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KEYWORDS Abstract Soil salinization is a major problem affecting productivity of irrigated lands in arid and
Empirical model; semi-arid areas. Managing salinity to minimize environmental impact is a prerequisite for sustain-
Geospatial tools; able irrigated agriculture. The objective of this study was to assess the level of salinity in Sego irri-
Irrigation; gated farm, Ethiopia and to map temporal and spatial distribution of salt affected soils to support
NDSI; management programmes. The study employed normal image classification, and developing models
Overlay salinity model; from ECe vs NDSI and thematic layers to map soil salinity, using geospatial tools. Multi-temporal
Salinization Landsat TM images of 1984, 1995 and 2010 were used to detect salinity affected areas in the study

area. Results of the study revealed that around 6 ha of the area gets moderately to strongly salinized
per year. Empirical model developed from ECe vs NDSI of 2010 image using regression analysis
revealed the coefficient of relation as 66%. The model was extended for the whole area, and
revealed that 2.0% of the study area was strongly saline and 54.7% of the area was non-saline.
Overlay model developed from water table, land form, land management type and land-cover
has revealed that 11.2% of the study area was non-saline, whereas 47.2% and 3.0% was moderately
and strongly saline, respectively. Validation of the models was made to test their predication capa-
bility and the overlay model has revealed better correlation coefficient of 67.3% to the measured
ECe. Most of the salt affected areas were on shallow water table. Cambisols and fluvisols were
greatly affected by salinity. The results indicate that long-term irrigation activities would affect agri-
cultural potentiality of the area in the future, and geospatial tools are efficient and feasible for
detecting salt affected areas from satellite images and thematic maps.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2009; Rongjiang and Jingsong, 2010). It is a severe environ-
mental hazard that impacts growth of several crop varieties.
Statistics on the extent of world salt affected areas vary; how-
ever, general estimates are close to one billion hectares, which
represent about 7% of the earth’s continental extent. More
than 120 countries are confronted to a smaller or to a greater
degree with the problem of soil salinity (Al-Khaier, 2003).
Land degradation, which is the product of a complex interac-
tion of several variables, reduces the potential capability of
soils to produce goods and services. Semi-arid regions are
under high pressure to produce food for their rapidly increas-
ing populations. The consequent changes in land-use mainly
due to agricultural intensification together with harsh climatic
conditions including global climate change, have accelerated
land degradation process, which has already caused yield
reduction in many parts of the arid world. Therefore, the need
for detecting salinization and land degradation along with
assessing its severity at any given time becomes vital. Accord-
ing to Beshir and Bekele (2007), some of the problems of large
scale irrigation systems in Ethiopia are lack of awareness
among farm officials, and policy problems. Further, irrigation
systems are affected by water logging, deterioration of canal
capacity and salinity. The main sources of salinity are shallow
ground water tables, natural saline seeps irrigation waters,
source from marine origin and intensive use of chemicals in
agricultural practices. In arid and semi-arid regions, evapora-
tion exceeds precipitation, which causes upward movement
of dissolved alkaline salts from the ground water. At the same
time, rain water causes downward movement of salts. The net
result is deposition of the translocated cations at or very near
the soil surface, which is the root zone of most plants. Coun-
tries like Ethiopia, where arid and semiarid climatic zones
occupy over 60% of the land area, development of technology
to control and mitigate salinity and sodicity is an important
issue for modern agricultural development and management
(Beshir and Bekele, 2007). Land-use pattern changes in rela-
tion to the increase of human population density and expan-
sion of irrigated cultivation leading to salinization of the
soils lowering productivity have already been reported
(Zewdu et al., 2014).

Ethiopian Irrigation Development Program has proposed
26 medium and large scale irrigation projects to be implement-
ed. Due to topographic reasons, most of the already estab-
lished or proposed large scale irrigation schemes are in the
lowlands of the nation, where major river basins such as
Awash, Blue Nile, Wabe Shebelle river basins and the Great
Rift Valley basin are located. Over 11 million ha of land in
the arid, semi-arid and desert regions of Ethiopia is known
to be already salt affected (Wlachew et al., 2008). Large areas
of the Awash river basin, especially the middle and lower parts
of the basin are saline or sodic or in saline sodic phase, and
thus potentially exposed to salinization and sodicity. Detection
of soil degradation by means of conventional soil survey
requires a great deal of time, but remote sensing techniques
offer the possibility for mapping and monitoring such process-
es more quickly and economically. However, to assess the
accuracy of the ability of satellite images to map and monitor
salinity, it is necessary to compare them with field measure-
ments of salinity (El-haddad and Garcia, 2006). Geospatial
and remote sensing approaches are efficient in accuracy, cost
effectiveness, speed, and labour savings for delineating salt
affected soils (Al-Mulla, 2010; Mohamed et al., 2012). There-

fore, the objective of the present study was to assess the level
of salinity in Sego irrigated farm and to map the distribution
of the problem in the area through application of salt indices
and developing different salinity mapping to identify the best
mapping method, useful for effective management and strate-
gies to predict and overcome the problem.

