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   ABSTRACT 

 Lakes are integrator of environmental changes occurring at a regional to global scale and 

present a high variety of behaviors on a variety of time scale. In addition, their crucial 

importance as water stocks and retaining given the significant environmental changes 

occurring worldwide at many anthropocentric levels has increased the necessity of 

monitoring all its morphodynamic characteristics i.e. water level, surface area and volume. In 

this thesis, we used satellite altimetry data from Jason and TOPEX to analyze fluctuation in 

water level of Lake Tana. Our analysis also combined optical satellite imagery and satellite 

altimetry to determine the volume fluctuation of the lake. The use of GRACE gravity data 

makes it possible to determine local water storage changes and to assess the water budget 

on monthly to multi-annual time scales.  The Mann-Kendall trend tests, Sen Slope estimate 

and simple linear regression were utilized to detect trends in annual and seasonal extremes. 

Altimetry data showed insignificant positive trend detected during the entire study period 

(1960 to 2017). The water level of the lake has been increasing at a rate of 0.00574m/year. 

The lake exhibited insignificant increasing trend during summer and significant positive 

trend during winter, spring and autumn. Water level variations as the eco-hydrological 

indicator of the lake are compared for the two periods of natural and anthropogenically 

intervened .i.e. 1960 to 1996 and 1997 to 2017. The result of Mann-Kendall trend test shows 

that there is a unique insignificant increasing trend of about 0.00243m/year in average 

during the recent period of 1960 to 1996 and decreasing trend of about 0. 00225m/year 

during the period 1997 to 2017. Moreover, combined analysis of altimetry and remotely 

sensed satellite imageries indicated insignificant increasing trend in the volume of the Lake 

Tana for the period spanning from 1984 to 2017. However, the volume of the lake has been 

decreasing at an alarming rate of 0.612 km3/year starting from the year 2012 to the present. 

From alarmingly low value for the remaining water volume in the lake, the lake will 

completely disappear within twelve thousands of years if no countermeasures are taken. Geo-

observatory products such as the GRACE can provide an accurate estimate of changes in total 

terrestrial water storage at a coarser, regional resolution. The change in storage fluctuation 

of the 15-year monthly data, from 2002 to 2016 of the Lake Tana sub Basin reveals total water 

storage of the basin has declined by 0.0375mm of equivalent water thickness. a correlation 

coefficient of 0.73 and 0.75 is observed between the GRACE estimates TWSC and lake volume 

change and TWSC and rainfall respectively.   

 

 Keywords: Satellite altimetry, Mann Kendell test, Sen Slope estimate, Tana basin.   
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CHAPTER ONE: INTRODUCTION 

1.1. Background 

Terrestrial water is critical to sustaining life on Earth and it contribute to a global water cycle. 

Terrestrial water is usually stored in rivers, lakes, manmade reservoirs, wetlands, and 

episodically inundated areas. It  interact with the ocean and atmosphere through evaporation 

and surface runoff (Papa et al., 2008). Assessing spatio-temporal variation of water resources 

is important for sustainable water resource management practice (Anteneh et al., 2017).  
 

This study focuses on spatio-temporal variation of Lake Tana water level and hydrological 

mass variability within its sub basin. Lake Tana has significant ecological service and 

socioeconomic benefit (Chebud et al., 2012). It is a source of Blue Nile Water head (Yirgalem 

et al., 2009) and widely used for agriculture, serving over 2 million population residing within 

the basin (Chebud et al., 2012). Some studies indicated that decline in wells productivity and 

stream discharges within the Lake Tana catchment due to over exploitation of ground water 

(Anteneh et al., 2017). Historical records showed the variation of Lake water level as a function 

of hydrological alterations within its basin (Yirgalem et al., 2009).  
 

Soil moisture and groundwater storage showed a declining trend as recovered from time 

varying GRACE gravity data (Anteneh et al., 2017). However, the water level of the lake is 

observed to be less sensitive to variation in rainfall (Kebede et al., 2005). While Deganovsky 

et al. (2008) observed cyclic pattern of lake level fluctuation in response to climate change with 

a repeat period of 11 years. Seasonal variability of 1.6m in the lake water level detected from 

combined analysis of satellite altimetry and remote sensing data until the period 2013 (Duan et 

al., 2013). Beside, Chebud et al., (2013) showed that the lake water level has decreased in 1972, 

1984, 2002/2003 and has increased in 1987. Temporal variations of Lake water level did not 

well matched with variation of El Nia (1972, 2002, 1978) and La Nina (1984). 
 

The hydrological balance of the lake was also simulated by Wale (2009), giving emphasis on 

the contribution of ungauged catchment on the water balance of the lake. Nigatu (2016) has 

investigated the impact of climate change on the hydrological water mass balance of the basin. 

Different methodologies were also used to quantify the water mass balance of the lake Tana 

(Yirgalem et al., 2008, 2009; Rientjes et al., 2011; Duan et al., 2013; Tegegne et al., 2013; 

Duan et al., 2014; Dessie et al., 2014).      
 

Recently, Studies also used similar method to estimate water mass balance of the surface water 

in large river basins such as the Negro river basin (Frappart et al., 2005) and Syrdarya river 
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basin (Cretaux et al., 2014). Few studies attempted to derive water volume variations in lakes 

and reservoirs using the combination of satellite altimetry and imagery data. Duan et al., (2013) 

estimated water volume variations in Lake Mead (U.S.A.), Lake Tana (Ethiopia) and Lake 

IJssel (The Netherlands) from four operational satellite altimetry databases and satellite 

imagery data. Baup et al. (2013) employed satellite altimetry and remote sensing to estimate 

volume fluctuation of small lakes in France. Tourianet et al. (2014) uses satellite altimetry and 

satellite imagery data to monitor the desiccation of Lake Urmia in Iran. Muala et al. (2014) 

drive Estimation of Reservoir Discharges from Lake Nasser and Roseires Reservoir in the Nile 

Basin Using Satellite Altimetry and Imagery Data. Zhu et al. (2014) applied satellite altimetry 

and ICESAT altimetry data to monitor volume fluctuation of Lake Qinghai. Gao et al. (2012) 

computed water storage changes in five large lakes of the USA using altimetry water levels 

and remotely sensed surface areas. Sichangi et al. (2017) estimated volume variation of Lake 

Victoria using bathymetric map and remote sensing data.  Zhang et al. (2011) estimated the 

Water level variation of Lake Qinghai from satellite and in-situ measurements. All of these 

studies demonstrated the capabilities of satellite radar altimeters and passive and active 

microwave sensors to monitor river and lake level and its extent.  
 

Moreover, the GRACE satellite gravimetry has been used in combination with satellite 

altimetry and optical imagery data to study the water volume variations in the very large inland 

water bodies e.g. Lake Victoria (Swenson, 2009), Ganges basin in India (Khan et al., 2012), 

Poyang Lake Basin (Zhou, 2016). However, the characteristics of GRACE restrict its 

meaningful application to study areas not smaller than 200,000 km2 (Duan et al., 2013). Which 

is a big limitation for hydrological study of many lakes and reservoirs with relatively smaller 

surface areas.  

 

This research unique due to, it is conducted during the emerging of natural and artificial 

problems in the area expected having an impact on the water balance of the lake and its 

catchment. Moreover, there is no any coordinated method to control the water balance of the 

lake. Therefore, this research quantify the existing water balance of the lake and surrounding 

area and also proposes a new method for estimating water volume changes in lakes and 

catchment. Despite our growing knowledge regarding the quantity of the lake water, studying 

long-term temporal variability of water mass balance of the lake is important for exploring new 

scientific thoughts as well as help for effective water management.  
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1.2. Statement of the problem 
 

Most accessible water resource available for human consumption and the ecosystem are 

contained in lakes and rivers. These water bodies corresponds to 0.27% of the global fresh 

water and only 0.008% of the earth water budget (Ayana, 2007). Being a scarce resource 

strained by competing demands it has become crucial to develop robust, consistent and reliable 

method of water management infrastructures for effectively monitor the water balance.   
 

However, Lake Tana suffer different problems in the present context. Water hyacinth is a 

serious problem in the water balance of lake and the surrounding catchment (Asmare et al., 

2016, Tewabe et al., 2016). The lake and its catchment also expose to clearing of wetland, 

canalization of tributaries, toxigenic cyano bacteria, improper damming, construction of 

buildings in the Lake Shore areas and poor waste management problems (Goshu et al., 2017). 

The sediment inflow towards the lake increase from time to time (Moges et al., 2016). Climate 

change is the other problem (Asmare et al., 2016).  Because the health of the lake affects so 

many people, the ability to routinely observe the lake and make those observations publically 

available is important. Hence, any information that would be relevant to water resources study 

is scarce. Due to lack of information on how the water system behaves, the use of the resources 

is based on traditional methods. This calls for an urgent understanding of the water reserve in 

the area. Therefore, reliable information derived from emerging technology options, such as 

remote sensing products in combination with ground based measurements, is mandatory to 

evaluate and understand the water quantity and spatiotemporal distribution of the lake. 
 

Therefore, the outcome of this research provides a clear input to understand water level trend 

of lake Tana like previous studies done on Urmia Lake (Khatami, 2013), lake Orta (Saidi, 

2015), quantify the volume fluctuation of the lake like studies done on lake La Bure (Baup et 

al., 2014), Lake Nasser (Ebaid et al., 2017). It also analysis of TWS change of Lake Tana sub 

basin from a free available satellite mission called GRACE.   
 

 

     1.3. Objectives of the research 
 

1.3.1. Main objective 

Lake Tana is an important asset for both Ethiopia and the downstream countries. It is essential 

to understand long-term spatio-temporal variation of the water balance of the lake and its 

catchment in order to derive policy briefs that could be used for future water resource 

management options. Therefore, the general objective of the thesis is to analyze the 

morphodynamic characteristics of the lake and surrounding catchment.  
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   1.3.2.   Specific objectives 

 This research has the following specific objectives: 

� To characterize temporal trend of lake water level fluctuation. 

� To analyze trend in volume fluctuation of the lake. 

� To analyze the correlation between lake water balance with mass flux of the 

entire Tana basin.  
 

1.4. Scope of the study 

The following study was conducted in the Lake Tana and the Lake Tana sub Basin. The study 

has been carried out to determine and analyze the mean monthly, seasonal and annual water 

level trend of Lake Tana. It also proposed to evaluate a method that combines operational 

satellite altimetry databases with satellite imagery data to estimate water volume variations in 

lakes Lake Tana and to correlate with mass flux of the entire Tana.  

 

1.5. Significant of the study  

The results of this study could provide information on the status and dynamics of the water 

balance of Lake Tana, which used as an input for government policy makers, stakeholders, 

natural resources managers, environmental experts and other concerned bodies for their 

decision-making processes related to sustainable management and utilization of the resource. 

It also shows the capabilities of satellite radar altimeters and passive and active 

microwave sensors to monitor the morphodynamic characteristics of water bodies. In 

addition to this, it can be a reference or initial step and use as input for coming researchers 

based on the analysis of the study. 

 

1.6. Thesis structure 

The study is organized in to six chapters. The first chapter concerned on introduction part of 

the study that contains background of the study, problem statement, objectives to be achieved 

in the thesis and significance and scope of the thesis are discussed. The second chapter is 

literature review on application of space-based techniques (satellite altimetry, remote sensing 

and GRACE) in for lake water resources monitoring. The third chapter describes the study area 

such as geographic settings, topography, climate, geological setting, socio-economic situation 

of the lake and the land-use soil types of the study area. In the fourth chapter, materials, research 

design and method used in the research are discussed. Chapter fifth presents results and 

discussion of the study. The sixth chapter highlights the main conclusion of the study and points 

out future recommendations.    



 AAiT                                                                                                                SCHOOL OF CIVIL AND ENVIROMETAL ENGINEERING 

 

Msc Thesis                                                                                 2018                                                                            Page 5  

CHAPTER TWO: LITRACTURE REVIEW  
1.1.   

2.1. Introduction 
 

Water management will become even more relevant in the future as urbanization, 

industrialization, and climate change exert greater pressures on water use (OECD, 2012). Water 

resources can be monitored on a global scale using three approaches: in situ measurements, 

modelling and remote-sensing observations (Baup et al, 2014). Measuring water stages by 

remote sensing and especially by satellite has become a major goal in hydrology for the coming 

decades. 
 

Comprehensive monitoring of surface resources also requires knowledge of the extent of the 

surface water and the water volume. Previous studies combined satellite observations of either 

water level or extent with bathymetry or in situ measurements of water storage to determine 

the water volume variations of lakes and inland seas.  
 

Water balance components of lakes are the direct rainfall over the lake surface, inflow from 

the gauged rivers, inflow from unmonitored rivers, outflow from the lake, lake evaporation and 

the change in water balance or the closure term. Ideally, in-situ measurements of each water 

balance component should provide a complete understanding of inflow, storage changes and 

outflow of a lake. In reality, I) direct measurements are not performed at all; II) in-situ data are 

incomplete and inadequate to represent the areal average values over a lake and surrounding 

catchments (e.g. precipitation); (iii) data are of poor quality; (iv) data are available but are not 

shared with the public. 
 

A robust, consistent and reliable method of water quantity measurement infrastructure is 

required to effectively monitor the spatial and temporal variation of surface water resources. 

Since the mid-eighties a decline of hydrological stations can be observed in many developing 

countries mainly due to political and institutional instability as well as economic problems to 

support adequate networks (Dost, et al., 2006). 
 

2.2. Satellite Altimetry 
 

The first satellite altimeter to be launched was GEOS-III in 1975, followed in 1978 by Seasat. 

The first use of satellite altimetry for hydrology was with GEOSAT launched in 1985. 

However, thanks to substantial progress in orbit determination from geodetic systems such as 

Doris, the use of GPS and laser started with the launch of the US/French TOPEX/Poseidon 

(T/P) satellite in 1992 (J.-F. Cre´taux1, R. Abarca-del-Rı´o, et al, 2016). 
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Since 1993, the satellite altimetry data have been used to monitor the water level variations of 

many large inland water bodies including wetland zones, reservoirs, lakes and river channels. 

The U.S. Department of Agriculture's Foreign Agricultural Service (USDA-FAS) in co-

operation with the National Aeronautics and Space Administration and the University of 

Maryland has been monitoring the water height variations of 75 major lakes worldwide1. The 

time series of water level variations in the largest lakes (such as the Laurentian Great Lakes, 

Lakes Victoria and Tanganyika in Africa) are expected to have the accuracy better than 10 cm 

in terms of the root-mean-square (RMS). Smaller lakes (such as Lake Chad) or those that 

experience more sheltered conditions are typically less accurate with the expected RMS of 

better than 20 cm (Kaba, 2007). 
 

Satellite altimetry measure the time required for pulse to travel from the satellite antenna to the 

earth surface and back to the satellite receiver. The time required by the microwave to illuminat 
 

 

Figure 2.1: working principle of altimetry sea level measurement (modified from Kaba, 2007, Msc thesis) 

                                                           
1 http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir 
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a target and reflect back to the receiver antenna used to calculate the range. The speed of 

electromagnetic wave multiplied by half of the total time gives the range from the satellite to 

the ocean surface. An important quality of radar altimetry therefore is its accuracy with which 

it measures range. The limit of the range resolution of a radar system defined as the ability to 

distinguish in time the return pulse from two idealized point targets (Coe et al., 2004). 

Microwave pulses are sent to the nadir of the satellite at a frequency of about 1 kHz. These 

pulses reflected on the ground (water, land…) and part of the transmitted signal goes back 

towards the satellite. The shape and arrival time of the returned signal gives information about 

the characteristics of the reflecting surface. 

The difficulty of measuring surface topography is a combination of knowing exactly where the 

instrument is at the time of the measurement and being able to characterize all the other 

variables that influence the delay time of the echo.  Therefore, various correction have to be 

applied before using the altimetry data.  

Orbital determination: The accurate determination of ocean height is made by first 

characterizing the precise height of the spacecraft above the center of the earth. This 

achieve through a technique called precise orbital determination(POD) and basically 

involves satellite tracking information.  

Sea-state bias: Sea state effect are an intrinsic property of the large footprint radar 

measurements. Ocean waves crests scatter the radar waves outward away from nadir while 

the troughs of the waves focus the energy back toward radar. Characteristics of the sea state 

bias are depend on significant wave height and wave age. The SWH  is the average of the 

one third highest wave valid for the intended 12 month period. Wave height vary seasonally 

and hence can easily introduce a 5-10cm bias (Rees, 2005). The shift referred to as the 

electromagnetic bias, causes the altimetry to overestimate the range (Rosmorduc et al., 

2006).    

Atmospheric effect: The earth atmosphere exhibit considerable variability and 

consequence affects microwave signal accordingly. In the troposphere that extend from the 

surface of the earth to a height of about 6km the north pole or the south pole and 18 km at 

the equator temperature decrease rapidly with altitude and hence much turbulence because 

of variations in temperature, density and pressure. Moreover, clouds form in the region of 

the earth atmosphere. These conditions have a greater effect on the propagation of radar 

waves. 
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Inverse barometer effect: This is the effect caused by variation in atmospheric pressure at 

sea surface height. An increase in atmospheric pressure cause a depression of the sea 

surface, a phenomenon refers to as the inverse barometer effect. The instantaneous inverse 

barometer effect on sea surface height is computed from the surface atmospheric pressure.  

Instrumental error: There are error due to a drift in oscillator onboard the satellite, shift 

in satellite center of gravity (due to a fuel consumption, solar panel orientation and other 

factors) and filters applied to eliminate certain frequencies in the return radar signal.          

     

2.3. Trends in water level 
 

In addition to long-term, climate-driven fluctuations or trend, three other types of fluctuations 

in lake levels can be distinguished. The first type is a short period fluctuation caused by 

precipitation associated with extreme storms that can last from a few hours to a few days. The 

second type is a regular seasonal fluctuation from summer and spring highs to winter and 

autumn lows specific to Lake Tana. The third type is the fluctuation that results from artificial 

regulation of lake levels by control works at the outflow dam. The seasonal and inter-annual 

fluctuations of lake level are a normal and essential component of the Lake Tana basin 

hydrological cycle (Saidi et al., 2015).      

 

A number of statistical tests are available to identify and quantify monotonic trends in a way 

that is defensible and repeatable. The tests are further divided in to parametric, nonparametric 

and mixed types. Parametric tests are considered more powerful and/or sensitive to detect 

significant trends than nonparametric tests, especially with a small sample number. However, 

unless the assumption of normal distribution for parametric statistics is met (Meals et al., 2011). 

Parametric test: The parametric test is the hypothesis test, which provides generalizations 

for making statements about the mean of the parent population. The t-statistic rests on the 

underlying assumption that there is the normal distribution of variable and the mean in 

known or assumed to be known. The population variance is calculated for the sample. It is 

assumed that the variables of interest, in the population are measured on an interval scale. 

Non-parametric test: hypothesis test which is not based on underlying assumptions, i.e. it 

does not require population’s distribution to be denoted by specific parameters. The test is 

mainly based on differences in medians. Hence, it is alternately known as the distribution-

free test. The test assumes that the variables are measured on a nominal or ordinal level. It 

is used when the independent variables are non-metric. 
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               2.3.1. Mann–Kendall (MK) trend test 

The Mann–Kendall (MK), commonly known as the Kendall’s tau statistic, is a non-parametric 

test used for trend analysis. Mann (1945) first used this test and Kendall (1975) derived the test 

statistic distribution. The test has been suggested by the World Meteorological Organization 

(WMO) to assess trends in environmental data time series (Rustum et al., 2017) as the test is 

suitable for cases where the trend may be assumed monotonic and therefore no seasonal aspects 

are presented in the data. A major advantage of the Mann-Kendall test is that: 

• It is not a presupposition method in terms of data distribution i.e. there are no 

necessary assumptions about the data distribution as the prerequisite of this 

method known as nonparametric method. Therefore, there is no uncertainty 

associated with the data distribution.  
    

• It is directly applicable to climate data for a given month or season. 

 

The Mann-Kendall, as a hypothesis test, is a nonparametric, rank-based.  The data is ranked 

according to measurement epoch in order to evaluate the presence of trends in time series data. 

The MK test has been widely used to test stationary statistics against trend statistics in 

hydrology and climatology. This test evaluates whether � values tend to increase or decrease 

over time through what is essentially a nonparametric form of monotonic trend regression 

analysis. The Mann-Kendall test analyzes the sign of the difference between later-measured 

data and earlier-measured data. A serious problem in detecting and evaluating trends in 

hydrological data is the effect of serial dependence. If an autocorrelation exists in a time series, 

the MK test tends to reject the null hypothesis of no trend more often than the specified level 

of significance (Zelenáková et al., 2017). 
 

