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ARTICLE INFO ABSTRACT

Keywords: Since 2002, the Tahoe Environmental Research Center has been studying the effects of climate change in the
Tahoe Tahoe Basin. We are using the output from four General Circulation Models downscaled by the method of
Climate change Localized Constructed Analogues and provided by the Scripps Institution of Oceanography (SIO). The daily data
Climate models were used by SIO to drive the Variable Infiltration Capacity (VIC) model and derive a suite of 24 hydrologic and

Precipitation . . . . .
TempI:erature climate variables at a 1/16° (ca. 6 km) grid scale, for two Representative Concentration Pathways (RCP 4.5 and
Floods 8.5). Here we focus on trends in the return levels of extreme climatic events, including annual maximum daily

discharge of six basin streams, maximum and total annual kinetic energy (KE) of raindrops falling on snow-free
ground, basin-wide climatic water deficit, and wind speed. To analyze time trends in historic and modeled future
extreme values, we applied the program extRemes, based on the Generalized Extreme Value (GEV) distribution.

Values of KE on snow-free ground were derived by statistically disaggregating daily rainfall to hourly, and
using literature values to convert rainfall intensity (mm/hr) for days without snowpack to KE (Ji oules/mz/hr). We
found strong upward trends in extreme values, with most of the effect due to loss of snowpack, but a significant
effect of increasing rainfall for one model. To estimate future trends in maximum annual daily discharge of six
streams, we adjusted the modeled future annual maximum runoff to the distribution of gage data, using
regression of gage data on modeled historic runoff at equal return intervals. The GEV results for the six streams,
averaged across the four models, indicate an increase in the 20-year flood of 65-117 percent. Climatic water
deficit showed strong upward trends for three of the four models, with a maximum at mid-century for one model.
Averaged across the basin and across the four models, average and maximum seasonal winds under RCP 8.5 are
projected to decrease slightly in all seasons. The trends in averages and extreme values that we found will have
important effects on vegetation, wildfire severity, flood hazards and the clarity of Lake Tahoe.

1. Introduction air temperature, especially at night; 2) a shift from snowfall to rain; 3) a

shift toward earlier snowmelt; 4) increased rainfall intensity and inter-

Lake Tahoe is a large ultra-oligotrophic lake lying at an elevation of
1898 m in the central Sierra Nevada on the California-Nevada border.
The lake is renowned for its deep cobalt-blue color and clarity. Due to
concerns about progressive eutrophication and loss of clarity, the lake
has been studied intensively since the mid-1960s, and has been the focus
of major efforts to halt the trends in clarity and trophic status (Goldman
1981, 1988; TERC, 2020).

The long-term trends in lake clarity and water quality are strongly
influenced by climate change. Previous work on the effects of climate
change on the Tahoe basin watershed showed 1) strong upward trends in
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annual variability; 5) increased risk of flooding in the Upper Truckee
River basin; 6) increased drought severity, especially in the late 21st
century (Coats, 2010; Coats et al., 2013). Work on the Lake itself has
shown that 1) the lake is warming at an average rate of about 0.013 °C
yr~1; 2) the warming trend in the lake is driven primarily by increasing
air temperature, and secondarily by increased downward long-wave
radiation; 3) the warming of the lake is modifying its thermal struc-
ture, increasing its resistance to deep mixing and threatening the peri-
odic ventilation of the hypolimnion (Coats et al., 2006; Sahoo et al.,
2013).
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Recent work at the Southwest Climate Science Center (SWCSC) of
Scripps Institution of Oceanography has provided output from a suite of
General Circulation Models (GCM’s) downscaled to a 1/16° (ca. 6 km)
grid scale and used to drive the Variable Infiltration Capacity (VIC)
model, which in turn produced daily values for historic (1950-2005)
and future (2006-2100) periods under two greenhouse gas concentra-
tion pathways. The purpose of this study is to use this data set for the
Tahoe basin to examine long-term projected trends in annual averages
and extreme values of hydroclimatic variables that will have important
ecological, water quality and geomorphic impacts. These variables
include maximum (Tmax) and minimum (Tmin) daily temperature,
precipitation, total and annual maximum hourly rainfall kinetic energy
on snow-free ground, climatic water deficit, annual maximum daily
stream discharge, and seasonal average and maximum wind speed.

Patterns and trends of precipitation and temperature in the Tahoe
basin reflect the patterns and trends in the global climate system,
including the position and stability of the jet stream. Francis and Vavrus
(2015) analyzed the factors affecting the behavior of the jet stream, and
found evidence that rapid warming of the arctic is increasing the
amplitude of jet stream meanders and slowing the eastward progression
of peaks and troughs, and thus contributing to persistent weather pat-
terns and extreme events in temperate regions.

