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Abstract 
 
In cold, high-latitude regions, snow evaporation can significantly influence the snow water equivalent and thus change the regional 
water balance in early spring. In order to explore how the snowfall event and environmental factors affected the snow evaporation 
rate in the northern Daxing'an Mountains in China. From the snow melting period of March 2016 to April 2018, the eddy covariance 
method was used to explore the relationship between environmental factors and snow evaporation. The results showed that the air 
temperature played a more important role than net radiation in snow evaporation. The snow evaporation rates obviously increased 
after snowfall events during the snow ablation period, but the increments were different in different years. Throughout the 
observation period, the maximum snow evaporation was 0.448 mm·d-1 and occurred in the snow ablation period of 2016. however, 
the following processes induced an abrupt increase of snow evaporation rate: heavy snowfall events resulting from temporary warm 
air temperatures. Our results can be used to improve snowmelt models, and the corresponding routines in climate models, as well 
as can contribute to the development of more efficient practices of water resources utilization.  
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1. Introduction 
 

As an essential element of the hydrologic 
cycle, evaporation plays an important role in the 
hydrological balance in mountain regions dominated 
by seasonal snow cover. The loss resulted from snow 
evaporation even accounted for 14-40% of the winter 
precipitation (Lundberg and Koivusalo, 2003). The 
fluctuations in snow-related variables (including snow 
evaporation, the infiltration of snow meltwater, and 
the snowmelt runoff) have profound effects on the 
hydrological processes in ecosystems (Alexander et 
al., 2010; Xu et al., 2017). For example, due to climate 
warming, air temperatures in montane regions were 
found to rapidly increase in early spring, and the rising 
air temperatures further accelerated snow evaporation 
as long as the snowpack remained (Herrero et al., 
2016). Both the timing and volume of the annual 
snowmelt were also altered, and this alteration caused 
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water supply deficits in the dry spring season. 
Previous studies have focused on the influence of 
temperature and atmospheric energy changes on snow 
evaporation (Molotch et al., 2007; Pérez-Palazón et 
al., 2015), but the effects of specific snowfall events 
on evaporation have been neglected. 

The thickness and duration of snowpack in the 
areas with frozen soil are greater than those in 
permafrost-free areas (Guo et al., 2018; Kokelj et al., 
2017) since permafrost has unique radiation and 
thermodynamic characteristics that strongly affect the 
water/heat balance on the surface (Minderlein and 
Menzel, 2015). In contrast, the thaw of permafrost 
increases the soil water content and snow infiltration, 
decreases the spring snowmelt runoff and slows the 
regional warming trend (Helbig et al., 2016; Pal et al., 
2018). However, permafrost areas are extremely 
sensitive to climate change (Smith et al., 2015). With 
global warming, the permafrost area in the 
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Daxing’anling Mountains - the second-largest 
permafrost region in China - has decreased by 35%, 
and the southern boundary of the permafrost region 
has receded 50 -150 km to the north (Jin et al., 2007). 
At the same time, the distribution of Larix gmelinii- 
the zonal climax vegetation - has undergone severe 
northward withdrawal over the last 50 years and is 
predicted to disappear from China by 2100 (Li et al., 
2006). The degradation of permafrost and forest areas 
would lead to future changes in the ability of the 
snowpack to store water and impact the seasonal 
runoff patterns in snowmelt-dominated regions 
(Barnett et al., 2005). Therefore, the key hydrological 
processes occurring at the interface between the 
snowpack and the atmosphere have received 
increasing attention (Jones et al., 2014; Sexstone, 
2016). There is agreement that snowpack and 
permafrost are vitally influenced by the water and 
energy budgets in the cold season at the land surface 
and in the atmosphere (Phillips and Schweizer, 2007). 

In seasonally snow-covered coniferous forests, 
almost 60% of the total snowfall mass is intercepted 
by the forest canopy (Molotch et al., 2007) and 25-
45% of the snowfall sublimates directly to the 
atmosphere (Pomeroy et al., 1998). Consequently, 
evaporation rates and the magnitude of spring 
snowmelt can be changed by the forest canopy due to 
the redistribution of radiant and turbulent fluxes 
(Molotch et al., 2007). Studies have shown that the 
mean maximum snow water equivalent in pine forests 
is 5-35% less than that in open areas (Gelfan et al., 
2004). Compared with non-forested landscapes, forest 
cover alters the lower average snow accumulation and 
lower average melt rates (Faria et al., 2000; Storck et 
al., 2002; Winkler et al., 2005). Talbot et al. (2004) 
found that the melt rate in a non-forested area was 61% 
greater than that in a forested area. Other scholars also 
found that as the distance from stems decreased, the 
snow melting rate increased in a forest area (Pomeroy 
and Dion, 1996).  

