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Abstract 1 

The impacts of changing precipitation regimes on the contributions of different 

seasons’ precipitation to evapotranspiration (ET) versus runoff is not well known 

because empirical insights are scarce. However, such insights are important for 

improving model predictions of future water-resource availability and ecosystem 

responses to summer and winter droughts. Here we use using long-term measurements 

of fluxes and isotope ratios (δ18O) in runoff and precipitation to calculate the 

partitioning of seasonal precipitation between ET and runoff, using an end-member 

mixing and splitting framework and focusing on effects of wetter versus drier summers 

and winters. We hypothesized that drier summers would involve carryover of winter 

precipitation to mitigate shortages, but related findings were partially indeterminate. 

However, we did find increases in winter precipitation across a 500-mm range involved 

the fraction of ET from summer precipitation decreasing from 100% (within error) and 

the fraction of winter precipitation contributing to ET increasing from 0% (within error) 

to 21%. Although there were substantial uncertainties in the trends we identified, we 

expect that the novel approach used here could be a useful framework for 

understanding the sensitivity of ET partitioning to climatic change, especially where 

precipitation δ18O varies substantially between seasons. 
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Abstract 2 

To understand how changing patterns of seasonal precipitation inputs may affect 

ecosystems and water resources, we need to know how precipitation from different 

seasons travels through landscapes and contributes to runoff versus evapotranspiration 

(ET). In this study, we use stable isotope data measured in the National Ecology 

Observation Network (NEON) aquatic sites to quantify the partitioning of winter and 

summer precipitation into runoff and ET. Across the 23 watersheds, ranging in size from 

1.1 to 47,000 km2, we found the fraction of summer precipitation routed to ET ranged 

from 0.13 to 1.00, which coincided with the fraction of ET composed of summer 

precipitation ranging from 0.04 to 0.76 (readers should note these ranges do not include 

implausible values generated for 4 sites where the available data were insufficient to 

constrain uncertainties). To identify factors that influence seasonal precipitation 

partitioning, a stepwise regression was used with a set of potential predictor variables 

related to topography, climate, and vegetation. Although many individual variables 

proved to be significant correlates, 83 % of the variation in the fraction of summer 

precipitation routed to ET was estimated by a 4-term model using chlorophyll 

carotenoid index (CCI) variability, mean annual precipitation, and enhanced vegetation 

indices (EVI) metrics. The fraction of ET sourced from summer precipitation was 

estimated by the ratio of summer precipitation to annual precipitation and minimum 

EVI. This is the first cross-site study on seasonal precipitation partitioning, and thus the 

findings here advance our fundamental understanding of how precipitation is routed to 

ET versus runoff in differing landscapes.  
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1. Thesis Introduction 

Understanding how seasonal inputs of precipitation affect the hydrologic cycle is 

important for water-resource management and conservation. As seasonal precipitation 

patterns change with climate change, predicting ecosystem responses will be more 

feasible if we understand how precipitation from each season is used by vegetation. We 

can conceptualize a watershed as an open system with inputs of summer and winter 

precipitation and outputs of runoff and evapotranspiration. By sampling isotope ratios 

and volumetric fluxes of precipitation and runoff, we can calculate how the two inputs 

are routed to the two outputs.  

End-member mixing is an isotope analysis method used to identify what 

proportions of a mixture are sourced from two inputs. Building on this method, Kirchner 

and Allen (2020) developed end-member splitting to identify how two distinct sources 

are partitioned among a mixture. In this thesis, we utilize these methods to understand 

how summer and winter precipitation are routed into evapotranspiration (ET), which is 

the sum of evaporation and plant transpiration (transpiration is typically the much 

larger term). We call this process precipitation partitioning. This thesis contains two 

projects: chapter one introduces both projects, chapter two describes the first project 

which relates to temporal changes in partitioning with interannual variation in seasonal 

precipitation, chapter three covers the second project which analyzed spatial trends in 

partitioning relating to climate and vegetation characteristics, and chapter four 

summarizes both projects. 
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Chapter two utilizes twenty years of isotope data from the Rietholzbach research 

catchment in Switzerland to study how partitioning fractions vary based on interannual 

variations in summer precipitation amount and winter precipitation amount. We use a 

bootstrapping numerical solution because calculations using annual water-balance 

closure can be sensitive to uncertainties in the quantification of inputs and outputs. The 

methods used in this chapter avoid the problematic assumption that precipitation 

inputs and runoff outputs are confined to a particular water year. This methodology also 

allows for nonlinear relationships. 

Chapter three uses isotope data from 23 National Ecological Observatory 

Network (NEON) aquatic sites as well as climate and vegetation spatial grid data from a 

variety of sources. The purpose of this chapter is to gain an initial understanding of 

potential controls over partitioning fractions. We use stepwise regressions to assess 

variables relating to precipitation amount and estimates of vegetation vigor calculated 

from MODIS satellite imagery. 
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2. Research Chapter 1: Partitioning of seasonal precipitation into runoff and 

evapotranspiration across wetter and drier years: a case study in the small humid 

Rietholzbach catchment 

2.1. Introduction 

The 2018 summer drought in central Europe caused early senescence and 

mortality in forests, demonstrating forest sensitivity to water deficits in the often-humid 

regions of central Europe (Schuldt et al., 2020; Arend et al., 2021). Summer droughts are 

expected to be more frequent across Europe and North America with climate change 

(Lotsch et al., 2005). Although vegetation, especially long-lived trees, can avoid drought 

by senescing early or taking up stored subsurface waters from previous seasons, 

predicting the effects of hydroclimatic variability on vegetation and evapotranspiration 

(ET) fluxes requires better understanding the fates of seasonal precipitation across years 

with wetter-or-drier summers and wetter-or-drier winters. Stable isotopes of oxygen 

and hydrogen in water are ideal tracers to address seasonal precipitation partitioning 

and these isotope ratios are among the numerous metrics characterized for routinely 

collected water samples. Here, we use δ18O which is calculated from the ratio of heavier 

oxygen-18 to lighter oxygen-16 relative to a global standard isotope ratio. While δ18O 

from xylem water or tissue has been used to determine the relative use of summer 

versus winter precipitation by individual plants (Martin et al., 2018; Berkelhammer et 

al., 2020; Goldsmith et al., 2022; Ehleringer et al., 1991), end-member splitting can be 



4 

  
 

used to directly examine fate of precipitation at watershed scales (Kirchner and Allen, 

2020).  

End-member splitting addresses the question, “how much of input sources X and 

Y are in an output mixture”, unlike the question addressed by end-member mixing, 

“what is the proportion of inputs X and Y in the output mixture”. This method has been 

used in several previous studies to address the splitting of winter versus summer 

precipitation, rain versus snow, or precipitation generating high versus low flows into 

runoff and ET components of the water budget (Allen et al., 2019; Sprenger et al., 

2022a; Sprenger et al., 2022b). Kirchner and Allen (2020) found that summer 

precipitation (April-November) dominated ET at the Hubbard Brook Experimental Forest 

in New Hampshire. In snow-dominated mountainous watersheds of the western US, 

Sprenger et al. (2022a) found that the fraction of snow routed to ET varied among years 

from 100% to less than 20%, and the fraction of ET from snow did not vary 

systematically with snowfall amounts. Alternatively, in a Mediterranean watershed, 

summer precipitation or low-runoff-generating precipitation more efficiently 

contributed to ET than winter or high-runoff-generating precipitation, respectively 

(Sprenger et al., 2022b). A related but less-quantitative method has shown that summer 

and winter precipitation were approximately equally represented in streamflow in 12 

watersheds throughout Switzerland, suggesting that neither season’s precipitation was 

consistently over- or under-represented in ET (Allen et al., 2019). 
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The objective of this study is to determine seasonal precipitation contributions 

to ET and their sensitivity to changes in precipitation inputs. We use long-term 

hydrologic records and isotope data collected at the Rietholzbach catchment in 

Switzerland. We hypothesized that 1) ET is primarily composed of summer precipitation 

because ET mostly occurs in summer, 2) the fraction of ET sourced from summer 

precipitation decreases in drier summers, 3) the contributions of winter precipitation to 

ET increase in drier summers to compensate for summer precipitation shortages. If the 

use of winter precipitation fully compensates for summer precipitation shortages, inter-

seasonal precipitation carryover would represent a mechanism of ecosystem resistance 

to summer drought in this climate where annual ET likely very rarely exceeds annual 

precipitation. In pursuing these hypotheses, we also tested how amounts of winter 

precipitation, independent of variations in summer precipitation amount, affect 

seasonal precipitation partitioning. 

2.2. Methods 

 Section 2.2.1 defines end-member mixing and splitting methods and equations. 

In sections 2.2.2 and 2.2.3, we’ll briefly summarize the Rietholzbach catchment 

landscape and climate, then we’ll describe the dataset. In section 2.2.4, we’ll explain 

how we managed data gaps and how we calculated values used in end-member 

splitting. Section 2.2.5 describes the statistical methods used to analyze end-member 

splitting results.  
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2.2.1. End-Member Mixing and Splitting 

The end-member splitting method introduced by Kirchner and Allen (2020) goes 

beyond end-member mixing (which addresses the relative fraction of each end-member 

in a mixture) by also making use of mass-flux data to address how each end-member is 

partitioned among its different fates. In the case of this study, the two input end-

members are summer and winter precipitation (PS and PW) with mean δ18O ratios δPs 

and δPw and the measured mixture is either annual runoff (Q) with mean δ18O defined by 

δQ or seasonal runoff (QS and QW) with mean δ18O defined by δQs and δQw. We can use 

end-member mixing and splitting equations to calculate the fraction of seasonal runoff 

sourced from summer precipitation (eq. 2.1) and the fraction of summer precipitation 

routed to seasonal runoff (eq. 2.2).  

