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SUMMARY

Evapotranspiration (ET) was estimated from a planted coniferous forest in southwestern Japan by apply-
ing three methods: the eddy covariance method; the measurement of rainfall (P) and runoff (Q) in a small
watershed; and a combination of rainfall interception loss (Ic), upper canopy transpiration based on a
sap-flux density measurement in Japanese cedar (Cryptomeria Japonica D. Don) stands (Eyc), and modeled
sub-canopy ET (Esc). After inverse multiplication of the energy imbalance ratio, ET by the eddy covariance
method (ETgc) was 839.9 mm in 2007 and 811.8 mm in 2008. The yearly values of P-Q were partially
affected by P in the previous autumn. After continuous data collection for more than 5 years, P-Q became
stable. The 9-year (2000-2008) average P-Q, which was considered most reliable in this study, was
897.5 mm y~ .. The cumulative ETgc during the daylight hours from the right stream bank, covered mainly
with large Japanese cedars, was 894.1 mm from April 2007 to March 2008. The value was almost the
same as that calculated as the components sum (ETcomp = Ic + Eyc + Esc: 911.4 mm), and the comparison
suggested that the annual totals of ETgc with an energy imbalance correction provide a reliable estimate
of ET in a forest stand on a complex topography. Spatial variation in the watershed was likely caused by
differences in soil water retention at each slope position. The slight difference in annual ETgc in 2007
compared with 2008 was attributed to differences in the radiative energy input. In the monthly-weekly
analysis, ETcomp Was frequently higher than ETgc after heavy rainfall, while ETgc was higher under dry
conditions and during active ET. Even under dry canopy conditions, daily ETgc was often higher than
Eyc + Esc. The results suggested a time-lag in evaporation from the ecosystem and/or under-estimated
ETgc after rainfall.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

forests is one of the most significant factors influencing the water
cycle.

Japan’s mountainous topography and the patchiness of the veg-
etation make it difficult to estimate water and nutrient balances
and cycles within and throughout the forest ecosystem. Water is
the most significant natural resource on the earth, and ET from
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Japanese cedar (Cryptmeria Japonica D. Don) and Japanese
cypress (Chamaecyparis obtusa Endl.) are the most popular planted
species in Japan, and cover 12% and 7% of the land surface of the
country, respectively (Forestry Agency of Japan, 2013). These spe-
cies were often planted in areas with the same slope but on differ-
ent slope positions. Japanese cedar was usually planted from
valleys to lower hillsides with relatively wet and fertile soils, while
Japanese cypress was usually planted on the drier and more
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nutrient poor ridge areas (Yamashita et al., 2004). Accordingly,
these two species often have significantly different potential
capacities for growth, and as a result evapotranspiration (ET: See
Table 1 for a full list of abbreviations) and carbon assimilation
may be variable in the two species. Furthermore, Japan’s planted
coniferous forests often grow in mountainous terrain and a portion
of these forest stands have been modified by vigorous growth of
the original vegetative species present, e.g., evergreen and/or
deciduous broad-leaved species. As a result, over time such forests
have come to include more patchy areas than previously expected
rather than maturing into monocultures of the original plantation
species; this has resulted in wide variation in growth rates caused
by each site’s microsite conditions.

Rainfall (P) and runoff (Q) amounts have been measured in
watersheds of various sizes and with different vegetation types
worldwide (e.g., Zhang et al., 2001). The average of the residual val-
ues (P-Q) have been compared, based on the assumption that P-Q
was equal to ET (e.g., Zhang et al., 2001; Komatsu et al., 2008). Sev-
eral years’ data are required to obtain reliable P-Q values because a
single year may be affected by the water storage from the previous
year, rainfall intensity of the current year, and/or antecedent rain-
fall in the last several years (e.g., McGlynn et al., 2003). To deter-
mine a sufficient duration of measurement of P and Q for reliable
estimation of ET, a long-term and continuous dataset is needed,
as the numbers of years required may vary with the topography,
geology and meteorological conditions at the site. Furthermore,
recent research in some forest watersheds has suggested that
underflow around runoff measurement gauges could occur
(Waichler et al., 2005) and that bedrock infiltration was not negli-
gible (Katsuyama et al., 2010). Thus, the results of rainfall-runoff
observation (P-Q), which are believed to provide a robust estima-
tion of ET, should be reexamined carefully through comparison
with other observations conducted simultaneously, prior to their
use in further analyses.

Eddy covariance technique (EC) has been a powerful tool espe-
cially in this century used not only to examine the results of P and
Q measurement, but also to grasp the details of variation in ET (e.g.
Wilson et al., 2001; Barr et al., 2012; Domec et al., 2012). Kosugi
et al. (2007) estimated ETgc (ET based on the eddy covariance mea-
surement) for a single-species (Japanese cypress) plantation forest
in a small watershed in central Japan and Matsumoto et al. (2011)
presented the results of subsequent research with an extended
observational period. Subsequently, Kosugi and Katsuyama
(2007) compared their ETgc with the results of P and Q measure-
ments, and showed the average annual ETgc for 3 years was very
close to the average 33-year water budget. As Kosugi et al.
(2007) noted, and as is often the case in Japan, our target forest
is located on mountainous topography. Moreover, our study site
comprises patchy plantation forest, also a common feature in Japan
as described above. These characteristics are not ideal for the appli-
cation of the eddy covariance method and thus the results should
be examined with particular care.

Another powerful method used to estimate upper canopy tran-
spiration (Eyc) is sap-flux density (F;) measurement, which is not
affected by topographical complexity. Additionally, Eyc data are
often combined with measured or modeled interception loss (I¢),
for ET estimation. Ford et al. (2007) applied a combination of Eyc
from F; measurement from 40 trees and modeled I as the ET of
a white pine plantation forest. Comparing the total value with P
and Q measurement, they confirmed the result of Wilson et al.
(2001), showing that P-Q created a higher estimation of ET than
their measurement using Eyc + Ic. Holst et al. (2010) obtained Eyc
from the sap flux measurements of 12 trees in a beech forest stand.
They obtained the parameters of two water budget models, which
reproduced the soil water dynamics quite well overall, but the
degree of fit depended on the year and season. Oishi et al. (2008)
measured F, of a total 40 trees from dry and wet plots, and care-
fully extended the results to estimate Eyc at a larger scale, using

