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The vegetation fraction over the Ethiopian highlands exhibits large seasonal and multi-annual
variability in the period 1982 to 2014. Northern areas are more sensitive to rainfall due to the brevity of
the wet season. Differences in the regional climate during periods of high and low vegetation are
analyzed using composite fields of rainfall, wind, humidity, sea temperatures, salinity and currents; and
correlations at six-month lead-time. The key climatic driver of vegetation is the zonal overturning
atmospheric circulation linking subsidence over the east Indian Ocean and ascent within an expanded
African monsoon. Certain aspects of this Walker Cell reflect Pacific ENSO interaction with the Indian
Ocean Dipole. During cold phase ENSO an upwelling Rossby wave and cool sea temperatures in the
west Indian Ocean promote vegetation growth in the Ethiopian highlands.
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INTRODUCTION

Semi arid parts of Africa bordering the Congo monsoon,
such as the Sahel and Zambezi, are characterised by
high rainfall variability and low vyield agriculture that
contribute to food insecurity (Cassel-Gintz et al., 1997).
To better understand how summer rainfall affects crop
production at state-level, past work has compared time
series of farm vyields, rain-gauge and satellite data
(Tucker, 1979; Eklundh, 1998; Richard and Poccard,
1998; Al-Bakri and Suleiman, 2004; Budde et al., 2004).
Remotely sensed color reflectance is used to quantify
vegetation fraction since 1982 (Bannari et al., 1995), with
bias correction for sensor degradation, orbital drift and

atmospheric contamination (Chappell et al.,, 2001;
Kawabata et al., 2001; Mennis, 2001; Tucker et al.,
2005), and intercomparisons with crop yield (Lewis et al.,
1998; Maselli et al., 2000). Rainfall in semi-arid zones
drives vegetation growth at seasonal and multi-annual
time scales (Budde et al., 2004; Eklundh and Sjostrom,
2005; Li et al, 2004; Vanacker et al., 2005) with a
response lag of one to two months (Davenport et al.,
1993; Eklundh, 1998; Richard and Poccard, 1998).
Correlations between vegetation fraction and rainfall are
higher for running sums and in zones with a single wet
season of 600 to 1000 mm (Davenport et al., 1993; Reed
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et al, 1994; White, 1997; Herrmann et al,
2005;Vanacker et al., 2005; Zhang et al., 2005); whereas
vegetation sensitivity to climate in desert and monsoon
regions is limited.

Previous research has shown that the El Nifio/Southern
Oscillation (ENSO) modulates vegetation across Africa
(Ropelewski and Halpert, 1987; Myneni et al., 1996;
Kogan, 1998; Verdin et al., 1999; Plisnier et al., 2000;
Mennis, 2001; Anyamba et al., 2002). Changes in tropical
Pacific Ocean sea surface temperatures (SST) influence
the overlying atmospheric convection and zonal
circulation, with effects spreading globally across the
Atlantic and Indian Oceans. Interaction between winds in
the western Pacific and SST in the Indian Ocean can
modulate ENSO onset or decay (Annamalai et al., 2005;
Kug et al., 2005, 2006). In addition to the basin-wide
signal forced by ENSO through the Walker circulation,
air—sea coupling across the Indian Ocean generates a
dipole mode (Saji et al., 1999), with opposing sea
temperature anomalies linked by changes in the ocean
circulation and Rossby wave activity (Annamalai et al.,
2005).

When there is cold water upwelling in the eastern
Pacific, the zonal atmospheric circulation generates rising
motion over the western Pacific and Africa, every 3 to 7
years (Carleton, 1998; Young and Harris, 2005). Africa’s
vegetation responds to summer rainfall anomalies forced
by ENSO (Ropelewski and Halpert, 1987); being more
favourable to crop production during cold phase (Cane et
al., 1994; Myneni et al., 1996; Mennis, 2001; Anyamba et
al.,, 2002). Correlations between area-averaged
vegetation and global SST have revealed ENSO signals,
particularly for southern Africa where the summer rainfall
coincides with mature ENSO phase (Anyamba and
Eastman, 1996; Myneni et al., 1996; Kogan, 1998;
Richard and Poccard, 1998; Anyamba et al., 2001).
However links with North Africa are somewhat obscure
and unpredictable, as the wet season (June-September)
precedes ENSO maturity.

