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Abstract

The 2f' Century global climate is expected to experience kbegn changes in response to
anthropogenigreenhouse gaamissions Discussions on the potential impacts of climate change

on water resources in the Lake Tahoe basin have only recently begun and our cscientifi
understanding to date has focused on identifying existing impadisends in the historic data.
Water resource managers need to know the potential effects of changing meteorologic conditions
on a variety of topics such as expected future air temperaamount and type of precipitation,
streamdischarge sediment and nutrient loading characteristics, BMP performance, lake mixing
and water quality response. In this study we examined all these topics using existing water
resource models already devadal for the Lake Tahoe TMDL. A sophisticated statistical
downscaling methodology was applied to thedel outputs of thef the Geophysical Fluid
Dynamics Laboratory Modd€lGFDL) and the Parallel Climate Mod&PCM) given theA2 and

B1 emissions scenario® produce simulated data recsr@ a 12 km grid scale in the Tahoe
basinfor the 2£' Century (20062099).

The results show

1) Upward trends in Jaxand Ty, with trends for the GFDL > PCM, and trends for the A2 >
B1,

2) No strong trends in @wal precipitation amount, except for declining precipitation for the
GFDL A2 case toward the end of the century

3) A continuing shift from snowfall to rain, toward earlier snowmelt and runoff during the
water year, for both scenarjos

4) A downwardshift in thehydrologicflow-duration curve for the A2 scenario in the last third
of the century

5)  Same increases in drought severidgpecially toward the end of the century

6) Dramatic increases in flood magnitude in the middle third ofctrgury, especially with
the B1 scenario

7)  Sediment andutrient loading to Lake Tahoe should not increase, to any meaningful level,
as a result of climate changed may actually decreasdue to the estimated decline in
water yield

8)  That whileclimate change will result in@modest decline iBMP performance for fine
sediment particle load reductions (i.e. increase in average pollutantdogdjiminished
performance will be relatively small and load redwucishould still be significant,

9) That by the middle of the Z1Century (after about 2050) Lake Tahammild cease to mix to
the bottom. This will in turn result in complete oxygen depletion in the deep waters and an
increase in sediment release of nitrogen and phosphorus

10) That anrual loading of soluble reactive phosphorus under sustained conditions of lake
stratification (no deep mixing) and anoxic sedimamsid be twice the current load from
all other sources. Loading of ammonium under these conditamrid increase the amount
of biological available nitrogen that enters the lake by 25 percent.effect on the Lake
Taho® s n ubtidgdtsecoutd have a dramatic and lesgting impact on the food web
and trophic status of Lake Tahoe,

11) That theresulting annual Secchiegth in the later portion of the 2TCenturycould be in
the range of 1220 m as compared measdrvalues of 2P2 m since 200@nd

12) Climate change will drive the lake surface level down below the natural rim after 2086 for
the GFDL A2 but not th&FDL B1 scenario

Vii



1.0 INTRODUCTION

1.1 Emissions and Global Climate Models

The 2£' Century global climate is expected to experience-teng humarinduced changes in
response to greenhouse gases that have been added to the atmospheas lagtnites.

Several decades of warming and a variety of hydrologic and landscape responses have already
occurred and are expected to accelerate in t€@mtury until greenhousgas emissions are
brought undecontrol and even reverseldPCC 2007.

How these globascale climate and landscape changes will play out in the Tasoeis highly
uncertain, but current numerical models of the global climate system provide a number of
plausible scenarios that can be investigated and evaluated to detigcetyngoints of particular
vul nerabil ity i ncharabteristigsausiennaddssedimgidadiray) andgakec
responseGiven widespread concerns about the approaching climate changes, such assessments
are being performed in local to regibna@source systems worldwidassessment strategies and
scenarios have emerged and are widely accepted as suitable for initial planning given current
states of knowledge. Indeed, the State of California has recently completed the second in a
biannual roud of Statescale climatechange assessments using scenarios of the sort analyzed
here, a new US national assessment of potential cliaigtiege impacts is in planning stages and
will be largely scenario based, and the next IPCC Assessment is expectagstevien more

than in the past on regional scenarios of change and response.

These various assessment activities typically blegidentifying some workable number of
climatechange projections generated as simulations by a variety of global climatks feoocked

by selected scenarios of future economic development and resulting greeghseseissions.
Simulations from current global models typically are made on very coarse spatial grids, with
model grid points separated geographically by anywhere ffdatitude and longitude to as

much as 3° latitude and longitude. At this scale, the climate of the entire State of California is
represented by less than 10 grid cells, and the Tahoe basin covers much less than any one grid
cell. As a consequence,thesend step in most | ocal to region.
globalmodel results to some finer grid or individual stations so as to preserve local climatic
differences within a study area while representing the projected climate changes. The
downscakd versions of the climatehange scenarios are then presented to various models or
experts regarding the local systems to identify their vulnerabilities to the kinds of climate change
encompassed by the scenario or ensemble of scenarios considered.itimtifigd key

vulnerabilities to the climate changes investigated, options for adaptation of existing
management systems or structuredcamprincipled be identified and weighed, as can options

for new management approaches.

1.2 Climate Change and Wate Resources

A complete understanding the historic and likely future conditions of Lake Tahoe requires
consideration of the input of water, nutrient
from the atmosphere. Previous warkthe historic tnedsintheBsi nés hydmocl i mat
the 2" Centuryindicated strong upward trends in air temperature (especially minimum daily

temperature), a shift from snow to rain, a shift in snowmelt timing to earlier dates, increased



rainfall intensity, increagkinterannual variability, andhcrease in the temperature of Lake
Tahoe(Coats et al. 20Q68Coats 201D The latter investigation included a comparison with other
areas in the vicinity of Lake Tahoe in order to relate these observations tedatgegional
climatic trends in the western USA and identify impacts and drivers. Sahoo and Schladow
(2008) reported on an initial attempt to model changes in lake mixing based onsuozdeske
future meteorologic conditions.

Recent work on climate changepacts in the western U.S. has focused attention on the shift in
snowmelt timing toward earlier dates (Aguado et al., 1992; Dettinger et al., 2004; Cayan et al.,
2001; Dettinger and Cayan, 1995; Johnson et al., 1999; Stewart eD8),, th@ shift fom srow

to rain (Knowles et al., 2006; Regonda et alQ®0the earlier onset spring (Cayan et al.,
2001);andthe effect that these changes will have on water supply in California and throughout
the western US (Hamlet et al., 2005; Barnett et al., 20@fe It al., 205). Pierce et al. (2008)
showed that about half of the observed decline in western U.S. springtime snowpaek (1950
1999) results from climate changes forced by anthropogenic greenhouse gases (GHGSs), ozone
and aerosols. In 2007, the catagtig Angora Fire in the Tahoe basin showed how legacy
vegetation changes can interact with climate change to increase fire hazard, and provided a
stunning illustration of the increasing risk of wildfire in the western U.S. (Westerling et al.,
2006); Runnig, 2006; Brown et al., 2004).

