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Abstract: Agricultural subsurface drainage changes the field hydrology and potentially the amount
of water available to the crop by altering the flow path and the rate and timing of water removal.
Evapotranspiration (ET) is normally among the largest components of the field water budget, and
the changes in ET from the introduction of subsurface drainage are likely to have a greater influence
on the overall water yield (surface runoff plus subsurface drainage) from subsurface drained (TD)
fields compared to fields without subsurface drainage (UD). To test this hypothesis, we examined the
impact of subsurface drainage on ET at two sites located in the Upper Midwest (North Dakota-Site 1
and South Dakota-Site 2) using the Landsat imagery-based METRIC (Mapping Evapotranspiration at
high Resolution with Internalized Calibration) model. Site 1 was planted with corn (Zea mays L.) and
soybean (Glycine max L.) during the 2009 and 2010 growing seasons, respectively. Site 2 was planted
with corn for the 2013 growing season. During the corn growing seasons (2009 and 2013), differences
between the total ET from TD and UD fields were less than 5 mm. For the soybean year (2010), ET
from the UD field was 10% (53 mm) greater than that from the TD field. During the peak ET period
from June to September for all study years, ET differences from TD and UD fields were within 15 mm
(<3%). Overall, differences between daily ET from TD and UD fields were not statistically significant
(p > 0.05) and showed no consistent relationship.
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1. Introduction

Subsurface drainage systems are used to remove standing or excess water from agricultural soils
to provide favorable plant growth conditions, improve timeliness of field operations and increase
agricultural productivity. Subsurface drained soils are considered some of the most productive soils
worldwide [1]. The installation of subsurface drainage systems has continually increased in the U.S.
In the late 1980s, about 17% of the U.S. croplands were subsurface drained [2], and this increased to
more than 23% in 2012 [3]. Crop Production in many areas of the Corn Belt of the U.S. Upper Midwest
would not be possible without subsurface drainage. Installation of subsurface drainage systems
changes the flow paths of subsurface water and the rate and timing of water removal from the field
altering the soil water balance from the field to the watershed scales.

Among the field water balance components in rainfed crop production, crop water use or
evapotranspiration (ET) is generally the second largest component of the water budget after
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precipitation. Therefore, capturing the ET variations due to installation of subsurface drainage is critical
to better understand the impact of subsurface water management practices on agricultural hydrology.
In particular, changes in ET affect water yield (the combination of surface runoff and subsurface
drainage), which is important for understanding downstream impacts of subsurface drainage systems.

ET shows high variation in space and time. The application of a traditional method for crop ET
estimation (ET.) based on crop coefficients (K.) and reference ET (ET,.), where, ET. = K. X ET ¢ [4],
works well; however, this method becomes challenging for representing heterogeneous or larger
populations of agricultural fields. Focused efforts over the last several decades in operational
satellite-based remote sensing ET models have resulted in accurate estimates of ET and K. for
larger populations of crops and fields [5-8]. Remotely sensed energy balance (RSEB) models such as
SEBAL [9], METRIC [10,11], SEBS [12], ALEXI [13], SSEBop [14] and others are being widely applied
to produce spatially distributed ET information at various scales. One of the main advantages of
RSEB models is the integration of thermal infrared imagery acquired land surface temperature (LST),
which can capture the signals of early vegetation stresses associated with water, nutrient, disease and
other stressors.

