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Abstract

Urban runoff is an effective alternative water resource, particularly in arid and semi-arid regions. Urban runoft exploitation
permits cities to have a significant amount of water, but without assessing the runoff quality, harvesting of this resource is
complicated and requires further investigations. Due to the lack of a specific method, in this study, a new index method (WLTR)
was developed for assessing the urban runoff vulnerability to contamination. The WLTR index is based on rating different sub-
factors of wastewater (W), land use (L), transportation (T), and rainfall runoff (R) factors. The efficiency of the WLTR index was
investigated in 12 sub-catchments of the Ardabil city in Iran. The priority of sub-catchment vulnerability was determined via
WLTR index value. The efficiency of the developed method was investigated using direct measurement of several water quality
parameters (pH, EC, TDS, TSS, TH, and SO,) in the sub-catchments outlet. A Water Quality Index (WQI) was calculated for
each sub-catchment. The quality priority of sub-catchments was determined based on the WQI value. According to the measured
data, an acceptable efficiency was observed for WLTR index. According to the results, the most vulnerable sub-catchments (Nos.
4, 11, and 12) had the lower runoff quality among studied sub-catchments, whereas the least vulnerable sub-catchments (Nos. 2,
9, and 8) had the higher runoff quality.
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Introduction

Over the current century, the urban population has been raised
rapidly. The urban population is expected to rise to 70% by
2050 (UN 2012). Water scarcity is one of the major challenges
in urban areas, especially in arid and semi-arid regions of the
world (Mays 2009; Taffere et al. 2016).

Due to the high potential of runoff generation, there is
enormous potential in urban runoff harvesting and utilization
(Zhu et al. 2004; Angrill et al. 2017; Zhou et al. 2017). Urban
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runoff harvesting could lead to a reduction in the flooding,
decreasing cost of the urban water/wastewater infrastructures,
and finally decreasing the pressure on the drinking water and
other water resources such as groundwater (van Roon 2007,
Fletcher et al. 2008; Antunes et al. 2016).

Accumulation of various pollutants on urban impervious
surfaces increased due to population density, development of
the different industrial, and commercial and recreational ac-
tivities (Tsihrintzis and Hamid 1997). These pollutants are
picked up by surface runoff during the storm events and neg-
atively affect the runoff quality. Consequently, the runoff us-
ability can be restricted and can induce deleterious effects on
receiving water bodies and aquatic biota (Behera et al. 2006;
Richardson and Tripp 2006; Chevre et al. 2007; Ghodsi et al.
2016a; Fan et al. 2017).

The quality management of the urban runoff is one of the
most important steps for supplying sustainable water in urban
arcas (Jia et al. 2014; Shah Nagqvi et al. 2015; Ghodsi et al.
2016b). Recognition of urban runoff quality is a prerequisite
for determining optimal quality management strategies. The
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urban runoff vulnerability assessment can be an efficient and
low-cost alternative to those analyses, especially in develop-
ing countries. Urban runoff quality was investigated in many
studies (e.g., Chen and Adams 2007; Freni et al. 2010; Young
etal. 2011; Liu et al. 2013; Nosrati 2017; Hur et al. 2018).

Various methods have been introduced to estimate water
resource vulnerability to contamination. These methods are
divided to three general categories: (1) process-based simula-
tion models, (2) statistical methods, and (3) overlay and index
method (National Research Council 1993; Eimers et al. 2000,
Harbaugh et al. 2001; Saatsaz et al. 2011; Ghazavi and
Ebrahimi 2015). The overlay and index method has more
priority due to the need to few, accessible, and low-cost data.
Despite that several prominent index-overlay methods were
developed to estimate pollution vulnerability of surface water
resources in a certain hydrogeological unit (e.g., WRASTIC
index (NMED/DWB), USGS index (Eimers et al. 2000),
methodology of the ECOMAN Project (Harum et al. 2004),
and methodology of the Californian Department of Health
Services (CDHS)), there is not an efficient method to estimate
urban runoff vulnerability to contamination.

This study investigates two hypotheses: (1) the urban run-
off vulnerability to contamination can assess based on rating
different sub-factors of wastewater (W), land use (L), trans-
portation (T), and rainfall runoff (R) factors. (2) WLTR is a
suitable index for assessing the urban runoff vulnerability to
contamination. Accordingly, the main aim of this study is to
develop a new index-overlay method for assessing surface
runoff vulnerability to contamination in urban hydrological
sub-catchments. As the various factors can influence urban
runoff vulnerability, the main limitation of this study should
be factor selecting, sample size, and the sampling method.
This sample might not be representative for other cities with
the same conditions. The standards of urban runoff quality and
the socio-cultural condition of the cities should also impor-
tantly investigate urban runoff vulnerability to contamination.

