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Executive Summary

Accurate estimation of groundwater evapotranspiration (ET) is important for reliable
assessment of groundwater resources. The purpose of this study was to (1) compile existing
information on ET rates and processes, focusing primarily on groundwater ET from databases
and literature; (2) evaluate relationships between vegetation types in different settings and ET
rates; and (3) translate information collated in this study on groundwater ET rates and
processes into the Groundwater Availability Modeling (GAM) program. This report describes the
results of a reconnaissance study to assess the state of knowledge on ET and to determine
approaches for providing reliable ET data for the Groundwater Availability Modeling (GAM)
program.

ET rates measured from a variety of different approaches were compiled from the literature.
Examples of techniques used to estimate ET include water balance, lysimeters,
micrometeorological techniques such as Bowen Ratio and Eddy Covariance, and water table
fluctuations. Information on ET in Texas is generally limited to meteorological stations used to
estimate potential ET (PET) in different parts of the state. There are four Eddy Covariance
stations and three Bowen Ratio stations on the Edwards Plateau to evaluate the impact of
vegetation on ET. Weighing and nonweighing lysimeters are being monitored in Bushland and
Uvalde to estimate ET of crops. None of these measurements provide estimates of groundwater
ET. Groundwater ET occurs primarily in riparian buffer strips adjacent to streams. There is no
monitoring of ET in riparian zones in Texas. Most detailed information on riparian ET is available
from micrometereological stations installed in riparian zones adjacent to the San Pedro River in
Arizona and the Rio Grande in New Mexico.

ET rates in the literature range from 46 to 1839 mm/yr (1.8 to 72.4 in/yr). There is no
systematic variation in ET rates among different vegetation types including riparian, trees,
shrubs, and grasses. Within riparian zones, ET rates are generally higher in obligate
phreatophytes such as cottonwood and willows than in facultative phreatophytes such as
mesquite and saltcedar. These differences in ET rates generally reflect differences in leaf area
and plant density rather than a fundamental difference in ET rates related to plant type such as
cottonwood or saltcedar. Sites where ET was partitioned into groundwater ET indicate that even
in riparian zones where vegetation has access to groundwater, ET rates generally range from
30 to 50 percent of PET. ET rates from previous GAM models ranged from 2 to 96 percent of
groundwater discharge. The proposed approach for simulating ET in GAMs includes (1) setting
an extinction depth based on combined depth of root zone and thickness of capillary fringe
(based on soil type), (2) increasing ET linearly from zero for most vegetation types at the
extinction depth to the vegetation ET rate over the thickness of the root zone, and (3) again
increasing ET approximately linearly over the thickness of the capillary zone. ET at the surface



is set at the PET rate. A map of long-term average annual PET is available for Texas.
Information on crop coefficients for riparian vegetation to reduce PET to actual ET is provided.
Data requirements for this approach for modeling ET include PET, distribution of riparian
vegetation or wetland vegetation in areas of shallow water tables, vegetation coefficients for
identified plant types, soil textures for estimating thickness of capillary fringe and capillary zone,
and rooting depths for specified plant types in the area soils. Application of this approach to
simulating ET in future GAMs should result in more reliable ET rates and more comparable ET
rates among GAMs. This consistent approach may result in improved predictions of
groundwater capture resulting from increased groundwater development and lowering of water
tables below root extinction depths.

There are a number of limitations to this study. The primary limitation is the lack of ET
measurements in riparian vegetation in Texas. In contrast, surrounding states such as New
Mexico, Arizona, and Oklahoma have several micrometeorological stations for monitoring ET. In
addition, New Mexico plans to install about 35 new stations along the Rio Grande in a recently
funded study. The lack of a detailed map of the distribution of riparian vegetation in the state is
a severe limitation also. Another limitation is the questionable applicability of ET data from
semiarid regions such as Arizona and New Mexico to east Texas where the climate is much
more humid. Although the primary objective of this study was to assess groundwater ET, most
studies do not partition ET into unsaturated zone and groundwater components.

This reconnaissance study highlights gaps in our knowledge in estimating groundwater ET
for the GAM program that should be addressed in future studies. A map of riparian vegetation
should be developed at an appropriate resolution for the GAM program. Monitoring of ET should
be conducted in riparian zones in different climatic regions in the state. Different approaches for
monitoring ET should be compared, such as micrometeorological approaches, water table
fluctuations, and sap flow measurements. Optimal approaches should be chosen, and a
network of stations should be established in the state. At least 20 to 30 micrometeorological
stations would be required to cover representative climate, soil, and plant types in the state.
Water table fluctuations should be monitored adjacent to surface water gauging stations to
assess groundwater-surface water interactions and to use this approach to estimate ET. Sap
flux measurements can be done in different vegetation types to estimate ET. Isotope studies
can be conducted to determine the source of the evaporating water. Modeling approaches for
estimating ET should also be investigated and validated with ground-based measurements.
Satellite-based approaches for monitoring ET should also be evaluated and compared with
ground-based data. Satellite approaches could be used to upscale ground-based
measurements. Such information would advance our understanding of ET rates, processes, and
controls and would be invaluable for optimal management of water resources in Texas.



1.0 Introduction

Evapotranspiration (ET) is the transport of water between the Earth’s surface and the
atmosphere accompanied by a change in phase from liquid or solid (sublimation) at or below the
surface, to vapor in the atmosphere. Evapotranspiration includes evaporation from bare soil or
open water surfaces and transpiration from plants. Transpiration is evaporation that occurs
through the stomates of plants. Stomates are microscopic holes in the leaves or needles of
vegetation, through which water is lost in the process of obtaining carbon dioxide for growth.

Evapotranspiration generally constitutes the second largest component of the water budget,
after precipitation. Groundwater ET, caused primarily by deep-rooted phreatophytes, is a
significant component of groundwater discharge for many aquifers. Phreatophyte is defined as a
deep-rooted plant that obtains its water from the water table or the layer of soil just above it
(Merriam-Webster Online Dictionary, 2005). Accurate assessment of groundwater resources
requires a thorough understanding of ET rates and processes. Spatiotemporal variability in ET
rates needs to be incorporated into Groundwater Availability Models (GAMs) to better predict
available groundwater resources. Most groundwater ET occurs in riparian buffer strips adjacent
to streams. The distribution of vegetation types and riparian zones is described in Appendix 1.

The purpose of this study was to (1) compile existing information on ET rates and
processes, focusing primarily on groundwater ET, using data based on physical, chemical,
isotopic, and modeling techniques by examining databases and literature; (2) evaluate
relationships between vegetation types in different settings and ET rates; and (3) translate
information collated in this study on groundwater ET rates and processes into the GAM
program.

1.1 Water Resources

Water resources management is a critical issue in Texas because of diminishing supplies
and projected rapid increases in population growth (21 million in 2000 to 40 million in 2050:
TWDB, 2002). To manage future water resources it is critical to understand the various
components of the groundwater budget. The general water budget can be represented as:

P+ Q% + QI —ET™ —ET" —ET™ - Q% — Q& Q" —Q¥ = AS™ + AS" + AS™ (1)

ow
where P is precipitation, Q is flux, sw is surface water, gw is groundwater, uz is unsaturated
zone, ET is evapotranspiration, pu is pumping, AS is change in water storage, bf is baseflow,
and on and off refer to flow into and out of the area being considered (Scanlon and others,
2002). This general budget shows that ET can occur from surface water, unsaturated zone, and
groundwater. This study focuses on the groundwater budget:

R-Q™-Q”" —ET ™ +Q% - Q% =AS™ ()



where R is recharge. Developing a consistent methodology for simulating groundwater ET in the
GAM program should increase confidence in water availability estimates. Model calibration
using groundwater head data alone cannot distinguish between different modes of groundwater
discharge; that is, the same head distribution can be obtained if groundwater is discharged
through ET or baseflow to streams. Reducing uncertainty in ET estimates may improve
recharge and baseflow simulation. Improved estimates of the extinction depth used in
MODFLOW for ET simulation should be extremely useful in evaluating the impacts of increased
groundwater development and declining water tables on groundwater ET. If the water table falls
below the extinction depth specified in MODFLOW, groundwater ET becomes zero and water
that previously was evapotranspired would be available for use. Therefore, water availability
may increase as a result of reduced discharge through ET. Development of a database of
groundwater ET rates for different vegetation and climates will provide actual ET data for
comparison with model results from the GAM program.

Other programs in Texas that can benefit from information on ET include brush control and
instream flow. The brush control program in Texas is being conducted to reduce ET by
removing brush and thus make more water available for groundwater recharge and streamflow
(Dugas and others, 1998; Thurow and others, 2000; 2001). Saltcedar has been removed along
the Pecos River in west Texas, and studies of the effects of vegetation removal are ongoing
(Clayton and others, 2000; Hart and others, 2005). Accurate information on ET is required to
assess potential impacts of brush control on the water cycle. This study should provide relevant
information for the brush control program. Accurate information on groundwater ET is also
required to evaluate instream flows. Assessing minimum flow requirements of streams to meet
human and ecosystem needs is the topic of a recent National Academy of Sciences panel in
Texas (NRC, 2005). Improved understanding of groundwater discharge through ET would help
constrain estimates of baseflow discharge to streams.

