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Abstract 

 
The 21st Century global climate is expected to experience long-term changes in response to 

anthropogenic greenhouse gas emissions.  Discussions on the potential impacts of climate change 

on water resources in the Lake Tahoe basin have only recently begun and our scientific 

understanding to date has focused on identifying existing impacts and trends 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 temperature, amount and type of precipitation, 

stream discharge, 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 developed for the Lake Tahoe TMDL. A sophisticated statistical 

downscaling methodology was applied to the model outputs of the of the Geophysical Fluid 

Dynamics Laboratory Model (GFDL) and the Parallel Climate Model (PCM) given the A2 and 

B1 emissions scenarios, to produce simulated data records at a 12 km grid scale in the Tahoe 

basin for the 21st Century (2000-2099).  

 

The results show:  

1)   Upward trends in Tmax and Tmin, with trends for the GFDL > PCM, and trends for the A2 > 

B1,  

2)   No strong trends in annual 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 scenarios,  

4)   A downward shift in the hydrologic flow-duration curve for the A2 scenario in the last third 

of the century,  

5)  Some increases in drought severity, especially toward the end of the century,  

6)   Dramatic increases in flood magnitude in the middle third of the century, especially with 

the B1 scenario,  

7)   Sediment and nutrient loading to Lake Tahoe should not increase, to any meaningful level, 

as a result of climate change and may actually decrease due to the estimated decline in 

water yield,  

8)   That while climate change will result in a modest decline in BMP performance for fine 

sediment particle load reductions (i.e. increase in average pollutant load), any diminished 

performance will be relatively small and load reduction should still be significant, 

9)   That by the middle of the 21st Century (after about 2050) Lake Tahoe could 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 annual loading of soluble reactive phosphorus under sustained conditions of lake 

stratification (no deep mixing) and anoxic sediments could be twice the current load from 

all other sources.  Loading of ammonium under these conditions could increase the amount 

of biological available nitrogen that enters the lake by 25 percent. This effect on the Lake 

Tahoeôs nutrient budgets could have a dramatic and long-lasting impact on the food web 

and trophic status of Lake Tahoe,  

11)   That the resulting annual Secchi depth in the later portion of the 21st Century could be in 

the range of 15-20 m as compared measured values of 21-22 m since 2000 and, 

12)   Climate change will drive the lake surface level down below the natural rim after 2086 for 

the GFDL A2 but not the GFDL B1 scenario. 



1.0 INTRODUCTION   

 

1.1 Emissions and Global Climate Models 

The 21
st
 Century global climate is expected to experience long-term human-induced changes in 

response to greenhouse gases that have been added to the atmosphere by human activities. 

Several decades of warming and a variety of hydrologic and landscape responses have already 

occurred and are expected to accelerate in the 21
st
 Century until greenhouse-gas emissions are 

brought under control and even reversed (IPCC 2007). 

How these global-scale climate and landscape changes will play out in the Tahoe basin is highly 

uncertain, but current numerical models of the global climate system provide a number of 

plausible scenarios that can be investigated and evaluated to determine likely points of particular 

vulnerability in the basinôs hydrologic characteristics, nutrient and sediment loading, and lake 

response. Given widespread concerns about the approaching climate changes, such assessments 

are being performed in local to regional resource systems worldwide--assessment 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 round of State-scale climate-change assessments using scenarios of the sort analyzed 

here, a new US national assessment of potential climate-change impacts is in planning stages and 

will be largely scenario based, and the next IPCC Assessment is expected to focus even more 

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

These various assessment activities typically begin by identifying some workable number of 

climate-change projections generated as simulations by a variety of global climate models forced 

by selected scenarios of future economic development and resulting greenhouse-gas emissions. 

Simulations from current global models typically are made on very coarse spatial grids, with 

model grid points separated geographically by anywhere from 1º latitude and longitude to as 

much as 3º 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, the second step in most local to regional assessments is to ñdownscaleò 

global-model 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 

downscaled versions of the climate-change 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. Having identified key 

vulnerabilities to the climate changes investigated, options for adaptation of existing 

management systems or structures canðin principleðbe identified and weighed, as can options 

for new management approaches. 

  

1.2 Climate Change and Water Resources  

A complete understanding the historic and likely future conditions of Lake Tahoe requires 

consideration of the input of water, nutrients, sediment and energy from the lakeôs watershed and 

from the atmosphere.  Previous work on the historic trends in the Basinôs hydroclimatology in 

the 20
th
 Century indicated 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 
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rainfall intensity, increased interannual variability, and increase in the temperature of Lake 

Tahoe (Coats et al. 2006; Coats 2010).  The latter investigation included a comparison with other 

areas in the vicinity of Lake Tahoe in order to relate these observations to large-scale regional 

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 on coarse-scaled 

future meteorologic conditions.   

 

Recent work on climate change impacts 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 et al., 2005), the shift from snow 

to rain (Knowles et al., 2006; Regonda et al., 2005), the earlier onset of spring (Cayan et al., 

2001); and the effect that these changes will have on water supply in California and throughout 

the western US (Hamlet et al., 2005; Barnett et al., 2008; Mote et al., 2005 ).  Pierce et al. (2008) 

showed that about half of the observed decline in western U.S. springtime snowpack (1950-

1999) results from climate changes forced by anthropogenic greenhouse gases (GHGs), ozone 

and aerosols. In 2007, the catastrophic 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); Running, 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 annual amount of precipitation change? 3) how will the changes in temperature 

and precipitation affect drought? 4) how will changes in precipitation affect streamflow regimes, 

especially high- and low-flow frequency-magnitude relationships?  The purpose of this paper is 

to begin answering these questions.  Our approach is to downscale the output for the 21
st
 century 

from two General Circulation Models (GCMs) and two emissions scenarios, and use the 

downscaled output to drive a distributed basin hydrology model.  The output 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 sub-basins and sites in the Tahoe basin. 

