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Abstract  4 

Irrigation percolation can be an important source of shallow aquifer replenishment in arid 5 

regions of the southwestern United States.  Aquifer recharge derived from irrigation percolation 6 

can be more significant in fluvial valleys overlying shallow aquifers where highly permeable 7 

soils allow rapid water infiltration and aquifer replenishment. We used data from various 8 

irrigation experiments and piezometric level data to assess irrigation percolation effects on 9 

recharge of a shallow aquifer in an agricultural valley of northern New Mexico. The water 10 
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balance method (WBM) and the water table fluctuation method (WTFM) were used for 11 

estimating aquifer recharge at the field scale (< 1 ha) and the WTFM was used for determining 12 

recharge at the entire valley scale (40 km2). Also, the temporal and spatial distribution of aquifer 13 

response to irrigation percolation and canal seepage inputs was characterized. Results showed 14 

that for separate irrigation events at the field scale, aquifer recharge values ranged from 0 to 369 15 

mm when using the WBM and from 0 to 230 mm when using the WTFM.  For the cumulative 16 

irrigation season at the valley scale, recharge ranged from 1044 to 1350 mm yr-1. A relatively 17 

rapid water table response with sharp water table rises and declines was observed in all but 18 

dryland location wells in response to canal seepage and irrigation percolation inputs. Results of 19 

this study add to the understanding of the mechanisms of shallow aquifer recharge and the 20 

interactions between surface water and groundwater in a floodplain agricultural valley of 21 

northern New Mexico. 22 

Groundwater recharge, Surface water, Shallow water, Agriculture, Aquifer, Surface irrigation, 23 

Water balance, Water levels 24 

Introduction 25 

Shallow aquifers can be important sources of groundwater supply in arid and semi-arid regions 26 

such as in the southwestern United States. Deep percolation from irrigation may account for a 27 

significant volume of the replenishment of these shallow aquifers (Schmidt and Sherman 1987; 28 

Singh et al. 2006; Willis and Black 1996). Proper quantification of aquifer recharge and a good 29 

understanding of the interactions between surface water and groundwater becomes of great 30 

importance in these water-limited regions. A proper quantification of groundwater recharge is 31 

important for having a better understanding of the capacity of the aquifer for providing 32 

groundwater supply. However, calculating aquifer recharge is one of the most difficult tasks 33 
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when assessing groundwater resources (Sophocleous 1991). Different methods commonly used 34 

for quantifying the rate of aquifer recharge can be subdivided into surface water and vadose 35 

zone, and groundwater categories. In the surface water and vadose zone category, methods like 36 

heat tracers, seepage meters, zero flux plane, lysimeters, environmental tracers (i.e. chloride), 37 

and the water balance method are commonly used (Healy and Cook 2002). The water balance 38 

method (WBM) can be used for estimating potential aquifer recharge coming from irrigation-39 

deep percolation. The WBM has been used successfully for determining deep percolation below 40 

the root zone (Jaber et al. 2006; Ochoa et al. 2007; Sammis et al. 1982), and in many vadose 41 

zone studies deep percolation is often equated to aquifer recharge (Scanlon et al. 2002).The use 42 

of the WBM for estimating aquifer recharge is based on the premise that water that percolates 43 

below the root zone has the potential to reach the water table. When reliable field observations 44 

are available, the WBM can provide good estimates of potential aquifer recharge. In the WBM, 45 

potential aquifer recharge is the unknown variable and the rest of the water balance parameters 46 

(irrigation and rainfall, evapotranspiration, runoff, and change in soil water storage) are 47 

measured or estimated (Ben-Asher and Ayars 1990). 48 

In the groundwater category, methods such as the water table fluctuation method, 49 

environmental tracers, and historical tracers are commonly used (Healy and Cook 2002). The 50 

water table fluctuation method (WTFM) provides a simple approach for quantifying the rate of 51 

aquifer recharge. The abundance of groundwater level data and the simplicity of the method for 52 

estimating recharge from transient water table fluctuations or groundwater-level spatial patterns 53 

makes the WTFM one of the most widely used methods for estimating aquifer recharge (Healy 54 

and Cook 2002). The WTFM implies that transient water table rises are directly related to 55 

recharge water arriving to the water table (Nimmer et al. 2010; Scanlon et al. 2002).  The WTFM 56 
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combines the specific yield of the unconfined aquifer and the fluctuations in the water table for 57 

calculating change in groundwater storage (Sophocleous 1991).  58 

Different methods in the surface water and vadose zone category rely mostly on indirect 59 

observations of infiltration. However, methods in the groundwater approach tend to ignore soil 60 

infiltration processes and can result in errors in estimating aquifer recharge (Sumner et al. 1999). 61 

Uncertainties in the calculation of aquifer recharge by different methods highlights the 62 

importance of using multiple techniques to increase the reliability of recharge of estimates 63 

(Scanlon et al. 2002). It is recommended that aquifer recharge be estimated using different 64 

methods, so the results can be compared (Healy and Cook 2002; Nimmo et al. 2003). 65 

Aquifer recharge derived from irrigation percolation can be more significant in fluvial 66 

valleys overlying shallow aquifers where highly permeable soils allow rapid water infiltration 67 

and aquifer replenishment. This is common in fluvial agricultural valleys of northern New 68 

Mexico, where highly permeable soils and flood irrigation combine to cause a rapid recharge of 69 

the shallow aquifer (Fernald et al. 2010; Ochoa et al. 2009). Objectives of this study conducted 70 

in an agricultural valley of northern New Mexico were: 1) At the field scale, determine and 71 

compare shallow aquifer recharge by the water balance and the water table fluctuation methods, 72 

and 2) At the valley scale, determine shallow aquifer recharge and characterize temporal and 73 

spatial variability of water table fluctuations in response to direct and localized aquifer recharge. 74 

