, 37-year
record, easy access, and overall good performance in the
tropics, and specifically East Africa (e.g., Dinku et al. 2018).

Daily estimates of BSISO phase and intensity are defined
using the bimodal ISO index (Kikuchi et al. 2012; http://
iprc.soest.hawaii.edu/users/kazuyosh/Bimodal_ISO.html).
This index is designed to capture the off-equatorial charac-
ter of the BSISO, as compared to the equatorially trapped
signal of the MJO that is the target of widely used MJO
ISO indices like the Real-time Multivariate MJO (RMM)
index developed by Wheeler and Hendon (2004). The
bimodal ISO indices of Kikuchi et al. (2012) are calculated
based on Extended Empirical Orthogonal Function (EEOF)

coefficients (principal components, PCs hereafter) of the
Boreal Summer Intra-Seasonal Oscillation modes for com-
bined daily mean OLR and 850-hpa zonal wind anomaly
fields averaged over the Asian monsoon region (10 °S—40
°N, 40°-160 °E). Kikuchi et al. (2012) noted that northward/
northwestward propagation predominates over eastward
propagation during boreal summer, in contrast to other sea-
sons in which the eastward propagation signal dominates.
The strength and the phase of ISO is calculated by combin-
ing the first two PCs (Lee et al. 2012).

While the bimodal ISO index for boreal summer (for
brevity, referred to hereafter as the “BSISO index”) pro-
vides useful monitoring of the summertime ISO, it is gen-
erally recognized that standard ISO indices cannot opti-
mally capture intraseasonal variability in all regions. For
this reason, the Climate Variability and Predictability MJO
Working Group (Waliser et al. 2008) has recommended
that researchers derive a customized ISO based on leading
modes of intraseasonal variability in the region of interest.
For this study, therefore, we define an UBNB Intraseasonal
Index (UISI) to complement the standard BSISO index. The
UISI is defined as the first PC of the 30-90-day bandpass
filtered gridded OLR anomaly field for the region 7.5-12.5
°N, 35.0-41.5 °E, which corresponds to the Ethiopian High-
lands, for June-September. The choice of a 30-90 day band-
pass filter is informed by previous work on ISO indices (e.g.,
Wheeler and Kiladis 1999; Kemball-Cook and Wang 2001;
Teng and Wang 2003; Jiang et al. 2004; Lee et al. 2012).
The first PC is deemed adequate to capture intraseasonal
variability in the filtered OLR anomalies because it accounts
for 58.6 % of the total variance and is well separated from the
second and third PCs (12.7 and 8.5 %, respectively). Analy-
ses performed with UISI are compared to analyses that use
the standard BSISO index in order to assess whether the two
indices capture similar atmospheric patterns. All analyses
are performed using 35 years of data, 1983-2018 (Fig. 2).

Associations between the intra-seasonal indices (BSISO
and UISI) and UBNB precipitation are studied through cor-
relation maps and composites. BSISO composites were
made by averaging the filtered daily anomaly fields on the
dates when the BSISO amplitude was greater than 1 in the
phase of interest, a thresholding approach that is consistent
with that used in previous BSISO index studies (Lee et al.
2012). For UISI, we defined positive and negative phases as
days when PC1 was higher or lower than one standard devia-
tion (+ 1o) of the PC1 time series, respectively. This thresh-
olding approach is commonly used when an EOF-based
index is used to describe an ISO (Kikuchi and Takayabu
2003; Wheeler and Hendon 2004). Thus, UISI composites
for the different fields correspond to the average of filtered
daily anomalies that fall within the dates of positive or nega-
tive phase given by the UISI.
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Fig.2 Spatial structure of the three leading EOF modes of the 30-90-day bandpass filtered OLR data over UBNB (7.5-12.5 °N, 35.0-41.5 °E)

for JJAS about 1983 to 2018

In addition, we calculate percentage changes in the prob-
ability distribution function of rainfall as:

Pysiso(x > x.) = Py (x> x,)

Pall(x > 'xc)

APpgiso = x 100

Where 4P is the percentage change in the cumulative
probability of rainfall (x) exceeding a given threshold x, due
to the BSISO. Py is the cumulative probability that the
rainfall exceeds the threshold calculated for only the days of
the given BSISO (or UISI) phases and P is for all days in
the summer season.

