HIGH-RESOLUTION ESTIMATION OF
GROUNDWATER RECHARGE FOR THE ENTIRE
STATE OF NEW MEXICO USING A SOIL-WATER-

BALANCE MODEL

By
David Ketchum, Graduate Assistant
B. Talon Newton, Hydrogeologist

Fred Phillips, Emeritus Professor of Hydrology

FINAL REPORT
Subaward Q 1686
and

Subaward Q 01788

June 2016

Funded by:

New Mexico Water Resources Research Institute
New Mexico Bureau of Geology and Mineral Resources

New Mexico Institute of Mining and Technology




50 0 50 100 150 200 km

Evapotranspiration and Recharge Model
Recharge as Percent of Precipitation

Legend

Recharge Index (%)

Il 0.0
I 49
[ 198

14.7
[ 1196
[ 24.5
B 294




Legend

Recharge Index (%)

Il 0.0
4.9
98
147
[ 196
S— I 245
Bl 290.4

ETRM Average Annual Recharge as Percent of Precipitation

Dl




DISCLAIMER

The New Mexico Water Resource Research Institute and affiliated institutions make no
warranties, express or implied, as to the use of the information obtained from this data product.
All information included with this product is provided without warranty or any representation of
accuracy and timeliness of completeness. Users should be aware that changes may have occurred
since this data set was collected and that some parts of these data may no longer represent actual
conditions. This information may be updated without notification. Users should not use these
data for critical applications without a full awareness of its limitations. This product is for
informational purposes only and may not be suitable for legal, engineering, or surveying
purposes. The New Mexico Water Resource Research Institute and affiliated institutions shall
not be liable for any activity involving these data, installation, fitness of the data for a particular
purpose, its use, or analyses results.
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ABSTRACT

The rate and distribution of groundwater recharge to New Mexico’s aquifers is the least
understood aspect of the state’s water budget. Despite a history of precise and distributed
measurements quantifying surface water flow, water table elevations, precipitation amounts, as
well as current models that describe evapotranspiration, a statewide assessment of recharge has
not previously been attempted. While recharge estimates and studies of recharge processes have
been conducted, the effort to date has been on the basin scale, or by county and water-planning
region. This study aims to quantify in-place recharge at the state scale. To map recharge areas, a
GIS-based distributed-parameter soil-water-balance model, the Evapotranspiration and Recharge
Model (ETRM) was developed to simulate recharge using gridded precipitation, reference
evapotranspiration, geology, vegetation cover, and soils data as inputs. The model was run on a
daily time step over the years 2000 through 2013. The model includes a snow module to simulate
snowpack and a custom reference evapotranspiration product at a resolution of 250 x 250 m.
Estimates of recharge were made in the mountains around the state using chloride mass balance
in an attempt to test the results. Results show high recharge in the mountainous areas of the state,
which typically have thinner soils, lower temperatures, and higher rates of precipitation than the
lowlands. Future work should focus on improving the representation of New Mexico soil water
storage capacity, the hydraulic conductivity of variably saturated soils, and refinement of the
energy input for the ETRM.

Keywords: Recharge, groundwater, evapotranspiration, precipitation, soil water balance,
distributed parameter model, reference evapotranspiration
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CHAPTER 1.INTRODUCTION

1.1 Motivation

The goal of this study is to estimate in-place groundwater recharge (i.e., recharge due to
vertical infiltration of soil moisture, not including recharge from precipitation that has moved
laterally to flow or pond in stream channels or depressions) for the entire state as part of the
Water Resources Research Institute (WRRI) Statewide Water Assessment (SWA). The results of
this study will ultimately be presented along with the other components of the state water
balance as an interactive, web-based service. Groundwater recharge is the least understood
component of the New Mexico state water budget. Despite a long history of systematic stream
gauging, water-table elevation monitoring, and precipitation measurements, along with a
burgeoning evapotranspiration (ET) estimation effort using remote sensing data, large-scale
estimation of recharge in New Mexico has not previously been undertaken. Groundwater
recharge defines a limit for the availability of water for humans and ecosystems, therefore
estimating recharge for the State of New Mexico is critical for effective water resource
management. New Mexico depends particularly on groundwater resources; 87 percent of the
public supply of fresh water is from groundwater (USEPA). While efforts to conserve
groundwater and utilize the state’s surface water rights to a greater extent have made progress,
the expected 15 percent increase in the population from 2000-2030 is likely to stress
groundwater resources further. Water table levels in many New Mexico municipal groundwater
production areas have declined significantly from pre-development levels; declines of 120 feet in
Albuquerque, 300 feet in Santa Fe, and over 200 feet in the Las Cruces area have been observed
(Bexfield and Anderholm, 2002; Bartolino and Cunningham, 2003; Leake et al., 2000). In some
communities, precipitous water table declines have been observed; in Magdalena in 2013 the
water level in the town’s sole production well dropped over 16 feet in one year, causing the well,
and the village water supply, to go dry (Albuquerque Journal, 2013). Other communities,
including Las Vegas, Ruidoso, and Cloudcroft, have also had to bring water from elsewhere by
truck and impose restrictions on pumping and municipal use. To effectively manage these
resources, the fluxes of water into and out of New Mexico (i.e., the water balance) must be
understood and quantified. A critical component of the water balance is groundwater recharge,
the only process that replenishes groundwater aquifers.