Previous studies addressing the impact of subsurface drainage on the field water budget have
utilized modeling tools [15,16], where ET is estimated using empirical relationships. Konyha et al. [17]
applied the field-scale hydrological model DRAINMOD [18] to evaluate the long-term impacts of
subsurface drainage on water yield on two different soil types in North Carolina. They reported an
increase in annual subsurface flow by 10% and decrease in surface runoff by 66% on more responsive
soil (Wasda muck) from improved subsurface drainage (drain tubes), compared to conventional
drainage (open field ditches). Several previous studies have shown reduced surface runoff from
improved subsurface drainage across the U.S. Midwest [17,19,20], Canada [21,22], Germany [23],
and the U.K. [24]. Similarly, recent studies [25-27] also reported altered hydrologic responses from
agricultural watersheds with artificial subsurface drainage. A study based on eddy covariance tower
installed over the fields with and without subsurface drainage in North Dakota (U.S.) reported an
increase in ET by 16% and 7% during corn and soybean growing seasons, respectively [28]. At the
watershed scale, Yang et al. [29] found a slight decrease in annual cumulative ET from subsurface
drainage between 2005 and 2013 in South Dakota, U.S.

While multiple studies have been conducted to study the impact of subsurface drainage on ET at
varying scales, very few studies have utilized focused ET modeling using remote sensing techniques.
The application of currently available RSEB models and satellite imagery can be utilized to evaluate
the localized and seasonal impacts of surface and subsurface water management practices on ET
and hydrology. By removing excess water in the spring, subsurface drainage may reduce ET relative
to undrained fields during wet spring months, which may affect water availability of crops during
summer months. Conversely, establishing a healthier, more vigorous crop through subsurface drainage
in the spring, transpiration may be increased during summer months relative to crops in undrained
fields that experienced excess water stress in the spring. Landsat imagery with 30 m ground resolution
provides a unique opportunity to capture field-scale seasonal ET variations, which is appropriate for
the current study. The objective of this study was to examine the impact of subsurface drainage on corn
and soybean ET from two fields located in the Upper Midwest of the U.S. using Landsat imagery and
the METRIC (Mapping Evapotranspiration at high Resolution with Internalized Calibration) model.

2. Materials and Methods

2.1. Study Sites and Data

The two study sites were located in Upper Midwest states where subsurface drainage practices are
becoming common. Both sites lie within a transitional climate region between the sub-humid Midwest
and semiarid Great Plains, and are susceptible to both excess and deficit soil moisture conditions.
Site 1 is located in southeast North Dakota (ND), and Site 2 is located in southeast South Dakota (SD)
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(Figure 1). Site 1 had an area of about 44 ha. and was divided into two equal parts. One-half had a
subsurface drain (TD) system installed and the other half had no subsurface drains installed (UD).
Site 2 was 28 ha. in size of which 15 ha. was drained (TD) and the remaining area was undrained
(UD). A summary of the sites including the study years, crop, soil type and slope and drain system
characteristics is provided in Table 1. The study period covered three site-years; 2009 and 2010 at
Site 1, and 2013 at Site 2. The crop in years 2009 and 2013 was corn (Zea mays L.), and 2010 was
soybean (Glycine max L.). These two sites were selected since they had known areas with and without
subsurface drainage, similar soil conditions across the fields, and the same crop and management
history between the two treatments.

100°0'0"W 96°0'0"W 92°00"W N

1 [
z z
S &
: -
% wi >
o e
: :
z z
= NE <

1 1

100°0'0"W 96°0'0"W

0 75 150 300
N Kilometers

Figure 1. Location of the study sites in North Dakota (ND, Site 1) and South Dakota (SD, Site 2).
Inclined rectangle shapes represent Landsat path/row over Site 1 (29/28 and 30/28) and Site 2 (29/30).

Table 1. Summary of study site characteristics including drainage design information.

. Geographic TD* System (Approx. .
Study Site Location Year Crop Depth/Spacing) Soil Type (Slope)

. 46°00'45"" N 2009 and corn (2009), . o
Site 1 (ND) 96°35/47" W 2010 soybean (2010) 1.1m/183 m silty clay loam (<1%)
Site 2 (SD) 43°14'10" N 2013 corn 1.1 m/13.7 to 30.5 m silty clay loam (<2%)

96°52/32" W : : . y clay o

TD* = subsurface (tile) drainage.

