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ABSTRACT. Research on the sustainability of future urban environments has shown not only the value of simulation modeling, but 
also the strength of coupling their forecasts together into loosely integrated models.  In this research we propose a way to improve 
modeling of urban futures by using enhanced land use change modeling as an input to a hydrological model. Our forecasts of 
hydrologic impacts are based on the L-THIA model, but this model is sensitive in turn to the land uses associated with urbanization, 
especially impervious surfaces and other urban uses. In order to improve the performance of the SLEUTH land use/cover change 
model, we modified one of that model’s inputs using multi-criteria evaluation (MCE). The data basis for the modeling used land cover 
classes mapped for the years 1987, 1992, 2000 and 2005 in the Gorgan Township of northeastern Iran using Landsat TM and ETM+ 
remotely sensed images. A hybrid unsupervised, supervised and on-screen classification method was used to generate land use/cover 
maps of the area. To test the value of enhanced modeling, we compared the results from three model forecasts of the year 2040, an 
original SLEUTH forecast, an urban suitability-informed SLEUTH forecast, and a hydrologic plus urban suitability-informed 
SLEUTH forecast. As a control, we also used standard MCE to forecast urban growth for the year 2040. The integrated model 
comparison was made based on two future urban landscape descriptors: (1) potential surface runoff volume; and (2) landscape metrics. 
Results indicate that the integrated modeling approach produces a land use arrangement through SLEUTH that can be better directed 
towards higher land suitability and more favorable hydrologic conditions. The results for the combined hydrologic plus urban 
suitability-informed SLEUTH modeling were superior to the other three methods in terms of lower potential for runoff volume 
generation and more sustainable landscape metrics of shape, size and proximity. We demonstrate that the self-organizing cellular 
automata method behind SLEUTH is capable of better informed land use planning when compared to the simple MCE method. The 
approach can also be improved by using suitability layers for other land use practices to achieve a more comprehensive land use plan. 
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1. Introduction 

Freshwater is an essential and scarce natural resource of 
the earth upon which human life and that of most fauna and 
flora depends. Of all the water of the earth, 97.5% is saline and 
only 2.5% is fresh and of this only 29.9% exists as fresh grou- 
ndwater and a tiny 0.3% is concentrated in lakes, reservoirs 
and river systems where they are most easily accessible. The 
remainning 0.9% is found in swamps, soil moisture and per- 
mafrost (Gleick, 1996; Postel et al., 1996; Shiklomanov, 1999; 
Gleick, 2000). These accessible supplies must serve not only 
humanity’s economic and survival needs, but also many of 
earth’s freshwater-based ecosystems (UNESCO, 2010). Fresh- 
water reserves are being rapidly depleted due to climate war- 
ming, land conversion, irrigation, forest clearing, river course 
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alteration and a host of other human activities (Gleick et al., 
2001). To manage and replenish freshwater resources, land 

use/cover management plans are being implemented world- 
wide together with reforestation and vegetation restoration pra- 
ctices to decrease surface runoff and increase infiltration (see 

for example Scanlon et al., 2007; Cao et al., 2008; Randhir and 
Tsvetkova, 2011). Studies have also shown the effect of urban 
development on runoff and other aspects of the water cycle 
(Poelmans et al., 2010; Yeo et al., 2004). 

In this research we seek to test how a water regime in the 
future is impacted by urban development and land use change. 
We first created a test system in which the L-THIA hydrologi- 
cal model was provided with different input layers generated 
by a land use change model, SLEUTH. SLEUTH, in turn, was 
calibrated and used based on three different weighted input la- 
yers known as exclusion layers. The exclusion layers are wei- 
ghted input layers that reflect the spatially disaggregated restri- 
ctions to be placed on land modification. Three layers were 
created, an unweighted layer, a layer given weights assigned 
by Multicriteria Evaluation (MCE), and a third that also incor- 
porated a water protection strategy. This also allowed MCE alo- 
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ne to be used as a forecast model. The goal was to objectively 
compare the impacts of each input layer on the hydrologic fo- 
recasts, and on landscape metrics that described the geome- 
try, and hence the sustainability, of the forecast land use patt- 
ern. 

In just over one hundred years, the proportion of the wor- 
ld’s population living in urban areas has increased from appro- 
ximately 15% to over 50%. Urbanization and urban sprawl af- 
fect almost all elements of the environment, with increased sur- 
face runoff being a notable effect among them (White and Greer, 
2006; Sher Jamal Khan et al., 2011; Yang and Li, 2011). In 
recent decades, many studies have focused on the relationship 
between land use/cover changes and the quality and quantity 
of water supplies (see for example Carter et al., 2005; Bossio 
et al., 2010; Yang and Li, 2011). Many attempts have been ma- 
de to establish relationships between surface runoff and such 
attributes as type, density, configuration, juxtaposition and po- 
lygonal shape of the land use/cover classes and their change 
over time. Well studied areas focus on such aspects as land use 
composition and water quality (Roberts and Prince, 2010), de- 
forestation and runoff volume increase (Germer et al., 2010), 
land uses that increase rapid runoff (Weatherhead and Howden, 
2009), land uses that protect against runoff (Blavet et al., 2009), 
effects of land use and climate change on surface runoff (Li et 
al., 2009) and watershed management scenarios towards redu- 
ced runoff (Alemayehu et al., 2009). Surface runoff has also 
been linked to urban sprawl (Arthur-Hartranft et al., 2003; 
Carlson, 2004; Su et al., 2010), and sprawl has been in turn 
modeled using different models such as the Land Trans- 
formation Model developed by Pijanowski et al (2000) (Tang 