2. The study area and methods

2.1. The study area

The study area is located in the Southern Nations Nationalities
and Peoples Regional State of Ethiopia (SNNPRS) at about
24 km south of Arba Minch town, extended on both sides of
Arba Minch—Konso asphalt road. Geographically, it is bound-
ed by latitudes 5°48'12"—5°54'9"N  and longitudes
37°25'9"—37°30'50"E with an area coverage of 6747 ha
(Fig. 1). This is a flood plain bounded area by Lake Chamo in
the eastern and southern directions, while its northern and west-
ern directions are bounded by mountains. The area is drained by
Sile and Sego rivers, which empty into Lake Chamo.

There is an abrupt change in the topography about 5 km
downstream of the dam site, where Sego and Sile rivers emerge
onto a plain bordering Lake Chamo (at the command area).
This is the lowest part of the Ethiopian Rift Valley in the area
at an elevation of about 1100-1250 m asl. Meteorological data
were obtained from the Ethiopian National Meteorological
Agency (NMA). The study area is characterized by hot sub-
humid lowlands in the eastern and northern parts and warm
sub-humid lowlands to warm humid lowlands in the western
and north-western parts of the watershed. The annual
evapotranspiration is almost uniformly distributed throughout
the year. Seasonal temperature variation is only marginal. At
Arba Minch, the mean monthly temperature is 23.9 °C, vary-
ing between 22.7 °C in July and 25.7 °C in March. Rainfall dis-
tribution in the study area is bimodal. A long rainy season
occurs from the beginning of March to the end of May with
a maximum rainfall recorded in April (219 mm), and a short
rainy season from mid-August to mid-October, during which
the maximum rainfall recorded was in October (120 mm).

The study area is characterized by eight major soil types.
These are cambisols, fluvisols, luvisols, vertisols, gleysols, solo-
netz, solonchaks and leptosols. Cambisols dominates the soil
type of the area, which covers about 54% of the command
area, followed by fluvisols. The parent material is alluvial river
deposits and colluvial materials developed over the old lacus-
trine deposits (FAO, 2009).

2.2. Methods

To assess spatial distribution of saline soils with respect to soil
type, map of salt affected soils was overlaid with soil type map.
For this purpose, map showing eight major FAO soil classes of
scale 1:10,000 was obtained from Generation Integrated Rural
Development Consultant (GIRDC), based on the soil survey
2009. The present study was conducted using Landsat TM
satellite data of 1984, 1995 and 2010 (path 169 and row 056)
obtained from global land cover. The satellite data were
digitally rectified and processed using the ERDAS Imagine
9.2. Digital elevation models (DEM) of 30 meter resolution
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Figure 1  Location map of the study area.

were also used. These data sets were analyzed and salt affected
areas were mapped using geo-spatial approach. ERDAS Imag-
ine 9.2 and the ArcGIS 10.1 were used as main GIS packages
for building models and running functions such as input, out-
put, analysis and processing. Ethiopian mapping agency
(EMA) toposheet (0537 A2) of 1:50,000 scale pertaining to
the study area was used for geo-referencing of satellite images,
creation of the study area map, and validation of the ground
truth. The salt affected area boundaries extracted from the
working plan of the Government Department were transferred
onto toposheet, and different administrative boundaries and
transport network were generated. Soil salinity of the study
area was mapped by overlay soil salinization model and sali-
nity model from measured electrical conductivity (ECe) and
spectral reflectance, and finally validation and comparison of
the methods were made.

