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Summary
Unprecedented resource demands due to population 
growth, increasing food demand and urbanization, 
exacerbated by climate change, have led to unsustainable 
development pathways in many parts of the world. 
Information about the status and trends of land and water 
resources is a critical requirement for long-term policies 
and strategies for equitable and sustainable development. 
Satellite remote sensing offers cost-effective, rapid and 
reproducible methods to monitor indirectly the utilization 
patterns and trends of several natural resources such as 
land and water resources. 

This report presents the results of a land cover change 
analysis conducted in two headwater catchments of 
river basins in sub-Saharan Africa, where impoverished 
communities critically depend on local land and water 
resources: the Upper Great Ruaha River Basin (UGRRB) 
in Tanzania (20,823 km2, approx. 800,000 people) 
and the Upper Awash River Basin (UARB) in Ethiopia 
(10,695 km2, approx. 5.3 million people). The two basins 
represent areas which are significantly different in terms of 
agricultural development and patterns of water resource 
use. UARB represents an agricultural region, which has 
emerging commercial farms, expanding urban centers and 
threatened natural vegetation. UGRRB still has significant 
areas under natural vegetation but expanding areas under 
irrigation. In UGRRB, surface water is the main source of 
irrigation water, while in UARB, groundwater resources are 
increasingly used for irrigation by smallholder farmers and 
commercial farms.   

Land cover changes were assessed over a 15 to 20 year 
period up to 2015 or 2016 using land cover maps at the 
start and end of the period. Changes in UGRRB were 
analyzed between 1994-1995 and 2015-2016 (20-year 
period) and changes in UARB were assessed between 
2000 and 2015 (15-year period). Land cover maps were 
prepared using remote sensing imagery, secondary maps 
and ground truth information. Satellite imagery from 
various Landsat sensors with a spatial resolution of 30 
m was used. A post-classification change analysis was 

conducted to estimate the changes in each land cover 
type and the patterns of land cover transitions between 
different categories.

In general, both basins witnessed an expansion of 
agricultural areas at the expense of natural land cover, as 
well as an expansion of human settlement/urban areas at 
the expense of natural land cover and rainfed agricultural 
areas. The UGRRB still possesses significant areas under 
natural land cover (75% in 2015-2016), but such natural 
land cover has almost vanished in the UARB (15% in 2015). 
A transition from natural land cover to rainfed agriculture 
is the prominent trend in UGRRB. An increase in irrigated 
agriculture and expansion of human settlement/urban 
areas from previously rainfed agricultural lands are the 
dominant trends observed in the UARB.

This study provides detailed results of the nature of land 
cover transitions in the two basins. The results show 
that the land cover changes are not a unidirectional 
phenomenon except in heavily built environments 
(human settlements) and irrigated agriculture, but 
follow multiple trajectories, providing important insights 
about the changing land use patterns. The analysis 
further shows that patterns of land use change in the 
UGRRB and UARB resemble those of the general patterns 
witnessed in many low-income countries. The patterns 
represent different, successive stages of development 
from agropastoral systems to urbanized areas and more 
intensive farming systems, with the UARB being more 
developed, while the UGRRB being more vulnerable to 
further development.

This vulnerability is also reflected in the realized and 
remaining potential for groundwater development in the 
two basins. The UGRRB, though less developed in terms 
of groundwater withdrawals for irrigation, will likely be 
more sensitive to the environmentally harmful impacts of 
intensifying groundwater-irrigated agriculture, due to the 
local and downstream presence of critical and protected 
terrestrial and wetland ecosystems.
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Introduction
Improved access to water, food and health services has 
helped to increase life expectancy in many parts of the 
world. The world population has grown by 1 billion people 
in the last 10-15 years, and the current global population 
of 7.3 billion is expected to reach 9.7 billion by 2050 (UN 
DESA 2015). Finite natural resources of the world are 
under pressure due to the increasing requirements of the 
growing population for food, freshwater and energy. Over 
the past 50 years, humans have changed ecosystems more 
rapidly and extensively than in any comparable period of 
time in human history (Millennium Ecosystem Assessment 
2005; IPBES 2019). The technological developments and 
increased economic and trade activities have enabled and 
accelerated the use of natural resources. These sustained 
and intensive human interactions with land and water 
resources have resulted in substantial gains in human 
well-being. However, achievements in economic growth 
in some regions have been associated with degradation 
of land and water resources as well as deterioration of 
related ecosystem goods and services, such as biomass, 
carbon storage, soil health, water storage and supply, 
biodiversity, and social and cultural services (FAO 2011).

Intensive resource utilization is reflected in rapid 
changes in land use and land cover. Globally, 
agriculture, plantations, pastures and urban areas 
have expanded in recent decades at the cost of natural 
landscapes. Agriculture currently uses about ca. 11% 
of the world’s land surface, and the net cultivated 
area (land under agricultural crops) has grown by 
12% over the last 50 years, mostly at the expense of 
forest, wetland and grassland habitats (FAO 2011). 
Only biomes relatively unsuitable for agriculture, such 
as deserts, boreal forests and tundra, have remained 
largely untransformed by human action (Millennium 
Ecosystem Assessment 2005). While agriculture and 
pastures are the most extensive forms of land use 
change (Lambin and Meyfroidt 2011), urbanization of 
land surfaces is one of the most irreversible human 
impacts on the global biosphere (Seto et al. 2011). 
Urbanization not only results in the loss of natural 
and agricultural lands, but also significantly changes 
hydrological systems and affects local biodiversity; it 
also presents opportunities for efficient resource use 
and management. 

Africa has the highest rate of population growth among 
major geographical regions, increasing at a pace of 2.6% 
annually during the period 2010-2015 (UN DESA 2015). 
Matima et al. (2009) reported that the major form of land 
use change in East Africa is the conversion of natural land 
cover to agricultural areas and identified the major driver 
for this change as the need to address food security, 
particularly through large-scale farming. Urbanization in 
Africa is largely attributed to population growth rather 
than the gross domestic product (GDP) growth rate (Seto 
et al. 2011). 

Changes in land use and land cover could detrimentally 
affect water resources in the region, not only by altering 
replenishment, storage and demand patterns but also by 
affecting risks to water-related disasters such as floods 
and droughts. It has been found that the influence of 
large-scale land use change on groundwater recharge 
may be more pronounced over the next decades than 
climate change (Favreau et al. 2009; Taylor et al. 
2013). With the increasing reliance on groundwater for 
domestic use and economic (agricultural and industrial) 
development in Africa (Braune and Xu 2010), there 
is a need to understand how land use change affects 
groundwater use and resource availability, primarily 
through recharge processes, amounts and quality of 
water, and how land use policies could be informed by 
the availability and renewability of water resources, 
especially groundwater.

Objectives
Sub-Saharan Africa is one of the poorest regions in the 
world. Sustainable use of land and water resources is 
critical for poverty alleviation in the region, especially 
under scenarios of a changing climate and increasing 
water demand. Developing sustainable resource 
utilization strategies requires updated information and 
continuous monitoring of the status of the resources and 
trends in water use. 

The objective of this study is to quantify historical 
trends and patterns of land use and land cover change 
at the distributed river basin scale in sub-Saharan 
Africa. Such analyses inform quantitative evaluations 
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of the sustainability of resource use pathways and 
susceptibility to degradation under conditions of various 
drivers. The study was conducted in two river basins: (i) 
the Upper Great Ruaha River Basin (UGRRB) in Tanzania, 
and (ii) the Upper Awash River Basin (UARB) in Ethiopia. 
A key focus of these analyses is the identification of 
trends or patterns in agricultural areas and human 
settlements, which are susceptible to intensive 
utilization of land and water resources. 

The scope of the analysis is mostly limited to identifying 
the patterns of land cover transition and estimating the 
changes that occurred in the recent past. While identifying 
the specific drivers of various patterns of land use change 
is beyond the scope of this analysis, some of the major 
socioeconomic processes driving the overall transitions at 
basin level are explored. Finally, the report describes how 
the observed land use and land cover changes may impact 
groundwater resources in the study basins.

Study Areas
Upper Great Ruaha River Basin

The Upper Great Ruaha River Basin (UGRRB) is part of 
the Rufiji River Basin of Tanzania, which covers an area of 
about 83,970 km² (NEMC 2006) (Figure 1). The UGRRB lies 
between longitudes 33° 30.9' E to 35° 35.7' E and latitudes 
7° 18.7' S to 9° 35.5' S and covers an area of 20,823 km². The 
lower discharge point of UGRRB is at the outflow from the 
wetland at NG’iriama (Kashaigili et al. 2006a). The altitude 
of the UGRRB ranges from 1,003 meters above mean sea 

level (mamsl) to 2,966 mamsl, with the higher altitude 
regions located in the southern part of the basin. The mean 
annual rainfall ranges from 500 mm to 1,600 mm, which is 
received in a single rainfall season extending usually during 
the period between late November and June (Kashaigili et 
al. 2006a). The mean annual potential evapotranspiration 
is around 1,900 mm (SMUWC 2001a). The long-term mean 
annual runoff at about 80 km downstream of the basin 
outlet (Msembe Ferry) is 2,442 million cubic meters (Mm³) 
(Kashaigili et al. 2006a).

Figure 1. Upper Great Ruaha River Basin in Tanzania – location and altitude ranges.
Sources: The altitude map is based on Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) (NASA JPL 2013); the background map in 
the inset is from ArcGIS base maps; and the country boundaries are from FAO (2015).
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The Upper Great Ruaha River is a major tributary to the 
Rufiji River. The headwaters rise in the Kipengere mountains 
in southwest Tanzania and drain through the broad alluvial 
Usangu plains and the Ruaha National Park. The Rufiji River 
runs for about 600 km and drains to the Indian Ocean in 
an easterly direction. The Usangu plains encompass the 
Usangu wetland (about 1,800 km2 area), which is one of the 
most valuable ecosystems in Tanzania from a conservation 
perspective. The wetland provides habitat to a large number 
of flora and fauna, and supports numerous livelihood 
activities such as agriculture, pastoralism, fisheries and 
small-scale industries (Kashaigili et al. 2006b).

The major land cover types in the UGRRB include natural 
forests and woodlands, savanna grasslands, bushlands, 
wetlands and agriculture. Major crops in the region are 
rice, vegetables and maize, of which rice is irrigated, and 
the others are cultivated under rainfed conditions. There 
was a rapid expansion in the irrigated area (about 10,000 
ha to 40,000 ha) near the Usangu wetlands between 1970 
and 2000 (SMUWC 2001a; Kashaigili et al. 2006b). While 
the total population of the Rufiji River Basin is approx. 

6 million (Mwakalila 2011), the study area (UGRRB) is 
home to approx. 800,000 people (CIESIN 2017) with a 
population density of 38/km2. Over the last few decades, 
the increasing demand for agricultural land due to 
population growth has led to the clearance of natural 
vegetation and degradation of soil, wetlands and water 
resources (Taylor et al. 2011). 

Upper Awash River Basin
The Awash River Basin is a major drainage system in 
Ethiopia, extending to about 110,000 km2 (Figure 2). 
The river originates in the Ginchi area in the West Shewa 
region of central-west Ethiopia and flows for a length of 
about 1,200 km. Unlike most rivers in Ethiopia, which 
flow towards south or west, Awash is the only major 
river flowing towards the northeast. Most other rivers 
have higher annual flows compared to Awash, but flow 
mostly through canyons and deep valleys and are thus 
largely inaccessible for direct human use; sections of the 
Awash River are relatively accessible and offer greater 
possibilities for human utilization (FAO 1965).

Figure 2. Upper Awash River Basin in Ethiopia – location and altitude ranges.
Sources: The altitude map is based on Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) (NASA JPL 2013); the background map in 
the inset is from ArcGIS base maps; and the country boundaries are from FAO (2015).
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The annual rainfall of the Awash River Basin varies 
from about 1,600 mm near its origin to 160 mm close 
to the northern limit of the basin with a mean of 850 
mm. Rainfall is bimodal, with the main rainfall season 
occurring from June to September and a shorter, less 
intensive rainfall season occurring from March to April. 
The mean annual potential evapotranspiration ranges 
from 1,810 mm in the upper basin to 2,348 mm in the 
lower part (Berhe et al. 2013). The long-term mean 
annual runoff of the Awash Basin is about 4,900 Mm³ 
(Edossa et al. 2010).

This study was conducted in the upper headwater 
catchment of the Awash River Basin, which drains to the 
Koka reservoir. The UARB is located between longitudes 
37° 57.0 E to 39° 17.5' E and latitudes 8° 11.2' N to 9° 19.0' N 

and covers an area of 10,695 km². The altitude ranges from 
1,584 mamsl to 3,576 mamsl. 

Geographically, agriculture is the largest land cover 
type in the UARB. Bushland and grassland also cover 
significant areas of the basin. However, with Addis Ababa 
city (the capital of Ethiopia) located within the basin, 
the most prominent land use in UARB is urban areas. The 
basin also has several other townships and industrial 
establishments. 

The population of UARB in 2015 was approx. 5.3 million, 
of which approx. 3.1 million lives within the Addis Ababa 
Regional State (Figure 2). While the population density of 
UARB is 497/km², the area outside Addis Ababa Regional 
State has a population density of 213/km².

