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[bookmark: _Toc398372402]Chapter 1: Introduction

The Southern Sierra Regional Water Management Group (RWMG) develops strategic, collaborative approaches to managing water in the Southern Sierra in order to achieve social, environmental and economic objectives of local stakeholders [CDWR, 2013]. Through the implementation of water management programs, the Southern Sierra RWMG is able to provide support for sustainable water use, flood management, improved water quality, groundwater recharge, healthier forests, environmental restoration, protection of agriculture and economy benefits across watershed and jurisdictional boundaries. This report evaluates climate change effects on the hydrology of Southern Sierra RWMG Region and has been developed in support of the 2018 update to the Southern Sierra Integrated Regional Water Management Plan (SSIRWMP).

The Southern Sierra RWMG boundary includes the headwaters of the major rivers draining the western side of the Southern Sierra that discharge into the southern San Joaquin Valley, including the San Joaquin River, Kings River, Kaweah River, Tule River, Deer Creek, White River, Poso Creek and Kern River (Figure 1). The Regions eastern boundary begins at the Sierra Crest; the Regions western boundary extends to the Sierra foothills. Reservoirs at the Sierra foothills capture much of the streamflow that flows out of the watersheds and that water is frequently diverted to support downstream urban and agriculture needs.

The Southern Sierra Region has a Mediterranean-type climate. Most precipitation occurs during the winter season while summers are exceptionally dry. The high topographic relief of the Region, which stretches from the Sierra foothills to the tallest peak in the contiguous U.S., Mount Whitney, produces strong orographic effects on precipitation and historically a large proportion of high elevation precipitation occurs as snowfall. The snowpack that forms at high elevations acts as a natural reservoir that stores winter precipitation for release to streamflow during the spring and summer periods. Year-to-year variability in California is extremely large, with annual precipitation ranging by an order of magnitude across some areas. More recently, the Southern Sierra Region experienced the most extreme drought on record from 2012-2016. The drought was followed by one of the wettest years on record in 2017.
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Figure 1: Map of the major hydrologic features of the Southern Sierra Regional Water Management Group.

The large elevational range of the Southern Sierra Region contributes to high ecological diversity in the Region. A spectrum of ecological zones exists, from grasslands and shrublands to montane and subalpine forests to tundra, as elevations increase. These vegetation types have an important role in controlling evapotranspiration (ET), which affects both streamflow and groundwater recharge. Vegetation in the Southern Sierra Region is increasingly in transition, as larger and more severe wildfires, in combination with unprecedented forest mortality during the recent drought, are increasing the potential for vegetation type conversion.

Management of water resources in the Southern Sierra Region has many stakeholders with different needs and a complicated biophysical environment that is not fully understood. The boom and bust nature of precipitation in California also makes it necessary to plan for widely disparate conditions to meet water demands. Climate change compounds each of these challenges and its effects are already being observed in the Southern Sierra Region. Temperatures over the past decade have been the highest on record, contributing to the extensive forest mortality and the severity of recent wildfires. Sierra snowpacks are getting smaller and melting earlier, contributing to higher winter flows and smaller summer flows. These processes have a direct impact on the water resources of the Region. As the 21st century progresses, further climate change will transform the way that water resources need to be managed in California. Yet not enough is known about how water resources will be altered to adequately adapt and reduce water resource vulnerabilities. 

The objective of this report is to improve understanding of how climate change will affect hydrology and water resources in the Southern Sierra Region. Three research questions will guide the narrative. 1) How is the climate in the Southern Sierra Region expected to change throughout the 21st century? 2) How will changes in climate directly impact hydrology in the Region? 3) How will climate change alter vegetation and vegetation disturbances in the Region and how will these changes further affect the Regions hydrology. The California Department of Water Resources funded this report through a grant to the Sierra Nevada Research Institute at the University of California, Merced.



[bookmark: _Toc398372403]Chapter 2: Changes in Climate for the Southern Sierra Region

An increase in global atmospheric greenhouse gas concentrations is contributing to higher temperatures in California [Office of Environmental Health Hazard Assessment, 2018]. As greenhouse gas concentrations continue to rise, further changes to California’s climate are anticipated, with additional effects on California’s water resources, ecosystems, and economy. The extent of these effects will depend on the ultimate level and timing of peak greenhouse gas concentrations. Under the Paris Climate Accord in 2015, a framework was established for limiting the rise in global temperatures under two degrees Celsius. In California, policies have been put in place to reduce greenhouse gas emissions to at least 40% and 80% below 1990 levels by 2030 and 2050, respectively [California Air Resources Board, 2017]. These policies will help to moderate increases in temperature but uncertainty remains regarding how high greenhouse gas concentrations will be in the future.

In this section, we analyze how climate has changed in the recent past and how it is projected to further change in the Southern Sierra Region. 

[bookmark: _Toc398372404]Approach

Global climate models (GCMs) are mechanistic models used to understand and predict how changes in variables such as greenhouse gas concentrations will affect future climate at global scales. GCMs are developed and maintained by numerous research groups around the world, with each group using a slightly different approach to modeling the underlying atmospheric physics. The 5th Coupled Model Intercomparison Project (CMIP5) is a coordinated experiment to simulate each GCM using the same forcing inputs (i.e. greenhouse gas concentrations). This project permits the comparison of output between different GCMs, providing an estimate of the uncertainty in climate projections. As future concentrations are unknown, CMIP5 uses four different scenarios, or Representative Concentration Pathways (RCPs), to force the models [van Vuuren et al., 2011]. The four RCPs, RCP2.6, RCP4.5, RCP6.0, and RCP8.5, represent different levels of greenhouse gas emissions and accumulated concentrations in the atmosphere. The four pathways roughly equate to aggressive, moderate, little and no action being taken to reduce greenhouse gas emissions, respectively.

Spatial output from individual GCMs is generally greater than 100km by 100km, making it difficult to directly apply GCM results to heterogeneous areas such as the Southern Sierra Region, which is topographically, climatically, ecologically and hydrologically variable. Instead, output from GCMs must be downscaled, or transformed to a higher resolution, in order to be analyzed at a regional scale. Two commonly used approaches for downscaling are dynamic and statistical. Dynamic downscaling involves running high-resolution, regional mechanistic models using low resolution GCM output as the driving data. Alternatively, statistical downscaling consists of developing statistical relationships between local-scale climate variables and large-scale climate variables that can be modeled by GCMs [Abatzoglou and Brown, 2012].

