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ARTICLE INFO ABSTRACT

Keywords: Evapotranspiration (ET) from the land surface to the atmosphere is a major component of Earth’s water cycle,
Below-canopy ET and comprises both transpiration (T) of xylem water from plants and evaporation (E) of water from soils and
Subcanopy vegetation surfaces. These two component fluxes respond differently to changes in temperature, water avail-
;Ziii:gzzn ability and atmospheric CO; concentrations. Concurrent eddy covariance (EC) measurements above and below
Eddy covariance forest canopies provide a promising approach to partition ET into E and T. However, below-canopy EC mea-
AmeriFlux surements are rare, and questions remain regarding their spatial variability, canopy coupling, and temporal

dynamics. To address these challenges, we measured and partitioned ET over more than three years, using
concurrent above- and below-canopy EC towers in a montane forest at Sagehen Creek in California’s Sierra
Nevada mountains. This is the establishing study for the AmeriFlux site US-SHC. The main environmental control
for ET was available energy; other important controls were canopy & soil temperature, soil moisture, vapor
pressure deficit, and wind speed. Below-canopy measurements at two locations within the above-canopy foot-
print were similar to one another, suggesting low spatial heterogeneity in understory ET near the creek at our
Sagehen site. We observed a total forest ET of 606 + 50 mm yr~' with 275 + 17 mm yr~! measured in the
understory (all mean + SD) during the water years 2018-2020. Interannual variability in ET and T was small
despite large variability in precipitation totals; thus the P-ET water balance was mainly driven by variations in
water supply. Partitioning the components of total forest ET at Sagehen with concurrent EC measurements
showed that on average, 67-74% of ET originated from T (47% from trees and 20-27% from understory
vegetation), while 26-33% were from E (mostly from the understory). Our results demonstrate the potential of
concurrent above- and below-canopy EC measurements for ET partitioning.

1. Introduction

Evapotranspiration (ET) from terrestrial ecosystems is a key
component of Earth’s water cycle, transporting approximately 60% of
global precipitation (P) from the land surface to the atmosphere (Fisher
et al., 2017; Oki and Kanae, 2006; Seneviratne and Stockli, 2008). Ev-
idence indicates that ET consists of, on average, about 61% (range
45-77%) transpiration (T) of xylem water from plants and about 39%
(range 23-55%) evaporation (E) of water from wet soil and vegetation
surfaces (Abbott et al., 2019; Nelson et al., 2020; Schlesinger and
Jasechko, 2014). Although T and E are co-limited by atmospheric
evaporative demand and soil moisture, they respond differently to
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changes in temperature, water availability, atmospheric COy concen-
trations and land cover (Stoy et al., 2019). T is tightly coupled to gas
exchange of plants, with stomata (leaf pores) regulating the rate of at-
mospheric carbon assimilation by photosynthesis and water loss by T
(Anderegg et al., 2016). Plants may close their stomata, and thus reduce
rates of T in response to increased atmospheric carbon dioxide (CO3)
concentrations (Betts et al., 2007; Cao et al., 2010; Keenan et al., 2013;
Swann et al., 2016) or drought stress from water limitations in the soil
and atmosphere (Carminati and Javaux, 2020; Choat et al., 2012; Kan-
nenberg et al., 2022; Novick et al., 2019; Wolf and Paul-Limoges, 2023).
E, by contrast, can increase with warmer temperatures as the vapor
pressure deficit (VPD) in the atmosphere increases (Huntington, 2006),
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or can decrease at high VPD when it is constrained by limitations in soil
water content (Or et al., 2013) and canopy-intercepted water. Thus,
partitioning ecosystem ET into its components E and T is essential (Scott
and Biederman, 2017) for separating stomatal responses from the con-
founding effects of non-stomatal contributions (Sulman et al., 2016),
and for understanding the contrasting effects of a changing climate on
surface temperature, regional cloud formation and local water avail-
ability (Roderick et al., 2015; Suni et al., 2015).

Among terrestrial ecosystems, forests contribute more than any other
ecosystem type to global terrestrial ET, accounting for 44% of total ET
and returning 26% of terrestrial P back to the atmosphere (Oki and
Kanae, 2006). Forests also account for more than two-thirds of terres-
trial gross primary production and store large quantities of carbon and
water (Pan et al., 2013). Increasing atmospheric CO5 concentrations and
warmer climates may increase forest growth rates, with consequences
for water availability, but the direction and magnitude of the effects
remain highly uncertain (D’Orangeville et al., 2016; Way et al., 2021).
Quantifying forest ET, its components, and their changes is thus pivotal
for constraining uncertainties in water availability in a warming climate.
This is of particular importance for montane forests as temperature in-
creases in mountain regions are disproportionally larger than the global
average (Pepin et al., 2015). Forest ET has been estimated to consist of
roughly 55-70% T (temperate coniferous vs. deciduous forests) and
30-45% E (Schlesinger and Jasechko, 2014). Forest canopy interception
losses have been estimated at about half of E, and tend to be higher in
coniferous than in deciduous forests (Lian et al., 2022; Miralles et al.,
2010; Zhong et al., 2022).

Forests are structurally complex ecosystems with distinct vertical
layers and different functional properties in the understory and over-
story (Misson et al., 2007). While total forest ET is regularly measured
and modelled, the contributions from forest understories are highly
uncertain (Thrippleton et al., 2018). Some evidence suggests that un-
derstory contributions (i.e. soil and vegetation) are on average one-third
of total forest ET, yet the reported range (15-90%) is highly variable
(Gobin et al., 2015). Understory ET contributions vary with forest
density (e.g based on leaf area index, LAI), with lower values in
closed-canopy forests (Constantin et al., 1999) and higher values in
more open-canopy stands (Baldocchi et al., 2004). The phenology of
deciduous trees and understory vegetation can also affect the seasonally
variable contributions of understory ET (lida et al., 2009; Paul-Limoges
et al., 2020). Understory contributions are also linked to forest compo-
sition (e.g evergreen, deciduous, or mixed), climate (e.g. boreal,
temperate, semi-arid, tropical), and soil properties (Misson et al., 2007).
Ultimately, all these factors influence the available energy, light and
water in the forest understory and hence affect understory contributions
to total forest ET (Black and Kelliher, 1989; Jarosz et al., 2008; Thrip-
pleton et al., 2018). Sometimes the water sources of understory and
overstory vegetation are even decoupled (i.e., trees may have access to
groundwater that is inaccessible to grasses, and shrubs) thus reducing
understory contributions to total ET during dry periods without P (Ma
et al., 2020b; Scott et al., 2003).

Total forest ET at the ecosystem level, i.e. including soil, understory
and overstory vegetation, can be directly measured above the canopy by
the eddy covariance (EC) method, which quantifies turbulent biosphere-
atmosphere exchange using high-frequency measurements of vertical
wind velocity and water vapor concentrations (Baldocchi et al., 1988).
However, EC measurements above the forest canopy cannot separate ET
contributions from the understory (including the soil), nor can they
partition the component fluxes of T and E. Both of these objectives
typically require additional measurements by, e.g., chambers (Kassuelke
et al., 2022; Qubaja et al., 2020; Raz-Yaseef et al., 2012), weighing ly-
simeters (Hirschi et al., 2017; Liu et al., 2022; Perez-Priego et al., 2017;
Sun et al., 2016), sap flow (Vandegehuchte and Steppe, 2013; Wilson
et al., 2001), or alternatively require modelling approaches based on EC
data and water use efficiency (Berkelhammer et al., 2016; Nelson et al.,
2018; Perez-Priego et al., 2018; Scott and Biederman, 2017; Zhou et al.,
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2016), or high-frequency EC measurements for conditional sampling of
turbulent eddies (Thomas et al., 2008) and for applying the
flux-variance similarity approach (Scanlon and Kustas, 2012; Scanlon
and Sahu, 2008; Skaggs et al., 2018; Stoy et al., 2019). These additional
measurement methods, however, are typically limited to short cam-
paigns, disturb plants and soil (e.g. chambers), are prone to potential
sampling bias by only measuring selected plants and soil locations, or, in
the case of sap flow measurements, are limited to woody plants and thus
mostly overstory vegetation, with large uncertainties in converting sap
flow densities to whole stand T fluxes (Cermak et al., 2004; Oishi et al.,
2008; Peters et al., 2018; Poyatos et al., 2021).

A promising approach to overcome these limitations is concurrent
above- and below-canopy EC measurements in forest and savanna eco-
systems, which enable continuous direct measurements of both the
forest floor and below-canopy contributions to ET (Misson et al., 2007).
Such concurrent EC measurements can also be used for ET partitioning
by subtracting below-canopy ET from above-canopy ET to estimate tree
T, under the premise that ET in the canopy consists entirely of T during
rain-free periods (Paul-Limoges et al., 2020). Previous studies quanti-
fying understory contributions based on concurrent EC measurements (i.
e. ETgelow/ETabove) have reported widely varying estimates of under-
story ET as a fraction of total forest ET (ranging from 6 to 69%), with the
smallest contributions found in temperate deciduous forests and the
largest contributions in boreal larch forests or open oak-tree grass sa-
vannahs (Baldocchi et al., 2000, 1997; Black et al., 1996; Blanken et al.,
2001; Constantin et al., 1999; Iida et al., 2009, 2020; Jarosz et al., 2008;
Kelliher et al., 1997, 1998; Kilinc et al., 2013; Launiainen, 2010; Lau-
niainen et al., 2005; Moore et al., 1996; Ohta et al., 2001; Perez-Priego
et al., 2017; Scott et al., 2003; Sulman et al., 2016; Wilson et al., 2001).
Overall, these contributions increase with the openness of the canopy (i.
e. lower leaf area index, LAI) leading to higher amounts of available
energy on the forest floor, and with higher VPD above the forest floor
(Baldocchi and Ryu, 2011; Iida et al., 2009).

Only a few studies have so far used concurrent EC measurements to
partition ET into its components by estimating tree T (i.e. T ~ ETapove —
ETgelow)- According to these EC studies, the ratio of tree T to total forest
ET (i.e. T/ETapove) Was reported to range from 67 to 95%, with the
lowest values found in oak-grass savanna and the highest values in
temperate or boreal deciduous forests (Black et al., 1996; Ma et al.,
2020b; Paul-Limoges et al., 2020; Roupsard et al., 2006; Sulman et al.,
2016; Wilson et al., 2001). In general, these T/ET ratios based on con-
current EC measurements are on the higher end of the typically reported
range for forests based on various methods (55-70%; see e.g. Schle-
singer and Jasechko, 2014), which could be linked to the underlying
assumption that interception from trees (i.e. E from leaves and branches
during and after P, and from dew) is minimal. Some studies account for
that interception and short-term storage by excluding days of P and 1-5
days afterwards, assuming that E will become negligible and that T will
dominate ET afterwards (Keenan et al., 2013; Knauer et al., 2018;
Nelson et al., 2020; Sulman et al., 2016).

