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Abstract

Construction of managed aquifer recharge structures (MARS) to store floodwaters is a common strategy
for recovering depleted groundwater resources in arid and semi-arid regions, as part of integrated water
resources management (IWRM). MARS diverts surface water to groundwater, but this can affect
downstream fluvial processes. The impact of MARS on fluvial processes was investigated in this study
by combining remote sensing techniques with hydro-sediment modeling for the case of the Kaboutar-
Ali-Chay aquifer, Northwestern Iran. We assessed the impact of MARS on groundwater dynamics,
modeled sedimentation across the MARS using a 2D hydrodynamic model, and quantified morphological
changes in the human-impacted alluvial fan using Landsat time series data and statistical methods.
Changes were detected by comparing data for the periods before (1985-1996) and after (1997-2018)
MARS construction. The results showed that the rate of groundwater depletion decreased from 2.14
m/year before to 0.86 m/year after MARS construction. Hydro-sediment modeling revealed that MARS
ponds slowed water outflow, accompanied by a severe decrease in sediment load, leading to a change
from sediment deposition to sediment erosion in the alluvial fan. Morphometric analyses revealed
decreasing alluvial fan area and demonstrated significant differences (p<0.01) between pre- and post-

impact periods for different morphometric parameters analyzed. The rate of change in area of the
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Kaboutar-Ali-Chay alluvial fan changed from -0.228 to -0.115 km?/year between pre- and post-impact
periods.

Keywords: Groundwater Recharge; MARS; CCHE2D; Landsat; Statistical analysis.

1. Introduction

Water resources are an essential foundation for social development world-wide (Yang et al., 2019; Chang
et al., 2020). Access to fresh, clean water is critical for the sustainability of human society and is strongly
influenced by heterogeneities in the spatio-temporal distribution of water resources (Liu et al., 2019).
The world is now facing enormous challenges in supplying water to support the increasing urbanization,
industrialization, and agricultural development required by rapid population growth (Ohlsson, 2000).
Therefore, many efforts are being made to overcome water shortages and inadequate water resources,
particularly in arid and semi-arid regions (Abou Zaki et al., 2019; Torabi Haghighi et al., 2020a).
However, these efforts can lead to unsustainable use of water resources and can have many socio-

economic and environmental impacts (Torabi Haghighi et al., 2014; Pirnia et al., 2019; Fazel et al., 2017).

Surface water resources are scarce in arid and semi-arid regions and increasing demand for surface water
reserves, in combination with increasing pollution of rivers, lakes and other sources of water, is creating
a crisis of supply (Torabi Haghighi et al., 2018). Therefore, groundwater resources are being exploited
as an alternative to fresh surface water to overcome droughts and water shortages (Torabi Haghighi et
al., 2020b). In arid and semi-arid areas, overexploitation of groundwater resources can lead to declining
groundwater levels, so water conservation measures such as managed aquifer recharge
structures (MARS) at regional and local scale are of great importance (Zaki et al., 2018; Yaraghi et al.,
2019). Within integrated water resources management (IWRM), MARS are an appropriate strategy for
flood control, groundwater recharge, and provisioning a stable fresh water supply to meet domestic and

agricultural demand (Lin and Wei, 2006; Liu et al., 2010; Huang et al., 2013; Tan et al., 2017). However,
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MARS, which mainly involves damping flood flows in constructed ponds, can affect landscape and
environment, e.g., geomorphological features such as river morphology (Beigi and Tsai, 2015; Han et

al., 2017; Huang et al., 2019; Shahrood et al., 2020).

The impact of hydraulic structures, e.g., dams and MARS, on river flow regime, geomorphology, and
environments is well-documented, but the impact of MARS on other natural features, e.g., alluvial fans,
has been less well studied. In general, MARS and other hydraulic structures significantly alter sediment
dynamics, e.g., damping the flood regime in ponds results in the majority of sediment being trapped in
the ponds (Poeppl et al., 2017). This leads to reduced sediment transport and changes in natural features
downstream. Sediment transport (erosion/deposition) is a major process in the formation of alluvial fans,
and MARS could significantly affect this process as an unwanted side-effect of water resources

management (Giardino et al., 2007; Volpe et al., 2011).