1.2 Scope of Work

The scope of the study includes three primary tasks, and the groups responsible for those
tasks are listed below:

Task 1. Compilation of all existing information on ET rates (UT Bureau of Economic
Geology)

Task 2. Relation of ET rates to vegetation parameters (UT School of Biological
Sciences)

Task 3. Assessment of how ET processes and rates can be incorporated into GAMs
(INTERA)

Task 1 includes development of a database on ET rates, study area locations, techniques
used to estimate ET rates, annual precipitation, and vegetation type based on information in the



literature and databases. Scaling issues related to ET are also evaluated within this task.
Conceptual models of ET processes were developed for different settings. Gaps and limitations
associated with existing data are determined as part of this task. Task 2 involves relating ET
rates to various vegetation parameters based on literature review. Differences in ET rates
between obligate and facultative phreatophytes were evaluated. Various remote sensing
approaches for classifying phreatophytic vegetation were examined. Information on rooting
characteristics of different vegetation types and the degree to which rooting depths of
vegetation vary in response to declining water tables were examined. Task 3 involves
translating information on ET processes and rates into GAMs. Critical parameters include
ETmax (maximum ET rate at the surface), ET extinction depth, and rooting depths of
vegetation.
2.0 Task la. Collate Existing Data on ET Rates from the Literature and Databases

A database was developed that includes information on ET rates in settings similar to those
in Texas. The database was developed after reviewing approximately 200 published papers and
reports on ET. Only data that included ET rates for long time periods such as growing season or
annual periods were included in the final database (Appendix 2, Figure 2.1). Although
information on ET for the entire year is preferable, many studies only report total ET for the
growing season. It is not possible to readily convert rates based on growing season to those
based on an entire year without information on nongrowing season ET rates. The latter varies
with precipitation rates during the nongrowing season. We were not able to find any information
on nongrowing season ET in the literature, but discussions with Dr. Russ Scott (USDA, Arizona)
provided some comparisons. For example, ET for a mesquite site in Arizona in 2003 for the
growing season was 676 mm (26.7 in) (Appendix 2), whereas ET for the entire year was 744
mm (29.3 in); therefore, the nongrowing season ET was 68 mm (2.7 in) and precipitation during
the nongrowing season was 60 mm (2.4 in). During 2004, ET for the growing season was 615
mm (24.2 in) and for the entire year was 721 mm (28.4 in); therefore, 106 mm (4.17 in) ET
occurred during the nongrowing season. Rainfall during the nongrowing season at this site in
2004 was 110 mm (4.33 in). Therefore, ET in this region during the nongrowing season is
almost equivalent to precipitation during the nongrowing season (Scott, pers. comm., 2005).
The database generally includes information on the following categories where the information
was available: ET rates, study year(s), notes on whether the ET rate represents total ET (ET),
groundwater ET (GW ET), or potential ET (PET), study area location, technique used to
estimate ET, vegetation, annual precipitation, and reference information. Most information on
ET rates was obtained from published papers.



2.1 Techniques for Estimating Evapotranspiration

The ET database (Appendix 2) includes rates based on a variety of different techniques. A
brief review of these techniques is given to provide background for understanding the database.
The various techniques include

1. meteorological approaches

. soil moisture balance
. lysimeters
. sap flow sensors (transpiration)
. water table fluctuations
. optical remote sensing
. modeling

0 N OO 0Bk WD

. stable isotopes

Meteorological approaches include measurement of parameters to estimate reference crop
evapotranspiration (ET,) and multiplying ET, times a crop coefficient to estimate actual
evapotranspiration. The term potential ET (PET) is also used to describe reference crop ET,;
however, there are ambiguities in the definitions of PET (Allen and others, 1998). The two
terms, reference crop ET and PET, are used interchangeably in this study. The reference crop
ET represents the evaporative power of the atmosphere and is only controlled by climatic
parameters. The reference crop is generally grass with a fixed crop height (0.12 m, 0.39 ft), an
albedo of 0.23, a surface resistance of 0.70 s/cm (1.78 s/in), and not water limited (Allen and
others, 1998).

ET =K. ET, (3)
where ET is actual ET of the crop, K. is crop coefficient (dimensionless), and ET, is reference
crop ET.

K. =ETJ/ ET, (4)
Crop coefficients are determined from measuring ET for a crop and ET, for reference grass.
Crop coefficients should take factors such as soil moisture, crop maturity, wind, and relative
humidity into account.

Ko = KeoKs + Ky (5)
where K. is the crop coefficient for a particular crop, K, is basal crop coefficient for the
particular crop, K is the factor related to water stress, and K, is the factor to account for the
increased evaporation from wet soils following a rain or irrigation event (Borrelli and others,
1998). K, is a function of mean minimum relative humidity and strength of wind. When stress
due to lack of soil moisture is ignored, the crop is assumed to have adequate soil moisture for
maximum growth. The factor K,, varies with soil type and with the number of times wet surfaces
are developed.



The most widely used approach for estimating reference crop ET is the Penman-Monteith
equation (equation 3, Allen and others, 1998):

A(R, —G) + p,C, M
1 r

ET, == . (6)

A+y|l1l+—=
r

a

where MAis latent heat of vaporization, A represents slope of saturation vapor pressure
temperature relationship, R, is net radiation, G is soil heat flux, (es - e,) represents vapor
pressure deficit of the air, p, is mean air density at constant pressure, c, is specific heat of the
air, y is psychometric constant, and ry and r, are (bulk) surface and aerodynamic resistances.
The Food and Agriculture Organization (FAO) Penman-Monteith equation (7) is derived from
equation (6) by incorporating equations for aerodynamic and surface resistance:
0.408A(R, -G) +y 900 u,(e, —e,)
ET T +273

o = (7)
A+y(1+0.34u,)

where ET, is reference crop ET, T is mean daily air temperature (2 m height, deg. C), and u; is
wind speed at 2 m (6.6 ft) height. Required measurements to estimate ET, include solar or net
radiation (sunshine), air temperature, relative humidity, and wind speed. The measurements
should be made at 2 m (6.6 ft) (or converted to that height) above an extensive surface of green
grass, shading the ground and not short of water.

The Penman-Monteith equation shows that the main factors controlling ET are energy
supply such as solar or net radiation and water supply. Evapotranspiration for reference crops is
controlled by climatic factors. Atmospheric demand is controlled by vapor pressure deficit, wind
speed, and atmospheric stability. Surface resistance is affected by plant stomates
(transpiration), leaf area index, soil surface dryness, and surface roughness.

Micrometeorological approaches for measuring ET include the Bowen Ratio Energy Budget
and Eddy Covariance approaches (Evett, 2000). Both approaches are based on the energy
balance equation:

R,=H+AET +G (8)
where R, is net radiation measured with a net radiometer, H is sensible heat flux or energy used
to heat the air, AET is latent heat flux or energy used to evaporate water, A is latent heat of
vaporization of water, and G is soil heat flux or energy used to warm the soil, measured with soil
heat flux plates or soil temperature profiles. The Bowen ratio is the ratio of sensible to latent
heat flux, p = H/AET, and can be calculated as a constant times the vertical gradient in air

temperature divided by that of water vapor pressure.



ET =1/A(R, -G)/(f+1) (9)
Time increments should be no longer than 1 hour. Vertical gradients of temperature and vapor
pressure are often quite small and therefore sensitive to instrument bias (Tanner, 1960;
Stannard, 1993; and Shuttleworth, 1991).
The Eddy Covariance or Eddy Correlation method is based on the concept that if eddies
with an upward velocity are correlated with humidities that are on average higher than

humidities with downward moving eddies, then the net flux of water vapor is upward (Evett,
2000).

M
ET = W W'E." 10
[M P}% a (10)

a
where the overscores indicate time averages of vertical wind speed, w’, and water vapor
pressure, e;’, the primes indicate instantaneous deviations from the mean, P is atmospheric
pressure, p, is air density, and M,, and M, are molecular weights of water and air. Precise and
rapid (10 Hz) measurement of wind speed and direction and water vapor are required.
Instrumentation can include a sonic anemometer for wind speed and direction and sonic
temperature and a Krypton hygrometer for atmospheric water vapor. Instruments are usually
installed at a height of 1 to 2 m (3.3 to 6.6 ft) above the plant canopy. Instruments are expensive
and fragile, although durability has been greatly improved in recent years (Tanner, 1988;
Stannard, 1993).
Soil water balance monitoring can also be used to estimate ET:

ET=P-R,—-D-AS (11)

where P is precipitation, Rq is runoff, D is drainage below the root zone, and AS is change in soil
water storage. P and Rq are zero during dry periods and ET can be estimated by subtracting
drainage from change in soil water storage. In arid regions, drainage is often approximately
zero, and ET is approximated by changes in soil water storage between rains. On an annual
basis, changes in soil water storage are generally zero, and ET can be estimated from P - R, -
D. Soil water content can be measured periodically with a neutron probe or with time domain
reflectometry. Groundwater ET can be estimated using a simple water balance approach when
runoff and drainage are negligible; that is, if ET rates exceed precipitation + AS on an annual
basis, then the difference can be assigned to groundwater ET (Scott and others, 2000a, b).

