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remaining largely the same over time. In this study, we applied an integrated approach based on
multi-source datasets—Synthetic Aperture Radar (SAR), Landsat thermal band data, precipita-
tion, and physicochemical and isotope water quality data—to understand the processes that
govern the lake surface area expansion with a focus on the volcano-tectonic process.

New hydrological insights for the region: Our findings show the following: (1) overall annual rainfall
trend showed a declining trend, suggesting that rainfall is not the main source of water that led to
the expansion of the lake; (2) recent vertical deformation rates reveal high subsidence rates on
areas bordering the lake to the north, west, and southwest that are dissected by an echelon of
fissures and faults, and physicochemical and isotopic water quality analysis from previous studies
reveal dilution of the lake water by a new source of water in these parts; and (3) the thermal data
analysis showed high land surface temperature values to the north of the lake, where a recent
swarm of earthquakes were detected. We attributed the lake surface area growth to two processes:
groundwater influx into the lake surface facilitated by active volcano-tectonic processes and
volcano-tectonic-induced subsidence that creates favorable conditions for the water to expand to
new areas.

1. Introduction

Earth’s dynamic climate is the most significant factor that controls the size and depth of lakes. Coupled with climatic changes,
anthropogenic interventions, including land use and land cover changes, the construction of engineering structures, such as dams and
lake water withdrawal, are increasingly playing major roles in controlling the size and water levels of lakes (Kraemer et al., 2020).
Several lakes in different parts of the world are undergoing expansion owing principally to the combination of the two factors outlined
earlier (Theuerkauf and Braun, 2021). For instance, increasing water level trends have been noted during the years 1992-2019 on
several of the world’s large lakes, and the change has been attributed to background climate oscillations, such as the El Nino-Southern
Oscillation and anthropogenic controls (Kraemer et al., 2020). On the other hand, several other lakes, including endorheic lakes in arid
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Fig. 1. Location map of the study area. Inset map shows the location of the study area with respect to the federal regional administration structure of
Ethiopia (shown in green fill), the rift valley escarpments (shown in red outline), and the Awash basin (shown in yellow outline).

and semi-arid climates, were noted to have experienced severe water loss and level decline in the past few decades mainly due to
variations in the long-term climatic conditions and human impact (Busker et al., 2019; Prange et al., 2020; Wang et al., 2018;
Waurtsbaugh et al., 2017).

In addition to climatic variables and anthropogenic activities, active volcano-tectonic forcings control the dynamics of lake level,
size, and potentially depth of lakes (Abbott and Anderson, 2009; Owen et al., 2019). The role of such processes in altering the dynamics
of endorheic lakes can be explained in a twofold process: tectonic structures serving as fluid pathways to transport high-temperature
groundwater, formed from active volcanic processes in the subsurface and their interactions with the groundwater, to lake floors
(Brehme et al., 2019; Hancock et al., 1999; Kapchenko and Grozdova, 1997). In a similar process but yet in a reverse direction of flow,
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tectonic structures and processes may lead to the draining of the lake water to the groundwater system, or seepage to the surface or
surface waterbody (Sakai et al., 2016). In addition to constraining the water level dynamics, volcano-tectonic forcings alter the
morphology and surface area of the lakes (Talbot, 2005).

One region of the world in which volcano-tectonic processes control the formation and temporal fluctuations in the depth and
extent of lakes is the Ethiopian Rift Valley. This region is part of the northern branch of the Great East African System that extends from
Mozambique to the Afar triple junction located south of the Red Sea (Acocella et al., 2002). Most of the volcano-tectonic proc-
ess-controlled lakes found in the Ethiopian Rift Valley are found in the part of the Ethiopian rift system located to the south of the Afar
Triangle, called the Main Ethiopian Rift (MER) (Bonini et al., 2005; Gasse and Street, 1978). The MER has been volcanically,
tectonically, and seismically active during the Holocene. Most of these processes are spatially concentrated within the Wonji Fault Belt,
aregion known for intense normal faulting and volcanism related to the Quaternary episodes of extension and characterized by a series
of NNE-SSW trending normal faults and fissures of the MER (Chernet et al., 1998; Mohr, 1987; Le Turdu et al., 1999; Williams et al.,
2004).

In the northern part of the MER, major rifting and downwarping processes that gave rise to the recent morphology started during
the late Miocene (10-11 Ma) and commenced till present day (Bonini et al., 2005). Similar processes in the central and southern parts
of the MER began during early Miocene (Chernet et al., 1998; Williams et al., 2004). Extensive tectonic and volcanic activities within
the MER have given rise to the accommodation zones that eventually formed several lakes within the region (Alemayehu et al., 2006;
Ayenew, 2004).

The morphologies and lake level parameters in most of the lakes in MER are largely constrained by climatic fluctuations and human
interventions (Alemayehu et al., 2006; Benvenuti et al., 2002). For example, Lake Abiyata shrunk by half during 1980-2010, which is
mainly due to human interventions such as lake water withdrawal and diversion of tributaries and, to a lesser extent, due to drought
(Seyoum et al., 2015). On the contrary, few other lakes within the MER have seen an increase or decrease in lake surface area since the
past few decades, even though there has been little to no change in climatic variables and human interventions during the times—a
trait that has been hypothesized to have occurred due to volcano-tectonic drivers.

Lake Beseka (Fig. 1), an endorheic lake in MER, has considerably expanded over the past few decades (lake surface area in 1972 =
10.8 km% 2020 = 52.1 km?) though climatic and other relevant variables have remained largely the same during the time. The lake
level is rising on average annual rates ranging from 0.14 to 0.2 m (Klemperer and Cash, 2007; Goerner et al., 2009; Yimer and Jin,
2020). Even more interesting is the fact that the lake growth and expansion follows an irregular pattern of growth and seems to have
experienced accelerated growth in the past two decades (1981: 27.5 km?; 2001: 38.9 km?%; 2020: 52.1 km?). The uncontrollable spatial
expansion of Lake Beseka has incurred adverse socio-economic and environmental ramifications (Ayenew, 2004; Dinka, 2017, 2020).
Due to the saline and alkaline chemical composition of the water, it is neither suitable for drinking nor irrigation purposes (Dinka,
2010), making the impact of the encroachment severe, particularly on plants and crops.