Materials and Methods 75 

Study area  76 

The study area encompasses a portion of the Española valley of approximately 20 km 77 

long by 2 km wide along the Rio Grande in northern New Mexico (Fig. 1). For purposes of this 78 
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research, the study area is described as the Alcalde-Velarde valley. In northern New Mexico, 79 

relatively small agricultural valleys are commonly spread on the alluvial deposits along the Rio 80 

Grande. Most of these agricultural valleys use traditional irrigation systems where water is 81 

gravity-driven into irrigation canals that run along the valley and in most cases connect with the 82 

river at some point downstream. Water from main canals is either diverted into smaller irrigation 83 

canals or applied directly to crop fields adjacent to the canals.  This is the case of the Alcalde-84 

Velarde valley, where the irrigated cropland portion of the valley comprises an agriculture 85 

corridor that is delimited by the Rio Grande and a series of different irrigation canals on the east 86 

and west sides of the river. These irrigation canals are primarily earthen structures with relatively 87 

short sections of rock and/or cement lining. These canals irrigate various forage, fruit, and 88 

vegetable crops using primarily surface (border and furrow) irrigation water that is gravity-89 

driven from the Rio Grande. Most of the water in the Alcalde-Velarde valley is used for 90 

agriculture purposes (Ortiz 2007), with approximately 99% coming from surface water sources 91 

(Cevik 2009).  92 

The study area overlies a shallow unconfined aquifer with depth to water table generally 93 

ranging from 1.5 m to 10 m in the irrigated portion of the valley and from 10 m to 30 m in the 94 

dryland portion, depending on proximity to the river and measured at the lowest level prior to 95 

onset of the irrigation season. Regional groundwater flow is mostly influenced by the Rio 96 

Grande and by drainage from tributaries coming from the Sangre de Cristo Range in the east side 97 

of the basin (Stephens, D.B. 2003). In the Alcalde-Velarde valley, the Rio Grande is considered a 98 

gaining stream (Helmus 2009) and the slope of the water table is around 0.2% (Ochoa et al. 99 

2009).  100 
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Average annual precipitation in the study area is 251 mm, of which 40% occurs during 101 

the summer season. For the period of record 1953 to 2006, the average monthly temperature was 102 

10.6°C, with the lowest average monthly temperature of -0.81°C during the month of January 103 

and the highest average monthly temperature of 22.37°C during the month of July (WRCC 104 

2006). Elevation above mean sea level in the research area ranged from 1725 m, by the Rio 105 

Grande, to 1756 m, in the dryland portion of the valley. 106 

It is common that irrigation systems are established in areas of low precipitation and low 107 

natural recharge; therefore groundwater recharge from irrigation is relatively larger than 108 

groundwater recharge from precipitation (Winter et al., 1998). According to Cevik (2009), areal 109 

recharge in the entire Española basin including precipitation and streambed recharge does not 110 

exceed 5% of the annual precipitation. Also, the horizontal hydraulic conductivity of the valley 111 

alluvium ranges between 0.3 and 1 m d-1 (Hawley and Kernodle 2000).   112 

Water that reaches the water table can come from above or laterally (Fetter 1994). In this 113 

study we focused on aquifer recharge coming from above, mainly from irrigation percolation and 114 

from canal seepage. This is based on the relatively low influence of areal recharge from 115 

precipitation and streambed and the low horizontal conductivity in the area that suggests that 116 

some other sources like irrigation may have a stronger influence on aquifer recharge in the 117 

Alcalde-Velarde valley. We used the water balance and the water table fluctuation methods to 118 

determine shallow aquifer recharge at the field scale (≤ 1 ha) and used the water table fluctuation 119 

method at the valley scale (~ 20 km2).  Also, we used piezometric level data to characterize 120 

temporal and spatial distribution of water table fluctuations throughout the valley.  121 
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Water balance method – field scale 122 

Data from several irrigation experiments conducted from 2005 through 2009 at the Alcalde 123 

Science Center were used to estimate potential aquifer recharge from irrigation percolation. 124 

These irrigation experiments were conducted in alfalfa-grass, oat-wheatgrass, and apple crops, 125 

which represent common crops in the valley. We used the water balance method (WBM) for 126 

calculating shallow aquifer recharge (Re) after different irrigation events in these crop fields.  127 

Re = IRR + P – ∆S – RO – ET                  (1)                                                                 128 

Where, 129 

Re = Potential recharge from deep percolation (mm); IRR = Irrigation depth (mm); P = Rainfall 130 

(mm); ∆S = Change in soil water storage (mm); RO = Field runoff (mm); and ET = 131 

Evapotranspiration (mm).                                           132 

Re was determined as the deep percolation water passing below the upper one-meter of 133 

soil depth after each irrigation event. Irrigation depth was calculated based on total volume of 134 

water applied to each crop field (measured on site with a propeller flow meter) divided by each 135 

field area.  Rainfall data was obtained from a NOAA weather station located at the Alcalde 136 