2.2.1. Salinity model from measured ECe and spectral
reflectance

To assess the spatial distribution of ECe and to predict salinity
level at different locations, regression analysis was made, based
on ECe point data and Normalized Difference Salinity Index
(NDSI) generated from Landsat image 2010. For this analysis,
a total of 84 samples (ECe points) were used based on the
result of soil field survey by HALCROW-GIRDC, 2009. Sali-
nity for the study area, expressed in ECe value, was found as
point data to represent the value at the sampling location.
Attempt was made to predict ECe values at unsampled loca-

tions through regression analysis. This was done by distribut-
ing the ECe sample points on NDSI generated from images of
2010 in the ArcMap. The corresponding value of NDSI for
ECe point value was extracted using spatial analyst tool
(extract values to points) in the ArcGIS environment, the cor-
responding ECe values were plotted on scatter diagram and
the best fit line and equation were determined (Eq. 1 below).
Based on the equation, regression analysis model was devel-
oped using model builder in the ArcGIS environment to pre-
dict soil salinity level for the whole area in the form of raster
map.

Salinity = 58.06x + 32.63x + 6.63 (1)

where x is spectral reflectance/NDSI.

2.3. Soil salinization model

Ground water level, landform, land management type, soil tex-
ture and land cover were used for soil salinization model. All
factor layers were resampled to 30 m cell size to the resolution
of DEM and Landsat image and reclassified. Scale values
ranging from 1 to 3 were assigned to each of the classes of
the factor layers based on their susceptibility to salinization
process, where scale value 1 shows the lowest susceptibility
and value 3 the highest.

Multi-Criteria Evaluation was used in weighted overlay
analysis, where weights of all the layers were combined to
sum one. Weightings that represent the relative importance
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Table 1 Pair-wise comparison of factor layers Principal Eigen vector of the pair-wise comparison matrix.

Layer/factor Water table level Landform Land management Land cover Soil texture Weight
Water table level 1 = = = = 0.36
Landform 12 1 - - - 0.25
Land management 12 1/2 1 - - 0.18
Land cover 1/3 1/2 12 1 0.12
Soil texture 1/3 1/3 12 1/2 1 0.09

of concerns were developed. The procedure employed to estab-
lish weight value for each of the layers involved in the overlay
analysis was pair-wise comparisons in the IDRISI Andes soft-
ware version 15.0. The comparison was based on relative
importance of the two criteria involved in determining salinity
vulnerability of the area. Hence, every possible pairing was
compared and the ratings were recorded into a pair-wise com-
parison matrix. The resulting weight from pair-wise compar-
ison for each of the soil salinity factors is shown in Table .
To generate the map of salt affected soils from the weighted
overlay analysis of soil salinization model, the cell value of
each model parameter was multiplied by its respective weight
(Eq. 2), and the resulting cell values were added to produce
the final output raster, showing the level of soil salinity. To
generate the final map of salt affected soils, the raster map

- Landsat Image TM,
1984, 1995 £ 2010

- Topographic map

- Study area boundary

= Map of soil type and
ground water table

Primary Data Secondary data

Pre-field data organization
and analysis

!

Image processing

Soil texture

was reclassified into four classes, ranging from 1 to 4. In the
output raster, the higher value indicates areas of strong salinity
level, whereas low raster value indicates less salinity level.

Salinity = (0.36 x Ground water level) + (0.25 x Landform)
+ (0.18 x Land management) + (0.12 x Land cover)
+ (0.09 x Soil texture) (2)

Validation and comparison of empirical model derived from
Soil ECe vs NDSI and overlay salinity model of the four factor
layers were made. This was done by plotting the ECe value and
raster value of salinity map from empirical model and overlay
model on scattered diagram. Then correlation between ECe
value and raster value of each of the models was derived. A flow
chart of the methodology is presented in Fig. 2.
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Flow chart showing geo-spatial approach of the developed salinity model.
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Figure 3  Salt affected soil map derived from NDSI.

3. Results

3.1. Soil salinity (ECe) and NDSI

The map of salt affected soils derived from empirical model
revealed four classes of salinity levels with different extents
of area (Fig. 3), viz. non-saline, slightly saline, moderately sal-
ine and strongly saline soils. Non-saline soil area was the lar-
gest in extent (3692.7 ha), which was 54.7% of the total area

(Table 2). Strongly saline soil covered 2.0%, which was mainly
in the central part of the study area. Spatially, it coincided with
those derived from supervised classification and NDSI classifi-
cation except the variation in the area coverage. The model
revealed some new patchy areas of strong salinity in the north-
ern and western edges of the study area. Slightly saline and
moderately saline soils covered 32.6% and 10.6%, respectively,
and found scattered throughout the study area.