Hourly meteorological information was obtained from the nearest weather station to compute
grass-based reference ET (ET,) [30] and necessary inputs for METRIC processing. The North Dakota
Agricultural Weather Network (NDAWN) weather station at Wahpeton ND was used at Site 1 and
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the Automatic Weather Data Network (AWDN) weather station near Beresford, SD, was used for
Site 2. The weather data were downloaded from NDAWN (https:/ /ndawn.ndsu.nodak.edu/) and
AWDN (http:/ /climate.sdstate.edu/), respectively. The annual rainfall was 579 mm for year 2009
and 590 mm for 2010, which were greater than the normal (1981-2010) rainfall of 568 mm observed at
NDAWN Wahpeton station. The AWDN Beresford station received annual rainfall of 510 mm in 2013
which is higher than the normal rainfall of 471 mm. Monthly rainfall distribution during the study
years is shown in Figure 2. The average daily air temperature was 4.8 °C in 2009 (highest average was
26.1 °C observed on 14 August) and 6.4 °C (highest average 29.7 °C on 3 July) in 2010 at Wahpeton.
Average wind speed was 4.0 m/s and 4.1 m/s for 2009 and 2010, respectively. At the Beresford station,
the average daily air temperature was 7.4 °C (highest average was 28.2 °C observed on 25 August)
and with average wind speed of 3.8 m/s in 2013.
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Figure 2. Monthly rainfall observed at the (a) Wahpeton (North Dakota) and (b) Beresford (South
Dakota) weather station during the study years, and the normal rainfall (1980-2010).

2.2. METRIC Evapotranspiration

METRIC is a Landsat imagery-based processing model designed to produce high resolution (30 m)
ET maps for focused regions less than a few hundred kilometers across [10] and has been widely used
over multiple land use types [11,31-34]. Unlike other RSEB models, METRIC has the advantage of
incorporating reference ET from measured weather data for determining the ET conditions at the
cold and hot pixel calibration points and for extrapolation of instantaneous to 24-h ET to account for
regional advection effects with expected higher accuracy [10]. METRIC requires hourly or shorter
meteorological information; this model was selected for our study due to availability of these data and
suitability for the purpose of our study at the field scale.

The METRIC model estimates actual ET as a residual of the land surface energy balance as:

LE=R,-G-H 1)

where LE is latent heat flux (W/m?), Ry, is the net radiation at the surface (W/m?), G is soil heat flux
(W/m?), and H is sensible heat flux to the air (W/m?). Other energy balance components such as
physical and biochemical energy storage within the crop canopy account for very small percentages of
the total energy budget under normal crop growth conditions and are assumed negligible in the model.

Ry, represents the net energy available at the surface and is computed by subtracting all outgoing
radiant fluxes from all incoming radiant fluxes as:

Rn=(1— «)RS; + RL; — RLo — (1 — £0) RLo @)

where RS; is incoming shortwave radiation, which includes both direct and diffuse solar radiation
flux that reaches the earth surface. RL; is the incoming longwave (thermal) radiation flux originating


https://ndawn.ndsu.nodak.edu/
http://climate.sdstate.edu/

Hydrology 2017, 4, 49 50f 16

from the atmosphere, and RL, is outgoing longwave radiation. The surface albedo («) represents the
surface reflectance characteristics and is the ratio of incident radiant flux to reflected radiant flux over
the solar spectrum, and ¢, is broadband surface emissivity. Each of the radiation balance components
was estimated as described in [10].

Soil heat flux (G) is heat transmitted to the soil and vegetation by a conduction process.
Within METRIC, soil heat flux is calculated as a ratio of G/R, as:

G/Rp = 0.05 + 0.18¢ 0-521LAI (LAI > 0.5) (3a)

G/Ry = 1.80 (Ts — 273.16)/Rn + 0.084  (LAI < 0.5) (3b)

where LAl is leaf area index (unitless) and was estimated as a function of SAVI (Soil Adjusted Vegetation
Index) as described in [10]. Ts is surface temperature (K), estimated by using a modified Plank equation
following [35] with atmospheric and surface emissivity correction suggested by [10].

