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Trends in Raindrop Kinetic Energy with Modeled Climate Warming in the Lake Tahoe
Basin

Jack Lewis and Robert Coats

Research Impact Statement: More precipitation falling as rain and briefer snow cover would increase the
kinetic energy of rain falling on snow-free ground, hence may increase surface soil erosion in the Lake Tahoe
Basin.

ABSTRACT: Two means by which climate change may increase surface soil erosion in mountainous terrain are:
(1) increasing the frequency of extreme rainfall events and (2) decreasing the duration of snow cover on bare
soil. We used output from four general circulation models (GCMs) and two greenhouse gas trajectories to pro-
duce a suite of hydrologic variables at a daily time-step for historic and projected 21st Century conditions. We
statistically disaggregated the daily rainfall to hourly, using hourly rainfall from a network of nine weather sta-
tions in the Tahoe Basin, and filtered out rain falling on a snowpack. We applied published equations to convert
hourly intensity to raindrop kinetic energy (KE) for each day and grid cell in the Basin, averaged across grid
cells, and created time series of total annual and maximum annual hourly kinetic energy (TKE and MKE) on
snow-free ground. Using the Generalized Extreme Value distribution, we calculated the significance of long-term
trends in KE on snow-free ground, and estimated energy levels for return periods of 2, 20, and 100 years. We
then detrended the snowpack data and compared the resulting trends in KE with the trends resulting from
changes in both rainfall energy and snowpack under two GCMs. Principal findings include (1) upward trends in
MKE, (2) stronger upward trends in TKE; and (3) an effect of increasing rainfall intensities on KE in some
cases, and a strong effect of reduced snowpack in all cases examined.

(KEYWORDS: climate change; Lake Tahoe; raindrops; kinetic energy; snow hydrology; extreme values.)

INTRODUCTION deposition and watershed disturbance, and to input
of fine (<20 p) sediment, much of it originating from

disturbed soils in developed areas (Roberts and Reu-

Lake Tahoe is a large ultra-oligotrophic lake lying
at an elevation of 1,898 m in the central Sierra on
the California-Nevada border (Figure 1). The lake is
renowned for its deep azure color and clarity. Due
to concerns about progressive eutrophication and
loss of clarity, the lake has been studied intensively
for a half-century, and has been the focus of major
efforts to halt the trends in clarity and trophic sta-
tus. The loss of clarity has been attributed to input
of nitrogen and phosphorus from atmospheric

ter 2007).

While California’s climate will almost certainly
continue warming in future decades, climate models
diverge with respect to annual precipitation. Pierce
et al. (2013) examined 25 downscaled general circula-
tion model (GCM) projections through the 2060s and
found that 21 predicted a decrease in the frequency
of precipitation (wet days per year) and 16 predicted
an increase in its intensity, with 12 models showing
drier annual conditions and 13 showing wetter.
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FIGURE 1. Mean annual precipitation in the Tahoe basin, from
Parameter-elevation Regressions on Independent Slopes Model
(PRISM; Daly et al. 1994). Circles indicate centers of the 1/16
degree grid cells used in the climate models. CA, California; NV,
Nevada.

Climatic change is having measureable effects on
the lake and its watershed. Since the early 1970s, the
lake has been warming at an average rate of about
0.013 °Cl/yr, and the warming is increasing its ther-
mal stability and resistance to deep mixing (Coats
et al. 2006; Sahoo et al. 2013). With increasing air
temperature, precipitation is shifting from a snow- to
a rain-dominated regime, the spring snowmelt pulse
is shifting toward earlier dates, and rainfall intensity
and interannual variability are increasing (Coats
2010). Results from down-scaled GCMs have shown
that these trends will likely continue, and lead to
increases in drought severity, vegetation changes,
increased flood risk, and increased nutrient flux to
the Lake (Coats et al. 2013; Dettinger 2013; Sahoo
et al. 2013). The recent and projected future trends
in hydroclimatology of the Tahoe Basin mirror the
trends reported for other areas of the western United
States (U.S.) (Lettenmaier and Gan 1990; Aguado
et al. 1992; Wahl 1992; Pupacko 1993; Cayan et al.
2016).