Since continued change toward a warmer climate in the basin is inevitable (Hansen et al., 2009),
we would like to know: 1) how fast will the air temperature in the basin increase; 2) how will the
form, timing and annuamount of precipitation change? 3) how will the changes in temperature
and precipitation affect drought? 4) how will changes in precipitation affect streamflow regimes,
especially highand lowflow frequencymagnitude relationships? The purpose of thisap is

to begin answering these questions. Our approach is to downscale the output fSctmedy

from two General Circulation Models (GCMs) and two emissions scenarios, and use the
downscaled output to drive a distributed basin hydrology mods. olitput from the hydrology
model is then used to derive streamflow and soil moisture at various time scales, for use in
calculating flood frequency, flow duration, drought severity and shifts in snowmelt timing, for
selected sulbasins and sites in thafioe basin.

1.3 Lake Tahoe: Concern with Climate Change

Lake Tahoe is world renowned for its natural beauty and cbhadtcolor. However, longerm
monitoring shows that (1) Secchi depth transpareheg declinedy 10 msince 1968, (2) the

rate of**C primary productivity continues to increase at about 5 percent per year, and (3) thick
growths of attached algae cover portions of the qostine shoreline Additionally, like many
lakes worldwide, Lake Tahoe has been affected by-native species #t were either

intentionally introduced or were part of a large pattern of regional invasion.

Lake clarity isdriven bytheinflux of phosphorus, nitrogelout especiallyfine sediment particles
<16 um in diamete(Lahontan and NDEP 20&0Sahoo et a2010. These polltants come

from land disturbance andgbanization (including roadways and road maiate®) andheir
transport to the lake is further exacerbated by an accompaogmgf natural landscape capable
of treatingrunoff.



Fine sedimenparticles come primarily from the urbaatting(72% of total), while 55% of the
nitrogen enters Lake Tahoe via direct atmospheric deposition. Surface runoff from the urban and
nonturban portions of the landscape accounB®¥ and 26% of the phosphoioad,

respectively (ahontan and NDEP 20&0 The Lake Clarity Model shows that the 30 m target
canbe achieved if nutrieetand particles from all sources are reduced by 55 percent or with a 75
percent reduction fronusturban sourcesBased on a poltant reduction opportunities analysis

for the Tahoe basirthe Clarity Challenge(24 m Secchi depth within 15 years) can be met by a
reduction of 32%, 14% and 4% for particles, P and N, respectivehoftan and NDEP 20bp

The results from paleolimnolagal research and an empirical Secchi depth versus particle
relationship suggest that Lake Tahoe can improve once loading is retiegedért 199y A

model simulation where all fine particles from urban source are set to zero resultsina 31 m
Secchi defh which resembles the hypothesized historic baseline.

Efforts to reduce nutrient and sediment input to Lake Tahoe have been the cornerstone of
watershed management for decades. Perhaps the largest and best organized of these efforts has
been the Enviramental Improvement Program (EIP) that was developed by the Tahoe Regional
Planning AgencyHttp://www.trpa.org/default.aspx?tabid=327The EIP was highlighted during

the 1997 Presidential Summitlzike Tahoe in order to focus actions related to lake and

watershed management. According to the TRiRA EIPfiencompasses hundreds of capital
improvement, research, program support, and operation and maintenance projects in the Tahoe
Basin, all designetb help restore Lake Tahoe's clarity and environroent.

The Lake Tahoe Total Maximum Daily Load Program (TMDL) can be considered a science
based operational blueprint for implementation of the EHe. Lake Tahoe TMDI(1) quantifies
fine particleand nutrient loading from urban runoff, vegetated upland flow, atmospheric
deposition, stream channel/shoreline erosion and groundwater, (2) uses a customized Lake
Clarity Model to link pollutant loading to lake response, and (3) develops the framewark fo
plan to achieve an annual average Secchi depth of 30 m as required by esggtiatjons

1.4  Goals and Objectives

While the Lake Tahoe TMDL considers climate change in a conceptual manner (Lahontan and
NDEP 2010b), a more quantitative analysesswnavailable. Fully aware of this knowledge gap,
we submitted, and were awarded, a grant from the Southern Nevada Public Lands Management
Act (SNPLMA) Round 8 science projects to begin to evaluate the implications of climate change
on hydrology, pollutat loading and the response of Lake Tahoe. While additional data
evaluation and technical analysis is needed to tie climate change impacts directly into policy, the
goal of this present study was to provide water resource agencies and decikérs witha
scientifically-justified assessment as to what extent climate change needs to be considered in
ongoing efforts to protect Lake Tahoe.

The purpose of this research was to investigate the likely effects of climate change on Lake
Tahoe, while assessinigetimplications of hydrologic changes asisted with climate charge for
(1) changes in loads of sediment and nutri¢otisake Tahoe, (2)abkign and effectiveness of
Best Management Practices (BMPs) and &Bglresponse to warming.


http://www.trpa.org/default.aspx?tabid=227

The results of our westigations have been used to address the following spgeégtions

¢ What has been the historical change key meteorology/hydrology parameters such as air
temperature, precipitation amount, form of precipitation (rain versus snow), snowpack
characteristics, timing and duration of snowmelt?etc

o What are expected changes to these parameters over the next 100 years based on output
from general circulation models (GCM) that have been developed to evaluate climate
change@

e How will the magnitude rad frequency of runoff, both from the entire Lake Tahoe
drainage basin and water quality treatment projects (BMPs) respond to climate change
in the 2% Century?

e How will the discharge of sediments and nutrients to Lake Tahoe respond to climate
change?

e What is the expected impact of a change in hydraulic and pollutant loading on BMP
treatment and project implementation?

e How would reduced mixing of the lake affect deegter dissolved oxygen and nutrient
release from bottom sediments?

1.5 Overview of Approach

To analyze the likely future impacts of climate changéyxrology and water quality ke
Tahoe, four models (or suites of model&€reused together. First, a General Circulation Model
(GCM) of global climatevas employedo generate future snarios of climate variables, at
appropriate time and spatial scales. To be applied at the scale of the Tahoe basin, the model
outputwasdownscaled using local records of temperature and precipitation.

Second, a watershed modesused to model or préxt stream discharge and loads of nutrients
and sediment in response to lelegm climate trends. For development of the Total Maximum
Daily Load (TMDL) allocations for the Tahoe Basiretra Tech (200)7customizedhe Load
Simulation Progranm C++ (LSPC) model folahoe basin hydrology. This watershed model
uses local weather data as the forcing factor, together with watershed characteristics (including
existing land use coverage, elevation, slope, and soils) and measured stream dischaatgr and w
guality to generate existing condition loads for ammonia, nitrate, organic nitrogen, dissolved
phosphorus, and organic phosphoiushpntan and NEP 201pa

Third, the climate data and watershed outputs must be used to drive a lake hydrodynamic and
clarity model. The UC Davis Dynamic Lake Model (DLM) coupled with the Water Quality
Model (DLM-WQ) constitutes the Lake Clarity Model that was developed and used as part of
the Total Maximum Daily Load (TMDL) program to meet regulatory wateltguaquirements
(Sahoo et al. 2030 DLM-WQ is a complex system of suhodels including the hydrodynamic
submodel, ecological sumodel, water quality sulmodel, particle sunodel and optical sub
model.