Assessing sedimentation in MARSs is important, as sediment build-up decreases the efficiency of
groundwater recharge by reducing bed permeability and reduces the amount of sediment transported to
downstream alluvial features. The motivation behind the monitoring morphological changes in a human-
impacted fluvial system and assessing sedimentation in MARSs, which is interesting in fruitful as
interdisciplinarity and multidisciplinary of sciences (water resources management and river engineers
fields) inspired us to combine the hydro-sediment dynamic modeling procedures, remote sensing
techniques and statistical methods. Therefore, the main aims of this study were to: i) assess the
hydrological impacts of MARSs on groundwater levels, ii) determine the impact of MARS on
erosion/deposition process, using hydro-sediment dynamic modeling, and iii) monitor and quantify
morphological changes in the downstream alluvial fan using remote sensing techniques and statistical
methods. The novelty of this study contributes to all above mentioned goals including new effective

methodology, techniques and data which leads to new knowledge and information discovery on
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sedimentation in MARSs, groundwater level and morphological changes of alluvial fan simultaneously.

The Kaboutar-Ali-Chay alluvial fan in Iran was used as a case.

2. Materials and methods

2.1. Study area

The Kaboutar-Ali-Chay alluvial fan (38°08'45"-38°13'15"N; 45°34'20"-45°37'39"E) is located on the
Shabestar plain in Azarbaijan-e Shargi province, Northwestern Iran (Fig. 1). It has a general north-south
slope and falls within Lake Urmia basin. The cities of Khameneh, Kuzah-kenan, and Shandabad are the
main population centers located on the Kaboutar-Ali-Chay alluvial fan. According to metrological data
from Shabestar station (1985-2018), mean annual precipitation in the region is 320 mm, maximum
temperature is 28°C (in July) and minimum temperature is -18°C (in January). The MARS for Kaboutar-
Ali-Chay, constructed in 1996, comprises seven ponds located at the top of the alluvial fan (Fig. 1). The
diverted floodwater flow to the ponds leads to artificial aquifer recharge by raising the groundwater level.
The main formation of the Shabestar plain comprises young Quaternary and alluvial sediments (Qf2,

Qt3), while some parts of the Kaboutar-Ali-Chay alluvial fan consist of clay zones.
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Fig. 1. Maps showing location of the study area in Azarbaijan-e Shargi province, Northwestern Iran, and of
artificial aquifer recharge structures on the alluvial fan at the outlet of Shibestar watershed.
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2.2 Methodology

The present work consisted of three steps: 1) Groundwater dynamics were analyzed to assess the
performance of MARS in the Kaboutar-Ali-Chay aquifer. 2) Hydro-sediment modeling of MARS ponds
was carried out using 2D hydrodynamic CCHE2D model, to determine the deposition process. 3)
Morphological changes in the alluvial fan were assessed using remote sensing data (Landsat images) and

statistical analysis.

2.2.1 Groundwater level analysis

Times series of data from groundwater observation wells downstream of Kaboutar-Ali-Chay MARS (see
Fig. 1) were analyzed to assess the role of the structure on groundwater levels in the aquifer (Kalbus et
al., 2006; Lu et al., 2014; Cai and Ofterdinger, 2016). Mann-Kendall and Sen's slope estimator, two
nonparametric statistical methods widely used for hydro-climatological purposes (Sang et al., 2014; Lu
et al., 2015; Bari et al., 2016; Haghighi et al., 2020), were applied in analysis of observed precipitation

and groundwater level trends in pre- and post-MARS construction periods.