For this study, the Multivariate Adaptive Constructed Analogs (MACA) downscaled climate dataset, generated from by Abatzoglou and Brown [2012], was used to examine temperature and precipitation changes in the Southern Sierra Region. This dataset has a resolution of 1/24th degree (~4 km) and provides monthly projections. The MACA projections have an improved spatial resolution compared to other downscaled projection product (e.g. Pierce et al. [2014]). Climate forcings for MACA were derived from statistical downscaling of CMIP5 GCM data. An ensemble of six downscaled climate projections were used in the analysis, including the CanESM2, CCSM4, CNRM-CM5, HadGEM2-CC365, HadGEM2-ES365, and MIROC5 GCM models. Three periods were compared in the analysis, a baseline period from 1950-2005, a mid 21st century projection from 2040-2069 and a late 21st century projection from 2070-2099. Two RCP scenarios were examined, the RCP4.5 moderate scenario and the RCP8.5 business-as-usual scenario.

[bookmark: _Toc398372405]Temperatures

Temperatures throughout California and the Sierra Nevada are increasing. Over the period from 1918 to 2006, maximum and minimum temperatures in California rose an average of 0.07°C and 0.17°C per decade, respectively [Cordero et al., 2011]. These trends have accelerated since 1970 [Cordero et al., 2011] and particularly during the past decade, with the four hottest years on record occurring between 2014-2017 [Office of Environmental Health Hazard Assessment, 2018]. These increases in temperature are consistent with climate projections and indicate that California is already seeing the effects of climate change. In the Sierra Nevada, significant warming has also been observed, although the increases have been smaller than for California as a whole (0.08 and 0.21°C per decade for maximum and minimum temperatures, respectively) [Cordero et al., 2011]. For both the Sierra Nevada and California, nighttime temperatures have been rising faster than daytime temperatures.

California temperatures are projected to continue to increase during the 21st century. Using downscaled CMIP5 GCM projections, He et al. [2018] estimated that California temperatures would increase between 1.8 and 2.0°C by mid-century and 2.2 to 2.4°C by the end of the century, even under the optimistic RCP4.5 scenario. Slightly higher estimates are projected for the Southern Sierra Region. For RCP4.5, mean annual maximum temperatures are projected to increase 2.5°C by mid-century (2040-2069) and 3.3°C by the end of the century (2070-2099) (Figure 2 & 3). Under the RCP8.5, temperatures are projected to increase 3.4°C and 5.2°C, respectively, over the same time periods. Mean annual minimum temperatures in the Southern Sierra Region are projected to increase 2.3°C (2040-2069) and 2.9°C (2070-2099) under the RCP4.5 scenario and 3.1°C (2040-2069) and 5.0°C (2070-2099) under RCP8.5. All of these finding indicate that temperatures in the Southern Sierra Region are going to substantially increase in the future. Further, projections indicate that maximum temperatures will increase more than minimum temperatures. These changes run counter to currently observed temperature increases in California, where minimum temperatures are increasing faster than maximum temperatures. However, He et al. [2018] has reported similar findings throughout California.
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Figure 2: Projected changes in mean annual temperatures for the Southern Sierra Region, relative to 1950-2005 baseline. Variability in projections represents different GCMs. Historical baseline values of maximum and minimum mean annual temperatures are 15.4°C and 2.2°C, respectively.
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Figure 3: Map of mean annual maximum and minimum temperatures under three scenarios: Historical, End of Century (2070-2099) RCP4.5, and End of Century (2070-2099) RCP8.5 using downscaled output from the CCSM4 GCM.

Projected increases in temperatures are expected to vary seasonally in the Southern Sierra Region. Increases in winter (Jan-Feb-Mar) maximum temperatures are projected to be slightly smaller than seasonal maximum temperatures during the remainder of the year (Figure 4). While winter maximum temperatures will still be well above historical baseline levels, the relatively smaller increases may aid in snowpack accumulation. However, this will be counterbalanced by relatively larger increases in maximum temperatures during the non-winter months, which will increase evaporative demand, decrease soil moisture and increase forest water stress. For seasonal minimum temperatures, the summer (Jul-Aug-Sep) season is projected to show the largest relative increase in temperature (Figure 5).
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Figure 4: Projected changes in maximum mean seasonal temperatures for the Southern Sierra Region. Variability in projections represents different GCMs. Historical baseline values of maximum mean seasonal temperatures are 8.3°C, 17.4°C, 24.4°C and 11.5°C for Jan-Feb-Mar, Apr-May-Jun, Jul-Aug-Sep, and Oct-Nov-Dec, respectively.

The frequency of heat waves, which are defined as when daily maximum and minimum temperatures exceed a respective percentile threshold, are projected to increase in California [Diffenbaugh and Ashfaq, 2010; Gershunov and Guirguis, 2012]. Gershunov and Guirguis [2012] found that both humid nighttime heat waves and dry daytime heat waves will increase with climate change in California, though they note the former is expected to increase more intensely. Extreme heat waves are well-documented to have an adverse affect on ecosystems, agriculture and human health [Meehl and Tebaldi, 2004]. It will be important for communities within the Southern Sierra Region to take precautions to protect vulnerable populations during extreme heat waves [Guirguis et al., 2013].
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Figure 5: Projected changes in minimum mean seasonal temperatures for the Southern Sierra Region. Variability in projections represents different GCMs. Historical baseline values of minimum mean seasonal temperatures are -3.6°C, 3.5°C, 9.6°C and -0.7°C for Jan-Feb-Mar, Apr-May-Jun, Jul-Aug-Sep, and Oct-Nov-Dec, respectively.
Increases in temperature are a primary driver behind many of the other climate change related effects that are documented in the remainder of this section. For example, changes in snowpack, streamflow timing, forest vulnerability, wildfire, and bark beetles are each influenced by increases in temperature. Hence, temperature can be considered a key metric for accurately predicting how climate change will affect the Southern Sierra Region.

[bookmark: _Toc398372406]Precipitation

Precipitation in California exhibits Mediterranean-climate characteristics, with most precipitation falling during the winter season (November to March) while the remainder of the year is dry. Precipitation in California is also highly variable, with inter-annual variability being the highest in the U.S and annual precipitation totals varying by up to an order of magnitude [Dettinger et al., 2011]. This variability is partly due to atmospheric rivers constituting a substantial fraction (20% to 50%) of the total annual precipitation in California [Dettinger et al., 2011]. Since California receives relatively few atmospheric river events in a given year, a swing of a few more or less storms during a wet season can produce large differences in total precipitation.