 

1.3 Lake Tahoe: Concern with Climate Change  

Lake Tahoe is world renowned for its natural beauty and cobalt-blue color. However, long-term 

monitoring shows that (1) Secchi depth transparency has declined by 10 m since 1968, (2) the 

rate of 
14

C primary productivity continues to increase at about 5 percent per year, and (3) thick 

growths of attached algae cover portions of the once-pristine shoreline.  Additionally, like many 

lakes world-wide, Lake Tahoe has been affected by non-native species that were either 

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

 

Lake clarity is driven by the influx of phosphorus, nitrogen but especially fine sediment particles 

<16 m in diameter (Lahontan and NDEP 2010a; Sahoo et al. 2010).  These pollutants come 

from land disturbance and urbanization (including roadways and road maintenance) and their 

transport to the lake is further exacerbated by an accompanying loss of natural landscape capable 

of treating runoff.   
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Fine sediment particles come primarily from the urban setting (72% of total), while 55% of the 

nitrogen enters Lake Tahoe via direct atmospheric deposition.  Surface runoff from the urban and 

non-urban portions of the landscape account for 39% and 26% of the phosphorus load, 

respectively (Lahontan and NDEP 2010a).  The Lake Clarity Model shows that the 30 m target 

can be achieved if nutrients and particles from all sources are reduced by 55 percent or with a 75 

percent reduction from just urban sources.  Based on a pollutant reduction opportunities analysis 

for the Tahoe basin, the 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, respectively (Lahontan and NDEP 2010b). 

The results from paleolimnological research and an empirical Secchi depth versus particle 

relationship suggest that Lake Tahoe can improve once loading is reduced (Heyvaert 1997). A 

model simulation where all fine particles from urban source are set to zero results in a 31 m 

Secchi depth 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 Environmental Improvement Program (EIP) that was developed by the Tahoe Regional 

Planning Agency (http://www.trpa.org/default.aspx?tabid=227).  The EIP was highlighted during 

the 1997 Presidential Summit at Lake Tahoe in order to focus actions related to lake and 

watershed management. According to the TRPA, the EIP ñencompasses hundreds of capital 

improvement, research, program support, and operation and maintenance projects in the Tahoe 

Basin, all designed to help restore Lake Tahoe's clarity and environment.ò 

 

The Lake Tahoe Total Maximum Daily Load Program (TMDL) can be considered a science-

based operational blueprint for implementation of the EIP. The Lake Tahoe TMDL (1) quantifies 

fine particle and 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 framework for a 

plan to achieve an annual average Secchi depth of 30 m as required by existing regulations.  

 

1.4 Goals and Objectives  

 

While the Lake Tahoe TMDL considers climate change in a conceptual manner (Lahontan and 

NDEP 2010b), a more quantitative analysis was unavailable.  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, pollutant 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 decision-makers with a 

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 assessing the implications of hydrologic changes associated with climate charge for 

(1) changes in loads of sediment and nutrients to Lake Tahoe, (2) design and effectiveness of 

Best Management Practices (BMPs) and (3) lake response to warming. 

 

http://www.trpa.org/default.aspx?tabid=227
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The results of our investigations have been used to address the following specific questions: 

 

 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? 

 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? 

 How will the magnitude and frequency of runoff, both from the entire Lake Tahoe 

drainage basin and to water quality treatment projects (BMPs) respond to climate change 

in the 21
st
 Century? 

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

change? 

 What is the expected impact of a change in hydraulic and pollutant loading on BMP 

treatment and project implementation? 

 How would reduced mixing of the lake affect deep-water dissolved oxygen and nutrient 

release from bottom sediments? 

 

1.5 Overview of Approach  

To analyze the likely future impacts of climate change on hydrology and water quality at Lake 

Tahoe, four models (or suites of models) were used together.  First, a General Circulation Model 

(GCM) of global climate was employed to generate future scenarios of climate variables, at 

appropriate time and spatial scales.  To be applied at the scale of the Tahoe basin, the model 

output was downscaled using local records of temperature and precipitation. 

 

Second, a watershed model was used to model or predict stream discharge and loads of nutrients 

and sediment in response to long-term climate trends. For development of the Total Maximum 

Daily Load (TMDL) allocations for the Tahoe Basin, Tetra Tech (2007) customized the Load 

Simulation Program in C++ (LSPC) model for Tahoe 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 discharge and water 

quality to generate existing condition loads for ammonia, nitrate, organic nitrogen, dissolved 

phosphorus, and organic phosphorus (Lahontan and NEP 2010a).   

 

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 water quality requirements 

(Sahoo et al. 2010).  DLM-WQ is a complex system of sub-models including the hydrodynamic 

sub-model, ecological sub-model, water quality sub-model, particle sub-model and optical sub-

model.  

 

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

analyzed.  For the Lake Tahoe TMDL, the Pollutant Load Reduction Model was developed to 

analyze the reduction in pollutant loads associated with specific BMPs and sets of BMPs (nhc et 
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al. 2009).  It can be used to compare the effectiveness of a given BMP design with and without 

the increased magnitude and frequency of runoff that may result from climate change.  Figure 1-

1 is a flow chart showing the flow of information used in this project. 
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Figure 1-1.  Summary of information flow used for modeling and analysis. 