2.4. Remote sensing 

Remote sensing is a technique to observe the earth surface or the atmosphere from out of space 

using satellites (space borne) or from the air using aircrafts (airborne). Remote sensing uses a 

part or several parts of the electromagnetic spectrum. It records the electromagnetic energy 

reflected or emitted by the earth’s surface. The amount of radiation from an object (called 

radiance) is influenced by both the properties of the object and the radiation hitting the object 

(irradiance). The human eyes register the solar light reflected by these objects and our brains 

interpret the colors, the grey tones and intensity variations. 
 

Remote sensing imagery has many applications in mapping land-use and cover, agriculture, 

soils mapping, forestry, city planning, archaeological investigations, military observation, and 
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geomorphological surveying, land cover changes, deforestation, vegetation dynamics, water 

quality dynamics, urban growth, etc. Digital image analysis is usually conducted using raster 

data structure-each image is treated as an array of values. It offers advantages for manipulation 

of pixel values by image processing system, as it is easy to find and locate pixels and their 

values.  
 

Resolution is an important term commonly used to describe remotely sensed imagery. There 

are four distinct types of resolution. These are spatial, spectral, radiometric, and temporal. 

These resolution characteristics help to describe the functionality of both remote sensing 

sensors and remotely sensed data (ERDAS Field Guide, 2002). 
 

Spatial resolution: is the measure of the smallest object that can be resolved by the sensor 

or the smallest area on the ground represented by each pixel. It tells the degree of detail of 

the earth surface feature recorded by the sensor. The finer the spatial resolution in remote 

sensing refers to imagery in which each pixel represents a small area on the ground and the 

detail the recorder. Small scale refers to imagery in which each pixel represents a large area 

on the ground.  
 

Spectral resolution: refers to the specific wave length intervals in EM spectrum sensor 

can record. Wide intervals in the electromagnetic spectrum are referred to as coarse spectral 

resolution, and narrow intervals are referred to as fine spectral resolution.  
 

Radiometric resolution: refers to the dynamic range, or number of possible data files value 

in each band. This is referred to by the number of bits into which the recorded energy is 

divided. The total intensity of the energy, from 0 to the maximum amount, the sensor 

measures is broken down, for example, into 256 brightness values for 8-bit data. The data 

file values range from 0, for no energy return, to 255, for maximum return, for each pixel.  

 

Temporal resolution: is a measure of how often a given sensor system obtains imagery of 

a particular area, or how often an area can be revisited or the frequency at which satellite 

data is recorded about an earth surface feature. Temporal resolution is an important factor 

to consider in change detection studies. 
 

2.4.1. Image processing 

Image processing is a mathematical manipulation and interpretation applied on the pixel value 

and/or its geometry. Is broadly classified in to preprocessing and post-processing. Pre-

processing operations, which are also called image restoration and rectification, are essential 
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for prior to image classification and change detection analysis. It involves correction of sensor- 

and platform-specific radiometric and geometric distortions of data.  

 

Radiometric corrections: removes errors related with variation of illumination and 

viewing geometry, atmospheric conditions, and sensor noise and response. Radiometric 

preprocessing influences the brightness values of an image to correct for sensor 

malfunction or to adjust the value to compensate for atmospheric degradation. Absolute 

radiometric calibration techniques require ground reflectance data and information about 

the sensor and atmosphere for the date of image acquisition, which are often difficult or 

impossible to obtain.  
 

Geometric distortions: can be caused by several factors, including: the perspective of the 

sensor optics; the motion of the scanning system; the motion of the platform; the platform 

altitude and velocity; the terrain relief; and, the curvature and rotation of the Earth. The 

sources of geometric distortions are classified in two categories: Observer and Observed. 

Geometric corrections are intended to compensate for these distortions so that the 

geometric representation of the imagery will be as close as possible to the real world. 

   

Image enhancement: is basically improving the interpretability or perception of 

information in images for human viewers and providing `better' input for other automated 

image processing techniques. The principal objective of image enhancement is to modify 

attributes of an image to make it more suitable for a given task and a specific observer. 

During this process, one or more attributes of the image are modified. The choice of 

attributes and the way they are modified are specific to a given task.  

 

2.5. Integrating satellite image with radar altimetry 
 

The ability of radar altimetry to measure lake level could further be extended by integrating it 

with satellite image. The relation between the three parameters, namely lake level, lake surface 

and lake storage volume is the basis to integrate information from satellite image in to altimetry 

measurements. The elevation-storage-area characteristics of a lake can be mathematically 

described using the bathymetric characteristics of the lake. Similarly, the surface area of the 

lake can be determined from satellite image using digital image processing methods.  
 

The surface area of the lake from satellite imagery can thus be to calculate the lake level using 

the storage characteristics of the lake established from bathymetric survey. Once the accuracy 

of this method is validated using temporarily installed gauges it can be used to validate 

altimetry measurement based on lake surface area from satellite image that corresponds to the 
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altimetry measurement. The potential use of this approach is to monitor lakes with little or no 

accessibility of gauging and even to fill data gaps in gauges lakes.   

  

 

Figure 2.2: Lake Tana stage variation from historical 16-year average as measured (TOPEX and 

Jason Altimetry) 

 

2.6. GRACE twin satellites 

GRACE is a satellite mission jointly managed by the US National Aeronautics and Space 

Administration (NASA) and the German Aerospace Center (DLR). Its goal is to map Earth’s 

gravity field with high precision, approximately on a monthly basis (Rodell et al., 2006). 

Although it was originally planned to be a 5 year mission it still runs today (2017). Obtained 

monthly observations of the Earth’s gravity field which has a spatially correlated with water 

on the Earth’s surface and in subsurface layers, allowing estimations of total water storage 

(TWS). TWS is the sum of all water stored in a GRACE cell regardless of how or where it is 

stored, i.e. surface water, soil water, groundwater and vegetation-bound water are all together 

in one TWS value (Andrew et al., 2017). 

The primary objective of the GRACE mission is to obtain accurate estimates of the mean and 

time-variable components of the earth’s gravity field variations. This objective is achieved by 
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making continuous measurements of the change in distance between a twin spacecraft, co-

orbiting at ~ 500 km altitude, in a near circular, polar orbit, spaced 220 km apart, using a 

microwave ranging system. In addition to this range change, the non-gravitational forces are 

measured on each satellite using a high-accuracy electrostatic, room-temperature 

accelerometer. The satellite orientation and position (and timing) are precisely measured using 

twin star cameras and a GPS receiver, respectively. Spatial and temporal variations in the 

earth’s gravity field affect the orbits (or trajectories) of the twin spacecraft differently. These 

differences are manifested as changes in the distance between the spacecraft, as they orbit the 

earth. This change in distance is reflected in the time-of-flight of microwave signals transmitted 

and received nearly simultaneously between the two spacecraft. The change in this time of 

flight is continuously measured by tracking the phase of the microwave carrier signals. The so-

called dual-one-way range change measurements can be reconstructed from these phase 

measurements. This range change (or its numerically inferred derivatives), along with other 

mission and ancillary data, is subsequently analyzed to extract the parameters of an earth 

gravity field model. 

  

     2.6.1. Terrestrial water storage estimation from GRACE 
   

The changes in terrestrial water storage result in mass redistribution in the Earth’s system, 

thereby causing changes in the gravity field. For a fixed continental region, the changes in 

water storage (including soil water and surface snow) come from rainfall, evapotranspiration, 

river transportation, and deep underground infiltration. Except the rainfall, which can cause 

increased water storage, the remaining three processes all reduce it (Jiang et al., 2014). The 

Earth’s gravity field can be expressed as geoid: 

                         

        ���, �� = 	 ∑ ∑ ��̅������ + �̅ ����������������������������                                         [2.1]  

 

Where � and � are spherical harmonic degree and order of the gravity field, respectively; 	 is 

the Earth’s equatorial radius (about 6,371 km); � and � are colatitudes (the difference between 

90∘ and latitude) and longitude; ��� and ��� are spherical harmonic coefficients 

(dimensionless); ��� is the normalized associated Legendre functions. The maximum value � 

of the order � of ideal gravity field should be infinite (� ∼ ∞), while the actual order of 

spherical harmonic coefficients obtained by the gravity satellite has a finite value (� < ∞) and 

the spatial resolution of gravity field data is estimated approximately to be "	/�.  
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For ocean and atmosphere mass variations are removed based on Parallel Ocean Program 

(POP) model, the above equation is the basic equation for the retrieval of surface mass 

variations based on spatiotemporal changes gravity field. The Earth’s surface density changes 

can be derived from the changes of gravity field coefficients obtained from GRACE satellites.      
                   

In this paper GRACE total water storage (TWS) data from The University of Texas Centre for 

Space Research (CSR)2. The model is already corrected for the influence of the lunar solar 

gravitational effect, atmospheric tide, pole tide, Earth tide and ocean tide and other effects. The 

terrestrial mass variations recovered from GRACE thus comprise mainly the hydrological 

signal, i.e. the TWS variations (Zhou et al., 2016).  

     2.6.2. Gaussian smoothing in the spectral domain 

Spectral analysis has shown that the reliability of the GRACE spherical harmonic coefficients  

 and  decreases rapidly at larger degree, n, with some additional increase for larger 

order, m. Seo and Wilson (2005) have used the ratio of signal to signal plus noise variance at 

each degree and order, a least square optimum weight. However, their approach requires 

knowledge of both signal and noise variance at each degree and order, which both may only be 

known approximately. Han et al. (2005a) used non-isotropic weighting with Gaussian-type 

operators that suppress high order terms. This is effective, but not a well-defined optimization 

strategy. In this thesis, the noise has been suppressed with a smoothing filter but only an 

isotropic one. 

 

For practical applications, it is better to suppress the noise by applying a filter that decreases 

smoothly to zero as n increases rather than truncating the spherical harmonic series at some 

particular degree. An appropriate filter is one that corresponds to convolving the space-domain 

gravity signal with a Gaussian curve. The smoothing increases as the Gaussian half width 

increases. In this thesis, the noise has been suppressed with Gaussian filtering that convolves a 

function $��, �� with the filter %�&�. For plane geometry the Gaussian filter has the form 

 

                                              '��� ∝ exp ,- �./�-                                                                                [2.2] 

 

Where, � is the distance between two points and 0 is area of the plane. Convolution is 

computationally slow but an equivalent operation is commonly done in the spectral domain 

because it corresponds to multiplication. The theory is well known for plane Cartesian 

                                                           
2 http://grace.csr.nasa.-gov/data/get-data/ 
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geometry, where multiplication of Fourier transforms has the same effect as convolution of 

space-domain data.  
 

If the points are on a sphere at positions ��, �� and �� ,,  �,�, rather than on a plane, their 

separation is represented by the geocentric angle 1  given by 

 

                                    cos�1� = ��������, + ��������,cos �� −  �,�                                      [2.3] 
 

 

Following Jekeli (1981), Wahr et al. (1998) give a spatial averaging filter appropriate to a 

spherical surface that has properties like a Gaussian function 

    

                                           '�1� = 6 789 �:6�,:;<.=�->�,:?@AB�                                                               [2.4] 

 

  Where 1 to be an angle between 0 and " and, 

 

                                               C = D�-,:�EFG �HI/A J��⁄                                                                                       [2.5] 

 

The parameter R is the radius of the Earth and  denotes the half width radius of the 

Gaussian averaging function that is when 1 = L,/- M,⁄  '�1� has decreased to half its value 

at 1 = 0. The data are computed using models complete up to degree and order 120 derived 

by the CNES group.  
 
 

Bedada, (2007) showed that a Gaussian half-width filter of 650 km can effectively eliminate 

or suppress ripple errors that contaminate the gravity signal with a north-south orientation. 

Filter of this size was used for further analysis. 

 

    

 

 

 

 

 

 

r1 /2
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CHAPTER THREE: STUDY AREA   

 3.1. General  

The Lake Tana basin is a source of headwater for the Blue Nile and it has of prime importance 

to management of the Nile basin.  Lake Tana is located in the north-western part of Ethiopia 

between latitudes 10°58` to 12°47`N and longitudes 36°45` to 38°14`E. It occupies a total 

drainage area of 15,077 km2 of which the lake covers 3057.4km2. Lake Tana is situated at 

approximately 1800m above mean sea level (Figure 3.5) with mean and maximum depths of 8 

and 14 m respectively (Wale 2008). The lake is approximately 84 km long and 66 km wide 

(Zemede et al, 2017) and it is the largest lake in Ethiopia and the third largest in the Nile Basin. 

It serves as a temporary storage for the Blue Nile River flow.  It is sourced by more than 40 

rivers (Kebede, 2005). 

  

       

  Figure 3.1: Location map of Lake Tana Basin  

Major rivers producing the lion share of the annual inflow to the lake are Gilgel Abay from the 

south, Rib and Gumara from the east and Megech River from the north. According to Kebede 
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et al. (2006), these four major rivers contribute 93% of the inflow and only 7% of the lake 

inflow is from ungauged catchments. The outflow from the lake is controlled manually by gates 

at the outlet to the Blue Nile (natural surface outflow at the southern shore) and at a tunnel 

hydropower outlet (Tana Beles) on the southwestern side of the lake.  Wale (2008) report that, 

the lake water level fluctuates seasonally as a function of rainfall and evaporation.  Its water 

level reaches maxima around September and minima around June. Historical records showed 

that the lake's water level has raised to maximum and minimum heights of 1788.02 m 

(September 21, 1998) and 1784.46 m (June 30, 2003) respectively. The lake's water level 

dropped in 2003 due to the establishment of the Chara Chara regulator weir at the lake’s only 

outlet.  Further development of at least seven irrigation schemes with an overall water demand 

greater than 600 million m3/year have been proposed (table 3.1) within the watershed of Lake 

Tana (Kebede et al, 2005).  
 

Table3.1. Planned irrigation development in the Lake Tana catchment (Source: McCartney et al., 2010) 

 

Irrigation 

schema 

Irrigable 

area(ha) 

Estimated annual gross 

water demand(Mm3) 

estimated net  

water 

demand(Mm3) 

Large dam 

Storage (Mm3) 

stage of 

development 

Gilgal Abay B 12852 104-142 88-121 563 Feasibility 

study ongoing 

Gumara A 14000 115 98 59.7 Feasibility 

study ongoing 

Ribb  19925 172-220 146-187 233.7 Feasibility 

study ongoing 

Megech 7300 63-98 54-83 181.9 Feasibility 

study ongoing 

Jema++ 7800 57 48 173 Feasibility 

study ongoing 

kogal 6000 62 52 78.5 Under 

construction 

Northeast lake 

Tana 

5745 50-62 43-53 Withdraw from 

the lake 

Prefeasibility 

study 

completed 

Northwest lake 

Tana 

6720 54 46 Withdraw from 

the lake 
 

Identified 

Southwest lake 

Tana 

5132 42 36 Withdraw from 

the lake 

identification 

 

3.2. Climate of Lake Tana  

The climate of the study area is tropical highland monsoon with one rainy season between June 

and September. The air temperature shows large diurnal but small seasonal changes (Kebede, 

2005). It reaches maximum in May and minimum in November (Figure 3.3).  Due to its altitude, 
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the highest temperature of the water surface is 21.7°C. The estimated annual precipitation of 

the lake basin ranges from 1200 to 1600mm with a maximum and minimum rain in July and 

February respectively (Figure 3.2). Potential evaporation varies between 1160 and 1900 mm 

per year (Konnerth 2016) and water yield of the catchment is 392mm (setegn, 2008; Zemede, 

2013). Annual actual evapotranspiration is 773 mm for the entire basin and 1675 mm for the 

lake surface (Konnerth, 2016). The mean annual relative humidity (1961 to 2004) at Bahr Dar 

gauge station is 0.65 (Setegn, 2008).  

 

        

     Figure 3.2: monthly average precipitation for Lake Tana at Adet gauge station (1986 to 2017) 
       

3.3. Geology of Lake Tana 
 

Lake Tana lies in a wide depression (graben) of the Ethiopian Plateau (Dessie et al., 2014).  It 

was formed due to damming by lava flow during the Pliocene but the formation of the 

depression itself started in the Miocene (Kebede et al., 2005). The lake is shallow, oligotrophic  
 

    
   

Figure 3.3: monthly average temperature for Lake Tana at Adet gauge station (1988 to 2017) 
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and fresh-water with weak seasonal stratification (Setegn, 2010). The lake is bordered by low 

plains (acting as floodplains) with mountain regions in the west and north-west. The largest  

area of the floodplain in the basin is located in the north and  eastern parts of the basin (Zemede, 

2013, Dessie et al., 2014). Because the lake is situated  adjacent to the western topographic  

landmass steeply sloping downwards, its potential for electric power generation is evident. The 

increasing national demands for electricity would put more pressure on the lake water mass 

balance (Wale, 2008).  

       
            

Figure 3.4: land use land cover map of Lake Tana Basin  
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            3.4. Lake Tana sub Basin 

Lake Tana basin is the second largest sub basin of the Blue Nile River basin and Lake Tana is 

the largest fresh water resource in Ethiopia.  It is located within UTM zone 37 between 252788 

and 396487m E longitudes and 1218577 and 1410176m N latitudes. The basin has an area of 

15,077 km2, of which Tana Lake occupies 3057.4 km2. 

Rugged mountainous volcanic terrain, moderate to gentle terrain in volcanic rocks with some 

isolated hills, escarpment and plain constitute the physiographic units of the area. Uniform and  

 

Figure 3.5: Location of major rivers, Metrological stations and elevation of Lake Tana basin 
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quite well adapted to irrigation development topography surrounds Lake Tana. The elevation 

ranges between 1695 m to 4073m above Mean Sea Level (Figure 3.5). There are two seasons; 

rainy and dry. The rainy season has two periods; the little rains, during April and May and the 

big rain, which last from mid to June to mid to September. In the basin, rainfall distribution has 

a mono-modal pattern i.e. one peak value observed during main rainy season.  
 

The basin in its natural state has high potential for agriculture, livestock, water resource, forest 

and wildlife, tourism and fishery development besides too high biological diversity. There are 

animals, plants, fish, wet land and forest. The basin has also fertile soil and cultivable land for 

intensive agriculture. The agro-ecologies are also suitable to produce more than once per year.  

 

3.5. Socio-economic factor of Lake Tana basin  

 Lake Tana basin is home to about 3 million people. Bahir Dar city is the largest urban 

landscape that is located in the basin with about 200,000 residents.  Approximately, 15000 

people live on the 37 islands in the lake (McCartney et al., 2010). Agriculture is the major 

economic activities in the Lake Tana Sub-Basin. The cropping pattern and crop diversification 

are well known practices in the basin. More than 80% of the cultivated land during the base 

year is under rainfed system and the remaining are cultivated using irrigation and residual 

moisture respectively. Recession farming, mainly maize and rice cultivation is carried out in 

the wetlands adjacent to the lakeshore (Awulachew et al., 2009). The lake is an important 

source of fish for the people around the lake and elsewhere in the country (McCartney et al., 

2010).  
 

In addition, Lake Tana basin is endowed with historical, cultural and natural heritages. The 

lake has become an important place among main tourist attraction sites in Ethiopia.  About 

30,000 people (both domestic and foreign) visit the area each year (Awulachew et al., 2009). 

The livelihood of more than five hundred thousand people directly or indirectly depends on the 

lake and adjacent wetlands.  
 

The Lake Tana region has become the main priority area for water resource development 

(Danbara, 2014). The Lake Tana basin is of critical national significance as it has great 

potentials for irrigation, hydroelectric power, high value crops and livestock production; 

ecotourism and others (Setegn, 2010). It is rich in biodiversity with many endemic plant species 

and cattle breeds, it contains large area of wetlands, it is home to many endemic birds and 

cultural and archaeological sites.  
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3.6. Soil type of Lake Tana basin 
 

Most of the Lake Tana catchment area is characterized by cropland with scarce woodland while 

only few limited areas of the highland are forested (1% of the catchment area). Figure 3.4 

shows land cover types of Lake Tana basin (cf. MoWIE).  The major land cover types are 

croplands (45.2%), woody savannah (18%), water (20.6%), grassland (13%), bar land (2%), 

forest (1%) and urban and built-up areas (0.2%). 

