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Abstract: In this study, meteorological factors and
snowmelt rate at an open site on sunny slope (OPS)
and beneath forest canopy openness on shady slope
(BFC) were measured using an automatic weather
station and snow lysimeter during the snowmelt
period in 2009, 2010 and 2013. The energy budget
over snow surface was calculated according to these
meteorological datasets. The analysis results indicated
that the net shortwave radiation (K) and sensible heat
flux (H) were energy sources, and the latent heat flux
(LvE) was energy sinks of snow surfaces at all sites.
The net longwave radiation (L) was energy sink at
OPS and 80% BFC, but energy source at 20% BFC.
The gain of K, H, and the loss of LvE at BFC were
obviously lower than those at OPS. The L was the
maximum difference of energy budget between snow
surface at BFC and OPS. In warm and wet years, the
most important factor of the energy budget variation
at OPS was air humidity and the second most
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important factor was air temperature. However, the
ground surface temperature on the sunny slope was
the most important factor for L and energy budget at
BFC. With the increases in forest canopy openness
and the slope of adjacent terrains, the influences of
ground surface temperature on the sunny slope on L
and the energy budget over snow surface at BFC
increased, especially when the snow cover on the
sunny slope melts completely.

Keywords: Energy budget; Seasonal snow;
Snowmelt period; Tianshan Mountains

Introduction

Snow cover represents an important water
resource for the Northern Hemisphere (Barnett et al.
2005; Viviroli et al. 2005). On the Tibetan Plateau
and in the arid regions in Northwest China (Che et al.



2005), snowmelt runoff is a vital resource and its
allocation and management directly influences
industrial and agricultural production and the
ecological environment of the watershed (Bao et al.
2010). Site-level measurements of snow surface
energy exchange and snowmelt are also critical for
supporting basin snowmelt investigations and
modeling (Cline 1997). Many people have reported
the energy budget over the snow surface without
forest canopy cover (De la Casiniere 1974; Moore et
al. 1984; Calanca et al. 1990; Marks et al. 1992;
Mecgregor et al. 1996; Aizen et al. 1997; Neale et al.
1997; Cline 1997; Sensoy et al. 2006). These results
showed that the major energy budget difference
among different regions lay in the percentages of
components in total energy as well as the latent heat
flux. Harding et al. (1996), Suzuki et al. (2003),
Sicart et al. (2004), Boon (2009), Essery et al.
(2008), and Burles et al. (2010) measured and
analyzed the energy budget over the snow surface
beneath the forest canopy. These measurement
results showed that the H and L,E over snow surface
beneath the forest canopy decreased because
canopies reduced wind speed. Moreover, canopies
reduced the downward shortwave radiation and
increased the longwave radiation. However, the
increase in longwave radiation may be larger or
smaller than the decrease in downward shortwave
radiation. The above studies and analyses of the
energy budget over snow surface were mainly
conducted at open site or beneath forest canopy,
where the characteristic of underlying surfaces was
relatively uniform. However, the vegetation
significantly varies with slopes in the study area, the
sunny slope is mainly covered by subalpine meadow
vegetation, the shady slope is mainly covered by
Picea Schrenkiana, and the forest canopy openness
on the shady slope is very small (Hu et al. 1997). Liu
et al. (1989), Wei et al. (1996), Ma et al. (1991, 1993),
and Liu et al. (1997) only investigated the energy
budget over snow surface at the open site on sunny
slopes. The energy budget over snow surface
beneath forest canopy on shady slopes was not
observed and analyzed.

Shi et al. (2002, 2003) demonstrated that the
climate in northwest China since 1987 had changed
from a warm-dry climate to a warm-wet climate.
Unlike regions of the Tianshan Mountains outside
of China, the Chinese range showed increased
snowfall and snow cover days (Xu et al. 1996; Qin
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et al. 2006; Annina et al. 2012). In the Chinese
Tianshan Mountains, the increase in annual
average air temperature was 0.19°C~0.44°C 10a
(Yuan et al. 2003, 2005; Yang et al. 2007; Wei et al.
2008). The increase in water vapor pressure from
1961 to 2009 was 0.17 hPa 10a. The water vapor
pressure showed a consistent variation trend with
average air temperature and precipitation (Yao et
al. 2012). The variations of air temperature and
humidity are different at open sites on the sunny
slopes and beneath different forest canopy
openness. The influences of climate change on the
energy budget over snow surfaces and the
snowmelt process may vary with environment. In
the study, we observed and analyzed the energy
budget over snow surfaces at an open site on a
sunny slope and beneath different canopy
openness on a shady slope in different years. The
principal areas explored in this paper are: (1) the
difference of energy budget over snow surfaces at
the open site on a sunny slope and beneath forest
canopy on a shady slope. (2) the influence of snow
ablation on a sunny slope on the energy budget
over snow surface beneath forest canopy on a
shady slope. (3) the main influence factor of the
energy budget over snow surface at an open site on
a sunny slope and beneath different forest canopy
openness .