Table 1

List of abbreviations with definitions and units.
Abbreviation Definition Unit
C Monthly energy balance ratio
D Vapor pressure dificit at the height of 42 m kPa
ET Evapotranspiration from the site mm time ™"
ETcomp ET estimated from the sum of I¢ + Eyc + Esc mm time !
ETgc ET estimated from the eddy covariance method mm time !
ETgc ¢ ETgc corrected by the monthly energy imbalance ratio (Cjg) mm time ™"
ETc ne ETgc without any correction mm time ™!
ETgc ETgc calculated from the residual of energy budget equation (Rn-G-H-Sy) mm time !
Esc Sub-canopy transpiration from Japanese cedar stands, obtained by the model of Pearcy and Yang (1996) mm time ™"
Euc Upper canopy transpiration from Japanese cedar stands, obtained by the sap-flux measutrement mm time ™"
Euc_p Euyc of certain plot mm time !
Euc p Eyc of upper slope position in the right bank side mm time ™!
Eyc.ip Eyc of lower slope position in the right bank side mm time ™"
F4 Xylem sap flux density m> m—2
G Ground heat flux, measured at the depth of 5 cm in the soil Wm!
H Sensible heat flux by the eddy covariance method Wm!
Ic Interception loss calculated by P-TrSr mm time !
P Gross rainfall measured mm time ™'
Q Runoff from watershed mm time '
Qws2 Q from WS (watershed) 2 in the objective site (KHEW) mm time '
Qws3 Q from WS (watershed) 3 in the objective site (KHEW) mm time !
q Instantenious flow rate ms!
R, Net radation measured at the height of 47.2 m Wm™!
Sda Downward Solar radiation measured at the height of 47.2 m Wm™'
Sk Stemflow measured at a particular plot
Su Storage of sensible heat under the eddy covariance observation height Wm!
SiE Storage of latent under the eddy covariance observation height Wm™!
Tq Air temperature measured at the height of 42 m °C
Tr Throughfall measured at a particular plot mm time "
A Difference from one year to the next, calculated by subtracting the value of a month in 2007 from that of the same month in 2008
AE Latent heat flux by the eddy covariance method Wm!
0 Volumetric soil water content measured at a particular plot, averaged daily m?m—3
Omax Maximum 60 measured at the plot during the measurement period m?m~3
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intensively collected allometric information. They found the total
of Eyc, the measured I- and modeled forest floor evaporation (Ef)
agreed well with estimates based on ETgc, especially on an annual
basis. Meanwhile, monthly estimation was generally higher in
summer and lower in winter than ETgc. Based on these results,
the total of ET components (= Eyc + Ic + Ef) would be reliable for
estimating ET for periods of several months to annually. However,
the daily-monthly variation of Ecopp should be cross-checked with
other methods.

In the preceding paper (Kumagai et al, 2014: hereafter
Kuma14), we conducted F; measurement for a total 57 trees to
estimate Eyc along with continuous measurement of I, and com-
bined them with the modeled sub-canopy transpiration (Esc). The
result was considered a robust estimate of annual ET in the Japa-
nese cedar forest stand, even though the data had been acquired
in complex terrain. Therefore, if possible, the annual ETgc should
be tested through the comparison with ETcomp = Euc + Esc + I,
since the EC method contains uncertainty when applied to com-
plex terrain. Furthermore, the seasonal variation of the ETcomp
should be compared with ETgc to examine the consistencies and
differences in ET estimation by both methods.

In the present paper, we initially check the certainty and limita-
tion of the supposition that the value of P-Q we obtained repre-
sents watershed ET, and compared the water budget with ETgc.
Second, we compare the downscaled ETgc with the result of
Kuma14. Taking the opposite direction of Oishi et al. (2008), the
process of examining whether ETgc obtained on a forest with com-
plex terrain can represent the stand scale ET proved challenging.
We divide ETgc data into two wind sectors, one of which mainly
comprises a Japanese cedar plantation. The estimated ETgc from
the sector is compared with ETcopmp from the Japanese cedar stand.
Through these comparisons, we show the applicability and reliabil-
ity of ETgc as an estimate of ET for a forest watershed with complex
terrain, as well as on the stand scale. Furthermore, to examine the
applicability of ETgc to estimate seasonal variation in ET in the
same forest, we consider which environmental factors produce
the observed yearly variation of ETgc between 2007 and 2008,
based on 2years of data obtained from the multi-method
observations.

2. Materials and methods
2.1. Study site and water budget measurement

Observations were conducted at the Kahoku Experimental
Watershed (KHEW), one of the Asiaflux network sites located on
Kyushu Island, southwestern Japan. The mean air temperature,
annual mean precipitation and their standard deviations from
2000 to 2008 were 15.3 + 0.28 °C and 2138 + 364 mm, respectively.
The observation site is underlain by crystalline schist and the com-
plex topography includes many ridges and valleys. The thickness of
soil surface layer is typically around 1 m, which becomes thinner
(~0.5 m) along ridges and in the bottom of the valley, and much
thicker (~4 m) in some parts of mid-slope (e.g., Ohnuki and
Shimizu, 1998). The site was surrounded and covered by planted
forest, excepting a golf course located 500 m northwest of the site.

The site consisted of three small watersheds, labeled as WS1,
WS2 and WS3 and forest stands around them (Fig. 1). The area
and elevation of these watersheds are 2.33 ha and 135-205 m a.s.l,,
2.63ha and 148-225ma.sl. and 3.69 ha and 157-255ma.s.l,
respectively. Water budget observation at KHEW was started in
1992 (Shimizu et al., 1994). In this study we mainly used the data
from 2000 to 2008 and obtained from WS2 and WS3, since the
stream flow data from WS1 was checked less frequently and thus
less reliable because WS1 was a little more remote than WS2

and WS3 and no other instrument was installed in it. The prevail-
ing daytime (or daylight hours) wind direction, which is mainly
affected by the Southeast Asian monsoon, and is distorted by
mountain-valley flow, typically blowing between southeast and
southwest in summer and between northeast and northwest in
winter. At night, the mountain-valley flow from a northeasterly
direction often becomes dominant, especially as the winds
approach calm conditions.

Planted conifers are the main overstory vegetation of the site
with Japanese cypress stands on the ridges and upper slopes, and
with Japanese cedar growing from valley floor to middle of the hill-
side. Generally, the stand volume per unit area was higher in the
latter than the former, implying that Japanese cedar was usually
planted on sites richer in water and nutrients. As shown in Fig. 2
and Shimizu et al. (2003), Japanese cypress of various ages (30-
52 years in 2007) are mainly planted and secondary broad-leaved
spices partially invade the larger part of the left stream bank of
WS2 and WS3 except in the valley area. Meanwhile, from the right
bank of WS2 to WS1, well-grown and even-aged Japanese cedar
stands (52 years in 2007) were dominant and occupied the broad
valleys. Shimizu et al. (2003) and Kuma14 provide details related
to the vegetation in the watersheds, noting that a 7-year time-
lag exists between the information described in the former and
that in latter. As for understory vegetation, annual and perennial
plants grew thickly under normal-sized Japanese cedar stands,
while understory plants were relatively sparse under the Japanese
cypress stands and large-sized Japanese cedar.

The valley side slopes are relatively steep in WS3 and the differ-
ence in elevation between the valley and the ridge is the largest
among the three watersheds. In the 1990s, measurements related
to the Bowen ratio energy balance (BREB) method were collected
using two 22-m-tall observation towers, each of which was built
in the Japanese cedar forest stand along the valley of WS3
(Shimizu et al., 2003).