                             

 

      Figure 3.6: soil type map of Lake Tana basin (modified from Setegn (2008) by Miserez (2013)   
 

The main soil types in the basin are Haplic Nitisols, Eutric Fluvisols, Eutric Leptosols, Eutric 

Vertisols, Haplic Alisols and Lithic Leptosols (Konnerth, 2016). 
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CHAPTER FOUR: METHOD AND MATERIALS              

   4.1. Data source 

               4.1.1. In-situ water level data 
 

Lake level data from gauge stations should fulfill certain requirements. First, the gauge stations 

should be with in a very short distance from satellite ground track to help in minimizing 

measurement error due to location.  Secondly, dates of gauge and altimetry measurement 

should match in order to make comparison. This is practically possible if the gauge data has 

higher temporal resolution than the altimetry satellite orbit's repeat cycle.  For this study, daily 

measurement of lake Tana's water levels (from Bahir Dar station) were used for the period 

spanning from 1960 (January) to  2006 (December). This data was obtained from the Ministry 

of Ethiopia Minster of Water, Irrigation and Electricity. 
 

               4.1.2. Altimetry data 

The primary aim of altimetry satellite missions is to map oceanic sea surface height.  Altimetry 

satellites have also been used to detect water level changes in lakes and inland seas (Swenson 

et al., 2009). There are two ways of acquiring altimetry data. The first is a completely processed 

and corrected sea surface height anomaly which user can directly use for the intended 

application and the second one is unprocessed data altimetry height anomaly, which need 

preprocessing.  ERS (ENVISAT), JASON-1 and TOPEX/POSEIDON (T/P) missions are the 

most common data sources that provide data on sea level anomalies, dynamic topography and 

surface wind speed.  
 

Altimetry water level data are available for many large inland lakes from a global database. 

The United States Department of Agriculture/Foreign Agricultural Service (USDA/FAS) in 

cooperation with NASA and the University of Maryland prepares the GRLM database3. The 

database mainly utilizes data from T/P, Jason-1, Jason-2 and GFO and recent additional 

ENVISAT satellites to monitor time-series of water level variations for presently ~228 of the 

world's largest lakes and reservoirs in a near-real time manner (i.e. update on a weekly basis) 

for operational application. Currently GRLM provides a merger of T/P, Jason-1 and Jason-2 

(TPJO.1 version) time-series relative water level variation with respect to the mean 9-year T/P 

level at 10-day intervals for 80 lakes/reservoirs including Lake Tana. For each lake/reservoir 

                                                           
3 http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/ 
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included in GRLM, there are two time-series of water level variations, i.e. the raw data and the 

smoothed data with a median type filter to eliminate outliers and reduce high frequency noise. 

However, smoothed data are only for visualization, they are not expected to be used for 

quantitative analysis. In this study, the raw data of TPJO.1 version including water levels and 

estimated errors for Lake Tana from GRLM has been used.  

  

          

             Figure 4.1: Location of Lake Tana gauge stations and ground tracks of satellite altimetry missions  

                                (modified from Duan et al., 2013) 
 

 

            4.1.3. Landsat TM/ETM+ imagery 
 

Time-series of Landsat TM/ETM+4  data with spatial resolution of 30m were used to extract     

surface areas of lake Tana. The satellite imageries should coincide exactly with the dates of 

altimetry-derived water levels. However, most of the time this was not the case firstly because 

of the different crossover repeat cycles of Landsat (16-day) and altimeter satellites (10-

campaign mode). Landsat TM/ETM+ imageries for the best 5 days before or after the dates of 

altimetry-derived water levels was used to derive water surface area corresponding to water 

level data. 

 

 

                                                           
4 http://glovis.usgs.gov 
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               4.1.4. GRACE data 

Four processing centers, including the CNES5, Center for Space Research (CSR), Austin, TX, 

Center for Space Research (CSR), Austin, TX, USA, GeoForschungsZentrum (GFZ), Potsdam, 

Germany, the Jet Propulsion Laboratory (JPL), Pasadena, CA, USA, and the Science Data 

Center (SDC) are in charge of the processing of the GRACE data and the production of Level-

1 and Level-2 products. The GFZ’s Integrated System Data Center (ISDC)6 and the JPL’s  

Physical Oceanography Distributive Active Data Center (PODAAC) distribute these products. 

Pre-processing of Level 1 GRACE data (i.e., positions and velocities measured by GPS, 

accelerometer data and KBR inter-satellite measurements) is routinely made by the SDC, as 

well as monthly global GRACE gravity solutions (Level 2). These latter solutions consist of 

time series of monthly averages of Stokes coefficients (i.e., dimensionless spherical harmonics 

coefficients of geopotential) developed up to a degree between 50 and 120 that are adjusted 

from along-track GRACE measurements. A dynamical approach, based on the Newtonian 

formulation of the satellite’s equation of motion in an inertial reference frame, centered at the 

Earth’s center, combined with dedicated modeling of the gravitational and non-conservative 

forces acting on the spacecraft, is used to compute the monthly GRACE solutions (Schmid et 

al, 2008). During the estimation process, atmospheric and ocean barometric redistribution of 

mass variations are removed from the GRACE coefficients using European Center  for 

Medium-range Weather Forecasts (ECMWF) and National Centers for Environmental 

Prediction (NCEP) reanalysis for atmospheric mass variations and ocean tides, as well as global 

ocean circulation models. The GRACE coefficients are hence residuals that should represent 

mainly continental water storage, but also errors from the correction models and noise. The 

monthly GRACE solutions differ from one official provider to the other due to the differences 

in the data processing, the choice of the correction models and the data selection for computing 

the monthly average (Ramillien et al., 2014).  This study has used GRACE data release from 

CNES as an input to estimate change in total water storage of Lake Tana Basin. 

Therefore, by excluding the errors in gravity field model and the atmosphere and oceans 

models, GRACE time-varying gravity field reflects the non-atmospheric and non-ocean mass 

variations due to water mass variations on the continental area. On a seasonal or shorter time 

scale, it provides information on changes in terrestrial water storage in large river basin (Jiang 

et al., 2014). 
 

                                                           
5 http://grace.csr.nasa.-gov/data/get-data/ 
6 http://isdc.gfz-potsdam.de 
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   Table 4.1: datasets used  

 
 

variable Dataset version                  resolution Time period 

       Spatial   Temporal   

Water level TOPEX, Jason      -       5km    10day  1992 to 2017 

Lake area  Landsat TM/ETM+      - 30m x 30m    16day  1984 to 2017 

In-situ water level  MoWIE       -          -     1day  1960 to 2006 

Water storage    GRACE   RL03             -   1month  2002 to 2016 

Precipitation  CHRIPS    2.0 0.050x0.050   1month  1981 to 2015 

 

               4.1.5. Satellite Precipitation data 

Satellite rainfall data from the Climate Hazards group Infrared Precipitation with Stations 

(CHIRPS) was used for this study. CHIRPS was developed to support the United States Agency 

for International Development Famine Early Warning Systems Network (FEWS NET). It uses 

the Tropical Rainfall Measuring Mission Multi-satellite Precipitation Analysis version 7 

(TMPA 3B42 v7) to calibrate global Cold Cloud Duration (CCD) rainfall estimates (Funk et 

al, 2015). 
 

CHIRPS data is available from 6 hourly to 3 monthly aggregates. Almost all data has a 0.05° 

× 0.05° degree spatial resolution. CHIRPS data are provided in NetCDF, GeoTiff, and Esri BIL 

formats. The units are �� per time period, e.g., mm per day, mm per pentad, mm per month.  

Monthly rainfall estimates of CHIRPS-2.0 with spatial resolution of 0.05° × 0.05° was used for 

this study. The data covers time span from the 1981 to 20177. 

 

      4.2. Research design 

In this study, qualitative data sets obtained from secondary data sources were used to achieve 

the required objectives. Some of these data sources are; space-borne data obtain from different 

satellite missions (Landsat image, satellite altimetry data, GRACE and CHIRPS data). Apart 

from the space-borne sources, we also used in-situ water level for a better analysis and 

interpretation of hydrological behavior over Lake Tana and Tana sub-basin. Table 1 

                                                           

7 http://chg.geog.ucsb.edu/data/chirps/index.html	 for	 the	 year	 1981	 to	 2017	

products/CHIRPS-2.0"http://chg.geog.ucsb.edu/data/chirps/index.html	for	the	year	1981-

2017	products/CHIRPS-2.0.	 

ΔM
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summarizes all datasets and sensors, which were used in this study.  Different materials and 

software packages have been used for analyzing the data. Some of the software are: ERDAS 

imagine, GINS, GIS, matlab, ENVI etc. after analyzing those data sets by the above analysis 

tools, the results were presented in the form of table, figure and text.  

          4.3. Methodology  

             4.3.1. Analysis of water level variation of Lake Tana (1960 to 2017) 
 

                4.3.1.1. Principal Hypothesis & Assumptions 

 

The principal hypothesis of this study is that ‘during the recent years (1960 to 2017) there has 

been an intrinsic change in the dynamic of the lake water level mainly due to natural and 

anthropogenic activities, which has had deteriorating impacts on the lake. As it could be 

understood, there are 3 sub-hypotheses embedded; (1) there is a significant change in the water 

level of the lake for the entire study period (1960 to 2017) (hypothesis I) and (2) there is a 

seasonal and monthly trend in the water level of the lake (Hypothesis II) and (3) there is a 

uniquely significant change in the lake water level during the recent years (1997 to 2017) 

comparing to historical records (1960 to 1996) (Hypothesis III) The null hypothesis (HO) is that 

there is no trend; each test has its own parameters for accepting or rejecting HO. Failure to reject 

HO does not prove that there  is no trend, but indicates that the evidence is not sufficient to 

conclude with a specified level of confidence that a trend exists. 

 

Because Lake Tana is a terminal lake, its water level can be seen as an eco-hydrological 

indicator and recorder reflecting the combination of all influencing factors. These factors 

influencing the lake water level could be categorized as natural (climate variability) and 

anthropogenic (e.g. dam construction, water diversion, climate change, groundwater 

withdrawals). Therefore, studying the lake water level fluctuations could be assumed 

reasonable approach in order to test the aforementioned hypotheses. 

Having a 57-year daily water level time series, the period 1960 to 2017 of the lake water level 

fluctuations is divided into two distinct periods of 1960 to 1996 and 1997 to 2017. Such a 

division as another assumption of the principal hypothesis, is based on the facts that lake water 

level in this period is fluctuating quite distinctively from the period of 1996 to 2017 where 

there is an obvious declining trend in the water level. Moreover, a period of more than 30 years 

(1960 to 1996) is traditionally the standard period for climatic analysis as all possible climate 

variability could be seen in about 30 years (Khatami, 2013). Therefore, the first period, 1960 
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to 1996, period is assumed natural period of the lake. The period of 1996 to 2017 assumed the 

disturbed or anthropogenically intervened period. In this period, many dams were constructed 

across different inflowing  rivers as well as surface water and groundwater were overexploited 

for meeting domestic, agricultural and industrial use (Anteneh et al., 2017). Especially, recent 

invasion of the Lake Tana by Water Hyacinth is assumed to reduce the lake's water level.  

    Table 4.2. Periods of different flow regulation from Lake Tana 

             Period                                            Description  

May 1969 – April 1996 No regulation of outflow from the lake. Diversions to the Tis Abay-I 

power station, directly from the Abay river, commenced in January 

1964.    

May 1996 – December 2000 Two-gate Chara Chara Weir becomes operational in May 1996. 

Operated to regulate flow to the Tis-Abay-I power station.    

January 2001 – December 

2006 

 

Five new gates constructed and become operational in January 2001. 

Operated to regulate flow to both Tis Abay-I and Tis Abay-II power 

stations.    

January 2007 – December 

2017 

On May 11, 2010, the first 115 MW generator at Tana Beles the power 

plant began operation. The power plant was fully operational in 

February 2012. 

 
 

4.3.1.2. Mann–Kendall (MK) trend test 

In this study, Mann Kendall has been used for analysis of trend in the water level data available 

for the period spanning from 1960 to 2017 except data gap in the year 1963. The MK trend test 

is begun by computing the statistic � using the following Equation: 

 

                                            S = ∑ ∑ �P��QR − QS��R�ST,�:,S�,                                                                  [4.1] 

                                                                                                                                                                                                    

Where n is the number of data QR and QS are the sequential data values �P��. � is the sign 

function, which can be calculated by the following Equation: 

 

                              �P�VQR − QSW = X 1 QR − QS > 00 QR − QS = 0−1 QR − QS < 0\                                                                   [4.2] 
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A positive value of � indicates an upward trend, and a negative value indicates a downward 

trend. The statistical S is approximately normal distribution when n > 10. The mean of S is zero 

and the variance can be calculated as follow: 

 

 

                              ]	L��� =  ���:,��-�T^�:∑ _`�_`:,��-_`T^�àbI,c                                          [4.3] 

 

 

When � is the number of tied groups each with  tied observations. A set of data that has the 

same value is a tied group. The standardized test statistic (d�e) is calculated as: 

 

                                          d�e =
fgg
gh

i:,jklH�i� ,   � > 00,            � = 0iT,jklH�i� , � < 0mnn
no
                                                                    [4.4] 

 

Thus in a two sided trends test, the null hypothesis should be accepted if at the level of 

significance (α). The positive value of d�e  indicates an upward trend and the negative value 

of d�e indicates a downward trend. Where the value of d�e is the Mann-Kendall test statistic 

that follows a standard normal distribution with mean 0 and variance 1. The  d�e value can be 

related to a �-value of a specific trend. A  �-value is a measure of evidence against the null 

hypothesis of no change. The smaller the p-value the greater the strength of evidence against 

the null hypothesis.  In a two-sided test for trend, the null hypothesis of no trend Ho is accepted 

if – d1 − q/2 ≤ d�e ≤  d1 − q/2, where α is the significance level that indicates the trend 

strength. 
 

 4.3.1.3. Sen’s slope estimation 
 

The MK test does not provide an estimate of the magnitude of the trends themselves. In this 

research, another nonparametric method referred to as the Theil–Sen (TS) approach is used 

which is very popular among other techniques to quantify the slope of the trend (magnitude).  
 

Sen’s method assume a linear trend in the time series that has been widely used for determining 

trend magnitude in hydro-meteorological time series. In this method, the slopes (β) of all data 

pairs are first calculated by: 

 

                                            t = �uv�	���QR − Qe�/�w − x��                                                         [4.5] 

 

ti
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For � =  1, 2, . . . , �, where QR and Qe are data values at times w and x�x >  x� respectively, and 

� is the number of all pairs QR and Qe. A positive value of t indicates an upward (increasing) 

trend and a negative value indicates a downward (decreasing) trend in the time series.  

 

Both the yz and the {� tests require time series to be serially independent, which can be 

accomplished using the pre-whitening technique. The trend-free pre-whitening (TFPW) 

procedure was applied to detect a significant trend in a serially correlated time series. 

 

  

 4.3.1.4. TFPW approach 
 

According to Yue et al. (2002), the existence of serial correlation will increase the probability 

for significant trend detection. This leads to a disproportionate rejection of the null hypothesis 

of non-trend, whereas the null hypothesis is actually true. Therefore, the influence of serial 

correlation must be eliminated.  In this study, all-time series data were first tested for the 

presence of a linear trend and autocorrelation at a 5% significance level, using a two-tailed test.  
 

In order to limit the influence of existence of linear trend and serial correlation on the MK test, 

pre-whitening was proposed by Kulkarni and von Storch (1995). This procedure is intended to 

remove a serial correlation component such as a lag-one autoregressive (AR(1)) process from 

a time series. Before applying pre-whitening, the linear trend from the time series data must be 

removed. The overall analysis process is shown as below: 

 

            First: The slope C of a trend in sample data is estimated by the TSA. If the slope is     

                       Almost equal to zero, then it is not necessary to continue to conduct trend   

                         analysis. If it differs from   zero, then it is assumed to be linear and the 

                          sample data are detrended by: 

                            

                                                  |_} = |_ − {_ = |_ − C~                                                                     [4.6] 

 

           Secondly: after computing the lag-1 serial correlation coefficient of the  

                                 detrended series |_}, AR(1) is removed from |_}  by: 

   

                                                     �_} = |_} − L1|_:,}                                                                                 [4.7] 

 

    This pre-whitening procedure after detrending the series is referred to as the trend- free 

     pre-whitening (TFPW) procedure. The residual series after applying the TFPW procedure  

     should be an independent series.   
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              Third: The identified trend {_ and the residual �_} are blended by; 

 

                                                      �_ = �_} + {_                                                                                        [4.8] 

 

  It is evident that the blended series {_ could preserve the true trend and is no longer influenced 

by the effects of autocorrelation. 

 

      The MK test is applied to the blended series to assess the significance of the trend. 

                      

 

 

 

 

 

           

 

 

  

 

  

 

  

 

  

 

 

 

 

 

 

 

 

 

Figure 4.2: General flow chart of Lake Tana water level trend analysis 
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 4.3.1.5. Linear regression   
 

A simple liner regression analysis is the statistical process useful for estimating the relationship 

among single explanatory variables (Independent) and a predictor (Dependent variable). It is 

the generalization of linear regression to multiples, which can be expressed as: 

                          Y� = β� + β,X�, + β-X�- + ⋯ + β�X�� + ε�                                         �4.9� 
Where: we consider � number of observations of one predicator and L explanatory variables. �_� = �~ℎ Observation of the predictor |_�w = �~ℎ Observation of the w~ℎ explanatory variable �w = 1, 2, 3, … … L� tR=Parameters to be estimated 

�_� = �~ℎ independent identically distributed normal error 

In addition to the Sens slope estimation, the regression analysis has been applied between water 

level (dependent) and year (independent) to estimate the magnitude of change in water level 

within time.   

4.3.2. Analysis for Water mass flux of Lake Tana (1984 to 2017) 

         4.3.2.1. Image pre-processing 

The monthly time-series of Landsat TM/ETM+/OLI  imageries have been used to estimate 

temporal variability of the lake's aerial extent for the period spanning from 1984 (January) to 

2017 (January). Two sets of Landsat imageries are required to cover the size of the lake.  

However, in every year, almost no interpretable imageries were available for 3 to 4 months 

(during summer season/June to August) due to the effect of cloud. These data gaps were filled 

by a SSM-based missing data modification method.   In total, 196 mosaicked imageries were 

analyzed to recover the size of the lake in time scale (1984 to 2017).   

 

Additional preprocessing is required due to that the Scan Line Corrector (SLC) compensating 

for the forward motion of the satellite in the ETM+ sensor failed on May 31, 2003. 

Consequently, ETM+ data acquired after the SLC failure (labeled as SLC-off data) have wedge-

shaped gaps and missing pixels, which resulted in approximately 22% of missing imagery for 

each scene. For the selected SLC-off data, we used ENVI's gap-filling extension toolbox 

(landsat_gapfill.sav)8 to fill the data gaps. Besides, atmospheric correction was applied to 

improve the interpretability of the imageries.  
 

                                                           

8	 http://www.exelisvis.com 
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4.3.2.2. Modified normalized difference water index (MNDWI) 

  

A number of studies have focused on applying different change detection methods for 

monitoring of inland water bodies (Tourian, et al., 2014 , F. Baup et al., 2014, Song et al., 2013, 

Crétaux et al., 2015, Sichangi et al., 2017) which range from conventional unsupervised 

methods to more advanced artificial neural networks (ANN) and support vector machine 

(SVM) classifiers. The MNDWI (Modified Normalized Difference Water Index) method 

proposed by Xu, (2006) has been widely used and proved better to extract area of water bodies 

(Duan, Bastiaanssen, 2013). We adopted the MNDWI method followed by a manual 

digitization. The MNDWI is calculated as the ratio of the Green band subtracted from the 

middle infrared (MIR) band to the sum of the Green band and the MIR band. The equation is 

expressed as follows: 
 

                                              y���� =  �H??�:��J�H??�T��J                                                               [4.10] 

 
 

The difference between NDWI and MNDWI is that the latter uses the middle infrared band 

(MIR) instead of the near infrared band (NIR). Because of their high absorption in the MIR 

band and high reflectance in the Green band, water features usually have positive MNDWI 

values, while the MNDWI values of non-water features are usually negative. A proper 

definition of specific thresholds of MNDWI reclassification can be used to separate water from 

other land cover components. However, determining this threshold is the most critical part of 

classification (Klein et al., 2014). This is, in fact, crucial, as an appropriate threshold should be 

determined for every imagery separately. The subjective selection of the threshold value may 

lead to an over or underestimation of open water area. However, choosing the adequate 

threshold value to compute the water mask can be very tricky. Therefore, different MNDWI 

threshold values were tested and the resulting water feature/non-water feature separations, 

especially near the water body boundary, were visually checked. Finally, the water surface 

areas were calculated as the sum of the areas of the pixels identified as water bodies. 