1 Study Area and Methods

1.1 Study area

The study was conducted at Tianshan Station
for Snow Cover and Avalanche Research, Chinese
Academy of Sciences with the elevation of 1776 m
above sea level (43°16'N, 84°24'E). The station is
located in the upstream branch of the Kiines River
in the mid-mountain zone of the western Tianshan
Mountains, China (Figure 1). Under the control of
continental climate, the multi-year mean air
temperature of the study area is 1.3°C, and the
monthly average air temperature in January is -
14.4°C. Average annual precipitation is 867.3 mm,
30% of which is solid precipitation in the form of
seasonal snowfall. The average annual maximum
snow depth after 1976 was 78 cm, and the
maximum value of 152 c¢cm occurred during the
winter from 2000 to 2001. Due to water erosion,
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Figure 1 Topography map depicting the study area and the observation site.

the main terrain form in the study area is the V-
shaped valley. The valley floor is narrow and the
incision depth ranges from 400 m to 600 m. The
forest community structure is simple in the forest
zone on the shady slope. The plant community has
one dominant species, Picea Schrenkiana. The
percentage (the ratio of the individual species to
the total number of species) of Picea Schrenkiana
is 89.38%; the percentage of Sorbus tianschanica
is only 8.22%; that of other species is smaller than
1%. The canopy density is so high that the shrub
layer is underdeveloped due to the light limitation
and the representative species beneath forest
canopy include Aegopodium alpestre, Cicerbita
azurea, and Dryopteris filix-mas (Zhang et al.
2010). The study was conducted at an open site on
a sunny slope (OPS) and beneath Picea
schrenkiana forest canopy with 20% openness (20%
BFC) and 80% openness (80% BFC) on a shady
slope (Figure 1). The underlying surface at OPS is
grassland without forest cover. The forest canopy
openness was characterized with hemispherical
photographs. The hemispherical photographs were
analyzed by the Gap Light Analyzer (Version 2.0)
software. The air temperature, humidity, wind
speed, downward and upward shortwave radiation,
and downward and upward longwave radiation
were measured by automatic weather stations
(Table 1). The snow water equivalent (SWE) was
measured manually at OPS on the 5th, 10th, 15th,
20th, 25th, and the last day of every month from
1982 to 2013.
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1.2 Surface energy balance

The snow surface energy balance equation is
expressed as (Jin et al. 1999):

O, =K+L+H+L,E+1, +G (1)

prec

where Qn, is the total energy (W m=2); K is the net
shortwave radiation (W m=2); L is the net longwave
radiation (W m2); H is the sensible heat flux (W m-2);
LyE is the latent heat flux (W m=); L. is the
energy supplied by precipitation (heat flux
advected to the snowpack by rain or snow) (W m-2);
G is the ground heat flux (W m2). I..and G were
not considered in this study. In this paper,
downward energy was positive and the energy was
gained by the snowpack.

The sensible heat flux (H) was calculated as a
function of the temperature gradient above the
snow surface (McKay and Thurtell 1978):

H=p,C,K.T,~T,) (2)

where p, is the density of air (kg m=3); Cp, is the
heat capacity of air (J kg K1); and K- is the bulk
transfer coefficient (m s). The snow surface
temperature (Tss) was calculated according to the
upward longwave radiation. When the calculated
snow surface temperature (Ts) was higher than
0°C, the snow surface temperature was 0°C.