Several studies provided conflicting hypotheses on the causes and mode of evolution of the processes that gave rise to the lake
expansion. In some of the proposed hypotheses, neotectonic processes and their influences on the groundwater dynamics, and other
processes such as the direct flow from the nearby irrigated agricultural fields, have been credited for the rise. Moreover, change in
groundwater dynamics (gradient of flow towards the lake watershed) following the construction of the Koka dam in the neighboring
watershed has also been cited as potential sources of water, giving rise to the lake level change and the ensuing expansion (Alemayehu
et al., 2006; Ayenew, 2004; Ayenew and Legesse, 2007; Dinka, 2017; Goerner et al., 2009; Jin et al., 2021; Tessema, 1998; Yimer and
Jin, 2020). In the previous studies that ascribed neotectonic processes and movements as the fundamental controllers of the lake
expansion, the role of vertical surface deformation processes has not been explained, or the effects are stated to be insignificant. Asfaw
et al. (2006) applied differential leveling procedures on selected benchmarks surrounding the lake region during two leveling cam-
paigns (July 1995 and November 2003). They stated that tectonic subsidence has little or no effect on the lake level expansion of Lake
Beseka. On the other hand, Goerner et al. (2009) calculated a maximum subsidence rate of ~ 1 cm/yr for the Lake Beseka area. This
rate was calculated by taking into consideration the average of the spreading velocity estimated for the MER by Bilham et al. (1999)
using Global Positioning System (GPS) measurements acquired between 1969 and 1997, and the average of the field dip angle
measurements of the faults bordering the lake. They concluded that the impact of subsidence on the lake basin volume change is
insignificant but stated that neotectonic activity has altered the groundwater flow pattern and resulted in the formation of a large
underground catchment that contributed the lake level rise (Goerner et al., 2009). The spatial limitation of leveling and other geodetic
methods limits the ability of the methods to account for the deformation between measurement stations because of the sparse dis-
tribution of the permanent or campaign measurement stations. Moreover, potential measurement errors, cost, disturbance/destruction
of some of the benchmarks between leveling campaigns (as in the case of Asfaw et al., 2006) as well as the inherent limitation of height
measurements from leveling and other geodetic procedures, such as systematic errors and seasonal surface height fluctuations (Lyon
et al., 2018), could have affected the outcome of the analysis and hence inaccurate conclusion. In the absence of appropriate datasets
and results derived using effective data analysis approaches that indicate local and regional tectonic processes with improved accu-
racies, it would be difficult to discern active tectonic structures that contribute to the lake level rise from those that are not. In addition
to assessing the contribution of tectonic controls on Lake Beseka expansion, the potential role, relevance, and impact of ongoing active
volcanic processes in the mountain region neighboring the lake region, as evidenced by the recent swarm of earthquake events (Keir
et al., 2006, 2006; Temtime et al., 2020) on the lake surface area expansion, have not been investigated in the earlier studies.

Interferometric Synthetic Aperture Radar (InSAR) technique has proven to be an efficient tool for quantifying vertical surface
deformation rates resulting from different processes including volcano-tectonic because of its capability to observe deformation over a
large area with sub-centimeter to sub-millimeter accuracy (Burgmann et al., 2000; Chen et al., 2000; Gebremichael et al., 2018; Haley
etal., 2022; Hooper et al., 2007; Tantianuparp et al., 2013). Synthetic Aperture Radar (SAR) datasets of varying wavelengths acquired
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by side-looking radar instruments that are capable of image acquisition under all-weather and lighting conditions are used as input in
the deformation analysis using InSAR techniques (Balzter, 2001; Burgmann et al., 2000). In SAR methods exploit the differences in the
phase component of the SAR signal/data acquired at different times from different orbital positions to quantify displacement (Crosetto
et al., 2016; Hanssen, 2001; Pepe and Calo, 2017). Several studies have employed different InSAR and other geodetic techniques to
successfully quantify deformation rates induced by active volcano-tectonic processes (Chavez Hernandez et al., 2020; Hooper et al.,
2007; Poland et al., 2006; Wauthier et al., 2012). As stated earlier, data unavailability between stations due to the spatially sparse
distribution of permanent or campaign measurement stations and the different sources of errors lower the reliability of measurements
derived using leveling and other geodetic methods. On the other hand, the multi-temporal and synoptic visualization of the surface
provided by SAR datasets makes the long-term monitoring of surface deformation processes using the datasets feasible (Gama et al.,
2020) in contrast to the other geodetic techniques (Yang et al., 2016). With respect to the study area and the MER region in general,
few studies have explored local and regional surface deformation and changes emanating from volcano-tectonic processes that indicate
active subsurface processes in the region (Hutchison et al., 2016; Temtime et al., 2020); however, the link between these processes and
the observed surface area changes in some of the lakes in the MER was neither established nor explained. To complement the
InSAR-derived result, integrating surface deformation parameters with other relevant datasets would be beneficial, thus further
strengthening the hypothesis related to the controls of volcano-tectonic processes on the lake level rise and expansion. This would
enhance understanding of the magnitude of the role of the subsurface processes. One possible manifestation of active subsurface
processes is the variation in the thermal radiation state of the ground (Caputo et al., 2019; Darge et al., 2019; Ma et al., 2010). In
addition, the frequency of seismic activities, and the spatial distribution of earthquake epicenters and their depth of occurrence are also
indicators of ongoing active volcano-tectonic processes (Barchi et al., 2021; White and McCausland, 2016).

Understanding the mechanisms and processes that trigger the lake level rise and expansion would be beneficial in order to
implement appropriate mitigation efforts to lessen the adverse effects. For that reason, a comprehensive study that provides a holistic
view of the processes and factors that contribute to the lake level rise and expansion is imperative. This will assist in resolving the
observed discrepancies, such as the observed irregular pattern of the lake surface area growth over time, as well as assess the potential
role of volcano-tectonic processes in constraining the expansion. In this study, we accomplish the following tasks (1) decipher the
processes and factors that contributed to the intense lake surface area expansion over the course of four decades; (2) quantify the rates
of the different processes, such as surface deformation rates, that potentially could contribute to the lake surface area growth; and (3)
analyze the directions of the future lake surface area growth and assess the impact on communities, resources, infrastructure, and the
ecosystem.