Estimating recharge is difficult in New Mexico, where extremely heterogeneous
topography and sporadic precipitation complicate recharge calculations. Efforts in New Mexico
to date have typically employed methods of partitioning precipitation into a recharge fraction
based on precipitation intensity, by stream base-flow estimates, or by completing water mass-
balance calculations with recharge defined as the remainder of other measured components of
the water budget. However, recent development of high-resolution data products offer insight to
the spatial and temporal patterns of available energy, evaporation and transpiration, precipitation,
temperature, and vegetative cover. This new data, combined with ever-increasing computational
power has provided the opportunity to expand understanding of the water balance, and recharge
in particular, to the state scale. In order to understand the water resources of New Mexico at this
scale, accurate and large-scale estimation methods must be developed. The benefits of more
extensive and accurate recharge estimates include enabling federal, state, and municipal



organizations to plan for sustainable use of groundwater resources as extraction increases and the
groundwater system reacts to climate change.

1.2 Scope

Total recharge can be divided into to two components: the part of recharge that infiltrates
at the same location as where it encountered the surface as rain or snowmelt (i.e., diffuse, or in-
place recharge), and the part which infiltrates in a focused manner after having moved across the
surface as runoff (i.e., focused recharge). This study pertains to the former, diffuse recharge;
future recharge studies will estimate the latter, focused recharge component. For the purposes of
this study, recharge will henceforth be defined as the part of total precipitation that either
infiltrates directly through the root zone within the soil layer, or the part that falls as snow and
subsequently melts and infiltrates through the root zone within the soil layer. Other types of
recharge (e.g. mountain-front, mountain-block) are geologic and geographic distinctions that are
not differentiated in this study. The time period of interest for this study is limited to the years
2000-2013. This covers the period during which all of our high-resolution datasets are available.
To test our simulations, we employ ‘chloride mass-balance’ recharge estimates based on
groundwater chloride data. Objectives of This Study

Recharge estimates made in this study are expected to be refined in the future as the
project continues and as new methods and data are employed. This report describes the results
of the first two years of this study. The objectives were:

1. To compile existing recharge estimates that have been made in New Mexico and
present them on a map, where the geographic position of each study site or area is
shown, and where the data describing each study can be displayed.

2. To construct a New Mexico recharge-area map qualitatively distinguishing the areas
of high to low recharge potential to help identify areas of likely recharge. The map
was constructed using a Geographic Information Systems (GIS) framework, in which
several individual data layers which represent precipitation, available energy, soils,
vegetation, rooting depth, and geology were used to identify likely recharge areas
(Figure 1.1).

3. To simulate the soil water balance over many years using statewide, gridded data sets
in a computational model. This model simulates the water balance of the soil layer in
each of millions of raster “pixels” that provide continuous coverage over the entire
state. Simulations run each day for each of these cells, computing evapotranspiration
(ET), runoff, soil-moisture-storage change, and recharge at every step.
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Figure 1.1 The New Mexico recharge-area map integrates several existing spatial data sets, including
elevation, precipitation, temperature, geology, and vegetation.



CHAPTER 2.PREVIOUS RECHARGE ESTIMATES IN NEW MEXICO

2.1 Compilation of Previous Recharge Estimates

Previous recharge estimates made in New Mexico were compiled from a review of
existing literature and consist of over 130 individual estimates. Estimates were made of recharge
rates at both points and areas in the state. Geographic regions represent certain physical regions
such as geologic formations, basins, or mountain ranges, and political regions such as counties or
Water Resource Planning Regions (WRPRs). The principal source of recharge estimates are the
Water-Resource Investigation Reports published by the United States Geological Survey
(USGS), many of which are computational models of groundwater flow. The New Mexico
Office of the State Engineer (OSE) has documents posted online describing the water resources
of each of New Mexico’s 16 WRPRs, many of which make estimates of regional recharge.
These reports have typically been completed by private consultants.

