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In semi-arid highlands of northern Ethiopia, episodes of droughts of varying severity and duration
occur. The occurrence of these droughts is associated mainly with the seasonal rainfall variability. This
study attempts to investigate the temporal and spatial variability of climate parameters, particularly
rainfall and temperature for the period 1954-2008. Standardized rainfall anomaly was used to examine
the temporal characteristics of climate variability and determine the prevalence of droughts. Analysis of
variance was also employed to establish significant differences in rainfall characteristics amongst
different in-situ stations. The baseline climate data from each station was also spatially interpolated
using ordinary kriging technique. The temporal analysis indicated an overall slight decrease in rainfall
and an overall increase in the mean annual minimum and maximum temperatures over the study period.
The analysis further revealed that the average annual minimum temperature over the region has been
increasing by about 0.722C every ten years while average annual maximum temperature has been
increasing by about 0.362C per decade. This shows that the northern part of Ethiopia is warming faster
than the national average of 0.25°C per decade. It is also observed that the average annual minimum
temperature is increasing faster than average annual maximum temperature, which is an indication of

warming nights over the years.
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INTRODUCTION

Changes in temperature and rainfall patterns are widely
observed in many semi-arid parts of the developing world
that are likely to become even hotter and dryer with time
(Collier et al., 2008). Recent observational and modelling
studies showed that the warmest temperature extremes,
particularly those derived from minimum temperature,
have significantly increased over the 20th century and will
continue to increase throughout the 21st century.
Evidences suggest that globally, there have been more
flood/drought-inducing events, which are set to escalate
in frequency and intensity in the future (Sarah, 2002;
Tebaldi et al., 2006). The average temperature rise in
Africa is faster than the global average and is likely to
persist in the future. This warming occurred at the rate of
about 0.5°C per decade with a slightly larger warming in
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crops are grown close to the thermal tolerance limits
(Collier et al., 2008).

The Third Assessment Report of the International
Panel on Climate Change (IPCC) indicated that
developing countries are expected to suffer most from the
negative impacts of climate change and climate variability
(IPCC, 2001)". This is due to the economic importance of
climate- sensitive sectors for these countries and to their
limited human, institutional and financial capacity to
anticipate and respond to the direct and indirect effects of
climate change and variability. This is particularly true in
Africa where there is high direct dependence on the

'Climate variability refers to variations in the mean state and other climate
statistics (such as standard deviations, the occurrence of extremes, etc.) on all
temporal and spatial scales beyond those of individual weather events.
Variability may result from natural internal processes within the climate system
(internal variability) or from variations in natural or anthropogenic external
forces (external variability) (IPCC, 2007a).



natural environment for livelihood and high levels of
poverty (Alexandrov and Hoogenboom, 2000; Dixon et
al., 2001). Particularly, Africa’s agriculture is negatively
affected by climate change and climate variability
(Conway and Schipper, 2011). In most developing
countries and in many African countries, agricultural
production including access to food is projected to be
severely compromised by climate change and variability
(IPCC, 2007a).

Hellmuth et al. (2007) reported that alterations in the
patterns of extreme events, setback the development
process of African countries for decades and threaten the
lives and livelihoods of the poor more than other social
groups. Occurrence of a single climate disaster is
capable of stagnating or even-reversing the economic
growth achieved over a decade as the main source of
economic growth of African countries are climate-related
sectors. This is attributed to the fact that climate change
and variability is expected to affect the two most
important  direct  agricultural  production inputs:
precipitation and temperature. These inputs are crucial
for livelihoods in Africa, where majority of the population
relies on local supply systems sensitive to climate
variation (Watson et al., 1998; IPCC, 2001; Deschénes
and Greenstone, 2007). As the adverse impacts become
more frequent and severe, the already fragile socio-
economic activity of the continent is more likely to
exacerbate (McCarthy et al.,, 2001; Adger et al., 2003;
Collier et al., 2008).

Like other African countries, Ethiopia is widely held to
be highly vulnerable to future climate change (Conway
and Schipper, 2011). In Ethiopia, drought remains the
country’s major hazard, with floods following in second
place. Recurrent droughts form the major threat to rural
livelihoods and food security in the country. A marked
increase in both size and frequency has recently become
apparent (Ferris-Morris, 2003). Funk et al. (2005)
reported that rainfall in Ethiopia is expected to decline in
the future and also become more irregular. A recent
study by UNDP (2008) also indicates that climate change
in Ethiopia could lead to extreme temperatures and
rainfall events, as well as more heavy and extended
droughts and floods. Accordingly, considering the fact
that the country is highly dependent on the agricultural
sector for income and food security, erratic monsoon
precipitation would adversely affect the lives perhaps the
majority of the populations (Haile, 2005). Dercon (2004)
reported that in Ethiopia, a season with starkly reduced
rainfall depressed consumption even after four to five
years.