                         𝑓 ← =
 

 
          𝑓 ← =

 

 
                                (2.1) 

                 𝜂 → =  
 

 
          𝜂 → =  

 

 
                           (2.2) 

To calculate the partitioning of seasonal precipitation into evapotranspiration 

(ET) and runoff, we use annual runoff as the measured mixture. By solving for the 

fraction of each seasons’ precipitation that contributes to runoff (ηPS→Q or ηPW→Q), 

we can also solve for the fractions of each season’s precipitation missing from runoff, 

which we assume to represent ET at long time scales (assuming steady-state storage 

volumes and isotope ratios and no inter-basin subsurface flows). By this logic, we 
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calculate both the mixing solution, the fraction of ET from summer precipitation 

(fET←PS):                                                                               

                       𝑓 ← =  
    ←

 =
   

 

 

    
                                           (2.3) 

as well as the splitting solution, the fraction of summer precipitation to ET (ηPS→ET):   

       𝜂 → =  𝑓𝐸𝑇 ← 𝑃 = 1 − 𝜂 → = 1 −  𝑓𝑄 ← 𝑃 = 1 −  
  

  
        (2.4) 

The amount of summer precipitation routed to ET is calculated by multiplying ηPS→ET 

by the amount of summer precipitation. Standard errors of partitioning fractions were 

calculated using gaussian error propagation (see Kirchner and Allen, 2020, and the 

associated supplemental file). 

2.2.2. Site and Dataset Description 

Rietholzbach is a small research watershed in northeastern Switzerland (47.38°N, 

8.99°E) with an area of 3.31 km2. The elevation ranges from 682 to 950 m a.s.l. with a 

mean of 795 m a.s.l. The watershed is mostly covered in pastureland (71.9 %) with small 

patches of forest (25.6 %) and minimal non-vegetated area (Seneviratne et al., 2012).  
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Figure 2.1. Two maps of the Rietholzbach watershed showing elevation from the Swiss Federal Office of 
Topography and satellite imagery from Planet, Maxar, and Microsoft. 

This study analyzes data collected from three control volumes defined by three 

runoff isotope datasets: a) a lower gauge at the watershed outlet measures runoff over 

the entire 3.3-km2 watershed (All RHB), b) a higher-elevation gauge defines a 1.6-km2 

sub-watershed with a mean elevation of 818 m a.s.l. (Upper RHB), and c) a weighing 

lysimeter at 755 m a.s.l. measures mass and seepage from a grass-covered cylinder of 

soil with a 3.14-m2 area and a 2.5-m depth. The weighing lysimeter is located near the 

upper gauge, and it is collocated with an eddy-covariance tower and precipitation 

gauge. Albeit unimportant for the isotope time series, evidence suggested that runoff at 

the Upper RHB gauge was under-estimated when compared to the All RHB data; area-

adjusted runoff from the lower gauge was used to analyze both isotope datasets. 

The mean monthly air temperature ranges from -0.5°C in January to 16.5°C in 

July (1994-2014). Across the study years, long-term mean annual precipitation was 1453 

mm y-1 for All RHB (1994-2009) and 1465 mm y-1 for Upper RHB and the lysimeter (1994-

2014), with a long-term mean of 50 – 52 % falling in summer (May to September) and 48 
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– 50 % falling in winter (October to April); readers should note that summer is here 

defined as a 5-month season and winter as a 7-month season, thus monthly 

precipitation rates are higher in summer. The same precipitation gauge was used as an 

estimate of precipitation in all three study units. Over those same respective years 

(1994-2009 for All RHB and 1994-2014 for Upper RHB and the lysimeter), long-term 

mean runoff was measured as 990 mm y-1 for All RHB, estimated as 993 mm y-1 for 

Upper RHB (using lower-gauge data), and measured as 1047 mm y-1 for the lysimeter. By 

mass-balance closure, long-term mean ET was 463 mm y-1 for All RHB, 472 mm y-1 for 

Upper RHB, and 418 mm y-1 for the lysimeter.  

The Rietholzbach streamflow records, stream and groundwater chemistry 

records, lysimeter measurements, and meteorological data have informed numerous 

studies to address questions about controls over streamflow generation (Vitvar and 

Balderer, 1997; von Freyberg et al., 2015), flow through porous media (Beven and 

Germann, 1982), and ET (Michel and Seneviratne, 2022; Seneviratne et al., 2012; Teuling 

et al., 2010; Hirschi et al., 2017).  

2.2.3. Data Sources and Preprocessing 

The primary data used in this study comprise measurements of flux amounts and 

isotopic compositions for precipitation inputs and runoff outputs, for All RHB, Upper 

RHB, and the lysimeter.  We also used lysimeter evapotranspiration data reported by 

Hirschi et al. (2017). 



10 

  
 

Oxygen isotope ratios (18O) of water were available from November 1993 to 

February 2010 for All RHB, and from November 1993 to January 2015 for the 

precipitation gauge, the lysimeter seepage, and Upper RHB streamflow. Precipitation 

18O measurements included all precipitation that fell during the study period, whereas 

streamflow 18O measurements were from grab samples. All samples were collected at 

two-to-four-week intervals, and volumetric fluxes of precipitation, runoff, and lysimeter 

seepage were reported at daily resolution. Long-term ET was calculated at annual 

resolution through water-balance closure using precipitation and runoff by assuming 

that storage is in steady state (All RHB and Upper RHB) or at monthly resolution for the 

lysimeter by using daily changes in lysimeter mass balance (Figure S1). Further site 

characteristics and measurement systems are reported in Seneviratne et al. (2012). 

Initial pre-processing and quality control measures were conducted because the 

isotope data were collected over decades and were analyzed using different 

instrumentation. Most of the 18O values were analyzed by isotope ratio mass 

spectrometry using the CO2 equilibration method (Vitvar and Balderer, 1997; Oertel, 

2016; Lehner et al., 2009), but four years of samples (2002-2003, 2013-2014) were 

analyzed using a laser spectroscopy system (Picarro L2130-i, California, USA). All isotope 

data are expressed in per mil (‰) notation relative to V-SMOW. Although no 2H data 

were used in our study, the data segments analyzed using the Picarro analyzer (which 

also yields 2H data) have been previously reported (Oertel, 2016); Oertel used those 
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data as evidence that there was no substantial evaporative fractionation in watershed-

runoff or lysimeter-seepage data.  

2.2.4. Data Processing 

To conduct end-member splitting, the end-members were defined by two 

seasons: winter (October to April) and summer (May to September). This was done for 

the dataset as a whole and for each hydrologic year starting in October. The lysimeter 

flux record was missing 12 days out of 7,305 total (Figure S2). The gaps were filled using 

bi-weekly averages which were recorded with each isotope measurement.  

To calculate weighted mean isotope values, each measurement was assigned a weight 

according to the flux size (cumulative precipitation amount or daily runoff rate). When a 

precipitation sampling interval spanned two seasons, the isotope value for that interval 

contributed to the means for both seasons, with its weight respective to the sum of 

daily precipitation amounts for the days in each season. Runoff and precipitation 

sampling intervals with missing isotope values were ignored (8.6 % of precipitation 

records, 3.0% of All RHB runoff records, 1.9% of Upper RHB runoff records, and 1.1% of 

lysimeter seepage records; Figure S2).  

Weighted mean isotope values (Figure S3) used in long-term endmember 

splitting (Figure 2.1) were calculated using data from October 1994 through September 

2009 for All RHB and October 1994 through September 2014 for precipitation, Upper 

RHB, and the lysimeter. Weighted mean isotope values used in annual end-member 
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splitting (Figures 2.3-2.5) were calculated using data from October through September 

of each year, for the years stated above.  

2.2.5. Statistical Analysis 

The following analyses were conducted using Python 3.9 (van Rossum and Drake, 

2009) in PyCharm2021.2.1. Data processing of each dataset (All RHB, Upper RHB, and 

Lysimeter) resulted in long-term (Figure 2.2) and annual (Figures 2.3-2.5) values for the 

variables in equations 1 through 4. We also categorized the annual data into water years 

with greater than versus less than the median summer or winter precipitation amount. 

End-member splitting analysis was then conducted using the sum of fluxes and the 

weighted average of isotope values from each category (Figure 2.3). 