A small concrete v-notch weir with a grit chamber was built at
the end of each small watershed and a stainless-steel 60° v-notch
was installed in the center of each weir. The water levels were
measured using float level meters (HDR-115, Ikeda-keiki, Tokyo,
Japan) and recorded data continuously mechanically. For all water-
sheds, the instantaneous runoff from the watersheds (q) was calcu-
lated by a power function of each. Then, Q was calculated from the
time integration of q. The hydrologic year was tentatively set as the
same calendar year, partly because for convenience, but mainly
because P and Q were usually lower and stable around the begin-
ning of the year.

Gross rainfall (P) was measured using a 0.5-mm tipping bucket
type rainfall gauge (RT-5, Ikeda-Keiki, Tokyo, Japan). It was
installed along an unpaved road near WS2 with a pulse count data
recorder (HOBO HO7, Onset Computer Corp., Bourne, MA, USA). The
value of P in this study was calculated from the obtained the data
without any tipping bucket correction, since we did not carry out
the examination for the rainfall gauge. However, when the correc-
tion function of lida et al. (2012), which was obtained from the
examination of another type of 0.5-mm rainfall gauge, was exper-
imentally applied to our instrument and data, the difference
between corrected and uncorrected annual P was 0.46% both
2007 and 2008.

2.2. Heat fluxes and meteorological factors

An over-canopy meteorological observation tower was built in
the center of WS2 (Fig. 1). An albedo meter (CM14, Kipp & Zonen,
Delft, Holland) and two pyrgeometers (CG3, Kipp & Zonen) were
set at a height of 47.2 m to obtain upward and downward solar
radiation and infra-red radiation, respectively. Their total was cal-
culated as net radiation (R,,). Soil heat flux (G) was also obtained at
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Fig. 1. (a) The location of the study site (KHEW). (b) Topographical map of the site. A 50-m height observation tower (cross mark), sap-flux and soil water measurement plots
(dotted line squares of LP, UP and SP in the text), shallow soil water content measurement plot (T1, T2, T3 and T4), throughfall and stemflow measurement plots (closed
circles of plots 1, 2 and 3 in the text) are also represented. (c) Vegetation map of WS2 in KHEW. The broken line divides the left (north) and the right (south) banks of WS2.
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0.05 m depth (including about 0.04 m litter material) near the
tower with a heat flux plate (HFT 3.1, REBS, Seattle, WA, USA). A
Barometer (PTB100, Vaisala, Helsinki, Finland) was installed at a
height of 51.0 m, and two ventilated psychrometers (MH-020L,
Eko instruments, Tokyo, Japan) measuring wet- and dry-bulb tem-
peratures, set at the heights of 20 m and 42 m. to acquire air tem-
perature and humidity. These values were applied to estimate
temporal heat and water vapor storage in the air from the ground
level to the EC measurement height. Using a dielectric aquameter
sensor (EC-20, Decagon Devices, Inc., Pullman, WA), soil water con-
tent (0) was measured in the three plots for sap-flux density mea-
surement (LP, UP and SP in Fig. 1(b)) until May 2008 (see Kuma14),
and at 5 cm depth at each of the four points (T1-T4 in Fig. 1b, see
also Tamai et al., 2010). In this study, the depth weighted average
0 obtained at plot SP was used for eddy covariance data interpola-
tion. When comparing soil water content among sites, we used
0/6max instead of 6 to account for instrumental error, where the sub-
script MAX means the maximum value in the observation period.

A sonic anemo-thermometer (SAT: DAT-600/TR-61C, Sonic:
formerly Kaijo-denki, Tokyo, Japan) and a gas intake mouth were
installed at the top of the tower (51.0 m), separated by 0.15 m.
The tilt of the SAT was measured by a digital inclinometer
(Pro360, Onset): The 0.3 degrees tilt was found only along the
y-axis direction of the SAT. Based on analysis using similarity
functions (e.g., Dyer, 1974) and turbulence data taken primarily
from the right bank side, the zero plain displacement and the
roughness length were calculated as 28.0 m and 5.3 m, respec-
tively. Assuming these values were applicable to the entire
watershed, 80% of the cumulative footprint was estimated at
191 m and 398 m from the tower under moderately unstable
conditions (L=-50m, where L is Obukhov length) and ideally
neutral conditions, respectively. Estimation was made using the
method of Hsieh et al. (2000). Sample air was drawn from the
mouth to the closed-path infrared gas analyzer (IRGA: LI-7000,
Li-Cor, Lincoln, NE, USA) through 57 m long Teflon tubes with a
6 mm inner diameter from the mouth to an intake pump and
3.5m of 4 mm between the pump and IRGA. The normal flow
rate was 7-8 Lmin~! and calibration was conducted about once
per week by switching the flow paths of the sample gas and ref-
erence gas manually. Note that the closed-path sample had been
dehumidified when using the previous version of IRGA (LI-6262,
Li-Cor) until late 2006 (see Shimizu, 2007). Analog signals from
the SAT and IRGAs were recorded at 10 Hz, using a data logger
(DR-M3b, TEAC, Tokyo, Japan). To avoid the density effect
(Webb et al., 1980), we applied mixing ratio of water vapor to
dry air for flux calculation.

Average values and fluctuations of wind velocity components
were calculated after correcting for SAT transducer shadow
(Shimizu et al., 1999) and sonic tilt correction base on the incli-
nometer measurement, applying 30-min block averages, as well
as scalars. During the day, eddy fluxes were calculated on the fixed
coordinate system, which is referred to as the “ratio of moving
averages of vertical/horizontal wind components” (Shimizu,
submitted for publication). At night, eddy fluxes were determined
using the sector-wise planar fit method (e.g., Siebicke et al., 2012).
Prior to analysis, calculated fluxes were screened for quality con-
trol (QC) following a simple and strict method submitted by
Foken et al. (2012). The value of friction velocity was not applied
as a data screening threshold in this study, excepting the use of
0.2m s~ ! to decrease the effect of the golf course at night when
the wind direction was west-northwest. High frequency loss of
closed-path H,O variance would become more significant than
theoretically expected especially that obtained under humid con-
ditions (e.g. Ibrom et al., 2007). This was corrected by empirical
equations similar to Ibrom et al. (2007); the detailed procedure
was described elsewhere (Shimizu, submitted for publication).

The eddy covariance data applied to the analysis in this study
were those obtained from January 2007 to December 2008. In
the period, a data gap of more than 3 h occurred five times, but
only in 2008: 13-15 January, 24 January-6 February, 2-4 July, 4-
8 August and 18-25 November. The dataset was analyzed using
two steps. First, to fill data gaps caused either by missing data or
the strict QC guidelines, the multiple imputation method was
applied (Hui et al., 2004) using NORM software (e.g., lida et al,,
2009). The values of R,-G, downward shortwave radiation (Sy),
SAT wind speed, air temperature (T,) and vapor pressure deficit
(D) measured at a height of 42 m, and daily 6 at T2 (Fig. 1b) were
used to interpolate the latent and sensible heat fluxes.