 

4.3.2.3. Validation of estimated lake area 
 

 Daily measurements of lake Tana's water levels (as observed at Bahir Dar station) for a period 

ranging from 1960 (January) to 2006 (August) were  obtained from the Ethiopian Ministry of 

Water, Irrigation and Electricity.  The relationship between water level (L) and surface areas 

(A) were derived based on Duan et al. (2013) by combining Landsat image and four operational 
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satellite altimetry products (RLH, GRLM, ICESat-GLAS and Hydroweb). The L-A equations 

are:     

 

                                              � =  −18.3098�- + 83.5395� + 2969.3014 

                                              � =  −8.1353�- + 63.8015� + 2962.8856                              [4.11]     

                                              � =  1.2193�- + 24.6697� + 3019.8256 

                                   � =  −11.8327�2 + 76.1434� + 2960.8456  

 

Respectively.  

The daily surface areas were derived by converting daily measured water levels using Eqn. 

(4.10). In this research, these surface areas were used to validate the estimated surface areas. 
 

4.3.2.4. Water level from satellite altimetry 

The United States Department of Agriculture Foreign Agricultural Service (USDA/FAS) in 

cooperation with NASA and the University of Maryland prepares global Reservoir and Lake 

Monitor (GRLM) database9. The database is compiled from T/P, Jason-1, Jason-2 and GFO   

and ENVISAT satellites data. For each lake/reservoir included in GRLM, there are two time-

series of water level variations, i.e. the raw data and the smoothed data with a median type filter 

to eliminate outliers and reduce high frequency noise. However, smoothed data are only for 

visualization, they are not expected to be used for quantitative analysis. The raw data of TPJO.1 

version including water levels and estimated errors for Lake Tana from GRLM were used in 

this study. Water level value with a standard deviation more than 10cm are firstly filtered out. 

Then data also subjected to addition correction to remove the existence of serial correlation.    

 
 

4.3.2.5. Validation of altimetry based water level 

Validation of the GRLM altimeter-derived water level generally requires comparison with in 

situ measurements at gauge  stations (Wu et al., 2014, Duan et al., 2013). The altimetry data 

were validated by directly comparing the altimetry-based water levels with the in situ water 

levels obtained from gauge measurements observed at Bahir Dar station over the period 1992 

to 2006 ( Fig. 2.2). 

 
 

                                                           

9	 http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/ 
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4.3.2.6. Estimation of Lake Water volume variation  

The total volume �]� of water depends on a specific reference minimum volume of water 

contained in the lake�];<��, and a variable component that varies with the water levels�∆]�: 
 

                                         ] = ];<� + ∆]                                                       [4.12]                   

The lowest water level derived from satellite altimetry corresponding to  a lowest monthly 

averaged perception over the study period was used as a  reference level to separate  ];<� and  ∆]. The resulting water volume  ∆] is referred to as Water Volume Above the Lowest Water 

 

                                                                  

 

             

   

 

                       

 

                

 

 

   

   

 

 

 

 

 

 

                 Figure 4.3:  General flow chart of Lake Tana volume variation analysis 
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Level (WVALL). Considering that, the objective of this study is to estimate the relative water  

volume variations for the sake of water management rather than absolute values, values of  ];<� can be disregarded. 
 

The lowest water level in the satellite altimetry product was determined first. Subsequently, the 

lowest water level was subtracted from all water levels obtained from satellite altimetry product 

to obtain the Water Level Above the Lowest Level (WLALL)/changes in volume of water in 

time scale/. The relationship between WLALL and corresponding surface area (area–WLALL) 

was established using regression analysis (Fig. 5.5). Because the water volume is the 

integration of the functional relationship between surface area and water level, the WVALL– 

WLALL relationship can be obtained by analytically integrating the function of area–WLALL 

with the condition that WVALL is equal to zero when WLALL is zero. Assume that the area–

WLALL relation can be described as a second-polynomial function: � =  $��� =  	�-  + C� +  �  where A is the surface area in km2, L is WLALL in meter and a, b, c are coefficients 

determined by regression analysis. Then the WVALL–WLALL function which is the 

integration of   against  v� can be written as � =  � $��� v�= 	��/3 +  C�-/2 +  �� + v, where V means WVALL, and  	, C, � 	�v v  are coefficients.  	, C 	�v � are the same values 

in area–WLALL function and d can be solved as 0 given the condition V = 0 when L = 0. The 

resulting equation can be used to convert the time-series of WLALL to WVALL for the 

analysis of water volume variations in lakes or reservoirs. Then simple linear regression and 

graphical interpretation area used to interpret the result.  The result of the analysis is shown in 

Fig.5.6 

 

4.3.3. Analysis of GRACE derived water storage variation of the Lake Tana basin 

(1992 to 2017)  

      4.3.3.2. Gravity anomalies to water layer thickness 

The gravity potential described by a spherical harmonic coefficient ���� or ���� can be related 

to corresponding spherical harmonic coefficient describing the varying thickness of a water 

layer that is its source. The relation is different for each term of degree n.  

 

                            ��� = ��J ����    =   �>��,Te �¡¢J-�T, ℎ��                                                     [4.13] 

 

f (L)
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Where x� is the load Love number of degree n and accounts for the extra potential created 

when the Earth is distorted elastically under the load of water; is the density of water 

(1000kgm-3).  
 

The corresponding relationship between the coefficients of potential and the free air anomaly  

     is  

                                                   ∆ P�� = ��J �:,J ∆���                                                                      [4.14] 

 So                                            

                                                    ∆ P�� = 4πG¥¦ �:,-�T, ℎ��                                                                 [4.15] 

 

We used a plane version of this spherical formula where the ratio  �� –  1�/�2� +  1� tends to 

0.5 for large n, while localizing the signal at a local scale (Bedada, 2007).  

    

                                        ∆ P�� = 2πG¥¦ℎ                                                                                   [4.16] 
 

This gives a relationship between gravity �§	¨���¨¨�P	¨ � and the thickness of the equivalent 

layer of water in  �����¨¨��u~uL� of 

 

                                                  �ℎ = 23.8∆ P                                                                      [4.17] 

 

This expression has been used throughout for hydrological interpretations of free-air gravity 

anomaly patterns. Then the resultant change in total storage of lake Tana basin presented  in 

the form of graph.    

 

             4.3.3.4. Comparison of Mass flux of Lake Tana with the entire Tana sub basin 

The hydrological balance of the lake is based on the mass conservation law or hydrological 

equation.  Lake's water budget is computed by measuring or estimating all hydrological sources 

and sinks that cause variation in the lake's water level (Berehanu, 2016). In general, the 

hydrological equation is given by: 

 

                                      
©ª©_ = P�t� − R�t� − E�t�                                                                      [4.18] 

 

Where P is the precipitation, ET is the evapotranspiration and R is the runoff. Neglecting R, 

the derivative of TWS is related to �� − ¯{�. The annual signal was removed and data were 

smoothed by applying a two-month smoothing without phase shift using the equation 5.2 

 

                                                 
©ª`©_ =  ª`°I:ª`@I-                                                                                [4.19] 

ρw



 AAiT                                                                                                                SCHOOL OF CIVIL AND ENVIROMETAL ENGINEERING 

 

Msc Thesis                                                                                 2018                                                                            Page 38  

 
 

 In order to compare the terrestrial water balance from GRACE and satellite altimetry, we 

further plotted the TWS variations by the means of their volumes. The lake water volume of 

each month was computed by multiplying the equivalent water height obtained from GRACE 

by the basin area (15077 km2). Similarly, the water level from satellite altimetry is multiplied 

by the average lake area (3057 km2). The annual signal was removed and data were smoothed 

by applying the two-month window. 

   

 

              4.3.3.5. Ground water change of Lake Tana sub Basin 

Groundwater storage variations can be isolated from GRACE-derived TWS change with 

auxiliary information. In case of Lake Tana sub basin GRACE ±{�� is equal to the sum of 

change in groundwater storage �Δ§'��, change in soil moisture �Δ��y� and change in surface 

water reserve �Δ�'M�, assuming that the water mass flux contained in the biomass is assumed 

to be negligible over short time scale. Hence, the change in storage of the basin groundwater 

and soil moisture is the difference between the GRACE ±{�� and the respective month 

change surface water storage.  

 

                                    Δ§'� + Δ�'M = ±{�� − Δ��y                                                       [4.20] 

 

The SwR is the sum of the change in storage from stream channels and Lake Tana storage. The 

Lake Tana water body is 3000km2 area, accounting for 20% of the basin's total area so the lake 

level fluctuation is significant in the evaluation of the ±{��, the dominant �'M of the basin 

is driven from the change in storage of the Lake Tana water; whereas, the change in storage 

from stream channels is insignificant. In such cases, the �'M can be considered as the change 

in storage from surface water reservoirs only (Abiy et al., 2017). Therefore, the Lake Tana 

monthly changes in lake level corresponds to changes in SwR. 

Catchment-average (including lake) time series of TWS were computed from GRACE data and 

changes in the water mass balance of the lake were removed using the altimetry data to 

determine the contribution of the Lake Tana’s sub basin catchment to the hydrology of the 

basin. 

At the catchment scale, changes in groundwater storage can be related to changes in 

groundwater levels by defining an effective drainage porosity 

 

                                      
©i³´µ³¶a· µ©_ = ¸ ©¹º»¼½ ¾¢´µ·»©_                                                    [4.21] 
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      Where  is the effective drainage porosity. 

On average groundwater levels occur at approximately the same rate as changes in lake levels 

 

                                     
©i¿´À·©_ ≃ ©¹º»¼½ ¾¢´µ·»©_                                                        [4.22] 

 

   Then   can be estimated by taking the ratio of the watershed and lake-only trends, i.e. 

 

                                   
  
¸ = ©i³´µ³¶a· µ©_ ©i¿´À·©_Â                                                                        [4.23] 
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CHAPTER FIVE: RESULT AND DISCUSSION 
     

           5.1. Water level variation of Lake Tana (1960 to 2017) 
 

      5.1.1. Hypothesis I 

 Fig. 5.1 shows the variability of the mean monthly lake level data for the entire period of study. 

The water level of the lake has an increasing trend. The lake has undergone a periodic trend 

until 1996. While the lake has experienced irregular and un-modelled trend between 1997 and 

2017.      

     

                 Figure 5.1: Linear tend of annual maximum lake level  

Before 1970, the trends in Lake water level were mostly driven by seasonal variability of 

precipitation (Kebede et al., 2005). Impact of anthropogenic activities on the lake water level 

was negligible in a prior to 1996 (McCartney et al., 2010). Years before the 1996s were natural 

period for the lake, human-induced impacts on the lake water was minimal. However, from 

1996 onwards, the Lake Tana sub-basin was extensively utilized to meet various needs of the 

society.  For example, construction of hydro-dams have modified the natural lake-level regime, 

resulting in reduced seasonal but greater inter-annual variability. Water level trends show seven 

distinct phases of hydrological regime (Fig. 5.1).  The first phase covers the period spanning 

from 1960 to 1973. During this period, the lake water level has decreased by a magnitude of 

40 mm/yr.  In the second phase (1974 to 1977), the lake water level has increased by 220 

mm/yr.  However, the lake water level has declined at a rate of 100 mm/yr in the third phase 

(1978 to 1984). While the lake water level has shown an increasing trend over an extended 
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period from 1985 to 2000. During this period, the lake water level has increased by 55 mm/yr; 

in the latter years of the Millennium, variation in the lake water level was below this value.   

Lake Tana has reached the lowest water level between 2002 (January) and 2003 (June). During 

this period, the lake water level has declined by 1.4 m. This an unprecedented   reduction in the 

water level was unobserved since the advancement of satellite technology. Drought and initial 

filling of the newly constructed hydro-dams (e.g. Tana Beles) with water were thought to be 

the major causes for the sudden extreme decline of the Lake Tana's water level.  However, the 

lake water level has steadily increased from 2003 (January) to 2013 (October) at a rate of 1040 

mm/yr.  On the other hand, the lake water level has decreased at a rate of 107.5 mm/yr between 

2013 (November) and 2017 (September).  This noticeable loss in the water level may be caused 

by anthropogenic factors (e.g. increased water usage for domestic, agriculture, industry and 

hydro- power generation), climate change and invasion of Water Hyacinth (Anteneh et al., 

2017).  

 

The results of Mann-Kendall test for trend analysis and Sen’s slope estimation of data are 

presented in table 5.1. The Mann-Kendall test showed a significant increasing trend (at a 

significance level of 0.05) in the water level of the lake. The Sen’s slope also indicated 

significant increment of the lake water level at a rate of 6.17mm/yr.  The patterns of Lake water 

level variation over period ranging from 1960 to 2017 justified the validity of hypothesis I.     

               5.1.2. Hypothesis II 

                   Monthly analysis 

The Mann-Kendall (MK), Sen’s slope estimation and linear regression were applied on a 

monthly scale to detect trends in the water level series at Bahir Dar station. Table 5.1 presents 

trends showing patterns of monthly variation of the Lake Tana's water level.  Trend analysis 

was calculated based on the smallest significant level α, in which the trend is considered 

statistically significant at α confidence level.  

 

The result showed that a generalized positive trend was observed from January to May and 

September to December during the study period, while no significant statistical trend is 

observed for the months of June, July and August at 95% confidence level (α = 0.05). 

Statistically insignificant positive trend was observed for the month of June while insignificant 

negative trends were observed for the months of July and August for the entire study period.  
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 Table 5.1: Trend analysis of annual and monthly water level data (1960 to 2017)  

                     

Month  

p-value Sen’s slope Regression      

slope 

Trend 

Nature 

H0 

Rejected? 

January <0.0001 0.01 0.01 Positive Yes 

February <0.0001 0.01 0.009 positive Yes  

March 0.001 0.009 0.008 positive Yes  

April 0.004 0.006 0.006 positive Yes  

May 0.04 0.004 0.005 positive Yes  

Jun 0.17 0.003 0.004 positive No 

July 0.833 -0.000526 0.00 Negative No 

August 0.827 -0.000864 -0.001 Negative No 

September 0.034 0.007 0.008 positive Yes   

October 0.003 0.009 0.008 positive Yes  

November 0.00 0.011 0.01 positive Yes  

December <0.0001 0.012 0.011 positive Yes  

Annual        <0.0001         0.000432          0.000486      Positive         Yes  
 

Long-term Sen's slope analysis indicated the existence of significant trends (> 0.5 m) at a 

monthly scale (Table 5.1).  Most significant trend (~10 mm/yr) was detected from the Sen's 

slope for the month of December, compared to trends observed in other months. Throughout 

the study period, a decreasing statistically insignificant trend was observed in august and the 

water level of the lake had almost a constant trend in July. 

 

                   Seasonal analysis 

The MK and Sen’s slope tests were also applied to study trend in the seasonal water level over 

the study period (1960 to 2017). Table 5.2 summarizes the results from the trend analysis at 

95% confidence level.  
 

     Table 5.2:  Trend analysis of seasonal water level data (1960 to 2017)  

  Season p-value Sen’s slope Kendall’s tau       Trend 

     Nature           

H0 

rejected? 

Winter 0.00 0.007 0.354 positive No 

Spring 0.004 0.009 0.263 Positive No 

Summer 0.396 0.002 0.079 Positive No 

Autumn 0.016 0.006 0.223 positive No 
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On the basis of MK test, no significant trend was observed in the summer season. While 

positive trends (at 95% confidence level) were observed in the winter, spring and autumn 

seasons. The seasonal water level was lower in summer compared to other seasons. Whereas, 

the lake water level is relatively higher in winter compared with spring sand autumn (Fig. 5.2).  

 

 

   

                  Figure 5.2: trend analysis of average monthly water level (1960 to 2017) 
 

The results of the Sen's slope analysis showed significant trends at a monthly scale. Highest 

slope (p<0.0001) with a Sen’s slope of 8 mm/yr was observed in winter. The trend in spring 

(p<0.01 and 7 mm/yr) is significant compared to that of autumn (0.01 <p <0.05, and 5 mm/yr).  

The summer season has  insignificant trend accounting for 1.7 mm/yr.  
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             5.1.3. Hypothesis III  

In order to understand patterns of lake water level trend was analyzed for two district periods 

(1960 to 1996 and 1997 to 2017) using  Mann-Kendall trend test and Sen’s slope estimate 

(Figure 5.4). 

 

Table 5.3: Results of Mann-Kendall trend test and Sen’s slope estimate illustrating monthly water  

 Level variation during two Periods (1960 to 1996 and 1997 to 2017)   
 

    

month                          1960 to 1996                                                   1997 to 2017 

P - value Sen’s slope Slope  

magnitude 

P - value Sen’s slope Slope 

magnitude 

January 0.044 0.005 0.180 0.526 0.006 0.144 

February 0.009 0.006 0.213 0.717 0.004 0.120 

March 0.055 0.005 0.185 0651 0.005 0.109 

April 0.085 0.004 0.159 0.976 0.005 0.113 

May 0.168 0.004 0.137 0.415 -0.003 -0.066 

Jun 0.187 0.003 0.170 0.717 -0.005 -0.088 

July 0.286 0.005 0.181 0.74 -0.006 -0.103 

August 0.691 0.002 0.075 0.928 -0.008 -0.168 

September 0.929 0.005 0.192 0.349 0.007  0.150 

October 0.394 0.006 0.204 0.174 0.019  0.182 

November 0.196 0.005 0.22 0.291 0.317  0.224 

December 0.118 0.005 0.235  0.097 0017   0.267 

Annual     0.955     0.002        0.085    0.526    -0.002    -0.0455 

 

 

  Figure 5.3 shows the MK trends of the lake water level for the two periods identified above. 

The lake water level showed an increasing trend between 1960 and 1996. Since 1996, the water 

level showed a downward trend; while the overall trend is negative, (both upward and 

downward trends are statistically insignificant at 95% confidence level). The Sen’s slope was 

also positive from 1960 to1996 and negative between 1997 and 2017 see Table 5.3. In general, 

the lake water level has increased by 0.085m between 1960 to 1996 and declined by 0.0455m 

between 1997 and 2017 
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                      Figure 5.3: Results of Mann Kendall trend test and Sen’s slope estimate illustrating monthly water level   

                         for two periods (1960 to 1996 and 1997 to 2017) 
 

A monthly trend analysis (over the study period) showed insignificant upward trend for two 

periods: January to April, and September to December.  However, for the specific period (May 

to August), a positive trend  was observed between 1960 and 1996, and a negative trend was 

observed between 1996 and 2017 (both trends are statistically insignificant at 95% confidence 

level).  

 

On the other hand, Sen’s slope detected significant increasing trend in February, October, 

November and December for the first period with a magnitude of 213 mm, 204 mm, 220 mm 
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and 235 mm in 36 years, respectively. From 1996 to 2017, the trend in the water level has 

increased by 224 mm and 267 mm for the month of November and December, respectively.    

However, no significant decreasing trend was identified for the first period but for the second 

period, statistically insignificant decreasing trend was observed for the period spanning from 

the month of May to August with a magnitude of -66mm, -88mm, 103mm and -168mm, 

respectively. 

           5.2. Mass flux of Lake Tana (1984 to 2017) 

             5.2.1. General  

The results obtained from satellite imagery and altimetry were used study temporal variations 

of the Lake water level and water mass balance flux.  Estimates of lake surface area derived 

from Landsat imageries were validated against previous numerical results computed in situ and 

bathymetric measurements. Validation result showed good agreement of estimated lake surface 

areas (as measured from remotely sensed data) the corresponding values derived from in-situ 

and bathymetric measurements Duan et al. (2013), with a correlation range of 0.7 to 0.96.  

amplitudes between 2.65m (2007/2008) and 5.36m (2003/2004).  

 

    Figure 5.4: the correlation between in-situ (blue) and altimetry (red) water level from  

     monthly average base  

                 

The altimetry data were validated by directly comparing the altimetry-based water levels with 

the in-situ water levels acquired from gauge measurements. Comparison was made for the 

period ranging from 1992 to 2006. Similarly, temporal variations were observed using both 

data sets (Fig. 5.4), in which the in-situ water levels exhibited annual (peak-to-peak) altimetric 
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data detected seasonal and inter-annual variability of the lake water level. Patterns of seasonal 

lake-water level cycles showed maximum (September to October) and minimum (May to June) 

variability in water mass balance. The inter-annual variations in the lake's water level have 

detected the effect of drought on the water mass balance of the lake. The lake's water level was 

observed to be minimum during the 2003 drought year.   The difference between in-situ and 

altimetry derived water levels is less than 0.3 m at 96.5% of the cases; the maximum range 

reached 0.681m.  The RMSE and R2 of the residuals between the two data sets were equal to 

0.21m and 0.98, respectively. In general, the two data sets   are in a very good agreement.  