In the Tahoe Basin, several climate-related factors
could drive upward trends in nutrient and sediment
loading into Lake Tahoe. The expected shift from
snowfall to rainfall in the Tahoe Basin will result in
faster runoff and conditions likely to produce (in the
short run) rain-on-snow events. The decreasing
extent and duration of snowpack will leave unvege-
tated soils increasingly vulnerable to erosion by rain-
fall. We expect that risks for rill and gully erosion
will increase, and the higher peak streamflows will
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result in greater stream bank and channel erosion.
Higher soil and air temperatures could accelerate
mineralization of organic nitrogen and phosphorus,
but could also increase tree growth and nutrient
uptake, with unpredictable consequences for nutrient
loading to the lake.

In this study we focus on the increasing exposure
of soils to raindrop impact and the possible increases
in frequency and intensity of rainfall (Dominguez
et al. 2012; Donat et al. 2016; Prein et al. 2016;
Polade et al. 2017), which suggest that rain on snow-
free soil will become an increasing source of fine sedi-
ment and particulate nutrients to the lake. McCall
(2013) projected increases in the kinetic energy of
raindrops (KE) based on extrapolation of a 10-year
warming trend at one meteorological station near
Fallen Leaf Lake in the Tahoe Basin. The purposes of
this study were to examine trends in the KE of rain-
drops under spatially explicit modeled future scenar-
ios of climate change in the Basin, and to evaluate
the relative importance of increases in snow-free
ground and increases in KE as factors contributing to
increases in soil erosion. We used downscaled daily
output from four GCMs with historic and two future
emissions scenarios together with hourly data from
nine recording precipitation gages to calculate trends
in annual maximum hourly and total annual KE of
raindrops on snow-free ground (MKE and TKE,
respectively) at a 6-km grid scale.

The Physics of Raindrops

The two forces acting on the falling drop are the
acceleration due to gravity, assumed constant, and
the drag force, which is a function of both shape and
velocity-squared. As the upward force increases with
velocity, the falling drops nearly reach their terminal
velocity after falling a short distance.

The KE of a single, large drop of a given volume at
terminal velocity is greater than the sum of energies
of a number of smaller drops of equal total volume,
since less energy is dissipated in overcoming air
resistance by the larger drop. A 6.0 mm drop has
2.16 times the KE of the same mass of 1.5 mm dro-
plets (ceteris paribus), and this energy is concen-
trated at a single point of impact (McCall 2013).
Factors not considered include updrafts, downdrafts,
and air density.

Density of raindrops in air can vary from 1,000 to
more than 5,000 raindrops per cubic meter depending
on the intensity of a particular rainfall event (Blan-
chard 1967, cited by Dohrenwend 1977). Intensity of
rainfall is thus a function of variations in drop-size
distributions during an event and the number of
drops.
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There is a direct relationship between rainfall
intensity and KE. Using direct measurements of
drop-size  distributions, Sempere-Torres (1992)
explored the relationship between KE and rainfall
intensity, testing nine common formulae in two
storms of about 3,000 min with intensities up to
90 mm/hr. They found that the relationship varies
over the rainfall intensity range. At low intensities,
large drops are rare, but as drop size increases with
increasing intensity, the slope of the relationship
increases. Above a threshold of about 20 mm/hr, the
drop-size distribution is no longer relevant and the
KE is explained very well (R =0.97) by a linear
regression on rainfall intensity. For a 1-min duration,
Sempere-Torres (1992) found that the KE (J/m?) for a
rainfall of intensity I (mm/hr) is approximated by the
following equation:

KE = 0.56] — 3.1. (1)