2.2.2 Hydro-sediment modeling in managed aquifer recharge structures (MARS)

Hydro-sediment modeling was performed using the hydrodynamic Center for Computational Hydro-
science and Engineering 2 Dimension (CCHE2D) model developed at the National Center for
Computational Hydro-science and Engineering (NCCHE), University of Mississippi. It has been
demonstrated to have good capabilities in the field of water and sediment simulation. The latest version,
CCHE2D 3.2 (Kamanbedast et al., 2018), was used in this study to simulate flow and sediment transport
at the Kaboutar-Ali-Chay MARS. In CCHE2D (Jia and Wang, 1999; Zhang and Jia, 2005; Zhang and
Jia, 2013), continuity (Eg.1) and momentum equations (Egs. 2 and 3) are used to solve the depth-

integrated two-dimensional Navier-Stokes equation (Eq. 1-4):
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118  where u and v are components of the depth-integrated velocity in the x and y directions, respectively, g

119  is gravitational force, Z is elevation of the water surface, p is water density, h is local water depth, fcor is
120  the Coriolis parameter, Tox, Toy and Twx, Twy are shear stresses on the bed and surface water, respectively,
121 Cg s friction coefficient at the water surface, Uw and Vy are velocity of water, and Txx, Txy, Tyx, and Tyy

122 are stresses at depth, integrating both viscous and turbulent effects, approximated based on Boussinesq’s

123 assumption:

124
Tox = 2p(V + vt)g—z )
e = Ty = P+ TG+ 5 ©)
Tyy = 2p(V: + V) g—; (7)
125

126 where v is the kinematic water viscosity. Two zero-equation eddy viscosity models, namely the parabolic
127 model and the mixing length model, and the more sophisticated two-equation k—e turbulence model is

128  used in the CCHE2D model to calculate eddy viscosity vt (Nassar, 2011; Zhang and Jia, 2013).



129  Required data for CCHE2D are digital elevation model (DEM), discharge and sediment data, and data
130  on particle size distribution in beds and on suspended load particle size. The latter were obtained from

131  Azarbaijan-e Shargi Regional Water Company in the present case.

132

133 2.2.3 Procedure of the CCHE2D

134  The CCHE2D model was applied to simulate flow and sediment transport in the Kaboutar-Ali-Chay
135  MARS. The modeling procedure involved using ArcGIS to make a DEM with topographic data, a mesh
136  generator, and a Graphical User Interface (GUI) to govern equations (continuous and momentum) in

137  CCHE2D for simulating flow. Schematic diagrams of MARSs is presented in the Fig. 2.

138
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140 Fig. 2. Schematic diagrams of managed artificial recharge structures (MARS). a) Kaboutar-Ali-Chay alluvial
141 fan; b, ¢) MARS ponds 1-7, and d) mesh and boundary conditions for MARS components.

142

143  After entering the geometric data on MARS into the CCHE2D model and determining the boundaries of
144  the studied reach (size of ponds), a numerical mesh was generated using orthogonal mesh. The
145  orthogonality of the mesh was evaluated using two indices, averaged deviation from orthogonality
146 (ADO) and maximum deviation from orthogonality (MDO). The smoothness of the mesh structure was
147  evaluated based on two other indices, averaged grid aspect ratio (AGAR) and maximum grid aspect ratio
148 (MGAR) (Moussa, 2010; Rad et al., 2019). High quality of the mesh structure was assumed at lower
149  values for the orthogonality indices and values closer to 1 for the smoothness indices, (Zhang and Jia,

150  2013). The equations for the indices are:

MDO = max(6; ;) (8)
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151

152 where MDO, ADO are orthogonality indices, MGAR and AGAR are smoothness indices, njand nj are

153  maximum and minimum of the mesh in direction & and n, respectively, & and n are coordinates in

154  direction x and y, respectively, and g2 is a metric tensor.
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2.2.3. Quantifying morphological change in the alluvial fan