Methods and Data Sources

Land cover change in human-modified landscapes is 
a continuous process, influenced by a multitude of 
socioeconomic, political and climatic factors. Remote 
sensing technology has been widely used to develop 
land cover maps and assess the land cover changes 
over time. With an array of satellite sensors providing 
repeated coverage of the Earth’s surface, advancements 
in processing algorithms and computational power, 
and with extended periods of data availability, remote 
sensing offers increasingly efficient tools to assess land 
cover changes. Although the UARB and UGRRB are 
quite different with respect to the patterns of land use, 
and changes as well as the factors influencing them, 
the challenge is to identify comparable techniques for 
assessing these changes over similar time frames. Both 
basins are agrarian in nature with a significant presence 
of smallholder farms and small townships, while the large 
conurbation of Addis Ababa is unique to UARB (Figure 2). 
Moderate resolution datasets such as Landsat images (30 
m) are suitable to characterize the changes in basins of 
this magnitude and with these types of landscapes. Time 
periods were decided based on the requirements of the 
study and data availability. While higher resolution images 
such as Sentinel-2 MultiSpectral Instrument (MSI)1 from 
the European Space Agency (ESA) are available in later 
time periods, Landsat images offer the best resolution in a 
cost-effective way for earlier time periods. It was decided 
to use Landsat images for the mapping of all the time 
periods to obtain a consistent resolution suitable for the 
change analysis. Land cover maps from secondary sources 
based on Landsat images of earlier time periods were also 
used for the analysis. The time periods selected enable 

a change analysis to be carried out for approximately 
the last 15 to 20 years, which represent a period of 
unprecedented changes. 

Methodology
For each river basin, land cover changes were estimated 
using land cover maps of two time slices. Changes in the 
UGRRB were analyzed between the periods 1994-1995 and 
2015-2016 (20 years), whereas changes in the UARB were 
analyzed between 2000 and 2015 (15 years). Land cover 
maps were prepared for each time period using remote 
sensing imagery acquired, secondary maps and ground 
truth information.

Land cover classification of complex, human-modified 
landscapes using satellite imagery often requires 
multiple approaches and datasets. The accuracy of 
the classification relies upon the spectral reflectance 
properties and the distinguishability of distinct land 
cover types at the sampled locations. The classification 
is performed by analyzing the similarity between the 
spectral reflectance pattern of an area or pixel and the 
signatures of various land cover types derived from 
sample locations. In other words, the success of the 
classification depends upon the statistical separability of 
signatures of various land cover types. It is essential to 
develop signatures that represent the land cover types 
accurately and uniquely. In landscapes where mixed land 
cover is present and interspersed at a finer scale, the 
signature development that satisfies this requirement 
is a challenging process, and obviously depends on the 

¹ Sentinel-2 Multispectral Imagery from ESA. The images are available at 10 m, 20 m and 60 m resolution for various bands.
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spatial scale of the analysis. Sample data for signature 
development may be gathered from image interpretation, 
ground measurements or any other trusted or verified 
source of information (Egorov et al. 2015).

Analysts often modify and adapt the standard datasets 
and algorithms to enhance the signature separability. A 
single image is a snapshot of the land cover at a particular 
time that the image was captured. However, an important 
characteristic of vegetation cover is the intra-annual 
variation of biomass across different seasons. Therefore, 
the variability in seasonal changes between different land 
cover types can be used as an important complementary 
input to enhance the differentiation between spectral 
signatures of various land cover types. Several studies 
have included images from multiple seasons within a 
year, or over several years, in the classification process 
(Krishnaswamy et al. 2004; Senf et al. 2015).  

Multispectral images from various Landsat sensors were 
used for this study. Various vegetation, soil moisture 
and urban/built-up indices derived from multi-seasonal 
Landsat data were used along with the multispectral 
bands of the images. Details of the Landsat images and 
the spectral indices used for this study are provided in the 
section Data Sources. The diagram in Figure 3 illustrates 
the datasets and methods used for developing the 
classified land use maps. 

The images were classified using the supervised 
classification techniques Random Forest Classification 
(Breiman 2001) and Maximum Likelihood Classification 
(Settle and Briggs 1987). Parametric classification 
approaches such as Maximum Likelihood Classification 
are often less efficient in heterogeneous landscapes, 
where it is difficult to obtain a sufficient number of 
homogeneous sample locations required for developing 
spectral signatures with a normal distribution. Ensemble 
learning algorithms such as Random Forest Classification 
(Breiman 2001) have been producing better results for 
such landscapes. In this study, the Maximum Likelihood 
Classifier algorithm was used in UARB, and the Random 
Forest Classifier algorithm was used for the more 
heterogeneous landscape of UGRRB. Analysis in terms 
of classification and mapping for the two time periods in 
each basin was performed systematically and consistently, 
enabling easy comparison of temporal changes.

Ground truth information collected through contemporary 
field surveys and from secondary sources, high-resolution 
images from Google Earth, visual interpretation of the 
images used for classification, and secondary maps were 
all used as supportive material for the classification. The 
results were visually cross-checked with Google Earth 
and Landsat images and refined through iterative manual 
editing. Agricultural areas were classified through a two-
step process. The entire agricultural area was considered 
as a single category in the first step using the supervised 

classification techniques. Subsequently, the agricultural 
areas were classified into irrigated and rainfed areas using 
spectral indices such as Normalized Difference Vegetation 
Index (NDVI) and Normalized Difference Moisture Index 
(NDMI) (see section Spectral Indices for Classification), 
capturing the seasonal vegetation and moisture status of 
agricultural areas.

A post-classification change analysis was carried out to 
estimate the transition of land use and land cover from the 
earlier time period to the later time period. The method 
involves separately classifying images from different 
time periods to develop land use maps and compare the 
classified images, pixel by pixel, to assess the temporal 
change. This analysis minimizes the atmospheric impacts 
on the multi-temporal images and provides information 
on the quantity and spatial distribution of change and 
transition from one land class to another (Lu et al. 2004).

Overall, this study follows the approaches used by 
several earlier studies that employed seasonal change 
information captured in multi-seasonal images for land 
cover classification (e.g., Mtibaa and Irie 2016), and 
well-established procedures for post-classification 
change analysis. However, appropriate modifications were 
incorporated in the procedures to suit the land cover 
characteristics of each of the basins, especially for the 
segregation of irrigated and rainfed areas. 

Data Sources
Remotely sensed data from Landsat satellites were used 
for the preparation of land cover maps for different 
time periods. Landsat 8 Operational Land Imager (OLI) 
and Thermal Infrared Sensor (TIRS)2 data were used for 
developing land cover maps for the period 2015-2016 for 
both basins. Landsat 7 Enhanced Thematic Mapper Plus 
(ETM+) data were used for the year 2000 for the UARB, 
and Landsat 5 Thematic Mapper (TM) images were used to 
modify an existing land cover map of 1994 to develop the 
land cover map for the period 1994-1995 for the UGRRB. 

The standard Landsat Level-1 products and the 
atmospherically corrected surface reflectance data 
products (Level-2) (USGS 2015, 2016a) of these sensors 
were downloaded from the online satellite data archive 
EarthExplorer (USGS 2016b). The characteristics of 
Landsat images used are provided in the Appendix.

Spectral Indices for Classification
Landsat surface reflectance data products provided by 
the United States Geological Survey (USGS) were used 
to develop various spectral indices for the classification. 
Surface reflectance data are produced after the removal 
of atmospheric effects on satellite data, which enables 
comparison of data acquired from various locations and 
for different time periods. The surface reflectance data 

2 OLI, TIRS, ETM+ and TM refer to sensors aboard Landsat satellites.
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Figure 3. Method of land use classification using multi-seasonal satellite images.
Note: NDVI – Normalized Difference Vegetation Index; NDMI – Normalized Difference Moisture Index;  
MSAVI – Modified Soil Adjusted Vegetation Index.

for Landsat 5 and 7 are developed using the Landsat 
Ecosystem Disturbance Adaptive Processing System 
(LEDAPS) (USGS 2020a), whereas Landsat 8 OLI surface 
reflectance data are generated through the Landsat 8 
Land Surface Reflectance Code (LaSRC) algorithm (USGS 
2020b). 

Normalized Difference Vegetation Index (NDVI)
Normalized Difference Vegetation Index (NDVI) is one 
of the most widely used spectral indices derived from 
remote sensing data for vegetation studies. NDVI is highly 
correlated with many vegetation parameters, such as 
crown closure, leaf vigor, and canopy biomass and leaf 
area index, and is the most robust of the vegetation 
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indices developed (Lyon et al. 1998). Variability in NDVI 
across seasons estimated from multi-seasonal satellite 
imagery can be used to study the phenological variations 
in land cover (Reed et al. 1994).

Most land cover types in UGRRB and UARB exhibit a 
seasonal change. NDVI derived from multi-seasonal 
images provides estimates of the abundance and density 
of the vegetation and the seasonal change in various 
vegetation types.

NDVI is calculated as a ratio involving the reflections in the 
two spectrums: Red (RED) and Near Infrared (NIR), using 
Equation (1):

						       (1)

Modified Soil Adjusted Vegetation Index (MSAVI)
Values of vegetation indices such as NDVI can be affected 
by the reflectance from exposed soil surface, where the 
vegetation cover is low. The Soil Adjusted Vegetation Index 
(SAVI) was developed to minimize the influence of soil on 
vegetation reflectance by incorporating a constant soil 
adjustment factor L into the NDVI equation (Huete 1988). 
The Modified Soil Adjusted Vegetation Index (MSAVI) 
is a modified version of SAVI, which replaces the soil 
adjustment factor L (which requires prior information 
about the vegetation densities of the area) with a self-
adjusting L factor and hence does not require prior 
knowledge of the vegetation densities (Qi et al. 1994).  

From grasslands and bushlands to agricultural areas 
and plantations, most areas of the study basins have a 
significant presence of exposed soil. MSAVI provides an 
important measure of vegetation spectra in these areas. 
The MSAVI values, in combination with NDVI values, 
provide estimates of the densities and variations of 
vegetation in various land cover types. MSAVI is calculated 
using RED and NIR values with an inductive L function 
applied to maximize the reduction of soil effects on the 
vegetation signal (Qi et al. 1994). 

						       (2)

Normalized Difference Moisture Index (NDMI)
NDMI estimates moisture levels stored in vegetation. 
The index is derived based on the absorption of water 
by the Shortwave Infrared (SWIR) band compared to the 
NIR band (Wilson and Sader 2002). NDMI was included 
as a variable in the classification to capture the seasonal 
moisture variations in vegetation in various seasonally 
changing land cover types.

NDMI is calculated using NIR and SWIR bands using 
Equation (3):

 						       (3)

For Landsat 5 and 7, band 5 was used as the SWIR band, 
and for Landsat 8, band 6 was used as the SWIR band 
(USGS n.d.[a]).

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁=
(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑅𝑅𝑅𝑅𝑅𝑅𝑅
(𝑁𝑁𝑁𝑁𝑁𝑁+𝑅𝑅𝑅𝑅𝑅𝑅𝑅 

𝑁𝑁𝑁𝑁M𝐼𝐼=
(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁SWIR)
(𝑁𝑁𝑁𝑁𝑁𝑁+SWIR)

 

= 1
2
(2 × + 1 − (2 × + 1)2 − 8 × ( − )) /

Land Cover Classification and Change Analysis

Classification Scheme
The land cover classification scheme adapted for the two 
catchments was broadly similar with some variations to 
suite respective local conditions. Land cover categories 
were decided based on discussions held with a group 
of researchers familiar with the areas and on the visual 
exploration of the images. The definitions were mainly 
adopted from Vesa et al. (2011), but modified to include 
additional categories to represent the actual land types 
present in the study basins.   

The ten land cover classes identified for mapping are 
given below:

1.	 Irrigated agriculture: Cultivated areas, which 
receive irrigation to support the water requirements, 
at least for one crop cycle in a year

2.	 Rainfed agriculture: Cultivated areas which receive 
water directly from rainfall without any human 
intervention

3.	 Grassland: Open areas dominated by grass. Trees 
and bushes may occur on less than 10% of the area

4.	 Bushland: Predominantly comprised of plants that 
are multi-stemmed from a single root base

5.	 Woodland: Tree-dominated ecosystems with canopy 
cover ranging from 20% to 80%, and characterized 
by only two main strata - the main canopy itself and 
a shrub/herb-layer beneath

6.	 Natural forest: A continuous stand of trees with 
a diversity of cover types. Natural forest has three 
canopy layers: emergent, middle and lower canopy

7.	 Forest plantation: Monoculture tree plantations
8.	 Human settlement: Residential or commercial areas 

and associated built-up structures, which may be 
interspersed with small farmlands and tree clusters

9.	 Wetland: Waterlogged and seasonally inundated 
areas, which may bear grasses and herbaceous 
vegetation seasonally

10.	Water body: Inland water bodies including lakes 
and rivers
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Mapping of UGRRB includes all ten categories, while 
forest plantation and woodland were not included in 
the mapping of UARB. The ‘forest’ class in UARB does 
not always exhibit all the characteristics of the natural 
forest class as defined here due to the fragmented nature 
and may therefore include tree clusters rather than a 
continuous stand of trees.