 
 

7 

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 study, the most attention was placed on simulations by NOAAôs Geophysical Fluid 

Dynamics Laboratory (GFDL) - at Princeton University - global climate model (CM2.1) and its 

response to two greenhouse-gas emissions scenarios generated by the IPCC for its Special 

Report on Emissions Scenarios (Nakicenovic et al. 2000).  The A2 emissions scenario is one that 

is based on assumptions of a very heterogeneous world economy with high population growth, 

moderate overall economic growth, and resulting emissions that accelerate throughout the 21
st
 

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

ñworst caseò scenario, but recent evaluations have shown that in the past decade, emissions have 

actually exceeded the A2 trajectory; consequently, currently A2 is being viewed as more of a 

middle-of-the-road or business-as-usual scenario and other even more severe emissions scenarios 

are being evaluated in many studies just starting now (Figure 2-1). Climatic responses to a 

second emissions scenario labeled B1 were also evaluated as part of our study. The 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 (Figure 2-1). The B1 scenario is considered to be an optimistic scenario that results in 

much less change and challenge than does the A2 scenario.  It is noteworthy that 2004 through at 

least 2007, global CO2 emissions from fossil fuels actually exceeded the IPCC/SRES trajectory 

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 two-dozen climate models that were evaluated in the most recent 

Intergovernmental Panel on Climate Change Assessment (IPCC 2007). Simulations of 

temperature and precipitation from another climate model, the National Center for Atmospheric 

Researchôs Parallel Climate Model (PCM1), were also obtained and downscaled for the present 

study. The PCM1 model warms less than most of the other IPCC climate models. By considering 

climatic responses simulated under high-emissions A2 and low-emissions B1 scenarios by highly 

responsive GFDL and a minimally responsive PCM model, this study, when required, had the 

opportunity to evaluate potential impacts from the broad range of possibilities spanning the range 

of scenarios presented in the most recent IPCC global assessment. These same scenarios were 

also key components of the recent State of California climate-change assessments (Cayan et al., 

2008, 2009). 

2.2 Approaches to Downscaling 

Downscaling is the process of transforming simulated climate variables from coarse-grid climate 

models to produce estimates of what climate variables would look like at higher resolution of 

spatial scale. Many 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 models or relations between coarse-grained historical observations and 

their higher resolution counterparts as a basis for inferences about the high-resolution 
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implications of climate-model outputs) and dynamical methods (which apply climate models that 

have much 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 suffer from very high computation 

costs so that it is still rare to see dynamically downscaled products that span more than 20-30 

years. Furthermore dynamically downscaled products still maintain, or even worsen, biases 

suffered by the global models, so that it is generally 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 methods, however, make explicit or implicit assumptions that historical (statistical) 

relations between coarse-grained climatic variables and their high-resolution counterparts will 

not change in the future as the global climate changes.  

2.3 Downscaling of Tahoe Basin Climate Data 

In this study, a statistical method, called constructed analogs method (Hidalgo et al., 2008), was 

used to downscale daily global climate-model outputs from their original roughly 2º latitude-

longitude grid spacings onto a 1/8º (roughly 12 km) grid. Figure 2-2 is a schematic of the method 

wherein, given a coarse-gridded depiction of some dayôs climate (weather), the first step is to 

identify a set of days with coarse-gridded climate patterns in the historical record that are similar 

to the model pattern. The linear combination of the weather maps from these coarse-grained 

historical analogs that best fits the model pattern is determined by simple linear regressions. The 

constructed analog method then applies the same regression coefficients to the high-resolution 

maps of those historical analog days to obtain a high-resolution 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 downscaled by constructed analogs, with results compared to the 

original, unmodified high-resolution fields. Figure 2-3 shows the correlations between daily 

ñanomalizedò temperatures and precipitation totals from the unmodified datasets and from the 

coarsened-and-then-downscaled results, where ñanomalizedò means ñwith long-term-mean 

seasonal cycles removed at each grid cellò so that no credit is given for knowing that winters are 

colder than summers or that high places are cooler than low, etc. High-resolution temperature 

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 correlations 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 correlations are quite high (>0.95). 

Thus the constructed analogs method can recapture high-resolution historical temperature and 

precipitation variations from a version of the historical record that has been re-gridded onto the 

coarse global-climate model grids with impressive skill.  

Temperature trends in downscaled versions of the GFDL projections under A2 and B1 emission 

scenarios are shown in Figure 2-4. Temperatures rise by somewhat over 4ºC in the vicinity of the 

Tahoe basin by 2100 under the A2 emissions scenario and by about 2.5ºC under B1 emissions. 

Under both scenarios, the GFDL responds to greenhouse-gas emissions with drying trends of 10 

to 20 cm/yr/century over the Sierra Nevada and Tahoe basin (Figure 2-4). Figure 2-5 shows 

projected temperatures and precipitation from the less-sensitive PCM1 model under the A2 
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emissions scenario. Under the A2 emissions, the GFDL model projects warming by over 4ºC in 

the vicinity of the Tahoe basin (Figure 2-4) whereas the PCM1 model projects only about 2ºC 

warming (Figure 2-5). Both models (PCM1 not shown) warm considerably less under the B1 

emissions, so that although there is considerable uncertainty about the actual magnitudes of 

warming to be expectedðas indicated by the model-to-model differences in Figure 2-5ðless 

emissions (e.g., B1) is projected to result in less change in whichever model turns out to be 

closer to the real future. The PCM1 projections of future precipitation (Figure 2-5) yield less 

precipitation change than does the GFDL model (Figure 2-4), indeed very little change at all over 

the Tahoe basin. 