In Western North America, the interannual variability of tempera-
ture and precipitation are strongly influenced by large-scale modes of
variability in sea surface temperature (SST) and atmospheric pressure.
Two of the most important of these are the Pacific Decadal Oscillation
(PDO) and the El Nino-Southern Oscillation (ENSO). The warm (posi-
tive) phase of the PDO is characterized by above average SSTs in the
eastern North Pacific, and below average SSTs in the central and western
North Pacific. The oscillation occurs over time periods of 10-40 years
(Mantua et al., 1997). The onset of a strong warming trend at Tahoe
coincided with a shift to a positive PDO in about 1976-77. The warm
phase of the ENSO (El Nino) involves an eastward flow of warm surface
water from the tropical western Pacific toward the west coasts of North
and South America. The warmer water and atmospheric pressure dis-
tribution affect the storm tracks on the west coast, producing drier
winters in the Pacific Northwest, and wetter winters in the Southwest.
The cool phase—La Nina —has the opposite effect (Cayan et al., 2016).
The Tahoe basin lies near the boundary between the Northwest and
Southwest regions, so the ENSO is not a reliable predictor of the Basin’s
winter precipitation. Analysis of 14 long-term precipitation records in
California shows that annual precipitation is decreasing in the south and
increasing in the north, trends that may be linked to the behavior of the
PDO and ENSO (Killam et al., 2014).

The recent (and apparently on-going) severe drought in south-
western North America (2000-2018) was the second-driest 19-year
period since 800 CE, exceeded only by the late 1500s megadrought
(Williams et al., 2020). The immediate cause of the drought is a
persistent ridge of high pressure in the North Pacific that diverts storms
away from California and into the Pacific Northwest. Recent modeling
work found evidence that this “ridiculously resilient ridge” (as it is
popularly known) is linked to the rapid loss of Arctic sea ice and its
impact on convection changes in the tropical Pacific. Continued melting
of Arctic sea-ice may be expected to result in a 10-15% decrease in the
long-term average annual precipitation in California (Cvnjanovic et al.,
2017) as well as extreme precipitation in California, through its influ-
ence on the transport of heat and vapor from the Arctic Ocean to the
Central Pacific (Kennel and Yulaeva 2020). Using tree-ring re-
constructions and a suite of 31 climate models, Williams et al. (2020)
found that anthropogenic trends in temperature, relative humidity and
precipitation account for an average of 47 percent of the severity of the
current megadrought.

In the Tahoe region (and much of the U.S. west coast), the majority of
precipitation extremes occur in association with winter-time atmo-
spheric rivers (ARs) - long conduits of water vapor transport extending
from the tropics that result in high winds and heavy orographic
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precipitation when they make landfall (Zhu and Newell 1994; Dettinger
2011; Dettinger et al., 2011). Due to the tropical origins of many of these
storms, they tend to be relatively warm and cause high runoff volumes,
since rapid snowmelt coincides with heavy rainfall (Neiman et al.,
2008).

AR storms are now rated on a scale of 1-5 based on their duration
and intensity of vapor transport (Ralph et al., 2019). The flood damage
from AR storms increases exponentially with intensity, and with a
warmer Pacific Ocean, they will become more intense as they become
wetter, longer and wider (Corringham et al., 2019; Huang et al., 2020).
Gao et al. (2015) suggest that the amount of AR-induced extreme pre-
cipitation along the California coast has the potential to more than
double by the end of century.

2. Methods and study area
2.1. The Tahoe Basin

Table 1 summarizes some basic facts about the Lake. Most of the
precipitation in the basin falls as snow between November and April,
although rainstorms combined with rapid snowmelt account for the
highest flows and occasional floods. There is a pronounced annual
runoff of snowmelt in late spring and early summer, the timing of which
varies from year to year and by location in the basin. In some years,
summertime monsoonal storms from the Great Basin bring intense
rainfall, especially to high elevations on the east side of the basin.

Fig. 1 shows the distribution of mean annual precipitation across the
basin for the period 1981-2010, from the PRISM model (Daly et al.,
1994). The rain-shadow effect of the Sierra Crest is clear. In recent years,
the climate in northern California has been characterized by multi-year
droughts (e.g. 1975-77) punctuated by occasional years of high to
extreme precipitation (e.g. 1982-83). In the Tahoe basin, this pattern
began to emerge in the mid-1970s (Coats 2010). Fig. ESM-2.2-3 shows
the annual precipitation at Tahoe City, 1910-2017, and
Table ESM-2.2-3 shows annual average monthly weather data for the
same station.

Vegetation in the Lake Tahoe Basin is dominated by a mixed conifer
forest of Jeffrey pine (P. Jeffreyi.), lodgepole pine (P. murrayana), white
fir (Abies concolor), and red fir (A. magnifica). The basin also contains
significant areas of wet meadows and riparian areas, dry meadows,
brush fields (with Arctostaphylos sp. and Ceanothus sp.) and rock outcrop
areas, especially at higher elevations. Ceanothus is capable of fixing ni-
trogen, but mountain alder (Alnus incana ssp. tenuifolia), which grows
along many of the basin’s streams, springs and seeps, fixes far greater
quantities, and contributes measurably to nitrate-N concentrations in
small streams (Fleschner et al., 1976; Leonard et al., 1979).