et al., 2005), Clue-S developed by Verburg et al. (2002) (Dams 

et al., 2008) and SLEUTH developed by Clarke and Gaydos 

(1998) (Hosseinnia et al., 2009). Qi et al. (2008) proposed a 
model to optimize agricultural land use for lowering runoff, 
and Randhir et al. (2001) prioritized a watershed, incorpora- 
ting relationships between land features and travel time of 
runoff. In all instances, the scientific literature indicates the 
feasibility of developing better land use patterns for minimi- 
zing runoff (Yeo et al., 2004; Poelmans et al. 2010).  

In the present study, we investigate the possibility of in- 
forming the SLEUTH urban and land use/cover modeling me- 
thod (Clarke and Gaydos, 1998) with urban land suitability and 
surface runoff layers. While the main function of the SLEUTH 
model is mimicking past land use/cover changes for the predic- 
tion of likely future scenarios, rather than optimizing patterns, 
nevertheless the model has the added capability of incorpora- 
ting other input layers into its modeling process. It is in this 
context that we use SLEUTH in the current study to assess the 
effects and performance of adding an “Urban Suitability Layer” 
and a “Runoff Volume Layer” to the model. The aim is to asse- 
ss the feasibility of forecasting the hydrologic impacts of land 
use/land cover growth and in changes in their patterns in order 
to suggest means for their improvement. We also seek to provi- 
de a context for incorporating the results in land use planning 
efforts and suggesting the means for amelioration of negative 
hydrologic impacts. Ideally, these informed management plans 
should help managers and decision makers in directing plans 

towards desired sustainable goals that approximate a favorable 
future condition. 

2. Materials and Methods 

2.1. General Methodology 

2.1.1. Study Area 

The area of study covers Gorgan and Ali-Abad townships 
in Iran, collectively named Gorgan Township for brevity. The 
area is approximately 98,000 hectares, located in the north east 
of Iran close to the south eastern coast of the Caspian Sea (Fi- 
gure 1). The study area is part of Golestan Province and in the 
south is covered with lush Hyrcanian temperate forests; while 
in the north vast plains covered with farms and rangeland do- 
minate the landscape. The Province is one of the major agricul- 
tural centers of Iran. Over the past few decades and following 
the designation of the area as a new province of the country, 
rapid population growth has occurred with accompanying un- 
planned sprawl of urban and industrial sites that demands sus- 
tainable development plans be designed and implemented to 
direct future changes. The area is currently suffering from a sh- 
ortage of freshwater sources, especially during summer time. 

  

100 Kilometers 0 110  220      440 Kilometers

 

Figure 1. Iran (left), Golestan Province (right) and Gorgan 
Township as the study area inside the Province. 
 

2.1.2. Data Used for SLEUTH Modeling 

SLEUTH uses six input layers to model changes in urban 
areas and land cover types (Clarke and Gaydos, 1998). These 
include Slope, Land Use/Cover, Excluded layer, Urban areas, 
Transportation and Hillshading, hence the name. The last 
layer is used only for presentation purposes, while the other 
five operate together in the model to mimic past changes bas- 
ed on Markov and cellular automata methods to forecast po- 
ssible futures for the land use and cover types. SLEUTH 
needs a layer in percent topographic slope, at least two land 
use maps, one excluded layer depicting areas which cannot be 
developed, at least four urban layers showing the expansion of 
urban land uses over a reasonable time span, and two layers 
exhibiting transport networks in two different time periods. 

To run the model, one usually prepares the data required, 
verifies the model functions, calibrates the model, predicts the 
change and builds the forecast products. In running the model, 
five coefficients including diffusion, breed, spread, slope-resis- 
tance and road gravity are calculated that are governed by esti- 
mation of four growth rules consisting rules relating to sponta- 
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neous growth, new spreading centre growth, edge growth and 
road-influenced growth. These are achieved in growth cycles 
each equal to one year or other appropriate time unit. The resu- 
lts are then passed through coarse, fine and final calibration 
modes during which the growth coefficients are refined, the fi- 
nal growth rules are set and a growth rate is calculated. The di- 
ffusion coefficient reflects the likelihood of dispersive growth, 
the breed coefficient shows the possibility of growth in detached 
areas, the spread coefficient represents the growth outwards of 
existing and consolidated urban areas, the road gravity coeffi- 
cient denotes the influence on growth from the transportation 
network, and the slope resistance shows the influence of topo- 
graphic slope on urbanization.  