However, the interactions between forest and 
snow are still complex and poorly understood (Zhang 
et al., 2003). Although many studies have estimated 
snow evaporation from snowpack in large-scale forest 
areas (Guo et al., 2018; Fayad et al., 2017; MacDonald 
et al., 2018; Tor-ngern et al., 2018), few studies have 
focused on small-scale areas in high-latitude boreal 
forests. In China, studies related to snow hydrological 
processes have mainly been conducted on the 
Qinghai-Tibet Plateau, Tianshan Mountains (Liao et 
al., 2013) and Changbai Mountains (Li et al., 2013). 
The Daxing’anling Mountains are sensitive to climate 
change; however, this area has rarely attracted the 
attention of researchers.  

This paper considered the particular status of 
the Daxing'anling Mountains and explored how a 
snowfall event affected the snow evaporation rate in 
this high-latitude, forested, permafrost region. 
Particularly, the objectives of this study were to (1) 
reveal the characteristics of snow evaporation before 
and after a snowfall event, (2) determine the influence  

of a snowfall event on snow evaporation rates during 
the snow cover and snow melting periods, and (3) 
determine the main factors that affect the snow 
evaporation rates in winter to early spring, especially 
during the periods before and after a snowfall event. 
Given these aims, we use three winter datasets 
observed from the eddy covariance tower at the Mohe 
Forest Ecosystem Research Station in Northeast 
China. Our results could provide insights into the local 
winter hydrological characteristics as well as a 
database that can be used to establish a polished 
hydrological model. 
 
2. Material and methods 
 
2.1. Experimental sites 

 
The study was conducted in the continuous 

permafrost region at the Heilongjiang Mohe Forest 
Ecosystem Research Station in the Daxing'an 
Mountains (122°20'06” E, 53°27'59” N) (Fig. 1a). The 
study site is characterized by a typical temperate 
continental climate with obvious mountainous climate 
characteristics, i.e., long cold winters and short warm 
summers. The average annual temperature is −3.8°C, 
and the mean monthly maximum temperature is 
18.4°C in July, while the mean monthly minimum 
temperature is −30.9°C in January.  

The annual precipitation is 431.2 mm, and it is 
mostly concentrated from June to September. The 
annual average frost-free period is 85-110 days. In the 
region, snowpack covers the surface of the land from 
October to April. The annual total solar radiation is 
401.93-447.89 kJ cm-2, and the annual number of 
sunshine hours’ ranges from 2377 to 2625 h in the 
region. The zonal vegetation of the region is bright 
coniferous forest, with Larix gmelinii being the 
dominant tree species. Other species include Pinus 
sylvestris var. mongolica, Betula platyphylla, and 
Populus davidiana. According to the data collected 
via a wooden ruler, the average DBH of the Larix 
gmelinii forest is 10.22 cm, and the average tree height 
is 12.11 m. The average DBH of other tree species is 
10.21 cm, and the average tree height is 8.31 m. In this 
plot, the forest density is 1530 plants/hm2. The soil is 
dominated by coniferous forest soils ranging from 20 
to 30 cm in thickness, with a top organic layer that is 
between 0.05 and 0.2 m thick. The soil layer is 
between 1.0 and 3.0 m thick and is composed of a 
mixture of sandy clay, gravel and permafrost (Duan et 
al., 2014) (Table 1). In general, and in mountainous 
areas, snow is always considered a nonuniform 
surface. The presence of patchy snowpack in the forest 
and other obstacles such as forest cover, rocks, and 
shrubs that emerge from the snow surface could 
impact the snowpack depth differences. For example, 
the peak of the snow depth varies widely between the 
snow accumulation period and the snow ablation 
period because forest cover, air temperature, and 
snowfall events can change the temporal and spatial 
characteristics of snow depth. 
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Table 1. Soil information for the experimental sites 

 

Research Area  0–10 
(cm depth) 

10–20 
(cm depth) 

Sand (%) 80.8 93.6 
Silt (%) 0.47 0.26 

Clay (%) 2.94 1.59 
Organic (%) 2.7 1.9 

Bulk Density (g/cm3) 1.13 1.19 
 
On the other hand, the forest canopy always 

intercepts snowfall during snowfall days, which 
results in differences in the snow water equivalent 
(SWE) transfer and snow depth variation of 57% and 
72%, respectively, between snow accumulation and 
ablation periods (Varhola et al., 2010). However, in 
this area with Larix gmelinii forest cover, the 
intercepted snowfall is limited in winter periods 
(leaves fall in autumn). The redistribution of 
snowdrifts over larger distances seldom occurs. 
Additionally, the uncertainty in the variability 
considered in this study is random.  

