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Abstract:



California has recently experienced one of the worst droughts on record, negatively impacting forest ecosystems across the state. As a major source of the region’s water supply, it is important to evaluate the vegetation and water balance response of these montane forested watersheds to climate variability across the range of rain- to snow-dominated precipitation regimes. The Standardized Precipitation Index (SPI) and the Standardized Runoff Index (SRI) were used to capture the hydrologic drought signal, and MODIS vegetation indices (i.e., the normalized difference vegetation index and the enhanced vegetation index) were used to evaluate the vegetation and evapotranspiration response in three headwater catchments. The study catchments comprised a low elevation rain-dominated site (Caspar Creek) on the northern California coast, a mid-elevation site with a mix of rain and snow (Providence Creek) in the California Sierra Nevada, and a high elevation snow-dominated site (Bull Creek) in the Sierra Nevada. Lowest SPI values occurred in the third drought year of 2014 for all sites. Lowest SRI was in 2014 for Caspar, but in 2015 for Providence and Bull, reflecting differences in snowpack-delayed runoff and subsurface storage capacity between the lower and higher elevation watersheds. The most accurate water balance closure using evapotranspiration estimates from vegetation indices was within 10% of measured precipitation at snow-dominated Bull. The rain-dominated Caspar watershed had the highest vegetation index values and annual evapotranspiration, with the lowest variability over the previous 13 years (2004–2016). Vegetation index values and annual evapotranspiration decreased with increasing elevation and snow contribution to precipitation. Both snow-influenced Sierra Nevada watersheds showed elevated vegetation and evapotranspiration responses to interannual climate variability. There remains a need for institutional support to expand long-term observations in remote forested mountain watersheds to monitor and research these changing and extreme environmental conditions in source watershed regions.
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1. Introduction


Forested watersheds in California are facing unprecedented climate extremes, which can increase the risk of invasive pests, tree mortality, and high-severity wildfire. As per the recent estimates, there were 102 million trees that died in the Sierra Nevada during 2010–2016 [1]. These forested regions are a major source of water for ecosystem, hydropower, irrigation, and municipal uses [2]. Changes in the timing and magnitude of runoff under climate change pose significant risks to ecosystems, infrastructure, and the overall availability of water for human use. California has recently been under one of the most severe droughts on record [3], further amplifying the challenge of managing forests for water supply. With source watersheds playing such a critical role in the regulation and supply of water resources, it is important to evaluate the vegetation and water balance response of California forested montane watersheds to the recent climate variability across the transition from rain-dominated to snow-dominated precipitation regimes.



Climate extremes are expected to continue and intensify in the future, with drier conditions than have prevailed in recent history [4]. The combined effects of declining precipitation, increasing temperature, more winter precipitation falling as rain than snow, and a reduced snowpack will alter the historical timing of water availability and storage. It is estimated that increasing temperature alone by the end of 21st century could intensify evapotranspiration rates by 28% and decrease runoff by 26% [5]. It remains uncertain, however, as to how the delicate equilibrium between water yield from forested lands and consumption by forest vegetation will change in response to altered temperature and precipitation variability. Because forests face the widespread threat of drought, including predictions that climate change will lead to chronic drought-related stress, water management on forest lands for ecosystem health and resiliency is needed [6].



Research on forested experimental watersheds has established that reducing forest cover increases water yield and that afforestation decreases water yield [7,8,9]. Despite this, data suggest that relying on forest thinning or harvesting may not be a viable strategy for augmenting runoff and that management strategies might vary depending on the amount and type (e.g., rain vs. snow) of precipitation received [10,11]. Studies on forest vegetation changes due to external influences such as bark beetle infestation [12,13] have shown that tree mortality may (e.g., [14,15]) or may not (e.g., [16,17]) have impacts on evapotranspiration, groundwater, and stream runoff. Discrepancies between experimental results and management strategies imply that there is a need to move beyond measuring the effects of forest treatments on water yield alone, and to instead focus on the feedback between forest vegetation, land management, water partitioning, and climate. By coupling our understanding of how vegetation and climate affect underlying hydrologic processes, we can better predict how different forest management approaches will affect forest evapotranspiration and runoff under a range of climatic conditions.