H is the rate of heat flux to air by conduction and convection, and it is computed using a
one-dimensional, aerodynamic, temperature gradient-based equation of heat transport as:

H=(p x ¢p x dT)/13n 4)

where p is air density (kg/m?), cp is air specific heat capacity (J/kg/K), dT (K) is the temperature
difference between two reference heights Z; and Z,, and r,, (s/m) is aerodynamic resistance to
heat transport between these two reference heights. The heights Z; and Z; float above the canopy
with Z; being 0.1 m and Z; at 2 m above the zero plane displacement. METRIC utilizes the CIMEC
(Calibration using Inverse Modeling of Extreme Conditions) procedure [36] for computation of sensible
heat flux. The calibration of H is based on a linear relationship between the dT and Ts [8,36-39] at
two anchor pixels, namely “cold” and “hot” pixels. This inverse calibration process minimizes the
need of bias correction of surface temperature (Ts) attributed to atmospheric condition, sensor view
angle, or vegetation cover fraction [9,11]. The set of two anchor pixels is selected within the image to
represent two extreme conditions of the ET spectrum—a fully vegetated condition where the ET rate is
nearing its maximum limit represented by the cold pixel, and a bare, dry soil condition with a lower
ET rate is represented by the hot pixel. Cold pixels were selected from densely vegetated areas with
NDVI (Normalized Difference Vegetation Index) greater than 0.76 and lower surface temperature (Ts),
and hot pixels were selected from a bare soil surface (NDVI < 0.20) with greater T values. A bare soil
evaporation model (FAO56) [4] was established for the proper adjustment of residual soil evaporation
from antecedent rainfall.

After computing R, G and H, LE is computed as a residual of the surface energy balance using
Equation 1. LE is divided by the latent heat of vaporization (A) to compute ET (mm/hr) at the time of
Landsat overpass. Extrapolation of the instantaneous ET (ETj.g) at the satellite overpass time to 24-h
(daily) ET is based on the reference ET fraction (ET,F). ET,F is synonymous to the well-known crop
coefficient (K.). Instantaneous ET,F was computed as a ratio of ETj,st to instantaneous reference ET
(ET,), and assumed to be equivalent with 24-h average [11,39]. Additional information about METRIC
and processing steps is available in [8,10,11].

Four primary datasets were used for METRIC processing: Landsat imagery, weather information,
DEM (digital elevation model) maps, and land-use maps. Altogether, 21 Landsat images were selected
for this study (Table 2). These Landsat images were downloaded from the USGS Global Visualization
Viewer (http:/ /glovis.usgs.gov/). Hourly weather data collected from the Wahpeton and Beresford
weather stations underwent a rigorous quality control procedure [30,40] to identify and remedy the
occurrence of unexpected or spurious observations. More information and results from the weather
data quality control are available in [41]. DEM information was utilized within the METRIC procedure
to account for changes in land surface temperature caused by elevation differences, and land-use maps
were used for improving model parameterization and estimation of surface roughness. DEM and
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land-use maps were obtained from the USGS National Map Viewer (https://viewernationalmap.
gov/viewer/). The complete METRIC procedure was followed as detailed in [10] with an iterative
post-processing data review to confirm the accuracy of the calibration process.

Table 2. Selected Landsat image dates with Landsat path/row and satellite information.

Study Site Image Date Landsat Path/Row Satellite
21 May 2009 30/28 Landsat 5
1 July 2009 29/28 Landsat 5
24 July 2009 30/28 Landsat 5
18 August 2009 29/28 Landsat 5
10 September 2009 30/28 Landsat 5
19 September 2009 29/28 Landsat 5
26 September 2009 30/28 Landsat 5
Site 1 22 April 2010 30/28 Landsat 5
17 May 2010 29/28 Landsat 5
18 June2010 29/28 Landsat 5
28 July2010 29/28 Landsat 7
5 August 2010 29/28 Landsat 5
28 August 2010 30/28 Landsat 5
13 September 2010 30/28 Landsat 5
8 October 2010 29/28 Landsat 5
17 May 2013 29/30 Landsat 7
18 June 2013 29/30 Landsat 7
. 12 July2013 29/30 Landsat 8
Site 2 29 August 2013 29/30 Landsat 8
22 September 2013 29/30 Landsat 7
17 November 2013 29/30 Landsat 8