However, the goal of this study was to reveal 
how snowfall controls the snow evaporation rate at the 
forest scale. The ways in which snowfall and forest 
canopy interception cause snow peak variations need 
more study in this area, which can be determined by 
integrating the variability over large scales. 

The experiment was conducted from October 
27, 2015, to May 2, 2016 (hereafter abbreviated to 
2016) and from November 10, 2016, to April 20, 2017 
(hereafter abbreviated to 2017), and from October 11, 
2017 to April 30, 2018. The snow accumulation period 
(SCP) was defined as the continuous observation of 
snow stability, no significant snow melting 
phenomenon and a surface ground (0 cm) temperature 
that decreased by less than -0.2°C (Chen et al., 2011). 
This period includes October 15, 2015, to March 22,  

2016, October 20, 2016, to March 2, 2017, and 
October 11, 2017 to March 17, 2018. The snow 
ablation period (SBP) was a period with a significant 
melting phenomenon before the arrival of spring, 
which was defined as the forestland surface 
temperature steadily increasing from -0.2°C. This 
period includes March 21, 2016, to April 30, 2016, 
March 3, 2017, to April 30, 2017, and March 18, 2018, 
to April 30, 2018. According to meteorological 
standards, snowfall is divided into small snow (0 ≤ 
SWE < 2.5 mm), medium snow (2.5 mm ≤ SWE < 5 
mm), heavy snow (5 mm ≤ SWE <10 mm) and 
blizzard (SWE) ≥10 mm) snowfall levels (Yi et al., 
2014). 
 
2.2. Instrumentation and meteorological station 
 

The eddy covariance, microclimatic and solar 
radiation instruments were installed on a 35-m height 
flux tower at the experimental site (Fig. 1b), and the 
measurement factors and others are shown in Table 2. 
The Mohe Forest Ecosystem Research Station was 
located near the tower, and snowfall data were 
collected from this station. 

 
2.3. Environmental factors data 
 

Based on the flux tower gradient 
meteorological system, the main environmental 
factors selected in this study include: Rn and snowfall 
(P) above 23 m canopy, air temperature (Ta), and 
relative humidity (RH) at 28 m canopy, wind speed 
and direction recorded by 36 m IRGASON. In the 
process of analysis, the study defined an observation 
day with snowfall occurrence (snowfall > 0.2 mm) as 
the snowfall day, and the observation day without 
snowfall occurrence (snowfall = 0 mm) as the non-
snowfall day. 

 

 
 

Fig. 1. A schematic plot of the research area including the coordinates of the forest sample and the flux tower 
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Table 2. The selected variables that were recorded by the eddy covariance, microclimatic and solar radiation instruments 

 
Measurement Factor Instrument Height (+) or Depth (-) 

Air temperature/humidity (Ta, ea) Campbell Scientific HMP45C capacitance 
hygrometer and thermistor +28 m 

Precipitation TE525MM, Campbell Scientific, Inc., USA +28 m 

Wind speed (u) Met One 014A 3-cup anemometer +1.5, +9, +13, +20, +28, 
+35 m 

Wind fluctuations (u’, w’) Campbell Scientific CSAT3 ultrasonic 
anemometer +28 m 

Vapor fluctuations (q) Campbell Scientific KH2O hygrometer +28 m 
Net Radiation (Rn) 

(incoming/outgoing shortwave & longwave) Kipp & Zonen CNR4 pyrometer and pyranometer +28 m 

Open-path EC system Latent heat flux 
Sensible heat flux (LE/H) 

CSAT3, Campbell Scientific, USA Li-7500, 
LiCor Inc., USA +28 m 

Snow depth (P) Campbell Scientific SSG snow depth gauge 0 m 

Soil moisture (η) Campbell Scientific CS616 water content 
reflectometer -0.05, -0.1, -0.2, -0.4 m 