In the Sierra Nevada, precipitation is generally dominated by rainfall at elevations <500 m, rain transitions to snow as elevation increases from 500 m to 2500 m, and snowfall is dominant at elevations >2500 m [18]. Annual variability in temperature and precipitation affect the size and persistence of the winter snowpack, and ultimately impact the amount of subsurface water storage available for use by vegetation in subsequent years [19]. Fellows and Goulden [20] show that the mid-elevation montane region of California has high subsurface recharge and storage capacity, evidenced by the high volume of evapotranspiration that persists through the dry summer season. Evapotranspiration at higher elevation regions may be limited by colder temperatures and lower subsurface storage, while evapotranspiration at lower elevations may be limited by lower precipitation and a longer dry season [19,20,21]. In the northern California coastal region, summer fog may contribute to montane forest precipitation, but it also limits evapotranspiration [22].



Effects of vegetation disturbances such as forest treatments, water stress, or mortality can be monitored using satellite-based remote sensing vegetation indices. Indices of spectral reflectance, such as the Enhanced Vegetation Index (EVI) and the Normalized Difference Vegetation Index (NDVI), have been developed to monitor vegetation health [23], productivity, and land-use change. EVI has been used to estimate evapotranspiration in western U.S. riparian zones [24], and has been combined with other satellite-based surface characteristics to calculate vegetation rooting depth in California [25]. NDVI has been correlated to snowpack depth in the Sierra Nevada [26], used to evaluate ecosystem functioning [27], and used for monitoring drought effects [28,29,30]. Goulden and Bales [5] used NDVI to extend point scale evapotranspiration measurements using eddy covariance flux towers to the 11 major western Sierra Nevada watersheds, and NDVI has been successfully coupled with estimates of potential evapotranspiration to feed a distributed hydrologic model [31]. Spectral indices for detecting vegetation change can be combined with evapotranspiration estimates for catchment-scale modeling of water balance response in forested watersheds.



The objectives of this study are to use three headwater catchments (a low elevation rain-dominated, a mid elevation mixed rain and snow, and a high elevation snow-dominated watershed) in California to: (i) characterize the coupling between climate, vegetation, and runoff across the rain-snow precipitation gradient; and (ii) quantify the impact of recent changes in vegetation on evapotranspiration and the overall water balance.




2. Methods


2.1. Study Sites


Our research catchments are located in the headwaters of Caspar Creek, Providence Creek, and Bull Creek (Figure 1). Caspar Creek is in the Jackson Demonstration State Forest on the northern coast of California, while Providence and Bull Creeks are in the southern Sierra Nevada as part of the Kings River Experimental Watersheds (KREW). Caspar Creek is dominated by second-growth coniferous forests, predominantly coast redwood (Sequoia sempervirens (D. Don) Endl.) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) [32]. Geologic features underlying Caspar Creek include marine sandstone and shale, with moderately well-drained to well-drained loam to gravelly loam soils. Providence Creek has granitic geologic features with well-drained to excessively drained sandy loam to gravelly coarse sandy loam soils. Sierran mixed-conifer forest dominates these catchments, which include white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr), ponderosa pine (Pinus ponderosa Dougl. ex Laws.), Jeffrey pine (Pinus jeffreyi Grev. & Balf.), black oak (Quercus kelloggii Lam.), sugar pine (Pinus lambertiana Dougl.), and incense cedar (Calocedrus decurrens Torr.) [33]. Bull Creek also has granitic geology, with well drained to somewhat excessively drained coarse sandy loam to gravelly coarse sandy loam soils. Conifer forest in Bull Creek consists of California red fir (Abies magnifica A. Murr.) and Sierran mixed-conifer.


Figure 1. Research watershed locations, including Caspar Creek (NFC, SFC), Providence Creek (P301, P303, P304), and Bull Creek (B201, B203). The McGuires meteorological station used for Caspar Creek is located off the inset map, 8.5-km to the east of the NFC sub-watershed.
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All of the catchments have a Mediterranean climate, with a short precipitation period during the cool winters and a longer dry season lasting through the warm summers. Years in this study refer to water years; for example, water year 2004 covers the period from 1 October 2003 to 30 September 2004. Mean temperatures are similar across the sites, but temperature extremes are more moderate in Caspar because of the coastal influence, where both Providence and Bull are colder in the winter and hotter in the summer (Table 1). Precipitation is exclusively rain in Caspar [32]; it transitions from rain- to snow-dominated precipitation in Providence [19], and is snow-dominated in Bull [19]. Because of the shifting precipitation from rain to snow, peak runoff period ranges from the wet winter months in Caspar to the spring snowmelt period in Bull. Runoff has been measured using in-stream weirs or flumes in the following sub-watersheds: North Fork (NFC, area = 473 ha, mean elevation = 200 m) and South Fork (SFC, 424 ha, 180 m) of Caspar Creek; P301 (99 ha, 1950 m), P303 (132 ha, 1880 m), and P304 (49 ha, 1870 m) in Providence Creek; B201 (53 ha, 2265 m) and B203 (138 ha, 2340 m) in Bull Creek (Figure 1). Additional details and descriptions of individual sub-watersheds have been documented in previous studies of Caspar Creek [22,32] and Providence/Bull Creeks [19,34]. Stream runoff was normalized over the area of each site and combined to provide one measure of runoff for each headwater region.



