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Abstract: Lake Hawassa is a topographically closed lake in the Central Main Ethiopian Rift Valley.
The water level of this lake has been reported to dramatically rise without falling back to the original
level. The cause of this rise is not yet sufficiently investigated and subjected to this study. This study
argues that the general variability in the lake level and its resultant rise has significant linkage to the
temperature variability at the Pacific Ocean. The linkage between water level dynamics and climate
variability was analyzed through the application of diverse statistical techniques. It comprises the
Mann-Kendall trend analysis to test monotonic variations over time; sequential regime shift index
(RSI) to detect significant shifts in the mean values of time-series records of lake level; and coherence
analysis to investigate the linear relationship between ENSO index and records of local hydrology.
Despite the multiple rises and falls, the results of the trend analysis revealed that the lake level
experienced a significant resultant upward trend with Mann-Kendall τ values of 0.558, 0.629, and
0.545 (at α = 0.05 and p < 0.01%) for monthly maximum, average and minimum values respectively.
The sequential regime shift evidenced that most of the significant shifts coincide with the occurrences
of ENSO events. Generally, the lake level tends to be high during El Niño and low during La Niña
episodes. The typical examples are the coincidence of extreme historical maximum lake level to the
strongest El Niño event of the century that occurred in 1997/98 and the lowest lake level record
in the year 1975 with a strong La Niña year. The coincidence of climate regime shift in the Pacific
Ocean in 1976/77 with an equivalent regime shift in the lake level is an additional confirmation for
the possible climate-hydrology linkage. The likely involvement of anthropogenic factors (at least in
modifying the effect of climate) is justified by the interplay between the non-trending rainfall and
potential evapotranspiration and trending streamflow. The coherence analysis between 492 pairs of
monthly step datasets of 3.4ENSO index and lake level changes is also found to have a significant
linear relationship over frequencies ranging from 0.13 to 0.14 cycles/month or 1.56 to 1.68 cycles/year.
This corresponds to a dominant average periodicity (coincident cycle) of about 7.4 months which is
thought to be related to the time span of the two rainy season in the locality.

Keywords: Lake Hawassa; 3.4ENSO index; trend analysis; regime shift; coherence analysis; El Niño;
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1. Introduction

One of the most significant and broadly impacting effects of climate variability on lakes is the
changes in water level. Such changes reflect an alteration of the lake water balance, which can result
from changes in precipitation, surface runoff, ground water flow, and evaporation from the lake
surface [1]. The water in a lake is balanced by the basic hydrological relationship in which the change
in water storage is governed by the water input and output to the system [2].

In the 1960s, lakes throughout East Africa rose [3], resulting from a series of remarkably wet
years [4,5]. The spatial extent and the magnitude of fluctuations were considered as a signal to major
global climate change [6]. According to Arnell et al. [6] and Bergonzini [7], African lakes are known to
be very sensitive to climate variations with special sensitivity of closed lakes. The impact of non-climatic
factors on water level variability in Ethiopia was also reported by Görner et al. [8] and Belay [9].

Lake Hawassa, a topographically closed lake in the Central Main Ethiopian Rift Valley, has
been experiencing a progressive rise in water level during the past two decades (1981–1998) [10,11].
The concern of this rise achieved its peak in the aftermath of the extreme flooding of the surrounding
area as a result of extreme rise in 1998/99. According to WRDB [12] and WWDSE [11], the lake level
rise and the associated surface expansion affected about 162 urban and 2244 farmers’ households,
13 different organizations, water supply schemes, 10 ha of sand quarry, roads, and forest land. In monetary
terms, the total physical damage was estimated to be 43,490,524 Ethiopian birr (about €5.4 million).

Over the past few years, several researchers have studied the long-term water balance of Lake
Hawassa, such as Gebreegiziabher [10], Ayenew [13], Deganovsky and Getahun [14], WWDSE [11],
Ayenew and Gebreegiziabher [15], Gebremichael [16], and Shewangizaw [17]. Land use/cover changes
have also been studied by Wagesho et al. [18], and WWDSE [11]. Despite the number of studies and
their importance, the cause of lake level rise has not been concluded and not yet explicitly investigated.

The idea of “climate-hydrology link” was conceived in this study after the recognition of
coincidence between the lowest lake level record in the year 1975 with a strong La Niña year and the
maximum lake level in 1998 with the strongest El Niño year. La Niña and El Niño are anomalies in
ocean surface water temperature. They are commonly termed as “teleconnections” [19].