  

 

Figure 5.5: surface area (A)–WLALL (L) and analytical integrated WLALL (L)–WVALL (V)           

relationships   for Lake Tana 

 Thus, altimetric data can be used to monitor lake's water level in cases where complete 

temporal coverage of in-situ gauge data is not available. In this study, we used altimetry data 

for the period from 2007 to 2017, during which in-situ gauge data were not recorded. 

Based on the water level retrieved from GRLM and the corresponding surface extent extracted 

from Landsat, a second degree statistical relationship between water level �ℎ� and surface area   ��� of the Lake was established using linear regression method (Fig. 5.5). Also, the surface 

area corresponding to the water level retrieved from GRLM was estimated using this linear 

equation 4.9. Figure 5.5 shows strong correlation (> 0.94) between lake area and water level. 
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            5.2.2. Water volume variation  

The water volume variation in the Lake Tana was estimated from time-series of lake's water 

level and surface area extents. Figure 5.6 illustrates the variability in water volume of the lake 

over period from 1984 to 2017. The volume of the lake shows a positive trend with a minimum 

and maximum variation occurring in 2003 and 2013 respectively (Fig. 5.6). This is mainly due 

to the construction of the Chara Chara wair at the outlet of the lake (Chebud et al., 2009). 

   

     

            Figure 5.6: water volume variation of Lake Tana (1984 to 2017) 

For the period 1984 to 2001, the water budget of the lake shows a positive trend. The volume 

of the lake increased by a magnitude of 0.155km3/year. The lowest volume was recorded in 

2003. During this time, the volume dropped by an amount of 4.412km3.  This was due to 

occurrence of drought.  In an attempt to maintain electricity supplies, production at both Tis 

Abay power stations was maximized and as a result, lake levels dropped sharply (McCartney 

et al., 2010). However, for the year 2004 to 2012, the volume of lake show a positive trend 

with an immediate significant reduction in 2007/2008. The volume of water has increased by 

a magnitude of 0.326km3/year. Nevertheless, for the period 2013 to 2017, the volume of the 

lake shows a continuous desiccation by a magnitude of 0.612km3/year. Which may be related 

to, the construction of many hydropower stations, the water hyacinth and other natural and 

anthropogenic activities. Given the current negative trend in water volume loss, over the lake 
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and the alarmingly low value for the remaining water volume in the lake, one can easily predict 

that the lake will completely disappear within twelve thousands of years if no countermeasures 

are taken. We acknowledge that there are uncertainties in our estimations and conclusions, 

which can be the scope of future works. 

   5.3. GRACE derived water storage variation of the Lake Tana basin (1992 to 2016) 
 

               5.3.1. General   

 154 monthly gravity solutions from August 2002 to May 2016 were extracted in units of 

equivalent water thickness (mm). 12-months missing data within this time range were filled by 

averaging and/or applying the corresponding month value from other times. For the sake of 

analyzing trend related to change in the water thickness of the catchment, firstly the driest 

season in the basin was taken as a reference gravity anomaly. In case of Lake Tana April 2003 

was taken as reference epoch and the value of the reference gravity anomaly was subtracted 

from subsequent monthly values in order to obtain the gravity variation above the reference 

gravity anomaly. The resulting residual gravity anomalies are used to compute variable water 

thickness.  

 

  

Figure 5.7: Time-series of the basin-averaged seasonal water change in TWS (red) and of monthly  

                    averaged change in TWS (green) for Lake Tana sub basin 
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Fig. 5.7 depicts the dynamics of basin-averaged monthly and seasonal total water storage 

anomaly plotted from GRACE data. The time-series plots do not only have striking similarities 

in especially the seasonal phases, but also indicate a small loss in the basin. According to the 

figure 5.7, there is excess water mass gain in summer and autumn and loss of water storage in 

winter and spring.  Autumn is usually harvesting season, and a relatively high rainfall in the 

preceding summer augments storage in the autumn season.  There is insignificant average 

annual depression in the basin. The total water storage of the basin depreciate with a magnitude 

of   0.0025mm/year.  

The monthly averaged TWS of Lake Tana sub Basin for the period from 2000 (August) to 2016 

(May) is shown in Fig. 5.8. it indicates the presence of enhanced seasonal pattern with the 

positive TWS values from May to September with a monthly maximum value of 38.8mm (in 

term of EWH) in July. Which may be due to an increase in inflow from tributaries and this is 

rainy season in the catchment.   During this time, the TWS of Lake Tana sub Basin rise rapidly 

and reach its maximum peak. 

     

                Figure 5.8: Monthly change in TWS of Lake Tana sub Basin 
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 The TWS is negative during October to April with a minimum value of -23.8mm (in terms of 

EWH) in November.  Due to the reduction in rainfall in the Lake Tana basin and decrease in 

the amount of inflow or recharge from four major tributaries, the TWS become decline reaching 

its minimum in April.  Other previous studies also showed similar results. For example, Abiy 

et al. (2017) showed a consistent decreasing pattern of the total water storage of the basin in 

the driest season. Maximum precipitation occurs in July, while the GRACE change in total 

water storage reaches its maximum value in August to September. After September, the 

groundwater system gains at a decreasing rate until November. 

 

    5.3.2. Mass flux of Lake Tana with the entire Tana sub basin 

As we can see in Figure 5.9, the variability of GRACE based volume of water is similar to the 

one derived from altimetry data. The correlation between the GRACE and satellite altimetry 

solutions is 0.73. Despite difference in the amplitude of the signal, the two data sets exhibit 

significant inter-annual and seasonal changes in the volume of water. The amplitude of TWSC 

rages from -0.63km3 to 0.8km3 from GRACE and -1.88km3 to 2.85km3 from satellite altimetry. 

The distinct decline of water quantity as inferred from GRACE in 2002 is associated with the 

occurrence of severe drought in the study area during the same time window. 

 

 

   Figure 5.9: Comparison of water volume variation from GRACE (Blue) and satellite altimetry (Green) 
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      5.3.3. Impact of rainfall on TWS variation  
 

In this study, we used the Climate Hazards group Infrared Precipitation with Stations 

(CHIRPS). CHIRPS was developed to support the United States Agency for International 

Development Famine Early Warning Systems Network (FEWS NET). It uses the Tropical 

Rainfall Measuring Mission Multi-satellite Precipitation Analysis version 7 (TMPA 3B42 v7) 

to calibrate global Cold Cloud Duration (CCD) rainfall estimates. 
 

Fig. 5.10 illustrates the amplitude of the annual signal for EWT from GRACE and the rainfall 

from CHIRPS. The amplitudes of the annual signal of the EWT and the rainfall show strong 

similarities. For the entire study area, the correlation coefficient between the EWT annual 

amplitudes and the rainfall annual amplitudes is about 0.65. This implies that, at annual scale, 

the precipitation can explain about the 65% of the EWT variations.  

 

The rainfall ranges from-188.45 to 189.56 mm, while the TWS ranges from -42.448 to 53.15 

mm (in terms of EWH). The rainfall reaches the maxima of 189 mm in Jun 2013 and the 

minimum of -188 mm occurs in September 2015 (in terms of EWH).  There is a slight 

increment in TWS and rainfall during august 2002 to 2003 with a sudden reduction in august 

2003 in both cases.  Which is consistent with the drought occurred in this period. However,  
   

 
    Figure 5.10:  Comparison of rainfall variation from CHIRPS (green) and TWS variation from  

                        GRACE (blue)    
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during the period 2004 to 2005, trend of rainfall and TWS show a slight desiccation.  A 

relatively conflicting trend occur during the period 2009, during this time TWS of the basin  

a slightly increasing trend but the precipitation of the basin show a significant decreasing trend.    

During the periods from 2010 to 2013, the trend shows no obvious change in TWS and 

precipitation.  However, in 2014 a significant decreasing trend was observed which is  

consistent with reduction in rainfall in 2014.   In 2015 to 2016, there is a slight decreasing trend 

in both cases. 

The rainfall has large concentration during the period from Jun to August reaching its 

maximum peak in July while the TWS also increases during the period from May to august. 

Rainfall is relatively low during the period August to February, and it has minima in August 

while TWS shows a relatively lower record in the period from November to March. The lowest 

peak in total water storage is recorded in November.   From this, we can concluded that, rainfall 

plays a primary role in governing the water mass balance of the Lake Tana sub basin, while 

other hydrological sink terms also controls the variability of water resource. 

  

    5.3.4. Ground water change of Lake Tana sub basin 
  

Groundwater is one primary source of water in the region. Over exploitation of groundwater 

for irrigation, hydropower generation and other anthropogenic uses have posed challenge in 

water management. In-situ measurement of groundwater is limited as well as river gauge data 

are not available with complete spatial coverage so as to monitor the water mass balance in 

time scale.  

  

     

          Figure 5.11: Time series of total catchment water storage from GRACE minus altimetry lake level  

                                 for Lake Tana and best fitting line 
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Magnitude of change in groundwater depth is higher than that in the GRACE-derived total 

water storage anomaly. The trend of change in especially the groundwater depth data suggests 

that, the change in groundwater storage of the Lake Tana’s sub-basin is predominantly in 

saturated storage. 
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS  

           6.1. Conclusions    
  

In this study, trend analysis of annual, seasonal and monthly water level for the period 1960 to 

2017 were carried out for data measurement taken from a stations located at Bahir Dar city and 

data taken from satellite altimetry. Two non-parametric methods namely the Mann-Kendall 

test and the Sen’s slope estimate were used for long-term trend analysis of hydrological signals. 

 

The use of these methods allowed us to identify impact of anthropogenic activities on patterns 

of water quantity in time scale. The results of analysis pointed out that, at 5% significance level, 

the annual water lake trend of data has shown increasing trend while monthly analysis exhibited 

a highly increasing trend in the dry seasons (January, February, March, November and 

December) and slowly increasing trend in wet seasons of the area. The seasonal analysis of the 

lake level also shows a highly increasing trend in winter and spring seasons. While no trend 

was observed in summer seasons.  

 

Comparative analysis of results of the two periods showed an increasing trend of the annual 

water level of the lake the period 1960 to 1996, but there is a statistically insignificant 

decreasing trend in the period (1997 to 2017). Results of the simulations indicate that 

anthropogenic activities are the major control now and increasingly will be in the future.  
 

Knowledge of water volume variations in lakes and reservoirs is essential for water mass 

balance studies, water allocation, and water release strategies by the responsible agencies. This 

thesis aims to estimate water volume changes by combining water level data (satellite altimetry 

data + in-situ gauge measurements) and Landsat imagery. The study results demonstrate that, 

the time series of total water volume over the lake is obtained, whereby a positive trend with 

an average rate of 0.06km3/yr is observed. However, the water volume variation of the lake 

shows different pattern when it was observed at different time phases. For the period spanning 

from 1984 to 2001, the water volume of the lake shows a positive and continuous trend by a 

magnitude of 0.148km3/yr. This may be due less anthropogenic impact on the lake’s water 

budget; the sub-basin was highly utilized since 1997. Prior to 1996, the hydrological cycles of 

the basin was predominately controlled by natural process: precipitation and 

evapotranspiration. The water volume of the lake has suddenly dropped of between 2002 and 

2003 by an enormous amount than it has  experienced ever.  The volume of the lake water was 

reduced at a rate of 1.967km3/yr. The loss of water in this particular case is thought to be caused 

by drought. On the other hand, for the period from 2000 to 2013, the water volume variation 
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of the lake shows a slightly positive trend with a drastic decrement in 2010. A long term and 

continuous reduction of the water volume of the lake were recorded in the period 2013 to 2017, 

the water volume was reduced at a rate of 0.612km3/yr.  
 

We conclude, from our results that the drying up of the lake at the end of the study period has 

been occurring due to a chain of reasons, which are highly influenced by anthropogenic 

activities. Given the current negative trend in water volume loss, at 0.612 km3/yr over the lake 

and the alarmingly low value for the remaining water volume in the lake, one can easily predict 

that the lake will completely disappear within twelve thousands of years if no countermeasures 

are taken. Approximately 3,400 Mm3/yr of water will be diverted for hydropower and irrigation 

schemes if the likely future development (table 4.2) in the Lake Tana sub-basin is implemented. 

Consequently, the lake will be fall in danger and there will faster the disappearance of the lake. 

We acknowledge that there are uncertainties in our estimations and conclusions, which can be 

the scope of future works.   

 

Total water storage change in Lake Tana sub basin was also successfully estimated for the 

period 2002 (August) to 2016 (May) using GRACE time varying gravity field. Total water 

storage derived from GRACE data was compared with satellite altimetry based derived volume 

variation of Lake Tana. We also try to compare GRACE change in total water storage with 

rainfall of the basin. We also estimate ground water change of the basin from auxiliary data 

obtained from GRACE.  The result shows that, the TWS variation has a great seasonal 

behavior, and reach maximum in July and minimum in November.   There is a correlation 

coefficient of 0.73 between GRACE and satellite altimetry, and 0.65 between GRACE and 

rainfall. From this, we concluded that the change in total water storage of the basin is dominated 

by the water volume change of the lake. Water volume variations of the lake and the sub-basin 

are highly dependent on precipitation. Moreover, the trend in the total water storage of the Tana 

sub basin is reduced at a rate of 0.0025mm/yr. Which is insignificant relative to the mass flux 

of the Lake Tana.  The change in ground water of the sub basin also shows that, the basin loses 

its groundwater by a value of 101.3mm/yr. Which is statistically significant.  

          

              6.2. Recommendation 

The time series analysis indicates an overall declining trend in water storage change in the lake 

and ground water storage in basin. Hence, the declining water reserve trend is evident. As a 

fact, a sustainable use of the water resource of the lake and the surrounding catchment should 

be based upon an informed decision on the overall aquifer storage and productivity. In addition, 
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facilitation of water recharge mechanisms are highly recommended. For further application of 

the redistribution products to monitoring and evaluation of changes in water resources at local 

scale, it is recommended to evaluate the results using local ground based information on water 

balance of the lake.  

In future, there is significant potential for further socioeconomic development based on 

increased utilization of water in the catchment. However, great care is needed to ensure that 

such development is sustainable and does not adversely affect those communities that depend 

on the natural resources of the lake and the rivers that feed into it. Any development should lay 

their base on Ethiopian law (through proclamation number 9/1995 passed in 2002) requires 

that, for all major development projects, an environmental impact assessment (EIA) is 

conducted and that environmental impacts should be minimized. Any development plan on the 

lake should consider its relation with the surrounding catchment. The response of lake in for 

increased discharge and sediment in flow should be further study from the perspective of 

change in storage of the lake.   
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Appendix 
Appendix A: Sample lake area estimated by MNDWI 
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Appendix B: In-situ water level data for Lake Tana 
 

year   Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1960 

Mean 2.834 2.607 -      2.257 2.124 -      -      2.95 3.515 3.408 3.094 2.86 

Maximum 2.95 2.71 -      2.32 2.16 -      -      3.4 3.6 3.57 3.25 2.96 

Minimum 2.72 2.5 -      2.17 2.07 -      -      2.58 3.34 3.25 2.97 2.75 

1961 

Mean 2.638 2.476 2.318 2.141 1.954 1.827 2.212 3.112 3.753 3.626 3.308 3.067 

Maximum 2.75 2.53 2.41 2.25 2.06 2.05 2.53 3.56 3.82 3.77 3.6 3.19 

Minimum 2.53 2.41 2.23 2.07 1.83 1.78 2.02 2.56 3.57 3.47 3.1 2.94 

1962 

Mean 2.818 2.62 2.427 2.242 2.108 2.009 2.212 3.184 3.725 3.602 3.254 2.988 

Maximum 2.93 2.7 2.51 2.33 2.18 2.05 2.56 3.54 3.77 3.75 3.4 3.12 

Minimum 2.71 2.53 2.33 2.17 2.04 1.92 1.97 2.61 3.57 3.41 3.13 2.87 

1964 

Mean 2.681 2.508 2.304 2.119 1.985 1.939 2.305 3.373 3.935 3.765 3.421 3.113 

Maximum 2.76 2.59 2.41 2.2 2.06 2.03 2.81 3.77 4.02 3.88 3.61 3.28 

Minimum 2.59 2.42 2.2 2.04 1.92 1.89 1.99 2.83 3.78 3.62 3.29 2.96 

1965 

Mean 2.838 2.663 2.467 -      -      1.985 2.066 2.676 3.057 3.119 2.963 2.772 

Maximum 2.95 2.74 2.58 -      -      2.05 2.32 2.96 3.13 3.2 3.04 2.88 

Minimum 2.74 2.59 2.35 -      -      1.88 1.85 2.36 2.95 3.04 2.88 2.65 

1966 

Mean 2.575 2.41 2.247 2.076 1.936 1.878 2.056 2.683 3.208 3.122 2.924 2.704 

Maximum 2.66 2.53 2.32 2.19 2.02 1.99 2.33 3.06 3.3 3.19 3.05 2.82 

Minimum 2.48 2.34 2.14 2 1.84 1.78 1.86 2.29 3.08 3.05 2.82 2.6 

1967 

Mean 2.516 2.319 2.171 2.041 1.865 1.751 2.045 3.013 3.509 3.5 3.198 2.941 

Maximum 2.59 2.43 2.22 2.11 1.99 1.86 2.5 3.46 3.58 3.62 3.34 3.08 

Minimum 2.45 2.23 2.13 1.99 1.76 1.67 1.77 2.54 3.42 3.35 3 2.8 

1968 

Mean 2.704 2.499 2.319 2.118 1.954 1.966 2.375 3.075 3.393 3.265 3.002 2.785 

Maximum 2.79 2.6 2.39 2.23 2.01 2.08 2.73 3.4 3.48 3.42 3.11 2.9 

Minimum 2.61 2.4 2.22 2.01 1.9 1.91 2.07 2.76 3.3 3.12 2.91 2.67 

1969 

Mean 2.598 2.412 2.247 2.118 1.985 1.862 2.056 2.859 3.37 3.167 2.884 2.654 

Maximum 2.67 2.51 2.27 2.22 2.1 1.98 2.37 3.32 3.41 3.32 3.01 2.76 

Minimum 2.52 2.3 2.2 1.99 1.86 1.76 1.76 2.23 3.33 3.02 2.77 2.56 

1970 

Mean 2.467 2.317 2.156 1.967 1.806 1.677 1.859 2.599 3.159 3.117 2.91 2.668 

Maximum 2.56 2.38 2.24 2.06 1.96 1.77 2.14 3.01 3.22 3.16 3.04 2.78 

Minimum 2.38 2.25 2.07 1.86 1.71 1.57 1.64 2.16 3.04 3.04 2.78 2.56 
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1971 