Methodology
Development of the vulnerability assessment method

The most important sources of urban runoff pollutants are
automobiles, avenues, parking lots, gas stations, soil wash
off and erosion, sewer and septic systems, commercial, and
industrial areas (EPA 1999). Geographic characteristics of the
region, traffic volume, maintenance practices, drainage sys-
tem configuration, rainfall patterns, volume, intensity, and an-
tecedent number of dry days should also affect urban runoff
quality (Chui et al. 1982). These pollutant sources can be
classified into four main categories of wastewater, land uses,
transportation, and rainfall runoff.
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In this study, based on the combination of the various fac-
tors which can influence urban runoff vulnerability, a new
index-overlay method (WLTR) was developed to assess sur-
face runoff vulnerability to contamination in urban hydrolog-
ical sub-catchments. For this propose, four major pollutant
sources including wastewater factor (W), land use factor (L),
transportation factor (T), and rainfall-runoff factor (R) were
determined as vulnerability affecting factors.

Then, each factor was encompassed to several major relat-
ed sub-factors. The sub-factors were determined according to
the pollutant sources mentioned above. These factors and their
related sub-factors were assigned weights based on their rela-
tive importance on the urban runoff vulnerability using ana-
lytic hierarchy process (AHP) method (Table 1). The AHP
method is one of the most widely used multi-criteria decision
analysis models, which are used for the environmental man-
agement purpose (Pourghasemi et al. 2012; Chandio et al.
2013; Althuwaynee et al. 2014). This method was introduced
by Thomas Saaty (1980) and was described in detail in Saaty
(1980, 1986).

Each sub-factor was categorized over the range of its pos-
sible values that assigned a rating on a scale of 1 to 5 (1
reflects the lowest contribution to urban runoff vulnerability,
whereas 5 reflects the most contribution).

Wastewater factor

One of the main environmental issues, especially in develop-
ing countries, is wastewater discharged into water bodies
(Margaryan 2016). In undeveloped or developed cities, the
absence of separate sewage network and septic tank leakage
are the major factors that cause wastewater discharging to land
surface and/or to urban runoff drainage system (Tsihrintzis
and Hamid 1997; EPA 1999). Therefore, the percentage of
the area without separate sewage system (WW) and the num-
ber of septic tanks per hectare (WS) were defined as the
wastewater-related sub-factors. The high percentage of area
without a separate sewage system and the large number of
septic tanks per hectare increase the probability of sewage
discharging and consequently urban runoff vulnerability.
The weight, categories, and ratings of wastewater sub-
factors are presented in Table 2.

Table 1 Assigned weights for factors

Factor Symbol Weight
Wastewater w 0.52
Land use L 0.27
Transportation T 0.14
Rainfall runoft R 0.07
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Table2 Weight, categories, and ratings of WLTR index sub-factors

Factor

Sub-factor

Symbol

Weight

Range

Rating

Wastewater (W)

Land use (L)

Transportation (T)

Rainfall runoff (R)

Percentage of the area without
a separate sewage system

Number of septic tanks per hectare

Area percentage of industrial land use
Area percentage of commercial land use
Area percentage of bare soil

Area percentage of green space

Area percentage of main avenues

Area percentage of parking lots

Number of gas stations

Average maximum number of days

between two consecutive rainfall events

Area percentage of impervious surfaces

Land surface slope (%)

Ww

WS

LI
LC
LB

LG

TA

TP

TG

RD

RI

RS

0.75

0.25

0.57
0.24
0.13

0.06

0.54

0.3

0.16

0.59

0.23

0.12

0
<0-25
<25-50
<50-75
<75-100
0

1-5
6-10
11-15
<15

0

<0-5
<5-10
<10-15
<15
0-5
<5-10
<10-15
<1520
<20
0-5
<5-10
<10-15
<1520
<20

0
<025
<2.5-5
<5-7.5
<75

0

1and 2
3and 4
Sand 6
<6
<50
51-100
101-150
151-200
<201
0-60
<60-70
<70-80
<80-90
<90-100
0-2
<2-5
<5-10
<1020

AW NN = R WD = R WD = R W= R WD = R WD = = N W AR O U PR WDND = WU PR WD~ U0 P&~ WDND —
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Table 2 (continued)

Factor Sub-factor

Symbol Weight Range Rating

Size of urban area (ha)

<20
RA 0.06 Category #1
Category #2
Category #3

Category #4

wm AW N = W

Category #5

Land use factor

Land use is one of the most important factors affecting urban
surface runoff quality. Land use represents the potential of the
generation of non-point source contaminations (Tsihrintzis
and Hamid 1997; Eimers et al. 2000). Industrial, commercial,
bare soils, and green spaces are the most considerable urban
land uses in association with urban runoff vulnerability (Boyd
and Gardner 1990; EPA 1999). So, the percentage of the in-
dustrial area (LI), commercial area (LC), bare soil (LB), and
green space (parks, gardens, squares, green belts, playing
fields, and etc.) (LG) were determined as the land use-
related sub-factors.