Fourth, the implications of climate change for the desigmater quality BMPs must be

analyzed. For the Lake Tahoe TMDOhe Pollutant Load Reduction Model w@esveloped to
analyze the reduction in pollutant loads associated with specific BMPs and sets ofrBigles (

4



al. 2009. It can be used to compare #féectiveness of a given BMP design with and without
the increased magnitude and frequency of runoff that may result from climate ckaynge.1-
1is a flow chart showing the flow of information wlsa this project.



Information Flow for Future Projections

Parallel Climate Mode! (PCM) Geophysical Fluid Dynamics Lab Model (GFDL)
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Figure ¥1. Summary of infanation flow used for modeling and analysis.
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2.0 PROJECTIONS & DOWNSCALING OF CLIMATE CHANGE DATA FOR THE
LAKE TAHOE BASIN

Author: Michael D. Dettinger Ph.D.
2.1  Selection of Global Climate Model and Emission Scenarios

In this studythe most attentowa s pl aced on simul ations by NOA,
Dynamics Laboratory (GFDL:)at Princeton University global climate model (CM2.19nd its

responséo two greenhousgas emissions scenarios generated by the IPCC for its Special

Report on EmissionScenarios (Nakicenovic et al. 2000)he A2 emissionscenario inethat

is based on assumptions of a very heterogeneous world economy with high population growth,
moderate overall economic growth, and resulting emissions that accelerate througBatit the

Century. Notably, even just a year ago, the A2 scenario was widely viewed as a reasonable

Awor st caseo0 scenario, but recent evaluations
actually exceeded the A2 trajectory; consequently, currentlig Aging viewed as more of a
middle-of-the-road or businesasusual scenario and other even more severe emissions scenarios

are being evaluated in many studies just starting iogu(e 21). Climatic responses to a

second emissions scenario labeled Bievadso evaluateds part of our studylhe B1 scenario

is based on assumptions of a greener future with lower population growth and technological

moves towards service and information economies, with emissions that level off by end of

century (Figire 21). The B1 scenario is considered to be an optimistic scenario that results in

much less change and challenge than does the A2 sceltasiooteworthy that 2004 through at

least 2007, global C{emissions from fossil fuels actually exceeded the IPCC/SREeRtory

for the A2 scenario (US Global Change Research Program 2009).

The GFDL climate model warms more in response to each unit of greenhouse gas added to the
atmosphere than do most of the ttozen climate models that were evaluated in the mosttrece
IntergovernmentaPanel on Climate ChangessessmentiPCC2007). Simulations of

temperature and precipitation from another climate model, the National Center for Atmospheric
Researchoés Parallel Climate Model rihepeedent) , wer
study. The PCM1 model warms less tmaost of the other IPCC climateodels. By considering
climatic responses simulated under heghissions A2 and lovemissions B1 scenarios by highly
responsive GFDL and a minimally responsive PCM modgl dtudy when requiredhad the
opportunity to evaluatpotential impacts from the broad range of possibilities spanning the range
of scenarios presented in the most recent IPCCGaglgsessmenthese same scenarios were

also keycomponent®f the recehState of California climatehange assessments (Cayan et al.,
2008, 2009).

2.2 Approaches toDownscaling

Downscaling is the process of transforming simulated climate variables from-goarsémate

models to produce estimates of what climate varialtedd look like at higher resolutioof

spatial scaleMany different approaches to downscaling have been developed and used in
assessment studies. Two broad categories of downscaling methods are statistical methods (which
use a variety of statistical mels or relations between coaig&ined historical observations and

their higher resolution counterparts as a basis for inferences about tiregogition
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implications of climatanodel outputs) and dynamical methods (which apply climate models that
havemuch finer grid spacings but over limited areas of the Earth to fill in detail over a desired
area)(e.g., Wood et al. 2004). Dynamical methods will ultimately provide more physically
consistent and flexible visions of the future but at present suffenfeoynhigh computation

costs so that it is still rare to see dynamically downscaled products that span more3@an 20
years. Furthermore dynamically downscaled products still maintain, or even worsen, biases
suffered by the global models, so that it isgrlly necessary to statistical correct even the
dynamically downscaled products before they are suitable for use. Statistical downscaling is
much less computationally burdensome and typically has bias corrections as an integral part. The
statistical metbds however make explicit or implicit assumptions that historical (statistical)
relations between coarggained climatic variables and their higdsolution counterparts will

not change in the future as the global climate changes.

2.3  Downscaling ofTahoe Basin Climate Data

In this study, a statistical method, called constructed analogs method (Hidalgo et al., 2008), was
used to downscale daily global climateodel outputs from their original roughly 2° latitude
longitude grid spacings onto a 1/8°ygily 12 km) grid. Figure-2 is a schematic of the method
wherein, givenacoarspr i dded depiction of some dayo6s cl i
identify a set of days with coarggidded climate patterns in the historical record that are similar

to the model pattern. The linear combination of the weather maps from thesegraared

historical analogs that best fits the model pattern is determined by simple linear regressions. The
constructed analog method then applies the same regressianieoesfto the higiresolution

maps of those historical analog days to obtain a-fegblution version of the original model

weather. In order to test the method, daily historical climate datasets were coarsened-to global
model grid spacings and then daealed by constructed analogs, with results compared to the
original, unmodified higkresolution fields. Figre 2-3 shows the correlations between daily

faomal i zedod temperatures and precipitation tot;
coarsene@andthend ownscal ed results, wher-ermin@anomal i zed
seasonal c¢cycles removed at each grid cell 0 so

colder than summers or that high places are cooler than lowigteresolutiontemperature
variations are very well recovered in this experiment with anomaly correlations dipping no lower
than 0.8 over most of the US, and remaining well about 0.9 over the Tahoe basin.

Precipitation is more difficult and at daily scale anomaly cati@hs are at best about 0.7 over
the Tahoe basin. However, when the daily precipitation values are summed to form monthly
totals and those monthly totals are compared, the anomaly correktoquite high (>0.95).
Thus the constructed analogs methaod iecapture highesolution historical temperature and
precipitation variations from a version of the historical record that has begidded ontohie
coarse globatlimate modebrids with impressive skill.

Temperature trends in downscaled versionthefGFDL projections under A2 and B1 emission
scenarios are shown in kiigg 2-4. Temperatures rise by somewhat over 4°C in the vicinity of the
Tahoe basin by 2100 under the A2 emissions scenario and by about 2.5°C under B1 emissions.
Under both scenariothe GFDL responds to greenhotgaes emissions wh drying trends of 10

to 20 cm/yréentury over the Sierra Nevada and Tahoe basini@®4). Figure 2-5 shows

projected temperatures and precipitation from thedessitive PCM1 model under the A2
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emissons scenario. Under the A2 emissions, the GFDL model projects warming by over 4°C in
the vicinity of the Tahoe basin (Rigg 2-4) whereas the PCM1 model projects only about 2°C
warming (Figire 2-5). Both models (PCM1 not shown) warm considerably lessruhdeB1
emissions, so that although there is considerable uncertainty about the actual magnitudes of
warming to be expectédas indicated by the mod&-model differences in Fige 2-59 less
emissions (e.g., B1) is projected to result in less change oheder model turns out to be

closer to the real future. The PCM1 projections of future precipitation@2ys) yield less
precipitation change than does the GFDL modelyf&g-4), indeed very little change at all over
the Tahoe basin.

