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ABSTRACT

Yucca Mountain, Nevada, has been studied for more than 20 years as a potential location for
geologic emplacement of high-level nuclear waste. Yucca Mountain is located approximately
160 km [100 mi] northwest of Las Vegas, Nevada, in an area with little rainfall and hot summers.
The potential repository would be located in the thick unsaturated zone. Assessments of the
potential performance of the repository indicate that water fluxes contacting waste can strongly
influence repository performance. The importance of water fluxes on performance is evidenced
by the significance of performance features such as waste package longevity and the
distribution and magnitude of seepage fluxes into drifts. Because net infiltration is the ultimate
source of water at depth, the amount and distribution of net infiltration above the repository
footprint is anticipated to significantly influence potential repository performance.

Recognition of the important role of net infiltration in repository performance has resulted in a
wide variety of studies attempting to quantify net infiltration at Yucca Mountain. Most of the
work has focused on estimating net infiltration under present-day interglacial conditions, with a
significant amount of work also considering how net infiltration might respond to other climates
that may occur in the future. This report estimates future patterns of areal average net
infiltration, temparally averaged over the next 1 million years, under the assumption that
processes and characteristics occurring at present and in past glacial cycles can be projected
into the future.

This report estimates million-year average future net infiltration in a series of steps using the
Orbital-Cycle Climate for Yucca Mountain (OCCYM)' and Infiltration Tabulator for Yucca
Mountain (ITYM)? models. First, OCCYM uses well-known insolation patterns for the next
million years to infer several possible future continental ice volume sequences based on
correlations from past glacial cycles. Second, OCCYM estimates climate local to Yucca
Mountain, given continental ice volume, on 1,000-year intervals based on inferred climates
during past glacial cycles. Third, OCCYM uses ITYM-calculated tables of areal-average net
infiltration (given mean annual precipitation and temperature) and the estimated climate
sequences to estimate net infiltration across a Footprint Box circumscribing the potential
repasitory location during each 1,000-year interval. Climatic variability within each 1,000-year
interval is accounted for based on inferences from bristlecone-pine tree-ring analyses. Finally,
OCCYM tabulates the million-year-average Footprint Box net infiltration.

The OCCYM approach considers future orbital sequences to be deterministic, but incorporates
uncertainty in the first, second, and third calculational steps. Uncertainty in future ice volume
sequences is considered by varying two key parameters, yielding a total of 6 equally likely future
ice volume sequences. Uncertainty in relating ice volume to the climate local to Yucca
Mountain is incorporated by providing uncertainty bounds on both present-day and
full-glacial-maximum mean annual precipitation and temperature estimates, and by considering
three correlations between the ice volume sequences and present-day climate. Uncertainty in

The Orbital-Cycle Climate for Yucca Mountain model is referenced frequently throughout this report. The acronym
OCCYM will be used.

2The Infiitration Tabulator for Yucca Mountain mode! is referenced frequently throughout this report. The acronym
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mean annual infiltration given climate is formally considered in the ITYM calculations, based on
uncertainty in input parameters.

A second approach uses the U.S. Department of Energy (DOE) climate sequences estimated
by Sharpe (2003) and Bechtel SAIC Company, LLC (2004) to provide future climate and future
climate uncertainty. These sequences yield climatic estimates over durations of 500 to
40,000 years. The second approach estimates million-year-average Footprint Box net
infiltration from local climate using the ITYM estimates in the same way as the first approach.

Million-year-average Footprint Box net infiltration is estimated to have an expected value and
standard deviation of 41 and 33 mm/yr [1.6 and 1.3 in/yr], respectively, using the OCCYM
approach, compared to an expected value and standard deviation of 41 and 32 mm/yr [1.6 and
1.3 infyr], respectively, using the DOE climate sequences. Present-day decadal-average
Footprint Box net infiltration is estimated to have both an expected value and standard deviation
of 13 mm/yr [0.51 in/yr], for a mean annual precipitation of 201 mm/yr [7.9 in/yr] and mean
annual temperature of 15.7 °C [60.3 °F] at an elevation of 1,524 m [5,000 ft].
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1 INTRODUCTION

Yucca Mountain, Nevada, has been studied for more than 20 years as a potential location for
geologic emplacement of high-level nuclear waste. Yucca Mountain is located approximately
160 km [100 mi] northwest of Las Vegas, Nevada, in an area with little rainfall and hot summers.
The potential repository would be located in the thick unsaturated zone roughly 250 m [825 ft]
above the current water table, with even greater thicknesses of unsaturated rock overlying the
repository horizon. Assessments of the potential performance of the repository indicate that
water fluxes contacting waste can strongly influence repository performance (NRC, 2004). The
importance of water fluxes on performance is evidenced by the significance of performance
features such as waste package longevity and the distribution and magnitude of seepage fluxes
into drifts. Because net infiltration is the ultimate source of water at depth, the amount and
distribution of net infiltration above the repository footprint is anticipated to strongly influence
potential repository performance.

Net infiltration, mean annual infiltration, deep percolation, and recharge are terms that are often
used interchangeably in the literature. Net infiltration and mean annual infiltration are
synonymous, defined as the net flux of water passing into the zone where evapotranspiration
influences are negligible (e.g., the maximum rooting depth). Recharge is the liquid water flux
passing out of the vadose zone into the saturated zone at the water table. Deep percolation is
the liquid water flux intermediate between the rooting zone and the water table. The magnitude
and distribution of deep percolation crossing the repository horizon is particularly important for
potential repository performance, as fluxes at this horizon determine the magnitude and
distribution of seepage into drifts containing waste packages. Because the rock forming Yucca
Mountain is fractured, faulted, and tilted, water is unlikely to travel vertically through the
mountain in perfect piston-like fashion, with younger water overlying older water. Instead, water
in fractures will move faster than water in the matrix, causing waters of different ages to mix and
a certain amount of lateral redistribution to occur. Average percolation fluxes will decrease
slightly from below the rooting zone to the water table, primarily due to vapor losses caused by
upward geothermal-gradient-induced vapor transport and by air moving through the upper part
of Yucca Mountain. When averaged over sufficiently large spatial and temporal scales, net
infiltration, deep percolation, and recharge will be numerically quite similar; even though they
may have different spatial patterns and respond to climate change at different rates.

