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Introduction

Lakes and reservoirs constitute essential elements of the 
hydrological and biogeochemical water cycles due to their 
basic ability to store, retain, clean, and provide water con-
sistently (Crétaux et  al. 2016). Therefore, there is a great 
need for long-term, continuous, spatially consistent and 
readily available data on lakes. Water resources such as 
lakes and rivers can be monitored using three approaches: 
in  situ measurements, modelling, and remote-sensing 
observations (Baup et al. 2014; Crétaux et al. 2016; Jean-
François et al. 2015; Messager et al. 2016; Sichangi et al. 
2016; Song et al. 2015). In the recent years, there has been 
a decrease in the number of in situ gauges and the difficulty 
in modelling water resources on a global scale (because of 
complex mixing between inflows and outflows), therefore 
remote sensing estimates are of great importance is such 
cases (Alsdorf et  al. 2007; Baup et  al. 2014; Vörösmarty 
et al. 2001).

The recent developments in remote sensing have made 
it possible to obtain global land cover images of increasing 
quality and resolution, including the possibility to monitor 
spatiotemporal changes in lakes and wetland extents (Cré-
taux et al. 2016; Kang and Hong 2016). Besides the spatial 
extend, satellite radar altimetry has successfully monitored 
the height variations of continental surface water, such as 
lakes and rivers (Birkinshaw et al. 2014; de Oliveira Cam-
pos et  al. 2001; Song et  al. 2015). However, the develop-
ments are limited to estimating the areas, water levels & 
volumes with reference to the lowest water level. In addi-
tion, the observation of time series of water surface areas 
using remote sensing is limited to the temporal resolu-
tion of the satellite for instance 16  days for Landsat. The 
Table 1 summarize the hydrological parameters that can be 
estimated using remote sensing data.

Abstract In this study, a framework to monitor the vol-
umetric fluctuation of the inland water body by the com-
bination of a bathymetry map, an optical satellite imagery 
& multiple satellite altimetry measurements is presented. 
In spite of the recent studies in monitoring water level 
changes in lakes using satellite altimetry & optical satel-
lite imagery, it’s still evident that these methods are limited 
to the water level, surface area and volume changes. How-
ever, to effectively study the lakes, it’s important to quan-
tify the total lake volume. This hasn’t been possible as the 
existing satellite methods cannot estimate the bathymetry 
depth. The methodology was developed over Lake Victo-
ria during 1993–2016. The results indicate that the water 
level, area, and volume of Lake Victoria decreased over 
the past 23 years. The water level shows a slight decrease 
(−0.005 m/year) of a total of −0.115 m from 1993 to 2016. 
The changes in water level translates to a reduction in lake 
area (−100 km2) and volume (−5 km3). Despite the incon-
sistent changes in area and volume, significant reduction 
occurred between 1998 and 2006 where (3484  km2) and 
(122.87  km3) reduction in area and volumes respectively 
were observed.
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In this study, in addition to the water level changes pre-
viously used in studying lakes (Avsar et  al. 2016; Song 
et  al. 2015), we monitor the surface area and volumetric 
fluctuation of the Lake Victoria by combining bathymetry 
map, optical satellite imagery (Landsat) & multiple satel-
lite altimetry measurements. Our methodology enable esti-
mates in the time series water surface area with a temporal 
resolution similar to the satellite altimetry. With the recent 
capabilities to derive satellite altimetry data from multiple 
data sources, the temporal resolution has been significantly 
enhanced. In turn, this will increase the temporal resolution 
in estimating the water surface area. In the subsequent sec-
tions, we describe the study area, material & methods fol-
lowed by the results and finally the discussion.