Most climatechange assessments have focused entirely on projections of temperature and
precipitation change. In this study, given the central role of surface heat balances in Lake Tahoe
to itsdeepmixing and turrover, its futuravater quality andlarity, and to the naroclimate of

the basin, several additional climate variables were also downscaled and assessed. These
additional variables were surfaeend speeds, downward shortwave (solar) radiation fluxes and
downward longwave (infrared) radiation fluxes at the sigfand were used primarily in the

DLM - Lake Clarity Model Because historical observations of these variables are much less
common than those of temperature and precipitation, no entirely observationally based historical
grids of these variables are daaie. Therefore the strategy used here was to draw instead upon
the highresolution regionatlimate model output (called CARD1RBanamitsu and Kanamaru
2007a,b from a historical simulation of climate on a-&f grid over California and Nevada that
was dosely constrained each day by observations and a global climate product called the
NCAR/NCEP Reanalysis fields. This regiomabdel product is the best approximation available

as to how climate variables like surface winds and radiative fluxes varietheMandscape at

high geographic resolutions and on a daily basis from-1989. The CARD10 variables were
treated the same as the observationally based historical temperature and precipitation fields
discussed earlier to test the applicability of thestructed analogs method to downscaled these
variables from globamodel outputs and to downscaled future variations of these variables.
Notably, the GFDL outputs included these additional variables, but the PCM1 team did not save
and share these variables that only the GFDL trends in these variables can be considered here.
Also, problems withoutput for humiditysaved from the GFDL projections prevented us from

being able to downscale humidities for this study.

Figure2-6 shows anomaly correlations teien monthly means of historical CARD10 values of
surfacewind speeds, downward shortwave insolation, and downward longwave radiation and
coarsene@ndthendownscaled versions of the same. Downward longwave fluxes are very well
downscaled (correlation >%b over Tahoe basin), surfasend speeds also are reasonably well
recovered (> 0.9), and downward solar radiation somewhat less so (>0.75 or 0.8) at this monthly
scale, giving some confidence in the downscaled projections shown in following figures.

Notebly, surfacewind speeds were not directly downscaled in this test, but rather southerly and
westerly wind components were downscaled in parallel from glolale! values and only then
combined to calculate wind speeds, which were tested here.

Downward lomgwave radiation is projected to increase under both the A2 and B1 scenarios
(Figure2-7). This is the essence of the greenhouse effect; more greenhouse gas in the
atmosphere results in more trapping of heat in the atmosphere, especially more trapping of
longwave heat fluxes, and thus more warming an@detion downward of longwave heat
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towards the surface. Under the A2 scenario, more greenhouse gases are emitted and downward
longwave fluxes increase more than under the B1 emissions. In the downsdd&edibwnward
longwave radiation increases about three times as rapidly under A2 as under B1 emissions.

Downward solar insolation changes much less (in watts/m2) than do longwave radiative fluxes in
the GFDL projections. In the downscaling experimeméhsolar insolation appears to decline
slightly under A2 emissions (due to increased cloudiness) and may increadess/under B1
emissions (Figur@-8). Similarly mean surfae®ind speeds are projected to change by only a

few percent on average ovéetLake Tahoe basin, undeettwo emissions scenarios (Figre

9).

This downscaled model output provides us with a reasonable view of how meteorologic
conditions will change in the Tahoe basin over the next 100 years under various, internationally
acceped emission scenarios. Given that GCM model output is much too coarse for looking at
localized or regional affects, it was imperative that this downscaling exercise be done prior to
any further analysis. The product of the Tahoe basin downséslurgqLe, with no other

climate modeling results of this type available for this region. The modeled meteorologic
conditions in the 2LCenturyallows us to (1) evaluate changes in basin hydrology under climate
changé and compare this to past trends (Chap}je(Z) use this meteorologic output to drive a
series of management models customized for application in the Tahoe basin (i.€. T8R@
Watershed Model, Pollutant Load Reduction Model and the DLM Lake Clarity Model (Chapters
4, 5 and 6). Finally, thidownscaled output is now available for use by others who wish to study
the ecologica(e.g. fire frequency, vegetation typ®)economide.g. snowdependent
recreationympacts of climate change in the Tahoe bashis contribution is viewed as a
significant product of this study.
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Figure2-1. Changes in global anthropogenic greenhegeseradiativéorcing of climate
in the 20" Century and under several scenarios of future emissions.
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FIND COEFFICIENTS a, b, ¢, d,...
such that

CONSTRUCTED FINE-SCALE ANALOG OF NEW MAP

(// \ THEN APPLY THE SAME COEFFICIENTS TO THE FINE-SCALE
/ MAPS FOR THE SAME DAYS 1 to 4 TO OBTAIN THE
+

Figure 22. Schematic depiction of the two primary steps in downscaling climate model
outputs by constructeanalogs method. More detailed description available at
http://www.energy.ca.gov/2007publications/CE00-2007%123/CEG500-200%

123.PDF
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Figure2-3. Anomaly correlations between gridded, observed daily temperatures and
precipitation and versions of same obtained by aggregatingésghution observations

to globatclimate model gridding and then downscaling back to original, 1/8° gridding by
constructeeinalogs method of Hidalgo et al. (2008); inset shows anomaly correlations
for monthly precipitation totals. Anomaly correlations are correlations between variables
thathave had longerm mean seasonal cycles removed at each grid cell. Base period for

all calculations is 1950999.
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Figure2-4. Downscaled temperature (left panels) and precipitation (precipitation) trends
under A2 (top panels) and B1 (bottom panels)ssion scenarios from the GFDL global
climate model.
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Figure2-5. Same as Figui24, except for projections by PCM1 climate model under A2
emissions eenario; same color bars as Fig@ré.
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Figure2-6. Same as Figui23, except for monthlgurfacewind speeds, downward
shortwave (solar) insolation, and downward longwave radiation.

15



Downscaled GFDL Trends in Downward
Longwave Radiation at Sfc
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Figure2-7. Trends in downscaled projections of downward longwave radiation from the
GFDL global climate model under A2 (left) and B1 (right) emissions scenario
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Figure2-8. Same as Figui2z7, except for downward shortwave (solar) insolation.
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Downscaled GFDL Trends in
Near-Surface Wind Speeds
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Figure2-9. Same as Figui27, except for surfaceiind speeds.
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3.0 HYDROLOGIC IMPACTS: PAST AND PROJECTED TRENDS
Authors: Robert N. Coats Ph.D. and MarzestaCabral Ph.D.
3.1 Methods

3.1.1 Air temperature and precipitation

The downscaled daily maximum and minimum air temperatures were used to calculate daily and
annual averages for individual grid points, as well as bagie averages for the 12 grid kel

used for the Tahoe basin. The results were plotted to illustrate the future temperature trends, and
the average daily temperature for the basin was used with the adjusted precipitation data to
examine the trend in fraction of precipitation falling aew over the basin.

Global climate models adequately represent kagde (206600 km) circulation patterns,

temperature and precipitation (the latter with lesser accuracy). Before GCM results can be useful
for hydrologic applications, a number of comgignal techniques must be applied. First, there is

a mismatch between the needs of a hydrologic model (typically working at a spatial scale within
0.0120.5°) and the coarse scale of GCMs%2A ) . ADownscalingo refers
generating fineresolution data from the coarse GCM data. The daily GCM results were first
downscaled to a 7.5 min (1/8°) grid scale, using the method of constructed analogues (Hidalgo et
al., 2008; also see Sections 2.2 and 2.3, this volume).