Recognition of the important role of net infiltration in repository performance has resulted in a
wide variety of studies attempting to quantify net infiltration at Yucca Mountain. Most of the
work has focused on estimating net infiltration under present-day interglacial conditions, with a
significant amount of work also considering how net infiltration might respond to other climates
that may occur in the future. During the Pleistocene, glacial cycles occurred on a roughly
100,000-year period, and numerous lines of evidence suggest that present-day climatic
conditions represent a relatively hot and dry stage of typical glacial cycles. Climatic patterns in
the Yucca Mountain region have been generally arid to semiarid over the previous few glacial
cycles, generally dominated by winter precipitation but with summer-dominated (monsoonal)
conditions over a small fraction of the record (Bechtel SAIC Company, LLC, 2004a).
Performance assessments have considered climatic variability over multiple glacial cycles using
the Total System Performance Assessment code since the viability assessment (DOE, 1998),
but the effect of climatic changes on net infiltration over such long periods has recently received
more attention.
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This report is part of a series of net infiltration reports under present and potential future
climates at Yucca Mountain. The first report in the series, a literature review and analysis by
Stothoff and Musgrove (2006), provided a global and regional context for estimates of net
infiltration at Yucca Mountain. The second report (this document) synthesizes several lines of
climatic evidence. It uses abstractions for net infiltration developed specifically for Yucca
Mountain with the Infiltration Tabulator for Yucca Mountain (ITYM)' code to estimate bounds on
million-year-average net infiltration, averaged over approximately 13 km? [5 mi’] above the
potential repository, for plausible future climate sequences. The third report (under preparation)
documents the technical basis for the ITYM code and inputs.

To augment direct observational evidence from the Yucca Mountain vicinity, the literature review
and analysis by Stothoff and Musgrove (2006) considered worldwide analog sites with climatic
conditions that mimicked previous stages of the glacial cycle. The literature review concluded
that site-specific conditions strongly influence recharge. The studies from outside the American
West are difficult to directly apply to Yucca Mountain because the scatter in recharge estimates
is even wider than the scatter in estimates of present-day net infiltration at Yucca Mountain.
Literature from locations in the American West, while more useful, was found to require careful
interpretation. One study of 16 hydrologic basins in east-central Nevada provided sufficient
information to derive a relationship between mean annual precipitation and mean annual
recharge for upland areas analogous to Yucca Mountain. Extrapolating this newly derived
site-scale relationship to mean annual precipitation values typical of Yucca Mountain under
present-day conditions yields estimates of mean annual infiltration of 2.5 to 6.3 mm/yr [0.098 to
0.25 inlyr].

Building on the analysis by Stothoff and Musgrove (2006), this report estimates bounds on
million-year-average areal-average net infiltration at Yucca Mountain. Global climate, local
climate, and vadose-zone processes are the three major factors assumed to affect net
infiltration at Yucca Mountain. Global climate, driven by predictable changes in the Earth’s
orbital characteristics and characterized by continental ice volume, is assumed to play a
dominant role in determining the local climate at Yucca Mountain by affecting the movement
and nature of atmospheric air masses. Local climate, responding to the air masses moving over
Yucca Mountain and characterized by mean annual precipitation and mean annual temperature
at Yucca Mountain, directly affects the water balance above the potential repository footprint by
mediating water supply to and loss from the vadose zone. Vadose-zone processes, which
respond to local climate and depend on soil and bedrock hydraulic properties, vegetation, and
overland flow, also directly affect the water balance above the potential repository by
determining what fraction of infiltration pulses overcome evapotranspiration and move deep
within Yucca Mountain.

There are uncertainties associated with each of the three major infiltration-affecting factors. The
future response of continental ice volumes to orbital forcing is unknown; the precise relationship
between continental ice volume and Yucca Mountain climate is unknown; and areal-average net
infiltration cannot be directly measured under present-day climatic conditions, much less under
different climatic conditions. Because of the uncertainties associated with each

"The Infiltration Tabulator for Yucca Mountain module is referenced frequently throughout this chapter. The acronym
ITYM will be used.
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infiltration-affecting factor, a probabilistic approach is followed in this report to estimate
long-term-average net infiltration at Yucca Mountain.

This report includes three major analysis sections, introductory and summary sections, and
three supplementary appendices. The first major section, Section 2, describes the construction
of potential sequences of climate on millennial-scale timesteps to represent the next million
years. Two approaches are considered: the Department of Energy approach derived by Sharpe
(2003) and the independent Orbital-Cycle Climate for Yucca Mountain (OCCYM) approach
derived in this report. Both approaches are based on well-known parameters describing the
past and future orbit of the Earth, relate the global glacial stage to orbital parameters, and relate
local climate to the global glacial stage using paleoclimate proxies. The approaches differ in
their level of complexity and the observations and interpretations incorporated in the model.
Estimates of uncertainty are derived for the global glacial stage and for the local climate in

both approaches.

Section 3, describes ITYM, a model that estimates net infiltration and the associated uncertainty
on a square grid with 30-m [98-ft] sides. The estimates are based on a reference climate state
described by mean annual precipitation and temperature for a typical decade. The ITYM
estimates are averaged into a summary set of statistics called the Decadal-Scale Footprint Box
Infiltration estimates (Decadal Infiltration estimates) that represent all grid cells within a box
circumscribing the potential repository layout. The Decadal Infiltration estimates scale up
temporal processes occurring over time periods of minutes to years and spatial processes
occurring over length scales of centimeters up to kilometers. The Decadal Infiltration estimates
are compared to estimates of infiltration and recharge from studies of Yucca Mountain and
locations in nearby Nevada, which suggest that the model reasonably represents both
present-day infiltration and the change in infiltration that might be expected due to climate
change associated with a glacial cycle. The Decadal Infiltration estimates are scaled up to the
time scales associated with orbital dynamics, creating the Millennial-Scale Footprint Box
Infiltration estimates (Millennial Infiltration estimates) that account for variability in climate
between time scales of decades to millennia. The effect of precipitation seasonality on net
infiltration is also investigated in Section 3, as paleoclimatic indicators suggest that a stronger
summer monsoon has occurred during some portions of previous glacial cycles. Estimates of
winter and summer recharge efficiency (the fraction of precipitation becoming recharge) lead to
a model for effective present-day precipitation. The model scales winter and summer
precipitation by their corresponding seasonal recharge efficiencies, yielding an effective mean
annual precipitation under current seasonality that would induce the same recharge. Estimated
recharge efficiencies imply that even a large increase in summer precipitation has a relatively
small influence on Decadal Infiltration.

