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Chapter

Multi-Criteria Land Suitability
Analysis for Agriculture Using AHP
and Remote Sensing Data of
Northern Region India

Mujahid Ali Khan, Rizwan Ahmad and Haris Hasan Khan

Abstract

The purpose of this study was to identify adequate agricultural sites in Punjab’s
Northern region India district (India). This research employed the “Analytic
Hierarchy Process (AHP)” approach, which is extensively used in land use
appropriateness studies. Great soil type, land use, land cover, soil moisture, slope,
aspect, elevation, drainage, geology, and geomorphology were all incorporated into
the application. The ranks of influencing criteria were calculated using expert
judgments and correlation analysis, while the weights were determined using a
pairwise comparison matrix. The scores for sub-parameters with internal variations
in the criteria assigned based on field work and published norms. The study area
is considered to be highly appropriate for agricultural production in 41.2%
(39044.28 ha), moderately suitable in 14.3% (13498.76 ha), and marginally suitable
in 4.2% (3993 ha). Furthermore, it was discovered that 1.9% of the land is now unfit
for agricultural production (1766.6 ha), while 38.4% of the area is permanently
unsuitable (36372.6 ha). The following facts were also discovered to be important in
achieving these results: a large portion (approximately 45%) of the study area is
covered with forests, built-up areas, and water bodies, the soil depth is insufficient
for agricultural production, the slope in the study area is quite steep, and thus the
erosion degree is high.

Keywords: land suitability, AHP, FAO, northern region India, multi-criteria decision
analysis, pairwise comparison matrix

1. Introduction

Agriculture, being man’s most fundamental profession, has benefitted immensely
from technological advancements ranging from shifting cultivation to high precision
farming. With the advent of civilization, man learned about additional crops and
began to produce a variety of crops. As the human population grew and civilization
progressed, people began to dwell in one location and farm the same land year after
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year. Now that agriculture has evolved into a profession, it is known as commercial
agriculture, with precision agriculture and sustainable agriculture as key components.

The world’s population is rapidly increasing these days. To meet the rising demand
for food, the agricultural community must produce more and more. Because it is
difficult to bring additional land under cultivation (extensive farming) in the current
scenario, when land is a limited issue, the agricultural community should take on the
task of producing more and more food with the land that is available (intensive
farming). On the contrary, growing worldwide concern for human health and the
environment opposes the use of higher levels of pesticides and fertilizers, as well as
genetically modified plants. The latter, on the other hand, are present technologies
that have the potential to improve food production.

Crop needs and soil/land conditions influence adaptability. Suitability is deter-
mined by matching the land features to the crop needs. Suitability is a measure of
whether a land unit’s features meet the needs of a certain type of land use (FAO).
Aside from land and soil qualities, additional driving elements that might impact crop
choices include socioeconomic, market, and infrastructural factors.

The FAO Land Evaluation Framework is based on previous land capabilities meth-
odologies. In this case, the overall land appropriateness of a land area for a particular
land use is assessed using a series of more or less independent land attributes, each of
which may limit the land-use potential. These assessments are frequently used to
classify map units in natural resource inventories. A soil survey’s legend categories are
divided into suitability subclasses based on the quantity and severity of land use
restrictions.

In the FAO framework, there are two sorts of categories based on the scale of
measurement of appropriateness.

* Qualitative: in reconnaissance investigations, the classes are rated based on the
physical production potential of the land. It is employed to assess environmental,
social, and economic factors.

* Quantitative: the classes are specified in numerical terms that allow for
comparison of the objectives. There are a lot of economic parameters employed
here.

By introducing quantification of land suitability indicators over a whole area,
quantified land evaluation [1] revolutionized land suitability evaluation. The area is
divided into small grid cells, and cell-based modeling has started. The indicators, on
the other hand, must be quantitative. Geographical information systems and
geostatistical approaches are commonly used in such land suitability analyses.

The FAO Framework identifies four categories of increasing details, as shown in
Table 1.

Land appropriateness is a factor in determining a land use’s long-term viability.
The sustainability of a land use is defined by its suitability and vulnerability. Maxi-
mum appropriateness and minimum vulnerability should be the goals of sustainable
land use (Figure 1) [2].

