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Abstract
Introduction
Water scarcity due to climate change and growing water demand in different consumption sectors is a major

environmental crisis that drives arable lands to a state of degradation, especially in dry regions. Artificial
recharge of groundwater (ARG) through floodwater spreading (FWS) which is a potential measure for reversing
this emerging trend is investigated in this research. Floodwater harvesting has become an increasingly important
technique to improve water security and caused a renewed interest in research and implementation. According to
the diverse objectives and methods of implementing artificial recharge of groundwater (ARG) systems, various
factors must be considered when choosing a method for quantifying recharge. Therefore, the rate of aquifer
recharge is one of the most difficult items to measure in groundwater (GW) resources evaluation. In the soil
water balance method (and in the Zero Flux Plane method), soil water movement is inferred by measuring the
changes in water content of the soil profile by gravimetric sampling or automatic devices. These methods have
not been proven satisfactory in low flow conditions, as there is often insufficient resolution to detect the
movement of small quantities of water. Therefore, other methods, based on hydraulic conductivity, potential
gradients, and directly calculated water fluxes for unsaturated flow were developed. The Buckingham-Darcy law
can be used under the steady flow condition where water contents and fluxes change with depth but do not vary
as a function of time. It has been employed in arid and semiarid conditions for recharge estimation. or for
assessing the exchange flow between the surface water reservoir and GW. The method requires measurements or
estimates of the vertical total head gradient and the unsaturated hydraulic conductivity at the ambient soil water
content following the Buckingham-Darcy equation. The overall objective is to evaluate a floodwater spreading
system that was installed in 1981 at the Gareh Bygone Plain, southern Iran for recharging the groundwater table.

Materials and Methods
To assess the artificial recharge of groundwater through turbid floodwater spreading, three wells, ~30 m deep,

were dug in a 37-year-old recharge basin in planted Acacia forest, bare soil, and pasture land uses, respectively.
Soil hydraulic parameters of the vadose zone layers (30 m thickness) were measured in the field and laboratory.
One well was equipped with pre-calibrated TDR sensors throughout the well profile for measuring the changes
in soil water content along the vadose zone. The volumetric soil-water content was measured continuously from
Sep. 2010 to Sep. 2020 with closer temporal increments after floodwater spreading events. Rainfall, ponding
water depth, and duration were also measured. Recharge through the vadose zone was assessed by the soil-water
balance (SWB) method, as measured in the field as well as by calibrating the Hydrus-1D (H1D) model through
the inverse solution.

Results and discussion
Results showed that the wetting front was interrupted at a layer with fine soil accumulation over a coarse-

textured gravely layer at a depth of ~4 m. The large differences in hydraulic conductivity of the two successive
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layers seemed to cause the transformation of the wetting front water movement into fingering flow. The changes
in downward water flux complicated TDR measurement after the depth of 4 m. However, noticeable but
temporary changes in the soil water content were detected in some of the layers below the 4 m was evidence for
fingering flow after the flood events. Validation of the simulated flow by the H1D model vs. the one observed by
SWB (with RMSE 3.45; R2 0.994) showed that the model performed well in flux estimation. The recharge ratio
was calculated for the 2010 to 2020 events as 26 to 84 average of 55 % for all events and 63 to 84 average of 75
% for large impounded floodwater in the basin, respectively.

Conclusion
Although a reliable set of data is obtained for calculating recharge at the very location of this study, up-scaling of

the results for the entire floodwater systems and for the other flooding events with extreme volume and flow rate
needs an extended investigation period and thorough identification of the underlying layers. The determined
hydraulic properties of the RLs obtained in this study will be utilized in future research works in the FWS
systems in our study site. The contributions of this thesis can be summarized as a) development of approaches
for application, calibration, and validation of existing models with limited available data, b) the incorporation of
new concepts into the models used, ¢) generating a unique and robust field data set to support the modeling
approaches and d) provision of new information in the context of floodwater harvesting and its impact on
groundwater recharge. Floodwater harvesting, especially in the form of FWS, is an emerging issue in water
management in dry regions, which needs a better understanding and evaluation of its impact on the surrounding
environment. Small-scale but nature-friendly water management plans, such as FWS systems, are seriously
criticized since there are numerous methods, which are more attractive in terms of investments and money return
to investors. However, they are rarely investigated. This study provided quantitative evidence that proves the
effectiveness of FWS systems.
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Figure 2- Moisture characteristic curves of distinctive layers well No. 1 in Bisheh Zard 1 (A to G are the codes of the layers)
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Figure 3- RMSE value of fitted models with observed soil water data (VGM, VGM-2, MVG, BC, LNK, and DPD represent the

Mueller bath, Mueller bath with two-cm air entry point, modified bath, Brooks-Curry, Log-Normal Casugi, and Dorner dual
porosity models, respectively.)