The latent heat flux (LvELyE) was calculated as
a function of the vapor pressure gradient above the
snow surface (McKay and Thurtell 1978):
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Table 1 Instruments used in this study and their nominal specifications

Measurement Frequency

Parameter Symbol Instrument Range Accuracy heights (m) (min)
Air temperature Ta Thermistor -40~80 (°C) +0.1 (°C) 1.5 30
Relative humidity RH Hygristor 0~100% +2% 1.5 30
Wind speed u Propeller 0~50 (m s?) +0.2 (ms?) 3 30
Atmosphere pressure P Capacitance 0~1200 (hPa) +0.3(hPa) 1.5 30
Longwave radiation L Pyrgeometer 3-50 (um) <3% 1.5 30
Shortwave radiation K Pyranometer 0.3-2.8 (um) <3% 1.5 30
Snowmelt rate(2009, r Electronic balance 1(g)
2010)
Snowmelt rate (2013) r Tipping bucket rain 0.2 (mm)
gauge
0.622 (3) 8T, ~T,)z, (6)

LVE = paﬂ'VK* T(ea _em)

where Ay is the latent heat of vaporization
(2.48x%106 J kg1); K+ is the bulk transfer coefficient
f (m s1); P is the atmospheric pressure (kPa); and
eq; and ess are the atmospheric and snow surface
vapor pressure (kPa), respectively. The atmosphere
and snow surface vapor pressure were calculated
with atmosphere and snow surface temperature
according to the Magnus Formula. The range of z,
was from 2.5 mm to 10 mm during snowmelt
period in many literatures (Sverdrup 1936;
Grainger and Lister 1966; Moore and Owens 1984;
Hay and Fitzharris 1987; Munro 1989; Hock and
Holmgren 2005; Boon 2009). In this study, the z,
was equal to 6 mm according to Boon’s study
(2009). Thus, the errors of H and L,E was caused
by z, was not bigger than 6%.

Under neutral atmospheric conditions
(Anderson 1976; Male and Gray 1981):
2
K, =Kt (4)
[In(*)?
2

where k is von Karman’s constant (0.40); u, is the
wind speed (m s1); z, is the wind height of the wind
measurement (m); z, is the roughness length of the
snow surface (m).

Tarboton et al. (1995) used a correction for
stable and unstable atmospheric stability following
Price and Dunne (1976):

_ [K, [(1+10R0),
" K, /(1-10Ri)

Ri>0
Ri<0

(5)

where Ri is an estimate of the Richardson number,
Ri>0 and Ri<o is indicated stable and unstable
atmospheric stability, respectively.

i:
W’ [0.5(T, + T, )+273.15]

where g is the acceleration due to gravity. However,
due to the large temperature differences and low
wind speeds results in unreasonable correction
factors, according to results by Tarboton et al
(1995), we have used neutral transfer coefficients
in this study.

1.3 Snowmelt rate

The snowmelt rate was observed with
lysimeter. A galvanized iron box (1 mx1 mx0.04 m)
was placed at OPS, 80% BFC and 20% BFC before
snowfall in winter. In 2009 and 2010, discharged
water was collected in a plastic kettle and the
discharged water was weighed every 2 h in the
daytime and 1-3 times at night. The accuracy of the
electronic balance was 0.001 kg. In 2013, the
snowmelt rate was collected and measured using a
tipping bucket rain gauge. The snowmelt period
started on the day when discharged water was first
observed through snow lysimeter (Table 2).

2 Results

2.1 Seasonal variation of snow water
equivalent (SWE)

Figure 2a shows the variation of maximum
SWE at the open site on the sunny slope from 1982
to 2013. The average maximum SWE was 178.4
mm with a standard deviation (SD) of 77.1 mm.
The maximum SWE in 2009, 2010 and 2013 were
124 mm, 357 mm and 257 mm, respectively.
Although the maximum SWE in 2009 was lower
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Table 2 The start and end time of snowmelt at the open site on the sunny slope and beneath

different forest canopy openness on the shady slope

At the open site Forest canopy openness in 2013
In 2009 In 2010 In 2013 Beneath 80% Beneath 20%
The start time Mar 11 Mar 9 Feb 23 Mar 20 Mar 13
The end time Mar 30 Apr 26 Mar 28 Apr 26 Apr 16
400 -
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Figure 2 The variation of snow water equivalent (SWE) at open site during 1982~2003, (a) the maximum SWE, (b)
the SWE in 2009, 2010, 2013 and average SWE from 1982 to 2013, the error bar shows the standard deviation of

SWE from 1982 to 2013.

than annual average SWE, it was within one SD.
The maximum SWE in 2010 and 2013 were higher
than the average SWE and above one SD.
Especially, the maximum SWE in 2010 was the
highest from 1982 to 2013. The variation of SWE in
2009 was similar to that of the annual average
SWE and the SWE in 2009 was always within one
SD. In 2010, the variation of SWE was similar to
that of the annual average SWE in the early period.
However, after Jan 31, 2010, the SWE was larger
than the annual average SWE and above one SD. In
2013, the SWE was larger than the annual average
SWE and above one SD in the early period, but
within one SD in the later period. The SWE during
snowmelt period in 2013 decreased more
drastically than the average SWE (Figure 2b). Thus,
the snow accumulation and ablation process were
normal in 2009. The snowfall was abnormally high
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in 2010 and 2013, but the abnormal snowfall in
2010 and 2013 mainly occurred during the
snowmelt period and the accumulation period,
respectively.