Lysimeters are containers filled with disturbed or undisturbed soil, with or without vegetation,
which are hydrologically isolated from the surrounding soil for purposes of measuring the
components of the water balance:

AS=P—-ET-D (12)



where AS is change in soil water storage, P is precipitation, ET is evapotranspiration from
vegetated lysimeters, and D is drainage (Allen and others, 1991). Many lysimeters have an
elevated rim around their edges that precludes runon and runoff. All lysimeters are designed to
allow collection and measurement of drainage. Nonweighing or drainage lysimeters measure
only drainage; precipitation and water storage must be measured separately. Weighing
lysimeters are generally used for accurate measurements of E or ET. Weight changes
correspond to changes in soil-water storage. Increases in soil-water storage correspond to
precipitation and decreases in soil-water storage correspond to E, T, or D. Lysimetry has been
used primarily to determine crop coefficients for agricultural research (Dugas and others, 1985;
Howell and others, 1985; Allen and others, 1991).

Plant transpiration can be measured using the heat pulse velocity method. The
instantaneous velocity of sap moving within the xylem of a plant is measured (Marshall, 1958;
Cohen and others, 1981). A probe is inserted in the stem of the plant. The probe generally
consists of two needles; a line heater and a thermocouple junction. The line heater generates a
heat pulse and the rate of dissipation of heat or time required for the pulse to travel a given
distance and the amplitude of the pulse are measured by the thermocouples. These data are
used to estimate the velocity of sap within the xylem. The results can be scaled up to a canopy
level.

Water table fluctuations are used to estimate groundwater ET (White, 1932; Loheide and
others, 2005).

ET = SY(24R + NF) (13)

where SY is aquifer specific yield, R is hourly rise of water table between midnight and 4 am
and NF is net fall of water table during 24 hr period. Assumptions include high air permeability
from surface to water table, no water use by vegetation between midnight and 4 am, and
roughly constant groundwater supply from below. Water table fluctuations are generally small
and may be impacted by barometric pressure effects even in unconfined aquifers. Gas bubbles
below the water table can expand and contract making data analysis difficult.

Optical remote sensing has been used to estimate regional ET using the Surface Energy
Balance for Land (SEBAL) model developed by Bastiaanssen and others (2002) and the two
source model (Anderson and others, 2004). A brief review of the SEBAL approach is provided in
this section. SEBAL is based on the estimation of ET as a residual term in the energy balance
equation (8). The term R, — G represents the available energy, which is subdivided between AE
and H. Net radiation (R,) is estimated from the remotely sensed surface albedo and surface
temperature, along with solar radiation calculated from standard astronomical formulae (Igbal,
1983). The soil heat flux (G) is estimated from semi-empirical relationships, which include net



radiation, surface albedo, surface temperature, and vegetation index. The specific equations
used in SEBAL to estimate R, and G can be found in Bastiaanssen and others (1998a, b).

ET can also be estimated using various modeling approaches. Land atmosphere models,
watershed models, water balance models, and groundwater models can be used to estimate
ET. Examples of watershed models include Soil Water Assessment Tool. Water balance models
include unsaturated zone models such as HYDRUS-1D (Simunek and others, 1998) and
UNSAT-H (Fayer, 2000) HYDRUS-1D and UNSAT-H use PET based on climate data and
partition it into potential evaporation and potential transpiration. Fluxes occur at the potential
rate when head at the surface node is between 0 and a prespecified lower value. Below this
prespecified head value potential evaporation is reduced based on soil moisture availability and
potential transpiration is distributed based on rooting depth and reduced based on soil moisture
availability. When the head reaches a lower bounding value, that is, wilting point of vegetation,
the boundary condition changes from a constant flux (PET) to a constant head, and
evapotranspiration is controlled by the rate at which water can be transmitted to the soil surface.

Stable isotopes of oxygen and hydrogen can be used to distinguish different sources of ET if
these sources have different isotopic signatures (Brunel and others, 1995; Dawson and
Ehleringer, 1993; Walker and Richardson, 1991). The relative contribution of evaporation and
transpiration to ET can be evaluated using stable isotopes of oxygen and hydrogen because
transpiration does not fractionate isotopes (Hsieh and others, 1988).

2.2 Riparian ET Programs in Surrounding States

ET programs in surrounding states are very advanced. Numerous studies have been
conducted on riparian ET along the Rio Grande in New Mexico. Currently about 10
micrometeorological stations are monitoring riparian ET under different plant functional types
(cottonwood, saltcedar, and Russian olive) and different conditions (flooded and unflooded)
(Cleverly and others, 2002; Dahm and others, 2002). This program will be expanded to include
an additional 30 to 35 micrometeorological stations to monitor riparian ET through the New
Mexico Experimental Program to Stimulate Competitive Research (EPSCoR) (Bowman, pers.
comm., 2005). This program also includes evaluation of satellite based approaches for
estimating ET by validating the results with ground-based measurements. Water table level
fluctuations are also being monitored adjacent to stream gauges to assess groundwater-surface
water interactions and assess riparian ET.

Arizona also has an intensive program to quantify riparian ET that includes
micrometeorological stations (Bowen Ratio and Eddy Covariance systems) in mesquite and
sacaton grass sites and sap flux measurements in cottonwood and willow sites (Scott and
others, 2000a, b, 2004, 2005). Water table fluctuations are also being monitored to compare
this approach for estimating ET. ET is subdivided into unsaturated and groundwater
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components at these sites. The ground-based data are used to develop empirical relationships
between riparian ET and vegetation indices from satellite data (Normalized Difference
Vegetation Index, NDVI; and Enhanced Vegetation Index, EVI). (Nagler and others, 20053, b).

The Oklahoma Mesonetwork (Brock and others, 1995) is a permanent system of 115
stations that measures a suite of meteorological and surface components across all of
Oklahoma, with an average spacing interval of 30 km (18.6 mi) between sites. Each site
measures solar radiation, air pressure, precipitation, wind speed and direction at 10 m (32.8 ft),
air temperature and relative humidity at 1.5 m (3.3 ft), and bare soil and soil temperature at a 10
cm (3.9 in) depth. The mesonet was installed during 1992 and became operational on 1 January
1994. The Oklahoma Atmospheric Surface-Layer Instrumentation System (OASIS; Brotzge
1999) enhanced 89 of the mesonet sites with new sensors to enable routine measurements of
the surface energy budget. Net radiation, ground heat flux, sensible heat flux, and skin
temperature are measured. Latent heat flux is estimated as the residual of the surface energy
balance. In addition, soil matric potential is measured at 5, 25, 60, and 75 cm (2.0, 9.8, 23.6,
and 29.5 in) depths.

These systems provide examples of the types of data required to address riparian ET. Each
program includes multiple approaches that span a range of space scales and can be used to
evaluate the reliability of different techniques.

2.3 Summary of Database Results

Evapotranspiration rates were quite variable and ranged from 46 to 1839 mm/yr (1.81 to
72.4 in/yr) (Appendix 2). There is no systematic variation in ET rates among different vegetation
types (riparian, trees, shrubs, crops, etc) (Figure 2.2). Each technique provides a range of ET
rates for the vegetation types (Figure 2.3). Within categories there is some systematic variation
in ET rates, for example between obligate and facultative phreatophytes in riparian vegetation
as discussed in section 3.1. Cleverly and others (2002) showed that ET for unflooded saltcedar
was 60% of that for flooded saltcedar based on data from 1999. More recent data (2000 to
2004) indicate that ET in unflooded saltcedar averages 73% of that in flooded salt cedar.
Differences between flooded and unflooded saltcedar do not seem to apply to cottonwood
where ET for the flooded sites averages 85% of that in the unflooded sites. ET is generally not
correlated with precipitation (Figure 2.4). Some studies only report potential ET or reference
crop ET. A limited number of studies report ET and PET for the same region. ET and PET data
from New Mexico indicate that ET represents 50 to 134 percent of PET for various riparian sites
near the Rio Grande from 2001 to 2004 (Cleverly, pers. comm., 2005). Estimates of ET and
PET are also available for sites in Arizona (Scott, pers. comm., 2005). These data indicate that
ET ranges from 55 to 65 percent of PET for a mesquite site for 2001 to 2003.
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B ET stations

Figure 2.1 Distribution of sites in the U.S. that correspond to ET rates provided in Appendix 2.
Sites are not numbered because many locations represent multiple studies.
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Figure 2.4. Relationship between ET and precipitation.