Having the general objective to investigate the association between local hydro-climatic variables
of Lake Hawassa hydro-system with the climate variability at Pacific Ocean, this study sets the
following specific objectives:

• To analyze the long-term trends (variation over-time) and sequential regime shifts (variation
across-time) for lake level, rainfall, streamflow, and potential evapotranspiration;

• To compare significant change points of the above hydro-climatic variables with the timing and
intensity of North Pacific climate shifts/ El Niño/ La Niña occurrences; and

• To analyze the coherence between data series of Niño3.4 Index (N3.4) and Lake Hawassa
water level.

2. Methodology

2.1. Description of the Study Area

Lake Hawassa watershed is located in the central North-East of the Ethiopian Rift Valley Basin
(Figure 1) and covers an area of 1436.5 km2. It contains five sub-watersheds: Dorebafena-Shamena,
Wedesa-Kerama, Tikur Wuha, Lalima-Wendo Kosha and Shashemene-Toga. The geographical
co-ordinates of the watershed are 6◦45′ to 7◦15′ North and 38◦15′ to 38◦45′ East latitude and longitude
respectively. Hawassa city, named after the lake, is located at 275 km south of the capital city-Addis
Ababa and is established in the very eastern shore of the lake [20].
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Figure 1. Location map of the study area (Source: Belete et al. [21]) 

According to MoWR [20], land use in the watershed is dominated by cultivation which occupies 
66% of the land area with intensive cultivation. The major land cover splits into smallholder 
cultivation (95%) mechanized cultivation (5%) most of which is state owned. Although the lake 
water has been abstracted for supplementary irrigation, the total amount of water abstraction is 
negligible compared to all other water balance components. 

According to Legesse et al. [22], the watershed is characterized by three main seasons. The long 
rainy season in the summer from June-September is known locally as Kiremt and is primarily 
controlled by the seasonal migration of the inter-tropical convergence zone (ITCZ), which lies to the 
north of Ethiopia at this period. The wet period represents 50%–70% of the mean annual total 
rainfall. The dry period (locally named as Baga) extends between October and February when the 
ITCZ lies to the south of Ethiopia [23]. During March and May, the “small rain” season (locally 
named as Belg) occurs when about 20%–30% of the annual rainfall falls. The climate in the area 
varies from dry to sub-humid according to the Thornthwaite’s system of defining climate or 
moisture regions [24]. 

As computed from the long-term (1973–2010) rainfall record of Hawassa meteorological station, 
the annual average magnitude is computed to be 961mm and distributed as 50% for Kiremt 
(June–September); 20% for Baga (October–February) and 30% for Belg season (March–May). Figure 2 
shows the long-term average monthly distribution of rainfall and temperature at Hawassa 
meteorological station. 
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According to MoWR [20], land use in the watershed is dominated by cultivation which occupies
66% of the land area with intensive cultivation. The major land cover splits into smallholder cultivation
(95%) mechanized cultivation (5%) most of which is state owned. Although the lake water has been
abstracted for supplementary irrigation, the total amount of water abstraction is negligible compared
to all other water balance components.

According to Legesse et al. [22], the watershed is characterized by three main seasons. The long
rainy season in the summer from June-September is known locally as Kiremt and is primarily controlled
by the seasonal migration of the inter-tropical convergence zone (ITCZ), which lies to the north of
Ethiopia at this period. The wet period represents 50%–70% of the mean annual total rainfall. The dry
period (locally named as Baga) extends between October and February when the ITCZ lies to the
south of Ethiopia [23]. During March and May, the “small rain” season (locally named as Belg) occurs
when about 20%–30% of the annual rainfall falls. The climate in the area varies from dry to sub-humid
according to the Thornthwaite’s system of defining climate or moisture regions [24].

As computed from the long-term (1973–2010) rainfall record of Hawassa meteorological
station, the annual average magnitude is computed to be 961mm and distributed as 50% for
Kiremt (June–September); 20% for Baga (October–February) and 30% for Belg season (March–May).
Figure 2 shows the long-term average monthly distribution of rainfall and temperature at Hawassa
meteorological station.
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Figure 2. Distribution of monthly rainfall (a) and temperature (b) at Hawassa. 