Section 4 uses the probability distributions of potential future Yucca Mountain climate for the
next million years (derived in Section 2) and the probability distribution of Millennial Infiltration
given climate (derived in Section 3) to estimate probability distributions of million-year-average
areal-average net infiltration. An analysis extrapolating natural variability cycles suggests that
uncertainty in infiltration processes given climate has a larger effect on million-year-average net
infiltration than uncertainty in future climate over the million-year time scale. The probability
distribution for million-year net infiltration based on best estimates is well described by a
lognormal distribution with a mean value of 40.6 mml/yr [1.60 in/yr] and a coefficient of variation
equal to 0.810. Estimates assuming a steady-state climate with the long-term-average climatic
conditions have a mean value of 37.7 mm/yr [1.48 in/yr] and a coefficient of variation equal to
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0.793, implying that climatic variability and uncertainty over multiple glacial cycles increases the
median long-term-average net infiltration by less than 8 percent and slightly increases the
scaled spread in estimates.

Section 4 also considers anthropogenic effects on climate, which may cause climatic conditions
to deviate from the natural cycle for some period into the future. Hypothesized anthropogenic
effects significantly reduce average infiltration rates during the anthropogenic period, but
average infiltration over a million years is relatively unaffected if the anthropogenic period is less
than 1 or 2 glacial cycles out of the approximately 10 cycles anticipated for the next million
years. This finding suggests that natural-cycle estimates reasonably represent
million-year-average future deep percolation even if anthropogenic effects on climate do not
completely dissipate for hundreds of thousands of years.

Section 5 summarizes the analyses and conclusions presented in Sections 2—4.



2 FUTURE CLIMATE ESTIMATES

Long-term-average net infiltration estimates for Yucca Mountain depend on estimates of climatic
conditions over the period of interest. Climatic conditions may be described in several ways,
such as time sequences of climatic conditions, long-term-average conditions, most likely
conditions, worst-case conditions, and so forth. These different climatic descriptions will
generally yield different estimates of average net infiltration.

Estimates of future climates are inherently uncertain so the approach used for estimating
long-term-average infiltration is based on estimates of time sequences of climatic conditions
while explicitly accounting for uncertainty. Sequences of future climates are transformed into a
probability distribution of average climatic conditions over periods representative of orbital
change (e.g.,10 thousand years). Climatic variability at shorter time scales is incorporated in
the infiltration model, as described in Section 3. The probability distributions for climatic
conditions and for net infiltration given a climatic condition are combined in Section 4.

Two contrasting approaches are used to estimate climatic probability distributions. Sharpe
(2003) considers several climate states that represent the range of climatic conditions thought
to have occurred over the last 800,000 years. The occurrence of each state is associated with
insolation triggers that are estimated from past glacial cycles. The Orbital-Cycle Climate for
Yucca Mountain (OCCYM)' approach developed in this report also uses insolation to drive
climate change, but the linkage is mediated by continental ice volume dynamics. Data
discussed in this section are referenced in Appendix C.

2.1 Sharpe (2003) Model

Sharpe (2003) developed a sequence of future climate states based on correlation of
paleoclimate conditions with Earth's orbital cycles. The Sharpe (2003) analysis is built on the
extensive work by Forester, et al. (1999) and Thompson, et al. (1999a), adopting the approach
used for the future climate analysis for the next 10 thousand years at Yucca Mountain that was
most recently presented by Bechtel SAIC Company, LLC (2004a). Walter (2005) discusses the
Sharpe (2003) model assumptions in detail, using an earlier revision of the Sharpe

(2003) report.

The Sharpe (2003) model is straightforward. An undated sequence of late Pleistocene climatic
conditions was established from diatom and ostracode sequences in Owens Lake sediment
cores. Sharpe (2003) correlated the fossil algae and microcrustacean assemblages in the
sediment cores to geographical and climatic conditions under which these species are found
today. To describe the climatic conditions implied by these assemblages, Sharpe (2003) used
six climatic states: interglacial (or modern), intermediate, monsoon, and three full-glacial states.
Sharpe (2003) linked these states to absolute dates and durations using the Devils Hole vein
calcite record (Winograd, et al., 1992) and the Vostok ice core record (Petit, et al., 1999).
Sharpe (2003) created rules linking the dated climate sequence to changes in orbital
characteristics for the Earth, and estimated a sequence of future climatic conditions at Yucca

"The Orbital-Cycle Climate for Yucca Mountain is referenced frequently throughout this chapter. The acronym
OCCYM will be used.
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Mountain for the next 1 million years by applying the same rules to the future sequence of the
same orbital characteristics.

Sharpe (2003) describes the climatic conditions for each climate state by providing upper and
lower bounds for the climate state. Each bound is described using two or more analog
meteorological stations, representing the 1,524-m [5,000 ft] elevation at Yucca Mountain. A
range of mean annual precipitation (MAP)? and mean annual temperature (MAT)? can be
inferred from these analog stations. Sharpe (2003) does not state whether these bounds
represent uncertainty on the average climatic condition over the interval or the extreme
conditions encountered during the interval; in the current report, it is assumed that the given
ranges represent uncertainty on the average climatic condition.

Meteorologic records from the Sharpe (2003) future-climate analog stations were used as input
to a site-specific infiltration model (e.g., Bechtel SAIC Company, LLC, 2004b), but the
present-day climate Sharpe (2003) recommended was not used for the Bechtel SAIC Company,
LLC (2004b) infiltration model. Sharpe (2003) cited the work of Thompson, et al. (1999a) as a
basis for the climate for present-day conditions, with MAP equal to 125 mm/yr [4.9 in/yr].
Thompson, et al. (1999a) interpolated present-day MAP to Yucca Mountain using a sparse set
of stations that did not include Nevada Test Site stations. However, more than 45 years of
observations from the Nevada Test Site suggest that present-day MAP may be more than

200 mm/yr at the same elevation. Bechtel SAIC Company, LLC (2004b) used a different set of
stations to represent interglacial and lower bound monsoon conditions with a significantly higher
areal-average MAP.

A revised estimate of present-day climatic conditions, replacing the Sharpe (2003) model
estimates, can be determined from a suite of site-specific observations. Bechtel SAIC
Company, LLC (2004c) does not supply climate at the reference elevation of 1,524 m [5,000 ft],
but climate at the reference elevation can be estimated using their models. Bechtel SAIC
Company, LLC (2004b) adjusts each climate state to describe conditions at a 1,400-m [4,590-ft]
elevation, then distributes MAP and MAT over Yucca Mountain using elevation-dependent
models. The Bechtel SAIC Company, LLC (2004b) MAP model is

P = exp(0.6458Z + 4.317) (2-1)

where P is MAP [mm/yr] and Z is elevation [km]. The Bechtel SAIC Company, LLC (2004b)
MAT model is

T-T =98(1.4-2) (22)

where T is MAT [°C] and T, is MAT [°C] at a 1,400-m [4,590-ft] elevation. The adjusted MAT for
1,624-m [5,000-ft] elevation is 13.9 to 17 °C [57 to 63 °F].