Mean 2.486 2.324 2.15 1.927 1.777 1.722 2.006 2.776 3.315 3.204 2.985 2.742 

Maximum 2.55 2.4 2.24 2.04 1.87 1.81 2.35 3.16 3.38 3.32 3.11 2.86 

Minimum 2.4 2.25 2.02 1.74 1.66 1.66 1.72 2.35 3.18 3.12 2.86 2.63 

1972 

Mean 2.545 2.377 2.2 2.007 1.847 1.714 2.025 2.471 2.793 2.754 2.577 2.393 

Maximum 2.62 2.47 2.29 2.09 1.94 1.85 2.19 2.69 2.85 2.83 2.67 2.49 

Minimum 2.48 2.29 2.1 1.88 1.76 1.59 1.78 2.22 2.7 2.67 2.49 2.31 

1973 

Mean 2.225 2.085 1.915 1.714 1.608 1.607 1.871 2.558 3.059 3.11 2.906 2.656 

Maximum 2.31 2.14 2.02 1.83 1.7 1.64 2.17 2.9 3.14 3.17 3.04 2.77 

Minimum 2.15 2.03 1.8 1.58 1.58 1.58 1.64 2.19 2.92 3.04 2.78 2.56 

1974 

Mean 2.476 2.304 2.134 1.939 1.842 1.897 2.311 3.052 3.585 3.443 3.082 2.824 

Maximum 2.56 2.38 2.3 2.02 1.88 1.99 2.65 3.38 3.64 3.62 3.24 2.93 

Minimum 2.39 2.23 2.03 1.86 1.81 1.86 1.98 2.67 3.38 3.26 2.94 2.72 

1975 

Mean 2.615 2.467 2.295 2.074 1.867 1.792 2.09 2.982 3.785 3.66 3.289 2.991 

Maximum 2.71 2.54 2.4 2.2 1.96 1.88 2.42 3.56 3.89 3.84 3.45 3.11 

Minimum 2.54 2.41 2.2 1.96 1.78 1.75 1.88 2.44 3.56 3.47 3.12 2.87 

1976 Mean 2.754 2.554 2.351 2.16 2.018 1.938 2.224 3.068 3.509 3.305 3.059 2.825 

1977 

Mean 2.621 2.44 2.254 2.06 1.892 1.925 2.273 3.032 3.434 3.37 3.148 2.874 

Maximum 2.72 2.51 2.35 2.16 1.97 2.01 2.62 3.41 3.45 3.44 3.29 2.99 

Minimum 2.53 2.35 2.17 1.96 1.84 1.86 2.02 2.65 3.41 3.28 3 2.76 

1978 

Mean 2.655 2.46 2.275 2.105 2.003 1.909 2.238 2.952 3.328 3.246 2.975 2.742 

Maximum 2.75 2.55 2.36 2.17 2.06 1.97 2.59 3.22 3.38 3.33 3.11 2.85 

Minimum 2.56 2.37 2.18 2.05 1.93 1.88 1.99 2.63 3.25 3.11 2.86 2.65 

1979 

Mean 2.556 2.357 2.21 2.017 1.929 1.866 2.07 2.717 3.119 3.077 2.892 2.668 

Maximum 2.64 2.46 2.29 2.11 1.96 1.9 2.36 3 3.2 3.15 3 2.78 

Minimum 2.47 2.3 2.11 1.93 1.88 1.84 1.87 2.38 2.98 3.01 2.79 2.57 

1980 

Mean 2.48 2.303 2.131 1.984 1.826 1.762 2.053 2.817 3.211 3.148 2.89 2.676 

Maximum 2.56 2.38 2.23 2.06 1.9 1.83 2.4 3.12 3.26 3.22 3 2.78 

Minimum 2.38 2.23 2.06 1.92 1.76 1.74 1.83 2.42 3.12 3.02 2.79 2.59 

1981 

Mean 2.485 2.315 2.138 1.946 1.826 1.749 1.978 2.678 3.185 3.191 2.934 2.687 

Maximum 2.58 2.4 2.23 2.03 1.89 1.77 2.28 3 3.3 3.27 3.05 2.79 

Minimum 2.4 2.24 2.04 1.88 1.77 1.72 1.76 2.35 3.03 3.06 2.79 2.6 

1982 

Mean 2.506 2.331 2.259 2.055 1.916 1.794 1.897 2.509 2.893 2.969 2.784 2.559 

Maximum 2.59 2.42 2.33 2.15 1.99 1.83 2.13 2.78 2.95 3.01 2.9 2.67 

Minimum 2.43 2.25 2.17 1.97 1.83 1.76 1.79 2.15 2.79 2.91 2.67 2.47 

1983 

Mean 2.397 2.229 2.046 1.842 1.665 1.614 1.715 2.357 2.899 2.866 2.704 2.505 

Maximum 2.47 2.3 2.14 1.94 1.73 1.64 1.95 2.77 2.96 2.94 2.8 2.6 

Minimum 2.31 2.15 1.94 1.73 1.6 1.59 1.61 1.98 2.79 2.81 2.61 2.4 

1984 

Mean 2.316 2.168 2.008 1.838 1.689 1.692 1.96 2.528 2.939 2.98 2.818 2.648 

Maximum 2.4 2.23 2.09 1.93 1.74 1.78 2.21 2.73 3.04 3.04 2.9 2.74 

Minimum 2.24 2.11 1.93 1.75 1.65 1.64 1.78 2.24 2.75 2.9 2.68 2.58 

1985 

Mean 2.493 2.335 2.171 2.002 1.891 1.86 2.131 2.766 3.46 3.385 3.135 2.919 

Maximum 2.56 2.42 2.25 2.08 1.92 1.89 2.44 3.16 3.56 3.45 3.26 3.01 

Minimum 2.42 2.26 2.09 1.88 1.87 1.83 1.89 2.44 3.2 3.26 3.02 2.82 

1986 

Mean 2.716 2.548 2.378 2.179 1.978 1.899 2.244 2.887 3.338 3.332 3.053 2.813 

Maximum 2.82 2.62 2.47 2.27 2.07 2.02 2.58 3.16 3.44 3.43 3.21 2.91 

Minimum 2.62 2.46 2.29 2.08 1.88 1.86 2.04 2.6 3.16 3.22 2.92 2.74 

1987 

Mean 2.634 2.476 2.31 2.113 2.014 2.103 2.24 2.72 3.064 3.056 2.897 2.685 

Maximum 2.73 2.54 2.4 2.2 2.06 2.14 2.42 3 3.1 3.11 3 2.78 

Minimum 2.55 2.4 2.21 2.04 1.98 2.06 2.13 2.44 3 3 2.78 2.6 

1988 Mean 2.498 2.321 2.155 1.974 1.81 1.755 2.122 3.245 3.687 3.559 3.267 2.965 
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Maximum 2.59 2.4 2.26 2.1 1.87 1.77 2.75 3.62 3.72 3.63 3.42 3.09 

Minimum 2.4 2.26 2.07 1.87 1.75 1.74 1.76 2.8 3.62 3.38 3.1 2.85 

1989 

Mean 2.734 2.538 2.359 2.187 2.061 1.993 2.284 2.943 3.33 3.216 2.981 2.753 

Maximum 2.84 2.63 2.44 2.27 2.11 2.03 2.59 3.23 3.42 3.33 3.1 2.86 

Minimum 2.64 2.45 2.28 2.11 2.02 1.96 2.02 2.61 3.26 3.11 2.86 2.65 

1990 

Mean 2.563 2.394 2.22 2.041 1.863 1.737 1.894 2.557 3.084 3.083 2.831 2.435 

Maximum 2.64 2.48 2.3 2.14 1.95 1.78 2.16 2.9 3.16 3.18 2.94 2.53 

Minimum 2.48 2.31 2.13 1.94 1.78 1.68 1.71 2.18 2.91 2.96 2.72 2.34 

1991 

Mean -      -      -      -      1.763 1.701 2.292 3.114 3.57 3.373 3.034 2.784 

Maximum -      -      -      -      1.82 1.89 2.69 3.44 3.62 3.58 3.18 2.9 

Minimum -      -      -      -      1.7 1.64 1.9 2.73 3.47 3.19 2.9 2.68 

1992 

Mean 2.582 2.415 2.233 2.07 1.955 1.834 2.032 2.755 3.275 3.253 3.091 2.837 

Maximum 2.67 2.5 2.31 2.16 2.02 1.88 2.4 3.15 3.34 3.31 3.21 2.96 

Minimum 2.5 2.32 2.16 2.01 1.89 1.8 1.86 2.31 3.16 3.22 2.97 2.7 

1993 

Mean 2.612 2.43 2.273 2.116 1.99 2.022 2.293 2.903 -      3.376 3.123 2.837 

Maximum 2.71 2.51 2.35 2.18 2.05 2.06 2.59 3.2 -      3.47 3.27 2.96 

Minimum 2.51 2.36 2.19 2.04 1.95 1.98 2.06 2.6 -      3.28 2.97 2.72 

1994 

Mean 2.626 2.444 2.255 2.052 1.927 1.93 2.543 3.419 3.694 3.252 2.911 2.686 

Maximum 2.71 2.53 2.35 2.14 1.98 2.01 2.95 3.72 3.77 3.6 3.08 2.78 

Minimum 2.55 2.36 2.14 1.97 1.86 1.85 2.14 2.88 3.56 3.08 2.78 2.57 

1995 

Mean 2.6 2.481 2.316 2.162 1.99 1.988 2.267 3.048 3.53 3.445 3.217 3.021 

Maximum 2.64 2.54 2.4 2.27 2.11 2.08 2.62 3.38 3.6 3.56 3.37 3.12 

Minimum 2.54 2.4 2.25 2.06 1.86 1.88 2 2.7 3.38 3.33 3.12 2.92 

1996 

Mean 2.863 2.676 2.639 2.378 2.3 2.416 2.755 3.663 4.174 4.002 3.667 3.424 

Maximum 2.94 2.75 2.68 2.48 2.36 2.6 3.19 4.06 4.26 4.16 3.79 3.54 

Minimum 2.75 2.61 2.51 2.34 2.25 2.27 2.32 3.16 4.04 3.82 3.56 3.3 

1997 

Mean 3.176 2.984 2.742 2.49 2.327 2.326 2.607 3.238 3.547 3.565 3.588 3.366 

Maximum 3.28 3.08 2.87 2.62 2.38 2.44 2.88 3.56 3.62 3.63 3.64 3.46 

Minimum 3.06 2.87 2.62 2.36 2.26 2.21 2.34 2.9 3.44 3.5 3.46 3.24 

1998 

Mean 3.116 2.895 2.722 2.568 2.414 2.356 2.649 3.526 4.218 4.106 3.782 3.424 

Maximum 3.26 3.04 2.81 2.67 2.48 2.42 3.01 3.97 4.3 4.21 3.96 3.59 

Minimum 3.02 2.82 2.62 2.48 2.35 2.29 2.36 3.03 4.06 3.96 3.61 3.25 

1999 

Mean 3.211 2.98 2.698 2.488 2.321 2.201 2.489 3.325 3.9 4.001 3.867 3.496 

Maximum 3.3 3.21 2.84 2.59 2.4 2.28 2.85 3.73 3.95 4.06 4.05 3.63 

Minimum 3.1 2.83 2.56 2.39 2.25 2.16 2.2 2.84 3.78 3.86 3.65 3.37 

2000 

Mean 3.268 3.019 2.826 2.635 2.504 2.457 2.766 3.523 4.002 3.994 3.829 3.539 

Maximum 3.38 3.13 2.94 2.7 2.58 2.66 3.08 3.92 4.06 4.03 3.96 3.68 

Minimum 3.16 2.94 2.72 2.56 2.4 2.34 2.5 3.13 3.92 3.95 3.66 3.39 

2001 

Mean 3.305 3.172 2.883 2.566 2.266 2.174 2.31 3.29 3.861 3.716 3.473 3.213 

Maximum 3.4 3.24 3.08 2.72 2.37 2.28 2.7 3.76 4 3.78 3.61 3.34 

Minimum 3.22 3.08 2.7 2.35 2.18 2.08 2.12 2.74 3.72 3.6 3.34 3.12 

2002 

Mean 2.899 2.635 2.351 2.067 1.783 1.577 1.765 2.38 2.823 2.775 2.545 2.298 

Maximum 3.05 2.78 2.5 2.24 2.05 1.68 2.05 2.7 2.91 2.9 2.69 2.41 

Minimum 2.77 2.5 2.24 1.93 1.63 1.5 1.56 2 2.64 2.67 2.42 2.16 

2003 

Mean 2.038 1.813 1.57 1.297 1.051 0.879 1.279 2.084 2.91 3.124 2.953 2.732 

Maximum 2.16 1.92 1.71 1.44 1.23 1 1.61 2.56 3.18 3.16 3.05 2.85 

Minimum 1.91 1.71 1.42 1.13 0.88 0.74 0.92 1.66 2.6 3.06 2.84 2.62 

3004 

minimum 2.509 2.265 2.03 1.776 1.553 1.374 1.708 2.431 2.944 3.074 2.979 2.792 

Mean 2.62 2.4 2.14 1.92 1.68 1.7 2 2.74 3.06 3.12 3.04 2.894 

Maximum 2.4 2.08 1.9 1.69 1.4 1.27 1.46 2 2.74 2.98 2.9 2.69 
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2005 

Mean 2.595 2.415 2.209 1.953 1.699 1.521 1.797 2.376 2.835 3.027 2.863 2.666 

Maximum 2.71 2.5 2.321 2.08 1.84 1.59 2.07 2.62 3.02 3.08 2.98 2.78 

Minimum 2.48 2.33 2.1 1.82 1.58 1.43 1.53 2.02 2.64 2.98 2.76 2.54 

2006 

Mean 2.445 2.231 1.982 1.687 1.49 1.454 1.716 2.722 3.536 3.54 3.404 3.172 

Maximum 2.54 2.34 2.11 1.82 1.6 1.58 2.1 3.28 3.62 3.64 3.52 3.29 

Minimum 2.34 2.12 1.83 1.56 1.4 1.34 1.46 2.08 3.25 3.47 3.29 3.06 

  

 Appendix C: Altimetry data for Lake Tana 
 

  Mission     Date   Lake level   Mission         Date   Lake level 

TOPEX 19920926 1.22 Jason 20050908 1.3 

TOPEX 19921006 1.52 Jason 20050918 1.47 

TOPEX 19921016            99.99 9 Jason 20050928 1.55 

TOPEX 19921026 1.83 Jason 20051008 1.6 

TOPEX 19921105 1.79 Jason 20051018 1.6 

TOPEX 19921115 1.68 Jason 20051028 1.54 

TOPEX 19921125 1.66 Jason 20051107 1.5 

TOPEX 19921205 1.39 Jason 20051116 1.44 

TOPEX 19921215 -0.54 Jason 20051126 1.35 

TOPEX 19921225 0.95 Jason 20051206 1.28 

TOPEX 19930103 0.91 Jason 20051216 1.2 

TOPEX 19930113 1.24 Jason 20051226 1.15 

TOPEX 19930123 0.92 Jason 20060105 1.05 

TOPEX 19930202 0.73 Jason 20060115 1.04 

TOPEX 19930212 1.09 Jason 20060125 0.97 

TOPEX 19930222 1 Jason 20060204 0.84 

TOPEX 19930304 0.95 Jason 20060214 0.84 

TOPEX 19930314 0.9 Jason 20060224 0.71 

TOPEX 19930324 0.82 Jason 20060306 0.65 

POSDN 19930403 0.76 Jason 20060315 0.54 

TOPEX 19930413 0.65 Jason 20060325 0.43 

TOPEX 19930423 0.58 Jason 20060404 0.34 

TOPEX 19930502 0.62 Jason 20060414 0.27 

TOPEX 19930512 -0.05 Jason 20060424 0.16 

TOPEX 19930522 0.18 Jason 20060504 0.12 

TOPEX 19930601 0.54 Jason 20060514 0.05 

TOPEX 19930611 0.64 Jason 20060524 0.02 

TOPEX 19930621 0.49 Jason 20060603 0 

TOPEX 19930701 0.68 Jason 20060613 0.05 

TOPEX 19930711 0.84 Jason 20060623 0.06 

POSDN 19930721 0.86 Jason 20060703 0.05 

TOPEX 19930731 1.28 Jason 20060712 0.21 

TOPEX 19930810 0.98 Jason 20060722 0.44 

TOPEX 19930820 1.63 Jason 20060801 0.64 

TOPEX 19930829 1.26 Jason 20060811 1.09 

TOPEX 19930908 1.63 Jason 20060821 1.44 

TOPEX 19930918 1.93 Jason 20060831 1.81 

TOPEX 19930928 1.98 Jason 20060910 2.04 

TOPEX 19931008 1.68 Jason 20060920 2.09 

TOPEX 19931018 1.96 Jason 20060930 2.17 

POSDN 19931028            99.99 9 Jason 20061010 2.13 

TOPEX 19931107 1.74 Jason 20061020 1.97 

TOPEX 19931117 1.73 Jason 20061030 2.02 

TOPEX 19931127 1.55 Jason 99999999            99.99 9 

TOPEX 19931207 1.45 Jason 20061118 1.95 
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TOPEX 19931217 0.73 Jason 20061128 1.81 

TOPEX 19931226 1.37 Jason 20061208 1.75 

TOPEX 19940105 0.83 Jason 20061218 1.72 

TOPEX 19940115 1.24 Jason 20061228 1.65 

TOPEX 19940125 1.12 Jason 20070107 1.58 

TOPEX 19940204 1.09 Jason 20070117 1.46 

TOPEX 19940214 1.1 Jason 20070127 1.34 

TOPEX 19940224 0.98 Jason 20070206 1.26 

TOPEX 19940306 0.92 Jason 20070216 1.21 

POSDN 19940316            99.99 9 Jason 20070226 1.1 

TOPEX 19940326 0.75 Jason 20070307 0.95 

TOPEX 19940405 0.23 Jason 20070317 0.84 

TOPEX 19940414 0.53 Jason 20070327 0.7 

TOPEX 19940424 0.49 Jason 20070406 0.67 

TOPEX 19940504 0.2 Jason 20070416 0.56 

TOPEX 19940514 0.59 Jason 20070426 0.5 

TOPEX 19940524 0.46 Jason 20070506 0.36 

TOPEX 19940603 0.47 Jason 20070516 0.33 

TOPEX 19940613 0.51 Jason 20070526 0.2 

POSDN 19940623            99.99 9 Jason 20070605 0.21 

TOPEX 19940703 0.71 Jason 20070615 0.21 

TOPEX 19940713 0.84 Jason 20070624 0.24 

TOPEX 19940723 1.04 Jason 20070704 0.38 

TOPEX 19940802            99.99 9 Jason 20070714 0.59 

TOPEX 19940811 1.69 Jason 20070724 0.75 

TOPEX 19940821 1.54 Jason 20070803 1.03 

TOPEX 19940831 2.28 Jason 20070813 1.3 

TOPEX 19940910 2.3 Jason 20070823 1.49 

TOPEX 19940920 2.1 Jason 20070902 1.74 

TOPEX 19940930             99.999 Jason 20070912 1.97 

TOPEX 19941010 2.16 Jason 20070922 1.96 

TOPEX 19941020 1.89 Jason 20071002 1.89 

TOPEX 19941030 1.77 Jason 20071012 1.84 

POSDN 19941109             99.999 Jason 20071021 1.75 

TOPEX 19941119 1.44 Jason 20071031 1.7 

TOPEX 19941129 0.83 Jason 20071110 1.66 

TOPEX 19941208 1.43 Jason 20071120 1.57 

TOPEX 19941218 1.32 Jason 20071130 1.52 

TOPEX 19941228 1.11 Jason 20071210 1.46 

TOPEX 19950107 0.49 Jason 20071220 1.37 

TOPEX 19950117 1.39 Jason 20071230 1.27 

TOPEX 19950127 1.15 Jason 20080109 1.16 

TOPEX 19950206 1.1 Jason 20080119 1.09 

TOPEX 19950216 1.03 Jason 20080129 0.65 

TOPEX 19950226 0.83 Jason 20080208 0.9 

POSDN 19950308 0.94 Jason 20080217 0.88 

TOPEX 19950318 0.67 Jason 20080227 0.73 

TOPEX 19950328 0.89 Jason 20080308 0.67 

TOPEX 19950406 0.34 Jason 20080318 0.51 

TOPEX 19950416 0 Jason 20080328 0.39 

TOPEX 19950426 0.72 Jason 20080407 0.33 

POSDN 19950506 0.57 Jason 20080417 0.32 

TOPEX 19950516 0.6 Jason 20080427 0.19 

TOPEX 19950526 0.55 Jason 20080507 0.18 

TOPEX 19950605 0.63 Jason 20080517 0.06 

TOPEX 19950615 0.62 Jason 20080527 0.03 

TOPEX 19950625 0.55 Jason 20080606 0.03 
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POSDN 19950705 0.62 Jason 20080615 -0.03 

