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• Forest evapotranspiration (ET) is impor-
tant for ecosystem-atmosphere water
exchange.

• Methods for determining ET and its
components were compared at four
temporal scales.

• Sap flow-based ET estimate well agrees
with eddy covariance-based estimate.

• Catchment water balance method may
probably overestimate annual ET.

• Diurnal time lag effects exist between
sap flow and eddy covariance-based
estimates.
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Accurately estimating forest evapotranspiration and its components is of great importance for hydrology, ecol-
ogy, and meteorology. In this study, a comparison of methods for determining forest evapotranspiration and
its components at annual, monthly, daily, and diurnal scales was conducted based on in situ measurements in
the subhumid mountainous forest of North China. The goal of the study was to evaluate the accuracies and reli-
abilities of the differentmethods. The results indicate the following: (1) The sap flowupscaling procedure, taking
into account diversities in forest types and tree species, produced component-based forest evapotranspiration es-
timate that agreedwith eddy covariance-based estimate at the temporal scales of year,month, and day,while soil
water budget-based forest evapotranspiration estimate was also qualitatively consistent with eddy covariance-
based estimate at the daily scale; (2) At the annual scale, catchment water balance-based forest evapotranspira-
tion estimate was significantly higher than eddy covariance-based estimate, which might probably result from
non-negligible subsurface runoff caused by the widely distributed regolith and fractured bedrock under the
ground; (3) At the sub-daily scale, the diurnal course of sap flow based-canopy transpiration estimate lagged sig-
nificantly behind eddy covariance-based forest evapotranspiration estimate, which might physiologically be due
to stemwater storage and stem hydraulic conductivity. The results in this regionmay have much referential sig-
nificance for forest evapotranspiration estimation and method evaluation in regions with similar environmental
conditions.
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Abbreviations

D discharge, m3 time−1

DBH tree diameter at breast height, cm
DH diameter of heartwood, cm
DS outer diameter of sapwood, cm
e vapor pressure, kPa
Eu evapotranspiration from the understory vegetation, in-

cluding soil evaporation and the transpiration of the un-
derstory vegetation, mm time−1

Eu_b Eu estimated from the Bowen ratio-energy balance
method, mm time−1

ET evapotranspiration from the entire ecosystem,
mm time−1

ETcom ET estimated as the sum of three evapotranspiration
components (Eu_b + To_s + Id), mm time−1

ETcwb ET estimated by the catchment water balance method,
mm time−1

ETec ET estimated by the eddy covariance method,
mm time−1

ETswb ET estimated by the soil water budget method,
mm time−1

G ground heat flux, measured at a depth of 5 cm in the
soil, W m−2

H sensible heat flux estimated by the eddy covariance
method, W m−2

I interception loss of the overstory canopy, mm time−1

Id I estimated as the difference between precipitation and
throughfall, mm time−1

LAI leaf area index, obtained from a MODIS product
(MCD15A3), m2 m−2

P precipitation, mm time−1

Pt throughfall, mm time−1

PAR photosynthetically active radiation, (μ)mol m−2 time−1

Qp energy flux associated with carbon dioxide flux
(through photosynthesis and respiration), W m−2

Q runoff, mm year−1

Rn net radiation, W m−2

RFA ratio of forest area to catchment area, km2 km−2

RFAb RFA of broad-leaved forest, km2 km−2

RFAm RFA of coniferous and broad-leaved mixed forest,
km2 km−2

S rate of change in total heat storage of the forest air,
water vapor, and biomass, W m−2

Sa rate of change in heat storage forced by change in can-
opy air temperature, W m−2

Sb rate of change in heat storage associated with the
above-ground biomass, W m−2

Sw rate of change in heat storage forced by change in can-
opy specific humidity, W m−2

SA sapwood area, cm2

SAI sapwood area index (ratio of sapwood area to ground
area), cm2 m−2

SAIa_b SAI of aspen (Populus davidiana) in broad-leaved forest,
cm2 m−2

SAIa_m SAI of aspen in coniferous and broad-leaved mixed for-
est, cm2 m−2

SAIl_m SAI of larch (Larix gmelinii) in coniferous and broad-
leaved mixed forest, cm2 m−2

SFD sap flux density, g cm−2 s−1

SFDa SA-weighted average SFD of all the experimental aspen
trees, g cm−2 s−1

SFDl SA-weighted average SFD of all the experimental larch
trees, g cm−2 s−1

SWS soil water storage of the 0–850 mm soil layer,
mm3 mm−2

Ta air temperature, °C
To transpiration from the overstory canopy, mm time−

1

To_s To upscaled from sap flowmeasurement, mm time−
1

VPD vapor pressure deficit, kPa
β Bowen ratio
γ psychrometric constant, kPa °C−1

λE latent heat flux estimated by the eddy covariance
method, W m−2
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1. Introduction

Forest evapotranspiration is one of the most significant factors
influencing the terrestrial hydrological cycle (Jasechko et al., 2013; Oki
andKanae, 2006; Shimizu et al., 2015), and it is amajor process that reg-
ulates water exchange between the forest ecosystem and the atmo-
sphere (Cristiano et al., 2015). As the forest ecosystem generally
consists of the overstory canopy and the understory vegetation, the
evapotranspiration from the entire forest ecosystem (ET) is composed
of three main components: the evapotranspiration from the understory
vegetation (Eu), the transpiration from the overstory canopy (To), and
the interception loss of the overstory canopy that is evaporated from
the leaf surface (I), i.e.:

ET ¼ Eu þ To þ I ð1Þ

Accurately estimating forest evapotranspiration and its components
is of great importance for a wide range of disciplines, including hydrol-
ogy, ecology, and meteorology, and is essential for understanding the
links between the hydrological and ecologic systems of a forest (Good
et al., 2015; Thompson et al., 2011a; Wei et al., 2017; Wilson et al.,
2001). Several methods have been developed to estimate forest evapo-
transpiration and its components, and the corresponding spatial and
temporal scales, and the estimated forest evapotranspiration compo-
nents of the methods are quite different (Ford et al., 2007; Kosugi and
Katsuyama, 2007; Oishi et al., 2008; Shimizu et al., 2015; Wilson et al.,
2001; Yaseef et al., 2010). Generally, the catchment water balance
method estimates catchment-scale Eu + To + I, and the sap flow
method estimates individual tree-level To, and the soil water budget
method estimates point-level Eu + To. In addition, the point-level I can
be estimated individually from the difference between precipitation
and throughfall (with the assumption of negligible stemflow). The spa-
tial scales and the estimated components of the eddy covariance
method and the Bowen ratio-energy balance method vary with the
heights of the observation systems. When the observation systems are
placed above the overstory canopy, regional-scale Eu + To + I is esti-
mated, and when the observation systems are placed under the over-
story canopy but above the understory vegetation, small plot-scale Eu
is estimated individually. The temporal scales of thesemethods are usu-
ally daily or sub-daily, while the catchment water balance method is
generally only applied at the temporal scales longer than the annual
cycle.

The spatial and temporal scale dependencies of themethods are sig-
nificant, and each method is subject to certain limitations in applicabil-
ity and accuracy (Thompson et al., 2011b; Wilson et al., 2001). The
catchment water balance method generally provides no information
on evapotranspiration processes at temporal scales shorter than the
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annual cycle or the individual evapotranspiration components, and the
assumption of negligible bedrock infiltration may not be tenable under
certain environmental conditions (Scott, 2010; Shimizu et al., 2015;
Wilson et al., 2001). The application of the eddy covariance method in
mountainous forests is difficult, and a series of corrections, including
axis rotation for tilt correction, compensation for air density fluctuation,
friction velocity filtering, etc., is needed (Etzold et al., 2010; Kosugi et al.,
2007). The individual tree-level sap flow measurements need to be
upscaled to the stand and catchment scales, while the diversities of for-
est types and tree species are rarely considered, leading to significant er-
rors in the upscaled results (Ford et al., 2007; Oishi et al., 2008). The
accuracies of the Bowen ratio-energy balance method and the soil
water budget method are, to some extent, doubtful and unstable, and
the data quality evaluation and control have to be conducted before ap-
plication (Wilson et al., 2001; Zhang et al., 2008). The spatial variabil-
ities in rainfall intensity and forest stand density markedly influence
the accuracy of the interception loss of the overstory canopy estimated
as the difference between precipitation and throughfall (Oishi et al.,
2008). As a consequence, the applicability and accuracy of the methods
used to determine forest evapotranspiration and its components need
to be carefully evaluated.

Several studies have been conducted on the comparison of the dif-
ferent methods for determining forest evapotranspiration and its com-
ponents, and the accuracies and reliabilities of the methods are
analyzed and evaluated from different points of view (Cammalleri
et al., 2013; Cristiano et al., 2015; Ford et al., 2007; Kosugi and
Katsuyama, 2007; Oishi et al., 2008; Shimizu et al., 2015; Wang et al.,
2015; Williams et al., 2004; Wilson et al., 2001; Yaseef et al., 2010).
However, the evaluation results for the methods are not consistent in
different studies, and some previous studies point out that the accuracy
and reliability of themethods vary considerablywith the environmental
conditions (Shimizu et al., 2015; Wilson et al., 2001). Moreover, the
comprehensive comparison of themethods at multiple spatial and tem-
poral scales has seldom been conducted before.