In term of topography, the majority of the watershed is flat to gently undulating but bounded 
by steep escarpments. The altitude ranges from 1680 m at Lake Hawassa to 2700 m on the Eastern 
escarpment: an altitude range of 1020 m. Most slopes (56%) are flat to gentle (0%–8%) with a further 
33% moderately sloping (8%–30%) and only 5% steep to very steep (>30%) [24]. 

2.2. Data Availability 

As shown in Table 1, there exists fairly long sequence of hydro-climatic data for Hawassa 
meteorological station which is the nearest station for the lake. Other meteorological stations in the 
watershed have limited data. Data gaps are filled by linear interpolation throughout this study. 

Table 1. The core set of hydro-climatic data employed in the study. 

Data Type Temporal Scale Period Sources 
Lake level records Daily 1970–2010 Ministry of Water Resources 

Streamflow » 1980–2006 » 
Rainfall » 1972–2010 Meteorological Agency 

Temperature » 1986–2006 » 
Wind speed » 1986–2006 » 

Relative humidity » 1986–2006 » 
Sun-shine hours » 1986–2006 » 

N.B. The water level records have been made from conventional local bench mark and time series data 
of the actual water level was derived by adjusting the records to the bathymetric map of the lake. 

2.3. Detection of Long-Terms Trends Using Mann-Kendall Test 

According to our knowledge, the statistical significance of long-term monotonic trend of Lake 
Hawassa water level had not been computed before. Statistical trend analysis is a hypothesis testing 
process in which the null hypothesis (H0) states that there is no trend. Trend analysis enables to 
detect significant variations overtime. It is easily understood and communicated, and readily 
accepted due to its wide spread use [25]. In this study, the well-known Mann-Kendall (MK) 
statistical trend test [26,27] was employed to investigate trends in time series data. It is a kind of 
non-parametric test and compares the relative magnitudes of sample data rather than the data 
values themselves. The technique also allows us to investigate long-term trends of data without 
assuming any particular distribution. The other advantage is its low sensitivity to abrupt breaks due 
to inhomogeneous time series. In this study, the 5% level of significance was considered [28,29]. 

2.4. Sequential Regime Shift Detection Using Regime Shift Index (RSI) 

The concept of “regime” in hydrology describes the temporal pattern of the variable under 
discussion over a period of time and “regime shift” was originally proposed in relation to oceanic 
ecosystem [30,31] to describe sudden drastic changes in temporal characteristics of a variable [11]. 
The definition of climatic regime shifts can be viewed as “differing average climatic levels over a 

Figure 2. Distribution of monthly rainfall (a) and temperature (b) at Hawassa.

In term of topography, the majority of the watershed is flat to gently undulating but bounded
by steep escarpments. The altitude ranges from 1680 m at Lake Hawassa to 2700 m on the Eastern
escarpment: an altitude range of 1020 m. Most slopes (56%) are flat to gentle (0%–8%) with a further
33% moderately sloping (8%–30%) and only 5% steep to very steep (>30%) [24].

2.2. Data Availability

As shown in Table 1, there exists fairly long sequence of hydro-climatic data for Hawassa
meteorological station which is the nearest station for the lake. Other meteorological stations in
the watershed have limited data. Data gaps are filled by linear interpolation throughout this study.

Table 1. The core set of hydro-climatic data employed in the study.

Data Type Temporal Scale Period Sources

Lake level records Daily 1970–2010 Ministry of Water Resources
Streamflow » 1980–2006 »

Rainfall » 1972–2010 Meteorological Agency
Temperature » 1986–2006 »
Wind speed » 1986–2006 »

Relative humidity » 1986–2006 »
Sun-shine hours » 1986–2006 »

N.B. The water level records have been made from conventional local bench mark and time series data of the actual
water level was derived by adjusting the records to the bathymetric map of the lake.

2.3. Detection of Long-Terms Trends Using Mann-Kendall Test

According to our knowledge, the statistical significance of long-term monotonic trend of Lake
Hawassa water level had not been computed before. Statistical trend analysis is a hypothesis testing
process in which the null hypothesis (H0) states that there is no trend. Trend analysis enables to
detect significant variations overtime. It is easily understood and communicated, and readily accepted
due to its wide spread use [25]. In this study, the well-known Mann-Kendall (MK) statistical trend
test [26,27] was employed to investigate trends in time series data. It is a kind of non-parametric
test and compares the relative magnitudes of sample data rather than the data values themselves.
The technique also allows us to investigate long-term trends of data without assuming any particular
distribution. The other advantage is its low sensitivity to abrupt breaks due to inhomogeneous time
series. In this study, the 5% level of significance was considered [28,29].