2.2 Variations of meteorological factors

The average air temperatures and specific
humidity at OPS during the snowmelt period in
2010 and 2013 was higher than those in 2009.
Thus, the climate during the snowmelt period in
2010 and 2013 was warmer and wetter than that in
2009 (Figure 3a~3c). The differences of wind
speed at OPS among different years were not
marked. The maximum wind speed was lower than
5 m s and the average wind speeds in 2009, 2010
and 2013 were 1.10 m s, 1.16 m s, and 0.89 m s,
respectively.



Due to the influences of terrain and vegetation,
the air temperature beneath forest canopy on the
shady slope was lower than that at OPS in the same
period. However, the start time and the end time of
the snowmelt period at BFC was about 20~30 days
later than that at OPS (Table 1), the average air
temperatures during snowmelt period at 80% BFC
and 20% BFC in 2013 were respectively 4.25°C and
2.11°C, which were clearly higher than that at OPS
(Figure 3c~3e). Generally, the nighttime average
air temperature at OPS was lower than 0°C, but the
nighttime average air temperatures at 80% BFC
and 20% BFC were respectively 1.31°C and 0.17°C.
In 2013, the average specific humidity at 80% BFC
and 20% BFC were respectively 5.03 g kg and 4.74
g kg1, which were higher than that at OPS, 3.62
g kgt Thus, the climate during the snowmelt
period beneath forest canopies during snowmelt
period was warmer and wetter than that at the
open site on the sunny slope. The average wind
speed at 80% BFC and 20% BFC were clearly lower
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than that at OPS.

2.3 The characteristic of the energy budget

2.3.1 Variations of K, L, H, and LvE

Figure 4 shows the radiation over snow surface
during the snowmelt period. The K gradually
increased during the snowmelt period and
decreased in the short term after snowfall. The L
was generally negative for the emissivity of snow
was larger than that of air. The L was close to 0 W
m-2 on cloudy or precipitation days. The average K
and L at OPS in 2010 were lower than that in 2009.
But the average net radiation (K+L) in 2010 was 1
W m=2 higher than in 2009. The starting time of
snowmelt at OPS in 2013 was earlier than that in
2009 (Table 2). Therefore, the average K in 2013
was lower than that in 2009. Furthermore, the
dominant weather condition during the snowmelt
period in 2013 was clear and the loss of L in 2013
was 3 W m=2 less than that in 2009. The average
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Figure 3 Daily average air temperature and specific humidity patterns observed during the different snowmelt
periods, (a) at open site on the sunny slope in 2009, (b) at open site on the sunny slope in 2010, (c) at open site on the
sunny slope in 2013, (d) beneath 80% forest canopies on the shady slope in 2013, (e) beneath 20% forest canopies on
the shady slope in 2013.
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Figure 4 Daily average net shortwave and longwave radiation patterns observed during the different snowmelt
periods, (a) at open site on the sunny slope in 2009, (b) at open site on the sunny slope in 2010, (¢) at open site on
the sunny slope in 2013, (d) beneath 80% forest canopies on the shady slope in 2013, (e) beneath 20% forest

canopies on the shady slope in 2013.

net radiation at the open site on the sunny slope in
2013 was 13 W m= lower than in 2009. Although
the average snow surface albedo (calculated
according to the measured downward and upward
shortwave radiation) at 80% BFC and 20% BFC in
2013 were respectively 0.48 and 0.43, which were
clearly lower than that at OPS, 0.63. The average K
at 80% BFC and 20% BFC in 2013 were 41 W m
and 8 W m-2, which were lower than that at OPS,
58 W m=2, due to the influence of vegetation and
terrain. The average L at 80% BFC was only -15 W
m-2, which was significantly less than that at OPS.
The average L at 20% BFC even reached 3 W m-
(Figure 4d~4e).