Soils of the Basin are derived primarily from andesitic volcanic rocks
and granodiorite, with minor areas of metamorphic rock. Some of the
valley bottoms and lower hillslopes are mantled with glacial moraines,
or glacial outwash material derived from the parent rock. Cryopsam-
ments, Cryumbrepts, rockland, rock outcrops and rubble and stony
colluvium account for over 70 percent of the land area in the basin. The

Table 1

Basic facts about Lake Tahoe.
> Volume 156 km®
> Surface Area 498 km?
> Average Depth 313m
> Max. Depth 505 m
> Area with depth >10m ca. 90%
> Basin Area 1310 km?
> Elevation 1898 m
> Mean Water Res. Time 650 yr
> Mean Outflow 2x10°m®
> Rate of decline in Secchi Depth ca 25cm yr!
> Mixing freq. below 450 m about 2yrsin7
> Well-oxygenated to bottom
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Fig. 1. Average annual precipitation (mm), from PRISM, 1981-2010. Dots indicate the centers of grid cells used in the model downscaling.

basin soils (in the <2mm fraction) are generally 65-85 percent sand
(0.05-2.0 mm) (Loftis, 2007).

Substantial areas of the Basin have been developed for residential
and commercial uses, especially along the north, south and west shores.
The rate of development was especially intense during the 1960s and
1970s, but has since slowed somewhat due to land use controls.

2.2. Data sources and analysis

For this study, four GCMs (HadGEM2-ES, CNRM-CM5, CanESM2 and
MIROCS5) and two greenhouse gas trajectories (RCP 4.5 and RCP 8.5)
were selected by the Southwest Climate Adaptation Science Center (SW
CASC) to cover a range of temperature and moisture trends for the Tahoe

basin (Pierce et al., 2018; see Table ESM 2.2-2). The GCMs used are from
the Coupled Model Intercomparison Project Vers. 5 (CMIP-5).

These models were also found to be the best of four models from a
suite of 20 candidates in terms of their skill in modeling historic pre-
cipitation for the period 1980-2005 at a global scale (Lee and Wang
2014). The numbers (4.5 and 8.5) represent different levels of radiative
forcing calculated in Watts/m? at the top of the troposphere (Van
Vuuren et al.,, 2011; Thomson et al., 2011; Riahi et al., 2011). The
radiative forcing is directly related to atmospheric concentrations of
greenhouse gasses. Since the RCP 4.5 pathway now seems wildly opti-
mistic, some of the results from that scenario are relegated to the Elec-
tronic Supplementary Material.

Using the method of Localized Constructed Analogues (LOCA)
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(Pierce et al., 2014), the daily precipitation, temperature (Tmax and
Tmin), and wind data were downscaled for us by SW CASC to a 1/16th
degree (ca. 6 km) grid for the Tahoe Basin (all or part of 50 grid cells),
and adjusted using a frequency-dependent bias correction (Pierce et al.,
2015). SW CASC then used the corrected LOCA data as input to the
Variable Infiltration Capacity (VIC) model (Liang and Lettenmaier,
1994; Hamman et al., 2018; Pierce et al., 2018), producing a suite of 23
hydrologic and meteorological variables, including daily precipitation,
daily rainfall, average daily temperature, potential and actual evapo-
transpiration, runoff and snow water equivalent (SWE) of the snowpack,
if any. A historic time period (1950-2005) was included for each model,
and the future (2006-2099) was projected for each model/scenario
combination.

The time-trends slopes of derived variables and their significance
were determined using the non-parametric Mann-Kendall Trend Test
(Helsel and Hirsch 2002; Hirsch and Slack 1984). This test has advan-
tages over Ordinary Least Squares Regression in that it is resistant to
outliers and does not assume normality of residuals. The software used
discounts the p-value for the occurrence of serial correlation (Multitest
Version 5.2; Libiseller and Grimvall 2002; Walhlin and Grimvall 2010).
Kendall’s Tau (t) indicates the degree of correlation of a variable with
time.

Average daily temperature is available from the VIC model, and daily
maximum (Tmax) and minimum (Tmin) temperature are available
directly from the LOCA data. We also plotted time trends in Tmax and
Tmin for basin-wide four-model ensemble averages, and for the eight
model-scenario combinations. We plotted trends in average daily tem-
perature for each of four seasons: winter (JFM), spring (AMJ), summer
(JAS) and fall (OND).

For daily precipitation, we plotted trends for the eight model-
scenario combinations, and for the basin-wide ensemble average. For
the modeled historic period, we compared the percentage of total annual
precipitation falling in each season given by each model, with the per-
centage of total annual precipitation for each season from the Tahoe City
gage record.

The difference between potential and actual evapotranspiration (Et)
is the Climatic Water Deficit (CWD). These variables are calculated in
VIC using a three-layer soil water balance model. VIC uses average daily
temperature, solar radiation, relative humidity, wind speed and soil
water holding capacity (averaged over each grid cell) as input to the
Penman-Montieth equation to calculate daily Potential Et. CWD is thus
an integrative variable that is closely related to the ecological impacts of
climate change. A trend toward higher annual CWD implies a trend
toward increasing drought.