Gaps in the data obtained in daylight hours (S; > 0) were filled
using two types of gap-filling processes. In the first, gaps were
filled after the dataset was divided by the wind direction, from
right and left banks (Fig. 1c), after which ETgc was estimated as
the average of the interpolated ET of values from both stream
banks. In the second method, gaps in the data were filled without
categorizing by the wind direction. Gap-filling of nighttime data
(S¢=0) was carried out without dividing the data by the wind
direction because less than 10% of the data passed the strict QC cri-
teria. Thus, we assumed nighttime evaporation (sometimes con-
densation) was similar on both bank sides.

The gap-filling process was carried out for every 6 months of
data. The multiple imputation method was applied twice during
gap-filling. Using NORM software, the first gap-filling was per-
formed on the highest class data (corresponding to class QC 1-3
in Foken et al., 2012). Raw data within 20% or 20 W m~2 of the first
dataset were then added to the highest class data and the gap-fill-
ing process was reiterated. Gap-filled datasets were used to calcu-
late the correction coefficient of energy imbalance (Cg), which is
the inverse of the energy imbalance ratio, as shown in Eq. (1):

Cis =Y (Ru—G) /S (H+ Sy + ZE + Sye), (1)

where H and AE are sensible and latent heat fluxes, respectively,
measured by the eddy covariance method; Sy and S,g are changes
of sensible and latent heats within the height of the eddy covariance
measurement, estimated by air temperature and water vapor mea-
sured at the heights of 42 m and 20 m, respectively. Monthly Cj
was calculated separately, daylight hours and nighttime. In this
paper the energy imbalance correction means that multiplying
the relevant Cg was done to both (H + Sy) and (AE + Syg).

2.3. Canopy interception and vegetation transpiration

The interception loss (I¢) was calculated from January 2007 to
May 2008, applying the measured throughfall (Tr) and stemflow
(Sp) in the three plots instrumented in KHEW. Plots 1 and 2 were
set in WS3 and plot 3 was in WS2 (Fig. 1). Note that continuous
measurements could be conducted only in plot 1 because intermit-
tent instrumental error occurred in plots 2 and 3; but the remain-
ing data were applied to the discussion in the following section.
The vegetation cover in plots 1 and 3 was Japanese cedar, while
that of plot 2 was Japanese cypress. The average tree height and
density measured in 2008 were 20.8, 14.4, and 29.9 m and about
1200, 1600 and 600 trees ha~' for plots 1, 2 and 3, respectively.
In each plot, two 0.4-0.45 m? troughs made of hard PVC and con-
nected to 0.2-L tipping bucket flow meters (UIZ-200, Uizin, Tokyo,
Japan) collected the Tr water. Stemflow was collected with ure-
thane rubber 3 cm thick, which was cut to incline from the outer
to the inner side, that was wrapped around the tree trunks at about
1.2 m height and connected with a rubber tube; stemflow then flo-
wed to 0.5-L tipping bucket flow meters (plot1: 500 cc model,
Yokogawa Electric Corporation, Tokyo, Japan; plots 2 and 3: UlZ-
500, Uizin). For plots 1, 2 and 3, the Sr was measured for four, four
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and two trees and their total projected areas 21.4 m?, 22.5 m? and
45.5 m?, respectively. A pulse count data logger (HOBO HO7, Onset)
was set and the timestamp was recorded when each bucket tipped.
The Tr and S were estimated through application of the tipping
bucket correction, which is necessary when high water flow rates
into the bucket occur (lida et al., 2012). The Appendix presents
the details of the correction carried out in this study. Rainfall losses
by canopy interception (Ic) were estimated by the water budget
equation using Eq. (2):

Ic=P— TS (2)

Xylem sap flux density (F;) measurements were conducted
using the thermal dissipation method with Granier-type sensors
(e.g., Granier, 1987). Kumagai et al. (2014) provide specifications
of the sensor and the details of the measurement system. For Fy
measurements, three plots were set in the Japanese cedar forest
stands in WS2 (Fig. 1b and c). Two of the three plots, named UP
and LP, were named the same in Kumagai et al. (2007): They were
set on the right bank and located at the middle of the slope (UP)
and near the valley (LP). The other plot, named SP, was located
on the left bank, at the middle of a south-facing slope. The number
of trees selected for the measurement of F; were 23, 15, and 19 for
plots UP, LP and SP, respectively (see Table 1 in Kuma14). F; mea-
surement data were obtained in all three plots from early March
2007 to late June 2008. Plot-based upper canopy transpiration
(Eyc_p) was calculated from the sum of F; multiplied by each sap-
wood area of each measured individual tree and then divided by
the plot area. We calculated Ey as the area-weighted average Eyc p
of all three plots.

The YPLANT program (Pearcy and Yang, 1996) was used to esti-
mate transpiration based on sub-canopy vegetation (Esc). Kuma14
describes the details of the processes. Saplings of three selected
species (Quercus glauca Thunb., Castanopsis sieboldii Hatsushima
ex Yamazaki et Mashida, and Eurya japonica Thunb.) were sampled
as typical understory vegetation and leaf gas exchange parameters
were obtained. Furthermore, a three dimensional leaf distribution
was reconstructed for the simulation based on the measurement
of the sampled sapling architecture and the analysis of digital pic-
tures. The LAI of the understory was set at 2.0 based on observa-
tions of leaf area density profiles, which corresponded to 40-50%
of the total vegetation area index measured under the Japanese
cedar stands using a plant-canopy analyzer (LAI-2000, Li-Cor). This
information was applied to the YPLANT program and Esc was cal-
culated. Monthly calculation of Esc was based on monthly mea-
surements of leaf and canopy parameters taken during the day
under sunny or cloudy conditions. In this study we used Esc as
an estimate of sub-canopy ET, assuming the reduction of transpira-
tion in rainy conditions was balanced by forest floor evaporation.

3. Results and discussion
3.1. Reliability and limitation of annual ET estimation

3.1.1. ET from water budget measurement

Fig. 2 shows annual P and P-Q for WS2 and WS3 (P-Qws; and
P-Q ws3, respectively) from 2000 to 2008. The 9-year average
P, Qws> and Qws3 were 2138.1 mm, 836.6 mm and 1240.6 mm
respectively, although the average Qws, was calculated without
data from 2001 and 2003 because only partial data were available
for Qws> data in those years. Consequently, the average P-Qys, and
P-Qwsz were 1229.5 mm and 897.5 mm, respectively. Based on the
data compiled by Komatsu et al. (2008), the annual P-Q at our site
in southwestern Japan was considered at most 1100-1200 mm
when annual P is less than 3000 mm. Thus, using P-Qs, to esti-
mate ET from the watershed probably resulted in an overestimate

of ET. From the comparison of 9-year daily Qs, the trend Qs being
lower than Qyys3 was clearly confirmed as both Qs increased when
daily Qs were less than 10 mm day~! (Fig. 3a). In contrast, Qs
was occasionally higher than Qwssz when Quss was greater than
10 mm day~! (Fig. 3b). In both cases, Qws, and Qwss were well-
correlated, and the difference between Qws, and Qws3 can be esti-
mated using the polynomial equations in Fig. 3. This result sug-
gests that water leakage from deep soil and/or by bedrock
infiltration was much greater at WS2 than at WS3, assuming an
insignificant difference in ET between the two watersheds. Ikawa
(2008) explained the difference could be attributed to the orienta-
tion of the schistosity plane that was inclined from northwest to
southeast: the direction of the plane crosses the valley in WS2,
allowing deep ground water near the water table pass through
the watershed boundary. In addition, the majority of baseflow dis-
charge and leakage loss may be controlled at the same spot in WS2
(Fig. 3a). From a topographical perspective, a broad inflection point
exists in the valley of WS2 near the tower where soil water may
concentrate and stagnate, and streamflow in WS2 is located just
downstream of that point. Lateral flow toward the valley and grav-
ity flow toward the water table are likely to occur there, and the
latter might become a source of leakage. In WS3, because the plane
is almost perfectly aligned with the direction of stream flow and
the valley has uniform and steep slant, underground water tends
to gather toward the downstream end of the watershed.