TOPEX 19950715 0.61 Jason 20080625 0.01 

TOPEX 19950725 0.43 Jason 20080705 0.07 

TOPEX 19950803 1.36 Jason 20080715 0.24 

TOPEX 19950813 0.8 Jason 20080725 0.5 

TOPEX 19950823 1.86 Jason 20080804 0.81 

TOPEX 19950902 1.99 Jason 99999999            99.99 9 

TOPEX 19950912 2.07 Jason 20080824            99.99 9 

TOPEX 19950922 2.14 Jason 20080903 1.74 

TOPEX 19951002 2.16 Jason 20080913 1.92 

TOPEX 19951012 2 Jason 20080923 1.99 

POSDN 19951022 1.94 Jason 20081003 1.97 

TOPEX 19951101 1.78 Jason 20081012 1.87 

TOPEX 19951111 1.76 Jason 20081022 1.82 

TOPEX 19951121 1.73 Jason 20081101 1.79 

TOPEX 99999999             99.999 Jason 20081111 1.77 

TOPEX 19951210 1.16 Jason 20081121 1.69 

TOPEX 19951220 1.14 Jason 20081201 1.57 

TOPEX 19951230 1.56 Jason 20081211 1.51 

TOPEX 19960109 1.42 Jason 20081221 1.39 

TOPEX 19960119 1.39 Jason 20081231 1.33 

TOPEX 19960129 1.34 Jason 20090110 1.27 

TOPEX 19960208 1.28 Jason 20090120 1.14 

POSDN 19960218             99.999 OSTM 20080715 0.28 

TOPEX 19960228 -0.67 OSTM 20080725            99.99 9 

TOPEX 19960309 0.87 OSTM 20080804 0.81 

TOPEX 19960319 1.11 OSTM 20080814 1.27 

TOPEX 19960328 0.87 OSTM 20080824 1.59 

TOPEX 19960407 0.74 OSTM 20080903            99.99 9 

TOPEX 19960417 1.1 OSTM 20080913 1.95 

TOPEX 19960427 0.61 OSTM 20080923 1.97 

TOPEX 19960507 0.85 OSTM 20081003 1.97 

TOPEX 19960517 0.77 OSTM 20081012 1.9 

TOPEX 19960527 0.83 OSTM 20081022 1.86 

TOPEX 19960606 0.87 OSTM 20081101 1.71 

POSDN 19960616 0.97 OSTM 20081111 1.74 

TOPEX 19960626 0.48 OSTM 20081121 1.66 

TOPEX 19960706 0.81 OSTM 20081201 1.58 

TOPEX 19960715 0.93 OSTM 20081211 1.5 

TOPEX 19960725 1.35 OSTM 20081221 1.41 

TOPEX 19960804 1.44 OSTM 20081231 1.3 

TOPEX 19960814 1.98 OSTM 20090110 1.23 

TOPEX 19960824 2.04 OSTM 20090120 1.17 

TOPEX 19960903 2.39 OSTM 20090130 1.05 

TOPEX 19960913 2.82 OSTM 20090208 0.91 

TOPEX 19960923 2.75 OSTM 20090218 0.92 

TOPEX 19961003 2.76 OSTM 20090228 0.81 

POSDN 19961013 2.58 OSTM 20090310 0.73 

TOPEX 19961023 2.49 OSTM 20090320 0.65 

TOPEX 19961102 1.99 OSTM 20090330 0.4 

TOPEX 19961111 2.17 OSTM 20090409 0.45 

TOPEX 19961121 2.13 OSTM 20090419 0.36 

TOPEX 19961201 1.6 OSTM 20090429 0.18 

TOPEX 19961211 1.58 OSTM 20090509 0.13 

TOPEX 19961221 1.98 OSTM 20090519 -0.06 

TOPEX 19961231 1.87 OSTM 20090529 -0.07 

TOPEX 19970110 1.83 OSTM 20090607 -0.19 
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TOPEX 19970120 1.69 OSTM 20090617 -0.19 

TOPEX 19970130 1.78 OSTM 20090627 -0.21 

POSDN 19970209 1.57 OSTM 20090707 -0.14 

TOPEX 19970219 1.5 OSTM 20090717 -0.03 

TOPEX 19970301 1.46 OSTM 20090727 0.22 

TOPEX 19970310 1.36 OSTM 20090806 0.4 

TOPEX 19970320 1.2 OSTM 20090816 0.54 

TOPEX 19970330 0.85 OSTM 20090826 0.85 

TOPEX 19970409 1.05 OSTM 20090905 1.21 

TOPEX 19970419 0.97 OSTM 20090915 1.28 

TOPEX 19970429 0.9 OSTM 20090924 1.25 

TOPEX 19970509 0.92 OSTM 20091004 1.19 

TOPEX 19970519 0.81 OSTM 20091014 1.15 

TOPEX 19970529 0.87 OSTM 20091024 1.1 

TOPEX 99999999            99.99 9 OSTM 20091103 1.06 

TOPEX 19970618 0.95 OSTM 20091113 0.94 

TOPEX 19970628 0.69 OSTM 20091123 0.9 

TOPEX 19970707 0.63 OSTM 20091203 0.84 

TOPEX 19970717 1.1 OSTM 20091213 0.76 

TOPEX 19970727 1.08 OSTM 20091223 0.56 

POSDN 19970806            99.99 9 OSTM 20100102 0.6 

TOPEX 19970816 1.87 OSTM 20100112 0.58 

TOPEX 19970826 1.84 OSTM 20100121 0.5 

TOPEX 19970905 2.13 OSTM 20100131 0.48 

TOPEX 19970915 2.1 OSTM 20100210 0.39 

TOPEX 19970925 2.14 OSTM 20100220 0.24 

POSDN 19971005 2.08 OSTM 20100302 0.28 

TOPEX 19971015 1.88 OSTM 20100312 0.16 

TOPEX 19971025 2.09 OSTM 20100322 0.18 

TOPEX 19971103 2.26 OSTM 20100401 0.05 

TOPEX 19971113 2.23 OSTM 20100411 -0.01 

TOPEX 19971123 2.08 OSTM 20100421 -0.05 

TOPEX 19971203 2.02 OSTM 20100501 -0.14 

TOPEX 19971213 1.94 OSTM 20100511 -0.13 

TOPEX 19971223 1.79 OSTM 20100520 -0.2 

TOPEX 19980102 1.78 OSTM 20100530 -0.25 

TOPEX 19980112 1.65 OSTM 20100609 -0.25 

POSDN 19980122 1.58 OSTM 20100619 -0.3 

TOPEX 19980201 1.04 OSTM 20100629 -0.24 

TOPEX 19980211 1.06 OSTM 20100709 -0.06 

TOPEX 19980221 0.78 OSTM 20100719 0.15 

TOPEX 19980302 1.34 OSTM 20100729 0.53 

TOPEX 19980312 0.7 OSTM 20100808 0.82 

TOPEX 19980322 1.24 OSTM 20100818 1.12 

TOPEX 19980401 0.71 OSTM 20100828 1.52 

TOPEX 19980411 1.18 OSTM 20100907 1.87 

TOPEX 19980421 1.01 OSTM 20100916 2.09 

TOPEX 19980501 0.97 OSTM 20100926 2.22 

TOPEX 19980511 0.9 OSTM 20101006 2.23 

POSDN 19980521 1.01 OSTM 20101016 2.24 

TOPEX 19980531 0.76 OSTM 20101026 2.16 

TOPEX 19980610 0.87 OSTM 20101105 2.1 

TOPEX 19980619 0.76 OSTM 20101115 2.02 

TOPEX 19980629 0.81 OSTM 20101125 1.95 

TOPEX 19980709 1.18 OSTM 20101205 1.83 

TOPEX 19980719 0.91 OSTM 20101215 1.84 

POSDN 19980729            99.99 9 OSTM 20101225 1.74 
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TOPEX 19980808 1.55 OSTM 20110104 1.74 

TOPEX 19980818 2.22 OSTM 20110113 1.67 

TOPEX 19980828 2.44 OSTM 20110123 1.64 

TOPEX 19980907 2.21 OSTM 20110202 1.61 

TOPEX 19980917 2.84 OSTM 20110212 1.54 

TOPEX 19980927 2.39 OSTM 20110222 1.42 

TOPEX 19981007 2.8 OSTM 20110304 1.42 

POSDN 19981016            99.99 9 OSTM 20110314 1.31 

TOPEX 19981026 2.21 OSTM 20110324 1.24 

TOPEX 19981105 2.1 OSTM 20110403 1.14 

TOPEX 19981115 2.08 OSTM 20110413 1.14 

TOPEX 19981125 2.18 OSTM 20110423 1.03 

TOPEX 19981205 2.07 OSTM 20110503 0.92 

TOPEX 19981215 1.77 OSTM 20110512 0.91 

TOPEX 19981225 2.03 OSTM 20110522 0.84 

TOPEX 19990104 1.82 OSTM 20110601 0.82 

TOPEX 19990114 1.68 OSTM 20110611 0.92 

POSDN 19990124            99.99 9 OSTM 20110621 0.94 

TOPEX 19990203 1.68 OSTM 20110701 0.99 

TOPEX 19990212 1.26 OSTM 20110711 1.01 

TOPEX 19990222 1.59 OSTM 20110721 1.31 

TOPEX 19990304 1.01 OSTM 20110731 1.41 

TOPEX 19990314 1.1 OSTM 20110810 1.77 

TOPEX 19990324 1.12 OSTM 20110820 2.16 

TOPEX 19990403 0.97 OSTM 20110830 2.29 

TOPEX 19990413 0.99 OSTM 20110908 2.44 

POSDN 19990423 1.03 OSTM 20110918 2.59 

TOPEX 19990503 0.88 OSTM 20110928 2.55 

TOPEX 19990513 0.7 OSTM 20111008 2.49 

TOPEX 19990523 0.9 OSTM 20111018 2.28 

TOPEX 19990602 0.7 OSTM 20111028 2.24 

TOPEX 19990611 0.68 OSTM 20111107 2.26 

TOPEX 19990621 0.36 OSTM 20111117 2.03 

TOPEX 19990701 -0.11 OSTM 20111127 2.03 

TOPEX 19990711 0.98 OSTM 20111207 1.96 

TOPEX 19990721 0.61 OSTM 20111217 1.88 

TOPEX 19990731 1.37 OSTM 20111226 1.83 

TOPEX 19990810 1.79 OSTM 20120105 1.79 

TOPEX 19990820 1.81 OSTM 20120115 1.72 

POSDN 19990830            99.99 9 OSTM 20120125 1.63 

TOPEX 19990909 2.1 OSTM 20120204 1.52 

TOPEX 19990919 2.57 OSTM 20120214 1.5 

TOPEX 19990929 2.45 OSTM 20120224 1.44 

TOPEX 19991008 2.09 OSTM 20120305 1.33 

TOPEX 19991018 2.57 OSTM 20120315 1.26 

TOPEX 19991028 2.57 OSTM 20120325 1.23 

TOPEX 19991107 2.02 OSTM 20120404 1.13 

TOPEX 19991117 2.04 OSTM 20120414 1.04 

TOPEX 19991127 2.26 OSTM 20120423 0.96 

POSDN 19991207            99.99 9 OSTM 20120503 0.88 

TOPEX 19991217 2.01 OSTM 20120513 0.82 

TOPEX 19991227 1.37 OSTM 20120523 0.71 

TOPEX 20000106 1.87 OSTM 20120602 0.62 

TOPEX 20000116 1.9 OSTM 20120612 0.54 

TOPEX 20000126 1.71 OSTM 20120622 0.64 

TOPEX 20000204 1.46 OSTM 20120702 0.7 

TOPEX 20000214 0.92 OSTM 20120712 0.87 



 AAiT                                                                                                                SCHOOL OF CIVIL AND ENVIROMETAL ENGINEERING 

 

Msc Thesis                                                                                 2018                                                                            Page 75  

TOPEX 20000224 0.9 OSTM 20120722 1.18 

TOPEX 20000305 1.47 OSTM 20120801 1.53 

TOPEX 20000315 1.35 OSTM 20120811 1.8 

TOPEX 20000325 1.36 OSTM 20120820 2.04 

POSDN 20000404            99.99 9 OSTM 20120830 2.38 

TOPEX 20000414 1.16 OSTM 20120909 2.48 

TOPEX 20000424 1.1 OSTM 20120919 2.61 

TOPEX 20000504 1.11 OSTM 20120929 2.48 

TOPEX 20000514 0.97 OSTM 20121009 2.46 

TOPEX 20000524 1.09 OSTM 20121019 2.33 

TOPEX 20000602 0.93 OSTM 20121029 2.23 

TOPEX 20000612 1.03 OSTM 20121108 2.21 

TOPEX 20000622 1.07 OSTM 20121118 2.15 

TOPEX 20000702 1.08 OSTM 20121128 2.05 

TOPEX 20000712 1.22 OSTM 20121208 2.03 

POSDN 20000722 1.33 OSTM 20121217 1.9 

TOPEX 20000801 1.7 OSTM 20121227 1.86 

TOPEX 20000811 1.86 OSTM 20130106 1.78 

TOPEX 20000821 1.57 OSTM 20130116 1.72 

TOPEX 20000831 2.46 OSTM 20130126 1.66 

TOPEX 20000910 2.55 OSTM 20130205 1.61 

TOPEX 20000919 2.39 OSTM 20130215 1.52 

TOPEX 20000929 2.48 OSTM 20130225 1.49 

TOPEX 20001009 1.92 OSTM 20130307 1.28 

TOPEX 20001019 2.51 OSTM 20130317 1.31 

POSDN 20001029            99.99 9 OSTM 99999999            99.99 9 

TOPEX 20001108 2.47 OSTM 20130406 1.11 

TOPEX 20001118 2.29 OSTM 20130415 1.03 

TOPEX 20001128 2.13 OSTM 20130425 0.89 

TOPEX 20001208 1.86 OSTM 20130505 0.8 

TOPEX 20001218 1.66 OSTM 20130515 0.74 

TOPEX 20001228 1.71 OSTM 20130525 0.63 

TOPEX 20010107 1.46 OSTM 20130604 0.59 

POSDN 20010116 1.85 OSTM 20130614 0.58 

TOPEX 20010126 1.89 OSTM 20130624 0.62 

TOPEX 20010205 1.72 OSTM 20130704 0.72 

TOPEX 20010215 1.71 OSTM 20130714 0.9 

TOPEX 20010225 1.55 OSTM 20130724 1.28 

TOPEX 20010307 0.84 OSTM 20130803 1.65 

TOPEX 20010317 1.39 OSTM 20130812 2.02 

TOPEX 20010327 1.27 OSTM 20130822 2.31 

TOPEX 20010406 0.91 OSTM 20130901 2.5 

TOPEX 20010416 1.05 OSTM 99999999            99.99 9 

TOPEX 20010426 0.54 OSTM 20130921 2.59 

TOPEX 20010506 0.59 OSTM 20131001 2.49 

TOPEX 20010515 0.46 OSTM 20131011 2.63 

TOPEX 20010525 0.76 OSTM 20131021 2.58 

TOPEX 20010604 0.73 OSTM 20131031 2.5 

TOPEX 20010614 0.72 OSTM 20131110 2.48 

TOPEX 20010624 0.35 OSTM 20131120 2.35 

TOPEX 20010704 0.84 OSTM 20131130 2.34 

TOPEX 20010714 0.88 OSTM 20131209 2.24 

TOPEX 20010724 0.98 OSTM 20131219 2.19 

TOPEX 20010803 1.41 OSTM 20131229 2.09 

TOPEX 20010813 1.79 OSTM 20140108 2 

TOPEX 20010823 2.18 OSTM 20140118 1.96 

TOPEX 20010902 2.28 OSTM 20140128 1.84 
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TOPEX 20010911 2.45 OSTM 20140207 1.83 

TOPEX 20010921 2.5 OSTM 20140217 1.68 

TOPEX 20011001 2.11 OSTM 20140227 1.68 

TOPEX 20011011 2.3 OSTM 20140309 1.59 

TOPEX 20011021 2.1 OSTM 20140319 1.59 

TOPEX 20011031 2.04 OSTM 20140328 1.47 

TOPEX 20011110 1.99 OSTM 20140407 1.35 

TOPEX 20011120 1.87 OSTM 20140417 1.33 

TOPEX 20011130 1.88 OSTM 20140427 1.15 

TOPEX 20011210 1.73 OSTM 20140507 1.17 

TOPEX 20011220 1.71 OSTM 20140517 1.18 

TOPEX 20011230 1.7 OSTM 20140527 1.21 

TOPEX 20020108 1.59 OSTM 20140606 1.26 

TOPEX 20020118 1.54 OSTM 20140616 1.19 

TOPEX 20020128 1.27 OSTM 20140626 1.19 

TOPEX 20020207 1.36 OSTM 20140706 1.28 

TOPEX 20020217 1.09 OSTM 20140716 1.4 

TOPEX 20020227 1.03 OSTM 20140725 1.49 

TOPEX 20020309 1.01 OSTM 20140804 1.76 

TOPEX 20020319 0.81 OSTM 20140814 2.04 

TOPEX 20020329 0.71 OSTM 20140824 2.11 

TOPEX 20020408 0.73 OSTM 20140903 2.34 

TOPEX 20020418 0.4 OSTM 20140913 2.61 

TOPEX 20020428 0.53 OSTM 20140923 2.6 

TOPEX 20020507 0.2 OSTM 20141003 2.5 

TOPEX 20020517 0.18 OSTM 20141013 2.63 

TOPEX 20020527 0.14 OSTM 20141023 2.56 

TOPEX 20020606 0.23 OSTM 20141102 2.54 

TOPEX 20020616 0.11 OSTM 20141112 2.42 

TOPEX 20020626 0.19 OSTM 20141121 2.29 

POSDN 20020706            99.99 9 OSTM 20141201 2.17 

TOPEX 20020716            99.99 9 OSTM 20141211 2.15 

TOPEX 20020726 0.52 OSTM 20141221 2.08 

TOPEX 20020805 0.59 OSTM 20141231 2.01 

Jason 20020118 1.47 OSTM 20150110 1.82 

Jason 20020128 1.36 OSTM 20150120 1.83 

Jason 20020207 1.22 OSTM 20150130 1.67 

Jason 20020217 1.2 OSTM 20150209 1.6 

Jason 20020227 0.91 OSTM 20150219 1.56 

Jason 20020309 0.97 OSTM 20150301 1.48 

Jason 20020319 0.77 OSTM 20150311 1.41 

Jason 20020329 0.75 OSTM 20150320 1.22 

Jason 20020408 0.68 OSTM 20150330 1.17 

Jason 20020418 0.61 OSTM 20150409 1.09 

Jason 20020428 0.5 OSTM 20150419 0.95 

Jason 20020507 0.4 OSTM 20150429 0.85 

Jason 20020517 0.31 OSTM 20150509 0.74 

Jason 20020527 0.18 OSTM 20150519 0.68 

Jason 20020606 0.03 OSTM 20150529 0.65 

Jason 20020616 0.12 OSTM 20150608 0.55 

Jason 20020626 0.18 OSTM 20150618 0.52 

Jason 20020706 0.19 OSTM 20150628 0.5 

Jason 20020716 0.25 OSTM 20150708 0.54 

Jason 20020726 0.46 OSTM 20150717 0.67 

Jason 20020805 0.67 OSTM 20150727 0.72 

Jason 20020815 0.96 OSTM 20150806 0.66 

Jason 20020825 1.13 OSTM 20150816 1.13 
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Jason 20020903 1.32 OSTM 20150826 1.33 

Jason 20020913 1.37 OSTM 20150905 1.57 

Jason 20020923 1.42 OSTM 20150915 1.74 

Jason 20021003 1.3 OSTM 20150925 1.75 

Jason 20021013 1.36 OSTM 20151005 1.67 

Jason 20021023 1.23 OSTM 20151015 1.72 

Jason 20021102 1.14 OSTM 20151025 1.61 

Jason 20021112 1.15 OSTM 20151104 1.61 

Jason 20021122 0.97 OSTM 20151113 1.58 

Jason 20021202 1 OSTM 20151123 1.56 

Jason 20021212 0.9 OSTM 20151203 1.45 

Jason 20021221 0.74 OSTM 20151213 1.43 

Jason 20021231 0.71 OSTM 20151223 1.36 

Jason 20030110 0.71 OSTM 20160102 1.3 

Jason 20030120 0.57 OSTM 20160112 1.19 

Jason 20030130 0.47 OSTM 20160122 1.13 

Jason 20030209 0.44 OSTM 20160201 1.02 

Jason 20030219 0.29 OSTM 20160211 0.83 

Jason 20030301 0.22 OSTM 20160221 0.82 

Jason 20030311 0.17 OSTM 20160301 0.78 

Jason 20030321 0.1 OSTM 20160311 0.65 

Jason 20030331 0.01 OSTM 20160321 0.59 

Jason 20030410 -0.16 OSTM 20160331 0.53 

Jason 20030419 -0.21 OSTM 20160410 0.45 

Jason 20030429 -0.28 OSTM 20160420 0.37 

Jason 20030509 -0.41 OSTM 20160430 0.23 

Jason 20030519 -0.47 OSTM 20160510 0.28 

Jason 20030529 -0.59 OSTM 20160520 0.19 

Jason 20030608 -0.65 OSTM 20160530 0.17 

Jason 20030618 -0.56 OSTM 20160609 0.04 

Jason 20030628 -0.57 OSTM 20160619 0.01 

Jason 20030708 -0.38 OSTM 20160628 0.12 

Jason 20030718 -0.13 OSTM 20160708 0.25 

Jason 20030728 0.02 OSTM 20160718 0.5 

Jason 20030807 0.33 OSTM 20160728 0.75 

Jason 20030816 0.68 OSTM 20160807 1.08 

Jason 20030826 0.94 OSTM 20160817 1.4 

Jason 20030905 1.12 OSTM 20160827 1.68 

Jason 20030915 1.48 OSTM 20160906 1.9 

Jason 20030925 1.53 OSTM 20160916 1.97 

Jason 20031005 1.59 OSTM 20160926 2.04 

Jason 20031015 1.59 JASN3 20160221 0.83 

Jason 20031025 1.62 JASN3 20160301 0.76 

Jason 20031104 1.52 JASN3 20160311 0.68 

Jason 20031114 1.48 JASN3 20160321 0.63 

Jason 99999999            99.99 9 JASN3 20160331 0.57 

Jason 20031204 1.4 JASN3 20160410 0.49 

Jason 20031213 1.32 JASN3 20160420 0.34 

Jason 20031223 1.18 JASN3 20160430 0.23 

Jason 20040102 1.14 JASN3 20160510 0.25 

Jason 20040112 1.05 JASN3 20160520 0.22 

Jason 20040122            99.99 9 JASN3 20160530 0.15 

Jason 20040201 0.91 JASN3 20160609 0.06 

Jason 20040211 0.89 JASN3 20160619 0.02 

Jason 20040221 0.79 JASN3 20160628 0.14 

Jason 20040302 0.69 JASN3 20160708 0.25 

Jason 20040312 0.62 JASN3 20160718 0.49 
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Jason 20040322 0.56 JASN3 20160728 0.74 