Most climate-change 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 its deep-mixing and turn over, its future water quality and clarity, and to the microclimate of 

the basin, several additional climate variables were also downscaled and assessed. These 

additional variables were surface-wind speeds, downward shortwave (solar) radiation fluxes and 

downward longwave (infrared) radiation fluxes at the surface, and 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 available. Therefore the strategy used here was to draw instead upon 

the high-resolution regional-climate model output (called CARD10; Kanamitsu and Kanamaru 

2007a,b) from a historical simulation of climate on a 10-km grid over California and Nevada that 

was closely constrained each day by observations and a global climate product called the 

NCAR/NCEP Reanalysis fields. This regional-model product is the best approximation available 

as to how climate variables like surface winds and radiative fluxes varied over the landscape at 

high geographic resolutions and on a daily basis from 1950-1999. The CARD10 variables were 

treated the same as the observationally based historical temperature and precipitation fields 

discussed earlier to test the applicability of the constructed analogs method to downscaled these 

variables from global-model 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, so that only the GFDL trends in these variables can be considered here. 

Also, problems with output for humidity saved from the GFDL projections prevented us from 

being able to downscale humidities for this study. 

Figure 2-6 shows anomaly correlations between monthly means of historical CARD10 values of 

surface-wind speeds, downward shortwave insolation, and downward longwave radiation and 

coarsened-and-then-downscaled versions of the same. Downward longwave fluxes are very well 

downscaled (correlation > 0.95 over Tahoe basin), surface-wind 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. 

Notably, surface-wind speeds were not directly downscaled in this test, but rather southerly and 

westerly wind components were downscaled in parallel from global-model values and only then 

combined to calculate wind speeds, which were tested here. 

Downward longwave radiation is projected to increase under both the A2 and B1 scenarios 

(Figure 2-7). 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 and re-radiation 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 downscaled fields, downward 

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 experiment here, solar insolation appears to decline 

slightly under A2 emissions (due to increased cloudiness) and may increase even less under B1 

emissions (Figure 2-8). Similarly mean surface-wind speeds are projected to change by only a 

few percent on average over the Lake Tahoe basin, under the two emissions scenarios (Figure 2-

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 

accepted 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 downscaling is unique, with no other 

climate modeling results of this type available for this region. The modeled meteorologic 

conditions in the 21
st
 Century allows us to (1) evaluate changes in basin hydrology under climate 

change ï and compare this to past trends (Chapter 3), (2) use this meteorologic output to drive a 

series of management models customized for application in the Tahoe basin (i.e. LSPC
++

 Tahoe 

Watershed Model, Pollutant Load Reduction Model and the DLM Lake Clarity Model (Chapters 

4, 5 and 6). Finally, this downscaled output is now available for use by others who wish to study 

the ecological (e.g. fire frequency, vegetation type) or economic (e.g. snow-dependent 

recreation) impacts of climate change in the Tahoe basin. This contribution is viewed as a 

significant product of this study. 
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Figure 2-1. Changes in global anthropogenic greenhouse-gas radiative forcing of climate 

in the 20
th
 Century and under several scenarios of future emissions. 
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Figure 2-2. Schematic depiction of the two primary steps in downscaling climate model 

outputs by constructed-analogs method. More detailed description available at 

http://www.energy.ca.gov/2007publications/CEC-500-2007-123/CEC-500-2007-

123.PDF 

http://www.energy.ca.gov/2007publications/CEC-500-2007-123/CEC-500-2007-123.PDF
http://www.energy.ca.gov/2007publications/CEC-500-2007-123/CEC-500-2007-123.PDF
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Figure 2-3. Anomaly correlations between gridded, observed daily temperatures and 

precipitation and versions of same obtained by aggregating high-resolution observations 

to global-climate model gridding and then downscaling back to original, 1/8º gridding by 

constructed-analogs method of Hidalgo et al. (2008); inset shows anomaly correlations 

for monthly precipitation totals. Anomaly correlations are correlations between variables 

that have had long-term mean seasonal cycles removed at each grid cell. Base period for 

all calculations is 1950-1999. 
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Figure 2-4. Downscaled temperature (left panels) and precipitation (precipitation) trends 

under A2 (top panels) and B1 (bottom panels) emission scenarios from the GFDL global 

climate model. 

 

 

 

 

 
 

Figure 2-5. Same as Figure 2-4, except for projections by PCM1 climate model under A2 

emissions scenario; same color bars as Figure 2-4. 
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Figure 2-6. Same as Figure 2-3, except for monthly surface-wind speeds, downward 

shortwave (solar) insolation, and downward longwave radiation. 
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Figure 2-7. Trends in downscaled projections of downward longwave radiation from the 

GFDL global climate model under A2 (left) and B1 (right) emissions scenarios. 
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Figure 2-8. Same as Figure 2-7, except for downward shortwave (solar) insolation. 
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Figure 2-9. Same as Figure 2-7, except for surface-wind speeds. 
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3.0 HYDROLOGIC IMPACTS: PAST AND PROJECTED TRENDS  

 Authors: Robert N. Coats Ph.D. and Mariza Costa-Cabral 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 basin-wide averages for the 12 grid cells 

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 as snow over the basin. 