Overall, many questions remain regarding the wider applicability of
concurrent above- and below-canopy EC measurements. Ongoing dis-
cussions in the literature include, e.g, the effects of forest structure and
density on advection and the decoupling of above- and below-canopy
exchange (Jocher et al.,, 2018, 2017; Novick et al., 2014; Paul-Li-
moges et al., 2017; Thomas et al., 2013), the validity of existing
cospectral models for below-canopy measurements (Chi et al., 2021),
differences in source areas (footprints) between canopy layers (Baldoc-
chi, 1997; Misson et al., 2007; Sulman et al., 2016), and the spatial
variability of measurements below the canopy, linked to e.g the het-
erogeneity of trees and forest gaps (Burns et al., 2014; Raupach and
Shaw, 1982), or advective fluxes in complex topographies (Feigen-
winter et al., 2008), which have been only rarely investigated so far,
during singular seasons or short campaigns (Wilson and Meyers, 2001;
Yang et al., 1999).

To address some of these questions and to quantify ET contributions
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from the understory, this study uses more than three years of concurrent
above- and below-canopy EC measurements from a montane forest at
Sagehen Creek, California. More specifically, the objectives of this study
are (i) to investigate the temporal dynamics of ET above and below the
canopy, (ii) to quantify the below-canopy contributions to total
ecosystem ET, (iii) to evaluate the multi-year spatial variability of
below-canopy measurements, (iv) to quantify tree T from partitioned
ET, and (v) to compare ET and the ecosystem water balance at Sagehen
Creek, CA with other sites across the Sierra Nevada.

This is the establishing study for the AmeriFlux site US-SHC (Sagehen
Creek Field Station), which has been initiated in summer 2017 as the
first site measuring EC fluxes on the east side of the Sierra Nevada
mountains. Sagehen is one of very few sites within AmeriFlux measuring
concurrent below-canopy fluxes and to our knowledge, the only site
reporting more than three years of ET using replicated below-canopy EC
measurements.

2. Methods
2.1. Site characteristics

Sagehen Creek Field Station (39°25'55" N, 120°14'28" W, 1943 m a.s.
1.) is located about 26 km north of Lake Tahoe and 12 km north of the
town of Truckee on the east side of the Sierra Nevada Mountains in
California. The station is within the Sagehen Experimental Forest and
has been operated by the University of California, Berkeley since 1951
under a long-term special-use permit from the U.S. Forest Service.
Sagehen Creek is a snowfall-dominated catchment of about 35 km? with
an elevation range of 1877-2663 m from the lower culvert up to Car-
penter Ridge (see e.g. Cooper et al., 2020; Kirchner et al., 2020). The
field station is located in the lower catchment near Sagehen Creek in a
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broad U-shaped, west-east-oriented valley (slope of 1-3°) with gentle
slopes (4-6°) towards the south and steeper slopes (10-20°) towards the
north.

Sagehen has a continental Mediterranean climate with cold, wet
winters and warm, dry summers (Fig. 1). Mean annual precipitation
(MAP) is 827 mm yr’1 (1981-2010, NOAA-NCDC Climate Normals)
with 88% falling during the wet season (>50 mm mo!) from October to
April, largely as snow (about 500 mm yr~' or 60% of MAP). Mean
annual temperature (MAT) is 5.3° C and mean monthly temperatures
range from -3.1° C in December to 14.7° C in July. The prevailing wind
direction is along the valley towards the west-southwest (WSW) with
secondary contributions from the east (based on our measurements and
by DRI-WRCC, see Section 2.3).

Vegetation in the Sagehen basin is dominated by montane forests
(about 90%), complemented by meadows and shrubs (Kirchner et al.,
2020). The montane forest at lower elevations at Sagehen is character-
ized by coniferous trees with Sierra Lodgepole pine (Pinus contorta var.
murrayana) dominating the wetter locations near the creek and Jeffrey
pine (Pinus jeffreyi) at drier locations along the slopes. Around the Field
Station and near the creek (see Figure S1), grasses, sedges and forbs
grow in the forest understory. This patchy, locally dense forest is mixed
with variably sized, irregular patches of open meadows. Due to the
heterogeneous patterns in tree density and meadow patches, the overall
vegetation distribution most closely resembles a woodland or an open
forest. Accordingly, the MODIS Landcover IGBP Classification for the
location of Sagehen Creek Field Station is for ‘Woody Savanna’, whereas
most of the surroundings are classified as ‘Evergreen Needleleaf Forest’.
The age of trees near the station is about 50-140 years, with the oldest
trees being Jeffrey pines along the slope north of the station. Tree height
within the footprint of the above-canopy flux tower (see Section 2.2) is
highly variable, with the mean height being estimated at about 15 m in

Sagehen, California (39.4° N, 120.2° W, 1934 m) 827 mm
1981-2010, Képpen Climate Type 'Dsb' 5.3°C
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Fig. 1. Climate diagram after Walter and Lieth (1967) of Sagehen, California for the reference period 1981-2010 (Data source: NOAA-NCDC Climate Normals
provided by the Western Regional Climate Center, https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?ca7641). Shaded boxes on the x-axis denote months with certain frost
(dark cyan) or probable frost (light cyan). The black numbers on the left y-axis refer to the daily minimum and maximum average temperature of the coldest and
hottest month, respectively. According to the Koppen classification system, Sagehen belongs to the climate type ‘Dsb’, with a Mediterranean-influenced warm--
summer continental climate, having cold and wet winters (see e.g. Kauffman, 2003). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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2018. Grasses and sedges around the below-canopy (subcanopy) towers
were about 0.40 m high during most of the growing season.

The soils in the Sagehen basin are classified as deep, well-drained
acidic Alfisols in the Windy series, and have developed from weath-
ered volcanic material. A typical soil profile in the basin consists of
sandy loam that is dark greyish-brown and gravelly in the topsoil (0-60
cm), overlying a subsoil (60-115 cm) that is yellowish-brown and cob-
bly (Johnson and Needham, 1966; Mast and Clow, 2000). Surface ge-
ology in the basin is dominated by Quaternary alluvial, colluvial and
glacial deposits that range from a few meters (or less) on most hillslopes
up to >15 m at lower elevations near the creek. These deposits cover
volcanic rocks (likely >400 m thick) from Tertiary Miocene-Pliocene
andesitic and basaltic flows, with Cretaceous granodiorite below
(Manning et al., 2012; Sylvester and Raines, 2017).

2.2. Experimental design, instrumentation and data acquisition

In June 2017, three triangular flux towers using the eddy covariance
(EC) method were installed at Sagehen to measure the biosphere-
atmosphere exchange of water vapor and energy. Our paired experi-
mental design consisted of a 30 m high flux tower to measure the total
ecosystem exchange above the forest canopy and two small flux towers
within the forest understory measuring below-canopy (subcanopy) ex-
change (see Fig. 2). For simplicity, these three towers are referred to as
‘AC’ for the above-canopy measurements, and as ‘BC1’ and ‘BC2’ for the
replicated below-canopy (subcanopy) measurements (see tower loca-
tions in Figure S1).

The micrometeorological measurement systems consisted of an open
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path infrared gas analyzer (EC150) combined with a three-dimensional
sonic anemometer (CSAT3A) in a single instrument (IRGASON, Camp-
bell Scientific, Logan, USA). Instruments were installed at a height of 30
m for the above-canopy measurements and 2 m for the below-canopy
measurements. Data acquisition was conducted using a CR3000 data-
logger combined with an AM16/32B multiplexer (Campbell Scientific,
Logan, USA). Raw data were recorded at 10 Hz on 16 GB industrial
CompactFlash cards (Swissbit C-320, Bronschhofen, Switzerland).
Ancillary meteorological measurements included air temperature
and relative humidity (HMP155A, Vaisala, Vantaa, Finland), four-
component net radiation (Ry; CNR4 with CNF4 ventilation unit, Kipp
& Zonen, Delft, The Netherlands), photosynthetic photon flux density
(PPFD; LI-190R, LI-COR, Lincoln, USA), and canopy temperature (SI-111
Infrared Radiometer, Apogee, Logan, USA). In the soil, we replicated
three co-located measurements each at 5 cm depth for soil heat flux (G;
HFPO1, Hukseflux, Delft, The Netherlands) and soil temperature (TCAV
Averaging Soil TC Probe, Campbell Scientific, Logan, USA). In addition,
a soil profile with volumetric water content (SWC) and temperature was
measured at 10 cm, 30 cm and 50 cm depth (CS650, Campbell Scientific,
Logan, USA). At the above-canopy flux tower, a vertical profile of air
temperature and relative humidity (HMP60, Vaisala, Vantaa, Finland)
along with wind speed (03101 Wind Sentry, R. M. Young, Traverse City,
USA) was measured at heights of 3.25 m, 13 m and 20 m since June
2018. This logarithmic profile complemented pre-existing long-term
measurements of air temperature and relative humidity (HMP45AC,
Vaisala, Vantaa, Finland), as well as wind direction and speed (05103
Wind Monitor, R. M. Young, Traverse City, USA) at a height of 6.5 m
(since 2006) and 30 m (since 2009). These long-term measurements are
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Fig. 2. Conceptual experimental design of concurrent above- and below-canopy measurements of evapotranspiration (ET) with the eddy covariance (EC) method at
Sagehen Creek Field Station. Above-canopy (AC) measurements were conducted at 30 m height. Below-canopy (or subcanopy) measurements were conducted at the
‘Below Canopy #1' (BC1) and ‘Below Canopy #2' (BC2) towers at 2 m height. Only ET is directly measured by the EC method, not the component fluxes of tran-
spiration (T) of plant xylem water and evaporation (E) of water on soil and vegetation surfaces. The contribution of trees to total ecosystem ET (measured above
canopy) can be estimated as ‘ET Trees ~ ET Above Canopy — ET Below Canopy’. Assuming negligible E from the vegetation surface of coniferous trees (except
following dew or rain), this estimate yields the partitioned T of trees. Grey shadings denote the footprint or source area measured by each tower. Please note that the
sizes and distances are conceptual and not to scale, although the order of the towers in direction from the southwest (left) to the northeast (right) is according to the
installation at Sagehen (see Figure S1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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maintained by the Field Station in collaboration with the Desert
Research Institute (DRI), which processes and provides these data via
the Western Regional Climate Center (WRCC, https://wrcc.dri.edu/cgi
-bin/rawMAIN.pl?casagh). Similarly, P was measured near the above-
canopy tower by DRI with a vibrating wire weight gauge (T-200B,
GEONOR, Augusta, USA).