Data
Satellite Images

Landsat images acquired for multiple dates 
representing different seasons were used for 
classification of the scenes. The advantage of using 
multi-seasonal imagery over single date imagery for 
classification purposes is that the former is more likely 
to capture the seasonal variations of vegetation and is 
likely to enhance the spectral variability required for 
the classification.

Three Landsat scenes are required to cover UGRRB (Figure 
4), whereas two scenes are needed for mapping UARB 
(Figure 5). The extent of the scenes and scene overlap are 
shown in Figures 4 and 5. For UGRRB, the overlap area was 
mapped using the 169/66 scene, which covers majority of 
the area. The scene 168/54 was used for the overlap areas 
between the scenes in UARB.

Since agriculture is an important category of the analysis, 
images acquired during the crop season are the most 
appropriate for the classification (Wardlow and Egbert 
2008). However, since much of the crop season of the region 
corresponds with the rainfall season, the availability of cloud-
free images for the study period was limited. Images for three 
dates per basin, period, sensor and scene were selected 
for the analysis taking into consideration the availability of 
cloud-free images and temporal correspondence with crop 
seasons (Table 1). The dates were selected to approximately 
represent pre-sowing, full crops/growing, and post-harvest 
conditions of the crops. These three dates are also suitable 
to capture the seasonal changes in natural vegetation in the 
basin. However, for some of the scenes for the earlier period, 
images for only one or two seasons were available due to 
cloud cover. The small northern area in UGRRB (Figure 4) 
covered by the scene 169/65 is mostly woodlands and did  
not require complex classification routines to prepare the 
land cover map. The image from only one season was used 
for this scene.

Ground truth Data

Ground truth datasets for classification of the selected 
satellite images were gathered from three sources: 
(i) field surveys providing Global Positioning System 
(GPS) coordinates and visual information on land cover, 
(ii) high resolution images in Google Earth, and (iii) 
secondary maps.

Field Surveys
Primary field surveys were conducted by the project team 
in UGRRB during June 2016 to collect GPS coordinates and 
associated land cover information from various land cover 
categories in a spatially representative manner. For UARB, 
GPS coordinates of irrigated croplands were collected 
from government agencies.

For UGRRB, the field survey followed the most optimal 
route to collect information from various parts of the 
basin and to cover all major land use and land cover 
types. Despite accessibility constraints spatially limiting 
the data collection to areas accessible by roads, samples 
from all major land cover categories were obtained. A 
total of 200 locations were sampled to collect the ground 
truth information. A ‘location’ consisted of a plot larger 
than 60 m x 60 m with approximately uniform land use. 
Part of the survey data was used for training the classifier 
and the remaining was used for validating the results (see 
sections Land Cover Classification for the Late Time Period 
and Accuracy Assessment).

While some of the plots had multiple land cover types, 
care was taken to ensure that the assigned land cover was 
dominant enough to consider the plot as a representative 
sample for that land cover category. The plot size 
corresponds to 2 x 2 pixels of Landsat imagery. GPS 
locations were recorded near the center of the sampled 
area. For agricultural areas, additional information such 
as crop types, crop seasons and water source(s) over the 
year was also recorded. Assessments of plot size, location 
of the plot center and percentage of land cover types were 
based on approximate visual estimations.

For UARB, data from 79 locations with irrigated agriculture 
were obtained from the Ministry of Agriculture, Ethiopia. 
The survey methods used for the collection of these plot 
data are not known. Ten of these locations were used for 
training the irrigated area classification. The remaining 
locations were used for validation of the classification of 
agricultural areas into irrigated and rainfed areas (see 
sections Classification of Irrigated Areas and Accuracy 
Assessment).

Google Earth Images
The high-resolution images (up to 0.65 m) available in 
Google Earth3 were used for developing classification 
training sites in areas where primary ground truth data 
were not available. Google Earth data were also used 
for verification and refining of the classification outputs. 
Although the images are of a very high resolution, it is 
not possible to conclusively determine certain land cover 
categories solely based on Google Earth images. This is 
particularly true for determining the irrigation status of 
agricultural areas. Since GPS coordinates were available 
for some of the land cover classes in UGRRB, Google Earth 
was primarily used to identify croplands in general and 

3 Google Earth is a web-based program that provides visualization of the Earth using satellite imagery (https://www.google.com/earth). 
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Figure 4. Landsat scenes used for the classification of UGRRB.

Figure 5. Landsat scenes used for the classification of UARB.
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for developing training sites for woodlands, bushlands 
and human settlements. In UARB, sample locations for 
classifying croplands, urban areas and various natural 
vegetation classes were obtained from Google Earth.

Secondary Maps
A land cover map of UGRRB in 1994 (Figure 6) prepared 
by the Institute of Resource Assessment (IRA), Tanzania, 
was used as a base map for preparing the map for the 
period 1994-1995. This base land cover map was prepared 
using a Landsat 5 TM image acquired on August 14, 1994, 
with nine land cover categories. These categories are 
mostly similar to the land cover classes defined for the 
current classification scheme (see section Classification 
Scheme). The permanent swamp and urban areas mapped 
in the earlier classification are similar to the wetland 
and human settlement areas in the new classification, 
respectively. The remaining classes are comparable in 
both classification schemes, except that the old map does 
not distinguish between irrigated and rainfed agricultural 
areas. The land cover categories in the 1994 map were 
represented by IRA using significant generalization. Spatial 
lumping of land cover areas in maps derived from remote 
sensing is a common practice to remove unwanted local 
variations and thus improve the spatial coherence and 
visual appearance (Fierens and Rosin 1994). As a result, 
many areas with a complex land cover mixture appear 
relatively uniform in the map. At the same time, the map 
provides an excellent broad overview of the land use 
and land cover of that period. The 1994-1995 map for 
this study was prepared by modifying the 1994 map by 
retaining the complexity of the land cover pattern at a 
much finer scale and including additional categories such 
as irrigated and rainfed agriculture using satellite images 
of the same period (Landsat 5 TM, Table 1). 

Land Cover Classification for the Late 
Time Period

Data Preparation

One cloud-free image for each scene was selected as 
a primary image for the classification process. A set of 
additional variables derived from multi-season satellite 
images was also used along with this primary image 
to incorporate information on seasonal changes in the 
classification process.

Images from the following dates were used as the primary 
images for the classification for each scene (Table 1):

Upper Great Ruaha River Basin
•	 168/66: May 16, 2016
•	 169/65: June 23, 2016
•	 169/66: May 6, 2016

Upper Awash River Basin
•	 168/54: December 23, 2015
•	 169/54: December 30, 2015

The Landsat 8 (OLI and TIRS) imagery has 11 spectral 
bands. Seven spectral bands, from 2 to 7 and band 10,  
were selected for the classification process. Band 1 
(coastal/aerosol), band 8 (panchromatic) and band 9 
(cirrus) were not used for the classification because 
these bands have limited information to classify land 
cover. Similarly, only one band (band 10) out of the two 
thermal bands (bands 10 and 11) was selected for the 
classification.

Derivation of Seasonal Variables 

As described earlier (see section Spectral Indices for 
Classification), the Landsat 8 surface reflectance data 
products available from USGS EarthExplorer were used 
to derive various spectral indices. NDVI and NDMI were 
derived for each image of the three stages of the crop 
growing period selected for both basins. In addition, for 
UGRRB, MSAVI was derived for each of the multi-season 
images. A set of four measures per pixel was calculated 
over the cropping season based on these multi-date 
spectral indices to quantify the seasonal variations, i.e., 
seasonal mean, seasonal standard deviation, and two 
change layers between successive pairs of images (pre-
sowing to full crops; full crops to post-harvest) to represent 
two change trajectories (Krishnaswamy et al. 2004). While 
the multi-season mean of these spectral indices represents 
the quantity of the measured phenomena, the standard 
deviation and the change layers are representations of 
seasonal changes of each measured variable. Finally, for 
UARB, a built-up index (BUI) was also calculated using the 
method proposed by He et al. (2010) for the primary image 
selected. The method initially calculates a Normalized 
Difference Built-up Index (NDBI) (Zha et al. 2003) and then 
calculates the BUI by subtracting the NDVI from NDBI.

  						       (4)

 						       (5)

These additional variables were appended to the primary 
Landsat 8 OLI/TRS layer stack, which was used as the 
input imagery dataset for the classification.  

Classification of Satellite Images

The land cover classification of UGRRB was performed using 
the Random Forest Classifier in the Google Earth Engine4 
platform, whereas the classification of UARB was done 
using the ERDAS IMAGINE 2013 software.⁵ ERDAS IMAGINE 

  
BUI  = NDBI  - NDVI

4 Google Earth Engine is an online platform providing cloud computing facilities for satellite data processing (https://explorer.earthengine.google.com). 
5 	ERDAS IMAGINE is a desktop software that is primarily used for remote sensing data analysis. (https://hexagon.com/products/erdas-imagine). This 
	 study used the ERDAS IMAGINE 2013 version of the software.

𝑁𝑁𝑁𝑁B𝐼𝐼 = (S W I R   - 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
(S W I R  +𝑁𝑁𝑁𝑁𝑁𝑁𝑁  
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was used for development of the training sites,⁶ signature 
evaluation and validation of results for both basins. 

Spectral signatures were developed for each land cover 
type, from training site polygons at representative sample 
sites obtained from ground truth data collected during the 
field surveys and Google Earth images. Multiple signatures 
were developed for each land cover type to account for 
the variations in vegetation structure and density. Some 
additional subcategories were also defined to account for the 
variability within each vegetation type. These subcategories 
were later merged to form the final land cover categories 
defined earlier. The classification of agricultural areas 
into irrigated and rainfed areas was done using a different 
method, which is explained in the section Classification of 
Irrigated Areas. The distinction between irrigated and rainfed 
areas was not done when developing signatures.

Transformed Divergence (Swain and Davis 1978) was 
used as a statistical measure to evaluate the signature 
separability. The transformed divergence gives an 
exponentially decreasing weight to increasing distances 
between the signatures (Jensen 1996). The scale of the 
divergence values can range from 0 to 2,000. As a rule, 

if the result is less than 1,700, the separation is poor. 
The training sets were iteratively refined to achieve an 
acceptable level of separability between the signatures. 
The final set of training sites were exported to Google 
Earth Engine using the Fusion Tables⁷ platform.

The selected Landsat 8 spectral bands (bands 2 to 7 and 
band 10), and the mean, standard deviation and two 
change layers derived from seasonal spectral indices 
were stacked together to define the base input dataset 
for the classification. The classification results were 
visually compared with Google Earth imagery using ERDAS 
IMAGINE. Manual editing techniques were used to refine 
the outputs wherever necessary. The manual editing 
was particularly useful in correcting misclassifications 
between water bodies and wetlands.

Land Cover Classification for the Early 
Time Period

The early time period for UGRRB was 1994-1995 and for 
UARB, it was the year 2000. The classification methods 
used were different for the two basins.

Table 1. Landsat images used for the land use and land cover classification of UGRRB and UAB.a, b

Landsat scene (path/row)	 Early period	 Late period	 Cropping season

Upper Great Ruaha River Basin (UGRRB)
	 Landsat 5 TM	 Landsat 8 OLI and TIRS	

168/66	 October 10, 1994	 September 18, 2015	 Pre-sowing
		  May 16, 2016	 Full crops
	 June 23, 1995	 July 3, 2016	 Post-harvest

169/65	 June 14, 1995	 June 23, 2016	 Post-harvest

169/66	 August 14, 1994	 September 9, 2015	 Pre-sowing
	 February 6, 1995	 May 6, 2016	 Full crops
	 June 30, 1995	 July 9, 2016	 Post-harvest

Upper Awash River Basin (UARB)
	 Landsat 7 ETM+	 Landsat 8 OLI and TIRS	

168/54	 February 5, 2000	 March 10, 2015	 Pre-sowing
		  October 20, 2015	 Full crops
	 December 5, 2000	 December 23, 2015	 Post-harvest

169/54	 March 15, 2000	 January 28, 2015	 Pre-sowing
		  May 20, 2015	 Growing
	 November 26, 2000	 December 30, 2015	 Post-harvest

Notes:
a The dates in bold represent the primary images used for the classification (see section Land Cover Classification for the Late Time Period).
b Landsat images have a spatial resolution of 30 m (see Appendix).

6 	Training sites are known areas marked on the satellite image to develop a statistical characterization based on the pixel values for each potential 		
	 output class.
7 	Fusion Tables is a data visualization web application to gather, visualize and share data tables (https://support.google.com/fusiontables/		
	 answer/2571232?hl=en).
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For UARB, land cover mapping for the year 2000 was 
performed through the method described in the section 
Land Cover Classification for the Late Time Period. 
Landsat ETM+ images were used for the classification. Due 
to cloud cover, only two season’s images were available for 
the analysis (Table 1). The image for December 5, 2000, 
was selected as the primary image for classification of the 
Landsat scene 168/54 and the image from November 26, 
2000, was selected for the Landsat scene 169/54. The BUI 
and the mean and standard deviation of NDVI and NDMI 
were derived and appended to the multi-spectral bands 
of the selected primary images to form the base dataset 
for the classification. Signature development, evaluation 
and classification procedures were followed as described 
in the section Land Cover Classification for the Late Time 
Period.