The precipitation dataset¢sulting from constructed analogues downscaling, when compared to
observations at local meteorological stations, showed an excess of precipitation days over the
historical period. In the present case the issue was not aialowedance of lovprecipitation

days (the fimodel misto that is common in dail
daily-precipitation magnitudes. Therefore, the simulated precipitation time series for the

historical period (195@999) by either GCM was treated to removecyi¢ation events by

random event selection. Any precipitation event in each of the 12 months was subject to removal
with equal likelihood, regardless of event length or precipitation total, a process we termed
Aresamplingo. R e s a mmurhberrofgevent dayd for eacheofithe d2ymonthis t h e
matched the observations. Prior to resampling, the simulated distribution of event lengths
approximately matched observations. Our resampling technique, by construct, preserved the
distribution of simulated eant lengths.

For the simulated future time series, resampling was carried out under the assumption that each
GCM produces, for any given month, a consistent proportion of excess number of precipitation
days, regardless of a climate warming trend. Thess#ime percentage of precipitation days was
removed for the 100 months of September (e.g.) in a future simulated time series, as the
percentage removed for the 50 months of September in the historical time period for the same
model. (September was citedaasexample. The same applies to all 12 months.)

The GCMsimulated precipitation time series for the historical period was then subjected to
Afiquantil e mapping, o0 as in the BCSD (bias corr
introduced in Wood etla(2002 and 2004). In quantile mapping, for any one of the 12 months
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each simulated daily precipitation valaes replaced by the observed vakighaving the same
plotting position ax. As a result of quantile mapping, the distribution (eCDF) of sitedldaily
precipitation in the historical period matches the observed distribution.

An important difference between our quantile mapping procedure and that introduced in Wood et
al. (2002 and 2004) is that we performed it at the daily time scale ragmemonthly. We found

that mapping at the daily time scale resulted in monthly distributions in good agreement with
observations for the winter months (i.e., the main precipitation months), and in annual
distributions that are in good agreement with olstons.

For the future (projected) time series of precipitation, a similar technique was used. Each
simulated valug is replaced by an observed valudaving the same plotting position as a
valuex=y in the historical simulations. If the exact vakrey is not found in the historical
simulations, then interpolation between the two nearest points is used. In the case of an
extremely high valug that is larger than any value in the simulated historical time series, then a
fitted theoretical distributio is used that extends the range of that historical distribution for that
month. We experimented with several theoretical distributions and chose the Exponential
distribution because it provides one of the best fits and is computationally simple. Thd metho
described in more detail in Appendix 9.2.

The distribution of annual maxima is well represented in the downscaled time series for the
annual day maxima, but undeepresents the highest values af&8/ annual maxima (for both
GFDL and PCM). Thisd tentatively attributed to a lower degree of temporal correlation in the
simulated time series during heavy storms, as compared to observations.

3.1.2 Wind Speed

Downscaled wind speed for the Tahoe basin was available only for the GFDL (A2 and B1
scenams), but not for the PCM. The only lotgrm wind daily data that can be used to calibrate
the modeled GFDL wind are from the South Lake Tahoe Airport, for the period20889 An
examination of the modeled winds showed that they were primarily uniesdhshigh. To

adjust them downward, we used a quantile mapping approach similar to the bias correction
method used for precipitation. The details of the wind adjustment are shown in Appendix 9.1.

3.1.3 The Palmer Drought Severity Index

The Palmer Drought Severity Index (PDSI) is a widedged and convenient index of regional
drought, and has been used to characterize the effect of climate change on drought duration and
severity (Kothavala 1999). Palmer (1965) defined a drought peridbckas i nt er v a l of

ti meéduring which the actual moisture supply
the climatically expectedémoisture supply. o
in which the soil isckettaded BesapwbnDr @anmsipierc aeid

empirical Thornthwaite (1948) method. PDSI can be calculated at a weekly or monthly time
scale from average weekly or monthly temperature, precipitation and the available water
capacity (AWC) of the soilSoil water deficit in the model is cumulative, so that the index
reflects the persistence of a drought. The simplicity and relatively low data requirements are
both an advantage and weakness of the PDSI (Alley 1984).
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The PDSI calculation involves callating a set of four water balance coefficients from regional

climate data, for potential evapotranspiration, potential recharge, potential loss and potential
runof f . The formul ati oncalfi Wrhaet imogle® | i n htah a twet
coeficients are calculated for each set of input precipitation and temperature data, to produce a
predetermined distribution of the PDSI (Wells et al. 2004). This means that the PDSI values for

one climatic region or time period cannot be compared with thioseother, because both

results will have about the same distribution of PDSI values. The method can, however, but used

to compare time trends between regions or between climate change scenarios.

To calculate PDSI, we selected a subwatershed near TatyoeWWe used the LSPC hydrology
model (see Section 4.0) to generate daily rainfall, snowmelt and runoff, along with average daily
temperature. Daily snowmelt was added to rainfall to generate total soil water input, so the
model results should reflettte impact of changes in snowfall and snowmelt timing on available
soil water. Daily values of soil water input were added and daily temperature values were
averaged to get weekly input data for use in the model. AWC was taken from the NRCS Soil
Survey Report for the Tahoe basin.

3.1.4 Streamflow Statistics

For characterizing the projected shift in snowmelt timing over tie@itury, we used the date
of the centroid of the amual hydrograph (Barnett et al. 2008; Stewart é2@05). This value,
called the Center Timing (CTis calculated as the dischargeighted mean day in the water
year,i.e. CT =E(tig)/ E ¢), where t= the ith day in the water year, agd- discharge on the ith
day.

Previous work on the shift in snowmelt timing in fhehoe basin examined the trends in both

the spring snowmelt peak timing (SMPT) and CT (Coats 2010). The former is more sensitive
spring temperature trends, and for 5 streams in the Tahoe basin, the timing shi2Q%y2
averaged0.4 days yr, whereasghe CT did not show significant trends for basin streams. The
CT is thus is a more conservative measure of the shift in runoff timing than the SMPT, possibly
because springtime air temperatures in the Sierra are increasing faster than those in fall and
winter (Coats 2010; Cayan et al. 2001). The CT also has the advantage that it is influenced by
large winter rainstorms as well as by snowmelt, whereas the SMPT only reflects snowmelt
timing.

The Upper Truckee River (UTR) is the largest tributary watershedke Tahoe (142 ki

accounting for about 17 percent of the annual runoff to the Lake (Jeton 1999). The highest
elevation in the UTR is 3,067 m, and at higher elevations much of the annual precipitation falls
as snow. The LSPC hydrology model cadtes the hourly streamflow for the 183 defined
subwatersheds in the Tahoe basin for the GFDL B1 and A2 scenarios, and routes the discharge
downstream to the Lake (Riverson et al. 2010). We averaged the UTR hourly discharge by day
over the modeled 2certury to calculate mean daily discharge (MDQ) and calculated the CT
date for each year.