The shift in precipitation from snow to rain and acceleration of
snowmelt have been well-documented for the Sierra Nevada (Pierce
et al., 2008) These changes portend increased kinetic energy (KE) of
rainfall on snow-free ground and acceleration of soil erosion. By work-
ing with raindrop KE rather than intensity we can quantify the increase
in annual total raindrop energy as well as the annual maximum of hourly
rainfall. Hourly data for temperature and precipitation are available
from a network of nine SNOTEL gages in or near the Tahoe Basin
(Natural Resource Conservation Service, 2017) for the period
2008-2016. Locations of those gages are shown in Fig. ESM-2.2-2 and
station names are shown in Table 2.

To eliminate snowfall from KE calculations, we first filtered out
precipitation that fell when the hourly temperature was below 0 °C. For
each of the 44 cells over land in the basin, we then disaggregated the
modeled daily rainfall on snow free ground (i.e. on days when the SWE
in the cell was less than 1 mm) to hourly values using the statistical
distribution of hourly values from the nearest SNOTEL station (identi-
fied using the Near tool in ArcGIS10). For details on the method used to
disaggregate the daily precipitation data to hourly, see Electronic Sup-
plementary Information (ESM) Page 12, or Lewis and Coats (2020).

We used literature values of the relationship between hourly in-
tensity and kinetic energy (KE) of raindrops (Sempere-Torres, 1992;
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Table 2
General Circulation Models used in this study.
Model name Organization
CanESM2 Canadian Center for Climate Modeling and Analysis, Victoria, BC,
Canada
CNRM-CM5 Center National de Recherches Meteorologiques, Meteo-France,
and CERFACS
(Center Europeen de Recherches et de Formation Avancee en
Calcul Scientifique), Toulouse, France
HadGEM2-ES Met Office Hadley Center, Exeter, Devon, UK
MIROC5 Japan Agency for Marine-Earth Science and Technology,
Kanagawa,
Japan

Wischmeier and Smith, 1958; McCall, 2013). We fitted the Generalized
Extreme Value Distribution Function (GEV df) to the projected annual
hourly maximum and annual total KE of rainfall on snow-free ground
using the statistical package extRemes. For each scenario, we pooled KE
results from the 4 GCMs. The GEV df (Coles, 2001) is theoretically
justified for fitting to maxima of long blocks of data such as the 365 days
in a year. The extRemes package (Gilleland, 2016) in R (R Core Team,
2017) implements methods for stationary and non-stationary extreme
value analysis including GEV-fitting and allowed us to examine time
trends not only in average values, but also trends in the levels at 2, 20
and 100-yr recurrence intervals.

The VIC model uses the water balance approach to calculate daily
runoff, defined as surface flow plus infiltration to soil and groundwater.
“Runoff” is not the same thing as streamflow, which is influenced by
routing of water in the channel system. The excellent record from the
USGS stream gages in the Tahoe Basin, however, presents an opportu-
nity to estimate future flooding, expressed as the annual maximum mean
daily discharge (MDQ). Six streams in the Basin have discharge records
of >30 years: Ward, Blackwood, General, Trout, Third and the Upper
Truckee River (UTR). Fig. 2 shows the locations of these streams.

We estimated long-term trends in the flood frequency relationships
for these streams in the following steps:

1) For each of six tributary streams in the basin we found the fraction of
each 6-km cell that intersects the area of the stream’s watershed, and
weighted the modeled daily runoff accordingly, for the historic and
projected future conditions.

2) We pooled the historic annual maximum daily (AMD) VIC runoff for
the four models at each of the six tributaries, 1972-2005, and
calculated return levels of annual maximum runoff (cfs) for the 1.01,
2, 5, 10, 25, 50, 100 and 200 year events, using the Log Pearson III
method (Helsel and Hirsch 2002).

3) We obtained from the USGS record the mean daily discharge (MDQ)
for each tributary gage, 1972-2005 and applied the Log Pearson
frequency analysis to the annual maximum series.

4) For each model, we ran regressions of the gage flood levels vs.
modeled historic AMD VIC runoff at equal return intervals, and used
the derived quadratic equations to adjust the future AMD VIC runoff
(for the two emission scenarios) to the gage record distributions. Figs
ESM-2.2-4 (a), (b) and c) show the adjustment curves for the 6
streams.

5) We then used the Generalized Extreme Value distribution (GEV) to
derive time trends in the magnitudes of the 2, 20 and 100-year
discharge events for each of the six streams.

Wind is an important variable that drives mixing of the lake. It also
influences evaporation, evapotranspiration, snowmelt and fire behavior,
so the seasonal distribution of trends in wind speed may be important.
Using the direct-downscaled LOCA wind data modeled at 10 m above
the surface, we calculated trends in wind speed for winter, spring,
summer and fall, for each of the model/scenario combinations. Daily
values were squared before averaging, since shear stress on the surface
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Fig. 2. Map of the Tahoe basin, showing locations of monitored tributary streams.
of the lake, which is important for mixing, is proportional to the square
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Electronic Supplementary Material (ESM-3.1-1). Note that the curves for g
RCP 8.5 are concave upward, indicating accelerating warming trends. < <5
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governmental Panel on Climate Change has warned that “warming of
1.5°C or higher” above the global mean for pre-industrial levels “in-
creases the risk associated with long-lasting or irreversible changes, such
as the loss of some ecosystems.” (IPCC, 2018).