According to Rossiter [3], land is distinctive in every location, and this uniqueness
has an impact on land usage. He also mentions how land evaluation might help with
agricultural support services.

The multi-criteria land suitability was evaluated in a non-spatial manner, assuming
spatial homogeneity across the study region. However, in circumstances like land
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S. No. Categories Explanation

1 Land Suitability Orders Reflecting kinds of suitability

2 Land Suitability Classes Reflecting degrees of suitability within Orders

3 Land Suitability Subclasses Reflecting kinds of limitation, or main kinds of improvement

measures required, within Classes

4 Land Suitability Units Reflecting minor differences in required management

Table 1.
FAO structure of land suitability classification.

Figure 1.
Land use sustainability (after [2]).

suitability studies, when decisions are made based on factors that change over space,
this is impossible [4]. Non-spatial traditional MCDM techniques average or total the
effects that are judged appropriate for the entire area under consideration to address
the spatial decision [5]. Jankowski [6] suggests that making, MCE, and GIS can all be
combined. For many crops, MCE appears to be applicable in GIS-based land suitability
analyses [7].

Ranking and rating are two widely used MCE approaches in land suitability evalu-
ations. These methods lack a theoretical underpinning in determining the weights.
The weights are assigned quite haphazardly in these procedures. They do not take into
account comparisons between criteria and classifications. Furthermore, the results of
such an investigation are grouped together using a simple Boolean overlay or weighted
aggregation.

Since its beginnings, several researchers have examined the Analytic Hierarchy
Process (AHP) [8]. The Analytic Hierarchy Process (AHP) is a method for making
multi-criteria decisions (MCDM). The earliest reference we have identified is from
1972 [9]. The method was then discussed in detail in a paper published in the Journal
of Mathematical Psychology [10]. The vast majority of applications continue to use
AHP in the manner specified in this first article, oblivious to subsequent develop-
ments. This study draws out the significant trends in methodological advancements
and future research in this vital topic.

AHP has been widely used since its introduction, for example, in flexible
manufacturing system [11], Machine selection [12], industrial R&D project selection
and resource allocation [13], Delphi method [14], Computer-aided machine-tool
selection [15], evaluating machine tool alternatives [16], Integrating fuzzy theory and
hierarchy concepts to evaluate software quality [17], product design in concurrent
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engineering [18]. Issue resolution for conceptual design using AHP [19]. Selection of
appropriate schedule delay analysis method [20].

2. Study area and data used
2.1 Study area

Northern region India is a city in India’s Punjab state. On July 27, 2011, Northern
region India was formally designated as a district of Punjab state (Previously it was a

Tehsil of Gurdaspur district, Punjab). Northern region India district is located in
Punjab’s northernmost region (Figure 2).

LOCATION MAP OF STUDY AREA
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Figure 2.
Location of the study area.
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It is where the three northern states of Punjab, Himachal Pradesh, and Jammu and
Kashmir come together. Northern region India serves as a transportation hub for the
three northern states due to its strategic location. It is the last city in Punjab on the
national highway that connects Jammu and Kashmir to the rest of the country.
Northern region India is also a major educational center for the nearby states of
Jammu and Kashmir and Himachal Pradesh. It is located in the Jalandhar division,
between the Ravi and the Beas rivers.

Northern region India district is located between 32°23'31” and 32°23'52” north
latitudes and 75°39'55” to 75°56'12" east longitudes and covers an area of 27,123 ha.
On a 1:50 K scale, the Survey of India 43 P/11, 43 P/14, and 43 P/15 top sheets cover
the area.

2.2 Data used

See Table 2.