For the MDQ values from the GFDL B1 and A2 scenarios, we developed flow duration curves

for the UTR, for the periods 204033, 20342066 and 206:2099. A flow duratn curve
shows the percent of the time that a given discharge is equaled or exceeded. To remove apparent
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bias in the GFDL/LSPC daily discharge, we first calculated flow duration curves from the USGS
record, and from the GFDL/LSPC output for the same thespeeriod (19721999). We then
interpolated | og discharge at equal valwues of
and found the equation (& 3order polynomial, with R= 0.995) that mapped the historic

modeled curve onto the curve frdahe gage data. We then used this equation to adjust the

projected future flow duration curves.

A flow-duration curve is useful for characterizing the total time distribution of stream discharge,
but it is not very useful for showing the frequency of exte high and low discharge events. To
analyze the projected changes in flood frequency for the UTR over Yroetury, we first
compared the flood frequency curve from the historic (1B229) gage record for the UTR

(USGS Station No. 10336610) withetlsurve derived from the maximum annual GFDL/LSPC
hourly discharge for the same period. tegarson flood frequencies were estimated with the
method of Bulletin 17B (USGS 1982) for flood flow frequency
(http://www.usgs_pub_17b_flood_flow.pdxcept that outliers were not excluded.

The comparison of the two curves showed that the GFDL/LSPC curve was somewhat higher
than the curve from the gage data. To adjust the modeled output to the sametkeale as

measured discharge, we used a linear regression of the log flood magnitude from the USGS data
versus the modeled log flood magnitude, at equal recurrence inter¢al® @97). The

resulting equation was then used to adjust the modeled flood frgouemnwes downward. We

then calculated confidence limits for the estimated flood frequencies according the Bulletin 17B
method, and compared the calculated flood frequencies from the USGS gage rece0QB)72

with the projected frequencies for the th8eyr periods in the ZLCentury (Zou and Donner,

2007).

The shift in snowmelt timing suggests that we might expect an increase in frequencyfloilow
events. To test this hypothesis, we calculated the annual minirtay IBw flow for the UTR
for the GFDL A2 and B1 cases, and tested for a time trend over theefitury using Mann
Kenddl test (Helsel et al. 2005; Heel and Franz 2006).

3.2 Results and Discussion

3.2.1 Air Temperature

Figure 31, panels & shows the projected average annugk@nd T, spatially averaged over

the Tahoe basin, for the A2 and B1 emissions scenarios, according to output from the PCM and
GFDL models. The upward trends for the A2 scenario are greater than for the B1, and the GFDL
model tends to produce a moegpid warming trend than the PCM. The trend for the GFDL A2
amounts to an increase over thé' 2éntury of about%. At an average adiabatic lapse rate,

this is theoretically equivalent to moving the lake from its present elevation of 1900 m down to
anelevation of about 1130 m. This would have a major effect on lake temperature, as well as on
the equilibrium climax vegetation in the basin.

3.2.2 Precipitation

The modeled Zicentury trends in total annual precipitation are shown in Figi@r¢ad).
These totals represent biesrrected baskwide averages, as explained above. The curves are
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from a LOWESS smoothing (Helsel and Hirsch 1995). The trends are not very seiacegt

perhaps for the drying trend for the GFDL A2 case during the latter half of the century. The
important change is not in the total amount, but in the form of precipitation. The shift from snow
to rain (averaged oV eagbasinhieshov2in Figure3® Simcethel s f or
average includes cells centered over the lake, the trend slope is greater than the trends shown for
the 183 LSPC watersheds in Figure3 dnd 44, since average elevation of the watersheds is

higher than the Tade basin average.

The shift from snow to rain will result in less springtime water storage in the pack. This will
decrease the water availability for plants, and contribute to earlier drying of fuels on the forest
floor (Westerling et al. 2006). A ttimer snowpack will also likely have a negative effect on
winter recreation.

The slope of the trend from snow to rain in Figw& @ay be on the low side. In a study based
on 30 years of snow survey data (19696) from 260 snow courses in the SidMevada,
Johnson et al. (1999) found that the Tahoe basin had the highésblbgercerd in May snow
water equivalent (SWE) of any of the 21 river basins studied. This is consistent with the
observation of Coats (2010) that the historic warming trenthé&ahoe basin is higher than
that for the surrounding region. The modeling and downscaling procedure used in this study
cannot capture such regional differences.

3.2.3 Wind

Trends in wind enter into our modeling in two ways. First, wind plays andheisnowmelt
routine of the LSPC, since warm winds accelerate snowmelt. During-arraimow event, the
transfer of sensible heat from the air by advection contributes more to the melting of the pack
than the heat content of the rain. Second, wingspgdamajor role in mixing the lake.

Different climate models can produce conflicting results for trends in wind. Unfortunately there
were technical problems in downscaling the PCM winds, so the hydrologic and lake modeling
proceeded with only the GFDL.

It is important to consider both the trends in average and extreme winds, since both may play a
role in lake mixing. The seasonal distribution is critical, since summer winds may deepen the
warm epilimnion (increasing stability) and winter winds ar@oasible for deep mixing and
breaking down the thermal stratification. Figuré 8hows the significant trends in average
monthly winds, and Figure-8 shows the trends in maximum monthly wind. Note that winds
tend to increase during the summer, andebess in fall and winter. Both of these trends will
contribute to increased thermal stability of the lake.

3.2.4 Drought

The Palmer Drought Severity Index (PDS) responds to changes in temperature and precipitation
over the 21 century. Figure & showsthe results foffahoe City, for the GFDL A2 scenario.

There is a downward trend (increasing drought) to about 2045, followed byrarghd toward

wetter conditions, and then a steep trend toward drought for the remainder of the century.
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3.2.5 Streamflow Statistics for the Upper Truckee River

With both the B1 and A2 scenarios, the GFDL shows a downward trend in the Center Timing of
annual runoff of the UTR (Figures? and 37b) over the 2% century. The shift toward earlier
timing of the hydograph centroid reflects both earlier spring snowmelt and the shift in
precipitation from snow to rain. The trend in CT is consistent with the scientific literature (e.g.
Dettinger et al. 2004, Cayan et al. 2001; Dettinger and Cayan 1995; Johnsoh9&%aIStewart

et al. 205).

The shift in CT is reflected in the flow duration and {dew statistics, at least for the A2

scenario. Figure-8 shows the flow duration curves for the UTR from both the USGS gage
record (19721999) and the modeled rundfébm the GFDL and LSPC for the same period.

These are the curves used in the quantile mapping to adjust the B1 and A2 flow duration curves
for the three 33/r periods shown in Figures@ and 3b. In the B1 scenario, the curve for the
203466 period fils below the other three curves, but the difference is slight. For the A2
scenario, the daily streamflow for last third of the century falls well below the curves for the first
two thirds of the century, and below the historic gage data curve. Theislite flow duration
curves are reflected in the annual yields for the UTR. The downward trend in annual yield over
the 2£' century is-0.37 x 16 m¥yr (P < 0.04) for the A2 scenario, as@i29 x 16 m*/yr for the

B1 scenario (P <0.11).

From a resorce management perspective, the changes ifltawand flood frequency may be
more important than the flow duration statistics. Figufi®3hows the time trend in the annual
minimum 5day low flow for the UTR for the A2 scenario (P < 0.0007, by therviéandall
trend test). There is no trend in thel&y low flow under the B1 scenario.