 

Global climate models adequately represent large-scale (200-500 km) circulation patterns, 

temperature and precipitation (the latter with lesser accuracy). Before GCM results can be useful 

for hydrologic applications, a number of computational techniques must be applied. First, there is 

a mismatch between the needs of a hydrologic model (typically working at a spatial scale within 

0.01°-0.5°) and the coarse scale of GCMs (2°-5Á). ñDownscalingò refers to the process of 

generating finer-resolution 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 resulting 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 an over-abundance of low-precipitation 

days (the ñmodel mistò that is common in daily GCM results) but an excess of event days of all 

daily-precipitation magnitudes. Therefore, the simulated precipitation time series for the 

historical period (1950-1999) by either GCM was treated to remove precipitation 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 

ñresamplingò. Resampling continued until the number of event days for each of the 12 months 

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 event 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. Thus, the same 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 cited as an example. The same applies to all 12 months.) 

 

The GCM-simulated precipitation time series for the historical period was then subjected to 

ñquantile mapping,ò as in the BCSD (bias correction and statistical downscaling) technique 

introduced in Wood et al. (2002 and 2004). In quantile mapping, for any one of the 12 months 
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each simulated daily precipitation value x is replaced by the observed value xô having the same 

plotting position as x. As a result of quantile mapping, the distribution (eCDF) of simulated daily 

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 rather than monthly. 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 observations. 

 

For the future (projected) time series of precipitation, a similar technique was used. Each 

simulated value y is replaced by an observed value xô having the same plotting position as a 

value x=y in the historical simulations. If the exact value x=y is not found in the historical 

simulations, then interpolation between the two nearest points is used. In the case of an 

extremely high value y that is larger than any value in the simulated historical time series, then a 

fitted theoretical distribution 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. The method is 

described in more detail in Appendix 9.2.  

 

The distribution of annual maxima is well represented in the downscaled time series for the 

annual 1-day maxima, but under-represents the highest values of 3-day annual maxima (for both 

GFDL and PCM). This is 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 

scenarios), but not for the PCM.  The only long-term wind daily data that can be used to calibrate 

the modeled GFDL wind are from the South Lake Tahoe Airport, for the period 1989-2004.  An 

examination of the modeled winds showed that they were primarily unrealistically high. 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 widely-used 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 period as ñan interval of 

timeéduring which the actual moisture supply at a given place rather consistently falls short of 

the climatically expectedémoisture supply.ò  The index is based on a soil water balance model 

in which the soil is treated as two connected ñbucketsò.  Evapotranspiration is calculated by the 

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 soil.  Soil 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 calculating a set of four water balance coefficients from regional 

climate data, for potential evapotranspiration, potential recharge, potential loss and potential 

runoff.  The formulation of the model that we used is ñself-calibratingò in that these four 

coefficients 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 those of another, 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 Tahoe City.  We 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 reflect the 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 the 21
st
 century, we used the date 

of the centroid of the annual hydrograph (Barnett et al. 2008; Stewart et al. 2005).  This value, 

called the Center Timing (CT), is calculated as the discharge-weighted mean day in the water 

year, i.e.  CT = Ɇ(tiqi)/ Ɇ(qi), where ti = the ith day in the water year, and  qi = discharge on the ith 

day.  

  

Previous work on the shift in snowmelt timing in the Tahoe 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 shift (1972-2007) 

averaged -0.4 days yr
-1
, whereas the 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 watershed of Lake Tahoe (142 km
2
), 

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 calculates 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 21
st
 century 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 2001-2033, 2034-2066 and 2067-2099.  A flow duration 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 historic period (1972-1999).  We then 

interpolated log discharge at equal values of exceedance (e.g. 0.1, 0.2é100 percent of the time), 

and found the equation (a 3
rd 

- order polynomial, with R
2
 = 0.995) that mapped the historic 

modeled curve onto the curve from the 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 extreme high and low discharge events.  To 

analyze the projected changes in flood frequency for the UTR over the 21
st
 century, we first 

compared the flood frequency curve from the historic (1972-1999) gage record for the UTR 

(USGS Station No. 10336610) with the curve derived from the maximum annual GFDL/LSPC 

hourly discharge for the same period.  Log-Pearson flood frequencies were estimated with the 

method of Bulletin 17B (USGS 1982) for flood flow frequency 

(http://www.usgs_pub_17b_flood_flow.pdf, except 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 same scale as the 

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 intervals (R
2 
= 0.997).  The 

resulting equation was then used to adjust the modeled flood frequency curves 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 record (1972-2008) 

with the projected frequencies for the three 33-yr periods in the 21
st
 Century (Zou and Donner, 

2007). 

 

The shift in snowmelt timing suggests that we might expect an increase in frequency of low-flow 

events.  To test this hypothesis, we calculated the annual minimum 5-day low flow for the UTR 

for the GFDL A2 and B1 cases, and tested for a time trend over the 21
st
 century, using Mann-

Kendall test (Helsel et al. 2005; Helsel and Franz 2006). 

 

3.2 Results and Discussion 

 
3.2.1 Air Temperature 

Figure 3-1, panels a-d shows the projected average annual Tmax and Tmin, 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 more rapid warming trend than the PCM.  The trend for the GFDL A2 

amounts to an increase over the 21
st
 century of about 5

o
C.  At an average adiabatic lapse rate, 

this is theoretically equivalent to moving the lake from its present elevation of 1900 m down to 

an elevation 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 21
st
 century trends in total annual precipitation are shown in Figure 3-2 (a-d).  

These totals represent bias-corrected basin-wide averages, as explained above.  The curves are 

http://www.usgs_pub_17b_flood_flow.pdf/
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from a LOWESS smoothing (Helsel and Hirsch 1995).  The trends are not very striking, except 

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 over the 12 7.5ô cells for the Tahoe basin) is shown in Figure 3-3.  Since the 

average includes cells centered over the lake, the trend slope is greater than the trends shown for 

the 183 LSPC watersheds in Figures 4-3 and 4-4, since average elevation of the watersheds is 

higher than the Tahoe 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 thinner snowpack will also likely have a negative effect on 

winter recreation.   