The data pertaining to recharge was compiled in tabular form, associated with geographic
points, and converted to a GIS “layer”. Each layer represents a feature type that can be
represented geographically by a point, line, or polygon. Each study in the compilation was
included in the tabular data which was then converted to a point layer in a GIS. A base map of
New Mexico and the outlying headwaters of inflowing rivers from other states was created. The
purpose of the base map is to orient the viewer to where the points are located with familiar
geographic features of New Mexico. The points layer on the map shows each study (Figure 2.1).
This product will be made available to the public by means of ArcGIS software. The user will
be able to simply select any point using the Identify Selection tool to view the information from
the tabulated recharge data. This data includes the WRPR in which the study was conducted, the
recharge estimate (in depth at a point or in acre-feet for an area), any specific geographic sub-
region the study represents, the authors of the study, the estimation technique, and a link to the
study online.

The compilation showed a great variation of recharge estimation techniques. The most
commonly used are described below.



Identify from: "5’ Recharge Estimates

(=) Recharge Estimates
i~ Jemez y Sangre

Location: 105°53'5.102"W 35°41'27.727"N

Field Value

L OBECTD 11

? 5 Shape Point

LAT 35.690441
LON -105.887249
WPR_ID 3
REGION Jemez y Sangre
REGIONAL_S SR

ESTIMATE  Sta Fe R. Drainage: 2320 AFY

AUTHOR  Anderholm (1994)

METHOD Chloride mass balance

LINK http://pubs.usgs.gov/wri/1994/4078/report.pdf
< 1l |

,f 5 Identified 8 features

Recharge Estimates
0 25 50 100 150 200
O — — Kilometers ¢ Regional Estimate
Sub-Regional Estimate
Elevation (m)
—-

Figure 2.1 New Mexico and headwaters base map shows recharge estimate study points throughout the state.
Selection of a point displays a window showing the recharge estimate (mostly in acre-feet per year, AFY),
the sub-region the estimate pertains to, the estimation technique used, and a link to access the study.



2.2 Examples Previous Recharge Estimate Techniques Used in New Mexico
2.2.1 Water Balance Method

Perhaps the most common recharge estimate technique is the water balance/mass balance
method, in which all outputs from a system are calculated (e.g., ET, stream flow, underflow) and
subtracted from the inputs (e.g., rainfall, snowmelt, run-on). The difference is simply accounted
for as recharge. This method has the advantage of being calculated remotely without
necessitating field measurements of recharge through other means. A potentially serious
problem with this method in the arid and semiarid Southwest is that the error associated with the
estimation of stream flow and precipitation may be greater than the actual recharge. Thus this
method must either be corroborated with other data or used as a first approximation.

Spiegel and Baldwin (1963) performed a thorough accounting of estimated streamflow,
precipitation, snowmelt, groundwater exfiltration, stream loss, and recharge in the Santa Fe area.
The geographic distribution of these water resources in relation to local physiographic features,
measured water table elevations in wells, and the geohydrology of local formations was used to
gain an understanding of the groundwater flow direction. Groundwater discharge to streams was
assumed to be near steady-state and equated to recharge over each of two major geologic
formations (i.e., Tesuque and La Cienega). Regional recharge rates were estimated at 14.5 mm
yr'!, or around 4% of annual precipitation.

McAda and Wasiolek (1988) used a water balance method equating groundwater
recharge to the sum of precipitation minus ET and runoff. As distributed data for precipitation
over this area was unavailable at the time, the authors used an altitude-precipitation relationship
developed by Spiegel and Baldwin (1963) and by the U.S. Forest Service (USFS) for the study
area above 9,600 ft. ET was estimated using pan-evaporation data in a seasonal rainfall-ET
relation also developed by the USFS. The authors applied these recharge estimate techniques
along the west slope of the Sangre de Cristo Mountains in the Santa Fe area, concentrating
recharge to the model area near the mouths of the canyons draining the range. Recharge was
estimated at 5390 acre-feet yr* (AFY) in the Santa Fe River Basin, and 6080 in the Pojoaque
Basin.

2.2.2 Chloride Mass Balance

Note: For a more detailed description of chloride mass balance theory, see Appendix A.

The chloride mass-balance (CMB) technique uses analyses of the chloride anion
concentration to estimate recharge. Because chlorine dissolves readily in water, tends not to sorb
to other molecules since it is a negatively charged ion, and is delivered to the surface in a fairly
uniform distribution in dust and precipitation, it serves as a useful environmental tracer. To use
CMB the following assumptions must be made: there is constant flux of CI through the soil
system; recirculation of Cl is at a steady state, there is no geologic contribution of CI to
groundwater, and CI behaves conservatively. CMB can be applied to the vadose zone or to



groundwater, and can be calculated if the CI concentration of infiltrating water and groundwater
or soil water is known.

