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growth. The percentage urban area for the year 2035 has been calculated both from the
output obtained from the CA-Markov model (=38%) and from this graph (=32%). The
values are more or less similar. Now, five factors influencing urban growth, viz., dis-
tance from the roads, distance from the rivers, distance from the residential areas, dis-
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classified images and the output from CA-Markov model.
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1. Introduction

India is undergoing rapid urbanization in recent times (Maithani 2010). However, the urban land area is not unlimited
and as it is getting exhausted, neighbouring forest and agricultural regions are being used for urbanization. This conver-
sion of forest and agricultural lands into urban regions can adversely affect the climate, ecological and biological balance,
and the economy of the place. Therefore, there is an urgent need for sustainable urban development. Now, if we can
model the urban growth and predict its nature in the near future, the concerned authorities can take timely action to regu-
late the growth or to allow controlled growth in such a way that it does not disturb the climate, ecology, economy, flora
and fauna. Here, in this study, an attempt has been made to model and predict the urban growth of Dehradun (which, like
most other Indian cities, is also experiencing rapid urbanization in recent years (Maithani et al 2010)) using the Cellular
Automata — Markov (CA-Markov) technique.

Now, unlike the conventional urban growth models, CA based models are dynamic and use the spatial distribution of
entities. That is why CA based models are increasingly used nowadays for urban growth simulation (Maithani 2010). In
this study, CA has been combined with Markov model which is based on the temporal variation of a process and is suit-
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able for land-use change modelling (Subedi et al 2013). Thus, the combination of CA and Markov model ensures incor-
poration of both the time and the spatial factors in urban growth modelling.

In this project, the objective is to study the nature of urban growth of Dehradun and predict the growth for the year 2035.
For achieving this goal, it is essential to know how the urban growth of Dehradun is dependent on time and the spatial
distribution of urban settlements, which areas of Dehradun are suitable for urban growth, on what factors is this suitabil-
ity dependent, the predicted growth for the year 2035, and whether the predicted growth is corroborating with the general
trend of urban growth over the years and with the areas of Dehradun suitable for urban growth.

Here, two Landsat images of Dehradun, pertaining to the years 1995 and 2015, are taken and supervised classification
technique is applied on them to differentiate between urban and non-urban areas. These classified images are used to
model and predict urban growth (of Dehradun) for the year 2035, using the CA-Markov model. Besides, supervised clas-
sification process has been applied on three other Landsat images of Dehradun, corresponding to the years 2000, 2003
and 2010, to distinguish between urban and non-urban areas. These five classified images (for the years 1995, 2000,
2003, 2010 & 2015) have been used to find the trend of percentage increase of the urban region in Dehradun by plotting
a percentage urban area vs. year graph. From the graph, the percentage of urban area in Dehradun in 2035 is calculated
and compared with the map of predicted growth obtained from CA-Markov model.

Also, certain factors (like, distance from road, distance from city core, presence of waterbodies etc.) influence urban
growth. In this study, five such factors are considered viz., i) distance from roads, ii) distance from city centre (consid-
ered as the Clock Tower), iii) distance from the already existing residential areas, iv) slope of the region and v) distance
from rivers (Maithani 2010; Zhang et al 2015). Next, maps are created to represent each of these factors and, with these
maps, weighted overlay is performed to find out the map of suitable areas of urban growth. This map is then tallied with
the map obtained from CA-Markov model.

Lastly, it may be mentioned that the whole procedure, adopted here, is based on GIS (Geographic Information System)
because GIS, along with image processing and analysis techniques, is an important tool for urban growth mapping and
modelling.

