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1- Partial Cross-correlation
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Figure 1- Geographical location of the Mashhad-Chenaran study area with respect to Iran’s major basins
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Figure 2- Well Logs for some of the representative observation wells
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Table 1- The representative observation wells of Mashhad-Chenaran aquifer and the statistical characteristics of rainfall and
depth to water-table in a 15-year statistical period

(o sko) ke 530 () lole (bi] e 41 3,551 (3o
Monthly precipitation (mm) Monthly depth to water-table (m)
Well name oS Max. Min. Max. oSl
Min. slado (JWw/oko) & ,U slado &, slado &, Ave.
Value  Date (YY/MM) Value Date Value Date
(Dooghaei) ;¢4 0 146.8 1386/01 53.62  1381/07/15 55.96  1394/11/15  54.49
(Gharechah) sl> o8 0 148.5 1386/01 39.31  1381/01/15 416  1395/05/15  40.44
(Shoorcheh) a5 0 120.8 1386/01 14.78  1391/04/15 17.83  1394/05/15 16.37
(Momen Abad) sui 50 0 127.9 1386/01 8291  1381/11/15 93,57  1395/06/15  88.29
(RezaAbad Sharghi) 5,5 sblls, 0 117.9 1386/01 60.03  1380/12/15 73.81  1395/05/15  68.07
(Moochenan) .\l>ge 0 113.4 1381/02 75.38  1380/12/15 91.95 1395/06/15  84.58
(Chanbargharbal) Ju ¢, 0 122.6 1386/01 79.62  1380/07/15 108.04  1395/06/15  91.42
(Ghareh Tapeh) s, 0 116.7 1386/01 61.26  1380/07/15 81.06  1395/06/15  71.58
(Yekeh Lengeh) 45 S, 0 120.6 1386/01 86.48  1381/01/15 108.56  1395/06/15  98.41
(Chamgard) >,%ex> 0 116.1 1381/02 67.82  1380/07/15 83.88  1395/06/15  75.82
(HajiAbad) sb] > 0 124.7 1386/01 472 1380/07/15 58.24  1394/05/15  54.16
(SeyedAbad) bl 0 121 1386/01 56.39  1380/07/15 70.72  1395/05/15  64.30
(AfsalAbad)sb] Juas! 0 151.3 1386/01 45.08  1380/12/15 62.91  1395/06/15  54.70
(Saroojeh) asg)ls 0 128.8 1386/01 2411  1380/12/15 3042  1395/05/15  27.84
(Ghezel Hesar) Lo J;8 0 129.1 1386/01 26.35  1381/02/15 4734 1395/04/15  40.09
(JamAb) Clges 0 118.7 1386/01 79.1  1380/07/15 97.65  1395/06/15  91.20
(Kabir) ,.s 0 123.7 1386/01 811  1380/07/15 12.95  1395/04/15 11.17
(Kalateh Sheikhha) lgzw.s 48 0 131.5 1386/01 59.81  1380/12/15 83.79  1394/06/15  73.92
(GharehJangal) JSiso,3 0 142.7 1386/01 29.29  1380/07/15 59.61  1395/06/15  43.40
(Shir Hesar) jlas o 0 142.8 1386/01 46.74  1380/12/15 62.25  1395/06/15  55.94
(Askariyeh) Suue 0 139.3 1386/01 70.32  1380/12/15 94.16  1395/06/15  83.46
(Sahl-o-din) cpl e 0 137.6 1386/01 17.33  1381/01/15 26.06  1394/11/15  22.57
(Kalateh Barfi) 3, 45 0 130.3 1386/01 75.27  1380/12/15 96.27  1394/10/15  86.23
(Ghah-gha-heh) a3 0 1224 1386/01 28.07  1381/01/15 34.09  1395/06/15  30.52
(Mazrae Nemoneh) 44e5 4< )30 0 128.2 1388/02 82.74  1380/07/15 107.28  1395/06/15  94.14
498) SHS T Sgidegpe 0 130.4 1388/02 82.96  1384/02/15 90.38  1395/06/15  85.91
(Mazrae Nemoneh -Shahrak Razaviyeh)
(JimAbad) sblee 0 122.5 1388/02 985  1380/07/15 121.79  1395/06/15  110.69
(Arazi Kenebist) cuwas ol 0 120.3 1393/01 58.82  1381/01/15 67.84  1394/06/15  63.84
(Arazi JimAbad) sUlee o)) 0 123.9 1388/02 57.77  1380/07/15 78.29  1395/06/15 67.53
(Kenebist) cuyas 0 121.5 1393/01 58.48  1381/01/15 63.09  1394/06/15  61.55
(Tangalshor) s, e — yoi JS5 0 127.1 1388/02 27.84  1380/12/15 4829  1394/08/15  38.42
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Table 4- Groundwater recharge lage time at the location of observation wells based on the highest cross-correlation