Anderholm (1994) conducted CMB recharge estimates in the foothills of the Sangre de
Cristo Mountains and the Espafiola Basin to estimate recharge rates to the Tesuque Aquifer.
Vadose-zone Cl concentrations in soil were found to a depth of 50 ft., groundwater ClI
concentrations were measured, and meteoric (bulk) CI concentrations were taken by sampling
any water found in a 5-gallon bucket checked bi-weekly for 1.5 years and corrected for
evaporation. Precipitation was measured using a tipping-bucket rain gauge and a wedge rain
gauge. While “arroyo-channel” (focused) recharge was not measured, low Cl concentrations in
groundwater were interpreted as evidence that focused recharge from arroyos was not a
significant contribution to total recharge. Chloride concentrations in mountain streams were
found to be low during the spring runoff and highest in late winter and through early spring. Up-
gradient increases in Cl concentration were suggest a transient Cl mass balance, possibly
resulting from new CI sources including septic tank effluent and infiltration of irrigation water.
Recently created sources of Cl would violate the important assumption of zero net Cl storage
change in the system.

Anderholm (2001) estimated mountain-front recharge (MFR) on the east side of the
Middle Rio Grande using groundwater-based CMB and water-yield regression analysis. This
study made the assumption that CI concentrations near the mountain front were equal to those of
the MFR and that bulk (wet and dry) CI concentration of infiltrating water was 0.3 mg L. MFR
Cl concentration determination was not made using rigorous methods; intermediate ClI
concentrations were determined based on the range of “most available data” from the USGS
National Water Information System from samples taken, in some cases, at a considerable
distance from the mountain-front. This was considered acceptable because chloride
concentrations in the basin-fill alluvium adjacent to the mountain-front in areas of plentiful data
were found to change little along the groundwater flow path. Recharge estimates ranged from a
low of 0.66% of precipitation in the Abo Arroyo drainage to 5.0% in the North Sandia
Mountains.

Stone and McGurk (1985) used vadose-zone Cl measurements to perform CMB recharge
estimates in Curry and Southwest Quay Counties, New Mexico. A very high bulk precipitation
Cl concentration value of 2.38 mg L™ was based on measurements made at the Clovis
Agricultural Experiment Station. An annual precipitation value of 385 mm was used. Estimates
were made using soil chloride data from Stone (1984), with precipitation values adjusted
downward from 444 mm yr™ and CI concentrations upward from the previous use of 0.59 mg L™
as measured in Amarillo, Texas, which had excluded dry (dust) deposition of Cl. Results of this
revised method showed strong dependence of recharge on the “landscape setting”; in Curry
County, an estimated 54% of precipitation became recharge over sand, 37% became recharge in
sand hills, and 9% became recharge in playa floors.

Naus and others (2006) used well and river water samples to perform CMB recharge
estimates for debris-flow aquifers in the Red River Basin of Northern New Mexico. Wells in
close proximity to the apex of debris flow were chosen for sampling. Red River water samples
were taken upstream from the local sewage treatment plant during an August 2001 low-flow
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tracer-injection study. Two snow-sample Cl concentrations taken during March 2002 (0.3 mg L”
! t0 0.4 mg L) were considered usable for recharge calculations because they were consistent
with values found by bulk precipitation Cl analysis in Anderholm (2001). The average Cl
concentration (0.35 mg L™) from the two samples was used. The study found that groundwater
recharge represented 7-17% of mean annual precipitation from wells in Capulin Canyon and the
Hansen, Hottentot, La Bobita, and Straight Creek Basins, and 21% of mean annual precipitation
in the Red River Basin.

Rawling and Newton (2016) estimated recharge in the Sacramento Mountains of New
Mexico using groundwater CMB and the water table fluctuation (WTF) method. The authors
used mixing analysis to assume an effective concentration of 0.55 mg L™ (~7x wet
concentration) in the Sacramento Mountains. Chloride/bromide ratios were used to account for
the admixing of geologic chloride. A range of recharge as percent of annual precipitation
(relative recharge) of 4 to 42% was found, yielding an average of 22%. This was applied to the
approximate average annual precipitation in the mountains (~ 26 in.), which was reduced by 30%
to account for precipitation that was assumed to be intercepted by the forest canopy and lost to
evaporation before reaching the soil surface. Making the assumption that the principal recharge
areas were in the mountains at or above 8,200 ft., a volumetric recharge rate of 43,230 acre-
feet/year (AFY) was estimated.