Furthermore, the country’s agro-ecosystem is also
highly sensitive to rainfall and has low adaptive capacity to
respond to damages. As a result, a slight change in climate
will have a large impact on the socio-economic activity of the
country (Fraser, 2007). Despite agriculture being given an
overriding emphasis as a core sector to bring future
sustainability to the country, the sector is recently
challenged by climate change and variability. Climate
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change and associated risks are therefore expected to
have serious consequences for the country’s economy,
and agriculture and food security in particular.

With global warming being a reality (Datsenko and
Sonechkon, 1999; Peterson et al., 1999; Easterling et al.,
2000), it is important to be informed and regularly
updated on observed regional precipitation and
temperature trends. However, despite the intensity and
frequency of climate hazard is increasing in the study
area, studies that scientifically assess the long term
fluctuations in climate parameters are seriously lacking.
As a result, documented information regarding to what
extent do significant climate parameters vary over the
past decades is scanty. Therefore, empirical studies that
examine the change in climate parameters in the study
area are pertinent.

The main objectives of this work is to statistically
investigate the temporal change in the significant climate
parameters and identify drought periods in Tigray,
Ethiopia. Precipitation and temperature are the main
parameters analysed. A combination of different
approaches was employed for this study. The prevalence
of meteorological drought and climate variability was
assessed using standardized rainfall anomaly and
conventional method of classifying meteorological
drought based on the Ethiopian National Meteorological
Services Agency (ENMSA) definition. We applied spatial
autocorrelation analysis to capture the spatial clustering
of drought occurrence across the study area. We believe
that this study will guide policymakers regarding
contingency planning to be employed for agriculture and
water supply in the face of anticipated changes in
climate. The rest of the paper is structured as follows:
Section 2 describes the geographic setting of the study
area, the datasets, and the analytical tools employed in
this research. Results are presented in section 3 and
section 4 concludes with policy implications.

MATERIALS AND METHODS
Geographic setting of the study area

Tigray is one of the regional states of Ethiopia located in the north
part of the country, covering a total area of 53,000 square
kilometres (Figure 1). Geographically, it lies between latitudes
12?15’N and longitudes 14°57’'N, and 36°27’E and 39°59’E. Tigray
is structured into six administrative zones and 34 rural districts
(locally called woreda-the second administrative level below the
zone). The total population surpasses 4.3 million, about 82% of
whom live in rural areas (CSA, 2008).

Climatically, the region belongs to the sub-tropics and monsoon
weather prevails throughout the year. In general, three distinct
seasons can be recognized in Tigray. The first is the main rainy
monsoon season which lasts from June to September (locally called
Kiremti), the second is the dry winter season from October to
February, and the third is pre-monsoon hot season from March to
May. The regional climate is characterized by large spatial and
temporal variations and frequent drought. Like the rest of Ethiopia,
the economy of Tigary is agriculture based. The tremendous
importance of this sector to the regional economy can be gauged
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Figure 1. Administrative map ofTigray region, Ethiopia.

by the fact that it directly supports about 80% of the population in
terms of employment and livelihood (CSA, 2008). Agricultural
systems are rain-fed and dominated by small-scale farmers with an
average land holding of less than one hectare per family. In
addition, the agricultural sector is highly susceptible to climate
variability, seasonal shifts in rainfall, resulting in drought. Major
parts of northern Ethiopia experience year-round water deficit.
Drought is frequent due to abnormally low and untimely rainfall.
Even commencement of rainfall at the right time cannot guarantee
a drought-free season since frequency, intensity; amount and
duration of rainfall all play crucial roles in the occurrence of drought.
Tigray is dry for most of the year except during the rainy season,
and exhibits a semi-arid climate. Almost every year, the study area
experiences localized droughts causing crop failure and
jeopardizing development activities. Recurrent droughts form the
major threat to rural livelihoods and food security in the study area.
The situation is worsened by the fact that majority of these farmers
are so poor that they have no assets at their disposal (van der Veen
and Tagel, 2011). As such, agricultural shocks are important source
of vulnerability for the majority of the populations.

Data used
Historical records of monthly rainfall and temperature data from 46

in-situ stations for the period 1954-2008 were provided by the
ENMSA. However, the period of records for these stations varies

and some have missing records. Thus, the period of study has
been chosen as long as possible depending on the availability of
recorded data. Relatively long rainfall records were obtained for 25
in-situ stations with a reasonably good geographic distribution to
cover the study area. In addition, data on the incidence of drought
for the period 1970-2008 and annual crop production for the period
1992-2008 were acquired from Federal Disaster Prevention and
Preparedness Commission, and Tigray Region Bureau of Finance
and Economic Development (BOFED), respectively.