Science Center. Measurements of soil water content were used to determine the change in soil 137 

water storage in the top 1-m soil profile of each of the four crop fields evaluated. The ∆S was 138 

determined by subtracting soil water content (θ ) measured at the onset of irrigation from soil 139 

water content measured 24 h after the end of each irrigation event. Measurements of θ were 140 

obtained at different soil depths in the top 1-m soil using time domain reflectometry-based 141 

sensors (Campbell Scientific Inc.; Logan, Utah) that were calibrated for each specific depth and 142 

soil type in the different crop fields (Ochoa et al., 2007, 2009, and 2011). Field runoff was 143 

measured using S-M flumes (Samani and Magallanez 2000) that were installed at the end of the 144 
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oat-wheatgrass fields. Results from these flumes were compared to manual measurements of 145 

runoff flow obtained with an acoustic doppler velocimeter (YSI inc.; San Diego, California) after 146 

one irrigation event in each of the oat-grass fields. No significant differences in runoff estimates 147 

were observed between these two devices. The alfalfa-grass and apple fields had berms 148 

surrounding the fields that prevented any irrigation runoff from occurring on these fields. Actual 149 

evapotranspiration was obtained from the New Mexico Climate Center website (NMCC 2010), 150 

which uses data collected from a weather station located at the Alcalde Science Center. Actual 151 

evapotranspiration is calculated using reference crop evapotranspiration equations by Hargreaves 152 

and Samani (1985) and crop coefficients reported by Samani and Pessarakli (1986). The weather 153 

station at the Alcalde Science Center is located relatively close to the crop fields, with 260 m to 154 

the center of the nearest field (alfalfa-grass) and 500 m to the center of the farthest field (oat-155 

wheatgrass with clay loam soil). In the case of fields where a crop-mix was present (alfalfa-grass 156 

and oat-wheatgrass) the dominant crops alfalfa and oats were considered for calculating 157 

evapotranspiration. Growing periods for the crops evaluated were considered as follows: alfalfa, 158 

early April to late October; oats, early June to late August; and apples, mid-April to mid-159 

October.   160 

Soil type and depth to water table play an important role in the mechanisms of water 161 

transport through the vadose zone and in regulating timing and amount of percolation water that 162 

arrives to the water table (Ochoa et al. 2009).  Soil type and depth to baseflow water table were 163 

different in the crop fields evaluated in this study. Soils of the alfalfa-grass field and of one oat-164 

wheatgrass field (sl) are classified as Fruitland sandy loam, soil of one oat-wheatgrass field is 165 

classified as a Werlog clay loam (cl), and soils of the apple orchard are classified as Alcalde clay 166 

and Fruitland sandy loam (Soil Survey Staff  NRCS-USDA 2011). Depth to water table ranged 167 
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from 2.5 m in one oat-wheatgrass field (cl), to 4 m in the apple orchard and one oat-wheatgrass 168 

field (sl), to 5 m in the alfalfa-grass field. The four different experimental crop fields covered an 169 

area of less than one hectare each. The smallest field was the apple orchard (0.5 ha), followed by 170 

the alfalfa-grass field (0.7 ha), and then by the two oat-grass fields (1 ha each).  171 

One of the limitations of the water budget approach is that potential recharge is the sink 172 

term and because of that it heavily depends on the accurate measurement or calculation of the 173 

remaining parameters (Scanlon et al. 2002; Sophocleous 1991). Among the potential sources of 174 

error associated with the use of this method are those that relate to the physical measurement of 175 

the different water budget components and those that relate to the spatial domain of these 176 

variables. Accurate rates of aquifer recharge are always desired; however, it goes beyond our 177 

current capabilities to determine the uncertainty associated with any aquifer recharge estimate 178 

(Healy 2010). We tried to minimize data collection errors by calibrating the different 179 

instrumentation we used (i.e. soil moisture sensors) to specific field conditions. However, 180 

beyond instrumentation calibration there are some errors associated with irrigation water 181 

application and redistribution through the vadose zone that are beyond our control. We made 182 

some assumptions inherent to water application and redistribution. For instance, we assumed that 183 

soil moisture data collected at certain point locations and at different soil depths were 184 

representative of the entire field. Also, we assumed that all irrigation water percolating the top 1-185 

m soil reached the shallow aquifer in less than 24 h after the end of each irrigation event. In 186 

addition, we assumed that there were no significant water losses to lateral flow. This was based 187 

on the relatively rapid groundwater level rise observed in response to deep percolation during 188 

different irrigation events. 189 
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Figure 2 illustrates the approach used for calculating potential aquifer recharge in the apple 190 

orchard and that was similar for the other three experimental fields. Soil water content sensors 191 

were installed at different soil depths to determine the change in water storage in the top 1-m soil 192 

profile. Data collected were integrated to calculate the amount of irrigation water percolating 193 

below the top 1-m, which was equated to potential aquifer recharge. Even though in some crops, 194 

such as alfalfa, roots can extend below 2 m, most of the root mass and water uptake is in the top 195 

one meter (Abdul-Jabbar et al. 1982; Kohl and Kolar 1976; Ochoa et al. 2011). Therefore, it was 196 

assumed that root uptake from water percolating below the top 1-m soil profile was minimal and 197 

that all this percolation water would reach the shallow aquifer. 198 

Water table fluctuation method – field scale 199 

The water table fluctuation method was used to calculate shallow aquifer recharge using the 200 

following equation after Risser et al. (2005).  201 

Re = ∆h * Sy                   (2) 202 

Where, Re = Aquifer recharge (mm), ∆h = Change in water level (mm), and Sy = Specific yield 203 

or fillable porosity of the unconfined aquifer. In order to quantify the change in water level, we 204 

used piezometric level data from monitoring wells installed in the experimental fields at the 205 