To quantify partitioning across the range of observed seasonal precipitation 

amounts (Figures 2.4-2.5), we modeled runoff sources (mixing analyses) and 

precipitation partitioning (splitting analysis) by substituting each term of equations 2.1 

through 2.4 with fitted linear regressions of each term as a function of summer or 

winter precipitation. Scatterplots of those data are shown in Figures S7-S12, with those 

data randomly resampled in a bootstrapping routine to propagate linear regression 

errors through to the splitting and mixing results; the bootstrapping involved 3000 

iterations of sampling 20 points (or 15 for All RHB) with replacement. While not all 

terms showed a statistically significant relationship with summer or winter precipitation 

amount, we remind readers that using fitted regressions is more accurate than using 

mean values.  
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Annual ET calculated by water balance was less consistent than ET calculated 

from lysimeter mass variations (Figure S1). For ET partitioning solutions (eq. 2.3 and 2.4, 

Figure 2.5), we refined our calculations of annual ET and runoff. Instead of closing the 

water budget annually, we estimated net percolation because the partitioning examined 

here occurs in the terrestrial critical zone, rather than in deep groundwaters that largely 

supply runoff. This was done by rescaling the inferred watershed-scale ET to match 

interannual variations in ET as calculated from lysimeter mass variations, but still closing 

the water balance across the full study duration (and thereby not violating mass 

conversion laws). This method dampened interannual variations in ET such that they 

better match the direct measurements quantified from lysimeter mass variations in 

which storage changes can be accounted for (Figure S1). To ensure water-balance 

closure for each year, we also subtracted annual precipitation by lysimeter-scaled 

annual ET to recalculate annual runoff. 
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2.3. Results and Discussion  

2.3.1. Long-Term Average Precipitation Partitioning 

 

Figure 2.2. Summer and winter precipitation split into evapotranspiration, summer runoff, and winter 
runoff for the entire watershed (All RHB), the upper sub-watershed (Upper RHB), and the lysimeter. 
Partitioning was calculated over the entire study period using measured flux amounts. Values are shown as 
annual averages with standard error. Yellow represents fluxes from summer precipitation and blue 
represents fluxes from winter precipitation. The thickness of each line corresponds to the flux amount. 
Dashed lines represent negative averages. For each output end-member, the percentage sourced from 
summer versus winter precipitation is shown on the right. Evapotranspiration was predominantly 
composed of summer precipitation. Both summer and winter runoff were composed of mostly winter 
precipitation. 

Across the entire records, among all three datasets (Figure 2.2), a substantial 

fraction of summer precipitation becomes ET (64 ± 9 % for All RHB, 55 ± 7 % for Upper 

RHB, 47 ± 8 % for Lysimeter (values are reported as mean ± 1SE, here and throughout 

Section 2.3). Much less summer precipitation becomes summer runoff (17 ± 3 % for All 

RHB, 19 ± 2 % for Upper RHB, 13 ± 3 % for Lysimeter) or winter runoff (19 ± 6 % for All 

RHB, 25 ± 4 % for Upper RHB, 39 ± 5 % for Lysimeter). In contrast, a negligible fraction of 

winter precipitation became ET (-1 ± 10 % for All RHB, 8 ± 8 % for Upper RHB, 9 ± 9 % for 

Lysimeter). Larger fractions of winter precipitation became summer runoff (28 ± 3 % for 
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All RHB, 27 ± 3 % for Upper RHB, 38 ± 4 % for Lysimeter) and the majority became 

winter runoff (73 ± 6 % for All RHB, 65 ± 5 % for Upper RHB, 53 ± 5 % for Lysimeter). 

Accordingly, annual ET was inferred to be predominantly composed of summer 

precipitation, showing mixing fractions within 1 SE of 100%: 101 ± 16 % for All RHB, 89 ± 

12 % for Upper RHB, and 85 ± 16 % for Lysimeter. Winter precipitation was the majority 

source for both winter runoff (79 ± 6 %, 71 ± 5 %, and 56 ± 5 %) and summer runoff (62 

± 6 %, 57 ± 5 %, and 73 ± 6 %), for All RHB, Upper RHB, and Lysimeter, respectively). 

These long-term results imply that ET and thus also transpiration is minimally 

supplied by winter precipitation, on average. However, even with the average 

percentages of ET from summer precipitation all being indistinguishable from 100%, it is 

possible that winter precipitation contributed more to ET in some years. Although the 

partitioning diagrams for All RHB, Upper RHB, and Lysimeter may appear visually similar 

(Figure 2.2), the relative partitioning of seasonal precipitation to seasonal runoff 

differed. Lysimeter summer runoff contained the highest percent of winter precipitation 

of the three datasets, whereas lysimeter winter runoff contained the lowest. This 

reflects the approximately 6-month phase shift between lysimeter seepage isotopes and 

precipitation isotopes visible in Figure S3 (and previously described by Vitvar and 

Balderer, 1997), and it highlights the challenge in using a lysimeter to examine 

catchment-scale soil-water transport conditions. Given the similarity between the two 

watersheds and the longer record for Upper RHB, the rest of Sections 2.3 and 2.4 focus 
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on Upper RHB unless otherwise specified. Results for All RHB and the lysimeter are 

reported in Appendix 1. 

The biases of ET toward using summer precipitation and of runoff toward using 

winter precipitation are not entirely unexpected. ET was found to be mostly composed 

of summer precipitation at Hubbard Brook Experimental Forest (Kirchner and Allen, 

2020) using data collected by Campbell and Green (2019). Jasecko et al. (2014) showed 

that groundwater recharge is biased toward winter precipitation in temperate forests 

which supports our findings that runoff is primarily composed of winter precipitation 

(66 %). The bias of runoff toward using winter precipitation has been argued for in 

previous studies at Rietholzbach (Vitvar and Balderer, 1997). 
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2.3.2. Precipitation Partitioning in Water Years with Drier Versus Wetter Summers and 

in Water Years with Drier Versus Wetter Winters 

 

Figure 2.3. Summer and winter precipitation split into evapotranspiration, summer runoff, and winter 
runoff for the years in which summer precipitation was greater than versus less than the median summer 
precipitation amount and for years in which winter precipitation was greater than versus less than the 
median winter precipitation amount using the upper sub-watershed (Upper RHB) dataset. Values are shown 
as annual averages with standard error. Yellow represents fluxes from summer precipitation and blue 
represents fluxes from winter precipitation. The thickness of each line corresponds to the flux amount. 
Dashed lines represent negative averages. For each output end-member, the percentage sourced from 
summer versus winter precipitation is shown on the right. When comparing wet-summer years to dry-
summer years or wet-winter years to dry-winter years, the only significantly different partitioning fraction 
was the decrease in the fraction of summer precipitation to winter runoff in dry-winter years (p = 0.02). 

In wet-summer years (i.e., water years exceeding the median summer 

precipitation amount), ET amount averaged 461 ± 58 mm with 97 ± 19 % from summer 
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precipitation which was not significantly different from dry-summer years in which ET 

averaged 482 ± 51 mm with 80 ± 14 % from summer precipitation (p > .05, Figure 2.3). 

All p-values reported in section 2.3.2 are from two-sided t-tests with 18 degrees of 

freedom. While the mixing and splitting fractions were similar between wet-summer 

and dry-summer years, some of the flux amounts differed. In wet-summer years, the 

average summer runoff amount was 406 ± 18 mm, whereas in dry-summer years the 

summer runoff amount decreased to 272 ± 12 mm (p < .001) and the amount of 

summer precipitation to summer runoff also decreased (p = .03). Fluxes to winter runoff 

were similar among wet-summer and dry-summer years (p > .05). 

In wet-winter years (i.e., water years exceeding the median winter precipitation 

amount), ET amount averaged 444 ± 57 mm with 76 ± 17 % sourced from summer 

precipitation which was not significantly different from dry-winter years in which ET 

averaged 500 ± 51 mm with 102 ± 16 % sourced from summer precipitation (p > .05, 

Figure 2.3). We were unable to reject the null hypothesis (p = .11) regarding whether 

less summer precipitation supplies ET in wet-winter years (336 ± 72 mm) than in dry-

winter years (509 ± 75 mm). In wet-winter years winter runoff averaged 772 ± 22 mm 

whereas in dry-winter years winter runoff decreased to 536 ± 15 mm (p < .001) and the 

fraction of summer precipitation to winter runoff also decreased (p = .02). Fluxes to 

summer runoff were similar among wet-winter and dry-winter years (p > .05). 
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2.3.3. The Dependence of Precipitation Partitioning on Summer and Winter 

Precipitation Amounts 

The non-linear function that results from substituting linear functions of summer 

precipitation or winter precipitation into equations 2.1 through 2.4 precludes 

significance tests on the fitted function’s coefficients as would typically be done to 

evaluate the significance of linear functions; however, statistical differences can be 

compared at specific places along the curves in Figures 2.4 and 2.5. P-values in section 

2.3.3 represent the percent of bootstrapping iterations in which there was a consistent 

increasing or decreasing trend. For example, in 2887 of the 3000 bootstrapping 

iterations (p = .04), the fraction of summer precipitation that becomes summer runoff 

increased when comparing 500 mm of summer precipitation to 1000 mm of summer 

precipitation (Figure 2.4E). The amount of summer precipitation to summer runoff also 

increases over the same range of summer precipitation values (p = .01, Figure 2.4K). 

While these results are supported by the increase in summer runoff amount (Figure 

S7E), they should be interpreted with caution since the decrease in δ18O of summer 

precipitation with wetter summers (Figure S7A) could be exaggerating this trend. This is 

the only flux that showed a significant trend with summer precipitation amount (Figures 

2.4 and 2.5). 