The slope layer was derived from the 30 m digital eleva- 
tion model (DEM) of the area interpolated from VMAP1 data 
(www.mapability.com) and from ancillary information from 
the Iranian Cartographic Center, both at 1:50,000 scale. To pre- 
pare the land use/cover maps, we used Landsat TM and 
ETM+ imagery of the area for the years 1987, 1992, 2000 and 
2005. A hybrid process including unsupervised, supervised 
and on-screen visual classification was undertaken (Lang et 
al., 2008). The road layer was prepared for all four dates using 
the available VMAP1 (www.mapability.com) layer plus on-scr 
een digitizing. Nine classes of land use/cover types were 
defined that included forest, rangeland, barren, urban, urban 
vegetation, agriculture, water bodies and rivers, road networks 
and remnant vegetation in the form of tree-covered but iso- 
lated patches. The excluded layer consisted of zones outside of 
the province, water bodies and road networks. The hill-shade 
was also prepared from the DEM using Idrisi Taiga (Eastman, 
2009). The final image layers used in the process had 1,421 
columns, 1,572 rows, and a 30×30 m cell size. 

 

2.1.3. Data Used for Urbanization Suitability Assessment 
through MCE 

Landscape potential for and sensitivity to various land uses 
are known to be affected by a host of different environmental 
parameters. Hence, it has become normal practice to define and 
prepare maps of such environmental factors and combine them 
through a proper format. When this process is implemented di- 
gitally, it takes the name multi criteria evaluation (MCE). Nor- 
mally, in the process of MCE, raster maps of the environmen- 
tal parameters containing cells with different values are fuzzi- 
fied using fuzzy set concepts (Zadeh, 1965). Through the fuzzi- 
fication process, values are stretched using fuzzy membership 
curves. The process standardizes values in the layers, allows 
for the inclusion of uncertainty in the data layers and provides 
a means of conflating different opinions on the relative impor- 
tance of each layer.  

As environmental criteria affect the potential and sensiti- 
vity of the area unequally, they are usually assigned weights, 
normally through methods such as the analytical hierarchy pro- 
cess (AHP) developed by Saaty (1980) (Banai, 1993; Malc- 
zewski, 1999; Malczewski, 2006). In general, the method im- 
plements a comparison between every possible pair of criteria 

by means of an appreciation scale generally ranging between 
1 and 9 in the form of a relative matrix (Svoray et al., 2005). 
A second group of digital map layers used in MCE are “con- 
straints” that contain cells with values 0 and 1 showing unsui- 
tability and suitability of developing the given land use, respec- 
tively. Generally, the fuzzified factor layers and the constraint 
layers are combined through such methods as weighted linear 
combination (WLC) and ordered weighted averaging (OWA). 
For a detailed treatment of the methods refer to the Idrisi soft- 
ware manual (Eastman, 2009).  

We used 15 map layers in the MCE for Gorgan Township 
including elevation, slope, aspect, pedology, geology, forest 
density, land use/cover, underground water depth, climate cla- 
ssification, minimum and maximum temperature, proximity to: 
(a) rivers and water-bodies, (b) roads, (c) town edges, and dis- 
tance to: (d) villages and industrial sites, (e) geological faults, 
and (f) protected areas. This decision was made based on Ma- 
khdoum (2007), data availability and a review of relevant lite- 
rature for domestic and overseas issues (Austin, 2005; Al 
Shalabi et al., 2006; Lwasa, 2005; Roccasalva et al., 2007; 
Hossain et al., 2006; Naghibi and Shirmohammadi, 2008). 

 

2.1.4. Data Used for L-THIA Surface Runoff Modeling 

The Long Term Hydrologic Impact Assessment (L-THIA) 
method (Harbor, 1994; Engel, 2005) is a tool that provides es- 
timates of changes in runoff, recharge and non-point source 
pollution resulting from past or proposed land use changes 
(Ma, 2004). L-THIA is based on the SCS runoff Curve Number 
(CN) method and determines runoff from precipitation data, 
CN value, land use and soil layers. The runoff CN is based on 
the area's hydrologic soil group, land use and hydrologic con- 
dition. The basic assumption of the SCS CN method is that, for 
a single storm, the ratio of actual soil retention after runoff be- 
gins to the potential maximum retention is equal to the ratio of 
direct runoff to available rainfall. This relationship, after alge- 
braic manipulation and inclusion of simplifying assumptions, 
results in Equation (1) (USDA-SCS, 1985), where CN represents 
a convenient representation of the potential maximum soil re- 
tention, S (Ponce and Hawkins, 1996): 

 
2( 0.2 )

0.8

P S
Q

P S





  (1)  

 
where Q is runoff ([L]; in); P is rainfall ([L]; in); S is the 
potential maximum soil moisture retention after run- off begins 
([L]; in). 

The runoff curve number, CN, is then related: S = 1,000/CN 
- 10 for water depths in inches and S = 25,400/CN - 254 for wa- 
ter depths in mm. Lower CN numbers indicate low runoff po- 
tential while larger numbers are for increasing runoff potential. 

L-THIA needs inputs of daily precipitation data for at lea- 
st 30 years, a land use/cover map of the study area and a soil 
map. Daily precipitation data over 30 years between 1976 and 
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2006 was acquired through the Iranian Meteorological Organi- 
zation from the closest weather station in the north, 15 km from 
the area’s center. For the land use map, we employed the cla- 
ssified Landsat-based land use/cover map for 2005, the predic- 
ted map for 2040 through the original SLEUTH application, 
the MCE-informed SLEUTH application, the hydrologic-MCE 
informed SLEUTH application, and that of the simple MCE 
for 2040. The same soil map used in the MCE for urbanization 
suitability was also used for L-THIA. 