 

The slope of the trend from snow to rain in Figure 3-3 may be on the low side.  In a study based 

on 30 years of snow survey data (1966-1996) from 260 snow courses in the Sierra Nevada, 

Johnson et al. (1999) found that the Tahoe basin had the highest lossð54 percentðin 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 trend for the Tahoe 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 a role in the snowmelt 

routine of the LSPC, since warm winds accelerate snowmelt.  During a rain-on-snow 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, wind plays a major 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 are responsible for deep mixing and 

breaking down the thermal stratification.  Figure 3-4 shows the significant trends in average 

monthly winds, and Figure 3-5 shows the trends in maximum monthly wind.  Note that winds 

tend to increase during the summer, and decrease 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
st
 century.   Figure 3-6 shows the results for Tahoe City, for the GFDL A2 scenario.  

There is a downward trend (increasing drought) to about 2045, followed by a 15-yr trend 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 3-7a and 3-7b) over the 21
st
 century.  The shift toward earlier 

timing of the hydrograph 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; Johnson et al., 1999; Stewart 

et al. 2005). 

 

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

scenario.  Figure 3-8 shows the flow duration curves for the UTR from both the USGS gage 

record (1972-1999) and the modeled runoff from 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-yr periods shown in Figures 3-9a and 3-9b.  In the B1 scenario, the curve for the 

2034-66 period falls 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.  The shifts in the flow duration 

curves are reflected in the annual yields for the UTR.  The downward trend in annual yield over 

the 21
st
 century is -0.37 x 10

6
 m

3
/yr (P < 0.04) for the A2 scenario, and -0.29 x 10

6
 m

3
/yr for the 

B1 scenario (P < 0.11).  

 

From a resource management perspective, the changes in low-flow and flood frequency may be 

more important than the flow duration statistics.  Figure 3-10 shows the time trend in the annual 

minimum 5-day low flow for the UTR for the A2 scenario (P < 0.0007, by the Mann-Kendall 

trend test).  There is no trend in the 5-day low flow under the B1 scenario.   

 

The downward trend in the 5-day low flow may understate the seriousness of the problem from a 

biological standpoint.  The UTR (like many of the Basin streams) flows through 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 complete drying in the lower reaches of basin streams will 

increase. 

 

Figure 3-11 shows the calculated flood frequency curves for the UTR gage record (1972-2008) 

the GFDL/LSPC modeled flood data.  The USGS curve is based on the annual maximum 

instantaneous flow, whereas 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 than the curve 

for the gage data.  The equation relating the two curves that was used to adjust the 21
st
 century 

computed curves is shown on the figure (R
2
 = 0.997). 

 

The curves for the two scenarios and three 33-yr periods are shown Figures 3-12a and 3-12b, and 

the percent change for each from the historic gage record is shown in Figure 3-13a and 3-13b.  

The greatest impact of climate change on the future flood frequency estimates is for the middle 

third of the century under the B2 scenario.  This is consistent with the 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 scenario.  In the 

latter, the snowpack depth and duration in the middle third of the century are greater than in the 

first or last thirds of the century (Riverson et al., 2010). 
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Figure 3-1 (a-d). Projected average annual Tmax and Tmin, averaged over the Tahoe basin, 

for the A2 and B1 emissions scenarios, from the GFDL and PCM results. 
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Figure 3-2 (a-2). Bias-corrected annual precipitation, averaged over the Tahoe basin, for 

the A2 and B1 emissions scenarios, from the GFDL and PCM results. 
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Figure 3-3 (a-b).  The trend in the percentage of precipitation falling as snow in the 21

st
 

century, averaged over the Tahoe basin. (a) GFDL A2; (b) PCM B1. 
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Figure 3-4. Trends in average monthly wind speed.  Data are average of daily wind speed 

for 8 grid cells over Lake Tahoe.  P < 0.10 for all slopes. 

 

 
 

Figure 3-5. Trends in the maximum of daily average wind speed, by month, for the 

GFDL A2 and B1 scenarios.  P < 0.10 for all slopes. 
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Figure 3-6. Palmer Drought Severity Index at Tahoe City, for the GFDL A2 Scenario.  A 

low value indicates drought. 
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Figures 3-7 (a-b).  Trends in the Center Timing of annual runoff for the Upper Truckee 

River. (a) A2 scenario; (b) B1 scenario 
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Figure 3-8.  Flow duration curves for the UTR gage record, 1972-1999 and the modeled 

runoff from the GFDL/LSPC for the same period. 
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Figure 3-9 (a-b).  Adjusted flow duration curves for the UTR for the periods 2001-2033, 

2034-2066 and 2067-2099, according the GFDL A2 (a) and B1 (b) scenarios. 
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Figure 3-10. Trend in the annual minimum 5-day low-flow for the UTR, for the GFDL 

A2 scenario. 
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Figure 3-11. Calculated flood frequency curves for the UTR gage record (1972-2008) and 

the modeled GFDL/LSPC data. 
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Figure 3-12 (a-b). Adjusted flood frequency curves from the GFDL/LSPC A2 (a) and B1 

(b) scenarios, for the periods 2001-2033, 2034-2066 and 2067-2099, along with the 

historic curve from the gage record. 
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Figure 3-13 (a-b). Percent change in the modeled and adjusted GFDL/LSPC A2 (a) and 

B1 (b) flood frequency curves from the gage record (1972-2008).  Asterisks indicate 

differences significant at the 90 percent level or greater. 
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4.0 PROJECTED FLOW, NUTRIENT AND  SEDIMENT LOADS BASED ON 

CLIMATE CHANGE USING  OUTPUT FROM THE LAKE TAHOE 

WATERSHED MODEL  

 

4.1 The Lake Tahoe Watershed Model 

 

The Lake Tahoe Watershed Model (LSPC or Load Simulation Program in C++; Tetra Tech 

2007) provides a process-based numerical representation of key watershed boundary conditions. 