When comparing 500 mm of winter precipitation to 1000 mm of winter 

precipitation, the fraction of summer runoff sourced from summer precipitation 

increased (p = .03, Figure 2.4C) as did the fraction of summer precipitation routed to 
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summer runoff (p = .03, Figure 2.4F). This could represent “flushing” of the previous 

summer’s precipitation via piston-flow dynamics or preferential flow of recent summer 

precipitation after wet winters. Over the same range, the fraction and amount of 

summer precipitation that becomes winter runoff also increased (p = .01 and p = .02, 

respectively, Figures 2.4D and 2.4J). Surprisingly, the fraction and amount of winter 

precipitation that becomes summer runoff decreased over the same range (p = .002 and 

p = .047, Figures 2.4I and 2.4O). Since winter precipitation amount is not correlated with 

the fraction of precipitation falling as snow (Figure S4B) or February through April mean 

temperature (Figure S4D), this is not likely due to dry winters potentially having more 

seasonal carryover of winter precipitation as snowpack. 
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Figure 2.4. Fractions and amounts of precipitation partitioning into summer and winter runoff with 
summer precipitation (PS) in mm and winter precipitation (PW) in mm on the x-axis. These plots only show 
data from Upper RHB. Because of the definition of water years as October to September, this figure 
excludes winter runoff generation as a function of summer precipitation. Such data introduce potential 
misinterpretations as the summer precipitation should not be interpreted as a control over the winter 
runoff that precedes it. However, this does not invalidate the interpretations of the amounts and fractions 
of summer precipitation in winter runoff because the mean absolute deviation of summer precipitation 
isotope values (0.86 ‰) is substantially smaller than the average inter-seasonal range of 3.42 ‰ (Figure 
S3) and, moreover, those variations are not detectably related to winter precipitation amounts 
(Figure S8A). The relationships that are hard to justify in Figure S7 (S7B, S7D, S7F, S7I) are non-significant 
and thus there is no implied dependence of winter precipitation and runoff on summer precipitation that 
has not yet occurred. Therefore, using and propagating those relationships is simply appropriately 
introducing and tracking uncertainties.  
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Figure 2.5. Fractions and amounts of precipitation partitioning into evapotranspiration (ET) with summer 
precipitation (PS) in mm and winter precipitation (PW) in mm on the x-axis. These plots only show data 
from Upper RHB.  

None of the ET partitioning fractions were significantly correlated with summer 

precipitation amount (p > .05, Figure 2.5). The fraction and the amount of summer 

precipitation to ET decreased with an increase in winter precipitation from 500 mm to 

1000 mm (p = .04 and p = .03, respectively, Figures 2.5D and 2.5H). Since uncertainty 

increases at high precipitation values, a greater number of relationships were significant 

over the winter precipitation range of 500 mm to 800 mm. Over this range, the fraction 

and amount of winter precipitation to ET increased (p = .04 for both Figures 2.5F and 

2.5J) and the fraction of ET from summer precipitation decreased (p = .04, Figure 2.5B). 

Since ET amount was not correlated with summer or winter precipitation amount 

(Figures S7J and S8J), tradeoffs in the use of different sources appear to represent a 

mechanism by which ET demand is still satisfied (at least, at this site over the range of 

conditions observed). Readers may note that most of the iterated values shown by the 

confidence intervals sit outside of the range of possible fractions (i.e., 0-to-1) for some 

sections of the domain, but they are never significantly outside of the range (p > .05).  

The data suggest that winter precipitation controls the source partitioning of ET 

with wetter winters increasing the fraction and amount of winter precipitation to ET, 

decreasing the fraction and amount of summer precipitation to ET, and decreasing the 

fraction of ET from summer precipitation. Since the fraction of winter precipitation to 

winter runoff does not vary significantly with winter precipitation (p > .05, Figure 2.4G), 

the increase in the fraction of winter precipitation to ET with wetter winters is balanced 
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by a decrease in the fraction of winter precipitation to summer runoff. Though the 

mechanism underlying this trend is unclear, the partitioning calculations are likely 

driven by the increase in δ18O of summer runoff in water years with wetter winters 

(Figure S8C). 

2.3.4. Further Discussion of Uncertainties and Technical Considerations 

Calculations using annual water-balance closure can be sensitive to uncertainties 

in the quantifications of inputs or outputs. Because the method’s assumptions are 

imperfect, there is substantial noise in the trends of partitioning fractions across 

individual years. Using the dampening and phase shift of precipitation isotope signals in 

runoff, von Freyberg et al. (2018) estimated the flow-weighted young water fraction 

(the proportion of runoff younger than approximately 2–3 months) as 0.2 for All RHB 

and 0.13 for Upper RHB. This suggests that there is substantial inter-annual carryover of 

water in subsurface storage. The methods used in this paper avoid the problematic 

assumption that precipitation inputs and runoff outputs are confined to a particular 

water year. Furthermore, this method allows for nonlinear relationships which are 

suggested by the correlations between variables in eq. 2.1–2.4 (Figures S7 and S8).  

For the results reported above, δ18O values were not corrected for the 

precipitation gauge being located at a lower elevation than the watersheds’ mean 

elevations, introducing a potential bias in δ18O values. Assuming the global average 

isotopic lapse rate of ~0.28‰ δ18O/ 100 m (Poage and Chamberlain, 2001), we 

decreased all precipitation δ18O values by 0.12‰ for All RHB and by 0.18‰ for Upper 
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RHB, then repeated the calculations shown in Figure 2.2. The fraction of ET from 

summer precipitation decreased by 8% for All RHB and 11% for Upper RHB. We did not 

apply this method to the lysimeter dataset because the lysimeter is at the same 

elevation as the precipitation gauge. Elevation effects should not affect trends with 

seasonal precipitation amounts because all precipitation isotope values are adjusted by 

the same amount.  

Seneviratne et al. (2012) estimates up to 15% undercatch of rain and up to 50% 

undercatch of snow. Using these maximum estimates, we increased each precipitation 

measurement by 15% if the temperature was above 2°C and by 50% if the temperature 

was at or below 2°C (9.6% of annual precipitation, 1994-2014). We tested the potential 

impact of undercatch by repeating the calculations shown in Figure 2.2 with adjusted 

precipitation data. The fraction of ET from summer precipitation decreased by 23%, 

18%, and 18% for All RHB, Upper RHB, and the lysimeter, respectively, and the fraction 

of summer precipitation routed to ET increased by 4%, 5%, and 6%. Precipitation 

undercatch should not affect the partitioning trends observed because summer and 

winter precipitation amounts are not significantly related to the fraction of precipitation 

falling as snow (Figures S4A and S4B). 

2.4. Synthesis and Conclusions 

We found greater fractions of winter precipitation (92%, Upper RHB long-term 

mean) than summer precipitation (45%) became streamflow at Rietholzbach, 

contrasting with the Allen et al. (2019) finding that approximately equal fractions of 
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both summer and winter precipitation are represented in ET in 12 watersheds 

throughout Switzerland; however, Rietholzbach has a relatively high precipitation input 

among location locations that are not snow-dominated or montane. Snow dominated 

regions seem to show more precipitation routed to ET in high-elevation regions, as 

demonstrated by Sprenger et al. (2022a) who used isotopes to study the partitioning of 

snow and rain in 9 catchments in the Upper Colorado River Basin; across catchments, 

they found that 33% of snow was routed to ET, with the rest coming from rain. That 

same study also found that variation among catchments was affected by vegetation, 

and the fraction of ET from snow increased with tree density. Rietholzbach is a mostly 

grass-dominated site, perhaps explaining why the watershed’s findings are not 

consistent with those of Allen et al. (2019). That said, in drier climates with sparse trees, 

such as in the Spanish Pyrenees, ET has been shown to be composed of 45±5% winter 

(October-April) precipitation and 55±5% summer (May-September) precipitation 

(Sprenger et al. (2022b). Insufficient analyses of these types exist to yet support 

comparative insights, however (but see Section 3 of this thesis).  

Others have used stable isotopes to address similar questions but using different 

approaches. For example, Kleine et al. (2021) used a tracer-aided ecohydrological model 

to find that winter precipitation dominated groundwater recharge at the Demnitzer 

Millcreek research catchment in Germany and thus was unlikely to dominate 

transpiration, which accounted for 70% of ET. types. Indeed, a meta-analysis has shown 

that winter precipitation dominates groundwater recharge in temperate climates 
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(Jasechko et al., 2014), but that does not rule out the possibility of that groundwater 

flux eventually contributing to ET, which recent research has suggested groundwater-to-

ET flows to be more common than previously expected (Berghuijs et al., 2022).  

Mostly importanlty, this study shows that long-term end-member-splitting 

results may not be consistent with precipitation partitioning in any given year. Although 

ET amounts did not systematically vary with seasonal precipitation variability (Figures 

S7J and S8J), the data suggested that contributions of each season’s precipitation to ET 

were sensitive to seasonal precipitation amounts. Large statistical uncertainties limited 

confidently robustly rejecting our a priori hypothesis, that dry summers would result in 

greater fractions of winter precipitation being routed to ET to mitigate summer input 

deficits. Nonetheless, a more robust pattern was found in summer precipitation’s 

contributions to ET increasing with dry winters. With greater winter precipitation inputs, 

more of that winter precipitation supplied ET, with contributions ranging from zero to 

>50 % of ET. Given that ET amounts were relatively consistent, summer precipitation 

contributions increased with drier winters and supplied the rest of ET (50 to 100 %). 

