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Abstract
Crop production in the Texas High Plains is shifting from irrigated to
dryland due to the increase of the depth to the water table from the Ogallala
aquifer in regions where the saturated thickness of 9 m, the minimum to sustain irrigation, has been reached. Our objective was to use the mechanistic
model ENWATBAL to evaluate the daily and annual water balance for three
scenarios of rainfall in this region, a dry (189 mm), an average (449 mm) and
a wet (669 mm) year. These three scenarios were applied to two major soil series of this region, Pullman and Amarillo. In all simulations, we used hourly
input weather data for a location near Lubbock, Texas and used measured soil
hydraulic properties to simulate the water balance for each soil series and the
three rainfall scenarios. Results showed that in years with average and wet
rain, storage of rainfall occurred in the Pullman but not in in the Amarillo
soil series. However, storage of water could be enhanced by combining furrow dikes with minimum tillage along with crop covers that provide a surface
residue. The implications of our results for dryland crop production in the
semiarid climate of the THP suggest that for years with average and wetter
rainfall soils in the Pullman series could store water that would be available
for crop use. However, this was not the case for the Amarillo soil series and
these soils represent a higher risk for dryland crop production.
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1. Introduction
The history of irrigation in the Texas High Plains (THP) is well documented [1]
DOI: 10.4236/ojss.2020.107015 Jul. 17, 2020
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[2] and the source of nearly all of the irrigation-water is from the Ogallala aquifer [3]. In this region, large-scale irrigation started in the 1920s and water from
the Ogallala aquifer was initially withdrawn using windmills and then shifted to
pumps with the development of internal combustion engines [4]. The Ogallala
aquifer covers eight states (Wyoming, South Dakota, Nebraska, Colorado, Kansas, New Mexico, Oklahoma and Texas) of the Great Plains of USA (Figure 1)
and an estimated status of the aquifer in the THP is shown in Figure 2. The status of the aquifer is based on a requirement of a saturation thickness of 9 m (30
feet) as the minimum value to sustain irrigation.
In the THP, the Ogallala aquifer is classified as a closed system, where withdrawals exceed recharge, and thus over the years the depth to the water table has
increased [4] [5] [6] [7]. The major withdrawal of water is mainly due to irrigation of crops and has resulted in a depletion of groundwater to the extent that in
several parts of the THP existing irrigation wells can only supply <50% of the
daily water requirement of crops [8] [9]. This decline of the groundwater here
and elsewhere has prompted considerable research on irrigation scheduling, i.e.,
when and how much water to apply, and on the development of irrigation systems
suited for this region. Examples of irrigation scheduling methods developed
were canopy temperature-based indices [10] [11], temperature-time thresholds
[12] [13], evapotranspiration-based methods [14], and plant-based methods
[15] among others. An example of an irrigation system suited for this region is
the method known as Low Energy Precision Application (LEPA), which is a
sprinkler system developed for well capacities that can deliver 1.3 to >7 mm/d
of the daily water requirements of a crop and to also make use of seasonal rain
[16] [17]. However, in many regions of the THP it is the well capacity that often dictates the amount of irrigation-water that can be applied regardless of

Figure 1. The Ogallala aquifer in the Great Plains of the USA (from: Kansas Geological
Survey, http://www.kgs.ku.edu/publications/Bulletins/162/gifs/fig006.gif).
DOI: 10.4236/ojss.2020.107015
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Figure 2. Status of the Ogallala aquifer on the Texas High Plains (Source: Center for Geospatial Technology, Texas Tech University. Available online at:
https://www.depts.ttu.edu/geospatial/center/Ogallala/MapSeries/PDFs/07_satThicknessSt
atus_8x11.pdf).

crop need and, in some cases, the only option is to continuously irrigate the crop
throughout the growing season [8]. Another irrigation system that recently has
gained popularity in the THP is subsurface drip [18] [19]; however, in the THP
this method does not always use rainwater as efficiently when compared to center pivot irrigation [20].
In the THP, the average decline of the depth to the water table of the Ogallala
aquifer is about 0.3 m/year and on average has dropped about 15 m since measurements started in 1969 [21] [22]. The introduction of more efficient irrigation
systems and attempts to monitor crop water use via evapotranspiration networks
[9] have extended the lifespan of the Ogallala aquifer. However, an outcome not
expected by the introduction of more efficient irrigation systems is the so-called
“paradox of irrigation efficiency” where the rate of groundwater depletion actually increases due to irrigation [23]. This is explained by the fact that more effiDOI: 10.4236/ojss.2020.107015