2.3. Monthly and Seasonal ET Estimation

To minimize possible contamination associated with the coarser resolution in the Landsat thermal
band, the field edges were buffered 90 m inwards. The 90-m buffer was also maintained when
identifying the TD/UD sections of each field site for analysis. After buffering, the TD and UD fields at
Site 1 had 132 pixels each. Similarly, the TD and UD fields at Site 2 had 84 pixels each. Daily ET values
were estimated on a pixel-by-pixel basis by multiplying daily ET,F with daily ET, estimates. Daily ET,,
values were calculated by summing hourly ET,, estimates. The ET,F values for days between the
selected image dates were interpolated using a cubic spline interpolation [39]. The monthly/seasonal
comparisons cover the growing season for soybean (mid-May through September) and corn (mid-May
through November).

Allen et al. [8] suggest at least one cloud-free image per month, to generate daily/monthly ET,F
values. Early in the spring, prior to crop emergence, excessive cloud cover necessitated the creation of
a synthetic ET,F image representing bare soil conditions based on the soil water balance [4]. However,
this procedure was adopted only to produce endpoints for the cubic spline function outside the
growing season. Multiple interpolation techniques [42—44] have been applied for spatiotemporal
coverage for remotely-derived ET products. In this study, monthly and growing season ET were
obtained by summing the daily ET values. Statistical analysis of daily and seasonal ET comparisons
between TD and UD fields was made by applying Student’s t-test at 95% confidence level.

3. Results

3.1. Comparison of Daily ET

The differences between the daily ET rates from the TD and UD fields were less than 0.55 mm/day
(within 20%) for the selected image dates of year 2009 (corn) and 2013 (corn). For the soybean year 2010,
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the ET difference varied up to 1.76 mm/day (up to 80%). The greater ET differences were observed
during the early growing season months (April to June) (Figure 3). For example, the largest ET difference
(ET from the UD field greater by 1.76 mm/day; ET, = 5.83 mm/day) was observed on 17 May 2010.
Among the selected 21 image dates, the maximum ET (8.72 mm/day; ET, = 7.27 mm/day) was from
the UD corn field on 12 July 2013, whereas, the lowest was 0.14 mm/day (ET, = 4.93 mm/day) from
the TD soybean field on 22 April 2010. One standard deviation of daily ET for all satellite image dates
was within 0.51 mm/day. At Site 1, the maximum one standard deviation was 0.47 mm/day from the
UD field on 17 May 2010, whereas, at Site 2, it was 0.51 mm/day from the TD field on 12 July 2013.
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Figure 3. Comparison of daily evapotranspiration (ET) rates from the subsurface drained (TD) and
undrained (UD) corn (a,c) and soybean (b) fields at satellite overpass dates.

The normalized difference vegetation index (NDVI) values of TD field were greater than or equal
to the NDVI values from the UD field for all 21 image dates; however, the differences were less than
0.07 (unitless). For the corn years 2009 and 2013, the maximum NDVI value of 0.78 and 0.82 (the same
for both TD and UD fields) was observed on the image date 24 July 2009 and 12 July 2013, respectively.
For soybean, the maximum NDVI was 0.85 from the TD field (0.83 for UD field) on 28 July 2010.
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The surface temperature, Ts between the TD and UD fields showed higher variation compared to
the NDVI values. The differences between the T values were consistent with the differences in ET
rates between the TD and UD fields. Greater differences in T led to the larger deviations in ET rates.
The maximum difference of ET (1.76 mm/day) on 17 May 2010 had a maximum T; difference of 2.7 K
(lower Ts and greater ET from the UD field). A graphic representation of ET variation from the TD and
UD fields is shown in Figure 4.
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Figure 4. Daily ET from the subsurface drained (solid rectangle) and undrained (dashed rectangle)
fields for the selected Landsat image dates of May (second column), July (third column), and September
(last column). The first column represents Landsat false color image (RGB: 54,3). ET data gaps
associated with Landsat 7 images were filled by the natural neighbor interpolation method.