2.4. Sequential Regime Shift Detection Using Regime Shift Index (RSI)

The concept of “regime” in hydrology describes the temporal pattern of the variable under
discussion over a period of time and “regime shift” was originally proposed in relation to oceanic



Climate 2017, 5, 21 5 of 14

ecosystem [30,31] to describe sudden drastic changes in temporal characteristics of a variable [11].
The definition of climatic regime shifts can be viewed as “differing average climatic levels over a
multi-annual duration” [32]. Shifts in the mean are the most common type of shifts considered in
literature [33,34].

A jump in a series that is detected by a regime shift test can imply changes in either climatic
factors or watershed characteristics [35]. According to Breaker [36], change points occur where the
changes are relatively abrupt. Formally, a change point exists at a time t0, if all of the observations up
to t0 share a common statistical distribution, and those after t0, share a different statistical distribution.
Rodionov [33] introduced an algorithm for detecting sequential regime shifts in time series data based
on sequential t-tests.

2.5. Estimation of Coherence between ENSO Index and Lake Level Variability

Time series data records of any two continuous variables suitable for computing a covariance,
if of sufficient length for computing a stable fast Fourier transform (fft), can be transformed into the
frequency domain for computation of a dimensionless squared spectral coherence. Transforming
from the time to the frequency domain and computing the squared spectral coherence (CH) provides
frequency-stratified results that can be tested for statistical significance using the F-distribution [37].
Coherence, also known as coherency spectrum, or magnitude-squared coherence, is a widely used
measure for characterizing linear dependence between two time series and classical books on
time series analysis present coherence as “the frequency domain analogue of the autocorrelation
function” [38]. Further information on spectrum analysis can be referred from books such as [39,40].

The use of spectral coherence analysis is quite recent in the area of hydrology. The coherence
analysis in this study was made following the idea of Jenkins and Watts [41] and Bloomfield [42]
where more detailed explanation about the techniques can be referred. This technique was employed
to analyze the relationship between Niño3.4 index and lake level data series. The significance of
coherence resulting from this technique suggests that changes in one series are related to changes in
the other. As subjected to this analysis, the two phenomena are assumed to be ergodic (their statistical
properties can be deduced from a single, sufficiently long, random sample of the processes) and the system
functions linearly. A total of 492 pairs of monthly step time series data were undergone through
spectral analysis for the explicit estimation of “coherency” between these series. The Niño3.4 index
(N3.4), which is the average SST anomaly within the region 5◦ S–5◦ N, 170◦–120◦ W was used as
a representative index for ENSO phenomena. This index is usually employed to predict rainfall in
Ethiopia [43,44]. It is one of the most widely used ENSO index [45].

The presence of a trend in a time series data produces a spectral peak at zero frequency, and
this peak can dominate the spectrum in that other important features are obscured [46]. Due to this,
detrending should be part of the analysis. In this study, the time series were detrended using linear
regression. The autocorrelations in the time series were also removed by differencing techniques with
order 1.

For more reading about the Fourier transform, refer standard text books such as Jenkins and
Watts [41]. Namdar-Ghanbari et al. [47] employed similar analysis to examine the relationships
between ice, local climate and the teleconnections, Southern Ocean Oscillation (SOI), Pacific Decadal
Oscillation (PDO), North Atlantic Oscillation (NAO), and Northern Pacific Index (NP).

As noted by Thomson and Emery [25], the final step in any coherence analysis is to specify the
confidence limits for the coherence-square estimates. This step places the spectral results in a complete
statistical context.

As presented by Namdar-Ghanbari et al. [47], the estimated coherencies are considered significant
at the 99% and 95% level of confidence when they are larger than the critical value T derived from the
upper 1% and 5% points of the F-distribution.
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3. Results and Discussion