Table 1. Study site characteristics of elevation, mean annual precipitation (Mean P), mean annual temperature (Mean T), and annual temperature range (Min-Max T).







	
Site

	
Elevation, m

	
Mean P, cm

	
Mean T, °C

	
Min-Max T, °C






	
Caspar

	
40–330

	
85

	
12.1

	
1.6–24.1




	
Providence

	
1730–2115

	
97

	
9.9

	
−11.6–32.0




	
Bull

	
2145–2490

	
118

	
5.2

	
−15.0–28.7











2.2. Climate Indices


The Standardized Precipitation Index (SPI, [35,36]) is a transformation of the precipitation probability, which improves representation of wet and dry periods over the Palmer Drought Severity Index (PDSI, [37]) and is informative for water supply management when calculated over long time periods [38]. The SPI and Standardized Runoff Index (SRI, [39]), a transform of the runoff probability, were developed for the Caspar Creek, Providence Creek, and Bull Creek sites. The 12-month SPI was calculated using monthly precipitation records from the McGuires meteorological station for Caspar Creek (181 m elevation, 2003–2016; USDA State & Private Forestry), Upper Providence station (1984 m, 2003–2016; [19,34]), and Upper Bull station (2461 m, 2004–2016; [19,34]). A 12-month SPI uses a trailing moving average of precipitation for every month of the preceding 12 months to produce a normalized distribution of all monthly values over the available time series of data. Climate records were extended back to 1980 using a linear correlation of monthly DAYMET [40] precipitation data (R2 = 0.90–0.93), and assessed using the SPI categories defined by McKee et al. [35]; wet periods were classified as mild (SPI = 0.00–0.99), moderate (SPI = 1.00–1.49), severe (SPI = 1.50–1.99), or extreme (SPI ≥ 2.00). Dry periods were classified in the same way using the same ranges with negative SPI values (Table 2). The 12-month SRI was calculated from the mean monthly area-normalized stream runoff measured at the sub-watershed outlets and combined by study site because the individual sub-watershed runoff indices were not discernibly different from one another. The 12-month time scale of SPI and SRI were used because the correlation between the 12-month indices can be compared to the correlation between annual precipitation and runoff [39].



Table 2. Using the Standardized Precipitation Index (SPI) classification from McKee et al. [35], the fraction of time in the past 35 years each site experienced meteorologically wet or dry conditions.







	
Classification

	
SPI Range

	
Caspar

	
Providence

	
Bull






	
Extreme wet

	
≥2.00

	
0.05

	
0.04

	
0.03




	
Severe wet

	
1.50–1.99

	
0.03

	
0.04

	
0.04




	
Moderate wet

	
1.00–1.49

	
0.05

	
0.11

	
0.12




	
Mild wet

	
0.00–0.99

	
0.37

	
0.27

	
0.26




	
Mild dry

	
−0.99–0.00

	
0.32

	
0.40

	
0.39




	
Moderate dry

	
−1.49–−1.00

	
0.12

	
0.10

	
0.12




	
Severe dry

	
−1.99–−1.50

	
0.05

	
0.03

	
0.03




	
Extreme dry

	
≤−2.00

	
0.01

	
0.01

	
0.01











2.3. Vegetation Indices


The MODIS NDVI (Equation (1) and EVI Equation (2)) are spectral reflectance calculations of a difference ratio between absorbed red visible spectrum and reflected near-infrared spectrum:
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(1)
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(2)




where NIR is near-infrared, R is the red reflectance value, B is the blue reflectance value, G is a scaling factor, L is the canopy background adjustment, and C1 and C2 are aerosol resistance term coefficients [41]. The additional terms for calculating EVI are incorporated to account for atmospheric aerosol scattering and the influence of soil-brightness. MODIS 16-day vegetation index products (MYD13Q1 v5) at 250 m resolution were acquired from the online Data Pool for water years 2004–2016, courtesy of the NASA Land Processes Distributed Active Archive Center (LPDAAC, http://lpdaac.usgs.gov/), and extracted for each watershed. Vegetation index and evapotranspiration responses were assessed by study site instead of individual sub-watersheds in order to be at a landscape scale most relevant to the resolution of available MODIS data.