Jason 20040401 0.45 JASN3 20160807            99.99 9 

Jason 20040410 0.38 JASN3 20160817 1.38 

Jason 20040420 0.26 JASN3 20160827 1.65 

Jason 20040430 0.22 JASN3 20160906 1.9 

Jason 20040510 0.12 JASN3 20160916 1.99 

Jason 20040520 0.04 JASN3 20160926 2 

Jason 20040530 -0.02 JASN3 20161006 2.04 

Jason 20040609 -0.08 JASN3 20161016 2.07 

Jason 20040619 -0.14 JASN3 20161025 2.05 

Jason 20040629 -0.01 JASN3 20161104 1.98 

Jason 20040709 0.09 JASN3 20161114 1.97 

Jason 20040719 0.32 JASN3 20161124 1.87 

Jason 20040729 0.52 JASN3 20161204 1.83 

Jason 20040807 0.82 JASN3 20161214 1.75 

Jason 20040817 1.06 JASN3 20161224 1.68 

Jason 20040827 1.2 JASN3 20170103            99.99 9 

Jason 20040906 1.35 JASN3 20170113 1.54 

Jason 20040916 1.46 JASN3 20170123 1.43 

Jason 20040926 1.59 JASN3 20170202 1.42 

Jason 20041006 1.62 JASN3 20170212 1.39 

Jason 20041016 1.71 JASN3 20170221 1.34 

Jason 20041026 1.55 JASN3 20170303            99.99 9 

Jason 20041105 1.58 JASN3 20170313 1.14 

Jason 20041115 1.54 JASN3 20170323 0.94 

Jason 20041125 1.45 JASN3 20170402 0.99 

Jason 20041204 1.47 JASN3 20170412 0.96 

Jason 20041214 1.35 JASN3 20170422 0.84 

Jason 20041224 1.28 JASN3 20170502 0.76 

Jason 20050103 1.25 JASN3 20170512 0.69 

Jason 20050113 1.19 JASN3 20170522 0.74 

Jason 20050123 1.15 JASN3 20170601 0.64 

Jason 20050202 1.08 JASN3 20170611 0.68 

Jason 20050212 0.89 JASN3 20170620 0.62 

Jason 20050222 0.92 JASN3 20170630 0.7 

Jason 20050304 0.86 JASN3 20170710 0.83 

Jason 20050314 0.87 JASN3 20170720 1.1 

Jason 20050323 0.73 JASN3 20170730 1.32 

Jason 20050402 0.66 JASN3 20170809 1.6 

Jason 20050412 0.56 JASN3 20170819 1.95 

Jason 20050422 0.52 JASN3 20170829 2.18 

Jason 20050502 0.36 JASN3 20170908 2.39 

Jason 20050512 0.24 JASN3 20170918            99.99 9 

Jason 20050522 0.21 JASN3 20170928 2.54 

Jason 20050601 0.12 JASN3 20171008 2.34 

Jason 20050611 0.07 JASN3 20171017 2.51 

Jason 20050621 -0.04 JASN3 20171027 2.49 

Jason 20050701 0.14 JASN3 20171106 2.44 

Jason 20050711 0.29 JASN3 20171116 2.34 

Jason 20050720 0.36 JASN3 20171126 2.3 

Jason 20050730 0.62 JASN3 20171206 2.1 

Jason 20050809 0.8 JASN3 20171216 2.11 

Jason 20050819 0.92 JASN3 20171226 2.03 

Jason 20050829 1.11    
 

 

     Appendix D: spectrally analyzed GRACE gravity anomaly for Lake Tana Basin 
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        Data(monthly)  Gravity anomaly 

(mm) 

           Stdv.           MSE 

aug_2002_CNES-apr_2003_CNES.grd: 0.003835 0.000352563 0.0038485 

sep_2002_CNES-apr_2003_CNES.grd: 0.004272 0.000322968 0.0042826 

oct_2002_CNES-apr_2003_CNES.grd: 0.003805 0.000272046 0.0038126 

nov_2002_CNES-apr_2003_CNES.grd: 0.002909 0.000280142 0.0029206 

jan_2003_CNES-apr_2003_CNES.grd: 0.003428 4.59E-05 0.0034284 

feb_2003_CNES-apr_2003_CNES.grd: 0.001302 3.15E-05 0.0013024 

mar_2003_CNES-apr_2003_CNES.grd: 0.001078 3.15E-05 0.0010787 

apr_2003_CNES-apr_2003_CNES.grd: 0 0.00E+00 0 

may_2003_CNES-apr_2003_CNES.grd: 0.000183 8.63E-05 0.0001993 

jul_2003_CNES-apr_2003_CNES.grd: 0.003286 0.000328495 0.0032994 

aug_2003_CNES-apr_2003_CNES.grd: 0.004801 0.000393034 0.0048148 

sep_2003_CNES-apr_2003_CNES.grd: 0.005341 0.000451413 0.0053565 

oct_2003_CNES-apr_2003_CNES.grd: 0.004506 0.000381002 0.0045198 

nov_2003_CNES-apr_2003_CNES.grd: 0.00352 0.000227283 0.0035258 

dec_2003_CNES-apr_2003_CNES.grd: 0.003571 0.000167152 0.0035738 

jan_2004_CNES-apr_2003_CNES.grd: 0.00297 7.39E-05 0.0029711 

feb_2004_CNES-apr_2003_CNES.grd: 0.001923 9.26E-05 0.0019245 

apr_2004_CNES-apr_2003_CNES.grd: 0.002126 4.59E-05 0.0021265 

may_2004_CNES-apr_2003_CNES.grd: 0.001933 0.000120019 0.0019359 

jun_2004_CNES-apr_2003_CNES.grd: 0.001516 0.000161099 0.0015228 

jul_2004_CNES-apr_2003_CNES.grd: 0.003133       0.0002827889            0.0031438 

aug_2004_CNES-apr_2003_CNES.grd: 0.004445 0.000365022 0.0044579 

sep_2004_CNES-apr_2003_CNES.grd: 0.005015 0.000392559 0.0050278 

oct_2004_CNES-apr_2003_CNES.grd: 0.004801 0.000363488 0.0048129 

nov_2004_CNES-apr_2003_CNES.grd: 0.003601 0.00024107 0.0036078 

dec_2004_CNES-apr_2003_CNES.grd: 0.002848 0.000142706 0.0028513 

jan_2005_CNES-apr_2003_CNES.grd: 0.001607 8.34E-05 0.0016091 

feb_2005_CNES-apr_2003_CNES.grd: 0.001872 3.15E-05 0.001872 

mar_2005_CNES-apr_2003_CNES.grd: 0.001516 2.49E-05 0.0015159 

apr_2005_CNES-apr_2003_CNES.grd: 0.000946 3.34E-05 0.0009465 

may_2005_CNES-apr_2003_CNES.grd: 0.00178 0.000105127 0.0017828 

jun_2005_CNES-apr_2003_CNES.grd: 0.001984 0.00025823 0.0019976 

jul_2005_CNES-apr_2003_CNES.grd: 0.00351 0.000353267 0.0035243 

aug_2005_CNES-apr_2003_CNES.grd: 0.00472 0.000409739 0.0047348 

sep_2005_CNES-apr_2003_CNES.grd: 0.005839 0.000504295 0.0058571 

oct_2005_CNES-apr_2003_CNES.grd: 0.004964 0.000462688 0.0049821 

nov_2005_CNES-apr_2003_CNES.grd:                     0.003906  3.51681E+11 9.194E+10 

dec_2005_CNES-apr_2003_CNES.grd: 0.003092 0.000147834 0.0030954 

jan_2006_CNES-apr_2003_CNES.grd: 0.002635 7.14E-05 0.0026355 

feb_2006_CNES-apr_2003_CNES.grd: 0.00234 8.34E-05 0.0023409 

mar_2006_CNES-apr_2003_CNES.grd: 0.001729 3.15E-05 0.0017296 

apr_2006_CNES-apr_2003_CNES.grd: 0.00174 5.11E-05 0.0017401 

may_2006_CNES-apr_2003_CNES.grd: 0.001821 0.000170097 0.0018275 

jun_2006_CNES-apr_2003_CNES.grd: 0.002543 0.000257989 0.002554 

jul_2006_CNES-apr_2003_CNES.grd: 0.004171 0.000379532 0.0041851 

aug_2006_CNES-apr_2003_CNES.grd: 0.005493 0.000488281 5.511E+11 

sep_2006_CNES-apr_2003_CNES.grd: 0.005788 0.000491955 0.0058056 

oct_2006_CNES-apr_2003_CNES.grd: 0.005341 0.000449759 0.0053563 

nov_2006_CNES-apr_2003_CNES.grd: 0.005493 0.000479038 0.0055105 

dec_2006_CNES-apr_2003_CNES.grd: 0.003713 0.000297553 0.0037229 

jan_2007_CNES-apr_2003_CNES.grd: 0.003469 0.000161099 0.0034719 

feb_2007_CNES-apr_2003_CNES.grd: 0.002848 0.000120019 0.0028504 

mar_2007_CNES-apr_2003_CNES.grd: 0.002635 7.14E-05 0.0026355 

apr_2007_CNES-apr_2003_CNES.grd: 0.001994 9.19E-05 0.0019956 

may_2007_CNES-apr_2003_CNES.grd: 0.002431 0.000161099 0.0024357 
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jun_2007_CNES-apr_2003_CNES.grd: 0.002411 0.000290799 0.0024255 

jul_2007_CNES-apr_2003_CNES.grd: 0.004578 0.000422864 0.0045939 

aug_2007_CNES-apr_2003_CNES.grd: 0.006256 0.000451413 0.0062697 

sep_2007_CNES-apr_2003_CNES.grd: 0.00709 0.000550558 0.007108 

oct_2007_CNES-apr_2003_CNES.grd: 0.006042 0.000509196 0.0060603 

nov_2007_CNES-apr_2003_CNES.grd: 0.004974 0.000396963 0.0049875 

dec_2007_CNES-apr_2003_CNES.grd: 0.003998 0.000210549 0.0040024 

jan_2008_CNES-apr_2003_CNES.grd: 0.003215 0.000126074 0.0032166 

feb_2008_CNES-apr_2003_CNES.grd: 0.002584 9.97E-05 0.0025854 

mar_2008_CNES-apr_2003_CNES.grd: 0.002299 3.15E-05 0.0022992 

apr_2008_CNES-apr_2003_CNES.grd: 0.000966 2.49E+00 0.0009667 

may_2008_CNES-apr_2003_CNES.grd: 0.00237 0.000161099 0.0023748 

jun_2008_CNES-apr_2003_CNES.grd: 0.003326 0.00025823 0.0033348 

jul_2008_CNES-apr_2003_CNES.grd: 0.004486 0.000342559 0.004497 

aug_2008_CNES-apr_2003_CNES.grd: 0.005585 0.000480204 0.0056019 

sep_2008_CNES-apr_2003_CNES.grd: 0.006795 0.000515979 0.0068116 

oct_2008_CNES-apr_2003_CNES.grd: 0.006114 0.00052987 0.0061328 

nov_2008_CNES-apr_2003_CNES.grd: 0.005219 0.000369754 0.0052294 

dec_2008_CNES-apr_2003_CNES.grd: 0.003632 0.000217511 0.003637 

jan_2009_CNES-apr_2003_CNES.grd: 0.004232 0.000142706 0.0042338 

feb_2009_CNES-apr_2003_CNES.grd: 0.004272 7.72E-05 0.004273 

mar_2009_CNES-apr_2003_CNES.grd: 0.002909 4.98E-05 0.0029097 

apr_2009_CNES-apr_2003_CNES.grd: 0.00234 7.39E-05 0.0023407 

may_2009_CNES-apr_2003_CNES.grd: 0.002594 0.000132321 0.0025968 

jun_2009_CNES-apr_2003_CNES.grd: 0.00177 0.000154408 0.0017756 

jul_2009_CNES-apr_2003_CNES.grd: 0.004232 0.000252147 0.004238 

aug_2009_CNES-apr_2003_CNES.grd: 0.005147 0.000305582 0.0051549 

sep_2009_CNES-apr_2003_CNES.grd: 0.004954 0.000265813 0.00496 

oct_2009_CNES-apr_2003_CNES.grd: 0.005473 0.000377564 0.0054837 

nov_2009_CNES-apr_2003_CNES.grd: 0.003062 0.000198403 0.0030673 

dec_2009_CNES-apr_2003_CNES.grd: 0.004374 7.39E-05 0.0043747 

jan_2010_CNES-apr_2003_CNES.grd: 0.002757 2.49E-05 0.0027568 

feb_2010_CNES-apr_2003_CNES.grd: 0.002716 3.34E-05 0.0027162 

mar_2010_CNES-apr_2003_CNES.grd: 0.002126 2.49E-05 0.0021262 

apr_2010_CNES-apr_2003_CNES.grd: 0.00116 5.46E-05 0.0011607 

may_2010_CNES-apr_2003_CNES.grd: 0.00179 0.000175487 0.0017975 

jun_2010_CNES-apr_2003_CNES.grd: 0.003123 0.000257266 0.0031318 

jul_2010_CNES-apr_2003_CNES.grd: 0.003957 0.000292502 0.0039661 

aug_2010_CNES-apr_2003_CNES.grd: 0.005656 0.00033356 0.0056641 

sep_2010_CNES-apr_2003_CNES.grd: 0.00649 0.000383438 0.0064995 

oct_2010_CNES-apr_2003_CNES.grd: 0.00588 0.000357286 0.0058888 

nov_2010_CNES-apr_2003_CNES.grd: 0.00473 0.00025823 0.0047361 

dec_2010_CNES-apr_2003_CNES.grd: 0.00414 0.000141394 0.0041422 

dec_2010_CNES-apr_2003_CNES.grd: 0.00414 0.000141394 0.0041422 

feb_2011_CNES-apr_2003_CNES.grd: 0.001912 3.15E-05 0.0019127 

mar_2011_CNES-apr_2003_CNES.grd: 0.00178 4.59E-05 0.0017807 

apr_2011_CNES-apr_2003_CNES.grd: 0.001943 8.11E-05 0.0019444 

may_2011_CNES-apr_2003_CNES.grd: 0.002055 6.30E-05 0.0020557 

jun_2011_CNES-apr_2003_CNES.grd: 0.001994 0.000175487 0.0020002 

jul_2011_CNES-apr_2003_CNES.grd: 0.004211 0.000288871 0.0042197 

aug_2011_CNES-apr_2003_CNES.grd: 0.005737 0.000376246 0.0057476 

sep_2011_CNES-apr_2003_CNES.grd: 0.006256 0.000451413 0.0062697 

oct_2011_CNES-apr_2003_CNES.grd: 0.005961 0.000394925 0.005972 

nov_2011_CNES-apr_2003_CNES.grd:         0.004638671875 0.000399302 4.653E+11 

dec_2011_CNES-apr_2003_CNES.grd: 0.002675 0.000161099 0.0026794 

jan_2012_CNES-apr_2003_CNES.grd: 0.002736 9.78E-05 0.0027379 

feb_2012_CNES-apr_2003_CNES.grd: 0.002909 3.15E-05 0.0029095 
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mar_2012_CNES-apr_2003_CNES.grd: 0.002452 4.59E-05 0.0024519 

apr_2012_CNES-apr_2003_CNES.grd: 0.001526 6.69E-05 0.0015271 

may_2012_CNES-apr_2003_CNES.grd: 0.001628 9.19E-05 0.0016298 

jun_2012_CNES-apr_2003_CNES.grd: 0.00176 0.000161099 0.001766 

jul_2012_CNES-apr_2003_CNES.grd: 0.003743 0.000246167 0.0037502 

aug_2012_CNES-apr_2003_CNES.grd: 0.006215 0.000384893 0.0062253 

sep_2012_CNES-apr_2003_CNES.grd: 0.007202 0.000475918 0.0072152 

sep_2012_CNES-apr_2003_CNES.grd: 0.007202 0.000475918 0.0072152 

nov_2012_CNES-apr_2003_CNES.grd: 0.004913 0.00031062 0.0049215 

dec_2012_CNES-apr_2003_CNES.grd: 0.003916 0.000251408 0.0039231 

jan_2013_CNES-apr_2003_CNES.grd: 0.003357 0.00015916 0.0033601 

feb_2013_CNES-apr_2003_CNES.grd: 0.002736 7.14E-05 0.0027372 

feb_2013_CNES-apr_2003_CNES.grd: 0.002736 7.14E-05 0.0027372 

may_2013_CNES-apr_2003_CNES.grd: 0.001729 0.000137386 0.0017339 

jun_2013_CNES-apr_2003_CNES.grd: 0.001892 0.000237959 0.0019045 

jul_2013_CNES-apr_2003_CNES.grd: 0.003672 0.000341833 0.0036855 

oct_2013_CNES-apr_2003_CNES.grd: 0.005981 0.000446851 0.0059953 

nov_2013_CNES-apr_2003_CNES.grd: 0.005229 0.00033356 0.0052375 

dec_2013_CNES-apr_2003_CNES.grd: 0.003703 0.000227283 0.0037086 

jan_2014_CNES-apr_2003_CNES.grd: 0.003723 0.000144436 0.0037255 

mar_2014_CNES-apr_2003_CNES.grd: 0.003215 3.15E-05 0.0032146 

apr_2014_CNES-apr_2003_CNES.grd: 0.002207 7.14E-05 0.0022084 

may_2014_CNES-apr_2003_CNES.grd: 0.002767 0.000195567 0.0027727 

jun_2014_CNES-apr_2003_CNES.grd: 0.002584 0.000266512 0.0025953 

aug_2014_CNES-apr_2003_CNES.grd: 0.006134 0.000406239 0.0061452 

sep_2014_CNES-apr_2003_CNES.grd: 0.006978 0.000493844 0.0069929 

oct_2014_CNES-apr_2003_CNES.grd: 0.007579 0.000550558 0.0075952 

nov_2014_CNES-apr_2003_CNES.grd: 0.005107 0.000437868 0.0051222 

jan_2015_CNES-apr_2003_CNES.grd: 0.003876 0.000132321 0.0038776 

feb_2015_CNES-apr_2003_CNES.grd: 0.003428 7.14E-05 0.0034288 

mar_2015_CNES-apr_2003_CNES.grd: 0.002431 7.14E-05 0.0024321 

apr_2015_CNES-apr_2003_CNES.grd: 0.002136 7.72E-05 0.0021374 

may_2015_CNES-apr_2003_CNES.grd: 0.002258 8.63E-05 0.0022597 

jun_2015_CNES-apr_2003_CNES.grd: 0.002563 0.000345267 0.0025828 

jul_2015_CNES-apr_2003_CNES.grd: 0.004527 0.000341833 0.0045375 

aug_2015_CNES-apr_2003_CNES.grd: 0.005514 0.000357286 0.0055231 

sep_2015_CNES-apr_2003_CNES.grd: 0.007131 0.000439142 0.0071422 

sep_2015_CNES-apr_2003_CNES.grd: 0.007131 0.000439142 0.0071422 

dec_2015_CNES-apr_2003_CNES.grd: 0.003581 0.000203043 0.0035855 

jan_2016_CNES-apr_2003_CNES.grd: 0.003825 9.97E-05 0.003826 

feb_2016_CNES-apr_2003_CNES.grd:                     0.004150  8.60E-06 0.0041505 

mar_2016_CNES-apr_2003_CNES.grd: 0.002207 2.49E-05 0.0022076 

may_2016_CNES-apr_2003_CNES.grd: 0.002319 0.000228373 0.0023287 

 