2.3 Data sets prepared

The shuttle radar topography mission (SRTM) elevation data (30 m resolution)
obtained from USGS explorer (https://earthexplorer.usgs.gov/) was used to create a
digital elevation model (DEM) of the study area. Using the DEM data slope, aspect,
drainage density, Elevation thematic layers were built using ArcGIS 10.5. The land use
and land cover data is downloaded by Nasa earth data ORNL DAAC (https://daac.
ornl.gov/cgi-bin/dsviewer.pl?ds_id=1336). Soil map was obtained from European soil
data center (ESDAC) which was published by National atlas and thematic map orga-
nization, Department of science and technology (https://esdac.jrc.ec.europa.eu/conte
nt/national-atlas-india-northern-india-plate-199-soil-regions) .Geology and Geomor-
phology data of Northern region India is downloaded from Bhukosh (http://bhukosh.g
si.gov.in/Bhukosh/MapViewer.aspx). Sentinel2 data of the study area is downloaded
from Copernicus(https://scihub.copernicus.eu/). Using the Sentinel 2 data NDWI was
built in ArcGIS 10.5.These resulted thematic maps: Slope, LULC, NDWI and Drainage
density were integrated in ArcGIS 10.5 and finally soil suitability map was obtained
(Figures 3-11; Tables 3-11).

S. No Data set Spatial resolution/scale Source

1 Sentinel 2 10 m Copernicus

2 SRTM Dem 30 m USGS Earth Explorer

3 Land use and land cover data 100 m NASA Earth Data ORNL DAAC

4 Soil map 1:2000000 European soil data center (ESDAC)
Geology 1:2000000 Bhukosh

6 Geomorphology 1:250000 Bhukosh

Table 2.

Data set and data source.
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Geomorphology landform map.
Slope angle (°) Area (ha)
0-3 66049.4
36 132441
6-12 8884
12-18 6252.5
18-36 5234.1
36-58 144.8
Table 3.
Slope angle and its area coverage.
Elevation (m) Area (ha)
224-300 46573.82
300-400 21522.16
400-550 16241.04
550-700 13350.39
700-960 2098.89
Table 4.

Elevation and its area coverage.
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Aspect Area (ha)
East, West 25205.63
North 10275.67
Northeast, Northwest 21756.82
South, Southwest, Southeast 42581.89

Table 5.

Aspect and its area coverage.
Drainage density Area (ha)
High 24970.4
Medium 37780.1
Low 35291.3

Table 6.

Drainage density and its arvea coverage.
Class Area (ha)
Water bodies 8967.44
Evergreen broad leaf forest 595.94
Crop land 57921.61
Built up area 6828.81
Deciduous broadleaf forest 19649.35
Shrub land 1749.07
Permanent wetland 210.61
Wasteland 2236.91
Mixed forest 623.53

Table 7.

LULC and its area coverage.
Moisture index Area (ha)
Good Soil Moisture 13341.96
Medium Soil Moisture 37086.93
Less Soil Moisture 28455.66
Very Less and Dry Soil Moisture 16474.77
Water Bodies 4453.2

Table 8.

Moisture index and its avea coverage.
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Soil type Area (ha)

Alfisol (alluvial soil) 25614.38

Entisol (bhabar soil) 46344.83

Ultisol (brown, red clay soil) 27851.02
Table 9.

Soil and its arvea coverage.

Geology type Area (ha)

Miocene 8693.8

Miocene - Pliocene 6611.5

Pliocene - Pleiostocene 3241.69
Table 10.

Geology and its area coverage.

Geomorphology landform Area (ha)
Active Flood plain 6612
Older Flood plain 12,852
Low and moderated Dissected Hills and Valleys 11,488
Water bodies 5848
Older Alluvial Plain 34,920
Highly Dissected Hills and Valleys 12,364
Channel Island / Bar 572
Younger Alluvial plain 9736
Table 11.

Geomorphology landform and its area coverage.

3. Methodology

Because all the selected criteria are in different units, they must be converted to the
same units in order to use the Weighted Overlay Method, which necessitates the use
of a standardized value. Standardization techniques transform measurements into
uniform units, and the resulting score loses its dimension as well as the unit of
measurement for every criterion [21]. All the criteria maps’ vector layers were
transformed to raster layers. After that, all raster layers were categorized and utilized
as input data for the weighted overlay method, which resulted in the creation of the
agricultural suitability map. The sub-criteria were ranked on a scale of one to ten, with
one being the least significant and ten being the most significant.