Because the air temperature was generally
higher than snow surface temperature, the H was
positive. The sublimation process was the
dominant process in snowmelt period, the LyE was
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negative and drastically increased in the later
snowmelt period (Figure 5). The average H over the
snow surface at OPS in 2009, 2010, and 2013 were
respectively 12 W m=2, 14 W m=2, and 20 W m=2. The
H in 2013 was significantly higher than that in
other years. The differences in the temperature
gradient (between air and snow surface) and wind
speed between 2009 and 2010 were relatively small,
resulting in the relatively small difference of H. For
the climate at OPS in 2010 and 2013 was wetter
than that in 2009, snow sublimation was impeded.
The average LvE at OPS in 2010 and 2013 were
respectively -13 W m2 and -8 W m-2, which were
significantly lower than that in 2009, -29 W m=
(Figure s5a~5c). Although the average air
temperature at BFC during the snowmelt period in
2013 was higher than that at OPS, the average H
over snow surfaces at 80% BFC and 20% BFC were
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Figure 5 Daily average sensible and latent heat fluxes patterns observed during the different snowmelt periods, (a)
at open site on the sunny slope in 2009, (b) at open site on the sunny slope in 2010, (c¢) at open site on the sunny
slope in 2013, (d) beneath 80% forest canopies on the shady slope in 2013, (e) beneath 20% forest canopies on the

shady slope in 2013.

respectively 1 W m=2 and 2 W m=, which were
clearly less than that at OPS, 20 W m2, because the
wind speed beneath forest was lower than that at
OPS. The average LvE at 80% BFC and 20% BFC
were -7 W m2 and -3 W m-2, which were less than
that at OPS (Figure 5c~5e). The net turbulence
over the snow surface at BFC was negative.

2.3.2 Variation of cumulative energy by K, L,
H, and LVE

The fluxes of K, L, H, and LyE in different
years were integrated to determine the total energy
contribution of each component in the snowmelt
period. Over the snow surface at OPS and at 80%
BFC, K and H were energy sources, L and LyE were
energy sinks (Table 3). The percentage of H vis-a-
vis energy gain (K+H) at OPS in 2013 was larger

than those in 2009 and 2010 (Table 3). The K was
the most important source for the gain energy At
80% BFC and the percentages of the K and H vis-a-
vis energy gain were respectively 96.8% and 3.2%.

Table 3 The cumulative net shortwave radiation (K),
net longwave radiation (L), sensible heat flux (H)
and latent heat flux (L.E) during snowmelt period
(MJ m-2)

Year K L H LvE
2009, open site 115.41 -69.95 21.17  -49.76
2010, open site 315.50 -156.79 58.69 -55.24
2013, open site 160.33 -113.32 56.37 -23.53
2013, 80% canopy 127.68 -47.10 4.20  4.20
2013, 20% canopy 23.11  23.11 23.11 23.11

Note: 20% and 80% canopy refers to that the
measurement was conducted at the site beneath 20% and
80% forest canopy openness.

305



J. Mt. Sci. (2015) 12(2): 298-312

At 20% BFC, the percentages of K, L and H vis-a-
vis energy gain (K+L+H) were 60.0%, 25.5%, and
15.0%. The loss of L was higher than the loss of LyE
at OPS and 80% BFC. The percentage of LvE vis-a-
vis energy loss (L+L,E) at OPS in 2010 and 2013
were respectively 26.05% and 16.1%, which were
markedly smaller than that in 2009(41.6%).
However, the percentage of LyE vis-a-vis energy
loss at 80% BFC was 36.6%, which was markedly
higher than at OPS in 2013, 16.1%.

3 Discussion

3.1 The energy budget at OPS

The snowmelt period in the abnormally high
snowfall years (2010 and 2013) at OPS was warmer
and wetter than that in the normal snowfall year
(2009), thus changing H and L,E over the snow
surface. The H at OPS in 2010 and 2013 was higher
than that in 2009, but the losses of L,E in 2010 and
2013 were lower than that in 2009. Therefore, the
total energy over the snow surface and snowmelt
rate in 2010 and 2013 increased. For example, the
average snowmelt rates at OPS in the whole
snowmelt period in 2010 and 2013 were
respectively 10.46 mm d- and 11.00 mm d-+, higher
than in 2009, 7.82 mm d*. Especially, the
snowmelt rates during the later snowmelt period in
2010 and 2013 were significantly higher than that
in 2009. For example, in the last 15 days of the
snowmelt period, the average snowmelt rates in
2010 and 2013 were 24.04 mm d-! and
24.82 mm d?, which were clearly
higher than that in 2009, 10.36 mm d+

60

(Figure 6). 09 .