3 Results and discussion

3.1 Life cycle of the BSISO andits link with UBNB
rainfall

The life cycle of the BSISO can be visualized in terms of
OLR composited by BSISO index phase (Fig. 3). Here we
show the core BSISO development and propagation region
centered on the Indian Ocean, but extend the plots to include
all of tropical Africa. These composites are constructed
using all summertime days that have a BSISO index ampli-
tude greater than one. The general features of BSISO evolu-
tion are: in BSISO phase 1 deep convection anomaly is cen-
tered over the equatorial Indian Ocean; in phase 2 and phase
3 convection becomes more intense and expands over all of
the Indian Ocean and Maritime continent, while the convec-
tive center spreads northward; in phase 4 and phase 5 the
convective center is positioned over peninsular India, and the
equatorial Indian Ocean enters a period of suppressed con-
vection; in phase 6 and phase 7 the suppressed convection
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anomaly extends to and is eventually concentrated in the
Bay of Bengal and South China Sea; in phase 8 convection
begins to redevelop in the central equatorial India Ocean
(Lee et al. 2012; Ren and Ren 2017).

While the most pronounced direction of zonal propaga-
tion is eastward, there is also a clear signal of OLR anoma-
lies propagating northwest from the central Indian Ocean.
This direction of propagation is consistent with the Rossby
Wave response to equatorial heating (Gill 1980) that has
been characterized extensively in studies of MJO dynamics
(Wheeler and Kiladis 1999). In the case of the summer mon-
soon season, however, some of the signal seen to the north-
west of the equatorial Indian Ocean, including in our East
African study region, is also consistent with synoptic cir-
culations associated with South Asian monsoon variability.
The coherent variability in deep convection seen in India and
the UBNB, for example (most notably phase 1 and 8 (sup-
pressed) and phase 4 and 5 (enhanced); Fig. 3), resembles
associations on interannual timescales have been attributed
to variability in the Somali Low Level Jet or the Tropical
Easterly Jet (Viste and Sorteberg 2011; Gleixner et al. 2017,
Zeleke et al. 2017). This will be explored further in Sect. 3.3.
Given the similarities in UBNB response to BSISO phases
4 and 5 and BSISO phases 1 and 8, we combine these two
phases in all subsequent BSISO index composites (Fig. 4).

As noted in the Methods section, regionally custom-
ized ISO indices can provide more powerful analysis than
standard indexing systems when studying regional climate
impacts. OLR composites generated using our regionally
customized UISI index (Fig. 5) show that the general pat-
tern across the Indian Ocean, South Asia, and East Africa is
similar to that found for BSISO (Fig. 4), but with a stronger
signal in East Africa.

A positive UISI (Fig. 5) is associated with strong convec-
tion in the equatorial Indian Ocean and anomalously dry
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conditions in East Africa (including the UBNB), across the
Arabian Peninsula and Arabian Sea, and all of peninsular
India. A negative UISI (Fig. 5) shows the opposite pattern,
with anomalously wet conditions in East Africa, the Arabian
Sea, and India, and suppressed convection in the equatorial
Indian Ocean. The UISI and BSISO composites do not cap-
ture identical populations of days, but there is a tendency
for BSISO to be in phase 8 or 1 during UISI positive events
(52 % of all UISI positive days; phase 8 most common) and,

somewhat less conclusively, phase 4 or 5 during negative
events (30 % of all UISI positive days; phase 5 most com-
mon). Moreover, the evolution of large scale OLR fields
prior to and after a UISI positive (negative) event resemble
those of BSISO phases prior to phase 1 and 8 (phase 4 and 5)
events, suggesting that the UISI captures a regional response
to BSISO-related dynamics (Fig. 6).