Method

A drought may be defined as a deficit of water in time and space.
However, there is no general view among researchers towards a
comprehensive parameterization of a drought event unfortunately
due to the complex nature of the phenomenon. Several definitions
of drought can be found depending on the specific way it is
measured. Generally, droughts can be classified into meteorological
droughts, agricultural droughts, and hydrological droughts (Dracup
et al,, 1980; Wilhite and Glantz, 1985). In this paper, drought is
considered to be a meteorological phenomenon characterized by
prolonged period of abnormal precipitation deficit. Different indices
are used for the identification of drought (Tate and Gustard, 2000;
Keyantash and Dracup, 2002). The most commonly used
meteorological drought indices are: (1) Discrete and cumulative
precipitation anomalies, (2) Standardized Rainfall Anomalies (Jones
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Table 1. Selected weather stations and their geographic information.

. Latitude Longitude Altitude
Weather stations (North) (East) (m)
Adigudom 1315’ 3931’ 2100
Adigrat 1416’ 39°26.86° 2497
Adwa 1411 38%53 1911
Axum 14°07 38744’ 2105
Aynalem 13928’ 39°29’ 2195
Dengolat 13919’ 39°19’ 2070
Edgahamus 1411 39°33.19 2708
Hagreselam 13°38.77 39°10.476’ 2618
Hawzen 1358’ 3925’ 2242
Abey- Adi 13°36’ 39°00° 1829
Maichew 12°47 39°32’ 2432
Maykental 13%56’ 38%59’ 1845
Mekele 1328’ 3931’ 2257
Selekeleka 14°06’ 3820’ 1975
Shire 14°06’ 3818 1897
Wukero 13°47 39°36’ 1977

and Hulme, 1996), (3) the Palmer Drought Severity Index (PDSI)
(Palmer, 1965), (4) the Rainfall Anomaly Index (RAI) (van Rooy,
1965), and (5) the Standardized Precipitation Index (SPI) (McKee et
al., 1993).

In this study, we used the standardized rainfall anomaly to
examine the temporal characteristics of climate variability and
determine the prevalence droughts over the period 1954-2008.
Rainfall anomaly was computed as:

(1

RF, - RF
RFA, = (———#)*100
RF

N th , ,
where, gr, is rainfall anomaly for 7 year; RF,is annual rainfall for

oth . .
i* year and RF, I8 long-term mean annual rainfall. Subsequently,

inter-annual annual rainfall variability was determined by the
coefficient of variation (CV), which is obtained by dividing the
standard deviation of the annual rainfall by the average long-term
rainfall over the given period. Similar method was applied to
determine inter—annual variability of monthly minimum and
maximum temperature. Besides, the Kiremti (‘main rains’, June —
September) rainfall and temperature of each station have been
spatially interpolated using ordinary kriging technique with a
spherical semi-variogram model in a software package Integrated
Land and Water Information System (ILWIS) to create long-term
seasonal rainfall and temperature maps for the study area.

Drought per se is a very diffuse concept and the threshold
identified for defining it is set somewhat arbitrarily (Wilhite, 2000).
Meteorological drought, a statistical measurement of negative
rainfall anomaly, is normally defined in terms of some percentage
reduction from the average annual or seasonal rainfall. It differs for
each country and purpose chosen (Heim, 2000; Wilhite, 2000). In
Ethiopia, the ENMSA defines 50 to 75% deviation of a 30 year
average as ‘below-normal’ rainfall for dry season and 0 to 50%
deviation of average rainfall as ‘much-below-normal’ rainfall for the
very dry years. Accordingly, this conventional method of classifying
meteorological drought was also used as a second alternative to
examine rainfall variability in the study area.

Furthermore, rainfall characteristics such as variations in

maximum, minimum and mean rainfall; and variations in annual and
seasonal rainfall were analysed based on eighteen years of daily
rainfall (1991-2008) from sixteen ground based in-situ rainfall
stations, which are assumed to represent the region. This was
performed using a classic statistical tool called analysis of variance
(ANOVA). The purpose of ANOVA is to test the null hypothesis that
rainfall characteristics does not vary significantly between the
sixteen rain gauge stations. Based on Steel and Torrie (1981), a
test statistic called ‘F’ tests at 5% level of significance was
employed to test the equality of means and variances of rainfall
data across the rain gauge stations. Generalised geographic
information of the selected weather stations used for examining
rainfall characteristics is illustrated in Table 1.

To capture the spatial clustering of drought occurrence across
the study area, we applied spatial autocorrelation analysis. A spatial
autocorrelation indicator, Moran’s Index, was performed in GeoDa
software to capture the global spatial autocorrelation and local
spatial clustering of drought events. Spatial autocorrelation
statistics has been widely used to measure the correlation among
neighbouring observations in a pattern and the levels of spatial
clustering among neighbouring districts (Boots and Getis, 1998).
The Moran’s | test statistic is given by:

n Z,»Z,,-Wr:/ Y iryi = ?‘M)(Ym,/ ~Yw) 2

) ZZWU Zi(Y(R)i_?(R))Z
i

IM

Where,Wifis the element in the spatial weights matrix

corresponding to the district pairs i, j;and y andy  arethe
J (R)i (R)j

frequency of drought for districts iand j with mean drought

frequency of Y (&) . Since the weights are not row-standardized, the
Jen

scaling factor © 7 is applied. Moran’s Index (l) indicates the

strength of the spatial clustering among neighbouring districts. A
positive Moran’s | indicates the presence and degree of spatial
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Figure 2. Spatial distribution of long-term average kiremti rainfall in Tigray.

autocorrelation. The first step in the analysis of spatial
autocorrelation is to construct a spatial weights matrix that contains
information on the neighbourhood structure over the entire study
area, w, - The weight matrix was constructed using a first order

rook connectivity weight matrix based on the districts who share
common boundary.