In the warmer and wetter years
(2010 and 2013) and the normal year
(2009), the difference of L,E at OPS
was larger than the difference of H.
For example, in 2010, the losses of
LvE in the whole day and daytime
were respectively 15 W m= and 30 W
m-2 lower than those in 2009 (Figure
7b). In 2013, the losses of LyE in the

30 4

20 4

-1
snowmelt rate (mm d™)

m———— open site in 2009

- — -80% canopy openness in 2013
404 e

8 W m= higher than that in 2009. Thus, the
difference between the energy budget over snow
surface at OPS in the warmer and wetter years and
the energy budget in normal years was mainly
caused by air humidity.

The average H over snow surface in 2013 and
2010 were 8 W m= and 2 W m2 higher than in
2009. The difference in H between 2010 and 2013
was mainly caused by two factors: the asymmetric
temperature rise between daytime and nighttime
and the characteristic of snow surface temperature.
When the air temperature was not higher than 0°C,
snow surface temperature showed a good linear
relationship with air temperature. However, the
snow surface temperature could not increase with
air temperature when air temperature was higher
than 0°C. The H significantly increased with air
temperature rise when air temperature higher than
0°C. The average daytime and nighttime
temperatures in 2010 were respectively 0.04°C and
0.77°C higher than those in 2009. The average
daytime and nighttime temperatures in 2013 were
respectively 0.25°C and 0.31°C higher than those in
2009. In general, the average nighttime air
temperature in all the observation years was lower
than 0°C. Although the nighttime air temperature
rise was marked in 2010, the influence of air
temperature rise on H was not significant. For the
daytime air temperature during snowmelt was
generally higher than 0°C, the average H over snow
surface in the daytime in 2013 was 11 W m-2 higher
than that in 2009 and the average H over snow
surface in the daytime in 2010 was only 1 W m-

open site in 2010
open site in 2013

20% canopy openness in 2013

0

Feb 22

whole day and daytime were 20 W m2
and 32 W m=2 lower than those in
2009 (Figure 7c). However, the H in
2010 and 2013 were only 2 W m2and

306

T T
Mar 24 Apr13

date

T 1
Mar 4 Mar 14 Apr3 Apr 23

Figure 6 The snowmelt rate for different underlying surface in
different years.
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Figure 7 The daily variation of K, L, H and LvE at open site on the sunny slope in different years, (a) 2009, (b)

2010, (¢) 2012.

higher than that in 2009 (Figure 7).

3.2 The energy budget at BFC

Radiation was the most important energy
source over snow surface beneath forest canopy on
the shady slope (Table 2). In 2013, the percentages
of radiation vis-a-vis energy gain over snow surface
at 80% BFC and 20% BFC were respectively 96.8%
and 85.5%, which were clearly greater than that at
OPS, 74.0%. Although the K at BFC was clearly
lower than that at OPS due to the influence of
vegetation and terrain, the loss of L at 80% BFC
was 25 W m-2 lower than at OPS. The L at 20% BFC
was even positive and the difference between L at
20% BFC and L at OPS was 43 W m=. The
difference of L was mainly caused by the downward
longwave radiation (L;). Generally, the canopies
warmed by shortwave radiation and then enhanced
the L, (Rowlands et al. 2002). Furthermore, the L,
was also enhanced by adjacent terrain (Sicart et al.
2006) due to the dimensionless effective emissivity
for adjacent terrain (~0.98 or 0.94) higher than the
dimensionless effective emissivity for air (~0.7).
Thus, the L, beneath forest canopy on the shady
slope could be divided into four components: the
component passing through the canopy gap from
the sky, the component emitted by the canopies,
longwave radiation beneath forest canopy from the
canopies which absorbed shortwave radiation and
was above the air temperature, and the component
enhanced by adjacent terrain (Figure 8). The L,
beneath forest canopy on the shady slope is given
as (Lu et al. 2014):

Li=W(0, 0T, Y H(1-v) (00T, )t Sptnl & @)

where vo,6T# indicates the longwave radiation
passing through the canopies from the sky; (1-
v)(0.6T,4) indicates the longwave radiation beneath
forest canopy from the canopies at air temperature;
TS0 indicates the longwave radiation beneath
forest canopy from the canopies which absorbed
shortwave radiation and was above the air
temperature; 7L; indicates the longwave radiation
beneath forest canopy enhanced by adjacent
terrains; 6 is the Stefan-Boltzmann constant
(5.670303x108 W m=2 K4); o, and o, are
dimensionless effective emissivity for sky and
canopies (0.98); o, was calculated according to
cloud cover (Iziomon et al. 2003), v is the forest