For UGRRB, as mentioned earlier, the map of 1994 
prepared by IRA was used as a base map for the 
1994-1995 classification (Figure 6). The base map was 
developed from the Landsat TM image of August 14, 1994, 
using unsupervised classification techniques. A visual 
comparison between this map and the satellite data used 
to develop it, showed that the heterogeneous land cover 
at finer scale in many areas is presented after significant 
generalization of the classification output. It was noted 
that many small or fragmented patches of agricultural 
areas were removed due to the generalization process. 
The grassland and bushland classes were similarly 
affected. As a classification using a single date imagery, 
the base map prepared by IRA was not capturing the 

variability in wetland extent over the seasons. In this 
study, the classification for 1995 was done by retaining 
the complex heterogeneity of the land cover at fine scale 
following the supervised classification methods used for 
the 2015 mapping.

Classification for the 1995 map was done using multi-
season Landsat 5 TM images (Table 1). The primary images 
of each Landsat scene used for the analysis are as follows:

•	 168/66: June 23, 1995
•	 169/66: June 30, 1995

Based on the visual exploration, it was decided that the 
areas covered by the scene 169/65 did not need to be 
modified further. The additional variables based on the 
spectral indices were developed and the input layer stack 
for the classification was developed as described in the 
section Land Cover Classification for the Late Time Period. 
Neither ground truth information nor high-resolution 
images from Google Earth were available for the year 1995. 
Hence, training sites for classification were developed 
through visual interpretation of Landsat images.

Similar to the approach followed for the 2015 
classification, the signatures were evaluated and refined 
using ERDAS IMAGINE and later exported to Google Earth 
Engine using Fusion Tables to perform the classification 
using Random Forest Classifier. All the Landsat 5 bands 
and the measures derived from multi-season spectral 
indices were used as the base dataset for classification. 

Figure 6. Land cover map from previous work on UGRRB in 1994. 
Source: Prepared by the Institute of Resource Assessment (IRA), Tanzania.

Note: The land cover classes shown on the map are those used by IRA. 
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The classification outputs were used to modify the land 
use map of 1994 and produce the final land cover map for 
further analysis.

Classification of Irrigated Areas
The irrigated and rainfed areas were not distinguishable 
through the initial classification using multi-spectral data 
and spectral indices, and the supervised classification. 
In UGRRB, irrigation mainly occurs in the wet season 
(Villholth et al. 2013). Therefore, classification 
techniques using temporal information, principally 
temporal variations in vegetation and moisture indices, 
were not suitable. Figure 7 illustrates the seasonal 
growth pattern, in terms of NDVI, of irrigated and rainfed 
areas along with the temporal rainfall distribution at two 
representative locations in UGRRB. The NDVI and rainfall 
profiles were derived from a time series of Moderate 
Resolution Imaging Spectroradiometer (MODIS) 16-day 
NDVI data (250 m resolution) and Climate Hazards group 
InfraRed Precipitation with Stations (CHIRPS) rainfall 
images (about 5 km resolution) for the same period. The 
trends shown in Figure 7 were developed by time series 
of a single pixel from each of the sites. As evident in 
Figure 7, there are no significant differences between the 
temporal growth pattern of irrigated and rainfed crops. 
However, the peak NDVI values are marginally higher in 
the irrigated areas.

Since the initial multi-spectral classification methods 
and temporal differentiation techniques were not 
successful in the classification of irrigated and rainfed 
crops, the temporal distribution of various spectral 
indices for irrigated and rainfed areas were explored 
in more detail. A set of 20 sample locations in all the 
irrigated and rainfed areas was selected from a subset 
of the UGRRB ground truth dataset, which included a 
variety of crops (irrigated and rainfed). Pixel values from 
all the spectral index layers, such as NDVI, MSAVI and 
NDMI derived for the initial classification, were explored. 
Additionally, the seasonal mean, seasonal standard 
deviation and the seasonal difference values for each 
variable were also explored. It was observed that the 
mean NDVI and mean NDMI are the two variables offering 
a marginal, but relatively consistent, differentiation 
among these variables (Figure 8). Both mean NDVI and 
mean NDMI were higher (not statistically tested) in 
irrigated areas compared to rainfed areas. NDVI and 
NDMI values have been successfully used in several 
studies to map the irrigated areas (Chance et al. 2017; 
Sharma et al. 2018). These indices are used in various 
ways – either separately or together with other potential 
information layers – based on the characteristics of the 
study area.

The irrigated and rainfed areas were differentiated by 
developing suitable thresholds for these two variables 
applicable for the entire basin. For UARB, thresholds were 
developed based on a set of 25 sample locations selected 
from the available ground truth data.

Accuracy Assessment

An accuracy assessment of the classification performed 
was carried out for the late time period (2015-2016) for 
both basins. This was done using a subset of the ground 
truth data and a set of stratified random validation points 
generated for the underrepresented categories in the 
ground truth surveys using Google Earth images. 

For UGRRB, there were no GPS data with samples from 
wetlands, water bodies and forest plantations. Also, 
bushland and natural forest were underrepresented. 
Random points were generated for these classes to 
supplement the ground truth dataset. The actual 
land use types at the randomly generated locations 
were determined using Google Earth images. The final 
dataset consisted of 189 points, with 136 points from 
the ground truth data and 53 randomly generated 
locations. The comparison of reference data and 
classification results was carried out statistically 
using an error matrix (Story and Congalton 1986). The 
error matrix was used to estimate the user’s accuracy, 
producer’s accuracy and the overall accuracy of the 
map. User’s accuracy is an estimate of the proportion of 
correctly classified pixels in the map and the producer’s 
accuracy is the proportion of correctly classified 
reference points.

For UARB, the accuracy assessment was carried out in two 
steps due to the nature of the available reference data. 
Because the available GPS coordinates from the ground 
truth dataset from the Ministry of Agriculture contain only 
information on the irrigated agriculture class, accuracy of 
the rainfed class could not be determined. Also, the status 
of irrigation cannot be conclusively determined based on 
the Google Earth images. Therefore, for the initial step, 
the irrigated and rainfed classes were combined to form a 
single agriculture class. 

First, a set of 224 validation points were generated using 
a stratified random technique, with a minimum of 30 
locations in each class. Actual land use types at these 
locations were identified using Google Earth Engine. The 
comparison of reference data and classification results 
was carried out statistically using an error matrix as done 
for UGRRB.

Second, accuracy of the irrigated agriculture class was 
evaluated separately using the secondary ground truth 
data provided by Ministry of Agriculture. In this step, the 
accuracy assessment was carried out only for the irrigated 
agriculture class.

It was not possible to carry out the accuracy assessment 
for the early time period classification, because neither 
ground truth data nor high resolution images were 
available for that period. Quality assurance for this 
period was performed qualitatively for UGRRB by visually 
comparing the output with the satellite images and the 
available secondary map provided in Figure 6. 
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Figure 7. Annual variation in NDVI and rainfall for (a) irrigated, and (b) rainfed areas at two representative locations in UGRRB. 
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Figure 8. (a) Mean NDMI, and (b) Mean NDVI for irrigated and rainfed areas in UGRRB (nirrigated = 10; nrainfed = 10).
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Analyzing Land Cover Change

A post-classification land cover change analysis was 
carried out to assess the changes that occurred between 
the two time periods for both basins using the final land 

Results

Upper Great Ruaha River Basin  

Land Cover Characteristics 
Land cover maps developed for UGRRB through the 
classification process are shown in Figure 9. The land area 
covered by each category, estimated from the land cover 
maps, is provided in Table 2.  

Table 2 shows that the basin is dominated by natural 
ecosystems, with agriculture accounting for 14.7% and 
24.6% of the basin area in 1994-1995 and 2015-2016, 
respectively. Forest plantation and human settlement 
areas occupy less than 1% in both periods. Agriculture is 
mostly rainfed. The irrigated area covered 12.2% of the 
agricultural areas in 1994-1995 and 17.3% of the areas in 
2015-2016. 

Natural forest, woodland, bushland and grassland are 
the major natural vegetation classes found in UGRRB. 
Woodland occupies the largest area in the catchment with 
47.6% in 1994-1995 and 44.1% in 2015-2016. Bushland also 

occupies a significantly large area with 22.4% in 1994-1995 
and 18.9% in 2015-2016. 

The basin has large wetland areas occupying 86,676 
ha (4.2%) in 1994-1995 and 76,793 ha (3.7%) in 2015-
2016. Kashaigili et al. (2006a) noticed that there is a 
significant difference in the area of vegetated wetlands 
between the wet and dry season, because the extent 
of inundated areas increases during the wet season. As 
the waterlogged areas decrease during the dry season, 
the extent of herbaceous vegetation and grasses 
increases. The multi-season images used in this study 
enable capturing the maximum seasonal extent of 
the wetland to a great extent. However, the maximum 
extent of the wetland during the peak rainy season can 
vary significantly from year to year depending on the 
seasonal rainfall. Annual rainfall estimated from the 
CHIRPS rainfall dataset is 1,019 mm in 1994 and 800 
mm in 2015, partially explaining the differences in the 
extent of wetlands. The extent of water bodies was 
estimated as 282 ha in 1994-1995, but only 112 ha in 
2015-2016.  

cover maps. Various aspects of land cover change were 
explored by computing measures such as the net change 
in the area of each land cover type and the transition from 
one class to another. Detailed analysis was carried out to 
quantify the gains and losses in each land use category.

Table 2. Area (absolute and relative) of different land cover types in UGRRB for the periods 1994-1995 and 2015-2016.

No.	Land cover class                                             Area in 1994-1995                                            Area in 2015-2016

		   Hectares	  %	  Hectares	  %

1	 Irrigated agriculture	 37,311	 1.79	 88,704	 4.26
2	 Rainfed agriculture	 268,749	 12.91	 423,095	 20.32
3	 Grassland	 221,881	 10.66	 162,574	 7.81
4	 Bushland	 465,763	 22.37	 393,428	 18.89
5	 Woodland	 990,499	 47.57	 918,829	 44.12
6	 Natural forest	 6,068	 0.29	 7,356	 0.35
7	 Forest plantation	 3,693	 0.18	 4,107	 0.20
8	 Human settlement	 1,460	 0.07	 7,384	 0.35
9	 Wetland	 86,676	 4.16	 76,793	 3.69
10	 Water body	 282	 <0.01	 112	 <0.01

 	 Total	 2,082,382	 100.00%	 2,082,382	 100.00%
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Figure 9. Land cover maps of UGRRB for the periods (a) 1994-1995, and (b) 2015-2016.

(a)

(b)
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Accuracy Assessment
The results of the accuracy assessment of the UGRRB 
classification for 2015-2016 are provided in the form 
of an error matrix in Table 3. Overall, the results show 
a good agreement (77.8%) between the output and 
reference data. Both irrigated and rainfed agriculture 
classes show good accuracies, with producer accuracies 
of 73.7% and 76.3%, respectively, and user accuracies 
of 87.5% and 84.9%, respectively. Natural vegetation 
types such as grassland, bushland and woodland show 
relatively lower producer accuracies of 60%, 82.4% and 
63.2%, respectively, and lower user accuracies of 64.3%, 
63.6% and 63.2%, respectively. The error matrix shows 
the potential misclassification of rainfed agriculture, 
which would have resulted in an overestimation of 
these categories. The nature of fragmented small-scale 
agriculture adjacent to the grassland, bushland and 
woodland areas could be a reason for this. All the random 
sample reference points collected from the wetland and 
water body classes were correctly classified, and this 
resulted in a 100% producer accuracy for these classes. 

However, the error matrix shows that there are other 
categories misclassified as wetland and water body, 
which resulted in user accuracies of 87% and 80%, 
respectively. This indicates that there is a small 
overestimation of wetland and water body classes due 
to the misclassification of other categories as these 
classes, most importantly irrigated agriculture and 
bushland. Human settlements in the area generally have 
a mix of trees and small agricultural plots. Additionally, 
most houses in smaller settlements are built with 
natural roofing material. This has affected the success 
of identifying smaller settlements, but the identification 
of larger settlements and small towns were relatively 
successful. The human settlement class has both user and 
producer accuracies of 71.4%.

Land Cover Change
Various aspects of the land cover change dynamics in 
UGRRB were explored through a post-classification change 
analysis using the final land cover maps. The map in Figure 
10 shows the distribution of areas that underwent and did 
not undergo land cover change during the study period. 
The map shows that a substantial part of the catchment 
experienced changes during this 20-year period (from 
1994-1995 to 2015-2016). It is estimated that 619,874 ha 
or 29.8% of the catchment underwent changes. There is a 
tendency for more intensive changes towards the center, 
i.e., the lowlands, of the basin.

Table 4 and Figure 11 provide an overview of the changes 
in each land cover type. The decrease (loss), increase 
(gain) and the net change in area of each land cover type 
are summarized in Table 4. Interestingly, most land cover 
types show substantial changes in both directions (Figure 
11). Details of the loss and gain or changes to each land 
cover class are described in the next section Land Cover 
Transitions.

The data show that both agriculture classes (irrigated and 
rainfed) had a net increase in the total area. However, 
both categories also experienced a decrease or conversion 
to other categories in some areas. Rainfed agriculture 
shows the highest net increase among all categories with 
154,346 ha, which is a 57.4% increase from the situation in 
1995. Irrigated agriculture also had a substantial increase 
during this period. The total irrigated area more than 
doubled (from 37,311 to 88,704 ha, Table 2), with a net 
increase of 51,393 ha (137.7%). The built-up areas (human 
settlement class) in the basin have increased from 1,460 
to 7,384 ha showing a fourfold net increase (405.8%) in 
the total area of that category.  

