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Abstract:

In this study, we examined the year 2011 characteristics of energy flux partitioning and evapotranspiration of a sub-alpine spruce
forest underlain by permafrost on the Qinghai-Tibet Plateau (QPT). Energy balance closure on a half-hourly basis was
H+1E=081%x(R,— G —S)+3.48 (Wm °) (*=0.83, n=14938), where H, AE, R,, G and S are the sensible heat, latent heat, net
radiation, soil heat and air-column heat storage fluxes, respectively. Maximum H was higher than maximum AE, and H
dominated the energy budget at midday during the whole year, even in summer time. However, the rainfall events significantly
affected energy flux partitioning and evapotranspiration. The mean value of evaporative fraction (A =AE/(AE + H)) during the
growth period on zero precipitation days and non-zero precipitation days was 0.40 and 0.61, respectively. The mean daily
evapotranspiration of this sub-alpine forest during summer time was 2.56mmday '. The annual evapotranspiration and
sublimation was 417 =8 mmyear™ ', which was very similar to the annual precipitation of 428 mm. Sublimation accounted for
7.1% (30 =2 mm year~') of annual evapotranspiration and sublimation, indicating that the sublimation is not negligible in the
annual water balance in sub-alpine forests on the QPT. The low values of the Priestley—Taylor coefficient («) and the very low
value of the decoupling coefficient (€2) during most of the growing season suggested low soil water content and conservative

water loss in this sub-alpine forest. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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INTRODUCTION

The solar radiation absorbed at the surface plays a major
role in climatic change. Compared with cropland,
grassland and bare soil, forests often have a lower surface
albedo and so absorb more solar radiation (Baldocchi and
Vogel, 1995; Betts, 2000). The partitioning of the
available energy to ecosystem latent (AE) and sensible
(H) heat fluxes plays a critical role in atmospheric
boundary layer (ABL) dynamics and, hence, directly
influences local, regional and even global climate (Wilson
et al., 2002a, b). On the other hand, changes in local
environmental conditions may affect a variety of physical
and physiological processes in plant canopies and finally
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alter the mass and energy exchange between the surface
and atmosphere, forming a direct link to global climate
(Wilson and Baldocchi, 2000). Therefore, comprehensive
knowledge about the characteristics of the energy
partitioning in different forest types at various environ-
mental conditions is important for examining complex
interactions between the terrestrial biosphere and atmo-
sphere, water circulation and global climate change
(Brubaker and Entekhabi, 1996; Raupach, 1998).

The Qinghai-Tibet Plateau (QTP), known as the ‘third
pole of the earth’, is the only region in the world where
the permafrost is present in mid-latitudes and is regarded
as one of the most sensitive regions to global changes
(Zheng, 1996; Liu and Chen, 2000; IPCC, 2007). Forests
cover a wide range of ecological habitats on the QTP and
are the highest in the world. Qinghai spruce (Picea
crassifolia) is an endemic widespread tree species on
northeastern QTP from 2300-3300m altitude and is
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usually associated with the presence of permafrost. This
sub-alpine forest plays a very important role in preventing
soil erosion and loss, in regulating climate, and in retaining
ecological stabilities of many inland river systems, lake
reservoirs and desert oases in northwest China (Zhu et al.,
2007, 2008; Bourque and Mir, 2012). In recent decades,
the eddy covariance (EC) technique has been widely used
to measure the exchanges of energy, water and carbon
dioxide between the biosphere and atmosphere (Baldocchi
et al., 2001). For examples, Gu et al. (2005) and Yao et al.
(2011) reported the energy partitioning for the alpine
meadow ecosystems on the QTP and found that H was
higher than AFE in winter and spring, but was lower than AE
in summer and autumn. However, the characteristics of the
energy flux partitioning and evapotranspiration of the sub-
alpine forest ecosystem is still unclear. Also, many single-
site studies have been conducted in forest ecosystems such
as tropical forests (e.g. Kumagai et al., 2005; Fisher et al.,
2008; Tanaka et al., 2008; Giambelluca et al., 2009; Kume
etal.,2011), temperate forests (e.g. Wilson and Baldocchi,
2000; Gu et al., 2006; Kosugi et al., 2007; Wu et al., 2007,
Kochendorfer et al., 2011; Wu et al., 2012) and boreal
forests (e.g. Baldocchi and Vogel, 1996; Arain et al., 2003;
Humphreys et al., 2003; McCaughey et al., 2006; Pejam
et al., 2006; Ohta et al., 2008; Jassal et al., 2009; Sanchez
etal., 2010; Iwata et al., 2012; Nakai et al., 2013). Among
them, very few studies have dealt with evapotranspiration
from forests underlain by permafrost with the exceptions of
Iwata er al. (2012) and Nakai et al. (2013). In addition, the
contribution of sublimation to the annual total water
vapour flux in many ecosystems is still unclear and need to
be further investigated (Nakai et al., 2013).