In this study, amulti-method studywas conducted to estimate forest
evapotranspiration and its components in the subhumid earth-rock-
mixed mountainous forest of North China (Peng et al., 2016; Sun et al.,
2014; Tie et al., 2017; Zhao et al., 2015). The summary of the six
methods used in the study is shown in Table 1, which also presents
the estimated forest evapotranspiration components, the correspond-
ing spatial and temporal scales, and the experimental periods of the
methods. The six methods were systematically compared in this region
at a spectrum of temporal scales ranging from annual, monthly, daily,
and diurnal scales. The spatial scale transformation of the methods
and the forest evapotranspiration partitioning at multiple temporal
scales were also analyzed in depth. The main objectives of this study
were: (1) to comprehensively evaluate the applicability and accuracy
of the six methods for determining forest evapotranspiration and its
components in this region at multiple temporal scales; and (2) to parti-
tion forest evapotranspiration into several components atmultiple tem-
poral scales and to analyze the proportions of the components,
especially the transpiration ratio.

2. Materials and methods

2.1. Study site

Measurements were conducted in 2013–2015 in the Xitaizi Experi-
mental Watershed (XEW, located at 40°32′ N and 116°37′ E, see
Fig. 1), a subhumid mountainous catchment, approximately 70 km
northeast of Beijing city in North China. The catchment area is
4.22 km2, and the elevation ranges from 676 to 1201 m a.s.l.

XEW is characterized by amonsoon-influenced subhumid continen-
tal climate with a hot/humid summer and a cold/dry winter. According
to the Miyun meteorological station (40°23′ N, 116°52′ E, 71.8 m a.s.l.,
27 km southeast of XEW), long-term (25-year) mean annual air
temperature, sunshine duration, relative humidity, and precipitation
values are 11.5 °C, 2334.5 h, 59.1%, and 625.4 mm, respectively, while
rain mainly occurs from June to September (~80% of the annual total)
(Tie et al., 2017).

As a typical area of the earth-rock-mixed mountainous region of
North China, XEW has pronounced characteristics in edaphic features,
bedrock properties, and hydrologic conditions. The depth of soil layer
is 0–1.5 m (depending on topography), and the soil is mainly classified
as brown earth and cinnamon soil (in terms of Chinese soil taxonomy)
(Tie et al., 2017). According to the field geological investigations con-
ducted in XEW, the main bedrock type is granite (~88% of the total),
while gneiss and dolomite are also sporadically distributed. Some
parts of bedrock in XEW are fractured, and a layer of regolith is
sandwiched between the soil layer and the bedrock layer under the
ground. The groundwater table is 1.2–9.4 m below the ground surface
(Tie et al., 2017).

XEW is surrounded and covered by mixed deciduous forest. The
overstory canopy of the forest is dominated by aspen (Populus
davidiana) and larch (Larix gmelinii), and the mean overstory canopy
height is 12–13 m. As for the understory vegetation, annual plants
grow thickly under the overstory canopy (with a height of 0–1.5 m), es-
pecially in summer.

2.2. Meteorological measurements and leaf area index observations

Four GRWS100 automatic weather stations (Campbell Scientific,
Inc., Logan, UT, USA), named WS 1 to WS 4, were distributed out of
the overstory canopy and uniformly along the altitude in XEW (their lo-
cations shown in Fig. 1), and meteorological conditions were continu-
ously measured in 2013–2015. At each automatic weather station, air
temperature (Ta) and relative humidity were measured by an HC2S3-L
temperature and relative humidity probe (Rotronic AG, Grindelstrasse,
Bassersdorf, Schweiz) with a radiation shield; photosynthetically active
radiation (PAR) was measured by an LI-190R quantum sensor (LI-COR,
Inc., Lincoln, NE, USA); and precipitation (P) was measured by a TE525
tipping bucket rain gauge (Texas Electronics, Inc., Dallas, TX, USA). The
10 min averages of the meteorological variables above were recorded
on the CR1000 data loggers (Campbell Scientific, Inc., Logan, UT, USA).
An integrated meteorological indicator, vapor pressure deficit (VPD)
was calculated from the measured Ta and relative humidity (Norman
and Campbell, 1998). In consideration of the representativeness for
the whole catchment, the average meteorological values of the four au-
tomatic weather stations were used in the study.

Leaf area index (LAI) in 2013–2015 was acquired from Moderate
Resolution Imaging Spectroradiometer (MODIS) LAI product
(MCD15A3), instead of in situ measurement (Tie et al., 2017).
Naithani et al. (2013) has pointed out that MODIS-derived LAI has
good agreement with in situ-measured LAI, and is time- and cost-
effective for the detection of temporal change in LAI. The spatial resolu-
tion of this remote sensing product is 1 km, and the temporal resolution
is 4 d. Several data grids of MODIS LAI are contained in XEW, and their
mean value was calculated in order to better reflect the overall LAI con-
dition of XEW. The time series of MODIS original 4-d LAI was filtered
with a Savitzky–Golay filtering procedure (Chen et al., 2004; Liu et al.,
2013; Savitzky and Golay, 1964; Shen et al., 2011; Tie et al., 2017),
and a smoothed daily series was then obtained and used in the study.
The annual maximum LAI of XEW is 6.4 m2 m−2.

2.3. Sap flow measurements and upscaling procedures

According to a land use map of XEW and its surrounding area with a
high spatial resolution of 1 m (see Fig. 1), which was interpreted from
the high-resolution satellite remote sensing data of WorldView-2 com-
mercial Earth observation satellite (DigitalGlobe, Inc., Westminster, CO,
USA), the forest covers 98.6% of XEW, while the broad-leaved forest
(75.1% of XEW), and the coniferous and broad-leaved mixed forest



Table 1
Summary of the methods used to estimate forest evapotranspiration and its components in this study (Wilson et al., 2001).

Method Component Spatial scale (m2) Temporal scale Experimental period

Soil water budget Eu + To 100 Daily 2013.08–2015.12
Difference between precipitation and throughfall I 100 Daily 2014.08–2015.12
Sap flow
(overstory)

To 102 Half-hour 2013.08–2013.11
2014.06–2014.10
2015.05–2015.10

Bowen ratio-energy balance
(above the understory vegetation)

Eu 103 Half-hour 2014.08–2015.12

Eddy covariance
(above the overstory canopy)

Eu + To + I 105 Half-hour 2014.08–2015.12

Catchment water balance Eu + To + I 106 Annual 2013.09–2015.12

Shown are themethods, the components of evapotranspirationmeasured (To= transpiration of the overstory canopy; Eu= evapotranspiration from the understory vegetation, including
soil evaporation and the transpiration of theunderstory vegetation; I=interception loss of the overstory canopy; the evapotranspiration from thewhole forest ecosystem: ET= Eu+ To+
I), the approximate representative spatial scales of themeasurement, thehighestmeaningful resolution temporal scales used to estimate evapotranspiration, and the experimental periods
of themethods. Note that stemflow (the flow of interceptedwater down the tree stem) and the interception loss of the understory vegetation are believed to be negligible for their much
lower magnitudes, and they are not considered as independent components of evapotranspiration, and not measured directly in this study.
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(22.6% of XEW) are the two main forest types. The land use map also
shows that these two types of forest are distributed relatively uniformly
in XEW and its surrounding area. In addition, a careful field survey of
tree species was conducted all over the catchment, and it was found
that the broad-leaved forest is dominated by aspen, and the coniferous
and broad-leaved mixed forest is dominated by aspen and larch.

Many pre-existing studies pointed out that sap flow characteristics
and sapwood area (SA) estimating empirical equations vary significantly
with tree species (Bovard et al., 2005; Chen et al., 2011; Du et al., 2011;
Oishi et al., 2008; Oren and Pataki, 2001; Small and McConnell, 2008;
Wullschleger et al., 2001). Moreover, it is also obvious that tree species
composition, stand density, and average tree basal area are different in
different types of forest. In order to improve the accuracy and representa-
tiveness of sap flow-based canopy transpiration estimate in the mixed
forest, the diversities of tree species and forest types were taken into con-
sideration during the sap flow upscaling procedure in this study. In
Fig. 1. Location, elevation, land use, and experiment con
addition, Krauss et al. (2015b) also pointed out that the stand-level vari-
ability has significant influence on the accuracy of the sap flow upscaling
procedure, and the plot sample size is quite important. Thus, two repre-
sentative hillslopes in XEW were chosen as the study hillslopes, named
SH 1 and SH 2 (their locations shown in Fig. 1), while SH 1 (north-facing,
780–805m a.s.l.) is covered by typical broad-leaved forest consisting of a
pure stand of aspen, and SH 2 (west-facing, 980–995 m a.s.l.) is covered
by typical coniferous and broad-leaved mixed forest consisting of a
mixed stand of aspen and larch. Several trees of these two species with
different diameter at breast height (DBH) were selected as experimental
trees for sapflowmeasurements in SH1and SH2during the growing sea-
sons of 2013–2015, while the details concerning the numbers of experi-
mental trees are shown in Table 2.

Sap flow was measured using thermal dissipation probes (TDPs)
(Dynamax, Inc., Houston, TX, USA). Three different-sized probes
(TDP10, TDP30, TDP50, with lengths of 10 mm, 30 mm, and 50 mm,
figuration of the Xitaizi Experimental Watershed.



Table 2
General physiological parameters, empirical equations established to estimate sapwood area, and sap flow measurement information for aspen (Populus davidiana) and larch (Larix
gmelinii) in the Xitaizi Experimental Watershed.