McCoy and Blanchard (2008) investigated the spatial and temporal distribution of
recharge to aquifers along the eastern slopes of the Sandia Mountains using a variety of methods,
including CMB. The authors sampled five springs several times between March 2005 and
December 2007. Significant increases in Cl concentrations in all springs between March and July
2005 appeared to be caused by high precipitation events in the prior three months. ClI
concentrations then steadily decreased over the next 12 months. An effective Cl concentration of
0.30 mg/L, estimated by Anderholm (2001) was used. Groundwater recharge estimates ranged
from 0.7 — 23 percent of annual precipitation. Rice and Crilley (2014) updated these recharge
estimates to between 5.5 and 23 percent of average annual precipitation, based on CMB
calculations for eight springs in the East Mountain area.

2.2.3 Numerical Simulations of Recharge

Two-dimensional and three-dimensional groundwater flow models are simplified
representations of real hydrologic systems used to solve the partial-differential equations that
govern groundwater flow. The efficacy of any model depends on the ability of the model to
mimic aquifer anisotropy and heterogeneity that exists in reality. Models always fall short of
representing a real system, and must make approximations and assumptions. Typically, workers
in possession of groundwater observations (e.g., water table (head) levels, geochemical data,
estimates of the physical properties of materials of which a groundwater system is composed)
attempt to solve the governing equations over a discrete grid of cellular elements (each with its
own set of properties) while maintaining agreement with observed data. Success in this
endeavor allows a worker to predict the changes in a groundwater system when one or more of
the aquifer inputs or outputs changes. Recharge is one of the model parameters addressed in
these studies. Examples of two important modeling studies in New Mexico follow.



Plummer and others (2004) estimated groundwater travel times, delineated boundaries of
groundwater hydrochemical zones, and constructed a 156 x 80 x 9 cubic element grid to model
historic groundwater flow in the Albuquerque Basin and estimate both modern recharge and
paleorecharge. Aquifer properties were compiled from previous work, including aquifer
porosity, hydraulic conductivity, discrete low-conductivity faults, and groundwater age data from
carbon-14 analysis. Once the flow-path of discrete groundwater parcels was found, the water
was traced back to its recharge location. The model was calibrated by adjusting the geometry of
the element grid until the model agreed with observed data. Regional recharge was estimated at
61,000 AFY over the region, about 5% of precipitation.

McAda and Wasiolek (1988) used a three dimensional finite difference model which
represented the Santa Fe-area mountain front as a constant head boundary. In this study,
recharge was adjusted during initial calibration efforts within the estimates made using water-
budget analysis to bring the model into agreement with locally measured well head elevations.
This represents a common aspect of recharge estimation made for the purposes of modeling
groundwater flow: rather than making an independent estimate, the estimate is made within a
reasonable range that leads to model-observation agreement. If recharge is the only parameter
being solved, this isn’t particularly problematic; yet in this case hydraulic conductivity (itself a
highly variable property) is also being adjusted. Thus, as is the case in this study recharge
estimation is subordinate to other model parameters which are themselves quite uncertain.

2.2.4 Maxey-Eakin Recharge Estimation Technique

In sparsely populated areas lacking the infrastructure to monitor the fluxes of each
component of the water balance, or in hydrologic systems not yet extensively studied, the need
of an areal recharge estimate for use in water resource planning may necessitate cursory recharge
estimates. The Maxey-Eakin (or modified Maxey-Eakin) technique is often used in such efforts
as a first approximation. Maxey and Eakin (1949) postulated that precipitation was directly
proportional to recharge in a semiarid region and that with increasing precipitation over an area,
an increasing proportion of that water infiltrates to become groundwater (Maxey and Eakin,
1949). It should be noted that the specific correlations between precipitation and recharge used
by Maxey and Eakin (1949) should not be used outside of the state of Nevada. For the best
results, correlating average annual precipitation and recharge should done independently for
different areas. This technique has been shown to generally predict recharge within 50% of
independent estimates in the arid and semiarid Southwest (Avon and Durbin, 1994) and has
much precedent in the literature and use in the Southwest United States, so is often the method
employed when a large area needs to be analyzed. The disadvantage is that this method assumes
homogeneous conditions over a large surface area. Several of New Mexico’s 16 WRPRs have
not had large-scale studies performed; recharge estimates in the literature review for this study
area were based solely on Maxey-Eakin type estimates.