Based on the year-round observation of energy
components and water vapour fluxes from the permafrost
Qinghai spruce forest on the QTP in 2011, the objectives
of the present study were to: (1) characterize the patterns
of diurnal and seasonal variation in energy flux
partitioning and evapotranspiration in a sub-alpine forest;
(2) identify the contribution of sublimation to the annual
total water vapour flux from the sub-alpine forest; and (3)
determine the diagnostic parameters characterizing energy
flux partitioning and evapotranspiration.

MATERIALS AND METHODS

Site description

The study area is located at Guantan freeze/thaw
observation station (38°32’1”N, 100°15'1”"E) on the
northeastern QTP, China. This station was set up and
instrumented in June 2008 as part of the Watershed Allied
Telemetry Experimental Research project (see details in
Li et al., 2009). The site was surrounded by continuous
mountains with elevations ranging from 2700-3400 m a.s.

Copyright © 2013 John Wiley & Sons, Ltd.

1. The prevailing daytime wind directions at this site were
north and northeast during different seasons. The forest
fetch along the prevailing wind directions is about 970 m
(see details in Appendix A). According to the meteoro-
logical observation at a nearby meteorological station
(Xishui experimental station; 38°24'N, 100°17'E; 2800 m
a.s.l.) from 1994-2010, the mean annual precipitation and
air temperature at this site are 435mm and 0.5°C,
respectively (Liu et al., 2010). The overstory tree species
at the study site is Qinghai spruce (P. crassifolia) with the
forest floor nearly covered by a layer of moss with a depth of
10cm. The moss layer may insulate mineral soil from
weather extremes such as high temperatures in summer
and maintain the high permafrost table (Nakai ez al., 2013).
The soil is classified as mountain gray-cinnamon forest
soil with an average thickness of about 120 cm. The topsoil
(040 cm) is the humus layer and high in soil organic matter
(ca. 17 gkg™"), whereas the subsoil (40-120cm) was the
argillic layer, which was mainly consisted of fine sand (see
details in Appendix A). The root mass (ca. 64%) was mainly
distributed in 20—40cm soil layers. A tree survey of this
forest was conducted in September 2009. The characteris-
tics of the trees including tree height, canopy height,
diameter at breast height (DBH) and crown diameter were
measured in a 100mx 100 m plot containing 1186 trees
with DBH >5.0cm. The mean canopy height of these
1186 trees was 10.5 m ranging from 0.6—11.6 m.

Energy balance measurements

The surface energy balance is described by the equation

Ri=H+)E+G+S (1)

All components in Equation (1) are expressed as energy
fluxes in Wm™2. R, is the net radiation, H is the sensible
heat flux, AE is the latent heat flux, G is the soil heat flux, and
S is the air-column storage heat flux. Net radiation was
measured at a height of 20m above the soil with a net
radiometer (CNR-1; Kipp & Zonen, Delft, Netherlands),
which consisted of four radiometers to measure the
incoming and reflected short-wave radiation (Sy, S,), and
incoming and outgoing long-wave radiation (Lg, L,).

The sensible and latent heat fluxes were measured
using the EC system (e.g. Webb ez al., 1980; Baldocchi
et al., 2000), which was installed on a relatively flat
terrain in the mountainside with a topographic slope of 3°
(see details in Appendix A). The EC measurements
included a three-dimensional sonic anemometer (CSAT3,
Campbell Scientific Inc., UT, USA) to measure vertical
wind speed and air temperature fluctuations, and an open-
path infrared gas analyser (Li-7500, LI-COR Inc., USA) to
measure the water vapour density and carbon dioxide
fluctuations. The anemometer and open-path gas analyser
were installed at the height of 20.25 m above the ground.

Hydrol. Process. (2013)



ENERGY PARTITION AND EVAPOTRANSPIRATION IN A SUB-ALPINE FOREST

The EC data were sampled at a frequency of 10 Hz, and the
turbulent fluxes were continuously recorded by a data logger
(CR5000, Campbell Scientific Inc.). The calibration for the
gas analyser was made every year at the beginning of the
growing season using a span gas of known CO,
concentration and a dew point generator (LI-COR Inc.,
2000). Based on the footprint analysis for unstable
stratification presented by Hsieh et al. (2000), the peak for
the flux footprint is located at approximately 40 m upwind.
The 90% flux fetch was at the distance of about 410 m
upwind in the unstable condition (Appendix A). Thus, the
measured fluxes were primarily contributed by the forest.