Tree species Aspen (Populus davidiana) Larch (Larix gmelinii)

Mean tree heighta (m) 12.1 12.9
Mean crown widtha (m) 4.2 5.0
Linear regression equation to estimate DHb DH = 0.5072 × DBH − 0.5889

(r2 = 0.9655,n = 13)
DH = 0.6391 × DBH − 0.5886
(r2 = 0.9328,n = 9)

Linear regression equation to estimate DSb DS = 0.9453 × DBH − 0.4412
(r2 = 0.9948,n = 13)

DS = 0.8787 × DBH + 0.4932
(r2 = 0.9945,n = 9)

Equation to calculate SA SA ¼ π
4 � ðDS2−DH2Þ SA ¼ π

4 � ðDS2−DH2Þ
Number of experimental trees used for sap flow measurementc 2013 5 (SH 1)

2014 7 (SH 1), 3 (SH 2) 3 (SH 2)
2015 6 (SH 1), 3 (SH 2) 3 (SH 2)

DBH, DH, DS, and SA denote tree diameter at breast height, diameter of heartwood, outer diameter of sapwood, and sapwood area, respectively.
a General physiological parameters of tree species were acquired from the sample plot investigations conducted in the study hillslopes in the Xitaizi Experimental Watershed in 2014.
b The linear regression equations were established by cutting down 13 aspen and 9 larch trees with different DBH in an adjacent region near the Xitaizi Experimental Watershed with

similar environmental conditions in 2014, measuring their DBH, DH, and DS, and then conducting linear regression analyses.
c The locations of the study hillslopes SH 1 and SH 2 are marked in Fig. 1.
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respectively)were used in this study tomatch the sapwoodwidth of the
experimental trees with different DBH. All probes were uniformly
installed on the south side of the corresponding tree trunks at approxi-
mately 1.1mabove the land surface. A probe set consists of two needles,
a heated one above and a reference one below. The two needles were
inserted into the sapwood about 0.15 m apart vertically. The tempera-
ture difference between them was measured, and 10 min averages
were recorded on the CR1000 data loggers. Sap flux density (SFD) was
then calculated from the temperature difference between the two
needles using the empirical relationship established by Granier
(1987). More details concerning the sap flow measurements in XEW,
and the mechanism and the installation procedure of thermal dissipa-
tion probe are provided by Tie et al. (2017).

Thirteen aspen andnine larch treeswith differentDBH in an adjacent
region near XEWwith similar environmental conditionswere cut down
in 2014, and their DBH, diameter of heartwood (DH), and outer diame-
ter of sapwood (DS) were measured. The SA estimating empirical equa-
tions were then established respectively for aspen and larch by
conducting linear regression analyses, and are presented in Table 2 in
detail. Furthermore, careful sample plot investigations were conducted
in SH 1 (the representative of broad-leaved forest) and SH 2 (the repre-
sentative of coniferous and broad-leavedmixed forest) in XEW in 2014.
The general physiological parameters of the two tree species, and the
tree species composition (including the percentage of tree species) of
the two forest types were then acquired, and are respectively shown
in Tables 2 and 3. The stand densities and the average DBH of the two
tree species in the two types of forest were also respectively investi-
gated during the sample plot investigations in SH 1 and SH 2. Therefore,
based on the SA estimating empirical equations and the forest stand pa-
rameters, sapwood area indexes (SAI), namely the ratios of SA to ground
area, were calculated respectively for the two tree species in the two
types of forest, and are shown in Table 3. Moreover, the ratios of forest
area to catchment area (RFA) respectively for the two types of forest
are also shown in Table 3.

Using the SA estimating empirical equations in Table 2, the SA of the
experimental trees was calculated from the measured DBH. The SA-
weighted average SFD of the experimental trees was then calculated re-
spectively for the two tree species in order to eliminate the impact of
SFD variability among different experimental trees, and to represent
the SFD of the tree species better. Combining the SA-weighted average
SFD of the two tree species, the SAI of the two tree species in the two
types of forest, and the coverage rate of the two forest types in XEW, a
sap flow upscaling procedure aiming at mixed forest canopy transpira-
tion estimate was established. In this study, the parts of XEW not cov-
ered by these two types of forest, and the other tree species in the
forest were assumed to be negligible, and not considered in the sap
flow upscaling procedure, because of their too small occupation area.
Transpiration of the overstory canopy (To) was then calculated as fol-
lows:

To s ¼ SFDa � SAIa b � RFAb þ SFDa � SAIa m þ SFDl � SAIl mð Þ
� RFAm ð2Þ

where To_s is the To upscaled from sap flowmeasurement (mm day−1),
SFDa and SFDl are respectively the SA-weighted average SFD of all the ex-
perimental trees of aspen and larch (mm day−1), SAIa_b is the SAI of
aspen in broad-leaved forest (m2 m−2), SAIa_m and SAIl_m are respec-
tively the SAI of aspen and larch in coniferous and broad-leaved mixed
forest (m2 m−2), and RFAb and RFAm are respectively the RFA of
broad-leaved forest and coniferous and broad-leaved mixed forest
(km2 km−2).

2.4. Eddy covariance and energy balance measurements

A 30 m-height over-canopy flux tower was built in XEW, and its lo-
cation is shown in Fig. 1. The elevation of the tower base is 974 m a.s.l.
Two eddy covariance systems were mounted on the flux tower and
used in the study, while one systemwas positioned 15m above the for-
est floor (a little higher than canopy height), and the other one was po-
sitioned 30 m above the forest floor (a little higher than twice canopy
height). Eddy covariance measurements were then continuously con-
ducted in 2014–2015 simultaneously by the two systems in order to
validate the applicability and reliability of eddy covariance method in
such mountainous mixed forest region. Each eddy covariance system
on the flux tower was comprised of a CSAT3 three-dimensional, ultra-
sonic anemometer (Campbell Scientific, Inc., Logan, UT, USA) and an
EC150 CO2/H2O open-path, mid-infrared absorption gas analyzer
(Campbell Scientific, Inc., Logan, UT, USA). The three components of
the wind velocity vector, sonic temperature, and scalar concentrations
of water vapor and carbon dioxide were sampled at 10 Hz and recorded
on the CR3000 data loggers (Campbell Scientific, Inc., Logan, UT, USA).

As recommended by several previous studies (Chi et al., 2016;
Fortuniak et al., 2017; Heusinger and Weber, 2017; Mitchell et al.,
2015; Zhang et al., 2016; Zhou et al., 2017; Ziemblińska et al., 2016),
the raw 10Hz eddy covariance data were processed using EddyPro soft-
ware version 6.1.0 (LI-COR, Inc., Lincoln, NE, USA) to produce half-
hourly fluxes of latent heat (λE), sensible heat (H), water vapor (ET),
and carbon dioxide with the eddy covariance method. During the data
processing procedures by EddyPro software, axis rotation for tilt correc-
tion, block averaging, humidity correction of sonic temperature, com-
pensation for air density fluctuation, compensation for time lag,
statistical test, and spectral correction were performed on the half-



Table 3
Characteristics of sap flow measurement plots in the Xitaizi Experimental Watershed.

Forest type Broad-leaved forest Coniferous and
broad-leaved
mixed forest

RFAa RFAb = 75.1% RFAm = 22.6%
Dominant tree
speciesb

Aspen (Populus davidiana),
~98%

Aspen, ~72%
Larch (Larix gmelinii), ~27%

SAIc SAIa_b = 17.77 cm2 m−2 SAIa_m = 14.86 cm2 m−2

SAIl_m = 3.67 cm2 m−2

Representative study
hillsloped

SH 1 (slope: 45%; soil
depth: 1.2–1.5 m)

SH 2 (slope: 36%; soil
depth: 0.8–1.0 m)

RFA denotes ratio of forest area to catchment area, and RFAb and RFAmdenote RFA of broad-
leaved forest, and RFA of coniferous and broad-leaved mixed forest, respectively. SAI de-
notes sapwood area index (ratio of sapwood area to ground area), and SAIa_b, SAIa_m,
and SAIl_m denote SAI of aspen in broad-leaved forest, SAI of aspen in coniferous and
broad-leaved mixed forest, and SAI of larch in coniferous and broad-leaved mixed forest,
respectively.

a RFA was acquired from a land use map of the Xitaizi Experimental Watershed with a
high spatial resolution of 1m (see Fig. 1), whichwas interpreted from the high-resolution
satellite remote sensing data of WorldView-2 commercial Earth observation satellite
(DigitalGlobe, Inc., Westminster, CO, USA).

b Percentage of dominant tree species in the forest was acquired from the sample plot
investigation conducted in the corresponding study hillslope in the Xitaizi Experimental
Watershed in 2014.

c SAIwas calculated from the stand density and the average diameter at breast height
(DBH) acquired from the sample plot investigation conducted in the corresponding study
hillslope in theXitaizi ExperimentalWatershed in 2014,while sapwood area (SA) estimat-
ing empirical equations in Table 2 were used in the calculation process to acquire SA from
DBH.

d The locations of the study hillslopes SH 1 and SH 2 are marked in Fig. 1.
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hourly eddy covariance flux data (Foken et al., 2004; Mauder et al.,
2013; Moncrieff et al., 2004; Moncrieff et al., 1997; Van Dijk et al.,
2004; Vickers and Mahrt, 1997; Webb et al., 1980). The corrected flux
data was then filtered by the friction velocity threshold using the
REddyProcWeb online tool developed by the Max Planck Institute for
Biogeochemistry (see http://www.bgc-jena.mpg.de/REddyProc/brew/
REddyProc.rhtml). The friction velocity threshold was not fixed, but es-
timated by the Moving Point Test according to Papale et al. (2006). The
percentages of the data filtered out were 31% and 25% respectively for
15-m and 30-m eddy covariance systems. The fragmented quality-
controlled flux data was then gap-filled also using the REddyProcWeb
online tool, which implemented the standardized eddy covariance
gap-filling methods of Reichstein et al. (2005), and continuous time se-
ries of half-hourly fluxes of λE, H, ET, and carbon dioxide were then
acquired.