All of our meteorological measurements were made every 10 s and
stored as half-hourly averages. Measurements by DRI-WRCC were stored
as 10-min averages (or, for P, sums) using a CR1000 datalogger
(Campbell Scientific, Logan, USA). The data acquisition started on June
20, 2017 and is currently still ongoing. The data presented in this study
cover the period of June 21, 2017 to September 30, 2020, thus repre-
senting more than three water years (October to September).

All flux towers were powered by several 12 V batteries (GPL-31T,
105 Ah, Lifeline Batteries Inc., San Dimas, CA, USA), each connected to
multi-bank automatic battery chargers (Guest Charge Pro 2731A and
Marinco ChargePro 28,210, Marinco, Menomonee Falls, WI, USA). The
flux tower measurements above the canopy at Sagehen have been part of
the AmeriFlux network since 2017 (https://ameriflux.lbl.gov, Site-ID:
US-SHC). Regular cleaning of the sensors was performed 1-2 times per
week to ensure unbiased measurements. The IRGASONs were calibrated
1-2 times per year using nitrogen (99.998%, Linde Gas North America
LLC, Bridgewater, USA), CO, reference standards provided by Ameri-
Flux, and a portable LI-610 Dew Point Generator (LI-COR, Lincoln,
USA).

2.3. Flux data processing

2.3.1. EC processing and quality filtering

Raw high-frequency data were processed to half-hourly averages
using the software EddyPro (v7.0.7, LI-COR, Lincoln, USA). Statistical
tests for raw data screening of each half-hourly period were performed
after Vickers and Mahrt (1997) and included spike detection and
removal (max. 1% of time series), plausible range of measurements, and
steady state criteria for horizontal wind. To correct for spectral attenu-
ation, analytical transfer function approaches were applied to account
for both high-pass (Moncrieff et al., 2004) and low-pass filtering effects
(Massman, 2000, 2001) in the frequency response of raw fluxes (see
Section 2.4.1). Block averaging was used to detrend the raw data. For tilt
correction, we applied a planar-fit coordinate rotation (Wilczak et al.,
2001) with four wind sectors for the above-canopy measurements to
account for the complex terrain and tall, heterogeneous vegetation. A
conventional double rotation (Kaimal and Finnigan, 1994) was used for
the below-canopy measurements with lower wind speed conditions and
more homogeneous terrain (see Rebmann et al., 2012). Turbulent
half-hourly Hy0O fluxes were calculated by Reynolds averaging from the
covariance of vertical wind velocity with H,O molar density, and were
corrected for air density fluctuations (Webb et al., 1980). The storage
flux from one-level tower measurements was added to obtain the net
exchange of Hy0. Subsequently, half-hourly averaged fluxes were
quality screened to exclude periods with: (1) optical sensor contami-
nation, e.g. by snow or rain, frost, or dirt (based on IRGASON signal
strength below 0.83-0.88, instrument-specific), (2) low data quality in
stationarity and integral turbulence characteristic tests according to
Foken and Wichura (1996) and Mauder et al. (2008), (3) fluxes outside a
physically plausible range (i.e. <—200 and >800 W m™2 s™1), (4) sta-
tistical outliers exceeding the + 3 SD range of a 14-day running mean
window, and (5) low turbulence conditions based on the standard de-
viation of vertical wind velocity (cy) as determined by Wutzler et al.
(2018), with single-tower oy-thresholds of 0.150 m s7! for the AC,
0.065 m s~ ! for BC1, and 0.062 m s~! for BC2. In addition to these
general quality-filtering steps, we screened our data specifically for the
analysis of below-canopy exchange (see Sections 2.3.2 & 2.3.3).

2.3.2. Decoupling assessment
Concurrent EC measurements above and below canopy are a
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powerful tool to quantify understory contributions to ecosystem fluxes,
as well as decoupling related bias in the turbulent exchange between
both canopy layers. Several studies have shown that the relationship
between the standard deviation of vertical wind velocity (o) measured
above and below canopy can be used to determine decoupled periods
(Chi et al., 2021; Jocher et al., 2018, 2017; Paul-Limoges et al., 2017;
Thomas et al., 2013). This approach is considered a direct measure for
turbulent exchange and has been suggested to be preferable over alter-
native measures such as friction velocity for subcanopy measurements in
forests (Thomas et al., 2013). Both canopy layers are coupled as long as
the relationship of above- and below-canopy oy, is linear and decoupling
occurs when this relationship breaks down. At Sagehen, we found a clear
separation between the coupled and decoupled regimes for both
below-canopy towers (see Figure S2). Although the decoupling thresh-
olds below the canopy were relatively similar, the breakdown in line-
arity was more pronounced at BC1 (6,,=0.056 m s’l) compared to BC2
(6,=0.060 m s~ 1). The latter also showed a lower decoupling threshold
for the above-canopy measurements, with 6,,=0.240 m s * at BC2 versus
6,=0.280 m s~ at BC1. This indicated a stronger coupling of the BC2
below-canopy tower, which is located in a more open part of the forest
understory and near the edge of a large meadow to the south (see
Figure S1). Overall, these values observed at Sagehen were comparable
to other recent studies (Jocher et al., 2018, 2017). We screened periods
of decoupling by using the site-specific oy-thresholds for the
below-canopy towers and the higher (i.e. more conservative) threshold
linked to BC1 for the above-canopy measurements. Subsequent to the
general quality screening including single-tower o, (see Section 2.3.1),
these decoupled periods that were screened out accounted for 13.4%,
6.6% and 3.5% of measured data for AC, BC1 and BC2, respectively.

2.3.3. Counter-gradient transport

Measurements of turbulence below and within forest canopies are
susceptible to counter-gradient transport through downward-moving
eddies, when gradients indicate no (i.e. zero gradient) or upwards
transport (Denmead and Bradley, 1985). For water vapor concentra-
tions, such movements unrealistically indicate condensation below the
canopy, when none should occur. To omit counter-gradient periods, we
screened our below-canopy data for times of negative ET fluxes, when
the measured air temperature exceeded the dew point temperature (see
Paul-Limoges et al., 2020). These periods accounted for an additional
5.4% and 12.8% of measured below-canopy data that were screened out
for BC1 and BC2, respectively.

2.3.4. Gap filling

The quantification of total ET requires the filling of gaps in the
measured and quality-filtered data. After the full quality screening, 47%
of good data remained for the above-canopy tower AC (80% and 15% of
daytime and night-time data, respectively), 52% (70% daytime, 39%
night-time) for the below canopy tower BC1, and 45% (67% daytime,
26% night-time) for BC2. These percentages of gaps are comparable to
other flux tower sites using similar data quality screening criteria, see e.
g Wolfetal. (2011). Gaps in measured fluxes were filled by the marginal
distribution sampling (MDS) approach of Reichstein et al. (2005) using
the R package REddyProc (Wutzler et al., 2018). The same approach was
used to also gap-fill meteorological variables (e.g. incoming shortwave
radiation, air temperature) and other turbulent fluxes (e.g. sensible heat
flux).

2.4. Evaluation of EC measurements

2.4.1. Spectral analysis

Analyzing ensemble cospectra for the frequency response of the
open-path IRGASON sensors showed overall very limited signal atten-
uation in the measured fluxes at Sagehen (see Figure S3). The cospectra
of the above-canopy measurements were relatively close to the Kaimal
ideal for flat terrain (Kaimal et al., 1972) with only minor deviations of
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the gas fluxes (i.e. HoO and CO5) compared to the temperature cospectra.
Cospectra for both below-canopy sites showed distinct amplification in
the high-frequency range (stronger at BC1 than BC2) compared to the
ideal cospectra from Kaimal, i.e. larger than usual contribution of small,
fast moving eddies. This applied to all fluxes and was not limited to the
gas fluxes (i.e. also for sensible heat), which indicated that these de-
viations originated from the location of the measurements below the
canopy rather than signal attenuation from the measurement setup it-
self. Interactions of the wind field with tree elements (e.g. trunks,
branches, leaves) dissipate energy from large, slow moving eddies and
increase fine-scale (i.e. high-frequency) turbulence within and below
forest canopies, resulting in higher contributions of small, fast moving
eddies in the wake of these elements — a ‘spectral short cut’ mechanism
(Finnigan, 2000). Accordingly, the turbulent exchange within plant
canopies may be attenuated in the low-frequency part of the cospectra
(Brunet, 2020) rather than exhibiting instrumentation-related attenua-
tion in the high-frequency range (see e.g. Foken et al., 2012). At Sagehen
(see Figure S3), the cospectra showed such an attenuation in the
low-frequency range at BC1, yet to a minor extent only. At BC2, by
contrast, the cospectra showed a slight amplification in the
low-frequency range and some attenuation in the mid-frequency range.
The differing cospectra at BC2 might be related to the lower density of
adjacent trees and potentially greater contributions from the open
meadow towards the South (see Figure S1).

Measuring with open-path instruments at Sagehen, we used the
analytical Massman approach (Massman, 2000, 2001) to correct for
spectral attenuation in the high-frequency range. An evaluation of
various instrument setups and spectral corrections showed that this
approach performs well for IRGASON instruments, which typically
require only minimal spectral corrections (Polonik et al., 2019). By
contrast, it was recently suggested that below-canopy measurements
with enclosed-path sensors require distinct, site-specific cospectral
models to avoid the underestimation of annual CO, fluxes (Chi et al.,
2021). This emphasizes a need for systematically investigating spectral
signal attenuation with various instrumental setups for potentially
developing alternative cospectral models for below-canopy EC mea-
surements in forests.

2.4.2. Advection

To ensure sufficient turbulent mixing and to account for advection,
we screened our measurements for low-turbulence conditions based on
friction velocity (see Section 2.3.1) and the standard deviation of vertical
wind velocity, specifically during periods of decoupled exchange be-
tween above- and below-canopy fluxes (see Section 2.3.2). Based on this
screening, periods with insufficient turbulent mixing were excluded. In
addition, we analyzed profiles of wind speed and direction (see
Figure S4), wind shear between above and below the canopy (see
Figure S5), and distributions of wind fields (see Figures S6 & S7) for
evidence of advection and katabatic flows at Sagehen. We observed
much lower mean wind speeds at both below-canopy towers, with 0.27
+0.01 ms ! atBCl and 0.41 + 0.01 m s~ ! at BC2, compared to 1.89 +
0.05 m s~ measured above the canopy (AC). Profile measurements of
wind speed showed limited evidence for katabatic flow during night-
time (see Figure S5). No directional wind shear (i.e. direction differ-
ence) was observed between above-canopy (215 + 3°) and below-
canopy winds at BC1 (216 + 3°, see Figure S5), which are both
located near the creek (distance of ~20 m) and thus along the bottom of
the west-east oriented valley. However, a pronounced mean wind shear
of about 35° towards the south was measured between above-canopy
and below-canopy winds at BC2 (181 + 7°). This is likely related to (i)
the larger distance of BC2 from the creek (~60 m towards the south), to
(ii) topography-related differences in wind fields within the Sagehen
valley, and to (iii) the more open vegetation cover near BC2, with a large
open meadow just south of the BC2 tower (see Figure S1), resulting in
lower surface roughness. Additional evidence for (i) and (ii) is higher
nighttime frequencies in wind direction along the creek (BCl) or
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towards the creek (BC2), indicating katabatic flow along the orographic
slope, and additional evidence for (iii) is the higher wind speed observed
at BC2 compared to BC1 (see Figures S6 & S7).