Downscaled GCM climate projections for California have generally indicated minimal changes in annual precipitation under future warming scenarios [Hayhoe et al., 2004]. For the recent CMIP5 GCM projections, He et al. [2018] found that projected annual precipitation ranged from +50% to -25% depending on the individual GCM/scenario investigated. Collectively however, the models showed small increases in precipitation (1% - 11%) across different regions of California under the RCP4.5 scenario. Similar changes in precipitation are projected for the Southern Sierra Region. The average increase in annual precipitation among all the downscaled models was 5%-10% for the Southern Sierra Region, although the variability in the projections encompasses both positive and negative changes in annual precipitation (Figure 6 and 7).
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Figure 6: Projected changes in annual precipitation for the Southern Sierra Region. Variability in projections represents different GCMs. Historical baseline annual precipitation is 819 mm/year (32 in/year).

Although the average amount of precipitation in the Southern Sierra Region is projected to only slightly increase with climate change, there is mounting evidence that inter-annual variability of precipitation will substantially increase, with dry years becoming drier and wet years becoming wetter [Pendergrass et al., 2017]. Berg and Hall [2015] have reported that by the end of the century, extremely dry years will become 1.5 - 2 times more frequent and extremely wet years will become 3 times more frequent, with the number of average years becoming more scarce. Climate change will also increase year-to-year volatility swings. Swain et al. [2018] report that transitions from extreme drought to extremely wet conditions, such as was observed from the 2012-2016 drought to the wet 2016/2017 winter, is projected to increase 25% to 100% by the end of the century.
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Figure 7: Map of mean annual precipitation under three scenarios: Historical, End of Century (2070-2099) RCP4.5, and End of Century (2070-2099) RCP8.5 using downscaled output from the CCSM4 GCM.

This increase in precipitation extremes will make management of water resources in the Southern Sierra Region more challenging. Excess precipitation during wet years frequently cannot be stored in reservoirs due to flood risks. Flood risks in the Southern Sierra Region are also increasing due to precipitation shifts from snow to rain. An increase in extremely wet years will only exacerbate this problem. On the other hand, a greater number of very dry years will stretch water supplies in the Southern Sierra Region and the San Joaquin Valley as a whole.

[bookmark: _Toc398372407]Snowfall

Snowpack in the Southern Sierra Region is being affected in numerous ways as temperatures increase in California. Foremost, a larger proportion of precipitation is falling as rain than as snow. This effect is most pronounced near the rain-snow transition zone, as this zone is particularly sensitive to temperature changes since winter temperatures hover near the freezing point. Increasing temperatures cause the rain-snow transition zone to migrate upslope and produce a smaller snow footprint. Throughout the western U.S., the areal extent of historical snowfall area is expected to decrease by an average of 30% under RCP8.5 scenarios [Klos et al., 2014]. For the Southern Sierra Region, the amount of area that is predominately snowfall-driven, defined as locations where the probability of snowfall compared to rainfall is greater than 90%, is projected to decrease by approximately 50% by the mid 21st century under a RCP 8.5 scenario (Figure 8).
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Figure 8: Map of the probability of snowfall compared to rainfall for the Southern Sierra Region under two scenarios: Historical (1979-2012) and Mid-Century (2035-2065) RCP8.5 using a 20-model GCM mean. Blue indicates areas of predominately rainfall, white is predominately snowfall and red is the rain-snow transition zone. Data from Klos et al. [2014].
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Due to high precipitation variability, California has always been subject to multi-year droughts, where precipitation totals fall well below normal. However, the recent multi-year drought and projected future droughts are different because periods of low precipitation are more likely to coincide with periods of high temperatures, increasing atmospheric water demands and making conditions drier. It was this combination, very little precipitation and record high temperatures, that contributed to the severity of the California drought [Shukla et al., 2015]. As temperatures continue to rise, drought risk is predicted to become even more severe in the future even in the absence of precipitation change [Cook et al., 2015]. 

For the Southern Sierra Region, the magnitude of droughts under climate change will depend on how dry conditions are, how warm conditions are, and over how many years these conditions persist. In a recent study, He et al. [2018] used a drought index, the Standardized Precipitation-Evapotranspiration Index (SPEI), to investigate changes in future drought severity in California. They found that in the Tulare region of California, which encompassed most of the Southern Sierra Region, that the severity of droughts would increase throughout the century, indicating that small increases in precipitation for the region would not offset the effects of higher temperatures.
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This section examines how hydrology in the Southern Sierra Region will be directly altered by climate change, independent of changes in vegetation.

[bookmark: _Toc398372410]Approach

GCM’s provide projections of atmospheric variables such as temperature and precipitation. However, in order to understand how climate change will affect hydrology in the Southern Sierra Region, a hydrologic model is needed that uses GCM output variables as inputs. For this study, downscaled temperature and precipitation projections for the Southern Sierra Region were used as inputs into the Variable Infiltration Capacity (VIC) hydrologic model [Liang et al., 1994]. VIC is a daily, semi-distributed model that operates at large scales, typically 1-km2. Each cell within VIC is modeled independently, with no water transfer between cells, although streamflow can be routed separately through a channel network. The model statistically accounts for sub-grid heterogeneity in variables such as vegetation cover, soils and elevation. Hydrologic processes simulated in VIC include interception, evaporation, transpiration, infiltration, soil moisture and snowpack. Evaporation and transpiration are calculated using Penman-Monteith while snowpack takes into account snowfall, energy balance and temperature. For this study, VIC used the temperature and precipitation outputs from the six individual GCM models as inputs and run over the same periods as the GCM data, a baseline run from 1950 to 2005 and GCM projected conditions (RCP4.5 and RCP8.5) from 2007 to 2099. This latter simulation was further divided for analysis into a mid-century 2040-2069 period and a late century 2070-2099 period. Snowpack and ET were simulated across the entire Southern Sierra Region, however a detailed analysis of the effects of climate change on watershed hydrology was conducted specifically for the Kings River watershed, a major river in the central part of the Southern Sierra Region.