VA B ITAR ol p0 51 Y Byles ola slasl 1> S Ul (g,uSo5ll slooals 5l oty 35 5 (slao,lol =Y Jodos
Table 2- Statistics selected from the soil water measurements data in depths of well No. 1 from Sep. 2010 to 2020
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3 Upper boundary condition

4 Atmospheric boundary condition with surface layer
3 Initial condition

¢ Lower boundary condition

7 Free drainage
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! Model parameterization
2 Inverse solution
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Figure 4- Time series of soil moisture changes in some layers up to four meter depth, corresponding to flood and rainfall events from
Sep. 2010 to 2020
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Figure 5- Change in soil water values of soil layers in two different events (A and the event of 28 Jan. to 28Feb. 2010 and B and D of
1August to 15 August 2013, which are respectively for depths of zero to 28 m and zero to four meter (B and D are provided for

SWC m3/m3 Flood cm

SWC m3/m3

60

better viewing of changes up to a depth of four meters)

40

20

H Rain mm
H Flood cm

‘ T T ‘ ‘\ T T T 0
20
40

Rain mm

60
| | o
] | ! I

LIS L S S B B B B S S B B B B B S B B B L 100

0.25
0.21
0.17
0.13

0.09 I |
0.05 IIil L DL R LR LR |

50m

ﬂgb

o AT
IO

SN RN
AEGIRY "’@@“?"’w“x

20.0m

A A 9 v &
> q,\ N b\ @ IR IR
@ N \\\ \'»\ g’\> N \Q\ \‘0} B Q\ ‘a\\\

NIRRT AN IR SRR AN
AU RN
P FPT T F W FF TN F ﬂg«q\mq\\

WA obye B IYAR oy 51 ol g Juwo sloolas) by Jlizo yio oz §) Sires sloaY (3p S O Sl Jloj 50 —F JSS
Figure 6- Time series of soil water change for some layers below the 4 m correspondingin flood and rainfall events from Sep. 2010 to

Sep. 2021
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Table 3- Summary of soil water balance data including soil moisture storage, rainfall, flooding, and evaporation-transpiration (cm)
in the profile of experimental well No. 1

Dates S AS P F ET Dates S AS P F ET
89.10.26 30.0 0.0 1.2 0.0 0.0 89.12.08 58.1 -0.8 0.0 0.0 0.1
89.11.03 354 5.4 2.9 0.0 0.9 89.12.09 60.3 2.2 0.0 0.0 0.1
89.11.08 40.1 4.7 2.9 0.0 1.0 89.12.10 58.0 -2.3 0.0 0.0 0.1
89.11.12 55.5 15.4 55 0.0 1.0 89.12.11 61.6 3.6 0.0 0.0 0.1
89.11.13 65.8 10.3 0.0 35.0 0.0 89.12.12 59.6 -2.0 0.0 0.0 0.1
89.11.14 64.8 -1.0 0.0 0.0 0.3 89.12.12 58.7 -0.8 0.0 0.0 0.1
89.11.15 63.2 -1.6 0.0 0.0 0.3 89.12.13 58.7 0.0 0.0 0.0 0.1
89.11.16 62.5 -0.7 0.0 0.0 0.3 89.12.14 57.5 -1.2 0.0 0.0 0.2
89.11.17 61.6 -0.8 1.8 0.0 0.0 89.12.16 57.5 0.0 0.0 0.0 0.4
89.11.18 60.3 -1.3 0.2 0.0 0.0 89.12.19 57.4 -0.1 0.0 0.0 0.2
89.11.20 59.4 -0.9 0.0 0.0 0.5 89.12.21 56.1 -1.3 0.0 0.0 0.2
89.11.21 62.9 3.6 0.0 0.0 0.2 89.12.23 55.8 -0.3 0.0 0.0 0.4
89.11.22 61.2 -1.7 0.0 0.0 0.2 89.12.27 55.1 -0.6 0.0 0.0 0.7
89.11.23 60.9 -0.3 1.0 0.0 0.0 90.01.05 517 -3.4 0.0 0.0 0.8
89.11.24 61.1 0.2 0.0 0.0 0.2 90.01.12 49.9 -1.9 0.0 0.0 13
89.11.25 60.8 -0.3 0.0 0.0 0.2 90.02.08 39.4 -10.5 0.0 0.0 53
89.11.26 59.4 -1.4 0.0 0.0 0.2 90.02.20 37.2 -2.2 0.0 0.0 0.5
89.11.27 59.8 0.3 0.0 0.0 0.2 90.02.24 37.2 0.0 0.0 0.0 0.0
89.11.28 58.7 -1.1 0.0 0.0 0.2 90.03.03 35.7 -14 0.0 0.0 0.9
89.11.29 59.0 0.3 0.4 0.0 0.0 90.03.14 34.6 -1.1 0.0 0.0 0.7
89.11.30 61.6 2.6 1.0 0.0 0.0 90.03.23 34.5 -0.1 0.0 0.0 0.1
89.12.01 60.7 -0.9 0.0 0.0 0.2 90.04.06 33.2 -1.3 0.0 0.0 0.8
89.12.02 59.9 -0.9 0.0 0.0 0.1 90.04.07 32.9 -0.3 0.0 0.0 0.2
89.12.03 59.5 -0.3 0.0 0.0 0.1 90.04.21 33.0 0.0 0.0 0.0 0.0
89.12.04 58.6 -1.0 0.0 0.0 0.1 90.05.01 325 -0.5 0.0 0.0 0.3
89.12.05 59.0 0.5 0.1 0.0 0.1 90.05.08 32.0 -0.5 0.0 0.0 0.3
89.12.06 58.7 -0.4 0.0 0.0 0.1
89.12.07 588 01 0.0 0.0 01 1389/10/26-1390/05/08 2.0 16.8 35.0 20.2
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Table 4- Results of optimization of hydraulic factors related to the best execution mode in the Hydrus model

