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This report is an extensive rework of the previous revision. A new model, MASSIF (Mass
Accounting System for Soil Infiltration and Flow) was developed. Changes were too
extensive to use change bars.

Upon completion of this report, the following 14 Condition Reports (CRs) are closed:
CRs 2842, 3551, 5071, 5222, 5356, 5698, 5907, 6312, 6334, 6938, 7184, 7589, 7729, and
9227.
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7626—is an opportunity for improvement. The reevaluation of input data for CR 7627 was
considered exemplary and therefore a lessons-learned is required so the method used might
be generally applied to other License Application documents.

7627—requires reevaluation of 68 DTNs that were shown as “Qualified” in the TDMS and
were used as direct input to the previous version of this report. However, none are used as
direct input to this revision. If appropriate, the qualification status of some DTNs will be
changed, but that will not affect this revision.

CR 9580—identifies preliminary output files from this document as containing errors;
however, this revision shows these output files were rerun with errors corrected. A
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CR 10472—concerns a suspected error in streamflow measurements used to validate the
MASSIF model. The model has been validated successfully with the existing streamflow
data; if the resolution of the CR confirms this suspected error, it would provide further
support to validation of the MASSIF model.
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ACRONYMS AND ABBREVIATIONS (Continued)

IHU infiltration hydrogeologic unit

IWCF initial water content fraction

KTI key technical issue

LA Larrea-Ambrosia vegetation association

LAI leaf area index
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MAP mean annual precipitation
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ACRONYMS AND ABBREVIATIONS (Continued)
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RAW readily available water

RCEW Reynolds Creek Experimental Watershed
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RH relative humidity
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ROI region of interest
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1. PURPOSE
1.1 INTENDED USE

This model report documents the development and validation of a conceptual, mathematical, and
numerical model for predicting net infiltration of water into the unsaturated zone. The model
applies a simple water mass-balance approach to the near surface layer that is influenced by
evapotranspiration. It uses a simplified representation of downward water flow whereby water
moves from the top soil layer downward by sequentially filling each layer to “field capacity”
before draining to the layer below. Water is removed from the “root zone” by
evapotranspiration, which is represented using an empirical model based on reference
evapotranspiration, transpiration coefficients, and moisture content in the root zone. Water is
redistributed as surface runoff when the soil cannot accept all the available water at the surface.
Precipitation is stochastically simulated on a daily timestep based on observed weather records.

This report also documents the use of the model for predicting the range and patterns of net
infiltration at the Yucca Mountain site for the next 10,000 years. Future Climate Analysis
(BSC 2004 [DIRS 170002], Section 7.1) forecasts three distinct climates during the next 10,000
years at Yucca Mountain. The present-day climate is predicted to persist for the next 400 to 600
years, followed by a warmer and much wetter monsoon climate lasting from 900 to 1,400 years.
Following the monsoon climate, a cooler and wetter glacial-transition climate is expected. The
work in this report provides an estimate of the net infiltration up to 10,000 years into the future
for the Yucca Mountain Site.

Additional provisions in 10 CFR 63.341 [DIRS 176544] require the U.S. Department of Energy
(DOE) to assess the peak dose that would occur after 10,000 years. The U.S. Nuclear Regulatory
Commission (NRC) released proposed rules (70 FR 53313 [DIRS 178394]) that DOE represent
the effects of climate change after 10,000 years by assuming that deep percolation rates vary
between 13 to 64 mm/yr. Predictions of peak dose after 10,000 years are expected to utilize the
deep percolation rates as proposed by the NRC.

The specific purpose of the model documented in this report is to provide a spatial
representation, including epistemic and aleatory uncertainty, of the predicted mean annual net
infiltration at the Yucca Mountain site during each climate. The resulting maps of mean annual
net infiltration provide input directly to the updated versions of the following model reports:

e UZ Flow Models and Submodels (BSC 2004 [DIRS 169861])
e Calibrated Properties Model (BSC 2004 [DIRS 169857]).

Information from this model report indirectly feeds total system performance assessment (TSPA)
through its connection with the identified downstream products. This model is not intended to be
a direct input to TSPA.

Daily precipitation provides water for potential infiltration. The infiltration model simulates
processes occurring in and on the soil, including return of water vapor to the atmosphere by
evaporation and plant transpiration (evapotranspiration), flow along the ground surface
(runoff/run-on), and infiltration into the bedrock below the soil.
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This complete revision of the infiltration model report is developed in accordance with Technical
Work Plan for: Infiltration Model Assessment, Revision, and Analyses of Downstream Impacts
(BSC 2006 [DIRS 177492], Section 1.1.4). The purpose of the revision is to increase confidence
in the results by improving the traceability, transparency, and reproducibility of the model
development, the selection of inputs for calculations, and the determination of net infiltration
maps and fluxes. To those ends, this revision includes the following changes:

e A Mathcad calculation, MASSIF (Mass Accounting System for Soil Infiltration and
Flow), replaces the INFIL software (INFIL VV2.0, STN: 10307-2.0-00 [DIRS 139422];
INFIL VVA_2.al. 2001, STN: 10253-A_2.a1-00 [DIRS 147608]) used in the previous
revision of this report (BSC 2004 [DIRS 170007]), while the underlying conceptual
models for MASSIF and INFIL remains similar. The reasons for replacing the INFIL
software and completely revising the previous revision of this report are explained in a
DOE report (DOE 2007 [DIRS 180680], Sections 5.2 and 5.3).

e This revision includes an uncertainty analysis, replacing and expanding work included i in
Analysis of Infiltration Uncertainty (BSC 2003 [DIRS 165991)).

e Instead of taking input directly from multi-decade precipitation records, those records
provide the basis for the development of stochastic parameters. Precipitation inputs are
selected from 1,000-year stochastic simulations, assuring that the full range of annual
precipitation uncertainty is considered, including years with heavy precipitation. Ten
representative years are selected from the 1,000-year simulations for each climate state.

e An evapotranspiration submodel, based on guidelines published by the Food and
Agriculture Organization (FAO) of the United Nations in Irrigation and Drainage Paper
56 (FAO-56), replaces the submodel that was used in INFIL. The guidelines are based
on a combination FAO Penman-Monteith model (Allen et al. 1998 [DIRS 157311],
Preface).

¢ All previous inputs to the infiltration calculations have been revised or requalified.
1.2 LIMITATIONS

This section presents a list of limitations associated with the net infiltration model estimates
presented in this report. These limitations arise from a number of sources, including limited
knowledge of the system, simplifications invoked to represent the system, and general
uncertainties.

The estimates of mean annual net infiltration at the soil-bedrock interface are made without
consideration of how the properties of the rock at deeper locations vary with depth. Instead of
net infiltration, some authors call this quantity “deep drainage” or “potential recharge.” UZ Flow
Models and Submodels (BSC 2004 [DIRS 169861]) describes the method for calculating
replenishment of the aquifer from the surface, “recharge,” taking into consideration the potential
recharge as well as the complex, three-dimensional hydrogeologic structure and properties of the
fractured bedrock and other considerations.
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One consideration is the possibility that a significant fraction of the water that enters bedrock is
lost to evaporation in the Tiva Canyon welded tuff (TCw). Such a water loss has been suggested
by researchers looking at the stable oxygen isotopic chemistry of secondary calcite deposited in
the TCw (Whelan et al. 2002 [DIRS 160442], pp. 743 to 744; Figure 8). This study suggests that
evaporation losses from the unsaturated zone (UZ) may extend to the top of the Paintbrush
nonwelded unit (PTn), which means that evaporative losses from the UZ may extend as deep as
100 m below the surface (Whelan et al. 2002 [DIRS 160442], Figure 8). The net infiltration
model domain described in this report extends only from the surface to the soil-bedrock
interface, and the net infiltration flux includes all water that moves downward across this
interface. The current UZ flow model (BSC 2004 [DIRS 169861]) does not explicity allow
water to evaporate from the UZ domain. Therefore, evaporation from the TCw is not explicitly
captured by either of these models. However, the resulting UZ flow fields predicted by the UZ
flow model (BSC 2004 [DIRS 169861]) are weighted by comparing UZ model results to thermal
and chemical data observed in the UZ domain (deeper than the net infiltration modeling domain).
These datasets generally indicate that percolation rates below the TCw are lower than the net
infiltration predicted above the TCw. Thus, the UZ model assigns higher weights to the lower
range of the net infiltration distribution and therefore may indirectly account for water loss in the
TCw.

The model documented in this report is valid only for the Yucca Mountain site and for the
climates specified in Future Climate Analysis (BSC 2004 [DIRS 170002], Section 7.1). For each
climate, the model produces maps of average annual infiltration as a function of location, with no
time dependence. These output maps cover the variability and range of uncertainty in average
annual net infiltration over the modeling domain.

Infiltration predictions are limited by the uncertainty in future weather patterns. Although a
substantial body of literature supports the use of stochastic precipitation models, there are no
records to support extrapolation of historical weather records from the last few decades to 1,000
years. Each available and relatively complete precipitation record, whether from the Yucca
Mountain site, from a nearby weather station, or from a site representative of a future climate,
covers no more than about 60 years. The methods used to represent future climate conditions for
this model are described in Section 6.5.1 and Appendix F.

Infiltration predictions are also limited by uncertainties in the hydrologic properties of the soil
and upper zone of the fractured bedrock that covers the 125-km” infiltration modeling domain.
These uncertainties arise primarily from several sources. The first is the use of a pedotransfer
function to estimate soil hydrologic properties from measured grain size distributions. This work
is documented and the resulting soil properties are qualified for use in Data Analysis for
Infiltration Modeling: Development of Soil Units and Associated Hydraulic Parameter Values
(BSC 2006 [DIRS 176335]). The pedotransfer approach introduces uncertainty due to the fact
that the Hanford soil property database represents soils in a location and depositional
environment that is different from Yucca Mountain (Hanford, WA). Another source of
uncertainty is in the saturated conductivity of the bedrock at the soil-bedrock interface. This
parameter set is based on work documented in Data Analysis for Infiltration Modeling: Bedrock
Saturated Hydraulic Conductivity Calculation (BSC 2006 [DIRS 176355]). The saturated
conductivity values and uncertainty are based on measurements of fracture apertures, fracture
densities, saturated conductivities of bedrock matrix and fracture filling material, and a model of
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conductivity based on the combination of these measurements. For each bedrock type, the lower
end of the conductivity uncertainty range assumes completely filled fractures, and the upper end
of the conductivity uncertainty range assumes a small open fracture component in each of the
filled fractures. When multiple bedrock types are included in the uncertainty analysis, the extent
of fracture filling can vary independantly between rock types (see Sections 6.5.2.5 and 6.5.2.6).
However, a limitation of this approach is that heterogeneity within a bedrock type is not
represented. Because this approach is based on indirect measurements of saturated conductivity,
there is a potential for significant model uncertainty in the results of the conductivity estimates.

Uncertainty in the soil depth representing the zone of shallow soils is significant. The upscaled
value of soil depth for the shallow soil depth class varies by a factor of 5 (see Section 6.5.2.4).
Such variation is the result of the fact that very few qualified measurements of soil depth were
available upon which to base a model of soil depth across the site. As shallow soil depth is
shown to be the most significant physical parameter influencing mean net infiltration, the
uncertainty in this parameter represents an important limitation on the accuracy of the mean net
infiltration over the site.

Despite the intent of estimating the spatial distribution of mean annual net infiltration across the
model domain, the accuracy of net infiltration estimates at any one location is limited by
uncertainties in soil, bedrock, and vegetation properties at that location. As described briefly
above, there are few direct measurements of soil and rock properties at Yucca Mountain. In
order to run the model, it was necessary to define these properties for every 30 x 30-m grid cell
in the infiltration modeling domain. The approach taken was to upscale and group the few
available measurements and estimates for properties. This approach assumes that small scale
variations in soil and rock properties are not as significant as variations that occur between
different soil and rock types. This assumption is valid as long as small scale spatial variations in
net infiltration are not important for downstream users. An example of this limitation is the
answer to the question of whether net infiltration at Yucca Mountain is focused beneath stream
channels. The results of the uncertainty analysis described in Section 6.5.7 indicate that little to
no net infiltration occurs beneath stream channels where soil is especially thick. However, in
Sections 7.1.3.1 and 7.1.3.2, it is shown that this particular result is very sensitive to the spatial
distribution of soil conductivity. Since there is very little direct information about such a spatial
distribution, there is considerable and significant uncertainty in the spatial distribution of net
infiltration results. Furthermore, because soil and bedrock properties are represented as uniform
over a spatial area assumed to define a given soil or rock type, the actual spatial variability of net
infiltration is likely underestimated by the model. In addition, other processes that might effect
the spatial distribution of net infiltration on a local scale (e.g., interflow) are assumed to be
insignificant and are not included in the model (Section 5).

Finally, it should be stressed that the approach used to estimate water flow and storage within the
rootzone is a simplification of the actual physical processes that control flow in this environment.
The use of the “field capacity” concept acts as a flow switch allowing downward water flow at a
rate equal to the saturated hydraulic conductivity when the average water content in a layer
equals or exceeds “field capacity,” and allowing no flow to occur when average water content in
a layer is less than “field capacity.” In reality, water will flow within the vadose zone in
response to gradients in total soil-water potential, which is the sum of various components such
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as elevation, matric, pressure, temperature, and osmotic potentials. This approximation is
discussed more fully in Sections 5 and 6.4.

1.3 SCOPE OF THIS DOCUMENT

Sections 2 through 5 of this document address topics including quality assurance (QA), software,
qualified inputs, and other prerequisites to a detailed discussion of model development and
implementation, which is discussed in Section 6. Section 2 identifies the overall QA
requirements and methods that were applied during model development and calculations.
Section 3 identifies both qualified and exempt software used in the technical effort. Lists of
qualified direct inputs are the primary content of Section 4. Section 5 documents assumptions
used in the absence of direct confirming data or evidence.

The principal technical discussions are in Section 6. That discussion includes the conceptual
model, the mathematical model, and the implementation as a Mathcad calculation (MASSIF), in
Sections 6.1 through 6.4. Sections 6.5 through 6.7 discuss the development of site-specific
climate inputs, a site-specific geospatial database, sensitivity studies, the treatment of
uncertainty, and the results of calculations for the three climates.

Section 7 addresses validation of the model. The technical work plan (TWP) (BSC 2006
[DIRS 177492], Section 2.2.1) specifies the validation activities and validation criteria for this
model.

The conclusions of this report appear in Section 8. They include a list of technical data items
that are output from this product.

In order to improve the readability of this report, many technical details are included in
appendices at the end of the report. More detailed technical information is available from the
Technical Data Management System (TDMS), using data tracking numbers (DTNs) provided
throughout this report.

Work documented in this report addresses the open Key Technical Issue (KTI): USFIC 3.01,
Monte Carlo approach for estimating net infiltration (BSC 2004 [DIRS 180945], Appendix D).
That KTI documented concerns that high net infiltration values in the statistical distribution of
net infiltration estimates were not being adequately represented by the outputs of the previous
analysis. The present model analysis is a complete revision to the previous estimates and does
explicitly include representation of the upper end of the net infiltration uncertainty distribution.
This work does not specifically evaluate impacts to closed KTIs supported by previous models of
net infiltration.
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1.4 DEVIATIONS FROM THE TECHNICAL WORK PLAN

One deviation from the TWP (BSC 2006 [DIRS 177492]) relates to the use of neutron logging
data from 99 boreholes in the vicinity of Yucca Mountain. The TWP (BSC 2006
[DIRS 177492], Section 2.2.1.5) states the following:

The neutron log data will be used for post-model validation by comparing the
infiltration values (averaged over areas of similar infiltration characteristics such
as similar soil type or thickness) to the area averaged values from MASSIF. The
range of uncertainty of the infiltration values must overlap to allow validation to
be accepted.

