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Abstract The transpiration (T) fraction of total terrestrial evapotranspiration (ET), T/ET, can vary across
ecosystems between 20-95% with a global average of ~60%. The wide range may either reflect true
heterogeneity between ecosystems and/or uncertainties in the techniques used to derive this property.
Here we compared independent approaches to estimate T/ET at two needleleaf forested sites with a factor
of 3 difference in leaf area index (LAI). The first method utilized water vapor isotope profiles and the second
derived transpiration through its functional relationship with gross primary production. We found strong
agreement between T/ET values from these two independent approaches although we noted a discrepancy
at low vapor pressure deficits (VPD). We hypothesize that this divergence arises because stomatal
conductance is independent of humidity at low VPD. Overall, we document significant synoptic-scale T/ET
variability but minimal growing season-scale variability. This result indicates a high sensitivity of T/ET to
passing weather but convergence toward a stable mean state, which is set by LAI. While changes in T/ET
could emerge from a myriad of processes, including aboveground (LAI) or belowground (rooting depth)
changes, there was only minimal interannual variability and no secular trend in our analysis of T/ET from the
15 year eddy covariance time series at Niwot Ridge. If the lack of trend observed here is apparent elsewhere,
it suggests that the processes controlling the T and E fluxes are coupled in a way to maintain a stable ratio.

1. Introduction

Transpiration is the largest component of the terrestrial latent heat budget with estimates suggesting that
it accounts for somewhere between 50 and 90% of the annual global land surface water flux [Good et al.,
2015; Jasechko et al., 2013; Schlesinger and Jasechko, 2014; Wang et al., 2014]. Transpiration impacts numerous
components of the global hydrological cycle including cloud formation, precipitation processes, groundwater
dynamics, streamflow, and atmospheric humidity [e.g., Worden et al., 2007; Farley et al., 2005; Dunn and Mackay,
1995]. Therefore, shifts in its magnitude either through changes in climate, land use, atmospheric chemistry, or
ecosystem structure could have large global impacts. According to Frank et al. [2015], there has been a recent
global increase in transpiration implying that its sensitivity to global change is already perceptible. However,
the processes controlling an ecosystem’s transpiration rate at hourly to intraseasonal timescales are not well
known because the most direct approaches to estimate this flux (i.e., sap flow and leaf-level gas exchange
measurements) are difficult to scale up to the ecosystem or regional level. The alternative to a direct estimate
of transpiration (T) is to partition the ecosystem latent heat flux (evapotranspiration (ET)), which can be well
constrained using eddy covariance [Law et al., 2002], into biotic (T) and abiotic (i.e., leaf interception and soil
evaporation, E) components [Kool et al., 2014]. Hereafter, we refer to the transpiration component of the total
latent heat flux as T/ET following a number of recent studies [Good et al., 2015; Wang et al., 2014; Jasechko
etal.,, 2013].

Both T and E are controlled to a first order by soil moisture availability, atmospheric humidity, and turbu-
lent characteristics. If we were to consider a simple case where the leaf area index (LAI) was 1.0 and plants
were shallow rooted, T and E would both utilize the same water source and have the same surface area from
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which to evaporate. In this case, the two would be closely coupled except under periods of low humidity
when stomatal conductance would decrease T but E would remain high. It could be anticipated that E would
consistently exceed T, leading to T/ET values below 0.5. If LAl were to exceed 1.0, but plants are still shallow
rooted, the surface area from which T is generated has now increased, but the effect of decreased humidity
on stomatal conductance would remain. There would be an increase in overall T/ET with a magnitude set by
LAl and the stomatal response to humidity. In this scenario, if rooting depth were to increase, T and E would
be drawn from distinct water sources. Under periods of water stress, E would be reduced as surface waters
decreased, but T could remain stable because of plant access to water at depth. T would consistently exceed E
(i.e, T/ET > 0.5), which is the common state across ecosystems [Schlesinger and Jasechko, 2014]. The complex
interplay between climate, biomass allocation (root depth and LAl), and soil hydrology could act to couple T
and E and maintain stable T/ET values or decouple T and E leading to a shift in T/ET. However, testing hypothe-
ses on the controls of T/ET have consistently been hindered by a lack of approaches to directly estimate this
property in the field.

One approach toward deriving T/ET is to isolate the shared, or stomatal-driven, component of an ecosystem'’s
carbon and water fluxes derived using eddy covariance [Scanlon and Kustas, 2010; Reichstein et al., 2012]. There
is a close correlation between T and gross primary production (GPP) rates; thus, if one is known, the other can
be inferred [Law et al., 2002; Ball et al., 1987; Wong et al., 1978]. However, this requires partitioning of the total
carbon flux into respiration and GPP [Reichstein et al., 2005; Falge et al., 2001; Kuglitsch et al., 2008; Beer et al.,
2009; Law et al., 2002] and an assumption that the slope between the two (i.e., water use efficiency) is stable
[Scanlon and Kustas, 2010]. Studies on the coupling between the terrestrial carbon and water cycles have
used turbulent nighttime carbon fluxes to derive a temperature model for soil respiration, which is applied to
partitioning the carbon flux. Transpiration is then assumed to be linearly proportional to ET [e.g., Beer et al.,
2009; Keenan et al., 2013]. While these efforts aim to isolate the ecosystem control on water and carbon fluxes,
neither directly compare transpiration with modeled GPP. While efforts to take advantage of the correlation
between carbon and water fluxes to derive T/ET have been pursued [e.g., Kool et al., 2014; Zhou et al., 2016],
this approach remains fairly uncommon.

An alternative to deriving T/ET from carbon and water fluxes is to utilize stable water isotope ratios ('**0/'°0
and 2H/"H). This approach has been adapted for ET partitioning for many years based on an understanding
that because E is fractionated and T is not, the two fluxes have distinct isotopic signatures [Yepez et al., 2003;
Wang and Yakir, 2000; Williams et al., 2004; Moreira et al., 1997; Wershaw et al., 1966]. Thus, the isotopic compo-
sition of the water vapor in the canopy provides an instantaneous perspective on the relative contributions
of E and T [Yakir and Sternberg, 2000], and residual water pools in an ecosystem (e.g., streamflow or soil water)
are thought to be sensitive integrators of whether water was removed via E or T [Jasechko et al., 2013]. The
isotope partitioning approach has origins that are decades old [Zimmermann et al., 1966; Allison and Barnes,
1983], but its regular application has been limited both by the technical challenges associated with measure-
ments of water vapor isotopes and the challenge of accurately modeling the isotopic ratios of the Eand T
fluxes [Good et al., 2012; Seibt et al., 2006; Lee et al., 2009]. Recently, however, the approach has become increas-
ingly widespread due both to the proliferation of in situ laser-based isotope spectroscopy and larger available
databases of stable water isotopes [Sutanto et al., 2014; Jasechko et al., 2013; Good et al., 2014; Wang et al.,
2014, 2010].

Global analyses of T/ET have been undertaken using stable isotopes of large lakes [Jasechko et al., 2013],
remote sensing of water isotope ratios [Good et al., 2015], and metaanalyses taking advantage of a diver-
sity of approaches [Schlesinger and Jasechko, 2014; Wang et al., 2014]. With the exception of Jasechko et al.
[2013], who estimated a global T/ET value of ~0.90, the other studies converge on T/ET values of ~0.60-0.65.
Schlesinger and Jasechko [2014] suggest this wide range of global T/ET estimates (~0.25-0.3), in part, reflects
differences in how previous studies have treated the amount of precipitation that is intercepted by leaves
and evaporated back to the atmosphere without reaching the soil. Good et al. [2015] find that interception
accounts for 27% of the terrestrial ET budget, leading to an estimate of global T/ET of ~0.6, which is on the
lower end of previous estimates. This value contrasts the findings of Jasechko et al. [2013], who estimate
interception rates to be 7% of ET, which yields a global T/ET estimate of ~0.9.