276

Open Journal of Soil Science

R. J. Lascano et al.

cient irrigation systems are installed in areas that were not previously irrigated
and regions where irrigation had been discontinued are back in operation. The
net effect on this use of efficient irrigation systems is that the groundwater depletion increases and the THP is in a state of transition moving from partial irrigation to dryland production.
There is no single definition of dryland farming [24]. For example, dryland
farming has been defined as crop production without irrigation and <500 mm of
precipitation [25], or with scanty rainfall [26]. Another definition emphasized
water conservation throughout the year [27] and included semiarid conditions
[28]. In addition, the terms dryland and rainfed production are used interchangeably but are different and are distinguished by climate [24]. In this context, dryland farming refers to agriculture in regions where the lack of water limits crop production and is normally associated with a semiarid climate. Similarly,
rainfed systems often deal with excess water during certain parts of the season
but in humid climates. From our point view and for the agriculture of the THP
we define dryland agriculture as crop production without irrigation and in a
semiarid climate. The climate of the THP is classified as BSk, or cold semiarid in
the Köppen-Geiger climate nomenclature [29].
The THP is a 41-county region that covers about 104 km2 of land area extending from the Oklahoma state line on the east and north, to the New Mexico line
on the west (Figure 2). In general, the rainfall pattern in this semiarid region
decreases from north to south and from east to west. For example, in the north
in Amarillo, Texas the long term (1892-2015) annual rainfall and standard deviation is 514 ± 138 mm and about 200 km south in Lubbock, Texas the long term
(1911-2019) annual rainfall and standard deviation is 472 ± 159 mm (National
Weather Service, https://www.weather.gov/). The annual rainfall distribution is
variable and the monthly coefficient of variation > 60% with most of the rain
falling during the growing season, from May to September [8]. The average elevation is about 0.9 km above sea level and most soils in cultivation are classified
in three dominant soil series, i.e., Olton, Pullman and Amarillo [30] [31] [32].
This combination of rainfall and soil types result in a variety of production systems across the THP. For example, in the northern region the predominant
production is grain-based with winter wheat (Triticum aestivum L.), corn (Zea
mays L.) and grain sorghum (Sorghum bicolor (L.) Moench) and in the south
the main crops are cotton (Gossypium hirsutum L.) and grain sorghum.
As the THP transitions to dryland cropping production systems the efficient
use of rain is critical to assure an adequate water supply during the growing season [33] [34] [35]. The capture and storage of rainfall for any soil type is mainly
a function of the rainfall rate and amount, and of soil physical properties that
affect infiltration and runoff. Therefore, our objective was to explore, as first
analysis, the annual water balance for a dry, average and wet year of rainfall for
Lubbock, Texas and for two major (Pullman and Amarillo) soil series of the
THP. Components of the water balance analyzed included the evaporation of
water, infiltration of rain, drainage of water below the bottom of the profile and
DOI: 10.4236/ojss.2020.107015
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runoff. For this purpose, we used the mechanistic energy and water balance
(ENWATBAL) model [36] [37] [38] to simulate the daily water balance for bare
soil conditions. Our aim is to describe soil water holding capacity without crop
transpiration and additional future work will explore the effect of these two-soil
series on crop production using the DSSAT cropping system model [39].

2. Materials and Methods
2.1. Simulations
To address the objective of our study, simulations were done with the
ENWATBAL model to calculate the daily water balance for a dry (2011), an average (2016) and wet (2015) year of rainfall for a soil in a Pullman (fine, mixed,
thermic, Torrertic Paleustoll) and an Amarillo (fine-loamy, mixed, thermic,
Aridic Paleustalf) series. For these simulations we used as input hourly measured
weather variables for a location near Lubbock, Texas. A brief description of the
model, including theory, inputs and soil geometry follow.

2.2. ENWATBAL Model
The ENWATBAL (ENergy and WATer BALance) model is a one-dimensional
and mechanistic representation of a soil, where processes are based on principles
of the conservation of mass and energy. The simulation model, ENWATBAL,
used in our analysis is described in detail by [36] [37]. We used the version of
the simulation model written in compiled BASIC as given by [38]. The
ENWATBAL model calculates the energy and water balance of a soil surface by
simultaneously solving equations that calculate the fluxes of water and heat in a
soil profile. In the model, the upper boundary condition is defined at a screen
height of 2 m, i.e., height above the soil surface where weather variables are
measured. The lower boundary is the bottom of the profile, where we assume
unit hydraulic gradient, i.e., dψ/dx = 1, where ψ is the soil water potential (m)
and x is the soil vertical distance (m). The fluxes of water and heat are calculated
as follows.
The flux of water is calculated from Darcy’s Law and the equation of continuity:

∂θ v ∂t =∂ ∂x ( K (θ v )( ∂ψ total ) ∂x )