coefficient
ol 0 lows ola QU ‘km. (Fhunod o b "'W P- (bbl\)/lfa:bL:; :ur::w
Well No. Well name The h'gheét Cross-Correlation Value (month)
oefficient a=01 =005
6007-OW101 (Dooghaei) ;e 0.145 0.055 3 _
6007-OW102 (Gharechah) ol s ,3 0.146 0.052 2 _
6007-OW104 (Shoorcheh) a5 — _ _ _
6007-OW106 (Momen Abad) Ui 050 0.301 0.000 4 4
6007-OW107 (RezaAbad (3,5 Uiz, 0.385 0.000 4 4
Sharghi)
6007-0W109 (Moochenan) lsge 0.176 0.020 7 7
6007-OW110 (Chanbargharbal) Ju,é e 0.174 0.021 6 6
6007-0W111 (Ghareh Tapeh) 4o, 0.280 0.000 5 5
6007-OW112 (Yekeh Lengeh) &3 o5, 0.132 0.080 4 —
6007-OW113 (Chamgard) >,Ses 0.134 0.083 12 _
6007-0W114 (HajiAbad) sl 1> 0.205 0.006 2 2
6007-OW115 (SeyedAbad) sLfsw 0.249 0.001 5 5
6007-OW118 (AfsalAbad) sb] fasl 0.274 0.000 4 4
6007-O0W123 (Saroojeh) asg,ls 0.329 0.000 4 4
6007-OW126 (Ghezel Hesar) jlas 3 0.332 0.000 5 5
6007-OW127 (JamADb) Ulzes 0.322 0.000 5 5
6007-OW128 (Kabir) .8 0.328 0.000 2 2
6007-OW130 (Kalateh Ly <345 0.495 0.000 4 4
Sheikhha)
6007-OW145 (GharehJangal) Sz, 0.156 0.039 3 3
6007-OW147 (Shir Hesar) jlas .5 0.390 0.000 5 5
6007-OW149 (Askariyeh) 4 S 0.466 0.000 4 4
6007-OW151 (Sahl-0-din) ;pal e 0.457 0.000 3 3
6007-OW153 (Kalateh Barfi) 3, M 0.427 0.000 5 5
6007-OW163 (Ghah-gha-heh) a3 0.144 0.057 4 —
6007-OW184 (Mazrae sy 450 0.314 0.000 5 5
Nemoneh)
L9y S b = diged de)je
6007-OW185 (Mazrae Nemoneh - 0.314 0.000 5 5
Shahrak Razaviyeh)
6007-OW187 (JimAbad) sl 0.289 0.000 5 5
6007-OW188 (AraZl CowsiS 22 0.304 0.000 4 4
Kenebist)
6007-OW190 (Arazi sl o2 0.219 0.003 4 4
JimAbad)
6007-OW191 (Kenebist) cuuas 0.193 0.010 4 4
6007-OW192 S Em gt S 0.129 0.091 8 -

(Tangalshor)
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Figure 3- Cross-Correlogram for some of the representative observation wells in Group 1
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Figure 4- Cross-Correlogram for some of the representative observation wells in Group 2
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Table 3- The correlation coefficient between the lag time, depth to water-table and ground surface level

0j25 S Bos o s 31
Depth to Water-table Ground Surface Elevation
a=0.1 a=0.05 a=0.1 a=0.05
RIS r 0.655 0.635 -0.131 0.109
P- Value 0.000 0.001 0.524 0.613

Lag time
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Figure 5- The linear regression between depth to water-table and groundwater recharge lag time
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Figure 6- The spatial distribution of groundwater recharge lag time (month) and depth to water-table (meter) in Mashhad-
Chenaran aquifer.
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Introduction: In hydrological studies, time series are observed as continuous or discrete. Groundwater level
and rainfall can be considered as discrete time series. The most common way to measure the dependence
between two variables in a discrete time series is to calculate the Pearson correlation coefficient (r). Pearson
correlation test is a parametric test that quantitatively measures the linear relationship between variables. This
coefficient is essentially a dimensionless index that describes the relationship between two variables
numerically. The groundwater level is more or less influenced by rainfall, and this influence may be delayed for
a variety of reasons. The process of comparing two time series in different time steps is called cross-correlation.
In the cross-correlation analysis, the time-dependent relationship between the dependent and the independent
variables is analyzed by computing the coefficients of cross-correlation for various time lags. Results are plotted
on a graph called a cross-correlogram.