The KE of falling rain has a direct influence on the
detachment and initial transport of soil particles.
Sealing of the soil surface increases with increasing
energy of falling rain (Dohrenwend 1977), contribut-
ing to rill erosion. KE tends to overestimate the ero-
sion potential of low-intensity rainfall, as smaller
drops are less effective at detaching soil, whereas at
high intensities, saturation and shallow ponding may
increase the efficiency of detachment (Van Dijk et al.
2002). Figure 2 shows soil particles dislodged by rain-
drops during an intense event and splashed onto a
vertical board installed on bare soil at a soil erosion
study plot in the Tahoe Basin.

FIGURE 2. Soil particles dislodged by raindrops during an
intense event and splashed onto a vertical board installed on bare
soil at a soil erosion study plot in the Tahoe basin. Photo by R.
Coats, 1974.
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METHODS

Study Area

Mean annual precipitation in the Tahoe Basin
ranges from >200 cm/yr on the west side of the basin
to <60 cm/yr near the Lake on the east side (Fig-
ure 1). Most of the precipitation at higher elevations
falls as snow between November and April, but eleva-
tions near the lake are in a rain-snow transition
zone. Rainfall combined with snowmelt during “atmo-
spheric river” events (Konrad and Dettinger 2017)
account for the largest floods. Most of the annual run-
off historically occurs in late spring and early sum-
mer. In some years, summertime monsoonal storms
bring intense rainfall, especially at high elevations on
the east side of the basin.

Soils of the basin are derived from andesitic vol-
canic rocks and granodiorite, with minor areas of
metamorphic parent materials. Valley bottoms are
mantled with glacial moraines or glacial outwash
debris derived from the parent rock. The basin soils
(in the <2 mm fraction) are 65%-85% sand (Rogers
1974). Vegetation is dominated by a mixed conifer
forest of Jeffrey pine (Pinus jeffreyi), lodgepole pine
(P. murrayana), white fir (Abies concolor), and red fir
(A. magnifica). There are significant areas of wet
meadow, dry meadow, brush fields, and rock outcrop.

About six percent of the basin land area has been
developed for residential and commercial uses, espe-
cially along the north, south, and west shores. The
rate of development was especially intense during the
1960s and 1970s, but has since slowed due to land
use controls.

Data Sources

Four  GCMs (HadGEM2-ES, CNRM-CM5,
CanESM2, and MIROC5) and two greenhouse gas
(GHG) trajectories (RCP4.5 and RCP8.5) were
selected by the Southwest Climate Science Center
(SWCSC) to cover a range of temperature and mois-
ture trends for the Tahoe Basin (Pierce et al. 2018).
Using the method of Localized Constructed Analogues
(LOCA) (Pierce et al. 2014), the daily precipitation
and temperature (Th,.x and T, data were down-
scaled for us by SWCSC to a 1/16th degree (ca. 6 km)
grid for the Basin, and adjusted using a frequency-de-
pendent bias correction (Pierce et al. 2015). The
downscaled LOCA data were “trained” to the Livneh
et al. (2015) gridded temperature and precipitation
data. SWCSC then used the corrected LOCA data as
input to the Variable Infiltration Capacity (VIC)
model (Liang and Lettenmaier 1994; Hamman et al.
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2018; Pierce et al. 2018), producing as output a suite
of 23 hydrologic and meteorological variables, includ-
ing daily precipitation, daily rainfall, and snow water
equivalent (SWE) of any snowpack. A historic time
period (1950-2005) was included for each model, and
the future (2006-2099) was projected for each model/
scenario combination. It must be noted that the
RCP4.5 scenario seems increasingly unrealistic, since
the estimated GHG emissions are now exceeding the
rate projected by RCP8.5 (IPCC 2018).