Daniel B. Stephens and Associates (DBS&A), a private environmental consulting firm
based in Albuquerque, NM used a modified Maxey-Eakin approach to estimate recharge in
Colfax, Socorro-Sierra, Southwest New Mexico, Mora-San Miguel-Guadalupe, Northeast New
Mexico, and Taos WRPRs (DBS&A, 2003, 2005a, 2005b, 2007). The area of each region was
classified according to estimated precipitation amounts (i.e. 0 to 8 inches, 8 to 12 inches, 12 to
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15 inches, 15 to 20 inches, >20 inches) and the total area falling within each range calculated.
The area was then multiplied by an estimated percentage of precipitation that becomes recharge
(i.e., 0%, 3%, 7%, 15%, 25%), according to the precipitation range in which it falls. The results
were summed to find total recharge for the region. In all cases, the firm used published recharge
estimates within the WRPR as a basis for the classification of percent of precipitation that
infiltrates as recharge. Many of these estimates were themselves derived from Maxey-Eakin
approaches.

2.2.5 Lumped Parameter Modeling

Lumped parameter models are those in which an entire hydrologic unit (e.g., basin) is
represented by a single equation, or a few equations rather than using a spatially distributed grid
of individual elements. In a lumped parameter model, spatially distributed parameters (e.qg.,
precipitation, runoff, temperature) are replaced with a mean or aggregated value. Lumped
parameter models have the advantage of reducing the need for large data inputs and the extensive
model building necessary to sufficiently represent the physical reality of a hydrologic system.
This simplification comes at the cost of detail; processes may be represented by a single term
(e.g., runoff) that fails to quantify the importance of a particular sub-process operating at a
smaller scale (e.g., saturated overland flow).

In New Mexico, where high mountain ranges with significantly higher precipitation than
the surrounding basins drain through intermittent and perennial stream channels onto broad
alluvial piedmont deposits, mountain-front recharge can be a significant portion of recharge.
This mountain-front streamflow is often considered “potential” recharge. While the fraction of
streamflow that is not lost to evaporation may be unknown, the streamflow itself is an important
parameter in estimating focused recharge. Waltemeyer (1993, 2001) used two streamflow
regression methods to estimate streamflow at or near mountain-fronts in the Tularosa Basin in
southern New Mexico. In the Basin-Climatic Characteristics Method, 13 stream gauging sites
were chosen, the basins above the gauges were delineated to find total area using GIS, and mean
precipitation for the basin was found using U.S. Weather Bureau maps. A regression equation
with standard error of 46 percent was then used to calculate the expected flow of 46 ungauged
channels. Using the Channel-Geometry Characteristics Method, the active-channel width of 12
channels was used as the sole independent variable to derive a regression equation for stream
flow. This equation was found to have a standard error of 26%.

10



CHAPTER 3.SOIL-WATER-BALANCE MODELING

3.1 Background

Despite long-term and systematic measurement of other components of the water budget
such as precipitation and stream flow, accurate estimation of recharge is hindered by difficulty in
closing the water budget by finding a reasonable method to estimate distributed
evapotranspiration (ET) over large areas. The variation of evapotranspiration and thus recharge
by infiltration varies to a great degree over space depending on topography, elevation,
vegetation, soil characteristics, bedrock geology, rainfall intensity, and radiation, among other
factors. With the advent of powerful Geographic Information Systems (GIS), integrating
components of the water budget over large areas has become possible, but finding accurate
estimates of water budget components remains a challenge.

One effective physically based approach to modeling the water budget in order to find
recharge over large areas is by soil water balance (SWB). Soil-water-balance models have been
utilized to find recharge in the arid and semiarid southwest United States. Efforts by Flint and
Flint (2007) and Hevesi (2003) have attempted to constrain the water balance by using some
combination of radiation, soil and bedrock characteristics, vegetative cover, and distributed
climatic data to estimate runoff, recharge, and evapotranspiration.

A SWB model is a physical model of the pedosphere (i.e., soil layer) in which the soil
acts as a reservoir for water. A control volume of soil, typically a discretized grid cell
representing a definite area of the surface of the earth is the basis for the model. Inputs can
include rainfall, on-flow of running surface water from adjacent cells, irrigation water, and
snowfall. SWB accounts for and adds the inputs to the control volume. The model serves to
partition the input between storage in the soil reservoir, loss to evaporation and transpiration, loss
to deep percolation (recharge), and surface runoff. Typical assumptions of the soil-water-
balance model are that the water in the control volume does not flow laterally to adjoining
control volumes, and that the vadose (unsaturated) zone is only as thick as the soil layer, i.e. any
water that percolates beyond the depth of the soil becomes recharge. Studies of the vadose zone
in the southwest show that the unsaturated zone can be up to hundreds of meters in thickness
(Flint et al., 2002). Lateral flow of groundwater is an important source of discharge to surface-
water bodies by excess saturation flow, and can provide significant water for transpiration and
evaporation at topographical depressions (Guentner et al. 1999). Assumptions are thus unrealistic
physically in some cases, but are necessary to maintain a simple model and probably have a
small effect over large areas in arid climates.