Groundwater ET is the parameter of most interest for groundwater modeling. Most studies
measure total ET which includes ET from surface water, unsaturated zone, and/or groundwater.
Studies by Scott and others (2004, 2005) separate ET into a groundwater component by subtracting
precipitation and soil water storage from ET, termed precipitation excess ET. Groundwater ET varies
from 61 to 75 percent of ET and 34 to 44 percent of ET, at a mesquite site in Arizona (Scott and
others, 2004, 2005). Therefore, these data suggest that if information is only available on PET from
climate records, groundwater ET should represent only a fraction of PET.

2.4 Task 1b. Evaluate Scaling Issues Related to ET

The spatial scales covered by different techniques varies from point scales based on monitoring
sap flow in individual trees and weighing lysimeter data to larger scales covered by water table
fluctuations and micrometeorological approaches. The micrometeorological approaches provide ET
estimates for the fetch area of the instrument that depends on the height of the instrument and wind
directions, generally on the scale of 100 to 300 m (328 to 984 ft). Various remote sensing
approaches can be used to regionalize smaller scale estimates, using truck, airplane, or satellites as
platforms (Norman and others, 2003; Kustas and others, 1999). Many studies have evaluated

upscaling and downscaling between point based and regional estimates (Anderson and others,
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2003; Kustas and others, 2003). The various approaches for estimating ET complement each other
in the spatial scales represented. It is important to combine data using different approaches to
develop a comprehensive understanding of ET processes and rates at different scales.

The database includes ET estimates based on various measurement approaches and covers a
wide range in scales. Comparison of ET estimates based on the SEBAL satellite data and lysimeter
data in the Bear River Basin in Idaho showed that the SEBAL estimates were within + 16 percent for
monthly ET values and within + 4 percent for seasonal values (Allen and others, 2001). Programs
have been developed for aggregating and disaggregating remote sensing based estimates to the
fetch area of micrometeorological based methods with good success (Anderson and others, 2003,
2004).

2.5 Task 1c. Develop Conceptual Models of ET Processes in Different Settings

Developing realistic conceptual models of ET is an essential prerequisite for accurately modeling
ET in Groundwater Availability Modeling (GAM) studies. Conceptual models of ET may vary with
climate, vegetation, and hydrology. Most groundwater ET should occur where water tables are
shallow, generally adjacent to streams where riparian vegetation is dominant. Information on the
distribution of riparian vegetation in Texas is limited. Various sources of vegetation maps in Texas
are described in Appendix 1; however, the resolution of these state-wide vegetation maps is
generally not high enough to show narrow riparian buffer strips along some streams. Riparian
vegetation is often dominated by phreatophytes, which are defined as vegetation that obtains water
from groundwater. Phreatophytes are subdivided into obligate phreatophytes that need access to
groundwater or facultative phreatophytes that use groundwater but do not depend on groundwater
and can obtain water from other sources, for example unsaturated zone or surface water. Because
obligate phreatophytes should have access to groundwater, one would expect that they might
evaporate at close to the potential rate. However, data from the literature indicate that ET rates from
phreatophytes are often only 30 to 50 percent of PET (Scott and others, 2005; Landon, pers comm.,
2005).

One approach to estimating groundwater ET in Texas would be to apply a fraction of PET to
riparian zones and areas where water tables are shallow. PET networks have been established in
many areas of Texas (Figure 2.5).

16



PET networks in Texas
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Figure 2.5. Location of PET networks in Texas.

Web sites containing information about PET stations in Texas include:
Texas High Plains ET Network: http://txhighplainset.tamu.edu/

TexasET: http://texaset.tamu.edu/

West Texas Mesonet: http://www.mesonet.ttu.edu/

The Texas MesoNet: http://www.met.tamu.edu/texnet/mesonet.html

A map of long-term (30 yr) annual ET for a grass reference crop (ET,) was developed by Borrelli
and others (1998) based on climatic data (Figure 2.6, Table 2.1). Tables of crop coefficients (K;)
for specific locations are tabulated in Borrelli and others, 1998. Table 2.1 provides basal crop
coefficients for common crops grown in Texas (Borrelli and others, 1998 modified from Soll
Conservation Service, 1993). These values assume that the soil surface is dry. All parts of the
state have a wind run less than 400 km/day (250 mi/day) except for the extreme northern
Panhandle during the months of March and April; therefore, only coefficients for moderate wind
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run are presented here (coefficients for strong wind run can be found in Borelli and others,
1998). Although ET rates are not correlated with precipitation (Figure 2.7), reference crop ET
(equivalent to PET) is inversely proportional to precipitation and decreases from west to east in
Texas. Crop coefficients are also provided in Borrelli and others (1998) for the main crops in
Texas based on data from Soil Conservation Service (1993) and Jensen (1990) (Table 2.2).
Some information is also provided in Borrelli and others (1998) for riparian vegetation based on

literature values.

Annual ETo estimates (mm)
[ ]1,300- 1,400 ] 1,800 - 1,900
[ ]1,400-1,500 | 1,900 - 2,000
7] 1,500 - 1,600 i 2.000 - 2,100
I 1,600 - 1,700 |l 2.100 - 2,200
B 1,700 - 1,800

Figure 2.6. Long-term (30-yr) annual grass reference crop ET (ET,) based on calculations using
the Penman-Monteith equation for 58 sites in Texas and 7 sites in neighboring states (Borrelli

and others, 1998). Values for each location are provided in Table 2.1.
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Table 2.1. Annual grass reference crop evapotranspiration (ET,) (mm/yr) plotted in Figure 2.6 from
Borrelli and others, (1998).

Annual  Annual Annual Annual
Location Latitude Longitude (ETy) (ETo) Location Latitude Longitude  (ETy) (ETo)

(mml/yr) (infyr) (mmlyr)  (in/yr)
Abilene 32.43 -99.68 1631 64.2 | Morton 33.72 -102.76 1661 65.4
Alice 27.75 -98.07 1623 63.9 | Nacogdoches 31.61 -94.65 1382 54.4
Amarillo 35.23 -101.7 1516 59.7 | Pampa 35.53 -100.96 1532 60.3
Austin 30.3 -97.7 1463 57.6 | Paris 33.66 -95.56 1417 55.8
Beaumont 30.11 -94.16 1349 53.1 Pecos 31.42 -103.49 1986 78.2
Brownfield 33.18 -102.27 1704 67.1 Perryton 36.4 -100.75 1529 60.2
Brownsville 25.9 -97.43 1590 62.6 | Plainview 34.19 -101.72 1608 63.3
Brownwood 31.82 -99.09 1676 66.0 | Port Arthur 29.95 -94.02 1308 51.5
Childress 34.42 -100.24 1623 63.9 | Presidio 29.56 -104.37 2164 85.2
College Station 30.61 -96.29 1471 57.9 | San Angelo 31.37 -100.5 1727 68.0
Corpus Christi 27.77 -97.5 1506 59.3 | San Antonio 29.46 -98.5 1570 61.8
Crockett 31.32 -95.46 1412 55.6 | Seymour 33.59 -99.26 1615 63.6
Dalhart 36.06 -102.51 1567 61.7 | Sherman 33.64 -96.61 1466 57.7
Del Rio 29.39 -100.91 1808 71.2 | Snyder 32.72 -100.91 1694 66.7
Dumas 35.87 -101.97 1560 61.4 | Sonora 30.57 -100.64 1760 69.3
El Paso 31.8 -106.4 1758 69.2 | Stephenville 32.22 -98.2 1570 61.8
Falfurrias 27.23 -98.14 1648 64.9 | Temple 31.09 -97.39 1554 61.2
Fort Davis 30.59 -103.89 1816 71.5 | Texarkana 33.44 -94.08 1369 53.9
Fort Hancock 31.29 -105.86 2027 79.8 | Tulia 34.54 -101.77 1595 62.8
Fort Stockton 30.89 -102.88 1875 73.8 | Tyler 32.34 -95.3 1389 54.7
Fort Worth 32.83 -97.05 1570 61.8 | Uvalde 29.21 -99.79 1699 66.9
Friona 34.64 -102.72 1600 63.0 | Van Horn 31.04 -104.83 1935 76.2
Graham 33.1 -98.58 1628 64.1 Victoria 28.85 -96.92 1496 58.9
Guthrie 33.63 -100.39 1702 67.0 | Waco 31.62 -97.22 1580 62.2
Hereford 34.82 -102.4 1588 62.5 | Wichita Falls 33.97 -98.48 1595 62.8
Houston 29.98 -95.37 1438 56.6 | Roswell 33.37 -104.53 1678 66.1
Kerrville 30.05 -99.14 1565 61.6 | Oklahoma City 354 -97.6 1417 55.8
Laredo 27.52 -99.49 1811 71.3 | Tulsa 36.2 -95.9 1335 52.6
Llano 30.75 -98.68 1646 64.8 | Fort Smith 35.33 -94.37 1315 51.8
Lubbock 33.65 -101.82 1575 62.0 | Little Rock 34.73 -92.23 1303 51.3
Marshall 32.54 -94.36 1374 54.1 Shreveport 32.47 -93.82 1351 53.2
McAllen 26.22 -98.23 1669 65.7 | Lake Charles 30.12 -93.22 1392 54.8
Midland 31.93 -102.2 1732 68.2
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Table 2.2. Basal crop (K¢) coefficient at peak season with moderate wind for a grass reference
crop (ET,). Moderate wind is defined as mean wind run < 400 km/day (250 mi/day). Humid,
mean minimum relative humidity = 70 percent; arid, mean minimum relative humidity < 20

percent (Borelli and others, 1998)

Crop Climate Keb
Grain, small Humid 1.05
Arid 1.15
Oats Humid 1.05
Arid 1.15
Peanuts Humid 0.95
Arid 1.05
Sorghum Humid 1.00
Arid 1.10
Soybeans Humid 1.00
Arid 1.10
Winter Wheat Humid 1.05
Arid 1.15
Spring Wheat Humid 1.05
Arid 1.15

Reference crop ET can be compared with long-term mean annual precipitation in Texas
(Figures 2.7 and 2.8). Precipitation increases from west to east across Texas whereas
reference crop ET generally decreases (Figure 2.8). Therefore, differences between annual
precipitation and annual ET, decrease from west to east.