Although P-Qys3 was closer to published ET values than P-Qyys;
(see Kuma1l4), the annual variation in P-Qwss was greater than
expected. Yearly Q values were dependent on P values in the same
period (Fig. 4), and were also influenced by the magnitude of the
preceding year’s P. From the comparison of Qwss in January-
December with P in 12 months preceding the P period by a
monthly step, the best correlation was found when P was allowed
to lag by 4 months (P from September-August and Qwssz from Jan-
uary-December; Fig. 4(b)). This does not suggest that Q consisted
primarily of the preceding 4 months’ P. Rather, after the dry soil
conditions of summer and early-middle autumn, P in late autumn
and early winter tended to contribute to soil water storage. If a vol-
ume of stored soil water is large, it results in higher baseflow,
which then causes higher Q/P in the following season. Moreover,
the stability of P each year in January-March in KHEW during
the 9 years (max: 327 mm; minimum: 256.5 mm) suggests that
these effects largely determine Q in that period. Thus, this result
suggests that, at least in KHEW, applying P and Q obtained in the
same period to annual ET estimation might be inappropriate.

We examined the duration of continuous measurement
required to obtain representative values of P and P-Qwss for esti-
mation of ET from the water budget, using the following three peri-
ods as the start of hydrologic year: 1 January, the start of the
calendar year; 1 March, the rough date of the lowest Qwss; and 1
September, the end of the summer when soil water content near
the surface layer tends to be at a local minimum (Fig. 5). In both
P and P-Qws3, large differences indicated high inter-annual vari-
ability. However, while differences in P between 2 years were sim-
ilar to those over 3 or 4years if the hydrologic year began in
winter, the difference in P-Qyss between 2 years was still rela-
tively large. This is because P in the months preceding the period
of P-Qwss affected Qs at the beginning of the period, and P occur-
ring at the end of the period could be stored in the watershed and
thus did not always directly affect Qwss until after the end of the
period. Thus, a data series of 1-4 years was not enough to estimate
average P-Qyys3 because of large potential differences in the max-
imum and minimum estimations. This also supported the uncer-
tainty of annual ET estimation from water budget as pointed out
in Wilson et al. (2001) and Kosugi and Katsuyama (2007). Mean-
while, applying the 9-year P-Qss result could exclude the effect
of dividing the period and that of time difference between P and
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Qwss3 from ET estimation to some extent. Therefore, in this study
we assumed that the 9-year average P-Qwss (= 897.5 mm) could
be the representative value of ET estimated from the water budget
measurement at KHEW. Surely, the value is a 9-year average and it
is difficult to compare it directly with ET in 2007 and 2008, but it
would become a reference index, considering that P in both years
were within 10% range of the 9 year average P.

3.1.2. ET from eddy covariance method

Table 2 provides the annual values of ETgc with energy imbal-
ance correction (ETgc ), ETgc without the correction (ETgc nc),
and ETgc calculated from the residual of heat budget (ETgc g:
R,—-G-H-Sy). The ET values estimated in Kuma14 and yearly water
budget are also included in the table as references. The values of Cig
for daylight hours became low in winter when ETgc was low and
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Fig. 5. Differences in average P (a) and P-Qwss (b) between maximum and
minimum estimates. The periods from January-December (closed circles), March-
February (open squares) and September-August (crosses) were used to represent
the hydrologic year.

high in summer when ETgc was high (Fig. 6). Without accounting
for wind direction, Cg values for daylight hours were nearly equal
to those of the right stream because of the dominant wind direc-
tion. Thus, ETgc ¢ would tend to be overestimated if calculated
without classification of the wind direction (Table 2). Nighttime
Cig values were between 0.5 and 1.5 with a few exceptions.

The difference in the values of ETgc nc between the right and
left stream banks was large, as in Table 2 and Fig. 7a. The large dif-
ference was considered reasonable to some extent, because over-
story vegetation apparently grew more vigorously on the right
bank. Furthermore, slightly larger H on the left bank (Fig. 7b) and
higher potential solar radiation on the left, south-facing bank sug-
gested that the difference was neither strongly affected by a sys-
tematic error, such as advection caused by the complex
topography, nor related to the input of solar energy. However,
when using ETgc nc, We must assume huge leakage occurred even
from WS3, because the value was much lower than the 9-year
average of P-Qwss (= 897.5 mm). Meanwhile, by adopting ETgc r
calculated from the residuals of the heat budget, the values became
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Yearly evapotranspiration (ET) estimated on the basis of the eddy covariance method (ETgc). The estimation processes are described in Table 1. The upper values outside the
brackets and lower values correspond to the ETgc calculated with and without wind direction categorization respectively. ETgc from the left bank side and the right bank side are
put left and right in the brackets. Results of water budget (P-Qws3) and ET by components sum (ETcomp, April 2007-March 2008; Kumagai et al., 2014) are included as references.

Year  Energy imbalance No correction Residual of heat budget P- ETcomp (Ic: Interception loss, Eyc: Upper canopy transpiration, Esc: Sub
corrected (ETgc ¢) (ETgc ne) equation (ETgc r) Qwss canopy evapotranspiration)
2007 839.9 706.5 925.6
(799.3, 880.5) (608.5, 804.5) (914.8, 936.4) 830.9
862.5 794.7 915.2 9114
2008 811.8 711.6 892.1 (425.2, 359.3, 126.9)
(766.7, 856.9) (646.8, 776.4) (857.0,927.2) 1116.1
861.9 786.1 916.2
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Fig. 6. Monthly energy imbalance correction coefficients (Cg). Upper and lower panels are daylight hours and nighttime values, respectively. In the upper panel, open circles
are values for the right bank, crosses represent left bank values, and closed circles are values calculated without classification by wind direction. Nighttime eddy fluxes are

assumed to be similar in both bank sides.
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data without energy imbalance correction. Solid and dashed lines are regression line (zero offset was set) and 1:1 line, respectively.

closer to the 9-year average of P-Qwss. However, uncertainty
remained because the values of ETgc r for the left bank became
similar to those of the right bank. The result induced a similar H
from both banks. However, it might contradict the difference in
observed ET, which might be related to the difference in the main
planted species and their growth rate.