Study area, materials and methods

Study area

With a surface area of 68,800 sq km, Lake Victoria is Afri-
ca’s largest lake. In addition, it’s the largest tropical lake in 
the world, and the planet’s second largest freshwater lake 
(Kite 1982). This area forms part of three countries Kenya, 
Tanzania & Uganda (See Fig.  1). The lake receives most 
of its water from direct precipitation (Awange et al. 2008; 
Mistry and Conway 2003). The largest tributary is the Kag-
era River, which drains 60,000 km2 of the Ruanda-Burundi Ta
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Fig. 1  Location map (Standley et al. 2014)
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highlands, and the only major outflow exits through the 
Nile outlet at Jinja, Uganda (Stager et al. 2007).

Satellite altimetry

Radar altimetry consists of vertical range measurements 
between the satellite and the surface. The altimeter satel-
lite is placed on a repeat orbit and flies over a given region 
at regular time intervals (termed the orbital cycle). The 
altimeter emits a radar pulse and measures the two-way 
travel time from the satellite to the surface. The altimeter 
range (R) is therefore derived with a precision of a few 
centimeters. For instance, a case studies by (Jarihani et al. 
2013; Santos da Silva et al. 2010) gave precision values of 
0.12–0.40  m for Envisat, 1.07  m for Jason-1, and 0.96  m 
for Topex. However, precision can vary widely depending 
on the surface characteristics, for instance, the topography 
and surrounding vegetation. The satellite altitude (h) with 
respect to the reference ellipsoid is precisely known from 
orbit modeling. Altimeter measurements of surface topog-
raphy are distorted, and therefore corrections are applied 
(∑e). For example, atmospheric propagation effects in 
the troposphere and the ionosphere, electromagnetic bias, 
residual geoid errors and inverse barometer effects can all 
distort measurements (Santos da Silva et  al. 2010; Shum 
et al. 1995). Taking into account propagation delays from 
the interactions of electromagnetic waves in the atmosphere 
and geophysical corrections, the height of the reflecting 
surface (H) with respect to a reference ellipsoid can be esti-
mated using Eq. (1) below:

The datasets used in this research were obtained from 
the Database for Hydrological Time series of Inland Waters 
(DAHITI) (Schwatke et al. 2015). DAHITI is a product of 
combined data from several altimetry missions i.e. Jason- 1, 
Jason- 2, Jason- 3 and Topex/Poseidon. It spans the period 
from January 1993 to December 2016. The altimetric 
measurements have been corrected for atmospheric effects 
(ionospheric delay and dry/ wet tropospheric effects) and 
geophysical processes (solid, ocean, and pole tides, load-
ing effect of the ocean tides, sea state bias, and the Inverted 
Barometer response of the ocean).

Spectral images

Due to their high accuracies in extracting water surface 
extent, Landsat ETM + images scenes (path 170 row 060, 
path 170 row 061, path 170 raw 062, path 171 row 060 & 
path 171 row 060) covering the study area acquired on the 
12th January 2010 were also adopted to monitor lake sur-
face extent.

(1)H = h − R −

∑

e

Bathymetry data

The bathymetry raster data (Fig. 2) was created by Ham-
ilton et  al. (2016) from running a CoKriging technique 
on points that were obtained from taking digitized points 
from an Admiral Bathymetry map and points collected in 
the field. These points were combined into the same file 
and had their depths converted to the same unit (meters). 
All points that were out of the Lake Victoria shoreline 
polygon were removed. The points that were marked 
as greater than the recorded depth were removed if the 
depth was less than 60.96.

Method

In this study, a bathymetry map, satellite altimetry data 
and optical images were used to assess the changes in 
water level, area, and volume of Lake Victoria. First the 
water volume & surface area were quantified. This was 
made possible using the 3D analyst where the depth lev-
els of the deepest point (Fig. 2) were increased at inter-
vals of 0.5 m. The extracted volume & surface area meas-
urements were then used to plot graphs of depth against 
volume (Fig. 3a) & depth against surface area (Fig. 3b).

From the plot in Fig. 3 a, Eq. (2) can be used to relate 
the depth (h) & the discharge (Q)

(2)Q = 0.3592h2 + 0.5375h,

Fig. 2  Map generated using Hamilton et  al. (2016) point data 
obtained from an Admiral Bathymetry map and points collected in 
the field



 Model. Earth Syst. Environ.

