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Abstract

Topographic wetness indices (TWIs) computed from digital elevation models (DEMs) are
means to forecast the amount of moisture in the soil. In this study, using sub-pixel/pixel
attraction the spatial resolution of digital elevation models (DEM) was increased. In the
attraction, model scale factors of (2,3,4) with two neighboring methods of touching and
quadrant are applied to DEMs in Matlab software for the study area. The algorithm is
evaluated using 148 sample points that were measured by the researchers. As a result, it was
shown that a spatial attraction model with a scale factor of (S=2) gives better results compared
to the scale factors greater than 2 and also touching neighboring are more accurate then
quadrant. The results showed that waterway obtaining from DEM with high spatial resolution
is more accurate than DEM 90m. So according to the results, it is suggested that the same
model for increasing spatial resolution of DEM in the studies must be used. Furthermore, the
results of TWI map with the new DEM extracting of attraction model as input data showed that
TWI has more details from the moisture of soil than the TWI map prepared with DEM 90m.

Keywords: Sup-pixel, Digital elevation model (DEM), Spatial resolution, Attraction models,
topographic wetness index (TWI), GIS.

1. INTRODUCTION

Soil moisture is a key variable controlling hydrological and biogeochemical processes
(Buchanan et al., 2014). Since its introduction, the TWI concept has been integrated into many
popular hydrologic models (e.g., Schneiderman et al., 2007; SWAT-VSA, Easton et al., 2008)
and pollution risk indices (Agnew et al., 2006; Serensen et al., 2006; Reaney et al., 2011;
Marjerison et al., 2011; Buchanan et al., 2013; Buchanan et al., 2014).

The accuracy of the TWI, as for any hydrological model, is depended on the surface
topography. The existence of a DEM with high spatial resolution enables to the implementation
of a detailed spatial hydrological model for an urban catchment. Therefore, a hydrologically
sound DEM is needed to develop an appropriate TWI and delineation of a flood-prone (wet)
area (Pourali et al., 2014).

Recently, advances in Geographic Information Systems (GIS) and an increase in the
availability of high spatial resolution led to the increase of information about surface
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topography, which is the primary data used to calculate a TWI. One of the important properties
of DEM is a spatial resolution that represents the accuracy of DEM (Takagi, 1996). DEM as
input data for the determination of TWI with variations in the spatial resolution can lead to
different outputs. It can affect the attributes derived from them and influence models associated
with them (Gallant and Hutchinson, 1997; Haile and Rientjes, 2005; Omer et al., 2003). There
are many studies for the extraction of information of case study from different resolution DEM
(Wolock and McCabe, 2000; Jenson, 1991; Hutchinson and Dowling, 1991, Mokarram and
Sathyamoorthy, 2015). The results showed that this method can solve DEM associated
problems efficiently and simulate flooding processes with a better accuracy. Buchanan et al.
(2014) used different digital elevation model (DEM) resolutions for the determination of TWI.
The results showed that fine-scale (3 m) LiDAR-derived DEMs worked better than USGS 10
m DEMs and, in general, including soil properties improves correlations

There are many methods for increasing the spatial resolution of DEM. For example, Shen
et al. (2011) used Integration of the 2-D hydraulic model and high-resolution LiDAR-derived
DEM for floodplain flow modeling. One of the models for increasing the spatial resolution is
attraction model that is based on sub-pixel. Sub-pixel algorithm puts several classifications in
the most plausible positions inside the pixel. This is made by assuming spatial dependence
(Atkinson 1997). A linear optimization technique for sub- pixel mapping algorithm was created
by Atkinson (1997) inspired of Verhoeye and De Wulf (2002).

The attraction model algorithm spatially depends on the neighborhoods of the central pixel
which is attracting surrounding sub-pixels. Another possibility is the hypothesis of sub-pixel
interaction as introduced by Mertens et al. (2003b) and Atkinson (2005). There are several
methods for increasing sup-pixel by neighboring such as genetic algorithms (Mertens et al.,
2003b) and pixel swapping (Atkinson, 2005) that use the initial pixel fraction values as a
constraint.