Soil heat flux (G) was determined using the equation
described by Oliphant et al. (2004):

20T
G =G, +p,CJ—dz (2)
0 Ot

where G, is the heat flux measured at depth z (5 cm at our
site), ps is the soil density (kg m~?), Cy is the specific heat
of soil (J kg*l K™, 7, is the soil temperature (K), and ¢ is
the time (s). Soil heat flux was measured using three soil
heat transducers (HFTO01; Campbell Scientific Inc.), and
soil temperature above the transducers (at 3 cm below the
surface) were measured by thermocouple thermometry
(109; Campbell Scientific Inc.). The soil thermal capacity
can be approximately expressed as

psCS - pdryCdI'y +prW9 (3)

where pgry is the dry soil density (kg m~?), Cary is the
specific heat of the soil minerals (Jkg~!'K™'), p, is the
water density (kgm~3), C,, is the specific heat of water
d kg’1 K1), and @ is the volumetric water content (%),
which was measured with TDR sensors (CS616;
Campbell Scientific Inc.) at 3 cm below the surface.

Heat storage terms (S) were estimated as (Oliphant
et al., 2004):

S=8+S.+5; “4)

where S, is the change in heat storage associated with wood
biomass, which was neglected in this study due to its low
contribution to total heat storage (<5%) (Blanken et al.,
1997; Oliphant et al., 2004). S, and S; are the changes in heat
storage forced by changes in canopy air temperature and
specific humidity, respectively, and they are calculated as

Zr aTa
0 Ot

S, = pCyl 24z 5)

Zrap
S; = Al =4 6
g gaz ¢ ©)

where z, is the height of the net radiation measurement
(20 m). Air temperature (7,) and humidity were measured

Copyright © 2013 John Wiley & Sons, Ltd.

with a temperature and relative humidity probe (HMP45C,
Vaisala, Finland) at four heights (2, 3, 10 and 20 m). p,, was
determined from HMP45C measurements of relative humid-
ity and air temperature.

In calculating AF, the latent heat of vaporization 4,
(kJkg™!) or latent of sublimation A (kJ kg~') was used for
the half-hourly data, depending in the air temperature. If the
air temperature 7, (°C) in the plant canopy (10 m) was
positive, 1, was calculated as (Fritschen and Gay, 1979)

Ay = 2500.25 — 2.365T, ™)

When T, was zero or negative, A, was calculated as
(Fleagle and Businger, 1980; Andreas, 2005)

As = 2834.1 —0.149T, ®8)
Supporting measurements

Parallel to the energy balance measurements, other
supporting meteorological and soil measurements made at
our site included photosynthetically active radiation (at
the height of 19.20m; LI190SB, LI-COR Inc.), precip-
itation (52202 electrically heated rain/snow gage, RM
Young, USA), soil temperature (109, Campbell Inc.,
USA) and volumetric water content (CS616, Campbell
Scientific Inc.) profile (at 0.05, 0.1, 0.2, 0.4, 0.8 and 1.2 m
below the soil surface), and snow depth (SR50, Campbell
Scientific Inc.). The meteorological data were sampled
every 1s by data logger (CR23XTD, Campbell Scientific
Inc.), and 30-min mean values were stored.

Measurements of tree height and DBH (1.37 m) were
conducted during the experiment period. Leaf area index
(m?m~2) was measured once every 2 weeks using a plant
canopy analyser (LI2000, LI-COR Inc.), adjusted for
clumping index measured using the TRAC instrument
(Third Wave Engineering, Ottawa, Canada).

Data processes, gap filling and energy balance closure

The half-hour sensible (H) and latent (AE) heat fluxes
were calculated by EDIRE software (Clement, 1999)
following the standard protocols including coordinate
rotation, block averaging, despiking and air density
correction (Webb et al., 1980; Lee et al., 2004). In addition,
a friction velocity (u+) filter was used to reject night-time
fluxes when turbulence was low (u+<0.15ms™!: see
details in Appendix B; Brown et al., 2010, 2012).
Approximately 20% of the night-time data was replaced
as aresult of low - conditions. The ratio of acceptable half-
hourly H and AE measurements to the total data was 65%.
Data gaps (no more than a few hours) were filled using linear
interpolation. Larger gaps in flux data were replaced by
average values calculated using the lookup table method
(Falge et al., 2001). Also, the uncertainties in the gap-filled
annual evapotranspiration by using different u- threshold
values were estimated (Appendix B).
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Energy balance closure is a requirement of the first law of
thermodynamics, but lack of closure is a common feature for
EC measurements, particularly at forested sites (Wilson
et al., 2002b). Table I gives the results of energy balance
closure determined by the linear regression method, using
the sum of turbulent fluxes (AE + H) relative to the available
energy (R, — G —S), for 30 min and daily total fluxes. We
achieved energy balance closure of 0.81 (H+AE=0.81
(R, — G — S)+3.48, *=0.83) over the whole study period
based on 30-min averages of the fluxes, and the closure
status was higher in the growing seasons than that in the
non-growing seasons (Table I). Closure increased to 0.94
when using the daily accumulated values instead of 30-min
data. For FLUXNET sites, the slope values reported by
Wilson et al. (2002b) range 0.53-0.99 with a mean of
0.79£0.01, and the intercept values range —32.9-36.9 W
m 2 with a mean of 3.7 +2.0 W m 2. Compared with these
ranges, the energy balance closure statistics at our site were
reasonable. Thus, the EC system provided consistent
measurements of the atmosphere/surface exchanges of
energy and mass.