1.1. Geologic, hydrologic, and climatic settings

The area under investigation in this study is Lake Beseka and its immediate surrounding region (area: 1519 km? Fig. 1). It is located
at the boundary between the MER and the Afar triangle of the Ethiopian rift system. It encompasses Lake Beseka, Awash River, Mount
Fentale — a rhyolitic stratovolcano with a summit caldera (Fubelli and Dramis, 2015; Williams et al., 2004), Tinish Sabober — a basaltic
tuff cone (Williams et al., 2004), irrigated plantations (Fentale, Metehara, and Abadir located to the northwest, east, and south, of Lake
Beseka, respectively), and two major cities (Metehara and Addis Ketema) (Fig. 1). Mount Fentale is the northern end of the MER and
marks the transition from the MER to the Afar Triangle (Acocella et al., 2011; Fig. 1). Though the last eruption of Mount Fentale was in
the early 19th century, it is believed that the Mount Fentale area is considered an active system owing to the observed ongoing release
of volcanic gases, recurrent seismic activity, and historical fissural basalt flows as recent as 1810 that signify potentially active sub-
surface processes (Asfaw, 1982; Belay, 2009; Harris, 1844; Hunt et al., 2017; Keir et al., 2006, 2006; Temtime et al., 2020; Williams
et al., 2004).

The geology of part of the study area surrounding the lake is comprised of volcanic rocks, mainly recent to sub-recent basalts,
ignimbrite, rhyolite, and tuff. The floor and edges of Lake Beseka are constituted by Pleistocene lacustrine sediments. Clayey and silty
alluvial deposits dominate the irrigated plantations that are neighboring the southern and eastern parts of the lake (EIGS, 1978;
Kebede, 1987; Williams et al., 2004). The area is dissected by a dense network of NNE-SSW trending faults and fissures belonging to
the Wonji Fault Belt (Berhe, 2007). The lake water body lies in a 5-6 km-wide graben bounded by NNE-SSW trending faults. While
extensional normal faults make up the majority of the tectonic structures of the study area, a small number of fissures also exist,
particularly in the area that lies between Lake Beseka and the Fentale caldera (Alemayehu et al., 2006; Asfaw et al., 2006; Williams
et al., 2004) (Fig. 1).

The study area is located within the Awash River Basin (drainage area: 116,375 km?), one of the largest basins in Ethiopia
comprising major water bodies, including Awash River, Koka water reservoir, and Lake Beseka. The rainfall and temperature patterns
of the area indicate a semi-arid climatic condition in which evaporation exceeds precipitation in almost all of the months in a year
(Dinka, 2012; Goerner et al., 2009). Two wet seasons (July-September; March-April) supply the area with rainfall (Belay, 2009). The
watershed that comprises Lake Beseka, 480 km? in area, is oriented in NNE-SSW direction indicating the influence of the regional
tectonic structures on the morphology of the watershed (Belay, 2009). The northeastern boundary of the watershed that encompasses
the lake region borders the western sides of the Mount Fentale crater (Fig. 2). A segment of the Awash River flows through the study
area and is the main source of water for the irrigated plantations. The surface water flow direction in the watershed follows the
elevation gradient and is directed towards the lake (Fig. 2).
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Fig. 2. General hydrology of the study area. Grey arrows indicate flow direction. Lake water sampling sites for physicochemical and isotope analysis are
shown as LW-P and LW-I, respectively, while sampling sites for the isotopic analysis of water from hot springs are shown as HS-I (after Belay, 2009;
Goerner et al., 2009; Ministry of Water, Irrigation and Electricity (MWIE), 2015).

2. Data and methods

We applied an integrated approach that is based on multi-source datasets, including hydrological, thermal and radar satellite
observations, and relevant datasets (e.g., fault, seismic datasets) to analyze the causes of lake surface area growth, quantify the rates of
processes that indirectly or directly contribute to the lake growth, and analyze future lake expansion trends as outlined in the study
objectives. The datasets and analysis results were evaluated in a Geographic Information Systems (GIS) environment in search of
spatial relationships and interactions between the various datasets and analyses results that represent different processes. Through the
spatial analysis, we also demonstrated the potential roles (or not), whether direct or indirect, of different variables credited for the lake
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level rise and expansion in the earlier studies.

2.1. Hydrology

2.1.1. Precipitation and watershed delineation

Long term (from January 1981 to December 2019) monthly rainfall data were obtained from the Climate Hazards Center InfraRed
Precipitation with Station data (CHIRPS) (Funk et al., 2015) were used to see if rainfall has contributed to the expansion of the lake
(Funk et al., 2015). The CHIRPS 2.0 data with a 0.05-degree resolution was aggregated to the study area and used to calculate seasonal
and annual rainfall. The limited number of rain gauge stations and their uneven spatial distribution coupled with the inconsistency of
the data in terms of limited span and/or missing data (Mulugeta et al., 2019) has made the CHIRPS data the optimum data source to
analyze long-term precipitation patterns in this study. CHIRPS data are excellent for seasonal drought monitoring and trend analysis
(Funk et al., 2014). To investigate the seasonal trend, the months of a year were divided into four seasons: January-March (JFM),
April-June (AMJ), the rainy season July-September (JAS), and the dry season October—-December (OND). Both Mann-Kendall test
(Kendall, 1975; Mann, 1945) and Sen’s slope estimator (Sen, 1968) were applied to determine the presence and magnitude of trends on
the seasonal and annual rainfall data.

For delineating watershed and extracting the stream networks, a 12.5 m spatial resolution digital elevation model (DEM) acquired
by the Phased Array type L-band Synthetic Aperture Radar (PALSAR) sensor on board of the Advanced Land Observing Satellite (ALOS-
1), was used. The ArcGIS hydrology tool was adopted to generate watershed boundary and stream network products, and to define flow
directions for the surface runoff.

2.1.2. Water quality

In situ physicochemical (Belay, 2009; Dinka, 2017; Goerner et al., 2009; Kebede et al., 1994) and isotopic (Ayenew et al., 2008;
Bretzler et al., 2011; Kebede et al., 2008; MWIE, 2015) groundwater and surface water quality datasets from earlier studies were
mapped and their spatial relationship with the other parameters were analyzed in a GIS setting (Fig. 2). The physicochemical pa-
rameters in consideration were pH, electrical conductivity (EC) given in ps/cm, and major cations (Na™, K*, Ca®", and Mg2+) and
anions (HCO3) given in parts per million (ppm). For the stable isotopes, concentrations of the stable isotopes of hydrogen (*H) and
oxygen (*20), expressed in parts per thousand (%), were evaluated to investigate the spatial and temporal variation in concentrations,
and the possible interaction of waterbodies within the study area that could contribute to the lake expansion. Though the quality and
accuracy of such point measurements, as explained in the case with ground-based geodetic measurements (Section 1), are affected by
data gaps between sampling points, they nonetheless provide a general overview of the spatial variation of the parameters across
various parts of the lake.