This paper focuses on topographic wetness index (TWI) building with attraction model
analysis of DEMs. In order to determine the TWI, the preparation of DEM with high resolution
as input analysis is important. The generated TWI maps via DEM from attraction model and
the primary DEM (Shuttle Radar Topography Mission (SRTM)) are compared. The
methodology employed in this study is summarized in Figure 1.
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Figure 1: Flowchart for the methodology of TWI used in this study.
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The steps of the flowchart in Figure 1 are as follow:

1. At the first step, the attraction model is run on SRTM DEM with a spatial resolution
of 90m.

2. In attraction model both quadrant and touching methods and 3 scale factors of 2, 3
and 4 are tested for each neighboring method.

3. Then an RMSE index is calculated for each output of attraction model and the DEM
with lowest RMSE is selected.

4. In the last step, the TWI model is applied on the original SRTM DEM and also the
extracted DEM from attraction model and the result are compared.

2. MATERIALS AND METHODS

2.1. Data preparation

Shuttle Radar Topography Mission (SRTM) DEM data were downloaded from
(http://srtm.usgs.gov) for free. We call it DEM 90m in this study. SRTM is one of the most
comprehensive maps of elevation, NASA's Shuttle Radar Topography Mission (SRTM)
(Werner, 2001; 48 Farr et al., 2007), covering mostly 80% of the Earth's surface, with a global
resolution of 90 meters. The Shuttle Radar Topography Mission (SRTM) collected elevation
data over 80% of earth’s land area during an 11-day Space Shuttle mission. Ground station
points were gathered from surveys done by National Cartographic Center of Iran (NCC). All
needed preprocessing of points and DEMs were performed using ArcMAP version 10.3.

2.2. Attraction sub-pixel model

To obtain more details in a pixel, sub-pixel mapping was first introduced by Atkinson
(Atkinson, 1997). Sub-pixel mapping is a technique designed to obtain the spatial distribution
of different classes in mixed pixels at the sub-pixel scale by transforming fraction images into
a classification map (XU et al., 2014). This is accomplished by assuming spatial dependence
(Atkinson, 1997).

Attraction models are closely related to the field of geostatistics (Mertens, 2008). Sub-
pixel mapping locates the different class fractions in the most plausible positions inside the
pixel.

Sub-pixel methods are always used in satellite images but for the first time they were used
for Digital elevation models. In this study, a sub-pixel spatial attraction model is used as a new
method for increasing spatial resolution of digital elevation model (DEM). The sub-pixel
attraction model is based on the fraction values in neighboring pixels acting towards sub-pixels
inside a central pixel. The quadrant neighborhood and touching neighborhood are two different
neighboring models which are used in attraction model. In the quadrant neighborhood a
neighbor pixel is the only pixel in the same quadrant. While in touching neighborhood a
neighbor pixel is the pixel which physically touches a sub-pixel. The illustration of two
neighborhoods with different scale factors are shown in Figure 2 (Mertens et al., 2014).

A scale factor (S) shows the number of sub-pixels per pixel. According to Figure 2, all the
pixels attracting a sub-pixel are explained in the same shade as the sub-pixel. For example, for
the quadrant neighborhood and S=3 and touching method, the darkest shaded sub-pixel inside
the center pixel is attracted only by the right middle pixel and the gray sub-pixel is attracted by
the left top, top middle and left middle pixel. Shaded sub-pixels without corresponding pixels
refer to the sub-pixels that are not attracted by any of the pixels, as is the case for the center
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sub-pixels with S=3 for the touching and quadrant neighborhood. In this paper, two

neighborhood methods with S=2, 3, 4 are examined.
s = 2 3 4

Touching i & '.

4 &

Source: Mertens et al., 2014.
Figure 2: Graphic of sub-pixel attraction model for different neighborhoods and scale factors.

Quadrant

The neighborhoods previously defined (figure 2) can now be mathematically formulated as
(Mertens et al., 2014):

N Touching neighborhood:
1
Nl[pa,b] ={pi,j | d(pa,b' pi,j) < ﬁ(s +1)}

1)
N Quadrant neighborhoods:
1
N,[Pap]={P:; [d(Pap. Pi ;) ST(ZS -1}
2 )
With the distance defined as:
d(p,,. pi'j) = \/[a+ 0.5-S(i+0.5)]* +[b+0.5-S(j+0.5] 3)

The coordinate system which the distance for pixel and sub-pixels are calculated based on
is shown in Figure 3 (Mertens et al., 2014):

P:0(0.5,0.5)

-

(0,0) / Y

Pu(15,15) /h) | Is
/

P5(4.5,3.5)
X | di{p, . P..F =8 (0.55+0.5)°

Source: Mertens et al., 2014).