2. Materials and Methods
2.1 Study Area

Dehradun (planning area) [having latitudinal extent: 30.222435N to 30.424572 N, and longitudinal extent: 77.878877 E
to 78.155173E] is selected as the study area (figure 1) for this research. Dehradun is the capital of Uttarakhand (a state of
India) and also a popular tourist destination. Besides, there are some important institutions of the Government of India in
Dehradun. A huge population from the hills and neighbouring cities have migrated to Dehradun due to various reasons like
employment, weather conditions etc. Hence, a part of the population of Dehradun (consisting of the tourists and the em-
ployees of government institutions) is floating. The city is located in the Doon valley at the foothills of the Himalayas and
has seen fast urban growth in recent years.

2.2 Data Used

In this study, Landsat-5 images of Dehradun for the years 1995, 2000, 2003 and 2010, and Landsat-8 image of Dehradun
for the year 2015, have been used. Due to the lack of availability of good quality (cloud-free) Landsat-5 image for the
year 2005, for the study area, image for the year 2003 has been considered. These images are downloaded from
https://earthexplorer.usgs.gov/. Landsat data have a spatial resolution of 30 m and good spectral resolution (7 bands in
Thematic Mapper (Landsat-4 & 5), 8 bands in Enhanced Thematic Mapper plus (Landsat-6 & 7) and 11 in Operational
Land Imager (Landsat-8)). The radiometric resolution is also appropriate for the study (8bit for Thematic Mapper, 8bit
for Enhanced Thematic Mapper plus and 12bit for Operational Land Imager). Besides, Landsat data are more or less
suitable for urban mapping. In addition, they are freely available. So these images are used in the study.

The maps corresponding to the five factors used in weighted overlay, are created with the help of various base layers
(viz., road map, residential area map, city centre map, river map and slope map of Dehradun planning area) obtained
from Indian Institute of Remote Sensing (IIRS), Dehradun.
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Map of Uttarakhand Showing the Study Area
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Figure 1. Location Map of the Study Area

2.3 Method

Cellular Automata: The technique of Cellular Automata (CA) is based on the theory of self-organization which refers to
the propensity of a system to spontaneously develop ordered patterns, often on a large scale, on the basis of local deci-
sion making processes. In other words, CA can be described as an array or lattice of regular cells. At any particular time,
a cell can be in any one of the finite number of allowed states (as for example, urban state, non-urban state etc.). A cell
changes its state iteratively and synchronously on the basis of the states of its neighbouring cells in the lattice, through
the repeated application of a set of transition rules [3].

Mathematically, we can write,
{Sud=f{sH1I"}) (1

where, {S..1} = state of the cell at time t+1, {S} = state of the cell at time t, {I"} = neighbourhood of the cell, h= neigh-
bourhood size, t = time steps in temporal space & f represents transition rules [3].

Markov Model: The Markov model considers past states to predict how a variable (i.e., urban growth) will change over
time [4]. It may be mathematically represented as:

Ly =Pi*Ly (ii)
where, L1y and Ly represent the status of the concemed variable at time t+1 and t respectively & Pj; = transition proba-
bility matrix in a state [4].

The methodology adopted in this research study is depicted in figure 2.
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Figure 2. Flowchart of the Methodology

Five Landsat images of Dehradun, corresponding to the years 1995, 2000, 2003, 2010 and 2015, are taken. With the help
of ERDAS software, supervised classification is performed for each image. Each image is classified into two classes viz.,
urban and non-urban. During the classification, the rivers are mixed up with the urban class due to similarity in appear-
ance. To tackle this problem, the rivers are digitized from each image in ArcMap software. The digitized images are
converted to raster images. Then, with the help of ERDAS software, the classified images are masked with these digit-
ized raster images.

Next, the classified (and masked) images of the years 1995 and 2015 are opened in IDRISI software and Markov model
is run (with the time period for projection = 20 years). Now, in IDRISI, the CA_Markov model is run taking the classi-
fied (and masked) image of 2015, the transition areas file (generated while running Markov model) and the transition
suitability images (generated while running Markov model) as input images, and predicted image is generated as the
output after the model execution.