B {1 if districts iand jshare common boundary

Yo otherwise

A significance test against the null hypothesis of no spatial
autocorrelation was also carried out. Finally, relationships between
crop production and rainfall anomalies over the entire crop growing
period were analysed using Pearson correlation coefficients based
on 17 years grain data. This was obtained by dividing the
covariance of the two variables by the product of their standard
deviations. As Parry et al. (2004) described it, this exploratory
analysis serves to identify those variables that explained a
significant proportion of the observed yield variance.

RESULTS
Change in significant climate parameters

Rainfall variability and trend

Rainfall, which is the main climatic factor, is distributed
very unevenly in the study area. The climate is
characterized by large spatial variations which range from
about 1000-1260 mm year ' in some pockets areas in the

Southwest to about less than 300 mm yr-1 in the
Northeast lowlands (Figure 2). Estimates from the
historical records of precipitation for the period 1954-
2008 indicate that the mean annual rainfall is 560.7mm
while the mean annual kiremti rainfall is 473mm, 84% of
the annual rainfall. Most areas receive less than 400 mm
of rainfall yearly indicating the existence of spatial
variations in precipitation consistent with topographic
difference. During the Kiremti rainy season (June —
September), the southern and eastern parts of the study
area receive low rainfall as compared to the other zones.
Figure 2 clearly displays an increasing rainfall pattern
from the southern part to the western part of Tigray.
Meteorological drought indicates the deficiency of rainfall
compared to normal rainfall in a given region. The major
impact of drought is felt in semi-arid regions where the
incidence of drought years is fairly high. Within this
context the temporal fluctuations of annual rainfall in the
study area were analysed in terms of the normalized
rainfall anomaly. The temporal analysis indicated that
rainfall pattern in the study area exhibited a very high
variability over time and is quite often accentuated with
positive and negative anomalies (Figure 3).
Consequently, years like 1960, 1961, 1962, 1964, 1965,
1966, 1971, 1982, 1983, 1984, 1985, 1987, 1991, 1994,
2000, 2002, 2003 and 2004 can be described as
meteorological drought years in statistical terms, where a
period of negative rainfall anomalies in respect to the
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long-term mean is viewed as drought condition. In
contrast, 1954, 1955, 1956, 1958, 1959, 1963, 1974,
1986, 1996, 1998, 1999, 2001, and 2006 were normal
years.

Moreover, historical records of precipitation in the study
area was analysed based on the definition of ENMSA. It
is apparent that the deviations of long-term annual and
Kiremti (June—September) precipitation from their long-
term average were very low in the first half of the time
series (Figure 4). While deviations in this period were

dominantly negative, accentuated kiremti precipitation
marked by high negative deviation was noted in 1964,
with values 82% lower than the corresponding long-term
average ever recorded for the study area. Pronounced
departures were also noted in the period between 1984
and 1985, with deviations from the long-term average
reaching up to 47% lower than the long-term average -
observed in 1984 for annual rainfall and 56% observed in
the same period kiremti rainfall. This period was
succeeded by years of consecutively diminishing rainfall
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Table 2. Annual and seasonal rainfall data (mm) and associated CV for the period 1991-2008, from sixteen rain gauge stations in Tigray.

Stations
Rainfall  Property Adigudom Adigrat E.hamus Adwa Axum Aynalem Dengolat Hagreselam Hawzen Maichew Maykental Mekele Selekeleka Shire  Wukero  Mean
Min 241 313 110 218 360 278 517 449 275 427 366 326 310 710 162 368
Annual Max 1104 770 819 1054 1037 814 820 900 886 1262 797 755 1548 1214 1040 1095
Rainfall ~ Mean 498 600 469 742 712 529 669 683 522 750 629 583 960 960 564 709
cv 0.42 0.22 0.34 0.29 0.28 0.26 0.15 0.19 0.30 0.28 0.17 0.21 0.36 0.15 0.45 0.28
Min 212 239 171 75 159 203 400 368 223 220 298 289 218 582 48 267
Long Max 1061 608 636 973 937 792 743 795 734 677 648 688 1396 1004 950 950
rains Mean 441 367 324 616 557 431 549 552 409 454 518 472 815 790 478 564
cv 0.48 0.27 0.40 0.37 0.42 0.33 0.20 0.22 0.36 0.27 0.19 0.25 0.39 0.15 0.49 0.34
% Ann. mean 89 61 69 83 78 82 82 81 78 61 82 81 85 82 85 79
Min 2 37 0 22 23 26 18 29 18 39 4 1 3 25 12 18
Short Max 114 3% 258 270 276 218 277 169 171 412 271 274 299 240 249 264
rains Mean 50 159 106 92 95 85 100 98 80 171 75 86 98 88 77 97
cv 0.66 0.58 0.67 0.68 0.79 0.73 0.68 0.49 0.64 0.60 0.89 0.78 0.91 0.58 0.95 0.74
% Ann. Mean 10 27 23 12 13 16 15 14 15 23 12 15 10 9 14 14