2Mean annual precipitation is referenced frequently throughout this chapter. The acronym MAP will be used.

3Mean annual temperature is referenced frequently throughout this chapter. The acronym MAT will be used.
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Prior glacial cycles are conventionally dated according to Marine Isotope Stage (MIS) numbers,
which represent §'°0 signatures in a collection of cores from ocean sediments from around the
world. These are also referred to as Oxygen Isotope Stage (OIS) numbers. Polar and
continental ice sheets preferentially segregate lighter oxygen isotopes, thus the presence of
large continental ice sheets shifts the isotopic composition of oxygen in the world's oceans.
Odd MIS numbers represent interglacial conditions and even numbers represent glacial
conditions, with the Holocene denoted by MIS 1 and the last glacial maximum denoted by

MIS 2. Forester, et al. (1999) suggest that orbital eccentricity cycles approximately repeat on a
period of approximately 400,000 years; thus each of the four 100,000-year glacial cycles in an
eccentricity cycle is analogous to the same glacial cycle in other eccentricity cycles. Note that
under the MIS numbering scheme, the collection of 4 glacial cycles uses 10 MIS numbers, so
climatic conditions for MIS 6 and 16 or MIS 2 and 12 are analogous.

Figure 2-1 shows two proxy indicators for ice volume based on oxygen isotope data, the Devils
Hole calcite vein record (Winograd, et al., 1992) and the Spectral Mapping Project (SPECMAP)
stacked marine core record (Imbrie, et al., 1989), as well as the Sharpe (2003) interpretation of
glacial stages. The proxy indicators are normalized to the range of 0 to 1 to facilitate
comparisons. Sharpe (2003) includes a monsoonal period in each intermediate glacial stage
following an interglacial stage. Note that the Devils Hole record suggests that MIS stages 8 and
10 were more severe than MIS stages 6 and 2 through 4, but the SPECMAP record suggests
the opposite.
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Figure 2-1. Normalized Proxy Indicators of Past Glacial States and the Corresponding
Sharpe (2003) States and MIS Numbers
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Sharpe (2003) considers three full-glacial states, represented by MIS 6 and 16, MIS 2 through
4, and MIS 8 and 10, calling these full-glacial states MIS 6/16, MIS 2, 4, and MIS 8,10,
respectively. Sharpe (2003) draws upon the DOE future climate analysis to define climatic
conditions for each state, with the most recent revision of the future climate analysis presented
by Bechtel SAIC Company, LLC (2004a). Sharpe (2003) also considers an interglacial state, a
monsoon state, and an intermediate state. Figure 2-2 displays the Sharpe (2003) climate states
at the 1,524 m [5,000 ft] elevation of Yucca Mountain, using the inferred values for the
interglacial and lower-bound monsoon states. The fraction of the next 1 million years that each
climate state will occur, as estimated by Sharpe (2003), is indicated in the legend.

Sharpe (2003) describes MIS 6/16 as cold and wet, MIS 2, 4 as warmer and drier, and MIS 8,10
as even warmer, but wetter. The MIS 6/16 climate range shows no overlap with the MIS 2, 4
climate range, sharing one MAP/MAT point at the warm and dry extreme for MIS 6/16 and cold
and wet extreme for MIS 2, 4.

2.2 Estimates of Previous Climatic Conditions

Sharpe (2003) rationalizes the selection of meteorological stations representing future-climate
analog sites in terms of atmospheric conditions and rain shadows. These climatic factors are
important considerations when developing meteorologic boundary conditions for infiltration
simulators, but there are relatively few stations available with long high-quality meteorologic
records possessing the requisite climatic conditions. However, additional sources of information
not considered by Sharpe (2003) are available to further constrain the climatic conditions during
other parts of previous glacial cycles.
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Figure 2-2. Climate States Defined by Sharpe (2003). Analog Sites Are Denoted by
Symbols; Climate Boxes Are Obtained by Averaging MAP and MAT for the Analog
Sites at Each Bound. The Fraction of the Next 1 Million Years That Sharpe (2003)

Estimated for Each Climate State Is Indicated in Brackets.
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2.21 Glacial Indicators From Owens Lake

Bechtel SAIC Company, LLC (2004a) uses ostracode sequences from Owens Lake drawn from
the discussion by Forester, et al. (1999), comparing this evidence to regional evidence of lake
stands to infer regional climatic conditions during glacial states. Several species in the record
have different tolerances for water temperature and chemistry, and Bechtel SAIC Company,
LLC (2004a) infers a range of Owens Lake conditions ranging from alkaline and closed
conditions through stable, large, deep, cold and dilute conditions representing an overflowing
lake. The ostracode record suggests that MAT was warmest in MIS 10 and was progressively
cooler in stages 8, 2, and 6.

The ostracode record suggests that Owens Lake was freshest and coldest in parts of MIS 6 and
2, based on the presence of a species (Cytherissa lacustris) that is only found in a few large
lakes south of Canada and Alaska today. Bischoff, et al. (1997) measured rock flour in one of
the same cores for the period from 155,000 to 10,000 years before present, interpreting
elevated rock-flour concentrations as evidence of mountain-glacier advances in the neighboring
Sierra Nevada range. Elevated rock-flour concentrations are consistently associated with the
presence of C. lacustris in this core section. Last-glacial-maximum mountain glaciers
terminated below an elevation of 2,000 m [6,600 ft] along the eastern flank of the Sierra Nevada
range (Moore, 2000; Kaufman, et al., 2003), within 10 km [6.2 mi] of the edge of the expanded
lake. The extent that cold melt runoff lowered the temperature of Owens Lake during periods
with extensive glacier activity is not known, but such runoff may have contributed to the
presence of C. lacustris.

Less extreme wet conditions, at least intermittently spilling, are indicated in all glacial stages
and portions of some interglacial stages by the presence of Candona caudata, a species found
today as far south as the Pahranagat Lakes, Nevada. Other species indicate drier conditions
during interglacial stages, with occasional intervals indicating augmented summer precipitation.

Forester, et al. (1999) present corroborating evidence for saline conditions based on diatoms
preserved in Owens Lake cores. Most of the intervals with high concentrations of saline
diatoms correspond to intervals with ostracode signatures suggestive of saline conditions.
Smith and Bischoff (1997) present a considerable body of additional evidence derived from the
Owens Lake cores that generally corroborates interpretations of Owens Lake hydrologic
conditions (e.g., spilling, cold, and fresh; intermittently spilling; closed and saline).