Annual estimates of actual ET were calculated for each location using the relationship between measured ET from four Sierra Nevada-specific eddy covariance flux towers and mean annual NDVI and EVI, following the approach of Goulden et al. [21]. Eddy covariance data are available for 2009–2015, and use the four Sierra Climate Gradient sites of Oak/Pine Woodland (405 m elevation), Ponderosa Pine Forest (1160 m), Sierran Mixed Conifer Forest (2015 m), and Subalpine forest (2700 m). The mean annual value of NDVI and EVI was calculated using the average values of all high-quality MODIS pixels (highest pixel reliability = 0) over each water year at each tower, and used to develop the predictive relationships (Figure 2). Multiple linear regressions were also tested by adding a one-year lag term, which was the mean vegetation index of the following year. Precipitation amount in a given year can influence the subsurface water storage capacity and vegetation water use in the following year, so adding the lag term could account for some of the variability in subsurface water storage. This model was successful in providing a better predictive equation with EVI, as determined by the lowest Akaike Information Criterion (AIC, [42]) value, and resulted in a higher coefficient of determination. A single-term exponential model provided the best fit for NDVI. Using the lag term in the EVI equation restricts the most recent annual evapotranspiration estimate and the evaluation of the water balance closure to water year 2015. The fitted equations were then used to estimate annual ET by using the catchment-scale mean annual vegetation index at each of the study locations. The relative accuracy of using the localized relationships to calculate annual ET was then compared to the equation in Goulden et al. [21], which was developed using flux tower data from many different vegetation communities across southern California.


Figure 2. Mean annual Normalized Difference Vegetation Index (NDVI) (R2 = 0.81, p < 0.0001) and Enhanced Vegetation Index (EVI) (R2 = 0.86, p < 0.001) regressions with mean annual ET. The equation represents the best-fit line. The EVI includes a one year lagged term to account for water storage effects carried over from the current year, which resulted in a better fit than only using same year EVI data. The NDVI had a better relationship without the lagged values.
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3. Results


3.1. Climate


The 12-month SPI (1980–2016) resulted in similar patterns of wet and dry periods for the rain-dominated Caspar, mixed rain and snow Providence, and snow-dominated Bull meteorological stations (Figure 3). The 12-month SRI (2004–2016) calculated for the Caspar, Providence, and Bull sites, shows the difference in timing of precipitation and runoff in Caspar compared to KREW. The delay between precipitation and snowmelt in the Sierra results in the offset between SRI and SPI, and a smoothed SRI signal. The standardized precipitation and runoff indices were moderately to highly correlated (R2: Caspar = 0.79, Providence = 0.53, Bull = 0.53). A high correlation occurs when annual precipitation and runoff also have high coefficients of determination (R2: Caspar = 0.87, Providence = 0.95, Bull = 0.97) [39].


Figure 3. Standardized Precipitation Index (SPI, met stations) and Standardized Runoff Index (SRI, catchment outlets) calculated for Providence, Bull, and Caspar. Periods of wet and dry conditions based on the SPI are highlighted using the classification from McKee et al. [35], and indicating values beyond one standard deviation are shaded in gray (SPI between −1.0 and 1.0).



[image: Forests 08 00278 g003]






Using the SPI categories defined by McKee et al. [35] to characterize wet and dry periods, Caspar was in a wet period 50% of the time, while Providence (46%) and Bull (45%) were in less wet periods over the past 36 years. Mild conditions persisted 69% of the time in Caspar, 67% in Providence, and 65% in Bull. Of the moderate to extreme classifications, Caspar had more dry periods (18%) than wet (13%), where Providence exhibited less dry (14%) than wet periods (19%). Bull also had fewer dry periods (16%) than wet periods (19%). SPI values near positive two, indicating wet periods, occurred in 1983, 1997–1999, 2007, and 2011 (Providence, Bull). SPI values near negative two, indicating dry periods, have occurred in 1982 (Caspar), 1992, 2009 (Caspar), and 2014. The wettest period in the last 35 years was in 1983 for Providence and Bull, with Caspar being wettest in both 1983 and 1998. All sites were the driest in 2014, with index values from −3 to −3.4, exceeding any dry periods in the previous 30 years by a minimum index value of 1.0.