% Ann., percent of annual.

variability which persisted until 1993.

Rainfall characteristics based on rainfall
gauges

Rainfall characteristics such as variations in
annual and seasonal rainfall were analysed using
a classic statistical tool called ANOVA. The result
showed that the mean annual rainfall, based on
18 years rainfall record, of the sixteen rainfall
recording stations was 709 mm with a station
rainfall range from 469 mm (Edagahamus station)
to 960 mm (Selekeleka station). During the
eighteen years of rainfall record, mean annual
rainfall amounts were below the mean in seven
years. The coefficients of variation (CV) of station
rainfall ranged between 15 and 45% indicating
that the variability in rainfall amounts between the
rainfall stations is high (Table 2). The seasonal

rainfall analysis further indicates that long rains
(June — September) bring about 564 mm (79%)
and the short rains (March — April) bring about 97
mm (14%) of the total annual rainfall. Hence about
93% of the total annual rainfall occurs in the two
rainy seasons. Analysis of rainfall data for the
selected rainfall gauge further indicate that the
mean CV of the long rainfall season is found to be
0.34, which is smaller than that of the short rainfall
season, CV = 0.74.

The coefficient of variation (CV) of annual and
long rains across the study area is spatially shown
in Figure 5, in which one can distinguish that the
southern part is a singular area of Tigray,
presenting coefficients of variation of kiremti
precipitation (long rains) much higher than the rest
part of Tigray. One-way ANOVA was further
carried out to test if the rainfall at the stations
belongs to the same population. It is thus first
hypothesised that there is no significant difference

in annual rainfall and seasonal rainfall across the
selected rainfall stations. This analysis was
carried out using the ‘F’ test. The finding indicates
that the observed significance value for annual
and seasonal rainfall is less than 0.01 implying
that there is a significant difference in annual and
seasonal rainfall between the  sixteen
meteorological stations, confirming the existence
of spatial variations across stations in the study
area (Table 3).

Spatial clustering of drought occurrence

Drought is one of the utmost important disasters
associated with climate variability, which cause
instability in food production in the study area.
Data on the incidence of drought reveals that the
frequency and spatial distribution of drought have
increased over the period 1970-2008. The spatial
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Table 3. ANOVA results for rainfall between sixteen rainfall stations.

Source of

Sum of

Mean

Season o Feal Sig.
variation squares square
. Between groups 5072346.4 362310.5

10.7 .

Annual rainfall Within groups 8061223.9 33728.9 0 0-000
. Between groups 4352392.2 310885.2

Long rains Within groups 7101643.9 29713.9 105 0.000
. Between groups 225326.2 16094.7

Short rains Within groups 1142177.3 4778.9 34 0.000

analysis of drought frequency provides evidence that
most of the drought events have been geographically
concentrated in the eastern and southern parts of Tigray,
with some of the districts experiencing high frequency of
droughts (Figure 6).

The extent to which drought frequency of occurrence
in the neighbouring districts are correlated was measured
using the Moran’s Index. A Moran’s Index analysis is
conducted by generating scatter plots with the drought
frequency variable. In essence, the scatter plots illustrate
the Global Moran’s | (Figure 7), which is a commonly
used test statistic for spatial autocorrelation. A
significance  assessment through a permutation
procedure was implemented to determine the
significance of the computed Moran’s Index. Moran’s
Index is found to be positive and statistically significant (p
< 0.05) as it is shown in Table 4.

Temperature variability and trend

At the root of climate, is global warming. The warming
occurs worldwide and temperature is rising on the African

land mass and the surrounding oceans. Some studies
have indicated that warming has occurred across much
of Ethiopia, particularly since the 1970s, at a variable rate
(Conway et al., 2004; IPCC, 2007b). A study made by
ENMSA also reveals that there has been a warming trend
in temperature over the past 50 years in the country. The
average annual minimum temperature over the country
has been increasing by about 0.25°C every ten years
while average annual maximum temperature has been
increasing by about 0.10°C every decade (ENMSA,
2001). Against this backdrop, the inter-annual variability
of annual minimum and maximum temperature
distribution in study area was analysed.