  

2.2. Setting up the Case Study Models 

2.2.1. SLEUTH Modeling 

The slope layer and land use/cover types for the years 

1987, 1992, 2000 and 2005 were used in SLEUTH and roads, 
rivers and pixels outside the study area were excluded from ur- 
ban development. We also assigned a value above 100 to pre- 
vent the model entirely from urbanizing the excluded areas (Fi- 
gure 2). 

Figure 2 shows the slope in percent, the excluded layer 
and for brevity, only the 1987 land use map is shown. Figure 
3 shows the road networks and the urbanized area for dif- 
ferent years. 

The layers were used in the three automated calibration 
phases of SLEUTH: coarse, fine and final. SLEUTH uses four 
urban growth rules in an iterative Monte Carlo approach and 
brute force calibration methods to arrive at five coefficients 

(a) Percent slope (b) Landuse (c) Excluded layer 
No development 
allowed 
Development  
allowed 

Forest, Urban Veg. 

Remnant Tree Patches

Range and Bare

Urban 

Agriculture

Figure 2. Percent slope (a), land use (b) and excluded layer (c) used in the SLEUTH modeling. For clarity, roads, rivers and 
water-bodies have been removed from the land use map. Also, forests, urban vegetation and remnant trees have all been shown 
with dark black and bare and rangelands shown in dark gray to give enough contrast for the urban areas to be distinguishable. 

1987 1992 

2000 2005 

1987 1992 

2000 2005 

(a) (b)

Figure 3. (a) Roads and their increase through time dark black lines); (b) urban areas and their expansion with their areal change. 
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that define urban growth based on given inputs for slope, two 
land use maps, one excluded layer, four urban extent maps and, 
in this case, four road layers. These coefficients are: diffusion, 
breed, spread, and slope and road gravity. While there are va- 
rious aspects of modeling accuracy that are relevant in terms 
of the scale, the dynamics of the landscape, the approach to- 
wards modeling change and the amount of observed change 
(Pontius et al., 2008), recently a combination of a subset of 7 
measures of goodness of fit has been proposed for assessing 
accuracy of SLEUTH prediction. These include compare, po- 
pulation, edge, clusters, slope, xmean, and ymean metrics all 
produced during SLEUTH application (Dietzel and Clarke, 
2007). The seven metrics, all in the range 0.0 ~ 1.0, are multi- 
plied together to give the Optimized Sleuth Metric (OSM), the 
higher the OSM, the higher the fit of the modeling. In the pro- 
cess, the model’s measures of goodness of fit are compared to 
the real land use maps in the final calibration year, so the OSM 
metric reflects conformity with the known situation on the grou- 
nd. The calibration process and model behavior are described 
fully in Silva and Clarke (2002).  

The final coefficients were set at 34, 24, 56, 1 and 48 for 
diffusion, breed, spread, and slope and road gravity, respecti- 
vely. These values were used to predict urban and land cover 
changes up to the year 2040 in SLEUTH’s prediction mode.  

 

2.2.2. Urban Suitability Modeling  

While there are no universal threshold values for standar- 
dizing factors, common ecological, social and economic under- 
standing can be used as first shot attempts in this regard. There 
are documents such as that of Makhdoum (2007) for Iran and 
others for other countries which can be useful for defining sui- 
table thresholds of factors. Our implementation reflects ideas 
based on expert knowledge and the available documents. How- 
ever, these values can be easily changed in any multi-criteria 
evaluation (MCE) and the process repeated in virtually no time 
until consensus is achieved. In doing so, however, the ecologi- 
cal boundaries, namely the acceptable limits of change should 
be respected and observed. 

For the MCE, slopes above 20% were restrained from de- 
velopment (Makhdoum, 2007; Naghibi and Shirmohammadi, 
2008; Al Shalabi et al., 2006) and those between 0 and 20% 
were linearly fuzzified using a monotonically decreasing trend 
in the range 0 ~ 1. As the area is relatively warm in summers, 
eastern and western aspects were given priority in the user- 
defined process of fuzzification. The north facing areas ranked 
next, while the south facing slopes were given the lowest fuzzy 
value. Flat areas were given the highest fuzzy value (most sui- 
table) of 1. 

For soil properties, we used the land capability layer at the 
scale of 1:250,000 provided by the Iran Soil and Water Resear- 
ch Institute and assigned fuzzy values using the standard land 
use planning procedure in Iran (Makhdoum, 2007). The geo- 
logy layer was also available through the National Geodetic 
Database of Iran (NGDIR) at the scale of 1:250 000 for which 
the suitability of different rock formations in the area were de- 
fined (Makhdoum, 2007; Doygun et al., 2008). Distances to ri- 

vers and water-bodies were fuzzified through the linear sym- 
metrical function in which distances of 0 ~ 200 m were assigned 
zero and defined as a buffer to protect water resources and pre- 
vent damage to settlements from flooding. Then, the suitability 
increased linearly up to 1,000 m, stayed the same up to 3,000 
m and decreased afterwards.  