2.4.3. Energy balance closure

The energy balance closure of half-hourly data comparing radiative
(Ry — G) and turbulent measurements (sensible heat flux plus latent heat
flux) of available energy (AE) above the canopy at Sagehen was 65%
(R?=0.82). We found a slightly higher closure of 67% (R>=0.79) during
the dry season and a lower closure of 55% (R%=0.79) during the wet
winter season (see Figure S8). Based on the heterogeneity of vegetation
patterns at our site, specifically the variability in tree density and
meadow patches (see Section 2.1), we think that this low energy balance
closure is largely related to differences in source areas for the radiative
and turbulent measurements at the above-canopy tower . While radia-
tive measurements (i.e. Ry and G) were dominated by the signal of open
meadow near the above-canopy tower (see Figure S1), the signal of the
turbulent flux measurements represents the full vegetation distribution
of trees and meadow patches within the footprint of this patchy wood-
land ecosystem (see Section 3.2 & Fig. 4). Such differences in measured
source areas related to landscape heterogeneity are considered an
important cause for the lack of energy balance closure across the global
flux tower network (Foken, 2008; Leuning et al., 2012; Stoy et al., 2013).
We also evaluated the averaging of above- and below-canopy radiative
measurements (i.e. Ry and G) for better representing the source areas of
the turbulent fluxes. This averaging yielded a slightly better closure of
68% (R?=0.76) and particularly increased closure during the wet season
(74%, R2:0.67), yet less so for the dry season (64%, R2=0.74). How-
ever, the coefficients of determination (R%) were consistently lower
using the averaged radiative measurements, likely linked to the large
magnitude and variability of combined above- and below-canopy mea-
surements. Assessing energy balance closure for below-canopy mea-
surements is generally challenging due to the patchiness in the forest
understory (see Figure S1) and thus large spatiotemporal variability of
trees’ shading effects on the single-point radiative measurements, which
are non-representative for the measured turbulent fluxes (Launiainen
et al., 2005). These differences in radiative and turbulent measurements
of AE are particularly pronounced during times with low sun angles,
such as in the morning/afternoon or during non-summer seasons. For
both our below-canopy locations, energy balance closure was about 27%
(R?=0.71, not displayed) and was particularly low (only 8-10%,
R?=0.24-0.31) during the wet season (i.e. shoulder and winter seasons),
when shading effects resulted in larger variability in radiative mea-
surements (Ry — G) compared to turbulent measurements (LE + H) of AE.

2.5. Footprint analysis

To estimate the spatial extent and location of surface source areas (i.
e. footprint or fetch) for the measured turbulent exchange, we performed
footprint analysis using the model by Kljun et al. (2015). This footprint
model applies a two-dimensional parametrization based on a scaling
approach for the crosswind distribution of the flux footprint, with the
explicit consideration of surface roughness length. The Flux Footprint
Prediction (FFP) by Kljun et al. (2015) provides the extent, width and
shape of footprint estimates (as contour lines) as well as densities of
source contributions (i.e. ‘heat map’). The model and code for FFP is
available at http://footprint.kljun.net and we used the R version of the
code for our analysis. Please see Kljun et al. (2015) for a discussion of the
limitations and uncertainties of this footprint model, including a com-
parison with other footprint models. We limited our footprint analysis to
daytime data as nighttime ET only played a minor role for total ET at
Sagehen (i.e. less than 15% above and 12% below canopy).

2.6. Contributions of below-canopy and partitioning of ET

We used concurrent above- and below-canopy EC measurements to
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quantify the contributions from below the canopy to total ecosystem ET.
The below-canopy measurements integrate Eypderstory from the soil and
understory vegetation surfaces (i.e. ‘physical’ components of ET) as well
as Tunderstory from the understory vegetation (i.e. ‘biological’ compo-
nents from plants). In addition to those understory components, the
above-canopy EC measurements also integrate the contribution from the
trees, more specifically Trree and Eryree from tree surfaces (see Fig. 2). All
below-canopy contributions are directly measured as ETgeow by the
small (below-canopy) flux towers, while total ecosystem ET (including
the below-canopy flux) is measured above the canopy by the tall tower.
This concept to quantify the contributions has two main requirements:
(i) the turbulent exchange of the above- and below-canopy layer is
coupled and measured accordingly as total ecosystem exchange by the
above-canopy EC system. (ii) The sampling areas are overlapping, i.e.
the below-canopy towers are within the ‘footprint’ or source area of the
above-canopy measurements. To ensure the two requirements for
quantifying the contribution of the below-canopy fluxes and the trees to
total ecosystem ET (see above), we screened our data for periods of
decoupling (see Section 2.3.1) and analyzed the footprints of all flux
towers (see Sections 2.5 & 3.2).

Furthermore, concurrent measurements above and below the canopy
can be used to estimate the contribution of trees to total ecosystem ET
(ET above, measured above canopy) as ‘ET Trees =~ ET Above Canopy — ET
Below Canopy’. Assuming negligible Ere. of intercepted water from the
vegetation surface of trees following dew and precipitation, this esti-
mate yields the partitioned Tyree. We also quantified the influence of
canopy interception and Erre from wet tree surfaces (i.e. leaves,
branches and trunk) at Sagehen by excluding days of P and up to five
days afterwards (see Table S1) based on the assumption that Eryee will
become negligible thereafter (Keenan et al., 2013; Knauer et al., 2018;
Nelson et al., 2020; Sulman et al., 2016). These estimates for canopy
interception were then used for obtaining corrected ratios of T/ET at the
seasonal to annual scale.

Based on our experimental setup with concurrent EC measurements
and site-specific seasonal characteristics, we also estimated other par-
titioning components of total forest ET at Sagehen. While ETgejow cannot
be directly partitioned into Eynderstory and Tunderstory from our mea-
surements, some estimates can be made from seasonal considerations.
During winter, the understory vegetation at Sagehen becomes senescent
and it can be assumed that there is no Tuynderstory when the ground is
snow-covered (see Fig. 5). Consequently, measured ETgeow OVer the
snow surface during winter is only Eynderstorys i-e. sublimation. Based on
this observation-informed estimate of sublimation, we can derive the
remaining annual ETgejoy relative to total forest ET. During the rest of
the year (May to October), understory vegetation (mainly grass) is
covering most of the ground (as can be determined from PhenoCam
imagery, see Section 2.8 and Fig. 8) at these particular locations. Based
on these observations, which follow recurring seasonal patterns at
Sagehen every year (see Figs. 8 and S11), we conservatively assumed
that half to two-thirds of measured ETpejow during the dry season at
Sagehen is from Tuynderstorys and the rest Eynderstory from soil and
vegetation-intercepted water. Nonetheless, this is an estimate based on
our season-specific observations at Sagehen and we thus propagate the
effects of this range (i.e. Tynderstory i 50-67% of dry season ETgelow) into
the derived T/ET ratios for the total ecosystem partitioning estimates
(see Table S2). Combining these below-canopy estimates of Tynderstory
and Eynderstory With the estimates of Erree from interception (see above
and Table S1), enables observation-constrained estimates of all parti-
tioning components for this specific site. Because most of the other
components are well constrained from our experimental setup (i.e.
concurrent above- and below-canopy measurements, continuous
phenological observations) and seasonal patterns (i.e. snow cowered
ground), we can report such a well-constrained observation-based esti-
mate for Tynderstory» Which could otherwise not be determined at all.

We measured ETgelow With two flux towers below the canopy at
Sagehen to also represent and quantify the spatial variability within the
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below-canopy (subcanopy) layer. Unless noted otherwise, we averaged
the measurements of both below-canopy flux towers to quantify mean
values for this understory layer.

2.7. Auxiliary measurements and data

Leaf area index (LAI) at Sagehen was measured with an LAI-2000 (LI-
COR, Lincoln, USA) in mid-June 2018. To represent the variability
within the forest, LAI was assessed from 30 measurements (24 times
signal and 6 times reference) throughout the forest understory near the
below-canopy flux towers. Two levels of LAI were measured in the un-
derstory, (a) just the tree canopy without ground vegetation and (b)
total LAI including the ground vegetation (mostly grasses). LAI for the
tree canopy was 1.58 + 0.09 and total forest LAI including the grasses
was 3.63 + 0.11 (mean of both: 2.61 4+ 0.10).

Vegetation phenology was tracked using networked digital cameras
(PhenoCams). These measurements are part of the PhenoCam network
(https://phenocam.nau.edu) and were installed at Sagehen at the tower
above the canopy (i.e. AC, PhenoCam site ‘sagehen’) and the tower #2
below the canopy (i.e. BC2, PhenoCam site ‘sagehen2’) in October 2017,
and at the tower #1 below the canopy (i.e. BC1, PhenoCam site ‘sage-
hen3’) in May 2019. The digital camera images were recorded half-
hourly and stored on the PhenoCam network as well as on an ETH
Zurich server. The separate color information in the images (i.e. RGB) is
used to derive the green chromatic coordinate (GCC) for characterizing
the activity of vegetation (Richardson et al., 2018). These processed data
are available from the PhenoCam network (Seyednasrollah et al., 2019)
and we use the 1-day summary product of all valid images for our
analysis in this study, if not noted otherwise, at the 90th percentile of the
distribution across all pixel). Estimates for phenophase transition dates
indicate the median start of greenness rising and falling based on GCC
(see Richardson et al. 2018).

2.8. Statistical analyses and general conventions

All statistical analyses (linear regression analysis, correlation anal-
ysis) were performed using the base package of the statistics software R,
version 4.0.5 (R Foundation, www.r-project.org). Daytime data were
defined as incoming shortwave (solar) radiation >10 W m 25~ L. Unless
noted otherwise, we averaged the aggregated (i.e. daily, monthly,
annual) measurements of both below-canopy flux towers to quantify
mean values for this canopy layer.