Depths, cm Depths, cm
SS9y sl Jole 10 60 SIgyln sla fole 180 400
Ini. Opt. Hydrus Ini. Opt. Hydrus Ini. Opt. Hydrus Ini. Opt. Hydrus
0, m*m?® 0.061 0, m3m? 0.001 0.001 0, m*m?® 0.003 0.003 0.008 0.008
0s, m*m3 0.34 0;, m*m3 0.34 0.34 05, m*m3 0.26 0.42 0.40 0.39
a, m* 0.01 a, m? 0.02 0.02 o, m? 0.31 0.03 0.05 0.03
n 2.34 n 1.58 144 n 1.18 1.50 1.58 1.34
K, cm day* 66 K, cmday? 232 914 K, cm day* 897 377 72 248
| 0.50 | 0.50 0.50 | 0.50 0.50 0.50 0.50
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Figure 7- Simulation of water flow in the longitudinal profile of zero to four meters with the Hydrus model (A and B, respectively, for the

speed of vertical water flow (cm d) and for the cumulative water infiltration depth (cm) for a period of 195 days from the time of the
flood until the soil moisture reaches the level before the flood at a depth of four meter)
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Table 5- Estimated error of the models as compared to soil water balance in different depth of the aquifer profile

(3o sl) adss (roslo) Gos
SWB Hydrus
395 36.1 0-10
38.3 38.7 0-60
35.6 40.9 0-80
33.2 47.6 0-110
25.2 26.5 0-200
23.0 30.3 0-230
43.0 313 0-290
29.6 28.8 0-400
334 35.0 oSke
1.7 17 SD
0.7 RMSE

asye glbs 5 Sile 4y RMSE 5 las 31,501 SD oS5 Ul My b5, SWB

WAL B YA ) s 5 ok so3lis) 53 Jto gl 9 S o Mo gy b 425 Slulne =5 Jgier
Table 6- Nutrition calculations using the soil water balance method and model results in rainfall and flood events from 2010 to 2020

8 7 6 5 4 3 2 1 C,
98.7.23 96.05.04 95.05.01 94.11.03 92.05.16 91.09.16  90.09.03  89.10.26 Slisy g5 g,
98.9.6 97.01.31 96/01.18 95.02.20 92.06.10 92.03.04 91.01.06  90.05.08 OSB T ¢ pes 0 b oL 5y
43 268 316 107 115 170 123 195 59y s
2.80 7.00 50.94 4.50 10.05 16.13 16.45 16.80 (2o s8lo) o)L
64.40 45.83 127.32 35.20 43.60 2.20 6.30 35.00 (o) M) Jow glis))
67.20 52.83 178.26 39.70 53.65 19.70 22.75 51.80 (o lo) zor
2.20 1.50 1.60 1.40 1.60 -0.85 1.80 2.00 (o s8lo) SB Ul 633 puis
8.49 34.30 38.76 12.98 27.15 22.40 14.82 20.20 (o s8lo) (3ym5— pies
56.51 56.51 17.03 137.91 25.32 24.90 -1.85 6.13 SWB (a5l ® s ol
54.25 54.25 14.65 154.46 18.99 22.91 -2.31 7.97 Hydrus T s
84.09 84.09 32.23 77.36 63.78 46.42 -9.39 26.93 SWB VRS
(Ao 33) (83959 &l & 3985 Camd
80.73 80.73 27.72 86.65 47.84 42.71 -11.74 35.01 Hydrus

Cate ol =Y g .ol 0si Il Juw 33 loj e (3 ) Byl inlojl ol (b 53 &S s Of gl =Y (o g 5L 305 51 i adgl Jle 4 F e slaaY S LT lide et loj)

Sl Y a9y 0by2 b 5 Gline & (Giie g b v 9) bz b 3985 slas &0



\\/d u Yor Slxds BARA1 JL.: &y b)luf: &y 0)90 /S 9 ui C—gﬁ..\o 9 djle..\o Ag.)u"u /Ol)&ayh 9 ),x.LSl‘l, yvy

Jew g bk cilises (slaslis) 55 (closalie pB,) L Hydrus b 3gi (g5lodud dunlie guls =¥ Jod>
Table 7- Results of the comparison of infiltration simulation with Hydrus with observation figures in different rainfall and flood

events
(3eisb) Voo ol .
Hydrus Slosalie =
28.80 35.00 1
7.97 6.13 2
-2.31 -1.85 3
2291 24.90 4
18.99 25.32 5
154.46 137.91 6
14.65 17.03 7
54.25 56.51 8
37.46 36.94 oo
50.10 44.34 Hhze bl ]
6.45 RMSE
0.994 R?
0.976 NS
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