2.2.2 Last Glacial Maximum Climate Indicators

Sharpe (2003) relied on the climate analysis by Thompson, et al. (1999a) to estimate climate
under present-day conditions and during the last glacial maximum. Thompson, et al. (1999a)
estimated present-day MAP and MAT for the elevation of 1,524 m [5,000 ft] at Yucca Mountain,
apparently based on interpolated average values from the National Weather Service for the
period of 1851 through 1980. Thompson, et al. (1999a) estimated MAP to be 125 mm/yr

[4.9 infyr] and MAT to be 13.4 °C [56.1 °F] for present-day conditions. Thompson, et al. (1999a)
used the same interpolation procedure to estimate the range of MAP and MAT at locations
where indicator plant species are found today, and used plant macrofossil assemblages from
selected packrat middens to estimate MAP of 266 to 321 mm/yr [10.5 to 12.6 infyr] and MAT of
7.9 to 8.5 °C [46 to 47 °F] at the last glacial maximum. Thompson, et al. (1999a), therefore,
estimates an increase of approximately 2.1 to 2.6 times present MAP and cooling by 4.9 to
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5.5 °C [8.8 to 9.9 °F] from present MAT. Spaulding (1985) used packrat midden data to derive
climatic conditions for the Nevada Test Site, estimating present-day MAP of 189 mm/yr [7.4
infyr] and MAT of 13.5 °C [56 °F] and last-glacial-maximum MAP of 246 to 265 mm/yr [9.7 to
10.4 in/yr] and MAT of 6.5 to 7.5 °C [44 to 46 °F]. Spaulding (1985), therefore, estimates an
increase of approximately 1.3 to 1.4 times present MAP and cooling by 6 to 7 °C [11 to 13 °F]
from present MAT.

Plant macrofossils from packrat middens helps constrain estimates of climatic conditions, but
there are drawbacks in using this information to make climatic inferences. The U.S. Geological
Survey (USGS)/National Oceanic and Atmospheric Administration North American Packrat
Midden Database is a large collection of samples obtained from packrat middens (Strickland,
et al., 2001). Most samples in the database use a single macrofossil for dating the entire
sample, but some have as many as five age determinations. Figure 2-3 shows all
age-difference pairs available from individual samples in the database. Half of the samples in
the database with multiple dates were different by more than 1,000 years and 20 percent were
different by more than 3,000 years. These age differences suggest that a single sample may be
a collection of macrofossils over several thousand years, which is long enough

to encompass at least one millennial-scale wet/dry climatic cycle.

Inferring climate from the presence of several species requires that the climatic tolerances of
the species are known, but different researchers report significantly different climatic tolerances.
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For example, Forester, et al. (1999) uses 380 to 560 mm/yr [15 to 22 in/yr] for the MAP
tolerance of limber pine (Pinus flexilis) and 510 to 890 mm/yr [20.1 to 35 in/yr] for the MAP
tolerance of Rocky Mountain white fir (Abies concofor). Thompson, et al. (1999b) provides MAP
ranges for which 10 to 90 percent of the species occurs, with limits of 365 to 910 mm/yr [14.4 to
35.8 in/yr] for limber pine and 375 to 1,185 mm/yr [14.8 to 46.7 in/yr] for Rocky Mountain white
fir. This uncertainty in climatic tolerance, combined with the possibility of favorable or
unfavorable microclimatic conditions near a midden, makes it difficult to firmly estimate climate
during a particular period. In addition, plant species may have different responses to changes
in the concentration of atmospheric carbon dioxide, which is typically not accounted for in
interpretations of climate change from packrat midden samples. Atmospheric carbon dioxide,
as recorded in the Vostok ice core (Barnola, et al., 2003), varied between approximately 180
and 300 ppm over the past 417,000 years, with lower levels during glacial periods. Loehle
(2007) suggests that indications of extremely cold and dry conditions in the eastern United
States during the last glacial maximum, inferred from biological factors such as tree line
lowering, may be instead attributable to carbon dioxide starvation. Finally, plant distributions are
affected by competition between species and dispersal constraints, especially during periods of
changing climate, so that the presence and absence of species is not solely determined

by climate.

Additional lines of evidence from Nevada and neighboring areas, not discussed by Sharpe
(2003), are available to estimate the difference in climate from the last glacial maximum to
present. These lines of evidence are quite consistent in constraining MAP to a relatively narrow
range of 1.7 to 1.9 times present MAP during the last glacial maximum.

Hostetler and Benson (1990) used a water balance model of Lake Lahontan in northwest
Nevada and northeast California to estimate climate during the last glacial maximum. Hostetler
and Benson (1990) found that multiplying MAP by 1.8 and sufficiently reducing evaporation
replicated high stands of Lake Lahontan during the last glacial maximum.

D’Agnese, et al. (1999) considered climate change in the Death Valley region by increasing
recharge in a groundwater model. A fivefold regional increase in recharge resulted in a water
table rise in the vicinity of Yucca Mountain on the order of 100 m [330 ft], comparable to known
paleospring discharge elevations, and produced reasonable lake levels across the region. The
regional upland recharge models presented in Section 3 yield a similar multiple of recharge
using an elevation change of approximately 900 m [2,950 ft], with MAP increasing by a factor of
approximately 1.8 and MAT decreasing by approximately 5.6 °C [10.1 °F].

Kessler, et al. (2006) used a two-dimensional physically based numerical model to simulate
mountain glaciers in the vicinity of Kings Canyon of the Sierra Nevada range during the last
glacial maximum. A wide range of MAP and MAT changes was able to produce simulated
glacier extent matching observed glacier extent in Kings Canyon, which is on the west flank of
the Sierra Nevada range, as long as wetter conditions compensated for warmer conditions.
However, the east flank of the Sierra Nevada has a different compensation relationship between
MAP and MAT because of the rain-shadow effect, smaller accumulation areas, and steeper
slopes on the east flank. When both eastern and western flanks were considered
simultaneously, the simulation best matching both flanks had a MAP multiplier of 1.9 and MAT
reduction of 5.6 °C [10.1 °F]. The regression relationships suggest a slightly drier and cooler
state, with a MAP multiplier of 1.7 to 1.8 and MAT reduction of 5.6 to 5.7 °C [10.1 to 10.3 °F],
which is equivalent to a change in elevation of approximately 800 to 900 m [2,600 to 3,000 ft].
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Kaufman, et al. (2003) compiled recognized glaciations of the Sierra Nevada during the
Pleistocene. The extent of the glaciation is related to the equilibrium line altitude, where
accumulation and deflation are balanced. According to Kaufman, et al. (2003), the last glacial
maximum saw an east-flank equilibrium line altitude about 800 m [2,620 ft] lower relative to
present at latitude 37 °N, with prior equilibrium line altitudes during MIS 4 through 2 an
additional 100 m [330 ft] lower. The most extreme lowering of the east-flank equilibrium line
altitude over the past 820,000 years is approximately 200 m [660 ft] below the last glacial
maximum during MIS 6, suggesting that MIS 6 was only marginally more extreme than MIS 2.