3.2. Vegetation and Evapotranspiration


Mean annual NDVI and EVI (2004–2016) were extracted from each study catchment and used with the developed predictive equations to calculate annual estimates of actual ET for each site (Figure 4). NDVI decreased with increasing elevation, having values between 0.84 and 0.87 in Caspar, 0.67 and 0.75 in Providence, and between 0.57 and 0.65 in Bull. EVI values also decreased with increasing elevation, ranging from 0.40 to 0.44 in the coastal rain-dominated Caspar watershed, 0.28 to 0.37 in the mixed rain and snow Providence watershed, and 0.24 to 0.31 in snow-dominated Bull. NDVI significantly decreased over the study period for Providence (p < 0.05) and Bull (p < 0.01), but not for Caspar. Similarly, EVI significantly decreased for only the snow-influenced watersheds of Providence (p < 0.001) and Bull (p < 0.001). Mean NDVI values (±standard deviation) for 2004–2016 increased progressively from Bull (0.623 ± 0.020) to Providence (0.725 ± 0.019) to Caspar (0.854 ± 0.004). Mean EVI values (±standard deviation) also increased from Bull (0.275 ± 0.019) to Providence (0.332 ± 0.028) to Caspar (0.422 ± 0.013). Mean annual NDVI shows the greatest annual decrease in 2016 for Caspar (−1%), Providence (−6%), and Bull (−5%). Mean annual EVI shows the greatest annual decrease in the lowest precipitation year of 2014 for Caspar (−6%) and Bull (−6%), but a year later in 2015 for Providence (−7%).


Figure 4. Mean annual vegetation indices used to calculate annual values of actual ET for the Caspar, Providence, and Bull sites. Vertical bars show observed annual precipitation recorded at the meteorological stations.
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Differences in the mean annual vegetation index result in a substantial separation in predictive estimates of actual evapotranspiration at each site from over the 2004–2015 period. Annual precipitation in Caspar was 66–188 cm, runoff was 19–148 cm year−1, annual NDVI-ET was 329–401 cm, and annual EVI-ET was 157–182 cm. In Providence, precipitation was 42–152 cm year−1, runoff was 2–91 cm year−1, NDVI-ET was 69–90 cm year−1, and EVI-ET was 68–105 cm year−1. Precipitation in Bull was 51–172 cm year−1, runoff was 7–125 cm year−1, NDVI-ET was 45–51 cm year−1, and EVI-ET was 42–80 cm year−1. Annual variability in precipitation (Coefficient of Variation = 0.26–0.44) and runoff (C.V. = 0.59–1.01) was substantially higher in all of the sites than evapotranspiration (C.V. = 0.03–0.19).




3.3. Water Balance


Annual water balance closure at each of the sites was evaluated by comparing measured precipitation (P) to the sum of measured runoff (Q) and ET estimates. Evapotranspiration estimates were from the predictive equations limited to the Sierra Nevada sites (Sierra NDVI-ET, Sierra EVI-ET), and from Goulden et al. [21], which used multiple vegetation community types across southern California (S. Cal. NDVI-ET, Figure 5). The sum of ET + Q was higher than measured precipitation in all years for all sites, except the latest drought year of 2015 in Bull. The southern California NDVI equation produced the best agreement in rain-dominated Caspar (Mean Average Error (MAE) = 33.3 cm) and mixed rain/snow Providence (MAE = 19.8 cm), but ranked second in snow-dominated Bull (MAE = 14.6 cm). The Sierra NDVI equation resulted in the lowest agreement in Caspar (MAE = 296.3 cm), was ranked second in Providence (MAE = 28.7 cm), and produced the best agreement in Bull (MAE = 9.2 cm). The Sierra EVI equation ranked second in Caspar (MAE = 104.7 cm), but ranked last in Providence (MAE = 52.7 cm) and Bull (MAE = 25.1 cm). Overall, the predictive equations had a minimum error in Bull, a marginally higher average error in Providence, and a maximum error in Caspar, and resulted in an overestimation of the water balance.