To allocate enough land for future road development and 
enhancement, and to provide suitable areas for urbanization, a 
distance of 200m was set aside and cells farther than that were 
assigned linearly decreasing fuzzy values (Al Shalabi et al., 
2006). The buffer for roads inside towns was set at 60 m. Also, 
to encourage clumped and centralized urban growth, a distance 
map was generated from the current urban areas and fuzzified 
through a linear monotonically decreasing function. Using the 
classified land use/cover map of the area for 2005, we defined 
fuzzy values for the nine land use categories through a user- 
defined option. Also, a distance up to 3,000 m from fault lines 
was assigned value 0 and distances further than that were given 
fuzzy values using a linear monotonically increasing function 
(Kerr et al., 2003; Lotfi et al., 2011; Tudes, 2012). The norma- 
lized difference vegetation index (NDVI) was calculated using 
bands 3 and 4 of the Landsat ETM+ imagery and fuzzified such 
that values greater than 0.25 were assigned 0, protecting the 
healthiest vegetation (Mohammadi and Shataee, 2010). In the 
range 0 ~ 0.25, the higher the NDVI value, the less the fuzzy 
value using a linear monotonically decreasing function. 

A buffer of 1,000 m was used for the Jahannama Protected 
area and further than that a linear monotonically increasing 
function was used to fuzzify the layer and encourage urban de- 
velopment away from the protected area. The protected area it- 
self was assigned a value 0 and considered a full constraint to 
development. A minimum distance of 210 m was considered 
as buffer for the villages and areas further than that were fuzzi- 
fied using the linear monotonically decreasing function to en- 
courage less dispersed growth through forcing aggregation ar- 
ound existing settlements.   

De Martonne climatic classification was applied for the 
area using WorldClim data (Hijmans et al., 2006). To encourage 
urban growth in the middle altitudes --- where daily and nightly 
winds through the valley bottom can ventilate the city --- a li- 
near symmetrical fuzzy function was used for elevation layer.  

We used the analytical hierarchy process (AHP) for wei- 
ghting the factors based on experience and general knowledge 
of the area. However, the flexibility of digital MCE allows re- 
petition as many times as is desired within the acceptable eco- 
logical standards for the range of layer values until consensus 
is achieved among stakeholders. For instance, the highest acce- 
ptable slope for urban development in Iran is around 20% 
(Makhdoum, 2007). However, decision makers and stakehol- 
ders may be ready to accept higher risks or expenses and set 
the slope slightly higher. The same applies to other factors as 
well. The measured consistency ratio of the AHP weighting 
was 0.09, within the acceptable limit and a weighted linear 
combination was applied using Equation (2):  

1

n

UrbanSustainability i i i
i

MCE w x C


    (2) 
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In Equation (2), wi is the weight of factor i, xi is the fuzzi- 
fied factor i, П is the multiplication operator and Ci is constraint 
i. The result of the MCE is a single layer with cell values in the 
range 0 ~ 1 or 0 ~ 255 based on the fuzzification range. The 
higher the value, the higher is the suitability for urbanization. 
For the MCE results the zonal land suitability (ZLS) method 
(Eastman, 2009) was used with a suitability threshold of 95/100 
and a minimum size of 5 hectares was applied. 

 

2.2.3. Runoff Depth and Volume Modeling  

To calculate runoff depth and volume, the L-THIA exten- 
sion version 2.3 for Arcview 3.3 was used. The required table 
for land use/cover types and soil types was prepared using in- 
formation on “Urban Hydrology for Small Watersheds” (USDA, 
1986). Although the extension currently accepts a set of eight 
land use/cover classes with predefined names, nonetheless it 
is still possible to include other classes as long as the naming 
convention is observed (Table 1). 

 

Table 1. Codes and Curve Numbers for the Land Use/Cover 
Types in Association with the Soil Types in the Study Area for 
the L-THIA Modeling*   

 Soil Hydrologic Groups 

Land Use/Cover Land Use/Cover 
Code 

A B C D 

 Curve Number 
Forest 7000 30 55 70 77 
Rangeland 6000 49 69 79 84 
Barren 5000 77 86 91 94 
Urban 4000 80 88 91 93 
Urban Greenery 2000 46 67 77 83 
Agriculture 3000 70 80 83 90 
Water 1000 0 0 0 0 
Roads 8000 98 98 98 98 
Remnant 
Vegetation 

2000 46 67 77 83 

* Source: Urban Hydrology for Small Watersheds (USDA, 1986). 
 

Basically, we used the precipitation data along with the 
content of Table 1 for each run of L-THIA in which only the 
land use/cover map changed. The soil map was the same and 
the number of urban cells remained equal for all runs. How- 
ever, the location and size of the land use/cover types differed 
among the four implementations of the L-THIA. A land use/- 
cover map of the year 2005 classified from the Landsat ETM+ 
imagery was used as the basis for comparisons among the di- 
fferent scenarios of land use/cover patterns for 2040.  

 

2.2.4. Adding MCE Result to SLEUTH 

Values in the MCE layer for urban suitability assessment 
were inverted such that the highest suitability in the layer had 
the lowest value in the excluded layer, as SLEUTH requires. 
In this way, those areas most suitable for urbanization had the 
lowest resistance to urbanization in the excluded layer and vice 
versa. The areas absolutely unsuitable for urbanization were 

given the value 255 to introduce total resistance to urbanization.   