Disaggregating Daily Rainfall on Snow-Free Ground
to Hourly Rainfall KE

The average daily KE of raindrops can be esti-
mated from daily rainfall, but of much more interest
are the KE values calculated from short-duration
rainfall intensities. Hourly data for temperature and
precipitation are available from a network of nine
snow telemetry (SNOTEL) gages in or near the Tahoe
Basin (Natural Resource Conservation Service 2017)
for the period 2008-2016 (Figure 3).

Snotel Station Name [Index
Mt Rose Ski Area 1

Tahoe City Cross N
Marlette Lake 10
Ward Creek #3 " Jkm
Rubicon #2
Fallen Leaf

Il Lake Tahoe
[—JTahoe Basin

Heavenly Valley
Hagan's Meadow
Echo Peak

W o(N|au|d~|lw|N

FIGURE 3. Locations of snow telemetry hourly-recording
precipitation stations in the Tahoe Basin.
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To eliminate snowfall from KE calculations, we
first filtered out precipitation that fell when the
hourly temperature was at or below 0°C. For each of
the 44 cells over land in the basin, we then disaggre-
gated the modeled daily rainfall on snow-free ground
(i.e., on days when the SWE in the cell was <1 mm)
to hourly values using observations from the nearest
SNOTEL station (identified using the Near tool in
ArcGIS10, ESRI 2018). Modeled days were matched
to SNOTEL days selected at random from days with
similar rainfall totals (as described below), and the
SNOTEL hourly rainfall was multiplied by a constant
to exactly match the modeled daily rainfall.

Days with modeled rainfall less than the 2.54-mm
(0.1 in.) resolution of SNOTEL data were excluded.
We used an iterative matching procedure that sought
to select from at least four days with similar totals in
the SNOTEL record for the modeled month. When
the modeled future rainfall exceeded the maximum
historic SNOTEL daily rainfall for that month by at
least 100%, the day of that maximum was selected
rather than making a random selection.

For each year, the TKE and MKE from the disag-
gregation was saved. To approximate hourly KE at
intensities >20 mm/hr we multiplied Equation (1)
above by 60 min/hr, yielding KE = 33.6] — 186 in J/
m?hr. Since the relationship is linear, no error is
introduced by assuming constant intensity until
intensity falls below 20 mm/hr. For rainfall intensi-
ties up to 20 mm/hr, the Wischmeier and Smith
(1958) relationship, expressed in metric units (equa-
tion 2 in Sempere-Torres 1992), was rescaled to be
continuous with the high-intensity relation at I = 20
using a multiplier of 1.0448:

KE = 1.04481(11.9 + 8.731og I). (2)

Since relationship (Equation 2) is nearly linear
(Figure 4) the constant intensity assumption used in
employing Equation (1) introduces very little error
even at low intensities.

Because of the coarse resolution in the SNOTEL
data, temporal disaggregation is not very realistic for
days with less than about 5 mm of rainfall, because
in such cases all the rainfall is assigned to one or two
hours. The elimination of modeled rainfall <2.54 mm
per day results in a systematic underestimation of
TKE but should have no effect on our trend analyses
for either TKE or MKE.

The disaggregation is also spatially unrealistic
because it is done independently for each 6-km grid
cell. The lack of realistic spatial autocorrelation
should have no systematic effect on TKE or MKE for
any given cell, and therefore should have no system-
atic effect on means of cells, averaged over the Tahoe
Basin or subbasins.
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FIGURE 4. Relation between kinetic energy (KE) and rainfall
intensity defined by Equation (1), multiplied by 60 to yield hourly
rainfall, KE = 33.6] — 186 for I > 20, and Equation (2)

KE = 1.0448I (11.9 + 8.73 log I) for 0 < I < 20.

Rain-on-Snow

Though our focus in this study is rain on bare soil,
some readers may be interested in its complement:
rain-on snow (ROS). Such events are implicated in
the occurrence of large floods in the Sierra Nevada
(Kattelmann 1997). Only one of the models we have
considered suggests an increase in total rain on snow
and three of the models predict a decrease in the
number of rain on snow events (days). A brief discus-
sion of the significance and time trends in ROS
events is included in Supporting Information.