Figure 5. Estimates of water balance closure by comparing annual precipitation with the sum of runoff and evapotranspiration. Water balance values are area-normalized over all sub-watersheds at each site. The three evapotranspiration equations are based on NDVI and southern California flux tower ET measurements (S. Cal. NDVI-ET), NDVI and Sierra Nevada flux tower ET (NDVI-ET), and EVI and Sierra Nevada flux tower ET (Sierra EVI-ET). Vertical bars are standard deviations of the individual pixel vegetation index from the watershed annual mean.
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Evapotranspiration is often inferred by using the water balance approach to subtract observed runoff from observed precipitation, and requires the assumption that water has a storage and travel time of ≤1 year. To test this assumption, annual ET calculated from the water balance method was compared to mean annual NDVI and EVI (Figure 6). The variability of NDVI (C.V.: Caspar = 0.01, Providence = 0.01, Bull = 0.02) and EVI (C.V.: Caspar = 0.03, Providence = 0.07, Bull = 0.06) were low compared to the range of evapotranspiration estimates (C.V.: Caspar = 0.16, Providence = 0.20, Bull = 0.19) based on the water balance.


Figure 6. The mean annual vegetation index for each site compared to changes in the water balance estimate of evapotranspiration, calculated by subtracting runoff from precipitation (ET = P – Q). Lines indicate standard deviation of the enhanced vegetation index (EVI) and normalized difference vegetation index (NDVI) that cross at the mean with ET.
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4. Discussion


4.1. Climate Indices


The lower correlation of the 12-month SPI and SRI in the mixed rain/snow Providence and snow-dominated Bull than in rain-dominated Caspar reflects the influence of delayed snowpack, with greater snowpack or later melt-driven runoff resulting in lower correlations. The highest correlations for Providence could be obtained by shifting the SRI either two or three months earlier (R2 = 0.87 for both), and for Bull by shifting the SRI three months earlier (R2 = 0.86). Assuming the highest correlation is between the two and three month offset for Providence, the smaller shift in time period represents the higher fraction of precipitation falling as rain when compared to the three month offset in the more snow-dominated Bull site. Similarly, Joetzjer et al. [43] found a 12-month SPI to be a good indicator of a 12-month SRI in regions where precipitation dominated runoff response, such as the Amazon river basin, but not in regions where changes in temperature and evapotranspiration dominated changes in runoff response, such as the Mississippi river basin. There are also spatial differences in precipitation that separate Caspar Creek in the northern California coastal region and the two southern Sierra Nevada sites of Providence and Bull Creeks. For example, precipitation exceeded 40 cm in consecutive Decembers of 2014 and 2015 at Caspar, but did not exceed 20 cm in Providence or Bull. The additional precipitation in December 2014 on the northern coast resulted in a much shorter period of moderate to extremely dry conditions than occurred in the Sierra Nevada sites.



The severity of the recent drought is clear, and the low SPI values in 2014 are similar to the 1976–1977 drought values in the Feather River from Shukla and Wood [39]. The SRI exceeds −2 only for Caspar, and does not show a strong signal in Providence and Bull due to the offset runoff and more limited data. In a review of drought indices, Keyantash and Dracup [44] found SPI to be a good indicator of meteorological drought based on factors such as robustness and dimensionality, whereas the more traditional Palmer Drought Severity Index (PDSI, [37]) performed relatively poorly. The more gradual response of SRI in the Sierra Nevada sites is also a result of the greater variability in interannual runoff than occurs on the northern California coastal range. Because SPI only relies on precipitation data, it can only reflect the change in hydrologic input to the system. The addition of SRI is a more complete interpretation of the drought signal here since it integrates other effects [45]. SRI is impacted by evapotranspiration that is also modified by changes in temperature and the surface energy balance. The widespread tree mortality that has occurred in the Sierra Nevada with the recent drought [46] would also impact the SRI, but those effects would not be apparent if only using SPI.