Alcalde Science Center. Four wells were located in the alfalfa-grass field (Ochoa et al. 2007), 206 

nine wells were located in the two oat-wheatgrass fields (Ochoa et al. 2011), and two more wells 207 

were located in the apple orchard (Fig. 3).  208 

The WTFM works best in areas with shallow water tables, where sharp transient water 209 

table rises and declines are observed over short periods of time (Healy and Cook 2002). This is 210 

the case in the experimental crop fields located at the Alcalde Science Center, where depth to 211 
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water table, measured at the lowest level prior to the onset of the irrigation season, ranges from 212 

2.5 m in one of the oat-wheatgrass fields to 5 m in the alfalfa-grass field. Also, sharp water table 213 

rises and declines have been observed during the few hours following the onset of irrigation 214 

(Ochoa et al. 2007). One of the difficulties in applying the WTFM is determining a 215 

representative value for Sy (Scanlon et al. 2002). Sy indicates the volume of water drained out of 216 

the unconfined aquifer when the water table drops.  Sy is defined as the ratio of the volume of 217 

water that drains freely from saturated earth material due to gravity forces to the total volume of 218 

the earth material (Brooks et al. 2003). Sy is normally expressed as a ratio between 0 and 1 and it 219 

is less than the porosity because some water can be trapped in the pore space. In the Tesuque 220 

system, where the Alcalde valley is located, no aquifer tests have been conducted long enough to 221 

determine Sy (Cevik 2009). Therefore, we used literature values for Sy that are based on values 222 

of porosity for unconsolidated materials. Porosity values were estimated based on the medium to 223 

coarse sand and medium gravel layer observed in the water table fluctuation zone of six pits 224 

excavated during a previous water transport experiment at the Alcalde Science Center (Ochoa et 225 

al. 2009). An average specific yield of 0.28 was obtained based on Sy values for unconsolidated 226 

alluvial deposits (medium to coarse sand and medium gravel) reported by Dingman (2002).  227 

Water table Fluctuation method – valley scale 228 

The water table fluctuation method was used for calculating aquifer recharge using 229 

piezometric level data collected from multiple wells in the Alcalde valley. Water level 230 

measurements obtained from a monitoring well represent an area of at least several tens of 231 

square meters; therefore, the WTFM can be used as an integrated approach that goes beyond 232 

only single point measurements of the water table (Healy and Cook 2002).  A total of 25 wells 233 
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were used for monitoring water level fluctuations in the Alcalde-Velarde valley. We installed 15 234 

non-pumping monitoring wells (50-mm diameter) in the irrigated portion of the valley and we 235 

used 16 wells from collaborators in the dry land portion. Collaborator wells showed variable 236 

level of use, ranging from marginal, to household use, to heavy use (in one case). All wells were 237 

equipped with stand-alone water level loggers (model U20-001-01, Onset Computer Corp.; 238 

Bourne, Massachusetts) programmed for hourly data collection.  Also, a water level indicator 239 

(Model 16036, Durham Geo Slope Indicator.; Mukilteo, Washington) was used to measure water 240 

level during selected dates. These water level data were used for verification or calibration of the 241 

water level data obtained with the automated water level loggers. All wells were geo-positioned 242 

with a GPS unit (Model Pro XRS, Trimble Navigation, Ltd.; Sunnyvale, California) and were 243 

surveyed for elevation with a total station (Model GTS 226, Topcon positioning systems; 244 

Pleasanton, California). 245 

Water table fluctuations occur in response to spatial recharge and the time of response 246 

ranges from event scale to long term scale (Scanlon et al. 2002). Daily-averaged groundwater 247 

level data collected from 20 monitoring wells were integrated for estimating seasonal aquifer 248 

recharge at the valley scale for years 2007 through 2009. Only data from non-pumping or 249 

minimal-use wells were used for estimating recharge. Porosity values similar to those observed 250 

at the Alcalde Science Center, and consequently similar Sy, were assumed for the entire Alcalde-251 

Velarde valley. 252 

Spatial and temporal variability of the water table  253 

We characterized the effects of direct (from irrigation percolation) and localized (from main 254 

canal seepage) aquifer recharge in the Alcalde-Velarde valley. We integrated and averaged 255 
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piezometric level data collected to characterize the temporal variability of the water table. For 256 

characterizing the spatial effect we used piezometric level data from individual wells placed at 257 

variable distance from the main irrigation canal. For this purpose, we established three transects 258 

(1, 2, and 3) with wells located at near-river, near canal, and dry land locations (Fig. 4). In 259 

addition, a mid-irrigation field was also monitored in well transect 1. 260 

Also, the time and magnitude of water table fluctuations in response to canal seepage 261 

were evaluated along one of the main irrigation canals (see Fig. 4). Data collected from a stilling 262 

well located in the Alcalde main canal (at the Alcalde Science Center) were used to characterize 263 

surface water time of arrival at the beginning of the canal flow season (April - November). Data 264 

collected from a monitoring well in transect 1 that is located at 3 m from the main canal and at 265 

20 m upstream from the stilling well, were used to characterize canal seepage water time of 266 

arrival to the aquifer.  Both the stilling well and the monitoring well were equipped with water 267 

level loggers and electrical conductivity (EC) meters (model CS547A, Campbell Scientific, Inc.; 268 

Logan, Utah). After water reached the stilling well at the onset of each irrigation season, we 269 

looked at the first indication of water table rise in the monitoring well to determine the time of 270 

arrival of canal seepage water to the water table. EC data collected were used as a tracer to 271 

validate the canal-origin of water that reached the water table. A decrease in EC in the 272 

monitoring well will also indicate the arrival of canal seepage water. 273 

Results and Discussion 274 

Water balance method – field scale 275 

A daily water balance method was used for calculating potential aquifer recharge from 276 

irrigation percolation in four different crop fields with different soil type and variable depth to 277 
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the water table.  Table 1 shows results for the different components (IRR, P, ∆S, RO, and ET) of 278 

the water balance and the residual, which is the potential aquifer recharge (Re) for different 279 

irrigation dates in different crop fields. Irrigation applications ranged from 41 mm in the oat-280 

wheatgrass field with sandy loam soil to 462 mm in the apple orchard. Marginal levels (2 mm 281 

and 4 mm) of precipitation were observed during two irrigations dates (20 October 2008 and 4 282 