The study area experiences mild temperature for its
tropical latitude because of its topography. Mean annual
temperature distribution in the study area varies from
about 13.4°C over the high lands of southwest, and East
to about 28°C over Western lowlands for the year 2008
(Figure 8). The spatial distribution of temperature shows
an increasing minimum and maximum temperature
pattern from southern to the western parts of the region.

The analysis on the inter-annual variability of monthly
average minimum and maximum temperature showed
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that minimum temperature is highest in May and reaches
its lowest value in December (Figure 9). The mean of the
minimum temperature is 11.62C. The temporal pattern of
the maximum temperature is different to that of the
minimum temperature with their lowest value occurring in
August. The maximum temperature in the study area is
highest in May and reaches its lowest in August. The
mean of the maximum temperature is 26.1°C.

The year to year variation of annual minimum and
maximum temperatures is further examined in terms of
standardized temperature anomalies. The temporal
analysis indicates that temperature in Tigray has
significantly increased over the period 1954-2008. The
study area has experienced both warm and cool years
over the period. Years like 1957, 1958, 1973, 1987 and

1995 were very warm while 1964, 1967, 1968, 1975,
1977 and 1989 were very cool years (Figures 10 and 11).

Crop production and weather fluctuations

Global climate change is expected to affect all economic
sectors to some degree, but the agricultural sector is
perhaps the most sensitive and vulnerable. World
agriculture, whether in developing or developed
countries, remains very dependent on climate resources
(Downing, 1996; Watson et al., 1996). Crop production
yields are affected by variations in climatic factors such
as rising temperature and changing precipitation regimes,
and the frequency and severity of extreme events like
droughts, floods, and hailstorm (Alexandrov and
Hoogenboom, 2000; Collier et al., 2008; Conway, 2008).
Like other developing countries’ economies, especially in
Sub-Saharan Africa (SSA), agriculture forms the basis of
the economy in Ethiopia supporting roughly 42% GDP
and 80% employment (Byerlee et al., 2007). Ethiopia’s
economy is highly exposed to climate variability and
extremes. The agricultural sector is almost totally
dependent on rainfall with irrigation covers only less than
5% of agricultural crop areas (Diao, 2010). Most of the
crops are grown in the longer rainy season, Kiremti, and
Ethiopian agriculture largely depends on this rain, which
is characterized by high spatial variation (Block and
Rajagopalan, 2007). Generally, in Ethiopia, precipitation
deficit is the main that limit growth, development, and
final yield of crop production; and that induces food
shortages. For example, Webb (1992) reported that a
10% decrease in the amount of rainfall below the
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Table 4. A summary result for Moran’s | test statistics.

Moran | statistics

Expectation

Variance

0.496 -0.0303

0.010696

Moran | statistic standard deviate = 3.0009. p-value = 0.00135. Alternative hypothesis:
greater.
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Figure 8. Spatial distribution of mean annual minimum and maximum temperature in Tigray, 2008.
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long- term average generally leads to a 4.4% reduction in
the country’s national food production. In this study,
relationships between crop production and rainfall over
the entire crop growing period were analysed using
Pearson correlation coefficients.
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Figure 12 displays a typical example of summer
monsoon rainfall and food grain production relation in the
study area. A 52.8% decline in food grains production
from the preceding year was observed after an adverse
agro-climatic condition faced by

regional

agriculture
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Figure 10. Year to year variability of annual minimum temperature in Tigray.
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temperature difference, Tigray.

due to a decline in monsoon rainfall in 2002. Visual
estimation of the values from Figure 12b gives a fairly
strong correlation between summer rainfall and food
grain production of 0.54 from 1992-2008, and the cross
correlation was found to be 0.41 when food grain
production lags by 1 year. Besides, 52.2% of the
variability in total food grain production anomalies is
explained by summer monsoon rainfall.

DISCUSSION

In Tigray, precipitation is distributed very unevenly and is
characterized by large spatial that is consistent with
topographic difference. Smith (1979) reported that

topography itself has a profound effect on spatial patterns
of precipitation both globally and regionally. Considering
annual rainfall variability, which directly affects
agricultural production in parts of Ethiopia, the CV is
found to be 37.7%. This figure is high compared to the
national figure of 8%. This indicates that the distribution
of long-term annual kiremti rainfall, the season where
80% of the crops produced, is characterized by large
spatial variation. The annual and Kiremti rainfall are
closely related since more than 70% of the rainfall comes
during Kiremti season, but with quite large differences
across the study area (Gebrehiwot et al., 2011).

As it is noted, meteorological drought indicates the
deficiency of rainfall compared to normal rainfall in a
given region. The temporal analysis of annual rainfall
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based on the standardized rainfall anomaly indicated that
rainfall pattern in the study area exhibited a very high
variability over time and is quite often accentuated with
positive and negative anomalies. The analysis further
revealed that rainfall was exceptionally low around the
catastrophic years of 1964, 1973 and 1984. Beltrando
and Camberlin (1993) reported the occurrences of
repeated droughts in Ethiopia during 1973-1974 and
1982-1985, which badly affect the country and each time
claiming the lives of several hundred thousands of
people.