Meanwhile, two CNR4 net radiometers (Kipp & Zonen B.V., Delft,
Netherlands) were mounted on the flux tower at the heights of 15 m
and 30 m, respectively corresponding to the two eddy covariance sys-
tems. The energy balance between incoming and outgoing radiation
was continuouslymeasured during the eddy covariancemeasurements,
and 10 min averages were recorded on the CR1000 data logger. As sug-
gested by Hammerle et al. (2007) and Wohlfahrt et al. (2016), a slope-
terrain correction was conducted on the measured incoming short-
wave radiation. Then, the net radiations (Rn) at the heights of 15 m
and 30 m were respectively calculated. Ground heat flux (G) was also
continuously measured during the eddy covariance measurements by
six HFP01SC self-calibrating heat flux sensors (Hukseflux Thermal Sen-
sors B.V., Delft, Netherlands), which were installed at the depth of 5 cm
in the soil, and distributed in SH 1 (three sensors) and SH 2 (three sen-
sors) in consideration of representativeness. The 30 min averages of G
were recorded on the CR1000 data loggers, and the average G of the
six heat flux sensors was used in the study.

As suggested by Barr et al. (2006), Kosugi et al. (2007), and
Silberstein et al. (2001), in order to more accurately calculate and eval-
uate the energy balance closures of the eddy covariancemeasurements,
the heat storage of the forest air, water vapor, and biomass between the
eddy covariancemeasurement height and ground surface was also con-
tinuously monitored along with the eddy covariance measurements.
Seven HC2S3-L temperature and relative humidity probes with radia-
tion shields weremounted on the flux tower respectively at the heights
of 2, 5, 10, 15, 20, 25, and 30m, and Ta and relative humidity weremea-
sured at each height. An SI-111 infrared radiometer (Apogee Instru-
ments, Inc., Logan, UT, USA) was mounted on the flux tower at the
heights of 5 m, and the tree trunk surface temperature was measured,
which was approximatively treated as the tree trunk temperature in
this study. In addition, barometric pressure was measured by a CS100
standard barometer (Campbell Scientific, Inc., Logan, UT, USA)mounted
on the flux tower at the height of 2 m. The 10 min averages of the var-
iables above were recorded on the CR1000 data loggers. Based on the
Ta and relative humidity measurements at seven different heights and
the barometric pressure measurement, average Ta and average specific
humidity were calculated respectively for 0–15 m and 0–30 m, and
the rate of change in heat storage forced by change in canopy air tem-
perature (Sa) and the rate of change in heat storage forced by change
in canopy specific humidity (Sw) were then calculated also respectively
for 0–15 m and 0–30 m (Barr et al., 2006; Blanken et al., 1997; Kosugi
et al., 2007). The rate of change in heat storage associated with the
above-ground biomass (Sb) was roughly estimated from the measured
tree trunk temperature and the forest information acquired from the
sample plot investigations (Barr et al., 2006; Blanken et al., 1997;
Kosugi et al., 2007). Then, the rate of change in total heat storage of
the forest air, water vapor, and biomass between the eddy covariance
measurement height and ground surface (S) was calculated as follows:

S ¼ Sa þ Sw þ Sb ð3Þ

2.5. Catchment water balance measurements

A concrete weir with a grit chamber was built on the stream at the
outlet of XEW (its location shown in Fig. 1), and a Parshall flume was
installed in the center of the weir. Thewater level in the flumewas con-
tinuouslymeasured and recorded at 10min intervals in 2013–2015 by a
HOBO U20-001-04 water level data logger (Onset Computer Corp.,
Bourne, MA, USA), and the correction was conducted on the measured
water level with the water level simultaneously measured by the staff
gaugewith the naked eye at amuch lower frequency. The instantaneous
discharge from XEW (D) was then calculated from the corrected water
level using the empirical formula of the Parshall flume, and annual D
was calculated by summing the 10 min readings over the year. Annual
runoff (Q) was calculated by dividing annual D by the surface area of
the entire catchment (4.22 km2). Annual Pwas also calculated by sum-
ming the 10 min readings over the year. Many previous studies indi-
cated that, at annual or multi-year scale, the net change in the water
storage of the whole catchment is negligible when compared with the
total values of P, Q, and evapotranspiration (Ford et al., 2007; Kosugi
and Katsuyama, 2007; Shimizu et al., 2015; Wang et al., 2015; Wilson
et al., 2001). Therefore, the catchment water balance method was con-
ducted at annual scale in this study, and annual evapotranspiration inte-
grated over the entire catchment (ET) was then estimated as the
residual between annual P and annualQ under the assumption of negli-
gible net annual change in catchment water storage, i.e.:

ETcwb ¼ P−Q ð4Þ

where ETcwb is the ET estimated from the catchment water balance
method.

2.6. Soil water budget measurements

Soil water budget measurements were conducted in XEW in
2013–2015, and evapotranspiration (Eu + To) was then estimated
from the measurements with several assumptions (Cuenca et al.,
1997; Oren et al., 1998; Wilson et al., 2001). In view of the high spatial

http://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml
http://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml
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variability of soil water, eight vertical soil profiles for soil water budget
measurements were set up, and distributed in SH 1 (five soil profiles)
and SH 2 (three soil profiles). A careful field survey of tree root distribu-
tions along the vertical soil profiles was conducted in XEW, and showed
that themajority of the root systems of aspen and larchwere distributed
in the top 800 mm soil layer, while the fine roots were mostly found in
the top 600mm. Several previous studies also pointed out that the effec-
tive depth of the soil layer for soil evaporation is generally quite shallow
(100–150mm) (Allen et al., 2005;Wilson et al., 2001). Therefore, no soil
water was assumed to contribute to transpiration and soil evaporation
from the soil layer below 850 mm in this study, and soil water budget
measurements were conducted in the 0–850 mm soil layer. In each of
the eight vertical soil profiles, eight CS616water content reflectometers
(Campbell Scientific, Inc., Logan, UT, USA) were installed respectively at
soil depths of 100, 200, 300, 400, 500, 600, 700, and 800 mm, and the
volumetric soil water content was continuously monitored at each soil
depth based on the time-domain reflectometry (TDR) technique. The
10 min averages of the soil water content were recorded on the
CR1000 data loggers.

Themeasured soil water contents at these eight soil depthswere as-
sumed to be representative for the surrounding soil layers andwere ap-
plied to the corresponding soil depths of 0–150, 150–250, 250–350,
350–450, 450–550, 550–650, 650–750, and 750–850 mm, respectively,
and soil water storage (SWS) of 0–850 mm soil layer was then calcu-
lated by integrating the soil water contents of eight soil layers along
soil depth. The average SWS for all the profiles was calculated and
used in the study in order to reduce the influences of the high spatial
variability of soil water and the lateral flow as much as possible. Daily
evapotranspiration (Eu + To) was estimated as daily total water loss
from the soil, i.e., daily decrease in SWS. As recommended by Wilson
et al. (2001), the calculated evapotranspiration results of all days with
rain and up to two additional days following heavy rain events were
eliminated, because rain inputs, downward movements of soil water
within the soil profiles and possible deep drainage losses confounded
estimates of soil water extraction using the soil water budget approach.
Furthermore, the evapotranspiration results during the snowmelt pe-
riod in spring were also eliminated for similar reason. Annual or
monthly evapotranspiration totals were not attempted based on the
soil water budget method in the study in consideration of the large
amount of missing data.

2.7. Bowen ratio-energy balance measurements

Bowen ratio-energy balance measurements were also conducted via
the flux tower, and evapotranspiration from the understory vegetation
(Eu), including soil evaporation and the transpiration of the understory
vegetation, was estimated using the Bowen ratio-energy balancemethod
(Nagler et al., 2005; Zhang et al., 2008). In consideration of the heights of
both overstory canopy and understory vegetation, Ta and relative humid-
ity measured at 2-m and 5-m heights, which were under the overstory
canopy but above the understory vegetation, were used, and vapor pres-
sure (e) was calculated respectively for the two heights. The Bowen ratio
(β) was then calculated from the vertical gradients of Ta and e as follows:

β ¼ γ
ΔTa

Δe
ð5Þ

where ΔTa and Δe are respectively the Ta and e differences between the
two heights, and γ is the psychrometric constant. Note that the extremely
strict calibrations were conducted for the two temperature and relative
humidity probes used for Bowen ratio-energy balance measurements
every three months during the measurements with the help of the engi-
neers from the instrument supplier, because the calculation of Bowen
ratio is quite sensitive to the errors in air temperature and vapor pressure,
especially the relative error between the two probes.
As the Rn above the overstory canopy was measured by the flux
tower, the Rn below the overstory canopy was estimated from the Rn
above the overstory canopy, LAI, and solar zenith angle using the Beer-
Lambert law (Friedl, 1996; Murray and Verhoef, 2007; Nagler et al.,
2005; Sonohat et al., 2004), and λE was then calculated as follows:

λE ¼ Rn−G
1þ β

ð6Þ

where Rn is below the overstory canopy. The quality control was con-
ducted on the calculated λE according to Perez et al. (1999) and Zhang
et al. (2008) in order to ensure the reliability and precision of λE, and
then Eu was calculated from λE.

2.8. Measurements of difference between precipitation and throughfall

Throughfall (Pt) was continuously measured in 2014–2015 by five
TE525 tipping bucket rain gauges mounted under the overstory canopy
but above the understory vegetation, which were distributed in SH 1
(four rain gauges) and SH 2 (one rain gauge) in consideration of repre-
sentativeness. The 10 min averages of Pt were recorded on the CR1000
data loggers, and the average Pt of the five rain gauges was used in the
study. Many previous studies pointed out that stemflow is generally a
small percentage (b5%) of total precipitation (Levia and Germer, 2015;
Wei et al., 2005). Oishi et al. (2008) conducted an exploratory investiga-
tion on the proportion of precipitation reaching the forest floor as
stemflow over a 2-month period with varying LAI in a hardwood forest
region with climatic and stand condition similar to XEW, and drew a
conclusion that stemflow is negligible for its much lower magnitude.
The previous studies conducted in the subhumid earth-rock-mixed
mountainous forest of North China also indicated that the proportion
of stemflow to the total precipitation is only 1–5% (Hu et al., 2010;
Liang et al., 2012; Xiao et al., 2007). Therefore, stemflow was neglected
in this study, and interception loss of the overstory canopy (I) was then
estimated as the residual between P and Pt.