June 2009) in the oat-wheatgrass field with sandy loam soil.  283 

The average change in ∆S was 96.1 mm with values ranging from 24 mm in the oat-wheatgrass 284 

field with clay loam soil to 329 mm in the apple orchard. Average RO was 8.8 mm and was only 285 

observed in the two oat-wheatgrass fields. Crop ET ranged from 1 to 9 mm, with an average 286 

across crops of 6.4 mm. In general, higher irrigation applications resulted in higher potential 287 

aquifer recharge, regardless of crop or soil type. The highest Re value (369 mm) was observed 288 

following a 462 mm irrigation application in the apple orchard in 22 June 2006. 289 

Water table fluctuation method – field scale 290 

The water table fluctuation method was used for calculating aquifer recharge (Re) following 291 

irrigation in four different crop fields. Aquifer recharge was obtained based on water table 292 

fluctuations recorded hourly in wells located at variable distance from the irrigation line (Table 2 293 

and Table 3). For instance, the levels of aquifer recharge in the alfalfa-grass field were calculated 294 

based on wells located at 2, 3, and 85 m from the water line and the wells in the apple orchard 295 

were located at 20 and 110 m away from the water line (see Fig. 3). Wells located in the two oat-296 

wheatgrass fields were located at 20, 50, and 120 m away from the water line. 297 

For the alfalfa-grass and apple crop fields, the closer to the water line the wells were 298 

located in each field, the greater the aquifer recharge values obtained. Aquifer recharge in the 299 
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alfalfa-grass field was observed during all irrigation events and ranged from 0 to 126 mm. A 300 

relatively rapid water table rise in response to deep percolation inputs was observed in the three 301 

wells in the alfalfa-grass field after each irrigation. Figure 5 shows the irrigation event on 7 June 302 

2006, where it can be observed that peak water table was reached in the three wells monitored in 303 

this field only a few hours after the end of irrigation. Aquifer recharge in the apple orchard was 304 

observed in the 20 m well during all irrigation events and during all but the last irrigation in the 305 

110 m well. The highest Re value of 230 mm was observed at the 20 m well location (Table 2). 306 

Aquifer recharge in the oat-wheatgrass fields was only observed during a few irrigation 307 

events and ranged from 0 to 68 mm among the different well locations (Table 4).  The highest 308 

values of aquifer recharge in the oat-wheatgrass fields were observed during a 187 mm irrigation 309 

on 24 June 2008 in the field with clay loam soil, with Re values ranging from 31 mm at the well 310 

located at 120 m distance from the irrigation line to 68 mm in two wells located at 20 m and 50 311 

m (Figure 6). For the rest of the irrigation events, well distance to the water line did not show a 312 

significant effect on aquifer recharge in any of the two oat-wheatgrass fields. 313 

Even at the small field scale (≤1 ha), water level fluctuation in response to irrigation percolation 314 

can vary considerably depending on well distance from the water line. This situation is illustrated 315 

in figure 7 where a 385 mm irrigation event on 24 May 2006 (see Table 2) in the apple orchard 316 

resulted in an 820 mm peak water level rise in the well located at 20 m, but it only produced a 317 

288 mm peak rise in the well 110 m away from the water line. 318 

Aquifer recharge: Water balance method vs water table fluctuation method 319 

Crop field-scale aquifer recharge estimates obtained by the water balance method were compared 320 

to crop field-scale recharge estimates obtained by the water table fluctuation method. In general, 321 
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recharge estimates by the WBM were higher than those estimated by the WTFM. Average 322 

recharge per irrigation event estimated by the WBM was 65 mm and ranged from 12 to 165 mm. 323 

Average recharge per irrigation event estimated by the WTFM was 28 mm and ranged from 3 to 324 

99 mm.   325 

Also, yearly estimates of aquifer recharge were compared for each crop type. Table 4 shows 326 

yearly aquifer recharge estimates by the water balance method (WBM-Re) and by the water table 327 

fluctuation method (WTFM-Re) for different year and crop fields. WTFM-Re estimates at each 328 

crop field were averaged across wells and then added to obtain yearly results that were compared 329 

to yearly WBM-Re estimates. Also, the number of irrigation events per year (IRR per year) and 330 

the yearly-averaged irrigation rate are shown in table 4.  The IRR rate was calculated based on 331 

total amount of irrigation applied divided by time of irrigation.  In general, yearly WBM-Re 332 

values were higher than yearly WTFM-Re values.  The highest estimates for aquifer recharge 333 

obtained by the WBM-Re (385 mm) and by the WTFM-Re (307 mm) were obtained in the 334 

alfalfa-grass field during the 2005 irrigation season with a total of five irrigation events and an 335 

average IRR rate of 30 mm h-1 (Table 4.4).  336 

Potential estimates of aquifer recharge, derived from deep percolation calculations, were higher 337 

than actual recharge obtained from shallow-groundwater level observations. Annual mean 338 

estimates of aquifer recharge (expressed in mm) of 269 (60.1) obtained by the WBM-Re were 339 

greater than annual mean estimates of 132 (124.1) obtained by the WTFM-Re (Table 4).  Similar 340 

to our findings, Delin et al. (2000) reported higher estimates of annual aquifer recharge using the 341 

water balance method  in lowland (400 mm year-1) and upland (250 mm year-1)  study sites when 342 

compared to hydrograph analysis results  (180 mm year-1 in lowland and 140 mm year-1 in 343 

upland).  It can be noted that at irrigation rates lower than 15 mm h-1, aquifer recharge estimates 344 
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with the WBM-Re are considerably higher than those recharge estimates obtained by the 345 