The downward trend in theday low flow may understate the seriousness of the problem from a
biological standpoint. The UTR (like many of the Basin streams) flomsigh coarse alluvium

in its downstream reaches, and in very dry years, there is no surface flow. The modeled output
of streamflow from the LSPC does not take account of this hydrogeomorphic condition. With
the A2 scenario, the frequency of completarayyn the lower reaches of basin streams will
increase.

Figure 311 shows the calculated flood frequency curves for the UTR gage record20@3R

the GFDL/LSPC modeled flood data. The USGS curve is based on the annual maximum
instantaneous flow, wheais the modeled curve is based on the annual maximum hourly flow.
The latter should be slightly lower than the former, although for a basin the size of the UTR, the
two values would not be much different. The modeled curve, however, is higher tharvéhe cur
for the gage data. The equation relating the two curves that was used to adjuStc#ra 2y
computed curves is shown on the figuré £90.997).

The curves for the two scenarios and threg33eriods are shown Figuresl2a and 3L2b, and

the percent change for each from the historic gage record is shown in FidGeedhd 3L3b.

The greatest impact of climate change on the future flood frequency estimates is for the middle
third of the century under the B2 scenaridis is consistent witrhe GFDL/LSPC results,

which show that the reduction in snowpack depth and duration in the middle third of the century
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(averaged over the Tahoe basin) is actually greater for the B1 than for the A2 scentré
latter, the snowpack depth and durationhie middle third of the century are greater than in the
first or last thirds of the centu§Riverson et al., 2010)
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Figure 31 (ad). Projected average annualJand Tnin, averaged over the Tahoe basin,
for the A2 and B1 emissions scenariosm the GFDL and PCM results.
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40 PROJECTED FLOW, NUTRIENT AND SEDIMENT LOADS BASED ON
CLIMATE CHANGE USING OUTPUT FROM THE LAKE TAHOE
WATERSHED MODEL

4.1 The Lake Tahoe WatershedVodel

The Lake Tahoe Watershed ModeEPC or Load Simulation Program in C++; Tetra Tech
2007)provides a procedsased numerical representation of key watershed boundary conditions
Outputs include daily stream discharge and concentrations of suspeddedrd, total N, and

total P.The model wasleveloped for use in the Lake Tahoe TMDL (Lahontan and NDEP

2010a) and wasalibrated using both land use specific and instream discharge monitoring data
from the Lake Tahoe Interagency Monitoring Progrdime nodel subdivides the basin into 184
subwatersheds and uses hourly values of precipitation, air temperature, wind speed, dew point,
evapotranspiration and solar radiation. Weather data are what drive hydrologic and water quality
processes in the model. A amptual representation of the model is shown Figtie

The method used to simulate snow behavior is the energy balance approach. The LSPC SNOW
module uses the meteorological forcing information to determine whether precipitation falls as

rain or snow, bw long the snowpack remains, and when snowpack melting occurs. Heat is
transferred into or out of the snowpack through net radiation ¢@atection of sensible heat

from the air, latent heat transfer by moist air condensation on the snowpack, raondaction

from the ground beneath the snowpack. FighPeis a schematic of the snow process. The

snowpack essentially acts like a reservoir that has specific thermodynamic rules for how water is
released. Melting occurs when the liquid portionofthesnp ac k exceeds the sno
holding capacity; melted snow is added to the hydrologic cycle.

4.2  Watershed Modeling Assumptions

This study applies the Lake Tahoe Watershed Model to evaluate only the impact of climate

change in isolation of all other mble changes that could be occurring within the watershed. In

ot her words, only the f CHKFigumihaagedwahtlealbothero mp on en
components remain at presealaty conditions. The following assumptions were made for the

watershed modeuns:

1. Existingwatersheaonditionsremain the same for the entire projected years; thahds |
use, geologyandvegetation are constant
2. Existing management practicesmain the same.
3. Existing condition stormwater pollutant concentrations are usédpnedicted future
flows.
4. Stream bank erosion, atmospheric deposition, and near shore impacts are not considered.
5. Climate is the only changing varialidetween different scenarios.

Three alternative climate datasets were run through the watershedtongeeérate the
watersheebased comparisons described in this report:
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e Model Baseline: GFDL Historical (19671999)
e Scenario 1: GFDL A2 (20022099)
e Scenario 2: GFDL B1 (20022099)

The two climate change scenario reporting intervals were dividethindecenturyblocks

(20022033, 20342066, and 2062099) for comparison with the baseline scendviodeled

historical data (from GFDL) was used in simulations instead of measured historical data to focus
comparison of results on climate change signadsavoid the influence of residual discrepancies
between measured and modeled data. Various statistical properties of modeled and measured
historical climate data were checked for consistency as described in Section 5 and Appendix 9.2
to ensure the analigswas representative.

4.3  Weather DataDisaggregation

The downscaled climate datasets (presented on a daily basis) were disaggregated down to an
hourly timestep to drive the watershed model. The procedure for weather data processing is
briefly outlinedand described below:

4.3.1 Precipitation

1. The SNOTEL hourly data at each station were categorized into 12 bins by month.

2. For each monthly bin, daily totals were computed and ranked by magnitude.

3. These daily totals within each monthly bin were furthergateed into 16percentile
interval bins (yielding a total of 120 mongiercentile bins). The corresponding hourly
SNOTEL distributions from the original watershed model simulation were stored in each
of these 120 bins. There was an average of 28 howetygatation distributions for each
of the 120 montipercentile bins (80 summer wet days, &b winter wet days).

4. The daily downscaled grid data were likewise classified by month and percentile
(according to rainfall magnitude).

5. The nearest, most represstive SNOTEL gage was assigned to each of the 12 grid
centroids as listed in Tabtel.

Table4-1. The selected SNOTEL gage associations for each of the 12 grid centroids

Grid number Grid ID SNOTEL gage
1 4 ECHOPEAK
2 5 HAGENS
3 9 RUBICON
4 10 FALLENLEAF
5 11 HEAVENLY
6 15 WARDCREEK
7 16 RUBICON
8 17 MARLETTELAKE
9 21 TAHOECITY
10 22 TAHOECITY
11 23 MARLETTELAKE
12 29 MARLETTELAKE
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For each day at each grid, the month and rank of precipitation magnitude were used to determine
which ofthe 120 observed data bins from which to select a distribution. One hourly precipitation
distribution was randomly selected from the corresponding SNOTEL rpentientile bin and

used to disaggregate the daily data to hourly for day.

4.3.2 Temperature/Depoint

The MIN and MAX temperature values for each day were disaggregated using average monthly
observed diurnal distributions at South Lake Tahoe Airport (12 diurnal distributooresfor

each month were computed using averages of each hour foenkiee period of record). For

each day, the respective (1 of 12) distribution was scaled between the projected MIN and MAX
from the downscaled record.

4.3.3 Shortwave Radiation

Total daylight hours for each day were calculated using the latitude ofedatell and
rotation/revolution of the earth. A sin function was used to disaggregate the total daily radiation
to hourly over the daylight hours, with the peak value at the middle hour between sunrise and
sunset.