20



30-yr Mean Annual Precip (mm/yr)

1210 - 300 g 800 - 900
1300 - 400 [ 900 - 1,000
1400 - 500 g 1,000 - 1,100
[ 500 - 600 gl 1,100 - 1,200
[ 600 - 700 1,200 - 1,350
I 700 - 800 l 1,350 - 1,500

Figure 2.7. Long-term (1961 to 1990) mean annual precipitation from PRISM study (Daly and
others, 1994).
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Figure 2.8. Relationship between long-term (1961 to 1990) mean annual precipitation and

reference crop ET from west to east at selected stations in Texas.

2.6 Task 1d. Determine Gaps in our Knowledge of ET Processes and Rates and
Recommend Appropriate Techniques for Filling these Gaps

Most groundwater ET occurs along riparian zones; however, vegetation maps for Texas are
generally not at a high enough resolution to show the distribution of riparian vegetation
(Appendix 1). Maps of riparian vegetation should be developed. Remote sensing approaches
could be used to map riparian vegetation (Appendix 1).

Information on ET in Texas is generally limited to data from PET networks. The lysimeter
program at the US Dept. of Agriculture, Agricultural Research Service in Bushland Texas
includes four large weighing lysimeters (9 m?, 29.5 ft* diameter), one smaller grass weighing
lysimeter (2.25 m?, 7.4 ft* diameter), and 45 smaller nonweighing lysimeters (0.75 m?, 2.5 ft*

diameter) with four soil types (http://www.cprl.ars.usda.gov/swmru_research.htm). These studies

focus on developing crop coefficients for irrigated and nonirrigated crops such as cotton, wheat,
and sorghum. A new lysimeter program in Uvalde includes four weighing lysimeters
(http://uvalde.tamu.edu/staff/piccinni/index.html). Unlike New Mexico and Arizona and other states,

Texas does not have any program to address riparian ET. Future studies should include
monitoring programs of riparian ET, such as micrometeorological data like Eddy Covariance or
Bowen Ratio systems, and water table fluctuations. Water table fluctuations could be monitored
adjacent to stream gauging stations to assess groundwater surface water interactions and the
impact of riparian ET on these interactions. Remote sensing approaches can be applied using
optical data to provide regional estimates of ET with no requirements for ground based data.
However, ground referencing of ET estimates based on remote sensing with
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micrometeorological data and lysimeter data would increase reliability and confidence in
estimates based on remote sensing.
3.0 Task 2. Relate ET Rates to Vegetation Parameters
3.1 Obligate Versus Facultative Phreatophytes — Comparison of ET Rates from the
Literature

Direct measurements of ET from a variety of plant associations in riparian areas are now
available from a number of sites in the southwestern US. Although these measurements have
not been made in Texas, these studies allow linkages between measured ET rates in riparian
zones with specific ecosystem parameters such as plant functional groups like obligate versus
facultative phreatophytes, and community/ecosystem parameters such as total leaf area and
plant density. The most recent estimates of ET in riparian areas are from a network of towers in
semi-arid regions of New Mexico and Arizona. Continuous ET is currently measured from nine
flux towers, using the eddy covariance and Bowen ratio techniques, established in major
vegetation types on the Middle Rio Grande (Cleverly and others, 2002; Coonrod and
McDonnell, 2001; Dahm and others, 2002), Upper San Pedro River (Scott and others, 2000a, b,
2004, 2005), and Lower Colorado River (DeMeo, 2003). Vegetation types range from near
monocultures of cottonwood (Populus fremontii) with understory (Cleverly and others, 2002),
saltcedar (Tamarix ramosissima) with and without understory (Cleverly and others, 2002),
mesquite (Prosopis velutina) with understory, and mixed stands of cottonwood, willow (Salix
spp.), and saltcedar.
3.2 Remote Sensing Approaches for Classifying Phreatophytic Vegetation

Various remote sensing approaches for classifying phreatophytic vegetation are described
in Appendix 1. Appendix 1 was developed under a contract with Texas Commission for
Environmental Quality and is listed separately.
3.3 Canopy-Scale Measurements

In Arizona and New Mexico, direct measurements of ET suggest that cottonwood and willow
stands, which are both considered obligate phreatophytes, generally have the highest annual
ET rates (1100 to 1300 mm/yr, 43.3 to 51.2 in/yr) in areas where water is continually available
(Nagler and others, 2005a, b) which are generally consistent with the ranges found in Appendix
2 (960 to 1340 mm/yr, 37.8 to 52.8 in/yr). Facultative phreatophytes such as mesquite and
saltcedar have stand ET rates ranging from 400 to 1100 mm/yr (15.7 to 43.3 in/yr) (mesquite)
and 300 to 1300 mm/yr (11.8 to 51.2 in/yr) (saltcedar) (Nagler and others, 2005a, b). The values
reported in Appendix 2 for mesquite range from 330 to 744 mm/yr (13.0 to 29.3 in/yr). Riparian
areas dominated by sacaton grasses (Sporobolus wrightii) (500 to 800 mm yr, 19.7 to 31.5
infyr), arrowweed (Pluchea sericea) (300 to 700 mm/yr, 11.8 to 27.6 in/yr), saltgrass or
rabbitbrush typically have the lowest ET rates (Nagler and others, 2005a, b).
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The above differences in ET rates may reflect a fundamental relationship between ET and
total leaf area, which is a function of tree density and height (Nagler and others, 2005a, b).
Cottonwood and willow are broadleaf species with generally large leaf areas and associated
high ET rates. These are generally considered pioneer species that can take advantage of
available water. In contrast, mesquite and saltcedar are more drought adapted and can maintain
productivity under low water availability conditions but cannot produce large leaf areas to take
advantage of large water supplies; hence the generally lower ET rates. The salinity of the
substrate is also an important factor. Therefore, in areas of mixed vegetation measured ET
along riparian corridors varies more predictably with total leaf area (Nagler and others, 20053,
b), rather than whether the stand is made up of obligate versus facultative phreatophytes.
Dense stands with high leaf area index (LAI) have the highest rates of ET, regardless of
vegetation type. Leaf area index is defined as the one sided green leaf area per unit ground
area in vegetation. For example, ET measurements above saltcedar stands on the Middle Rio
Grande were in the range of 700 to 1200 mm/yr (27.6 to 47.0 in/yr) depending on the LAl of the
stand (2.5 and 3.5, respectively) (Cleverly and others, 2002; Coonrod & McDonnell, 2001;
Dahm and others, 2002). Cottonwood stands, with the same range of LAl values, had annual
ET rates with very similar values, varying between 1000 to 1200 mm/yr (39.4 to 47 in/yr) (Dahm
and others, 2002). Mesquite stands on the San Pedro River in Arizona which grow at a greater
distance from the river than cottonwoods and willows, have a lower LAl range (between 1 and
1.6), and have annual ET rates between 400 to 700 mm/yr (15.7 to 27.6 in/yr) (Appendix 2;
Scott and others, 2000a, b, 2004).

3.4 Leaf-Level Measurements

Using stand-level characteristics as the most important predictor of canopy scale ET rates is
backed up to a large degree by leaf-level ET measurements of the dominant riparian species.
Under non water-stressed conditions, several studies have reported that the main riparian
species on these rivers, regardless of whether they are obligate or facultative phreatophytes (for
example mesquite, arrowweed, saltcedar, cottonwood, and willow) have similar rates of ET as a
function of leaf area (Nagler and others, 2003; Nagler and others, 2004; Sala and others, 1996;
Smith and others, 1998). Under water-stressed conditions, however, saltcedar maintains higher
transpiration rates per unit leaf area than the native trees it typically replaces (Glenn & Nagler,
2005; Nagler and others, 2004; Sala and others, 1996; Smith and others, 1998).