1-v){e. 5T

Figure 8 The schematic to show downward longwave
radiation over snow surface beneath forest canopy.
(Notes: Lt is the longwave radiation enhanced by
adjacent terrain above forest canopy, vL, is the longwave
radiation passing through the canopies from the sky, L,
is the longwave radiation from sky, iL: is the longwave
radiation beneath forest canopy enhanced by adjacent
terrains, (1-v)(0c6Tq%) is the longwave radiation beneath
forest canopy from the canopies at air temperature, 7sSo
is the longwave radiation beneath forest canopy from the
canopies which absorbed shortwave radiation and was
above the air temperature, Sois the downward shortwave
radiation above forest canopies).
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canopy openness; Tg is air temperature; S, is the
downward shortwave radiation above forest
canopies; T is a dimensionless parameter for the
conversion from shortwave radiation absorbed by
canopy to downward longwave radiation; 7; is a
dimensionless parameter indicating the influences
of the longwave radiation enhanced by adjacent
terrain on downward longwave radiation beneath
forest canopies; L: is the longwave radiation
enhanced by adjacent terrain; £ is the error.

The longwave radiation enhanced by adjacent
terrain above forest canopy (L) is given by

L=L,-0,0T, (8)

where L, is the measured downward longwave
radiation at the open site on the sunny slope.

The values of 7; and 1; were fitted according to
the Eq.(7) using the observed hourly downward
longwave radiation beneath forest canopy.

According to the simulation results of Eq.(7), at 80%

BFC and 20% BFC, t; values were 0.006 and 0.017
and 1; values were 0.485 and 0.130, respectively.
The RMSE of simulated L, at 80% BFC and 20%
BFC were 11.70 W m2 and 6.67 W m-2, respectively.
The error of simulated L, at 80% BFC and 20%
BFC were respectively 13.08 W m=2 and 5.30 W m2,
Thus, the L, over snow surface beneath forest
canopy can be better simulated with Eq. (7) (Lu et
al. 2014). According to Eq. (7), the L, over snow
surface beneath forest canopy was mainly
influenced by air temperature, So, and L;. During
the snowmelt period, the 7L at 80% BFC and 20%
BFC were respectively 21 W m2 and 5 W m-2, which

were higher than H, LvE, and 7.S,, especially at 80%

120 +

(a)
90 /_/

3

heat flux (W m™)

BFC. During the earlier snowmelt period or
precipitation days, .L: was even higher than K at
BFC (Figure 9). Thus, the L;is very important for
the energy budget over snow surface at BFC.

The downward longwave radiation enhanced
by adjacent terrain above forest canopy is
calculated as (Sicart et al. 2006):

L=(1-V)o, 0T, (9)

where V; is the sky view factor (the larger slope in
adjacent terrain and the steeper adjacent terrain
means the smaller Vj); os is the dimensionless
effective emissivity for ground surface; T is the
ground surface temperature. In the study area, the
terrain was mainly V-shaped valley due to water
erosion. Thus, L;is given as:

L=0.5(1-V)o0T,'+0.5(1-V)o 0T, (10)

Snow surface and ground surface without
snow cover are different in the temperature and the
dimensionless effective emissivity. The percentage
of snow cover area on the sunny slope (F) was
decreased with snow depletion. Therefore, the
enhanced longwave radiation by sunny slope can
be divided into two parts: snow cover and meadow.
Furthermore, the shady slope is covered by forest.
Thus, L; is given as (Lu et al.):

L=0.5(1-V)[Fo 0T +(1-F)0,0T,"1+0.5(1-V)o oT." (11)

where T, is the canopy temperature and is assumed
to be equal to air temperature; oss is the
dimensionless effective emissivity for snow (0.98);
0y is the dimensionless effective emissivity for the
ground without snow cover (0.94); Ts and T, are
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Figure 9 The net radiation (K), sensible heat flux(H), latent heat flux(LvE), the longwave radiation due to the
canopies heated above the air temperature because of the absorbed shortwave radiation(zsSo) and the
longwave radiation enhanced by adjacent terrain(ziL:) beneath forest canopy on the shady slope, (a) beneath
80% forest canopy openness, (b) beneath 20% forest canopy openness.