Grassland, bushland and woodland are the major natural 
land cover types in the basin. Of these, grassland and 
bushland show a major net reduction (26.7% and 15.5%) 
in the total extent, while woodland shows a smaller net 
reduction of 7.2%. There is a fairly large extent of wetland 
areas within the basin, covering almost 76,793 ha in 
2016. During the study period, the total wetland area had 
decreased by 11.4%, but as stated earlier, it is not clear 
whether this is a long-term trend or a natural seasonal 
variation.

Land Cover Transitions
Tables 5 and 6 report the transition of various land 
cover types in UGRRB from 1994-1995 to 2015-2016 in  
absolute (Table 5) and relative (Table 6) numbers. The  
change matrix provided in these tables illustrates the  
detailed conversion between the various land cover 
types present in the basin. The values along the rows  
(except the gray boxes, indicating areas of land cover  
that did not change) indicate how much of the earlier 
extent (1994-1995) of each land cover type was 
converted to other land cover types over the study 
period. In other words, these values indicate the losses 
in the area of each land cover type. Conversely, the 
values along the columns show the extent of land cover 
type that was added from other land cover types in the 
late time period (2015-2016).

There was a significant increase in the irrigated and 
rainfed areas from 1994-1995 to 2015-2016 (Table 
4). Table 5 shows that these additions were mainly 
from woodland and bushland areas. During this 
period, 100,546 ha of woodland and 69,681 ha of 
bushland were converted to rainfed agriculture. This 
is 10.15% and 14.96% of woodland and bushland 
areas, respectively, in 1994-1995 (Table 6). Similarly, 
12,595 ha of grassland also got converted to rainfed 
agriculture. Irrigated areas showed similar trends of 
conversion from woodland, bushland and grassland 
areas. In addition to these, 15,428 ha of rainfed areas 
were also converted to irrigated areas. While the 
overall agricultural extent shows an increase, it may 
also be noted that in some areas, previous agricultural 
(rainfed) land was converted to grassland (9,252 ha) 
and bushland (7,271 ha) (Table 5).   
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Table 3. Error matrix of the accuracy assessment of the UGRRB classification for 2015-2016, showing the comparison of 
the classification results and the reference points (n=189) and the user and producer accuracies.

							       Reference data

Irrigated agriculture	 14	 2									         16	 87.50 

Rainfed agriculture	 1	 45	 1		  4	 1		  1			   53	 84.91 

Grassland	 1	 4	 9								        14	 64.29 

Bushland	 1	 3	 2	 14	 2						      22	 63.64 

Woodland		  4	 3		  12						      19	 63.16 

Natural forest						      12	 1				    13	 92.31 

Forest plantation		  1				    2	 8	 1			   12	 66.67 

Human settlement	 1				    1			   5			   7	 71.43 

Wetland				    2		  1			   20		  23	 86.96 

Water body	 1			   1						      8	 10	 80.00 

Total	 19	 59	 15	 17	 19	 16	 9	 7	 20	 8	 189	  

Producer accuracy (%)	 73.68	 76.27	 60.00	 82.35	 63.16	 75.00	 88.89	 71.43	 100.00	 100.00		
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Figure 10. Map of areas that underwent land cover change and areas that remained unchanged in UGRRB from  
1994-1995 to 2015-2016.

In line with this, the major natural land cover types 
showed a decrease in their overall area (Table 4). 
The reduction in bushland and grassland is quite 
significant at 15.5% and 26.7%, respectively (Table 
4). Although, there was a substantial conversion of 
grassland to rainfed agriculture (12,595 ha), the largest 
conversion from grassland was to bushland (81,248 ha), 
corresponding to 36.6% of grassland. A similar trend in 

the conversion of bushland to grassland and woodland 
can be observed.

Another major land cover type of the basin is wetlands 
(4.16% in 1994-1995, Table 2). While ca. 84% of wetland areas 
remained unchanged during this period, irrigated agriculture 
was a major land use that encroached into wetland areas 
(7,687 ha or 8.9% of wetland area in 1994-1995). 
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Table 4. Net change (absolute and relative) in the area of different land cover types in UGRRB between 1994-1995 and 
2015-2016.

No.	 Land cover class			   Change in area (ha)		             Net change in 
							       area (%)a 
			   Loss	 Gain 	 Net change		

1	 Irrigated agriculture	 5,187	 56,580	 51,393		  137.74 
2	 Rainfed agriculture	 36,131	 190,477	 154,346		  57.43 
3	 Grassland	 120,011	 60,705	 -59,306		  -26.73 
4	 Bushland	 225,396	 153,061	 -72,335		  -15.53 
5	 Woodland	 213,637	 141,967	 -71,670		  -7.24 
6	 Natural forest	 2,604	 3,892	 1,288		  21.23 
7	 Forest plantation	 2,249	 2,663	 414		  11.21 
8	 Human settlement	 692	 6,616	 5,924		  405.75 
9	 Wetland	 13,796	 3,913	 -9,883		  -11.40 
10	 Water body	 170	 0	 -170		  -60.4

Note: a Change in area (%) is calculated with respect to the area of the land cover type in 1994-1995 (Table 2).

Figure 11. Gains and losses of different land cover types in UGRRB during the periods 1994-1995 and 2015-2016. 
Note: The percentage of losses is calculated using the area of the initial period (1994-1995) as the base and the percentage of gains is calculated using 

the area of the later period (2015-2016) as the base.
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Table 5. Area of land cover transitions for each land cover class in UGRRB from 1994-1995 to 2015-2016.

					          Area in 2015-2016 (ha) 

             

Irrigated agriculture	 32,124	 4,370	 204	 563	 0	 0	 16	 13	 21	 0	 37,311 
Rainfed agriculture	 15,428	 232,618	 9,252	 7,271	 215	 0	 538	 3,178	 249	 0	 268,749 
Grassland	 1,879	 12,595	 101,869	 81,248	 18,851	 197	 378	 1,390	 3,474	 0	 221,881 
Bushland	 12,471	 69,681	 23,346	 240,367	 118,184	 0	 644	 1,070	 0	 0	 465,763 
Woodland	 19,067	 100,546	 26,094	 63,080	 776,862	 3,586	 394	 870	 0	 0	 990,499 
Natural forest	 3	 147	 211	 38	 2,205	 3,464	 0	 0	 0	 0	 6,068 
Forest plantation	 44	 800	 31	 178	 1,041	 62	 1,444	 93	 0	 0	 3,693 
Human settlement	 0	 0	 0	 0	 0	 0	 692	 768	 0	 0	 1,460 
Wetland	 7,687	 2,338	 1,567	 683	 1,471	 47	 1	 2	 72,880	 0	 86,676 
Water body	 1	 0	 0	 0	 0	 0	 0	 0	 169	 112	 282
Grand total	 88,704	 423,095	 162,574	 393,428	 918,829	 7,356	 4,107	 7,384	 76,793	 112	 2,082,382

Table 6. Percentage of land cover transitions in UGRRB from 1994-1995 to 2015-2016.a

							       Area in 2015-2016 (%)

             
 
            

 
Irrigated agriculture 	 86.10	 11.71	 0.55	 1.51	 0.00	 0.00	 0.04	 0.03	 0.06	 0.00 
Rainfed agriculture	 5.74	 86.56	 3.44	 2.71	 0.08	 0.00	 0.20	 1.18	 0.09	 0.00 
Grassland	 0.85	 5.68	 45.91	 36.62	 8.50	 0.09	 0.17	 0.63	 1.57	 0.00
Bushland	 2.68	 14.96	 5.01	 51.61	 25.37	 0.00	 0.14	 0.23	 0.00	 0.00
Woodland	 1.92	 10.15	 2.63	 6.37	 78.43	 0.36	 0.04	 0.09	 0.00	 0.00
Natural forest	 0.05	 2.42	 3.48	 0.63	 36.34	 57.09	 0.00	 0.00	 0.00	 0.00
Forest plantation	 1.19	 21.66	 0.84	 4.82	 28.19	 1.68	 39.10	 2.52	 0.00	 0.00
Human settlement	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 47.40	 52.60	 0.00	 0.00
Wetland	 8.87	 2.70	 1.81	 0.79	 1.70	 0.05	 0.00	 0.00	 84.08	 0.00
Water body	 0.41	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 59.93	 39.72

Note: a The percentage is calculated by considering the area in 1994-1995 as a base.

Ar
ea

 in
 19

94
-1

99
5 

(h
a)

Ar
ea

 in
 19

94
-1

99
5 

(%
)

Ir
rig

at
ed

  
ag

ric
ul

tu
re

Ir
rig

at
ed

  
ag

ric
ul

tu
re

Ra
in

fe
d 

 
ag

ric
ul

tu
re

Ra
in

fe
d 

 
ag

ric
ul

tu
re

G
ra

ss
la

nd
G

ra
ss

la
nd

Bu
sh

la
nd

Bu
sh

la
nd

W
oo

dl
an

d
W

oo
dl

an
d

Fo
re

st
 

pl
an

ta
tio

n
Fo

re
st

 
pl

an
ta

tio
n

N
at

ur
al

 
fo

re
st

N
at

ur
al

 
fo

re
st

H
um

an
 

se
tt

le
m

en
t

H
um

an
 

se
tt

le
m

en
t

W
et

la
nd

W
et

la
nd

W
at

er
 b

od
y

W
at

er
 b

od
y

G
ra

nd
 to

ta
l



IWMI - 21Research Report 184 - Land Cover Changes in the Upper Great Ruaha (Tanzania) and the Upper Awash (Ethiopia)  

River Basins and their Potential Implications for Groundwater Resources

Upper Awash River Basin
Land Cover Characteristics
The land cover maps for UARB for the years 2000 and 
2015, developed through the classification process, are 
shown in Figure 12. The area of each land cover type and 
the percentage of each type within the basin for 2000 and 
2015 are provided in Table 7.

Land cover of the basin was classified into eight 
categories in both years. The results show that 
agriculture is the dominant land cover type in the UARB, 
covering 65.9% of the basin in 2000 and 80.6% in 
2015. Within the agricultural areas, irrigated agriculture 
occupied 1.1% in 2000 and 2.0% in 2015. Area-wise, 
built-up areas (human settlements) occupied a relatively 
small but significantly increasing part of the basin – 1.6% 

in 2000 and 4.5% in 2015 (Table 7). Land cover maps 
(Figure 12) show that much of these built-up areas are 
concentrated around Addis Ababa in the northern part 
of the basin. Agricultural and built-up areas, the two 
non-natural land cover types found in the basin, show an 
increase between 2000 and 2015. 

Bushland, grassland and forest are the major natural 
vegetation types in the basin. Among these, bushland 
covered the largest area in 2000 (22.5%), followed by 
grassland (5.3%) and forest (3.9%). In 2015, bushland, 
grassland and forest covered 4.7%, 6.3% and 2.9%, 
respectively.

Water bodies and wetlands are also found in various parts 
of the basin. The combined area occupied by these land 
cover types is less than 1% of the basin in both years.

Figure 12. Land cover maps for UARB for (a) 2000, and (b) 2015.
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Accuracy Assessment

The results of the accuracy assessment for the UARB 
classification of 2015 are provided in the form of an error 
matrix in Table 8. The analysis shows an overall accuracy 
of 81.3%. Highest reliabilities were observed for wetland 
and human settlement, where the producer accuracy 
was more than 90%. The agriculture and forest classes 
also have a high accuracy with both measures (user and 
producer accuracies) being more than 80%. The separate 
accuracy assessment, which was carried out only for 
the irrigated area within the agricultural areas, shows a 
73.9% accuracy for the irrigated agriculture classification 
(cf. section Accuracy Assessment under the section Land 
Cover Classification and Change Analysis). The omission 
error is highest for grassland with a producer accuracy 
of only 63.2%. This could be due to the insignificant 

Table 7. Area (absolute and relative) of different land cover types in UARB for 2000 and 2015.

No.	 Land cover class	 Area in 2000	 Area in 2015

		  Hectares	  %	  	 Hectares	  %

1	 Irrigated agriculture	 7,443	 0.70	 16,936	 1.58
2	 Rainfed agriculture	 697,301	 65.19	 844,827	 78.99
3	 Grassland	 57,103	 5.34	 67,761	 6.34
4	 Bushland	 241,083	 22.54	 50,498	 4.72
5	 Forest	 41,418	 3.87	 31,213	 2.92
6	 Human settlement	 17,202	 1.61	 48,072	 4.49
7	 Wetland	 2,257	 0.21	 4,953	 0.46
8	 Water body	 5,774	 0.54	 5,321	 0.50

	 Total	 1,069,581	 100.00	 1,069,581	 100.00

spectral differences between grassland and fallow 
agricultural land or the misclassification of grassland to 
bushland or forest due to the presence of scattered trees 
or bushes in grasslands, and this would have caused an 
underestimation of the grassland area.

Land Cover Change

The overall distribution of land cover change in the basin 
during the study period is visualized in Figure 13. Although 
the changes are widespread, the distribution and intensity 
of the changes are not uniform across the landscape, 
though there is a tendency for more intensive changes 
toward the boundaries, i.e., the highlands, of the basin. 
It is estimated that 364,464 ha or 34.1% of the basin 
witnessed land cover change in some form over the 15-
year period (2000-2015). 