Soil temperature (Ts-0, Ts-5) Type-T thermocouple wire -0.05, -0.1, -0.2, -0.4 m 
Soil heat flux (G) Hukseflux HFT1 heat flux plate -0.05, -0.1, -0.2, -0.4 m 

 
2.4. Eddy covariance method 

 
Energy balance closure is an important index to 

evaluate the quality of turbulent flux observation data 
in eddy correlation systems (Barr et al., 2006; Hiyama 
et al., 2007). During the snow ablation period, the 
energy that causes snowmelt originates from solar 
radiation and air temperature (Kelliher et al., 1997). In 
this paper, the energy balance ratio (EBR) is used to 
calculate the energy balance closure throughout winter 
as Eq. (1): 

 

n

LE HEBR
R G S

+
=

− −
 (1) 

 
where, LE is the energy flux of latent heat flux, H is 
the sensible heat flux, Rn is the net radiation, G is the 
change in heat storage in deep soil (5 cm below the 
surface) and S is the storage heat flux. Except for G, 
which was directly measured by the soil heat flux plate 
installed at a depth of 5 cm in the forest soil, the other 
parameters were calculated as follows. According to 
the methods of Constantin, Constantin et al. (1998) 
and Ohta et al. (2001), both the sensor path averaging 
error and the sensor separation error were ignored in 
this study.  

The original 10Hz data during the 
observation was cut by date into data series at the 
interval of 30min with software LoggerNet (Campbell 
Scientific, USA); and the flux data calculated with 
software Eddypro (Li-Cor, USA). Main steps were as 
flows: outliers excluding, linear detrending, plane 
fitting, ultrasonic virtual temperature correcting, the 
effect of density perturbations, the test of turbulent 
stationarity, overall turbulent characteristics testing, 
data quality evaluation, data quality rating, etc. 
Meanwhile, software results were corrected as Xu et 
al. (2008) and Li et al. (2016) follows: the 
comprehensive sensitivity analysis of friction velocity 
(u*) in this research (at the interval of 0.5m/s) found 
that, at any time during the observation, when u* < 
0.20 m/s, the turbulence was rather weak with an 

impact on LE results, this part of data being therefore 
excluded. Degree of closure of the energy balance was 
the primary method for evaluation of the reliability of 
data observed with EC technology (Wilson et al., 
2002).  

(1) Latent and sensible heat flux 
The eddy covariance method is a standard 

tool to obtain H and LE. According to the method 
described by (Brooks, 2008), a 3D rotation and a 
planar-fit rotation were first applied to force the 
average vertical wind speed (w) to zero and to align 
the horizontal wind (u) to mean wind direction 
(Mölder et al., 1999; Perez et al., 2008). Then, the 
average turbulent fluxes after each 30 min interval 
were calculated automatically by the built-in software 
(Campbell Scientific Inc.).  

As the (Schmid et al., 2000) described, over 
30 min periods, the vapor eddy covariance fluxes are 
calculated by the time series of the water vapor mixing 
ratio. The instruments have proposed the corrections 
of practical observations, such as the density, 
anemometer tilt, frequency response, and attack angle 
correction (Baldocchi et al., 2000; Finnigan et al., 
2003; Horst and Oncley, 2006; Nakai et al., 2006). The 
covariances between vertical velocity fluctuations and 
either virtual temperature or water vapor are 
calculated by instrument (Campbell Scientific KH2O 
hygrometer). Thus, LE and H were established as Eq. 
(2) and Eq. (3): 

 
' 'LE w qλρ=  (2) 

 
' 'pH C T wρ=  (3) 

 
In both formulas, λ is the latent heat, J kg−1, ρ 

is the water vapor flux, kg m−2 s−1, q is the density of 
dry air, kg m−3, w’ is the vertical wind speed 
fluctuation, m s−1, T’ is the air temperature fluctuation, 
°C, and Cp is the specific heat capacity of dry air 
(constant, 1013 J kg−1 K−1). The λ, ρ, q’, w’ and T’ 
values were calculated from the measured soil 
temperature.  
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2.5. Storage heat flux 

 
The storage heat flux S is indirectly estimated 

from four constituent components and can be defined 
as the Eq. (4) (Cho and Seok, 2008; McCaughey and 
Saxton, 1988): 

 
a w s gS S S S S= + + +  (4) 