The main goals here are to understand the controls on
late summer vegetation in Ethiopia’s crop growing region
and its links with global climate.

DATAS AND METHODS

The analysis scheme used to uncover the climatic drivers of
Ethiopian vegetation is described. Our basis is the bias-corrected
July to October satellite vegetation fraction (NDVI) from 1982 to
2014 (Huete et al., 2002; Tucker et al., 2005; Philippon et al., 2014)
averaged over the Ethiopian highlands (box in Figure 1a).
Atmosphere and ocean reanalysis fields are studied for patterns
both simultaneously and in precursor season.

The target area is defined by crop production areas known to the
Ethiopian Institute for Agricultural Research and the US Department
of Agriculture, encompassing a zone 7-14N, 36.5 to 40.5E (Figure
la) where vegetation fraction reaches 0.4 following the annual
cycle of rainfall (Figure 1b and ¢). The Jun-Sep rainfall correlation
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with July to October vegetation is highest in the northern sector
(Tigray), where the uni-modal wet season is short (Figure 1d).
Temporal lag correlations are greatest from 0 to 3 months (Figure
le); while correlations with temperature are negative (not shown).
Hence the northern highlands are more vulnerable to fluctuations of
climate, and the focus of this study. The southern highlands have a
bi-modal rainy season and vegetation fraction tends to be steadier
and less sensitive to rainfall.

Vegetation fraction may be considered a proxy for Ethiopian crop
yield, based on earlier validations (Jury, 2013). Drivers of the in-
season (Jul-Oct) climate are studied by composite analysis of high
vegetation minus low vegetation years: 1986, 1988, 1994, 1999,
2001, 2002 minus 1983, 1991, 1993, 1998, 2010, 2013. The
difference field of GPCP rainfall (Adler et al., 2003) reflects a dipole
between Africa and the Indian Ocean, so the area of composite
analysis is 20S to 30N, 0 to 120E for maps, and 10S to 20N and 10
to 90E for vertical sections. Parameters include NCEP2 atmosphere
reanalysis (Kanamitsu et al., 2002) humidity and zonal circulation,
and NOAA ocean reanalysis (Behringer et al., 2007) temperature,
salinity and zonal circulation. The composite methods are similar to
Hastenrath (2000). A hovmoller analysis of 6-month running mean
NOAA satellite outgoing longwave radiation (OLR) anomalies is
made in the 10S to 20N latitude band 1982 to 2014, to investigate
zonal propagation and dipole features. A useful attribute of OLR is
its ability to reveal both convective (-) and subsident (+) weather.

Forecasts in April would be most useful for agricultural planning,
so statistical predictors are drawn from the preceding December to
March (winter) season. The July to October vegetation fraction is
employed to ‘find’ predictors in global fields by correlation of
December to March sea surface temperature (SST) from the
Hadley Centre (Kennedy et al., 2011), and sea level pressure (SLP)
and 850 hPa winds from the European Community Medium-range
Weather Forecast (ECMWF) reanalysis (Dee et al., 2011). All time
series are standardized and linearly detrended. Field correlations <
0.28 are deemed insignificant at 90% confidence and shaded
neutral in this analysis Table 1.

Predictors were assembled from the 4 to 7 month lead-time
correlation maps. The candidate predictor pool was eight over a
training period of 32 years: 1982 to 2014. A statistical algorithm was
formulated in MSexcel via backward stepwise linear regression onto
the target time series. Initially all predictors were included and their
partial correlation was evaluated. Those with lower significance (or
co-linearity) were screened out and the algorithm was re-calculated
with the remaining variables. Its performance was evaluated by r?
fit, adjusted for the number of predictors. The time series have
minimal persistence; statistical significance is achieved with r? fit >
0.42 with 31 degrees of freedom. Predicted vs observed
scatterplots were analyzed for slope, tercile hits and outliers.