3. Results and discussion

3.1. Energy balance closure and variations in hydrologic andmeteorological
factors

Energy balance closure is widely used to evaluate the reliability and
the accuracy of eddy covariance measurements (Heusinger andWeber,
2017; Williams et al., 2004; Wilson et al., 2002; Zhang et al., 2014). As
pointed out by many previous studies (Kosugi et al., 2007; Scott,
2010; Silberstein et al., 2001; Wilson et al., 2002), the surface energy
balance can be written as follows:

λE þ H ¼ Rn−G−S−Qp ð7Þ

where Qp is the energy flux associatedwith carbon dioxide flux through
photosynthesis and respiration, which has been estimated from the
measured carbon dioxide flux (Barr et al., 2006; Blanken et al., 1997)
in this study. The imbalance between the independently measured
terms on the left- and right-hand sides of the equation may indicate
the inaccurate estimates of scalar fluxes.

In order to detect the energy balance closure of eddy covariance
measurements, the scatter plots of half-hourly λE + H against Rn − G
− S − Qp respectively for 15-m and 30-m eddy covariance systems
are depicted in Fig. 2A and B, and the data of thewhole year of 2015 (to-
tally 17,520 data points) are plotted. Linear regression analyses were
conducted between λE + H and Rn − G − S − Qp respectively for the
two eddy covariance systems (see Fig. 2A and B for detailed results).
The slopes of the regression lines are 0.8849 (r2 = 0.8388) and 0.8965
(r2=0.8012) respectively for 15-m and 30-m eddy covariance systems,
indicating satisfactory energy balance closures of both eddy covariance
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systems, as the energy balance closures generally range from 0.7 to 0.9
in the previous studies conducted in the similar mountainous forest re-
gions (Iida et al., 2009; Kosugi et al., 2007; Kumagai et al., 2005; Shimizu
et al., 2015; Wilson et al., 2001). Stoy et al. (2006) and Wilson et al.
(2002) summarized the primary reasons usually suspected for the en-
ergy imbalance in the eddy covariance measurement, among which,
for this study, the systematic errors associated with the sampling mis-
match between the eddy covarianceflux footprint and the sensorsmea-
suring other components of the surface energy balance (such as net
radiation and ground heat flux), and the difficulty in accurately estimat-
ing the rate of change in heat storage between the eddy covariance
measurement height and ground surface, might primarily account for
the slight energy imbalances of both eddy covariance systems. Scott
(2010) also pointed out that the justification for the energy imbalance
correction is ambiguous at seasonal to annual scales, for it may lead to
worse results. Therefore, the energy imbalances in this study might
notmainly result from the errors in the eddy covariancemeasurements,
and the energy imbalance correctionwas not conducted on the eddy co-
variance fluxes, just the same with many previous studies (Chi et al.,
2016; Iida et al., 2009; Mitchell et al., 2015; Oishi et al., 2008; Sun
et al., 2008; Williams et al., 2004; Wilson et al., 2001; Yaseef et al.,
2010; Zhang et al., 2014; Zhou et al., 2017). Thus, the flux of water
vapor, i.e. ET, without energy imbalance correction, was used in the
later analyses.

To further evaluate the reliability and representativeness of eddy co-
variance measurements in XEW, the comparison of daily ET estimates
(ETec) from 15-m and 30-m eddy covariance systems is scatter-plotted
in Fig. 2C, and the data of the whole year of 2015 (totally 365 data
points) are plotted. Linear regression analysis was conducted between
ETec from 15-m and 30-m eddy covariance systems (see Fig. 2C for de-
tailed results). The slope of the regression line is 0.9495 (r2 = 0.9453),
indicating quite good agreement between ETec from 15-m and 30-m
eddy covariance systems. The annual ETec from15-mand 30-meddy co-
variance systems without and with the energy imbalance correction in
2015 were also respectively calculated. The annual ETec from 15-m
eddy covariance system in 2015was 464mmwithout the energy imbal-
ance correction, and 524 mm with the energy imbalance correction,
while the annual ETec from 30-m eddy covariance system in 2015 was
441 mm without the energy imbalance correction, and 492 mm with
the energy imbalance correction. There were still some differences be-
tween the annual ETec without and with the energy imbalance correc-
tion both for 15-m and 30-m eddy covariance systems. Thus, although
ETecwithout energy imbalance correctionwas used in the later analyses,
the energy imbalance of the eddy covariancemeasurements should also
be considered as an important possible error source in the study. In ad-
dition, footprint analyseswere conducted respectively for 15-m and 30-
m eddy covariance systems using the footprint models established by
Kljun et al. (2004) and Kormann and Meixner (2001). For 15-m eddy
covariance system, 90% of the flux originated from b90 m around the
flux tower, and for 30-m eddy covariance system, 90% of the flux origi-
nated from b350m around theflux tower. Thus, the flux footprint of 30-
m eddy covariance system was much larger than that of 15-m eddy co-
variance system, while the stand density around the flux tower is a little
higher in comparison to the average value of XEW according to field ob-
servations, which brought about the result that ETec from15-meddy co-
variance systemwas a little higher than that from30-meddy covariance
systemon average, and the slope of the regression linewas lower than 1
slightly.

The satisfactory energy balance closures and the good agreement
between two eddy covariance systems both gave much confidence in
the eddy covariance measurements in this study. The good agreement
between two eddy covariance systems also implied that the fluxes
from different footprints were quite consistent in XEW, confirming
that different types of forest are distributed relatively uniformly in
XEW, and eddy covariance measurements are quite representative for
the whole catchment. This laid the foundation for the comparability of
ETec and ETcwb. As the footprint of 30-m eddy covariance system
matched the area of XEW better, ETec from 30-m eddy covariance sys-
tem could reflect the entire ecosystem evapotranspiration of XEW bet-
ter, and was used in the later analyses. However, considering the
differences between ETec from 15-m and 30-m eddy covariance sys-
tems, the footprint of the eddy covariance measurements should also
be considered as an important possible error source for the estimate
of ET from entire XEW using eddy covariance measurements in the
study.

In order to give a general overview of variations in measured hydro-
logic and meteorological factors in this study, seasonal variations in the
daily values of D, P, and SWS in 2013, 2014 and 2015 are shown in Fig. 3,
and seasonal variations in the daily values of LAI, PAR, Ta, VPD, To_s, and ET
estimates from soil water budget (ETswb) in 2013, 2014 and 2015 are
shown in Fig. 4. The results showed significant responses of D and SWS
to P. The net change in SWS throughout the year of 2014 was 4.5 mm,
and it was 9.5 mm throughout the year of 2015, indicating that the net
change in SWS was negligible at annual scale. To_s exhibited similar sea-
sonal trend with LAI, while the day-to-day fluctuations in To_s were
much larger. Tie et al. (2017) pointed out that PAR is identified as the
key environmental factor controlling sap flow in the subhumid earth-
rock-mixed mountainous region of North China. In this study, To_s also
showed daily variations quite similar to those of PAR, further verifying
that PAR was a dominant control of tree transpiration. The data points
of ETswb were discontinuous, as the data points, which did not meet the
assumptions of the soil water budgetmethod, had been eliminated. How-
ever, daily and seasonal variations in ETswb could roughly match those of
To_s, and the two estimates were qualitatively similar.

3.2. Comparisons at the annual scale

In this study, annual ET was mainly estimated from the catchment
water balance method (ETcwb) and the eddy covariance method (ETec).
As annual To was upscaled from sap flow measurement (To_s), annual
Eu was estimated from the Bowen ratio-energy balance method (Eu_b),
and annual I was estimated as the difference between precipitation
and throughfall (Id), annual ET could also be estimated as the sum of
these three ET components (ETcom = Eu_b + To_s + Id). Fig. 5 shows
these three independent estimates of annual ET, i.e., ETcwb (2014 and
2015), ETec (2015), and ETcom (2015), and the ET components estimates
are also shown. Annual ETec and ETcom in 2014 were not acquired be-
cause of the incomplete experimental data.

The catchment water balance method was conducted in both 2014
and 2015. The P and Q in 2015 were both lower than those in 2014,
while ETcwb was slightly higher in 2015. Many previous studies noted
that the net annual change in catchment water storage is negligible
when compared with the values of P, ET, and Q (Ford et al., 2007;
Kosugi and Katsuyama, 2007; Shimizu et al., 2015; Wang et al., 2015;
Wilson et al., 2001). As indicated in Section 3.1, the net annual changes
in SWS were 4.5 mm in 2014 and 9.5 mm in 2015, which were orders
of magnitude less than P, ET, and R. Therefore, the net annual change in
catchment water storage was not taken into consideration in the catch-
ment water balance method in this study. However, SWS only repre-
sented the soil water storage of the shallow soil layer (0–850 mm), and
thenet annual changes in soilwater storage of deep soil layer and ground-
water storage are still unknown, which might be a source of error in the
ETcwb calculation.