Industrial and commercial areas are major resources for
different contaminant like organic materials, metals, pesti-
cides, and herbicides, while bare soils are considerable
sources for sediment, floatables, nitrogen, and phosphorus
(EPA 1999). High percentage of bare soil, industrial, and
commercial areas greatly increases contaminant, which con-
sequently increases urban runoff vulnerability. Due to the run-
off depuration capacity of urban green spaces (Zhang et al.
2012; McPhearson et al. 2014; Yang et al. 2015), the contri-
bution of green spaces for runoff quality is considered posi-
tively. The more percentage of urban green space causes more
runoff depuration and consequently decreases runoff vulnera-
bility. The weights, categories, and ratings of land use sub-
factors are presented in Table 2.

Transportation factor

Automotive fluids (fuel, coolants and antifreeze, oil, etc.),
brake pads wear, tire wear, and vehicle exhaust are the most
substantial sources of transportation pollutant (Lehner 1999).
Once these pollutants are deposited on road, street, parking
lots, and gas station surface, they are available for transport
into the surface runoff (Lehner 1999; Chui et al. 1982).
Accordingly, the percentage of the main avenue area (high-
way, road, street, etc. except alley) (TA), the percentage of the
parking lot area (TP), and the number of gas stations (TG)
were determined as transportation sub-factors. Weights, cate-
gories, and ratings of these sub-factors are presented in
Table 2.

@ Springer

Rainfall runoff factor

The volume and velocity of urban runoff (which are related to
rainfall and land surface properties) are the most important
factors affecting contamination wash off into water bodies.
The high volume and velocity of the runoff lead to more
contaminant wash off (Chui et al. 1982; Zhou et al. 2015; Li
et al. 2015).

Due to small size of the urban areas and limited numbers of
rain gauge station in developing or less-developed areas,
among rainfall properties, only the antecedent number of dry
days was considered in this study.

The annual average of the maximum number of days be-
tween two consecutive rainfall events (RD), the percentage of
the impervious surfaces area (RI), land surface slope (RS), and
size of the urban sub-catchment (RA) were determined as the
rainfall-runoff sub-factors which their weights, categories, and
ratings are presented in Table 2.

Increase in the number of dry days between two consecu-
tive rainfall events causes more pollutant accumulation on
land surface and consequently more contaminated runoff gen-
eration. Moreover, steeper slopes, low permeability, and large
size of urban sub-catchments are associated with large and
rapid runoff that can pick up a large amount of deposited
contaminants.

The rating scheme of RS was developed based on
Eimers et al. (2000). For RA sub-factor, the urban
sub-catchment size was divided into five categories with
equal intervals. The rating 1 was assigned to the cate-
gories with the smallest size and the rating 5 to the
categories with largest size.

Vulnerability determining

After determining the sub-factors rating in the studied
area, the WLTR index value can be calculated by a
linear combination of the weight and rating of factors
according to Eq. (1). The sum of factor rating multi-
plied by weight ranges from 1 to 5.

WLTR Index = WwWgr + Lwlr + TwTr + RwRRr (1)
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where Wg, Lg, Tr, and Ry (rating of factors) can be
calculated by linear combination of the weight and rat-
ing of their related sub-factors according to Egs. (2),
(3), (4), and (5), respectively.

Wi = WWy WWy + WDy WDy + WSw WSk (2)
Lr = LIwLIg + LCwLCy + LHwLHy + LBwLBg

+ LGwLGR 3)
Tr = TGwTGR + TAwTAR + TPwTPg + TCwTCr  (4)
Rr = RDwRDR + RLwRLg + RAwRAR + RIwRIy

+ RSwRSg + RPwRPy (5)

where W and R subscripts refer to weight and rating of factors/
sub-factors, respectively.

Finally, the urban runoff vulnerability rank could be deter-
mined based on the calculated WLTR index using Table 3.