These existing studies neither address the dynamics that drive temporal variability of T/ET nor whether the
different techniques agree across diverse landscapes. More specifically, the range of spatiotemporal scales
that the different methods are sensitive to limit the degree to which the potential for convergence between
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Figure 1. (a) Map of average maximum annual leaf area index from MODIS [Xiao et al., 2014] with US-NR1 (red) and MEF (black) sites. As discussed in section 4,
there is a low bias in the MODIS LAl estimates for US-NR1. (b) Surface fit between average LAI, July maximum air temperature [Oyler et al., 2015] and annual
precipitation for all the SNOTEL sites [e.g., Serreze et al., 1999] in the Rocky Mountains. Contours are approximately 0.5 m?2 m~2 increments. The approximate
conditions at US-NR1 (red) and MEF (black) sites are plotted onto this surface.

approaches can be evaluated. For example, Jasechko et al. [2013] rely on lakes which integrate watersheds
with residence times of years to decades, whereas sap flow sensors or flux chambers record the instantaneous
behavior at subplot scales. Therefore, the response of T/ET dynamics to hydrological events such as drought
or floods (synoptic to seasonal timescales) or to secular changes such as the stomatal response to rising
carbon dioxide (CO,), “greening” or changes in snowpack dynamics associated with warming are unknown.
Understanding the response of T/ET to various forcing mechanisms is critical for assessing how hydrological
partitioning is represented in land surface models. Consequently, the current lack of observational constraints
on T/ET at the subregional scale inhibits quantitative assessment of how models capture dynamic elements
of this first-order ecohydrological property.

To better evaluate the similarities between two widely applicable approaches to derive T/ET, we evaluated its
variability at two needleleaf forested sites (Niwot Ridge AmeriFlux tower and Manitou Experimental Forest)
with distinct leaf area indices (LAl; 4.2 m? m~2 and 1.2 m? m~2, respectively). One approach utilized standard
eddy covariance products and is based on the correlation between carbon and water fluxes [Zhou et al., 2016]
and the other approach used profiles of the stable isotope ratio of water vapor [Yakir and Sternberg, 2000]. We
set out to (1) compare the relative strengths of these two independent approaches to quantify T/ET, and then
we used this information to (2) gain a better understanding of the controls and temporal scales of T/ET vari-
ability between sites with a large difference in LAI. The results show an agreement between the approaches
at both sites with a difference in the mean T/ET between sites that compares well with expected controls of
LAl on T/ET [Wang et al., 2014].

2. Methods

2.1. Locations

The analyses presented here were conducted at two sites: the Niwot Ridge AmeriFlux tower (40.03°N,
—105.55°W) and the Manitou Experimental Forest (39.08°N, —105.07°W) (Figure 1). Niwot Ridge (US-NR1) is
~140 km north of Manitou Experimental Forest (MEF) and is ~500 m higher (3023 m as opposed to 2503 m
for MEF). Despite their relatively close proximity, the two forests experience distinct climates owing to the
complex topography in the region. US-NR1 receives approximately double the annual precipitation as MEF
(884 mm versus 430 mm), has a colder average air temperatures (e.g., July 14°C for US-NR1 and 19°C for MEF)
and a more sustained winter and spring snowpack [Ortega et al., 2014; Burns et al., 2015]. These differences in
climate and hydrology between sites and different land use histories (MEF was heavily logged in the 1920s
[Johnson, 1956]) produce distinct canopy structures. Specifically, US-NR1 has a relatively denser canopy
(LAI 4.2 m? m~2) compared to the open canopy at MEF (LAl 1.2 m? m~2) (Figure 1).

2.2. Niwot Ridge
US-NR1 has operated as part of the AmeriFlux network continuously since 1998 [Burns et al., 2015; Monson
et al., 2002; Knowles et al., 2015a]. It includes a 26 m walk-up tower within a subalpine mixed coniferous
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Figure 2. (top) Time series of the hourly mean 5'80 (lines) and 680 (dots) for the Niwot Ridge and Manitou
Experimental Forest sites. Two long data gaps occur during both the 2012 and 2013 summers due to overheating in the
shed and a failed vacuum pump. (middle) Time series of diel (6:00-18:00) mean GPP for the Manitou and Niwot Ridge
sites calculated using the flux partitioning method of Reichstein et al. [2005]. (bottom) Time series of diel mean ET flux
for both sites using eddy covariance.

forest with a canopy height of ~11 m. The tower includes an eddy covariance system for assessing CO,,
H,O, and sensible heat fluxes using a combination of a sonic anemometer and fast response temperature
sensors and gas analyzers. Data from the eddy covariance system as well as other measurements made
from the tower are available through the AmeriFlux data portal (ameriflux.ornl.gov) and the tower web-
site (urquell.colorado.edu/data_ameriflux/data_30min/). The tower footprint is dominated by subalpine fir
(Abies lasiocarpa), Engelmann spruce (Picea engelmannii), lodgepole pine (Pinus contorta), and minimal under-
story vegetation. More details on site characteristics including instrumentation, climatology, hydrology, plant
water utilization, and carbon fluxes are discussed in a number of previous publications [e.g., Monson et al.,
2002; Blanken et al., 2009; Turnipseed et al., 2002; Hu et al., 2010; Burns et al., 2015; Knowles et al., 2015b].
Following Bowling et al. [2014], the filtered eddy covariance data were used to derive a 30 min GPP flux with
the Reichstein method [Falge et al., 2001; Reichstein et al., 2005]. We utilized “version2011.04.20" of the flux and
climate data [Burns et al., 2015].

In addition to the aforementioned data, this study also used the stable isotopic ratios of water vapor ('80/'60
and 2H/"H) measured from a Picarro 12120-i analyzer that was installed in a small shed at the base of the tower
during the fall of 2011. The instrument was set up to retrieve profiles of the stable isotopic ratio of water vapor
from eight heights within and above the canopy using cavity ringdown spectrometry [Gupta et al., 2009].
Five of the sampling inlets were installed directly on the tower at heights of approximately 5, 10, 15, 20, and
25 m, and three of the inlets were installed on a nearby tree at heights of approximately 1, 2, and 3 m. The
air samples entered 9.652 cm (0.25 inch) OD copper tubing through a heated orifice at the inlet to minimize
condensation within the line. All sample lines were ~30 m long, such that the pressure drop in the lines was
similar and therefore minimized abrupt pressure fluctuations during manifold valve switching. Air was moved
through the lines at a rate of ~6—8 L min~" using a regenerative blower.