The values of ETgc ¢ were intermediate between ETgc nc and
ETgc r. ETgc ¢ is regulated by the value of R,-G. Thus, the differ-
ences in ETgc ¢ between those calculated as the average of values

from the left and right banks and those estimated without the data
divided by wind direction, and between those for the left bank and
for the right bank, were lower than those in ETgc nc. However, even
after the correction, ETgc ¢ calculated for the right bank was much
higher than that for the left bank (Table 2).

In some studies, an energy imbalance correction was not neces-
sarily required when focusing on the annual total ETgc (e.g., Wilson
et al.,, 2001; Scott, 2010). In addition, some researchers have con-
cluded that the application of ETgc ¢ is necessary, because the
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Approximate values of tree density, percentage of measured throughfall (Tr) and stemflow (S¢) and calculated interception loss (Ic) to the measured rainfall (P) for each

interception plot. Total values of each measurement period were also noted in the bracket.

Plot number Approx. density (trees ha™1!) P (mm)

Tr (mm) (T¢/P) Sp (mm) (S¢/P) Ic (mm) (I¢/P)

Plot 1 1200 2835.0°

Plot 2 1600 1202.0°

Plot 3 600 1631.0°

599.3
(0.211)
216.1
(0.180)
2522
(0.154)

201.5
(0.071)
1136
(0.094)
438
(0.027)

2034.2
(0.718)
8723

(0.726)
13356
(0.819)

The periods of measurement which were successfully conducted are:
@ January 2007—May 2008 for plot 1.
b January 2007—September 2007 except July 2007 for plot 2.
¢ July 2007—-May 2008 except September & November 2007 and April 2008 for plot 3.
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Fig. 8. Year-round rainfall (P), runoff from WS3 (Qwss), and early cumulative water storage in the watershed calculated by P-Qws3-ETgc in 2007 and 2008.

energy imbalance correction made ET almost equal to P-Q (e.g.,
Ding et al., 2010; Barr et al., 2012). Meanwhile, Matsumoto et al.
(2011) obtained P, Q and ETgc ¢ for 8years at their forest
watershed in Japan, and they suggested that 5.6% of P would be lost
as bedrock infiltration on average. If we adopt the average ETgc c,
this might be the case with our site. Comparing the average ETgc ¢
over the 2-year period of 2007 and 2008 (825.9 mm) with the 9-
year averages of P and Q,s3, the values of P-Qyys3—ET also became
0.034 P.

3.1.3. Interception loss plus sap-flow transpiration: confirmation of
annual ETgc

Table 3 shows the total measured Tr and Sr and estimated I
from Eq. (2) for each plot with a successfully measured time period
and approximate values of tree density. The ratio of Tr to P was
smaller in plot 1 and plot 2 than in plot 3, and the ratio of Sg to P
was the largest in plot 2, the plot with the highest tree density.
The highest ratio of Ic to P (I¢/P) was found in plot 1, although

the tree density in plot 1 was intermediate between plots 2 and
3. Furthermore, compared with I¢/P expected from tree density
(Komatsu et al., 2008: see also Kuma14), the values became larger
in plot 1, and slightly smaller in plots 2 and 3. These results may be
caused by the understory vegetation. Manfroi et al. (2006) reported
that the understory trees change I¢/P by 3.5% in their tropical forest
site. Among our interception plots, the understory vegetation
flourished in plot 1 as well as other middle density Japanese cedar
stands (e.g., UP and SP of sap-flux measurement plots) and this
would result in increasing I¢/P.

Continuous Ic data were obtained only in plot 1. The vegetation
of plot 1 was considered a representative Japanese cedar forest
stand typical of those in KHEW, whereas plot 3 had exceedingly
large Japanese cedar trees in the stand at this site. Thus I obtained
in plot 1 was adopted in Kumal4 and combined the transpiration
of Eyc + Esc, to estimate ET for Japanese cedar forests in KHEW. As a
result, the annual total value of ETcomp (= Ic + Eyc + Esc) from April
2007 to March 2008 was 911.4 mm; the distribution of I, Eyc and
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ridge), 0.1 m and 0.2 m for SP (middle of the slope in the left bank), and 0.2 m for UP (middle of the slope in the right bank) and LP (near the valley). See also Fig. 1b and c.

Esc was 425.2 mm, 359.3 mm and 126.9 mm, respectively. ETcomp
was higher than total ETgc ¢ (842.9 mm) and slightly higher than
ETgc ¢ from the right bank (875.2 mm) that was mainly occupied
by Japanese cedar. Because the maximum Ic/P was observed in plot
1 among the three plots, and the right bank side includes plot 3
near LP as well as Japanese cypress stands although they are rela-
tively small parts, the difference of 36.2 mm year™' is considered
reasonable. Furthermore, when accumulated ETgc ¢ from the right
bank was obtained when the downward solar radiation was
greater than 0, the 12-month total became 894.1 mm and the dif-
ference from ETconmp became close to 1.9%. We believe that the
ETcomp reliably represents ET from the Japanese cedar stands.
Because one of the main factors, Eyc, was measured directly, and
another main factor, Ic, was calculated by a simple and reliable
method from the measurement of P, Tr and Sg, although we could
not capture accurately when the intercepted water was vaporized
to the atmosphere over the forest Thus, the small difference indi-
cates that the annual total ETgc ¢ calculated as that from the right
stream bank is also reliable, and also indicates that the energy
imbalance correction in ETgc was appropriate for our site. The
value of ETgc ¢ from the right bank was compatible with the esti-
mation from BREB method in 1990s at this site (Shimizu et al.,
2003). The BREB measurement had been carried out near the Jap-
anese cedar forest canopy in WS3, and the estimated ET, typically
875 mm and 902 mm for the two tower observation sites, would
also be representative of ET from Japanese cedar forest stands in
KHEW. These facts imply that the potential ET from the planted
conifers in the region would be about >900 mm. The value might
actually be slightly smaller, because some soil water drained and
concentrated near the valley, while some dried near the ridge.

3.2. Spatial and temporal variation in ETgc

Values of P, Quss, and P-Qys3—ETgc ¢ over the 2 years in which
ETgc c was estimated (2007 and 2008) are shown in Fig. 8. The var-
iability between yearly P-Qyys3 is well-illustrated by the values of
P-Qws3 in 2007 and 2008 (830.9 mm and 1116.1 mm, respec-
tively). The difference of 285.2 mm between years is too great to
be caused by ET, as the difference in P between 2007 and 2008
was only 247.5 mm. By the end of 2007, P-Qws3—ETgc ¢ had
returned to nearly zero, suggesting that water storage and leakage
were negligible that year. However, Qwss was lower at the end of
2007 than at the beginning of the year, implying decreased soil
water storage. In 2007, more than 35% of annual P occurred during

a 20 day period (22 June-11 July; day of year (DOY) 173-192); thus
Qws3 in DOY 180-229 in 2007 was higher than that in 2008
(Fig. 8b). The large value of P over a short timespan nearly satu-
rated the soil in the watershed, as depicted by Fig. 9a and b, which
shows the seasonal variation in 0/0yax at each slope position using
the values of SP or T2 as the standard (both were at nearly the
same position). Under this highly wet condition, areas of soil water
storage within the watershed would be connected, establishing a
network of flow pathways that drain into the stream (e.g.,
Noguchi et al., 1999; Sidle et al., 2000). From late summer to early
autumn when both the drainage from the pathway and ET were
large, the 0/0pax at the Japanese cypress plots (T3 and T4) became
lower than at SP or T2 and stayed at that level. In 2007 in particu-
lar, lower autumnal P values may have caused soil dryness and
subsequent disconnection of the throughflow pathways in the soil.
In DOY 1-140 of 2008, rainfall was largely stored in the soil rather
than contributing to runoff, although periodical P was slightly
higher than P in the same period of 2007. Variation in soil water
storage may be key to explain why the timing of Q was somewhat
decoupled from P.