Summer precipitation amounts seem regularly sufficient to overwhelmingly displace 

stored winter precipitation from most or all of the storages that supply ET. However, we 

hypothesize that increasing winter precipitation contributions to ET in wetter winters 

may result from wetter winters yielding deeper snowpacks that enhance carryover of 

winter precipitation into the transpiration season or wetter soils that facilitate bypass 

flows by early summer precipitation (sensu Brooks et al., 2010).  Thus, even if the winter 
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droughts observed in this record affected the sources used by ET in summer, we see no 

evidence to conclude that droughts in either season would reduce ET here, as might 

hypothetically occur if they resulted in plant stress (assuming transpiration 

contributions to ET are relatively consistent). These findings prompt the hypothesis that 

a dry summer following a dry winter might yield the critical conditions needed for 

watershed streamflow to be substantially increased because ET is drought-limited.  
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3. Research Chapter 2. Landscape-level controls over the partitioning of seasonal 

precipitation into evapotranspiration 

3.1. Introduction 

Several studies have identified long-term trends in seasonal precipitation 

amount across the U.S. (Vose et al., 2014; Martino et al., 2013). To predict how these 

ongoing changes will affect water resources, we must understand how seasonal 

precipitation inputs are partitioned between runoff and evapotranspiration (ET). 

Vegetation could be dependent on precipitation from a single season and, therefore, 

especially vulnerable to droughts occurring during that season. For example, grasslands 

and aridlands respond to summer precipitation pulses (Patrick et al., 2007; Feldman et 

al., 2021) while forests can tap into deep water sources that can sustain them in the 

absence of precipitation (Liu et al., 2019; McCormick et al., 2021). It is commonly 

believed that summer precipitation recharges soil water deficits because soil water 

deficits mostly occur during summer when ET is high. The remainder of precipitation 

supplies streamflow. If summer precipitation supplies streamflow even in environments 

where soil water deficits occur, this would challenge our basic assumptions about how 

soil water recharge occurs (Brunke et al., 2016). 

We can calculate this partitioning using long-term timeseries of precipitation and 

runoff isotopes and flux amounts through end-member mixing and end-member 

splitting analyses (Kirchner and Allen, 2020). The end-member splitting method goes 

beyond end-member mixing (which addresses the relative fraction of each end-member 

in a mixture) by also making use of mass-flux data to address how each end-member is 
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partitioned among its different fates. In the case of this study, the two input end 

members are summer (April – September) and winter (October – March) precipitation  

and the measured mixture is annual runoff. This method assumes that all inputs to 

runoff are accounted for and that there are no changes in watershed storage. To meet 

these assumptions, end-member mixing and splitting are typically done using multiple 

years of data (Kirchner and Allen, 2020).  

New opportunities are presented by the measurements of the National 

Ecological Observatory Network (NEON). Across the contiguous U.S., there are 34 NEON 

aquatic sites that were selected to represent different systems within the United States, 

thus spanning a diversity of topographies, climates, and ecosystems (NEON, 2022a). 

Stable isotopes ratios of water, δ2H and δ18O, are among the numerous metrics 

characterized for routinely collected water samples. Such a dataset provides new 

opportunities to compare the fates of precipitation across diverse landscapes through 

end-member splitting analyses. Moreover, we can use the diverse NEON sites to explore 

relationships between site characteristics and partitioning fractions using continuous 

geospatial datasets. 

The objectives of this study are to 1) calculate precipitation routing for the NEON 

sites and 2) identify relationships between partitioning fractions and watershed-scale 

landscape and climate characteristics inferred from geospatial datasets. We hypothesize 

that the fraction of summer precipitation supplying ET and the fraction of ET supplied by 

summer precipitation will both vary tremendously across the U.S., and that remotely 

sensed vegetation characteristics will correlate with those partitioning fractions. 
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Specifically, we hypothesize that ET will be largely sourced from summer precipitation in 

landscapes where vegetation functioning is more dynamic because ecosystems without 

access to stored winter precipitation are more likely to be affected by summer droughts; 

that dynamism which will be captured by quantifying the stability of values of various 

metrics that capture vegetation vigor. 

3.2. Methods 

 First, we’ll briefly describe the sources of the data used in this project. Section 

3.2.2 details how we subset the NEON data and conducted end-member splitting. This 

section also contains a table showing details about each NEON site. Section 3.2.3 

describes geospatial data processing. Section 3.2.4 explains how we built exploratory 

models of partitioning using watershed-level summaries of the geospatial datasets. 

3.2.1. Data Sources 

Streamflow isotope and runoff data were obtained from a subset of the NEON 

database, along with watershed boundary files (NEON, 2022b; NEON, 2022c). Subsetting 

of NEON sites is explained in section 3.2.2. We also used a previously developed 

continuous runoff data product derived from NEON data (Rhea, 2023). The data extend 

from December 2014 to present. A continuous dataset of biweekly samples was the 

target, but logistical impediments (including responses to the covid-19 pandemic) 

resulted in gaps and uneven sampling at times; the final dataset used by us is described 

in the following section.  
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Monthly grids of hydrogen isotope ratios (δ2H) in precipitation were downloaded 

from the Water Isotope Database (Bowen, 2022; Bowen et al., 2005). These grids cover 

the contiguous U.S. at 1-km resolution. Monthly grids of average precipitation amount 

(1991-2020) were obtained at 800-m resolution (PRISM Climate Group, 2014). Elevation 

data were downloaded as a 1 arc-second (approximately 30 m) grid (U.S. Geological 

Survey, 2019). Vegetation indices were calculated from two Moderate Resolution 

Imaging Spectroradiometer (MODIS) products: MCD19A1 Multi-Angle Implementation 

of Atmospheric Correction Land Surface Bidirectional Reflectance Factor (Lyapustin and 

Wang, 2018) and MCD12Q2 Yearly Land Cover Dynamics (Friedl et al., 2019). We 

downloaded 1-km MCD19A1 imagery collected from April 1 to September 30, 2018, 

overlapping with the times when stable isotopes sample were collected at most of the 

sites. The 500-m MCD12Q2 data used in this study was also from 2018, but unlike the 

MCD19A1 product, it integrates information from imagery collected throughout the 

entire year. To estimate canopy height, we used a 30-m fusion product using GEDI (~30-

m GSD, unevenly sampled) and 30-m GSD wall-to-wall Landsat data (Potapov et al., 

2020). 

3.2.2. Isotope Data Processing  

We removed all sites from the NEON watersheds dataset which were located 

outside of the contiguous U.S. Sites further south than 30 degrees N were also removed 

because southern sites have a dampened seasonal precipitation isotope signal (Bowen, 

2008) and the analyses in this paper depend on the ability to differentiate summer 
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precipitation from winter precipitation. Furthermore, the removed southern sites are in 

hurricane zones and hurricanes have abnormal precipitation isotope signatures which 

could further confound the seasonal signal (Sanchez-Murillo et al., 2019). Lake sites 

were also removed because they did not have runoff data which is needed for end-

member splitting, and they were likely to demonstrate strong evaporative fractionation 

signals that would also bias results. Details of the remaining data from 23 sites are 

available in Table 3.1. 

Table 3.1. Summary of NEON site characteristics including state, watershed area, mean annual 
temperature, mean annual precipitation, the start of runoff isotope sampling (mm-yy), the number of 
runoff isotope measurements, the hydrogen isotope ratio (‰) of runoff, the hydrogen isotope ratio (‰) of 
summer precipitation (PS), the hydrogen isotope ratio (‰) of winter precipitation (PW), the fraction of 
summer precipitation routed to ET ± standard error, and the fraction of ET sourced from summer 
precipitation ± standard error. 

NEON Site 
& State 

Area 
(km2) 

Temp 
(°C) 

Ppt. 
(mm) 

Start 
Month 

No. 
Points 

Runoff 
δ2H (‰) 

PS δ2H 
(‰) 

PW δ2H 
(‰) 