WTFM-Re. Healy and Cook (2002) had indicated that for long-duration and low-intensity 346 

precipitation events, the water percolation rate may be equal or less than the rate of drainage 347 

away from the recharge area under consideration. The presence of restrictive layers and 348 

macropore flow paths (from the rooting system) in some of these experimental fields was 349 

observed in previous experiments in these fields and has been documented by Ochoa et al. (2007 350 

and 2009). Therefore, even though some of the assumptions of this study were that all water 351 

percolating below the top 1-m soil profile would reach the shallow aquifer and that no lateral 352 

flow will occur, it is still possible that significant amounts of irrigation water, particularly from 353 

smaller application rates, contributed to soil water recharge, dissipated through lateral flow, or 354 

reached the water table away from the monitoring wells.  355 

When using the water budget method for estimating aquifer recharge, large errors in 356 

estimating the values of the different variables can occur unless the accounting period for the 357 

calculations is relatively short. Aquifer recharge by the water balance method is recommended to 358 

be estimated daily (Scanlon et al. 2002), or within a week of major infiltration events 359 

(Sophocleous 1991). Our measurements and estimates of the different water budget variables 360 

occurred in a relatively short period of time (24 h after the end of each irrigation event) and our 361 

instrumentation was calibrated to the particular soil conditions of each experimental field. 362 

However, it is possible that the way the different water budget components are calculated may 363 

have contributed to obtaining higher estimates of potential aquifer recharge, when compared to 364 

those recharge estimates obtained by the water table fluctuation method. For instance, the water 365 

budget method assumptions that irrigation water is applied uniformly on the soil surface and that 366 

the wetting front distributes evenly through the vadose zone and into the aquifer may not fully 367 



18 

 

capture the effects that restrictive layers may have had in slowing percolation water movement 368 

through the soil profile. 369 

Water table fluctuation method – valley scale 370 

Piezometric level data collected at 28 wells during years 2007 through 2009 were used for 371 

estimating monthly water table changes and monthly shallow aquifer recharge at the entire valley 372 

scale (Table 5).  The greatest water level changes were observed during the months of June and 373 

July in all three years, with change in water level values ranging from 550 mm (2007 and 2009) 374 

to 790 mm (2008). Monthly aquifer recharge ranged from 25 mm in March of 2009 to 221 mm 375 

in June of 2008. The year 2008 showed the highest total aquifer recharge value of 1350 mm and 376 

the year 2007 showed the lowest total aquifer recharge value of 1044 mm. In general, the winter 377 

months showed the least aquifer recharge values in all three years.  378 

Shallow groundwater level fluctuations  379 

Piezometric level data collected in wells located at different distance from the Alcalde-main 380 

canal (see Fig. 4) were used to characterize the temporal and spatial variability of water table 381 

fluctuations at the valley scale. Figures 8 and 9 show the temporal variability of the shallow 382 

groundwater level fluctuations averaged across 28 wells in the valley. For all three years 383 

evaluated, a seasonal water table rise and decline pattern was observed (Fig. 8). A closer look to 384 

the processes driving the shallow groundwater level fluctuations can be observed in figure 9.  385 

Shallow groundwater table starts rising soon after the canal flow season began in 7 April 2007, 386 

then at around 6 weeks after the onset of the canal flow season it reaches a peak of 387 

approximately 0.6 m above baseline. The water table remains about 0.5 m above baseline for the 388 

rest of the irrigation season that ends in October 15.  This elevated level appears to be driven 389 
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primarily by deep percolation from irrigation and seepage from the main irrigation canals. After 390 

the irrigation season ends, the canal is kept in operation for approximately six more weeks, 391 

mainly to provide water for cattle and to flush leaves and debris from the canal. During this fall 392 

period when the canal is running, but the fields are not being irrigated, the rise in the water table 393 

is mainly driven by seepage from the main canal. A period of delayed return flow can be 394 

observed after the end of the canal flow season and before the new irrigation season begins the 395 

following year (Fig. 9). During this period, the river essentially acts as a drain, gaining flow from 396 

the adjacent elevated water table.   397 

The spatial distribution of shallow-groundwater level fluctuations was evaluated based on 398 

piezometric level data collected in wells located at different distance from one of the main 399 

irrigation canals. Figure 10 shows daily-averaged water table fluctuations in transect 1-wells (see 400 

Fig. 4) during years 2007 through 2009. These wells were in dry land (476 m), near-canal (3 m), 401 

irrigated land (379 m), and near-river (749 m) locations. Time of water table response varied 402 

across well locations, the well located near the river generally responded first, then the near-403 

canal and irrigated land wells, followed by the dryland location well. Peak water table rise 404 

ranged from 0.26 m (near-river well) to 0.41 m (irrigated land well). Sharp water table rises and 405 

declines were observed in all but the dryland location well (Fig. 10). Similar patterns of shallow-406 

groundwater table fluctuations were observed in well-transects 2 and 3.  407 

Canal seepage contributions to water table fluctuations 408 

Seepage from the main irrigation canal contributed significantly to raise the local water table and 409 

consequently to recharge the shallow aquifer in the valley. In a previous study, Fernald et al. 410 
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(2010) used a water balance approach and estimated that main canal contributions to shallow 411 

aquifer recharge in the valley range from 9% to 32% of total canal flow.  412 

We used piezometric level data and electrical conductivity data to determine the time of arrival 413 

of the wetting front to the water table in a well located near the main irrigation canal. The time of 414 

arrival of canal seepage water to the water table, measured at the beginning of each irrigation 415 

season from 2005 through 2010, ranged from seven to twelve days, with an average of ten days.  416 