 
In the formula, the Sg is the variation in the heat 

storage capacity of surface soil (5 cm above) (W m−2) 
as Eq. (5) (Bartholdy, 2006): 

 
s

g s s
TS C h
t

∆
= ⋅ ⋅

∆
 (5) 

 
where, ∆t is the time interval, the value is 30 min; hs is 
the thickness of the surface soil depth (5 cm), and ∆Ts 
is the average soil temperature (including 5 cm depth 
(Ts-5) and 10 cm depth (Ts-10)), K. Those factors can be 
calculated directly from the flux tower measurements. 
Cs is the soil heat capacity (J m−3 K−1), which was 
calculated as Eq. (6) (Oliphant et al., 2004): 
 

g s m w wS C Cγ η γ= ⋅ + ⋅ ⋅  (6) 
 

To obtain Cs, Cm is the specific heat of dry 
mineral soil (the value used here is 890 J kg−1 K−1), γs 
is the dry soil bulk density (kg m-3) (the value used 
here is 1100 kg m-3), η is the volumetric water content 
in the soil (%), γw is the water density (the value used 
here is 1000 kg m−3), and Cw is the specific heat of 
water in the soil (the value used here is 4190 J kg−1 
K−1). Second, Sa is the change in gas reservoir heat at 
the observed height, W m−2. At the same time, Sa and 
Sw are the latent and sensible heat storage fluxes in the 
air column (W m−2). Sa can be calculated as Eq. (7) 
and Eq. (8) (Oliphant et al., 2004): 

 

10
' ' ( )

Zr na a
a p z p ii

T TS C d C Z
t t

ρ ρ
=

∂ ∆
= ⋅ ⋅ ⋅ ≅ ⋅ ⋅∆

∂ ∆∑∫  (7) 

 

'
( 273.5)(1 0.378 / )

a

d a a a

P
R T e P

ρ =
+ +

 (8) 

 
Zr represents the height of the eddy 

covariance sensor (28 m), Rd is the gas constant (the 
value is 287 J kg−1 K−1), ΔZi is below Zr. Cp is the 
specific heat capacity in dry air (constant, 1013 J kg−1 
K−1), Ta is the mean air temperature at a height of 1.5 
m (°C), Pa is the value of atmospheric pressure (kPa), 
and ea is the water vapor pressure (kPa). Ta, P, and ea 
are measured by the flux tower instruments. As in the 
method used to calculate Sa, the below-sensor air-
space latent heat storage flux (Sw) is calculated as Eq. 
(9): 

 

10
' ' ( )

Zr ni a
w z ii

e eS d Z
t t

ρ λ ρ λ
=

∂ ∆
= ⋅ ⋅ ⋅ ≅ ⋅ ⋅ ⋅∆

∂ ∆∑∫  (9) 

 

where, ei is the absolute humidity at 28 m (kg m-3), 
which is measured by the flux tower instruments. 
Fourth, Ss is the heat storage flux (W m−2) and the 
change in heat storage during snow cover. The latent 
heat flux Ss is calculated as Eq. (10): 
 

snow
s snow snow snow

TS C h
t

ρ ∆
= ⋅ ⋅ ⋅

∆
  (10) 

 
As for the SSG measurement data, ρsnow is the 

average density of snow (0.05 103 kg m−3), Csnow is the 
snow heat capacity (2050 J·kg−1·K−1), Tsnow is the 
snow temperature (°C), and hsnow is the depth of the 
snow (m). Other parameters related to snowfall event 
were calculated by the snowfall data from the 
TE525MM, Campbell Scientific, Inc., USA. 
 
2.6. Snow evaporation and regression analyses 
 

In this study, the snow evaporation data 
before and after snowfall events are the data from 
three days before and after snowing. Linear regression 
analyses were used to explore the relationships 
between measured snow evaporation rates and 
cumulative net radiation, air temperature at this 
location for two years, and to quantitatively analyze 
the influence of cumulative net radiation and air 
temperature on the evaporation rate during the three 
years (snow ablation periods) before and after 
snowfall events.  

Excluded the data 1h before and after every 
snowfall event, the intercepts, slope, statistical 
significance (p-value), and coefficient of 
determination (R2) were evaluated during the winter 
period in this continuous permafrost region. The 
energy balance of forest ecosystems was generally Rn 
= H + LE + G + S. Due to the difference in 
determination instrument and spatial extent of 
radiation equilibrium and energy component, the two 
could hardly realize complete closure. In the research, 
through linear regression on the basis of H + LE and 
Rn - G per hour after quality control in the observation, 
it was obtained that the slope, intercept and R2 of the 
equation were 1.56, 14.06 and 0.72 respectively. 
 