For the analyses of the environmental controls we used linear
regression analysis, reporting the explained variances in percent or as
adjusted R? values. The multivariate analyses in these regressions were
done including interactions among all considered variables. We also
evaluated the averaging of environmental controls from above and
below the canopy (i.e. calculating the mean of control variables such as
AE) to improve the quantification of explained variance in ETapove by
better representing the source areas of the turbulent fluxes. This addi-
tional analysis was motivated by the heterogeneity of vegetation in the
footprint/source area measured above the canopy (see Figs. 4 and S1),
and because of related discrepancies between radiative and turbulent
measurements (see Section 2.4.3).

3. Results
3.1. Environmental conditions

The water year 2017 (Oct. 2016 to Sep. 2017) was among the wettest
on record with a total annual P of 1678 mm yr~!, about double the
1981-2010 climatological mean for Sagehen (827 mm yr !, see
Table 1). While P in 2018 was close to normal (+11%), the water year
2019 was wetter than average (1186 mm yr_1 or +43%). In comparison,
2020 was exceptionally dry at Sagehen (579 mm yr—! or —30%) and
should be considered a drought year, which was similar to the
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Table 1
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Annual and seasonal total precipitation (P), mean air temperature (Tair), evapotranspiration (ET) measured above and below the canopy, and transpiration (T) derived
as Trree=ET Apove—ETBelow at Sagehen Creek Field Station during the water years (Oct.-Sep.) 2018-2020. Meteorological data for the reference period 1981-2010 are
based on NOAA-NCDC Climate Normals provided by the Western Regional Climate Center (WRCC). Wet Season was defined as months with >50 mm of P during the
reference period. ETgejow denotes the mean of both below-canopy towers and Tty denotes the estimate from ETapove — ETpelow, With the ratio T/ET calculated relative
to ETapove. PET was calculated after Penman-Monteith by fixing surface resistance to zero, assuming no or only a negligible stomatal component (Fisher et al., 2011).

Period

Year Season P P Tair ET Above ETgelow Ttree T/ET PETA PET3 P—ET
[mm] [%] [al [mm] [mm] [mm] [%] [mm] [mm] [mm]

1981-2010* Water Year Oct. — Sep. 827 100 5.3 - - - - - - -

Wet season Oct. — Apr. 728 88 0.5 - - - - - - -

Dry season May - Sep. 29 12 11.8 - - - - - - -
2018 Water Year  Oct. — Sep. 919 100 5.5 648 291 357 55 1321 591 271

Wet season ~ Oct. — Apr. 844 92 0.3 233 64 169 73 420 74 611

Dry season May - Sep. 75 8 12.8 415 228 187 45 901 517 —340
2019 Water Year  Oct. — Sep. 1186 100 4.5 619 277 342 55 1244 547 567

Wet season ~ Oct. — Apr. 1032 87 —0.2 195 49 146 75 390 69 837

Dry season May - Sep. 154 13 11.1 424 228 196 46 855 478 —270
2020 Water Year  Oct. — Sep. 579 100 5.5 551 258 293 53 1332 563 28

Wet season  Oct. — Apr. 511 88 0.4 169 51 116 69 435 68 342

Dry season May - Sep. 68 12 12.8 382 205 177 46 897 495 -314
2018-2020"  Water Year  Oct. — Sep. 895 + 304 100 5.2+ 0.6 606 + 50 275+ 17 331 + 33 54+1 1299 + 48 567 +£23 289 + 270

Wet season  Oct. — Apr. 796 £264 89+3 02£03 199+32 55+7 144+27 72+3 415423 70+ 3 597 + 248

Dry season May - Sep. 99 + 48 11+3 122+ 1.0 407 £22  220+13 187+10 46+1 884 £ 26 497 £ 20 —308 + 35

“ NOAA-NCDC Monthly Normals (Source: WRCC).
# values indicate the mean + standard deviation.

2012-2015 California drought (616 + 64 mm yr~'). Snow cover typi-
cally lasted from late November until late April, with the exception of
2019, when it persisted well into May (see Fig. 3c). The timing of the
melt-out of snow during spring varied by up to four weeks between years

and determined the decline of soil moisture during the dry season. After
this decline, near-surface soil moisture (10 cm depth) stayed relatively
constant and only started to increase with the first isolated storms in late
summer (see Fig. 3c). Low soil moisture persisted longer at 30 cm depth
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Fig. 3. Daily total incoming solar radiation (Rg), mean air temperature (Tair), total precipitation, and mean volumetric soil water content (SWC) measured above the
canopy (AC) and at the two below-canopy towers (BC1 and BC2) during 2017-2020. All lines show 30-day running means. Grey shaded areas denote periods of snow
cover on the ground as derived from PhenoCam imagery at BC2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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and in general during the dry seasons in 2018 and 2020.

Air temperatures during the water years 2017, 2018 and 2020 were
close to average with 5.4-5.5° C, whereas the wet year 2019 was much
colder (4.5° C, see Table 1). Annual total incoming solar radiation (Rg)
varied by less than 5% (or max. 360 MJ m? yr™!) between the years
2018-2020 measured above the canopy, and less than 3% (or max. 197
MJ m? yrfl) measured below the canopy (see Fig. 3a). Total available
energy (AE= Ry—G) above and below the canopy varied by only 1-2%
(76-98 MJ m? yr’l) across these years.

Albedo at Sagehen was predominantly determined by the periods of
snow cover (see Figure S9). During the periods with snow cover from
2017 to 2020, the mean albedo was 0.26 + 0.10 at the above-canopy
tower (i.e. AC), while an albedo of 0.47 4+ 0.15 and 0.52 + 0.14 was
measured for the below canopy towers BC1 and BC2, respectively (Note:
averages based on December 1st to April 15th to remove bias from
transition periods). During the period without snow cover, albedo was
0.13 £ 0.03 at the AC tower, 0.24 + 0.05 at BC1 and 0.23 + 0.05 at BC2.
Overall mean albedo from 2017 to 2020 at Sagehen was 0.18 + 0.10
measured above the canopy and 0.33 & 0.17 measured below the can-
opy (mean of BC1 and BC2 with values of 0.31 + 0.16 and 0.34 + 0.17,
respectively).

3.2. Footprint assessment

The surface source areas contributing to above-canopy (AC)
measured turbulent fluxes during daytime showed a bimodal distribu-
tion along the valley, with the main contributions from WSW and sec-
ondary contributions from ENE (Fig. 4). Cumulative spatial
contributions (80% contour) extended about 350 m to the WSW and
300 m to the ENE, with a smaller extent to the slopes on the south (~200
m) and north (~120 m). However, the highest densities of contributed
fluxes (see ‘heat map’ in right panel of Fig. 4) originated from within a
distance of only 50 m around the tower. Overall, half of the flux con-
tributions measured at Sagehen above the canopy were within 100 m
from the tower. The below-canopy measurements at BC1 and BC2 had
smaller and more evenly distributed source areas of about 20-30 m
surrounding the towers. The highest densities of contributions measured
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below the canopy (see ‘heat map’ Figure S10) were within only 5-10 m.
Measurements from the below-canopy towers were within about the
60% contour of the above-canopy measurement footprint (distance of
about 130 m from AC to BC2). Tower BC1 is located closer to the AC and
thus more often within the higher density contributions measured above
canopy. The two below-canopy towers had non-overlapping source
areas during the majority (i.e. up to 80%) of our measurements.

3.3. Seasonal dynamics of ET

ET at Sagehen showed strong seasonality, with daily totals of 0.8 +
0.7mmd ! (mean + SD) measured below the canopy and 1.8 + 1.1 mm
d~! above the canopy (Fig. 5). ET rapidly increased during spring,
particularly after the melt-out of snow in May. Maximum daily ET of 2.7
mm d! and 5.0 mm d~! was reached in July, with mean dry season
(May to Sep) ET of 1.5 + 0.6 mm d ! and 2.7 = 0.9 mm d ! for below-
and above-canopy measurements, respectively. ET substantially
decreased in September and October, with December and January being
typically the months with the lowest ET (close to zero), depending on the
timing of synoptic weather patterns. Mean wet-season (Oct to Apr) daily
ET was 0.3 + 0.1 mm d ! below and 0.9 + 0.5 mm d~' above the can-
opy. During the wet season, daily ET never exceeded 1.0 mm d~! below
the canopy, while this was rather common above the canopy. Consid-
ering just the periods with snow cover during winter (see Fig. 3), we still
measured notable daily ETgejow Of 0.2 & 0.1 mm d7L. As the understory
vegetation was senescent and the soil was covered by snow, this ETgejow
can be considered an estimate of sublimation. Compared to the annual
total ET measured at Sagehen (see Table 1), sublimation from the snow
surface within the forest understory accounted for about 10% of annual
ETgelow, Or 5% of total annual ET ppgve.

Despite the large interannual variability in P during 2018-2020 at
Sagehen (895 + 304 mm yr!), annual ET was relatively stable at 606 +
50 mm yr~* above the canopy and 275 + 17 mm yr~! below the canopy
(see Table 1). During the dry-season months of May to September, about
80% of annual ETpejow and 67% of annual ET ppove occurred. Only the dry
year 2020 showed a notable reduction in daily ET to 2.88 mm d*
(~11%) above and 1.63 mm d~' (—9%) below the canopy during the
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Fig. 4. Footprint climatology of daytime turbulent exchange after Kljun et al. (2015) for above-canopy (AC) and below-canopy (BC1 & BC2) measurements at
Sagehen Creek Field Station from 21 June 2017 to 30 September 2020. Contour lines denote cumulative source area contributions (in steps of 10%) and crosses mark
the locations of the towers. The background imagery in the left panel was recorded on 13 July 2016 (Google Earth). The right panel shows densities of source
contributions (i.e. ‘heat map’ of footprint function values) normalized per square meter (m~2), with histograms of the maximum West-East densities displayed at the
top. The colors of the histograms correspond to the colors of the contour lines, with gray referring to the above-canopy tower. Please note the different scaling of both
panels as well as the differing orders of magnitudes in the histograms of the right panel (i.e. smaller source areas result in higher densities per unit area). A similar
‘heat map’ for the below-canopy towers BC1 and BC2 can be found in the Supplement (Figure S10). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 5. Daily total evapotranspiration (ET) measured above the canopy (AC) and at the two below-canopy flux towers (BC1 & BC2) for 2017-2020. Points denote
daily totals and lines denote 30-day running means. The lower panel shows the daily contributions of below-canopy to above-canopy ET as 30-day running means.
Numbers denote the overall statistics of the contributions. Grey shaded areas denote periods of snow cover on the ground as derived from PhenoCam imagery at BC2.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

summer months of June to August (see Fig. 5), compared to the nearly
normal summer of 2018 (see Section 3.1).