After examining the neutron data and reviewing the methods used to estimate net infiltration flux
at each neutron borehole, this comparison was determined to be of limited use for the model
development and validation and therefore was not used. See Section 7.2.1.1.3 for a discussion of
the neutron logging data.

Another minor deviation from the TWP relates to the use of the soil lysimeter data from the
Nevada Test Site (NTS). The TWP states that these data “are available in support of this
post-model validation activity.” In fact, the lysimeter data are used for confidence building
during model development (Section 7.1.2.1) and not for post-model validation.
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2.  QUALITY ASSURANCE

Planning and preparation of this report was initiated under the Bechtel SAIC Company (BSC)
Quality Assurance (QA) Program. Therefore, forms and associated documentation prepared
prior to October 2, 2006, the date this work transitioned to the Lead Laboratory, were completed
in accordance with BSC procedures as identified in Section 4.1 of the TWP (BSC 2006
[DIRS 177492]. Forms and associated documentation completed on or after October 2, 2006,
were prepared in accordance with Lead Laboratory procedures.

Development of this model report and the supporting modeling activities are subject to the Yucca
Mountain Project QA program, as indicated in the TWP (BSC 2006 [DIRS 177492],
Section 8.1). Approved QA procedures (BSC 2006 [DIRS 177492], Section 4.1) have been used
to conduct and document the activities described in this model report. The TWP also identifies
the methods used to control the electronic management of data (BSC 2006 [DIRS 177492],
Section 8.4). The modeling activities and associated calculations herein were conducted and
documented following SCI-PRO-006, Models.

This model report provides simulation results for infiltration into the UZ under present and
potential future climates. The UZ (including soil and rock above the water table) is part of
natural barriers that are classified in Q-List (BSC 2005 [DIRS 175539]) as “Safety Category”
because it is important to waste isolation. The report contributes to the process models used to
support performance assessment; the conclusions do not directly impact engineered features
important to preclosure safety.
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3. USE OF SOFTWARE

A list of controlled and baselined software items used in this report is provided in Table 3-1.
Each software item is used within the range for which it was qualified. All software used for the
work documented in this report was selected because it was appropriate for the intended use. No
limitations on the use of selected software or on the use of outputs from selected software were
identified for this work. The use of the software items was consistent with its intended use and
within the documented qualified validation ranges for the software. No software item was used
prior to qualification to develop any qualified technical data outputs. Section 4 discusses the
inputs used in this model for all software. Mathcad V. 13.1, Microsoft (MS) Excel 2003, Excel
2000, MS Access™ 2003, MS Internet Explorer v.6.0.2800, and Surfer 8 are commercial-off-
the-shelf (COTS) software items that have been determined exempt in accordance with Section
2.0 of IM-PRO-003, Software Management. ~HYDRUS 1-D (Simunek et al. 2005
[DIRS 178140]) is unqualified software and was used solely for the purpose of model
corroboration. The use of HYDRUS-1D for model corroboration is documented in Section 7.2.2
and Appendix K. This model corroboration activity provides indirect support for model
validation, which is considered an unqualified activity. HYDRUS 2-D (Simunek 1999
[DIRS 178228]) is discussed in section 6.2.4.1, but is not used in the analysis. INFIL VVA 2.al
[DIRS 147608] and INFIL VV2.0.2001 [DIRS 139422] are discussed in the report as historical
references only and were not used in the analysis.

Table 3-1. Qualified Software Used in This Report

Software Tracking Number
Software Name Version (STN) Platform/Operating System DIRS
LHS 2.51 10205-2.51-01 DEC AlphaServer ES45 178784
Model 2/ Open VMS 8.2
ArcGIS Desktop 9.1 11205-9.1-00 PC/Windows XP 176015
ENVI+IDL 4.2 11204-4.2-00 PC/Windows XP 178783
MVIEW 4.0 10072-4.0-00 PC/Windows 2000 173438

31 LHSV.251

The Latin Hypercube Sampling (LHS) software, Version 2.51 (LHS V. 2.51 [DIRS 178784],
STN: 10205-2.51-01), baselined October 03, 2006, uses the Open VMS 8.2 operating
environment for quality-affecting work supporting the infiltration model. The LHS software:
(1) performs Latin hypercube sampling; (2) generates the distribution for each parameter to be
sampled: NORMAL, LOGNORMAL, UNIFORM, LOGUNIFORM, or USER-DEFINED
distributions (cumulative, continuous, and discrete); (3) generates a correlation matrix; and (4)
detects invalid input data sets.

3.2 ARCGIS DESKTOP V. 9.1

The ArcGIS Desktop software, Version 9.1 (ArcGIS Desktop V. 9.1 [DIRS 176015],
STN: 11205-9.1-00), baselined in December 12, 2005, uses the Personal Computer (PC)
MS Windows XP operating environment for quality-affecting work supporting the infiltration
model. The ArcGIS Desktop software item integrates a collection of software files for
developing a complete Geographic Information System (GIS) for the infiltration model. The
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software item extends the shape file, geodatabase, and coverage model with support from
advanced geometry (three-dimensional coordinates and true curves), complex networks and
relationships among feature classes, planar topology, and other object-oriented features within
the MS Windows XP operating environment.

3.3 ENVI+IDL V. 4.2

The ENVI+IDL software, Version 4.2 (ENVI+IDL V. 4.2 [DIRS 178783], STN: 11204-4.2-00),
baselined December 5, 2005, uses the PC MS Windows XP operating environment for quality
affecting work supporting the infiltration model. The ENVI+IDL software: (1) conducts
Radiometric Corrections to the Region of Interest (ROI) data; (2) accepts image formats
including but not limited to flat LANDSAT, QUICKBIRD and U.S. Geological Survey (USGS)
digital elevation model maps; (3) conducts land cover characterization calculations based on data
in the ROI; (4) conducts geometric corrections to the ROI data such that the precision of the
calculated geographic locations are on the order of the precision of the input data pixels; and
(5) accepts generic image formats including but not limited to ASCII, BMP, HDF and JPEG.

34 MVIEW V. 4.0

The MVIEW software, Version 4.0 (MVIEW V. 4.0 [DIRS173438], STN: 10072-4.0-00),
baselined on July 1, 2005, for the PC MS Windows 2000 operating environment, is a stand-alone
executable program that was used to perform sentivity analyses on net infiltration model outputs.
Specifically, it was used for stepwise regression analysis and the calculation of partial correlation
coefficients and standaradized regression coefficients. This work is described in Appendix H.

3.5 EXEMPT SOFTWARE ITEMS
The following COTS software is considered exempt under Section 2.0 of IM-PRO-003.

Standard spreadsheet and database software (MS Excel 2003 and MS Access 2003) were used
for calculations supporting the development of the stochastic weather input files, generating
visualization plots of data, and other miscellaneous standard calculations included this report.
These software items are controlled as part of MS Office 2003 Professional SP-2
(STN: 610236-2003-00).

The plotting program Surfer 8.02 (STN: 610469-8.02-00) was used to generate visualization
maps of net infiltration. The use of Surfer 8 is exempt from qualification under Section 2.0 of
IM-PRO-003 because it is used solely for visual display or graphical representation of data.
Maps of net infiltration results were generated using Surfer 8.02 and can be spot-checked by the
reviewers. Grid cell results were imported into the Surfer 8.02 software and gridded using a
Nearest-Neighbor algorithm, which employed the same grid-cell size of 30 x 30 m as the original
data. The only data conversion performed by the software was to mask or blank out regions
outside of the domain, since the gridding produces a domain that is a bounding box of the
imported data. This was done using standard features of the Surfer 8 software.

Mathcad V. 13.1 (STN: 611161-13.1-00) is a COTS controlled software item determined to be
exempt in accordance with Section 2.0 of IM-PRO-003. This exemption was reinforced by the
conclusions of an Office of Quality Assurance surveillance (OQA-SI-06-015), which determined
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that QARD Revision 18 had no impact on the exempt status of MASSIF as long as the
procedural requirements of the modeling procedure were met (DOE 2006 [DIRS 179958)).
Incremental checking of MASSIF documented in Output DTN: MO0703MASSIFIM.001
satisfied the checking verification requirement needed to meet these procedural requirements.
The net infiltration model (MASSIF) was developed and implemented using standard functions
included with Mathcad. MASSIF is a hydrologic mass-balance accounting calculation that
accounts for the partitioning of water that falls as precipitation to runoff, evapotranspiration
(ET), soil moisture storage, and net infiltration, through the automated solution of a series of
standard equations which are amenable to verification by hand calculations.

Mathcad allows the infiltration model calculations to be automated, which allows that same set
of calculations to be repeated as often as necessary to cover the domain of interest. The results
of the MASSIF calculation are not dependent upon the software program used. The calculation
was implemented in Mathcad because Mathcad calculational functions are easily recognizable
and formatted consistent with their presentation in standard textbooks and hence, are innately
traceable and transparent. The TWP (BSC 2006 [DIRS 177492]) describes how the net
infiltration model, MASSIF, is verified by comparing each calculation against independent hand
calculations performed by an independent checker/reviewer.
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4. INPUTS
4.1 DIRECT INPUT

All direct data inputs used in the development and application of the net infiltration model,
MASSIF, to estimate net infiltration for Present Day and potential future climates are listed in
Table 4-1. These data consist of topographic, geologic, vegetation, and climate parameters and
properties that are appropriate to and required for the development and application of the
water-balance approach to watershed modeling that is the basis for the net infiltration model.
The data referenced in Table 4-1 contain information necessary to construct and implement the
mathematical model as a Mathcad calculation. The data are fully appropriate for the site-scale
infiltration model. All non-qualified direct inputs are qualified for their intended use in
Appendix A.

Two direct input DTNs discussed below have been used for different purposes in Sections 6
(Model Discussion) and 7 (Model Validation). While the procedure SCI-PRO-006 Rev 02
indicates in Attachment 2 that data used to develop a model cannot be used to validate a model,
it is argued here that the different uses of the same data are acceptable.

In the first case, weather observations from ten weather stations representing Present Day climate
from DTN SNO60SWEATHER1.005 [DIRS 177912] were used in Section 6 and Appendix F to
develop stochastic model parameters used to simulate long-term weather for the site. These
derived parameters were used as inputs to a stochastic precipitation simulation, which produced
weather input files to the MASSIF model in Section 6. Note that the actual historical weather
observations were not used as model input to MASSIF in Section 6, but rather to parameterize
the general weather patterns and characteristics for a stochastic simulation that was used to
generate a set of simulated weather years used as input to the calculations documented in Section
6.5. In contrast, in Section 7, certain local weather observations from specific stations were used
as MASSIF model inputs to simulate net infiltration, evapotranspiration and runoff at specific
locations and for specific historical periods in order to match measurements of net infiltration,
evapotranspiration, and runoff made at these locations during those same periods. Because
weather measurements are unique in time and space, it i1s unreasonable and impractical to
separate their use in model development and model validation.

In the second case, a set of qualified borehole locations (DTN: MO9906GPS98410.000
[DIRS 109059]) were used in Section 6 and Appendix E to georeference satellite imagery so that
the imagery could be used to characterize the vegetation response as a function of time and
space. In contrast, in Section 7, neutron logging measurements made in the same boreholes were
compared with the results of the MASSIF model. In order to identify the MASSIF model grid
cells in which the boreholes lie, it was appropriate to use the set of qualified borehole locations
for this identification. ' '
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Table 4-1.

Direct Input Data

Input Data Type

Input Data Description

Location in This Model Report

Source

Conversion Factors

Conversion factor from
watts to joules

Appendix D

IEEE/ASTM S| 10-1997
[DIRS 151762)

Shuttle radar

Surface elevation

Appendix B; Output DTNs:

DTN: SNO601SRTMDTED.001

topography SNO608DRAINDYM.001, [DIRS 177242]
SNO608NDVIQBIM.001

LandSat images Satellite imagery Output DTNs: DTN: SNO601ALANDSAT.001
SNO608NDVIAUXD.001, [DIRS 177239]
SNO608NDVILSTM.001

Digital aerial Aerial photography Appendix E, Output DTN: DTN: SN0601DOQQYM98.001

orthorectified SNO608NDVIAUXD.001 [DIRS 177240}

photographs

Quickbird images

Satellite imagery

Appendix E, Output DTN:
SNO608NDVIQBIM.001

DTN: SN0601QBSAT802.001
[DIRS 177241]

boundaries

6.5.2.5, Appendix B; Output
DTNs: SN0606T0502206.011,
SN0701SPALAYER.002

Survey of field Ground control point Appendix E, Output DTN: DTN: MO0512C0OV05112.000
locations coordinates SNOB0SNDVIAUXD.001 [DIRS 177249]
Borehole coordinates DTN: MO9906GPS98410.000
[DIRS 109059]
Ecological study plot Appendix D; Section 6.5.3 DTN: MO9901ESPYMNYE.000
coordinates [DIRS 177247]
Soil maps Soil depth class and type |Sections 6.5.2.2, 6.5.2.4, DTN: MO0608SPASDFIM.006

[DIRS 178082]

Bedrock map

Bedrock boundaries

Sections 6.5.2.2,6.5.2.4,
Appendix B; Output DTNs:

DTN: MOO603SPAGRIDD.003
[DIRS 177121], file

footprint

boundaries

SN0606T0502206.011, IHU _map_file2.txt
SNO701SPALAYER.002
UZ model boundary |Identification of grid cells [Appendix B; Output DTN: DTN: LB0O208HYDSTRAT.001
and repository inside and outside SN0612FTPRNUZB.002 [DIRS 174491]

Soil properties

Permanent wilting point,
moisture content, water
holding capacity,
saturated hydraulic
conductivity

Section 6.5.2.3

DTN: MOO605SEPALTRN.000
[DIRS 178089]

Terrain albedo

Table 6.5.4.1-4, Appendix A

Brutsaert 1982 [DIRS 176615],
p. 136, Table 6.4

Evaporation layer depth

Table 6.5.4.2-4, Appendix A

Allen et al. 2005 [DIRS 176009],
p. 4

Table 6.5.4.2-4 Allen et al. 1998 [DIRS 157311],
p- 144
Minimum transpiration Table 6.5.4.2-2 Allen et al. 1998 [DIRS 157311],
coefficient pp. 207 and 209
Soil moisture depletion Table 6.5.4.2-3 Allen et al. 1998 [DIRS 157311],
coefficient p. 162
Readily evaporable water | Table 6.5.4.2-5 Allen et al. 1998 [DIRS 157311],

p. 144, Table 19

Soil depth measurements

Section 6.5.2.4.1

DTN: GS011208312212.004
[DIRS 176317]
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Table 4-1.