Calculation of diagnostic parameters

Canopy surface conductance (g.; m s~ 1) was calculated
using the inverted form of the Penman—Monteith equation
(Monteith and Unsworth, 1990):

LosGy L))

= 9
8 VE g \VIE ®

where D is the vapour pressure deficit (kPa), y is the
psychrometric constant (kPaK~'), A is the slope of
relation between saturation vapour pressure and air
temperature (kPaK™'), and g, is aerodynamic conduc-
tance of the air layer between the canopy and the flux
measurement height (ms™!), calculated assuming neutral
stability as follows (Monteith and Unsworth, 1990):

1
— =2 62u 0
g

(10)

Table 1. Characteristics of energy balance (AE+ H) versus
(R, — G —S) using half-hourly and daily sum data values at the
Qinghai-Tibet Plateau site

Data set n  Slope Intercept R’

30-min period

All available data 14938 0.81 3.48 0.83
Non-growing seasons (Nov.—Apr.) 7628 0.70 3.02 0.82
Growing seasons (May—Oct.) 7310 0.87 3.89 0.84
Daily mean

All available data 319 094 —-0.33 0.85
Non-growing seasons (Nov.—Apr.) 183 0.84 —-0.01 0.80
Growing seasons (May—Oct.) 136 0.94 0.14 0.83

Copyright © 2013 John Wiley & Sons, Ltd.

where u is the mean horizontal wind speed (ms~') and u-
is the friction velocity obtained from EC measurement
(ms~"). The decoupling coefficient (Q) was obtained by
the equation (Jarvis and McNaughton, 1986).

A+y

S NS 11
A+y(1+g./8) (b

To characterize the energy partitioning by the forest, we
examined the variations of two derived variables, the
evaporative fraction (A; Barr ef al., 2001) and the Priestley—
Taylor coefficient (a; Priestley and Taylor, 1972):

_JE 12)
ME+H
A JE
:j (13)
y AE+H

The use of AE + H as the available energy flux in these
two equations avoids the energy balance closure issue
(Barr et al., 2001).

RESULTS AND DISCUSSION

Meteorological and biological conditions

Figure 1 shows the annual variations in meteorological
and biological variables. Photosynthetically active radiation
reached its maximum value in mid-June (737 pmolm~2s~!
on 12 June) and showed great day-to-day fluctuations
during spring and summer periods due to frequent cloudy
conditions, which are a common phenomenon on the QTP.
The lowest air temperature (7,) during winter was —20.5 °C
(14 January) and the highest 7, was 19.2°C (9 August).
Mean annual 7, was 0.9 °C, and mean T, in winter (DJF)
and summer (JJA) was -10.9 and 12.5 °C, respectively. The
vapour pressure deficit (D) was the highest in August,
reaching 0.6kPa (9 August). The mean annual D was
0.34 kPa, and mean D in winter and summer was 0.15 and
0.60 kPa, respectively. The variation in soil temperature (7)
at different depths showed the gradual thawing of frozen
soil, and the thaw dates at each depth were 19 April (5 cm),
6 May (10cm), 23 May (20cm), 21 June (40cm), and
11 August (80cm). From 20-27 October, these layers
almost simultaneously began to freeze. The depth of the
active layer was about 90cm; 120 cm depth was within
permafrost with its temperature below zero year-round. The
variation in soil water content (6,) in depths from 0-20 cm
were strongly dependent on the precipitation pattern.
Annual precipitation was 428 mm, of which 60% falls in
summer time. Leaf area index began to increase rapidly
from late March (< 1.5 m?> m~?) and reached a maximum of
3.9m?m? in mid-July and then decreased slowly.

Hydrol. Process. (2013)
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Figure 1. The annual course of the meteorological and biological conditions at the Qinghai spruce forest in 2011. (a) Daily (24-h) mean

photosynthetically active radiation at height of 20 m, (b) air temperature at the height of 10 m in the plant canopy, (c) vapour pressure deficit (D) at the

height of 10m, (d) soil temperature, (e) volumetric soil water content (6,) and precipitation (bar blue) and (f) leaf area index. Air temperature (b) and

vapour pressure deficit (c) are presented with daily average, maximum and minimum data, and precipitation is shown as daily accumulated values. Other
data are 30-min average values

The radiation is shown in Figure 2. Daily-mean
incoming shortwave radiation (Syq) showed significant
seasonal and day-to-day variation, ranging from less than
5Wm2 (28 October) to above 400 W m~2 (6 June). The
difference between outgoing (L,) and incoming (L4) long
wave was small on cloudy days and large on sunny days,
ranging from less than 5W m?-142 W m 2. Daily mean
albedo (the ratio of daily sums of reflected and incoming
short-wave radiation) values were typically between 0.15
and 0.6, with a mean value of about 0.16 in summer and
0.46 in winter. The high value of albedo may be attributed
to the snow cover on the plant canopy. Daily mean net
radiation (R,,) closely followed the pattern of Sy, ranging
from —10 W m~2 in winter (18 December) to 291 W m 2
in summer (27 July).