Changes in MAP and MAT can be inferred using the difference in elevation ranges for individual
species found in midden samples rather than directly estimating MAP and MAT changes from
changes in species assemblages. Note that inferences from elevation changes tacitly assume
that MAP and MAT changed approximately according to the present-day elevation gradient.
Forester, et al. (1999) noted that limber pine and white fir were observed at elevations more
than 1,000 m [3,300 ft] lower than previously seen in southern Nevada during the last glacial
maximum. An elevation shift of 1,000 m [3,300 ft] implies that MAP was approximately 1.9
times larger and MAT was reduced by approximately 6 to 7 °C [11 to 13 °F] using present-day
gradients, a change in climate intermediate between the Thompson, et al. (1999a) and
Spaulding (1985) estimates. A similar elevation shift in juniper is found in Owens Valley
middens, implying that this change was regional in extent. It is possible that a larger change in
elevation occurred, because there is a limited range in midden elevations at any locale. Note
that changes in elevation for plants may result from changes in MAP, MAT, atmospheric carbon
dioxide concentration, and dominant season for precipitation. Consistent with the analysis by
Loehle (2007), estimates of climate change resulting from elevation shifts for plant species are
more extreme than estimates using abiotic factors.

The additional lines of evidence not considered by Sharpe (2003) suggest that MAP was 1.7 to
1.9 times present values during the last glacial maximum and MAT was reduced by 5.6 to 7 °C
[10.1 to 12.6 °F]. These ranges were doubled to account for uncertainty, yielding ranges of 1.6
to 2 times present MAP and a MAT reduction of 4.9t0 7.7 °C [8.8 t0 13.9 °F] .

2.2.3 Earlier Glacial States

The evidence for climatic states is sparser for earlier glacial stages. The penultimate full glacial
maximum during MIS 6 showed more extreme change based on (i) somewhat higher lake
stands in northern Nevada (Reheis, 1999), (ii) east-flank mountain-glacier equilibrium line
altitudes 200 m [660 ft] approximately lower in the Sierra Nevada (Kaufman, et al., 2003), and
(iii) somewhat greater deviations of polien assemblages from present conditions (Woolfenden,
2003). All of these indicate that the penultimate full glacial maximum was incrementally more
extreme than the last glacial maximum. A 200 m [660 ft] increase in elevation (equivalent to
lowering the equilibrium line altitude) increases MAP by approximately 14 percent and
decreases MAT by approximately 2 °C [3.6 °F]. Applying these factors to the last glacial
maximum yields an estimate of MAP 1.8 to 2.3 times present-day values and MAT reduced by
6.910 9.7 °C [12.4 to 17.5 °F] for the penultimate glacial maximum.

Forester, et al. (1999) suggest that 400,000-year eccentricity cycles are analogous. The
penultimate 400,000 year eccentricity cycle is considered analogous to the last 400,000-year
cycle, although perhaps with increased effective moisture. Lake stands were somewhat higher
during the MIS 16 than during the MIS 6 glaciations (Reheis, 1999), which are analogous, and
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higher during the MIS 12 than during the MIS 2 glaciations (also analogous). However, little or
no evidence of Sierra Nevada glaciation remains from this cycle (Kaufman, et al., 2003),
suggesting that subsequent glaciers overrode the glacier deposits from the penultimate
eccentricity cycle. This apparent contradiction may be due in part to ongoing uplift of the Sierra
Nevada range. As Sharpe (2003) notes, Sierra Nevada uplift may be occurring at a rate of 175
to 345 m/My (570 to 1,130 ft/My], corresponding to 70 to 140 m [230 to 460 ft] per eccentricity
cycle. Glacier evidence from a slightly more severe climatic state in the previous eccentricity
cycle may have been overridden by subsequent glaciers due to uplift carrying the evidence to
higher elevations. Also, a higher Sierra Nevada intensifies the rain shadow, which may have
reduced east-flank MAP in the latest eccentricity cycle. It may also be that smaller ice sheets in
the penultimate cycle did not deflect storm tracks as far south, delivering more moisture to
northern Nevada and less to the southern Sierra Nevada and Yucca Mountain. This latter
interpretation is consistent with the Owens Lake record, which suggests shallow water
conditions from 650,000 to 450,000 years before present, and the Searles Lake record, which
suggests shallow water conditions from 650,000 to 350,000 years before present gradually
increasing to deep conditions by 150,000 years before present (Smith and Bischoff, 1997).
Accordingly, the estimates for the last eccentricity cycle are also assumed to be appropriate for
the penultimate cycle.

It is difficult to directly constrain the climatic conditions for the MIS 8 and 10 glaciations, as
mountain-glacier evidence has been overridden. Forester, et al. (1999) interprets the ostracode
record in these two glacial sequences as implying warmer conditions than the MIS 2 and 6
glaciations, due to the lack of the “cold and fresh” indicator species, and infers that this further
implies significantly wetter conditions during MIS 8 and 10 to maintain observed lake stands in
the face of increased evaporation. The Devils Hole record shown in Figure 2-1 suggests that
the oxygen isotope ratio deviated approximately 20 percent more from the penultimate
interglacial during MIS 8 and 10 than during MIS 6. There are a number of factors that affect
the isotope signal, including evaporation and the isotopic composition of the source waters, but
all else being equal, the implication is that recharge had a colder signature during MIS 8 and 10
than during MIS 6. If MAT was indeed cooler, with the corresponding drop in
evapotranspiration, the lack of evidence for mountain glaciers and the generally shallow Owens
Lake imply that the MIS 8 and 10 stages must have been significantly drier than MIS 6. In either
case, mean annual infiltration (MAI)* at Yucca Mountain was probably less during MIS 8 and 10
than during MIS 6 and 2,4.

2.3 OCCYM Model

The OCCYM model, which provides an independent approach to estimating potential future
climatic sequences, shares some characteristics with the Sharpe (2003) model, but differs in
others. The OCCYM model is driven by orbital change like the Sharpe (2003) model, but the
translation process between orbital parameters and Yucca Mountain climate is

significantly different.