The sample lines were attached to a solenoid manifold, which went through an automated sequence of
analyzing each inlet for 10 min. The first 5 min of data following the switch between sampling inlets were
excluded from subsequent analysis to minimize memory effects associated with previous air samples not
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entirely flushed from the parts of the system’s plumbing that were common to all air samples. The system was
periodically leak checked by swabbing ethanol onto all potential leak sources (e.g., compression unions and
solenoids). The alcohol interferes with the instrument spectroscopy and minute quantities entering the opti-
cal cavity produce strong evidence of leaks. The system was generally calibrated every 3-6 h with the Picarro
Inc. Standards Delivery Module (Model Number: A0101), which used a syringe pump to introduce one of two
reference waters into a vaporizer kept at 140°C. The reference water vapor was mixed with varying amounts
of dry air (created by pulling ambient air through a desiccant) to produce air with different humidities but the
same isotopic ratio. The calibration stream entered the isotopic analyzer through a three-way solenoid valve
that switched between air samples from the tower and from the two reference waters. Repeated measure-
ments of reference waters over the course of 3 years of measurements indicated a precision on 5 min averaged
values for 6'80 of <0.6 %o. The calibration system experienced many down periods during this experiment
owing either to periodic clogging of the syringes/flow lines and a failed air pump (noted by data gaps in
Figure 2).

Temperature and humidity dependence of the isotopic data were estimated by measuring the reference
waters across a range of humidities and temperatures; the latter of which was generated through seasonal
and diurnal changes in the instrument shed’s temperature. The concentration dependence of the isotopic
measurement (i.e., “humidity effect”), which is well documented [e.g., Schmidt et al., 2010; Johnson et al.,
2011], is instrument specific but stable over time [Bailey et al., 2015]. Therefore, calibration data over the
course of the multiple years of analysis were combined to generate a universal humidity correction, which
was applied to all the data (Figure 3a). Temperature effects were negligible across the ~15°C that the instru-
ment varied (Figure 3b). During a few brief periods when shed ventilation was disrupted, the temperature
conditions exceeded this threshold, and these data were excluded from the analysis. Although the tem-
perature and humidity effects can be severe, they are negligible in the context of this study because the
focus of the analysis is during the spring (for reasons discussed below), when the instrument was operat-
ing at optimal conditions. The experimental setup, quality control, and data processing are virtually identical
to those presented in Berkelhammer et al. [2013]. While the analysis presented hereafter focuses on §'80
and only discusses in detail data from the spring and during the daytime hours (6:00-18:00 local time and
GPP > 0), all data from the uppermost inlet are publicly available as part of the AmeriFlux data products for
this site (urquell.colorado.edu/data_ameriflux/data_30min/) and data from the other heights are available
upon request.

2.2.1. Manitou Experimental Forest

The MEF site is in an open-canopy forest populated almost exclusively with Pinus ponderosa. The measure-
ments discussed here were made during the 2011 growing season when the site was heavily instrumented as
part of the bio-hydro-atmosphere Interactions of energy, aerosols, carbon, H, O, organics, and nitrogen-Rocky
Mountain Biogenic Aerosol Study project [Ortega et al., 2014]. From the measurements available during this
period, we utilized VPD, air temperature, soil moisture, soil temperature, and a suite of standard eddy covari-
ance products (e.g., friction velocity, CO, flux and H,O flux). GPP for the site was derived following the same
flux partitioning technique utilized at US-NR1 [i.e., Falge et al., 2001; Reichstein et al., 2005]. Isotopic mea-
surements were made from May to September 2011 using a different Picarro 12120-i analyzer installed in a
temperature-controlled shed at the base of the 27.1 m tower. Calibration and processing of the isotopic data
were reported by Berkelhammer et al. [2013]. Briefly, six inlets were installed at 1.5, 5.0, 8.5, 12.0, 17.7, and
25.1 m, and each inlet was sampled for 5 min in sequence. The methodology is similar to that utilized for the
US-NRT1 site and for this study was binned onto the same 1 h time step to minimize the effects of resolution
when comparing results between sites. Ortega et al. [2014] should be referred to for additional details on site
characteristics and instrumentation.

2.3. Partitioning of ET

2.3.1. Optimal Partitioning Approach

For each of the sites, we partitioned ET using two independent approaches. The first approach, which here-
after is referred to as the “optimal approach,” utilized standard eddy covariance products available from both
sites. This approach has two inherent assumptions: (1) stomatal dynamics minimize the amount of transpira-
tion for a given rate of GPP, which has a theoretical basis in established photosynthetic and humidity controls
on stomatal conductance [Ball et al., 1987] and (2) there are periodic 30 min windows across the spectrum of
GPP measurements when the transpiration fraction (T/ET) approaches 1 (i.e., nearly all the latent heat flux is
from transpiration). Therefore, within a narrow GPP range, any ET that is greater than the minima within that
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Figure 3. (a) The effect of water vapor mixing ratio on the §'80 of the vapor for the US-NR1 site. The contours and color
bar show the density of measurements at different humidities over the entire period the instrument has operated at the
site. A fit to the data is used to generate the humidity correction. The effect is not measurable during the spring and
summer seasons. (b) Same as Figure 3a but showing how the isotopic ratios vary as instrument temperature changes.
To minimize the humidity effect, only data taken when the humidity is high are used to assess the temperature effect.
(c) Reference waters measured over a 2 year period with error bars capturing the standard deviation of the reference
water injection. The data discussed in the text have been corrected to adjust both for the humidity effect (Figure 3a)
and drift (Figure 3c). In all panels, the y axis is the anomaly from the known isotopic ratio of the reference.

window must be associated with a flux other than transpiration such as evaporation from soil or leaf surfaces.
It is important to note that in this method interception and evaporation are not distinguished [Good et al.,
2015] but collectively represent the abiotic component of the latent heat flux.

To derive T/ET through this approach, ET is plotted against GPP x VPD?>, which linearizes the relationship
between GPP and ET by normalizing the fluxes to VPD [Beer et al., 2009; Zhou et al., 2014]. A curve is then
fit to the minimum ET found at each 0.1 normalized GPP bin (Figure 4). The size of the bin is arbitrary but
reflects a trade-off between sufficient data within each bin to minimize the effect of outlying values, but not
such a large bin as to include dissimilar data together. Because of errors in the flux estimates that arise from a
combination of processing the eddy covariance data, noise/bias in the gas analyzers and uncertainties in the
respiration model used to estimate GPP from net ecosystem CO, exchange, the singular ET minimum within
a bin is often an outlier. In order to generate a well-conditioned function, we defined the minimum as the
5th percentile of ET for each GPP bin. The choice of the correct percentile cutoff to define the minimum ET is
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Figure 4. ET plotted against GPP after normalization of GPP following Zhou et al. [2014] has been applied. The black line
is the fit between the 5th percentile of ET for each 0.1 GPP x VPD%5 bin, which represents the cutoff for which all values
at or below are assumed to have a T/ET equal to 1. The coloring of the crosses is the T/ET which was derived for each
point using equation (1). Data are plotted on a log scale to highlight the lower end of the GPP data. The data used

to generate the black line in Figures 4a and 4b are shown in Figure 4c as colored dots. The fit to the dots with a
second-order power law and the 95% confidence interval to the fit is shown by the shading. The data were poorly
conditioned for MEF at high GPP values due to a scarcity of data, and the fit was extrapolated to the full range of the
US-NR1 data using the regression equation.

unknown and may vary between sites depending on plant functional types, LAI, or in the presence of biases
in one or both of the gas analyzers used. The cutoff value can be considered an error term because if the ET
and GPP measurements were perfect, the value should be 0 [Zhou et al., 2016]. A sensitivity analysis for this
term was done by varying the percentile cutoff between 0 and 10% (Figure 5). The results indicate that the
choice for this value will influence the mean T/ET by +0.05 but will not affect the observation of a significant
difference between T/ET for the two sites (Figures 5 and 6). Hereafter, any values falling on (or below) the line
between GPP and the 5th percentile of the binned ET are considered to have a T/ET value of 1 and for all
additional points T/ET is the ratio between the observed and minimum ET:

ETﬂ ux

T/ET, _
mingpp [[ET||

Mm

optimal =
As with the isotope approach, only daytime values were used (6:00-18:00 local time and GPP > 0) and when
friction velocity (u,) exceeded 0.15 m s™'.