Model validation
Case study area

The proposed method (WLTR index) was applied in a high-
intensity residential area in Ardabil city to assess surface run-
off vulnerability. The studied area is located in the northwest
of Iran and eastern slopes of Sabalan Mountain (38° 13’ to 38°
14" N and 48°16’ to 48° 19’ E; Fig. 1). The studied area has a
cold semi-arid climate. The average annual precipitation and
temperature of the study area are 290 mm and 9 °C, respec-
tively. The average elevation and slope of the studied area are
1357 m and 3.3%, respectively. The size of the studied area is
about 570 ha that contains bare soils, pavements, parking lots,
green spaces, residential, commercial, and industrial land
uses. The separate sewer system is developing in the study
area. But some of the gray water (from sinks, showers, dish-
washers, and clothes washers) joint to surface runoff and flow
as the surface runoff. The map of flow directions and the
outlets of the urban runoff conveyance network in the studied
area were prepared based on the field survey. Based on the
runoff flow directions and outlet location, the studied area was
divided into 12 hydrological sub-catchments (Fig. 1). The
vulnerability of urban runoff to contamination related to each

Table 3 WLTR index

and vulnerability rank WLTR index Vulnerability rank
1-1.8 Very low
<1.8-2.6 Low
<2634 Moderate
<3442 High
<4.2-5 Very high

sub-catchment was estimated using the WLTR index-overlay
method.

Methods

Data collection and sub-factor rating The location of urban
septic tanks and separate sewage network map of the studied
area was prepared from Water and Wastewater Company of
Ardabil. The maps of the urban septic tank location and sew-
age network coverage were prepared using Arc Map 10.3. The
rating of WW and WS sub-factors were determined for each
sub-catchment using Table 2.

The detailed map of urban land uses was prepared from
Central Municipal of Ardabil. The land use map was updated
using satellite images (which was taken on 25 May 2018) in
Google Earth software and direct survey. The percentage of
the industrial and commercial land uses, bare soils, green
spaces, transportation avenues, parking lots, and impervious
surfaces in studied sub-catchments were calculated via Arc
Map 10.3. The rating of LI, LC, LB, LG, TA, TP, and RI
sub-factors was determined in each sub-catchment using
Table 2.

The location map of gas stations was prepared using field
survey and GPS information in Arc Map 10.3 and the rating of
TG sub-factor was determined for each sub-catchment using
Table 2.

The daily precipitation data (2000 to 2017) of the Ardabil
synoptic station (the only effective meteorological station on
the studied area) (Fig. 1) was prepared from Meteorological
Organization of Ardabil. The number of average annual max-
imum consecutive days without rainfall was calculated for this
station. The rating of RD sub-factor in the study area was
determined using calculated average annual maximum con-
secutive days without rainfall (Table 2.

The slope map of the studied area was created in Arc Map
10.3 using Shuttle Radar Topography Mission (SRTM) digital
elevation layer at 1 arc-second (~30 m) resolution (https://
earthexplorer.usgs.gov/). Based on the average slope (in
percent) and Table 2, the rating of RS sub-factor was deter-
mined in each sub-catchment.

The size of the studied sub-catchments was ranged from 20
to 100 ha. So, the urban area size categories and their rating in
this study were composed according to Table 4. The rating of
RA sub-factor was determined according to the size of the
sub-catchments and Table 4.

Vulnerability assessment The rating of W, L, T, and R factors
in each sub-catchment were calculated using Egs. (2), (3), (4),
and (5), respectively. The WLTR index and vulnerability class
of studied sub-catchments were determined using Eq. (1) and
Table 3, respectively. The vulnerability priority of the sub-
catchments was determined in order of WLTR index decreas-
ing. The first priority (1) was assigned to sub-catchment with
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Fig. 1 Location of the studied urban area, sub-catchments, runoff sampling points, and meteorological station

the highest WLTR index value, and conversely, the last prior-
ity (12) was assigned to sub-catchment with the lowest WLTR
index value.

Efficiency evaluation of the proposed method To evaluate the
efficiency of the WLTR index method in urban runoff vulner-
ability assessment, the overall quality of runoff generated
from studied sub-catchments in a rainfall runoff event was
determined based on several quality parameters. Urban runoff
samples were collected in the outlet of sub-catchments (Fig. 1)
during a rainfall runoff event caused by a 5 mm/20 min rain-
fall on 20 January 2018 (a wet season of the study area).
General low-cost water quality parameters (pH, electrical con-
ductivity (EC), total dissolved solids (TDS), total suspended
solids (TSS), total hardness (TH), and sulfate (SO,4)) of the
samples were measured using routine methods in soil and
water laboratory of Kashan University.

To determine the overall quality of samples and relative
comparison of runoff quality of sub-catchments, a Water
Quality Index (WQI) based on pH, EC, TDS, TSS, TH, and
SO4 was calculated in four steps for each sub-catchment
based on the measured quality parameters and method devel-
oped by Brown et al. (1970). The WQI is defined as a rating
reflecting the composite influence of different water quality
parameters on the overall quality of water (Batabyal and

Table 4 Urban area

(sub-catchment) size cat- Urban area size (ha) Rating
egories and ratings
<20 1
20<40 2
40<60 3
60—< 80 4
>80 5

@ Springer

Chakraborty 2015). Unlike other WQI methods, the main ad-
vantage of this method is its insensitivity to the number of
used water quality parameters.