“Mean annual infiltration is referenced frequently throughout this chapter. The acronym MAI will be used.
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2.31 lce Volume Model

The OCCYM model diverges from the Sharpe (2003) model by explicitly estimating global ice
volume using a numerical model. The ice volume model is an ordinary differential equation, not
physically based, that uses the Milankovitch insolation forcing (i.e., summer-solstice insolation
at 65° N latitude) to drive changes in ice volume. Insolation is estimated using a computer
program developed by Roper (2003) that is based on the model by Berger and Loutre (1991).

A detailed description of the ice volume model is provided in Appendix A. Anthropogenic effects
are not considered in the ice volume model.

There are a number of parameters that may be used to tune the model output. The optimal set
of parameters in the model are a result of tuning to observed global signatures of ice volume
over the past 800,000 years, using ice cores and the Devils Hole vein calcite record. The
values of the parameter set are not unique, and a range of values may provide nearly identical
model outputs. A set of potential ice volume sequences were generated by varying two key
parameters, |, and |, (described in Appendix A), that prescribe how climate states switch from
interglacial to glacial conditions. The |, and |, parameters have nominal values of -0.75 and 1,
respectively. The ice volume sequences are compared to the Devils Hole and SPECMAP
records in Figure 2-4(a), with all sequences normalized to their respective minimum and
maximum values over the past 800,000 years. The ice volume model captures some of the
larger volume changes reasonably well, but appears to be overly sensitive to smaller effects.
There is little reason to favor one parameter set over another, as all sets are essentially
identical in this interval; thus the parameter sets may be considered equally likely.

The set of modeled ice volume sequences are compared to the Devils Hole and SPECMAP
records in a different way in Figure 2-4(b). The interval from 568,000 to 60,000 years before
present is extracted from each sequence, giving a common record to compare; this shorter
record is normalized, then plotted as a cumulative fraction. The modeled ice volume sequences
are intermediate between the two proxy records. Even though the model does not perfectly
describe either proxy record, the model reasonably captures the frequency of ice volume states.

Figure 2-5(a) shows that different parameter sets yield almost indistinguishable results for more
than one-third of the next 1 million years. Again, the ice volumes are normalized to the interval
from 568,000 to 60,000 years before present. The different parameter sets disagree significantly
over the next 300,000 years, particularly from approximately 100,000 to 300,000 years in the
future (see Figure A-9 in Appendix A). The disagreement may be due to the unusually low
eccentricity during this period, which will send a weaker signal for climate change than occurred
in the prior 800,000 years.

The cumulative frequency distribution for each OCCYM ice volume sequence during the next 1
million years is plotted in Figure 2-5(b). Unlike the previous 800,000 years, there is a spread of
estimates for the next 1 million years. The model estimates are all shifted towards somewhat
greater ice volumes in the next 1 million years relative to the past 800,000 years. In contrast,
the Sharpe (2003) estimates discussed in Section 2.1 show full-glacial periods occurring a
slightly smaller fraction of time during the next 1 million years, but otherwise the Sharpe (2003)
estimates have almost identical statistics for the past and future periods.
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2.3.2 Climate-Change Model

The orbital-scale climate-change model is explicitly linked to the ice volume model, based on
rationale that the presence of a continental ice sheet deflects atmospheric patterns. The
orbital-scale model does not account for climatic variability at scales less than approximately
10,000 years. Climatic variability at these shorter time scales is accounted for with the
infiltration model, as described in Section 3.5.

As a first approximation, MAT is assumed to vary linearly with continental ice volume, based on
the assumptions that (i) MAT varies roughly linearly with latitude at a given longitude, (ii) MAT at
the equator changes little over glacial cycles {Lea, et al. (2000) present evidence that surface
seawater temperatures in the tropics may have been cooler by 2.8 £ 0.7 °C [5.0 £ 1.3 °F] during
the last glacial maximumj, (iii) MAT at the edge of the continental ice sheet changes little over
glacial cycles, and (iv) the edge of the continental ice sheet moves proportionately to total ice
volume. The expansion of an ice sheet implies that the temperature gradient between the
equator and pole becomes steeper; hence the temperature at Yucca Mountain becomes colder.
The two points used for the interpolation are determined from the interglacial estimates and the
MIS 6/16 full glacial conditions.

As a first approximation, MAP is assumed to vary loglinearly with continental ice volume. The
rationale for this approximation is that a moderate expansion of the continental ice sheet would
tend to deflect the jet stream equatorward, bringing additional storms to the Yucca Mountain
area and increasing MAP. Further deflection would tend to bring polar air masses over Yucca
Mountain, reducing MAP because polar air masses are too cold to carry large amounts of
moisture. However, there is little firm evidence to support the hypothesis that ice sheets
expanded sufficiently to reduce MAP as far south as Yucca Mountain.

Monsoonal conditions are not considered in the OCCYM climate model. Monsoonal conditions
are fostered by strong summer insolation in the northern hemisphere, which warms the interior
of the continent and induces atmospheric circuiation patterns that bring moisture from the Gulf
of Mexico and the Gulf of California over the continent. Monsoonal conditions may be most
prevalent during interglacials, tend to last only a few thousand years, and occur during only a
small percentage of a glacial cycle. As is discussed in Section 3, summer precipitation is
significantly less efficient at inducing recharge than winter precipitation; thus a large increase in
summer precipitation may result in only a modest increase in overall recharge. Monsoonal
conditions also tend to be associated with warmer values of MAT, which further reduces
recharge. All of these factors suggest that neglecting monsoonal conditions may not strongly
affect long-term-average conditions. A sensitivity study in Section 4 further suggests that
long-term-average is rather insensitive to the precise value of MAI during low-MAl interglacial
and monsoon periods.

233 Present-Day MAP Uncertainty

Uncertainty in present-day MAP results from the relatively short period of record and the
relatively few meteorologic stations at Yucca Mountain. This uncertainty is independent of the
uncertainty regarding regional climate change, and the OCCYM model considers it separately.
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Table 2-1 lists a number of regression relationships between MAP and elevation that have been
developed for the Yucca Mountain region. The coefficients in Table 2-1 cast these relationships
into the form

logP=A+BZ (2-3)

where P is MAP [mmlyr], Z is elevation [km], and A [unitless] and B [1/km] are fitting
coefficients. As shown in Figure 2-6, these relationships form an envelope of estimates that are
in reasonably good agreement with stations on and near Yucca Mountain.

OCCYM describes uncertainty in present-day MAP by identifying values for A and B that yield a
relationship falling in the middle of the envelope, with A considered uncertain and B considered
known. The equation is

logP = A, + B,Z + AA (2-4)

where A, [unitless] and B, [1/km] are the coefficients for the middle of the envelope and AA
[unitless] represents the uncertainty in A.