Direct Input Data (Continued)

Input Data Type

Input Data Description

Location in This Model Report

Source

Bedrock saturated
hydraulic conductivity

Saturated hydraulic
conductivity

Section 6.5.2.5

DTN: MO0605SPABEDRK.005
[DIRS 177122]

Precipitation/climate

Atmospheric pressure,
dew point, precipitation
quantity, precipitation
rate, relative humidity,
solar flux, temperature,
wind direction, wind
speed, and/or wind vector
magnitude

Appendix D, Section D3.2.4;
Output DTNs:
MOQ0602SPAWEATH.000,
MO0602SPAPRECP.000

DTN: MO0206SEPQ1998.001
[DIRS 166731]

DTN: MO0209SEPQ2000.001
[DIRS 166730]

DTN: MO0305SEPO1MET.002
[DIRS 166164]

DTN: MO0305SEPO2MET.002
[DIRS 166163]

DTN: MO0312SEPQ1997.001
[DIRS 167116 ]

Appendix D, Section D3.2.4;

DTN: MO0312SEPQ1993.001

Output DTN: [DIRS 176092] (Data was
MOO0607SEPTOTAL.003 evaluated and determined to be
appropriate prior to use)
DTN: MOO606SEPRECIP.001
[DIRS 177136] (Data was
evaluated and determined to be
appropriate prior to use)
Output DTN: DTN: MO0605SEPHOURL.000
SN0610T0502206.031 [DIRS 177237]
Appendix D; Output DTN: DTN: MO0605SPASPOKA.000
MOO0B05SPADAYWA.000 [DIRS 177135]

Appendix F; Output DTN:

DTN: SN0601PRECPTMP.002

SN0609T0502206.023 [DIRS 176122]
Appendix F; Output DTNs: DTN: SNO603DWEATHER.002
SN0609T0502206.023, [DIRS 177917]
SN0608T0502206.019
Atmospheric pressure, Appendix F; Output DTNs: DTN: SNO60BWEATHER1.005
dew point, precipitation SN0609T0502206.023, [DIRS 177912]
quantity, relative SN0610T0502206.030,
humidity, temperature, SN0608T0502206.019,
and/or wind speed SN0610T0502206.031
Stations representing Appendix F; Section 6.5.1.1, DTN GS000308315121.003
future climate Table 6.5.1.1-1 [DIRS 151139]

Psychrometric constant

Section 6.5.3.6.1

Alien et al 1998 [DIRS 157311],
p. 214, Table 2.2

Temperature lapse rate

Appendix F; Section 6.5.1

Maidment 1993 [DIRS 125317],
p.3.3

Maximum daily
precipitation amount

Appendix F; Section 6.5.1

Maidment 1993 [DIRS 125317],
p. 3.36, Table 3.10.2

Snowmelt coefficient

Section 6.5.1, Table 6.5.1.7-1,
Appendix F

Maidment 1993 [DIRS 125317],
p.7.24

Sublimation coefficient

Section 6.5.1, Table 6.5.1.7-1,
Appendix A

Hood et al. 1999 [DIRS
177996], p. 1794

Solar constant

Table 6.5.4.1-5

Allen et al. 1998 [DIRS 157311},
p. 48

Table 6.5.4.1-5, Appendix A

Dewitte et al. 2004 [DIRS
178528], p. 214
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Table 4-1. Direct Input Data (Continued)

Input Data Type

Input Data Description

Location in This Model Report

Source

Precipitation/climate
(continued)

Turbidity coefficient

Table 6.5.4.1-6, Appendix A

Allen et al. 2005 [DIRS 176207],
Appendix D, p. D-8

Dew point offset

Table 6.5.4.1-2, Appendix A

Allen et al. 2005 [DIRS 176207],
Appendix D, p. D-29

Temesgen et al. 1999 [DIRS
178312], pp. 29 to 30, Table 4

Vegetative coverage

Ground cover

Appendix D, Section D3.2.2,
Tables D-6 through D-14; Output
DTNs: MOO606SPAVEGAS.001,
SNO60SNDVIANAL.001

DTN: MO9907GCESPYMN.000
[DIRS 157659]

Growth stage lengths

Appendices A, D, Section
D3.2.1, Tables D-2 and/or D-3

Rundel and Gibson 1996 [DIRS
103614], Figure 4.13, p. 106

Newman 1992 [DIRS 174673],
p.3

Smith et al. 1995 [DIRS
103628], pp. 342, 348, Figure 2

Hamerlynck et al. 2000 [DIRS
177022], p. 602, Figure 6

Hamerlynck et al. 2002 [DIRS
177128], p. 103, Figure 7

Hamerlynck et al. 2002 [DIRS
177046), p. 774

Hulbert 1955 [DIRS 177129], p.
1

Mean plant height, mean
maximum plant height

Section 6.5.3.3, Table 6.5.3.3-1,
Appendices A, D, Section
D3.2.1, Table D-5

Hulbert 1955 [DIRS 177129),
Table 6, p. 186

Newman 1992 [DIRS 174673],
p.2

Rundel and Gibson 1996 [DIRS
103614], Tables 4.1 and 4.2

Stomatal resistance

Appendices A, D, Section
D3.2.3, Table D-16

Huxman et al. 1999 [DIRS
177133], pp. 770 and 774

Huxman and Smith 2001 [DIRS
177132}, p. 197

Hamerlynck et al. 2002 [DIRS
177128], p. 101

Soil moisture depletion
coefficient adjustment

Section 6.4.4.2

Allen et al. 1998 [DIRS 157311],
p. 162

Elevation of Crater Flat
used to develop stomatal
resistance inputs

Section D3.2.3

Smith et al. 1995 [DIRS
103628], p. 340

Stomatal resistance

Appendices A, D, Section
D3.2.3, Table D-16

Naumburg et al. 2003 [DIRS
177143], p. 280, Figure 3

Hamerlynck et al. 2000 [DIRS
177130], p. 188

Hamerlynck et al. 2004 [DIRS
176045], p. 213
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Table 4-1. Direct Input Data (Continued)

Input Data Type Input Data Description | Location in This Model Report Source
Vegetative coverage |Stomatal resistance Hamerlynck et al. 2000 [DIRS
(continued) (continued) 177022], p. 602

Pataki et al. 2000 [DIRS
177161], p. 893

Smith et al. 1995 [DIRS
103628], pp. 343 and 344

Atmospheric pressure Appendices A, D, Table D-17 Allen et al. 1998 [DIRS 157311],
pp. 213 to 214, Table 2.1

Rooting depths Section 6.5.3.2, Tables 6.5.3.2-1 |Canadell et al. 1996 [DIRS
and/or 6.5.3.2-2, Appendix A 177626), pp. 583 to 595,
Appendix 1

Hansen and Ostler 2003 [DIRS
177619], p. 85, Table 7-1

Jackson et al. 2002 [DIRS
177171], p. 624, Table 1

Rundel and Gibson 1996 [DIRS
103614], p. 99, Figure 4-10

Rundel and Nobel 1991 [DIRS
128001], pp. 355 to 357

Schenk and Jackson 2002
[DIRS 177638], p. 491, Figure 9

Yoder and Nowak 1999 [DIRS
177167], p. 91, Figure 6

Harris 1967 [DIRS 177630],
p.97, Figure 6

Hulbert 1955 [DIRS 177129], p.
191

Link et al. 1990 [DIRS 177142],
p. 512

Rickard 1985 [DIRS 177635],
p.170

Foxx et ai. 1984 [DIRS 177628],
p. 6, Table 3

Richards and Caldwell 1987
[DIRS 177927], pp. 486 to 489

Sturges and Trlica 1978 [DIRS
177928), pp. 1282 to1285

Ryel et al. 2003 [DIRS 177632,
p. 760

Seyfried et al. 2005 [DIRS
178060], pp. 282 to 283

Leffler et al. 2004 [DIRS
177926), p. 10, Figure 1

Zlatnik 1999 [DIRS 177639], p.
7

Anderson 2002 [DIRS 177625]
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Table 4-1.

Direct Input Data (Continued)

Input Data Type

Input Data Description

Location in This Model Report

Source

Vegetative coverage
(continued)

Mean plant height

Section 6.5.3.3, Table 6.5.3.3-2,
Appendix A

USDA 2002 [DIRS 178073]

Schultz and McAdoo 2002
[DIRS 178065], p. 2

Tirmenstein 1999 [DIRS
177641]

Tirmenstein 1999 [DIRS
177642)

Utah State University 2002
[DIRS 177646], p. 2

Utah State University 2002
[DIRS 177644], p. 2

Utah State University 2002
DIRS 177647], p. 1

Utah State University 2002
[DIRS 177648}, p. 2

Utah State University 2002
[DIRS 177649], p. 2

Utah State University 2002
[DIRS 177650], p. 2

Utah State University 2004
[DIRS 177643], p. 1

Weber et al. 1993 [DIRS
177931], pp. 355 to 357

Zlatnik 1999 [DIRS 177639, p.
7

Stewart and Hull 1949 [DIRS
177146], pp. 58 to 59

4.2 CRITERIA

The general requirements to be satisfied by the TSPA are stated in 10 CFR Part 63
[DIRS 176544]. The acceptance criteria that will be used by the NRC to determine whether the
technical requirements have been met are identified in Yucca Mountain Review Plan, Final

Report (YMRP) (NRC 2003 [DIRS 163274]).

The acceptance criteria identified in Section 2.2.1.3.5.3 of the YMRP (NRC 2003
[DIRS 163274]) that are applicable to this report are included below. How these components are

addressed is summarized in Section 8.3 of this report.
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Acceptance Criteria from Section 2.2.1.3.5.3, Climate and Infiltration.

Acceptance Criterion 1: System Description and Model Integration Are Adequate.

(1)

2

3)

4)

%)

(6

(7

(®)

The total system performance assessment adequately incorporates, or bounds,
important design features, physical phenomena, and couplings, and uses consistent and
appropriate assumptions throughout the climate and net infiltration abstraction
process.

The aspects of geology, hydrology, geochemistry, physical phenomena, and couplings,
that may affect climate and net infiltration, are adequately considered. Conditions and
assumptions in the abstraction of climate and net infiltration are readily identified and
consistent with the body of data presented in the description.

The abstraction of climate and net infiltration uses assumptions, technical bases, data,
and models that are appropriate and consistent with other related U.S. Department of
Energy abstractions. For example, the assumptions used for climate and net
infiltration are consistent with the abstractions of flow paths in the unsaturated zone
(UZ) and flow paths in the saturated zone (SZ) (Sections 2.2.1.3.6 and 2.2.1.3.8 of the
Yucca Mountain Review Plan, respectively). The descriptions and technical bases
provide transparent and traceable support for the abstraction of climate and net
infiltration.

Sufficient data and technical bases to assess the degree to which FEPs have been
included for this abstraction are provided.

Adequate spatial and temporal variability of model parameters and boundary
conditions are employed to model the different parts of the system.

Average parameter estimates are used in process-level models over time and space
scales that are appropriate for the model discretization.

Projections of future climate change are based on evaluation of paleoclimate
information over the past 500,000 years. For example, numerical climate models, if
used for projection of future climate, are calibrated based on such paleoclimate data.

Guidance in NUREG-1297 and NUREG-1298 (Altman et al. 1988 [DIRS 103597];
1988 [DIRS 103750]), or other acceptable approaches for peer reviews and data
qualification, is followed. ,

Acceptance Criterion 2: Data Are Sufficient for Model Justification.

(D

Climatological and hydrological values used in the license application (e.g., time of
onset of climate change, mean annual temperature, mean annual precipitation, mean
annual net infiltration, etc.) are adequately justified. Adequate descriptions of how the
data were used, interpreted, and appropriately synthesized into the parameters are
provided.
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(2) Estimates of present-day net infiltration using mathematical models at appropriate
time and space scales are reasonably verified with site-specific climatic, surface, and
subsurface information.

(3) The effects of fracture properties, fracture distributions, matrix properties,
heterogeneities, time-varying boundary conditions, evapotranspiration, depth of soil
cover, and surface-water run off and run-on are considered, such that net infiltration is
not underestimated.

(4) Sensitivity or uncertainty analyses are performed to assess data sufficiency and
determine the possible need for additional data.

(5) Accepted and well-documented procedures are used to construct and calibrate
numerical models.

(6) Reasonably complete process-level conceptual and mathematical models are used in
this model report. In particular: (a) mathematical models provided are consistent with
conceptual models and site characteristics; and (b) the robustness of results from
different mathematical models is compared.

(7) This Criterion was listed in the TWP, but is not included in present report because
expert elicitation was not used to support model development.

Acceptance Criterion 3: Data Uncertainty Is Characterized and Propagated through the
Model Abstraction.

(1) Models use parameter values, assumed ranges, probability distributions, and bounding
assumptions that are technically defensible, reasonably account for uncertainties and
variabilities, and do not result in an under-representation of the risk estimate.

(2) The technical bases for the parameter values used in this abstraction are provided.

(3) Possible statistical correlations are established between parameters in this abstraction.
An adequate technical basis or bounding argument is provided for neglected
correlations.

(4) The hydrologic effects of future climate change that may alter the rates and patterns of
present-day net infiltration into the UZ are addressed. Such effects may include
changes in soil depths, fracture-fill material, and types of vegetation.

Acceptance Criterion 4: Model Uncertainty Is Characterized and Propagated through the
Model Abstraction.

(1) Alternate modeling approaches of FEPs, consistent with available data and current
scientific understanding, are investigated. The results and limitation are appropriately
considered in the abstraction.
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(2) The bounds of uncertainty created by process-level models are considered in this
abstraction.

(3) Consideration of conceptual model uncertainty is consistent with available site
characterization data, laboratory experiments, field measurements, natural analogue
information and process-level modeling studies; and the treatment of conceptual
model uncertainty does not result in an under-representation of the risk estimate.

Acceptance Criterion 5: Model Abstraction Output Is Supported by Objective Comparisons.

(1) This Criterion was listed in the TWP, but is not included in present report because the
output from this model is not a direct TSPA abstraction.

(2) Abstractions of process-level models may conservatively bound process-level
| predictions.

(3) Comparisons are provided of output of abstracted models of climate and net
infiltration with output of sensitivity studies, detailed process-level models, natural
analogs, and empirical observations, as appropriate.

Acceptance Criteria from Section 2.2.1.1.3
(3) Technical Basis for Barrier Capability is Adequately Presented.
4.3 CODES, STANDARDS, AND REGULATIONS

No codes, standards, or regulations, other than those identified above in Section 4.2, were used in
this model report.
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5. ASSUMPTIONS
In procedure SCI-PRO-006, an assumption is defined as:

A statement or proposition that is taken to be true or representative in the absence
of direct confirming data or evidence, or those estimations, approximations,
limitations, simplifications, and/or decisions made during model development
(such as when expanding the range of variables to achieve conservatism).

The assumptions included in this section are only those which are made in the absence of direct
or confirming data. In Section 6, there are many “modeling decisions” that were made that
might be thought of as assumptions. These are listed in Table 5-1 at the end of this section.