In the first step, each of the six water quality parameters
was assigned a weight (w;) according to its relative importance
in the overall quality of water.

In the second step, the relative weight (W,) of each param-
eter was computed using Eq. (6).

Wi ="/s (6)

where W; is the relative weight, w; is the weight of each pa-
rameter, and »n is the number of parameters (Batabyal and
Chakraborty 2015).

In the third step, a quality rating (¢;) was calculated for each
parameter using Eq. (7).

o (CrSio)/ 100
7 |: (SiSio):| 8

where ¢; is the quality rating, C; is the concentration of each
parameter in samples, S;, is the ideal value of the parameter in
pure water, and S; is the standard permissible value for each
parameter. The S;, value is equal O for all other parameters
except pH and dissolved oxygen (7.0 and 14.6 mg/L, respec-
tively) (Batabyal and Chakraborty 2015; Yogendra and
Puttaiah 2007).

In this study, the standard permissible value (S;) of mea-
sured parameters was extracted from standards of drinking
water quality recommended by the World Health
Organization (WHO 2006, 2011).

The relative weight (W;) and standard values (S;) of mea-
sured water quality parameters are presented in Table 5.

In the fourth step, the WQI value was calculated for
each sub-catchment by linear aggregating of the water
quality rating with the relative weight using Eq. (8). The

(7)
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overall water quality class was determined based on the
calculated WQI and Table 6.

WQI =XL,4;Wi (3)

The runoff quality priority of sub-catchments was delineat-
ed in order of WQI decreasing. The first priority (1) was
assigned to sub-catchment with the highest WQI index value,
and conversely, the last priority (12) was assigned to sub-
catchment with the lowest WQI index value.

Sensitivity analysis of the proposed method The sensitivity
analysis of WLTR index sub-factors was done to identify the
most and the least effective sub-factors. In this study, the sin-
gle component sensitivity analysis method was used and the
relative sensitivity of the sub-factors in each sub-catchment
was calculated using Eq. 9.

S = (W‘X%W) x 100 )

where S is the sensitivity of sub-factor, W, is the theoretical
weight of sub-factor, R is the rating of sub-factor, and W/ is the
value of WLTR index in each sub-catchment. The theatrical
weight of each sub-factor is sub-factor weight multiplied by
the weight of related factors.

Results and discussion

WLTR index

The location of septic tanks, urban sewage network, areas
lacking sewage network, and gas stations in the studied area
are shown in Fig. 2a. Figure 2b shows the prepared land use
map of the studied area.

The size of the areas with no sewage system (WW), indus-
trial (LI) and commercial (LC) land uses, bare soils (LB),
green spaces (LG), main avenues (TA), parking lots (TP),
impervious surfaces (RI), and urban sub-catchments (RA),

Table5 Standard values (S;) and relative weight (W;) of measured water
quality parameters

Quality parameter Unit Standard value ~ Relative weight
pH - 6.5-8.5 0.115
Electrical conductivity ~ pS/cm 1500 0.165
Total dissolved solids mg/L 1000 0.165
Total suspended solids ~ mg/L 500 0.275
Total hardness mg/L 500 0.225
Sulfate mg/L 250 0.055

Table 6 WQI categories

and water quality classes ~ WQI value Water quality class
(Chatterji and Raziuddin
2002) <25 Excellent

25—<50 Good

50<75 Poor

75—<100 Very poor

>100 Unsuitable

the number (#) of septic tanks (WS), gas stations (TG) and
days between rainfall events (RD), and the average land slope
(RS) in the studied sub-catchments (SC) are shown in Table 7.

According to the values of sub-factors in Table 7, informa-
tion of Table 2 and Eqgs. 2, 3, 4, and 5, the rating of WLTR
index sub-factors and factors in studied sub-catchments were
determined according to Table 8.

Due to the large size of the areas with no sewage system
(about 76% and 100% of total area in sub-catchment Nos. 11
and 12, respectively), the relative highest rating of W factor
(4.25) is related to sub-catchment Nos. 11 and 12. In these
sub-catchments, a considerable amount of household sewage
(gray water from sinks, showers, dishwashers, and clothes
washers), roofs runoff, and also sewage from industrial and
commercial areas discharge to urban surface runoff convey-
ance network.

The two relatively higher ratings of L factor (3.32 and 2.75)
are related to sub-catchment Nos. 11 and 12 (respectively),
where 12% and 6% of their total area are covered by industrial
land use, respectively. These industrial areas are mostly in
relation with repairing and maintenance of automobiles and
urban buses.

The existence of one gas station caused the relative highest
rating of T factor (3.08) to be assigned to sub-catchment No.
11. Due to the traditional discharging of fuel tankers and using
low developed pump nozzles, there is a high potential for fuel
leakage in this gas station.