To quantify the relative contributions of the convec-
tively coupled waves to the BSISO association with

@ Springer



Z. A.Fetene et al.

Fig.5 Composites of filtered
OLR against PC-EOF1 (UISI)
for JJAS (1983-2018)

Fig.6 Time lagged regression
coefficients for raw OLR against
PC-EOF1 for JJAS, 1983-2018.
The shading indicates values
significant at 95 confidence
intervals
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UBNB convection and to compare the strength of the
impacts of these waves, we present regression of UISI
against OLR filtered to the characteristic wavenumber and
frequency of BSISO. The following figures retain much
of the signal, and indicate that a considerable amount of
the BSISO influence on UBNB summertime precipita-
tion is directly attributable to the migration of the BSISO
convention center.

In Fig. 6, time TO refers to the zero lag correlation
between UISI and OLR, negative lags refer to correlations
with OLR leading UISI, and positive lags refer to corre-
lations for OLR lagging UISI. The progression in Fig. 6
shows a northward migration of positive OLR anomalies
(i.e., suppressed convection) from the equatorial Indian
Ocean up into Peninsular India and the Arabian Sea, with
strong suppressed convection appearing in East Africa
from T-5 through T + 5. This is similar to what we see for
BSISO phases 3 through 6, with TO resembling the phase
4-5 composite shown in Fig. 4.
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Fig.7 Composites of precipitation anomalies (mm/day) against
BSISO and UISI for JJAS. BSISO composites are for (a) phases 1
and 8 with amplitude greater than 1, and (b) phases 4 and 5 with

c 15N

3.2 The impact of BSISO on precipitation

While OLR is a useful proxy for deep convection, it is
important to examine actual impacts on observed precipi-
tation. Composites of precipitation in Fig. 7 are, indeed,
consistent with the OLR results we found in Figs. 4 and
5, with reduced rainfall across the core of the Ethiopian
Highlands found in BSISO phases 1 & 8 (UISI positive)
and enhanced rainfall found in BSISO phases 4 and 5 (UISI
negative). These anomalies are approximately 0.5-2.0 mm/
day for BSISO and are somewhat larger (up to ~3 mm/day)
for UISI. To put that magnitude in context, positive UISI is
associated with local decreases of precipitation ranging from
0 to 30 % over the UBNB, and up to 50 % or more in parts of
southern and southeastern Ethiopia.

The UISI and BSISO indices are calculated using
30-90 day filtered OLR, so by design they capture intra-
seasonal rather than interannual variability. That said,
it is known that ISO behavior can be impacted by slowly

10N —

SN —

10N — ' - -

amplitude greater than 1. UISI composites are for standard deviation
(c) greater than 1 and (d) less than 1
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evolving climate modes, most notably ENSO (Lo and Hen-
don 2000; Wheeler et al. 2009), such that the frequency of
BSISO phases (or UISI events) and the link between BSISO
and East Africa might differ according to ENSO phase. For
this reason we examine the relationship between Ethiopian
precipitation and UISI for La Nifia, El Nifio, and ENSO-
neutral years, to assess whether these patterns are consist-
ent across ENSO state (Fig. 8), using the June-September
Oceanic Nifio Index (ONI) as the basis for composites. The
analysis period includes 17 ENSO-neutral, 11 La Nifia and
7 El Nifio years. The analysis shows that the sign and spatial
pattern of UISI-precipitation composites are generally con-
sistent across ENSO state. Not surprisingly, the magnitude
of impact is greatest in La Nifia years and smallest in El
Nifio years, in absolute terms, as La Nifia years tend to be
wet in this region while El Nifio years are dry. The ENSO
neutral composites closely resemble the all-year composites
(Fig. 7). Based on these results, we proceed with all-years
analysis for the remainder of the paper.