The rate of change in the Kaboutar-Ali-Chay alluvial fan was determined by quantifying morphometric
variations using a time series of Landsat satellite images (1984-2017). This is a novel application of
Landsat images and demonstrates their utility in improving understanding of the complex spatial and
temporal dynamics of fluvial systems. The Landsat images used consisted of Landsat 5-Thematic Mapper
(TM), Landsat 7-Enhancement Thematic Mapper plus (ETM+), and Landsat 8-Operational Land Imager
(OLI) multispectral images acquired in 1984, 1987, 1990, 1993, 1996, 1999. 2002, 2005, 2008, 2011,
2014 and 2017 (http://glovis.usgs.gov. The TM, ETM+ and OLI images were obtained in the form of
raw digital data, requiring radiometric calibration and atmospheric correction of the images to generate
consistent, high-quality image materials (Chander, Markham, & Helder, 2009; Yang et al., 2015). For
radiometric calibration of the images we used TOA reflectance, based on advantages reported by Li et
al. (2013). We then performed atmospheric correction on the TOA reflectance data for all images using
the FLAASH (Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes) module in ENVI 5.3.
After pre-processing of the Landsat data, a map of the alluvial fan was extracted using the supervised
classification and maximum likelihood algorithm in ENVI 5.3. Finally, in morphometric analysis seven
indices were employed to classify images in Arc GIS 10.5 (Table 1): Length of alluvial fan (Lar), form
factor (Ry), shape factor (Sar), elongation ratio (Re), circularity ratio (R¢), compactness coefficient (Ce),
and slope (S). Full descriptions of all morphometric parameters can be found in Sindhu et al. (2015),

Arab Ameri et al. (2018), and Poongodi and Venkateswaran (2018).

Table 1. Morphometric characteristics of the Kaboutar-Ali-Chay alluvial fan

Morphometric parameter Units

Formula

Length of alluvial fan Lyp = 1.3124068 km

Form factor R = A/Ljr -
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Shape Sar = Lip/A -

Elongation ratio R, = 1.1284%5 /L,y -
Circularity ratio R, = 12.57A/P? -
Compactness coefficient C.= 0.2821P/A%> -
Slope (x2-x1/y2-y1) * 100 %

2.2.6. Statistical analysis of morphological parameters

Application of the Kolmogorov-Smirnov test (Koller et al., 2013; Haghighi et al., 2019) revealed that the
time series of data on morphological parameters were normally distributed (p>0.05). Therefore,
differences in the seven morphological parameters before and after MARS construction were assessed
using paired samples t-test (Hartmann et al., 2016; Sohn et al., 2020). All statistical analyses were carried

out using SPSS 23.v software.

3. Results and discussion

3.1. Performance of MARS

The performance of MARS was assessed by analysis of temporal variations in precipitation and
groundwater levels 1985-2018 (Fig. 3). No significant trend was observed in precipitation value, but
there was a positive tendency in the amount of precipitation (positive value for Mann-Kendall test and
Sen's slope) during 1985-2018 (Fig. 3 and Table 2). In the same period, the groundwater level in the
Shabestar aquifer showed a significant negative trend, declining by approximately 25 m by 2018, despite
the positive trend in precipitation value (Fig. 3 and Table 2). This decline reflected the significant
influence of anthropogenic activities (e.g., irrigation, domestic, and industrial water usages) on available
water resources in the area. The dramatic decline in groundwater level led to the construction of the

Kaboutar-Ali-Chay MARS in 1996 to recharge groundwater resources. Although the groundwater level
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did not recover entirely or even stabilize by 2018 due to MARS construction, the rate of decline in the
groundwater level gradually became smaller (Fig. 3). In the period before MARS construction (1985-
1996), the rate of decline in groundwater level was -2.14 m per year (Fig. 3), with a significant negative
trend (p<0.01, Sen's slope = -2.089) (Table 1). In the post-construction period (1997-2018), the rate of
decline in groundwater level was reduced to -0.86 m per year (significant negative trend; p<0.0.05, Sen's

slope = -0.669) (Table 2).
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Fig. 3. Temporal variation in precipitation and groundwater level in the Shabestar aquifer in pre- and post-

periods relative to managed aquifer recharge structure (MARS) construction.