3.1. Result of Trend Analysis

The visual inspection of Figure 3 uncovers the underlying variability of the observed lake level by
suggesting that, beside the annual cycle, the overall oscillation does not show periodicity that may
be associated to the local situation such as the hydrologically-closed nature of the lake in that the
occurrence of an extreme event may consecutively manifest itself (residual effect) in response to the
imbalance between inflow and outflow water balance components. The highest peak was observed
in November 1998 (22.54 m) followed by October and December of the same year (22.49 m each).
The lowest level in this year (June) (21.8 m) was greater than 92.5% of historical records. This particular
year was known for its peak records in many parts of the world. The cases of Lake Abaya (another
Rift Valley lake in Ethiopia) [48] and other lakes in this basin [21]; Lake Nasser (Egypt), Lake Chad,
Lake Turkana, Lake Tanganyika, Lake Victoria, and Lake Mwero [49] are among the examples.
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Despite the multiple rises and falls, the lake level experienced a significant resultant upward
trend with Mann-Kendall τ values of 0.558, 0.629, and 0.545 (at α = 0.05 and p < 0.01%) for monthly
maximum, average and minimum values respectively. The ultimate evolution of increasing trend is
not gradual and consistent in direction (monotonic) rather sharp rises and falls have been frequently
appearing and such variations are likely to bias the monotonic trend. Similar comment was given
by [46] in that the use of trend analysis in climate change research depends greatly upon the time
period studied, and results can be biased when an abrupt climate change is observed during the
study period.

Regarding the connection of ENSO events to the extreme values of observed lake levels, the 1998
record (historical maximum) can easily be justified for its connection to the worst El Niño event of the
twentieth century [50,51] as measured by changes in the Pacific [52]. Globally, this El Niño year caused
loss of approximately 35–45 billion USD [53]. In contrast, the lowest lake level was observed in 1975
which is likely linked to the two consecutive strong La Niña events of 1973–1974 (the strongest in the
period 1950–2012) and 1975–1976.

3.2. Results of Sequential Regime Shift Analysis

3.2.1. Lake Level Variability

Figure 4a–c demonstrate the observed annual average, maximum, and minimum lake levels
have undergone a couple of sequential regime shifts reflecting the instability of the hydro-system.
Synthesis of the RSI result for average lake level records is shown in Appendix A.
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The important aspect of the prevailing regime shifts lies on their occurrence in the year 1976–1978
(Figure 4a–c) which was known for the climatic regime shift period of the North Pacific [54,55]. The year
1977 also experienced the highest historical recorded annual total rainfall (1226 mm). The maximum
lake level has undergone a regime shift in 1983 (Figure 4b), which is likely to be associated with the
devastating El Niño of 1983. The other smaller shift in mean value of lake level occurred in 1986
which was likely caused by moderate but prolonged El Niño of 1986–1987. Another connection that is
manifested by the overlap of regime shift of Lake Hawassa water level and the North Pacific climate
regime shift was observed in 1989 (Figure 4c) and Yletyinen et al. [55] reported that in 1989, a new
regime shift (in the climate of the Pacific) had also occurred but the changes were not as remarkable or
pervasive as in the 1976–1977.

The highest regime shift was observed in 1992, which showed an upward shift in mean value of
the lake level from 20.43 m to 21.2 m, implying a regime shift of 0.77 m. This regime was extended
up to 2002 and known for its frequent El Niño years of 1991–1992 (strong), 1994–1995 (moderate),
and the 1997–1998 El Niño (strong). Swanson and Tsonis [56] also noted that climate shift occurred
around 2001/2002 too and Lake Hawassa also experienced water level regime shift in this year.
The relatively sustained maximum lake level regime extended from 1992 up to 1999 (Figure 4b)
signifies the occurrences of three El Niños (strong, moderate, strong consecutively) without the
occurrence of La Niña in between.

The general up ward shifts between 1978 and 1998 are in agreement with the work of Peterson
and Schwing [57]. They identified the PDO (Pacific Decadal Oscillation) index, another index to be
negative for most years during 1948–1976 and positive during 1977–1998. In addition, Niebauer [58]
observed that before the regime shift, the occurrence of El Niño and La Niña conditions was about
even. Since the regime shift, El Niño conditions are about 3 times more prevalent and this further
signifies the effect of climate.