As shown in Fig. 5, according to the annual ET results in 2015, ETcom
(436 mm) has quite good agreement with ETec (441 mm), while ETcwb

(537 mm) is obviously higher when compared with ETec and ETcom. As
these three estimates of annual ET were independently acquired by
three different methods, the strong agreement between ETcom and
ETec, along with the satisfactory energy balance closure of eddy covari-
ance measurement, provided confidence in the accuracies of both
ETcom and ETec, while ETcwbwas then believed likely tomarkedly overes-
timate annual ET.



Fig. 2. Energy balance closures (the sum of latent and sensible heat flux by eddy covariance (λE+ H) against the residual of net radiation minus ground heat flux, rate of change in heat
storage of forest, and energy flux associated with carbon dioxide flux (Rn − G− S− Qp)) respectively for (A) 15m and (B) 30m height eddy covariance systems, and (C) comparison of
entire ecosystem evapotranspiration estimates (ETec) from 15m and 30m height eddy covariance systems. Data are paired half-hourly averages in (A) and (B), and daily averages in (C),
and all the data obtained in 2015 are plotted. Regression lines, regression equations, coefficients of determination (r2), and numbers of data (n) are also shown.
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Several previous studies have already compared different methods
for determining annual ET and its components in forest regions, and
some evaluations have been made for the accuracy of the methods,
while no consistent conclusion has been drawn, and the applicability
of the methods varies with environmental conditions significantly.
The results of annual estimates of ET and its components from six repre-
sentative studies conducted in comparable forests are summarized and
presented in Table 4, and are compared with the results of this study.
Most of these studies considered ETcwb as themost reliable annual ET es-
timate, and used ETcwb to evaluate the validities of other estimation
methods. However, Ford et al. (2007), Shimizu et al. (2015), and
Wilson et al. (2001) also pointed out that the catchment water balance
method is subject to the errors based on the assumptions that bedrock
infiltration, deep drainage, annual change in catchment water storage,
and groundwater flow contributions to runoff are negligible. They sug-
gested that the catchment water balance method should be examined
carefully for its applicability, prior to the use in a particular catchment.
As for ETec and ETcom, most of these studies indicated that ETec had
good agreement with ETcwb, which was thought to validate the accura-
cies of both methods, while ETcom was generally considered to tend to
underestimate ET when compared with ETcwb and ETec. Wilson et al.
(2001) suggested that ETcom underestimated ET by 16–28% (compared
with ETcwb), and Ford et al. (2007) suggested that ETcom underestimated
ET by 7–14% (compared with ETcwb). However, Wilson et al. (2001) also
pointed out that sap flow-based ET estimate has some unique advan-
tages in estimating water use in the environments with the high spatial
heterogeneity in the topography, forest type, tree species composition,
and so on, and addressing physiological responses of trees and stands
to specific environmental controls. Meanwhile, Ford et al. (2007) and
Oishi et al. (2008) indicated that the accuracy of ETcom is greatly affected
by the sapflowupscalingprocedure,while the largest source of variabil-
ity in the upscaling procedure is landscape variation in stand density
and sapwood area.

In this study, a sap flow upscaling procedure aiming at mixed forest
canopy transpiration estimate was established. Compared with the
upscaling procedures used in most previous studies, this upscaling pro-
cedure was carefully refined, and accounted for the diversities of forest
types and tree species. With the using of this carefully refined sap flow
upscaling procedure, although the number of the experimental trees in
this study was relatively small, the representativeness of ETcom for large
spatial scales was relatively good. The ETcom based on this refined sap
flow upscaling procedure was well matched with ETec, and both of
themwere then believed to be relatively accurate. Asmentioned before,
in this study, the net annual changes in catchment water storage were



Fig. 3. Seasonal variations in the daily values of (A) discharge (D) and precipitation (P), and (B) soil water storage (SWS) of 0–850 mm soil layer in 2013, 2014 and 2015.

Fig. 4. Seasonal variations in the daily values of (A) leaf area index (LAI), (B) photosynthetically active radiation (PAR), air temperature (Ta), and vapor pressure deficit (VPD), and
(C) overstory canopy transpiration estimates from sap flow (To_s) and entire ecosystem evapotranspiration estimates from soil water budget (ETswb) in 2013, 2014 and 2015.
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Fig. 5. The left two bars show annual estimates of entire ecosystem evapotranspiration
from catchment water balance (ETcwb) in 2014 and 2015, and the right two bars show
annual estimates of entire ecosystem evapotranspiration from eddy covariance (ETec)
and as the sum of evapotranspiration components (ETcom) in 2015. Annual ETcwb is
estimated as the residual of total annual precipitation (P) minus total annual runoff (Q).
Annual ETcom is estimated as the sum of total annual estimates of overstory canopy
transpiration from sap flow (To_s), of understory vegetation evapotranspiration from
Bowen ratio-energy balance (Eu_b), and of overstory canopy interception loss as the
difference between precipitation and throughfall (Id).
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not taken into consideration in the catchment water balance method,
and the energy imbalance correction was not conducted for the eddy
covariance method. As a matter of fact, even after accounting for the
measured net annual change in SWS and the energy imbalance correc-
tion for eddy covariance flux, ETcwb (528mm)was still markedly higher
than ETec (492 mm), further verifying that ETcwb was quite likely to
overestimate annual ET. As introduced in Section 2.1, XEW is a typical
area of the earth-rock-mixed mountainous region of North China, and
according to the field geological investigations conducted in XEW, reg-
olith and fractured bedrock are widely distributed under the ground.
Therefore, bedrock infiltration and deep drainage might not be negligi-
ble, and groundwater flow in XEWmight be quite abundant. Katsuyama
et al. (2010) also pointed out that bedrock infiltration is not negligible
under some geological conditions. The long-periodic stable isotope
analyses on the rainwater, soil water, groundwater, and streamwater,
which was conducted in XEW, also supported the viewpoint that bed-
rock infiltration and deep drainage is not negligible in this watershed.
Because Q measured by the weir in the catchment water balance
method was only the surface runoff, and the subsurface runoff could
not be measured, non-negligible subsurface runoff might lead to signif-
icant underestimate of R, then resulting in overestimate of ET using the
catchmentwater balancemethod. As a consequence, itwas thought that
the catchment water balancemethod might be not applicative and reli-
able in the forest catchments with similar geologic and hydrologic con-
ditions. Furthermore, according to the annual ET results of the previous
studies shown in Table 4, ETcwb is, to different extent, higher than ETec
and ETcom in the most of these studies, which effectively supports the
conclusion drawn in this study that the catchment water balance
method probably overestimates ET.

Partitioning ET into To, Eu, and I is critical for understanding thewater
cycle and linked ecological processes (Good et al., 2015). In this study,
the fractions of the ET components contributing to ET at annual scale
were respectively 70% (To_s/ETcom), 16% (Eu_b/ETcom), and 14% (Id/
ETcom). The annual transpiration ratio (To/ET) was relatively higher
than that in other studies in Table 4, which might result from the high
forest coverage of XEW, quite closed overstory canopy in summer, and
cold and dry weather in winter.

Furthermore, it was worth noting that, as the time series of the an-
nual ET and its components in this study was relatively short, only
some qualitative analyses were conducted at annual scale, and the
persuasiveness of the conclusions drawn above at annual scale was rel-
atively limited. More and deeper analyses could be carried out at
monthly, daily, and diurnal scales in the next several sections.

3.3. Comparisons at the monthly scale

To further evaluate the reliabilities of ETec and ETcom, and to detect
the controlling factors of ET and its components, monthly ETec and
ETcom in 2014 and 2015 are depicted in Fig. 6, and the ET components es-
timates and several physiological and environmental factors are also
shown. Fig. 6 shows quite good agreement between ETec and ETcom at
monthly scale, and the differences between the two estimates are
quite slight for most of themonths during the experimental period, fur-
ther validating the reliabilities of both ET estimation methods. It should
be noted that sap flow was only measured during the growing season
(from April to October) of the year in this study, while during the rest
of the year, according to the field observations, there was nearly no
leaf on the trees in XEW, and To was then considered to be negligible,
which is also a usual practice for the sapflow studies in deciduous forest
regions.

As depicted in Fig. 6, the seasonal variation in ET is quite significant,
while it shows good agreement with the seasonal variations in LAI and
PAR, implying LAI and PAR are two important affecting factors of ET in
XEW. ET rose to higher than 70 mm month−1 in the summer (June,
July, and August), while it dropped to lower than 5 mm month−1 in
the winter (December, January, and February), which might mainly re-
sult from the climatic characteristics of themonsoon-influenced subhu-
mid continental climate in XEW (hot/humid summer and cold/dry
winter) and the defoliation of the deciduous forest in the winter. As
for the ET components, I showed a quite close relationship with P, and
Eu was slight during the summer, mainly because the overstory canopy
was too thick and closed to allow the solar radiation to pass through and
reach the understory vegetation. For the similar reason, the monthly
transpiration ratio (To/ET) was quite high in the summer, and To_s/
ETcom even reached 85% in somemonths. Moreover, the Eu in April, Sep-
tember, and October was obviously higher than that in the other
months of the year, for the reason that in these three months, the over-
story canopywas relatively thin comparedwith that in the summer, and
the solar radiation then could pass through the overstory canopy and
reach the understory vegetation, meanwhile, Ta, PAR, and VPDwere rel-
atively high comparedwith those in thewinter, whichmight effectively
promote soil evaporation and vegetation transpiration.

3.4. Comparisons at the daily scale

Daily variations in ETec, To_s, Eu_b, and ETswb in 2014 and 2015 are
depicted in Fig. 7, the seasonal trends and the daily fluctuations of
them are shown. Moreover, the correlation analyses were conducted
between ETswb and ETec, and between ETcom and ETec at daily scale,
and the relationships of daily ETswb and ETcom against ETec in 2015 are
scatter-plotted in Fig. 8. Linear regression analyses were carried out
(see Fig. 8 for detailed results), and the slopes of the regression lines
are 0.8847 (r2 = 0.4608) and 0.9357 (r2 = 0.7058) respectively for
ETswb and ETcom against ETec.