Diurnal patterns in energy balance components on typical
clear days

Because of the distinct differences shown in the energy
partitioning pattern, the year was divided into four
periods: (1) the soil-frozen period (those days when the
daily mean soil temperature at 5 cm was equal to or below
0°C; Day of Year (DOY) 300-105); (2) the pre-growing
period (with the daily mean soil temperature at 5 cm less
than 5°C and greater than 0°C; DOY 106-145); (3)
growth period (with the daily mean soil temperature at
5cm was greater than 5 °C; DOY 146-258); and (4) the

Copyright © 2013 John Wiley & Sons, Ltd.

600 @) T T T T T
500l . Sd SIJ Ld a Lu |
o %o o
= e o ot
gsoomAﬁ, SR R |
g i ALY SN ST e e P Telie 'fq_ ‘?‘!
] 200 5 :'.;"'o:’ ¢ : ’ - o %o o« ! ‘e .:“.’n L3
oy « L]
- g Yore e gt el % T
L]

100 150 200 250 300
Figure 2. Seasonal variations in the daily (24-h) mean values of (a)
incoming and reflected short-wave radiation (Sgy, S,), and incoming and
outgoing long-wave radiation (Lg, L,) at the 20 m; (b) Albedo of the forest

canopy and (c) net radiation at the forest canopy
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senescence period (with the daily mean soil temperature
at Scm was less than 5°C and greater than 0°C; DOY
259-299). The different energy balance components and
the diagnostic parameters were distinct for each of the
four periods (Table II).

Figure 3 shows the diurnal variation in the ensemble
means of different energy balance components on clear
days during each period at this site. The daily period of
positive R, was considerably longer during the pre-
growing and growth periods (on average between 8:00
and 20:00 h; Figure 3(b) and (c)) compared with the soil-
frozen and senescence periods (on average between 9:00
and 18:00 h; Figure 3(a) and (d)). The daily highest values
of R, during each period were recorded during midday
hours (about between 12:00 and 14:00h), and were 540,
740, 800 and 600 W m 2 for the soil-frozen, pre-growing,
growth and senescence periods, respectively. The diurnal
behaviours of § were characterized by positive peaks
around sunrise and negative peaks around sunset during
each period. The highest half-hourly value of § was
observed at the growth period (24 Wm™2 at 9:00h),
whereas the lowest value was during the soil-frozen period
(—10m~2 at 19:00 h). The amplitude of the diurnal cycle of
G was smaller than that of S during the soil-frozen and

senescence periods and was comparable during the pre-
growth and growth periods with its peaks between 15:00
and 17:00h. Throughout the year, H was the dominant
turbulent flux (Figure 3). The diurnal variations of H closely
followed the pattern of R, and the peak value occurring
around the noon. In contrast, morning—afternoon asymme-
try was observed in AE, which was usually larger in the
morning than in the afternoon and slightly depressed at noon
(Figure 3(c)). Earlier studies also showed that the stomata on
the leaf surface of the alpine plants living on the QTP were
partially closed under high solar radiation at noon to prevent
excessive water loss (Cui et al., 2003; Fu et al., 2006). The
average diurnal maximum value of H was observed at the
pre-growing period (560 Wm 2 at 12:00 h; Figure 3(b)),
whereas the average daytime peak value of AE was during
the growth period (259 W m~2 at 10:00 h; Figure 3(c)).
The daytime consumption of available energy (=R, — G — )
for H and AE differed significantly over the sub-alpine forest
ecosystem compared with the alpine grassland ecosystems
in the QTP, where the summertime AE is generally greater
than H (Gu et al., 2005; Yao et al., 2011). The different
energy consumption patterns for forest and grassland
located in the same climate zone should be attributed to
the differences in their physiological (rooting depth, canopy

Table II. Daily means of the radiation, energy balance components and major biometeorological factors

Soil-frozen period

Pre-growth period Growth period Senescence period

Whole year (DOY 300-105) (DOY 106-145) (DOY 146-258) (DOY 259-299)