3.2.2. Rainfall Variability

Figure 5 shows the sequential regime shifts in annual rainfall at Hawassa meteorological station
that represents the over-lake rainfall. As depicted by the figure, the rainfall time series shows
high variability with nine distinct regimes over the study period. The relatively long and stable
regime extended from 1986 to 1994 (upward shift) followed by regimes of 1999–2004 (downward) and
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2005–2010 (upward). The remaining regimes are short lived and most of the breaking points coincided
with the occurrences of ENSO phenomena (1976, 1983, and 1994). The climate regime shift of North
Pacific Ocean that occurred in 1976/1977 seems to manifest itself by causing an upward shift in both
years. The annual total rainfall record of 1977 was the highest of the records (1226 mm). The shift
in 1998 was also most likely linked to the transition from strong (1997–1998) to the two consecutive
strong La Niñas (1998–1999 and 1999–2000).
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3.2.3. Variability in Streamflow

Figure 6 demonstrates the variability of stream flow of Tikur Wuha River (the only river draining
into Lake Hawassa) across time. The Tikur Wuha River drains about 50% of the catchment while the
rest of the catchment drains via ground water or ephemeral channel flow. The first breaking point
occurred at 1986, which is known for its moderate El Niño. The years 1994 and 1997 are also another
change points corresponding to the timing of ENSO events.
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3.2.4. Variability in Potential Evapotranspiration (ET)

Time series of Evapotranspiration (ET) was derived by the Penman-Monteith model [59,60].
The model uses five climate variables (minimum and maximum temperature, relative humidity, wind
speed, and sun-shine hours) to compute the potential evapotranspiration (ET). As shown in Figure 7,
significant drops were exhibited in 1988 (strong La Niña year) and in 1995 (weak La Niña). An upward
shift was also depicted in 1994 (Moderate El Niño year). Nevertheless, there was no significant trend
in the potential evapotranspiration.
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3.2.5. Land Use/Cover Change as a Potential Anthropogenic Factor in Affecting the Lake Hydrology

Often, the effect of climate change and human activities on hydrological variables cannot be
distinguished [61]. Climate and land use are key factors controlling the hydrological behavior of
a catchment [62,63]. The assessment of the impacts of such diverse environmental changes is still one
of the main challenges in recent hydrological research [64]. In terms of spatial scales, distinguishing the
impact of land use changes on hydrology from the impact of climatic variability is more difficult at the
catchment than at the plot or small catchment scale [65]. Many studies have considered these factors
separately; however, they do not act in isolation, but rather interact to affect ecosystem structure and
function [66].

A number of studies were performed in Lake Hawassa catchment in relation to the impact
of land use/ cover of the local water cycle. Abrha [67] assessed the impact of land use/ cover
changes on ground water recharge. The author found a significant change in ground water recharge
is due to land use and land covers change (especially vegetation cover reduction) in the catchment.
Gebreegziagher [10] also recognized the land-use change in the watershed of Lake Hawassa as the most
likely cause for the increasing tendency of runoff overtime in combination with the effect of climate
variability and climate change. The land use/ land cover dynamics of the watershed is presented in
Table 2 below.

Table 2. Land use/ land cover changes in the catchment (units are in km2) (After Abrha [67]).

Agriculture Grass Land Bush Land Shrubby Wood Land Urban Area

1973 323.3 15.5 165.9 704.7 6
1986 466.2 59.5 180.3 548.6 8
2000 565.9 68.7 145.6 448.2 13

As shown in the above table, on average, 9.5 km2/year of shrub wood land has been converted
into other land use types mostly into agricultural lands (9 km2/year).

3.2.6. Interaction of Geomorphological Processes with Lake Hydrology

The period 1996–1998 was extremely wet in the study area [10] and parallel to this, three
consecutive surface cracks/gullies have developed in the years 1996, 1997 and 1998. The first gully
developed in April 1996 with an extent of about 150 m length and 3 m depth after inundation of the
area with massive flood following an above normal precipitation. The second gully developed across
the central part of the catchment in April 1997 with the total length slightly more than 800 m and
visible depth in the range of 3–8 m. The extent of this gully increased finally reaching a length of 2.4 km
with depth ranges of 8–12 m [68]. Hydrologically, these gullies are important features that facilitate
fast transfer of surface water into the aquifer and then to the lake. Field evidences also indicate the
positive role of newly formed gullies that act as conduit to ground water inflow from the elevated
areas to Lake Hawassa [69]. Unfortunately, these gullies developed in a region of the catchment which
was not monitored using stream discharge gauges.

3.3. Results of Coherence Analysis

Figure 8 shows the result of coherence analysis. The values of coherency (y-axis) versus frequency
(x-axis) between the Niño3.4 ENSO index and monthly mean lake level changes.



Climate 2017, 5, 21 10 of 14Climate 2017, 5, 21 10 of 15 

 

Figure 8. Coherence between ENSO index and lake level variability in frequency domain. 