Outputs include daily stream discharge and concentrations of suspended sediment, total N, and 

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

2010a) and was calibrated using both land use specific and instream discharge monitoring data 

from the Lake Tahoe Interagency Monitoring Program. The model 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 conceptual representation of the model is shown Figure 4-1. 

 

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, how long the snowpack remains, and when snowpack melting occurs. Heat is 

transferred into or out of the snowpack through net radiation heat, convection of sensible heat 

from the air, latent heat transfer by moist air condensation on the snowpack, rain, and conduction 

from the ground beneath the snowpack. Figure 4-2 is 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 portion of the snowpack exceeds the snowpackôs 

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 possible changes that could be occurring within the watershed. In 

other words, only the ñClimate Dataò component shown in Figure 1 changes, while all other 

components remain at present-day conditions. The following assumptions were made for the 

watershed model runs: 

 

1. Existing watershed conditions remain the same for the entire projected years; that is land 

use, geology, and vegetation are constant. 

2. Existing management practices remain the same. 

3. Existing condition stormwater pollutant concentrations are used with predicted future 

flows. 

4. Stream bank erosion, atmospheric deposition, and near shore impacts are not considered. 

5. Climate is the only changing variable between different scenarios. 

 

Three alternative climate datasets were run through the watershed model to generate the 

watershed-based comparisons described in this report: 
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 Model Baseline: GFDL Historical (1967 ï 1999) 

 Scenario 1: GFDL A2 (2002 ï 2099) 

 Scenario 2: GFDL B1 (2002 ï 2099) 

 

The two climate change scenario reporting intervals were divided into third-century-blocks 

(2002-2033, 2034-2066, and 2067-2099) for comparison with the baseline scenario. Modeled 

historical data (from GFDL) was used in simulations instead of measured historical data to focus 

comparison of results on climate change signals and avoid 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 analysis was representative. 

 

4.3 Weather Data Disaggregation 

 

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 outlined and 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 further categorized into 10-percentile 

interval bins (yielding a total of 120 month-percentile 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 hourly precipitation distributions for each 

of the 120 month-percentile bins (5-10 summer wet days, 35-55 winter wet days). 

4. The daily downscaled grid data were likewise classified by month and percentile 

(according to rainfall magnitude). 

5. The nearest, most representative SNOTEL gage was assigned to each of the 12 grid 

centroids as listed in Table 4-1. 

 

Table 4-1.  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 of the 120 observed data bins from which to select a distribution. One hourly precipitation 

distribution was randomly selected from the corresponding SNOTEL month-percentile bin and 

used to disaggregate the daily data to hourly for day. 

 

4.3.2 Temperature/Dewpoint 

The MIN and MAX temperature values for each day were disaggregated using average monthly 

observed diurnal distributions at South Lake Tahoe Airport (12 diurnal distributions - one for 

each month - were computed using averages of each hour for the entire 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 of each grid cell 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 disaggregated to hourly using a similar procedure as precipitation.  Observed hourly 

wind behavior at South Lake Tahoe airport was organized into month and percentile-magnitude 

bins.  Average wind speeds for the downscaled data were converted to total daily wind travel by 

multiplying by 24.  For each day, the downscaled wind travel totals were disaggregated to hourly 

by randomly selecting a wind distribution from the month-percentile bins of observed 

distributions. 

 

4.3.5 Potential Evapotranspiration 

Daily potential ET was computed using the Penman method and the downscaled min/max 

temperature, dewpoint, solar radiation, and wind speed timeseries.  Daily computed potential ET 

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 Impacts of Climate Change 

 

4.4.1 Snowfall versus Rainfall 

Climate change results shown in Figure 4-3 and Figure 4-4 indicate a gradual shift in the 

distribution of snowfall events towards rainfall. This shift is consistent regardless of which 

approach is taken for this analysis (see Sections 3.0 and 5.0).   The trend seems to be gradually 

increasing with increasing emissions and associated warming trend, resulting in increased 

rainfall versus snowfall. The A2 scenario shows a more rapid and intense trend as compared to 

the B1 scenario.  The 100-year projected results are divided into three groups (33 years in each 

group) in order to compare against the 33 years of baseline scenario. 

 

4.4.2 Average Snow Pack Changes 
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The results shown in Figure 4-5 and Figure 4-6 indicate a gradual decrease in average snow pack 

depth.  Figure 4-7 and Figure 4-8 show the annualized average daily snowpack depth for GFDL 

A2 and B1 scenario respectively.  For these graphs, each of the 33-year time intervals were 

annualized by area-weighting 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 

subwatersheds) were averaged for each calendar day (Oct 1, Oct 2, é Sep 30). 

 

There are potentially notable impacts on the snowpack duration (-5% to -25%) and magnitude   

(-3% to -60%), relative to existing conditions. Table 4-2 and Table 4-3 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). 

 

Figure 4-9 through Figure 4-11 for A2 scenario and Figure 4-12 through Figure 4-14 for B1 

scenario show the spatial variation of percent change for snow pack depth for all subwatersheds 

in the Tahoe basin.  The trend shows that the projected impact of snowpack depth changes 

spatially during the course of the climate 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 4-2. Summary table of the snowpack depth for GFDL A2 scenario. 