(1)

where θv is the soil volumetric water content (m3/m3), t is time (s), x is the vertical distance in the soil profile (m), K(θv) is the unsaturated hydraulic conductivity (m/s) a function of θv, and ∂ψ total ∂x is the total vertical hydraulic potential gradient (m/m). Normally, soil water potential values are expressed in SI
units of Pa (MPa and kPa); however, in our case we use the m as the unit of hydraulic head, as it simplifies the unit of the gradient (dψ/dx) to m/m.
The flux of soil heat is calculated from Fourier’s Law and the equation of continuity:
Cs ( ∂T ∂t ) =
∂ ∂x ( λ (T ) ∂T ∂x )
DOI: 10.4236/ojss.2020.107015
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where Cs is soil volumetric heat capacity (J/m3∙˚C), T is the soil temperature
(˚C), λ (T) is the soil thermal conductivity (W/m∙˚C) a function of soil temperature T (˚C) and ∂T ∂x is the vertical soil temperature gradient (˚C/m).
The evaporation of water at the soil surface is calculated from the energy balance and the turbulent transport of air above the soil surface, as follows:
Rn + L × E + A + G =
0,

(3)

where Rn is the net irradiance, LE is the evaporative flux, A is the sensible heat
flux to the air, and G is the soil heat flux. All terms in Equation (3) have units of
W/m2 and each term of the energy balance is in reference to the soil surface so
that during daytime hours, Rn is positive, E is negative, and both A and G are
generally negative.
The aerodynamic resistance ra (s/m) is calculated as:

=
ra ln ( 2 Z o ) 

2

( 0.16 × u z )

(4)

where Zo is the surface roughness (m), and uz is the measured windspeed (m/s)
at a screen height of 2 m above the soil surface. The ra is corrected (rc) for stability (St) as:
(5)

rc= ra × St

The stability factor (St) is calculated as:

St = 1 (1 − 10 × Ri )

(6)

where Ri is Richardson’s number [40], defined by:

9.81× ( 2 − Z o ) × (Ta − Ts )  (Ta + 273.16 ) × u z2 
R=
i

(7)

where Ta is the measured air temperature (˚C) at a screen height of 2 m, and Ts is
the unknown soil surface temperature (˚C). This method to calculate rc is given
by [41], and used by [42] [43], and others.
The latent heat transfer (L × E) in Equation (3) is calculated from:
L × E = L × ( χ s − χ a ) rc 

(8)

where L is the latent heat of vaporization (J/kg), χs is the absolute humidity at the
soil surface (kg/m3) and χa is measured absolute humidity of the air temperature
(kg/m3) at a screen height of 2 m. The sensible heat flux (A) between the soil
surface and air above it is calculated from:
A=
(Ts − Ta ) rc  × Ca

(9)

where Ts is unknown soil surface temperature (˚C), Ta is the measured air temperature (˚C), and Ca is the volumetric heat capacity of the air (J/m3∙˚C). The last
term of the energy balance in Equation (3), the soil heat flux (G) is calculated
from:

G =−λ (T ) × ( ∂T ∂x )

(10)

where λ (T) is the soil thermal conductivity (W/m∙˚C) a function of the soil
temperature (T) in ˚C, and ∂T ∂x is the vertical soil temperature gradient
DOI: 10.4236/ojss.2020.107015
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(˚C/m).
In ENWATBAL the evaporative flux is solved from a combination of the surface energy balance and an aerodynamic model of the turbulent air above the
soil surface. The unknown value of the surface energy balance is the soil surface
temperature (Ts) in Equations (7) and (9) and this value is found by iteration
until the surface energy balance of zero is numerically met. At each time step
(Δt), ENWATBAL, begins by finding, from the previous values of the soil water
content and temperature of each soil layer, the corresponding soil hydraulic potentials and the water and conductivity values. These are the so-called soil hydraulic properties that include the soil-water pressure potential (ψ) release curve,
i.e., ψ(θv), and the unsaturated soil hydraulic conductivity, i.e., K(θv). The ψ(θv)
is measured using well established laboratory procedures [44] and K(θv) is calculated using measured values of the saturated hydraulic conductivity (Ksat) and
ψ(θv) with the methods of [45] and [46]. Thereafter, the interlayers fluxes for
heat and water are calculated, except for the values at the soil surface, which as
previously mentioned are calculated from Equation (3), the energy balance
equation. Once the surface temperature (Ts) is known the evaporation of water
from the soil surface is calculated. The soil heat flux, G (Equation (10)) is also
calculated from the known value of Ts. The soil thermal conductivity is calculated from method given by [47], which is based on soil texture. When it rains, the
evaporation rate at the soil surface is modified by the infiltration of rain and detention capacity, i.e., the depth to store water on the soil surface. For additional
details the reader is referred to [36] [37] and to [38].