Fraction of 
PS to ET 

Fraction of 
ET from PS 

MCRA, OR 3.9 7.8 2240 06-17 92 -75.0 -65.3 -88.4 -0.72 ± 0.41 -0.63 ± 0.34 
MART, WA 6.3 8.9 2640 11-17 101 -70.1 -62.2 -83.0 -0.63 ± 0.37 -0.24 ± 0.14 
TECR, CA 3.0 8.5 1150 10-18 49 -86.0 -66.4 -104.2 -0.31 ± 0.22 -0.07 ± 0.05 
BIGC, CA 11 12.4 910 02-18 70 -80.2 -64.8 -94.6 0.23 ± 0.16 0.04 ± 0.03 
BLWA, AL 16000 16.8 1480 10-16 121 -21.9 -20.6 -28.6 013 ± 0.16 0.11 ± 0.13 
FLNT, GA 15000 18.0 1280 03-17 86 -20.5 -21.2 -28.5 0.31 ± 0.12 0.21 ± 0.08 
MAYF, AL 14 17.5 1410 03-15 149 -20.8 -19.5 -24.9 0.31 ± 0.16 0.23 ± 0.12 
TOMB, AL 47000 17.0 1480 10-16 111 -21.9 -19.8 -27.6 0.31 ± 0.17 0.24 ± 0.13 
SYCA, AZ 280 16.7 510 06-17 64 -69.8 -39.7 -66.4 1.01 ± 0.11 0.36 ± 0.03 
REDB, UT 17 7.1 820 10-16 108 -123.3 -84.0 -128.0 0.95 ± 0.12 0.40 ± 0.04 
WALK, TN 1.1 12.8 1440 11-15 143 -36.2 -26.6 -44.8 0.52 ± 0.12 0.43 ± 0.08 
HOPB, MA 12 7.7 1320 09-16 123 -54.5 -42.2 -74.3 0.51 ± 0.11 0.47 ± 0.09 
COMO, CO 3.6 0.7 940 08-15 142 -131.4 -72.3 -142.4 0.86 ± 0.14 0.55 ± 0.07 
BLUE, OK 320 16.0 1060 01-17 89 -28.8 -24.2 -41.1 0.72 ± 0.10 0.56 ± 0.06 
POSE, VA 2.0 12.0 1130 12-14 166 -46.9 -35.0 -62.1 0.69 ± 0.11 0.56 ± 0.07 
PRIN, TX 49 17.5 880 08-16 104 -25.1 -23.2 -34.5 0.88 ± 0.11 0.56 ± 0.05 
LEWI, VA 12 12.4 1030 10-16 124 -48.9 -33.5 -59.4 0.87 ± 0.11 0.60 ± 0.06 
BLDE, WY 38 2.1 580 03-18 77 -143.7 -86.2 -150.5 0.94 ± 0.13 0.64 ± 0.07 
LECO, TN 9.1 11.2 1810 02-16 127 -44.2 -25.4 -51.8 0.77 ± 0.13 0.65 ± 0.08 
MCDI, KS 23 12.4 920 09-16 109 -37.6 -31.6 -68.0 0.86 ± 0.11 0.68 ± 0.06 
KING, KS 13 12.7 870 10-15 134 -40.1 -31.6 -68.1 0.83 ± 0.11 0.69 ± 0.07 
ARIK, CO 2600 7.7 430 06-15 127 -75.8 -58.6 -107.4 1.00 ± 0.11 0.76 ± 0.06 

WLOU, CO 4.9 1.9 680 05-17 111 -130.9 -62.5 -128.0 1.06 ± 0.22 1.11 ± 0.17 
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For the remaining 23 sites, we calculated weighted mean isotope signatures and 

flux amounts for annual runoff and seasonal precipitation. For runoff isotope signatures, 

samples were assigned weights using the Rhea (2023) dataset of modeled continuous 

runoff and equation 1 where Qi is daily runoff rate for days when samples were 

collected for isotope analysis within each month, QM is average monthly runoff rate for 

each month, and N is the number of isotope samples collected in the given month.  

Weighti = (1 +  
( )

)                                                             (3.1) 

This equation calculates a proportional weight relative to mean monthly runoff and 

ensures that months with more frequent sampling are not overrepresented in 

calculations of annual runoff isotopes. For runoff amounts, we summed the monthly 

averages of the field measurements downloaded directly from NEON.  

For precipitation isotope signatures, we first used bilinear interpolation to 

rescale the 800-m amount grids to align with the 1-km isotope grids and then multiplied 

the two rasters. The product was used to calculate a spatially weighted isotope 

signature at each site for each month. Because these coarse-scale calculations could 

misrepresent elevation and precipitation isotope ratios depend on elevation, an 

elevation correction was added using the difference between the mean watershed 

elevation calculated from a 1 km DEM and the mean watershed elevation calculated 

from a 10 m DEM; that difference was multiplied by 0.0224 ‰ δ2H m-1, a previously 

reported precipitation isolate lapse rate, to adjust for elevation discrepancies (Poage 

and Chamberlain, 2001). Seasonal precipitation isotope signatures were calculated as a 
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weighted mean of data from April through September for the summer and from 

October through March for winter. For precipitation amounts, we summed the spatial 

averages of the monthly precipitation grids. We then conducted end-member mixing 

and splitting analyses to estimate the fraction of summer precipitation routed to ET and 

the fraction of ET sourced from summer precipitation as described in section 2.2.1. 

Standard errors were calculated with gaussian error propagation. Since no uncertainty 

grids were provided with the precipitation amount grids, we used a conservative 

estimate of the standard error being 5.5 % of precipitation amounts (Daly et al., 2008). 

3.2.3. Geospatial Data Processing  

To explore physiographic factors’ relationship with end-member-splitting 

products, geospatial data were processed to calculate an average value for each product 

at each site. MODIS products were averaged and aggregated spatially and temporally. 

The MCD12Q2 product provided Enhanced Vegetation Indices (EVI) summary rasters 

including values of minimum, amplitude, and area under the growing season curve. 

Those data, in addition to forest canopy height (Potapov et al, 2020), total annual 

precipitation (PRISM Climate Group, 2014), and the ratio of summer precipitation to 

annual precipitation (PRISM Climate Group, 2014) were spatially averaged to yield a 

watershed-mean value for every image. For the MCD19A1 product used to calculate the 

chlorophyll carotenoid index (CCI), the data were first temporally averaged for each 

month, and then the median monthly values within each watershed were used to 

calculate the coefficient of variation, standard deviation, minimum, and the difference 
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between peak-season and late-season CCI. Data processing was completed using Python 

3.9 in PyCharm2021.2.1 (Van Rossum and Drake, 2009) and using ArcGIS Pro (Esri, 

2021). 

3.2.3. Analysis 

First, watershed-averaged site characteristics (coefficient of variation of CCI, 

standard deviation of CCI, difference between peak and late-season CCI, peak CCI, 

minimum CCI, the ratio of summer precipitation to annual precipitation, mean annual 

precipitation, forest height, EVI amplitude, EVI area-under-the-curve, and EVI minimum) 

were tested for correlations with each of the key end-member splitting metrics focused 

on here: the fraction of ET from summer precipitation and the fraction of summer 

precipitation supplying ET. To explore a multi-variate model space, a stepwise 

regression was used to select predictors from the set of variables included above. An 

inverse-error-weighted regression-model fit was used to down-weight the influence of 

the poorly constrained points (which were also outliers with implausible values); 

variables were added and removed to minimize BIC to select a final model. We did not 

use interaction terms because overfitting was likely with the high number of potential 

predictors and the low number of samples. We encountered issues related to overfitting 

even with the routine used, but they are interpreted accordingly, and this risk is justified 

by our motivation being to explore potential explanatory variables, rather than to 

develop a predictive model. Model building and fitting was done in MATLAB (The 

MathWorks inc., 2022). In Python, we conducted leave-one-out cross-validation to 

calculate mean absolute error (MAE) and root mean square error (RMSE). 
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3.3. Results 

Both fractions of ET from summer precipitation and fractions of summer 

precipitation supplying ET spanned the entire 0-to-1 range of plausible values, with 

outliers extending outside of this range (Table 3.1; Figure 3.1). The two end-member-

splitting products show distinct regional patterns, with sites in Pacific-Coast states and 

Gulf states similarly showing smaller fluxes of summer precipitation to ET and small 

fractions of ET coming from summer precipitation. Sites in the central U.S. and the 

northeast tend to show a larger relative flux of summer precipitation to ET, and a 

relatively larger fraction of ET sourced from summer precipitation. More mixed values 

occurred in the southern plains (sites BLUE and PRIN) where there were intermediate 

fractions of ET from summer and winter precipitation, which involved a majority of 

summer precipitation contributing to ET. A similar pattern was seen for many of the 

inter-mountain west sites, especially towards the ones in hotter and drier climates 

(REDB and SYCA). 
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Figure 3.1. Map of all 23 watersheds showing the fraction of summer precipitation routed to ET (A) and the 
fraction of ET sourced from summer precipitation (B). The two metrics appear to be correlated and seem 
to show regional similarities. Sites near the west coast of the U.S. or the Gulf of Mexico tend to have a 
smaller relative flux from summer precipitation to ET. Sites closer to the central U.S. or the northeast tend 
to have a larger relative flux from summer precipitation to ET. 

 

A. 

B. 
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Figure 3.2. Correlation matrix showing the Pearson correlation coefficients between the fraction of 
summer precipitation (Ps) to evapotranspiration (ET), the fraction of ET from Ps, and the full list of 
potential predictive variables assessed in this analysis. Light colors represent weak relationships while 
dark red represents positive correlations and dark blue represents negative correlations. Many of the 
potential predictive variables are correlated with each other. 
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Figure 3.3. Scatter plots of key site characteristics against the fraction of summer precipitation to ET and 
the fraction of ET from summer precipitation with ordinary least-squares regression trendlines. The color 
of each point represents the latitude of the site. Of the 11 potential predictive variables tested, the fraction 
of summer precipitation to ET was most correlated with mean annual precipitation (Panel A, R2=0.65) and 
minimum EVI (Panel B, R2=0.63). The fraction of ET from summer precipitation was most correlated with 
minimum EVI (Panel D, R2=0.61) and the ratio of summer precipitation to annual precipitation (Panel C, 
R2=0.52). 
 
Figure 3.3 shows the two variables with the strongest regression fits (R2) for each target. 

