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This study describes hydrological fluctuations of Lake Abaya-Chamo via direct local measurements in
relation to time-integrated climate anomalies. Reconstruction of an index involved compositing lake
level and flow discharge station records in the period 1983-2009. Satellite and model interpolated
rainfall, latent heat flux and run-off anomalies follow the hydrological records when summed over and
lagged by one year. Correlation of ECMWEF climate fields reveals that east Pacific and subtropical
Atlantic surface temperature are influential on continuous flow discharge, while the Indian Ocean dipole
has influence in September to November season. A predictive algorithm accounts for 44% of inter-
annual fluctuations in the period 1983-2009. Rapid increases in lake level coincide with maturing El
Nifio and Indian Ocean dipole, bringing floods for example in October 1997. Early season dry spells
prevail when the equatorial trough remains over Tanzania, and dry northerly winds accelerate

evaporation such as in March 2000.
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INTRODUCTION

Ethiopia’s Rift Valley contains many lakes and minor
rivers, surrounded by > 2000 m mountains that induce
seasonal rainfall, and lowlands prone to drought. Each
year the rivers swell and the lakes rise ~ 0.5 m, but in
some years the flow doubles while in others it is halved,
stressing agrarian production. Much attention is given to
the Nile River discharge from northwestern Ethiopia
(Quinn, 1992; Eldaw et al., 2003; Potter et al., 2004) and
its modulation by global climate (Camberlin, 1997;
Camberlin et al., 2001; Segele et al., 2009; Jury, 2011)
and local evapo-transpiration (Zeng and Eltahir, 1998;
Zeng et al., 1999). Most of Ethiopia has a unimodal wet
season (June-September), when surface winds arrive

from the Congo Basin and an upper easterly jet pulses
every few weeks. Diurnal heating promotes late evening
thunderstorms (Seleshi, 1991; Gebremariam, 2007) and
run-off with an efficiency of 18% (Roskar, 2000; Dettinger
and Diaz, 2000).

In contrast, the south-facing parts of the Ethiopian
highlands that extend to the Kenya border (Figure 1a)
experience a bi-modal wet season with peaks following
equinox. One of the largest lake systems in the southern
Rift Valley is Abaya-Chamo next to the urban center Arba
Minch. The basin falls within the East African climate
regime that is modulated by equatorial signals such as
the Pacific El Nifio and Indian Ocean dipole. Studies of
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this lake system have found fluctuations in level
attributable to land-use and climate (Servat et al., 1998;
Awulachew, 2001, 2006; Schutt et al., 2002; Ayenew,
2002, 2009; Ayenew and Becht, 2007). The level of Lake
Abaya-Chamo has been measured since 1970;
abstraction and manipulation can be considered as
limited. Its level has risen at the same time the local
population has tripled (to 170/km?2), contributing to
deforestation and sedimentation (Belete, 2009). Lake
Abaya spills southward into Lake Chamo via Kulfo
(Schutt and Thiemann, 2006), forming a single basin with
a water volume of 13 B m?3 (Figure 1c). Lake Chamo, in
turn, overflows via Woito to Lake Chew-Bahir in the arid
Turkana Valley. Lake Abaya receives inflow from the
north via the Bilate River and from smaller rivers (Gidabo,
Gelana, Hare) draining mountains to the east and west,
yielding a run-off of ~750 m3/year from rainfall that varies
from 0.5 to 2 m/year over a basin of area 18,600 km?
(Table 1). Gebremariam, (2007) reports peak rain rate of
23.7 mm/h in April with high suspended lake sediment (<
10 cm transparency depth). Potential evaporation losses
are relatively steady and peak at 0.2 m/month in
February-March when mean air temperatures and
surface wind speeds reach 26°C and 2 m/s (Belete,
2009).

The objective of this paper is to reconstruct the
fluctuations of Lake Abaya-Chamo using direct
measurements supplemented with model estimates, to
analyze seasonal to interannual variability and its global
climate forcing, and to understand the meteorological
processes underlying wet and dry spells, extending the
work of Belete (2009) and the German Technical
Cooperation with Arba Minch University.