As evidenced by the result of coherence analysis (Figure 8), the cyclic nature of Lake Hawassa 
water level variability has significant linear relationship to the climate variability at some 
frequencies. It appears that there are two significant peaks at 95% confidence limit. Further probe to 
the prominent peak reveals that the peak occurred at a frequency between 0.13–0.14 cycle/month or 
1.56–1.68 cycle/year. This corresponds to a period of about 7.14–7.69 months (=1/0.14–1/0.13) or a 
dominant average periodicity (coincident cycle) of about 7.4 months which is likely associated with 
the time span between the two wet periods that extend from June-September (main rainy season) 
and March and May (little rain). A relevant finding was reported by Namdar-Ghanbari and Bravo 
[70] in which the levels of Great Lakes and Trans-Niño Index (TNI) show significant coherence in the 
frequency range (3–7)−1 cycles/year. 

The vital importance of the above analyses is the detection of significant coherence at some 
specific frequency ranges and confirmed that significant portion of the lake level variability is 
caused by factors operating on a scale larger than processes in the watershed.  

4. Conclusions 

The diverse statistical analyses of this chapter provide a plausible explanation for the 
interaction between the local hydrology and climate anomalies at Pacific. More importantly, the 
evidences helped us to conclude about the effect of ENSO phenomena and climate shifts on the local 
hydrology of the lake. Generally, it is observed that high lake level tends to follow moderate to 
strong El Niño and the reverse is true for La Niña events. 

The two prominent climate events which strongly influence the hydrology of Lake Hawassa 
are: the climate shift of North Pacific Ocean that occurred in 1976/77 and the El Niño events that 
occurred in 1972–73, 1982–83, 1997–98, and 2009–10. 

The general suggestions of this study supported the idea of Szestzay [71] in which water level 
fluctuations of closed lakes are considered as meaningful indicators of climatic changes. 
Nevertheless, there is no simple linear relationship between climate and lake level variability as 
shown in this study. The increasing water level of Lake Hawassa can be explained by the interaction 
of climate with a special emphasis on El Niño events, land use change and geomorphological 
processes which influence drainage density of the catchment and therefore residence time of water 
and total discharge. The occurrence of El Niño events alone cannot explain the increase in lake water 
level but is triggering processes which result in the observed dynamics. 

The association of extreme lake level rises of Lake Hawassa to the occurrences of El Niño events 
(as in the case of 1998 flood) could have two management dimensions. On one hand, it would be 
difficult to mitigate the problem because of its dependence on macro-scale processes and on the 
other hand, those large El Niño events which are notorious for their extreme floods are acceptably 
predictable within period at lead times of up to two years [72]. Climate forecasts are also shown to be 
more accurate during El Niño and La Niña events and furthermore, stronger ENSO events lead to 
greater predictability of the climate [73]. These are opportunities to get alarms against the urgency of 
flood occurrences and it is recommended to mainstream the updated information regarding the 

Figure 8. Coherence between ENSO index and lake level variability in frequency domain.

As evidenced by the result of coherence analysis (Figure 8), the cyclic nature of Lake Hawassa
water level variability has significant linear relationship to the climate variability at some frequencies.
It appears that there are two significant peaks at 95% confidence limit. Further probe to the
prominent peak reveals that the peak occurred at a frequency between 0.13–0.14 cycle/month or
1.56–1.68 cycle/year. This corresponds to a period of about 7.14–7.69 months (=1/0.14–1/0.13) or
a dominant average periodicity (coincident cycle) of about 7.4 months which is likely associated with
the time span between the two wet periods that extend from June-September (main rainy season) and
March and May (little rain). A relevant finding was reported by Namdar-Ghanbari and Bravo [70]
in which the levels of Great Lakes and Trans-Niño Index (TNI) show significant coherence in the
frequency range (3–7)−1 cycles/year.

The vital importance of the above analyses is the detection of significant coherence at some specific
frequency ranges and confirmed that significant portion of the lake level variability is caused by factors
operating on a scale larger than processes in the watershed.

4. Conclusions

The diverse statistical analyses of this chapter provide a plausible explanation for the interaction
between the local hydrology and climate anomalies at Pacific. More importantly, the evidences helped
us to conclude about the effect of ENSO phenomena and climate shifts on the local hydrology of the
lake. Generally, it is observed that high lake level tends to follow moderate to strong El Niño and the
reverse is true for La Niña events.