2.3. Inputs to the Model
The inputs to the model are categorized as time-dependent variables, constants,
soil hydraulic functions, and initial values. The time-dependent inputs are the
weather variables, and in our simulations, we used hourly values of solar irradiance, air and dewpoint temperature, and wind-speed all measured at a screen
height of 2 m. In our simulations we used hourly weather data for a dry year
(2011) with 190 mm of rain, an average year (2016) with 449 mm of rain and a
wet year (2015) with 669 mm of rain. The values used were derived from
sub-daily meteorological data from the West Texas Mesonet [48] weather station
at Abernathy, Texas, which is located ~30 km north of Lubbock, Texas.
Constant input values are the screen height of the meteorological measurements of 2 m, the roughness parameter (Zo) in Equation (4) of 0.01 m, the saturated hydraulic conductivity (Ksat) and porosity (f) shown in Table 1. These values are given for the two depths of the Pullman and the Amarillo soil series [32].
Soil functions used as input are the soil hydraulic properties, i.e., soil-water
retention curve and unsaturated hydraulic conductivity, the soil thermal conductivity and the relationship between albedo and the surface soil water content.
In our simulations we used the albedo vs. soil water content function given by
[36]. The soil geometry, soil hydraulic properties and initial values used as input
are described next.
DOI: 10.4236/ojss.2020.107015
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Table 1. Input values of measured saturated hydraulic conductivity (Ksat) and calculated
porosity (f) for a Pullman and an Amarillo soil series used in simulations. Also given are
measured values of sand, clay and soil bulk density (ρb). Values given are the average ±
standard deviation (from [32]).
Soil Property

Pullman Series

Amarillo Series

Soil Depth [m]

0.0 - 0.3

>0.3

0.0 - 0.4

>0.4

Ksat × 10−6 [m/s]

12.8 ± 0.30

0.22 ± 0.02

21.4 ± 0.30

12.6 ± 0.3

Porosity f [%]*

55

44

47

40

Sand [%]

36.7 ± 2.4

28.5 ± 2.1

75.1 ± 1.7

57.3 ± 2.6

Clay [%]

41.0 ± 0.8

49.5 ± 1.8

21.2 ± 0.7

35.3. ± 2.7

ρb [Mg/m3]

1.20 ± 0.08

1.49 ± 0.09

1.40 ± 0.10

1.60 ± 0.10

*Porosity (f) was calculated as f = 1 – (ρb/ρp), assuming a soil particle density (ρp) of 2.65 Mg/m3.

2.4. Soil Geometry and Input Values
In the model, the soil profile is divided into layers of different thickness and for
each layer an initial value, i.e., at time = 0, of soil temperature (T, ˚C) and soil
water content (θv, m3/m3) is assigned. The thickness of the first soil layer is important as the evaporative fluxes of water and heat at the soil surface is calculated from the midpoint value of this soil layer. An example of the geometry and
initial conditions of the soil profile for an Amarillo soil with assumed values of T
and θv is shown in Table 2. The assigned thickness of the first soil layer was 5
mm, as suggested by [37], which showed that this value was adequate to correctly calculate soil water evaporation. The soil profile was divided into 24 layers for
a soil depth of 2.1 m. Further, the profile was divided into two horizons. The
first horizon A was 0.45 m in depth and the second horizon B was 1.65 m. Each
horizon was characterized with specific soil hydraulic properties, i.e., soil water
potential (ψ) and unsaturated hydraulic conductivity (K), both as a function of
soil volumetric water content (θv). In our simulations we used the values given
by [32] for a Pullman and for an Amarillo soil series, shown in Figure 3 for the
soil water potential and in Figure 4 for the unsaturated hydraulic conductivity.

3. Results and Discussion
The annual water balance for three yearly rainfall totals that represent a dry year
with 189 mm, an average year with 449 mm and a wet year with 669 mm of rain
and calculated with the ENWATBAL model for an Amarillo and a Pullman soil
series are given in Table 3. Hereafter and for convenience the three simulated
rainfall scenarios are referred to respectively as dry, average and wet. These results represent a first analysis of the annual water balance dynamics of two major
soil series in the Texas High Plains and their implication, for dryland production. For this goal, we used the ENWATBAL model that has been tested for a variety of crops and soil types by mainly comparing calculated and measured values of soil water and crop evaporation [37]-[53] and others. Therefore, in our
analysis we assumed that the calculated values obtained with the ENWATBAL
DOI: 10.4236/ojss.2020.107015
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Table 2. Geometry of the soil profile and initial values of water content (θv) and temperature (T) used in simulations for an Amarillo soil series. Soil layers number 1 - 11 (0 0.45 m) and soil layers number 12 - 24 (0.45 - 2.1 m) define Horizon A and B, respectively.
Each horizon has specific soil hydraulic properties as given by [32] and shown in Figure
3 and Figure 4.
Soil Layer #

Layer
Thickness
[m]

Vertical Distance
Surface to
mid-layer [mm]

Cumulative
Depth [m]