Table 2. Results of the Mann-Kendall (MK) test and Sen’s slope estimator (Sen) for precipitation and
groundwater level in the Shabestar aquifer in periods pre- and post-construction of the managed aquifer recharge

structure (MARS)
Parameter Period MK p-value Sen
Precipitation 1985-2018 1.200 0.229 0.956
Groundwater level 1985-2018 -4.561 0.045 -1.295
Groundwater level pre-period 1985-1996 -4.114 0.001 -2.089
Groundwater level post-period 1996-2018 -5.495 0.039 -0.669
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3.2. Distribution of shear stress, velocity, and sedimentation in MARS ponds

There were clear signs of rotational flow in ponds #2 to #6, which led to sedimentation in these ponds
(Fig. 4a). The modeling results showed two patterns of velocity distribution across the ponds: i)
concentrated flow and high velocity near spillways and outlets (red color zone in Fig. 4a) and ii) lower
velocity areas with increasing distance from the outlets (transition color from red to blue in Fig. 4a). This
variation in flow velocity could result in differences in shear stress on the pond bed, leading to zoning

with erosional and sedimentation areas (Fig. 4)

Due to the cascade configuration of the MARS layout, the flow velocity varied from 0.00 to 1.00 m/s
within the ponds (Fig. 4a). The flow velocity also declined from upper ponds (#1-#4) to lower (#6, #7).
The maximum flow velocity in ponds #6 and #7 was found to be below 0.3 m/s, and therefore the majority
of transported particles entering these ponds could be expected to be deposited as sediment. Investigation
of shear stress variations in MARS ponds showed the maximum shear stress in ponds #1 to #4, due to
narrowing of the outlet and higher velocity (Fig. 4b), increasing the potential for erosion in these areas.
In contrast, in downstream ponds (#6, #7) the shear stresses were low and sedimentation potential was

high.
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a) Velocity (m/s)

Fig. 4. a) Flow velocity and b) shear stress distribution along the series of ponds in Kaboutar-Ali
Chay managed aquifer recharge structure (MARS).

In order to investigate sedimentation and erosion conditions in the MARS, long-term (14 days) and short-
term (7 days) simulations were performed based on observed flow duration in the studied river reach.
Evaluation of the changes in the bed of MARS ponds indicated that in many parts of the MARS (except
for the outlet of the ponds), the decrease in cross-sectional area and increase in velocity resulted in a
maximum depth of erosion of 0.65 and 0.77 m for short-term and long-term simulations at the inlet of
pond #1 and outlet of pond #5, respectively (Fig. 5). The maximum height of sedimentation was 1.022
m in short-term (7 days) and 1.54 m in long-term (14 days) simulations (Fig. 5). The mean height of
sedimentation was 0.57 and 0.60 m for short term and long-term periods, respectively. Also, the mean
depth of erosion in the MARS ponds were 0.32 and 0.42 m for short term and long-term periods,
respectively. Therefore, the ration of the erosion/sedimentation was achieved 0.57 and 0.70 for short term

and long-term periods, respectively. This indicated that in for the long term the sedimentation processes



237  inthe MARSs have occurred more than the short-term. Therefore, in the long term, by trapping sediments
238 in the ponds, flow discharge with the low amount of sediment released from the ponds and this flow to
239  compensate for the lack of sediment and achieve transport capacity, not only does not sediment like the
240  pattern of alluvial rivers but also causes erosion and consequently decreasing of the riverbed in the
241 downstream. It is also worth mentioning that, due to sedimentation in the MARS ponds over time, the
242  permeability of the pond bed material will decrease as the pores become clogged with sediment particles,