5.1 CERTAIN COMPONENTS OF THE WATER BALANCE MODEL CAN BE
NEGLECTED FOR MODELING NET INFILTRATION AT YUCCA MOUNTAIN

The water balance equation used in this model of net infiltration includes the most important
terms in the water balance and neglects terms that are reasonably assumed to be negligible. The
model includes precipitation (rain and snow), evapotranspiration (ET), net infiltration, snowmelt,
sublimation of snow, run-on, and runoff. The terms that are assumed to be negligible and are
thus not represented in the model include: interception, interflow, storage of water on surface
(either in puddles or in stream channels), subsurface vapor flow, and dew deposition.

o Interception is the process whereby a fraction of the total precipitation is stored on and
eventually evaporated from the surface of plants without reaching the ground. In
densely vegetated regions interception is a significant process; however, in arid regions
with sparse vegetation, this process is assumed to be negligible.

e Interflow (sometimes called “storm seepage”) is lateral flow of liquid water in the
unsaturated zone that can occur during and following precipitation events. This flow 1s
driven by a lateral head gradient component, which is typically the result of a sloping
land surface. Such flows are neglected in the current model for the following reasons.
First, most of the model domain is characterized by relatively low slopes. For example,
the median slope for the model domain is approximately 10 degrees from horizontal and
90% of the domain has a slope less than 25 degrees. The lower the slope the less the
lateral head gradient. Second, bulk bedrock conductivity values tend to be significantly
higher than the conductivities in the overlying soil and, therefore, once water reaches the
soil-bedrock interface, it would tend to enter bedrock instead of flowing laterally along
the interface. Soil layering (anisotropic conductivity), if present, might increase the
likelihood of interflow. However, steep slopes tend to be associated with shallow soils,
where soil layering is unlikely to be important. Even if significant interflow does occur
in certain areas, it is not likely to flow over several grid cells because of the shallow
soils and high bedrock conductivity. Observations also support this assumption. For
example, if significant interflow were occurring at the site, one would expect that stream
flows would continue for several days following large precipitation events, seeps would
form at the toes of slopes, and mass wasting would occur when thin soils on steep slopes
became saturated. None of these indicators of significant interflow characterize the site.
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e Storage of water on the surface can occur in the form of puddles and/or as stream
channel storage. Small ephemeral puddles do form on areas of bare bedrock after
precipitation events, but only about 0.3% of the domain consists of bare bedrock
(431 cells out of 139,092 cells; see Table 6.5.2.4-1). Stream flows do not tend to persist
significantly beyond the precipitation period as discussed in the validation section
(Section 7.1.3). For these reasons, surface water storage is assumed negligible and is
excluded from the water balance.

e Subsurface vapor flow is driven by a gradient in matric potential in the subsurface.
Releatively significant gradients in matric potential have been measured in semiarid
regions with deep soil profiles (Walvoord et al. 2002 [DIRS 178108]; Scanlon et al.
2003 [DIRS 178109]). The presence of these gradients indicates upward vapor flow
(Walvoord 2002 [DIRS 178108]); however, the fluxes inferred are of very low
magnitude compared with the fluxes associated with episodic liquid water infiltration
events that characterize shallow soil regions. Results of the simplified water mass
balance approach described in this report suggest that little to no net infiltration occurs
beneath thick soils and, therefore, including subsurface vapor flow in deep soil areas
would not significantly change these results. In contrast, most of the net infiltration
occurs beneath shallow soils, and little is known about the relative magnitude of
subsurface vapor flow in these regions. For this reason, this process is assumed to be
negligible and is excluded from the water balance.

¢ Deposition of water as dew is not considered in the modeling. It is assumed that this
deposition mechanism is small relative to precipitation and therefore any contribution to
net infiltration will be negligible. Dew deposition may be an important source of water
to native vegetation, especially during especially dry periods, but its effect on net
infiltration is not considered to be important.

e The approach used to estimate water flow and storage within the root zone is a
simplification of the actual physical processes that control flow in this environment.
The use of the “field capacity” concept acts as a flow switch allowing downward water
flow at a rate equal to the saturated hydraulic conductivity when the average water
content in a layer equals or exceeds “field capacity” and allowing no flow to occur when
average water content in a layer is less than field capacity. In reality, water will flow
within the vadose zone in response to gradients in total soil-water potential, which is the
sum of various components such as elevation, matric, pressure, temperature, and osmotic
potentials. The approach used here assumes that these components can be adequately
represented with a unit head gradient when field capacity is equaled or exceeded and
with a head gradient of zero when water content is less than field capacity. For this
application, the value of field capacity is defined as the water content range between
values of suction pressure equal to —0.33 and —0.1 bars. As explained in Sections 6.2.2
and 6.5.2.3, this range of values is considered an approximation for the uncertainty in
this property. Osmotic potential is usually a very minor contributor to the total potential
unless pore-water concentration gradients are very high, which is not supported by
observations at Yucca Mountain.
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52 FAO-56 METHODS FOR DEVELOPING BASAL TRANSPIRATION
COEFFICIENTS ARE APPROPRIATE FOR DESERT ENVIRONMENT

FAOQ-56 is an internationally recognized set of guidelines for estimating evapotranspiration. The
guidelines were developed primarily for agricultural applications but also include guidance for
applying the methods to natural, non-agricultural areas.

FAO-56 methods for developing basal transpiration coefficient (K ) profiles for natural
vegetation (Allen et al. 1998 [DIRS 157311], pp. 187 to 193) are applicable to desert vegetation
and appropriate and defensible for developing K., profiles for vegetation at Yucca Mountain (see
Section 6.4.4 for description of FAO-56 methods and use of K.s in the MASSIF model).

This assumption is needed to support use of FAO-56 methods that were originally developed for
agricultural crops. While methods for natural vegetation are included in FAO-56, they have not
yet been widely used for desert vegetation. The FAO-56 methods for developing K.;s (Allen
et al. 1998 [DIRS 157311], pp. 187 to 193) are described, justified for use, and implemented in
Appendix D.

Methods provided in FAO-56 for calculating K., (Allen et al. 1998 [DIRS 157311], pp. 187 to
193) from effective ground cover are appropriate for desert vegetation. The use of effective
ground cover measured on reference area plots at Yucca Mountain (Section 6.5.3.6 and
Appendix D) directly accounts for the sparse vegetation typical of the Yucca Mountain area. It
also allows for weighting (by cover) of vegetation types (e.g., annuals and perennials) within
associations. The FAO-56 methods provide for corrections in wind speed, minimum relative
humidity, plant height, and stomatal resistance that differ between the FAO-56 standards for
agricultural crops and the desert vegetation and climate of Yucca Mountain. Partitioning
evaporation and transpiration and applying corrections for stomatal control in the FAO-56
methods are appropriate measures for the Yucca Mountain environment.

5.3 ASSUMPTIONS RELATED TO SIMULATING YUCCA MOUNTAIN
VEGETATION USING LANDSAT TM DATA

In Yucca Mountain’s arid climate, it is assumed that vegetation responds directly (and linearly)
to the total annual precipitation and that the annual vegetation response is linearly related to the
basal transpiration coefficient (K.5) and, thus, evapotranspiration. This assumption is supported
by correlations between precipitation and vegetation indices (NDVI) in semiarid environments
(Scanlon et al. 2005 [DIRS 175977], pp. 6036 to 6037). It is also assumed that the vegetation
response measured by NDVI over a single wet year (1998) can be scaled in magnitude to
represent the vegetation response for other years (Section 6.5.3). This assumption implies that
the timing and relative shape of the vegetation response with time can be represented by the
response measured during a single year. The vegetation response for different years is simulated
by multiplying the response for 1998 by a precipitation factor based on the difference in annual
precipitation from the annual precipitation measured in 1998. This assumption is a necessary
simplification because it would be a very significant undertaking to model the dynamic
vegetation response to actual daily weather patterns, and such effort is not warranted for the
intended purpose of the model. Data from two additional years (dry and moderate precipitation)
were used to test the appropriateness of this assumption (Appendix E, Section E-7). The test
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indicated that this assumption generally appears valid for predicting the vegetation during the
wettest period of the year when net infiltration is most likely to occur. It is not as accurate in
predicting the timing and magnitude of the tails of the vegetation response. However, the tails
represent times when ET is not as important, and therefore the errors from year to year likely
cancel each other out, depending on the weather patterns. It is possible that during the monsoon
climate, this assumption may introduce a bias since the period of the year with significant
precipitation moves later in the year (late summer). The current assumption will predict
vegetation tailing off during this period rather than the vegetation responding to the late season
precipitation. The net result of this bias is likely to be an overprediction of net infiltration for
this climate, since transpiration may be underestimated during the period of maximum
precipitation. Other implications of this assumption are that it ignores the potential effects to
vegetation of fire, disease, pests, and other specific environmental factors that may change the
vegetation response in the future.

5.4 PHYSICAL PROPERTIES ARE ASSUMED TO REMAIN CONSTANT

It is assumed in this model that the physical properties of the soil, bedrock, and water will remain
constant over the time periods being considered in the model (1 day to 10,000 years).

¢ Over time periods significantly exceeding 10,000 years, it is likely that soil erosion and
deposition processes will affect soil depth patterns over the site, but it is assumed that
for the next 10,000 years soil depth will remain constant.

e It is assumed that soil formation processes that can significantly change soil properties
(conductivity, porosity, field capacity, etc.) will not alter soil properties in the next
10,000 years.

e It is assumed that bedrock conductivity, which is controlled by the nature and properties
of the material (caliche) that fills fractures near the soil bedrock interface, will not
significantly change in the next 10,000 years.

It is assumed the fluid properties (viscosity and density) can adequately be represented as being
constant. In reality, temperature variations result in variations in viscosity and density that
contribute to variations in the hydraulic conductivity. For example, the increase in the viscosity
of water from 30°C to 10°C is about 64% (CRC 2006 [DIRS 178081], p. 6-2), which results in a
similar associated decrease in hydraulic conductivity. This temperature range was chosen as an
example and is not representative of temperature changes expected within the root zone. The
density of water also can influence the hydraulic conductivity. Water density changes as a
function of temperature and dissolved concentrations of solutes. The density of water changes
only slightly (<1%) in the temperature range between 30°C and 10°C (CRC 2006 [DIRS 178081]
p. 6-2). The change in density due to dissolved constituents will also be very small since the
total dissolved concentration of pore waters collected at the site is relatively low. These
examples illustrate that water properties can affect hydraulic conductivity; however, the
uncertainty in the hydraulic conductivity of the soil based on other factors is much larger than the
potential influence of thermal changes to viscosity and density. Moreover, the sensitivity of net
infiltration to soil conductivity has been shown to be low (Sections 6.7 and 7.1.4), and thus any
thermal effect on conductivity can be neglected.
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5.5 MISCELLANEOUS ASSUMPTIONS AND APPROXIMATIONS

This section lists an assortment of miscellaneous assumptions and approximations that were
made using professional judgment in the process of developing the MASSIF model and applying
it to Yucca Mountain (Table 5-1). The purpose of this list is to disclose explicitly all these
assumptions in one place in the report and point interested readers to the relavant sections of the
report where these assumptions are explained and justified. Many of the assumptions listed here
were made because there was insufficient direct data with which to represent the process in
question. In this case, a decision had to be made as to how to model the process. In these cases,
professional judgement, informed by the YMRP acceptance criteria, guided the development of
the assumption. There is the possibility that when additional field data is collected or
reanalyzed, some of these assumptions may prove to be unsupported by data, which may result
in a change to net infiltration predictions. The aim is that assumptions will not bias the net
infiltration results, but in certain cases this was not possible. For example, the assumption that
no water is removed from bedrock by evapotranspiration does bias the results towards
overestimating net infiltration; however, reliable and quantitative information on how much
water is removed from bedrock at the site was not available, and therefore a simplifying
assumption was necessary given the explicit criteria stating that net infiltration not be
underestimated (e.g., Criterion 2.3). Other items listed in Table 5-1 are considered
approximations of the actual process. In these cases, it is not the intent of this report to argue
that the approximation is what actually occurs in nature; rather, the intent is that the
approximation is an adequate representation of the process considering the intended purpose of
the model.

Table 5-1. Miscellaneous Assumptions and Their Locations in the Report

Misc.
Assumption Location in
Number Description of Assumption Report (Section)
1 Precipitation is assumed to occur at the same time in all parts of the domain. The (6.4.1.1,6.5.1.3

frequency of precipitation is calculated for a reference elevation of 1,524 m and is
applied to all cells of the domain. This assumption was necessary because there
is insufficient data to predict the spatial distribution of precipitation for each event.

2 Precipitation is assumed to fall as snow on days when the average daily 6.4.1.2
temperature is below 0°C. Average daily temperature is assumed to be the
arithmetic mean of the minimum and maximum daily temperature. This

assumption is necessary because a daily time step is used in the modeling.

3 The duration during which snowmelt is available at the surface is assumed to be |6.4.2,6.4.3
12 hours on a day with no precipitation. If precipitation does occur, the duration
that snowmelt is available at the surface is equal to the duration of the
precipitation event on that day. The duration that run-on is available at the
surface is assumed to be equal to the duration of the precipitation event.

4 It is assumed that only one precipitation event can occur during a day. Observed (6.5.1.7, 6.4.3
multiple precipitation events during a day are combined into a single event that
lasts for the sum of the duration of the multiple events and produces the
combined precipitation. It is also assumed that precipitation events do not extend
past midnight. For example, if it began to rain at noon on day 1 and continued to
rain for 24 hours, this “event” would be represented in the model as two
precipitation events (an 11-hour event on day 1 and a 13-hour event on day 2).

5 Evaporation is assumed to cease when the water content of the soil reaches one [6.4.4
half the wilting point for the soil.
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Table 5-1. Miscellaneous Assumptions and their Locations in the Report (Continued)

Misc.

Assumption

Number

Description of Assumption

Location in
Report

6

It is assumed that maximum rooting depth is uniform over the whole domain.
Actual rooting depth is limited by the soil depth because it is also assumed that
nearly all of the water that is evapotranspired comes from the soil layer in which
active roots are present. This assumption means that it is valid to neglect any
evapotranspiration from the bedrock immediately below the soil. It is recognized
that roots do sometimes extend into bedrock along fractures; however, no locally
relevant studies or data were identified which could be used to quantify the
relative amount of water these roots might remove compared with roots in the
soil.

6.5.3.2

Average daily wind speed is estimated from monthly mean wind speed data from
weather stations located within the modeling domain. It is assumed that these
daily wind speed estimates are adequate for representing wind speed during
future climates over the next 10,000 years.

6.452

It is assumed that for the purpose of estimating incoming solar radiation that each
grid cell has a uniform slope (flat surface) and that features that can shade parts
of the surface are not important for estimating incoming solar radiation.

6.4.5.2

The Hargreaves adjustment coefficient calculated from weather data for years
1998, 2001, and 2002 is assumed to be representative of atmospheric conditions
for the next 10,000 years.

6.4.5.2

10

Itis assumed that the turbidity coefficient over the next 10,000 years will vary
between 0.5 and 1.1. Conditions outside this range are not expected to occur.

6.5.4.1

11

Initial water content used for net infiltration calculation is set to a uniform and
constant level for each soil type. It is assumed that this approach adequately
represents the conditions in the soil at the beginning of the water year. Real
saturations may differ spatially, but there is no basis upon which to set an
appropriate initial condition for each grid cell separately.

6.5.4.2

12

For the purpose of using satellite imagery to estimate vegetation responses, it is
necessary to assume that the air mass over the Yucca Mountain region is
homogeneous everywhere in the satellite image.