2.3.2. Isotope Partitioning Approach

2.3.2.1. Niwot Ridge

The isotope partitioning approaches utilized a two end-member (E and T) mixing model, where R is the ratio
of the heavy to light isotope (in this case, '0/'°0) [Yakir and Sternberg, 2000]:

RET - RE
T/ETisotope = m (2)
1.0 1.0 0.25 -
(A) US-NRI (B) MEF (C) Difference between sites
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Figure 5. Sensitivity analysis showing how the derived T/ET values using the optimal approach (Figure 4) are influenced
by the choice of the cutoff ET percentile (i.e., the point at which T/ET is assumed equal to 1) for (a) US-NR1 and (b) MEF.
(C) The difference between the sites as a function of the cutoff percentage. The dotted line shows the cutoff percentage
(5%) adopted for the analyses discussed in the text.

BERKELHAMMER ET AL.

TRANSPIRATION FRACTION OF TWO FORESTS 939



@AG U Global Biogeochemical Cycles

10.1002/2016GB005392

Normalized probablity

1.6

Normalized probability

00

(A) MEF Optimal approach (B) US-NRI Optimal approach 4 (E) and
1.6 - 2z
5 124
8
12 o 2 104
5
08 ?2 0.8 o
ol T 06
§
04 | 2 04
02
T T T T T T T T T T 00 == T T T T T T T T T T T T T T
0.1 02 03 04 05 06 07 08 09 1.0 0.1 02 03 04 05 06 07 08 09 1.0 02 04 06 08 1.0
Transpiration fraction Transpiration fraction Transpiration fraction
20 14
(C) MEF Isotope approach (D) US-NRI Isotope approach (F) Isotope and
16 2z 2 Optimal
f; 104 —— US-NRI
12 4 o — MEF
S 08~
3
8
058 £ 064
§
04 - 2 044
02 o
T T T T T T 00 =7 T T T T T T T T T T T T T
0.1 05 06 07 08 09 10 0.l 02 03 04 05 06 07 08 09 1.0 -08 -04 00 04 08

Transpiration fraction

Transpiration fraction Residual (optimal-isotope)

Figure 6. (a and c) Normalized distributions of T/ET for MEF using the optimal (Figure 6a) and isotope (Figure 6c) approaches. (b and d) Normalized distributions
of T/ET for US-NR1 using the optimal (Figure 6b) and isotope (Figure 6d) approaches. () Normalized distribution of T/ET for MEF and US-NR1 using all data
(i.e., both isotope and optimal) for both sites. (f) Distribution of the difference between isotope and optimal approaches for both sites.

To solve this equation, estimates of the isotopic ratio of the ET, E, and T fluxes are needed. At both sites, the
former is solved for using a modified “Keeling plot” approach as described by Noone et al. [2013]. The data
from each height were binned on hourly time steps to generate vertical profiles, and the three uppermost
inlets (above the canopy) were used to estimate the isotopic ratio of the canopy’s latent heat flux (6'80g;).
Flux estimates were calculated only when the correlation between the inverse of the mixing ratio of water and
the isotopic ratio of the water exceeded 0.8 and u, exceeded 0.15 m s~'. The approach followed that of Miller
and Tans [2003] but applied to vertical profiles following Noone et al. [2013]. The solution was derived using
equation (3) where q is the mixing ratio of water, § is the isotopic ratio reported relative to VSMOW [Coplen,
1988], and background is the isotopic ratio of the water vapor measured at the 25 m inlet. The flux was then
solved for as the slope of the regression line fit to g - §'80 against g:

q- 5'%0 = q- 51SOET - [qbackground ! (51SOET - 5180background)] @)

The isotopic ratio of the E and T fluxes were not directly obtained from the measurements and were derived
by modeling the E and T fluxes (section 2.3.2.2).

2.3.2.2. E and T Fluxes Estimates at US-NR1

E and T fluxes were estimated using the following equation from Craig and Gordon [1965] where h is the rela-
tive humidity of the air with respect to the surface temperature, o, is the canopy kinetic fractionation factor,
a* is the temperature-dependent fractionation factor during phase change, R,,,,.. is either the water in the
leaf or the soil/snowpack and canopy is the isotopic ratio of the vapor measured at 8 m:

1

Reorr = ———— R
EorT ™ gpa*(1 — h)

—@*h - Reznopy 4

source

The temperature-dependent fractionation factor was estimated following Horita and Wesolowski [1994],
where the temperature is taken as the 2 m air temperature for £ and the 8 m air temperature for T. We used
these different temperatures to capture periods when the temperature near the surface is not equivalent to
that in the canopy. The kinetic fractionation factor («,) for evaporation and transpiration fluxes are related to
one another through the resistance between the canopy and atmosphere but are distinct in that the former is
sensitive to resistances at the soil surface and between the soil surface and canopy, whereas the latter is sen-
sitive to resistances at the stomata and leaf boundary [Riley et al., 2002]. Here we followed the approach of Lee
et al. [2009] to estimate all the relevant resistance terms, and we considered the transpiration and evapora-
tion kinetic fractionation factors as distinct. All relevant equations are included in Appendix 1. We ignored the
kinetic effects associated with the interception stream, which in our analysis of T/ET was considered part of
the evaporation component of the ET budget. This maintained consistency with the optimal approach, which
had no basis for separating interception from soil evaporation. The interception stream would experience a
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smaller kinetic fractionation effect than the soil as it bypasses resistances at the soil interface and between
the soil surface and canopy. The potential biases associated with this simplification are discussed in section 4.

Following Dubbert et al. [2014] and Seibt et al. [2006], we estimated the isotopic ratio of the leaf water by
calculating its instantaneous deviation from the steady state condition (i.e., when the transpiration stream is
isotopically equivalent to the xylem water) [Barbour et al., 2004]. Equation (5) describes the isotopic ratio of
the leaf water at steady state (R,s); therefore, equation (4) may be rewritten as follows:

Riatss = a - ar - (1 = h) - Rygpe +ap - h - Rcanopy )

Equation (6) then estimates the non-steady state leaf water isotopic ratio (R,.mss) Using further information
on stomatal conductance (Gs) and the leaf water volume (Vol). The former is calculated through inversion of
the Penman-Monteith equations [Monteith, 1981], and the latter is taken from Seibt et al. [2006]:

i e
~(1=a)-(1~ar)- ==

Ricatnss(t) = Riearss (1) + [Ricarss () — Rieamnss(t — 1] - e & (6)

In order to solve equation (6), the stable isotopic ratio of the leaf water must be initialized (i.e., at time=t-1). To
address this, we adopt the convention that there is an instantaneous moment every afternoon when the leaf
reaches steady state at which point the system is reinitialized [Seibt et al., 2006]. The justification for this is that
when the transpiration rate is high, the turnover of leaf water compared to the volume of leaf water leads to
the system reaching steady state. However, the actual moment when steady state is reached is unknown and
presumably varies between days. Thus, a Monte Carlo approach is adopted where the leaf water is assumed to
reach steady state each day sometime between 13:00 and 18:00 local time. The leaf water isotopic ratio used
for estimates of Ry in equations (2) and (4) was the average at each time step of all iterations of this Monte
Carlo procedure.