Initial θv
[m3/m3]

Initial T
[˚C]

Horizon

1

0.005

2.5

0.005

0.10

25.0

A

2

0.010

10.0

0.015

0.10

25.0

A

3

0.010

20.0

0.025

0.10

25.0

A

4

0.025

37.5

0.050

0.10

25.0

A

5

0.025

62.5

0.075

0.10

25.0

A

6

0.025

87.5

0.100

0.10

25.0

A

7

0.050

125.0

0.150

0.15

25.0

A

8

0.050

175.0

0.200

0.15

25.0

A

9

0.050

225.0

0.250

0.15

25.0

A

10

0.010

300.0

0.350

0.15

25.0

A

11

0.010

400.0

0.450

0.20

25.0

A

12

0.015

457.5

0.475

0.20

25.0

B

13

0.025

477.5

0.500

0.20

25.0

B

14

0.025

502.5

0.550

0.25

25.0

B

15

0.050

540.0

0.600

0.25

25.0

B

16

0.050

590.0

0.700

0.30

25.0

B

17

0.050

665.0

0.800

0.30

25.0

B

18

0.010

765.0

0.950

0.30

25.0

B

19

0.015

890.0

1.100

0.30

25.0

B

20

0.150

1040.0

1.300

0.30

25.0

B

21

0.200

1215.0

1.500

0.30

25.0

B

22

0.200

1415.0

1.700

0.30

25.0

B

23

0.200

1615.0

1.900

0.30

25.0

B

24

0.200

1815.0

2.100

0.30

25.0

B

Table 3. Annual water balance for a dry (2011), average (2016) and wet (2015) year of
rainfall for an Amarillo (Am) and a Pullman (Pull) soil series calculated with the
ENWATBAL model.

Year

DOI: 10.4236/ojss.2020.107015

Rain [mm]

Evaporation
[mm]

Infiltration
[mm]

Drainage
[mm]

Runoff
(mm)

Am

Pull

Am

Pull

Am

Pull

Am

Pull

2011 (Dry)

189

222

125

189

189

11

0

0

0

2016 (Avg)

449

488

340

449

449

11

0

0

14

2015 (Wet)

669

700

529

669

688

11

0

0

5
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(a)

(b)

Figure 3. Hydraulic conductivity (m/s) as a function of soil water content (m3/m3). (a)
Soil depth of 0.0 - 0.3 m and a soil depth > 0.3 m for a Pullman soil, and (b) soil depth of
0.0 - 0.4 m and a depth > 0.4 m for an Amarillo soil (from [32]).

(a)

(b)

Figure 4. Pressure potential (kPa) as a function of soil water content (m3/m3). (a) Soil
depth of 0.0 - 0.3 m and a soil depth > 0.3 m for a Pullman soil, and (b) soil depth of 0.0 0.4 m and a depth > 0.4 m for an Amarillo soil (from [32]).
DOI: 10.4236/ojss.2020.107015
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model are qualitatively correct; moreover, results are discussed by comparing
both the absolute and relative values from each of the two-soil series. The components of the water balance are evaporation, infiltration, drainage and runoff of
water and the contribution of each element is discussed below.