243  decreasing the efficiency of the MARS in groundwater recharge.
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Bed changes (m)
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245  Fig. 5. Bed changes along the series of ponds in Kaboutar-Ali Chay managed aquifer recharge structure (MARS)
246 in a) short-term (7-days) and b) long-term (14-days) simulations.
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Based on the results obtained for velocity and shear stress distribution in the ponds, it can be concluded
that the majority of transported particles from river headwaters, which play the main role in forming the
alluvial fan, are now trapped in the MARS ponds. Thus, establishing the MARS at the top of Kaboutar-
Ali-Chay alluvial fan (which plays a significant role in sediment transportation) has interrupted the
sedimentation mechanism in the lower part of alluvial fan. In other words, the flow path and flow
dynamics in the main body of the alluvial fan have been changed, with lower flow rate and sediment
density at the outflow of the MARS, due to diversion of flood flow to the MARS ponds above the fan,
so that very little sediment enters the alluvial fan. As a result, the sediment deposition process on the
surface of the alluvial fan has become a sediment-erosion process. It is also worth mentioning that, due
to sedimentation in the MARS ponds over time, the permeability of the pond bed material will decrease
as the pores become clogged with sediment particles, decreasing the efficiency of the MARS in

groundwater recharge.

Model validation, based on orthogonal assessment using ADO and MDO and smoothness assessment
using AGAR and MGAR indices, indicated that the MARS mesh in the CCHE2D model was of high
quality. This was based on ADO and MDO values of 2.21 and 2.28, respectively, where lower values
indicate higher quality of the mesh, and AGAR and MGAR values of 1.06 and 1.10, where values closer

to 1 indicate high quality of the mesh.

3.4. Assessment of morphological changes in the alluvial fan using remote sensing data

Morphological changes in the Kaboutar-Ali-Chay alluvial fan 1985-2018 are shown in Fig. 6 and Table
3). The main morphometric parameters, including area, perimeter, Lar, Rrand S, showed decreasing rates
over time (Table 3). The area of the alluvial fan decreased by 5.5 km? from 1985 to 2018, while the rate
of decrease changed from -0.228 to -0.115 km?/year from the period pre- to post- MARS construction.
Similar decreases in the period 1985-2018 and a higher rate of change in pre-impact than post-impact

periods were observed for other morphometric parameters, e.g., fan perimeter (rate change from -0.250



271 t0-0.314 km/year for pre- and post- period, respectively), Lar (rate change from -0.060 to -0.034 km/year
272 for pre- and post-period, respectively), Rs (change from -0.009 to -0.006 for pre- and post- period,
273 respectively), and S (change from -0.012% to 0.023% for pre- and post- period, respectively). The
274  remaining parameters studied (Sar, Re, Rc, C¢) showed inconsistent increases and decreases in their rate

275  of change in pre- and post- periods.

276
Table 3. Changes in morphometric parameters of the Kaboutar-Ali-Chay alluvial fan, 1984-2017
(km?) (km) Lar Rr  Sar Re Re Ce s
1984  12.84 34.62 5592 1.148 2436  0.723 0.140 2726  6.742
1987 1144 32.05 5238 1.092 2.398  0.728 0.137 2673 6694
1990  10.92 31.69 5102 1.071 2.383  0.731 0.135 2705 6641
1993  10.25 31.48 4922 1.042 2362 0734 0.130 2773 6607
1996  9.87 31.36 4816 1.025 2350  0.736 0.126 2816 6588
1999  9.52 30.05 4717 1.009 2.338  0.738 0.132 2748 6577
2002 9.03 26.81 4579 0986 2322  0.740 0.158 2517 6551
2005  8.90 26.43 4541 0980 2317 0741 0.160 2499 6538
2008  8.63 26.00 4462 0967 2308  0.743 0.160 2497  6.507
2011  8.34 25.85 4378 0.953 2297  0.744 0.157 2524 6415
2014  7.90 25.68 4244 0931 2280  0.747 0.151 2578 6306
2017 7.33 24.09 4067 0901 2257  0.751 0.159 2510 6140
277

278  Table 4 presents the results of the paired samples t-test for the morphometric parameters during pre- and
279  post-impact periods. As can be seen, all morphometric parameters (Lar, R, Sar, Re, Rc, Ce¢, S) showed
280 significant differences (P<0.01) between pre- and post-impact periods. It can be concluded that
281  construction of MARS has had a significant impact on morphometric parameters in the Kaboutar-Ali-

282  Chay alluvial fan.
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By applying fundamental concepts of hydro-sediment dynamic modeling and feedback in the context of
human-landscape systems, we demonstrated how morphological parameters in natural landscapes can be
affected by anthropogenic activities. Specifically, the results revealed that restoration strategies in one
part of water resources management (groundwater artificial recharge) can affect other parts of the
environmental system (morphological changes in the Kaboutar-Ali-Chay alluvial fan). These results can

be used by planners and decision-makers on IWRM to formulate appropriate actions.
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Fig. 6. Morphological changes in the Kaboutar-Ali-Chay alluvial fan between years in the period 1984-2017.