E1.1

13

It is assumed that the timing of the vegetation response during the wet water year
of 1998 is representative of the timing of the vegetation response during all other
years. This assumption was tested for water year 2001 and shown to be
generally valid. If the timing of the response in 1998 is close to the mean timing
response for all years, then the assumption is still valid since the errors on any
given year will tend to be canceled. However, if the timing of 1998 is biased in
one direction, this assumption could result in a biased estimate of
evapotranspiration. Given the uncertainties in parameters used to calculate
evapotranspiration, the impact of such a bias is assumed to be relatively small.

E1.1

14

It is assumed that the linear relationship derived between NDVI and K.,
measurements for a few representative years is applicable for future climates
expected over the next 10,000 years.

E1.1

15

Itis assumed that the vegetation measured at environmental study plots during
dry, moderate, and wet years is comparable and similar to vegetation in those
same plots during different dry, moderate, and wet years. In order to make these
comparisons, an effort was made to scale vegetation linearly with annual
precipitation before comparing.

D2.2
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Table 5-1.

Miscellaneous Assumptions and their Locations in the Report (Continued)

Misc.
Assumption
Number

Description of Assumption

Location in
Report

16

It is assumed that all subsurface flow can be represented by Darcy’s Law and that
all vertical flow in the soil and into the bedrock is driven by a unit gradient. Itis
also assumed that there is no conductivity limitation to water entering the surface
(evaporation) layer. A conductivity limitation does exist for water flowing from the
evaporation layer to the lower root zone. This assumption was made for the
following reasons. The processes of interception and surface storage are not
explicitly represented in the MASSIF model; however, these processes will act to
store some initial amount of precipitation that is not available for runoff. In
addition, the typically dry conditions in the surface layer of the soil will result in
capillary suction that in effect reduces any limitation due to soil conductivity for
this region and that draws in water faster than the saturated conductivity of the
soil during the initial wetting period. Since the thickness of the evaporation layer
is considered to be uncertain and is sampled in LHS, the effect of this assumption
varies with the sampled thickness.

6.4.2

17

It is assumed that conditions affecting evaporation on east (E) and west (W)
slopes represent an approximate average of the conditions that would exist on N
and S slopes. Thus, vegetation on E and W slopes will be interpolated as a
temporal average of N and S slopes.

E3.1

18

It is assumed that vegetation response on flat and gentle slopes (<5°) can be
represented as averages between N and S slopes (and therefore, in this simple
interpolation, equivalent to E and W slopes). Vegetation responses for all
intermediate slopes and azimuths can be represented by weighted averaging
between the endmember conditions for N and S slopes.

E3.1

19

It is assumed that any run-on generated in the northern part of Yucca Wash,
which has been artificially cut off during watershed delineation, will not
significantly affect estimates of net infiltration for that drainage.

6.5.2

20

It is assumed that the maximum daily precipitation possible at Yucca Mountain
during the next 10,000 years is equal to or less than the largest observed rainfall
in the USA during a 24-hour period over a 26-km? area (983 mm; Maidment 1993
[DIRS 125317], p. 3.36, Table 3.10.2).

6.5.1.7
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6. MODEL DEVELOPMENT

Section 6 describes and discusses the model used to predict net infiltration at Yucca Mountain.
Section 6.1 provides a listing of the features, events and processes (FEPs) addressed by the
report.

Section 6.2 includes a description of the processes that are involved in and related to net
infiltration. These processes are described in terms of the near-surface water (mass) balance, and
include net precipitation, surface water run-on/runoff, change in water storage in the active zone,
evaporation, and transpiration. A discussion related to modeling these processes is given,
followed by a presentation of criteria for selecting models and model approaches for estimating
net infiltration at Yucca Mountain. A brief discussion of existing models and why they were not
used for this application is given.

In Section 6.3, the model developed to estimate net infiltration at Yucca Mountain is
summarized, the rationale for its development is given, and some of its key features are
described. This model, referred to as MASSIF (Mass Accounting System for Soil Infiltration
and Flow) is based on a mass balance equation that is solved for each computational cell for each
day of the simulation.

The mathematical basis for the MASSIF model is described in Section 6.4. The mathematical
representations of the key water balance components are presented in this section, including
those for precipitation (Section 6.4.1), water transport and storage (Section 6.4.2), surface runoff
and run-on (Section 6.4.3), evapotranspiration (Section 6.4.4), and reference evapotranspiration
(Section 6.4.5).

Analyses of Yucca Mountain net infiltration for three pre-10,000-year future climates using
MASSIF are described in Section 6.5. Climatic inputs for anticipated climate episodes are
described in Section 6.5.1 and include the amount of precipitation, the minimum and maximum
temperatures, and the average wind speed. Geologic inputs such as spatial distributions for soil
types, soil depth classes and bedrock types, and geologic data used to define watersheds and
other site characteristics are given in Section 6.5.2. Vegetation parameters are presented in
Section 6.5.3. This section includes a discussion of potential vegetation for different climates,
rooting depth, plant height, transpiration coefficients, and vegetation coverages for different
climates. A discussion of how Landsat images are used to estimate transpiration coefficients for
future climates using predicted precipitation is included. Additional parameters related to
describing vegetation are given in Section 6.5.4.

The criteria for considering parameter uncertainty in the calculation of net infiltration are given
in Section 6.5.5. Section 6.5 also includes a discussion of the calculation procedures, including a
description of the post-processing of results (Section 6.5.6). Finally, results of net infiltration
calculations are provided in Section 6.5.7 for each of the three future climates considered.

Section 6.6 contains a discussion of the infiltration prediction uncertainties.

Sensitivity analyses of net infiltration at Yucca Mountain are given in Section 6.7. For each
climate considered, a sensitivity study was conducted to identify those parameters whose
uncertainty might significantly influence the uncertainty in average net infiltration. Parameters
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considered included both generic model parameters and the input parameters that are specific to
the Yucca Mountain site. Bases for exclusion of parameters from sensitivity studies are given.

This model is not intended to be a direct input to TSPA. Rather, it is intended to provide
boundary conditions for the unsaturated zone (UZ) modeling, which in turn provides direct feeds
to TSPA.

6.1 FEATURES, EVENTS, PROCESSES

Table 6.1-1 contains a list of 13 FEPs taken from the FEP List (DTN: MOO0508SEPFEPLA.002
[DIRS 175064]). The selected FEPs are those that are associated with the subject matter
discussed in the present report. The cross-reference for each FEP to the relevant section(s) of
this report is also given in Table 6.1-1.

Table 6.1-1. FEPs Addressed in This Model Report
FEP Number FEP Name Relevant Sections

1.2.02.01.0A Fractures 6.5.2
1.3.01.00.0A Climate change 6.5.1, Appendix F
1.4.01.01.0A Climate modification increases 6.5.1, Appendix F

recharge
2.2.03.01.0A Stratigraphy 6.5.2
2.2.03.02.0A Rock properties of host rock and 6.5.2

other units
2.2.07.01.0A Locally saturated flow at bedrock/ |5, 6.2, 6.3, 6.4

alluvium contact
2.2.07.02.0A Unsaturated groundwater flow in 62,63, 64

the Geosphere
2.3.01.00.0A Topography and morphology 6.5.2, Appendix B
2.3.11.01.0A Precipitation 6.5.1, Appendix F
2.3.11.02.0A Surface runoff and flooding 6.2,6.3,6.4
2.3.11.03.0A Infiltration and recharge Entire

6.2 INFILTRATION PROCESSES

This section includes a description of the processes that are involved in and related to net
infiltration. These processes are described in terms of the near-surface water balance. Next a
discussion related to modeling these processes is given, followed by a presentation of criteria for
selecting models and model approaches for estimating mean annual net infiltration at Yucca
Mountain. Finally, a brief discussion of existing models and why they were not used for this
application is given.

6.2.1 Processes Controlling Net Infiltration

Near surface hydrologic processes are generally described in the context of the hydrologic cycle,
which describes the pathways and reservoirs through which water moves near and on the surface
of the earth. The hydrologic reservoirs consist of the atmosphere, biomass, soil, surface water
(streams, lakes, puddles, etc.), snow, pore water in the bedrock overlying the water table, and
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groundwater. Water moves between these reservoirs via a set of natural processes, including
precipitation, infiltration, soil water movement and retention (e.g., drainage and interflow),
evaporation, transpiration, run-off, and net infiltration (see Figure 6.2.1-1).

solar radiation

vAg¢

e | B>
£A

v

precipitation

transpiration

run on .
evaporation run off

ponding

root zone infiltration

shallow
subsurface q interflow

E > vadose zone

net infiltration

N\ water table

NOTE: Figure not to scale.

Figure 6.2.1-1. Processes Controlling Net Infiltration

The term “infiltration” refers to the volume flux of water through the soil-atmosphere interface,
while the term “net infiltration” refers to the volume flux of water to below the shallow zone
where most evaporation and transpiration occurs. In this report, “mean annual net infiltration”
refers to the temporally averaged net infiltration at a given location, and “spatially averaged net
infiltration™ refers to the average of mean net infiltration over a specific area, such as the
125 km? infiltration modeling domain used for representing the region around Yucca Mountain.

The depth to which evaporation and transpiration are significant processes is often referred to as
the active zone to reflect the dynamic nature of the processes in this zone. The active zone often
coincides with the root zone or may extend beyond it. The amount of water in the active zone
varies substantially over time; below this depth the water content changes are attenuated. In
general, when thin soils predominate, the active zone is confined to the soil layer on top of the
rock, and net infiltration is defined as the amount of water that moves from the surface layer of
soil into the underlying rock. Others have used such terms as “recharge,” “drainage,” and “deep
percolation” to describe net infiltration. These terms imply that water moving below the active
zone will eventually recharge phreatic aquifers at depth. While this may occur in humid
environments, in arid and semiarid environments with very deep vadose zones, all water moving
below the active zone may not recharge the aquifer since lateral and upward flow within the deep
vadose zone can occur (Scanlon et al. 1997 [DIRS 142228], p. 463).
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In arid and semiarid regions such as the desert basins of the southwestern United States, the
processes controlling net infiltration are highly variable in both time and space, and the dominant
mechanisms may vary throughout the basin. Net recharge to underlying groundwater in desert
basins is often considered to be the sum of several distinct dominant processes occurring in
different regions of the basin. Important regions include mountain block, mountain front, and
ephemeral stream channels and interdrainage areas of the basin floor.

Mountain block regions are characterized by very thin soils covering fractured bedrock. Areas
with thin soils have less total water storage capacity and therefore have a greater potential for
high net infiltration as compared with deeper soil regions. Precipitation tends to be higher here
than in other regions but is highly variable in time and space. The source of precipitation
(i.e., snow melt versus convective storms) can be important. Runoff may be very large in areas
of high relief or other areas during storms. Evapotranspiration is often limited because
vegetation is sparse. Difficulties in studying infiltration in this region (i.e., installing and
maintaining gauging stations or other instrumentation) mean that very little quantitative
information is available on mountain block net infiltration.

Soils in the mountain front region are typically thicker than that of mountain blocks, and relief is
not as high. As with mountain block regions, the type of precipitation can be important. Runoff
can also be important, and net infiltration in the mountain front region is very often focused
beneath losing streams.  Vegetation is also often focused around these streams, so
evapotranspiration can be important.

Infiltration processes on basin floors have been studied more thoroughly than mountain block or
mountain front regions. Basin floors typically receive less precipitation than surrounding
mountains; however, they make up the majority of land surface and so may receive the majority
of rain that falls within the basin. In contrast with mountain block and mountain front regions,
basin floors are often characterized by deep vadose zones, although in the case of Yucca
Mountain, the vadose zone is thinner under the basin floor than under the mountain. In general,
limited infiltrability of soils, intense convective storms, and high evapotranspiration rates tend to
limit net recharge in interdrainage areas of the basin floor. Ephemeral channels and surface
water bodies, however, are often the locus of focused net infiltration.

A common approach for conceptualizing net infiltration (I) is by means of a near-surface water
balance equation:

[=P+RO-AW-E-T (Eq. 6.2.1-1)
where

P is net precipitation

RO is surface water run-on/runoff

AW is the change in water storage in the active zone
E is evaporation

T is transpiration.
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Net precipitation is the supply of water to the soil surface in the form of rain and snowmelt,
minus evaporation of liquid water stored on the surface and sublimation of snowpack.
Infiltration across the soil atmosphere boundary is the sum of the net precipitation and run-on
minus runoff.

Key processes of the near-surface water balance that affect net infiltration are described
subsequently.

Net precipitation

In the general case, for net infiltration to occur at a location, water must be delivered to the
ground surface as net precipitation and/or run-on (surface flow). Run-on is water that has moved
on the surface from adjacent areas. Precipitation may be in the form of liquid water (rain) or a
solid (snow), which later melts to supply liquid water to the soil surface. Precipitation can be
described by the type (e.g., rain or snow), the amount (typically in depth units, e.g., mm) and
duration of precipitation event. The intensity is the average precipitation rate (amount divided
by duration). Snow has the added characteristic of water depth equivalent, averaging 10% water
by volume. Some precipitation is temporarily stored on the surface and returned to the
atmosphere before it infiltrates or runs off, including evaporation of water intercepted by
vegetation and/or accumulated in surface depressions and sublimation of snowpack. Evaporation
of surface water and sublimation of snowpack will depend principally upon climatic conditions.

Subsurface water movement and retention

Water movement in near-surface soil can be described by a flux law of the form:
Flux = gradient * conductivity

The applicable gradient for this flux law is that of the soil water potential. The soil water
potential is most often comprises two principal terms: the gravitation potential and the pressure
potential. For unsaturated systems, the pressure potential is a negative quantity and is often
referred to as matric potential or by its positive-termed value, suction potential. The gradient
attributable to gravity always acts downward, whereas the matric potential gradient can be in any
direction. Consequently, the net soil water potential gradient and the resulting water movement
can be in any direction (e.g., upward, downward, or laterally); the net soil water potential can
also be zero corresponding to equilibrium conditions and no water movement. The hydraulic
conductivity is the property that describes the ability of the soil to transmit liquid water and
decreases nonlinearly with decreasing water content in an unsaturated soil, as capillary forces
become relatively more important.

Infiltration

Water delivered to the soil surface from rain, snowmelt or run-on from adjacent areas will
infiltrate the soil at a rate that depends on soil properties, transient soil water content, and water
potential conditions. The infiltration rate is defined as the volume flux of water (mm3/mm2-yr)
flowing into the soil profile per unit area of soil surface. The infiltration rate (or flux) resulting
from water at atmospheric pressure being made freely available at the soil surface is referred to
as the soil’s infiltrability (Hillel 2004 [DIRS 178856], p. 260). Infiltrability varies with time and

MDL-NBS-HS-000023 REV 01 6-5 May 2007




Simulation of Net Infiltration for Present-Day and Potential Future Climates

1s a function of the initial wetness and water potential, as well as soil texture, soil structure, and
the layering of the soil profile. The rate of infiltration relative to the rate at which water 1s
supplied to the surface will determine the amount that accumulates and/or runs off: water applied
to the soil surface at a rate that exceeds the infiltrability of the soil will pond at the surface and/or
run off; water applied to the soil surface at a rate less than the infiltrability will all infiltrate into
the soil.

In general, infiltrability is highest in the early stages of infiltration and decreases with time,
eventually approaching a constant rate. The decrease in infiltrability with time is usually due to
the decrease in water potential gradients in the soil profile as infiltration proceeds. In some
cases, however, the decreasing infiltrability may be caused by deterioration of the soil structure,
formation of a surface crust, small particles migrating into and blocking soil pores, or entrapment
of air bubbles.