The five classified (and masked) images are visualised in ERDAS Imagine software and the areas corresponding to ur-
ban and non-urban regions are observed from the attribute tables. These figures (values) are imported to an Excel sheet
and a percentage urban area vs. year graph is drawn. The intercept is recorded and the slope is calculated (using the for-
mula: slope, m = (Y,-y1)/(X-X;)). From these values, the percentage urban area for the year 2035 is calculated. Next, the
map obtained from CA-Markov model is visualised and the areas corresponding to urban and non-urban regions are rec-
orded from the attribute table. The percentage urban area is calculated and tallied with that obtained from the graph.
Now, we take the map of major roads in Dehradun, visualise it in ArcMap and create multiple buffers of widths 1000m,
2000m, 3500m, 5000m and 7000m around the roads. We create a rank field and allot ranks of 1, 2, 3, 4 and 5 respec-
tively to the buffers. Next, the map showing the city centre (taken as the Clock Tower) of Dehradun is visualised. We
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create multiple buffers of widths 1000m, 2000m, 4000m, 8000m, 12000m, 16000m and 20000m around the city centre,
add arank field and allot ranks of 1, 2, 3, 4, 5, 6 & 7 respectively to the buffers. Similarly, the map of the existing urban
settlements of Dehradun is visualised and multiple buffers of widths 500m, 1000m, 2000m, 4000m, 6000m and 8000m
are created around the settlements. We create a rank field and allot ranks of 1, 2, 3, 4, 5 and 6 respectively to the buffers.
Likewise, multiple buffers of widths 200m, 400m, 600m, 800m, 1000m, 2000m, 4000m and 6000m are created around
the rivers and ranks of 8, 7, 6, 5, 4, 3, 2 and 1 respectively are allotted to the buffers. Next, the slope map (with integer
values) of Dehradun region is visualised, reclassified and the following ranks are allotted to the slope angles: 0-3: 1, 3-8:
2, 8-14: 3, 14-20: 4, 20-26: 5, 26-31: 6, 31-36: 7, 36-42: 8, 42-59: 9.

Then, we perform weighted overlay (in ArcMap) with these five maps (representing road buffers, river buffers, residen-
tial area buffers, city centre buffers and slope), assigning equal influence to each of them. The map obtained from
weighted overlay is compared with the map obtained from CA-Markov model.

3. Results

The classified images of Dehradun for the years 1995, 2000, 2003, 2010 and 2015 show that the central part of Dehradun
has experienced maximum urban growth over the years. This is most probably because the central part of the city is the
most developed region with all the essential shops, markets and other facilities of city life readily available. That the
central part of the city is the most appropriate for growth is also substantiated by the result of the weighted overlay where
we have considered five criteria viz., distance from the roads, distance from the rivers, distance from the urban settle-
ments, distance from the city centre (Clock Tower) and the slope of the region. The map showing the predicted growth
for the year 2035, also foresees denser urbanization in this region. Besides the central part, some other parts of the city
are also getting urbanized gradually. Most prominent among them is the southern part. And this trend is also expected to
go on till 2035. The percentage of urban area versus year graph (drawn with the help of these images) shows a linear
trend in urban growth with a slight increase in slope from 2010. This is probably due to the declaration of Dehradun as a
counter magnet city of Delhi in 2009 (National Capital Region Planning Board 2013).

The five classified images (after masking) are shown in figure 3.

Classified Image of Dehradun for the Year 1995 N Classified Image of Dehradun for the Year 2000

Classified Image of Dehradun for the Year 2003 N
[\

Figure 3. Urban Area Extracted from the Time Series Landsat Data

The percentages of urban area in the above images are: 21.28% for 1995, 22.27% for 2000, 22.88% for 2003, 24.72% for
2010 and 26.89% for 2015. The image depicting the predicted urban growth for the year 2035 is shown in figure 4.
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Figure 4. Urban Area Predicted from the Time Series Urban Area Data Using CA-Markov Model

The transition probabilities matrix generated by the Markov process is shown in table 1. The matrix records the
probability that each category will change to every other category.