Fig. 7 exhibits that the day-to-day fluctuations in ETec and To_s are
quite large, while their fluctuations are matched. In the summer, To
accounted for the principal part of ET. According to Fig. 8, at daily
scale, the correlation between ETcom and ETec is quite significant, and
the slope of the regression line is fairly close to 1, revealing satisfactory
agreement between daily ETcom and ETec, which is consistent with the
results acquired at annual and monthly scales, and further verifies the
accuracies of these two ET estimation methods. The figures also show
significant correlation between daily ETswb and ETec, and the day-to-
day fluctuation in ETswb qualitatively coincides with that in ETec. It was
noteworthy that the slope of the linear regression line between daily
ETswb and ETec in Fig. 8 was, to a certain extent, lower than 1, which



Table 4
Comparison of annual evapotranspiration and its components estimated by different methods from published studies in comparable forests and from this study.

Site description Catchment
area (km2)

Year P Q To
a Eu I ETcwb

b ETec ETcom Reference

• 35°57′30″ N, 84°17′15″ W
• Mixed deciduous broad-leaved forest
• Upland
•Well drained soil classified as typic Paleudult (encompasses clayey
and kaolinitic soils)
• Annual maximum leaf area index: about 6 m2 m−2

0.98 1995 ~593 ~538 Wilson et al.
(2001)1996 ~641 ~554

1997 ~534 ~612
1998 1225 723 230 86 104 502 547 420
1999 1152 510 269 91 105 642 605 465

• 36°58′41.430″ N, 79°05′39.087″ W
• Mixed deciduous broad-leaved forest (evergreen coniferous
species make up a minor component)
• Flat topography with b4% slope
• Soil classified as Iredell gravely loam (a clay pan with low
hydraulic conductivity at the depth of approximately 35 cm)
• Soil depth: 2 m
• Annual maximum leaf area index: 5.9–6.7 m2 m−2

2002 1092 336 84 189 577 610 Oishi et al.
(2008)2003 1346 329 102 236 618 668

2004 992 346 108 181 618 635
2005 934 343 119 157 605 619

• Pure evergreen coniferous forest
• Steeply sloping (about 57% slope)
• Bedrock property: impenetrable
• Annual maximum leaf area index: 9.35–14.18 m2 m−2

0.14 2004 2160 655 726 566 1505 1292c Ford et al.
(2007)2005 2321 928 686 604 1392 1290c

• 33°08′ N, 130°43′ E
• Mixed evergreen coniferous forest (deciduous broad-leaved
species make up a minor component)
• Steeply sloping (36–84% slope)
• Soil depth: typically around 1 m
• Bedrock property: crystalline schist
• Annual maximum leaf area index: 5.4–5.9 m2 m−2

0.04 2007 ~1953 ~1122 359d 127d 425d 831 707
840e

911d Shimizu et al.
(2015)

2008 ~2200 ~1084 1116 712
812e

• Mixed evergreen coniferous forest
• Rocky hillslope
• Soil classified as loess of aeolian-origin (with clay-loam texture)
• Soil depth: 0.2–0.4 m
• Bedrock property: chalk and limestone (some fractured)
• Deep groundwater (N300 m)
• Annual maximum leaf area index: 1.50 m2 m−2

2003/2004f 231 134 99 27 235 260 Yaseef et al.
(2010)2004/2005f 377 156 112 39 343 307

2005/2006f 224 111 93 26 227 230
2006/2007f 308 115 106 33 263 254

• 34°58′ N, 136°00′ E
• Mixed evergreen coniferous forest (deciduous broad-leaved
species make up a minor component)
• Slightly sloping (about 16% slope)
• Soil classified as brown forest soil
• Bedrock property: weathered granite with considerable amounts
of albite
• Annual maximum leaf area index: 5.5 m2 m−2

0.06 2001 1438 699 739 720e Kosugi and
Katsuyama
(2007)

2002 1179 405 774 735e

2003 1971 1098 873 750e

• 25°21′ N
• Riverine mixed mangrove forest
• Close to river mouth

2004 1320 872 1378e Krauss et al.
(2015a)2005g 779 664 1007e

• This study 4.22 2014 620 102 518 This study
2015 609 72 305 69 62 537 441 436

Annual values of precipitation (P); runoff (Q); transpiration of the overstory canopy (To); evapotranspiration from the understory vegetation, including soil evaporation and the transpi-
ration of the understory vegetation (Eu); interception loss of the overstory canopy (I); the entire ecosystem evapotranspiration estimated from the catchment water balance method
(ETcwb); the entire ecosystem evapotranspiration estimated from the eddy covariance method (ETec); and the entire ecosystem evapotranspiration estimated as the sum of three evapo-
transpiration components (ETcom = Eu + To + I). All units are mm year−1. Note that numbers with ∼ were not the directly reported data, and they are estimated from the figures in the
literatures.

a All upscaled from sap flow measurement.
b All assume negligible net annual change in catchment water storage.
c Soil evaporation neglected.
d Value from April 2007 to March 2008.
e With energy imbalance correction.
f From October of the first year to September of the second year.
g Data from January 1 to August 31, 2005.
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was mainly because I was not contained in ETswb, leading to underesti-
mate of ET using the soil water budget method. The reasonably good
agreement between daily ETswb and ETec indicated that although ETswb

had some disadvantages such as poor continuity, relatively high vari-
ability, and not containing I, and might be influenced by the lateral
flow and deep drainage loss, it could principally reflect the overall
trend and the daily dynamics of ET, while the general grasp of ET
trend and dynamics was of great importance. However, as elucidated
by Wilson et al. (2001), data scatter and excessive missing data during
and after the rain events severely limit the applicability of the soil
water budget method for estimating annual ET, and some trees may
have accessed water beneath the depth of soil water content
measurements under severe drought conditions, leading to underesti-
mate of ET using this method.

ET partitioning was also analyzed at the daily scale. The daily To_s/
ETec and Eu_b/ETec values (with an inverted y-axis scale) in 2014 and
2015 are depicted in Fig. 9, while LAI is also shown in the figure for con-
trast. It is worth noting that, in Fig. 9, the right y-axis tickmark Eu_b/ETec
= 0.0 corresponds to the left y-axis tick mark To_s/ETec = 1.0, while the
right y-axis tick mark Eu_b/ETec = 1.0 corresponds to the left y-axis tick
mark To_s/ETec = 0.0. As indicated in Eq. (1) in Section 1, ET is equal to
the sum of Eu, To, and I. However, I was generated during only rain
events and short periods following these events, and I was negligible
during rainless days, which were the majority of the days in a year.



Fig. 6. Monthly (A) leaf area index (LAI), precipitation (P), photosynthetically active radiation (PAR), and vapor pressure deficit (VPD), and (B) estimates of entire ecosystem
evapotranspiration from eddy covariance (ETec) and as the sum of evapotranspiration components (ETcom) in 2014 and 2015. Monthly ETcom is estimated as the sum of monthly
estimates of overstory canopy transpiration from sap flow (To_s), of understory vegetation evapotranspiration from Bowen ratio-energy balance (Eu_b), and of overstory canopy
interception loss as the difference between precipitation and throughfall (Id). Note that the value of To_s in April 2015 was missing, and was approximately estimated using the value
of To_s in October 2015 for the similar values of LAI and PAR in these two months.
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The sum of To/ET and Eu/ET might be equal to 1, when I was assumed
negligible, implying that the To/ET and Eu/ET data points might be coin-
cident depending on the coordinate axis settings in Fig. 9. According to
Fig. 9, there are substantial day-to-day fluctuations in both To_s/ETec and
Eu_b/ETec, while their fluctuations are qualitatively matched, and the
To_s/ETec and Eu_b/ETec data points are roughly coincident, verifying the
reliabilities of these methods for estimating ET and its components
Fig. 7. Daily estimates of entire ecosystem evapotranspiration from eddy covariance (ET
evapotranspiration from Bowen ratio-energy balance (Eu_b), and of entire ecosystem evapotra
from another side. The daily transpiration ratio (To/ET, 1 − Eu/ET)
was quite close to 1 during the summer, and dropped to nearly 0 in
the winter. The seasonal trend of the daily transpiration ratio (To/
ET, 1 − Eu/ET) was quite similar with that of LAI, implying that LAI
was the main controlling factor of the transpiration ratio, which
was consistent with the conclusions of Wang et al. (2014) and Wei
et al. (2015).
ec), of overstory canopy transpiration from sap flow (To_s), of understory vegetation
nspiration from soil water budget (ETswb) in 2014 and 2015.



Fig. 8. Daily estimates of entire ecosystem evapotranspiration from soil water budget
(ETswb, blue circles) and as the sum of evapotranspiration components (ETcom, red
triangles) respectively against estimates from eddy covariance (ETec) in 2015.
Regression lines, regression equations, coefficients of determination (r2), and numbers
of data (n) are also shown. Note that the blue line is the regression line between ETswb

and ETec, and the red line is the regression line between ETcom and ETec.