[bookmark: _Toc396507924][bookmark: _Toc398372411]Evapotranspiration

Mean annual evapotranspiration (ET) in the Southern Sierra Region is expected to increase with higher temperatures (Figure 9). This is due to a combination of factors. First, higher temperatures lead to an increase in evaporative demand, which increases the rate of evaporation. Higher temperatures may also increase the rate of vegetation transpiration, though vegetation can moderate transpiration rates via leaf stomatal control when water stressed. Second, higher temperatures promote an earlier start to the growing season in the Southern Sierra Region. Since this early growing period (late winter to late spring depending on elevation) also coincides with the end of the wet season, the vegetation is able to exploit more available water. Overall, a higher proportion of precipitation will be partitioned to annual ET in the Southern Sierra Region under climate change, with less water being available for streamflow.
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Figure 9: Map of mean annual evapotranspiration (ET) in the Southern Sierra Region under three scenarios: Historical, End of Century (2070-2099) RCP4.5, and End of Century (2070-2099) RCP8.5 using downscaled output from the CCSM4 GCM.

The seasonality of ET is projected to change with higher temperatures in the Southern Sierra Region. As previously mentioned, ET rates will increase during the winter (Jan-Feb-March) and the spring (April, May, June) periods (Figure 10). However, this early-season use of water produces corresponding shortages during the summer, resulting in decreased ET during those months. This shift in the timing of water availability will increase water stress for vegetation in the Southern Sierra Region as the length of time when vegetation transpire is limited becomes longer.
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Figure 10: Projected mean seasonal evapotranspiration (ET) for the Kings River Watershed in the Southern Sierra Region. Variability in projections represents different GCMs. Horizontal dark grey lines represent historical mean seasonal ET.

[bookmark: _Toc398372412]Snowpack

Winter snowpack will persist for a shorter period of time with climate change. This is partly due to less snow accumulation and partly due to more rapid snowmelt. Projections for the western U.S. suggest that the snow-covered period may decrease by 25 days/year by the mid-century under RCP8.5 [Naz et al., 2016]. A more transient snowpack will also have implications for the measurement of snow water equivalent (SWE) on April 1st, the traditional date when the snowpack is measured for forecasting spring streamflow. Naz et al. [2016] project that April 1 SWE may decrease by 50% by mid-century across the western U.S. (RCP8.5). Further, a study by Young et al. [2009] found that the greatest reduction in snowpack would be at mid-elevations between 1750-2750m.

Results from the VIC model indicate that for the Kings River watershed, snowpack is projected to decrease during all months, with the greatest decreases being observed during the early spring months (e.g. March, April, May) (Figure 11). These changes will have considerable implications for water resources. In the Southern Sierra Region, snowpack accumulation during the winter wet season acts as a water reservoir that is slowly released as temperatures warm throughout the spring and summer. Reductions in this reservoir will complicate water resource management in the Region and will likely necessitate that alternative storage solutions be found such as groundwater banking.
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Figure 11: Projected mean monthly peak snow water equivalent (SWE) for the Kings River Watershed in the Southern Sierra Region. Variability in projections represents different GCMs. Horizontal dark grey lines represent historical mean monthly peak SWE.
Spatially, the areas within the Southern Sierra Region that are most vulnerable to changes in snowpack lie at lower elevations (Figure 12). In particular, locations near the current rain-snow transition zone are likely to become mostly snow free by the end of the century.
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Figure 12: Map of mean annual peak snow water equivalent (SWE) in the Southern Sierra Region under three scenarios: Historical, End of Century (2070-2099) RCP4.5, and End of Century (2070-2099) RCP8.5 using downscaled output from the CCSM4 GCM.
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Climate change is already affecting both the timing and total amount of streamflow that feeds downstream reservoirs in the Sierra Nevada and this effect is expected to grow as temperatures continue to rise [Vicuna and Dracup, 2007]. Reductions in snowpack and higher temperatures will shift streamflow to the winter months, leaving less water available for spring and summer flows when water resource demands are greatest. Less streamflow during the summer months will also worsen water quality, as many quality issues are flow dependent. Combined, these issues will likely strain the existing 20th century water resource infrastructure that is not equipped to handle a 21st century streamflow regime.
For the Kings River in the Southern Sierra Region, total mean annual streamflow is not expected to change substantially under future climate change (Figure 13). The range of streamflow change projections for the six GCMs used in the analysis includes both small increases and decreases in annual streamflow, with the median estimate being slightly positive. Nevertheless, while total annual streamflow is not projected to change substantially, changes in snowpack accumulation will have a major effect on the timing of streamflow.
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Figure 13: Projected changes in mean annual streamflow for the Kings River in the Southern Sierra Region. Variability in projections represents different GCMs. Horizontal dark grey line represents historical mean annual streamflow.
Precipitation in the Southern Sierra Region is a mix of rain at lower elevations and snow at higher elevations. Streamflow generation from rainfall occurs relatively quickly, with streamflow often peaking within hours/days of a rainfall event. Streamflow generation from snowpack, on the other hand, is delayed and depends on subsequent changes in energy inputs (e.g. temperature, radiation) to melt the snowpack. Since most precipitation in the Southern Sierra Region occurs during the winter and since the Southern Sierra Region is characterized by very high elevations, streamflow generation from snowpack has historically been the dominant control on streamflow. However, as rising temperatures shift the rain-snow transition zone to higher elevations, a higher fraction of streamflow will be generated from rainfall, increasing streamflow during the wet winter months. Across the western U.S, Li et al. [2017] has estimated that the contribution of streamflow originating from snowpack by the end of the century will decrease by one third under an RCP8.5 scenario. This earlier shift in the timing of streamflow has already been shown to be impacting streamflow. Stewart et al. [2005] demonstrated that across Western North America, streamflow timing has shifted 1 to 4 weeks earlier since the mid-20th century. This trend will continue as temperatures continue to rise. Schwartz et al. [2017] project that by the end of the century, streamflow may shift up to 80 days earlier under an RCP8.5 scenario and up to 30 days earlier under an RCP4.5 scenario.

For the Kings River Basin, the effect of projected higher temperatures on streamflow timing can be illustrated by comparing projected changes in monthly streamflow (Figure 14). Under both RCP 4.5 and RCP 8.5 scenarios, monthly streamflow increases during the winter and early spring (January through May) due to less snowpack accumulation. Peak runoff, which has historically occurred during June, will shift to May with climate change and streamflow during the months of June and July will decrease. Other watersheds within the Southern Sierra Region are likely to show a similar pattern of streamflow change as the Kings River, although the magnitude of change may differ due to differences in watershed characteristics. 