Extreme precipitation events and temperatures are expected to increase this century [47,48,49]. The percent of time the SPI was outside of the mild wet or dry meteorological conditions (Table 2) in recent history increases from rain-dominated Caspar (31%) to mixed rain and snow Providence (33%) to snow-dominated Bull (35%), and may also indicate a progressive reduction in individual site resilience to future climates with an even greater number of extreme events. Although SPI will provide a good indication of these meteorological signals, it cannot show expected changes in the precipitation phase from snow to rain, or changes in vegetation structure from stress or species migration. SRI will be needed to show an assessment of the cumulative signals from a systems perspective, which will require continued effort to measure stream runoff at mid- to high-elevation Sierra Nevada catchments. The stream runoff data available to develop the SRI was relatively short (12 years), and institutional support of long-term data collection is needed to quantitatively monitor this changing environment. Tague and Grant [50] also promote an expanded runoff measurement network for this purpose in the Western Cordillera, and Bales et al. [51] detail the need for a broad integration of data from in-situ measurement, remote sensing, and modeling for adaptive multi-scale monitoring and research in the mountain west. Both measurements and remote sensing were used for this analysis, which will then be used to build and constrain eco-hydrologic predictive modeling for continued research on impacts of climate and vegetation perturbation on these hydrologic systems.




4.2. Vegetation Indices


Caspar had the highest mean vegetation indices, but the lowest standard deviation of all the sites for both NDVI and EVI. This indicates a more stable vegetation community, which is supported by having the longest amount of time (69%) in mild dry or wet precipitation conditions. Caspar NDVI values are near the saturation limit of approximately 0.90 [52], which may be limiting the ability to detect vegetation changes and likely contributes to the extremely low standard deviation. The lowest NDVI and EVI values for mixed rain and snow Providence and snow-dominated Bull occur during 2014–2016, coinciding with drought-related canopy water loss [53] and tree mortality [46]. In contrast, the lowest NDVI value for Caspar occurs in 2004, while the lowest EVI value occurs in 2016, which may reflect the lower sensitivity of NDVI and the higher sensitivity of EVI in regions of high biomass [52]. The last wet year prior to the drought was 2011, with the vegetation indices showing overall decreases starting in 2012 through 2015. Despite the first year of the drought occurring in 2012, Providence showed an increase in mean NDVI. This result could have been from greater potential ET from higher energy availability, as suggested with climate warming by Goulden and Bales [5], or from carryover water storage from the wettest year of 2011, as suggested by Safeeq and Hunsaker [19], or a combination of both. Garcia and Tague [54] also showed a high sensitivity of Sierra Nevada annual ET to plant available water capacity in subsurface storage, which would then influence the NDVI value.




4.3. Evapotranspiration Estimates


The predictive equations of actual evapotranspiration developed from the vegetation indices and Sierra Nevada eddy covariance flux towers had coefficients of determination (R2 = 0.81, 0.86) well within the range of reported studies that even incorporated ground-based data [55]. These coefficients were lower than the equation developed by Goulden et al. [21] (R2 = 0.92), however, despite the longer data record and greater range of annual precipitation. This result may indicate that ET data from a greater range of vegetative community types and densities may be more important than focusing on sites specific to one vegetation type. The high overestimate of Caspar ET from both EVI (MAE = 104.7) and NDVI (MAE = 296.3 cm) reinforces the tenet that caution should be used when interpreting actual ET estimates produced using vegetation index values outside of the range used to develop the predictive equation, in applications such as the continuous mapping of ET across large spatial scales [20]. The equation from Goulden et al. [21] proved to be a more robust actual ET estimate in Caspar (MAE = 33.3 cm) because of the lower slope of the fitted exponential equation. This remote sensing vegetation index approach of estimating evapotranspiration is most successful when well-constrained by a broad range of vegetation types and index values.



Improvement in these predictive equations could potentially be accomplished by incorporating a measure of meteorological conditions that influence ET (e.g., net radiation, vapor pressure deficit, temperature), although previous studies have found a wide range of success in this approach (R2 = 0.45–0.96; [55]). Nagler et al. [24] noted improvement in predicting ET from southwestern riparian vegetation by including both variables of EVI and maximum air temperature. Ground-based data may also help limit ET prediction errors when extrapolating relationships beyond the available data, such as the large error from NDVI estimates at Caspar. A number of studies have shown a higher correlation between EVI and eddy covariance ET measurements as compared to NDVI [55]. EVI was also better correlated with measured ET at these sites, but NDVI ET resulted in a better water balance closure with measured precipitation.