Table 8. Error matrix of the accuracy assessment for the UARB classification of 2015, showing the comparison of 
classification results and the reference points (n=224), and the user and producer accuracies.

	 				                             Reference data	

						       				     User 
										           accuracy  
										           (%)

	 Agriculture	 29	 2		  2	 2			   35	 82.86
	 Grassland	 4	 24	 6					     34	 70.59
	 Bushland	 3	 4	 23	 1	 1	 1		  33	 69.70
	 Forest		  2	 2	 26				    30	 86.67
	 Human settlement		  3		  1	 28			   32	 87.50
	 Wetland		  3				    23	 4	 30	 76.67
	 Water body						      1	 29	 30	 96.67 
	 Total	 36	 38	 31	 30	 31	 25	 33	 224	

   Producer accuracy (%)	 80.56	 63.16	 74.19	 86.67	 90.32	 92.00	 87.88
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Table 9 provides estimates of the net changes in each land 
cover type in the basin. Area-wise, bushland (-190,585 
ha) and rainfed agriculture (147,526 ha) experienced 
the largest net changes. These changes amount to 
-79.1% and 21.2% of the earlier areas of bushland 
and rainfed agriculture, respectively. Percentagewise, 
human settlements showed the largest gain (179.5%, 
corresponding to a net increase of 30,870 ha), followed 
by irrigated agriculture (127.5%, corresponding to a net 
increase of 9,493 ha). 

The area estimations in Table 9 show that most land cover 
types underwent changes in both directions, i.e., increase 
in area in some locations and a reduction in area in other 
locations. Along with Table 9, Figure 14 illustrates the 
nature of the relative changes in the basin. Except for 
built-up areas (human settlements), all categories show a 
bidirectional pattern of change. Table 9 shows that some 
of the categories, although the net change is low, have 
substantial counterbalancing loss and gain in different 
areas. Grassland (loss of 45,370 ha, gain of 56,028 ha) and 
forest (loss of 32,765 ha, gain of 22,560 ha) are two such 
categories that underwent substantial changes. Except for 
human settlement and agricultural areas, most land cover 
types display a strong bidirectional pattern of loss and 
gain during the study period (Figure 14).

Figure 13. Map of the areas that underwent land cover change and areas that remained unchanged in UARB from 2000 
to 2015. 

Land Cover Transitions

Tables 10 and 11 and Figure 15 summarize and illustrate 
the transition of each land cover class from 2000 to 
2015. Much of the areas that were covered by human 
settlements, and irrigated and rainfed agriculture in 2000 
remained the same in 2015 by retaining 100%, and 90.8% 
and 89.6%, respectively (Table 11). However, classes such 
as grassland, bushland and forest showed substantial 
changes by retaining only 20.6%, 12.4% and 20.9%, 
respectively, of the earlier areas.

Although the original agricultural areas in 2000 remained 
mostly unchanged, the irrigated agriculture class had 
substantial gains from other classes, with an addition of 
10,176 ha (Table 9). Much of this addition was contributed 
from rainfed agriculture (5,910 ha), followed by bushland 
(2,923 ha) (Table 10). The net increase in rainfed agriculture 
(21.2%, Table 9), on the other hand, was primarily from 
bushland (170,481 ha) and grassland (36,048 ha). Similarly, 
a significant portion of the rainfed agricultural area was 
converted to urban areas (18,720 ha). It can also be seen 
that 15,419 ha of the rainfed area were converted to forest, 
which indicates the proliferation of tree plantations in 
agricultural areas. However, the largest change in rainfed 
area is the conversion to grassland (31,953 ha).
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Table 9. Net change (absolute and relative) in the area of different land cover types in UARB between 2000 and 2015.

No.	 Land cover class	                                                               Change in area (ha)		  Net change 
				     	 in area (%)a 		
		  Loss	 Gain	 Net change	
 
1	 Irrigated agriculture	 683	 10,176	 9,493	 127.53
2	 Rainfed agriculture	 72,373	 219,899	 147,526	 21.16
3	 Grassland	 45,370	 56,028	 10,658	 18.66
4	 Bushland	 211,167	 20,582	 -190,585	 -79.05
5	 Forest	 32,765	 22,560	 -10,205	 -24.64
6	 Human settlement	 0	 30,870	 30,870	 179.46
7	 Wetland	 715	 3,411	 2,696	 119.45
8	 Water body	 1,391	 938	 -453	 -7.85

Note: a Change in area (%) is calculated based on the area of the land cover type in 2000 (Table 7).

Among the natural land cover, bushland was occupying 
the largest share with 22.5% of the entire basin in 2000 
(Table 7), and it underwent the largest net change 
during this period (-190,585 ha) (Table 9). Only 12.4% 
of the earlier bushland area remained unchanged (Table 
11). While 70.7% of earlier bushland was converted to 
rainfed agriculture, bushland was also converted to 
grassland (9.1%) and human settlements (3.3%) (Table 
11). At the same time, large areas under forest cover 
(15,896 ha) were converted to bushland. These changes 
have resulted in a net overall reduction of bushland from 
22.5% of the basin in 2000 to just 4.7% in 2015 (Table 
7). While major parts of the grassland and forest classes 
were converted to rainfed agriculture, these categories 
also partially gained from a reverse change from the 
same categories elsewhere. In aggregate, there were 

only marginal changes in the total areas of grassland 
(5.3% to 6.3%) and forest (3.9 to 2.9%) (Table 7). 
However, there was a clear location shift evident in these 
categories because only ca. 20% of the earlier areas 
remained unchanged (Table 11).

A noticeable feature of the land cover change in UARB is 
the expansion of human settlement areas. The analysis 
shows that while almost the entire area occupied by this 
category in 2000 remained unchanged, substantial areas 
of other land cover types were converted and added to 
built-up areas (human settlements). As a result, there was 
an almost threefold increase in human settlement areas in 
this period (1.6 to 4.5%, Table 7). Much of this expansion 
was at the expense of rainfed agricultural areas (18,720 
ha) and bushlands (8,034 ha) (Table 10).

Figure 14. Gains and losses of different land cover types in UARB between 2000 and 2015. 
Note: The percentage of losses is calculated using the area of the initial period (2000) as the base and the percentage of gains is calculated using the 

area of the later period (2015) as a base.
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Table 10. Area of land cover transitions for each land cover type in UARB from 2000 to 2015.

	                                     Area in 2015 (ha)

	  
	   
	

 
	 Irrigated agriculture	 6,760	 0	 185	 0	 76	 282	 86	 54	 7,443 
	 Rainfed agriculture	 5,910	 624,928	 31,953	 0	 15,419	 18,720	 327	 44	 697,301 
	 Grassland	 653	 36,048	 11,733	 4,613	 275	 1,998	 1,472	 311	 57,103 
	 Bushland	 2,923	 170,481	 21,922	 29,916	 6,719	 8,034	 901	 187	 241,083 
	 Forest	 403	 12,571	 1,884	 15,896	 8,653	 1,659	 310	 42	 41,418 
	 Human settlement	 0	 0	 0	 0	 0	 17,202	 0	 0	 17,202  
	 Wetland	 119	 212	 31	 10	 33	 10	 1,542	 300	 2,257 
	 Water body	 168	 587	 53	 63	 38	 167	 315	 4,383	 5,774
	 Grand total	 16,936	 844,827	 67,761	 50,498	 31,213	 48,072	 4,953	 5,321	 1,069,581
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Table 11. Percentage of land cover transitions in UARB from 2000 to 2015.a

					                              Area in 2015 (%)

 
  	   
	

	  
Irrigated agriculture	 90.82	 0.00	 2.49	 0.00	 1.02	 3.79	 1.16	 0.73 
Rainfed agriculture	 0.85	 89.62	 4.58	 0.00	 2.21	 2.68	 0.05	 0.01 
Grassland	 1.14	 63.13	 20.55	 8.08	 0.48	 3.50	 2.58	 0.54
Bushland	 1.21	 70.71	 9.09	 12.41	 2.79	 3.33	 0.37	 0.08
Forest	 0.97	 30.35	 4.55	 38.38	 20.89	 4.01	 0.75	 0.10
Human settlement	 0.00	 0.00	 0.00	 0.00	 0.00	 100.00	 0.00	 0.00
Wetland	 5.27	 9.39	 1.37	 0.44	 1.46	 0.44	 68.32	 13.29 
Water body	 2.91	 10.17	 0.92	 1.09	 0.66	 2.89	 5.46	 75.91

Note: a The percentage is calculated by considering the area in 2000 as a base.
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Discussion

Land cover changes in diverse tropical agrarian 
landscapes are complex in nature. This study quantifies 
and analyzes the patterns of change in two upper basins 
in Ethiopia and Tanzania using satellite images from 
two periods, approximately two decades apart. The 
results of the analysis demonstrate the varying nature 
of the patterns of change. Apart from quantifying the 
changes in each land cover category, the study quantifies 
the transitions between different land cover types and 
provides information about the dominant characteristics 
of the change. The results of the land cover mapping 
were partially validated using field information collected 
through ground truth datasets. The ground truth data 
collection and validation were carried out only for the 
late time period (2015-2016) as there were no suitable 
datasets available for the early time periods (1994-1995 
for UGRRB and 2000 for UARB) for validation. While there 
are no defined standards, generally, an overall accuracy 
of 80 to 85% and no single land cover class having an 
accuracy lower than 60% are considered acceptable for 
thematic land cover classification. However, it is often 
difficult to achieve this in highly complex landscapes such 
as UGRRB. The overall accuracy of the classification for 
2015-2016 was 77.8% for UGRRB and 81.3% for UARB; 
the accuracy of individual land cover classes for both 
basins is within the acceptable limit, indicating that the 
classification is reasonably successful in capturing the 
land cover patterns. However, the inability to validate the 
results of the early time period due to the lack of field 
data is a shortcoming of this study.

The results show that 29.8% and 34.1% areas in UGRRB 
and UARB, respectively, underwent some form of land 
cover change during the study period. Despite the 
satisfactory validation results, there is a certain amount 
of misclassification between the land cover classes. 
Misclassification between spectrally similar land cover 
categories is the key source of uncertainty in thematic 
classification using remote sensing data. Land cover 
classes such as fallow agricultural land and grassland, 
rainfed and irrigated agriculture, woodland and natural 
forest, etc., are potential pairs of misclassification. While 
the results illustrate the overall trends, incorporating 
intermediate time periods in the analysis would have 
provided more insights about the trajectory of change, 
especially if there were any shifts or variations in the rate 
of changes. The following sections discuss the results in 
each basin.

Land Cover Changes in the Upper Great 
Ruaha River Basin

The major human-dominated land cover types in UGRRB 
are agriculture and human settlements. Both these land 
cover types showed substantial growth in their extent 
between 1994-1995 and 2015-2016. The net change in 
the area of irrigated agriculture was 138% and that 

of rainfed agriculture was 57% (Table 4). The human 
settlement areas had an increase of 406%. From the 
transition table (Table 5) and Figure 16, it is evident that 
while the expansion of agricultural areas was mainly in 
the previously natural land cover areas such as woodland 
and bushland, the growth of human settlements was 
mostly from the conversion of rainfed agricultural areas. 
As defined in the classification scheme, the human 
settlements include built-up structures for residential/
commercial purposes, which may be interspersed with 
small farmlands or other fragmented land uses. The loss 
of human settlement areas to forest plantations indicates 
the conversion of small farmlands and tree clusters within 
settlements to monoculture tree plantations.

Major parts of UGRRB are covered by natural land cover 
types. The major natural land cover classes include 
grassland, bushland and woodland, which covered 80.6% 
in 1994-1995 and 70.8% in 2015-2016. All these land cover 
types showed a considerable reduction in net area during 
the study period from 1994-1995 to 2015-2016.  

However, the transition tables (Tables 5 and 6) indicate 
that a substantial area of these three categories 
(grassland, bushland and woodland) exchanged 
between each other. These exchanges show that while 
there is an overall reduction in these areas, large parts 
of the natural land cover in the basin are showing a 
regeneration of vegetation. Table 12 is an extract from 
the land cover transition table (Table 5). The conversion 
to denser vegetated areas is shown in green whereas 
the conversion to less vegetated areas is shown in light 
brown. A pair-wise comparison between each of these 
categories illustrates a shift towards denser vegetation 
types. The change indicated by the values in the green 
cells is considerably higher than those in the light brown 
cells. Together, the conversion to denser vegetation in 
these three categories is almost twice the conversion 
to less vegetated areas. These three categories covered 
almost 80% of the basin in 1995. Further, similar changes 
can also be observed in natural forest. Overall, it can be 
stated that excluding the conversion to agriculture and 
human settlements, the natural land cover types in the 
basin predominantly exhibit a shift towards greener or 
more woody vegetation. 

This increase in vegetation cover may be linked to specific 
local factors or broader-scale regional drivers of change.  