3.2. Monthly and Seasonal ET

The daily ET variations from the TD and UD during the growing seasons are shown in Figure 5.
Larger ET differences (TD-UD) were observed during the early growing season for the soybean year
2010 (Figure 5b). For the corn years, daily ET differences were less than 0.60 mm/day (<0.35 mm/day
in 2009). During the study period for corn (Figure 5a,c), the differences in total ET between the TD and
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UD fields were less than 5 mm (2009: UD =461 mm, TD = 464 mm; 2013: UD = 684 mm, TD = 683 mm).
For the soybean year 2010, ET from the UD field (567 mm) was greater than from the TD field (514 mm).
However, there was no significant difference (p > 0.05) in daily ET rate between the TD and UD field
for all three study years.

4 -a) Site 1 (May 15 — September 30, 2009)
2 .

4 7¢) Site 2 (May 1 — November 30, 2013)

O ’MW T T 1

Difference in daily ET (TD — UD), mm/day
NS

121 152 182 213 244 274 305 335
Day of year

Figure 5. Daily ET differences (TD-UD) at (a,b) Site 1 and (c) Site 2. The positive values indicate greater
ET rates from the TD fields. Corn ET (Site 1) after October 1 to end-November, 2009 is missing due to
unavailability of cloud-free Landsat image.

Greater daily ET rates were observed from the UD fields during the early growing season
(mid-May to mid-June) for year 2010; however, for 2009 and 2013, ET rates from the TD and UD fields
were similar during this same season (Figure 5). The monthly ET variation between TD and UD fields
was within 10 mm for all study months except for May (39 mm) and June (16 mm) in 2010 (Figure 6).
The greater ET differences in May and June 2010 are potentially associated with accumulation of soil
moisture in the UD field due to rainfall and snow melted runoff water before the growing season
(Figure 2). During April 2010, 75 mm rainfall was measured which is 30 mm above the normal rainfall
(Figure 2).
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Figure 6. Monthly ET from the subsurface drained (TD) and undrained (UD) fields estimated using
METRIC, and monthly ET,, estimated from weather data during the study years at (a,b) Site 1 and (c) Site 2.

The maximum monthly ET,F values during the corn years were observed in August. In 2009, ET,F
values reached a maximum of 1.19 from TD fields and 1.18 from the UD field. In 2013, the maximum
ET,F value was 1.16 in the UD field and 1.11 in the TD field. Similar to the corn study years,
the maximum ET,F value of soybean was also in August, at 1.11 and 1.08 for TD and UD, respectively.
These results indicate that the August month has a greater potential of ET rates for both corn and
soybean plants when provided with sufficient soil moisture.

The greatest monthly ET,, occurred in July during all study years (Figure 6). June was the month
after July with the greatest ET,,. Therefore, June—July (J]) were the months with highest atmospheric
water demand (ET,). However, the highest corn and soybean ET was observed in July-August (JA)
months. During the greatest ET, months (J]), ET was greater from the TD field for corn years and
from the UD field for soybean years (Table 3). Similarly, during the greatest ET months (JA), ET
from the TD field was greater for 2009 and 2010, and lower for 2013. The bi-monthly (J],JA,AS) ET
differences between TD and UD fields were within 7 mm except for JJ-2010 (18 mm) and JA-2013
(16 mm) (Table 3). The differences between ET from TD and UD fields during these bi-monthly periods
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were not significant (p > 0.05). June-September (JJAS) rainfall accounted for less than 60% of actual ET,
indicating the deficit crop water supplied either by accumulated soil moisture from the early growing
season rainfall or from the shallow water table. Total ET,, during JJAS was greater than actual ET at
Site 1; however, it was lower at Site 2 for the same time-period (Table 3).