2.2. Surface deformation processes and future lake expansion model

2.2.1. Surface deformation data

We used two sets of SAR datasets acquired during different time frames within the past nearly two decades for quantifying surface
deformation processes that would indicate active surface and subsurface processes and their influences on the lake surface area change,
and also to evaluate the progressive change in deformation to assess the stability or otherwise of the deformation signal in space and
time. Analysis of the latter could account for the observed varying rates of lake surface area expansions. The first set of SAR datasets
used in this study were acquired by the Environmental Satellite (Envisat). The now defunct satellite was operated by the European
Space Agency (ESA) and delivered C-band (5.6 cm wavelength) SAR data until 2012 (Bartsch et al., 2016; Kucharski et al., 2014). We
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Fig. 3. Baseline time plot for Envisat SAR data (a) and Sentinel-1 (b). The reference images (shown in yellow color) for the Envisat stack and
Sentinel-1 stack were obtained on 21 November 2008 and 19 November 2018, respectively, while the maximum perpendicular baseline values for
the Envisat and Sentinel-1 stacks were 730.57 m and 74.36 m, respectively.
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used 26 descending Envisat SAR Single Look Complex (SLC) level data acquired between the interval 2003-2010 (Fig. 3a) along track
49 to estimate the deformation rate over the investigated interval. The second set of C-band SAR datasets used in this study were
acquired by the Sentinel-1 mission. The Sentinel-1 is a C-band SAR constellation, operated by the ESA, capable of providing SAR
imaging of the globe with short revisit times ranging from 6 to 12 days (Barra et al., 2017). We used 48 descending Interferometric
Wide (IW) swath mode Sentinel-1 SLC SAR imagery acquired along path/track 79 and frames 561 and 563 and spanning from 2014 to
2021 (Fig. 3b) to quantify the deformation rate during the investigated interval. The deformation results derived from the analysis of
the two datasets (Envisat and Sentinel-1) were corresponded to one another to assess the progressive change in the deformation signal
and to observe whether there was continuity or inconsistency in the deformation signal. Obtaining such information would be crucial
to understanding the effect of continuous or changing deformation rates on the lake expansion rates.

2.2.2. Surface deformation method: Persistent Scatterer Interferometry

For quantifying the deformation rates, a subclass of the InSAR analysis method called the Persistent Scatterer Interferometry (PSI)
was applied on the two sets of SAR datasets (Fig. 3). This method relies on the deformation analysis of targets/pixels that exhibit strong
and consistent scattering properties over time when viewed from different angles, called persistent scatterers (PS) (Hooper et al., 2004,
2012; Jia and Liu, 2016). Using PS targets for determining displacement helps counterbalance the phase noise and decorrelation effect
introduced on the InSAR analysis when using distributed scatterers (Zebker and Villasenor, 1992). The PSI method operates by
stacking a series of interferograms generated by comparing each one of the SAR images (called secondary images) against a single
image (called a reference image) (Fig. 3) (Hooper et al., 2012).

We used the Stanford Method for Persistent Scatterers (StaMPS) software package (Hooper et al., 2004, 2007) for deriving vertical
surface deformation rates from the Envisat and Sentinel-1 datasets (Fig. 3). For the Envisat dataset, the steps preceding the final
displacement estimation (pre-processing) in StaMPS were facilitated through the Delft object-oriented radar interferometric software
(DORIS) package (Hooper et al., 2007; Kampes and Usai, 1999). In the case of the Sentinel-1 dataset, ESA’s Sentinel Application
Platform (SNAP) software was used to pre-process the SLC images (Foumelis et al., 2018; Zuhlke et al., 2015). Key data processing steps
in the StaMPS workflow (including the pre-processing steps in DORIS and SNAP) include (Foumelis et al., 2018; Hooper et al., 2004,
2007; Latip et al., 2015; Sousa et al., 2010):

e Calculating the offset between the images and resampling the secondary images to the coordinate system of the reference image,
with the objective of aligning the secondary images with respect to the reference image for determining the phase difference of the
same area — a process called coregistration. In the case of Sentinel-1, this step is preceded by the splitting of each of the subswaths of
Sentinel-1 IW products followed by the updating of their orbital information.

e An interferogram formation step that also includes the removal of the topographic phase using the Shuttle Radar Topography
Mission 1” (30 m) DEM. For Sentinel-1, debursting and merge procedures are implemented at this stage to seamlessly join the
bursts and subswaths respectively.

| PSI analysis workflow |

| |

| Pre-processing—Envisat | Pre-processing—Sentinel-1 |
| |
Delft object-oriented radar interferometric Sentinel Application Platform (SNAP)
software (DORIS) — Image splitting
— Coregistration — Coregistration
. — Interferogram generation, Deburst-
— Interferogram generation .
ing, Merge
— Candidate PS selection — Candidate PS selection

StaMPS
e Calculation of temporal coherence
PS selection followed by weeding
Phase unwrapping
SCLA error estimation and removal
Displacement estimation (mm/yr)

TROPOSPHERIC PHASE REMOVAL— TRAIN
(Linear)

|
Final LOS Displacement (mm/yr) |

Fig. 4. A simplified flowchart depicting the principal PSI processing steps.
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e A PS selection step that is based on a combination of the amplitude dispersion index value and the temporal coherence, which are
measures of amplitude and phase stability of the PS, respectively.

e A line-of-sight (LOS) displacement (timeseries) estimation step that follows a phase unwrapping procedure achieved using the
Statistical Cost Network Flow Algorithm for Phase Unwrapping (SNAPHU) package (Chen and Zebker, 2001; Hooper, 2010), and
the removal of spatially correlated look angle (SCLA) error.

The tropospheric phase contribution on the deformation signal was estimated and removed from the final displacement estimate
using the linear approach of the Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) algorithm (Bekaert et al., 2015). A simplified
schematic diagram demonstration of the main processing steps is shown in Fig. 4.

2.2.3. Future lake surface area expansion trends

Vertical surface displacement rates, elevation, and surface water flow direction data derived from the DEM (Fig. 2) were integrated
to generate a hypothetical probabilistic future change scenario of the lake surface area and point out the direction/s of expansion. In
combination with socio-economic and relevant datasets, the impacts of future expansion on the communities and their livelihoods,
infrastructure, and the ecosystem were also investigated.