Water movement after infiltration

When the natural processes that supply water to the soil surface (rain, snowmelt, run-on) stop
operating and free water on the surface disappears, the infiltration process ceases. Depending on
net soil water potential gradient, water in the soil can move downward, upward, remain
stationary (retained), or move laterally (interflow).

Interflow can occur as a result of vertical heterogeneity in soil conductivity (e.g., vertical
layering), conductivity differences along the soil-bedrock interface, and as a result of a lateral
head gradient (e.g., from a sloping land surface).

Often after substantial infiltration, water will continue to move downward under unsaturated
conditions, increasing the wetness of successively deeper layers. This type of flow is often
referred to as redistribution. The relatively dry deeper soil draws water from the upper soil that
has been wetted, redistributing water between the zones. The relative size of the two zones is a
function of the initial wetting depth. Redistribution is a dynamic process that depends upon the
relative dryness of the lower zone, the initial wetting depth, and the time-varying hydraulic
properties of the conducting soil. The initial redistribution rate can be very high when driven by
steep matric potential gradients (i.e., if the initial wetting depth is small and the underlying layer
is very dry). When matric potential gradients are small (for example when the initial wetting
depth is large and the lower zone is relatively wet), the initial redistribution rate is lower.

Whatever the initial rate, soil moisture redistribution will tend to decrease with time because the
water potential gradient decreases and the hydraulic conductivity of the wetter layer decreases
with decreasing moisture content. Often, water movement within a soil profile will slow
sufficiently after an infiltration event to such an extent that the amount of water in the soil profile
remains nearly constant, at least temporarily. Early observations of this tendency led to the
concept of field capacity. It was noted that the rate of water content change during redistribution
decreases with time and often becomes negligible after a few days. The water content at which
internal drainage becomes negligible is taken as the definition of field capacity of a soil (Hillel
2004 [DIRS 178856, p. 310).
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Upward soil water movement will occur when the net soil water potential gradient is upward.
This situation can arise when the near-surface soil dries in response to evapotranspiration and the
resulting upward matric potential gradient overcomes the gradient due to gravity. Upward soil
water movement is limited to a large extent by the very low hydraulic conductivity of relatively
dry soils. Some upward water movement may be in the form of water vapor movement.

Soil water retention

The amount of water in a soil layer or profile within the active zone will change with time in
response to water that enters or leaves the system from downward or upward water movement
and/or evapotranspiration. The amount of soil water retained is a function of its moisture
characteristic curve, which is the relationship between the soil water potential and the water
content. Moisture characteristic curves are different for soils of different characteristics
(e.g., texture); two adjacent soil layers at equilibrium (i.e., same water potential) have different
water contents if their moisture characteristic curves are different. Moisture characteristic curves
are also hysteretic as the amount of soil water retained depends on whether the soil is being
wetted or dried.

Surface Water Runoff

Whenever the water delivery rate (precipitation + run-on) exceeds the soil’s infiltrability, water
accumulates on the soil surface. This free water is often referred to as surface water excess.
Some water can be stored on vegetation surfaces as well. Because the soil surface is not flat and
smooth, the surface water excess collects in depressions, forming puddles (ponding). If ponding
exceeds the surface water storage capacity of the depressions, surface runoff commences.

Runoff comprises a wide variety of flow patterns. At one extreme is thin, sheet-like runoff
called overland flow. Overland flow is often the primary type of surface runoff from small
natural areas or areas having little topographic relief. As runoff accelerates and gains in erosive
power, it eventually forms channels. Further erosion can deepen these channels, and individual
channels may eventually converge, forming dendritic networks characteristic of stream flow.

Evapotranspiration

Water within the soil profile can be removed from the soil profile by direct evaporation or
through extraction and transpiration by plants. Direct evaporation is the dominant mechanism of
water transfer from the soil to the atmosphere when the soil surface is bare, while transpiration
may dominate for vegetated soil surfaces. However, since the processes of evaporation and
transpiration are often difficult to discern separately, they are commonly lumped into a single
process called evapotranspiration (ET). Evapotranspiration is dependent on a variety of biotic
and abiotic factors including vegetation characteristics (e.g., root density), climatic conditions
(e.g., solar radiation), and soil properties (e.g., hydraulic conductivity function).

Direct evaporation from the soil occurs when three conditions persist: (1) presence of a sustained
supply of thermal energy to change water from liquid to gas phase (latent heat); (2) presence of a
water vapor pressure gradient at the soil-atmosphere surface; and (3) presence of a continuous
supply of water from or through the soil.
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Transpiration, loss of water from the plant to the atmosphere, is largely a passive response to the
atmospheric environment. Terrestrial plant growth requires CO, for photosynthesis, which
diffuses through open stomata on plant leaf surfaces to intercellular spaces inside the leaf.
Concurrently, water vapor diffuses out of the leaf, from wet cell membranes through stomatal
pores to the much dryer atmosphere (transpiration). Some of the water extracted from the soil by
plant roots is used in photosynthesis and other essential metabolic processes. However, 95% to
99% of the water that passes through a plant is lost to the atmosphere through transpiration
(Nobel 1983 [DIRS 160500], p. 506). Transpiration requires energy to convert water within the
vegetation to water vapor, and also requires a water vapor gradient between the vegetation and
the atmosphere. The supply of water for transpiration is dependent on the water uptake from the
soil and transport within the vegetation. As the adjacent soil dries, water uptake by the
vegetation slows. As the rate of water uptake decreases, the vegetation becomes water stressed
and eventually will be unable to extract any water from the soil. The amount of water in the soil
at this point is referred to as the wilting point and depends on both soil and vegetation
characteristics.

6.2.2 Modeling Processes Controlling Net Infiltration

A model to estimate net infiltration must account for the terms of the water balance described by
Equation 6.2.1-1. Each of these terms is by itself a complex physical process that can be
approximated with simplified representations or models. There are usually a number of models
to choose from for each process, including empirical models and physical models of varying
detail. In this section, the choices of modeling approaches will be introduced.

The physical processes involved in net infiltration are interdependent. Therefore, the estimate of
one term affects the estimate of another and, consequently, affects the estimate of net infiltration.
For example, runoff is often calculated as a function of the amount of water stored in the
near-surface soil; the drier the soil, the less runoff occurs. As more water enters the soil surface,
there is more opportunity for net infiltration.

Net infiltration models are most often implemented within computer programs that combine
models of the relevant physical processes. There are many computer programs that can be used
to calculate net infiltration along with other water balance components (e.g., Ravi and Williams
1998 [DIRS 178131]). These programs were often developed for specific applications
(e.g., contaminant transport, agriculture) and with varying requirements for predictive
accuracies. Consequently, existing computer programs can incorporate significantly different
models and approaches for estimating water balance components.

Modeling the Components of the Near Surface Water Balance

This section examines various conceptual models used to represent the components of the water
balance equation. These components include net precipitation, water movement in the soil
profile, evapotranspiration, and runoff.
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Net precipitation

A net infiltration model requires precipitation as an input, specifically, the amount, the type, and
the duration of the precipitation. The precipitation input can be directly from records of
meteorological data or can be derived from empirical models to represent a particular climate,
including future climates. Most precipitation data and estimates provide daily total amounts.
Daily amounts can be applied over a portion of a day to reproduce observations regarding
precipitation intensity, which can vary as a function of season. Whether precipitation falls as
rain or snow is a function of the temperature of the atmosphere through which it falls.
Observations of snowfall and air temperature have shown that when air temperature is below
0°C, nearly 100% of precipitation falls as snow (Maidment 1993 [DIRS 125317], p. 7.2). Once
snow has accumulated on the ground it can either sublimate or melt. Results of studies aimed at
measuring sublimation in the field arrive at a wide range of values (1% to 80% of snow loss for
the season), depending upon site location and methods used to measure sublimation (Hood et al.
1999 [DIRS 177996]). Snowmelt is commonly predicted from either an energy balance model
or from an empirical temperature index approach. The energy balance approach requires
extensive climatic data and parameters describing the snowpack characteristics. Snowmelt
calculated from the temperature index method is calculated as proportional to the difference
between the air temperature and the melting point of snow (0°C).

Soil water movement

The model for water movement within the near-surface soils is an important component of a net
infiltration model. The amount and location of water within the soil profile as a function of time
will be determined largely from the representation of this process. One common approach for
modeling water movement and storage in unsaturated soil is based on the concept of “field
capacity.” Field capacity for a given soil layer is the amount of water that the soil can hold
without significant gravity drainage occurring. Once the saturation of the soil layer exceeds the
field capacity of the soil layer, excess water moves downward to the next soil layer. Field
capacity is often described as the water content when gravity drainage from the soil becomes
negligible. Because this definition is imprecise, field capacity is usually defined at a prescribed
value of matric potential consistent with the hydraulic conductivity of the soil becoming very
small. The most common value of matric potential associated with field capacity values is —1/3
bar, which is about —340 cm of matric potential head, although the water content at —0.1 bar is
also considered representative, especially for coarse soils. Estimates of water movement within
a soil profile can be made with the field capacity as the single material parameter for each layer
or unit. The field capacity approach implies only gravity-driven (downward) advective water
movement. Matric potential gradients, which will affect downward water movement and can
result in upward water movement in some cases, are not accounted for with this approach.

A more physically based approach for estimating unsaturated water movement is by means of
Richards’ equation, which is a differential equation that describes transient flow in an
unsaturated porous medium. Richards’ equation must be solved numerically for essentially all
realistic conditions. With this approach, water movement is driven by gradients in net soil water
potential, so matric potential gradients as well as that from gravity are included. The rate of
water movement is proportional to the hydraulic conductivity of a soil, which is a varying
function of the amount of water in the soil. This approach utilizes the soil water characteristic
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curve, which describes the amount of water a soil holds at all matric potentials, not just the single
value assigned at “field capacity.” This approach requires more parameters, such as the
hydraulic conductivity function and the soil water characteristic curve of each soil layer or unit,
than the field capacity approach.

Evapotranspiration -

Evaporation and transpiration are processes by which water is removed from a soil. These
processes are often combined together and referred to as evapotranspiration (ET), in part because
it can be difficult to decouple water loss from these two processes. Estimates of ET are usually
proportional to the climatic conditions that describe the atmosphere’s demand for water
(e.g., solar radiation, temperature, wind speed, relative humidity). Potential evapotranspiration
(PET) and reference evapotranspiration (ETo) are two terms that are commonly used to
characterize the climatic conditions and usually represent an upper bound of the amount of ET
that can occur. Often, actual ET is less than PET or ETy, especially in drier climates, because
soil moisture limits evaporation, transpiration, or both.

Evapotranspiration can be estimated as a combined term with no attempt to distinguish between
evaporation and transpiration. However, because they are separate processes, many models
estimate evaporation and transpiration separately. Evaporation can be estimated by different
approaches. One common empirical approach is to estimate evaporation as a function of the
near-surface water content of the soil, taking into account the observation that below some
critical water content the evaporation rate decreases as the surface soil dries. This approach can
also be implemented in terms of time by expressing the evaporation rate as a function of time
after wetting. Alternatively, mechanistic models of evaporation can be implemented. Such a
model often employs a boundary layer at the soil surface through which heat and moisture are
exchanged with the atmosphere. Once the immediate soil surface layer dries, diffusive vapor
movement occurs from within the soil profile. This type of model must be incorporated into a
water movement model that allows for suction-driven flow in addition to water vapor diffusion.

Similar to evaporation, there are a wide range of models for estimating transpiration. There are
models that incorporate elements of the plant physiology including water movement within
individual roots. However, the most common transpiration models are largely empirical. One
distinguishing characteristic of transpiration models is the location from which water is extracted
from the soil profile. Lumped models extract moisture from the root zone uniformly with depth.
Other models impose an assumed distribution of water extraction from the root zone, which can
be proportional to a root density distribution that changes with depth. Some models employ root
zones that change as vegetation matures.

Transpiration rates depend on the status of the vegetation with respect to its seasonal growth and
development. A common modeling approach to capture this behavior is to use crop or
transpiration coefficients, which describe the time-varying ability of the vegetation to extract
moisture over the course of its growing season. A related approach is to estimate transpiration
rates as a function of the amount of vegetation as measured or estimated from the fractional
cover (fraction of soil surface covered by vegetation) or leaf area index (leaf surface area per unit
soil surface beneath it). :
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Transpiration models often relate transpiration rate to the water content of the surrounding soils.
Below some water content known as the wilting point, vegetation cannot extract sufficient
moisture to sustain itself from the surrounding soils, and transpiration ceases. The wilting point
is usually defined as water content at a value of suction head at which the vegetation will fail;
thus, the value of suction depends on the vegetation and ranges from 15 bars for many common
agricultural crops to greater than 60 bars for desert-adapted vegetation.

Another challenge for representing transpiration is defining the vegetation present at a study site
as a function of location, time during the growing season, and under different annual conditions
(e.g., drought). Depending on the scale of the site, either on-site vegetation characterization 1s
performed or, if the site is large, satellite multispectral remote sensing (e.g., LANDSAT) data is
typically used to measure the quantity and distribution of vegetation via the determination of a
vegetation index (e.g., Normalized Difference Vegetation Index). When satellite data 1s used to
characterize vegetation, it is typically calibrated with direct measurements made on the ground
(e.g., Leaf Area Index).

Runoff

Runoff can be estimated a number of ways. One approach is to estimate runoff as the difference
between precipitation and the surface infiltration. The infiltration into the surface soil in
response to a specific precipitation event can be estimated using a model of subsurface water
movement. A simple approach is to estimate runoff from a water balance of the near-surface
soils; infiltration in excess of that required to fill the porosity of the near-surface soils will be
runoff. Under some limited conditions, analytical infiltration models (e.g., the Green-Ampt
model as discussed by Maidment 1993 [DIRS 125317], pp. 5.32 to 5.39) can also be used to
estimate the surface infiltration and hence runoff.

A common alternative modeling approach is to estimate runoff as a function of surface condition
and precipitation data. There are models of this type that estimate runoff in response to specific
storms, daily precipitation, or on a seasonal or annual basis. Factors that can be used to describe
the surface condition include the amount of moisture in the soil, the type of soil, and the extent to
which the surface is vegetated and/or developed. Models of this type often utilize the “curve
number” approach where runoff is estimated as a function of a single empirical term (the curve
number) which is related to the soil and vegetative cover properties in the watershed that are
tabulated in handbooks. Most runoff models include “abstraction,” which is storage of
precipitation in surface depressions and on vegetation.

6.2.3 Criteria for Selection of Net Infiltration Model Components

As described previously, there are a wide variety of models and model components that could be
used for the net infiltration modeling, varying in terms of their conceptual basis and numerical
implementation. Criteria for evaluating models and model components for net infiltration
modeling at Yucca Mountain are given below.

1. The model and model components should be consistent with the overall project purpose.

The purpose of the net infiltration model is to produce estimates of annual net infiltration for the
Yucca Mountain site over long periods of time subjected to different future climate scenarios. It
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is not the purpose of the model to describe the detailed spatial and temporal character of water
movement in the subsurface, describe the details of water consumption by plants or of transport
of water vapor in the surface soils, or determine peak surface water flow rates and sediment
transport during runoff events.