Solving equation (5) requires knowledge of the isotopic ratio of the water used by the plants (i.e., Ry ce)-
Traditionally, this has been assumed to be equivalent to the isotopic ratio of the soil water weighted by the
rooting depth. However, there is growing evidence to suggest that there is strong partitioning between bound
and mobile soil waters with the former being more widely utilized by plants [Brooks et al., 2010; Good et al.,
2015; Evaristo et al., 2015; Dawson and Ehleringer, 1991]. Without an existing model to address this complex-
ity, estimating the water used by plants must either come from direct measurements of the xylem water or
adopting the assumption that plants draw on water which is isotopically equivalent to the bulk soil water.
There was no regular sampling of soil, xylem, or leaf waters at US-NR1 during the period of this study, which
increases the uncertainty of the T/ET analysis. The absence of regular sampling of these water pools made it
difficult to model the isotopic ratio of the transpiration flux following the early part of the growing season
when recent snowmelt was the dominant water source for the plants [Hu et al., 2010]. In July and August, it
is likely that the soil water pool contains a mixture of both summer rains and snowmelt that have both been
modified isotopically by evaporation [Mast et al., 1995]. Furthermore, the depth from which plants draw water
from can be dynamic as the drying and rewetting of the soil make water available at different depths [Hu et al.,
2010]. To minimize these effects, we focused the analysis at US-NR1 only on the early part of the growing sea-
son when soils were saturated by snowmelt. We assumed that under these conditions the mobile and bound
water sources would be well mixed, a condition which was not likely to be true later in the season when the
soil column begins to dry [Brooks et al., 2010].

Using an 11 year time series (1994-2004) of the isotopic ratio of the 1 April snowpack from the nearby
Niwot SNOTEL site [Anderson et al., 2015] and three additional years of the isotopic ratio of the snowpack
(2004-2006) from Hu et al. [2010] (estimated from the published 6D values), we calculated the average 680
for the snowpack at the site to be —20.7%o with a standard error of 0.4%o. An analysis of soil moisture during
the spring indicated that the soil moisture rapidly increased during this part of the season, suggesting per-
colation from melting snow was significantly larger than the evaporative flux. The xylem water measured by
Hu et al. [2010] during a number of these years indicates an average value of ~—16.5%o (estimated from the
published 5D values). The xylem water is a few %o heavier than the average snowpack, which reflects either
the presence of residual waters in the snowpack from the previous summer/fall and/or that the melt from the
snowpack is preferentially heavier than the snowpack [Mast et al., 1995; Taylor et al., 2001; Liu et al., 2004].
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2.3.2.3. E and T Fluxes Estimates at MEF

The campaign at MEF included more regular sampling of soil, xylem, and leaf waters as reported by
Berkelhammer et al. [2013], which provided input forcing for running an isotopic-enabled Land Surface Model
(LSM) through the duration of the growing season. The use of an LSM addressed a number of the challenges
associated with isotopic modifications of the snowpack and soil water during the course of the growing sea-
son. The model used was isoLSM [Riley et al., 2002], which has previously been utilized in studies on the isotopic
ratio of evaporation and transpiration fluxes [e.g., Buenning et al., 2014; Kanner et al., 2014; Still et al., 2009]. The
model was forced with air temperature, wind speed, pressure, incoming radiation, specific humidity, and pre-
cipitation rate, as well as the isotopic ratios (6'80 and 6D) of precipitation, the initial snowpack, and canopy
vapor. A value of 1.2 m?m~2 was used for the LAI (P. Harley, personal communication March 2013) and the
physical properties of the soil (i.e., particle size distribution and hydraulic conductivity) were defined based
on Massman et al. [2002]. The model uses the Richards equation to solve for the transport of soil water and
was run with 20 soil layers. The rooting profile was defined using the approach of Jackson et al. [1996], where
a rooting depth parameter describes the density of roots as a function of soil depth. A rooting depth param-
eter of 0.94 was used, which is typical for temperate evergreen forests. Root water uptake was considered
nonfractionating. Because of relatively poor constraints on the resistances to moisture and heat transport
(i.e., equations (A4), (A5) and (A7)-(A9) and the transpiration efficiency, an ensemble approach was adopted
where these terms were varied uniformly within plausible ranges. From the 53,000 member ensemble, the
simulations where latent heat, sensible heat, and total CO, fluxes produced a fit against the observations with
a slope between 0.9 and 1.1 were retained (n = 112) and averaged together to provide a single time series
for both R and R; to be used for solving equation (2). The low success rate of generating realistic simulations
was a product of the fact that the parameters were varied independently though they are, in fact, related to
one another. This leads to a high probability of producing unrealistic parameter sets. The §'80¢; for MEF was
obtained not from the model simulation but using equation (3) applied to the isotope and humidity profile
data as described by Berkelhammer et al. [2013].

3. Results

3.1. Optimal Partitioning

In ecosystems with similar climate and plant functional types, the relationship between ET and GPP (once
normalized to VPD) should yield similar functions [Ballet al., 1987; Zhou et al., 2016]. At MEF and US-NR1, the fits
between between ET minima and GPP were not significantly different when considering the 95% confidence
levels of the parameters used in the regression model (Figure 4c). This suggests that the normalization of GPP,
binning, and minimization produced a function capturing the common stomatal control on water and carbon
fluxes (Figure 4). The significant scatter apparent in Figures 4a and 4b results both from the uncertainty in the
derivation of carbon and water fluxes and the presence of a significant amount of ET that cannot be explained
simply in relation to GPP. Applying equation (1), the time-weighted average T/ET for MEF is 0.49 and 0.63 for
US-NR1, though the data are bimodally distributed (Figure 6). Varying the cutoff frequency (which defines
the threshold under which T/ET equals 1) between the 2nd - 8th percentile, shifts the mean T/ET at both sites
+0.05 (Figure 5), suggesting that the choice of this term does not impact the observation of a difference in
T/ET between sites. Hourly T/ET is often between 0.90 and 1.0 at both sites, but there is a second population
near 0.60 for US-NR1 and 0.30 for MEF. The T/ET cluster near 1 may partially be an artifact of the method, which
requires that T/ET must be equal to 1 across the range of measured GPP values. However, values this high
are not inconsistent with previous T/ET estimates of ~0.94 for the US-NR1 at midday during dry periods of
the growing season [Burns et al., 2015]. In addition, such values emerge independently in the isotope-derived
T/ET data set from this site (section 3.2 and Figure 6).

To assess variations in T/ET on seasonal timescales, a daytime average is calculated for each site using all
15 years of data (1998-2013) at US-NR1 and the 2011 data from MEF (Figure 7a). During the 2011 growing
season, when data are available from both sites, there is a significant correlation (Pearson’s linear correlation
of 0.68, p <0.00001 and Spearman rank correlation coefficient of 0.72) between sites at the synoptic timescale
(Figure 7b). The similarity between sites suggests that although differences in LAl may lead to a shift in the
mean value of T/ET, the two respond similarly to weather systems and the associated effects on radiation,
VPD, soil moisture/precipitation, and temperature. When an average seasonal cycle is calculated for US-NR1
by aggregating all 15 years of data, there is an absence of a growing season cycle in T/ET with the exception of
low values (~0.40 relative to the average of 0.63) during the early part of the growing season when the trees
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Figure 7. (a) Daytime-averaged T/ET using the data from Figure 4 for the MEF and US-NRT1 sites for 2011 and for the
entire period of the US-NR1 record. A 3 day sliding average was applied to daytime averages to accentuate the
synoptic-scale variability. (b) Scatterplot showing the relationship between the 2011 T/ET for the MEF and US-NRT1 sites
after the sliding window average was applied. The color coding is day of the year and indicates that the fit between the
two sites is strong when data from early in the season (i.e., day of the year <135) are excluded.

have not yet begun to actively transpire (Figure 7a). Growing season time-averaged T/ET values are calculated
for each year using the same filtering procedures as described in section 2.3.1. There is a standard deviation
on the annual averages of 0.04 (around an average of 0.6) with a minimum value of 0.54 observed in 2011 and
a maximum of 0.66 observed in 2012. There is no statistically significant trend over the 15 years of data.