Using the ET estimates with the most constrained MAE, mean annual ET was lowest at snow-dominated Bull (48 cm year−1), moderate at mixed rain/snow Providence (72 cm year−1), and highest at rain-dominated Caspar (101 cm year−1). Bull is located at a higher elevation where ET is limited by cold winter temperatures and low vegetation density from a short summer growing season [19]. In contrast, Providence is a mid-elevation site where ET is less impacted by winter temperatures and is also less impacted by the summer dry season than the lower elevation Sierra Nevada [21]. Caspar is located in the northern California coastal range, where winter temperatures are mild, and the hot summer dry season is limited by moderating ocean winds and fog, leading to very productive forest vegetation communities. Previous investigation into fog and coastal redwood forest has determined that fog was 34% of annual moisture input, resulting in 13–45% of annual redwood transpiration [56].




4.4. Water Balance Impacts


The combination of predicted actual ET and observed runoff captured the shift from greater precipitation use by forest vegetation in Caspar and Providence to greater runoff production in the higher elevation Bull site. Annual water balance closure was well overestimated at Caspar (S. Cal. NDVI: +28.8%), moderately overestimated in Providence (S. Cal. NDVI: +23.6%), but only slightly overestimated at Bull (Sierra NDVI: +6.9%). All methods overestimated the water balance closure, suggesting precipitation measurements may be underestimated at these locations or lateral subsurface water movement plays a substantial role in annual ET, as suggested by Garcia and Tague [44]. Annual change in the water balance was better predicted by the S. Cal. NDVI (R2: Caspar = 0.83, Providence = 0.97, Bull = 0.94) and Sierra NDVI (Caspar = 0.89, Providence = 0.89, Bull = 0.89) equations, as opposed to the Sierra-EVI equation (Caspar = 0.48, Providence = 0.07, Bull = 0.83). The addition of the lag term in the Sierra-EVI equation made it less sensitive to annual changes, despite closer correlation with ET and the annual water balance in Caspar than Sierra-NDVI.



Quantifying evapotranspiration as the difference between measured precipitation and runoff, assuming a water storage and travel time of ≤1 year, resulted in substantially greater annual ET variability than in NDVI or EVI. Recent research has suggested high subsurface storage potential in the mid-elevation Sierra Nevada [57], and large summer dry season soil water fluxes because of vegetation use in California mountain regions [20]. Higher elevation catchments such as Bull have a shallow soil layer and lower carryover storage potential with higher risk to subsurface storage losses from climate warming and a smaller winter snowpack [19]. Changes in the storage and flux of water in the subsurface may not be captured in Sierra Nevada forested watersheds by using annual observations of precipitation and runoff. Garcia and Tague [54] also show that subsurface plant available water capacity and lateral redistribution of water can act as a major control of ET response to climate in the Sierra Nevada. Despite the importance of subsurface properties and water storage on vegetation and water balance response to climate variability, few studies have direct measurements (e.g., Holbrook et al. [57]). Future research focused on hydrologic response in this region should focus on quantifying and constraining the subsurface storage potential and contribution to interannual water balance variability.





5. Conclusions


Climate variability and extremes are expected to increase in the coming century, as California is experiencing one of the worst extended droughts in modern history. Both SPI and SRI were able to successfully capture the extreme drought signal in 2014–2015. SRI minimums were offset one year from SPI minimums in the Sierra Nevada watersheds, reflecting differences from the northern coastal range of snowpack-delayed runoff and potential subsurface storage capacity. Although the SPI is a good indicator of meteorological wet and dry periods, the SRI takes into account changes to the watershed, and support for broader long-term stream runoff measurements are needed to better detect this more integrated signal.



The low elevation rain-dominated Caspar watershed had the highest vegetation index values and annual evapotranspiration, with the lowest variability over the past 13 years. Vegetation indices and evapotranspiration decreased from Caspar to the mid elevation Providence watershed with mixed rain and snow and further decreased in the high elevation snow-dominated Bull watershed. Both snow-influenced Sierra Nevada watersheds showed higher vegetation and evapotranspiration response to interannual climate variability. Annual evapotranspiration predictive equations in the Sierra Nevada showed good agreement with both mean annual NDVI and EVI, but were generally out-performed by the previously-developed southern California NDVI equation that used a broader range of vegetation types and NDVI values. The most accurate water balance closure was within 10% of measured precipitation at snow-dominated Bull, which is inside the range of potential measurement errors for precipitation and stream runoff. Further research is needed to better constrain subsurface storage properties in this region and to determine if forest management can improve source watershed resiliency to climate variability.
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