2. Model component complexity should be consistent with available input data.

The choice of a modeling approach should be consistent with the nature and quality of the data
available. In general, as model complexity and detail increase, the requirements for input
parameters increase as well. Because few direct and qualified measurements of soil properties
exist for the Yucca Mountain site, it is appropriate to represent the ability of the soil to hold and
transmit water with a simple model such as one based on the concept of field capacity rather than
a more mechanistic model such as one based on Richards’ equation. Since the modeling domain
is so large and varied, the choice of a simple runoff model linked to the water balance model at
each cell is justified over a more complicated runoff model. The availability of high quality
satellite data which can be used to estimate the spatial and temporal variability of vegetation
justifies the use of a more sophisticated model of evapotranspiration.

3. Model components must be consistent with other model components.

The model components of the water balance terms are interdependent both in a conceptual and
computational sense and must be formulated and implemented in a consistent manner. For
example, the amount of evapotranspiration is expected to depend on the subsurface water
content. Downward water movement will depend on the amount of water removed from the soil
by evapotranspiration. Thus, the water movement model and evapotranspiration must be
integrated.

4. The model should be computationally efficient.

The computations will involve modeling a very large spatial extent over long periods of time.
The model domain covers approximately 125 km®, and estimates of net infiltration are required
for many thousands of years. Further, numerous simulations will be required to assess parameter
sensitivities and different climate scenarios. In order to perform all of the necessary
computations in a reasonable amount of time, the model should be computationally efficient.

5. The model should be accessible and open.

To increase credibility and facilitate review of the calculations, the net infiltration model should
be in as accessible a format as possible. Details of the calculations, including inputs, should be
readily available to any interested party. In addition, the computations should be able to be
independently reproduced.

6. The model and model components should demonstrate reasonable predictive capability.

The model and model components should be demonstrated to have the ability to reasonably
predict or estimate the quantities of interest by comparing to measured data, results of other
calculations, and/or other estimates.
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6.2.4 Alternative Models Considered

There were a number of models that were considered to provide estimates of net infiltration at
Yucca Mountain. The models can be grouped based on how they consider subsurface water
movement, either with Richards’ equation or with a water balance approach that uses field
capacity. Within each of these groups are many specific models. One representative model is
described below for each group in order to provide a representative description of the capabilities
and limitations of existing models considered for estimating net infiltration at Yucca Mountain.
These models are HYDRUS-1D and HELP, respectively.

6.2.4.1 Richards’ Equation Approach: HYDRUS-1D Program

Summary of HYDRUS-1D

HYDRUS-1D (Simtinek et al. 2005 [DIRS 178140]) is a software package for simulating water,
heat, and solute movement in one-dimensional variably saturated media. There is also a
HYDRUS-2D (Simtinek et al. 1999 [DIRS 178228]) code, which is a two-dimensional version of
the software.

The HYDRUS-1D program numerically solves the Richards’ equation for variably saturated
water flow and convection-dispersion type equations for heat and solute transport. The software
has been used in many studies in support of agricultural projects, landfill design projects, and
other studies where detailed predictions of soil moisture and storage, infiltration and
evapotranspiration rates, and distribution of dissolved compounds and heat are required. It has
also been used in near-surface water balance modeling to evaluate land—atmosphere interactions,
deep drainage, and groundwater recharge.

HYDRUS-1D was compared to codes with similar capabilities. The benchmarking analyses
presented by Chen et al. (2002 [DIRS 178132]) and Scanlon et al. (2002 [DIRS 177213])
suggested that all the codes considered provided similar results. HYDRUS-1D and
HYDRUS-2D, along with the other four codes, were selected out of 248 fate and transport codes
in an evaluation by MDH Engineered Solutions Corp. (2003 [DIRS 178204], Section 5.1, p. 20)
and were considered as the best in their category.

HYDRUS-1D incorporates a modified Richards’ equation in the following form:

99 _0 K(%H] .S (Eq. 6.2.4.1-1)
o ox ox
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where

h is the water pressure head [L]

@is the volumetric water content [L* L)

tis time [T]

x is the spatial coordinate [L] (positive upward)

S is the sink term [L’LT ']

K is the unsaturated hydraulic conductivity function [LT™'] given by

K(h,x) =K, (x)K (h,x) (Eq. 6.2.4.1-2)

where K is the relative hydraulic conductivity [dimensionless] and K, the saturated hydraulic
conductivity [LT™']. The unsaturated soil hydraulic properties, &%) and K(h), in Equation
6.2.4.1-1 are in general highly nonlinear functions of the pressure head. HYDRUS permits the
use of five different analytical models for the hydraulic properties.

Equation 6.2.4.1-1 assumes that the air phase plays an insignificant role in the liquid flow
process and that water flow due to thermal gradients can be neglected.

The equation incorporates a sink term to account for water uptake by plant roots. The sink term,
S, is defined using the form proposed by Feddes et al. (1974 [DIRS 178173]):

S(h)=a(h)S, (Eq. 6.2.4.1-3)

where the root-water uptake water stress response function a(k) is a prescribed dimensionless
function of the soil water pressure head (0 < a(h) < 1), and S, the potential water uptake rate
[T

When the potential water uptake rate is nonuniformly distributed over the root zone, S, becomes

S, =b(0)T, (Eq. 6.2.4.1-4)

where b(x) is the normalized water uptake distribution [L™'] and T, » 1s the potential transpiration
[L/T]. This function describes the spatial variation of the potential extraction term, S,, over the
root zone and is obtained by normalizing any arbitrarily measured or prescribed root distribution
function.

The flow region may be composed of nonuniform soils. The water flow part of the model can
deal with prescribed head and flux boundaries and boundaries controlled by atmospheric
conditions, as well as free drainage boundary conditions. The governing flow and transport
equations are solved numerically using Galerkin-type linear finite element schemes.

Evaluation of HYDRUS for estimating infiltration at Yucca Mountain

There are several reasons that HYDRUS-1D was not used for estimating net infiltration at Yucca
Mountain. The first is that HYDRUS-1D is a one-dimensional model and therefore unable to
simulate water movement along the surface as runoff between cells. While this limitation could
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have been overcome by either linking together adjacent models or examining other versions of
the HYDRUS codes that include two- and three-dimensional implemtations, other models and
methods were easier to implement. The second reason this code was not used was because the
previous model used by the project was a mass-balance model and the available data sets
describing soil properties were more compatible with a mass balance, field capacity approach.
Appropriate properties could have been estimated and developed for a Richards’ equation
approach, but this was not pursued. Finally, the strength of a Richards’ equation approach is that
it can simulate the spatial and temporal details of unsaturated water movement in soil. This
ability, however, requires substantial and detailed information about the soil structure and
variability of properties such as moisture characteristic curves and hydraulic conductivity.
functions. At the Yucca Mountain site, the available soil property dataset was limited in the
number of samples and the types of measurements made. For these reasons, it was decided to
implement a mass balance modeling approach based on the field capacity concept instead of a
more physically based approach using the Richards’ equation.

6.2.4.2 Water Balance Model Incorporating Field Capacity Approach: Hydrologic
Evaluation of Landfill Performance (HELP) Model Computer Program

Summary of HELP

Hydrologic Evaluation of Landfill Performance (HELP) (Schroeder et al. 1994 [DIRS 178136])
is the software package that incorporates a quasi-two-dimensional water balance model to
simulate water movement in the unsaturated zone. The code was developed by the U.S. Army
Engineer Waterways Experiment Station (WES) for the U.S. Environmental Protection Agency
(EPA) Risk Reduction Engineering Laboratory. The primary purpose of the model was to assist
in the comparison of landfill design alternatives as judged by their water balances.

The HELP program was tested extensively using both field and laboratory data (Schroeder et al.
1994 [DIRS 178136]). HELP simulation results were compared to field data for 20 landfill cells
from seven sites (Schroeder and Peyton 1987 [DIRS 178857]). The lateral drainage component
of HELP was tested against experimental results from two large-scale physical models of landfill
liner/drain systems (Schroeder and Peyton 1987 [DIRS 178754]). The model is widely used in
the USA and internationally (Dho et al. 2002 [DIRS 178133]).

The inputs to the HELP model are daily climatologic data, soil characteristics, and design
specifications. The climatologic data include daily precipitation, mean daily temperature, and
total global solar radiation and may be either provided by the user or generated stochastically. It
also includes growing season, average annual wind speed, average quarterly relative humidity,
normal mean monthly temperature, maximum leaf area index, evaporative zone depth and
latitude. '

The soil data include porosity, field capacity, wilting point, saturated hydraulic conductivity, and
Soil Conservation Service runoff curve number for antecedent moisture condition II. The model
contains default soil characteristics for 42 material types for use when measurements or site-
specific estimates are not available. The layers in the landfill are typed by the hydraulic function
that they perform. Four types of layers are available: vertical percolation layers, lateral drainage
layers, barrier soil liners, and geomembrane liners.

MDL-NBS-HS-000023 REV 01 6-15 May 2007




Simulation of Net Infiltration for Present-Day and Potential Future Climates

HELP calculates water balance on a daily basis as follows. Snowfall and rainfall are added to
the surface snow storage, if present, and then snowmelt plus excess storage of rainfall is
computed. The total outflow from the snow cover is then treated as rainfall in the absence of a
snow cover for the purpose of computing runoff. A rainfall-runoff relationship is used to
determine the runoff. Surface evaporation is then computed. Surface evaporation is not allowed
to exceed the sum of surface snow storage and intercepted rainfall. Interception is computed
only for rainfall, not for outflow from the snow cover. The snowmelt and rainfall that does not
run off or evaporate is assumed to infiltrate into the landfill. Computed infiltration in excess of
the storage and drainage capacity of the soil is routed back to the surface and is added to the
runoff or held as surface storage.

The rainfall-runoff process is modeled using the Soil Conservation Service curve-number
method (Maidment 1993 [DIRS 125317], pp. 9.21 to 9.26). Potential evapotranspiration is
modeled by an energy-based Penman method. The program uses an albedo of 0.23 for soils and
vegetation and 0.60 for snow. The vegetation data is generated by a vegetative growth model.
Vertical drainage is assumed to be driven by gravity alone and is limited only by the saturated
hydraulic conductivity and available storage of lower segments. If unrestricted, the vertical
drainage rate out of a segment is assumed to equal the unsaturated hydraulic conductivity of the
segment corresponding to its moisture content, provided that moisture content is greater than the
field capacity or the soil suction of the segment is less than the suction of the segment directly
below.

Evaluation of HELP for estimating net infiltration at Yucca Mountain

HELP was not used to estimate net infiltration at the Yucca Mountain site primarily because it
was developed for a different type of application, and consequently it is not consistent with the
overall purpose of estimating net infiltration at Yucca Mountain for thousands of years under
different climate conditions. To be used for this type of application, HELP would require
substantial modifications.

Most water balance models that incorporate field capacity were developed for specific
applications rather than as general purpose models. In the case of HELP, it was developed to
evaluate landfill systems. Many of the features and capabilities of HELP, such as lateral flow in
drainage layer and geomembrane layers, are not applicable for estimating net infiltration at
Yucca Mountain. Other features, such as modeling entire slopes as a single element, are not
consistent with the terrain of Yucca Mountain. Some of the features not explicitly included in
HELP relevant to the Yucca Mountain site include: permitting run-on from adjacent locations;
saturation of thin soil layers; ET that is a function of slope, azimuth, and elevation; and
specifying bedrock as a lower boundary.

6.3 DESCRIPTION OF THE CONCEPTUAL MODEL - MASS ACCOUNTING
SYSTEM FOR SOIL INFILTRATION AND FLOW (MASSIF)

The model developed to estimate net infiltration at Yucca Mountain is referred to as MASSIF
(Mass Accounting System for Soil Infiltration and Flow). In this section, MASSIF is
summarized, the rationale for its development is given, and some of its key features are
summarized.
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6.3.1 Summary of MASSIF

MASSIF estimates net infiltration at the Yucca Mountain site based on a daily water balance
calculation of the near-surface soils. The MASSIF model defines net infiltration as the water
that passes out of the soil layer into the underlying bedrock. The water balance includes net
precipitation as input, water storage and movement within the soil including evapotranspiration,
and water moving from the soil into the underlying bedrock.

The model domain is composed of a number of cells with equal surface area that extend from the
surface to the contact with the underlying bedrock. The description of each cell includes the cell
depth as defined by the soil layer depth; soil type and associated properties; cell elevation,
azimuth and slope; and vegetation-related characteristics. Each cell is composed of one to three
soil layers, depending on the soil depth. The topmost layer is relatively thin and is divided into
two sections (nodes) representing the bare surface fraction and the fraction of the surface covered
with vegetation (canopy fraction). The top layer is designated as the evaporation zone. The
second layer extends from the bottom of the first layer to the bottom of the root zone or to the
soil-bedrock interface in the case that the maximum rooting depth is greater than the soil depth.
Layers 1 and 2 comprise the evapotranspiration zone. The third layer extends from the bottom of
the root zone (Layer 2) to the soil-bedrock interface. When soil depth is less than maximum
rooting depth, Layer 3 is not represented (thickness is set to zero).

Daily climatic data are input to the model, including precipitation and maximum and minimum
air temperature. Precipitation and mean temperature are adjusted for cell elevation. Snow,
snowmelt, and sublimation are included in the model.

Subsurface water movement within the model is one-dimensional; that is, there is no subsurface
water movement between adjacent cells. The model allows rain and snowmelt to run off the top
of one cell onto an adjacent cell that is at a lower elevation. Runoff can occur if the net
precipitation exceeds the ability of the thin surface soil layer to store and transmit water to
underlying soils. Runoff will also occur if the entire cell from the bedrock to the surface
saturates. In the case of runoff, water is diverted to the surface of the next downstream cell.

Subsurface water movement is estimated by means of a daily water balance approach for each
cell. Subsurface water movement within the model is one-dimensional; that is, there is no
subsurface water movement between adjacent cells. Downward water movement from layer to
layer within a cell is based on the field capacity concept. Field capacity of the soil represents the
amount of water that is held by the layer after gravity drainage. Water in excess of the field
capacity will be available to move downward to a lower layer. Water is removed from the root
zone based on a daily calculation of evapotranspiration (ET) for each cell. The ET calculation is
derived from the “dual crop” version of the FAO-56 method, which produces separate estimates
of evaporation and transpiration depending upon the fraction of the surface covered by
vegetation. ET is calculated proportional to a reference ET, which accounts for the atmospheric
demand for water based on daily climatic conditions at each cell. The FAO-56 methods provide
for corrections in wind speed, minimum relative humidity, plant height, and stomatal resistance
that differ between the FAO-56 standards for agricultural crops and the desert vegetation and
climate of Yucca Mountain. These adjustments were implemented in the model.
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Water above field capacity in the bottom-most soil layer can enter the underlying bedrock layer,
limited by the effective saturated hydraulic conductivity of the bedrock. Any water that moves
into the bedrock layer is net infiltration for that cell and passes out of the bottom of the model.

6.3.2 Rationale for Key Components of MASSIF Model

The representations of subsurface water movement and evapotranspiration are key components
of MASSIF. Subsubsurface water movement is modeled with a water balance that uses the field
capacity approach and ET is calculated with the FAO-56 method that represents the root zone as
a lumped entity.

The rationale for using these modeling approaches is discussed below in the context of the model
component selection criteria given in Section 6.2.3.