3.1. Annual Water Balance
For all three years, dry, average and wet, the annual evaporation of water was
higher in the Amarillo soil series compared to the Pullman and this difference
decreased with increasing rainfall (Table 3). For example, on the dry year the
evaporation of water from the Amarillo soil was 222 mm vs. 125 mm from the
Pullman, i.e., 40% less. Similarly, on the wet year the water evaporation in the
Amarillo soil was 700 mm compared to 529 mm on the Pullman soil, i.e., a difference of 20%. Another noteworthy difference in the total evaporation of water
between the two-soil series is that in the Amarillo series all rainfall was lost to
evaporation. Further, in the Amarillo soil series stored water in the soil profile
also contributed to the total annual evaporative loss. On an annual basis, no
stored soil water in the Pullman series contributed to the evaporative loss of water.
A major difference between the two-soil series was the capability of the Pullman soils to store rainfall in the profile. For example, in the dry year, 64 mm of
rain was stored in the soil profile, which is 34% of the total rainfall. In the average year, 109 mm of the rain (24% of rainfall) and in the wet year 140 mm of
rain (21% of total rainfall) was stored in the soil. The implications of this storage
of rainfall for dryland crop production in the semiarid Texas High Plains are
important. From these results we can conclude that regardless of rainfall
amount, soils in the Pullman series have an increased ability to store rainfall.
Further, this storage could be enhanced using conservation-bench and level-bench terraces, contour and blocked furrows and minimum tillage practices
as suggested by [54]. Soils in the Pullman series are mainly in the northern region of the THP and cover about 1.5 × 106 ha. Furthermore, these results suggest
that the storage of rainfall in soils of the Amarillo series will be challenging and
will require incorporation of best management practices, such as surface residue
and minimum tillage to maximize rainfall storage [55] [56].
A difficulty in using surface residues to conserve water is that in many cases
this practice results in decreasing water that may be stored in the soil as the water used to establish the residue exceeds the amount of water stored in the soil
[52] [57] [58] [59]. However, there are other benefits associated with the surface
residue such as increasing infiltration [57] and promoting biophysical and
chemical soil properties to enhance soil health [60] [61]. Currently, this is an
important topic of research to determine appropriate types of residue to use for
dryland production in the THP and particularly in areas where the predominant
soil series is the Amarillo.
The calculated differences in the evaporative losses between the two-soil series
and for the same environmental conditions are due to their respective soil hyDOI: 10.4236/ojss.2020.107015
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draulic properties (Figure 3 and Figure 4). For example, in the Amarillo soil series, in the surface 0.4 m layer, the soil water content between 0.20 to 0.50 m3/m3
is held over a relatively narrow range of pressure potential (0 to 10 kPa); whereas, for the Pullman soil series and for the same range of soil water content the
pressure potential varies from 0 to 100 kPa, i.e., an order of magnitude larger,
and this is due to the higher clay content on the surface layer. Further, soils in
Pullman series in the upper soil layer (0.3 m) have a porosity of 55% compared
to 47% for the Amarillo soil, indicating a higher storage capacity. These physical
properties affect infiltration and water storage capacity [57] [58].
Results of the remaining components of the water balance, i.e., infiltration,
drainage and runoff are shown in Table 3. The calculated infiltration of rainfall
indicated no differences between the two-soil series and for any of the three
rainfall scenarios. In our simulations and for the calculation of drainage we assumed unit hydraulic gradient, i.e., dψ/dx = 1, at the lower boundary of the soil
profile, which was at a depth of about 2 m from the soil surface. This assumption
netted 11 mm of annual drainage in the Amarillo soil and no drainage in the
Pullman soil series. Finally, the last component of the annual water balance was
runoff and results indicated no runoff for the Amarillo soil series and runoff
amounts of 14 mm for the Pullman soil series for an average rainfall and 5 mm
for the wet year. The calculation of water runoff from a soil surface is affected by
many variables, e.g., rainfall amount and rate, antecedent soil water content,
particularly in the surface 0.2 m, and detention capacity. A detailed analysis with
different rainfall intensities, initial soil water contents and detention capacities
and their effect on infiltration and runoff was beyond the scope of this paper and
is the subject of a forthcoming article.

3.2. Daily Water Evaporation
Examples of the daily evaporation of water from a bare soil and calculated with
the ENWATBAL model for the entire simulation period for the Pullman soil series for both the wet and dry year are shown in Figure 5 and in Figure 6 for the
Amarillo soil series. The daily evaporation of water is plotted as a negative
number to indicate a loss; whereas, the corresponding daily rainfall is shown as a
positive number to indicate again. The corresponding cumulative rainfall and
cumulative evaporation for the dry year for both soil series is plotted in Figure
7(a) and for the wet year, the cumulative values are plotted in Figure 7(c). The
net gain or loss of water, i.e., rainfall-evaporation, resulting in water stored in
the profile for both soil series is plotted in Figure 7(b) for the dry year and in
Figure 7(d) for the wet year. To further highlight the dynamic nature of the
process of daily evaporation from a bare soil we selected 70 days, from day of
year (DOY) 100 to DOY 170, for the wet year and for the Pullman soil series
(Figure 8). The corresponding daily rainfall for the 70-day period is shown as a
histogram (Figure 8). On the other extreme as an example and to illustrate the
evaporation of water from a bare soil under very dry conditions we selected a
30-day period, from DOY 160 to DOY 190, for both soil series and these results
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(a)

(b)

Figure 5. Calculated daily water evaporation simulated with the ENWATBAL model and
measured rainfall as a function of day of year for the Pullman soil series on the (a) dry;
and (b) on the wet year. The rainfall is shown as positive values and the evaporation is
given as negative values.

(a)

(b)

Figure 6. Calculated daily water evaporation simulated with the ENWATBAL model and
measured rainfall as a function of day of year for the Amarillo soil series on the (a) dry;
and (b) the wet year. The rainfall is shown as positive values and the evaporation is given
as negative values.
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(a)

(b)

(c)

(d)

Figure 7. (a) Cumulative daily rainfall and evaporation for the dry year for the Pullman
and Amarillo series; (b) Daily net storage of water in the profile (Rainfall-Evaporation)
for the dry year and for both soil series; (c) Cumulative daily rainfall and evaporation for
the wet year for the Pullman and Amarillo series; (d) Daily net storage of water in the
profile (Rainfall-Evaporation) for the wet year and for both soil series. Rainfall minus
Evaporation is given by dashed lines (– – –) for the Pullman and by solid lines (
) for
the Amarillo series.
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(a)