The spatial distribution of the greening trend indicates 
that a significant part of it occurs in the alluvial plains 
(fans) around the wetland region (Figure 17). Past 
studies have reported a drying up of the Great Ruaha 
River during the dry season and occurring since 1993 for 
many years, presumably due to expansion of irrigation 
(Kashaigili et al. 2006a, 2009); some studies link earlier 
degradation of the wetland ecosystem to unregulated 
cattle grazing (SMUWC 2001b; Kihwele et al. 2012). 
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Figure 16. Contributions of various land cover types to net change in the areas of (a) irrigated agriculture, (b) rainfed 
agriculture, and (c) human settlement in UGRRB between 1994-1995 and 2015-2016. 
Note: The x-axes are scaled differently.

Table 12. Conversion of land cover types to more densely vegetated categories in UGRRB between 1994-1995 and 2015-
2016.

	       Land cover 
	      class		   
		   Grassland	    Bushland	     Woodland

	  Grassland	  	 81,248	 18,851

	 Bushland	 23,346	  	 118,184

	   Woodland	 26,094	 63,080	  
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Note: The conversion to denser vegetated areas is shown in green whereas the conversion to less vegetated areas is shown in light brown.
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Overgrazing has a direct detrimental impact on vegetation 
cover by trampling and burning of vegetation by 
shepherds. In an attempt to restore the dry season flow 
and wetland ecosystem, the Government of Tanzania 
expanded the Ruaha National Park (RNP) to include the 
Usangu wetland in 2008 and restricted cattle grazing 
(Kihwele et al. 2018). Figure 17 indicates that the major 
portion of the areas exhibiting an increase in greening 
is within the newly added areas of RNP. The increasing 
greening close to the wetland region may have links to the 
recovery of wetlands and reduction in grazing due to the 
expansion of the RNP and removal of cattle. 

Similar to the increase in greenness in the natural 
vegetation, agriculture in the basin also witnesses an 
intensification and expansion of irrigated areas. There has 
been an increase of 137.7% (51,393 ha) in the irrigated area 
within the basin during the study period (Table 4). The 
expansion of irrigation is mostly occurring in the southern 
fans of the wetland region (Figure 17). As shown in Figure 
17, much of the greening trend (both agriculture and 
natural vegetation) is within the alluvial plains. The trend 
of increase in natural vegetation cover is also witnessed in 
areas away from the alluvial plains.

While there may be local factors influencing such changes, 
it must be noted that similar patterns have been observed 

in other regions of Africa. A general increase in greenness 
or vegetation productivity in several semi-arid areas in 
Africa after the 1980s has been reported by studies based 
on Earth observation data (Huber et al. 2011; Hickler et 
al. 2005; Eklundh and Olsson 2003). These studies, based 
on different datasets and different methods, also report 
significant regional variations in this observed trend, 
including vegetation decline in many areas. There could be 
several explanations for these trends, including recovery 
from drought, precipitation changes, and a possible effect 
of a tropical carbon sink and/or local factors such as 
resource use affecting the vegetation cover. Local factors 
such as afforestation, irrigation development or a shift 
in the dependence on the natural ecosystems may also 
result in such changes. However, it was reported that even 
seemingly similar increases in greenness or vegetation 
cover in different areas may have widely different 
explanations (Fensholt et al. 2012). The bidirectional 
nature of changes observed in natural vegetation types in 
UGRRB during the study period concur with the reported 
trends of vegetation change in several other parts of 
Africa. Much of the increase in vegetation cover in UGRRB 
is occurring in areas in or adjacent to the alluvial plains, 
which were included in RNP in 2008 (Figure 17), indicating 
that the reported local factors such as expansion of the 
protected area and restriction in grazing could be drivers 
of change.  

Figure 17. Vegetation cover in UGRRB. Areas showing an increase in or recovery of vegetation cover and irrigation 
expansion in UGRRB.
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Land Cover Changes in the Upper 
Awash River Basin and Comparison 
with the Upper Great Ruaha River Basin

Agriculture is the largest land cover type in UARB and has 
undergone a major expansion between 2000 and 2015. 
Agricultural areas covered almost 65.9% of the basin in 
2000 and increased to 80.6% of the basin by 2015 (Table 
7). Figure 18 illustrates the land cover types converted 
to irrigated and rainfed agriculture during this period, 
based on Table 10. While a major part of the expansion of 
irrigated agriculture was due to conversion of bushland 
and rainfed agriculture, the expansion in rainfed 
agriculture was mostly due to conversion of bushland.

There was a fourfold increase in human settlements in the 
basin during this period, from 17,202 ha in 2000 to 48,072 
ha in 2015 (Table 7). Figure 18 shows that this expansion 

was mainly from the conversion of rainfed agricultural 
areas and to a lesser extent from bushland areas. Figure 
12 illustrates the distributed expansion of agriculture 
and urbanization between 2000 and 2015. The dominant 
pattern emerging from this analysis is schematically 
shown in Figure 19. Comparing Figures 16 and 18, it is 
evident that many of the overall land cover transitions 
are similar for the two basins, illustrating a general trend 
across these landscapes that includes a transition of 
natural land (such as grassland, bushland and woodland/
forests) first to rainfed agriculture and subsequently to 
irrigated agriculture, and then a transition of parts of 
agricultural areas (mostly rainfed) to human settlements 
(Figure 19). Some encroachment on wetlands was 
also seen, in the case of UGRRB. Human settlements 
and irrigated areas did not seem to be significantly 
transitioning back to other land cover types, presumably 
because of the significant and concentrated investments 
in associated infrastructure.

Figure 18. Contributions of various land cover types to net change in the areas of (a) irrigated agriculture, (b) rainfed 
agriculture, and (c) human settlement in UARB between 2000 and 2015. 
Note: The x-axes are scaled differently.
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With nearly 80% of agricultural areas and 4.5% of human 
settlement areas (Table 7), the natural land cover in UARB 
is alarmingly low. The pattern of greening or shift to more 
woody vegetation types, as observed in UGRRB, is absent 
in UARB. If the trend shown in Figure 19 continues, the 
basin might lose the remaining natural land cover in the 
near future.

For UGRRB, the situation is somewhat different. Here, 
the agricultural areas and human settlement areas 
cover only 24.6% and 0.4%, respectively (Table 2), 
of the basin, while natural land cover types cover the 

remaining area. Therefore, the basin is under relatively 
less stress. However, it should be emphasized that 
the UGRRB encompasses a very critical ecosystem of 
wetlands, upstream of significant conservation areas and 
hydropower dam infrastructure (Villholth et al. 2013). 
In addition, the area has a relatively higher degree of 
irrigation development as of 2016 (17.3% of agricultural 
areas versus 2.0% in UARB), indicating relatively more 
intensive use of the water resources. However, irrigation 
is also picking up significantly in UARB, with a long-term 
average annual development rate of 8.5% in irrigated 
areas compared to 6.9% in UGRRB (Table 13).

Figure 19. Generalized land cover change pathways in both UGRRB and UARB. The thickness of the lines indicates the 
strength of the trends.
Note: ‘Natural vegetation’ includes grassland, bushland and woodland/forest.
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Table 13. A comparison of relative changes in UGRRB and UARB. The rate of change was calculated based on the early 
time period.

Land cover class	                                                      Average annual rate of change

	 UGRRB	 UARB

Irrigated agriculture	 6.89%	 8.50%
Rainfed agriculture	 2.87%	 1.41%
Grassland	 -1.34%	 1.24%
Bushland	 -0.78%	 -5.27%
Woodland	 -0.36%	
Natural forest	 1.06%	
Forest		  -1.64%
Forest plantation	 0.56%	
Human settlement  	 20.29%	 11.96%
Wetland	 -0.57%	 7.96%
Water body	 -3.01%	 -0.52%
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While the annual expansion rate of human settlements in 
UGRRB (20.3%) is higher than UARB (12.0%), it must be 
noted that the recent net change in the human settlement 
area in UGRRB (5,924 ha) is much less than UARB (30,870 
ha) (Tables 4, 9 and 13). The higher rate of expansion 
is due to the fact that the human settlement area was 
marginal in the early time period, so even a small increase 
resulted in a higher expansion rate for the category. So, 
while the catchments may be seen as following a parallel 
trajectory, some significant differences are observed, 
i.e., irrigation development occurred relatively earlier 
in UGRRB, while urban development has been a more 
prominent feature of UARB, though irrigation development 
seems to be increasing currently.

Land cover patterns and transitions of a region could be 
significantly influenced by a combination of sociopolitical 
conditions, economic activities, demographic profiles, 
ecological characteristics, and biophysical factors such 
as climate, water resource availability, etc. Although 
identifying specific determinants of particular land cover 
changes occurring in these basins or their implications 
was beyond the scope of this study, it would be worth 
discussing some of the major aspects of the basins, 
which could have an impact on the observed patterns of 
changes. These characteristics were identified based on 
the analyses and conclusions reported by similar studies 
from the region.

Globally, food production and economic activities to 
support a growing population are major drivers of land 
cover change. The results indicate significant growth in 
human settlements and expansion of agricultural areas in 
both the basins. Population growth increases the demand 
for food, feed, fuelwood and infrastructure, and has 
been a major driver for intensifying natural resource use. 
Growth of industrial production and commercial trade is 
also likely to increase the requirement for land resources 
for constructing infrastructure. Ethiopia and Tanzania 
have been experiencing substantial population growth 
rates in recent decades, e.g., 2.5% and 2.9% in 2020, 
respectively.⁸

With the presence of the large urban agglomeration 
around Addis Ababa city, UARB has the largest 
concentration of urban population and industries in 
Ethiopia. A fairly good road network and direct access 
to the international maritime port of Djibouti, which is 
Ethiopia’s main import/export outlet, provide better 
access to both domestic and international markets 
and promote commercial and industrial investment, 
production and trade in the region. The construction of 
the Ethio-Djibouti Railway (1897–1917), connecting Addis 
Ababa to Djibouti, which passes through the eastern 
part of the basin, has facilitated early development of 

commercial and industrial ventures in this region (Oqubay 
2018).   

Awash River Basin is one of the most intensively cultivated 
basins in Ethiopia since the introduction of modern 
agriculture (Berhe et al. 2013; Gedefaw et al. 2019). The 
growth of population, urban centers and industries in 
the basin also provides opportunities for large-scale 
commercial agriculture. The modern irrigation systems 
were introduced in Ethiopia in the 1950s, initially in 
the Awash Basin for growing commercial crops such as 
cotton, sugarcane and horticultural crops (Awulachew 
et al. 2007). Studies from elsewhere in Ethiopia reported 
population increase as one of the major reasons for the 
conversion of natural vegetation to agriculture in many 
areas of the country (Gashaw et al. 2017; Hassen and 
Assen 2018; Hurni et al. 2005). The shift from rainfed to 
irrigated agriculture in UARB also underlines the need for 
increasing food production. 

Unlike UARB, UGRRB is not an economic-industrial hub 
promoting urbanization. Rather, ecosystem services 
provided by wetlands attracted pastoralists and 
farmers from elsewhere in the country to UGRRB in the 
1980s and 1990s (Sosovele and Ngwale 2002; Kashaigili 
et al. 2006a), which was later restricted by the 
government (Walsh 2012). Sosovele and Ngwale (2002) 
have attributed the expansion of residential areas to 
population growth during this period. Kashaigili et al. 
(2006b) reported that population growth in UGRRB has 
led to the expansion of agriculture in areas with natural 
vegetation in the basin. Although modern agriculture 
and irrigation were introduced in the basin in the 
1940s, major population growth was associated with 
the rapid expansion of irrigated areas after the 1970s 
(Kashaigili 2008).

Changes in vegetation cover can directly affect various 
hydrological processes such as runoff, infiltration, 
evapotranspiration, etc. In a previous study, Kashaigili 
et al. (2008) reported significant changes in the flow 
regime and its impact on the Usangu wetland in UGRRB 
due to the effects of deforestation and an increase in 
irrigated areas. Our study identified an increase in woody 
vegetation and green biomass in certain areas of the 
basin, which can be primarily attributed to the expansion 
of the RNP in 2008 and restrictions imposed by the 
government on cattle grazing (Kihwele et al. 2018). It 
would be worth exploring the impact of this increase in 
vegetation cover on dry season flow and restoration of 
Usangu wetland. Similarly, in UARB, Beyene et al. (2018) 
found that streamflow had increased during the wet 
season and reduced during the dry season, and surface 
runoff had increased, due to the conversion of natural 
vegetation to agriculture. 

8 Statista: https://www.statista.com/statistics/1227666/population-growth-rate-in-africa-by-country/#:~:text=All%20the%20African%20countries%20
registered,three%20percent%20of%20growth%20each (accessed on February 20, 2022).
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Changes in natural ecosystems may have negative 
consequences on the livelihoods of dependent 
communities. For example, conversion of grassland into 
other land uses would reduce the availability of fodder 
for livestock, which would further impact a series of 
livelihood activities prevalent in an agrarian society. In 
northwestern Ethiopia, a reduction in grassland led to 
a shortage of livestock, which further impacted farming 
activities such as plowing, transporting, manuring, 
etc., and reduced income from animal products 
(Zeleke and Hurni 2001). The drying up of the river and 
reduction of wetlands in UGRRB after 1993 (Kashaigili 
et al. 2006a), and again in 2013 and 2015 (Stears et al. 
2018), presumably due to anthropogenic influences, 
had a profound impact on regional biodiversity, which 
was evident in the water stress and mortality rates of 
associated species in the downstream RNP (Kashaigili et 
al. 2006a).