Daily contributions from below the canopy to total ecosystem ET (see
Fig. 5b) were on average 40 + 15% and ranged from 9% in winter to
63% in summer. Below-canopy contributions were typically highest
during June, except during the dry year 2020 when they peaked in mid-
July. After their peak, below-canopy contributions declined along with
the vegetation activity in the forest understory (see Fig. 8). Only during
the summer months of June to August did ETgejow contribute more than
half (57 + 3%) of ET ppove. During the remainder of the year, ETppove Was
dominated by contributions from the forest canopy, in particular during
the snow-covered period in winter.

3.4. Environmental controls of ET

The main environmental control of half-hourly ETpove was available
energy (AE=RN-G), which explained 51.6% of the variance (linear
regression analysis, incoming solar radiation ‘R¢‘ explained 50%). Soil
temperature at 5 cm depth was the strongest residual predictor with
26.6%, followed by VPD with 15.9%, wind speed with 4.9%, and soil
moisture (SWC) at 50 cm depth with 4.2%. Considering interactions,
these five environmental controls together explained 77.0% of the
variance in half-hourly ETppove. During the dry summer months of June
to August, ET ppove increased linearly with AE (R?=0.62, single predic-
tor), canopy temperature (R2:0.42), VPD (R%=0.34) and wind speed
(R?>=0.14) but showed no apparent relationship with soil moisture.
Below the canopy, AE was also the main control of half-hourly measured
ETgelow (explaining 74.7% of the variance), closely followed by Rg
(73.8%). Besides AE, the strongest residual predictors were soil moisture
at 10 cm depth with 8.8%, soil temperature at 5 cm depth with 8.3%,
VPD with 5.5%, and wind speed with 1.6%. Together these five factors
explained 86.0% of the variance in half-hourly ETgejow. During the dry
summer months, ETpc|ow increased linearly with AE (R2:0.78), canopy
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temperature (R2:0.54), VPD (R2:0.38) and wind speed (R2:0.09), but
like ETapove; showed no apparent relationship with soil moisture.
Overall, this suggests similar limitations and water use strategies of
understory vegetation and trees for this wet location near the creek.

Canopy temperature was also an important singular control on ET
and explained more variance in ET (46.7% and 56.9% for above- and
below-canopy measurements, respectively) than soil temperature did
(34.3% and 27.0%, respectively). However, as a residual predictor of
AE, canopy temperature explained less variance with 10.2% and 4.1%
for above- and below-canopy measured ET, respectively, likely related
to the fact that AE integrates canopy temperature already. Replacing soil
temperature with canopy temperature in the multivariate analyses of the
five most important environmental controls resulted in marginally lower
(above canopy, 73.3%) or higher (below canopy, 88.1%) explained
variance for half-hourly measured ET. Unlike AE and Rg, it is important
to note that the causality of temperature variables and ET is multidi-
rectional because the canopy and soil temperature are also influenced by
evaporative cooling (i.e. ET).

The averaging of above- and below-canopy measurements for the
environmental controls (see Section 2.8) of e.g. AE, VPD and SWC
increased the variance of half-hourly ETspove explained by AE to 60.0%.
The same applied to VPD and SWC, each of which explained by itself (i.e.
as a single factor) a substantially larger fraction of the variance in
ETapove When averaged across sensors of above- and below-canopy
measurements. In comparison, averaging near-surface soil temperature
and wind speed yielded negligible improvements in the explained
variance of half-hourly ETapove- No improvement was found using
across-tower averages of environmental controls in a multivariate linear
regression model for ETapqve at Sagehen.

3.5. Spatial dynamics of below-canopy measured ET

Half-hourly ETpelow measurements (i.e. at BCl1 and BC2) were
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strongly correlated (Spearman’s p=0.86, R2=0.75 with linear regression
analysis), despite the two different locations in the heterogeneous forest
understory (see Figure S1) and non-overlapping source areas (see Sec-
tion 3.2 & Fig. 4). Comparing the daily totals of ETgeow at the two lo-
cations indicated only minor differences (Fig. 6). Although ETgejow Was
slightly higher at BC1 (0.84 + 0.78 mm d™1) than at BC2 (0.80 + 0.68
mm d'; linear regression, BC2 slope of 1.11, R?=0.94, Spearman’s
p=0.97), these differences were statistically insignificant and were
limited to periods in mid-summer (July and August) of 2017 and 2018
(see Fig. 5). Mean water-year ETpejow from 2018 to 2020 was nearly the
same at BC1 (278 + 25 mm yr ') and BC2 (272 + 11 mm yrb).
Accordingly, the measurements at these two separate locations in the
forest understory suggested limited spatial variability of ETpgeow at
Sagehen, at least for these relatively wet locations near the creek. The
differences in ETgejow during summer 2017 and 2018 might be linked to
soil and vegetation disturbances during and following the installation of
instrumentation, as these differences were not observed in subsequent
years (see Fig. 5). Comparative phenological observations (see Section
3.7) were only available since May 2019 at BC1 and thus did not provide
insights into the vegetation disturbance hypothesis.

3.6. Tree T and ET partitioning

Using the concurrent above- and below-canopy measurements of ET,
we estimated the Ty at Sagehen (see Section 2.6). The environmental
controls of half-hourly Ty Were similar to those observed for above-
and below-canopy ET (see Section 3.4), although weaker. During the dry
summer months, Tt increased linearly with AE (R2=0.23, single
predictor), canopy temperature (R2:0.28), VPD (R%>=0.25) and wind
speed (R?=0.15), but also showed no apparent relationship with soil
moisture. In other words, atmospheric evaporative demand (i.e. VPD) is
more relevant than soil moisture for T at this wet location.

Daily totals of Ty Were on average 0.9 + 0.5 mm d~!, with lower
rates of 0.7 £ 0.4 mm d~! during the wet season and higher rates of 1.2
+ 0.5 mm d~! during the dry season (Fig. 7). Trree Was lowest during the
winter months and highest (up to 2.8 mm d 1) in July. After the peak,

ET - Below Canopy #1 [ mm d']

T T T T
0 1 2 3

ET - Below Canopy #2 [mmd ']

Fig. 6. Daily total evapotranspiration (ET) measured at the two below-canopy
flux towers (BC1 & BC2) for 2017-2020. The solid line denotes the linear
regression fit and the dashed line shows the 1:1 relationship between mea-
surements at both towers. Marginal histograms show kernel density plots of
daily ET for each tower.
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Trree typically remained high until late August, except during the dry
year 2020, when the highest rates of T were reached in early June and
declined afterwards.

Annual totals of T Were relatively stable, averaging 331 + 33 mm
yr~!, and were lowest during the dry year 2020 (293 mm yr_1). During
the dry season, total Ty Was on average 187 + 10 mm yr’l, about 30%
higher than during the wet season (144 + 27 mm yr™1). Overall, sea-
sonal variations in Ty Were substantially smaller than those in ETgpgve
as the coniferous trees remained photosynthetically active throughout
the winter (see Fig. 8).

The daily contributions of Tt to total ecosystem ETapove (T/ET)
ranged from 37% to 91% and averaged 60 + 15% (Fig. 7). Trree domi-
nated daily ETppove during the wet winter season from October to April
(71 £ 10%), particularly when the ground was covered by snow,
although seasonal analyses excluding interception effects indicated that
about 11% of this value is due to sublimation of canopy-captured snow
(see Section 2.6 and Table S1). During the dry summer months of June to
August, contributions of daily Ty were less than half of ET ppove (43 +
3%). Based on seasonal and annual totals (see Table 1), the average
(uncorrected) T/ET ratio was 46 + 1% during the dry season, 72 + 3%
during the wet season, and overall 54 + 1% during the water years
2018-2020. Correcting the T/ET ratios for canopy interception and Eree
from wet tree surfaces (see Section 2.6 and Table S1) showed that these
effects became negligible three days after P events and yielded T/ET
ratios of 44 + 2% during the dry season, 63 + 3% during the wet season,
and 47 + 2% overall for water years 2018-2020 (see Table S1).
Accordingly, canopy interception played only a minor role of ~2% of
total ETapove during the dry summer season at Sagehen, when 80% of
ETgelow and 67% ETapove occurred. During the wet season, the effect of
Etree Was 9-11% and persisted beyond three days because P was
dominated by snow.

Partitioning the components of total forest ET at Sagehen yielded
averages of 47% for tree Trree, 7% for Erree from interception in the tree
canopy, and 46% for ETgejow. While ETgejow cannot be directly parti-
tioned into Eynderstory and Tunderstory from our measurements, some es-
timates can be made from seasonal considerations (see Section 2.6 and
Table S1). ETgelow during winter was dominated by Eynderstory from the
snow surface (i.e. sublimation) and accounted for about 10% of total
ETgelow; Or 5% of total ETppgve (See Section 3.3). During the rest of the
year, the remaining ETpejow (41% of total ETspove) Was likely dominated
by Tynderstory from the dense grasses in the understory (see Section 2.7),
but this could not be exactly quantified without additional measure-
ments. However, based on observation-informed assumptions at Sage-
hen, we estimated Tynderstory @ 50-67% of understory ET during the
time without snow-cover (see Section 2.6) and thus Tuynderstory Was ~
20-27% of total ETppove. Consequently, total forest T (from trees and
understory grasses) was about 67-74% and total forest E was 26-33% of
forest ET during the water years 2018-2020 (see Table S2). While the
coniferous trees at Sagehen accounted for about two thirds (64-70%) of
total T, only 22-28% of total E originated from the tree canopy.

It is important to note that the actual numbers of our assumption for
Tunderstory (s€€ above and Section 2.6) only play a minor role for the total
forest T/ET ratio as Tynderstory is Overall a small component of total forest
ET at Sagehen. Even stretching this assumption to the possible maximum
(i.e. Tynderstory iS 50-100% of ETgeow) Would only increase the total
Tunderstory Up to 20-41%. Or in other words, no more than 41% of total
forest ET can theoretically originate from Tynderstory at this site.

Relative to total annual P, our measurements indicated a total T of
46-50% during the water years 2018-2020, with transpiration from
coniferous trees accounting for 32% of total P, and total E accounting for
17-22% of total P (with 5% of total P being intercepted by, and subse-
quently evaporated from, the tree canopy; see Table S2).