T, (°C) 0.94 —7.61 6.78 12.1 3.31
T (°C) —-0.29 —6.16 2.11 7.86 2.27
6, (%) 6.10 3.54 7.70 9.09 7.81
D (kPa) 0.34 0.19 0.49 0.56 0.25
Precipitation (mm) (sum.) 428 14.4 60.9 303.4 49.3

LAI (m*m™>) 2.01 0.89 2.67 3.69 2.02
R, (Wm™?) 114.58 74.54 173.61 159.72 101.85
Sqa (W m'z) 209.49 174.77 265.05 248.85 189.81
Sa (W mfz) 19.56 17.59 24.54 21.18 17.01
Lqg (W m’z) 24421 195.60 278.94 302.08 258.10
L, (W m_z) 319.44 280.09 346.06 370.37 328.70
AE (Wm’z) 32.52 6.13 55.21 68.98 28.70
HW mfz) 71.06 57.18 104.17 81.48 63.08
GW m’z) 0.23 —6.13 7.29 7.75 0.35
S (W mfz) 0 0 0.08 —0.02 —0.08
AE/R, 0.25 0.09 0.33 0.48 0.29
H/R, 0.72 0.91 0.60 0.47 0.63
A 0.28 0.11 0.35 0.52 0.34
o 0.26 0.13 0.35 0.51 0.35
g, (mm s’l) 350.2 316.1 436.5 392.5 376.7

g. (mm s’l) 2.90 1.25 4.69 5.67 4.65
Q 0.03 0.01 0.04 0.06 0.04

T,, mean daily air temperature; 75, mean daily soil temperature at 5 cm depth; 6,, mean daily soil volumetric water content from 0-20 cm depth; D, mean
daily vapour pressure deficit; LAI, leaf area index; R,, mean daily net radiation; Sq , mean daily incoming short-wave radiation; S, , mean daily reflected
short-wave radiation; L, , mean daily incoming long-wave radiation; L, , mean daily outgoing long-wave radiation; AE, mean daily latent heat flux; H,
mean daily sensible heat flux; G, mean daily soil heat flux; S, mean daily heat storage; A, mean midday evaporative fraction; o, mean midday Priestley—
Taylor coefficient; g,, mean midday aerodynamic conductance; g., mean midday canopy surface conductance; €2, mean midday decoupling factor.
Midday was defined as 10:00h through 16:00h Beijing Standard Time (BST).

Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. (2013)



ENERGY PARTITION AND EVAPOTRANSPIRATION IN A SUB-ALPINE FOREST

800 40
(@) R [®
600 _:’E 30
“.‘E S nlr‘
£ 400 . 20 :
o« S
Y 200 10 2
hy
e = xﬁ &0
-200 -10
800 40
(c) (d)
600 30
3 -
3 400 /\ 20 §
o Y
4 200 / 102
I
= = === ety
200 10
0 6 12 18 24 0 6 12 18 24
Time (BST) Time (BST)

Figure 3. Averaged diurnal variations in net radiation flux (R,), latent heat flux (AE), sensible heat flux (H), soil heat flux (G) and storage heat flux (S) for
different periods: (a) soil-frozen period from DOY 300-108; (b) pre-growth period from DOY 109-161; (c) growth period from DOY 162-258 and (d)
senescence period from DOY 259-299) at our site. Only data collected on clear days are presented. Beijing Standard Time (BST) is used here

structure, stomatal regulation) and eco-physical (surface
albedo) parameters (Baldocchi et al., 2004). In addition, the
aerodynamic conductance (g,) of grassland (generally
<30mms~!; Kelliher ef al., 1993) was much lower than
that of the forest (more than 300 mm s~ '; Table II). Thus, the
efficient turbulent heat exchange of the forest relaxes the
need for strong evaporative cooling when air temperature is
high (Wicke and Bernhofer, 1996; Teuling et al., 2010).
Also, larger consumption for H than for AE, even at the peak
growth stage, has been observed in many northern boreal
forests (e.g. Jarvis et al., 1997; McCaughey et al., 1997;
Kelliher ef al., 1997, 1998; Baldocchi et al., 2000; Barr
et al.,2001; Ohta et al., 2001; Matsumoto ef al., 2008) and
some temperate coniferous forests (e.g. Restrepo and Arain,
2005; Kosugi et al., 2007).