As aresult of the combined effect of large area and portion
of impervious surfaces, the highest relative rating of R factor
(2.21) was assigned to sub-catchment No. 2. Also, the sub-
catchment Nos. 5, 9, and 12 with rating of 2.1 for R factor
were placed in second rank.

Also, due to the existence of only one affective meteoro-
logical station, the maximum average rainfall distance was
constant in studied area, and consequently, the same ratings
were assigned for RD sub-factor in sub-catchments.

The results of WLTR index value, runoff vulnerability
rank, and also vulnerability priority in order of WLTR index
decreasing in the studied sub-catchments are shown in
Table 9.

According to the results, the sub-catchment Nos. 11 and 12
had a high vulnerability, and based on the vulnerability
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Fig. 2 a Septic tanks, sewer network, gas stations, carwashes, b transportation avenues, and different land-uses in the studied area

priority, are the most vulnerable sub-catchments between  contribution of these sub-factors was not refused. The consid-

studied sub-catchments. erable variation of these sub-factors will make a considerable
Because of high similarity in the investigated characteris-  variation in WLTR index value and vulnerability rank in other
tics of studied sub-catchments, some of the sub-factors espe- case studies. The sub-catchment Nos. 2, 8, and 9 are the three

cially WS, LC, TG, RD, and RS were assigned the same least vulnerable sub-catchments that have very low vulnera-
rating. Despite that these sub-factors have no effect on range  bility with vulnerability priority of 10, 11, and 12,
of WLTR index value in studied sub-catchments, but due to  respectively.

the high importance of septic tanks (McDowell et al. 2005;

Mallin 2013; schaider et al. 2016), commercial land uses  Sensitivity analysis

(Kang et al. 2010; Paule et al. 2014; Maharjan et al. 2017),

gas stations (Hilpert et al. 2015;), as well as land slope (Lee ~ The results of the sensitivity of WLTR index sub-factors in
and Bang 2000; Li et al. 2015) on urban runoff quality, and  studied sub-catchments are shown in Table 10. The main af-
also considering the transferability of WLTR method, the  fecting sub-factor on the vulnerability index for WLTR

Table 7 The value of WLTR index sub-factors in studied sub-catchments

SC No.  Sub-factors

WW (ha) WS@# LItha) LC(ha) LB(ha) LG(ha) TA(ha) TP(ha) TG# RD®# RI(ha) RS (%) RA (ha)

1 16.94 11 0.00 0.82 9.86 6.40 20.27 0.03 0 39 87.73 3.88 103.99
2 0.00 8 0.00 0.61 1.10 4.19 8.99 0.00 0 39 55.93 3.02 61.21
3 0.00 17 0.20 0.86 228 5.33 8.18 0.41 0 39 46.17 3.67 53.78
4 44.09 14 0.00 2.46 20.84 4.42 10.95 0.46 0 39 69.67 3.69 94.92
5 0.00 5 0.00 0.17 0.38 0.76 436 0.56 0 39 21.58 4.47 22.72
6 15.34 24 3.99 1.35 4.69 8.31 13.89 0.63 0 39 84.79 3.08 98.08
7 0.00 4 0.00 0.46 0.33 0.52 3.12 0.11 0 39 21.32 247 24.10
8 0.00 3 0.00 0.28 0.53 1.78 1.92 0.00 0 39 15.70 2.56 18.01
9 0.00 12 0.00 0.29 0.75 1.14 1.92 0.13 0 39 19.70 241 21.59
10 1.05 4 0.00 0.47 0.58 0.41 1.87 0.02 0 39 16.88 2.52 18.84
11 14.54 1 223 0.41 0.23 0.56 3.42 0.12 1 39 18.52 221 19.31
12 34.39 4 1.96 0.07 1.50 0.64 5.19 0.23 0 39 32.33 2.49 34.47
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Table 8 The rating of WLTR index sub-factors and factors in studied sub-catchments

SC No. Rating

Sub-factors Factors

wWWwW WS LI LC LB LG TA TP TG RD RI RS RA w L T R
1 2 2 1 2 3 4 4 2 1 1 4 2 5 2 1.68 2.92 2.05
2 1 2 1 2 2 4 3 1 1 1 5 2 4 1.25 1.55 2.08 222
3 1 2 2 2 2 4 4 2 1 1 4 2 3 1.25 2.12 2.92 1.93
4 3 2 1 2 5 5 3 2 1 1 3 2 5 2.75 2 2.38 1.82
5 1 2 1 2 2 5 4 2 1 1 5 2 2 1.25 1.61 2.92 2.1
6 2 2 2 2 2 4 3 2 1 1 4 2 5 2 2.12 2.38 2.05
7 1 2 1 2 2 5 3 2 1 1 4 2 2 1.25 1.61 2.38 1.87
8 1 2 1 2 2 4 3 1 1 1 4 2 1 1.25 1.55 2.08 1.81
9 1 2 1 2 2 4 2 2 1 1 5 2 2 1.25 1.55 1.84 2.1
10 2 2 1 2 2 5 2 2 1 1 4 2 1 2 1.61 1.84 1.81
11 5 2 4 2 2 5 4 2 2 1 5 2 1 425 332 3.08 2.04
12 5 2 3 2 2 5 4 2 1 1 5 2 2 4.25 2.75 2.92 2.1