Fig. 3. Basin-wide ensemble average of annual maximum daily (Tmax) and
minimum daily temperature (Tmin), for RCP 8.5, with modeled historic
temperature.
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Fig. 4 shows the warming trends for average daily temperature by
season, for the four-model ensemble under RCP 8.5. Trend slopes are
shown on the figure. Note that the warmer the season, the faster the
change in average temperature, with the highest rate of warming in
summer, and the lowest rate in winter. The amplitude of the seasonal
temperature variation is thus expected to continue increasing, consistent
with the findings of Santer et al. (2018), from satellite and surface data.
The rate of change is very consistent across the basin, with little
geographic variation detectable in the model output for individual cells.
The changes in Tmax and Tmin from the historic (1950-2005) to future
(2070-2099) is 5 £ 0.1 °C at all 50 cells. The warming from the historic
to end-of-century period is slightly greater (0.14 °C) for Tmax than for
Tmin according to a paired t-test (p <10~ t=280.3, d.f. = 49). This
lack of geographic variation in warming across the basin most likely
reflects the failure of the climate modeling and downscaling to capture
the microclimatic effects of topography and the lake.

Air temperature is the most important meteorological variable
involved in the warming of Lake Tahoe (Coats et al., 2006 see
Fig. ESM-3.1-3). As the lake warms, its thermal stability and resistance
to mixing by wind will increase. This is because the relationship between
water temperature and density is highly non-linear. For example, the
work required to mix layered water masses at 24 and 25 °C is 30 times
that required to mix the same masses at 4 and 5 °C (Wetzel, 2001). The
deep mixing is responsible for maintaining high dissolved oxygen (DO)
levels in the lake’s hypolimnion. Under these conditions, the iron in the
sediment on the bottom of the lake remains oxidized in the ferric
(Fe™ ™) state, and binds tightly to the phosphorus in the sediment. On
average, the 505 m deep lake mixes to the bottom about two years in
seven. If the deep mixing and ventilation shut down for a decade or
more, the bottom sediments will become anoxic, the ferric iron will be
reduced to ferrous (Fe*™), and dissolved phosphorus and ammonia will
be released to the water column in amounts that far exceed the present
loading to the lake from its watershed. When deep mixing finally occurs,
fine-grained ferric oxyhydroxide will be released to the water column,
algae blooms will become more frequent, and the lake’s clarity will be
sharply reduced (Beutel and Horne, 2018). The results from a previous
modeling study (Sahoo et al., 2013) using output from the Global Fluid
Dynamics Laboratory (GFDL) A2 (“business as usual”) scenario showed
the onset of permanent anoxia at the lake bed by about 2060. The trend
in air temperature in that study was only 0.45 °C per decade, so we may
expect a somewhat earlier onset of anoxia based on the more recent
modeling results reported here.

In the short term however, deep mixing returns the accumulated
nutrients, especially nitrogen and phosphorus together with phyto-
plankton from the hypolimnion of the lake to the photic zone. The algae
can survive for several years in the nutrient rich, but totally dark, cold
deep waters of the lake (Vincent, 1978; Vincent and Goldman, 1980).
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Fig. 4. Average seasonal basin-wide temperature, from four-model ensemble,
for RCP 8.5. The linear trend slope in °C/year is shown for each season.
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The return of nutrients and associated algal cells to the photic or lighted
zone are responsible for the years of highest algal growth and the
associated reduced transparency. There is an excellent correlation at
Tahoe between the depth of mixing, the annual average algal growth
rate and reduced transparency (Jassby et al., 2003).

3.2. Precipitation

The spatial and temporal distribution of precipitation are highly
variable throughout the Basin.

Although the ensemble basin-wide average annual precipitation for
RCP 8.5 shows a significant upward trend (Fig. ESM-3.2-1), the trend is
due entirely to the inclusion of the CanESM2 model, which projects a
strong upward trend through the end of this century. None of the other
models show this trend, nor does the CanESM2 show it for RCP 4.5.

The four models are, however, very consistent in their partitioning of
modeled historic annual precipitation into winter, spring, summer and
fall (see Fig. 5(a)). The seasonal partitioning of the four models closely
matches that of daily precipitation at the Tahoe City gage for the same
period. This is because the modeled precipitation data were adjusted to
gridded precipitation data in the bias-correction step.