Model Scenarios

Scenarios included modeled historic (HIST) atmo-
spheric conditions (using measured GHG concentra-
tions, 1950-2005), and future GHG concentrations
under RCP4.5 and RCP8.5 (2006-2100). We focus
here on two scenarios encompassing pooled historic
and future conditions (H + RCP4.5 and H + RCP8.5).
Time series for the individual cells were averaged
across the Tahoe Basin and over western and eastern
subregions of the basin. For each GCM and scenario,
statistical distributions were fitted to the time series
for the whole basin and the two subregions. To
describe average behavior across models, return level
curves derived from the fitted statistical distributions
were averaged over the four GCMs.
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Analyzing Trends with the Generalized Extreme
Value Distribution

Time trends of MKE and TKE were analyzed using
the Generalized Extreme Value distribution (GEV
df). The GEV df (Coles 2001) is theoretically justified
for fitting to maxima of long blocks of data such as
annual maxima of hourly raindrop energy (MKE),
but not TKE. Nevertheless, GEV sometimes fit TKE
reasonably well; when it did not we found that in
most cases it fit well to the logarithm of TKE. The
GEV df has three parameters: (1) the location p gov-
erns central tendency, (2) the scale o governs disper-
sion, and (3) the shape ¢ governs tail behavior of the
distribution. There are three special cases of the GEV
df, depending on the sign of the shape parameter
(Gilleland and Katz 2016): (1) the heavy-tailed
Fréchet df (& > 0), (2) the upper-bounded reverse Wei-
bull df (£ < 0), and (3) the Gumbel df (limiting case as
& — 0).

The extRemes package (Gilleland 2016; Gilleland
and Katz 2016) in R (R Core Team 2017) implements
methods for stationary and nonstationary extreme
value analysis including GEV-fitting. For nonstation-
ary distributions, extRemes makes it possible to
model the parameters of the GEV as linear or polyno-
mial functions of time (or other covariates). As we
were fitting multiple time series, we used an auto-
mated procedure to choose among the following five
models:

. Stationary

. Linear location parameter

. Quadratic location parameter

. Linear location and linear scale parameters

. Quadratic location and linear scale parameters

Ui W N =

Gilleland and Katz (2016) note that varying the
scale parameter without varying the location parame-
ter is generally not recommended, so we did not con-
sider a linear scale parameter by itself. We wanted a
more stringent criterion than Akaike’s information
criterion (AIC; Sakamoto et al. 1986) for adding com-
plexity to the model, so additional parameters were
accepted only when likelihood ratio (LR) tests favored
their inclusion at the 5% significance level. LR tests
were used to compare models 1-2, 2-3, 24, and 3-5.
AIC was used to select between models 3 and 4
(which have the same number of parameters).

Goodness-of-fit of empirical and modeled distribu-
tions was compared using quantile-quantile plots and
density plots (e.g., Figure 5). Time trends were visu-
alized by overlaying curves for the 2-, 20-, and 100-
year return levels on time series scatterplots of the
response variables: MKE and TKE. We applied the
nonparametric Mann-Kendall tau test (Mann 1945;
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FIGURE 5. Quantile-quantile plots (a,b) and density plots (c,d) of the GEV df fitted to TKE (a,c) and the logarithm of TKE (b,d) for model
CanESM2 under scenario H + RCP8.5. GEV, Generalized Extreme Value; TKE, total kinetic energy.

Helsel and Hirsch 2002) to evaluate the significance
of trends and a nonparametric loess curve (LOcal
RegrESSion) (Cleveland 1979) was added to each
scatterplot. The loess curve approximates the mean
for any given year, so for symmetrical distributions it
corresponds well with the two-year return level
curve, which is the median of the statistical distribu-
tion. It may therefore be interpreted as another indi-
cation of goodness-of-fit for the model used to
estimate return levels.