Table 3. ET from the subsurface drained (TD) and undrained (UD) field, rainfall, and reference ET for
the June-September period.

ET (mm)

Study Year Month Rain (mm) ET, (mm)
TD UD

17 201 196 115 298
2009 (corn) JA 279 272 109 272
AS 244 242 138 210
J] 272 290 134 311
2010 (soybean) JA 322 319 135 297
AS 215 211 216 214
J] 290 289 106 290
2013 (corn) JA 309 325 108 280
AS 236 240 115 227

J] = June-July; JA = July—August; AS = August-September.

4. Discussion

Satellite- and/or air-borne imagery is continuously applied for multiple applications as they
can provide spatially distributed information at varying scales. Higher ground-resolution Landsat
images (30 m) are useful for wide areas of agricultural monitoring such as crop health, crop water
use, and stresses associated with climate. The METRIC model, primarily developed for estimating
water use (ET) from the agricultural crops, was applied to estimate ET from the subsurface drained
and undrained corn/soybean fields in this study. The model successfully captured the field-scale ET
variations attributed to subsurface drained/undrained water management practices. As METRIC was
applied during the growing season at the agricultural regions of southeast North Dakota and South
Dakota, there were not any observed challenges such as selection of appropriate anchor pixels that
potentially obstruct the successful processing of the METRIC model. However, during the early and
late growing season, there were difficulties in obtaining sufficient cloud-free images. Due to this reason,
the 2009 study was reduced to a shorter period (Figure 5a) compared to the total corn growing season.

The results showed no significant difference (p > 0.05) of the ET rates from the TD and UD
fields. Differences on daily ET rates were greater during the early growing season than those of later
seasons (Figure 5), which is potentially linked to more rainfall during the early growing season months
(Figure 2) so that there is greater soil moisture difference between TD and UD fields. During the
period of June to September (JJAS), total ET from the TD and UD field was within a 15 mm (<3%)
difference. JJAS are the months with the greatest ET rates during the growing seasons for corn and
soybeans. Although there were greater variations in rainfall during JJAS (Figure 2), ET differences
between TD and UD fields were low (Figure 6). These rainfall and ET patterns from our study indicate
that the subsurface drainage has no significant (p > 0.05) impact on corn/soybean ET during the
JJAS period. However, the larger variations between subsurface drained and undrained fields may
be observed during the other months/seasons when there is significant variation in soil moisture
conditions. The greater amount of actual ET compared to rainfall during JJAS (including summer
months June to August) signifies the lower likelihood of gravitational water in the soil profile draining
out through the subsurface drainage. The lower availability of soil moisture to flow through subsurface
drainage during summer is also reported in previous studies [45,46] compared to other season months.
The greater impact of subsurface drainage on subsurface flow was found in the late spring to early
summer (March-June) months compared to other season months [15,25], indicating high soil moisture
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variation during these seasons. These previous studies and results from our study indicate that
subsurface drainage impact on ET (and subsurface flow) is primarily associated with the soil moisture
availability within a certain time period of a year. Beside soil moisture, soil type and crop characteristics,
land topography [47], and drainage designs [15,46] can impact soil moisture availability in the crop root
zone and crop water use behavior, which ultimately impact water budgets from a field to larger scales.