3.2. Isotope Partitioning

The isotopic ratio of the water vapor above the canopy at US-NR1 displays a strong seasonal cycle, varying
between —40%o in the winter and —10%o in the summer (Figure 2). The range at MEF over the correspond-
ing period of the year is similar, though slightly more enriched, as a consequence of both its more southerly
latitude and lower altitude. The derived isotopic ratio of the ET flux (5'80¢;) at both sites is systematically
heavier than the background vapor (6'®Og,grouna) indicating a persistent source of isotopically heavy water
from the canopy either from sublimation, evaporation, or transpiration (Figure 2). The offset between 80,
(equation (3)) and 61803ackgmund is not constant and does not covary systematically with temperature or VPD,
which reflects both changes in the sources of the moisture flux (i.e., T and E) and in the fractionation factors’
sensitivity to temperature, VPD, and turbulent conductances (Figure 8). However, at both sites we observed a
sharp rise in 680 under low VPD conditions that was not apparent in 618033Ckg,0und (Figure 8).

Applying equations (3) and (4), Figure 9 presents the distribution of hourly daytime (6:00-18:00) 580 of ET,
T, and E for both the US-NR1 and MEF sites. The isotopic ratio of T at US-NR1 varies between —25%o0 and 0%o,
and was tightly distributed around the steady state flux derived from the estimates of the isotopic ratio of the
xylem water. The values for T at MEF have a bimodal distribution that reflects a shift in the plants’ reliance on
an isotopically lighter water supply (~—10%o) early in the growing season, followed by a transition toward
the utilization of an isotopically heavier (~—4%o) water source later in the season [Berkelhammer et al., 2013].
The more complex distribution for the isotopic ratio of T at MEF relative to US-NR1 is attributable to the use
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Figure 8. Scatterplots showing 51803ackground and §'80¢y using the data from Figure 2. Dotted line indicates the 1:1 line
between the flux and background isotopic ratios. Color coding indicates the VPD associated with each data point and
accentuates the divergence from the 1:1 line at low VPD values.

BERKELHAMMER ET AL.

TRANSPIRATION FRACTION OF TWO FORESTS 943



@AG U Global Biogeochemical Cycles 10.1002/2016GB005392

0.10
(A) US-NRI Evaporation L 020 OZ
Evapotranspiration ' 3
008 Transpirati =3
_Z\ A ransp\ra on ED
5 —o015 &
S 006 3
£ £
2 —o0l0 Z
é 0.04 —| 5
Z 005 :
— [ Y .
002 s
:
000 T T T T T T T T T T 000
55 50 45 40 35 30 25 20 -5 -0 5 0
88O
025 -1 (B) MEF
5 020
£
©
S 0.5
a
ael
8
2 010 -
£
(e}
Z 005 -
0.00 I I I I I I I T T T
55 50 45 40 35 30 25 20 -5 -0 5 0
880

Figure 9. Normalized distributions of the §'80 of ET (from tower profiles), transpiration, and evaporation (modeled)
fluxes. A separate vertical scale for transpiration at US-NR1 is used because the distribution is significantly narrower than
the other quantities.

of data from the entire growing season at MEF. The §'80¢; at both US-NR1 and MEF are largely constrained
by the range of the T and E end-members; however, at US-NR1 there are a few brief windows when §'80¢ is
isotopically heavier than T. These instances may arise from the presence of an additional isotopically heavy
flux from the canopy (such as intercepted water) or may simply reflect the numerous sources of uncertainty
in the method such as analytical uncertainty of individual isotopic measurements, application of the Keeling
plot, and/or the modeling of the isotopic ratio of T or E [Good et al., 2012].

Applying equation (2), we derive a distribution of T/ET for both sites yielding a time-average mean of 0.61 for
US-NR1 and 0.50 for MEF (Figure 6). As with the optimal approach, the distribution at both sites is nonnormal
with a peak between 0.90 and 1.0 and a lower peak at 0.60 for US-NR1 and 0.30 for MEF. The clustering of
data near 1.0 partially reflects the presence of periodic solutions where T/ET was greater than 1.0, which were
considered equivalent to 1.0. However, as noted in section 3.1, these T/ET values near 1.0 are consistent with
those derived from the optimal approach.

4, Discussion

The methods presented here produced similar distributions of growing season hourly daytime T/ET at both
the US-NR1T (LAl = 4.2) and MEF (LAl = 1.2) sites (Figures 1 and 6). Using a two-sample Kolmogorov-Smirnov
test, we find that the methods produce similar bimodal distributions for T/ET at p < 0.001 for MEF and for
US-NR1 at p < 0.015. Because the approaches were developed from independent theory, the agreement
suggests that each was appropriate under these circumstances and are likely responding to similar ecohy-
drological processes. While the validity of the isotopic approach has previously been established [Wang et al.,
2010; Yakir and Wang, 1996], its application using an extended continuous time series in a field setting has
rarely been attempted. The optimal approach, although based on the same theory established by Scanlon
and Kustas [2010] and Zhou et al. [2016], is novel in its form and could easily be applied at most flux towers.
Although the two methods display broad agreement, the root-mean-square difference between hourly T/ET
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Figure 10. (a) Root-mean-square difference between partitioning approaches when smoothing filter of various lengths
(1 through 168 h at 24 h intervals) is applied. (b) Residual between paired isotope- and optimal-derived T/ET values
binned into 0.3 kpa VPD bins. Error bars are the standard error, and red (blue) bars are those bins where the isotope
approach produces higher (lower) T/ET estimates than the optimal approach.

estimates is large (0.31). The size of the error relative to expected variations of T/ET indicates that the
approaches are not reliable for estimates at the hourly timescale without further efforts to reduce uncertainty
(some of which are discussed below). When a smoothing filter was applied (>3 day) to both the isotopic
and optimal T/ET time series, the root-mean-square difference was reduced to <0.2 (Figure 10a). It is on this
temporal scale when most of the daytime growing season T/ET variability was found (Figure 7).

Some of the methodological differences arise from random analytical uncertainties in both eddy covariance
[Massman and Lee, 2002] and stable isotopic measurements [Bailey et al., 2015]. However, there is also a sys-
tematic offset between the optimal and isotopic approaches that emerges under conditions of low VPD
(Figure 10b). When the air is nearly saturated, there is both increased exchange of leaf and canopy water and
reduced atmospheric moisture demand. These competing influences on transpiration produce the “nonlin-
ear effects of VPD on ET” referred to by Beer et al. [2009]. One explanation of the difference in T/ET between
the isotopic and optimal approaches is the presence of a high T/ET bias in the isotopic approach when VPD
is near 0. Under this condition, high stomatal conductance would facilitate isotopic exchange between the
leaf water pool and canopy even when there is minimal transpiration [Simonin et al., 2014]. While it has been
shown in previous studies that this process can imprint the canopy vapor with anomalously low deuterium
excess (6D-8-5'80) [Berkelhammer et al., 2013], it is unclear that this process would enrich §'80¢; because low
VPD would decrease transpiration and hinder the isotopic enrichment of the leaf water pool. A more viable
explanation is that under conditions of low VPD, surface condensate including dew and intercepted water
from previous precipitation events would be prevalent. The evaporation or exchange of these waters would
lead to an isotopically enriched flux, which may explain the steep rise in §'80¢; as VPD approaches 0. Thus,
we offer the possibility that the high bias in isotopically derived T/ET during humid conditions may emerge
from the enrichment of 5'80g; due to the presence of a liquid water pool in the canopy.