(b)

Figure 8. Calculated daily water evaporation for a period of 70 days, from DOY 100 to
DOY 170 for the Pullman soil during the wet year. (a) The daily evaporation is shown in
the upper portion, and (b) the corresponding rainfall for the same time period is shown
in the lower portion of the figure.

are shown in Figure 9. No rainfall occurred during this time period on the dry
year. Also shown is the daily evaporation for both soil series in the wet year with
152 mm of rain (Figure 9).
As expected, the high peaks of evaporative water loss from the soil surface
occur immediately after a rainfall and the magnitude, rate and duration, is a
function of the prevailing environmental conditions. For example, in the Pullman soil series and in the dry year (Figure 5) the largest loss of water to evaporation (5.1 mm/d) occurred on DOY 79 following a 27 mm rain the day before.
Thereafter, the daily evaporation did not exceed 4 mm/d as the summer months
were extremely dry, with about 12 mm of rain from DOY 122 to DOY 244, and a
corresponding 22 mm of cumulative evaporation. In the wet year, the daily
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Figure 9. Calculated daily water evaporation from DOY 160 - 190 for the Pullman and
Amarillo soil series for the wet and dry year. For the wet year the total rain was 152 mm
and there was no rain during the dry year. The cumulative evaporation of water for the
wet year was 141 mm for the Amarillo and 107 mm for the Pullman series. In the dry year
the cumulative evaporation was 3 mm for the Amarillo and 1 mm for the Pullman series.

evaporative loss was close to 10 mm/d on three days of the summer (DOY 126,
129 and 136) and over this 10-day period the total rainfall was 83 mm (Figure
5). The total rainfall during the summer months (May to August) was 390 mm.
The dry year is an example of a catastrophic year where all dryland crops would
fail, and the wet year is an example of timely rain events in the spring. However,
too much rainfall during the fall interferes with harvest and many of these
storms are accompanied by severe weather, i.e., high windspeed and hail that
may damage crops. The same pattern of daily water evaporation calculated for
the Pullman soil series (Figure 5) was also calculated for the Amarillo soil series
(Figure 6) for both the dry and wet year. In the dry year and during the summer
months (DOY 122 to DOY 244) there was 12 mm of rainfall with 20 mm of
evaporation and in the wet year the summer rainfall was 386 mm with 394 mm
lost to evaporation (Figure 6).
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These results can be used to illustrate the effect of surface residue, minimum
tillage and self-mulching on modifying the rate of water evaporation. Indeed,
surface residues retard the rate of evaporative losses and extend the total amount
of time that would be required to evaporate the same amount of water, when
compared to a bare surface [58] [59]. Regardless, the total amount, i.e., the integral, of water evaporated from a bare soil surface compared to surface with residue is the same and it is the rate of evaporation that differs. Further, clayey soils
such as the Pullman series have an inherent characteristic that they tend to
self-mulch [62]. The net result of minimum tillage [54] is to reduce soil water
evaporation compared to conventional practices. The combination of surface
residue and minimum tillage can in effect increase the water use efficiency of a
crop, i.e., crop water use per unit water transpired, without additional input of
water [52]. Our results suggest that storage of rainfall in combination with
management of minimum tillage and surface residue could be achieved in the
Pullman soil series in years of average or wetter rainfall. However, this would be
a more difficult task to achieve in the Amarillo soil series and they would be categorized as a soil series with a higher risk for crop production.
The cumulative plots of rainfall and of evaporation of water as a function of
DOY, for both soil series on the dry year (Figure 7(a)) and the wet year (Figure
7(c)) show the evolution of water into or out, i.e., storage, in the soil profile. The
storage of water for both soil series is shown in Figure 7(b) for the dry year and
in Figure 7(d) for the wet year. In the dry year, the Amarillo soil shows a negative value throughout the year and a positive value for the Pullman soil (Figure
7(b)). In the wet year, the differences in storage capacity for the Pullman are in
sharp contrast compared to the Amarillo soil (Figure 7(d)). The storage of water
in the Pullman series is positive throughout the year, gradually increasing from
+25 mm on DOY 30, to about +150 mm on DOY 130, and thereafter fluctuates
± 25 mm, ending with a value of +140 mm. The pattern in the Amarillo soil series is very different and begins with a –25 mm on DOY 120 and increasing to
close to +75 mm on DOY 140 and thereafter decreases to −25 mm on DOY 260,
ending with a value of close to −25 mm. These differences in storage capacity of
the two-soil series are directly related to their respective soil hydraulic properties
(Figure 3 and Figure 4). These simulated results illustrate that the Pullman soils
are better suited to store rainfall for subsequent crop water use. However,
site-specific use of crop residues and minimum tillage can be used on both soil
series to maximize infiltration and to reduce runoff [57] [58] [59].
The daily evaporation and rainfall for a period of 70 days, from DOY 100 to
DOY 170, for the Pullman soil in the wet year, is shown in Figure 8. The cumulative evaporation for this 70-day period was 214 mm with 372 mm of rain. Note
that there were eight rain events of >20 mm and of these, three events were >40
mm on DOY 134, 164 and 170. This is the type of wet period were the rainfall
rate exceeds the infiltration capacity, leading to runoff. However, only 5 mm of
runoff (Table 3) were calculated. Details regarding runoff as a function of fall
rates will be subject of a separate article.
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Examples of daily water evaporation from DOY 160 to DOY 190 for the wet
and dry year for the Pullman and Amarillo soil series are shown in Figure 9. In
the wet year, there was a rain event of 41 mm on DOY 164 and of 50 mm on
DOY 170 and the total rainfall was 152 mm, and no rain occurred in the dry
year. The daily water evaporation from the Amarillo was ≥ than from the Pullman on both the dry and wet year. The dry year, is an example of the perils of
extreme arid conditions due to no rainfall, showing the low daily values of water
evaporation. This example of a dry cycle is not unusual in the THP and under
these circumstances there are no viable options to assure a successful dryland
crop. In the wet year, the cumulative daily evaporation was 141 mm in the Amarillo and 107 mm in the Pullman series, and in the dry year the cumulative
evaporation was 3 mm for the Amarillo vs. 1 mm in the Pullman series. The
self-mulching property of the Pullman soil is evident following the pattern of
evaporation on DOY 171, where the evaporation rate dropped from 9 to 2 mm/d
on DOY 180. Similarly, for the Amarillo series the daily evaporation rate decreased from 9 to 4 mm/d over the same time period, indicating that a higher
rate of evaporation was maintained resulting in less water stored in the soil.
Further, in the dry year, the daily pattern of soil water evaporation for the Amarillo series shows a gradual decline, from 0.12 mm/d to 0.08 mm/d; however, the
daily pattern for the Pullman soil series fluctuates, i.e., increasing and decreasing
the day after; albeit, these fluctuations are >0.05 mm/d. These variations between
the two-soil series are due to the differences in soil hydraulic properties (Figure
3 and Figure 4) of the surface layers. Further, this is an example of the
self-mulching capacity of the Pullman soil due to its higher clay content on the
surface horizon of 41 % clay compared to 21% in the Amarillo soil series (Table
1). A difficulty in managing crops under dryland conditions and on the decision
to plant a cover crop for residue management is the uncertainty of forecasting
rainfall [63]. This by far is the largest impediment to assure a successful dryland
crop every year.
As previously noted, the storage of rainfall in the soil is a function of many
soil properties and characteristics of the rain event (intensity and duration). Of
particular interest is the detention of water on the soil surface to allow more time
for the water to infiltrate in the soil. This practice via the use of furrow dikes [64]
has been shown to be successful to harvest rainfall across the landscape [65].
Simulation of the effects of different detention capacities on rainfalls of different
rates and amount is a subject of a forthcoming article.