Figure 3: The coordinate system and the distance calculation between pixels and sub-pixels.
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In fact, for different neighborhoods, attraction values can be computed for all sub-pixels
inside a pixel. After choosing each pixel set for each sub-pixel the attraction value for each
pixel is calculated using Eq.4.

Fig

(el
Doy (€)= ﬂiﬂg{m |P; € N.[Pap]} (4)

Pa:b(c) is the attraction value for sub-pixel pa;p and class c.
Pi:jo IS the fraction value for pixel Pj;jand class c.

S is the scale factor

Nit[pa;b] is the neighborhood of type t of sub-pixel pap.
d(pa;b; Pi;j) is the distance for sub-pixel pap and pixel Pi;.

After this stage, then raw attraction values can be computed. These values can then be used
to attach the proper class to each sub-pixel: Classes with highest attractions are attached first.

2.3. Topographic Wetness Index (WTI)

The topographic wetness index (WTI), extends the purely topography-based TWI by
accounting for spatial variation in hydrologically relevant soil properties (Beven, 1986 and
Beven and Kirkby 1979). The standard T takes the form:

a
TWI = In( tan(,B)) (5)

Where a is the specific catchment area [a=A/L, catchment area (A) divided by contour length
(L)] and tanB is the slope.

The TWI index characterizes the impact parameters of slope on the hydrological processes.
In terms of a specific watershed, TWI explains the water trend accumulating at a given point
and the local slope indicates the effect of gravitational forces on water movement (Pourali et
al., 2014). The base form is known as the steady-state TWI, which has various limitations.
Many authors have modified the base form of the TWI (Eqg. 5). Yong et al. (2012), Qin et al.
(2011), Kopecky and Cizkova, (2010), and Hjerdt et al. (2004) proposed improvements
(discussed below) and Sorensen et al. (2006), Kopecky and Cizkova, (2010), Ma et al. (2010),
Ruhoff et al. (2011), Lewis and Holden (2012), Pei et al. (2010), Nguyen and Wilson (2010),
Grabs et al. (2009) and Pourali et al. (2014) tested different flow path determination algorithms
to realize the effect of a chosen method on the resultant TWI model.

2.4. Study Area

The study area has an area of about 630 km? and is located at longitude of N 28° 36'to 28°
50’and latitude of E 54° 12" to 54° 34’. Figure 4 shows a Shuttle Radar Topography Mission
(SRTM) DEM data of the study area. The altitude of the study area ranges from the lowest of
1,050 m to the highest of 2,277 m. The Major study area products are wheat, citrus, cotton, maize
and palm. Average of yearly rainfall in the study area is 300 mm. The study area has warm days in
summer with 38-46°C and moderate winters (15-25°C) (Oryan and Sadeghi, 1997; Rezaei and
Shakoor, 2011; Moein et al., 2015).
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Figure 4: Location of the study area (digital elevation model (DEM) with spatial resolution of 90 m) ().

3. ANALYSIS

In this study, in order to investigate the increasing of spatial resolution of DEM 90m., the
attraction model was used. Also, for founding the best model and for increasing spatial
resolution, three scales (2, 3, 4) with two neighborhood methods of touching and quadrant have
been used. So, this can result that the increase of the scale case leads to the increase of the
spatial resolution. As Figure 5 shows, with an increase in the value of scale factor, the number
of sub-pixels were increased.

Also, the neighborhood of touching (T1) showed a better result than quadrant (T2) method,
as the sum of the RMSE values for the touching method is lower than quadrant method. There
is also a change in RMSE value of two DEMs which for DEM 90m it is around 0.32 m (6.0-
6.39) which shows a slight improvement is the accuracy of DEMs with a better spatial
resolution. After the production of output images for each neighborhood method, there are 3
scale factors of 2, 3 and 4. Each image is compared with ground station points using RMSE
and the results then are compared.