Similarly, the second half of the 20th century suffered
predominantly negative anomalies, with kiremti (June-
September) values frequently being lower than the long-
term average. This variability assumes higher dimensions
and for some parts, most notably the eastern and
southern parts of the region, where inter-annual variability
in rainfall has been significant often resulting in climate

hazards, especially droughts with their devastating
effects on food production and associated calamities and
sufferings. Similarly, Krishnamurthy and Shukla (2000)
analysed the inter-annual and intra-seasonal variability of
summer monsoon rainfall over India and found that the
major drought years are characterized by large-scale
negative rainfall anomalies covering nearly all of India
and persisting for the entire monsoon season. Trend
analysis of annual rainfall based on the standardized
rainfall anomaly generally indicates no marked emergent
changes over the period 1954-2008 but shows a slight
declining trend over the past few years. Meze-Hausken
(2004) reported absence of declining trend in rainfall in
the northern and north-eastern parts of Ethiopia. This
was supported by Seleshi and Zanke (2004) who found
no significant trend in the annual and seasonal rainfall
totals in the central, northern and north western parts of
the country over the period 1965-2002.
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The findings based on the definition of ENMSA
indicated that the period 1979-1993 except for the year
1986 were characterized by rainfall shortage during the
kiremti, which is the major rainy season in the study area.
Furthermore, the analysis showed that persistent
recurrence of precipitation shortfalls has prevailed since
1960, with major positive departures observed only in
1981, 1986, 1988, 1994, 1998, 1999, 2006 and 2007. By
and large, the study area was predominantly
characterized by negative rainfall deviations, with kiremti
rainfall values frequently lower than the long-term
average. This negative trend in seasonal rainfall was
attributed to atmosphere—ocean interactions (Bewket and
Conway, 2007).

According to the definitions of dry and very dry years of
the ENMSA, the probability of a ‘below-normal (poor)’
rainfall year/spring/kiremti in the region is 22.6, 41.5 and
28.3%, respectively. The probability of a ‘much-below-
normal (very poor)’ rainfall year/spring/kiremti is 5.7, 15.1,
and 11.3%, respectively. It can be deduced from the
analysis that since 1954 only the years 1961, 1962, 1966,
1969, 1982 and 2008 would be classified as a ‘much-
below-normal’ rainfall. It is thus visible that due to the
abnormalities in monsoon precipitation in terms of both
spatial and temporal distribution, drought is a frequent
phenomenon over many parts of Tigray.

The findings of the ANOVA based on the 16 rainfall
gauges indicated a high difference in CV across the
stations, which indicated a high variability in rainfall
amounts between the rainfall stations. The mean CV for
the Kiremti (long rainfall season) is found to be smaller
than that of the short rainfall season (March to April),
implying the long rainfall season is more uniform than the
short rainfall season. During the two rainfall periods, the
coefficients of variation ranged between 15 and 49% for
the long rains period, and 49 to 91% for the short rains
period. This analysis of annual and seasonal rainfall
variations has shown that annual rainfall variations are
slightly higher; seasonal rainfall variations are higher (a
bit more for the short rainfall season than for the long
rainfall season) and monthly rainfall values have the
highest variability. Similar findings are reported by Meze-
Hausken (2004) that rainfall variability is highest for short
rains as compared to the long rain for the northern
Ethiopia. In contrast, Rosell (2011) found higher rainfall
variability during the long rain season in the central
highlands of Ethiopia for the period 1978-2007. The
difference in the findings indicates the existence of large
spatial variations in climate across the country.

The ANOVA analysis further indicated that the
variability of mean monthly rainfall in the region is highly
significant. This is so even for the wettest months of June
to September and March to April. The variability of mean
monthly rainfall during the drier months is significantly
higher than the wet months. From this analysis, it is
evident that the driest months are January, February,
May, October, November and December. In general, the

ANOVA analysis showed that there is a significant
difference in annual and Kiremti rainfall between
meteorological stations, confirming the existence of
spatial variations across stations in the study area.

The spatial analysis of drought frequency in the study
area shows that the drought events have been
geographically concentrated in the eastern and southern
parts of Tigray. Tonini et al. (2012) and Gebrehiwot et al.
(2011) also found that this part of Tigray is prone to a
higher risk of drought. The test on the spatial clustering of
drought frequency using Moran’s Index further confirmed
that nearby districts tend to have similar drought
occurrence, implying that the frequency of drought
shocks in the study area is unevenly distributed between
the districts. It is thus visible that due to the abnormalities
in monsoon precipitation in terms of both spatial and
temporal distribution, drought is a frequent phenomenon
in Tigray. As a result, farmers have experienced for many
years the worst ill effect of drought in terms of loss of
crops yield and livestock.