The findings of the current study are in agreement with previous field-scale studies [15,16,28]
evaluating the impact of subsurface drainage on ET. For example, Rijal et al. [28] reported higher ET
from the drained field by 16% and 7% during the corn and soybean growing season, respectively.
In comparison to our study, a similar result of greater ET from the TD field was observed for year 2009;
however, our results were different for the 2010. Rijal et al. [28] study covered the timespan between
planting and date of harvest, while our study was dependent on the availability of cloud-free Landsat
imagery for METRIC processing, which resulted in the variation in coverage of study periods. Similarly,
Youssef et al. [16] also found less impact (5% increase) of subsurface drainage water management
on annual ET. While these studies used hydrological modeling and field-measurement approaches,
our study applied the remote sensing method. All of these methods have their own advantages and
limitations. A comparison of daily ET estimates using METRIC and EC measurements at Site 1 (2009)
showed lower normalized difference in ET rates between TD and UD fields from METRIC (10%)
compared to EC measurements (18%) [48]. The potential sources of errors and uncertainties associated
with these ET estimation methods are also discussed in [48]. METRIC uses the canopy temperature as
the primary indicator of ET. The canopy temperature responds immediately to changes in crop water
use due to evaporative cooling. Even subtle changes in water use from, e.g., drainage system impacts,
irrigation or differences in soil moisture content, are quantified. An example of the sensitivity to subtle
changes is in Figure 4, where within-field variation is ET is apparent. In addition, the comparisons
between TD and UD are made side-by-side within the same images (as opposed to comparisons of
fields from different images) which reduces the risk and magnitude of uncertainty in the ET estimates.
A detailed description on ET estimation methods, sources of errors and uncertainties is presented
in [49]. Typical errors from remotely sensed energy balance models are within 30% [7,49] with greater
accuracy on seasonal estimates [6].

ET estimation within the METRIC model is driven by the selection of anchor pixels. The selection
of appropriate anchor pixels is based on professional judgment of the individual applying the
model [10]. In this study, our best judgment was used during the selection of anchor pixels with an
iterative post-processing data review to confirm the accuracy of the calibration process. An explanation
on the impact of the anchor pixel section on ET with respect to the size of the study area, spatial
resolution and quality of the imagery is presented in [50]. For example, finding a suitable cold pixel
within an image during low vegetation conditions (NDVI < 0.75) may become problematic during the
non-growing season. However, an alternative approach may be applied as described by [10,32,51] to
complete the image processing using the METRIC model. Application of the METRIC model may not
be appropriate when high-quality hourly or shorter time interval meteorological data is not available.
Similar to other RSEB models, the need of cloud-free satellite images may also hinder successful image
processing using the METRIC model.

Studies on the impacts of agricultural water management practices on each of the water balance
components are crucial from a field scale to larger scales. These studies are important to understand
whether altered hydrologic responses from agricultural watersheds are linked with climate [52,53]
and/or with water management practices [54]. Our study analyzed the interactions between
subsurface drainage and ET at the field scale for three growing seasons across similar climatic zones.
The study needs to be extended to cover multiple years and more locations to encompass the local
climatic variations. Further, the Landsat-based METRIC ET products can be integrated with aerial
photograph-detected subsurface drainage systems [55] to precisely evaluate ET impacts at larger scales.
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5. Conclusions

This study was conducted to estimate and analyze the impact of subsurface drainage water
management on evapotranspiration at the field scale. The Landsat imagery-based METRIC model
was applied to estimate and compare ET from subsurface drained (TD) and undrained (UD) fields
during selected study years of corn and soybean growing seasons. The two study sites were located in
southeast North Dakota (Site 1, year 2009 and 2010) and southeast South Dakota (Site 2, year 2013).
Results indicated greater daily ET rates from the UD fields than from the TD fields during the early
growing season for the selected satellite image dates (Table 2, Figure 2) at both sites. The differences
between ET from TD and UD fields were within 10% and were not significant (p > 0.05) during
the study period. The ET differences during June-September (JJAS) were less than 3% (less than
15 mm). The study found no consistent relationship in variation in ET rates incurred by the installation
of a subsurface drainage system. However, it may vary during non-growing seasons based on
soil and crop characteristics, subsurface drainage system designs, local climate or other impacting
factors. The Landsat imagery-based METRIC model successfully captured the variations in ET on a
field-by-field basis and can be applied when high-resolution ET maps are needed.
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