A shift towards greater winter streamflow will increase the risk of floods within and downstream of the Southern Sierra Region. Das et al. [2013] found that by the end of the 21st century, streamflow flood events with 50-year return periods in the southern Sierra Nevada would increase by 50% to 100%. These increases were attributed in part due to warm storms that produce rainfall at higher elevations, but also in part to an increase in the size and frequency of large storms events [Das et al., 2011]. Many of the largest floods in the Sierra Nevada are associated with rain-on-snow events, when high snowlines cause rain to fall on previously established snowpack and streamflow contributions include both rain and melted snow. Rain-on-snow events are disproportionately associated with warm atmospheric rivers [Guan et al., 2016] and atmospheric rivers are projected to become more frequent and more severe under climate change [Dettinger, 2011; Hagos et al., 2016].
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Figure 14: Projected mean monthly streamflow for the Kings River in the Southern Sierra Region. Variability in projections represents different GCMs. Horizontal dark grey lines represent historical mean monthly streamflow.

Increased flood risk will introduce additional constraints on the operation of major water supply/flood-protection reservoirs downstream of the Southern Sierra Region. To minimize flooding in the San Joaquin Valley during the winter months, reservoirs are required to draw down water levels to provide space to accommodate large runoff events, such as those associated with atmospheric rivers. As the risk of larger winter runoff events increases with climate change, the rules governing reservoir flood space may need to be revised to allow for more space, as the current rules reflect historical streamflow regimes, not future ones [Brekke et al., 2009]. This would reduce the amount of water that can be stored during the winter season. In the spring, snowmelt has historically been used to fill the reservoirs. However, the reliability of snowmelt being sufficient to fill the flood reserve space in reservoirs is decreasing as the Sierra snowpack is diminished. These issues with surface storage suggest that alternative methods for storing water may need to be pursued in the Tulare/San Joaquin basins, including groundwater recharge. Changes in reservoir operations may also impact hydropower generation, which will affect energy production in California.

With more winter streamflow projected under climate change, a corresponding decrease in summer flows is also projected. These flows, which occur when seasonal temperatures are highest and water demand is greatest, are important for both riparian ecosystems and water management. In the Sierra Nevada, Godsey et al. [2014] found that for every 10% decrease in snowpack, annual minimal flows may decrease by 1% to 22%, depending on the watershed. An additional concern is that the length of the low flow season will be extended under climate change, further stressing aquatic ecosystems in the Southern Sierra Region.

[bookmark: _Toc398372414]Water Quality

Climate change will impact water quality in the Southern Sierra Region by altering stream temperatures and sediment loads. Stream temperature is a key regulator of riparian ecosystems and higher water temperatures frequently have an adverse affect on native species, affecting species distributions, growth rates and reproduction [Isaak et al., 2017]. Stream temperature has been found to be sensitive to rising temperatures. Ficklin et al. [2013] projected that, depending on the watershed, spring and summer stream temperatures in the Sierra Nevada will increase between 1.0 and 5.5°C by the end of the century under a high greenhouse gas scenario. Isaak et al. [2017] found that August stream temperatures in Central California will increase by about 1.0°C by the end of the century. Using the same dataset generated by Isaak et al. [2017], August stream temperatures for the Southern Sierra Region are projected to increase from 0.3°C to 1.6°C, with an average change of 0.9°C (Figure 15). In each of these studies, lower elevation streams showed a greater increase in temperature than higher elevation streams.
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Figure 15: Projected change in August stream temperatures in the Southern Sierra Region for the period 2070 to 2099. Data from Isaak et al. [2017].

Changes in land cover and streamflow regimes may alter stream sediment load in the Southern Sierra Region. Due to granitic substrate, many rivers in the Southern Sierra Region are sediment limited [Riebe et al., 2001]. However, an increase in winter flows has the potential to increase sediment erosion and transportation. During the spring and summer seasons, Ficklin et al. [2013] reported that sediment concentrations in Sierra Nevada steams should decrease under future climate change scenarios. However, the effect on sediment loads during the winter season remains unclear and points to the need for further research. The trend of increasing wildfire in a warmer climate is a special concern for sediment

[bookmark: _Toc398372415]Chapter 4: Combined Effects of Climate Change and Vegetation Tranformation on hydrology in the Southern Sierra Region

Vegetation affects watershed hydrology in the Southern Sierra Region through processes such as canopy interception and transpiration, which influences how much water is available for streams or groundwater recharge. Vegetation water use differs by vegetation type (e.g. forests, shrubs, grasses) as well as through time as vegetation grows. Consequently, changes in the distribution of vegetation on a landscape will have an effect on hydrology and the management of water resources. The main drivers of vegetation change on a landscape include vegetation disturbance such as drought, wildfire, and bark beetles, as well as land management activities such as forest thinning and prescribed fires. In this section, we document how climate change is altering vegetation disturbances in the Southern Sierra Region and how these changes affect both vegetation and water resources. We also develop a model that will permit the examination of land management on water resources in the Southern Sierra Region.

[bookmark: _Toc398372416]Approach

To examine the vulnerability of forests in the Southern Sierra Region to current and future droughts, we leveraged the forest mortality dataset generated by the Aerial Detection and Monitoring program with the United States Forest Service, Region 5 (https://www.fs.usda.gov/detail/r5/forest-grasslandhealth/?cid=fsbdev3_046696) and processed by Young et al. [2017]. The Aerial Detection Monitoring program maps tree mortality using a small aircraft with an aerial observer who visually evaluates a selection of areas throughout California for the number of trees that are stressed or dead, as well as the affected tree species and the damage type (e.g. fire, beetle, drought). Young et al. [2017] rasterized the forest mortality dataset for the year 2015 at a 3.5 km resolution, which was resampled in this study to 4 km to match the climate data resolution. In addition, all tree species were treated collectively to reduce the complexity of the study. 

A multiple regression model was developed to predict tree mortality, defined as trees per hectare, from landscape and climate variables. The landscape variables included number of trees per hectare and basal area per hectare, while the climate variable was a measure of climatic water stress (ws). The landscape variables were obtained from the GNN dataset produced by the LEMMA group (https://lemma.forestry.oregonstate.edu) [Young et al., 2017]. The climate variable was calculated using

		(1)

where p is annual precipitation (mm) and PET is annual potential evapotranspiration (mm). Precipitation for 2015 was obtained from the PRISM climate dataset (http://www.prism.oregonstate.edu) and pet was estimated using the Hamon method, which computes pet as a function of temperature and daylight hours [Hamon, 1961]. Temperature for 2015 was obtained from PRISM. More negative values of water stress (ws) indicate that forests do not have sufficient precipitation to meet atmospheric water demands on vegetation and that stomata will likely need to be closed for longer periods of time. The model was used to predict how forest mortality might be altered at the end of the century for a drought with an identical precipitation deficit as the recent California drought, but with higher temperatures. To accomplish this, we derived end-of-century potential evapotranspiration (pet) values as input into the Hamon method using the average increase in the end-of-century temperatures for the RCP 4.5 and RCP 8.5 scenarios.