 

Period Start Peak End Duration  
Percent 

Change 

Peak 

Depth 

(in) 

Percent 

Change 

1967-1999 

(Baseline) 
6-Nov 8-Mar 11-Jul 248 - 13.6 - 

2002-2033 9-Nov 23-Mar 28-Jun 232 -6.5% 9.5 -29.6% 

2034-2066 16-Nov 5-Mar 29-Jun 226 -8.9% 10.9 -19.2% 

2067-2099 29-Nov 22-Feb 31-May 184 -25.8% 5.6 -58.6% 

 

Table 4-3. Summary table of the snowpack depth for GFDL B1 scenario. 

 

Period Start Peak End Duration  
Percent 

Change 

Peak 

Depth 

(in) 

Percent 

Change 

1967-1999 

(Baseline) 
6-Nov 8-Mar 12-Jul 249 - 13.5 - 

2002-2033 9-Nov 22-Mar 2-Jul 236 -5.2% 13.0 -3.7% 

2034-2066 16-Nov 3-Mar 19-Jun 216 -13.3% 8.3 -38.8% 

2067-2099 24-Nov 28-Feb 1-Jul 220 -11.6% 8.6 -36.3% 

 

4.4.3 Average Evapotranspiration (ET) Changes 

The results shown in Figure 4-15 and Figure 4-16 indicate a gradual increase in average ET.  

Figure 4-17 through Figure 4-19 for A2 scenario and Figure 4-20 through Figure 4-22 for B1 

scenario show the spatial variation of ET over the entire Lake Tahoe subwatersheds.  The trend 
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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 direct-draining tributaries plus 

intervening zone flows. This is the resulting water after any and all transport losses or gains have 

been considered. Figure 4-23 and Figure 4-24 show total water yield for scenarios A2 and B1, 

respectively.  

 

4.5 Projected Water Quality  Impacts 

 

The changes in sediment yield to Lake Tahoe based on the expected climate change anticipated 

for the Basin are shown in Figure 4-25 (A2 scenario) and in Figure 4-26 (B1 scenario). They 

indicate that sediment load may stay uniform or increase slightly ï up to 5 percent - relative to 

baseline loads. However, because the model predicts there will be a decrease in total flow over 

the same period, instream sediment concentrations would show an increase under climate 

change. Nutrient loads are shown in Figure 4-27 (A2 scenario) and in Figure 4-28 (B1 scenario). 

The trends suggest that nutrient loading should generally decline in association with the 

predicted decreasing water yield to the lake (Figures 4-23 and 4-24). For the first two-thirds of 

the 21
st
 Century, nutrient loads are predicted to decline by about 5-10 percent relative to baseline 

conditions. Thereafter (until 2099) total N and total P loads could drop by 75-80 percent.   

 

Spatial analyses were also performed to identify the locations that most contributed to 

maintaining the sediment load relatively constant compared to baseline, in spite of decreasing 

flows. Fine sediment particle loads (number of particles) were estimated using the urban and 

rural land-use distribution by subwatershed, together with the particle count converters used in 

the TMDL analysis (Lahontan and NDEP 2009). Figure 4-29 (A2 scenario) and Figure 4-30 (B1 

scenario) show the spatial variation of fine sediments 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 shift from 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 load than the shift 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 lower elevation dryer subwatersheds. 
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Figure 4-1. Lake Tahoe Watershed Model conceptual process interaction diagram. 
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Figure 4-2. Lake Tahoe Watershed Model conceptual snow simulation schematic 
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Figure 4-3. Snowfall versus rainfall trend for GFDL A2 scenario. Y-axis is expressed as 

percent.  

 

 
Figure 4-4. Snowfall versus rainfall trend for GFDL B1 scenario. 

1
9

6
7

1
9

7
1

1
9

7
5

1
9

7
9

1
9

8
3

1
9

8
7

1
9

9
1

1
9

9
5

1
9

9
9

2
0

0
5

2
0

0
9

2
0

1
3

2
0

1
7

2
0

2
1

2
0

2
5

2
0

2
9

2
0

3
3

2
0

3
7

2
0

4
1

2
0

4
5

2
0

4
9

2
0

5
3

2
0

5
7

2
0

6
1

2
0

6
5

2
0

6
9

2
0

7
3

2
0

7
7

2
0

8
1

2
0

8
5

2
0

8
9

2
0

9
3

2
0

9
7

Snowfall Rainfall

1
9

6
7

1
9

7
1

1
9

7
5

1
9

7
9

1
9

8
3

1
9

8
7

1
9

9
1

1
9

9
5

1
9

9
9

2
0

0
5

2
0

0
9

2
0

1
3

2
0

1
7

2
0

2
1

2
0

2
5

2
0

2
9

2
0

3
3

2
0

3
7

2
0

4
1

2
0

4
5

2
0

4
9

2
0

5
3

2
0

5
7

2
0

6
1

2
0

6
5

2
0

6
9

2
0

7
3

2
0

7
7

2
0

8
1

2
0

8
5

2
0

8
9

2
0

9
3

2
0

9
7

Snowfall Rainfall



 
 

46 

 

 
Figure 4-5. Average snowpack depth time series for GFDL A2 scenario. 

 

 

 
Figure 4-6. Average snowpack depth time series for GFDL B1 scenario. 
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Figure 4-7. Annualized average daily snowpack depth for GFDL A2 scenario. 

 

 
Figure 4-8. Annualized average daily snowpack depth for GFDL B1 scenario. 
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Figure 4-9. Spatial variation of snowpack depth for GFDL A2 scenario (2002-2033). 