An alternative explanation, though not mutually exclusive, is the presence of a low bias in the optimal
approach under conditions of high humidity. Assuming that there is no systematic error in the flux esti-
mates at high humidity or an error in the GPP flux partitioning, the likely alternative source of a bias would
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manifest in how the effect of VPD on stomatal conductance was accounted for when generating the ET mini-
mum curve (Figure 4). Multiplying GPP by VPD is intended to maximize the fit between GPP and ET because it
accentuates the stomatal response to VPD. However, this approach assumes a monotonic response of stom-
atal conductance to VPD. This assumption is valid under high VPD (low humidity) conditions, but when VPD
is low (i.e.,, <1 kPa), the response of stomatal conductance to VPD becomes significantly weaker, and the
slope can reverse direction [Day, 2000; Addington et al., 2004; Ocheltree et al., 2014]. By not accounting for this
nonmonotonic behavior, the approach underestimates T and could generate a bias in T/ET under low VPD
conditions.

Although we are not able to isolate the process leading to divergence between the two T/ET approaches at
high humidity, the observation highlights a set of ecohydrological processes that are not well characterized.
These processes may include interception and dew fluxes, which are difficult to observe but can be of a sig-
nificant magnitude [Good et al., 2015]. In addition, while the stomatal response to humidity stress has been
generally well characterized [Ball et al., 1987], the apparent nonlinear behavior of the stomata under nearly sat-
urated conditions is poorly constrained. In the temperate needle leafed environments discussed here, these
processes may not be critical as daytime conditions generally are associated with relatively high VPD and sur-
face waters are not likely to remain present for long periods of time. However, in extending this type of analysis
to tropical and boreal systems, these processes will become more important.

In terms of absolute skill, it is not apparent which of the two methods is preferable. Currently, there is no
agreed-upon benchmark method at the plot scale to assess whether discrepancies between methods are
the result of a bias in one or both of the methods. From a practical standpoint, the optimal approach can
be derived through more widely available data sets [Zhou et al., 2016]. However, the optimal approach relies
on the assumption that transpiration must periodically be the dominant flux, which may negate its utility in
ecosystems where there is always sufficient soil or surface water to support a significant evaporation flux.
The isotope approach, on the other hand, can be applied without any maximum T/ET condition being met.
However, because of the difficulties in estimating the isotopic ratio of the ET flux from the Keeling plot
approach, as well as the analytical difficulty of making these measurements [Good et al., 2012], it is a technique
that cannot be easily implemented. Furthermore, because the interception flux is likely to be isotopically heav-
ier than E but abiotic, it can generate a high bias in the T/ET estimate. The failure to properly account for this
term has already been shown to be problematic [Good et al., 2015; Schlesinger and Jasechko, 2014].

One advance toward adoption of the isotopic approach would be the development of techniques to acquire
continuous in situ measurements of xylem and soil water isotopic ratios [e.g., Rothfuss et al., 2015]. At the
US-NRT1 site, the required assumptions regarding continuity of snow, soil, and xylem water isotopic ratios
prohibited analyzing T/ET over the entire growing season. However, the relative similarity with the optimal
approach validates that certain simplifying assumptions regarding seasonal plant water use may have only
minor impacts on the derivation of T/ET. These assumptions are tolerable because §'80; is, on its own, a sen-
sitive indicator of T/ET. The sensitivity of 580 to variations in T/ET, without highly specific knowledge of leaf
and soil processes, has justified global and regional estimates of transpiration from satellite retrievals of water
isotopes [Worden et al., 2007; Risi et al., 2013; Frankenberg et al., 2009; Good et al., 2015]. The results presented
here circumstantially support the use of large-scale patterns in water vapor isotopic ratios to track continen-
tal moisture sources. At MEF, recurrent sampling of soil and xylem waters provided necessary constraints to
extend the analysis through the growing season and use a LSM to manage the complexity associated with
modification of the isotopic ratio of soil water across the growing season [Kanner et al., 2014]. However, the
data at MEF, despite use of the LSM, did not agree better with the optimal approach than at US-NR1. This
result similarly suggests that 680 is a useful tracer of T/ET even in the absence of strong constraints on the
isotopic ratios of the E and T sources.

Utilizing all available data from both approaches, we arrive at a time-averaged T/ET estimate of 0.49 + 0.23
and 0.62 + 0.27 for MEF and US-NR1, respectively (Figure 6e). The analysis is based on only daytime data
(6:00-18:00) and data from time periods when GPP was greater than 0 and therefore excludes the fact that
ecosystems may lose water at night. The values are significantly lower than a recent estimate of 0.94 for
US-NR1 by Burns et al. [2015], who used the regression between VPD and ET to arrive at the E component of
ET. However, the average from Burns et al. [2015] was generated using only data from dry periods and dur-
ing midday. Under such conditions, it is expected that T would predominate given the presence of water
stored in trees and access to deeper water from the root systems that would not be available for E. In addition,
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it can be assumed that under these conditions, interception would be negligible. In their analysis, Burns et al.
[2015] note that following precipitation events, the presence of available surface waters lead to a significant
reduction of T/ET on the order of 10-20%. The difference observed between the estimate of 0.62 (Figure 6)
and 0.94 from Burns et al. [2015], is consistent with the difference in global T/ET estimates between Jasechko
etal. [2013] and Good et al. [2015] when interception was increased from 7 to 27% and thus may represent the
evaporation of intercepted and surface waters at US-NR1 [Molotch et al., 2007].

The mean values for each site are close to those derived using the global fit between LAl and T/ET from Wang
et al. [2014] (0.40 and 0.60, respectively). However, the total distribution of hourly T/ET data, which includes
diel, synoptic, and seasonal variability is not normal and suggests that the mean value is not a good predic-
tor of T/ET at any timescale other than seasonal. Despite the complex controls on T/ET, there was a significant
agreement (p <0.0001) between synoptic-scale variability at US-NR1 and MEF (Figure 7). Variability of T/ET on
these timescales can shift by a factor of 2 over 2-3 days. Because these are evergreen sites and there is limited
variability in LAI, the variability must arise from the biotic and abiotic response to weather and soil moisture
dynamics. Thus, studies of T/ET on the watershed scale, such as Jasechko et al. [2013], or using regional atmo-
spheric data, such as Good et al. [2015], are likely to capture regionally relevant information. Surprisingly, the
synoptic-scale variability is larger than the average seasonal cycle, with the exception of low values during
the very early period of the growing season when soils are saturated and the snowpack is melting but pho-
tosynthetically active radiation and air temperatures are relatively low. The lack of a seasonal cycle, in spite
of high-amplitude temperature and VPD seasonal cycles, highlights that T/ET is very likely set by LAl [Wang
etal., 2014], which is relatively invariant over a single growing season.