The two prominent climate events which strongly influence the hydrology of Lake Hawassa
are: the climate shift of North Pacific Ocean that occurred in 1976/1977 and the El Niño events that
occurred in 1972–1973, 1982–1983, 1997–1998, and 2009–2010.

The general suggestions of this study supported the idea of Szestzay [71] in which water level
fluctuations of closed lakes are considered as meaningful indicators of climatic changes. Nevertheless,
there is no simple linear relationship between climate and lake level variability as shown in this
study. The increasing water level of Lake Hawassa can be explained by the interaction of climate
with a special emphasis on El Niño events, land use change and geomorphological processes which
influence drainage density of the catchment and therefore residence time of water and total discharge.
The occurrence of El Niño events alone cannot explain the increase in lake water level but is triggering
processes which result in the observed dynamics.

The association of extreme lake level rises of Lake Hawassa to the occurrences of El Niño events
(as in the case of 1998 flood) could have two management dimensions. On one hand, it would be
difficult to mitigate the problem because of its dependence on macro-scale processes and on the
other hand, those large El Niño events which are notorious for their extreme floods are acceptably
predictable within period at lead times of up to two years [72]. Climate forecasts are also shown to
be more accurate during El Niño and La Niña events and furthermore, stronger ENSO events lead to
greater predictability of the climate [73]. These are opportunities to get alarms against the urgency
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of flood occurrences and it is recommended to mainstream the updated information regarding the
probable occurrences of ENSO events and climate shifts in a regular emergency and preparedness
actions to reduce the impact of potential flood risks.
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Appendix A. SynThesis of RSI Output

Table A1. Synthesis of RSI output.

Av.Lake Depth (m) RSI Mean Weighed Length p Outliers

1970 19.64 0.00 19.70 19.68 8
1971 19.83 0.00 19.70 19.68 8
1972 20.26 0.00 19.70 19.68 8 0.76
1973 19.92 0.00 19.70 19.68 8
1974 19.53 0.00 19.70 19.68 8
1975 19.37 0.00 19.70 19.68 8
1976 19.36 0.00 19.70 19.68 8
1977 19.67 0.00 19.70 19.68 8
1978 20.40 0.63 20.12 20.10 9 0.02
1979 20.74 0.00 20.12 20.10 9 0.68
1980 20.33 0.00 20.12 20.10 9
1981 19.86 0.00 20.12 20.10 9
1982 19.72 0.00 20.12 20.10 9
1983 20.15 0.00 20.12 20.10 9
1984 20.22 0.00 20.12 20.10 9
1985 19.77 0.00 20.12 20.10 9
1986 19.90 0.00 20.12 20.10 9
1987 20.27 0.88 20.43 20.43 6 0.06
1988 20.32 0.00 20.43 20.43 6
1989 20.71 0.00 20.43 20.43 6
1990 20.78 0.00 20.43 20.43 6
1991 20.33 0.00 20.43 20.43 6
1992 20.17 0.00 20.43 20.43 6
1993 20.72 1.10 21.20 21.16 10 0.001
1994 20.70 0.00 21.20 21.16 10 0.95
1995 20.53 0.00 21.20 21.16 10 0.69
1996 20.92 0.00 21.20 21.16 10
1997 21.33 0.00 21.20 21.16 10
1998 21.98 0.00 21.20 21.16 10 0.53
1999 21.90 0.00 21.20 21.16 10 0.59
2000 21.25 0.00 21.20 21.16 10
2001 21.31 0.00 21.20 21.16 10
2002 21.37 0.00 21.20 21.16 10
2003 20.87 −0.29 21.00 20.99 8 0.34
2004 20.58 0.00 21.00 20.99 8
2005 20.56 0.00 21.00 20.99 8
2006 20.72 0.00 21.00 20.99 8
2007 21.46 0.00 21.00 20.99 8 0.93
2008 21.47 0.00 21.00 20.99 8 0.92
2009 21.19 0.00 21.00 20.99 8
2010 21.16 0.00 21.00 20.99 8

Where, RSI: Regime Shift Index; Mean: Equal-weighed arithmetic means of the regimes; Weighed: Weighed
means of the regimes using the Huber’s weight function with the parameter = 1; Length: Length of the regimes;
P: Significance level of the difference between the mean values of the neighboring regimes based on the Student’s
two-tailed t-test with unequal variance; Outliers: Weight of the deviations from the weighed mean greater than 1
standard deviation(s).
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