Mean annual precipitation was the best correlate of the fraction of summer 

precipitation to ET (R2=.65). Minimum EVI was also highly correlated with the target 

(R2=.63), but somewhat redundant with mean annual precipitation (R2=.42). For the 

fraction of ET from summer precipitation, the ratio of summer precipitation to annual 

precipitation was a strong correlate (R2=.52) with a slope of 1.6 (p<.001); A 1:1 

relationship between these variables would indicate no bias in the use of seasonal 

precipitation for ET.  Minimum EVI was more correlated with the target (R2=.69) ratio of 
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summer precipitation to annual precipitation, but it was also redundant with the ratio of 

summer precipitation to annual precipitation (R2=.42) and thus less important in the 

multi-variate model. The multivariate model fitting optimized BIC while testing all linear 

combinations to yield a 4-variable model for the fraction of summer precipitation 

routed to ET, composed of negative coefficients for the coefficient of variation of CCI 

(p=.07), mean annual precipitation (p<.001), and minimum EVI (p=.12) and a positive 

coefficient for EVI area-under-the-curve (p=.02). The adjusted R2 value of this model was 

0.79 (p<.001). From leave-one-out cross-validation, the MAE was 0.16 and the RMSE 

was 0.22 (Figure 3.3). Optimizing BIC while fitting all linear combinations yielded a 2-

variable model for the fraction of ET from summer precipitation which included a 

positive influence of the ratio of summer precipitation to annual precipitation (p<.001) 

and a negative influence of minimum EVI (p=.005). The adjusted R2 value of this model 

was 0.76 (p<.001). From leave-one-out cross-validation, the MAE was 0.15 and the 

RMSE was 0.22 (Figure 3.4). 

 



46 

  
 

 
Figure 3.4. Observed versus predicted values of the fraction of summer precipitation to ET with observed 
standard error. The color of each point represents the latitude of the site. Predictions were made using a 
weighted least squares regression trained on all data except the point being predicted. A 1:1 line is plotted 
over the range of 0 to 1 to show the bounds of reasonable values for the fraction of summer precipitation 
to ET. The points that fall outside this range appear to have the greatest observed error and all are within 
2 standard errors of the range of reasonable values.  
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Figure 3.5. Observed versus predicted values of the fraction of ET from summer precipitation with observed 
standard error. The color of each point represents the latitude of the site. Predictions were made using a 
weighted least squares regression trained on all data except the point being predicted. A 1:1 line is plotted 
over the range of 0 to 1 to show the bounds of reasonable values for the fraction of ET from summer 
precipitation. The points that fall outside this range appear to have the greatest observed error and all are 
within 2 standard errors of the range of reasonable values.  
 
3.4. Discussion  

Our calculations of the fraction of summer precipitation to ET and the fraction of 

ET from summer precipitation show that precipitation partitioning is highly variable 

across the contiguous U.S. The average standard error of partitioning calculations was 

low at 0.16 for the fraction of summer precipitation to runoff and 0.09 for the fraction 

of ET from summer precipitation, so we can robustly distinguish between high and low 

values. Smaller fluxes of summer precipitation to ET and small fractions of ET coming 
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from summer precipitation were seen in both the Pacific west and the Gulf-of-Mexico 

states, despite the strong contrasts between those regions’ climates. The Pacific west 

ranges substantially in total annual precipitation, but has most precipitation falling in 

winter, in contrast with the Gulf region where rainfall occurs fall year-round. However, 

the result is not surprising given that these regions can have forests with high 

productivity, even in winter because they have mild winters and some evergreen cover. 

Thus, a substantial fraction of ET may occur in winter in the Pacific west and the Gulf 

region (Liu et al., 2017). Moreover, summer precipitation in the southeast involves 

frequent high-intensity precipitation that is more likely to quickly run off surfaces rather 

than infiltrate and recharge storages that supply vegetation. That said, it should also be 

noted that these sites are also ones where end-member-splitting is less ideal, due to 

either the small range between summer and winter precipitation isotope ratios or the 

small amounts of precipitation falling in summer.  

The Mountain West and Southern Great Plains tend to have intermediate 

fractions of ET from summer and winter precipitation, which involved a majority of 

summer precipitation contributing to ET. These partitioning fractions may suggest that 

these ecosystems have the capacity to resist summer droughts because vegetation 

there can seemingly access winter precipitation and supplement limited summer 

precipitation sources with winter precipitation. However, this study does not resolve the 

relative importance of that summer precipitation and thus does not imply the 

consequences of summer droughts on ET (and vegetation health).  
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To discuss and interpret the implications of high-versus-low partitioning fractions 

throughout the rest of the U.S., we assume that most ET occurs during summer when 

vegetation is usually most photosynthetically active. The Central U.S. and the Northeast 

tend to show a larger relative flux of summer precipitation to ET, and a relatively larger 

fraction of ET sourced from summer precipitation. This high fraction of ET from summer 

precipitation suggests that vegetation is only able to access recent precipitation which 

may cause an ecosystem to be vulnerable to drought. With the high fraction of summer 

precipitation to ET, this might mean that even a small decrease in summer precipitation 

would limit ET and increase vegetation water stress. These regions tend to have 

sufficient precipitation in summer to supply ET, which is not expected to drive plants to 

establish deep roots (Fan et al., 2017), thereby make vegetation less likely to be able to 

tap into deeper water sources composed by larger fractions of winter precipitation.   

The stepwise regression models and correlations between partitioning fractions 

and site characteristics show that variations in the fraction of summer precipitation to 

ET and the fraction of ET from summer precipitation are a function of climate and 

vegetation characteristics. Both mean annual precipitation (R2=0.65) and minimum EVI 

(R2=0.63) were independently strong predictors of the fraction of summer precipitation 

to ET, suggesting that both vegetation and climate may be a first-order drivers of that 

partitioning. Of course, it should be noted that the amount of summer precipitation 

among these sites probably has a substantially larger range than that of ET, and thus it 

makes sense that smaller fractions of larger amounts of summer precipitation would be 

needed to supply ET in regions with wet summers. While the coefficient of variation of 
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CCI and the EVI area-under-the-curve were chosen in the model of the fraction of 

summer precipitation to ET, these variables were not independently correlated with the 

target (R2=.0016 and R2=.0001, respectively). For the fraction of ET from summer 

precipitation, the ratio of summer precipitation to annual precipitation was a strong 

correlate (R2=.52), and the slope of the relationship suggests that variations in fractions 

of precipitation falling in winter corresponds with variations in fraction of ET from 

winter. Minimum EVI covaried more strongly with the target variable (R2=.69) but likely 

was less important in the multi-variate model because the minimum EVI distribution is 

bimodal, potentially representing seasonal ET trends in evergreen versus deciduous 

systems (Liu et al., 2017). We would expect deciduous systems to have a lower 

minimum EVI and to be more biased toward the use of summer precipitation since they 

are dormant in the winter.  

 While this is the first study using end-member splitting across a range of 

climates, our results can be compared to others’ findings. At the Hubbard Brook 

Experimental Forest in New Hampshire, which has deciduous vegetation and 1360 mm 

of precipitation annually distributed relatively evenly throughout the year, the fraction 

of summer precipitation to ET was 0.44 ± 0.08 and the fraction of ET from summer was 

0.85 ± 0.15 (Kirchner and Allen, 2020); this coheres with our findings in section 3. At the 

Rietholzbach watershed in northeastern Switzerland, which has mostly grassland cover 

and 1450 mm of precipitation annually with more precipitation falling during the 

summer, the fraction of summer precipitation to ET was 0.64 ± 0.09 and the fraction of 

ET from summer was 1.01 ± 0.16. Using remote sensing analyses, Feldman et al. (2021) 
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found that in arid regions, vegetation water content increases over multiple days 

following precipitation pulses, facilitating production and photosynthesis. This could 

lead to the expectation that arid ecosystems utilize a greater proportion of recent 

summer precipitation than mesic systems, which may be consistent with the 

relationship identified in Figure 3.3A. However, true arid systems are not ideal for end-

member splitting because a) runoff fractions are often minimal and b) short-lived pulses 

may reflect quick uses of precipitation by plants but a lack of plant response could still 

involve that precipitation evaporating from soils and thereby contributing to ET fluxes. 

Huxman et al. (2004) found that rain use efficiency decreases across ecosystems as 

mean annual precipitation increases, consistent with our finding that less summer 

precipitation contributes to ET as annual precipitation increases (Figure 3.3A). Goodwell 

et al. (2018) found that precipitation pulses which increase ET and connectivity between 

ET and atmospheric and soil variables were most identifiable at the driest sites they 

studied, suggesting that drier sites may be more responsive to summer precipitation. 

Our results may not agree with those of Reynolds et al. (2004), which modeled plant 

productivity in extremely dry sites and argued that productivity was often greatest 

during the winter due to higher soil water availability (which presumably involved that 

productivity occurring with increasing ET of recent precipitation); however, we did not 

study any comparable systems since our driest site had at least 200 mm greater mean 

annual precipitation than the sites used in the study by Reynolds et al. Thus, while new 

metrics and insights are presented in our study, the arguments they support are largely 
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complementary to prior findings, adding another dimension of understanding of 

regional differences in controls over water use.  