1 3

Whereas the Eq. (3) gives the relation between the sur-
face area (A) & the depth (h)

The water surface area for the 12th January 2010 was 
then extracted from the Landsat ETM+ (Fig. 4). The Lake 
depth on this particular day was then estimated using the 
Eq. (3). The equation give a real solution 70.244 m and a 
complex solution 8.39193 ± 64.8794 i. The time series river 
depths were then estimated by reducing the satellite altim-
etry lake levels (Fig. 5a) to the real solution for depth i.e. 
70.244 m. The satellite altimetry levels used were derived 
at a virtual station with coordinates (33°E, 1°S). Finally, 
the water volume & surface area during the 1993–2016 
were estimated by substituting the reduced river depths in 
Eqs (2) & (3) respectively.

(3)A = 0.19382h3 + 16.866h2 + 1057.9h,

Results

The results indicate that the water level, area, and volume 
of Lake Victoria decreased over the past 23 years. Dur-
ing these period, the maximum water depth was 71.82  m 
whereas the lowest depth was 69.37 m (Fig. 5b).

The water level shows a slight decrease (−0.005 m/year) 
of a total of −0.115 m from 1993 to 2016 (Fig. 5a, b). The 
trend shows a sudden increase (1.65  m) during 1997 to 
1998 followed by a significant decrease (−2.442  m) dur-
ing 1998 to 2006 and then followed by an increase (2.14 m) 
during 2006 to 2016. Finally, there has been a decreasing 
trend since June 2016. There has also been a reduction 
in lake area (−100  km2) and volume (−5  km3) (Fig.  6). 
Despite the inconsistent changes in area and volume, sig-
nificant reduction occurred during 1998 to 2006 where 
(3484  km2) and (122.87  km3) reduction in area and vol-
umes are observed (Fig. 6).

Discussion

With the advent of satellite technologies, multiple satel-
lite sensors enable researchers to monitor lake water level 
and area change that facilitate estimation of lake volume 
change (Crétaux and Birkett 2006; Crétaux et  al. 2011; 
Schwatke et al. 2015). In this study, the time series water 
levels, Depth, surface area and volume were monitored 
with a bathymetry map, Landsat ETM+ & satellite altim-
etry data from 1993 to 2016. Therefore, the accuracy of 
our methodology is limited to the uncertainties associated 
with particular dataset used. For instance, the bathymetry 
data was created by running a Simple Kriging technique 
on points that were obtained from taking digitized points 
from an Admiral Bathymetry map and points collected 
in the field (Hamilton et  al. 2016). Therefore, the accu-
racy of the resultant raster map (Fig. 2) is limited to the 

Fig. 3  Plots of: a The Lake depth (in meters) against the total water volume (in cubic kilometers), b The Lake depth (in meters) against the 
water surface area (in square kilometers)

Fig. 4  A mosaic of the Landsat ETM+ (acquired on the 12th January 
2010) over the Lake Victoria
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field point’s sampling interval and the pixel value, in this 
case 100 m. On the other hand, the accuracy of water sur-
face estimates using Landsat is limited to its resolution 
i.e. 30 m. Finally the accuracy of water level changes is 
between 4 and 36  cm (Schwatke et  al. 2015). Nonethe-
less, our methodology has proven that given the bathym-
etry Map, a single date Landsat ETM+ & time satellite 
altimetry data, the time series volumetric and surface 
at the same sampling rate as the satellite altimetry data, 
could be estimated. This is particularly important given 
the recent advances in deriving satellite altimetry data 
from multiple data sources (Schwatke et  al. 2015). This 
means that the upcoming missions (Jason-3, Jason CS, 
Sentinel-3a and b, and SWOT) will likely increase the 
multiple data sources therefore densifying the time series 
observations (Sichangi et al. 2016). However, the biggest 
challenge with our method is limited information on the 
Lake bathymetry data, and in  situation where the data 
is available, its restricted due to policy issues on data 
sharing.
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