The year to year variation of annual minimum and
maximum temperatures indicates that temperature in the
study area has significantly increased over the period
1954-2008, in particular since the mid-1980s, the
warming has accelerated. The instrumental record trend
of mean annual minimum temperature over the study
area reveals that significant temperature increase is very
evident in the recent years. The statistical evidence
suggested the study area has been getting hotter over
the past five decades. The historical record further
revealed that the average annual minimum temperature
has been increasing by about 0.72°C every ten years
while average annual maximum temperature has been
increasing by about 0.37°C per decade. This shows that
the study area is warming faster than the national
average of 0.25°C per decade.

It is also interesting to note from the analysis that
average annual minimum temperature is increasing faster
than the average annual maximum temperature, which is
clearly an indication of warming nights over the years.
Similar finding was reported by Conway and Schipper
(2011) and Strzepek and McCluskey (2006) who found
that temperatures will continue to increase in Ethiopia
over the coming years. Ben Mohamed et al. (2001) also
reported a similar finding that a net warming trend is
observed for minimum temperature since mid-1960s
throughout the Sahel zone. Increase in average yearly
temperatures by 0.13°C per decade is also observed in
South Africa between the period 1960 and 2003 (Kruger
and Shongwe, 2004).

The analysis on the association between crop yields
and rainfall characteristics in the study area clearly shows
the close relationship between the performance of
agriculture and climate. The drought years were
associated with a very low food grain production. For
instance, food grains production during 2002 had
slumped to 310.13 metric tonne (Mt), which is attributed



to crop failure due to the severe drought which occurred
all over the country. This indicates the vulnerability of the
agricultural sector to the natural vagaries, which in turn
shows the close association between inter-annual
variations in kiremti rainfall (KRF) and total food grain
production anomalies. This heavy dependency on rain-
fed agriculture renders the majority of farmers powerless
in the face of irregular and unpredictable rainfall. Dercon
and Krishnan (2000) reported that rainfall shocks, crop
damage and livestock diseases are among the major
shocks that make households vulnerable to poverty in
rural Ethiopia. Similar relationship between major food
crop yield and seasonal rainfall variability was observed
in Kenya (UNDP, 2008).

By and large, the crop-climate relationship shows that
annual total grain production was significantly associated
with Kiremti rainfall. This reflects the potential impacts of
any changes in rainfall patterns on agricultural production
and thereby food security. Left unmanaged, climate
variability can compromise the well-being of the people,
particularly the rural farmers’, whose livelihoods depend
largely on rain-fed agriculture. Thus, due attention should
be given to the issues of adaptation in the face of
expected changes in climate and the issue of adaptation
needs to be integrated into the development strategy of
government policy. Particularly, farm level adaptation
practices can greatly reduce vulnerability to climate
change and climate variabilty by making rural
communities better able to adjust to the changing climate.
Thus, common agricultural adaptation strategies such as
use of improved crop varieties and livestock species that
are better suited to dry conditions, better and more
efficient irrigation, diversifying crop varieties, adoption of
mixed crop and livestock farming systems, and changing
planting dates can be considered to counteract the
negative impacts of the changing climate (Bradshaw et
al., 2004; Kurukulasuriya and Mendelsohn, 2006;
Onyeneke and Madukwe, 2010).

Conclusion

Given the fact that the study area is highly dependent on
the agricultural sector for income and food security,
erratic monsoon precipitation would adversely affect the
lives perhaps of the majority of the population. Past
experiences showed that it is getting harder and harder
for households to bounce back from inconsistent weather
affecting their livelihoods. Many have been forced to sell
their assets, particularly livestock, as a coping mecha-
nism that in turn increases the cycle of vulnerability. This
study of precipitation and temperature enabled us to
characterise and analyse the long-term spatial and
temporal behaviour of rainfall and temperature in Tigray,
northern Ethiopia.

The trend analysis on the significant climate
parameters indicated a slight decrease in rainfall, and an
overall increase in the mean annual minimum and
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temperatures in the study area. It is also observed that
the increase in the minimum temperature is much higher
than the increase in maximum temperatures, which is
clearly an indication of warming nights over the years.
This temperature increase will change the timing and
amount of precipitation, and the availability of water.
Furthermore, the warming temperatures and rainfall
changes could diminish the availability of water for crops
and shorten the growing season. The warming of a few
degrees, decrease in rainfall and increase in frequency of
extreme weathers, drought, will have an immediate and
direct effect on the agricultural sector. As a result, the
well-being of the people, particularly the rural farmers’
whose livelihoods depend largely on rain-fed agriculture
will be affected. Thus, the issue of adaptation should
therefore be of a central concern to policy makers and
needs to be integrated into the development strategy of
government policy in order to counteract the negative
impacts of the changing climate on agriculture.
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