3.1.1 Basin Characterization Model

Flint and Flint used the Basin Characterization Model (BCM) to quantify potential
recharge first in the Basin and Range Carbonate Aquifer System of White Pine Counties, Nevada
and adjacent areas (2004) and then at a larger, regional scale (2008) for a large part of the
southwest US. The BCM uses spatially distributed parameters discretized to a 270 m grid.
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Inputs include a 30 m resolution DEM resampled to 270 m. The National Resources
Conservation Service’s STATSGO soils database was used for distributed soil thickness and to
derive necessary soil physical parameters. Soil-water-storage capacity is calculated as the
product of soil thickness and porosity, after Topp and Ferre (2002). Soil water content at field
capacity (i.e., amount of water retained after drainage per volume soil at -0.1 MPa) and wilting
point (water content at which most plants can no longer transpire, -6.0 MPa) were calculated
after Campbell (1995).

Vegetation was cited as an input in Flint and Flint (2007b) but no precise description of
how it was incorporated into the model was found.

Geology was integrated into the model through the use of GIS to incorporate geological
data from state geological maps: California: Jennings, 1977; ldaho: Johnson and Raines, 1996;
Nevada: Stewart and others, 2003; Utah: Hintze and others, 2000. These map resources were
low resolution (1:500,000 to 1: 750,000). Using data estimating saturated bedrock (and
unconsolidated alluvial material) hydraulic conductivities (K) from the literature, a table was
compiled which classified hydraulic conductivity according to rock type. Of the Quaternary
alluvial deposits, the highest K was assigned to eolian (windblown sand) and gravel deposits,
while clayey lacustrine, fine grain silt, and playa surface deposits were assigned the lowest K
values of the basin-fill sediments (Flint et al., 2011). Carbonates and sandstone have among the
highest K values for bedrock (Bedinger and others, 1989). Where carbonate bedrock is fractured
and/or weathered to a high degree, the conductivity can approach that of unconsolidated basin
sediments (Winograd and Thordarson, 1975; Dettinger and others, 2000). Intrusive and
metamorphosed rocks have among the lowest conductivities (Davis and DeWiest, 1966; Freeze
and Cherry, 1979). Many volcanic flows are rough and have high vesicular density, allowing for
high conductivity, yet not as high as unconsolidated basin fill sediments (Glancy, 1986;
Winograd and Thordarson, 1975).

Soil water accounting in the BCM is performed on a monthly basis. PRISM precipitation
data are used to find rainfall and snow amounts. Precipitation falling as snow (temperatures
under 0°C) remains in storage, losing water to sublimation at 5 mm per month. Snowmelt is
treated as precipitation and is calculated by the NOAA SNOW-17 model (Anderson, 1976) as a
function of air temperature and an empirical melt factor. Precipitation falling as rain
(precipitation during temperatures in excess of 0°C) is allowed to enter the soil control volume.
Since the purpose of this model is to simulate recharge in natural settings and the BCM
calculates in-place recharge, surface run-on and irrigation are ignored (Flint et al., 2004). The
total water storage capacity is calculated as the product of porosity and soil thickness. Available
storage is water storage capacity minus antecedent soil moisture from the previous month. Total
incident precipitation is thus limited by the infiltration rate (saturated soil hydraulic
conductivity); any precipitation in excess of this amount is deemed runoff. Water meeting the
evaporative demand as calculated by potential evapotranspiration (next section) is subtracted
from the available water. The remaining water is available to infiltrate as groundwater recharge.
The water draining as recharge is constrained by the saturated hydraulic conductivity of the
bedrock. An excess of the evaporative demand and monthly infiltration to bedrock and soil
storage is also deemed runoff. Runoff is not routed over the surface to other cells or a “channel”
but is simply added to the total runoff of the area of interest.

12



Calibration of the BCM is complex, as there is considerable uncertainty associated with
each of the data inputs (Flint and Flint, 2011). Snow accumulation was compared with data from
the Moderate Resolution Imaging Spectroradiometer (MODIS), elevations of snow were
observed and the temperature at which snow melts was adjusted to maintain fidelity to the
observed snowpack density and duration (Lundquist and Flint, 2006). Temperature of melting
was adjusted to 1.5°C. Calibration of recharge estimates was performed by modifying the
saturated hydraulic values of the bedrock, considered a particular source of uncertainty. Some
67 hydrographs from 44 streams were used to find actual runoff minus calculated base flow and
results were compared to modeled runoff. Complexity in the calibration was encountered due to
the heterogeneous nature of watershed geology, as each watershed contained mixed geology. As
the saturated hydraulic conductivity of each geological unit was held constant across the study
area, calibration in one watershed led to error in others (Flint et al., 2011).