Fig. 9. Daily transpiration ratio (To_s/ETec, the ratio of overstory canopy transpiration
estimates from sap flow to entire ecosystem evapotranspiration estimates from eddy
covariance), the ratio of understory vegetation evapotranspiration estimates from
Bowen ratio-energy balance to entire ecosystem evapotranspiration estimates from
eddy covariance (Eu_b/ETec, inverted axis scale), and leaf area index (LAI) in 2014 and
2015. Note that the right y-axis tick mark Eu_b/ETec = 0.0 corresponds to the left y-axis
tick mark To_s/ETec = 1.0, while the right y-axis tick mark Eu_b/ETec = 1.0 corresponds to
the left y-axis tick mark To_s/ETec = 0.0.
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3.5. Comparisons at the diurnal scale

The comparison of the different methods for estimating ET and its
components was also conducted at diurnal scale, and the accuracy of
the methods were further evaluated. Averaged diurnal courses of half-
hourly To_s and ETec as a function of PAR, Ta, andVPD in 2015 are depicted
in Fig. 10. Error bars in the figure represent standard errors (n = 153).
As shown in the figure, the diurnal course of ETec roughly matches
that of PAR, and the variations in ETec and PAR are synchronized at diur-
nal scale. However, the diurnal course of To_s pronouncedly lagged be-
hind the diurnal courses of ETec and PAR by a factor of about 1 h, while
the diurnal track shapes of To_s, ETec, and PARwere quite similar. The di-
urnal peak time of To_s roughlymatched the diurnal peak times of Ta and
VPD, while the diurnal track shape of To_swere, to some extent, different
from the diurnal track shapes of Ta and VPD. Many previous studies an-
alyzed the diurnal time lag between sap flow and environmental factors
(Arneth et al., 1996; Bai et al., 2017; Bai et al., 2015; Chen et al., 2014;
Chen et al., 2011; O'Brien et al., 2004; O'Grady et al., 2008; Zeppel
et al., 2004). Tie et al. (2017) also pointed out that, according to the
study conducted in XEW, although PAR is identified as the key environ-
mental factor controlling sapflowat daily scale, the variation in sapflow
markedly lags behind that in PAR at diurnal scale, and it is thought that
the diurnal time lag between sap flow and PAR mainly contains two
parts: the diurnal time lag between sap flow and To, and that between
To and PAR.

To further detect the diurnal time phase relations and time lags be-
tween the diurnal courses of To_s, ETec, and PAR, the averaged diurnal
hysteresis loops between half-hourly To_s and PAR, between half-
hourly ETec and PAR, and between half-hourly To_s and ETec in 2015 are
shown in Fig. 11. In the figure, the error bars represent the standard er-
rors (n=153), and the arrows denote the rotation directions of the hys-
teresis loops. As shown in the figure, the diurnal hysteresis loop
between To_s and PAR is significant and exhibits a counter clockwise ro-
tation, indicating that the variation in To_s lags significantly behind
that in PAR, while the diurnal hysteresis loop between ETec and PAR
is slight, indicating that the variation in ETec is roughly synchronized
with that in PAR. The diurnal hysteresis loop between To_s and ETec
was also significant and exhibits a counter clockwise rotation, indi-
cating that the variation in To_s also lagged significantly behind that
in ETec. Some previous studies also pointed out the diurnal time lag
between sap flow and eddy covariance measurements during the
comparison of these two methods in the forest, and generally attrib-
uted this phenomenon to non-steady-state conditions and time de-
pendent redistribution of water within the trees (Granier et al.,
1996; Granier et al., 2000; Hogg et al., 1997).

The deeper mechanism of the diurnal time lag between To_s and
ETec was then analyzed. Fig. 10 and Fig. 11 plot the averaged diurnal
courses and hysteresis loops of all the days fromMay to September in
2015, and as elucidated in Sections 3.3 and 3.4, during these months,
the transpiration ratio (To/ET) is close to 1, and To overwhelmingly
accounts for the principal part of ET, which is also confirmed by
Fig. 10. Therefore, theoretically, the diurnal courses of To and ET
might be approximately synchronized. ETec was an estimate of ET
using the eddy covariance method, and the compensation for time
lag was conducted during the data processing procedures in the
eddy covariance method, so it was generally believed that the diur-
nal time lag between ETec and ETwas negligible, implying that the di-
urnal time phase of ETec could approximately reflect that of To. Thus,
the slight diurnal hysteresis loop between ETec and PAR indicated
that the diurnal time lag between To and PAR was slight, implying
that the response time of To to the change in PAR was actually very
short, while the significant diurnal hysteresis loop between To_s
and ETec indicated that there was quite significant diurnal time lag
between To_s and To. However, To_s was an estimate of To upscaled
from stem sap flow measurement, so the diurnal time phases of
To_s and stem sap flow were the same. As a consequence, the signifi-
cant diurnal time lag between stem sap flow and To led to the signif-
icant diurnal time lag between To_s and To, which was a critical
system error in upscaling stem sap flow to estimate To at diurnal
scale. It was also proven that the diurnal time lag between stem
sap flow and PAR found in Tie et al. (2017) mainly resulted from
the diurnal time lag between stem sap flow and To, rather than that
between To and PAR. The diurnal time lag between stem sap flow
and To has also been reported and discussed by some previous stud-
ies (Granier et al., 2000; Kume et al., 2008; Phillips et al., 1999).



Fig. 10. Averaged diurnal courses of (B) half-hourly mean estimates of overstory canopy transpiration from sap flow (To_s) and of entire ecosystem evapotranspiration from eddy covariance
(ETec) as a function of (A) photosynthetically active radiation (PAR), air temperature (Ta), and vapor pressure deficit (VPD) in 2015. Error bars in (B) represent standard errors (n= 153).
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In addition, the markedly diurnal time lag between stem sap flow
and To principally resulted from the considerably long response time
of stem sap flow to the change in To. Chen et al. (2016) simulta-
neously measured crown and basal stem sap flows of a tree, and
Fig. 11. Averaged diurnal hysteresis loops (A) between half-hourly mean estimates of overstor
and between half-hourly mean estimates of entire ecosystem evapotranspiration from eddy cov
mean estimates of overstory canopy transpiration from sap flow (To_s) and of entire ecosyst
standard errors (n = 153), and arrows denote the rotation directions of the hysteresis loops.
found markedly diurnal time lag between them, and pointed out
that water storage in the tree stem contributes to the response of
tree to the short-term water shortage, and thus has significant im-
pact on the response time of stem sap flow to the change in To. The
y canopy transpiration from sap flow (To_s) and photosynthetically active radiation (PAR)
ariance (ETec) and photosynthetically active radiation (PAR), and (B) between half-hourly
em evapotranspiration from eddy covariance (ETec) in 2015. Error bars in (A) represent
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impact of tree water storage on stem sap flowwere also discussed by
some other studies (Cermak et al., 2007; Phillips et al., 2003). More-
over, obviously, the hydraulic conductivity and resistance of the tree
stem might also control the response time of stem sap flow to the
change in To. Therefore, to the knowledge of the authors, diurnal
time lag between stem sap flow and To might be mainly determined
by water storage and hydraulic conductivity of tree stem. However,
more studies are needed in the future to detect the in-depth physio-
logical mechanism and controlling factors of the diurnal time lag be-
tween stem sap flow and To, and to establish correction methods in
order to eliminate or decrease the system error of time phase in
upscaling stem sap flow to estimate To at diurnal scale.

4. Conclusions

Several differentmethods for determining forest evapotranspiration
and its components were compared at multiple temporal scales based
on in situ observations conducted in a subhumid mountainous catch-
ment covered bymixed deciduous forest in North China. Themain find-
ings of this study are summarized as follows:

(1) A sap flow upscaling procedure, accounting for the diversities of
forest types and tree species, is established for themixed decidu-
ous forest. Combining sap flow-based overstory canopy transpi-
ration estimate, Bowen ratio-energy balance-based understory
vegetation evapotranspiration estimate, and overstory canopy
interception loss estimate, the evapotranspiration of the entire
ecosystem is estimated as the sum of the three components,
and this estimates agree with the estimates from the eddy co-
variance method at annual, monthly, and daily temporal scales,
although slightly lower in most of the seasons. The reasonably
good agreement between the two estimates atmultiple temporal
scales and the acceptable energy balance closure of the eddy co-
variance measurement provides confidence in these two ap-
proaches for estimating forest evapotranspiration. The estimate
from the soil water budget method is also qualitatively similar
to the estimates from these two approaches at the daily scale. Al-
though the soil water budget method has some disadvantages
such as poor continuity and relatively low precision, it can prin-
cipally reflect the overall trends and dynamics of forest evapo-
transpiration.

(2) At the annual scale, the estimate of entire ecosystem evapotrans-
piration from the catchment water balance method is signifi-
cantly higher than that from the eddy covariance method,
indicating that the catchmentwater balancemethodmight prob-
ably overestimate the annual regional evapotranspiration in this
subhumid mountainous forest catchment given our confidence
in the eddy covariancemethod. Because of thewidely distributed
regolith and fractured bedrock under the ground, groundwater
flow in the catchment is probably not negligible, leading to a pro-
nounced underestimation of runoff, and thus, an overestimation
of evapotranspiration. The catchment water balance method,
which was believed to provide a robust estimate of catchment
evapotranspiration in many studies, may not be applicable or re-
liable in forest catchments with similar geologic and hydrologic
conditions.

(3) At the sub-daily scale, the diurnal course of the estimate of over-
story canopy transpiration that is upscaled from sap flow mea-
surements significantly lags behind that of the estimate of
entire ecosystem evapotranspiration from the eddy covariance
method, implying that there is a considerable diurnal time lag
between the sap flow-based canopy transpiration estimate and
actual canopy transpiration. The diurnal time lag between stem
sap flow and canopy transpiration, which should physiologically
be determined by water storage and hydraulic conductivity of
tree stems, needs careful consideration and possible correction
as a system error when stem sap flow measurements are used
to estimate canopy transpiration accurately at the diurnal scale
in lieu of annual, monthly, and daily scales, especially for forests
with relatively high canopy heights and individual tree volumes.
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