The band shown in Figure 2-6 represents the uncertainty in present-day MAP used for
calculations presented in Sections 2.4 and 4.1. The OCCYM Middle coefficients listed in
Table 2-1 are used for A, and B,, and the range in AA is equivalent to multiplying the base MAP

Elevation (ft)
800 -1000 0 1000 2000 3000 4000 5000 6000 7000 8
Ld Ld L] L LS L LA Ll LJ = 30

e 700F .... HevesiStations © Historical Climate Network stations
T 600f Hevesi Cokrige O Nevada Test Site stations 16 =
E | . French S NV O Yucca Mountain stations =
£ 400} — FrenchNTS =
[ e ) OCCYN Middlk g
S 300f 'g
et 7
I 410 =
3 IHE
= 200 18 G
8 17 2
b o
o 16 &
© 45 g
= <
£ 100 14 ¢
< 90+ <

80 43 £
g 70 >
s" 60 v =

50| 12

40 A A A A L

-0.5 0 0.5 1 1.5 2 25

Elevation (km)

Figure 2-6. Several Regression Equations for the Elevation
Dependence of MAP at Yucca Mountain
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Table 2-1. Relationships Describing the Variation of Log (MAP) With Elevation in the
Yucca Mountain Region

A* B* Label Description
[1/km]
1.876 0.256 | Hevesit Regional meteorological stations only
Stations
1.850 0.281 | Hevesit Regional meteorological stations with cokriged
Cokrige elevations

1.872 0.228 | French NTS§ Southern Nevada meteorological stations

1.902 0.271 | French NTS§ Nevada Test Site meteorological stations

1.875 0.281 | OCCYM DOE model for distributing MAP on Yucca Mountain
Middlel

*Coefficients A and B assume that MAP is in units of mm/yr

THevesi, J.A., J.D. Istok, and A.L. Flint. “Precipitation Estimation in Mountainous Terrain Using Multivariate
Geostatistics: Part Il—Isohyetal Maps. Journal of Applied Meteorology. Vol. 31 (7). pp. 661-676. 1992a.
fHevesi, J.A., A.L. Flint, and J.D. Istok. “Precipitation Estimation in Mountainous Terrain Using Multivariate
Geostatistics: Part I—Isohyetal Maps. Journal of Applied Meteorology. Vol. 31 (7). pp. 677-688. 1992b.
§French, R.H. “Daily, Seasonal, and Annual precipitation at the Nevada Test Site, Nevada.” Publication No.
45042. Reno, Nevada: Desert Research Institute. 1986.

[Bechtel SAIC Company, LLC. “Technical Basis Document No. 1: Climate and Infiitration.” Las Vegas, Nevada:
Bechtel SAIC Company, LLC. 2004c.

by 4/5 to 5/4 (i.e., AA rahges from -0.0969 to 0.0969). The OCCYM Middle relationship is
simply Eq. 2-1 transformed into the format of Eq. 2-3. The AA parameter is described with a
triangular probability distribution in Sections 2.4 and 4.1.

234 Present-Day MAT Uncertainty

Uncertainty in present-day MAT results from the relatively short period of record and the
relatively few meteorologic stations at Yucca Mountain. Present-day MAT is affected by
elevation, usually cooling with increasing elevation, but MAT is affected by temperature
inversions, differential wind-induced mixing, and topography-induced redistribution across the
site. This uncertainty is independent of the uncertainty regarding regional climate change, and
the OCCYM model considers it separately.

Atmospheric temperature observations are only available at Yucca Mountain since the 1980s,
from the onset of Yucca Mountain site characterization. Atmospheric temperature observations
also have been made on the Nevada Test Site since the 1980s. The National Weather Service
maintains an extensive network of meteorological stations across the United States, and daily
summaries of temperature extremes are available for hundreds of Cooperative Observer
Program (COOP)® stations in Nevada and surrounding states.

5Cooperative Observer Program stations are referenced frequently throughout this chapter. The acronym COOP will
be used. '
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Daily temperature-extreme records, from station inception through 1997, were obtained for the
network of COOP stations run by the National Weather Service in Arizona, California, Nevada,
and Utah. These data are available on CD-ROM from the National Climatic Data Center web
site (www.ncdc.noaa.gov). A reduced set of stations was obtained by restricting the analysis to
include all Nevada stations, all Utah stations west of longitude W 113°, all Arizona stations west
of longitude W 113° and north of latitude N 35°, and all California stations east of longitude W
118.2° and north of latitude N 34.5° (north of the San Gabriel mountains and east of the crest of
the southern Sierra Nevada). All stations in Inyo and Mono counties of California were also
explicitly included. The boundaries include at least a 2-degree buffer on every side of Yucca
Mountain. A total of 262 stations were considered, all with record lengths more than 5 years.

Table 2-2 lists regression relationships between MAT, elevation, and normalized latitude based
on the 262 regional COOP stations. These relationships are for mean annual daily maximum,
daily mean, and daily minimum temperature. The regional relationships have the form

T=A+BZ+CN (2-5)

where T denotes mean annual daily mean, daily maximum, or daily minimum temperature [° CJ;
Z is elevation [km], N is latitude normalized from 0 at latitude N 34° to 1 at latitude N 42°; and A,
B, and C are fitting coefficients. Corresponding relationships using mean annual insolation
have similar explanatory power, as mean annual insolation on a horizontal plane outside the
atmosphere varies essentially linearly with latitude in this zone.

Note that maximum daily temperature is described better than minimum daily temperature with
these regressions, reflecting the stronger influence of insolation on maximum temperature
relative to minimum temperature.

Table 2-2. Relationships Describing the Variation of MAT With Elevation in the Yucca
Mountain Region

A [°C] B Cc[°C] R? Description
[°C/km]

24.30 -6.340 -6.861 0.95 Regional mean daily temperature

21.87 -6.340 Mean daily temperature at Yucca Mountain

32.93 -6.856 --5.828 0.97 Regional maximum daily temperature

30.87 -6.856 Yucca Mountain Maximum daily temperature at
Yucca Mountain

15.67 -5.824 -7.895 0.84 Regional minimum daily temperature

12.87 -5.824 Minimum daily temperature at Yucca Mountain

°F = (9/5)°C+32
1km = 3281 ft
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Each regional relationship in Table 2-2 is localized to Yucca Mountain by adding the local value
of CN at Yucca Mountain to the A coefficient. The resulting equation has the form

T=A+BZ (2-6)

where A includes CN. Yucca Mountain has an approximate latitude of N 36° 50', so N is set to
0.354 when localizing the regional relationships. Table 2-2 also lists regression relationships
between MAT and elevation based on 25 Nevada Test Site stations with record lengths of at
least 10 years. The stations systematically increase in elevation moving from s<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>