One of the most important multicriteria decision-making strategies is the analytical
hierarchy process. The procedure is used for a set of criteria or sub-criteria to create a
hierarchical structure by assigning weight to each criterion [22].
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Relative Definition Explanation

importance

1 Equal importance Two criteria enrich equally to the objective
criteria

3 Low importance of one over another ~ Judgments and experience slightly favor one

criteria over another

5 Strong or essential importance Judgments and experience strongly favor

7 Established importance A criteria is strongly favored and its dominance
established in practice

9 Absolute or high importance The evidence favoring one criteria over another is
of the highest probable order of affirmation

2,4,6,8 Intermediate values between the When adjustment is needed
two adjacent importance or
judgments

Reciprocals if criteria i has one of the above numbers designated to it when compared with criteria j, then j has the
reciprocal value when compared with i.

Table 12.
The fundamental scale for pairwise comparison matrix [25].

The analytic hierarchy process provides a structural foundation for quantifying the
strong comparison of design criteria and elements in a paired technique, reducing the
decision-making process’s complexity [10, 23]. The weight values are determined
using a pairwise comparison technique based on the relative significance of the crite-
rion, two at a time [23]. By picking the eigenvalue corresponding to the highest
eigenvector of the completed matrix and normalizing the total of the factors to unity,
the analytic hierarchy method derives the weights for each individual criterion using
the pairwise comparison matrix [4, 24, 25].

The pairwise comparison matrix was generated using the analytic hierarchy pro-
cedure described above, using a scale of 1-9, where 9 represents important relevance
and 1 indicates equal relevance of the in between criterion of the matrix presented in
(Table 12) [4, 24, 25].

The reciprocity criteria are mostly used in the comparison matrix, which is
mathematically stated as n (z—1)/2 for the n number of components in a
pairwise comparison matrix [25, 26]. The relative weights and eigenvectors are
calculated using Saaty’s technique [25] after the pairwise matrix has been
computed (Tables 14 and 15). Furthermore, one of the major properties of the
analytic hierarchy method is that it finds and calculates the inconsistencies of
decision makers [24, 25, 27]. The consistency relationship (CR), which is measured
by Eq. (1), is used to estimate the efficiency criteria of the analytic hierarchy
method.

CR = CI/RI (1)

The CR is represented by Eq. (1), where CI stands for consistency index and RI
stands for random index.

The consistency relationship aids in the determination of possible events and mea-
sures the decision maker’s/judgments’ logical inconsistencies [28-30]. It denotes the
probability that the matrix judgments were produced at random [10, 31]. The
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n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.46 1.49
Table 13.

Random inconsistency indices (RI) for n = 10.

Consistency Index and Random Index are the most important factors in
determining the CR.

Cl = (Mpax —n)/(n —1) 2)

Equation (2) represents the Consistency Index (CI), in which k max is
the principle or highest eigenvector of the computed matrix and n is the
matrix order.

The Random Index (RI) is the mean value of the consistency index based on
the computed matrix order as demonstrated by Saaty [10] (Table 13). If the CR
value is [0.10], the weight values in the matrix show irregularities, and the
approach (AHP) may not produce relevant results [25]. The calculated CR in this
investigation was 0.0669, which is within acceptable limits, and the computed
weight values are accurate. The obtained weight values are then transformed to
percentages in GIS for weighted overlay analysis (WOA), as shown in Tables 14
and 15 (Figure 12).

4, Results and discussion

Weighted Overlay Analysis was carried out to generate the land suitability for
agriculture in the Northern region India district using the weight values of selected
factors derived from the Analytic Hierarchy Process and specified scores of sub-
criteria (Table 16). Land suitability for agriculture is classified into five levels,
according to the Food and Agricultural Organization (FAO): highly suitable
agricultural land, moderately suitable agricultural land, marginally suitable agricul-
tural land, land currently not suitable for agriculture, and permanently not suitable for
agricultural production (Table 17).

High altitude (224-960 m), high slope (3-58) with higher gully erosion intensity,
and less drainage availability of the study area were significant factors, resulting in a
smaller area or lower rate of highly appropriate agricultural land in Northern region
India (Figure 13 and Table 18).