2.3. Land surface temperature

Long-term (1986-2020) spatio-temporal trends in land surface temperature (LST) values that serve as a measure of the variation in
the thermal radiation state of the ground over the study area, given in degree Celsius (°C) units, were derived from the analyses of the
thermal bands of Landsat 5 (band 6), Landsat 7 (band 6), and Landsat 8 (bands 10 and 11) missions (Table 1) (United States Geological
Survey (USGS), 2020). Imagery acquired during the dry season (October—December), where there is little or no cloud cover on the
imagery and the influence of precipitation on LST is minimal, were used for generating the LST products. The USGS provides 30-m
spatial resolution Landsat thermal datasets after applying the cubic convolution resampling method on the original coarse resolu-
tion datasets (Sekertekin and Bonafoni, 2020). LST result generation was based on the workflow described by Parastatidis et al. (2017)
and facilitated through a cloud-based platform (Parastatidis et al., 2017). The web platform utilizes the Google Earth Engine product
catalog to retrieve Landsat radiance and brightness temperature image collections for the investigated area and date range, and uses
the single channel algorithm (Jimenez-Munoz et al., 2009) to calculate LST. For more accurate estimates of LST, land cover emissivity
values resulting from the Normalized Difference Vegetation Index (NDVI) estimates were integrated in the analysis workflow (Par-
astatidis et al., 2017). Analysis to calculate the mean annual LST values for the investigated interval was carried out in a GIS setting.

3. Results
3.1. Precipitation

The overall annual rainfall trend for the interval 1981-2019 for the study area showed a declining trend (Fig. 5) though the trend
varies seasonally. During this interval, the lake grew by more than 24 km?

Except for one of the dry seasons, JFM, no statistically significant rainfall trend was observed in the seasonal rainfall data (Table 2).
During the dry season, the rainfall trend showed a declining trend at a rate of 2 mm per year between 1981 and 2019 (Fig. 6a). The two
main rainy seasons, summer (JAS) and spring (AMJ) (Belay, 2009; Yimer and Jin, 2020), showed no statistically significant trend
(Table 2, Figs. 6b and 6¢); these are the seasons where potential recharge to the lake can occur. The long-term rainfall trend in the dry
season (OND) exhibited a decline, though the amount is statistically insignificant (Fig. 6d). The annual rainfall data showed a sta-
tistically significant decreasing (3 mm per year) trend. The overall decreasing trend in the annual rainfall (Fig. 5) is due to the
declining rainfall during the dry seasons (JFM) (Fig. 6a). Given the annual average rainfall of 600-700 mm in the region, the trends are
not significant enough to cause the uncontrollable change in the Lake Beseka.

3.2. Surface deformation

The calculated vertical deformation results (Figs. 7a and 7b) indicate maximum subsidence rates of up to — 6.1 mm/yr and
— 5.6 mm/yr for the Envisat (2003-2010) and Sentinel-1 (2014-2020) datasets, respectively. On the other hand, the uplift rates range
from + 7 mm/yr and + 6.6 mm/yr for Envisat and Sentinel-1 datasets, respectively. The deformation signal is largely stable/
continuous in space and time during the investigated interval, as can be seen in Fig. 7. For example, the calculated deformation rates
near a section on the northwestern part of the lake (shown in black-outlined box in Fig. 7(a and b)) show consistency in the

Table 1
The Landsat thermal band data used with the study’s investigated intervals.
Mission Used Thermal Band Investigated Interval
Landsat 5 Band 6 1986-2012
Landsat 7 Band 6 1999-2020
Landsat 8 Band 10 2013-2020
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Fig. 5. Annual rainfall trend (1981-2019) of the study area.

Table 2
Mann-Kendall and Sen’s slope test results with alpha level 0.05 (p-values in bold are not statistically significant).
Sample size Sen slope Kendall’s S p-value

JFM 39 -2.07 -229 0.01
AMJ 39 -0.28 -37 0.66
JAS 39 -0.76 -61 0.47
OND 39 0.09 31 0.72
Annual 39 -3.00 -241 0.00

deformation signal estimated using both datasets: Envisat (mean deformation: —0.64 mm/yr; standard deviation: 0.69 mm/yr) and
Sentinel-1 (mean deformation: —0.58 mm/yr; 0.58 mm/yr) (Figs. 7c and 7d). As seen on the overlapping histograms in Fig. 7c, the PS
density for the investigated area (black-outlined box in Figs. 7a and 7b) is higher in the case of Sentinel-1 (2629 PS) compared to
Envisat (1140 PS). The collective impacts of longer revisit times (35 days for Envisat while 6-12 days for Sentinel-1) and longer spatial
baselines (Fig. 3) may have contributed to temporal decorrelation that ultimately led to lower PS density for Envisat-based PSI analysis
(Fiaschi et al., 2019). In addition to the effects of temporal decorrelation resulting from a loss of coherence, the slight difference in the
mean deformation rates obtained using the two sets of datasets could stem from remnants of the atmospheric effects even though
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Fig. 6. Seasonal rainfall for the four seasons: (a) JFM, (b) AMJ, (c) JAS (main rainy season), and (d) OND (dry season).
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Fig. 7. Deformation estimate (in mm/yr) derived using 26 Envisat SAR (2003-2010) (a) and 48 Sentinel-1 SAR (2014-2020) datasets (b). Shown also are
the epicenters of earthquake events that occurred in 1989 and 2015 (EP-1) and 2015 (EP-2) (Hayes et al., 2014; Temtime et al., 2020; USGS Earthquake
Catalog (https://earthquake.usgs.gov/earthquakes/search/)). The tectonic structures (faults and fissures (mostly located at the foothills of Mount Fentale))
are shown by the black solid lines (after Belay, 2009; MWIE, 2015; Williams et al., 2004). The black-outlined box (explained in Section 3.2) indicates a
sample site chosen to demonstrate the continuity of the deformation signal in time (between Envisat and Sentinel-1 based results). The frequency of the
deformation values (c) and the correlation between the displacement rates of PS pixels from both sets of datasets that are within a maximum distance of
20 m (d), are also shown.

atmospheric corrections were applied. It could also be due to changing surface and subsurface processes over time and their influences
on the deformation process. The correlation coefficient calculated based on a sample of 50 PS pixels identified on both sets of datasets
that are within a maximum distance of 20 m to each other (Fig. 7d) reveals a high correlation value (R? = 0.70).