It is difficult to predict variations in human-impacted landscape systems (such as alluvial fans) because
of the complexity of geomorphic and socio-environmental conditions. Previous studies have shown that
changes in fluvial systems caused by anthropogenic influences are increasing over time (e.g., Comiti,

2012; Gumiero et al., 2015; Poeppl et al., 2017; Verstraeten et al., 2017). The extent of morphological
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change will be determined by the intensity of human impacts and by the sensitivity of the environment
to natural disturbance. However, morphological changes in small areas reflect anthropogenic influences

rather than environment sensitivity to natural disturbance.

Table 4. Results of paired samples t-test for alluvial fan area (A), perimeter (P) and the seven
morphometric parameters tested (length of alluvial fan (Lag), form factor (Rr), shape factor (Sar),
elongation ratio (R.), circularity ratio (Rc), compactness coefficient (Cc), and slope (S)) during pre- and
post-impact periods

Paired Differences

95% Confidence Interval
of the Difference

Morphometric Std. Std. Error
parameter Mean Deviation Mean Lower Upper t Sig. (2-tailed)
AprePpost 2523 0.843 0.318 1.743 3.302 7.921 0.000
Pore-Ppost 5745 1.008 0.381 4.813 6.678 15.083 0.000
Larpre-Larpost 0.703 0.233 0.088 0.487 0.918 7.973 0.000
Ripre-Ripost 0.114 0.038 0.014 0.079 0.149 7.985 0.000
Sarpre-Sarpost 0083 0.028 0.011 0.057 0.109 7.835 0.000
Repre-Repost -0.013 0.004 0.002 -0.017 -0.009 -7.691 0.000
RopreRepost  0:020  0.011 0.004 -0.031 -0.009 -4.617 0.004
Ccpre-CCpost 0.184 0.104 0.039 0.087 0.280 4.653 0.003
0.219 0.150 0.057 0.080 0.358 3.869 0.008

Spre-Spost

4. Conclusions

In arid and semi-arid regions with limited available surface water, the groundwater resource is the most
important and sometimes only source of water. Managed artificial recharge structures (MARS) are
commonly re-used to recharge this vital resource, by diverting and storing surface water (particularly

floodwater) in ponds for re-infiltration into the aquifer. MARS has considerable advantages, but also a
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major disadvantage through its influence on the natural fluvial system. This study quantified the impact
of the Kaboutar-Ali-Chay MARS in Northwestern Iran on groundwater recharge, using observed data
from groundwater wells, and on the downstream alluvial fan, by combining the results of hydro-sediment
modeling with remote sensing data. The results revealed that sedimentation in MARS ponds had led to
changes in the alluvial fan. The results for groundwater levels revealed a significant negative trend
despite increasing precipitation rate in the study period (1985-2018), but the MARS system decreased
the rate of groundwater decline from -2.14 m/year (1985-1996, before MARS construction) to -0.86
m/year (1997-2018, after MARS construction). Modeling results for the seven ponds in Kaboutar-Ali-
Chay MARS showed decreases in flow velocity (1.0-0.0 m/s) and shear stress (50-0.0 N/m?) from
upstream to downstream ponds, with accompanying increases in sedimentation compared with the
unregulated flood flow system. Remote sensing analysis revealed decreases in area and significant
(p<0.01) changes in different morphometric parameters of the alluvial fan (Lar, Rf, Sar, Re, R, Ce, S)

between the periods pre- and post- MARS construction.
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