The factors that stabilize T/ET over short timescales (for example, LAI) can experience shifts on interannual and
longer timescales associated with tree mortality, greening associated with higher atmospheric CO,, changes
in snowpack dynamics or shifts in the root:shoot ratio. Using a 15 year time series of time-weighted annually
averaged T/ET at US-NR1, we find relatively stable values (standard deviation of 0.04) and the absence of any
secular trend. Over this time period, 2011 emerges as the year with the singularly lowest T/ET (0.55), whereas
2012 had the highest T/ET (0.66). Using Moderate Resolution Imaging Spectroradiometer (MODIS)-derived
LAl fora 0.1° radius around US-NR1 [Xiao et al., 2014], we observe that 2011 and 2012 were associated with the
lowest (2.1) and highest (2.6) LAl values since 2001. We note, however, that there is a significant offset between
LAl observed at US-NR1 (4.2) and that derived from MODIS (2.3). This may be due to grid cell averaging, but for
purposes of this study we focus only on the interannual variability as opposed to potential biases in the mean
retrieval for this site. Nonetheless, the result suggests temporal variations in T/ET are associated with changes
in LAl, which would enable spatiotemporal projections of T/ET using global LAl products. However, we note
that while end-member LAl values, as in 2011 and 2012, were associated with shifts in T/ET, this relationship
was not stable through the record and there was no statistically significant regression between the two. There
are many other factors potentially driving temporal variations in T/ET, which make it difficult to argue for LAI
causality. For example, 2011 was the largest snowpack over the last 15 years at US-NR1, which lead to a late
melting season that would have contributed to a proportionately larger increase in E relative to T.

5. Conclusion

Although T/ET is a fundamental ecosystem property, a unified approach to derive its variability at the plot scale
has yet to be established. In montane ecosystems, the combination of changes in the timing of snowmelt,
length of the growing season, rising CO,, and rising VPD (a consequence of warming) [Barnett et al., 2005;
Williams et al., 2013; Pepin et al., 2015] has the potential to shift how latent heat flux is distributed between
bioticand abiotic processes. In order to anticipate these shifts, which could have consequences for surface and
subsurface hydrological dynamics and ecosystem productivity, LSMs run with realistic future forcing scenarios
would be needed. However, the lack of observational constraints on T/ET has made it impossible to diagnose
whether LSMs can accurately distribute the terrestrial latent heat budget.

In this study, two plot-scale approaches to derive T/ET are adopted: (1) the optimal approach, which comes
from established theory on the shared stomatal control of water and carbon fluxes and (2) the isotopic
approach, which relies on the difference between the isotopic ratio of transpiration and evaporation fluxes.
Despite high uncertainty on hourly derived T/ET values, the independent approaches yield nearly identical
distributions and strong agreement on the synoptic timescale. The work is distinct from previous studies in
that the estimates are derived from independent but same-scale approaches at two sites with measurably
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different T/ET values. The results indicate that T/ET values vary across the entire 0-1 spectrum on hourly
timescales (0.2-0.8 on synoptic timescales) at both sites, with time-averaged mean values of 0.49 at the low
LAI (1.2) site and 0.62 at the high LAI (4.2) site. These values fall within the expected ranges based on previ-
ous global analyses of T/ET [Schlesinger and Jasechko, 2014; Good et al., 2015; Wang et al., 2014] but highlight
the presence of bimodal T/ET distributions at both sites. The existence of both a high and low T/ET popula-
tion may reflect the temporary availability of surface water pools, including intercepted precipitation, which
increase the abiotic component (i.e., E) of the latent heat flux. Therefore, snapshots of T/ET based on short
campaigns cannot provide an universally applicable value for an ecosystem.

At US-NR1, there was no measurable long-term trend in T/ET, implying the factors controlling the partitioning
of the latent heat flux have remained stable. This could be due to the fact that changes in T/ET are yet too
subtle to be measurable or that any changes in T have been associated with proportionate changes in E. One
implication of this finding is that the use of ET, as opposed to T, when calculating water use efficiency would
not inherently generate a trend in the data. This is relevant in light of the observed global increase in water
use efficiency and efforts to isolate the process(es) driving this trend [Keenan et al., 2013; Frank et al., 2015].
Similar analyses at other sites would be necessary to establish whether T/ET has remained stable elsewhere in
spite of the increase in T [Frank et al., 2015] and water use efficiency. If no trend in T/ET is apparent, it suggests
the presence of ecohydrological feedbacks that maintain coupling between T and E.

To deploy these approaches in boreal or tropical ecosystems, future work is needed to address the discrepancy
between methods that emerged at high humidity. If the discrepancy can be addressed through, for example,
better constraints on xylem and soil water isotopic ratios and the stomatal response to high humidity, greater
confidence can be assigned to the optimal approach and this can be adopted with confidence across global
flux sites [Zhou et al., 2016]. This would allow reanalysis of T/ET using extended eddy covariance time series,
which would enable analysis of interannual trends that might be associated with the stomatal response to
rising atmospheric CO, or changes in the length or timing of the growing season [Keenan et al., 2013; Frank
etal., 2015]. Such analyses would also provide better constraints on the sensitivity of T/ET to LAIl, which could
be utilized along with remotely sensed LAl products to generate global T/ET estimates.

Appendix A: Canopy Kinetic Fractionation Factor

The kinetic fractionation factor for transpiration, €yanspirations 1S Calculated from equation (A1) based on

Lee et al. [2009]:
21g
etranspiration = —1 —1 -1
gatmosphere + gboundary + gcanopy

-1 -1
boundary + 329canopy

(A1)

The kinetic fractionation factor for evaporation, ¢
Lee et al. [2009]:

evaporations 15 Calculated from equation (A2) based on

329, (A2)

evaporation = -1 -1 —1
gatmosphere + gsubcanopy + gsoil

€

e is related to the fractionation factor « using equation (A3):

€
1000

+1 (A3)

The aerodynamic conductance for air within the canopy is calculated as follows:

o WD ., H

canopy — _ET + total ﬁ c[s—=1]. (A4)

ET s the water fluxin g H,O m=2 s~ (converted from the mole fraction), s is the slope of saturated water vapor
pressure and temperature, H is kinematic heat flux, and g, is derived using equation (A5):

oo
Yiotal = u-Tc (A5)
where u is wind speed at the reference height (21.5 m) and Tc is the transfer coefficient derived from
equation (A6):

kz

Tc = (A6)
IOQ(Zm - d)/zo - d’momentum : IOg(zm - d)/zq - ¢heat
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where k is the Von Karman constant, z,, is the reference height (21.5 m), d is the displacement height, z, is the
momentum roughness, z, is the humidity roughness, and ¢y, are the integral similarity functions for heat
and momentum.

The boundary layer conductance is derived from equation (A7):

| 0.5

b.L.ﬂ (A7)
u

-1 P
gboundary - 2

where b is the boundary layer resistance coefficient, L is the leaf area index, /,, is the leaf dimension, and u is
the wind speed. The atmospheric conductance is taken as the residual between the total (equation (A5)) and
boundary layer (equation (A7)) conductances:

-1

i _
gatmosphere - gboundary gtotal (A8)

For estimation of €,y,porations the resistance within the canopy air space must be estimated which is done using

equation (A9): canopy 4
gsubcanopy - /0 ? (A9

where K is eddy diffusivity with units of m? s7', dz is the length of the canopy air space, and the integral
is calculated from the soil surface across the canopy air space. gs‘;il is assumed to have a constant value of
500 s m~! [Lee et al., 2009].
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