Based on recent deformation rates derived from the Sentinel-1 mission (Fig. 7b), high subsidence rates (up to —4.52 mm/yr) were
noted on the southern side of Mount Fentale and in the Tinish Sabober cone area located north of the lake (see Fig. 1 for location). This
area is dominated by an echelon of parallel to sub-parallel NNW-SSE trending fissures and faults. The summit caldera of Mount Fentale
also exhibited a high subsidence rate (up to —4.4 mm/yr) and moderate rates of uplift (3.6 mm/yr) (Fig. 7b). However, the Envisat
data-based rates only showed subsidence with rates up to — 6.1 mm/yr in this area (Fig. 7a). Moderate rates of subsidence were
calculated for the area near the northwestern (up to —2.3 mm/yr), western (up to —2.5 mm/yr), and southwestern (up to —2.9 mm/yr)
edges of the lake that are bounded by a series of NNW-SSW trending faults (Fig. 7b). Moderate rates (up to —3.24 mm/yr) were also
calculated for the northeastern edge of the lake area that includes Metehara City (Fig. 7b). Lower rates of subsidence (up to —1. 4 mm/

10


https://earthquake.usgs.gov/earthquakes/search/

E. Gebremichael et al. Journal of Hydrology: Regional Studies 41 (2022) 101093

yr) to near stable deformation rates were calculated for areas bordering the eastern and southeastern parts of the lake. Addis Ketema
city is located within about a 1 km distance from the current eastern periphery of the lake (see Fig. 1 for location) and is experiencing a
subsidence rate as high as — 2.09 mm/yr (Fig. 7b).

Most of the high uplift rate estimates (up to 5.8 mm/yr) are spatially concentrated to the east and northeast of the lake - near the
foothills of the Mount Fentale and surrounding area as clearly shown in Fig. 7b. Higher deformation rates (up to 7 mm/yr) were also
calculated for this part of the study area using the Envisat SAR data (Fig. 7a). Similar observations of uplift process to the east and
northeast of the lake were also made by Asfaw et al. (2006). This region has recurrently experienced micro to light magnitude (up to
4.9) earthquakes with shallow (~ 10 km) hypocenter (Asfaw, 1982; Belay, 2009; Harris, 1844; Keir et al., 2006, 2006; Temtime et al.,
2020). A seismic swarm activity was noted in 2015 on this part of the study area (EP-1 on Figs. 7a and 7b) that was determined to be
initiated by a 6 km-long dike intrusion to the north of Mount Fentale and this event led to the formation of cracks and fissures as well as
affecting the surface deformation rates (Temtime et al., 2020). The spatial distributions of the major recent (1989-2015) earthquake
epicenters (EP-1 and EP-2) are shown in Figs. 7 and 7b.

3.3. Land surface temperature
The thermal analysis results (Fig. 8) indicated a general pattern of high mean annual LST values (up to more than 42.4 °C) around
the foothills of Mount Fentale and Tinish Sabober areas located north of the lake (see Fig. 1 for location). Pockets of high LST values

(mean LST: ~ 42.6 °C) were also observed near the western and northwestern edges of the lake (Fig. 9). The irrigated plantations (see
Fig. 1 for location) (mean LST: ~ 21.5 °C) and the area near the southern and eastern edges of the lake (mean LST: ~ 32.8 °C) exhibited
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Fig. 8. Long-term (1986-2020) mean annual LST (in °C) of the study area derived from the analyses of the thermal bands of Landsat 5, Landsat 7,
and Landsat 8 missions (details shown in Table 1).
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low to moderate LST values (Fig. 9).

3.4. Water quality

The concentrations of some of the key physicochemical water quality parameters obtained from Lake Beseka and nearby water
bodies have shown changes in recent years (Dinka, 2017). For example, the EC parameter values of water samples obtained from the
lake decreased from 7440 pS/cm in 1991-6150 pS/cm in 2015 (sourced from a sampling excursion) (Dinka, 2017; Kebede et al., 1994).
During the same interval, the concentrations of K, Ca?*, and Mg?* have largely remained the same or had insignificant change in
concentration. On the contrary, the concentrations of Na® increased from 1810 ppm in 1991 to 2587 ppm in 2015 (Dinka, 2017;
Kebede et al., 1994). The change in water quality parameters through time is not consistent spatially throughout the lake. For example,
Goerner et al. (2009) demonstrated that samples obtained from the eastern and southeastern parts of the lake (samples LW-P1, LW-P2,
and LW-P3; shown in Fig. 2) exhibited a nearly similar EC (~ 6500 pS/cm) and pH values (~ 9.5) while samples acquired near a hot
spring on the western escarpment (near HS-I1 in Fig. 2) showed a much lower EC (~ 1650 pS/cm) and pH (8.4) values. Similar ob-
servations were also made by Belay (2009). The water type in the western part of the lake, the Na-HCO3 type, is similar to the water
type of groundwaters from the rift floor (Belay, 2009; Bretzler et al., 2011; Kebede et al., 2008). Bretzler et al. (2011) observed a high
HCO3 and Na*t concentration and a near complete removal of Ca®* and Mg?" on water samples from hot springs in fault zones and
active volcanic centers, such as the Mount Fentale area. They suggested that a possible combination of a number of processes, such as a
hydrolysis reaction that was aided by high CO, partial pressures as a result of high CO input from deeper sources, cation exchange,
and deep circulation of water that led to the precipitation of Ca?" from hydrothermal alteration processes, contributed to the high
concentration (Bretzler et al., 2011). The assessment pertaining to the spatial variability of water quality parameters is further sup-
ported with the analysis of the stable isotopes of oxygen and hydrogen on water samples obtained from different parts of the lake and
from water bodies surrounding the lake. The long-term precipitation isotopic record of Addis Ababa city was used to establish the local
meteoric waterline that is used as a reference to observe the isotopic parameter changes in space and per water source in the study area
(Belay, 2009; Kebede et al., 2008; MWIE, 2015).

As is the case for most tropical endorheic lakes in semi-arid to arid climatic zones, Lake Beseka is enriched in 5°H and 580 because
of evaporative enrichment (Belay, 2009; Vallet-Coulomb et al., 2008). Similar to the spatial disparity in the concentration values of the
physicochemical parameters, the relative enrichment also varies spatially across the lake. The analysis of the stable isotopes of
hydrogen and oxygen of water samples acquired on the western and southwestern edges of the lake (samples LW-I1 and LW-I2; shown
in Fig. 2) show a relative depletion of the isotopes (§2H: 9.79-16.41%o and 8'80: 1.04-2.69%0) compared with samples (e.g., LW-I3
shown in Fig. 2) retrieved from the eastern part of the lake (5%H: 25.77%0 and 5'%0: 4.55%0)). Two springs (sample sites HS-I1 and
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Fig. 9. Future lake surface area growth scenarios and potential effects on infrastructure and agricultural resources.
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HS-12; shown in Fig. 2) that are located proximal to the two samples on the western edge of the lake (samples LW-I1 and LW-12; shown
in Fig. 2) exhibit depletion of both in §?H and 8'%0: — 9.55-2.55%0 and — 1.74-1.04%o, respectively (MWIE, 2015). The isotopic
composition of the groundwater samples from the western and southwestern parts of the watershed that lake Beseka belongs to also
shows relative depletion of both 52H and 5'%0 in contrast to observations east of Lake Beseka (Belay, 2009; Kebede et al., 2008).