To make a quantitative evaluation of the generated DEMs with touching and Quadrant
neighborhood methods, 148 points were selected from the ground station (Points are measured
by National Cartographic Center of Iran (NCC)) (Figure 5). The Root Mean Square Error
(RMSE) for these points in each method for DEM 90 was calculated and is presented in Table
1. The accuracy measures for two methods are shown in Figure 6. DEM 90m generation with
touching and Quadrant neighborhood for different scale factors (2, 3 and 4) are shown in Tables
2, the lowest RMSE value showed the best accuracy for increasing spatial resolution.
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Figure 5: The location of ground sample points by National Cartographic Center of Iran (NCC).

Table 1: Output DEMs RMSE values (S=Scale factor, T1=Touching method, T2=Quadrant method).

DEM RMSE
S=2,T1 6.06
S=3,T1 8.09
S=4,T1 7.76
S=2,T2 6.06
S=3,T2 8.23
S=4,T2 8.89
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Figure 6: DEMs generated using touching and Quadrant neighborhood with different scale factors.

As the empirical perspective increases in scale factor, the accuracy of models decreases and
it is because of the way that the sub-pixel model gathers information from surrounding pixels.
Because each sub-pixel should get a value from surroundings so when the scale factor increases
the number of sub-pixels in a pixel increases and then the way to set a value to each sub-pixel
faces some inaccuracy. For example Figure 2 with different scale factors in Quadrant method
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when scale factor increases to find value of sub-pixel in position of (1,1) three of surrounding
pixels are used but to calculate value of sub- pixel (2,3) in scale factor 2, all five surrounding
pixels are used and because here only one class (only elevation) is used so the information in
lower scale factors is more accurate than higher ones. In general, here with an increase of
resolution because sub-pixel values are divided spatially and then recalculated it makes them
more accurate when we use ground station points to calculate RMSE but when scale factor
increases to more than 2 the accuracy in sub- pixels starts to decrease.

After the determination of the best model for extracting TWI was prepared it was used in
GIS software for the study area (Figure 7).
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Figure 7: TWI map using attraction model (right) and DEM 90m (left).

According to Figure 7, it was determined that TWI using attraction model (S=3, T=2) has
more details than TWI extraction from DEM 90m. According to the results, it was determined
that the attraction model algorithm has a few simple basic rules. The assignment of pixels is
performed during a one-step process, always yielding the same output, resulting in another
advantage: the absence of iterations. There is no need for calibration/training as is the case with
machine learning methods. This limits computation time, resulting in a relatively fast algorithm
(less than 3 minutes with scale factor 2 for a 3601*3601-pixel image on an Intel core | 7+, 1.60
GHz processor).

Another advantage is its ability to deal with soft classifications with more than two classes,
as there are 8 neighboring’s around each pixel this algorithm can deal with maximum 8
different classes. An extensive comparison of different sub-pixel mapping algorithms is the
subject of another research. The sub-pixel attraction model was used by many researches, for
increasing the spatial resolution of land cover, land use and satellite image that all showed
using the methods of increasing the spatial resolution can lead to archive the image with high
spatial resolution and high information of region area (Schneider, 1993; Foody, 1998; Aplin
and Atkinson, 2001; Verhoeye and De Wulf, 2002; Mertens et al. 2014). Mertens et al. (2014)
used them in satellite image. The algorithm was evaluated both visually and quantitatively
using RMSE accuracy index.

The resulting images showed increased accuracy when using a scale factor of 2 and slightly
decrease in accuracy in higher scale factors. Using sub-pixel methods, we can achieve more
accuracy in some cases. It also shows that we can apply these methods on Aster DEM and the
output of 15m DEMs could be used with acceptable accuracy.
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4. CONCLUSIONS

In this paper, prepared TWI from different spatial resolutions of DEMs was performed for
attraction model and DEM 90m. Based on the results obtained, it was determined that the
attraction model (S3, T2) produced higher accuracy than DEM 90m for extraction rivers. In
fact the algorithm was evaluated both visually and quantitatively using RMSE accuracy index.
The basic assumption is the spatial dependence as adopted by Mertens et al. (2014).

However, spatial dependence in this study is acting across different scale levels resulting in
a sub-pixel interaction. The results showed that using the method the spatial resolution of DEM
with lower time and cost, could be increased. To sum up using sub-pixel model both the
accuracy and spatial resolution of input DEMs are increased and it gives more opportunity to
use higher resolution DEMs in the study of environment models.
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