Using the same average values arrived at the last SLEUTH 
calibration step, the new excluded layer was introduced to fo- 
recast urban expansion up to the year 2040.  

 

2.2.5. Adding MCE and L-THIA Results to SLEUTH 

The estimated runoff volume layer for the base year 2005 
was used such that the higher the possibility of runoff volume, 
the higher the resistance to urbanization.  

The MCE layer for urban suitability was combined with 
the reclassified runoff volume layer and incorporated into the 
“Excluded Layer” of SLEUTH. Subsequently, using the same 
average values arrived at the last calibration step, the new exclu- 
ded layer was introduced to the forecasting process of SLEUTH 
to forecast urban expansion up to the year 2040.  

 

2.2.6. Assessment of Runoff Volume and Landscape Metrics 

For runoff volume estimations, we used the likely land 
use/cover pattern maps of the year 2040 provided through: (1) 
original SLEUTH modeling, (2) Simple MCE for urban suita- 
bility, (3) MCE informed SLEUTH modeling and (4) hydrolo- 
gic-MCE informed SLEUTH modeling.  

The same number of cells predicted to urbanize up to the 
year 2040 in the original SLEUTH run was used in other mo- 
deling efforts. To also assess the effects of different approa- 
ches on the configuration and juxtaposition of different land 
use/cover types taken as indicators of optimized landscape pa- 
ttern, we calculated selected landscape metrics using Fragstats 
software version 3.3 (McGarigal and Marks, 1995). The metrics 
included number of patches, patch density, largest patch index, 
landscape shape index, mean perimeter to area ratio and mean 
Euclidean distance of the patches. These were chosen based 
on the ease of their interpretation, their relevance and frequency 
of use in the literature (Bruce Jones et al., 2000; Hernandez et 
al., 2003; Li et al., 2005; Richert et al., 2007; Bianchin et al., 
2011).  

3. Results and Discussion 

Final averaging values for the five growth coefficients di- 
ffusion, breed, spread, slope and road gravity were arrived at 
29, 20, 47, 2, and 47 respectively. These values show the higher 
importance of spread, and road gravity on city growth, less ef- 
fect of diffusion and breed and very small relationship between 
slope and city sprawl in the area. In the five best performing 
iterations, the lowest goodness of fit metrics at the final cali- 
bration step were 0.98 for compare, 0.94 for pop, 0.99 for 
edge, 0.67 for clusters, 0.79 for slope, 0.99 for xmean and 
0.63 for ymean, all favorable. The OSM metric; which is a 
summation of the comparison of predicted versus observed 
land use/cover pattern was on average 0.35 which is favorable. 
For an explanation of these metrics, the readers are referred to 
the Gigalopolis Website.  

Prediction of land use/cover with the original excluded la- 
yer resulted in a “Cumulate_Urban” layer that allowed urbani- 
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zation throughout the area with the exception of dense forests 
(Figure 4). The “Cumulate_Urban” layer shows the Monte 
Carlo-derived probability of urbanization for each pixel in the 
range 0 ~ 100 with the higher values indicating higher frequency 
and so probability of urbanization by 2040. 

Figure 4 shows that the highly probable pixels for urbani- 
zation are located surrounding the existing urban areas. We 
found that nearly all the cells within the urban areas are prone 
to urbanization by removal of urban green spaces as is the case 
with the remnant vegetation. Infill happens to urban areas such 
that with the exception of excluded roads, most other open lo- 
cations within the cities and towns are developed through time. 

 

 
Figure 4. The probability of urbanization in the study area 
using the original excluded layer. The higher the value (shown 
as darker), the greater is the probability. 

 

The target prediction year was set at 2040 in which the pro- 
bable urban expansion depicts a very scattered and disaggre- 

gated pattern. As expected, the model’s response to more res- 
trictions results in a more organized pattern of urbanization. 
When the hydrology and MCE constraints were combined, the 
model prevented urban growth in the south of the area, close 
to high density forest, fault lines, protected areas and on steep 
slopes (Figure 5). 

Additionally, a closer inspection of the resultant urban de- 
velopment patterns revealed that urban green spaces are better 
conserved through inclusion of the urban suitability map into 
the future development forecast. The same is true for the hy- 
drologic-MCE informed SLEUTH modeling.  

Original urban forecast through SLEUTH showed a pro- 
bability of urbanization for around 2,630 hectares of land by the 
year 2040 based on the 100% probability cut-off point (the most 
conservative estimate). For the MCE excluded layer, this was 
1,164 hectares. For the simple MCE the highly suitable sites 
were chosen through ZLS such that 1,900 ha of new urban pi- 
xels (the average of the other two methods) was achieved (Fi- 
gure 6). In the figure, the 20 best ranking polygons adding up 
to the required area were selected and shown. 

The clumped groups of cells in Figure 6 provide a sum- 
mation of the suitability for urbanization, in the absence of in- 
teraction among the different land use/cover types. However, 
this result lacks information on urban development in the out- 
skirts of towns and their periphery, proximity to town centers 
and other factors that are important in achieving organic growth. 