MATERIALS AND METHODS

Ethiopia’s southern rift valley lakes of Abaya and Chamo (5.6-
6.9°N, 37.3-38.3°E) are the focus of this study (Table 1). Their daily
levels and discharge are monitored by the Ministry of Water
Resources: Lake Abaya has three level-recording stations, while
Lake Chamo has one. Flow discharge is measured at nine stations,
and three have complete records: two downstream (south) of
Abaya, and one south of Chamo. Studies by Schutt et al. (2002)
and Goerner et al. (2009) indicate that Lake Abaya-Chamo has
risen (1.37 m) in recent decades due to a combination of tectonic
uplift and sediment accumulation at the southern outlet. Following
quality checks, averaging of overlapping data and linear
interpolation of short gaps, complete time series were reconstructed
from 1983 to 2009 to study hydrological fluctuations. Daily values
were subsequently averaged to monthly (N=312) for analysis of
seasonal to interannual variability.

In-situ hydrological records were supplemented with NASA
satellite altimetry and gravity measurements (Tapley et al., 2004;
Cretaux et al., 2011; Velpuri et al.,, 2012); and GPCCv6 gauge
interpolated rainfall observations (Schneider et al., 2013) in the
Abaya-Chamo basin (5.6-6.9°N, 37.3-38.3°E, Figure la,b). Area-
averaged latent heat flux (LHF) and run-off estimated from the
Global Land Data Assimilation System NOAHv2 model are
employed (Rodell et al.,, 2004). Supporting datasets include:
MODIS surface temperatures and enhanced vegetation index (EVI)
(Huete et al., 2002), European Community reanalysis fields
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Table 1. Lake Characteristics.

Parameter Abaya Chamo
Altitude (m) 1169 1110
Combined area (km?) 18,600

Mean length (km) 79 34
Mean width (km) 14 10
Max depth (m) 24 14
Volume (m?3) 9.8 x10° 3.2 x10°

(ECMWF) (Dee et al., 2011), NCEP-Coupled Forecast System
(CFS) reanalysis fields (Saha et al., 2010) and National Climate
Data Center (NCDC) v3 surface temperature, (Smith et al., 2008).

Cross-correlation of lake level and flow discharge with
meteorological variables (Figure 3c) determined that a 1 year
lagged running sum of GPCC6 rainfall, NOAH2 LHF and run-off
anomalies best represents the hydrology. Hence their standardized
departures were averaged with the reconstructed lake level and
integrated flow discharge (Figure 2a, b) to create a continuous
index with minimal trend (Figure 4a). This time series correlates
above 50% with SST in the West Indian Ocean and tropical East
Pacific.

To understand global climate influences on Abaya-Chamo
hydrology, cross-correlation maps were computed at 6-month lead
time. Candidate predictors were identified from the maps (Table 2,
Figure 5a-c) and a multi-variate regression was calculated following
the methods of Eldaw et al. (2003). Wet and dry spells were
identified using streamflow records (Figure 2a) and their climate
forcing was studied, with a focus on links to the Indian Ocean.

RESULTS
Basin characteristics

Ethiopia is blessed with ample water resources to due its
mountainous topography and tropical latitude (Figure 1a).
Yet in the Rift Valley, reduced orographic forcing of
convection means that rainall averages ~ 50 mm/month
(Figure 1b). The Abaya-Chamo basin’s mean satellite
vegetation cover (EVI) and day-time surface temperature
is illustrated in Figure 1c, d, while characteristics are
listed in Table 1. The vegetation fraction varies from <0.2
in the northern valley where land surface temperatures
exceed 35°C, to >0.6 in the cool (20°C) eastern
mountains. The annual cycle (not shown) is warmest
40°C in early March and coolest 20°C in late July, with
vegetation reaching a minimum 0.2 in early March and a
maximum 0.4 in late June. Most years exhibit a uni-modal
distribution. Lake surface temperatures are ~10°C cooler
than the surrounding valley and consistent with nearby
mountains, giving rise to local circulations and convective
patterns embedded in a prevailing southeasterly wind
(Figure 1b) with an upslope component.