Seasonal variation in energy balance components

Seasonal variations of daily total values of R, H, 1E
and G+S are shown in Figure 4. On a monthly basis,
daily mean values of R, for this ecosystem ranged from
53Wm 2 in winter to about 170Wm 2 in summer
(Figure 4(a)). Daily mean values of S were an order of
magnitude lower than G because at night the canopy
essentially lost all of the heat it gained during daytime,
and seasonal changes in heat storage flux (G+S) were
dominated by G. There were a small yearly cycle in G+ S
ranging from about —10-10W m™2, showing that the
energy was stored in spring and summer and released in

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 4. The annual course of daily average (a) net radiation R,, (b)
sensible heat H and latent heat AE, (c) soil heat flux plus canopy heat
storage G+ S and (d) the evaporative fraction A

autumn and winter (Figure 4(c)). Overall, more than 95%
of R, was partitioned as H and AE, and the contributions
of G+ S was very small. These results are consistent with

Hydrol. Process. (2013)



Z. GAOFENG ET AL.

previous findings conducted at coniferous forests (e.g.
Arain et al., 2003; Restrepo and Arian, ). Recently, Nakai
et al. (2013) reported that G played an important role in
the energy balance for a boreal black spruce forest in
interior Alaska, accounting for 14% of R,. The site
studied by Nakai et al. (2013) was characterized by low
canopy density and high land-surface heterogeneity, so
that the ground surface received a significant amount of
direct solar radiation. Thus, the land surface condition and
canopy characteristics may be important in determining
the contribution of G.

From January to mid-April (DOY 1-105), R, was small
and mostly converted into H (Figure 4(b)). With the start
of the growth of the vegetation and soil thawing on the
QTP from late April to May (DOY 106-145), AE
increased rapidly and H tended to decrease, even though
R, continued to increase. From late May to mid-
September (DOY 146-258), the energy partitioning
between AE and H was very similar and showed great
day-to-day variations in response to changes in R, and
occurrences of precipitation (Figure 4(a) and (b)). It was
noticed that moderate- to light-intensity storms (<5 mm)
frequently occurred during the summer time on the QTP
(Figure 1(e)), which increased the fraction of precipitation
retained on plant surface. This intercepted precipitation
subsequently evaporated rapidly, because there is no
stomatal limitation (Baldocchi et al., 2004), resulting in
high partition of R, into AE. In contrast, H was the
dominant turbulent flux on sunny days. When A was
classified into zero precipitation and non-zero precipita-
tion days, A of non-zero precipitation and zero precip-
itation during this period were 0.61 and 0.40, respectively
(Figure 4(d)). In addition, observations showed that mean
values of daily evapotranspiration flux during this period
was 2.5mmday ', with occasional values reaching up to
5mmday~!, mostly on days with or following rain
(Figure 5(a)). During the vegetation senescence period
(from mid-September to the end of October; DOY
259-299), AE started to decreased rapidly, and the energy
was mostly consumed as H (A < 0.4) with the exception
of days with or following rain (Figure 4(d)). After that, all
energy flux components were small, and most of the
available energy was partitioned as H.

The annual precipitation was 428 mm (rain/snow gauge
measurement), and the precipitation (water equivalent) in
winter was only 15 mm accounting for about 3.5% of
annual precipitation. The annual evapotranspiration and
sublimation (E, mmday ') is 417 +8 mm (Figure 5(b)),
which indicated that about 98% of total annual precip-
itation returned to the atmosphere through evapotranspi-
ration and sublimation. In addition, annual sublimation
was estimated at 30+ 2 mm year ', accounting for 7.9%
of total annual evapotranspiration and sublimation. Thus,
the sublimation in winter is not negligible in the annual

Copyright © 2013 John Wiley & Sons, Ltd.
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sublimation (E, mm dayfl) calculated from half-hourly data

water balance of the sub-alpine/alpine ecosystems in QTP.
Annual evapotranspiration at our site was estimated at
388+9mm (Figure 5(b)). This value was lower than
that from temperate coniferous forest such as Douglas-fir
forest in British Columbia, Canada (430 mm; Humphreys
et al., 2003), ponderosa pine forest in Oregon, USA
(400-430 mm; Anthoni et al.,1999) and pine plantation
forest in southern Ontario, Canada (465 mm; Restrepo and
Arain, 2005), but was larger than that from boreal forests
such as black spruce forests in Saskatchewan, Canada
(345-366 mm; Arain et al., 2003), in Fairbanks, Alaska
(210 mm; Iwata et al., 2012) and in interior Alaska
(189.0 mm; Nakai et al., 2013). Noticeably, the energy
balance closure analysis suggests that there might be as
much as a 19% underestimate of the annual total
evapotranspiration. Thus, long-term observations and
further studies are still needed to reveal the characteristics
of the energy flux portioning and evapotranspiration in a
sub-alpine spruce forest ecosystem.

Environmental and biological controls in
evapotranspiration

To quantitatively estimate the relative importance of
environmental and biological factors that control dry-
canopy evapotranspiration, we investigated the seasonal
behaviour of the mean midday values of a, g. and Q
(Figure 6). The midday value was calculated using half-
hourly meteorological and flux data from 10:00-16:00 h.
Note that data with gap-filling and from days with or
following rain were omitted for calculations and analyses.