5. Conclusion

The primary goal of this research was to identify potential agricultural land in the
Northern region India district. For the evaluation, an analytical hierarchy approach
with a combination of geographic information systems (GIS) was used, and nine
different criteria were chosen. The Analytic Hierarchy Process with GIS Integration
was shown to be quite useful in determining the best agricultural site. Only 41.2%
(39044.28 ha) of the study area was largely suitable for farming at the end of the
evaluation, while 40.3% (38139.2 ha) was permanently and temporarily unsuitable for
agricultural production. However, inefficient production problems are caused by

14
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Criteria Slope Elevation LULC Soil moisture Soil Geomorphology Drainage Geology Aspect
Slope 1 2 2 3 4 6 7 8 9
Elevation 1/2 1 2 3 4 5 7 7 8
LULC 1/2 1/2 1 4 5 4 6 7 8
Soil moisture 1/3 1/3 1/4 1 3 4 5 6 7
Soil 1/4 1/4 1/5 1/3 1 3 4 5 6
Geomorphology 1/6 1/5 1/4 1/4 1/3 1 3 4 4
Drainage 1/7 1/7 1/6 1/5 1/4 1/3 1 2 3
Geology 1/8 1/7 1/7 1/6 1/5 1/4 1/2 1 3
Aspect 1/9 1/8 1/8 1/7 1/6 1/4 1/3 1/3 1
Table 14.

Pairwise comparison matrix for multi-criteria decision problems.
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Criteria Slope Elevation LULC Soil moisture Soil Geomorphology Drainage Geology Aspect Weights
Slope 0.319 0.426 0.326 0.248 0.223 0.252 0.207 0.198 0.184 0.264
Elevation 0.159 0.213 0.326 0.248 0.223 0.209 0.207 0.173 0.163 0.214
LULC 0.159 0.106 0.163 0.330 0.278 0.168 0.177 0.173 0.163 0.190
Soil moisture 0.105 0.070 0.040 0.083 0.167 0.168 0.148 0.149 .0143 0.119
Soil 0.079 0.053 0.032 0.027 0.056 0.126 0.118 0.124 0.122 0.082
Geomorphology 0.054 0.043 0.040 0.020 0.018 0.042 0.089 0.099 0.081 0.054
Drainage 0.045 0.030 0.027 0.016 0.014 0.014 0.029 0.049 0.061 0.034
Geology 0.039 0.030 0.023 0.014 0.011 0.010 0.015 0.025 0.061 0.025
Aspect 0.035 0.027 0.020 0.012 0.009 0.010 0.009 0.008 0.020 0.018

Maximum eigenvalue (Ayay) = 9.79.
n=09.

Consistency index (CI) = (Ayax - 1)/ (n-1) = 0.098.

Random index (RI) = 1.46.

Consistency ratio (CR) = (CI/RI) = 0.0676 < 0.10.

Table 15.

Novmalized pairwise comparison matrix for multi-criteria decision making.
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DIGITIZED

IMAGE RECTIFICATION
IMAGE ENHANCEMENT

NDWI
SLOPE || ELEVATION | ASPECT || DRAINAGE SOIL LLC | oo | GEOLO
MOISTURE GY

LAYERS

STANDARDIZATION (Reclassify)
WEIGHT DETERMINATION USING AHP
MODEL GENERATION BY WEIGHT OVERLAY

LAND SUITABILITY MAP (LSM)

RECLASSIFICATION OF LSM (according to FAQ)
AGRICULTURAL LAND SUITABILITY MAP
Figure 12.