Low values of 6/0yax in early 2008 relatively swiftly recovered
near the lower and middle slope positions of Japanese cedar stands
(Fig. 9a), while recovery was slow in the Japanese cypress stands
(Fig. 9b). This difference might be partly caused by soil water repel-
lency on the dry soil surface. This phenomenon sometimes
emerges in KHEW, particularly in stands of Japanese cypress,
although the repelled water usually infiltrates the soil through par-
tially existing macropores and does not cause continuous overland
flow (Kobayashi and Shimizu, 2007). Furthermore, Japanese
cypress is much more sensitive to a lack of soil water content than
Japanese cedar and tends to control transpiration under dry soil
conditions (Nagakura et al., 2004). Accordingly, these characteris-
tics may account for the difference between ET in the right bank,
which is dominated by Japanese cedar, and that of the left bank,
where Japanese cypress occupies a greater area.

The 2 years of ETgc data were almost the same overall. However,
as shown in Table 2, ETgc in 2007 was slightly higher than that in
2008 regardless of the ETgc estimation processes. Considering that
P in 2007 was 12% lower than that in 2008 and monthly I- was
often proportional to monthly P (Komatsu et al., 2007: see also Fig-
ure of Kumal4), the unexpected results should be attributed
mainly to vegetation transpiration being affected by other meteo-
rological and hydrological factors. Fig. 10 shows the comparison of
monthly variations of ETgc ¢ from both bank sides with R, T, D,
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Fig. 10. Comparison of monthly evapotranspiration calculated using the eddy covariance method with a correction for energy imbalance (ETgc ¢) on the right bank
(uppermost panels) and left bank (second upper panels) with meteorological factors in left side panels (2007: closed circles; 2008: open circles). Meteorological factors from
the third upper panel to the lower: monthly averaged net radiation (R,), air temperature at 42 m height (T,), vapor pressure deficit at 42 m height (D), and monthly total
rainfall (P). Right side panels are differences (4) in the same month’s values between the 2 years (2008-2007).

and P. The right panels of Fig. 10 also show differences of these
monthly values between 2007 and 2008 (AETgc ¢, AR, AT, AD,
AP: A represents the residual of a certain value in 2008 subtracted
from that in 2007). The seasonal variation of ETgc ¢ from the right
bank side was synchronized with that of D, R,,, and T,, with R? rang-
ing from 0.86 to 0.88. Correlations of ETgc ¢ with these factors from
the left bank, ranged from R? of 0.75-0.89. The correlation between
ETgc ¢ and monthly P was much lower (R?=0.24-0.34 for both
sides of the bank): in both years, monthly ETgc ¢ reached a maxi-
mum of about 4.0 mm day~! in the next month after the maximum
monthly P had occurred. The values of AETgc ¢ in the right bank

also seem to have varied synchronously with AR, and AD (R? of
0.72 and 0.59, respectively) but were less correlated with AT,
(R?=0.42) and inversely correlated to AP (R?=0.65). This was
caused by an inverse correlation of increasing monthly P and
decreasing monthly R,. However, AETgc ¢ in the left bank was
not well-correlated with AR,, AD and AT, (R*>=0.25, 0.07, and
0.03, respectively), nor was there a strong inverse correlation with
AP (R?=0.11). These results suggest that ETgc ¢ on both sides of
the bank was strongly affected by radiative energy input, and the
inter-annual difference in ETgc between 2007 and 2008 was largely
caused by the difference in radiative energy. Particularly on the
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Fig. 11. Comparison of monthly total evapotranspiration (ET) from April 2007 to May 2008. White block and gray block are ET estimated by eddy covariance method with
energy imbalance correction (ETgc ¢), average of data from both banks and the right bank, respectively. Error bars show the range from ETgc nc (without energy imbalance
correction) to ETgc g (calculated as R,—~G-H-Sy). Black block, hatched block and pointed block are interception loss (I¢c), Japanese cedar transpiration estimated from sap-flux
measurement (Eyc) and understory transpiration from YPLANT model (Esc), respectively.

right bank, ETgc was determined by meteorological factors. How-
ever, on the left bank, the results imply that sub-factors may also
control ETgc ¢. Soil water content may be one of the sub-factors,
as total AETgc ¢ from January-July was lower on the left bank
(—21.8 mm) than on the right bank (+4.3 mm), despite the lack
of clear mutual correlation in the monthly values. From winter to
spring of 2008, the difference in 0/0yax in the Japanese cypress
stands (T3 and T4) compared with the Japanese cedar stands
(e.g., T2) was generally greater than the difference in the same per-
iod of 2007 (Fig. 9b), indicating drier soil conditions in that period
of 2008. Furthermore, the reverse phenomena occurred from Octo-
ber-December, when total AETgc ¢ on the left bank (+31.3 mm)
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was higher than that of the right bank (+7.7 mm) and 6/0yax at
T3 and T4 were similar to that of T2.

3.3. Differences between ETgc and ETcopp On a finer timescale

Although the annual ETgc ¢ from the right bank was similar to
ETcomp in Kuma14, the monthly variations suggest that the timing
when maximum ET occurred was different between measurements
based on ETcomp and ETgc ¢ (Fig. 11). In the measurement period,
the timing of maximum monthly ETcomp occurred in July 2007
and was synchronized with maximum monthly P. Meanwhile,
the maximum monthly ETgc ¢ was observed a month later, in

4 4
'/
R (d) 11
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2 4

ETyc  from the right bank side [mm week™'] or [mm day™']

Fig. 12. Comparison of evapotranspiration (ET) from eddy covariance method (ETgc ¢) in the right bank with the ET components (Eyc: sap-flux transpiration, Esc: modeled
sub-canopy transpiration, and I.: interception loss) observed in Japanese cedar plots. Left and right panels are weekly and daily comparisons. The upper and lower panels
correspond to dry and wet conditions, divided by 20 mm rainfall week~' (weekly: a and b), and with or without rain (daily: c and d), respectively. The open circles in the
upper panels are very dry days, with less than 2 mm rain in the week (a) and no rain in the previous 5 days (c).
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August 2007, when R, reached its maximum. The difference might
be partially caused by instrumental error. In wet conditions when
the vapor pressure deficit became small, the correction of the
closed-path ETgc became greater (Ibrom et al, 2007), but the
degree of correction might be insufficient because other instru-
ment data used to determine the correction might become unreli-
able under these conditions. The results showing that Cjz became
lower in winter than in summer might suggest the existence of
some additional error under wet conditions, since D in winter
decreases compared with that during the day in summer. Under
a heavy rainfall event, the possibility of water overflow from the
tipping buckets of the I measurement system would be also
increased, although our data in plot 1 did not suggest this occurred.