Wildfire projections were analyzed using a dataset provided by Westerling (2018) (www.cal-adapt.org).  Future wildfire scenarios were generated by coupling two emission scenarios (RCP4.5 and RCP8.5), data from four downscaled GCMs, and three land-cover scenarios. The land-cover scenarios accounted for low, medium and high levels of land development over the 21st century. Output for the model included projected area burnt.

Predicting how hydrology and water resources in the Southern Sierra Region will change with climate change is challenging because many processes like vegetation distribution (species, functional type), carbon stock (sequestration, forage), disturbance regime (fire, insect, die offs), hydrology (evapotranspiration, storage, runoff) and land management are interdependent. Consequently, these processes cannot be studied in isolation and require numerical models that can integrate the processes at the watershed scale. For this study, a framework for investigating watershed scale changes in hydrology was set up using the Envision model [Bolte et al., 2007]. The Envision model includes: 1) a geo database that manages landscape characteristic data through space and time; 2) a standard plug in interface for water, ecosystem, and socio-economic models; 3) a multi-agent modeling subsystem for representing human decision making; and 4) a GIS based system for visualizing results. The model is designed to capture all the moving parts that affect hydrology in the Southern Sierra Region in a systematic approach so that different land management priorities can be tested. Ultimately, the model is expected to help optimize water resource benefits across stakeholders in the Southern Sierra Region. Envision has been tested in a number of other contexts, including understanding the effects of climate change on the water balance of an upland forest in Oregon [Turner et al., 2017] and the examining fire-prone landscapes as coupled human and natural systems [Spies et al., 2014].

The Envision model was set up for the Kings River Basin upstream from Pine Flat Reservoir. The hydrologic sub-component of the model uses the Hydrologiska Byråns Vattenbalansavdelning (HBV) model, which is a semi-distributed conceptual hydrologic model [Lindström et al., 1997]. Daily temperature, precipitation, specific humidity, radiation and wind inputs for the HBV model were obtained from Gridmet data, which is a gridded climate product that blends PRISM with the NLDAS-2 dataset at 4-km resolution [Abatzoglou, 2013]. The full natural flow (i.e. the expected flow without upstream diversion/obstructions) into Pine Flat Reservoir and snow pillow data were obtained from the California Department of Water Resources. Land cover data was obtained from the 2011 National Land Cover Database (NLCD). The Envision model will allow the examination of multiple simultaneously varying processes in the Kings River Watershed, such as the impact of fuel treatments and climate change on watershed hydrology and water resources. In this study, we tested whether the model is able to replicate the behavior of the major hydrologic processes in the Kings River Watershed and is a suitable tool for future analyses.

[bookmark: _Toc398372417]Forest Mortality

During the 2012-2016 California drought, an unparalleled forest mortality event produced over 129 millions dead trees in forests throughout California [Moore, 2017]. The Southern Sierra Region was one of the hardest hit regions in the state, with exceptionally high levels of mortality observed in the lower montane forest (Figure 16). The severity of the mortality event was a direct consequence of the severity of the drought, which combined multiyear low precipitation levels with record high temperatures. Forest vulnerability to drought is projected to increase with climate change and mortality events such as the California incident are likely to become more common and widespread [Allen et al., 2015]. Young et al. [2017] found that during the California drought, mortality throughout California was concentrated in areas with higher levels of water stress. For the Southern Sierra Region, forest mortality in 2015 occurred in areas that had relatively dense vegetation for a given level of water stress (R2 = 0.27) (Figure 17). The strength of this regression relation is comparable to Young et al. [2017], who used a slightly different definition of water stress. The model indicates a positive relation between the number of trees in a location and the likelihood of tree mortality. The model also indicates that higher levels of water stress (more negative values) lead to higher rates of forest mortality.
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Figure 16: Map of percent forest mortality in 2015 for the Southern Sierra Region.
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Figure 17: Relation between mortality (trees per hectare) and forest density (trees per hectare) in the Southern Sierra Region during the 2015 wateryear. Each data point represents mortality for a 4-km2 pixel within the Region. More negative water stress (precipitation minus potential ET) values indicate greater water stress.
Forest water stress will continue to increase as temperatures rise with climate change, increasing mortality rates. In the Southern Sierra Region, a drought with comparable precipitation to the 2012-2016 drought but with temperature increases representative of the end-of-century RCP4.5 and RCP8.5 scenarios could be expected to increase forest mortality by 15% and 27%, respectively, compared to the 2012-2016 event (Figure 18). The effects of forest mortality can linger for decades and it will be necessary to account for mortality in the management of water resources in the Southern Sierra Region. A recent study by Bales et al. [2018] estimated that the large number of dead trees in the Kings River watershed decreased forest ET during the recent drought, which may have increased water availability for streamflow by up to 15%.
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Figure 18: Boxplot showing the projected variability in percent mortality change for each 4-km2 pixel within the Southern Sierra Region relative to the average percent mortality in 2015. Blue point is the average change in percent mortality (RCP4.5 – 15%, RCP8.5 – 27%).
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Wildfires are an episodic form of land-cover change in the Sierra Nevada. Lower montane forests in the Sierra were historically characterized as having a low-severity fire regime, where the forest understory would regularly burn from wildfire but the forest canopy burned less frequently due to a lack of ladder fuels. Fire suppression over the past century has led to a build-up of understory fuels in many Sierra Nevada forests and made these forests more susceptible to high severity wildfire that affect the forest canopy. Climate change is magnifying this problem, as higher air temperatures increase fire intensities by drying out dead fuels more rapidly. In recent decades, wildfires in the western U.S. have been found to be increasing in size [Dennison et al., 2014] and in total area burned [Westerling, 2016]. Indeed, the two largest wildfires ever recorded within the Southern Sierra Region occurred in the last two decades, the 2002 McNalley Fire and the 2015 Rough Fire. Some of this increase is likely due to the fuels buildup, but Abatzoglou and Williams [2016] have demonstrated that part of this increase can be attributed to higher temperatures associated with climate change. Stephens et al. [2018] has suggested that the recent forest mortality event in the Sierra Nevada has increased the risk of surface fires, though this is counterbalanced by a decrease in the risk of crown fire.