When the urban suitability MCE layer and that of the hy- 
drology-MCE are incorporated into the process, a somewhat 
different pattern is generated (Figure 7). When the two latter 
layers are used in the SLEUTH predictions, the land use/cover 
change simulation is informed with the five growth coefficients 
of SLEUTH, fifteen layers used in the MCE process and also 
information on curve number of soils and land use applied th- 
rough the hydrology layer. The aggregate change is realized 
through interaction of all these information sources.  

Original excluded layer MCE excluded layer Hydrology-MCE excluded layer 
 

Figure 5. Predicted urban pattern for the year 2040 using the whole range of cut-off probability values on the original, MCE 
excluded and hydrologic-MCE excluded layers. 
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Figure 6. New urban development areas selected through 
ZLS. Figures indicate rank of the polygons for development. 

Most of the new forecast urban cells are located in the pe- 
riphery of the existing developed areas (Figure 7). This reflects 
the effect of the diffusion, breed and spread coefficient values. 
Generally, the location of changes looks somewhat similar with 

the exception of the fact that in the model growth design, change 
in land use/cover and the desired pattern of change are also ta- 
ken into account. 

We used the final 2040 urban MCE model, the original 
SLEUTH, MCE informed and hydrologic-MCE informed SL- 
EUTH runs in runoff volume estimations by L-THIA. Figure 

8 shows runoff volume for the category urban and the whole 
area. We also used runoff depth and volume estimated for the 
land use/cover map of the base year 2005 for comparison.  

With the same number of urban cells, more suitable spots 
in terms of urban suitability and runoff volume have been hi- 
ghlighted in the informed modeling (Figure 8). As for the ma- 
gnitude of the hydrologic effects, the same trend is seen when 
comparing results with that of the year 2005. 

We realize that in both cases of urban development using 
simple MCE and the original SLEUTH, the estimated runoff 
volume is always higher than the informed cases of SLEUTH 
implementation (Figure 8). However, the estimate of total run- 
off for the hydrologic-MCE informed SLEUTH is slightly less 
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Figure 8. Urban and total runoff volume estimation by L-THIA for the four modeling applications. 

Original excluded layer MCE excluded layer Hydrology-MCE excluded layer 
 

Figure 7. New urban development areas defined through SLEUTH modeling using 100% cut-off probability on the original 
excluded layer (left) and MCE excluded layer (right).
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than that of the MCE informed SLEUTH applications (Figure 
8). The reason for this is that in the hydrologic-MCE informed 
SLEUTH application; more suitable pixels are allocated to the 
urban category and in doing so other categories are pushed to- 
wards slightly less suitable locations.  

SLEUTH also produces an uncertainty layer for each pre- 
diction showing the Monte Carlo derived deviation from reality 
of suggested pixels for urban and land cover change. The un- 
certainty layer generated during SLEUTH application contai- 
ned lower average uncertainty for the informed modeling app- 
roaches compared with that of the original (Table 2). We note 
that the hydrologic-MCE informed modeling improved the re- 
liability of the results in terms of urban allocation. 

 
Table 2. Percent Uncertainty Associated with Predictions in 
Three SLEUTH Model Runs 

 Maximum Average SD 

Original SLEUTH 60 10.8 11.5 
MCE_SLEUTH 53 6.2 9.6 
Hydrologic_MCE_SLEUTH 51 3.5 8.4 

 
Inclusion of the hydrology-MCE layers in the excluded la- 

yer of SLEUTH has helped to lower the likely amount of sur- 
face runoff generation compared with the other scenarios (Fi- 
gure 8). Landscape metrics calculated using Fragstats software 
version 3.3 (McGarigal and Marks, 1995) are shown in Table 
3. 

The number of patches (NP), patch density (PD), the lar- 
gest patch index (LPI), landscape shape index (LSI), and the 
mean area are generally more desirable from a sprawl perspec- 
tive for the informed SLEUTH applications (Table 3). This is 
also the case with perimeter to area (PARA) ratio and the mean 
Euclidean nearest neighbor (MNN). 

At the landscape scale, the results of hydrologic-MCE in- 
formed modeling are generally more favorable than those of 
the two other modeling efforts in terms of landscape metrics. 
In all, the hydrologic-MCE informed SLEUTH modeling sho- 
ws more desirable results when compared to the other two app- 

roaches in terms of runoff volume, landscape metrics and land 
suitability for urban development.  

 4. Conclusions 

Three approaches of simulating and predicting land use/- 
cover type location and quantity in Gorgan Township using 
the SLEUTH model and a simple MCE for urban suitability 
were compared in terms of surface runoff volume and land- 
scape metrics of the forecast patterns in 2040. We have shown 
that SLEUTH model is able to absorb other information layers 
into its “Excluded Layer” such that the new information is 
represented in the growth coefficients. SLEUTH can also be 
regarded as a self-organizing approach to land use/cover 
change modeling. This aspect of SLEUTH has not yet been 
explored extensively and merits more attention. We showed 
that the SLEUTH model informed with urban suitability and  

hydrology layers produces maps of future land use/cover 
patterns that are more favorable than those of the MCE- 
informed and original SLEUTH in terms of runoff volume and 
land suitability. The findings indicate that with the extra 
information in the “Excluded Layer” of SLEUTH, an enhan- 
ced land use/cover plan is produced with regards to urban 
suitability and runoff reduction, while landscape metrics of 
the land use/cover types are improved at the same time. 