However, this result did not depend on the regulation of R,-G
through the energy imbalance correction, as the values of Gz were
almost unity around the summer in 2007. Furthermore, the
monthly values of ET_gc from the right bank and those of ETcomp
were well matched except in July 2007 (Fig. 11). Thus, we per-
formed weekly and daily comparison. During weeks in which P
was less than 20 mm and ETgc ¢ was more than 15 mm, ETgc ¢ in
the right bank was usually higher than ETcopmp (Fig. 12a). In weeks
where P was higher, this trend changed slightly. Regardless of the
ETgc value, the weekly ETconmp Was frequently higher than ETgc ¢
(Fig. 12b), and sometimes the difference was extreme. If this trend
was caused by an error, it may be overestimation of weekly I and
underestimation of weekly evaporation, which are included in Esc.
On a monthly basis, these errors compensated for one another,
except when monthly P was extremely high as in July 2007. A com-
parison of the daily data showed a similar trend. As in Fig. 12c and
d, ETgc ¢ was generally much higher than Eyc + Esc on dry days
when no rain was observed, as well as on wet (or rainy) days where
daily ETgc c was larger than 2 mm. Additionally, when the compar-
ison was limited to very dry days, after no rain was observed for
5 days including the day of observation, ETgc ¢ values were some-
times nearly equal to Eyc + Esc, although sometimes they became
much higher. Considering that the total difference between ETgc ¢
and Eyc + Esc was nearly equal to total I¢, the result implied that, on
a dry day, Ic might occasionally be a significant part of ETgc . Based
on this assumption, the difference of the timing of ETgc ¢ and
ETcomp may be caused by I¢ calculated from Eq. (2): We could mea-
sure P, Tr and Sr in real time, but it did not mean that we could
observe when intercepted P evaporated into the atmosphere. We
can assume trees with thick bark, such as Japanese cedar and Jap-
anese cypress, have a large surface area where water can attach
(e.g. lida et al., 2005). Some part of rainfall can attach to trees,
and water from fog, part of which is produced in the form of drop-
lets (Murakami, 2006), may also attach to the trees and forest floor,
without being detected as Tr or Sg. Certainly, the cause of the differ-
ence in timing of the maximum ET was not determined in this
study. However, to our knowledge, only a few studies presented
the seasonal variation of Ic (+Eyc + Esc) and ETgc, both of which
were simultaneously measured (e.g. Oishi et al., 2008). We hope
the following study results will be reviewed soon by the scientific
community, to clarify whether or not this type of disagreement
usually occurs and what causes it to occur.

4. Concluding remarks

We calculated ET using the eddy covariance method as adapted
for patchy plantation forests in southwestern Japan. Values ranged
from 707 to 926 mm in 2007 and 712-893 mm in 2008. Through
comparison with water budget results (P-Q) and interception loss
plus vegetation transpiration (ETcomp = Ic+ Eyc + Esc), we deter-
mined that ETgc corrected with energy imbalance (ETgc ¢) would
be the typical ET for our site; the values were 839.9 mm in 2007
and 811.8 mm in 2008. The difference in the 9-year average of

annual P-Q (897.5 mm) from ETgc ¢ was about 3.5% of P, and it
could be regarded as reflecting the effects of bedrock infiltration.
Compared with ETcomp of Japanese cedar forest stands and ETgc ¢
from the right bank mainly occupied by Japanese cedar forest
stands when solar radiation was greater than 0, the difference of
annual total ET became 17.3 mm (1.9%). This result indicates that
the process of downscaling ETgc ¢ was successfully carried out in
this study and this technique was appropriate for the estimation
of annual ET from a forest stand scale even over a complex terrain.

The maximum monthly ETgc co-occurred with the maximum
R,, and the maximum monthly ETcomp and the maximum P co-
occurred as well. The same kind of difference in the timing
between the occurrence of ETgc and ETcomp Was observed at our
site. Because the dry canopy ETgc ¢ was sometimes much higher
than Eyc + Esc, we considered the possibility that some P attached
to the tree bark and some fog water often seen under the canopy
during the rainfall slowly evaporated to the atmosphere.

The spatial variations of ET, represented as the difference in ET
between the right and left stream banks, would be caused by the
difference of species, and the water conditions regulated by the
terrain and the seasonal distribution of rainfall. Through the exam-
ination of meteorological factors, we found the seasonal and the
inter-annual variation of ETgc was largely governed by radiative
energy, although some undetermined sub-factors may partially
affect ET.

Comparison of the ET estimation methods showed that each
method has advantages and disadvantage at different temporal
scales. ETcomp includes I, which is robust measurement of water
loss, but it is usually assumed that all I occurs rapidly after (or
during) rain, which cannot be detected from the current method
of I- measurement. On the other hand, ETgc may miss rapid inter-
ception loss because of limitations in the system of measurement.
Water budget P-Q is more or less affected by leakage, and it is
influenced by longer-term storage changes that occur on the order
of months to a year. Therefore, data from each method must be
considered at the appropriate time scale.
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Appendix A. Tipping bucket correction

To calibrate the data for throughfall (T¢) and stemflow (Sg), we
carried out the laboratory test for all the tipping buckets used in
this study. At first we checked the capacity for a single tipping at
the static status (c;) by dripping water using a 10 cc cylinder. The
flow injection test was essentially the same as lida et al. (2012):
A steady water flow was generated between the tested tipping
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Fig. Al. Relationship between tipping interval (t) and water mass per one tip (W;)
obtained in the laboratory test for two tipping bucket flow meters. Upper and lower
panels are 0.5-L type flow meter and 0.2-L type flow meter, respectively. The
dotted-line curves are Eq. A1 parameterized for the flow meters.

bucket and a constant head bottle. The effluent from the bottle was
initially collected by a storage tank set the same height of the tip-
ping bucket, and it was measured by a graduated cylinder while
the flow collecting time was measured by a stopwatch. Then the
flow was injected to the tipping bucket and the time was measured
for at least tipping twice. The process was continued with changing
the flow rate, and then the parameters (p1, p2, p3) of the following
catenary curve were determined:

- _ Dyt
W, = MAX(Ct,pl o t) (t < 3600), (Ala)

W[ = W350() (t > 3600)7 (A] b)
where t (s) is the averaged interval time between the tipping, W,
(mL) is the average injected water within t, MAX() indicates the
largest value within the bracket. Fig. A1 presented the examples
of the results of laboratory test for the tipping buckets used in plot
1 in this study. The underestimation rate of uncorrected Tr and Sg
were less than 4% for monthly data. For 17-month data obtained
at plot 1, the underestimation would become 2.6% in total Tr and
2.3% in total Sg, respectively, and the underestimation would have
induced overestimation of I by 9.6%.
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