Procedure followed in generating agricultural land use suitability map.

geomorphological qualities such as very high elevation, steep slope, reduced soil
moisture, the presence of bare rocks, and a lack of irrigation system availability. As a
result of all these concerns, a moderate quantity of land in the study district has been
identified as appropriate for agricultural production. The established result can be
implemented into the agricultural production decision-making process in the study
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Main criteria Weight Influence (%) Sub-criteria Score
Slope 0.264 26.4 0-3 10
3-6 8
6-12 6
12-18 4
18-36 2
36-58 1
Elevation 0.213 21.4 224-300 10
300-400 9
400-550 8
550-700 7
700-960 5
LULC 0.190 19 Crop Land 10
Shrub Land 4
Wasteland 3
Evergreen Broad leaf Forest Restricted
Mixed Forest Restricted
Deciduous Broadleaf Forest Restricted
Built up Area Restricted
Permanent wetland Restricted
Water bodies Restricted
Soil Moisture 0.119 11.9 Good Soil Moisture 10
Medium Soil Moisture 7
Less Soil Moisture 4
Very Less and Dry Soil Moisture 1
Water Bodies Restricted
Soil 0.082 8.2 Alfisol (alluvial soil) 9
Entisol (bhabar soil) 6
Ultisol (brown, red clay soil) 3
Geomorphology 0.054 5.4 Younger Alluvial plain 10
Older Alluvial Plain 9
Older Flood plain 8
Low and moderated Dissected Hills 3
Active Flood plain 2
Channel Island / Bar 1
Highly Dissected Hills and Valleys 1
Water bodies Restricted
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Main criteria Weight Influence (%) Sub-criteria Score
Drainage 0.034 3.4 High 9
Medium
Low 4
Geology 0.025 2.5 Quaternary 9
Pliocene - Pleiostocene 7
Miocene - Pliocene 5
Miocene 3
Aspect 0.018 1.8 South, Southwest, Southeast 9
East, West 5
Northeast, Northwest 4
North 2
Table 16.
Weights of the criteria and scoves of the sub-criteria.
Suitability level Suitable areas for agricultural production
Area(ha) %
High suitability 390442.28 41.2
Moderate suitability 13498.76 14.3
Marginally suitable 3993 4.2
Currently not suitable 1766.6 1.9
Permanently not suitable 36372.6 38.4

Table 17.
Aveal and percentile distribution of agricultural land suitability analysis vesults.

area, as it provides insight into determining suitable sites. By critically assessing the
procedures and approaches used, the results can be more precise. Physical elements
(topographical properties, soil and geological characteristics, etc.) are only part of the
analysis, which must also include economic and social conditions for agricultural
production. Because the pairwise comparison approach is based on expert judgments,
which are primarily subjective in nature, it is used in the analytic hierarchy process.
As a result, any incorrect judgment on any of the selected factors can be effectively
communicated to the score assignment and weight designation. This is the main
disadvantage of the analytic hierarchy approach; hence, weights and scores must be
carefully chosen [32, 33]. For more helpful and accurate results, the study should
focus on a few key species, such as several therapeutic plants and species that have
substantial economic worth and also influence the advancement of rural tourism. The
use of very high-resolution satellite images will aid in the assessment of finer areas.
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Figure 13.
Agriculture land suitability map of novthern region India.
Suitability Suitable areas Land qualities/characteristics Remarks
level for agricultural
production
Area (ha) %
High 390442.28 412  Gentle slopes (0-3) with gullies, Most suitable for agriculture,
suitability high soil moisture with lower favorable area for intensive
elevation, alluvial soil, good agriculture if irrigation facilities
drainage capacity are available
Moderate 13498.76 14.3  Gentle to stiff slopes (3-10) with ~ Suitable land for farming practices
suitability micro terracing, medium soil with proper management, suitable
moisture with lower elevation, for terrace cultivation
moderate drainage capacity
Marginally 3993 4.2 (10-20) slope, less soil moisture Less suitable land for agriculture
suitable with higher elevation, coarse with careful farm management,
loamy to gravel loamy soil, low necessary protections from
drainage availability drainage and intensive erosion
Currently 38139.2  40.3 Precipitous slope with rocky lands, The land is not suitable for
and dry soil, dense forest, barren land, agriculture, areas under dense
permanently loamy skeletal soil, no drainage vegetation, settlement, barren
not suitable availability lands, open rocks are not suitable

for agriculture

Table 18.
Land suitability levels and their land characteristics.
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Before the ultimate implementation, the indicated locations must also be documented
on the ground with various other local and regional parameters.
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