Implications of Land Cover Change for 
Groundwater Resources

Significant land cover changes in UGRRB and UARB over 
the last decades, exacerbated by climate change, imply 
intensified land and water use, including groundwater. 
There is good evidence that groundwater is increasingly 
being developed to meet growing water needs for both 
urban and rural community water supplies and productive 
uses, such as irrigated agriculture (Worqlul et al. 2017; 
Villholth et al. 2013), as well as providing a buffer against 
droughts and climate change more generally in the basins 
(Birhanu et al. 2021; Hyandye 2019). In Addis Ababa, the 
relative use of groundwater for public water supply has 
increased from around 9% to more than 50% since the 
early 2000s (Healy et al. 2022). With more dependence 
on groundwater, the question naturally arises, how 
will land cover and water use changes likely affect 
groundwater resources and dependent ecosystems in 
these basins in the future.

From a qualitative assessment, and building on previous 
assessments, the following impacts on groundwater 
resources (recharge, storage and quality) are projected.

1.	 Land cover change towards more rainfed 
agriculture

Rainfed agriculture underwent a large increase of 
57% and 21% in UGRRB and UARB, respectively. 
If the original natural vegetation is more water 
consuming than agricultural crops (e.g., more 
deep-rooted vegetation like bushland or forest), 
this transition could lead to increased groundwater 
recharge and raised groundwater levels. This effect 
has been observed widely across the relatively 
flat Sahel (Favreau et al. 2009). On the other 
hand, groundwater recharge could be significantly 
impaired if land becomes degraded in the process 
(e.g., increased cultivation or livestock rearing and 

overgrazing on unstable or easily erodible hillslope 
areas). Land degradation is a real hazard in the 
Ethiopian highland context in the UARB, where 
erosion in upper catchments with higher slopes 
is a significant issue (Daba and You 2022). It is, 
therefore, important to protect land cover, especially 
in important recharge areas of major aquifers (e.g., 
through the use of exclosures, contour bunding and 
proper road construction [Mekuria et al. 2009]). 

2.	 Land cover change towards more urbanization

The largest relative land cover change is conversion 
to larger human settlement/urban areas (increase of 
406% and 180% in UGRRB and UARB, respectively). 
This change could imply a decrease in groundwater 
recharge, due to an increase in paved/impermeable 
surface areas. On the other hand, recharge 
may increase due to the increased import or 
impoundment of surface water in the basins, which 
could give rise to more groundwater recharge from 
these surface water storages or indirectly when 
wastewater is discharged after use into unlined 
canals, wastewater treatment ponds, etc. Large water 
losses from inefficient urban water supply distribution 
systems could also enhance recharge (Birhanu et 
al. 2021). As urbanization increases, and reliance on 
groundwater grows, as exemplified by Addis Ababa, 
the net result may be a decrease in groundwater 
storage. In any case, urbanization would also 
imply a larger contamination load and pressure on 
groundwater resources, e.g., from poor solid waste 
and sanitation management. Understanding these 
processes and policy implications is vital to ensure 
sustainable groundwater use in urban contexts (Healy 
et al. 2022).

3.	 Land cover change towards more irrigated 
agriculture

The second-largest relative land cover change 
is conversion to larger irrigated agricultural 
areas (increase of 138% and 128% in UGRRB and 
UARB, respectively). The impact of this change on 
groundwater resources largely depends on the 
source of water for these expanded irrigated areas. 
If these areas are primarily served by surface water, 
groundwater levels and groundwater outflow to 
surface water bodies from significant irrigation return 
flows, as observed in the Awash Basin (Kebede et al. 
2021), could take place. However, as groundwater 
is increasingly used as the sole or supplementary 
source of irrigation water, there is a risk of further 
depleting the resource. Groundwater quality may 
also be impaired significantly as a result of these land 
cover changes. More agrochemical leaching (from 
fertilizers and pesticides) from soils and more salinity 
due to lower river flows to dilute salts are some of 
the potential harmful consequences to groundwater 
resources. There is a need to use groundwater and 
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surface water conjunctively (Birhanu et al. 2021) to 
increase irrigation and water-use efficiency (Birhanu 
et al. 2021), and to provide capacity and incentives 
for more land restoration and regenerative agriculture 
(Reij 2015).

In addition, climate change impacts may influence 
groundwater resources. Extreme rainfall events 
may increase infiltration potential, due to lower 
evapotranspiration losses and more focused recharge 
and preferential flow into the subsurface (Cuthbert et al. 

2019). However, intensive rainfall may also accelerate 
surface runoff and increase soil erosion, hampering 
diffuse recharge, especially in degraded highlands. 
Climate change is possibly compounding the effects 
of land cover changes (e.g., land degradation) and 
intensified water demand, especially for irrigation, 
in extended drought periods (Daba and You 2022). 
Climate change is possibly also enhancing the risks of 
groundwater contamination due to flooding intercepting 
human waste and poorly-packaged, stored or soil-
applied chemicals (Geris et al. 2022). 

Conclusions

Land cover change in a traditional agropastoral landscape 
like that found in the Upper Great Ruaha River Basin 
(UGRRB) in Tanzania and the Upper Awash River Basin 
(UARB) in Ethiopia involves transitions from natural 
landscapes to intensively utilized landscapes, associated 
with population growth, economic development and the 
evolution of more complex production systems. 

The pace of these transitions varies vastly between 
regions based on their historical, geographical, ecological, 
social and political characteristics, but with some 
common features, as observed in this study. Examples 
include the early transition to rainfed agriculture, 
shifting to increasing levels of irrigated agriculture, and 
agricultural, mostly rainfed, areas gradually giving way 
to human settlement/urban areas. Climate change may 
modify certain trajectories, as impacts on resources are 
manifested and human demands change.

Except in heavily built-up environments and intensive 
irrigation systems, the transitions are not always 
unidirectional. Investigating the multiple trajectories is 
necessary to comprehend the underlying patterns and 
overall land cover changes.

The analysis, covering the period 1995-2015, shows 
that UGRRB and UARB, broadly speaking, are at two 
successive stages of transition to more urbanized and 
more intensive farming systems, which is consistent 
with the findings from previous studies in low-income 
countries (Damtew et al. 2022; How Jin Aik et al. 
2021). While UGRRB is still dominated by natural land 
cover (75% in 2015-2016), the natural land cover in 
UARB is almost vanishing (15% in 2015). The transition 
from natural ecosystems to agropastoral systems 
and further to urban systems supported by intensive 
agriculture is similar in both basins, but at successive 
stages, with UARB being at a more advanced stage. 
However, it must be noted that intensive irrigated 

agriculture already expanded in UGRRB early on, from 
the 1970s. 

Another notable feature is that UARB has predominant 
land cover changes towards the perimeter (i.e., the 
highlands and headwaters of the basin), making it subject 
to land degradation and soil erosion. However, in UGRRB, 
development appears more concentrated towards the 
central plains, where there is still unutilized land and 
water resources, though the ecological functioning of 
the vital wetland and downstream conservation areas 
and hydropower infrastructure are already stressed. This 
trend appears partially tempered by a significant observed 
greening trend, presumably driven by a policy change to 
expand the Ruaha National Park in 2008. 

Though not investigated in detail, the results indicate 
the need for analyzing land cover changes in these upper 
basins in a broader basin-scale context. There is a critical 
need to understand not only simple land cover changes, 
but also broader ecological, water consumption and 
water resources, and developmental and socioeconomic 
issues at the larger basin scale.

Observed land cover changes may affect and be affected 
by water use. As the reliance on groundwater for meeting 
human demands increases, while maintaining its role in 
providing ecosystem services remains critical, it is vital to 
understand the implications of land cover changes for this 
resource in these increasingly stressed basins and under 
climate change.

More broadly, the results of this study provide water 
resource managers and land use planners with valuable 
information to improve future land use and land cover 
policies and practices and develop basin management 
strategies for the UGRRB and UARB, with the goal of 
enhancing equitable and sustainable water and land 
resource use and building resilience.
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Appendix. Characteristics of Landsat Images and Data Access.
The Landsat program is a land remote sensing program jointly operated by the National Aeronautics and Space 
Administration (NASA) and the United States Geological Survey (USGS) from 1972 onwards. Eight satellites have been 
launched at various points of time as part of the continuous program, in which Landsat 7 and Landsat 8 are currently 
operational (as at 2017). This study used images from Landsat 5, 7 and 8 satellites.

The Landsat images and surface reflectance data products derived from these images are available to download from 
the online data archive EarthExplorer.9 EarthExplorer, maintained by USGS, provides a convenient interface for users to 
search, order and download remote sensing data from several sensors, including various Landsat sensors. 

Landsat 8

Landsat 8 is the latest satellite in the series, which was launched in February 2013. Landsat 8 has a 16-day revisit cycle 
and carries two push-broom instruments: the Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS). The 
OLI sensor collects image data in nine spectral bands and TIRS collects data in two thermal bands over a 190 km swath. 
Details of the Landsat 8 mission can be found in the Landsat 8 Data Users Handbook (USGS 2019). The characteristics of 
OLI and TIRS spectral bands are provided in Table A1.

Table A1. Band designations of the Landsat 8 satellite. 

Band number	 Band name	 Wavelength (10-6 m)	 Spatial resolution (m)

Band 1	 Coastal/Aerosol (CA)	 0.435 - 0.451	 30
Band 2	 Blue	 0.452 - 0.512	 30
Band 3	 Green	 0.533 - 0.590	 30
Band 4	 Red	 0.636 - 0.673	 30
Band 5	 Near Infrared (NIR)	 0.851 - 0.879	 30
Band 6	 Shortwave Infrared (SWIR) 1	 1.566 - 1.651	 30
Band 7	 Shortwave Infrared (SWIR) 2	 2.107 - 2.294	 30
Band 8	 Panchromatic	 0.503 - 0.676	 15
Band 9	 Cirrus	 1.363 - 1.384	 30
Band 10	 Thermal Infrared Sensor (TIRS) 1	 10.60 - 11.19	 100* (30)
Band 11	 Thermal Infrared Sensor (TIRS) 2	 11.50 - 12.51	 100* (30)

Source: USGS n.d.(b)

Note: * TIRS bands are acquired at 100 m resolution, but the data products are resampled to 30 m pixels.

Landsat 7

The Landsat Enhanced Thematic Mapper Plus (ETM+) sensor is carried on the Landsat 7 satellite, which was launched in 
April 1999. The sensor suffered a scan line corrector (SLC) failure in 2003, which resulted in a loss of data in the acquired 
images from that point onwards. Landsat 7 has a 16-day revisit cycle and the swath width is 183 km x 170 km. The Landsat 
ETM+ spectral bands are given in Table A2.

9 https://earthexplorer.usgs.gov/
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Table A2. Band designations of the Landsat 7 satellite.

Band number	 Band name	 Wavelength (10-6 m)	 Spatial resolution (m)

Band 1	 Blue	 0.45 - 0.52	 30
Band 2	 Green	 0.52 - 0.60	 30
Band 3	 Red	 0.63 - 0.69	 30
Band 4	 Near Infrared (NIR)	 0.77 - 0.90	 30
Band 5	 Shortwave Infrared (SWIR) 1	 1.55 - 1.75	 30
Band 6	 Thermal 	 10.40 - 12.50	 60* (30)
Band 7	 Shortwave Infrared (SWIR) 2	 2.09 - 2.35	 30
Band 8	 Panchromatic	 0.52 - 0.90	 15

 Source: USGS n.d.(b) 

 Note: * ETM+ Band 6 was acquired at 60 m resolution, but the data products are resampled to 30 m pixels.

Landsat 5

The Landsat Thematic Mapper (TM) carried on the Landsat 5 satellite was operational from March 1984 to January 2013, 
and provided images acquired in seven spectral bands. Landsat 5 had a 16-day revisit cycle and the swath width was  
185 km. The Landsat TM spectral bands are given in Table A3.

Table A3. Band designations of the Landsat 5 satellite. 

Band number	 Band name	 Wavelength (10-6 m)	 Spatial resolution (m)

Band 1	 Blue	 0.45 - 0.52	 30
Band 2	 Green	 0.52 - 0.60	 30
Band 3	 Red	 0.63 - 0.69	 30
Band 4	 Near Infrared (NIR)	 0.76 - 0.90	 30
Band 5	 Shortwave Infrared (SWIR) 1	 1.55 - 1.75	 30
Band 6	 Thermal	 10.40 - 12.50	 120* (30)
Band 7	 Shortwave Infrared (SWIR) 2	 2.08 - 2.35	 30

Source: USGS n.d.(b)

Note: * TM Band 6 was acquired at 120 m resolution, but the data products are resampled to 30 m pixels.

Landsat Surface Reflectance Products

Landsat Surface Reflectance data products provided by USGS were used to develop various spectral indices for the 
classification. Surface reflectance data are produced after the removal of atmospheric artefacts on satellite data. 
Removing atmospheric effects make remote sensing data acquired from various locations and various time periods 
comparable. The Surface Reflectance data for Landsat 5 and 7 were developed by using Landsat Ecosystem Disturbance 
Adaptive Processing System (LEDAPS) (USGS 2020a), whereas Landsat 8 OLI surface reflectance data are generated 
through the Land Surface Reflectance Code (LaSRC) (USGS 2020b) algorithm.
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