Separating Effects of Increased Rain Intensity from
Effects of Reduced Snow Cover

Since we are interested in the trends in raindrop
KE on snow-free terrain, we filtered out precipitation
for days and locations with a significant snowpack.
Our trends thus provide a view of effects of climate
change on surface erosion hazard, but beg the ques-
tion: are the observed trends due to increased rain-
drop energy, or to loss of snow cover? To separate the
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effects of raindrop energy and snow cover, we
repeated the analysis for detrended mean snow cover.
For each modeled year (historic and future), a ran-
dom year from the period 1950 to 2005 was selected
(with replacement), and the SWE for each cell and
date of that year was substituted for the actual SWE.
[Note: for leap years, only leap years were re-sam-
pled.] We then repeated the prior analysis: (1) replac-
ing modeled rainfall with zero, for days and grid cells
in which SWE was at least 1 mm; (2) disaggregating
to hourly rainfall using the SNOTEL gage data; (3)
recomputing MKE and TKE each year; (4) averaging
results across cells; and, (5) analyzing the trends
using the GEV df.

Magnitude of change was compared for the original
analysis and the analyses based on detrended snow
cover. This process was carried out for the HadGEM2
and CanESM2 models combining historic years and a
future based on RCP8.5. These combinations of model
and scenario were selected for their contrasting shape
and magnitude of trend in MKE and TKE (Figures 6
and 7).
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FIGURE 6. Modeled maximum hourly KE (MKE) under scenario H + RCP8.5 for four climate models: (a) CanESM2, (b) CNRM, (c)
HadGEM2, and (d) MIROCS5. Return levels are based on GEV df fitted to untransformed MKE.

RESULTS AND DISCUSSION

Trends in MKE and TKE

For both response variables, models CanESM2 and
CNRM predicted greater increases in magnitude and
variability than HadGEM2, whereas MIROC5 pre-
dicted the least and slowest change (Figures 6 and 7).
For all models, we found little or no trend in the his-
toric data for both responses and, in most cases,
slightly greater trends for RCP4.5 than for historic
climate. The pooled scenario H + RCP4.5 generally
exhibited modest increases and, predictably, trends
were stronger for H + RCP8.5 (Figure 8). Under
H + RCP8.5, the return levels for TKE triple between
the years 2000 and 2075, increasing five-fold by 2100.
The corresponding factors for MKE from 2000 to
2100 are 2.6, 2.2, and 2.1, respectively, for return
levels of 2, 20, and 100 years. The GEV df generally
provided good fits to MKE and to the logarithm of
TKE. Some of the two-year curves for TKE rise faster
than the loess smoother toward the end of the
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modeled period (Figure 7a, 7c, 7d), suggesting that,
despite diagnostic plots indicating good fits to the
GEV df, the rate of increase in the late 21st Century
may be overestimated.

Spatial Distribution of Trends in KE

Percent changes in MKE seem to be greatest near
the lake for H + RCP4.5 and lowest in the southern
portion of the basin for H + RCP8.5 (Figure 9). The
greatest spatial contrast in magnitudes of KE
resulted from topographically controlled precipitation
differences between the west side of the basin and
the drier east side. Projections of MKE are similar on
both sides of the basin under scenario H + RCP8.5
(Figures 9 and 10), with all return levels of MKE for
a given return interval approximately doubling
between 2005 and 2100. TKE rises even more dra-
matically, with return TKE levels increasing four- to
five-fold. The increases in TKE were slightly larger
on the west side than on the east. The mean ratio of
TKE on the west side relative to the east side
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FIGURE 7. Modeled TKE under scenario H + RCP8.5 for four climate models: (a) CanESM2, (b) CNRM, (¢) HadGEM2, and (d) MIROCS5.
Return levels are based on GEV df fitted to the logarithm of TKE.

increased from 1.65 in the first 50 years to 1.94 in
the final 50 years.