Uncertainties in the BCM result from the great spatial variability encountered in the
physical attributes of the variables used (soil, geology, etc.) and low spatial resolution of those
attributes in the input data sets. In sensitivity analysis, temperature was adjusted over the whole
domain by an increase and a decrease of 3°C, increase and decrease in soil thickness of 10 cm,
precipitation increase and decrease of 5%, and testing of the sublimation rate set at 10% and 50%
of potential evapotranspiration. Many of these small changes (within the uncertainty of some
data sets) caused predicted recharge to change by over 100%. The scale of the geological maps
decreases the spatial variability inevitably found in nature; small outcrops, faults, fractures and
other important geological features are ignored at the model scale.

3.1.2 INFILv3 USGS Model

Hevesi and others (2003) used the United States Geological Survey distributed parameter
watershed model INFILv3 to estimate infiltration rates on a daily time step at Yucca Mountain
and the surrounding Death Valley region in southern Nevada and eastern California. The
purpose of the model was to find modern infiltration rates as well as infiltration rates based on
hypothetical future climates. Recharge is an important factor in quantifying the exposure to
moisture of a deep nuclear waste repository proposed in the tuff of Yucca Mountain. The
efficacy of the INFIL model was questioned after adherence to the quality assurance methods
was put in doubt (NWTRB, 2007). This model was succeeded by another similar model,
MASSIF (Mass Accounting System for Soil Infiltration and Flow; (Sandia National
Laboratories, 2007) by Sandia National Labs that was created in order to check the results from
INFIL, but was deemed less effective at estimating infiltration by the U.S. Nuclear Waste
Technical Review Board due to the insufficient use of available data (NWTRB, 2007). This
model has since been emulated and improved upon in private industry, specifically by Daniel B.
Stephens & Associates (Distributed Parameter Watershed Modeling System; DPWM). The
DPWM allows for variable grid size, the use of model precipitation inputs (e.g., PRISM), and
has options for snowmelt and sublimation (Hendrickx et al., 2016).

The INFIL model used daily climate records from 132 weather stations spread through
the region, with a high concentration of instruments around Yucca Mountain in the Nevada Test
Site. Monthly atmospheric properties were derived from NOAA data. The digital map files
(DEM) were used to find topographic characteristics for each of the grid cells that included
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dozens of metrics including aspect, hillslope, shading, ridge shading, etc. Soils data were
derived from the STATSGO database. Vegetative cover was used to distribute a root density
over the five soil layers, such that the evaporative and transpirative demand increased toward the
surface, and the lower layers behaved as a more conservative moisture reservoir. Vegetation and
bare soils data were collected from the National Gap Analysis (Jennings, 2000).

The INFIL model utilizes five core subroutines that deal with the important physical
quantities and other subroutines that allow for user defined discretization, constants, output
selection, statistical analysis, etc. The five subroutines are: DAYDIST, to interpolate daily
precipitation and temperature for each cell; POTEV AP, potential evapotranspiration calculation;
SNOW, snowfall, melting, and sublimation calculations; ETINFIL, root-zone infiltration and
actual evapotranspiration calculations; and SWINFIL, soil water runoff and infiltration
calculations (Hevesi, 2003). The control volume for the model makes the same assumptions as
that of the BCM about the infiltration of water to the groundwater system as recharge upon
drainage out of the lower soil layer. Incident precipitation is partitioned on the basis of a
maximum infiltration rate to the soil surface based on the soil characteristics, from which wilting
point, field capacity saturation, and porosity have been derived. A function to calculate storm
intensity takes advantage of finer discretization of a daily time step. Thus the intensity of
precipitation is modeled more realistically, as each day another calculation of change in storage
can be made. Precipitation in excess of the rate allowed by the soil saturated hydraulic
conductivity is routed as runoff. In contrast to the BCM, runoff is routed to adjacent cells and
eventually an exit, much as surface water runoff moves in nature. Each of six soil layers in the
control volume is allowed a portion of the drainage of the overlying soil layer or the surface, as
controlled by its conductivity. The water is moved downwards, and output of the water from the
system is a function of the drainage through the final layer into the bedrock or underlying
unconsolidated material at the rate of the corresponding bedrock saturated hyd