3.5 Primary Conclusions from these Studies

1) Important parameters in predicting ET include stand density, LAI, distance from the riparian
zone which are more important than plant functional type characteristics but may be related
to plant functional types. These fundamental controls on ET provide great promise to being

able to estimate ET using remote sensing methods (Nagler and others, 2005a, b).
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2) Riparian ET rates measured by micrometereological methods are generally lower than
earlier estimates due to more indirect water balance and crop-coefficient methods (Appendix

2: Scott and others, 2000a, b; Nagler and others, 2005a, b). Due to the patchy nature of

vegetation and complex hydrology of riparian corridors, as long as a prevailing wind

condition exists, direct measurements using micrometeorological techniques are more
accurate and give more reasonable ecosystem-level ET estimates. Extrapolating leaf-level
transpiration rates or tree-level sap flux rates to larger ecosystem scales can lead to biased
estimates due to inherent problems associated with scaling.

3) It does not appear that ET rates along riparian corridors in the southwestern US are

universally altered due to the increase of the invasive saltcedar (Glenn and Nagler, 2005).
3.6 Ongoing Studies in Texas

Much of the ongoing ET and sap flux work in Texas is concentrated in upland savanna
ecosystems on the Edwards Plateau. Some of the common species in these ecosystems
access groundwater through fractures in the limestone bedrock in these karst landscapes.
Through a survey of deep roots in 15 caves on the Edwards Plateau, (Jackson and others,
1999) determined that the 10 Live oak (Quercus fusiformis) and chittamwood (Bumelia
lanuginosa) trees found in these caves have roots that reached 17 to 22 m (55.8 to 72.2 ft) in
depth and accessed deep groundwater. Roots from other common species including hackberry
(Celtis laevigata), honey mesquite (Prosopis glandulosa), cedar elm (Ulmus crassifolia), Ashe
juniper (Juniperus ashei), Shin oak (Quercus sinuate), and American elm (Ulmus americana)
were found at depths from 7 to 17 m (23.0 to 55.8 ft), and approximately 50 percent of the trees
in these species had access to groundwater. By monitoring sap flow in the deep roots of Ashe
juniper and Live oak, Jackson and others (1999) determined that during dry periods, use of this
deep groundwater source increased.

There are currently four eddy covariance systems measuring ET continuously in four land
covers on the Edwards Plateau that range from open pasture, mesquite-juniper savanna with 30
percent woody cover, Live oak-mesquite-juniper with 60 percent woody cover, and closed
canopy Live oak-juniper woodland. Preliminary results suggest ET rates from Jan 1 to June 16,
2005 range from 312 to 351 mm (12.3 to 13.8 in) among the 4 land covers (Heilman, J. and K.
Mclnnes, TAMU, and M. Litvak, UT, unpublished data). The small differences in ET despite the
large changes in ecosystem structure suggest that woody species with access to groundwater
do not significantly alter ET rates. These micrometeorological approaches could be used to
monitor ET throughout Texas.

3.7 Rooting Depths of Phreatophytes in the US Southwest

General information on rooting depths of vegetation relative to extinction depths used in

MODFLOW models are described in Section 4.
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There are few reports in the literature that have directly measured rooting depths of riparian
species in Texas. From the ongoing work in the southwestern US, it is clear that riparian
species vary widely in their capacity to shift between seasonally varying water sources and
rooting depths. Cottonwood (Populus fremontii) is an obligate phreatophyte that typically occurs
in areas with depth to ground water less than 5 m (16.4 ft) (Busch and others, 1992; Busch and
Smith, 1995; Stromberg and others, 1996) and has rooting depths which typically vary from 3 to
4 m (9.8 to 13.1 ft) (Kate Baird, pers. comm., 2005a). Black willow (Salix gooddingii) tends to
have slightly shallower rooting depths (2-4 m, 6.6 — 13.1 ft, Kate Baird, pers. comm., 2005a),
and compared to cottonwood (P. fremontii), is less able to tolerate deep and fluctuating water
tables (Horton and others, 2001). In addition, cottonwood (P. fremontii) is able to use a greater
quantity of soil moisture from precipitation and unsaturated soils than black willow (S. goodingii)
(Snyder and Williams, 2000; Busch and others, 1992; Horton and others, 2001). Both
cottonwood (P. fremontii) and black willow (S. goodingii) employ mechanisms to prevent
mortality during low water availability in including branch sacrifice and canopy dieback (Horton
and others, 2001). Saltcedar (Tamarix ramosissima) is a deep-rooted facultative phreatophyte
(6 to 9 m, 19.7 to 29.5 ft, Kate Baird, pers. comm., 2005a), that typically obtains water from
unsaturated and saturated soil (Snyder and Williams, 2000; Horton and others, 2001).
Physiologically, saltcedar appears to be more drought tolerant than either cottonwood (P.
fremontii) or black willow (S. goodingii) and is much less sensitive to deep groundwater (Horton
and others, 2001). Overall, cottonwood (Populus) and black willow (Salix) in the southwestern
US typically maintain healthy mature trees when depth to groundwater stays less than 3 m (9.8
ft). Cottonwood and black willow can use stream base flows as a water source as well (Smith
and others, 1991).

Mesquite rooting depths in riparian areas in the southwestern US have been reported to be
as high as 10 m (32.8 ft) (Scott and others, 2004, Kate Baird, pers. comm., 2005a). Mesquite is
typically able to supplement tap root uptake of groundwater with water uptake from lateral and
surface roots, when surface water is available (Scott and others, 2004). Scott and others,
(2004) demonstrated a tight linkage between an increase in mesquite activity in the spring from
water use and carbon uptake associated with leaf out and a decrease in groundwater depth.
The average mesquite tree in this study used an estimated 1.9 to 2.3 mm/day (0.07 to 0.09
in/day) of groundwater in 2001 and 2002.

4.0 Task 3. Assess How ET Processes and Rates Can Be Incorporated into Groundwater
Availability Models
4.1 Significance of Groundwater ET to Water Resource Modeling and Groundwater

Availability Models
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Groundwater ET, like stream baseflow and other sources of natural discharge, is a potential
source of water that can be captured by increased groundwater development (pumping) if water
tables are lowered below plant rooting depths. Characterizing current or potential sources of
groundwater capture is one of the most vital aspects of water availability modeling for future
conditions. However, because groundwater ET is not directly observable, it is often difficult to
characterize, especially on a regional scale.

When groundwater ET is mischaracterized or ignored in groundwater models, stream
baseflow often acts as a surrogate sink in topographically low riparian areas. Thus,
mischaracterization of groundwater ET will often lead to poor estimation of the parameters that
govern groundwater and surface water interactions, such as streambed conductance. Such
poor parameterization may cause the resulting model to incorrectly predict future baseflows or
misrepresent a future source of groundwater capture.

Thus, for those models where groundwater ET should be a significant part of the overall
water balance (this includes many of the current Texas GAMs), a significant effort should be
made to conceptualize and implement groundwater ET correctly in order to improve the
predictive capability of the resulting model. An added benefit is the possibility of developing a
consistent approach for all of the GAMs, allowing a more direct comparison of the predicted
results.

4.2 Review of ET Simulations in MODFLOW
4.2.1 Texas Groundwater Availability Models

Of 19 groundwater availability models (GAMSs) in Texas, 10 used the evapotranspiration
(ET) package. Evapotranspiration accounts for 2 to 96 percent of the outflow in these models,
as can be seen in Table 4.1. In this review, we report the results from the steady-state water
balance, unless otherwise noted. This wide range in the magnitude of ET in the water balance
of these models may be an artifact of different approaches used to simulate ET or may be
related to varying geologic, ecologic, and climatic conditions.
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Table 4.1. Summary of groundwater ET in current GAMs

Root depth or

Root depth or

Aquifer i?]gls;z\e”sty E;ckage ESL&ECJ extinction depth |extinction depth
(m) (ft)
Major Aquifers
Carrizo-Wilcox Southern no yes 31 mean 1.8 mean 6
Central yes yes 60 4.6 15
Northern no yes 28 0to2.1 Oto7
Edwards Northern == no
Barton Springs|-- no
San Antonio |- no
Edwards Trinity Plateau |-- == no
Gulf Coast Northern == no
Central no yes 3 1.5109.1 510 30
Southern yes yes 2 9.1 30
Hueco and Mesilla Hueco Bolson yes 41 4.6 15
Mesilla Bolson yes
Pecos -- == no
Ogallala South == no
North = no
Seymour -- no yes 31 median 1.8 median 6
Trinity Northern yes yes 96 211t05.8 71019
Hill Country |- no
Minor Aquifers
Blaine no
(Modeled with Seymour)|” yes 31 0.3t021 to7
Lipan -- yes yes 59 2110 14.3 6.9 to 47
(vagzr;rgyvﬁg XS)pa”a Southern | yes 8 0.3t02.4 1108
Central no yes 32 0.3to2.4 1t0 8
Northern no yes 48 0.3t024 1t0 8
West Texas Bolsons _ no yes 15 30 10
and Igneous
}’V‘{,‘/’{’g:i'tr;‘; - yes yes 96 21105.8 71019

The Queen City and Sparta (Kelley and others, 2004), Carrizo-Wilcox (Deeds and others,
2003; Fryar and others, 2003; Dutton and others, 2003), Seymour and Blaine (Ewing and
others, 2004) GAMs reported ET values between 8 and 60 percent of groundwater discharge.