Separating the Effects of Trends in Raindrop Energy
from Trends in Snowpack

The dashed lines and hollow circles show the
results for snow cover detrended by resampling, over-
laid on the original results (Figure 11). Resampling
the SWE gave rise to a small increase in both MKE
and TKE, which is apparent for the years 1950-2000.
This is likely due to the decoupling of precipitation
and snowpack, as high rainfall years are more likely
to be paired with low snowpack years, leading to
more years of high KE than might be realistic. How-
ever, the effect of a shrinking snowpack becomes
more important starting around 2010-2020 and the
curves for the detrended snowpack drop below the
steeper curves for the shrinking snowpack. Neverthe-
less, the curves for MKE do rise in the 21st Century
under CanESM2 and H + RCP8.5, even for the
detrended snowpack, indicating that changes in both
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raindrop energy and snowpack are important factors
behind the increases in raindrop KE on bare soil. In
contrast, under the HadGEM2 pooled H + RCP8.5
scenario, without including the snowpack trend there
is no trend in MKE and only a barely detectable
trend in TKE. This result is consistent with the near
absence of changes in rainfall intensity under Had-
GEM2, which predicts no trends in annual or 30-day
maximum precipitation, and only a very subtle trend
in maximum daily precipitation (1 mm per decade
under HadGEM2 versus 2.3 mm per decade under
CanESM2).

Under CanESM2, the changes from 1950 to 2100 in
the two-year return level for MKE are 263% for the
original analysis compared to 104% for that with
detrended snow cover. The 20-year return levels more
than quadrupled for the original analysis, and approx-
imately doubled with detrended snow cover. The 20-
and 100-year return levels for TKE increased by
1,000% in the original analysis compared to only 35%
and 25%, respectively, with detrended snow cover.

Under HadGEM2, the changes from 1950 to 2100
in the two-year return level for MKE are 200% for
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FIGURE 8. Modeled annual maximum hourly (a,b) and total annual (c,d) raindrop energy on snow-free ground, scenario H + RCP4.5 (a,c)
and H + RCP8.5 (b,d), showing predictions from all four general circulation models (GCMs). Return levels for each GCM were calculated
with the GEV df fitted to the MKE and the logarithm of TKE. For each recurrence interval, plotting points were averaged over GCMs to

produce these curves, for example, the curves in frame (b) are the averages of the curves in the four frames of Figure 6.

the original analysis compared to 18% with the
detrended snow cover, whereas changes in TKE are
519% for the original analysis compared to 53% for
the detrended snow cover. The 20-and 100-year trend
lines for MKE roughly doubled for the original analy-
sis, whereas changing <10% with detrended snow
cover. The 20-and 100-year trend lines for TKE rose
294% and 250%, respectively, for the original
analysis, whereas rising 53% with detrended snow
cover.

Implications for Soil Erosion and for Other Locations

The Water Erosion Prediction Project model relates
interrill surface erosion to rainfall intensity, soil
erodibility, and hillslope gradient. Not only are rain-
fall intensity and KE very closely related (Sempere-
Torres 1992), but empirical results suggest a power
law relating soil erodibility to raindrop KE (Mous-
souni et al. 2014). Hence soil erosion is strongly influ-
enced by rainfall KE.
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These results have implications for mountainous
regions throughout the western U.S. and many other
regions where warm temperatures are expected to
result in more precipitation as rainfall and reduced
duration and extent of snowpack.

Sources of Uncertainty

As with most analyses, there are uncertainties
associated with each step. These include:

1. Variability between runs of a given GCM (inter-
nal variability). We used just one run of each
GCM.

2. Selection of GCMs. We used models that were
selected by the SWCSC to cover a range of
trends. Variability among models is greater
than internal variability (Deser et al. 2016;
David Pierce, Scripps Institution of Oceanogra-
phy, July 2019, personal communication). All
models agree that increases in both MKE and
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TKE will occur. Uncertainty due to model selec-
tion would mainly affect rate and magnitude of
change, and the importance of changing rainfall
inputs.