method in all studied sub-catchments was the percentage of
area without a separate sewage system (WW). The number of
septic tanks per hectare (WS), the area percentage of the in-
dustrial land use (LI), the size of urban sub-catchment (RA),
and the land surface slope (RS) sub-factors are the other sen-
sitive sub-factors of WLTR index method, respectively.

Water Quality Index

Table 11 indicates the quality rating of measured
parameters(g;), WQI value, runoff quality rank, and quality
priority in the studied sub-catchments. EC and TDS

Table 9 WLTR index and vulnerability rank and priority in studied
sub-catchments

SC No. WLTR Vulnerability Vulnerability
index rank priority

1 2.05 Low 5

2 1.52 Very low 10

3 1.77 Very low 7

4 243 Low 3

5 1.64 Very low 8

6 2.09 Low 4

7 1.55 Very low 9

8 1.49 Very low 11

9 1.47 Very low 12

10 1.86 Low 6

11 3.68 High

12 3.51 High 2

concentration considered to indicate the cumulative effect of
different water anions and cations.

According to the results, the sub-catchment Nos. 11 and 12
with WQI value of 170.92 and 217.45 and quality priority of 2
and 1, respectively, have the lowest runoff quality among stud-
ied sub-catchments. These sub-catchments were determined as
the two most vulnerable among studied sub-catchments.

High concentration of EC, TDS, TSS, TH, and SO, cases is
higher WQI in sub-catchment Nos. 11 and 12. These parameter
concentrations were 1540 ps/cm, 1186, 1720, 660, and
229.82 mg/L in sub-catchment No. 11 and 1631 ps/cm, 1256,
2560, 670, and 241.11 mg/L in sub-catchment No. 12, respec-
tively. The major reasons for low quality of urban runoff in these
sub-catchments are the considerable discharging of domestic,
commercial, and industrial wastewaters in urban runoff network
(Taebi and Droste 2004; Ding et al. 2015), high percentage of
industrial land use, and high traffic volume (Bartlett 2016).

The sub-catchment Nos. 2, 8, and 9, with WQI of 68.02,
74.05, and 73.8, and runoff quality priority of 12, 10, and 11,
respectively, are the three sub-catchments with relative higher
runoff quality among studied sub-catchments. These sub-
catchments were determined as the three least vulnerable
sub-catchments among studied sub-catchments.

Comparison of the priorities of vulnerability (WLTR) and
runoff quality (WQI) in studied sub-catchments demonstrated
the acceptable efficiency of WLTR index method in vulnera-
bility assessment of the urban sub-catchment runoff. The sub-
catchment Nos. 4, 11, and 12 that determined as the three most
vulnerable sub-catchments had also least water quality,
whereas the sub-catchment Nos. 2, 8, and 9 that determined
as the three least vulnerable sub-catchments had highest water
quality among studied sub-catchments.
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Table 10  The sensitivity of WLTR index sub-factors in studied sub-catchment

Sub- Theoretical weight (%)  SC No.
factor

1 2 3 4 5 6 7 8 9 10 11 12
wWwW 39.00 38.13 2574 22.08 4814 2377 3734 2518 2624 2647 4196 5298 55.58
WS 13.00 1271 17.16 1472 1070 1585 1245 1679 1749 17.65 13.99 17.06 741
LI 15.39 7.52 10.16 1743 633 9.38 1473 994 10.35 1045 8.28 16.73  13.16
LC 6.48 6.33 8.55 7.34 533 7.90 6.20 8.37 8.72 8.80 6.97 3.52 3.69
LB 351 5.15 4.63 3.97 722 4.28 3.36 4.53 4.72 4.77 3.78 1.91 2.00
LG 1.62 3.17 4.28 3.67 333 4.94 3.10 523 436 4.40 436 2.20 231
TG 2.24 1.09 1.48 1.27 0.92 1.37 1.07 1.45 1.51 1.52 1.20 1.22 0.64
TA 7.56 1478 1497 17.12 9.33 1843 1086 14.64 1526 1026 8.13 8.22 8.62
TP 4.20 4.11 2.77 4.76 3.46 5.12 4.02 5.42 2.83 5.70 4.52 228 2.39
RD 4.13 2.02 2.73 2.34 1.70 2.52 1.98 2.67 2.78 2.80 222 1.12 1.18
RI 1.61 3.15 5.31 3.65 1.99 491 3.08 4.16 433 5.46 3.46 2.19 2.29
RS 0.84 0.82 1.11 0.95 0.69 1.02 0.80 1.08 1.13 1.14 0.90 0.46 0.48
RA 0.42 1.03 1.11 0.71 0.86 0.51 1.01 0.54 0.28 0.57 0.23 0.11 0.24