Hydrology observations and annual cycle

The raw monthly in-situ records on flow discharge and
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Figure 1. (a) Topography of Ethiopia’s Rift Valley lakes and flows. (b) GPCCv6 mean rainfall (mm/month) and NCEP
surface winds (max vector 5 m/s). (c) MODIS satellite 2000-2012 mean vegetation fraction and (d) day-time surface
temperature of the Abaya-Chamo basin with stream gauges labelled. Dashed box in (b) is domain of (c,d).



Jury

Lake Abaya - Chamo Basin

1200
kulfo-out y=081x-791
1000 weito N
- = combined R°=0.49
2 kulfo-s
E 800
@
2
= 600
(%]
0
=
z 400
o
Ll
200
W (a)
0
™ w0 ~ =] — o] [Te} ~ @ - e w I~ oy
o © =] © [=2] I=;) =) =) > py S s S 0
6
——chamo )
5 —— abaya-gid y= 0.(2)044x -3.52
——abaya-arb R“=0.35
——abaya-lan
=== combined

lake level (m)
w

(b)

O T T T
[V} [T} N~ [9)
@ © LY Q
Lake Victoria annual level
135
obsened
_ altimetry L
130 Turkana
12.5 1 |
~
£12.0 s
©
3
=115 r
11.0 1 |
10.5 r
(©)
100 T T T T T T T T T T T T T T T T T T T T T T
O N o mnmowww ol oo, oM oo o LW o wumo
O O o d N N OO MO & < DWW O© O NN 00w Oo o0 O O d
O OO OO OO OO O) OO OO OO OO OO O OO OO OO OO OO OO O O O O
T 4 A A A A A A A A A A A A A A A A A A4 N NN

Figure 2. Raw monthly hydrological observations used to reconstruct the Abaya-Chamo: (a) flow
discharge and (b) lake level. Thick purple line is average of stations in a,b; arrows point to case
study wet and dry spells. (c) Lake Victoria levels since 1900 (observed purple, altimetry blue) and
Lake Turkana altimetry levels since 1992 (orange line). Base levels (1133 m Victoria, 360 m

Turkana) start at 10 m for comparison.
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Table 2. Predictor characteristics.

Candidate predictors from the correlation maps

Ts Pacific: 130W-70W, 20S-15N (surface temperature)
Ts Atlantic: 60W-10W, ON-20N

Ts Europe: 15W-15E, 30N-50N

Ts w.Indian: 40E-70E, 20S-20N

U850 Indian: 50E-120E, 5S-5N (850 hPa zonal wind)

The 6-m lead multi-variate regression after elimination of weak
predictors:

.86+(Ts Pac*0.208)+(Ts Eur*0.246)+(Ts Atl*0.327)

lake level at various stations are given in Figure 2. Both
exhibit trends characterized by low and stable values up
to 1993; a marked upward trend with increasing spread to
1998, and high and relatively stable values thereafter.
The background up-trend is related to geological shifts
and sedimentation (Goerner et al., 2009). The intermittent
flow discharge at various stations and different reference
levels for the lake are evident. Bewketu (2010) reviews
the issues of data quality and notes uptrends of inflow to
Lake Abaya and a 10% contraction of Lake Chamo
shoreline since 1986. Here the data gaps were overcome
by first establishing a base level then averaging all
stations to a single time series. Further gaps at the end of
the record in 2008 to 2009 were filled using
proportionately scaled NASA satellite altimetry / gravity
measurements, (eg. fitting overlapping records and
projecting values forward).

Lake level data for nearby Lake Victoria and Lake
Turkana provide a long-term context for our observations
(Figure 2c). There is a huge 2 m rise in 1961 caused by a
flood event similar to that described in short-term events
(Figure 6); followed by a slow decline to present. Floods
punctuate the Lake Victoria record in 1977 to 1978 and
1997 to 1998, and droughts in 1992 to 1993 and 2005 to
2006. Hence the uptrend in our Abaya-Chamo series
(+.05 m/year) is at odds with lake levels 200 km to the
south (-.02 m/yearr since 1965), making it advisable to
partially detrend the record as described earlier.