These models used the Soil Water Assessment Tool (SWAT) software package to estimate

parameters for the ET package. The extinction depth was obtained by extracting vegetation

rooting depths from the SWAT results. These rooting depths were based on vegetation in the
SWAT data tables and used depths that ranged between 0.3 to 4.6 m (1.0 and 11.2 ft).
Maximum ET (ETmax) was estimated by taking the results for total possible daily ET and then

subtracting the results for daily actual unsaturated zone ET. The difference between these two

results was estimated to be the unsatisfied ET that could potentially tap groundwater.
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GAMs for the Lipan (Beach and others, 2004a) and West Texas Bolsons (Beach and others,
2004b) aquifers indicated that 59 and 15 percent of the flow out of the model was due to ET. In
these models, it was assumed that phreatophytic vegetation accounts for the largest amount of
groundwater ET. The vegetation types reported to grow in the study area are crops, live oak,
juniper, and mesquite. To estimate extinction depth, vegetation rooting depths were obtained
from a study done by Canadell and others (1996). Applied rooting depths varied from 2.1 m (6.9
ft, crops) to 14.3 m (47.0 ft, mesquite). Rates used for ETmax were obtained using several
different literature sources. ETmax ranged from 787 mm/yr (31.0 in/yr) for crops to 224 mm/yr
(8.8 in/yr) for mesquite. Table 4.2 shows values used for ETmax and rooting depth.

Table 4.2. Values for ETmax and rooting depth used in the Lipan and West Texas Bolson
GAMs.

Estimated Rate Rooting Rooting
Plant Type (m) (ft)
Min Min Max Max
(infyr) | (mm/yr)| (in/yr) (mml/yr)
Crops’ 31 787 31 787 2.1 7
Live oak® | 30 762 30 762 40t0125 |13to41
Juniper® | 23 584 25 635 3.9 13
Mesquite® | 8.8 224 25 635 11.9t014.3 | 39to0 47
1. ET Rates from Borelli and others (1998).
2. ET Rates from Dolman (1988)
3. ET Rates from Dugas and others (1998)
4. ET Rates from Duell (1990); Tromble (1977); Ansley and others (1998)

The ET package applied to the GAMs for the Northern Trinity and Woodbine Trinity aquifers
which were modeled together, showed 96 percent outflow due to ET (Harden and others, 2004).
Extinction depth in the ET package was defined based on rooting depths obtained from
Canadell and others (1996). However, with the exception of crops, rooting depths applied to the
vegetation differed from those used in the Lipan and West Texas Bolsons GAMs. Rooting
depths ranged from 2.1 to 5.8 m (6.9 ft to 19.0 ft). To calculate ETmax, scale factors ranging
from 0.5 to 1.0 were assigned to different land use and vegetation types. These factors were
then used to scale measured lake evaporation data.

The Central Gulf Coast (Chowdhury and others, 2004) GAM showed only 3 percent outflow
through ET. It was assumed that mesquite was the dominant phreatophyte and the maximum
rooting depth was 9.1 m (29.8 ft). This maximum rooting depth was then scaled by factors
ranging from 0 to 1, depending on soil type. ETmax was calculated using a crop coefficient
based on ranchland vegetation from Wight and Hanson (1990).

Evapotranspiration in the Southern Gulf Coast (Chowdhury and Mace, 2003) GAM
accounted for 2 percent of the outflow. The ET package was used to model transpiration from
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mesquite. Rooting depth was set to 9.1 m (29.8 ft). ETmax was calculated by scaling
precipitation by factors of 0.001, 0.0012, and 0.0015, depending on the estimated density of
mesquite.

In the Hueco Bolson (Heywood and Yager 2002) GAM, 41 percent of the outflow was
calculated to be due to ET. The extinction depth used in this model was 4.6 m (15.1 ft).

4.2.2 Other Models

Several USGS groundwater models were reviewed that used the ET package. As with the
GAMs, the ET package was applied using different conceptual approaches and methodologies.

A simulation of groundwater flow in the basin-fill aquifer of the Tularosa Basin in south-
central New Mexico (Huff, 2005) used the ET package. This model used literature sources for
estimating a maximum ET rate of 1219 mm/yr (48.0 in/yr). The extinction depth in the model
was setto 4.6 m (15.1 ft). ET represented 88 percent of groundwater discharge.

A groundwater model of the Cedar Valley in Utah (Brooks and Mason, 2005) used an initial
rate of 0.3 m/yr (1.0 ft/yr) for ETmax that was later adjusted during calibration. The initial
extinction depth was set to 9.1 m (29.9 ft), which had to be reduced to 5.8 m (19.0 ft) during
calibration. The water budget indicated that 41 percent of the outflow was through ET.

A groundwater model of Santa Clara County, California (Hanson and others, 2004), applied
the ET package only near streams and creeks. It was assumed that when the water table fell far
below the surface there would be no ET. The model assumed a constant value for maximum ET
of 1219 mm/yr (48.0 in/yr) to represent willow trees and an extinction depth of 1.5 m (4.9 ft). As
a result, only 2 percent of the outflow water budget was composed of ET.

A 2004 model of the Cedar River Alluvial Aquifer in lowa (Turco and Buchmiller, 2004) set a
constant rooting depth of 1.5 m (4.9 ft) below the surface. The maximum ET rate of 1067 mm/yr
(42.0 in/yr) was determined through calibration. ET was not reported in the outflow calculations.

A 2002 groundwater model of Palm Beach County, Florida (Renken and others, 2001)
included the ET package. The model used a modified Blaney-Criddle algorithm to estimate
maximum ET values. Extinction depths varied from 0.3 to 1.5 m (1.0 to 4.9 ft) based on rooting
depths of different types of vegetation. Evapotranspiration had an outflow of 0.001 percent of
the water budget.

A 1988 groundwater model of Black Mesa, Arizona (Brown and Eychaner, 1988), (which has
since been improved and updated) used a constant maximum ET rate of 1549 mm/yr (61.0
in/yr). The rooting depth was set to 3 m (9.8 ft) below ground surface, with the assumption that
vegetation with rooting depths greater than 3 m (9.8 ft) use much less water at these depths.
Evapotranspiration accounted for 33 percent of model outflow.

4.3 Guidance for Application to GAMs
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4.3.1 Conceptualizing Groundwater ET in Models

Much of the discussion in this section is based on the paper by Ross and others (2005)
where they describe their approach to modeling ET in a fully coupled groundwater and surface
water model. In the current study, we are considering the application of ET in a groundwater
model only; however, by first looking at a rigorous approach we can develop a good
understanding of the principles, and thus derive an application of a scaled-down version to
MODFLOW.

Figure 4.1 shows four scenarios of increasing water table elevation with respect to the
bottom of vegetation roots and ground surface. This figure illustrates two zones above the water
table. Just above the water table is the near saturation capillary fringe. The capillary zone
includes the capillary fringe and is the region where soils are not saturated, but are above
irreducible saturation. In the capillary zone, roots can be strongly hydraulically coupled with the
water table so that plant transpiration affects water table decline. The height of the capillary
zone might be approximately 1 m (3.3 ft) for a uniform sandy soil, but could increase to as much
as 4.5 m (14.8 ft) for some clays. The capillary fringe is typically 1/3 to 1/4 the height of the
capillary zone.
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Ground Surface

Top of Capillary Zone
Top of Capillary Fringe
Water Table

Figure 4.1. lllustration of scenarios for groundwater ET conceptualization.

In Figure 4.1a, the capillary zone is below the plant root zone, so the plant will extract all of

its subsurface water from unsaturated zone storage. In Figure 4.1b, the plant roots are in the

capillary zone, so there is potential for groundwater ET, although there is likely to be additional

contribution from unsaturated zone storage. Here, the unhindered vegetative ET rate, ETVmax,

can be estimated by

ETViax = PET * K, (14)

32



where K; is the crop coefficient. In this scenario, ET will contain contributions from unsaturated
zone storage and from groundwater, assuming negligible surficial contributions. In a fully
coupled model, a subsurface moisture balance would allow estimation of how ET is likely to
partition between unsaturated zone storage and groundwater. This is not possible in a
standalone groundwater model.

In Figure 4.1c, the top of the capillary zone has reached ground surface. At this point, direct
evaporation of groundwater from the ground surface can potentially occur. We would expect
that actual ET would be somewhere between ETVmax and PET. In Figure 4.1d, the capillary
fringe has reached ground surface, so some direct evaporation from the groundwater may
occur, and ET should be approximately equal to PET. Note that ET might actually exceed PET
(as defined in section 2.1), if direct evaporation occurs at the rate of pan evaporation, However,
we assume the presence of vegetation attenuates the direct evaporation of groundwater from
the soil. If the soil is bare, and direct evaporation is assured, then ET at the soil surface may be
closer to 1.5 times PET (FAO, 1997).