To evaluate WLTR index method efficiency, six water
quality parameters (pH, EC, TDS, TSS, TH, and SO,) were
analyzed. Despite that the used WQI method has the advan-
tage of applicability with any number of water quality param-
eters (Chatterjee and Raziuddin 2002; Yogendra and Puttaiah
2007; Batabyal and Chakraborty 2015), but it is offered that
more number of water quality factors should be analyzed to
assess the efficiency of WLTR index method in other case
studies whit different land and climate characteristics.

Determining the vulnerability of surface runoff in urban
sub-catchments using WLTR index method could be a large
contributor in the prioritization of different sub-catchments for
implementation of practical applications and environmental
disciplines (e.g., pre-treatment, storage and/or dispose of

urban runoff, implementation of low impact development
techniques (LIDs), and urban maintaining infrastructures) to-
ward sustainable water resource management and environ-
ment conservation.

Conclusions

In this study, for the first time, an index overlay method
(WLTR index) was developed to assess urban runoff vulner-
ability to contamination. The urban runoff vulnerability was
determined based on rating different sub-factors of wastewater
(W), land use (L), transportation (T), and rainfall runoff (R)
factors.

Table 11 Quality rating of parameters, WQI, and quality rank and priority of urban runoff in studied sub-catchments
SC No. Concentrations WQI Quality

pH EC TDS TSS TH SO, Rank Priority
1 24.67 101.53 117.30 108.00 90.00 25.33 90.29 Very poor 7
2 32.00 49.73 57.40 112.00 68.00 10.19 68.02 Poor 12
3 100.00 71.13 82.20 132.00 114.00 12.97 99.46 Very poor 5
4 4.00 99.27 114.70 184.00 122.00 84.98 118.49 Unusable 3
5 38.00 32.60 37.70 192.00 74.00 11.58 86.06 Very poor 8
6 16.00 87.33 100.90 196.00 124.00 25.03 116.08 Unusable 4
7 28.00 43.73 50.50 172.00 54.00 9.15 78.72 Very poor 9
8 50.67 30.73 35.50 152.00 60.00 36.24 74.05 Poor 10
9 44.00 28.47 32.90 160.00 60.00 20.26 73.80 Poor 11
10 24.67 59.87 69.10 156.00 122.00 85.92 99.19 Very poor
11 44.00 102.67 118.60 344.00 132.00 91.93 170.92 Unusable 2
12 22.00 108.73 125.60 512.00 134.00 96.44 217.45 Unusable 1
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In the dry seasons, there is no rainfall runoff or its amount is
insignificant. Reducing the amount of rainfall and runoff
causes increase of pollutants at road surface or in the effluents.
In this case, the first rains after dry season should contain a
large amount of pollutant. The effect of dry season at WLTR
model is applied in the form of RD sub-factor (average max-
imum distance between two annual rainfalls), and due to its
importance, the highest weight is assigned to dry season factor
(RD). The weight of RD sub-factor is equal to 6.

It should be noted that WLTR model provides an estimate
of the overall pollution potential status of urban watersheds
(annual pollution potential). The maximum distance between
rainfall events (RD) and the average annual rainfall (RP) were
used in the rainfall runoff factor section. But, WLTR model
can be improved separately for wet and dry seasons in differ-
ent regions via changing the ranges, weights, and scores of the
two sub-factors RD and RP.

The efficiency of this method in assessing urban runoff
vulnerability was investigated via direct measurement of the
runoff quality in a WQI framework in several urban sub-
catchments of Ardabil city. The comparison of vulnerability
priority with the quality priority of urban runoff in the studied
sub-catchments showed an acceptable efficiency for WLTR
index method.

Determining urban runoff vulnerability using WLTR index
could be a useful tool in determining the priority of different
urban sub-catchments for quality/quantity management of ur-
ban runoff especially in the semi-arid regions of developing
countries. In this study, WQI was developed for investigating
urban surface runoff vulnerability to contamination for urban
runoff management programs such as runoft collection, but,
the results of WQI should also use to investigate the suitability
of an urban area to inject its runoff to the aquifer for ground-
water recharge.
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