Intercomparisons  of climate and  hydrology
observations are made for the annual cycle in Figure 3.
The run-off and inflow is lowest in February and rise to a
peak in May. Run-off stays above 0.7 mm/day from May
to October then declines in the December to February dry
season. The corresponding Lake Abaya-Chamo level
(Figure 3a) is lowest in March and rises gradually to a
peak by November. The lake level lags inflow from run-
off, which in turn lags rainfall. Lake levels continually
integrate the effects of climate, unlike inflows which
reflect short-term events. The annual cycle of rainfall
shows a major peak in April-May and a minor peak in
September-October (Figure 3b). LHF remains high from
April to November, while low values are found in
December-February. Sensible heat flux (SHF), on the
other hand, is greatest from Janurary to March and is

consistent with latent heat flux the rest of the vyear.
Precipitation exceeds evaporation only in April-May.
Bewketu (2010) notes that Lake Abaya-Chamo level is
better correlated with evaporation and run-off, than with
local rainfall.

Hydrology response to climate

The hydrological response lag is determined by lag
cross-correlation with monthly GPCC6 rainfall from 0-12
months. Observed lake level and outflow, and NOAH2
run-off all exhibit weak correlation at zero lag (Figure 3c).
Hydrology variables cross-correlated with basin rainfall
reach a plateau by 6-month lag and tail off gradually.
Thus a 0-12 months lagged running sum (time integral) is
considered optimal for merging meteorology variables
(GPCC6 rainfall, NOAH2 LHF and run-off) with hydrology
observations (lake inflow and level, Figure 2a,b).
Together they form the Lake Abaya-Chamo index (Figure
4a). Its wavelet spectrum exhibits 2 to 5 years cycling
with a weak harmonic at 8 to 9 years (Figure 4b).
Subsequent analyses make use of this time-integrated
index. Field correlation maps at 6-month lead time with
respect to the Abaya-Chamo index are given in Figure
5a,b, with values < 90% confidence masked. For NCDC3
(detrended) surface temperature, positive correlations
w.r.t. lake levels are noted in the east Pacific, subtropical
Atlantic and western Europe. There is also a region of
positive correlation in the tropical Indian Ocean. ECMWF
850 hPa zonal winds exhibit noteworthy correlations in
the equatorial Pacific (+ westerly) and Indian Oceans (—
easterly). Extracting five key predictors as detailed in
Table 2, cross-correlations with the Abaya-Chamo index
exhibit a ‘crest’ at 6-9 month lead time (Figure 5c). In
multi-variate tests, west Indian Ocean predictors drop out
because their influence is confined to August-December,
while east Pacific and Atlantic predictors have continuous
influence. After step-wise multi-variate regression, the
predictive algorithm (Table 2, Figure 4d) achieves a 44%
fit, with all inputs positive and the subtropical Atlantic
surface temperature having largest coefficient. The
algorithm follows the uptrend but over-predicts neutral
cases. It forecasts 2 to 5 fluctuations and the 1997 to
1999 oscillation, but is too dry in 1993, 2008, and too wet
in 1988, 2000. Thus Lake Abaya-Chamo rises during
Pacific El Nifio when the Indian Ocean dipole is active
(Figure 5a,b). The 44% r? fit is statistically significant at
99% confidence, after deflating the degrees of freedom
for target autocorrelation. The relationship between
ENSO and the Indian Ocean dipole has been described
by (Saji et al., 1999; Xie et al., 2001; Luo et al., 2010;
Izumo et al.,, 2010). This feature is analogous to the
thermocline see-saw of the Pacific, and is related to a
sub-tropical ocean Rossby wave coupled with equatorial
zonal winds (Jury and Huang, 2004; Jury, 2013). As the
thermocline deepens in the west Indian Ocean with an
incoming Rossby wave, SSTs increase > +1C and
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Figure 4. (a) Abaya-Chamo hydrology index (dark line), and (b) its wavelet spectral
energy (period in years) shaded above 90% confidence. Subsequent correlation maps
use this index. Faint line in (a) is prediction by the algorithm given in Table 2.

contribute to heavy rains over East Africa particularly
after August (Behera et al., 2005; Yeshanew and Jury,
2007). The first event described below is one of those
cases.