3. Downscaling from the GCM lat-long grid (100-
300 km) to approximately 6 km for input to VIC.

4. VIC generation of hydrometeorological variables.

5. Disaggregation from daily to hourly time step.
Hourly rainfall amounts at nine SNOTEL gages
were rescaled to match modeled daily totals,
hence this only affected the intradaily temporal
distribution of rainfall. TKE is insensitive to the
hourly distribution, so uncertainty introduced at
this step would primarily affect MKE.

6. Conversion of I to KE. These two quantities are
closely related (r = 0.97 above 20 mm/hr). Based
on the regression scatter (figure 3 in Sempere-
Torres 1992), this source of error is very small
(<0.5 J/m?)

7. Selection, fitting, and parameterization of the
GEV df. Goodness-of-fit to this distribution varied
among runs and scenarios and was affected by
the choice of variable transformation as well as
the parameterization of the location and scale

factors of the GEV df. This wuncertainty
affects return level estimates and trends (e.g.,
Figure 7a).
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8. Trajectory of GHG emissions. While RCP8.5
appears to be a much more likely trajectory
than RCP4.5, no one knows how close it will be
to reality.

While there are many sources of uncertainty in the
results, none are great enough to affect the following
conclusions.

SUMMARY AND CONCLUSIONS

The potential for increased erosion and transport
of nutrients and sediment into Lake Tahoe is growing
as the climate warms. Variability of transport will
increase as its magnitude increases. The mechanisms
of change we have investigated are a shift in precipi-
tation from snow to rain and a reduction in the dura-
tion of snow cover, which protects the soil from
erosion by raindrop impact. Effects are relatively sub-
dued under the RCP4.5 GHG concentration scenario,
but are dramatic under RCP8.5. All four models con-
curred that these changes will occur. Based on the
average behavior of the four models, 2- to 200-year
return levels for MKE will at least double during the
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21st Century, whereas those for TKE will more than
triple. Indications are that reduction in snow cover is
the primary driving factor. Changing rainfall inputs
are also important according to CanESM2, but may
be unimportant according to the HadGEM2 model.
The west side of the basin receives more precipitation
than the east side of the basin, so the KE due to rain-
drops on snow-free ground is greatest there, but rela-
tive changes are similar on the west and east sides of
the basin.

The sensitivity of Lake Tahoe’s clarity to inputs of
nitrogen, phosphorus, and fine sediment is well estab-
lished (Goldman 1988; Jassby et al. 2003). Since the
early 1970s, control of degradation of the Lake’s
water quality has been the focus of major research,
monitoring, and regulatory programs (Schuster and
Grismer 2004; Roberts and Reuter 2007). These pro-
grams must now deal not only with the legacy and
future impacts of land development in the Tahoe
Basin, but also with the impacts of accelerated sur-
face erosion on bare soil resulting from climate
change. Although the causes of climate change must

JourNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION
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be addressed at the national and international scale,
Best Management Practices (BMPs) for controlling
the load of nutrients and fine sediment to the Lake
have been developed, applied, and tested in the
Tahoe Basin. These BMPs include mulching of dis-
turbed soil on road-cuts (Grismer and Hogan 2004,
2005), and use of detention basins to trap runoff from
developed areas (Heyvaert et al. 2007) Ultimately the
effectiveness of these efforts will depend not just on
science and technology, however, but also on the ded-
ication and will of public agency staffs, political lead-
ers, and residents of the Basin.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: (1) complete set of model projections, (2)
projected changes in precipitation falling as rain on
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snow, and (3) comparison of modeled historic with
measured precipitation at Tahoe City.
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