Wildfire is expected to become more common in the Southern Sierra Region throughout the 21st century under climate change. The mean annual percent area burned averaged over the Southern Sierra Region is projected to increase from 0.5% per year historically to between 0.75% and 1% by the end of the century under the RCP 4.5 scenario (Figure 19 and 20). The projections for mean annual percent area burned under the RCP 8.5 scenario are higher than the RCP 4.5 scenario but also more uncertain, suggesting that the Southern Sierra Region could experience substantially more wildfire than currently occurs.
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Figure 19: Projected changes in mean annual area burned by wildfire for the Southern Sierra Region under a medium population growth scenario. Variability in projections represents different GCMs. Horizontal dark grey line represents historical mean annual area burned. Data provided through www.cal-adapt.org.
[image: ]
Figure 20: Map of mean annual area burned in the Southern Sierra Region under six scenarios with medium population growth: Historical RCP 4.5 and RCP 8.5, Mid Century (2040-2069) RCP 4.5 and RCP 8.5, and Late Century (2070-2099) RCP 4.5 and RCP 8.5, using downscaled output from the CanESM2 GCM.

Wildfire, through modification of vegetation and soils, affects watershed hydrology. The elimination of vegetation decreases vegetation interception and transpiration, which in the short term may increase annual streamflow. Across the Western U.S., Wine et al. [2018] estimated that 2 to 14% of long-term annual streamflow is generated from vegetation reductions brought about by wildfire. Wildfire may also increase baseflows, though the magnitude of this effect varies from watershed to watershed [Bart and Tague, 2017]. Wildfire also impacts soil properties through a process that increases the hydrophobicity of soils. Hydrophobicity decreases soil infiltration during rainfall events and increases overland flow. This change can increase peak flows and the potential for large erosional events [Doerr et al., 2006; Carroll et al., 2007]. Given that the frequency of wildfire is being altered under climate change, the modified effect of wildfire on streamflow and water resources will need to be accounted for in water management.

[bookmark: _Toc398372419]Bark beetles

Bark beetles are a pathogen in western U.S forests, invading vulnerable trees in order to reproduce. Although outbreaks of beetles are natural, their spread has historically been kept in check by cold winter temperatures [Bentz et al., 2010]. As winter temperatures rise with climate change, outbreaks are becoming larger and more severe [Bentz et al., 2010]. Bark beetles contributed to forest mortality event during the recent California drought and will likely have a larger impact on Sierra Nevada forests in the future.

[bookmark: _Toc398372420]Forest management

Forest management is frequently used to decrease forest vulnerability to vegetation disturbances and climate change. Forest management may include mechanical treatments such as forest thinning where individual trees are removed from a forest stand to reduce the density of the remaining forest. It may also include prescribed fire, which attempts to replicate the effects of low severity wildfires and remove understory vegetation. Managed wildfire offers perhaps the greatest potential for fuels reduction, though the outcomes are not as predictable as for fuels management by prescribed fire or mechanical thinning. Forest management can help to improve forest health by creating less competition for water resources [Grant et al., 2013]. Forest management also has the potential to reduce overall forest ET, which in some cases may increase streamflow. There is evidence that increases in streamflow following forest thinning are greatest in watersheds that are not water limited and that the magnitude of streamflow change depends on the level of treatments conducted [Saksa et al., 2017; Roche et al., 2018]. Thus, the management of water resources in the Southern Sierra Region will necessitate accounting for forest management practices.
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Most vegetation species in the Sierra Nevada are adapted to the precipitation and temperature range of their present distribution. In general, vegetation growth at the lower elevations of a species distribution is water-limited, as evaporative demand is greater at lower elevations due to higher temperatures. Vegetation growth at higher elevations of a species distribution, conversely, is generally cold-limited. As temperatures rise with climate change, an upslope shift in vegetation is expected in the Sierra Nevada. This shift is not expected to be uniform, however, as some species are likely to migrate more easily than others. Also, in many cases, invasive vegetation may replace former species. At lower treeline in the Sierra Nevada, recent evidence has shown that a transition from forest to shubland and/or grasslands is already occurring in some regions [Collins and Roller, 2013; Stevens and Latimer, 2015]. Likewise, increased vegetation growth in the high elevation sub-alpine forest in the Sierra Nevada has also been observed in the last decade [Millar et al., 2004]. The effect of vegetation transformations on watershed hydrology is likely to vary based on watershed characteristics and the extent/timing of vegetation transformation. In the lower montane forest of the Southern Sierra Region, Bart et al. [2016] found that tree-to-shrub type conversion may increase streamflow up to 40%, depending on the species and size of invading shrubs. This contrasts with the effect of vegetation expansion at higher elevations, as Goulden and Bales [2014] reported that vegetation expansion could decrease streamflow by up to 26% in the Kings River watershed. The ultimate effect of vegetation transformations on streamflow in the Southern Sierra Region will depend on the balance of vegetation changes across the full elevational gradient of the Sierra Nevada.

[bookmark: _Toc398372422]Envision modeling

The results from testing the Envision model in this study demonstrated that the model could replicate many of the major hydrologic processes in the Kings River Watershed. Distributed output for a selection of key hydrologic variables including mean annual precipitation, mean annual ET, mean April 1 snowpack, and mean annual runoff are shown in Figure 21. The spatial distribution of these variables reveals patterns that are consistent with current understanding of hydrology in mountainous watersheds. Mean annual ET is highest in the lowest part of the Kings River watershed, as this area has the highest atmospheric demand combined with sufficient precipitation to satisfy much of the demand. This is also consistent with the results using VIC to model ET in the Kings River Watershed. April 1 snowpack is generally greater at higher elevations, in part because these areas are the coldest and have the least amount of winter snowmelt. However, the model shows an area between the North and Middle Forks of the Kings River that is lower in elevation than the Sierra Crest, but has a large April 1 snowpack due to very high precipitation rates in that area. Mean annual runoff is the proportion of precipitation that immediately flows over the surface during a rainfall event towards a stream. It does not include water that infiltrates or remains on the surface as snow. The runoff map in Figure 21 shows that runoff is greatest in the mid-elevational range of the watershed. Runoff at low elevations is limited by low amounts of precipitation, whereas runoff at high elevations is limited by the large proportion of snowfall compared to rainfall.
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Figure 21: Modeled distribution of the mean annual precipitation, mean annual ET, mean April 1 snowpack, and mean annual runoff in the Kings River Watershed.