In Fig. 5, note the shift toward summer precipitation and drier spring
and fall according to CansESM2 and (to a lesser extent) in MIROCS5. This
suggests that CanESM2 is projecting a shift toward a more monsoonal
weather pattern compared with historic conditions and the late-century
conditions projected by the other three models.
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Fig. 5. (a) Seasonal distribution of historic precipitation, 1950-2005, for the
four models, compared with distribution for the same period from the gage at
Tahoe City.(b) Seasonal distribution of modeled precipitation, 2070-2100, for
the four models under RCP 8.5.
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A geographic comparison between mean of historical precipitation
(1950-2005), and mean of four-model ensemble precipitation, RCP 8.5
(2070-2099), is shown in Fig. ESM-3.2-4. The four-model ensemble for
RCP 4.5 precipitation shows that the change over the same time period is
only 1-2% across all cells, and is not plotted.

3.3. The future of snow

With air temperatures rising as a result of global warming, a shift
from snowfall to rain in the Tahoe basin is inevitable. The moist adia-
batic lapse rate is the rate at which the temperature of water-saturated
air decreases with elevation. The rate itself varies with temperature,
but a typical value is 5.0 °C per km of change in elevation (Minder et al.,
2010). The average winter temperature (under RCP 8.5) in the basin is
projected to rise about 4 degrees C by 2100, which will raise the
elevation of the snow-rain line about 800 m. Thus a storm with the snow
level at the lake under current conditions would (on average) produce
rain under RCP 8.5 up to an elevation of about 2700 m (about 9000 ft).
Fig. ESM 3.3-1 shows the declining fraction of precipitation falling as
snow, averaged over the basin, for the four-model ensemble under RCP
8.5. The plot (not shown) for RCP 4.5 also shows a downward trend, but
not as steep.

The loss of snowpack in the basin is accelerated not only by the shift
from snowfall to rain, but also by the accelerated melting of the pack in
the spring thaw. Fig. 6 shows the downward trend in maximum annual
Snow Water Equivalent (the depth water stored in the pack) for the
modeled future under RCP 8.5 plotted together with the modeled his-
toric snowpack.

3.4. Raindrop kinetic energy on snow-free ground

As the climate warms, the probability of intense rainfall on bare soil
will increase 1) since more precipitation will fall as rain rather than
snow; 2) the protective snowpack will disappear sooner in the spring-
time; 3) the frequency of intense high-energy rainfall will increase. Both
the maximum hourly and the total annual kinetic energy of rainfall will
be affected. These changes will increase the erosion and transport of fine
sediment to the lake. Fig. ESM 3.4-1 shows the modeled annual
maximum hourly (a,b) and total annual (c,d) raindrop energy on snow-
free ground, for the modeled historic period with RCP 4.5 (a,c) and RCP
8.5 (b,d), averaged for the four models over all Tahoe basin cells. Return
levels were calculated with the GEV distribution for maximum hourly
KE and with the Gaussian distribution for total annual KE.

In order to determine the relative importance of loss of snowpack vs.
increased raindrop energy, we detrended the snowpack data for each
scenario-model combination, and then repeated GEV analysis. The
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Fig. 6. Trend in maximum annual snowpack (snow water equivalent) in the
Tahoe basin, from 4-model ensemble average, for the modeled historic period
plotted with modeled future under RCP 8.5.
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detrending exercise showed that most of the impact of warming will be
due to the loss of snow cover, but increased intensity of rainfall will play
arole, especially according to the CanESM2 model results. For details of
the KE analysis, see Lewis and Coats (2020).

3.5. Runoff

The VIC model projects modest increases in basin-wide runoff under
RCP 8.5 (Fig. ESM 3.5-1), but not under 4.5. These increases are
apparently driven by the increase in precipitation, which as noted
above, is projected only under the CanESM2 model. The increased
precipitation may be offset to some degree by increased evapotranspi-
ration, which is strongly influenced by temperature.

Although the total runoff may not change much as the climate warms
the timing of runoff will change dramatically. Fig. 7 shows the shift in
monthly runoff from modeled historic conditions to the 2070-2099
period, under RCP 4.5 and RCP 8.5. The month of maximum runoff shifts
from June back to May under RCP 4.5, and to January under RCP 8.5,
with much lower late summer flow. The shift in runoff is most likely
related to the shift from a snowfall to a rainfall regime, with an increase
in rain-on-snow events.

3.6. Flood and low flow frequency

Fig. 8 shows the GEV results for time trends in the magnitude of the
annual maximum mean daily discharge (MDQ), for the six streams
analyzed, with projected floods pooled for the four models, under RCP
8.5. The graphs show, for example, that for the Upper Truckee River
(UTR), the current 100-yr event will by the end of the century become a
20-yr event. For Third Creek, the current 100-yr event will become a 20-
yr event by about 2060.

The increase in flood frequency has important implications for
channel and bank erosion and sediment transport to the lake, as well as
for infrastructure, such as roads, culverts and bridges. Using in-channel
surveys, numerical modeling and GIS analysis, Simon et al. (2003) found
that streambank erosion is an important contributor of suspended
sediment from disturbed watersheds, though the contribution of channel
materials to fine (<0.062 mm) sediment loads varies widely among the
six streams in their study, with the greatest channel contributions
(m3/km/yr, in decreasing order) from the Upper Truckee River, Black-
wood, Ward and General Creeks. The trends in flood frequency for these
watersheds also suggest that their contributions of fine sediment are
likely to increase with climate change, and channels may enlarge to
adjust to the increased flood frequency.