Figure 11 shows the time of arrival of the wetting front to the well near the canal in transect 1, 417 

which occurred twelve days after the start of canal flow season in 2009 as indicated by an 418 

increase in water head and a decrease in electrical conductivity. After canal flow season began 419 

water table time to peak ranged from 63 to 128 days during years 2005 through 2010 with rises 420 

ranging from 0.8 to 1 m.   421 

Conclusions  422 

We found that the water balance method tends to yield higher estimates of aquifer 423 

recharge (269 mm) than the water table fluctuation method (132 mm) at the field scale. At the 424 

valley scale with the water table fluctuation method, we found that the water table responds 425 

seasonally to canal seepage and irrigation percolation.  Also at the valley scale, we found high 426 

amounts of total aquifer recharge with an average of 1169 mm yr-1. We attribute the high 427 

amounts of aquifer recharge observed to a combination of factors including flood irrigation, 428 

highly permeable alluvium soils, and a relatively shallow water table that allows the rapid 429 

transport of irrigation water from the soil surface, through the vadose zone, and into the 430 

unconfined aquifer. However, the large difference in aquifer recharge estimates obtained for the 431 

two different methods evaluated at the field scale indicate that some of the underlying 432 
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assumptions to use either method need to be looked at carefully when assessing irrigation 433 

contributions to the recharge of the shallow aquifer. 434 

Beyond measurement technique improvement, results of this study add to the 435 

understanding of the mechanisms of shallow aquifer recharge and the interactions between 436 

surface water and groundwater in a floodplain agricultural valley of northern New Mexico.  We 437 

have been able to provide enhanced understanding of the timing and magnitude of the shallow 438 

aquifer response to direct (irrigation percolation) and localized (canal seepage) inputs.  Each year 439 

the shallow aquifer is recharged by irrigation percolation and canal seepage, and water tables 440 

rise. In the season without irrigation, the river acts as a drain for the study valley, and shallow 441 

groundwater levels drop.  Maintenance of yearly aquifer recharge provides many hydrologic 442 

ecosystem functions:  such as riparian habitat support and river connection to the groundwater.  443 

By understanding spatial distribution of aquifer response to irrigation percolation and canal 444 

seepage inputs, we will be better prepared to manage irrigation and maintain aquifer recharge in 445 

a future with increased demands for water and drought-constrained supplies. Future work to 446 

build on this study might best incorporate river - aquifer interactions and pumping extraction into 447 

a modeling approach will enable characterization of surface water and groundwater interactions 448 

over larger temporal and spatial scales. 449 
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Notation 458 

The following symbols are used in this paper: 459 

Re = Potential recharge from deep percolation (mm);  460 

IRR = Irrigation depth (mm);  461 

P = Rainfall (mm);  462 

∆S = Change in soil water storage (mm);  463 

RO = Field runoff (mm);  464 

ET = Evapotranspiration (mm);    465 

θ = Soil water content; 466 

Re = Aquifer recharge (mm);  467 

∆h = Change in water level (mm);  468 

Sy = Specific yield; 469 

WBM = Water balance method; 470 

WTFM = Water table fluctuation method;                                  471 

WBM-Re = Recharge estimated by the water balance method; 472 

WTFM-Re = Recharge estimated by the water table fluctuation method;   473 

EC = Electrical conductivity.                                   474 

 475 

 476 

 477 
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 620 

Table 1. Potential aquifer recharge (Re) calculated by the daily water balance method for different crops 621 

with different soil type. 622 

Date IRR P ∆S RO ET Re 

  ------------------------------------- mm -----------------------------------

Alfalfa-grass (sandy loam soil) 
19-May-05 216 0 156 0 8 52 

15-Jun-05 246 0 138 0 9 99 

6-Jul-05 219 0 87 0 8 124 

27-Jul-05 298 0 112 0 4 182 

1-Sep-05 175 0 91 0 8 76 

24-Apr-06 317 0 159 0 8 150 

7-Jun-06 390 0 146 0 8 236 

2-Aug-06 154 0 85 0 4 65 

21-Sep-06 125 0 93 0 7 25 

Apple orchard (clay and sandy loam soil)

24-May-06  385 0 35 0 6 344 

 22-June-06 462 0 84 0 9 369 

 20-June-07 213 0 161 0 8 44 

 17-July-07 204 0 128 0 9 67 
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 26-Oct-07 284 0 329 0 5 0 

Oat-wheatgrass (clay loam soil) 
10-Jun-08 211 0 31 14 9 157 

24-Jun-08 187 0 34 17 7 129 

7-Jul-08 85 0 24 9 4 48 

12-Aug-08 59 0 44 0 4 10 

9-Sep-08 81 0 94 11 5 0 

28-Oct-08 42 0 50 0 4 0 

29-Apr-09 122 0 34 2 8 79 

21-May-09 97 0 63 5 4 26 

15-Jun-09 93 0 62 7 8 17 

13-Jul-09 88 0 111 1 1 0 

27-Jul-09 85 0 109 16 9 0 

2-Sep-09 103 0 140 6 4 0 

Oat-wheatgrass (sandy loam soil) 
16-Jun-08 267 0 104 42 9 113 

1-Jul-08 96 0 60 22 5 8 

14-Jul-08 125 0 41 40 4 40 

7-Aug-08 87 0 95 39 4 0 

11-Sep-08 74 0 52 16 4 2 

20-Oct-08 41 2 84 0 3 0 

6-May-09 84 0 69 8 9 0 

4-Jun-09 117 4 173 24 8 0 

25-Jun-09 85 0 86 8 7 0 

20-Jul-09 85 0 73 2 8 2 

10-Aug-09 85 0 67 9 9 0 

1-Sep-09 101 0 149 35 4 0 

Mean (Std. Dev.) 162.8 (51) 0.2 (1) 96.1 (39) 8.8 (13) 6.4 (2) 64.8 (46) 