RESULTS
Drivers of in-season vegetation

The GPCP rainfall composite difference map for high
minus low vegetation (Figure 2a) reflects a dipole
between increased convective rainfall across Africa and
dry weather over the east Indian Ocean, consistent with
earlier work (Saji et al., 1999; Jury and Huang, 2004, Luo
et al., 2010). The African monsoon that is most intense
over the Congo basin, tends to expand. Hovmoller
analysis of satellite OLR anomalies in latitudes of Ethiopia
(Figure 2b) exhibit weak or eastward propagation
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Figure 1. (a) Crop production area of the Ethiopian highlands and target area (box), (b) time series of vegetation
index, (c) mean annual cycle of rainfall and vegetation fraction in the target area, (d) correlation map of Jun-Sep
rainfall with Jul-Oct vegetation, (e) temporal correlation of local rainfall at various leads and lags and July-Oct
vegetation. July t9 October vegetation is plotted in Figure 6a.

of sustained convective features; dipole conditions are humidity and zonal circulation reflects a dry zone
seen over the Indian Ocean less than half the time. southeast of India where subsidence is found (Figure 3a
The height section of composite high minus low and b), and a wet zone over Africa where uplift is evident.



Table 1. Datasets used in the statistical analysis. References are listed in text, web sources are given in acknowledgement.
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Name

Resolution (km)

ECMWF
GPCP2
NCEP2
NDVI
NOAA
OLR
SST

European Centre for Medium-Range Weather Forecasts (interim) Reanalysis
Global Precipitation Climatology Project v2 satellite-gauge rainfall

National Centers for Environmental Prediction v2 Reanalysis

Normalized Difference Vegetation Index (NASA)(bias-corrected)

Global Ocean Data Assimilation System (Reanalysis)

Outgoing Long-wave Radiation from NOAA satellite (bias-corrected)

Hadley Centre satellite-ship Reanalysis of sea surface temperature
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Figure 2. (a) Composite high minus low (vegetation) difference of Jul-Oct GPCP satellite
rainfall (mm/day). (b) Hovmoller analysis of satellite OLR anomalies (W/m?) averaged 10S-

20N, with dashed area of Ethiopia.
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Figure 3. Composite high minus low (vegetation) difference of July to October atmospheric (a) relative
humidity (%) and (b) zonal circulation (m/s), in height section averaged 10S-20N with topography.

Surface easterly / upper westerly wind differences
complete the zonal overturning atmospheric circulation.
The upper ocean composite difference patterns (Figure
4a to c) show a cool anomaly in 40-100 m depths 40 to
65E, and a warm anomaly 60 to 120 m 75-90E, a pattern
consistent with Indian Ocean Dipole during Pacific La
Nifia. The zonal ocean circulation differences reflect
westward flow at depth that upwells at 50E. Above the
warm zone in the east Indian Ocean near-surface current
differences are also westward, but near Africa they are
eastward and thus convergent in the central basin. Fresh
waters are noted off Africa that correspond with surplus

rainfall and run-off, but extend to depths of 300 m.

Elsewhere in the east Indian Ocean, salinity differences
are positive above 60m, consistent with evaporation
exceeding precipitation there.

Lag correlation and prediction

The July to October vegetation values (1982-2014) are
correlated with global fields in December to March
season to generate predictor maps (Figure 5a to c). SST
fields in respect of vegetation exhibit a cooler west Indian
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Figure 4.

Composite high minus low (vegetation) difference of Jul-Oct sub-
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surface ocean (a) temperature, (b) zonal circulation and (c) salinity (ppt), in depth

section averaged 10S-20N.