The method used here to project future flood frequency-magnitude
curves cannot be used to project climate change impacts on low-flow

—— Historic, 1961-1990

——RCP 45,2070-2099 ——RCP 8.5 2070-2099

70
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Fig. 7. Timing of monthly runoff in the Tahoe basin, average of four GCMs, for
historic and end-of century periods.
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Fig. 8. Trends in annual maximum daily discharge, for the six streams in the Tahoe basin, RCP 8.5, calculated with the Generalized Extreme Values distribution,

from pooled model results.

frequency, since during summer, modeled runoff goes to zero, but
streams continue to flow. In a previous study, Coats et al. (2013) used
daily output from a distributed hydrologic model of the Tahoe Basin
(Riverson et al., 2013) to project and bias-correct flow duration curves
for the Upper Truckee River (UTR). For a business-as-usual (A2) sce-
nario, the GFDL model projected a downward trend over the 21st cen-
tury in the minimum annual 5-day low flow of —0.751s~! yr~! (0.0264
cfs yr_l) (n=100; p <0.0073; T=—-0.09), or a loss of about 27% by
2100. Since our 4-model ensemble projects a higher rate of warming
than the GFDL/A2 case, the loss of 27% of the low-flow should be
considered a lower limit.

3.7. Climatic water deficit (CWD)

The modeled basin-wide average total annual CWD shows strong
upward trends, for both RCP 4.5 and 8.5, with an upward trend slope of
2.0 mm/yr for RCP 8.5 (Fig. 9) and 1.6 mm/yr for RCP 4.5.

The ensemble average however, conceals an important difference
among the models. Since the CanESM2 model projects an increase in the
precipitation from mid-century onward, the projected CWD with that
model reaches a peak in about 2040, and then declines toward the end of
the century See Figure ESM 3.7-2.

For three of the GCMs, the VIC hydrologic model projects large and
significant increases in the Climatic Water Deficit, exceeding 235
percent (for RCP 8.5) in much of the basin by the end of the century.
Fig. 10 shows the change in CWD as percent of the modeled historic
conditions. The three-model ensemble projects the most severe increases
on the north and east sides of the Basin, where soils are relatively poor,
and Available Water Capacity (AWC) is low (Loftis, 2007).

Increasing temperature contributes to the projected rise in CWD in
two ways. First, it contributes directly to evapotranspiration. Only with
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Fig. 9. Modeled future climatic water deficit, annual basin-wide ensemble
average, RCP 8.5. Trend slope is 2 mm/yr.

the CANESM2 model is there enough of an increase in late century
precipitation to off-set the increase in temperature. Second, the shift
from snow to rain, the shift in runoff timing and the loss of the late spring
snowpack will result in an earlier on-set of the annual summer drought.

Our projected trend in CWD is consistent with the projected trend in
the Palmer Drought Severity Index in the Southwest. Using an empirical
drought reconstruction with modeling results from 17 GCMs, Cook et al.
(2015) found that “future drought risk will likely exceed even the driest
centuries of the Medieval Climate Anomaly ... in both moderate (RCP
4.5) and high (RCP 8.5) future emissions scenarios, leading to unprec-
edented drought conditions ...”

The increasing summer drought will have important impacts on the
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Fig. 10. Percent change in Climatic Water Deficit from the average historic condition (1950-2005) to the average late century (2070-2099) conditions, for the two
emission scenarios. The results of CanESM2 are not included, since the late-century summertime moisture in that model differs so markedly from the results for the

other three models.

vegetation of the basin. Increasing moisture stress will make the conifer
forests more susceptible to bark beetle attack, and lower fuel moisture
will increase the frequency and intensity of wildland fire. These changes
are already occurring throughout the western US, sometimes with tragic
results, and have been widely reported (Westerling et al., 2006; West-
erling, 2018). In 2020, wildfires in northern California set new records
for the largest fire, and largest area—1700 km?—burned in a single year,
providing grim confirmation of recent predictions by Goss et al. (2020).
In the Tahoe basin, two major fires have burned since 2003, with im-
pacts to stream-water quality and the lake itself, though the magnitudes
of the water quality impacts depend in part on the location of the fire in
relation to the lake and the intensity of rainfall within the first two years
after the fire (Oliver et al., 2011).

3.8. Lake warming, wind and deep mixing

If wind speed increases with climate warming, the increase in ther-
mal stability of the lake could be off-set, since the shear stress on the
surface of lake is directly related to the square of the wind speed. But the
seasonal ensemble averages of the square of daily wind speed show
significant downward trends from 2006 to 2100, for all seasons under
RCP 8.5 (n =96; T =—0.04 to —0.09; p < 0.0004, by the Mann-Kendall
trend test), but show no significant trends under RCP 4.5. See Fig. ESM
3.8-1. It would be useful to examine trends in the square of hourly wind
speed, but we do not have hourly wind speed. On a lake as large as
Tahoe, however, variation in wind speed at an hourly time scale may by
insignificant. Trends in the maximum annual wind speed reflect the
downward trends in the annual average.