Mashhad-Chenaran aquifer with an area of about 2527 km? is the most important aquifer in Khorasan Razavi
province. Unfortunately, so far in the Mashhad-Chenaran aquifer, the recharge lag time has not been calculated
due to the very complex geological and hydrogeological conditions of the aquifer. In this study, an attempt has
been made to calculate the groundwater recharge lag time.

Materials and Methods: In this study, 15 years (Sep. 2001 to Sep. 2016) data of monthly depth to water-
table and rainfall have been used . There is 74 active observation well in Mashhad-Chenaran aquifer. Out of 74
wells, 31 well were selected based on geological and hydrogeological conditions. To calculate the rainfall at the
observation wells, the daily rainfall data from rain gauge and evaporation stations (25 rain gauge stations and 9
evaporator stations) have been used. First, the cumulative daily rainfall at each station for one month (from 15
months to 15 months later) was calculated. Then, a monthly rainfall raster was prepared using ArcGIS.Finally,
the rainfall at the observation well was extracted from the raster file.

Results and Discussion: The correlation coefficient between the groundwater level and rainfall was
calculated for the 31 wells at two confidence levels (0. = 0.05 and o = 0.1). The lag time was calculated based on
the highest correlation coefficient for the two confidence levels. Results showed that the cross-correlation
coefficient varied from at least 0.129 in the Tanglshour-Morgh Pardak observation well (very weak) to 0.495 in
the Kalateh Sheikhha observation well (moderate). The coefficients of cross-correlation for various time lags
were plotted on the cross-correlogram. In cross-correlogram, the month zero was equivalent to October and the
month 11 was equivalent to September of the next year. It was observed that the trend of correlation coefficient
followed the two specific patterns. In the first group, the water table usually reacts to rainfall after the second
month. Then, the correlation coefficient gradually increased. The correlation coefficient reached its maximum in
the fourth and fifth months and then decreased with a gentle slope. From the seventh month to the eleventh
month the correlation coefficient has become negative. Although there was a significant relationship during these
months, there was no cause-and-effect relationship between changes in the water table and rainfall. In the second
group, the relationship between the groundwater level and rainfall was not significant at the 95% confidence
level. This group includes Doghai observation wells, Qarachah, Shurcheh, Mochenan, Yekehlengeh, Chamgard,
Ghahghahe, Tangleshour - Morgh Pardak, and Shorcheh. Changes in the correlation coefficient of these wells
were very irregular and the relationship between rainfall and water table changes was probably influenced by
other factors. The map of lag time showed that the spatial variations of the lag time completely followed the
pattern of the Iso-depth map. In general, the lag time was a function of the depth to the water-table in the
Mashhad-Chenaran aquifer. With increasing water depth, the lag time also increased. A closer look at the map
showed that in the northern and southern margins of the first hydrogeological unit, the lag time was more than its
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center. In the northern and southern hydrogeological units, the lag time showed the greatest compliance with the
groundwater depth. The amount of lag time from the northern margin of the aquifer to the south gradually
increased and finally reached its maximum value in the Akhlamad, Torgabeh-Shandiz.

Conclusion: As discussed previously, the groundwater level was influenced by rainfall, and this influence
may be delayed for a variety of reasons. In this study, the groundwater response to rainfall has been estimated
from 31 observation wells by cross-correlation method in a period of 15 years (Sep. 2001 to Sep. 2016). The
correlation test results showed that after about 2 to 3 months, the effect of rainfall was gradually observed on the
groundwater level and the correlation coefficient at the confidence level a = 0.05 and o = 0.1 for 77 % and 97%
of wells became meaningful, respectively. The minimum lag time was 2 months and the maximum was 7
months. In general, the estimated lag time was well matched to the groundwater depth and fully followed the
Iso-depth map pattern. The amount of groundwater recharge throughout the Mashhad-Chenaran aquifer was
mainly controlled by the unsaturated area properties such as thickness, material, etc. Changes in groundwater
depth were the major factor affecting the lag time. It seems that with the start of rainfall in late October,
groundwater recharge in most wells begin in mid-autumn and continues until late spring. Most of the
groundwater recharge takes place in late winter. In summer, rainfall has a very small role in groundwater
recharge. In this period, the uncontrolled extraction of water from the aquifer and consequently a sharp and
continuous drop in groundwater level plays a major role in water table fluctuations.

Keywords: Cross-correlogram, Groundwater response to rainfall, Linear regression, Pearson correlation
coefficient and Cross-correlation coefficient