 623 

 624 
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Table 2. Aquifer recharge (Re) calculated by the water table fluctuation method for an alfalfa-grass field 625 

and an apple orchard. 626 

    Well distance from irrigation line (m) 

Date 
2 3 20 85 110 

IRR rate Aquifer Recharge (Re)  
mm h-1 ------------------------- mm -----------------------

Alfalfa-grass with sandy loam soil 
19-May-05 31 29 NA - NA - 
15-Jun-05 31 97 59 - 25 - 
6-Jul-05 32 99 80 - NA - 
27-Jul-05 34 105 83 - 57 - 
1-Sep-05 24 61 44 - 34 - 
24-Apr-06 29 40 126 - 21 - 
7-Jun-06 33 85 93 - 59 - 
2-Aug-06 26 13 9 - 19 - 
21-Sep-06 19 2 1 - 4 - 

Apple orchard with clay and sandy loam soil
24-May-06  55 - - 230 - 81 
 22-June-06 58 - - 185 - 69 
 20-June-07 31 - - 73 - 5 
 17-July-07 23 - - 213 - 8 
 26-Oct-07 39 - - 123 - 0 

NA: not available 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 
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Table 3. Aquifer recharge (Re) calculated by the water table fluctuation method for two oat-wheatgrass 635 

fields with different soil type. 636 

    Well distance from irrigation line (m) 

Date 
20 50 50 50 120 

IRR rate Aquifer Recharge (Re)  
mm h-1 ------------------------- mm ----------------------- 

Oat-wheatgrass with clay loam soil  
10-Jun-08 8 1 4 0 0 0.3 
24-Jun-08 8 68 49 38 68 31 
7-Jul-08 7 3 0 4 0 0.3 
12-Aug-08 8 0 0 0 0 0 
9-Sep-08 11 0 0 0 0 0 
28-Oct-08 6 0 0 0 0 0 
29-Apr-09 13 4 9 4 11 8 

21-May-09 12 3 4 2 6 7 

15-Jun-09 12 6 8 3 8 6 

13-Jul-09 12 0 0 0 0 0 

27-Jul-09 12 0 0 0 0 0 

2-Sep-09 14 0 0 0 0 0 

Oat-wheatgrass with sandy loam soil 
16-Jun-08 10 23 NA 5 NA 27 
1-Jul-08 11 8 3 10 1 8 
14-Jul-08 11 1 0 0 0 1 
7-Aug-08 11 0 0 0 0 0 
11-Sep-08 10 2 0 0 0 0 
20-Oct-08 5 0 0 0 0 0 
6-May-09 12 0 0 0 0 0 
4-Jun-09 13 0 0 0 0 0 
25-Jun-09 12 0 0 0 0 0 
20-Jul-09 13 0 0 0 2 2 
10-Aug-09 12 0 0 0 0 0 
1-Sep-09 15 0 0 0 0 0 

 637 

 638 
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Table 4. Yearly estimates of aquifer recharge by the water balance method (WBM-Re) and by the water 639 

table fluctuation method (WTFM-Re) for different crops and soil type from years 2005 through 2009.  640 

Year Crop IRR per year 
Average 
IRR rate WBM-Re WTFM-Re

   mm h-1  ------------ mm -------------

2005 Alfalfa-grass (sandy loam) 5 30 385 307

2006 Alfalfa-grass (sandy loam) 4 27 329 157

2006 Apple (clay and sandy loam) 2 57 282 282

2007 Apple (clay and sandy loam) 3 31 242 211

2008 Oat-wheatgrass (clay loam) 6 8 228 53

2008 Oat-wheatgrass (sandy loam) 6 13 247 25

2009 Oat-wheatgrass (clay loam) 6 10 217 18

2009 Oat-wheatgrass (sandy loam) 6 13 219 1

Mean (Std. Dev.)     5 (1.6) 24 (16.4) 269 (60.1) 132 (124.1)
 641 

Table 5. Monthly changes in water level and aquifer recharge calculated by the water fluctuation method 642 

for years 2007 through 2009 at the valley scale. 643 

Month Change in water level, ∆h (mm) Aquifer recharge, Re (mm)
2007 
January 160 45 
February 106 30 
March 120 34 
April 150 42 
May 470 132 
June 550 154 
July 570 160 
August 530 148 
September 500 140 
October 420 118 
November 380 106 
December 290 81 
Total 3980 1114 

2008 
January 160 45 
February 110 31 
March 110 31 
April 340 95 
May 680 190 
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June 790 221 
July 700 196 
August 620 174 
September 490 137 
October 470 132 
November 370 104 
December 250 70 
Total 4820 1350 

2009 
January 160 45 
February 100 28 
March 90 25 
April 170 48 
May 550 154 
June 550 154 
July 590 165 
August 520 146 
September 490 137 
October 350 98 
November 260 73 
December 160 45 
Total 3730 1044 
 644 

 645 

 646 