4.3.4 Wind Speed

Wind was disaggregadeo hourly using a similar procedure as precipitation. Observed hourly
wind behavior at South Lake Tahoe airport was organized into month and pemcegiigude

bins. Average wind spegtbr the downscaled data were converted to total daily windltbgve
multiplying by 24. For each day, the downscaled wind travel totals were disaggregated to hourly
by randomly selecting a wind distribution from the mep#ércentile bins of observed

distributions.

4.3.5 Potential Evapotranspiration

Daily potential ETwas computed using the Penman method and the downscaled min/max
temperature, dewpoint, solar radiation, and winadgeneseries. Daily computed potentdl

was disaggregated to hourly with a sin curve across the daylight hours, which were computed as
a function of latitude and the rotation/revolution of the earth.

4.4  Projected Hydrologic Impactsof Climate Change

4.4.1 Snowfall versus Rainfall

Climate change resulshown in Figured-3 and Figurel-4 indicatea gradual shift in the
distribution ofsnowfall events towards rainfallhis shift is consistent regardless of which
approach is taken for this analysis (see Sections 3.0 and Bh@)trend seems to be gradually
increasing with increasing emissions and associated warming tesoting in increased

rainfall versus snowfalllThe A2 scenario shows a more rapid and intense trend as compared to
the B1 scenarioThe 100year projected results are divided into three groups (33 years in each
group) in order to compare against the 33 years @linasscenario.

4.4.2 Average Snow Pack Changes
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Theresultsshown in Figurel-5 and Figurel-6 indicatea graduatlecrease in average snow pack
depth. Figurel-7 and Figuret-8 show the annualized average daily snowpack depth for GFDL
A2 and B1 scenariespectively. For these graphs, each of thg&8 time intervals were
annualized by areaeighting snowpack depth for each subwatershed and sorting the averaged
values by calendar day. In other words, 33 x 184 values (number of years times number of

subvat er sheds)

wer e

averaged

for

each

c al

There are potentially notable impacts on the snowpack durafi#mtp-25%) and magnitde
(-3% to-60%), relative teexisting conditionsTable4-2 and Tablel-3 present synoptic
summary statistics for projected average snowpack start, peak, end, duration and associated
percent change (relative to baseline), and peak depth and associated percent change (relative to

baseline).

Figure4-9 through Figuré-11 for A2 scenario and Rige4-12 through Figurd-14 for B1

scenario show the spatial variation of percent change for snow pack oleplirstibwatersheds

endar

in theTahoe basin. The trend shows that the projected impact of snowpack depth changes
spatially during the course of tikbmate change scenarios, with the east side of the Lake being
more strongly affected relative to the west side towards the latter part of the century under

Scenario A2, but less affected relative to the west side under Scenario B1.

Table 42. Summaryahe of the snowpack depth f@FDL A2 scenario

Percent Peak Percent
Period Start Peak End Duration Depth
Change (in) Change
19671999) 6 Nov | &Mar | 11-dul 248 - 13.6 .
(Baseline)
20022033| 9-Nov 23-Mar 28-Jun 232 -6.5% 9.5 -29.6%
20342066| 16-Nov 5-Mar 29-Jun 226 -8.9% 10.9 -19.2%
20672099 | 29-Nov 22-Feb | 31-May 184 -25.8% 5.6 -58.6%
Table 43. Summarydbleof the snowpack depth f@FDL B1 scenario.
Percent Peak Percent
Period Start Peak End Duration Depth
Change (in) Change
19671999\ g \oy | gMar | 12-ul 249 . 13.5 .
(Baseline)
20022033 | 9-Nov 22-Mar 2-Jul 236 -5.2% 13.0 -3.7%
20342066 | 16-Nov 3-Mar 19-Jun 216 -13.3% 8.3 -38.8%
20672099 | 24-Nov | 28Feb 1-Jul 220 -11.6% 8.6 -36.3%

4.4.3 Average Evapotranspiration (ET) Changes
Theresultsshown in Figurel-15 and Figuré-16 indicatea gradualncrease in average ET.
Figure4-17 through Figurd-19 for A2 scenario and Figu#e20 through Figurd-22 for B1
scenario show the spatial variation of ET over the entire Lake Tahoe subwater&ned®nd
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shows that the impact of ET change is higher in the eastern subwatersheds of the Lake Tahoe
basin as compared to the western side of the lake.

4.4.4 Water Yield

Total water yield to Lake Tahoe is defined as the sum of all dirating tributaries plus

intervening zone flows. This is the resulting water after any and all transport losses or gains have
been considered. Figu#e23 and Figuret-24 show total wateyield for scenarios A2 and B1,
respectively.

4.5  Projected Water Quality Impacts

The changes in sediment yield to Lake Tabased on the expected climate change anticipated
for the Basin argshown in Figure €5 (A2 scenario) and in Figure26 (B1 se@nario) They
indicate that sediment loaday stay uniform or increase slightlyup to 5 percentrelative to
baseline loads. However, because the model predicts there witlderease in total flow over
the same period, instream sediment concentstiminild show anncrease under climate
change. Nutent loads are shown in Figure2Z (A2 scenario) and in Figure28 (B1 scenario).
The trends suggest that nutrient loadshguldgenerally deline in association witthe
predicteddecreasing water yielto the lake (Figures-23 and 424). For the first twethirds of

the 2F' Century, nutrient loads are predicted to decline by abdilt Bercentelative to baseline
conditions Thereafter (until 2099) total N and total P loads could drop B§07Bercen

Spatialanalyses were also performididentify the locations that most contributed to
maintaining the sediment load relatively constant compared to baseline, in spite of decreasing
flows. Fine sediment particleads (number of particlesyere estinated using the urban and

rural landuse distribution by subwatershed, together with the particle count converters used in
the TMDL analysigLahontan and NDEP 20D3-igure 429 (A2 scenario) and Figure3D (B1
scenario) show the spatial variation ofefisediments at the watershed level.

A few notable observations appear in these maps. The higher elevation watersheds (northern and
western) show the largest increase in fine sediment particle generation. This is most likely
because the effect of the sHitbm snow to rain is most pronounced in areas that are already

wetter under baseline conditions. Shifting from snow to rain is linked to increased urban runoff,
which increases the fine sediment count more dramatically. On the other hand, the southern and
eastern subwatersheds generally show a decrease in fine sediment load. In these areas, although
the shift from snow to rain holds true, the overall drop in water volume under climate change
projections has more of an impact in reducing sediment loadtbashift from snow to rain.

Therefore, these areas show a net decrease in fine sediment particle loading under climate
change projections. Overall, the increase in the higher and wetter elevation subwatersheds is
balanced by the decrease in the loweraien dryer subwatersheds.
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Figure 41. Lake Tahoe Watershed Model conceptual process interaction diagram.
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Figure 42. Lake Tahoe Watershed Model conceptual snow simulation schematic
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Figure 44. Snowfall versus rainfall trend for GFDL B1 scenario.
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Figure 45. Average snowpack depth time series for GFDL A2 scenario.
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Figure 46. Average snowpack depth time series for GFDL B1 scenario.
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Figure 47. Annualized average daily snowpack depth for GFDL A2 scenario.
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Figure 48. Annualizedaverageadaily snowpack depth for GFDL B1 scenario.
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Figure 49. Spatial variation of snowpackepth for GFDL A2 scenario (20€2033).
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