At Crater Lake, empirical observations and modeling have shown
that a decline in spring wind speed as well as increasing spring air
temperature over a 25yr period is associated with the shoaling of

stratification depth (Stetler et al., 2020). At Tahoe, however, the
magnitude of the changes in both average and maximum spring wind
speed are small, and the importance of the downward trends on the lake
will have to be analyzed using the Dynamic Lake Model (Sahoo et al.,
2013). We can say at this point that there is no projected increase in
wind speed to offset the effect of increasing thermal stability of the lake.

3.9. Synergy and uncertainty

As with any complex system, the responses of Tahoe basin ecosys-
tems to climate change will, in many cases, be non-linear, with processes
interacting to ameliorate or enhance the impacts of climate change. For
example, increasing temperatures will increase the Climatic Water
Deficit, and thus increase the moisture stress on vegetation. With rising
temperatures and earlier snowmelt at higher elevations, tree growth
may be enhanced, and the elevation of the tree line may increase. This
would increase the loss of water to evapotranspiration and reduce
summer streamflow, as has been shown for the upper Kings River basin
in California (Goulden and Bales, 2014). But increased tree cover as the
forest cover matures would reduce insolation on the snowpack, and help
to maintain early summer streamflow (Winkler et al., 2005).

Effects of climate change on the lake will be similarly complex. Deep
mixing of the lake is essential for maintaining DO at the sediment-water
interface and keeping biostimulatory phosphorus bound with oxidized
iron. But in the short term, occasional deep mixing returns nutrients and
dormant phytoplankton to the photic zone, stimulating algae growth
and decreasing clarity (Jassby et al., 2003). Fig. 11 is a conceptual model
showing some of the complex interactions that influence the effects of
climate change on the lake.

Three major sources of uncertainty cast a shadow over this study and
similar efforts to project future ecological impacts of climate change.
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Fig. 11. A Conceptual model showing some of the ways in which climate change may affect Lake Tahoe. Boxes represent ecosystem processes or attributes. Signs

next to arrows indicate the direction (positive or negative) of influence.

First, the future trajectory of greenhouse gas (GHG) emissions is essen-
tially unknowable. Alternative scenarios, based on reasonable assump-
tions about future industrial activity and the success of mitigation
efforts, have been developed to take account of this uncertainty, but it
must be noted that the actual GHG emissions have in the past exceeded
what was thought to be the high-level scenario (Raupach et al., 2007;
Manning et al., 2010).

Second, although the models are in good agreement with regard to
temperature trends, they do not all agree on the future precipitation for
the Tahoe basin. CanESM2 projects a late century increase in annual
precipitation with a distinct shift toward wetter summer and drier spring
and fall; the other three models do not project a late-century increase. A
larger ensemble of models would provide a stronger basis for drawing
conclusions based on an average of model results, but with only four
models, we can only conclude that a late century increase in precipita-
tion is unlikely, but possible.

A third limitation of the modeling used in this exercise is the rela-
tively course scale. While a 6-km grid is a big improvement over the
previously-used 12-km grid, it cannot capture important local climatic
effects of topography, vegetation or the lake itself. Development of a
regional climate model embedded in or linked to a GCM would be a
major step forward.

4. Summary and conclusions

Four GCMs were used with two emissions scenarios to project future
climatic changes in the Lake Tahoe Basin. The models are in good
agreement on the upward trend in air temperature across the basin,
averaging 0.57 °C per decade, for the RCP 8.5 emission scenario. The
rate of temperature increase is projected to be highest in summer and
lowest in winter. The projected warming will have severe consequences
for terrestrial and aquatic ecosystems in the basin.

The four models are in less agreement on the future amount of

10

precipitation in the basin, with three models showing no long-term
trend, and one model showing an upward trend. In general, the inter-
annual variability in precipitation is increasing, with wet years
becoming wetter, and dry years becoming drier. The future climate may
be one of prolonged drought punctuated occasionally by years of
extreme precipitation and atmospheric rivers.

Increasingly, precipitation will fall as rain rather than snow. The
maximum annual snowpack will decrease under all four models, which
will increase the kinetic energy of rain drops falling on snow-free
ground, and contribute to increased levels of climatic water deficit
(CWD). Higher CWD will contribute to greater risk of high-intensity
wildfire in the basin.

The shift to earlier dates of melting of the snowpack, together with
the shift from snow to rainfall will cause significant increases in the
annual maximum of daily discharge, with the current 100-yr event for
the Upper Truckee River expected to become a twenty-year event by the
end of this century.

Lake Tahoe will continue to warm, and its thermal stability will
continue to increase. The lake’s increased stability will ultimately shut
down the ventilation of the hypolimnion, resulting in releases of bio-
stimulatory nitrogen and phosphorus, and fine particles of iron oxy-
hydroxide, with concomitant accelerated decline in the lake’s clarity.
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