3.3 Mechanism of BSISO influence on the UBNB

Rossby waves play an important role in ISO dynamics and
teleconnections (Wheeler and Kiladis 1999; Wang et al.

2016; Lin et al. 2019). Kemball-Cook and Wang (2001)
diagnosed Rossby Waves associated with the BSISO that
propagate north into the Arabian Sea but did not show any
evidence of westward wave propagation into Africa. Never-
theless, as we are concerned with influences observed to the
northwest of the equatorial Indian Ocean convection center,
it is worth considering a potential Rossby wave dynamic.
To do this, we apply wavenumber-frequency filtering for
Equatorial Rossby wavenumber 1, as described in Wheeler
and Kiladis (1999), and examine time-lagged correlation of
Rossby-filtered OLR with UISI (Fig. 8), as was shown in
Fig. 6 for raw OLR. The pattern of OLR anomaly propaga-
tion is, as expected for such a filtered OLR field, consistent
with westward propagating equatorial Rossby waves sym-
metric about the equator. The filtered OLR anomalies are
also sign-consistent with the observed influence of BSISO
on East Africa, with statistically significant negative OLR
anomalies found in East Africa at lag-0. The magnitude
of the Rossby-filtered anomalies, however, is small rela-
tive to the total OLR anomalies associated with UISI and
its BSISO-like OLR correlation patterns. This suggests
that Rossby wave induced suppression of convection (or
enhancement for -UISI) is, at most, a secondary mechanism
for BSISO influence on East African summertime rainfall

a LaNina-pos/neg std b EINino-pos/neg std c Neutral-pos/neg std
- 1 n 15N ! 15N 1 A L
g L
. Fr
10N — b= 10N — ., \9’ - 10N —
B P
)'f”v: = By "’;AJ X
. : ~ - ‘1’
A \
N —f y 3 - sN —f - SN —
Q’ e O w7
. T T T T
35€ 35E 35E
15N L 15N L |
10N — “ 10N —f
) -« & L
& 3
} ‘\ . :
. adl < \
N — - 5N —f N - L
-
o () %o 0 x 0
T T T T T T T T T
35 40E 45€ 35€ 40E 45E 385€ 408 45€
[ B I [ I— ]
35 25 15 -0.5 05 15 25 35

Fig.8 Composites of daily precipitation anomalies (mm/day) during a ENSO-La Nifia b ENSO-EI Nifio and ¢ ENSO-Neutral years from 1983—
2018 against UISI> + 1o (PC-positive) and UISI < -1c (PC-negative) for JJAS
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(Fig. 9). We note that OLR filtered to free Kelvin Wave
wavenumber-frequencies showed very little signal (results
not shown).

Next, we consider a potential synoptic link, in which
BSISO influence on convection in the South Asian monsoon
zone might influence East African atmospheric conditions,
particularly via modulation of the East African Low-Level
Jet (EALLYJ; also referred to as the Somali Jet) or the Tropi-
cal Equatorial Jet (TEJ). Figure 10 shows composites of
winds (vectors) at 850 hPa and 200 hPa for UISI positive and

Fig.9 Rossby wave of OLR ooag !
anomalies using lag regression

against PC-EOF1 for JJAS. The 10N
shading indicates values signifi-

cant at 95 % confidence 0

105

20N

208

208

10N

108

208
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105

208

negative, displayed on a background (shading) of compos-
ite windspeed at those levels. At 850 hPa for UISI positive
(Fig. 10a), vectors point southwest in the core of the EALLJ
off the coast of the Horn of Africa, indicating a weakening
of this southwesterly wind feature. While a strong EALLJ
is associated with dynamically-induced subsidence along
the coast of the Horn of Africa, these winds bring moisture
to interior highland Ethiopia through two proposed mecha-
nisms. First, a strong southwesterly jet north of the equator
is associated with stronger northeasterly winds that enter