3.7. Vegetation activity from phenological observations

Phenological vegetation activity (GCC, 90th percentile) was more
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Fig. 7. Daily total ecosystem evapotranspiration (ET) measured above the canopy (ETapove), understory ET measured below the canopy (ETgeiow), and partitioned
tree transpiration (T) from above- and below-canopy eddy covariance measurements (T = ETapove — ETgelow) for June 2017 through September 2020. Lines denote 30-
day running means. The lower panel shows tree contributions to total ecosystem ET (T/ET) and numbers denote the overall statistics of these contributions. Grey
shaded areas denote periods of snow cover on the ground. A similar figure with the mean seasonal cycle across years can be found in the Supplement (Figure S11).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

variable in the grasses at the below-canopy sites than in the evergreen
trees measured from above the canopy (Fig. 8). The peak in phenological
vegetation activity for the forest canopy occurred in May and the peak
for the forest understory grasses occurred in June each year. Compared
to summer, lower (but persistent) vegetation activity was observed for
the forest canopy during the winter months. No vegetation activity was
found for the understory vegetation from November to April each year,
when the grasses were senescent or the ground was covered by snow.

Despite large differences in environmental conditions between years
(see Section 3.1), the magnitude and extent of phenological vegetation
activity was similar across years, both for the grasses in the understory
and for the forest canopy. The only exception was the forest understory
during the wet year 2019, when vegetation activity in spring started
about 10-14 days later but also lasted an equivalent time longer in fall.

Relating daily vegetation activity from phenological observations
(GCC) with daily ET totals (via linear regression analysis) showed that
ET generally increased with GCC, but large differences were found be-
tween above- and below-canopy measurements. While above-canopy
GCC (GCCppove) explained only 29% of the variance in daily ETapove,
below-canopy GCC (GCCpelow) explained 80% and 82% of the variance
in ETpejow at BC1 and BC2, respectively. Thus, we combined the strong
relationship of GCCgejow With the environmental controls of AE and VPD
(see Section 3.4) in a simple linear, multivariate regression model, which
explained 95% and 90% of daily ETgejow for BC1 and BC2, respectively.
Partitioned Trree also linearly increased with GCCapove, but the rela-
tionship was only weak (R?=0.11). The weak relationship above canopy
(for both ET apove and Tryee) is likely related to the overall small seasonal
variability in phenology of the evergreen coniferous trees (compared to
the grasses in the understory) and confounding effects from e.g. under-
story vegetation seen by the PhenoCam.

Comparing the mean seasonal cycle of vegetation activity with Trree
from the forest canopy and ET measured above and below the canopy
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showed a recurring pattern in the timing of ET and Tt at Sagehen (see
Figure S11). Vegetation activity typically peaked early during the
growing season, with new growth of needles in the forest canopy in May
and the regrowth of grasses in the understory during June. In compar-
ison, peak Trree and ET were only reached later, subsequent to peak
insolation and with increasing VPD during July.

3.8. Water balance (P-ET)

The difference between water supply by P and water loss by
ecosystem ET to the atmosphere (P-ET water balance) showed a surplus
of 271 mm yr~! during the close-to-average water year 2018 and 567
mm yr~ ' during the wet year 2019, while it was close to zero (28 mm
yr~1) during the dry year 2020 (Table 1 & Fig. 9). Despite these large
differences in total annual P-ET, time-series analysis (Fig. 9) showed a
similar slope of decline in cumulative P-ET across years during the dry
season starting by about mid to late May (15.05.2018, 03.06.2019,
18.05.2020), indicating similar rates of ET from vegetation water use
across years at Sagehen. The onset of this persistent decline concurred
with the pronounced increase of total ecosystem ET (see Fig. 7) and the
peak period of vegetation activity (see Fig. 8). In addition, the onset of
this decline was related to the disappearance of snow cover (see Fig. 3),
which occurred on average 23 + 4 days before during the years
2018-2020. Besides the timing of melt-out, the relatively stable total
annual ET at Sagehen across years (see Section 3.3) indicates that the
P-ET water balance at this wet location in the lower catchment is mainly
determined by water supply from P and scarcely by vegetation water
use. Accordingly, the P-ET water deficit during the dry year 2020 (vs.
relatively normal year 2018) is almost equivalent to the precipitation
deficit.
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Fig. 8. Daily vegetation activity from phenological observations of green chromatic coordinate (GCC) at the 90th percentile of the distribution across all pixels.
Points denote daily means and lines denote 30-day running means. Grey shaded areas denote periods of snow cover on the ground as derived from PhenoCam
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similar figure with the mean seasonal cycles measured above and below the canopy across years can be found in the Supplement (Figure S11). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion
4.1. ET comparison across the Sierra Nevada

While Sagehen is, to our knowledge, the only EC site on the east side
of the Sierra Nevada, the measured annual ET rates can be compared to
other sites located on the west side or in the foothills of the Sierra
Nevada (Table 2). However, this requires a consideration of differences
in climate (i.e. temperature and precipitation) that are largely related to
elevation across the Sierra Nevada. Across seven Sierra Nevada sites
(Table 2), precipitation ranges from 500 to 600 mm yr™! in the foothills
(elevation of 129-405 m a.s.l.) to almost 1400 mm yr’1 at elevations of
1300-2000 m a.s.l. on the western slope of the Sierra Nevada, whereas
Sagehen on the east side receives only 800-900 mm yr! of precipitation
at a similar elevation of ~1900 m a.s.l. (Table 2). Sagehen is also by far
the coldest of these sites (annual average ~5° C), while those on the west
side are much warmer at similar elevations (8.6° C) and particularly in
the foothills (16-18° C). In other words, Sagehen on the east side is an
outlier compared to the strong climate-elevation relationships on the
west side of the Sierra Nevada, where annual precipitation increases by
about 100 mm yr ! with every degree decrease in mean annual tem-
perature (R2=0.93, linear regression analysis), or increases by ~50 mm
yr~! with every 100 m of elevation gain (R?=0.87).

Across sites in the Sierra Nevada, annual totals of ET range from
about 300 to 900 mm yr’1 (Table 2) and more than two-thirds of the
variability (R?>=0.78, linear regression analysis) is explained by pre-
cipitation and one-third by a relationship with temperature (see also
Goulden and Bales, 2014), which are both related to elevation and site
location on the east or west side of the Sierra. At Sagehen, we found ET
values similar to those reported from a mixed forest at Soaproot Saddle
(658 mm yr_l) and an evergreen needleleaf forest at Providence (644
mm yr~!) on the western slope (Rungee et al., 2019). In comparison,
much lower rates of annual ET measured by EC (324-419 mm yr )
were reported for woodlands and grasslands in the western foothills of
the Sierra Nevada. Among these sites is the most comprehensive record
(18 years) of ET observations in California, including concurrent
below-canopy measurements in the oak woodland at Tonzi Ranch (Ma
et al., 2020b). Below-canopy contributions from grasses at Tonzi were
about 40% (or 167 + 36 mm yr’l) of above-canopy ETspove measured
during 2002-2019, and oak Ty was reported as 281 + 48 mm yr’1
(Ma et al., 2020b). Although Tonzi is located at much lower elevation
(169 m a.s.l.) with warmer temperatures and lower precipitation on the
west side of the Sierra (see Table 2), we observed similar understory
contributions of about 46% and annual T of 331 + 33 mm yr ! for
Lodgepole pine at Sagehen during 2018-2020 (see Table 1 and Section
3.6). This resemblance in Tt seems linked to groundwater access by
deep roots of the oak trees at Tonzi (Ma et al., 2016), similar to the
access to near-surface groundwater that trees enjoy at our Sagehen site.
Due to its location near the creek in the lower catchment, our Sagehen
site is less water-limited than Tonzi (based on the Dryness Index);
although both sites have similar potential evapotranspiration (PET) of

Table 2
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1250-1300 mm yr ', Sagehen’s ratio of actual to potential ET (47%) is
higher than Tonzi’s (34%; see Table 2). The closest site to Sagehen with
EC-measured annual ET is Blodgett Forest (~70 km), a Ponderosa pine
plantation with Whiteleaf manzanita in the understory and a reported
mean ETppove of 892 mm yr‘1 for the period 1998-2007 (Rungee et al.,
2019). However, Blodgett is located on the western side of the Sierra
Nevada at a substantially lower elevation (1315 m a.s.l.), with warmer
temperatures (11.4° C) and higher amounts of P (1341 mm yr’l). A
mixed conifer forest at Providence, with a similar elevation (2015 m a.s.
1) yet warmer temperatures further South on the western side of the
Sierra Nevada, required about 50% more annual P to sustain an annual
ET similar to Sagehen’s (see Table 2). At Sagehen, it has been shown that
groundwater hydraulic gradients point towards the creek, indicating a
groundwater subsidy to the creek and near-creek environment, driven
by seepage from the surrounding uplands (Kirchner et al., 2020).
Accordingly, the creek and nearby areas have no water limitations for ET
during summer (see Figs. 3 & 7) and it seems reasonable to assume that
the measured ET of ~600 mm yr~! at Sagehen is among the highest
possible rates for forest ET at about 2000 m elevation on the east side of
the Sierra Nevada. The same seems to apply for the measured ETpejow Of
275 mm yr’l (or 46% of total ETapove) at Sagehen for the understory of
montane forest in the Mediterranean climate of California because (i)
there is constantly available water near the creek throughout the dry
season, (ii) the density of the forest canopy is relatively low (LAI of 1.6)
and thus the available energy in the understory is relatively high, and
(iii) the understory vegetation is dense (total forest LAI of 3.6 including
grasses, see Section 2.7).

In addition to measurements for specific sites, several studies quan-
tified ET for the Sierra Nevada combining models, remote sensing and
EC measurements, reporting overall lower annual ET compared to our
Sagehen site. Annual ET across the Sierra Nevada mountains was re-
ported as 396 + 24 mm yr ' for the period 2001-2017 based on a
biophysical model informed by remote sensing observations (Baldocchi
et al.,, 2019). For the upper King River Basin (western slope of the
Southern Sierra Nevada), EC measurements extrapolated with remote
sensing yielded ET estimates of 429 mm yr ™! for the period 2003-2011
(Goulden et al., 2012). While P in the King River Basin (P of 984 mm
yr’l) was about 20% higher than at Sagehen (1981-2010, see Table 1),
the ~40% higher ET measured at our Sagehen site seems related to the
lack of water limitations in summer due to its location by the creek in the
lower catchment. Similar to measurements in the King River Basin
(Goulden et al., 2012), interannual variability of ET was relatively small
(i.e. 606 + 50 mm yr'!) at Sagehen during 2018-2020. For the larger
region, a synthesis across seven flux tower sites with evergreen nee-
dleleaf forests in the semiarid western US reported an average ET of 660
+ 230 mm yr_1 (Rungee et al., 2019), which is similar to the ET
measured at Sagehen. While no reductions in ET related to drought from
precipitation deficits were reported from these evergreen needleleaf
forests (Rungee et al., 2019) and only minor reductions were observed at
Sagehen during the dry year 2020 (see Fig. 5 and Section 3.1),
disturbance-related ET reductions have been reported from reduced

Comparison of average air Temperature (Tair), precipitation (P), evapotranspiration (ET), potential evapotranspiration (PET), dryness index (DI = PET/P, DI>1 =
water limited, DI<1 = energy limited) and evaporative index (EI = ET/P) for eddy covariance flux tower sites in the Sierra Nevada mountains of California. Apart from
Sagehen, data were compiled from Rungee et al., 2019, Rungee et al. 2020, and Ma et al. 2020b. Please note that all sites are located on the western slope of the Sierra
Nevada Mountains, except Sagehen on the East side. See Section 2.1 for details concerning the two IGBP classes WSA/ENF at Sagehen.