308



the snow surface temperature and ground surface
temperature of the area without snow cover. Ty
and Ty can be calculated with air temperature as (if
Tss calculated accoring to Eq.(12) exceeded 0°C, the
Tss was adjusted to 0°C):

T,=0.9937T,-2.8776 (12)
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T,=1.6021T,-2.2472 (13)

Figure 10 shows the variation of L; above
forest canopy under different T,, V5 and F
conditions. The L; increases with air temperature
rise and the decrease of Vi When the air
temperature is relatively low, the influences of V;
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Figure 10 The downward longwave radiation above forest canopy enhanced by adjacent terrain (L:) under
different percentage of snow cover area (F) conditions, (a) the sunny slope all covered by snow (F =100%), (b) 80%
area of sunny slope covered by snow (F =80%), (c) 60% area of sunny slope covered by snow (F =60%), (d) 40%
area of sunny slope covered by snow (F =40%), (e) 20% area of sunny slope covered by snow (F =20%), (f) the

sunny slope did not have snow cover (F =0%).
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and F on L, are not significant, but the influences
increase with air temperature rise. When the Vyis
relatively high, the influence of air temperature and
F on L: is not significant, but the influences
increase with the decrease of V. The influences of
air temperature and V; on L. increase with the
decrease of F. Especially, when the snow cover on
the sunny slope melts completely (F=0), air
temperature rises rapidly and the L: is very
sensitive to the changes of the T, and air
temperature (Figure 10e).

For the wind speed beneath forest canopy on
the shady slope was small, the variations of air
temperature and humidity were less than those at
open site on the sunny slope. Therefore, the
influences of the changes of air temperature and
humidity on the energy budget over snow surface
beneath forest canopy were relatively small. For the
end time of snowmelt period at the open site on the
sunny slope was about 20~30 days earlier than
that beneath forest canopy (Table. 1, Figure 6), the
F=0 when the snow melt beneath forest canopy on
the shady slope. In the study area, the adjacent
terrain is rugged; the slopes of sunny and shady
slopes are general about 30°; the Vy is general
about 0.8. Although 7; beneath 20% forest canopy
openness was only 0.130, the increase of T, on the
sunny slope was larger than the increase of air
temperature at the open site on the sunny slope.
The increase of air temperature beneath forest
canopy on the shady slope was the least. Moreover,
the o, and o, were significantly larger than o..
Therefore the influence of ground surface
temperature of adjacent terrain on the energy
budget over snow surface beneath forest canopy
was more significant than the influence of air
temperature. The larger forest canopy openness
and the steeper adjacent terrain indicate the more
notably influence of ground surface temperature of
adjacent terrains on energy budget over the snow
surface beneath forest canopy.

4 Conclusions

In different years, during the snowmelt period,
K and H were energy source and L and LvE were
energy sinks at OPS. The K at BFC was significantly

310

lower than that at OPS due to the influences of
vegetation and terrain. The gain of H, losses of L
and LyvE at BFC were also lower than that at OPS.
The smaller the forest canopy openness was, the
lower the K value was. The L was the maximum
difference of energy budget between snow surface
at BFC and snow surface at OPS. The L at 20% BFC
was even positive. Although the radiation was the
most important energy source over snow surface at
all sites, the percentage of radiation vis-a-vis
energy gain at BFC was clearly greater than that at
OPS. The longwave radiation enhanced by adjacent
terrain (7L;) over snow surface was higher than H
and LvE, and even higher than K over snow surface
at BFC during the earlier snowmelt period or in
precipitation days. The influence of ground surface
temperature of adjacent terrain increased with the
decrease in F, especially when the F=o0.

Against the background of a warming and
humid climate in the western Tianshan Mountains,
the humidity increase is the most important factor
for the variation of the energy budget over snow
surface at OPS. The H increase with air
temperature rise is the second important factor.
Moreover, the change of H is influenced by the air
temperature rise pattern in the daytime and
nighttime. For the wind speed is relatively low at
BFC and the effects of vegetation and terrain, the
influences of ground surface temperature rise of
adjacent terrain on energy budget is more
significant than the influences of air temperature
and humidity rise on energy budget over snow
surface at BFC. The larger forest canopy openness
and the steeper adjacent terrain indicate the more
significant response of the energy budget over
snow surface beneath forest canopy to ground
surface temperature rise of adjacent terrain.
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