4. Discussion

As outlined above, in the absence of significant climatic and meteorological changes (Section 3.1; Figs. 5 and 6), it is conceivable
that the lake surface area expansion is caused by other sources, factors and processes. Thus, the climatic factor as a cause for the
expansion of the lake is excluded. Since the climate of the study area is semi-arid with low annual precipitation that is not favorable for
an agriculture-dependent livelihood, the population density data, which is an indirect indicator of land use and land cover (LULC)
change, has not shown significant change over time. For example, from 2000 to 2020, the study area showed a lower population
density change of + 21.44 people per square kilometers (Center for International Earth Science Information Network CIESIN, 2018)
compared with the national average change of + 35.58 people per square kilometers during the same interval (World Bank, 2021). An
analysis of the LULC change of the study area derived using Landsat data for the period 1973-2015 also revealed insignificant change
(Dershaye, 2017). This suggests that the influence of LULC change that could result in increased runoff to the lake, even though rainfall
trends have shown a decline over the past four decades, is minimal or negligible. Estimates derived from water balance calculations by
Goerner et al. (2009) and Dinka (2020) excluded direct flow of water to the lake from the irrigation practice in the nearby plantations
as the main reason for the lake level rise and spatial expansion.

4.1. Conceptual model of the lake surface area expansion processes

We hypothesize that the increase in the surface area of the lake is driven by a combination of two processes: groundwater influx into
the lake surface facilitated by active volcano-tectonic processes and volcano-tectonic-induced subsidence that creates favorable
conditions for the water to expand to new areas. Detailed descriptions of the processes that gave rise to the lake surface area growth are
provided below.

The Mount Fentale area is one of the most seismically active regions in the Ethiopian rift (Hunt et al., 2017). Ongoing volcanic and
tectonic processes within and proximal to the mountain and the lake region reactivated existing structures as well as formed new ones,
which can create new groundwater pathways or enhance existing ones that facilitate groundwater flow from the surrounding and deep
aquifer systems to the lake. One manifestation of such process is the presence of hot springs at the current western and southwestern
peripheries of the lake and those that are now submerged due to the lake expansion as noted in earlier studies (Goerner et al., 2009).
Most of these hot springs in the study area (e.g., HS-I1 and HS-I2 in Fig. 2) as well as the MER in general are spatially aligned with the
tectonic structures (Raggiunti et al., 2021). To the west and southwest of the lake, active NNE-SSW-oriented faults are believed to be
the main channels for conveying groundwater to the lake. The continuity of the subsidence deformation signal proximal to the tectonic
structures located to the northwest, west, and southwest of Lake Beseka (Fig. 7b) indicates the presence of active tectonic processes in
the area. Potential reactivated processes in the nearby Mount Kone (see Fig. 1 for location), an area that has a history of occurrence of
fissuring episodes as recent as less than 7000 years (Williams et al., 2004), could possibly have aided in reactivating the faults to the
west and southwest of the lake. This is in contrast to the deformation signal of the area near the faults adjoining the lake on the eastern
side (Fig. 7b). The temporal change in the physicochemical quality parameters of water samples from the lake (Section 3.4) and the
dilution of the lake water with the addition of a new water type are spatially amplified near the western and southwestern edges of the
lake (Fig. 2; Section 3.4) that are dominated by NNE-SSW-oriented faults. The fact that the groundwater flow direction of the
watershed, a replica of the surface water flow direction (Fig. 2), is from west to east (Belay, 2009), explains the similarity of the water
quality and isotopic parameters between the lake’s western and northwestern escarpments (recharge zone), the springs, and the
groundwater samples in the vicinity of the western and northwestern parts of the lake (Kebede et al., 2008). The analysis of the
temperature of the lake water from the western and northwestern parts of the lake (~29 °C) in contrast to the eastern part (~24 °C)
further demonstrates the influence of hot springs in altering the physical and chemical properties of the lake water (MWIE, 2015). This
evidence further supports the claim of a role for active tectonic structures in the western and southwestern parts of the lake in injecting
groundwater in the form of hot springs to the lake.

Asfaw (1982) credited the occurrence of a network of fissures to the north of Mount Fentale to an earthquake swarm that occurred
between January and March 1981. Likewise, it is conceivable that seismic activities induced by active volcanic processes with epi-
centers proximal to the northern part of the lake region may be responsible for the formation of the network of fissures observed
surrounding the foothills of Mount Fentale and Tinish Sabober (Figs. 7 and 8). Though not visible, such a process might also have
formed fissures on the lake bottom surface that facilitated the transfer of groundwater to the lake surface and contributed to the lake
surface area expansion. Though contrasting effects, similar processes of the development of ground cracks in the Lake Awassa
watershed after repeated earthquake events were credited for the disappearance of small lakes and fluctuations experienced in Lake
Awassa (Ayenew and Gebreegziabher, 2006). To the north of Lake Beseka, the high HCO3 concentrations observed in water samples
from hot springs near the Mount Fentale area (Section 3.4) signify CO2 contribution from the mantle source in clear contrast to the
composition of the rainfall that is assumed to partly contribute to recharge of the regional groundwater system (Bretzler et al., 2011),
and this indicates the connectivity of the aquifer systems with deep-seated active volcanic processes. This further consolidates the
notion of the role of volcanic processes in the vicinity of the lake for the surface area growth. In addition, the higher LST values
observed to the north of the lake (Fig. 8), the recurrence of seismic events (e.g., EP-1 and EP-2 in Figs. 7a and 7b), and the continuity of
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the deformation signal (uplift as well as subsidence (Figs. 7a and 7b)) over time in concurrence to past observations (e.g., Asfaw et al.,
2006), along with the episodical deformation rates (Figs. 7a and 7b; Section 3.2) near the caldera of Mount Fentale, indicate an
ongoing active volcanic process (Lu and Dzurisin, 2014) that may lead (or have led) to the formation of a further network of fissures
near the lake and/or underneath the lake/bottom. In a study conducted by MWIE (2014) on the lake level rise and potential design
mitigation measures to reduce the impact, an increased discharge of groundwater was noted in the northern part of the lake, where the
extensive fissure and fault networks prevail (Figs. 8 and 9).