The empirical model of ECe vs NDSI offered 66%
coefficient determination. Most of the measured ECe points
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Table 2 Area extent of soil salinity level derived from NDSI.

Salinity level (mS/cm) Salinity extent Area (ha) Area (%)

2.05-4 Non-saline 3692.7 54.7

4-8 Slightly saline 2202.0 32.6

8-15 Moderately saline 715.0 10.6

>15 Strongly saline 136.9 2.0

Total 6746.5 100
45.00 ECe value and salinity derived from the model was also found
40.00 * 0 y = 58,0624+ 32.63% + 6.63 correlated (67.3%). Coefﬁciénts of correlatio'n‘ showed that
3209 * R#=0.66 both models were of approximately equal validity. However,
fg'gg A the overlay model was better compared to the empirical model.

ECe (mS/cm)

*
L
15.00 & 3
ot W, ?
£ IS
«.\—&@M ,

-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60
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Figure 4 Regression analyses model between ECe and NDSI.

concentrated in the lower part of the NDSI value (Fig. 4), but
some of the NDSI values indicated high level of salinity in the
area.

3.2. Overlay salinization model

Water table had higher degree of influence (about 47%), fol-
lowed by landform (28%). Land management and land-cover
have 14% and 11% influence, respectively. The result of over-
lay soil salinization model revealed four levels of soil salinity
such as strongly saline, moderately saline, slightly saline and
non-saline with different extents (Table 3 and Fig. 5). Strongly
saline area contributed for 2.8%, which concentrated in the
central part of the study area, slightly and non-saline areas
account for 31.2% and 26.6%, respectively, where land man-
agement was largely under the State farm, characterized by
sparse vegetation, shallow water table and low laying land-
form. Moderately saline areas were concentrated in the central
and eastern parts of the study area, where water table level was
moderate to shallow, characterized by low laying lands along
the shore of Lake Chamo.

3.3. Validation and comparison of the models

The test for validity of empirical model showed high correla-
tion (66.0%) between measured ECe value and salinity derived
from the model (Fig. 6). The correlation between measured

Table 3 Area extent of salinity classes derived from overlay model.

Hence, prediction of salt affected areas can be executed using
the overlay soil salinization model developed from the five fac-
tor layers (water table level, landform, land management type,
soil texture and land cover).

Direct validation from the field with supporting photos
showed the salinity status in the study area. Crystalline salts
were clearly seen on the land surface in some of the areas
(Fig. 7). As a result, currently, most of these areas are aban-
doned from cultivation, whereas nearby areas are left as bare
land and some areas are used for grazing.

3.4. Soil type

Cambisoil dominated the study area to an extent of 3683.3 ha,
which was largely affected by salinity as moderately (25%) and
strongly saline (2.3%), respectively (Table 4). The next salt
affected soil was fluvisols occurring in the low laying landform
under moderate salinity level accounting for 12.8% of the area.
Solonchaks and solonetz, which were associated with salt
affected soil, were under moderate salinity levels covering
2.4% and 1.9% of the study area, respectively. The rest of
the soils were slightly and strongly saline, which collectively
accounted for 0.8% of the present study area.

All the non-saline soils (11.2%) were on deep water table
depth, whereas 14.6% of these areas were slightly saline
(Table 5). Soils on deep water table are not affected by salinity.
Out of the 3781.7 ha area, with shallow water table depth,
16.7% and 36.4% were slightly and moderately saline, respec-
tively. Almost all the strongly saline soils covering an area of
about 3% were situated on shallow water table depth.

4. Discussion

In the present study, both the maps of soil salinity showed that
moderately and strongly saline soils are largely concentrated in
the eastern and central parts, especially the strongly saline soils
are in the central part of the study area. The area has been

Salinity class Area (ha) Area (%)
Strongly saline 189.2 2.8
Moderately saline 2662.9 39.5
Slightly saline 2103.1 31.2
Non-saline 1791.2 26.6
Total 6746.5 100
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Figure 5  Salt affected soil map derived from overlay model.

under irrigated agricultural practice more than the last two
decades, which would be the cause for the soil salinization in
the study area.