1. Model components should be consistent with the overall project purpose.

The purpose of the net infiltration model is to produce estimates of annual net infiltration for the
Yucca Mountain site over long periods of time. The net infiltration model is not being
developed to describe the detailed spatial and temporal character of other water balance
components, such as the details of water consumption by plants or of transport of water vapor in
the surface soils. This purpose is reflected in the model components of MASSIF: a field
capacity approach using estimates of the amount of water that drains from a soil layer but does
not explicitly model water movement within the soil layer; and the FAO-56 method that
estimates daily ET values over a lumped root zone but does not explicitly model ET details such
as water uptake by individual roots or transport of water within the plant.

2. Model component complexity should be consistent with available input data.

The amount and type of available input data for the net infiltration model are necessarily limited
due to the large spatial coverage of the model and the relatively few directly measured data.
These limitations preclude the expectation of accurate predictions at specific locations. The need
to estimate many of the inputs results in net infiltration values that are representative and
consistent with the characteristics and properties of locations at Yucca Mountain rather than
being considered site-specific predictions.

Data required as input to model subsurface water movement include soil thickness above
bedrock, soil types and layering, and corresponding soil hydraulic properties. Most of these data
are not measured directly for the vast majority of the Yucca Mountain domain and must be
estimated from a few measurements, including soil thickness and soil properties. There are few
available measurements of soil hydraulic properties, and very little information on subsurface
soil characteristics such as layering. A significant advantage of using a field capacity approach
is that it requires a very limited amount of input pertaining to hydraulic properties. Further,
although not directly available for the Yucca Mountain soils, the field capacity values required as
input can be reasonably estimated from other information that may be available, such as soil
textural characteristics.
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The lack of measured, site-specific input data indicates that there can be little merit in attempting
to precisely model subsurface water movement at discrete locations within the domain and that
an approach more complicated than one that uses field capacity is not warranted. With the
limitations of the inputs, it is not apparent whether estimates of net infiltration would be more
accurate with a model that implemented a water balance using the field capacity approach or a
more complicated Richards’ equation approach. -

The detailed data required to explicitly model transpiration from vegetation associated with a
particular cell are largely unknown. These unknowns include the number and distribution of
specific plants and seasonally dependent plant surface characteristics such as leaf area index and
height or root length and density. Further, extrapolating these data in response to future climate
changes would be extremely difficult.

The FAO-56 method is consistent with the limited availability of detailed data regarding ET at
Yucca Mountain. This method to estimate ET has been developed to allow for its use when there
is limited direct information regarding vegetation characteristics. The FAO-56 method does not
model individual plants but instead provides a typical response of vegetation types based on
transpiration coefficients that involve day of the year, location, annual precipitation, and daily
water status of the soil. Transpiration is assumed to remove water from the entire lumped root
zone and does not specify a distribution of subsurface water extraction.

Despite the limitations on available field data, the methods incorporated into the MASSIF model
provide an integrated tool that can be used to estimate net infiltration and evaluate uncertainty in
net infiltration arising from parameter uncertainty. In addition, MASSIF is ideally suited for
evaluating and ranking input parameter sensitivities. For these reasons the MASSIF conceptual
model is considered adequate for its intended use.

3. Model components should be consistent with the complexity and uncertainties of other
aspects of the net infiltration model.

Uncertainty in net infiltration estimates may come from sources other than the models for
subsurface water movement and ET. An important example is the need for daily precipitation as
a principal input for calculations of the daily water balance, subsequent runoff, soil water
movement, and ET. The precipitation input relies on estimates of possible future climates that
are by their nature associated with substantial uncertainty. For this reason, precipitation input is
represented by a stochastically generated set of precipitation years that include rare and possibly
important extremes.

4. Model components must be consistent with other model components.

Because they are both directly related to the water balance, the water movement model must be
integrated with the model for ET. This is important with respect to net infiltration because a very
large fraction of surface infiltration is expected to be consumed as ET. The FAO-56 method
uses the field capacity concept to account for water in the near-surface and root zone, consistent
with the use of the field capacity approach in the subsurface water movement model.
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5. Model components should be computationally efficient.

Both the field capacity approach and the FAO-56 method are computationally straightforward
and do not require iterative numerical solutions.

6. The model should be accessible and open.

MASSIF was developed using Mathcad, a widely available commercial software package that
allows the combination of formatted text, figures, and mathematical calculations in the same
document. The benefit of this approach over using compiled code is that the documentation of
the calculation exists side-by-side with the actual calculation routines, inputs, and results. The
use of Mathcad was practical largely because MASSIF utilizes a daily water balance using a
field capacity approach, rather than another more involved approach to water movement that
would require sophisticated and computationally intense numerical solution methods. All
equations, inputs, assumed values, and constants are explicitly shown in the MASSIF Mathcad
files, allowing independent verification and use of the model by those other than the model
developers.

7. _The model should demonstrate reasonable predictive capability.

The validation of MASSIF is discussed in Chapter 7.

6.3.3 Description of Key MASSIF Elements

Climatic input to model

Daily climatic data input to the model includes precipitation and minimum and maximum air
temperature. These values are adjusted for the elevation of a particular cell. Precipitation is in
the form of snow if the average air temperature is below 0°C. Snow is allowed to sublimate
during snowfall rather than as part of the snowpack. When the average temperature is above
0°C, snowpack melts at a temperature-dependent rate. Rain and snowmelt are input to the top of
each cell.

Initial runoff

The initial runoff from a cell is calculated based on the ability of the surface soil layer to store
and transmit water to a lower layer. Net precipitation (rain, snowmelt, and run-on from an
adjacent cell) are applied to the surface soil layer. If water content is in excess of the saturated
water content of the soil after water redistribution (described below), this excess is diverted as
runoff and is available to the next downstream grid cell.

Subsurface water movement

Subsurface water movement is modeled within each grid cell as a one-dimensional (vertical)
water balance. The top boundary of each cell is the atmosphere/land surface contact and the
bottom boundary is the underlying bedrock. The model of the soil between these boundaries
depends on the soil depth at a cell location, the rooting depth of the vegetation, and the
evaporation depth. The evaporation depth is the relatively shallow depth in which the soil is
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dried directly by evaporation. The rooting depth is the assumed extent of the root system and
defines the depth from which evapotranspiration will occur.

The soil is divided into one to three layers, depending on the soil depth for the cell
(Figure 6.3.3-1):

The surface layer (Layer 1) is set to the evaporation depth unless the soil depth is less than this,
in which case, the surface layer is set to the soil depth. The surface layer is divided into two
nodes to differentiate between surface soil that is within the vegetation canopy and bare soil
outside the canopy.

If the soil depth is greater than the evaporation depth, then a second soil layer is represented
(Layer 2). If the soil depth is less than the rooting depth, the second layer extends from the
surface layer to the bottom of the soil profile. If soil depth is greater than the maximum rooting
depth, then the second layer extends to the maximum rooting depth.

If the soil depth is greater than the rooting depth, then a third soil layer is represented and
extends from the maximum rooting depth to the bottom of the soil profile.

The bedrock interface is located beneath the bottom-most soil layer.

Deep Shallow

Evaporation Depth (Ze)

Figure 6.3.3-1. Schematic Figure Showing How Soil Layers Are Assigned for Different Soil Depth
Scenarios

There are two principal computational steps that are calculated on a daily basis: water movement
within the soil profile followed by water removal due to evapotranspiration.

a. Water movement

Surface infiltration is applied to the vegetated and bare soil nodes of the surface layer in
proportion to their areal fraction. The total amount of water within each node is compared to the
field capacity. Water in excess of the field capacity is allowed to move to the second layer,
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which describes the balance of the root zone. The process is repeated, and water in excess of
field capacity in the second layer is passed into the third soil layer which describes the region
below the root zone. Finally, water in excess of field capacity in the third layer is passed into the
underlying fractured rock, where it becomes net infiltration.

Flow limits are implemented between soil layers and between the soil and the rock. The amount
of water that can pass between layers is calculated from Darcy’s law assuming a unit gradient
(gravity flow) and the effective saturated hydraulic conductivity value for the soil and for the
bedrock. When one or more of these flow limits is reached, the overlying soil node can
accumulate water in excess of field capacity and up to the soil saturated water content. When the
soil saturated water content has been reached in the surface layer, excess water supplied to the
soil is manifested as runoff.

The bare-soil and vegetated nodes that comprise the surface layer can have different water
contents preceding a precipitation or run-on event. It is conceptually possible that one of them
might reach the saturation limit while the other remains below. The physical distance between
the bare-soil and canopy regions is on the order of the plant size, while the area of a “cell” is
30 m x 30 m. This means that excess water (runoff) from one of the surface nodes should first
be supplied to the other surface node describing the surface layer before it is added to the runoff
from the cell.

b. Evapotranspiration

Water is removed from the surface layer and Layer 2 based on a daily calculation of ET for each
cell. The ET calculation is derived from the dual crop version of the FAO-56 method, which
produces separate estimates of evaporation and transpiration. Evaporation is assumed to occur
over the exposed and wetted fraction of the surface layer, which is the portion of the soil surface
that is exposed to evaporative energy. Transpiration occurs from the “root zone,” which
comprises the surface layer and the underlying Layer 2.

The first step in estimating ET is to calculate the reference ET (ET)), which is ET from a
hypothetical crop of well-watered grass. ET) is the principal means by which the FAO-56
method accounts for the effect of daily climate on ET. For each cell, E7} is calculated based on
the location of the cell with respect to the sun, cell elevation, daily temperatures and wind speed.

Total transpiration from the root zone is calculated by multiplying E7, times a transpiration
coefficient for each cell. The transpiration coefficient accounts for the difference between the
characteristics associated with a cell’s specific vegetation to those assumed for the ET),
calculation. The transpiration coefficient is a function of the day of the year to reflect the
development stage of the vegetation. In the case where there is no vegetation or during dormant
periods, the transpiration coefficient can be nonzero to allow for a relatively small amount of
“diffuse evaporation™ from Layer 2, which accounts for the slow process of water being drawn
up from the second layer and evaporated.

A basal transpiration coefficient function, which reflects ideal climatic and soil water conditions,
is first assigned to a cell based on the vegetation community anticipated for the year given the
annual precipitation as well as the cell’s azimuth and slope. The basal transpiration coefficient is
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adjusted for daily climatic conditions and is reduced to account for soil water stress if the water
content of the root zone is below a value that results in reduced transpiration for a particular
vegetation type. When the root zone water content is reduced all the way down to the wilting
point, plants are assumed to be unable to extract water from the soil and the transpiration
coefficient is set to a minimal value. This minimum value represents conditions when
evaporation and transpiration rates are at their minimum and water loss is primarily diffusive.
This minimum value is a function of soil properties. The total transpiration is partitioned
between the surface layer and Layer 2 based on the relative amounts of water in these layers.

Evaporation is assumed to occur only from the portion of the surface layer that is directly
exposed to solar radiation, that is, the bare soil fraction. Evaporation is calculated by multiplying
ET, times an evaporation coefficient for each cell. When the soil surface is wet, evaporation is
limited by the energy available to the exposed surface, and the evaporation coefficient is
determined from energy-related factors. As the soil surface dries below a critical water content,
the evaporation coefficient is reduced, reflecting the influence of subsurface moisture diffusion
(see Section 6.4 and Appendix G).

Surface water routing

The model first considers the highest elevation cell within a watershed, calculates the water
balance for that cell, and then progresses to the cell with the next highest elevation. In this way,
runoff from a cell can be included as run-on to an adjacent cell. All of the runoff is added to the
neighboring adjacent cell with the lowest elevation.

6.4 MATHEMATICAL DESCRIPTION OF THE MODEL

This section of the report describes the mathematical foundations of the MASSIF model. It
presents the equations used and introduces the input parameters required to run the model. The
justification for parameter values and distributions for the calculation of net infiltration at Yucca
Mountain are provided in later sections and appendices. As much as possible, only pointers to
these sections of the report are provided in this section.

The objective of the MASSIF model is to calculate net infiltration for each cell of a grid
representing a watershed bounded by surface water divides. The limitations and input
requirements of the model are described in Appendix G along with a detailed description of the
model algorithm. In this section, the mathematical basis for the model is discussed in terms of
the applicable physics. The basis of the model is the following water (volume) balance equation
for the soil that is solved for each computational cell for each day of the simulation:

R P.+R_+SM—-AB-ET - NI (Eq. 6.4-1)

rain on

off =
where

R,z 1s runoff,

P,4in 1s precipitation as rain,

R,, 1s run-on,
SM 1s snowmelt,
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A@ is the change in water storage in the soil,
ET is evapotranspiration, and
NI is net infiltration.

Additionally, a water (volume) balance equation for the snowpack of each cell is solved for each
day of the simulation:

ASP=P, _ —SUB-SM (Eq. 6.4-2)

snow
where

ASP is the change in the water storage of the snowpack
Pinoy 18 precipitation as snow,

SUB is the sublimation,

SM 1s snowmelt.

Figure 6.4-1 illustrates that the soil and snowpack form the two water reservoirs represented in
the water balance. Snowmelt (SM in Figure 6.4-1) is the only pathway for Py, to reach the soil.
Water movement in the model is considered to be vertical below the surface. The only water
transport between cells is via runoff (R,;) from one cell, which is added to a downstream cell as
run-on (R,,). In the sections below are descriptions of how each of these quantities is
represented in the model.

P rain+Ron Psnow
ISUB
ET ASP Snowpack
R I SM
A6 Soil
1 NI

Figure 6.4-1.  Schematic Showing the Water Reservoirs and Fluxes Included in the Water Balance
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6.4.1 Precipitation (P)
6.4.1.1 Adjusting Precipitation for Elevation

Daily values of total precipitation (P4 + Psnow) at a reference elevation are input to the model.
Precipitation on a given day is either in the form of rain or snow depending on the air
temperature where it falls. Studies of regional precipitation have shown that total annual
precipitation for a given a site is typically correlated with elevation (e.g., Daly et al. 2002
[DIRS 177096], p. 102; Phillips et al. 1992 [DIRS 177091], p. 120). In addition, other factors
such as local rain shadows caused by nearby mountains can also be important factors influencing
the total amount of precipitation (Phillips et al. 1992 [DIRS 177091], p. 120). In the MASSIF
model, elevation is the only factor considered for adjusting precipitation by location. Daily
precipitation adjusted for elevation is given by:

P=P, (l+(e1ev—e/ev,‘(,,)C (Eg. 6.4.1.1-1)

where
P is the precipitation (mm) adjusted to an elevation, e/ev (m),
P,.r1s the precipitation (mm) at the reference elevation, e/ev,.,(m), and

Chrrecipeor 15 the precipitation lapse rate (fractional change in precipitation at the reference
elevation / m of elevation change).

The development of the precipitation lapse rate for the Yucca Mountain net infiltration
calculation is discussed in detail in Appendix F, Section F2.1.

One limitation of this approach is that it is assumed that when precipitation occurs at the
reference elevation, it occurs everywhere in the domain (Section 5). A more complicated model
might allow precipitation to occur in parts of the domain while other parts of the domain remain
dry. Such sophistication was deemed unnecessary for the current development.

6.4.1.2 Precipitation Type as a Function of Temperature

Precipitation is assumed to be snowfall (Ps,,) Whenever the average daily temperature at a cell
location is equal to or less than 0°C. Inputs to the model are maximum and minimum daily air
temperatures at the reference elevatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>