The Envision model was also evaluated for how well it was able to replicate temporal variability of hydrologic variables in the Kings River watershed. One of these variables, snow depth, was examined at multiple point locations within the watershed. Time-series for two of these locations, Bishop Pass and Big Meadow, are shown in Figure 22. Bishop Pass is a high elevation snow pillow located at 11,200 feet in elevation. Big Meadow is a middle elevation snow pillow at 7,600 feet, which is just above the rain-snow transition zone. For Bishop Pass, the model captured the timing of snow accumulation during the winter and snowmelt during the spring, as well as the overall magnitude of snowpack very well. For Big Meadow, the model consistently underpredicted snow depth. Further, the timing of snowpack accumulation and melt was inaccurate for Big Meadow, with the model repeatedly accumulating snowpack too slowly during the winter and retaining the snowpack for too long in the spring. Overall, these results suggest that Envision can model high elevation snowpack well but needs further refinement to correctly replicate a mid-elevation snowpack.

[image: ][image: ]
Figure 22: Comparison of modeled and observed snowpack depth through time at Bishop Pass (elev 11,200 ft) and the Big Meadow (elev 7,600 ft).

Envision was partially able to replicate streamflow for the Kings River watershed above Pine Flat Reservoir, but disparities exist in both the magnitude and timing of streamflow. A comparison between modeled and observed streamflow at the Kings River outlet is shown in Figure 23. In two of the years, 1997 and 1999, the model overpredicted streamflow during the winter and underpredicted streamflow during the spring. This is due to inaccuracies in the models estimation of snowpack, particularly at mid-elevations near the rain-snow transition zone, as observed at Big Meadows. In this case, the model misclassified precipitation as rain instead of snow, producing higher winter flows than actually observed. The opposite effect occurred during the spring snowmelt, where modeled streamflow was less than observed due to the presence of a smaller snowpack in the model. Correctly partitioning precipitation to rain and snow near the rain-snow transition zone is one of the primary challenges for modeling high topographic relief watersheds such as the Kings River. A better characterization of water resources for this watershed, and the Southern Sierra Region as a whole, will require both additional refinement of the Envision model, but perhaps more importantly, new resources to measure and monitor hydrologic fluxes across mountainous terrain.
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Figure 23: Hydrograph comparing modeled and observed streamflow just above Pine Flat Reservoir. Observed streamflow is the corrected full natural flow into the reservoir.

The Envision model was able to model many of the watershed processes in the Kings River watershed. Still, further analysis will be needed to understand how forest management and climate change affect these processes. Key biophysical mechanisms that still need to be incorporated into the model analysis include representations of forest structure/functioning change such as wildfire, bark beetles, forest mortality and type conversion. One advantage of Envision is that it was developed with an explicit objective to couple stakeholder and land-manager decision-making into simulations. Incorporating these types of actions with the dynamic biophysical processes operating within a watershed will allow economic, political and social tradeoffs to be evaluated. The model can also be coupled to a downstream reservoir model in order to couple management and climate change affects to water supply and energy production. Overall, this study demonstrates that Envision will provide a solid foundation for future research in the Kings River watershed, as well as other major watersheds in the Southern Sierra Regional Water Management Group region, for evaluating climate change effects on the hydrology of Southern Sierra Nevada watersheds.



[bookmark: _Toc398372423]Chapter 5: Conclusions

Climate change will have a substantial effect on the hydrology and water resources in the Southern Sierra Region over the 21st century. Most of these changes have already begun. 1) Higher temperatures are producing less snowfall during the winter wet-season, causing the Sierra snowpack to be diminished. A higher proportion of rainfall compared to snowfall is increasing winter season streamflow when there is limited storage available to store the flows due to winter flood control operations of most Sierra Nevada reservoirs. 2) An earlier depleting snowpack decreases streamflow during the late spring and summer period, when demands for water use are greater. 3) Precipitation in California is becoming more variable. Wet years are becoming more extreme and droughts becoming longer and more entrenched. 4) Higher temperatures in the Southern Sierra Region are also making forests more vulnerable to drought mortality while increasing risk from disturbances such as wildfire. As vegetation is a major control on how much precipitation is partitioned to streamflow and how much returns to the atmosphere, vegetation transformation will be a key control on water availability in the future. 5) Stream temperatures are increasing simultaneously with higher atmospheric temperatures, further stressing aquatic ecosystems.
 
Many management practices that were appropriate during the 20th century will prove to be inadequate for the 21st century due to the hydrologic changes produced by climate change. Proactive adaptation will be necessary by all groups, including urban, agricultural and environmental users, and special protections will be required to ensure that the negative consequences of climate change are minimized for the most vulnerable populations within and downstream of the Southern Sierra Region. Adaptation will likely take on many forms, including changes in reservoir management, forest management, and conservation. Adaptation will also need to be place specific. For example, vulnerabilities may be different for communities downstream of high elevation basins like the Kings River compared to lower elevation basins like the Kaweah and Tule, where changes in snowpack are likely to be relatively greater. While much is known about the general effects of climate change on Sierra Nevada hydrology, predictions for specific locations, time-periods and scenarios will require better science.

Informed, science-driven adaptation planning has the potential to mitigate some of the negative consequences of climate change, freeing up water that can be used by SSRWMG stakeholders. Improved forest management can not only increase the health of Southern Sierra forests and decrease wildfire risks, but it may also increase the total amount of streamflow flowing out of Southern Sierra Region watersheds. However, more research is needed to understand which locations within Southern Sierra watersheds have the greatest potential to increase forest health and increase water yields, as management effects are effected by topography, soils, geology and vegetation cover. Forest management effects also vary through time depending on climate conditions.

New tools are available to help predict vulnerabilities to climate change and the adaptations necessary to mitigate the consequences. Improvements in remote sensing are providing better spatial and temporal estimates of precipitation, snowpack, evapotranspiration, forest health, forest structure and disturbance. 
Advances in geophysics can provide unprecedented views up the subsurface structure and water storage. Coupled models, like the Envision model highlighted in this report, allow for exploration of the interactions between different systems that previously could only be studied independently, leading to deeper and more nuanced understanding of how climate change will affect water resources in the Southern Sierra Region. Together, these tools will be important for establishing resiliency in the Southern Sierra Region under climate change.
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