3.5 Conclusions 

 This research shows characterizable geospatial patterns and strong relationships 

of end-member-splitting results with site characteristics. These initial results can guide 

future efforts to build a predictive model of precipitation partitioning across the 

contiguous U.S. The results of leave-one-out cross-validation suggest that partitioning 

fractions could be predicted with MAE below 0.2 and RMSE below 0.25, but we would 

need a true separation of training and testing data to accurately assess the predictive 

power of a model. This separation would likely reduce the model fit. Such models could 

help land managers assess the vulnerability of water resources and terrestrial 

ecosystems to changes in seasonal precipitation. Characterizing precipitation 

partitioning also helps us understand how waters mix and recharge different hydrologic 

storages (e.g., surface soils vs. aquifers) that ultimately serve distinct functions (e.g., 

supporting plants vs. supplying rivers).  
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4. Thesis Conclusion 

In chapter 2, we found that evapotranspiration (ET) was primarily composed of 

summer precipitation at the small, humid Rietholzbach watershed. We found that ET 

amount seems largely insensitive to variations in summer or winter precipitation. We 

surprisingly found that the sourcing of ET from summer versus winter precipitation was 

more evidently related to variations in winter precipitation amount, with winter 

precipitation seemingly contributing from zero up to ~50% of ET. Given that ET is 

relatively consistent, this implies that summer precipitation supplies the rest (50 to 

100%). These variations in the partitioning of winter precipitation are likely driven by 

changes in transpiration rather than evaporation since most evaporation occurs in 

summer and is composed of recent precipitation. 

In chapter 3, we found that climate and vegetation variables are related to 

partitioning fractions. A stepwise inverse-error regression modeling the fraction of 

summer precipitation to ET selected the following variables: coefficient of variation of 

chlorophyll carotenoid index, mean annual precipitation, minimum enhanced 

vegetation indices (EVI), and EVI area-under-the-curve. The model for the fraction of ET 

from summer precipitation selected the following variables: the ratio of summer 

precipitation to annual precipitation and minimum EVI. The selection of minimum EVI in 

both models supports our hypothesis that vegetation indices of health, density, and 

greenness are strong predictors of precipitation partitioning with negative effects on the 

relative flux of summer precipitation to ET. Our hypothesized mechanism was that 

ecosystems with less access to stored winter precipitation would experience drops in 
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vegetation health and greenness due to water stress as soil dries throughout the 

summer. However, the bimodal distribution of minimum EVI implies that these trends 

may be primarily driven by the categorical effect of evergreen versus deciduous 

vegetation which was not tested. 

 Overall, the findings produced in this thesis were exploration-motivated and 

they yielded new insights. However, it remains clear that uncertainty management is a 

challenge when using end-member splitting to compare hydrological behavior, and 

especially vegetation controls over hydrological behavior, across years and among sites.  

  



58 

  
 

Appendix 1: Supplemental Figures to Section 2. Research Chapter 1

 
Figure S1 Bar plot showing annual evapotranspiration calculated by water-balance from All RHB in blue, 
Upper RHB in purple, and Lysimeter in red, and annual evapotranspiration calculated from lysimeter mass 
variations in black. Upper RHB is not included because the upper gauge was unreliable, so All RHB area-
averaged runoff volumes were used instead. Each year represents a water year starting in October of the 
year on the x-axis and ending in September of the following year. Evapotranspiration from lysimeter mass 
variations shows the most consistency and is considered the most accurate. The standard error of the mean 
is 30.2 for All RHB Water Balance, 25.4 for Upper RHB Water Balance, 27.6 for Lysimeter Water Balance, 
and 15.0 for Lysimeter Mass Variations. 



59 

  
 

 
Figure S2 Colors show which days were missing isotope or flux data for each hydrologic year with orange 
representing precipitation isotope values (δ18OP), blue representing lower gauge isotope values (δ18OAll), 
green representing upper gauge isotope values (δ18OUp), yellow representing lysimeter isotope values 
(δ18OL), and purple representing lysimeter seepage amounts (QL). The vertical line represents the split 
between the winter and summer seasons.  
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Figure S3 All δ18O values of runoff and month- or season-averaged precipitation throughout the sampling 
period. Precipitation δ18O (1994-2014) is shown as black dots with vertical lines representing monthly 
amount-weighted means and standard errors, and as horizonal yellow (summer) and grey (winter) lines 
representing seasonal weighted means and standard errors. Individual runoff measurements are shown in 
blue for the lower gauge (All RHB), orange for the upper gauge (Upper RHB), and green for the lysimeter, 
with marker sizes reflecting the runoff rate associated with each measurement. Runoff-weighted long-term 
mean δ18O values are displayed as a blue line (All RHB) and a green line (Upper RHB and Lysimeter; Upper 
and Lysimeter values overlap such that they are indistinguishable at the resolution of this plot). Readers 
should note that runoff averages are nearer to the winter precipitation average than the summer 
precipitation average, which implies that streamflow is composed of more winter precipitation than 
summer precipitation. Readers should also note that the All RHB and Upper RHB runoff δ18O values exhibit 
dampened and slightly lagged seasonal cycles relative to the monthly precipitation values, whereas the 
amplitude of the lysimeter values is more similar to that of precipitation but with an approximately 6-month 
phase lag, demonstrating contrasting transport and mixing behavior. 
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Figure S4 Plot of summer and winter precipitation amounts versus the fraction of precipitation falling as 
snow (when the daily average air temperature is at or below 2 degrees Celsius) and the February through 
April mean temperature in degrees Celsius. None of the plots show a significant trend (p > 0.1).  
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Figure S5 Summer and winter precipitation split into evapotranspiration, summer runoff, and winter 
runoff for the years in which summer precipitation was greater than versus less than the median summer 
precipitation compared to years in which winter precipitation was greater than versus less than the 
median winter precipitation amount using the entire watershed (All RHB) dataset. Values are shown as 
annual averages with standard error. The yellow represents fluxes from summer precipitation and the 
blue represents fluxes from winter precipitation. The thickness of each line corresponds with the flux 
amount. Dashed lines represent negative averages.  
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Figure S6 Summer and winter precipitation split into evapotranspiration, summer runoff, and winter 
runoff for the years in which summer precipitation was greater than versus less than the median summer 
precipitation compared to years in which winter precipitation was greater than versus less than the 
median winter precipitation amount using the lysimeter dataset. Values are shown as annual averages 
with standard error. The yellow represents fluxes from summer precipitation and the blue represents 
fluxes from winter precipitation. The thickness of each line corresponds with the flux amount. Dashed 
lines represent negative averages.  
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Figure S7 Correlations between summer precipitation amounts and Upper RHB annual values of variables 
in the end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each 
plot to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 
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0.1. Summer precipitation amount is negatively correlated with summer precipitation δ18O (A), positively 
correlated with summer runoff amount (E), and positively correlated with annual runoff amount (H). 
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Figure S8 Correlations between winter precipitation amounts and Upper RHB annual values of variables in 
the end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each 
plot to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 
0.1. Winter precipitation amount is positively correlated with summer runoff δ18O (C), winter runoff amount 
(F), and annual runoff amount (H). 
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Figure S9 Correlations between summer precipitation amounts and All RHB annual values of variables in 
the end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each 
plot to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 
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0.1. Summer precipitation amount is negatively correlated with summer precipitation δ18O (A), positively 
correlated with summer runoff amount (E), and positively correlated with annual runoff amount (H). 
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Figure S10 Correlations between winter precipitation amounts and All RHB annual values of variables in the 
end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each plot 
to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 0.1. 
Winter precipitation amount is positively correlated with summer runoff δ18O (C), winter runoff δ18O (D), 
winter runoff amount (F), and annual runoff amount (H). 
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Figure S11 Correlations between summer precipitation amounts and Lysimeter annual values of variables 
in the end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each 
plot to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 
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0.1. Summer precipitation amount is negatively correlated with summer precipitation δ18O (A), positively 
correlated with summer runoff amount (E), and positively correlated with annual runoff amount (H). 
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Figure S12 Correlations between winter precipitation amounts and Lysimeter annual values of variables in 
the end-member splitting and end-member mixing equations. Y-axis labels are shown as the title of each 
plot to improve readability. Trend lines and 95% confidence intervals are shown in the p-value is less than 
0.1. Winter precipitation amount is positively correlated with summer runoff δ18O (C), winter runoff δ18O 
(D), winter runoff amount (F), and annual runoff amount (H). 
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Figure S13 Fractions and amounts of precipitation partitioning into summer and winter runoff with 
summer precipitation (mm) and winter precipitation (mm) on the x-axis. These plots only show data from 
All RHB. The blue area covers the 10th to the 90th percentiles of the 3000 bootstrapping iterations. The 
green area extends to the 5th and 95th percentiles while the yellow area extends to the 2.5th and 97.5th 
percentiles.  
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Figure S14 Fractions and amounts of precipitation partitioning into evapotranspiration with summer 
precipitation (mm) and winter precipitation (mm) on the x-axis. These plots only show data from All RHB. 
The blue area covers the 10th to the 90th percentiles of the 3000 bootstrapping iterations. The green area 
extends to the 5th and 95th percentiles while the yellow area extends to the 2.5th and 97.5th percentiles.  
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Figure S15 Fractions and amounts of precipitation partitioning into summer and winter runoff with 
summer precipitation (mm) and winter precipitation (mm) on the x-axis. These plots only show data from 
the lysimeter. The blue area covers the 10th to the 90th percentiles of the 3000 bootstrapping iterations. 
The green area extends to the 5th and 95th percentiles while the yellow area extends to the 2.5th and 97.5th 
percentiles.  
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Figure S16 Fractions and amounts of precipitation partitioning into evapotranspiration with summer 
precipitation (mm) and winter precipitation (mm) on the x-axis. These plots only show data from the 
lysimeter. The blue area covers the 10th to the 90th percentiles of the 3000 bootstrapping iterations. The 
green area extends to the 5th and 95th percentiles while the yellow area extends to the 2.5th and 97.5th 
percentiles.  

 
 

 