The Priestley and Taylor (1972) o coefficient helps
diagnose how biotic factors control daily forest evapo-
transpiration relative to the amount of available energy.
An a < 1 typifies a dry surface where limitations in water
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Figure 6. Seasonal variations in (a) Priestley—Taylor coefficient a, (b) bulk

surface conductance g. (mms ) and (c) decoupling coefficient Q. These

values were calculated using half-hourly meteorological and flux data
from 10:00-16:00h (Beijing Standard Time)

supply is sufficient to reduce evapotranspiration, whereas
a>1 typifies wet surfaces where the water supply is
unrestricted, and available energy limits evaporation. The
midday mean a for the sub-alpine forest was low during
the soil-frozen period because frozen soil blocked the
movement of soil moisture through the soil profile, and
available energy exceed the available water supply in the
cold winter. Even during the growth period, the midday
mean o (0.51+0.23) was also significantly below 1
(Figure 6(a) and Table II). The seasonal trend of g. was
similar to that of o (Figure 6(b)). The relationship
between o and g. showed that o was relatively insensitive
to changes in g. for conductance larger than 20 mms '
(Figure 7), which is consistent with the predictions by
McNaughton and Spriggs (1989) using a mixed-layer
model. The asymptotic value of a (0.91; Figure 7) was
significant lower than the universal 1.1-1.4 range given
regardless of surface wetness (Monteith, 1995), indicating
that dry surface conditions dominate at this site. In
addition, a strong inverse relationship between g. and D
was observed in this sub-alpine forest ecosystem

Copyright © 2013 John Wiley & Sons, Ltd.
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(Figure.8). The low values of g. and o on warm summer
days (i.e. DOY195-221; Figure 6(a) and (b)), when D was
at its highest values (Figure 1(c)), may likely a
consequence of this relationship. This finding was similar
to that of Brown et al. (2013) who reported that o values
obtained at high soil water content were low when D was
high at two lodgepole pine stands in the northern interior
of British Columbia.

Small values of g. and large values of g, resulted in a
very small Q throughout the year. The mean value of Q
during the growth period was only 0.06 (Table II and
Figure 6(b) and (c)), indicating that evapotranspiration
from this sub-alpine forest was strongly coupled to the

16K y=16.02exp(-0.77x)
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Figure 8. The relationship between mean midday (10:00— ]6 00h on zero-

precipitation days) bulk surface conductance g. (mms ') and vapour

pressure deficit (D; kPa). The non-line curve is fitted by the equation
g=16.02¢" """ (*=0.83)
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atmosphere. The low values of a and Q indicate that
evapotranspiration is conservative and a large proportion
of the available energy flux is in the form of H, which can
result in a deep ABL with considerable entrainment of dry
air from above the capping inversion, and further reduces
g. through positive feedback processes (McNaughton and
Spriggs, 1989). Previous studies have indicated that the
height of the ABL on the QTP can reach 2-3 km and is
two times higher than that on the plain (Xu et al., 2002;
Chen et al., 2013). Therefore, the sub-alpine forest
ecosystems may play an important role in the develop-
ment of the regional ABL over the QTP.

These results have wider implications for understand-
ing the effects of climate changes on high mountain
plants. Under warm conditions, H and canopy tempera-
ture were enhanced because of the inverse relationship
between g. and D. To prevent heat injury, plants are
expected to migrate upwards in elevation towards colder
climes. There is much evidence of elevational shifts of
distributions of mountain plants to recent warming (e.g.
Parmesan, 1996; Parmesan and Yohe, 2003; Walther
et al., 2005; Thomas, 2010; Chen et al., 2011). Thus,
predictive modelling of the climate effects on mountain
plants should take into account the characteristics of
energy flux partitioning in mountain plant ecosystems in
future studies.

CONCLUSIONS

We measured EC energy fluxes over a permafrost
Qinghai spruce (P. crassifolia) forest on the QTP in
2011 and examined the characteristics of the energy flux
partitioning and evapotranspiration from this sub-alpine
forest. Several conclusions can be drawn from this study:

1. In this sub-alpine forest ecosystem, the partitioning of
available energy was mainly in the form of H, even in
summer. However, the rainfall events had a significant
influence on the energy flux partitioning and evapo-
transpiration. The mean value of A during the growth
period on zero precipitation days and non-zero
precipitation days was 0.40 and 0.61, respectively.

2. The mean daily evapotranspiration in the spring, summer
and autumn was 1.05, 2.56 and 0.82 mm day’l,
respectively. In winter, the mean evaporation was
0.11 mmday ', mostly as a result of sublimation. The
annual evapotranspiration and sublimation was
417 +8 mmyear !, which was very comparable with
the annual precipitation (428 +9mm), with 7.1%
(302 mm year ') attributed to sublimation.

3. The values of the o and Q were low during most of the
growing season, indicating dry soil conditions and
conservative water loss in this sub-alpine forest.

Copyright © 2013 John Wiley & Sons, Ltd.
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