4. Summary and Conclusion
The Texas High Plains is in a state of transition from limited irrigation to an increasing amount of dryland production. This evolution is due to the fact that a
saturated thickness of 9 m, the minimum required to sustain irrigation, from the
Ogallala aquifer has already been reached throughout many areas of the THP
(Figure 2), particularly in regions south of Lubbock, Texas. We define dryland
production as crop production without irrigation and in a semiarid climate. For
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dryland production to be a viable option in this region we need to quantify the
water balance region and to understand how to minimize losses of water to
evaporation and runoff and to maximize infiltration and thus storage of rainfall
in the soil. As a first analysis we used the mechanistic model, ENWATBAL, to
evaluate three scenarios of rainfall in this region: a dry year (189 mm of rain), an
average year with (449 mm of rain) and a wet year (669 mm of rain). These three
scenarios were applied to two major soil series of this region: Pullman and Amarillo. In all simulations, we used hourly input weather data for a location near
Lubbock, Texas and used measured soil hydraulic properties to simulate the water balance for each soil series and the three rainfall scenarios. Results showed
that storage of rainfall is possible in the Pullman soil series and is more challenging for the Amarillo series. In years with average and above average rainfall,
storage of rainfall and reduction of evaporative losses from the soil surface could
be enhanced and achieved by combining the use of furrow dikes with minimum
tillage practices along with crop covers that provide a surface residue. The implications of our results for dryland crop production in the semiarid climate of
the THP suggest that for years with average and wetter rainfall the Pullman soil
series could store water in the soil that would be available for crop use. However,
this was not the case for the Amarillo soil series and these soils represent a higher risk for dryland crop production.
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