For a better management of salt affected soils, soil salinity
needs to be monitored and mapped, and prediction of salt
affected areas can be made using the overlay soil salinization
model developed from the five factor layers, viz., water table
level, landform, land management type, soil texture and the
interactions with the vegetation cover in the area (Zheng
et al., 2009). This model directly gives the salinity level at

any point in the image. Hence, determining the spatial soil sali-
nity potential of Sego Irrigation Farm by integrating GIS func-
tionalities using overlay model is crucial. It is a rapid and
reliable method of obtaining information on the spatial distri-
bution of salinity (Madyaka, 2008). The geologic formation of
the command area is characterized by a single unit. However,
soil texture was used as one layer as the grain size matters the
process due to variability in texture and porosity, which affects
ground water flow. Water table is one of the most important
factors, where salts present in the soil are moved with soil
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Figure 7 Surface salt crystals spread in the central part of the
study area.

moisture through capillary actions and become a source of sal-
ine soil formation when water table is close to the soil surface
and evaporation rate is high (Chaudhry et al., 1996). This indi-
cates that shallow water table and low laying landforms are
largely contributing to soil salinity. HALCROW-GIRDC
(2009) revealed that groundwater quality indicates stronger

Table 4 Soil salinity distribution with respect to soil type.

salinity levels in the lower parts of the study area, which
may be due to salinization from poor water management prac-
tices or due to the influence of Lake Chamo on groundwater
salinity near the lake shore. Consequently, shallow ground
water depth has higher influence on soil salinity rise and higher
depth of ground water level has lower influence on soil
salinization.

Changes in the salinity levels with reference to the years of
irrigation are revealed in the present study area. It is already
revealed that in combination with the traditional surveys, the
presence of salt in the surface layer of the topsoil can be detect-
ed with reasonable accuracy using remote sensing (Abdellatif
and Mourad, 2012). Integration of remote sensing with tradi-
tional soil surveys and modern soil geo-spatial approaches
leads toward a more accurate approach of digital soil salinity
mapping (Lagacherie, 2008). Soil salinity maps made from
both empirical and overlay techniques have revealed occur-
rence of salinity in the study area, including variations in the
extent of area coverage of the salinity classes as reported ear-
lier (Mccutcheon et al., 2006), and changes in the soil physico-
chemical properties (Rongjiang and Jingsong, 2010).

In conclusion, geospatial tools are efficient and time saving
for mapping and prediction of soil salinity by applying differ-
ent models. Empirical and overlay salinization models used in
this study show that significant extent of area is affected with
salt. However, there are variations in the non-saline and mod-

Soil type Soil salinity classes and extents (ha) Total

Non-saline Slightly saline Moderately saline Strongly saline

Area Area (%) Area Area (%) Area Area (%) Area Area (%) Area
Cambisols 611.6 9.1 1223.0 18.1 1693.1 25.1 155.6 2.3 3683.3
Fluvisols 3.8 0.1 741.8 11.0 865.0 12.8 37.7 0.6 1648.2
Gleysols 0.0 0.0 9.5 0.1 37.2 0.6 0.9 0.0 47.5
Luvisols 86.4 1.3 355.3 5.3 231.4 3.4 0.3 0.0 673.3
Solonchaks 0.0 0.0 5.7 0.1 160.1 2.4 0.5 0.0 166.4
Solonetz 0.0 0.0 48.3 0.7 127.0 1.9 4.7 0.1 180.0
Vertisols 0.0 0.0 22.1 0.3 37.9 0.6 0.0 0.0 60.1
Leptosols 52.7 0.8 199.1 3.0 34.8 0.5 0.7 0.0 287.3
Total 754.6 11.2 2604.9 38.6 3186.6 47.2 200.5 3.0 6746.5
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Table 5 Soil salinity distribution with respect to water table depth.

Water table depth

Soil salinity classes and extents (ha) Total

Non-saline Slightly saline Moderately saline Strongly saline

Area Area (%) Area Area (%) Area Area (%) Area Area (%)
Deep 753.4 11.2 987.9 14.6 354 0.5 0.0 0.0 1776.7
Moderate 1.1 0.0 489.6 7.3 696.8 10.3 0.5 0.0 1188.1
Shallow 0.0 0.0 1127.4 16.7 2454.4 36.4 199.9 3.0 3781.7
Total 754.5 11.2 2604.9 38.6 3186.6 47.2 200.5 3.0 6746.5

erately saline areas mapped using the two models. But, the
overlay model has better prediction capability than the empiri-
cal model. Though the correlation coefficient between mea-
sured salinity and the salt affected map derived from the
empirical model is less than that of the overlay model, it is a
good and efficient method for detecting salt affected areas
from satellite images, and hence can be used in similar areas
that experience salinization problems.
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