Table 1. Transition Probabilities Matrix

Non-Urban River Urban

Non-Urban 0.7100 0.0070 0.2830
River 0.2067 0.3747 0.4185
Urban 0.3867 0.0197 0.5937

The plot depicting the relation between percentage urban area and year is shown in figure 5.
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The graph shows the trend of increase of urban area over the years. It may be approximated as a straight line. From the
graph, the percentage urban area [= urban area / (urban area + non-urban area) * 100] for the year 2035 has been calcu-
lated to be 32.51%. From the image showing the predicted urban growth in 2035 (obtained from CA-Markov model), the
percentage urban area has been found to be 38.25% (from the attribute table). The two values are more or less similar.
Now, the criteria used to create input maps for weighted overlay are shown below (in table 2):

Percentage Urban Area Vs. Year Graph

1995 2000 2005
Year

2015

Figure 5. Percentage Urban Area vs. Year Graph

Table 2. Criteria for Weighted Overlay

Rank Road Buffer City Centre Buff-  Settlement Buff- River Buffer Slope Angle
Width (m) er Width (m) er Width (m) Width (m)

1 1000 1000 500 6000 0-3

2 2000 2000 1000 4000 3-8

3 3500 4000 2000 2000 8-14
4 5000 8000 4000 1000 14-20
5 7000 12000 6000 800 20-26
6 16000 8000 600 26-31
7 20000 400 31-36
8 200 36-42
9 42-59
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Next, the maps (generated with the help of the data depicted in table 2) which have been used as input for weighted
overlay, are shown in figure 6.
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Figure 6. Maps (Representing Factors Influencing Urban Growth) Used in Weighted Overlay

(In each of the above five maps, the more reddish a region is, the less suitable it is for urbanization, whereas the more
greenish a region is, the more suitable it is for urbanization.)

The output generated by weighted overlay is shown in figure 7. From the map (depicted in figure 7), we see that the central region
of the Dehradun planning area is the most suitable for urbanization (as already mentioned). This is corroborated by the five
classified images and the image for predicted growth (given by the CA-Markov model), as stated previously. However, if ob-
ject-based image classification were used instead of supervised classification, more factors (like geomorphology, hydrology etc.)
influencing urban growth were considered, images pertaining to other intermediate years (between 1995 and 2015) were taken,
much better result would have been obtained. Also, there are other CA based techniques (like Multi-Criteria Evaluation — Cel-
lular Automata (MCE-CA)), which may give better output.
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Figure 7. Suitable Areas for Urban Growth
4. Discussion

The study focuses on the use of GIS techniques for the urban growth modelling. The layers representing proportion of
urbanization in 1995 and 2015 are used in CA-Markov model for prediction of urban growth in 2035. Further, weighted
overlay has been performed to find out the areas suitable for urban growth, using the spatial layers representing certain
criteria (like, distance from roads etc.) that are expected to influence urban growth. It has been observed that the urban
growth over the years and the predicted urban growth corroborate with the suitable areas for growth. Thus, we see that
by applying the CA-Markov technigue, we have been able to predict (more or less successfully) the urban growth of
Dehradun. (However, there is still a lot of scope for improvement in terms of refinement in the model and use of data of
better spatial resolution.) In addition, the results show that the factors that have been considered here to find out the
suitable areas for growth are more or less adequate, although more such factors can be considered (to get better results).

5. Conclusion

This study gives an idea about the trend of urban growth of Dehradun city and its magnitude in the near future, and also
indicates the areas where the urban growth is most likely to occur. Moreover, the study reveals that geospatial
technology with sophisticated algorithms are very useful for spatial prediction and provides a clear mechanism for
carrying out this kind of work in a time and budget constraint scenario. Due to the synoptic coverage of spatial dataset, a
quick analysis can be carried out for a large area like a city or any other urban conglomerate. The outcomes of the
attempt made in this study for urban growth prediction in a city (viz., Dehradun) prove the strength of this technology.
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