Short-term events

Events in the daily record of flow discharge are analyzed
in this section, and two cases are selected for detailed
study. The first case is the flood event of October to
December 1997 (Figure 6) which has been well studied
(Birkett et al., 1999; Goddard and Graham 1999; Mercier
et al.,, 2002). Hydrological records indicate that Kulfo
discharge reached 462 m3/s on 30 October, Lake Chamo
rose 0.08 m on 20 November and Woito discharge set a
record of 854 m3/s on 27 November 1997. A number of

pulses are seen in the time series (Figure 6a) which can
be traced to westward moving convective waves arriving
from the Indian Ocean (Morel et al., 2011). The rainfall
distribution (Figure 6b) exhibited a narrow N-S wet zone
along 38E from Mombasa to Arba Minch. Winds over the
Indian Ocean reflect a zonal overturning Walker
circulation anomaly (Figure 6¢) with rising motion over
The algorithm vyields time series (Figure4a) and scatterplot
(Figure 5d).

Ethiopia and descending motion west of Indonesia. Sea
surface temperature anomalies were > +1.5°C off
Somalia and cool off Sumatra (Figure 6d), and easterly
winds connected the two centers of action: the Indian
Ocean dipole. This pattern was repeated in 1961 and
1977, adding > 1 m to Lake Victoria (Figure 2c).

Dry spells that diminish lake levels are related to high
evaporation rates during heat waves. In Figure 7a the
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Kulfo discharge from Abaya to Chamo nearly stopped (< Chamo level dropped from 2.72 m in November 1999
2 md/s) from 16-22 March 2000 coincidently with basin- t00.93 m by April 2001. The widespread nature of the
averaged maximum temperatures > 30°C. Lake Abaya- March 2000 drought is evident in MODIS day-time land
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imprint.

surface temperatures > 40°C across Sudan, Ethiopia,
Kenya and Somalia (Figure 7b). Satellite out-going
longwave radation (OLR) anomalies > +20 W/m? formed
an axis through southern Ethiopia in March 2000 (Figure
7d), while negative anomalies were evident south of the
equator over Tanzania. A feature of this drought was the
Hadley overturning circulation (Figure 7c), exhibiting
sinking motions and northerly winds over Ethiopia (Figure
7d). The inter-tropical convergence zone remained south
of its usual position (green shaded humidity, Figure 7c)
and thus early season rains failed. Coincidently, southern
Africa experienced epic flooding (Jury and Lucio, 2004).

Conclusions

This study has described hydrological fluctuations of
Lake Abaya-Chamo and its climate and weather forcing.
While earlier studies found weak correlation between lake
level and rainfall (Belete, 2009), here consideration of the

hydrological response lag yielded close relationships
using time-integrated anomalies. The findings are
summarized in the following points:

(i) Direct measurements of large lakes are valuable as
they integrate the effects of climate in space and time.

(i) Satellite and model interpolated data follow the
hydrological record when summed over the preceding 12
months, especially GPCCB6 rainfall, NOAH2 LHF and run-
off, and ECMWF climate fields.

(i) The Pacific ENSO and subtropical Atlantic affects
continuous flow discharge, while the Indian Ocean dipole
has influence after August. A predictive algorithm
accounts for 44% of variance at 6 month lead time.

(iv) The Abaya-Chamo basin is on the edge of the East
Africa climate regime shared with Kenya, wherein higher
lake level coincides with a maturing EI Nifio.

(v) Early season dry spells prevail when the equatorial
trough remains over Tanzania, and the Hadley cell brings
dry northerly winds that accelerate evaporation: March 2000.
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wind anomalies (W/m?, vector max 5 m/s).

(vi) Late season floods are related to easterly winds and
a down-tilted thermocline (Jury and Huang, 2004,
Yeshanew and Jury, 2007) that comprise the Indian
Ocean dipole. In response, lake levels can rise
1m/month: October 1961, 1977, 1997.

Further research progress will depend on ready access
to daily flow data, sustained local measurements
timeously reported to international data centers, the
calibration and operational use of mesoscale weather
forecast models, and the maintenance of multi-
disciplinary regional science networks. Although
predictability was uncovered for Lake Abaya-Chamo,
more than half of the fluctuations are unresolved. Thus
coping mechanisms and strategies for resource switching
in wet and dry years is needed, to keep the growing rural
population on a sustainable socio-economic path.
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