Site Name Site ID Lat. Long. Elevation IGBP Water Years Tair P ET PET P-ET DI EI
[’ [’ [m] [ cC] [mm] [mm] [mm] [mm]

Sagehen US-SHC 39.43 -120.24 1934 WSA/ENF 2018-2020 5.2 895 606 1299 289 1.45 0.68
Blodgett US-Blo 38.90 -120.63 1315 ENF 1998-2007 11.4 1341 892 1282 449 0.96 0.67
Tonzi Ranch US-Ton 38.43 -121.00 169 WSA 2002-2019 16.3 563 419 1246 144 2.21 0.74
Vaira Ranch US-Var 38.41 -120.95 129 GRA 2001-2018 15.8 592 324 903 268 1.53 0.55
San Joaquin US-CZ1 37.11 -119.73 405 WSA 2011-2015 17.7 502 378 1402 124 2.79 0.75
Soaproot Saddle Us-CzZ2 37.03 -119.26 1160 MF 2011-2015 13.5 934 658 1525 276 1.63 0.70
Providence Us-CZ3 37.07 -119.20 2015 ENF 2009-2015 8.6 1379 644 1098 735 0.80 0.47
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vegetation water use due to tree mortality from bark beetle infestation
(Goulden and Bales, 2019) and due to wildfires (Ma et al., 2020a) across
the Sierra Nevada.

4.2. P-ET water balance

The concurrent EC measurements at our Sagehen site covered a large
range in precipitation (i.e. 579-1186 mm yr~!) and thus a large range in
water supply from the atmosphere across the water years 2018-2020.
However, the measured annual rates of ET varied by only about + 8%
(606 £+ 50 mm yr’l) and + 6% (275 + 17 mm yr’l) above and below
the canopy, respectively, and partitioned T varied by only + 10%
(331 + 33 mm yr 1). In other words, total ET at Sagehen was largely
decoupled from annual P, because at this location near the stream, soil
water supply is maintained by groundwater seepage toward the valley
axis (Kirchner et al., 2020).

We found a consistent pattern of dry-season decline in P-ET that
indicates similar vegetation water use across years. Shifts in the onset of
this decline were related to the snowpack’s melt-out date (in late April
or early May) and the associated peak of vegetation activity, which
resulted in increasing ET during late spring. The drier the year was (i.e.
the lower the winter P), the earlier the dry-season decline began (see
Fig. 9). During the exceptionally dry year of 2020, the measured P-ET
water balance at Sagehen became relatively close to zero. As the tower
site is a relatively wet location in the lower catchment and precipitation
water supply was reduced everywhere in the region, there were likely
substantial water deficits across the basin during that year.

The P-ET water balance at Sagehen is typically positive in the order
of ~270 mm yr~! during average years, reflecting the wet location in the
lower catchment. While Sagehen is the only site with measured P-ET on
the east side of the Sierra, some climate-related patterns are evident
from sites on the western slope (see Table 2). Regressing the annual
P-ET water balance with mean annual temperature showed a consistent
linear relationship across sites on the western slope of the Sierra Nevada
(R?=0.93), while Sagehen appeared as an outlier (R?=0.37 including
Sagehen, see Table 2 for data). This is likely related to two factors: (i)
Sagehen is located on the east side with overall lower precipitation
compared to the west side (leeward shadow effect), and (ii) measured ET
at our Sagehen site is most likely higher than elsewhere with similar
elevation and climate conditions due to the wet location near the creek
in the lower catchment. A similar consistent P-ET relationship with
temperature was reported for basin-wide watershed ET (derived as P-Q,
with Q = net subsurface and overland flow) across the western slope of
the Sierra Nevada, which has been interpreted as implying increasing
montane ET with climate warming (Goulden and Bales, 2014). No such
analysis has been reported for the eastern slope of the Sierra Nevada so
far, but it can be assumed that a similar pattern might apply.

4.3. Environmental controls on ET

For the environmental controls of ET rates at Sagehen, we found a
much stronger relationship with AE from radiative measurements (i.e.
Rn-G) for the below-canopy measurements (75%) than for the above-
canopy measurements (52%, see Section 3.4). The weaker relationship
of AE with ETppeve seems linked to the heterogeneity of the vegetation
within the footprint of the measured fluxes. More specifically, the above-
canopy tower (AC) is surrounded by an open meadow that is largely seen
by the radiative measurements (i.e. Ry and G), while the turbulent
measurements are dominated by the forest (see Fig. 4 and Section 2.4.3).
In contrast, the source areas of the below-canopy radiative and turbulent
measurements are more similar to one another. Our results suggest that
averaged AE (i.e. Ry and G) from concurrent measurements above and
below the canopy are more representative than just above-canopy
measurements for explaining the variability in total ecosystem ET at
Sagehen, and likely in other forest ecosystems as well. This indicates the
importance of sufficiently sampling the heterogeneity in forest
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ecosystems and the benefit of additional below-canopy measurements to
investigate the strength of environmental controls for forest ET

4.4. Understory ET contributions

Using a paired setup of two below-canopy towers for turbulent
measurements, we found that the spatial variability of daily ETpejow at
Sagehen was relatively small (about 11%, see Fig. 6) and thus the annual
totals at both locations were similar (see Section 3.5), despite the het-
erogeneity in tree density. Previous research indicated that uncertainties
in spatial variability were roughly 5-10% for a horizontal separation of
30-50 m in the understories of a closed deciduous forest (Wilson and
Meyers, 2001) and a boreal aspen forest (Yang et al., 1999), with both
studies suggesting decreasing differences between locations with longer
measurement periods. These findings combined with our results from
Sagehen suggest overall small spatial variability in below-canopy forest
ET, at least at the scale of below-canopy tower footprints and as long as
the understory vegetation and environmental conditions are similar.

Despite the rigorous data screening procedures and the regular
cleaning of instrumentation at Sagehen (see Sections 2.2 & 2.3), we
consider the EC measurements at the below-canopy towers to have a
relatively high uncertainty during winter. This is due to (i) snow
coverage reducing the ground-to-sensor distance and thus damping the
turbulent exchange, (ii) a larger number of data gaps during winter
related to sensor obstruction (both optical and physical), reduced tur-
bulent exchange and more stable atmospheric stratification, and (iv) the
generally low measured fluxes that are near the detection limit during
the winter season.

4.5. Tree T and T/ET ratio

The tree T/ET ratio observed at Sagehen (47%) was lower than the
67-95% reported from other forests based on concurrent above- and
below-canopy EC measurements to estimate T (Black et al., 1996; Ma
et al., 2020b; Paul-Limoges et al., 2020; Roupsard et al., 2006; Sulman
et al., 2016; Wilson et al., 2001). Including understory vegetation in the
T/ET ratio at our Sagehen site (67-74%) resulted in similar values to the
67 + 8% reported over 18 years in a Californian oak-grass savanna in the
foothills on the western slope of the Sierra Nevada at Tonzi Ranch (Ma
et al., 2020b). Although Sagehen is a coniferous forest, the vegetation
rather resembles a woody savanna (see Section 2.1) and thus has some
similarity to the Tonzi site. The main reason for the lower T/ET ratio just
based on trees at Sagehen seems linked to the constant water availability
near the creek and thus to higher understory contributions, particularly
from the persistently green grasses during the summer growing season
(see Fig. 8). This becomes evident when comparing the dry season tree
T/ET of 44% for Sagehen with >90% for Tonzi, where grasses become
fully senescent due to water limitations and thus ETapeve is largely
dominated by Trree during summer. The total T/ET ratio of 67-74%
(including trees and understory vegetation) at our Sagehen site was also
close to 74% reported for a temperate mixed forest in Switzerland with
senescent understory vegetation during summer (Paul-Limoges et al.,
2020), 85% for an uneven-aged mixed deciduous forest in the South-
eastern US (Wilson et al., 2001), and 71% for a boreal aspen forest, rising
to 95% when Tynderstory from the hazelnut understory is included (Black
et al., 1996).

Another, but probably smaller, factor influencing the reported T/ET
ratios is the potential bias from canopy interception, which is not
considered by most studies. Our estimate of total tree canopy intercep-
tion at Sagehen was about 7% of ET and 5% of P (see Table S2), which
are higher than the reported 2-4% for oak-grass savanna at Tonzi Ranch
(Ma et al., 2020b). We are nonetheless confident in our interception
estimates at Sagehen, because most of the P (causing interception) oc-
curs during the wet winter season (89 + 3%) as snow, thus having
higher interception losses compared to rain, and additionally because
most ET occurs during the dry summer season (80% and 82% for below
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and above canopy, respectively).
5. Conclusions

Using concurrent above- and below-canopy EC measurements of ET
at Sagehen, we show the potential of this approach for quantifying
sources of biosphere-atmosphere water exchange within forests, and for
partitioning the component fluxes of E and T. The concurrent mea-
surement setup enabled us to detect decoupling of above- and below-
canopy turbulent exchange. Our measurements at two similar under-
story locations suggest that the spatial variability of below-canopy ET is
relatively small near the creek at our Sagehen site. These results suggest
that below-canopy measurements will primarily depend on environ-
mental conditions (mainly water availability and radiation) and forest
structure (i.e. tree density and vegetation composition), rather than the
exact locations where those measurements are made. Despite large
variability in precipitation totals during 2018-2020, the interannual
variability in ET and T at Sagehen was small, reflecting persistent water
availability and stable vegetation water use in the riparian zone of the
lower catchment at Sagehen. Most of the total annual ET at Sagehen
occurred during the summer dry season, with understory contributions
dominating during the months of June to August and forest canopy
(tree) contributions dominating during the remainder of the year, in
particular during the snow-covered period. Transpiration from trees
accounted for just 47% of total forest ET at Sagehen, whereas transpi-
ration from the canopy and understory vegetation combined was
67-74% of total forest ET. The ET rates measured at our Sagehen site are
most likely near the upper limit for coniferous montane forests in the
eastern Sierra Nevada, due to the wet location near the creek in the
lower catchment.
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