Volcanic- and tectonic-induced high subsidence rates at the peripherals of the lake (Figs. 7a and 7b), particularly on the low-lying
areas bordering the lake, are causing the elevation of the surface to become lower, thereby altering the existing elevation gradient
(Fig. 2). With the addition of groundwater to the lake and the subsequent rise in the lake level, the water will be forced to follow the
existing or new elevation gradient and to occupy new zones created by the subsidence process. For example, higher subsidence rates on
the northern part of the lake (Fig. 7b) have led to the expansion of the lake in the direction of Tinish Sabober (Figs. 7a and 7b).

4.2. Future lake surface area expansion scenario

We combined the average elevation values of the lake surface obtained from the ALOS DEM in which we set the elevation of the lake
surface (< 945 m) as a base measurement (shown in light yellow in Fig. 9) to highlight low-lying areas, the flow direction derived from
the DEM (Fig. 2), and surface deformation rates calculated using the Sentinel-1 data (Fig. 7b) to consider future expansion scenarios
and potential impacts. We anticipate that future expansion of the lake will be in the northwest, northeast, and south directions (Fig. 9).
This is expected to affect the communities living in two major cities, particularly Metehara city because of the ongoing higher sub-
sidence rates and because the city is situated at a lower elevation (Section 3.2). The western edges of Metehara city are slowly being
encroached by the expanding lake, as can be seen from the historical growth of the lake surface area (1972-2020; Fig. 9). It is un-
fortunate that new homes are being built in this part of the city, as can be seen on recent google earth and Landsat 8 images.

The expansion of the lake had already submerged homes and infrastructure as well as forced the construction of new roads and
railway lines to replace the affected infrastructure (MWIE, 2015). Future lake expansions are expected to affect infrastructure found in
close proximity to the current boundary of the lake. For example, the road linking the Metehara and Addis Ketema cities (Fig. 9) is
expected to be fully submerged in the coming years. The road lies in an area with low elevation values and experiences moderate
subsidence rates (Fig. 7b); following the natural gradient flow of the area, it is expected that the lake growth will fully submerge the
road. Likewise, the northern parts of Abadir farm (see Fig. 1 for its location) are expected to be impacted by the lake surface area
growth (Fig. 9). Coupled with moderate rates of subsidence along the faults with the low-lying topography of the area, the newly
established (after 2008 (Dinka, 2017)) Fentale irrigation scheme in the northwest edge of the study area (see Fig. 1 for location) is also
impacted by the lake surface area expansion. The impact is expected to be much more pronounced in later years with progressive
subsidence and lake surface area expansion, as revealed in Figs. 7b and 9. The saline lake water encroachment in these farms and other
affected areas degrades the quality of the soil and adversely impacts productivity and/or the health of existing vegetation that will have
profound repercussions on the ecosystem of the region unless proper mitigation measures are implemented soon. The true source of the
groundwater attributed in this study as the primary cause of the lake expansion, whether from the regional water system or from the
irrigation, requires further in-depth assessment to assist in the mitigation effort.

5. Study limitations

The lake level and surface area of Lake Beseka have increased dramatically over the past decades. Our study has no robust
quantitative analysis of the water budget of the lake to provide more definitive answers to the causes of lake expansion. In this regard,
this study has limitations. However, we analyzed multiple datasets and integrated existing information to narrow down the most
probable causes of the lake surface area expansion. The chemical analysis of the lake water and hot springs indicated that groundwater
influx occurred from adjacent areas to the lake. However, no data confirmed that the influx is increasing over time. Hot spring
discharge data collected at three different times, assuming the bulk of the groundwater inflow comes from the springs, showed an
irregular pattern. Discharge measurements of the hot springs in the area made in 1978 by Halcrow (1978) and in 2004 by Goerner et al.
(2009) indicated consistent discharge rates of 0.05 m/s. On the contrary, the 1998 discharge rate measurement by Tessema (1998)
showed a higher (1.2 m3/s) discharge rate. Net groundwater flux to the lake system estimated through a conceptual water balance
model developed by Dinka (2017) is in agreement with this rate. Considering evaporation (for example, Goerner et al., 2009 estimated
1.43 m3/s of evaporation for 1989 when the size of the lake was approximately 35 km?), loss of lake water via evaporation increases as
surface area increases, these discharges are insignificant to cause the estimated lake expansion unless there are additional sources of
water to the lake. We believe that groundwater influx into the lake surface facilitated by active volcano-tectonic processes and
structures and ground subsidence that allowed more areas to be inundated by the lake water are the probable causes. The possible role
of lake bottom morphological and deformation-induced changes on the latter requires close investigation. These could be accom-
plished through the multi-temporal acquisition and comparison of bathymetry data. Comparisons could be made between the two
existing bathymetry maps produced in 1999 and 2004 to see possible changes (Belay, 2009; Goerner et al., 2009). However, the
existing maps have a coarse vertical resolution (1-2 m) and hence may not be able to detect subtle elevation changes between the data
acquisition times. We, therefore, recommend the multi-temporal acquisitions of high spatial resolution and accuracy bathymetry
datasets to assess the possibility of lake bottom dynamics on the lake area expansion.
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6. Conclusion

This study utilized multi-source remote sensing and relevant datasets to understand the causes of the lake surface area expansion of
Lake Beseka from the perspective of volcano-tectonic processes. The following important conclusions have been drawn from this
research:

1) The surface area of Lake Beseka is expanding at an alarming rate. The surface area calculated from satellite data showed an increase
in area from 38.9 km? in 2001-52.1 km? in 2020.

2) The climate data analysis results indicate that climate has no contribution to the expansion of the surface area of Lake Beseka.

3) Satellite-based LST data showed thermal activity in areas to the north of this lake (at the foothills of an active volcano), which is
potentially related to an active volcanic process.

4) Areas near the north, west, and southwest parts of the lake have experienced higher subsidence rates (up to —4.52 mm/yr), as
demonstrated by the satellite SAR-based deformation analysis results, which is indicative of a potential active volcano-tectonic
process in the study area.

5) The physicochemical and isotopic water quality analyses from previous studies revealed the addition of new sources of water to the
lake. This supported the hypothesis that additional groundwater influx, which we believe is facilitated by the formation of new
secondary porosities (e.g., fractures) resulting from ongoing volcano-tectonic processes, has contributed to the expansion of this
lake.

6) Furthermore, ground deformation processes have created a conducive setting for the lake to expand and inundate new areas.
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