The balancing of weights when combining the two extra 
layers of MCE for urban suitability and runoff volume needs 
more investigation. We applied an equal weight when combi- 
ning MCE and hydrology layers, but the total runoff volume 
could have been less for the hydrologic-MCE informed SLEU- 
TH had we assigned a smaller weight to the urban suitability 
and a higher weight to the hydrology layer. Of course, this is a 
matter of balancing between different objectives and could be 
the subject of further investigation. With an increase in the 
included layers, the dimensionality of the input layers increa- 
ses and this may alter the behavior of SLEUTH and warrants 
further research. Just to what extent is it possible to include ex- 
tra layers in the “Excluded Layer” for achieving a more 
comprehensive land use plan is a topic of future studies. At 

Table 3. Landscape Metrics for Predicted Land Use/Cover of the Year 2040 Using the Original, MCE Informed and 
Hydrologic-MCE Informed Excluded Layers 

Metrics NP PD LPI LSI PARA_MN ENN_MN 

Original 9079 4.51 22.45 36.01 1045.35 158.38 
MCE 8915 4.43 22.66 34.46 1034.226 140.21 
Hydrologic_MCE 8572 4.26 22.70 33.04 1025.61 139.67 

*NP = Number of patches. Normally the lesser the number the more integrated the landscape, which is favorable. 
PD = Patch density. Number of patches per area. The lesser the patch density, the more clumped and intact the landscape is. 
LPI = Largest patch index. A measure of the size of the patches and the larger the figure the less fragmented the landscape, which is favorable. 
LSI = Landscape shape index. LSI equals the total length of edge (or perimeter) involving the corresponding class, given in number of cell surfaces, 
divided by the minimum length of class edge (or perimeter) possible for a maximally aggregated class, which is achieved when the class is maximally 
clumped into a single, compact patch. LSI = 1 when the landscape consists of a single square or maximally compact (i.e., almost square) patch of the 
corresponding type; LSI increases without limit as the patch type becomes more disaggregated (i.e., the length of edge within the landscape of the 
corresponding patch type increases) (McGarigal and Marks, 2005). 
PARA_MN = Mean perimeter to area ratio of the patches. The less the figures the more circular the patches are, hence the less edge and vulnerability to 
human encroachment and diseases. 
ENN_MN: Mean nearest neighbor. The closer the patches, the less fragmented they are which is favorable. 
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some point, these factors would be better simply incorporated 
into the land use change model itself. 

Others have attempted coupled land use change and hy- 
drologic modeling. Poelmans et al. (2010) showed that the pa- 
ttern of land use affects the hydrologic properties of the land- 
scape. Yeo et al. (2004) linked a peak runoff flow model at the 
outlet and a cell-based land use model to optimization the pa- 
ttern of land use/cover and runoff. Carter et al. (2005) illustra- 
ted a method by which land use planning and water manage- 
ment activities could be evaluated through the development of 
a normative model applied to three study municipalities in the 
Province of Ontario, Canada. Chen et al. (2009) linked the 
HEC–HMS rainfall-runoff model to CLUE_S model of land 
use/cover change to quantify the impact of potential land use 
change on storm-runoff generation.  

In the current study, we have taken a simple approach by 
using the L-THIA model without any change in its algorithms. 
However, even with this approach we have provided results 
indicating improvement of the final land use/cover maps in 
terms of surface runoff. Urban suitability and landscape 
metrics have also been improved with inclusion of the extra 
information layers. In this way, we have achieved a land use/ 
change model guided towards less runoff production, better 
landscape metrics and more suitable sites for urban develop- 
ment. Hence, in this regard, the approach is a combination of 
future change modeling with land use/cover planning which 
gives the latter a sense of dynamism. Linking SLEUTH with 
other pixel-wise methods of surface runoff calculations is dee- 
med worthy of further investigation. 

With the rapid decline in both quality and quantity of fre- 
shwater resources all over the world, it is now incumbent 
upon land use planners and decision makers to take preventive 
and restorative measures. Part of the information for such 
measures can be derived from the careful application of mo- 
deling approaches which predict the likely future condi- tions. 
SLEUTH is capable of providing such predictions while 
simultaneously approaching favorable plans with regards to 
the information layers introduced to the model. Land use 
planning approaches currently undertaken in Iran are mostly 
static and comprise hand or machine overlays of some rele- 
vant maps. However, in today’s fast changing world with 
many stakeholders involved and less and less resources 
available, we need iterative methods enabling the relevant 
people and agents to take part in the process of planning and 
final decision making. The present study has provided a 
means through which decision makers and stakeholders in the 
Province can apply various growth and change scenarios in 
SLEUTH and also modify factor fuzzification curves for 
MCE and agree on a suitable development plan based on 
surface runoff, land suitability and land use/cover configu- 
ration. Provincial authorities who normally decide on the 
future of the province in Iran and their success rely heavily on 
the consensus of the stakeholders will hopefully benefit from 
this approach. 
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