GOE 90E 180E 150 180
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Fig. 10 UISI composite wind speed (shading) and wind anomalies
(vectors), calculated for 1983-2018: a, b 850 hPa winds for UISI
a positive and b negative; ¢, d 200 hPa winds for UISI a positive and
b negative

the Horn of Africa from the Indian ocean to the south of the
Ethiopian Highlands. These moist winds bring moisture to
the highlands and enhance convergence. Second, stronger
southwesterly winds off the coast of Ethiopia can enhance
the intrusion of low level westerly winds into the Ethiopian
Highlands via the Congo Air Stream, which brings moisture-
rich air into the Ethiopian Highlands, where topographi-
cally-aided ascent leads to precipitation. For these reasons, a
weakening of the jet, as seen in Fig. 10a, would be expected
to lead to reduced rainfall; indeed, there is evidence of weak-
ened westerlies across central Africa in Fig. 10a, and to a
lesser extent signs of weakened northerly flow in from the
Indian Ocean. The opposite pattern is seen for UISI negative
(Fig. 10b), indicating a strengthened EALLJ, with evidence
of increased westerly flow into the Ethiopian Highlands and
some sign of enhanced inflow from the Indian Ocean south
of the jet.

At 200hpa, there is evidence of a weaker TEJ for UISI
positive, with reduced wind speed in the TEJ exit region
over Africa (Fig. 10c). The opposite is seen for UISI nega-
tive (Fig. 10d). These patterns are consistent with studies
of TEJ-mediated ENSO influence on East Africa (Gleixner

@ Springer

et al. 2017), which propose that reductions in upper level
divergence in the jet exit region under weakened TEJ condi-
tions lead to reduced convection in the Ethiopian Highlands.

4 Conclusions

The importance of tropical Intra-seasonal oscillations (ISO)
to precipitation in East Africa has been recognized in a
number of previous studies. Those studies, however, have
focused on the influence of the Madden-Julien Oscillation
(MJO) on equatorial spring and fall rains. In boreal summer,
when the Ethiopian Highlands receive the majority of their
rains, the ISO has seasonally specific summertime character-
istics, and is referred to as the Boreal Summer ISO (BSISO).
This study examines the influence of the BSISO on Upper
Blue Nile Basin (UBNB) summer precipitation and shows
significant associations. We find that during BSISO phases
1 and 8, which we characterize with a regionally customized
UBNB Intra-seasonal index (UISI), there is suppression of
precipitation in the UBNB, and in phases 4 and 5 (UISI
negative phase) there is enhanced precipitation. We find that
this pattern is consistent with BSISO patterns of influence
and propagation sequences. Mechanistically, we see some
evidence of a Rossby wave mediated teleconnection, but the
majority of the signal appears to be associated with BSISO
influence on wind fields over the Indian Ocean.

This investigation opens opportunities for several areas of
follow-on work. First, as sub-seasonal rainfall variability can
be critical to crop production in the agriculturally dependent
Ethiopian Highlands (e.g., Eggen et al. 2019), information
on BSISO activity and, potentially, BSISO-informed subsea-
sonal forecasts could be of value for agricultural manage-
ment and food security analysis. Second, we observe that
the BSISO influence on rainfall is consistent across ENSO
phases. While the magnitude of impact during El Nifio is
somewhat smaller than La Nifia, consistent with generally
drier conditions during El Nifio, the impact of the influence
during El Nifio-induced droughts could be quite significant,
and will depend on the character of BSISO activity during El
Nifio events. Future studies can examine the role of BSISO
activity during UBNB drought periods. Finally, though we
have diagnosed mechanisms of influence in this study, we
have done so through study of reanalysis fields rather than
through controlled modeling experiments. A more robust,
model-informed study of BSISO teleconnections could
strengthen and expand upon these findings.
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