In the next two sections we will discuss how we can simplify this conceptualization and
apply it to a standalone MODFLOW-based groundwater model.

4.3.2 MODFLOW ET Packages and Parameters

The approach of the original ET package for MODFLOW, EVT1, is summarized in Figure
4.2. The user-specified ETmax flux rate is extracted from the groundwater when the water table
is above a user-specified ET surface. If the water table falls below the ET surface, but stays
above the extinction depth, the groundwater ET rate decreases linearly with depth from the ET
surface. If the water table falls below the extinction depth, then the groundwater ET rate is zero.
So the user must specify three parameters: ETmax, the ET surface elevation, and the extinction
depth.

0 ET max
| Ground Surface

L— ET Surface Elevation

\ 4

z Extinction Depth a

V. v

Figure 4.2. Parameters in the EVT1 MODFLOW package.
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The approach of the updated ET package, ETS1, is similar to the original ET package,
except that the single linear decrease in ET rate from the ET surface elevation to the extinction
depth is replaced by a series of linear segments that are specified by the user. This concept is
shown in Figure 4.3. If only one segment is specified, the functionality of the ETS1 package
reverts to that of the older EVT1 package.

0 ET max
| Ground Surface

L— ET Surface Elevation

: v

Z S, Extinction Depth -

S;

V. v

Figure 4.3. Parameters in the ETS1 MODFLOW package.

4.3.3 Recommended Approach to using ET in MODFLOW

Basic Approach

This section details what we would recommend as the most conceptually sound approach to
applying ET in MODFLOW. However, in the application of ET in MODFLOW, the modeler must
first consider the availability and quality of data that will be used for parameterization. If relevant
data in the area of interest are poorly known, then the value of attempting to estimate all of the
necessary parameters (detailed in Section 4.3.4) must be weighed against the possible similar
accuracy of a more rudimentary approach. The modeler must also consider the potential value
in establishing a solid framework for future model updates, even in the absence of complete
data.

Figure 4.4 shows how groundwater ET could be implemented in the ETS1 MODFLOW
package using a simplified approach to that discussed in Section 4.3.1. The extinction depth is
set at the combined thickness of the capillary zone and the height of the rooting zone. This
means if top of the capillary zone reaches the bottom of the rooting zone, groundwater ET flux
will begin. As the water table elevation increases, groundwater ET flux increases linearly. This is
conceptually emulating an increase in the fraction of ET that is taken from the groundwater
rather than unsaturated zone storage, as a larger percentage of the plant roots are in the

capillary zone.
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0 ETmax= PET
| Ground Surface

fCF I
o ik
Cicx

Rooting Depth

V.

CFiniex = Thickness of Capillary Fringe
CZ« = Thickness of Capillary Zone
Rooting Depth =Depth to 95% of root mass

Figure 4.4. Suggested approach to parameterizing groundwater ET in MODFLOW.

When the top of the capillary zone reaches ground surface, then we assume that
groundwater ET flux is equal to the vegetative ET rate, as all of the plant roots have access to
the groundwater. The ET flux then increases linearly to PET as the capillary fringe nears ground
surface. Thus, the ET surface is set at a depth of the estimated thickness of the capillary fringe.
ETmax is set to PET when the top of the capillary fringe reaches ground surface. Note that as
proposed in Baird and Maddock (2005) and Baird and others (2005), near-surface water tables
may reduce actual plant transpiration (for non-phreatophytes) due to anoxia. Our assumption is
that ET from shallow-rooted vegetation and direct evaporation are dominant processes at this
level.

A possible exception to the linear decrease in groundwater ET flux with depth would be
when the vegetative type is an obligate phreatophyte. If the vegetation exclusively draws its
water from the groundwater, then the approach might be more like that shown in Figure 4.5,
with a fixed rate down to the rooting depth. However, as described in earlier sections, even
obligate phreatophytes can be opportunistic about unsaturated zone moisture. So the approach
in Figure 4.4 is more general but could be modified in the presence of good site-specific

vegetation information.
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0 ETmax = PET
| Ground Surface

?
JCFthickI
CZnick
ETVmax
zZ|l— —

I

Rooting Depth

' |

CF4,ick = Thickness of Capillary Fringe
CZie = Thickness of Capillary Zone
Rooting Depth = Depth to 95% of root mass

Figure 4.5. Possible approach to parameterizing groundwater ET in MODFLOW for obligate
phreatophytes.

Considerations

The efficacy of the approach outlined above is dependent on the modeler having good
access to supporting data, including PET, vegetation distributions in the model area, crop
coefficients for identified plant types and knowledge of vegetation densities/LAl, soil textures for
estimating capillary zones, and rooting depths for identified plant types in the area soils. In
some cases, some of these parameters will be unavailable and difficult to accurately estimate.
Under these conditions, the modeler should consider whether expending the resources to try to
gather the remaining, obtainable data will result in a more defensible application of groundwater
ET. However; because the Texas GAMs are intended to be “living”, that is, periodically updated
and improved, models, the modeler should to make an effort to provide a solid foundation for
future studies, by implementing the best framework, perhaps at the initial expense of parsimony.
4.3.4 Estimating the Necessary Parameters
Potential Evapotranspiration

Typical approaches to approximating PET have been detailed previously in Task 1c. The
average annual Texas PET coverage shown in Figure 2.6 can be used as a baseline for

estimating annual rates.

Vegetation Distributions
Information about the location, type, and density of vegetation can sometimes be found from
local sources, namely county reports or specific studies in the area. Other options can include
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GIS based estimates, such as the GAP study (Parker and others, 2003). The Texas GAP
coverage is included with this report and is available for download from the USGS website. The
coverage is for all of Texas on a 90 m (295.3 ft) resolution and divides the vegetation types into
about 45 classes. Figure 4.6 shows a map of the GAP vegetation classes for Polk County. An
alternative coverage with more general classifications and a lower resolution is the 1984
Vegetation of Texas coverage from Texas Parks and Wildlife Department (TPWD). This
coverage is also included with this report (Appendix 1), and is available from the TPWD website.

Landuse

- Water
D Cropland
B uban
[ Ponderosa/Loblolly Pine
- Cattonwood
- Subpolar Grasland
- Water Oak

Figure 4.6. GAP vegetation classification in Polk County.

In the absence of more local information about vegetation, these coverages can provide the

modeler with an estimate of the density of particular vegetation classes in the study area.
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Soil Types

Understanding the soil types in the study area is important for two reasons. First, the soil
texture is important in estimating the height of the capillary fringe and capillary zone. Secondly,
the soil type can have an effect on the rooting depth, even among similar plant types.
Information about soils can be taken from the STATSGO (USDA, 1994) or the newer SSURGO
(USDA, 1995) datasets compiled by the Natural Resource Conservation Service and available
for download from their website.

The height of the capillary fringe and the capillary zone can be estimated by various
methods based on the textural class of the soil. One common method to estimate the height of
the capillary fringe is (Fetter, 1993):

h =—=> (15)

where h; is the height in cm and r is the mean pore radius, also in cm. The mean pore radius
can be estimated from the mean particle diameter, d, by

r=02d (16)
Table 4.3 shows some mean particle diameters for 12 Soil Conservation Service (SCS) soil
textural classes (EPA, 2003). These mean particle diameters can be used with equations (15)
and (16) to estimate the height of the capillary fringe.

Table 4.3. Mean particle diameters for 12 SCS textural classifications.

Textural Class Mean Grain Mean Grain
Diameter (cm) | Diameter (in)
Sand 0.044 0.1118
Loamy sand 0.040 0.1016
Sandy loam 0.030 0.0762
Sandy clay loam 0.029 0.0737
Sandy clay 0.025 0.0635
Loam 0.020 0.0508
Clay loam 0.016 0.0406
Silt loam 0.011 0.0279
Clay 0.009 0.0234
Silty clay loam 0.006 0.0142
Silt 0.005 0.0117
Silty clay 0.004 0.0099

The height of the capillary zone compared to the capillary fringe is largely dependent on the
gradation of the soil. Hazen (1930) offers an approximation based on the effective grain size in
cm, Dyo (where 10 percent of the soil by weight is finer):

)

17
© = D¢ (17)
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where C is a constant in the range of 0.1 to 0.5 cm? (0.04 to 0.20 in®) and ¢ is the porosity. In
general, the height of the capillary zone will be about 3 to 4 times the height of the capillary
fringe in sands.

Vegetation Coefficients

Vegetation coefficients (Kc) are used to scale potential evapotranspiration to provide a
vegetation ET rate, as described in equation (14). In this section, we use the term “vegetation
coefficient” instead of crop coefficient first because we are dealing predominantly with non-crop
plants and to be consistent with the primary references we used in deriving the coefficients.
Vegetation coefficients are available in the literature, although 