Ocean and warmer west Pacific Ocean similar to Rowell
(2013), but elsewhere weak values are found. The ENSO
(cold) signal is ‘not ready’ in the preceding year. The
December to March sea level air pressure map is
dominated by a global dipole of positive values over the

Americas and negative values over Southeast Asia. This
wave-one feature is consistent with the decadal dipole of
White and Tourre (2003, 2007) that refers to an
interaction of ENSO and south Indian Ocean Rossby
wave (Jury and Huang, 2004). As a result of the high



606 Sci. Res. Essays

GON
0N
40N 8

30N R

g
E)
A
]
s
{

20N 18 LA TR
10N A
EQ A
105 A
205 1
305 1
4059

505 -

P i [
s - nog

503

180 120w

a0n
S0NA°
40N A
30N
Z0MN A4
10N

EQA
1034
20% +
30% A
4054

505 A

505
180

[

60N
50N A

40N -

30N A

20N A “n

T0M 1

T
120W

[9:]
[l

[

—-0.5 -4 —-0.3

—0.6

—0.2

.

0.2 .3 0.4 0.5 0.6

Figure 5. Correlation maps at December to March lead time in respect of July to October vegetation
for (a) SST, (b) SLP, and (c) 850 hPa zonal wind. Predictors used in the multi-variate algorithm are
identified with boxes. Insignificant correlations are shaded neutral.

pressure over the Americas, the zonal wind correlations
are negative over the northeast Pacific. Elsewhere there
is a band of negative correlation across North Africa and
Southern China and an opposing band of positive zonal
wind correlation near the equator from Brazil to the
Maritime Continent. A positive correlation also exists
across the north Atlantic mid-latitudes. These patterns for

the preceding December to March are useful to extract
key predictor time series and develop a multi-variate
algorithm to forecast changes in July to October
vegetation fraction, as a proxy for crop yield in Ethiopia.
After back-ward stepwise regression and elimination of
weaker predictors, a three parameter algorithm is formed
that generates a 6-month lead forecast. The time series
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and scatterplot comparisons are given in Figure 6a and b.
The leading predictor is west Pacific SST (warm
favourable), followed by Asia zonal winds and Pacific
zonal winds (easterly favourable). The model fit (43%) is
on the borderline of statistical significance, typical for
northern summer climate. The tercile hit rate is 64% in
the below category, with misses in 1991 and 2014, and
82% in the above category with weak performance in
1995 and 2005. The model predicts low vegetation
fraction in 1983, 1993 and 2010, but under-predicts the
high years of 1994 and 2001. The predictors apparently
foretell of chances for a convective dipole between the
east Indian Ocean and central Africa (Figure 2a).

Conclusions

The vegetation fraction over the Ethiopian highlands
exhibits large seasonal and multi-annual variability in the
period 1982 to 2014. Northern areas are more sensitive
to rainfall due to the brevity of the wet season and

proximity to arid zones. In comparison with parallel work
using rainfall over the same place and era, our vegetation
index exhibits markedly different teleconnections.

The regional climate influence was expressed in (high
minus low vegetation) composites of rainfall, wind,
humidity, sea temperatures, salinity and currents; and
correlations at six-month lead-time. The key climatic
driver of vegetation is the zonal overturning atmospheric
circulation linking subsidence over the east Indian Ocean
and ascent within an expanded African monsoon (Figure
3a and b). Certain features of this Walker Cell reflect
Pacific ENSO interaction with the Indian Ocean Dipole
(Figure 4a) which, during cold phase, induces an
upwelling Rossby wave and cool sea temperatures, as
outlined in White and Tourre (2007). It is odd that
convection is suppressed over India during years of
above normal vegetation in Ethiopia, as prior work has
shown that an active Indian monsoon enhances the
upper easterly jet and Nile River flow (Camberlin, 1997;
Jury, 2011). Further study of this feature and its stability
is needed.
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