3. Results 
 
3.1. Meteorological conditions 
 

The characteristics of snowfall, snow depth, 
snowfall intensity, snowfall class, and snowfall 
duration are shown in Fig. 2. The deepest depth in the 
snow period was 73.9 cm in 2016, 14.62 cm in 2017 
and 22.27 cm in 2018. The snowfall events shown in 
Fig. 2a are largest and more frequent than those shown 
in Fig. 2b and 2c. During the snow ablation period, 
there were two blizzards in 2016, but only one light 
snow in 2017.  

Only moderate snow and light snow events 
occurred in 2017. After the first snowfall event 
occurred  during  the  snow  accumulation  period, the  
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snow depth increased rapidly but then decreased soon 
after (Fig. 2). When the third snowfall occurred, the 
snow depth began to increase steadily in both snow 
accumulation periods.  

The total snowpack melting time in 2016 was 
longer than that in 2017. During the snow ablation 
period in 2016, after the snowfall events occurred, the 
average rate of the decrease in the SWE was 0.091 m 
d-1, which was larger than that without snowfall events 
(0.023 m d-1). This phenomenon was observed during 
the snow melting period of 2017 when only the 
magnitude of the rate of decrease was different from 
that in 2016, and it was 0.067 m d-1 when snowfall 
events occurred and 0.033 m d-1 when snowfall events 
did not occur. In 2018, the SWE decreased larger 
when the snowfall event happened during the snow 
ablation period. In addition, the snow ablation period 
appeared earliest in 2017 than in 2016 and 2018. 

 
3.2. Diurnal variation in energy balance 
 

The diurnal variation in the energy flux is 
shown in Fig. 3. After sunrise, the energy flux did not 
increase until 8:00. The value of every index peaked 
at midday and declined in the afternoon. The 
magnitude of the fluctuation in Rn was the greatest 
among the four indices. In addition, the values of these 

four indices during the ablation period in 2016 was 
largest. But during both the years, these four indices 
followed a consistent order in terms of amount, and by 
rights the LE was larger than the H. As shown in Fig. 
3a, the crest values of Rn, G+S, and LE occurred at 
13:00, but the crest of H occurred one hour later. In 
the snow ablation period, the crest values of Rn and 
G+S appeared from 12:00 to 13:00, while the crests of 
the LE and H lines appeared at 11:00. That is to say, 
except for the H with almost two hours delay in the 
ablation period. 

 
3.3. Environmental conditions variation in different 
years 

 
During the snow ablation period, an analysis of 

variance was performed with the evaporation rate of 
snow as the fixed variable and wind speed, net 
radiation, temperature and humidity as covariates; the 
results are as shown in Table 3. In Table 3, net 
radiation (Rn) and air temperature have significant 
effect on snow evaporation rate (P<0.001); humidity 
and wind speed, on the other hand, are of less 
significant effect thereon. Later, the evaporation rate 
of snow was chosen to be a dependent variable in the 
response analysis on net radiation Rn and air 
temperature.  

 

 
 

Fig. 2. Characteristics of snowfall and snow depth from: 2016-a, 2017-b and 2018-c 
 

 
Fig. 3. Average diurnal net radiation flux (Rn), latent heat flux (LE), sensible heat flux (H), and storage heat flux (G + S) during 

the snow ablation period in 2016-a,2017-b and c-2018 
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Table 3. The correlational relationship between snow evaporation rate and environmental factors 

 
i 2016 2017 2018 

 Snow evaporation rate Snow evaporation rate Snow evaporation rate 
Rn (Net radiation) P<0.001 P<0.001 P<0.001 
Humanity P<0.005 P<0.005 P<0.005 
Wind speed P=0.043 P=0.118 P=0.025 
Air temperature P<0.001 P<0.001 P<0.001 
n=2069 
 

The snow evaporation rates of two stages (after 
the snowfall and before the snowfall) were high in 
response degree to Ta (R2 is 0.68 and 0.77; Fig. 4), and 
the Ta before the snowfall and after the snowfall was a 
limiting factor of the snow evaporation rate. In the 
time period after the snowfall occurs, the range of the 
gradual increase of the snow evaporation rate along 
with the increase of the Ta is more obvious compared 
with the time period before the snowfall occurs, and 
the snow evaporation rate in the snow ablation period 
could be accelerated when the air temperature was 
high. The snow evaporation rates and Rn in the two 
stages (after the snowfall and before the snowfall) are 
in positive correlation (Fig. 4), and R2 in the stage 
before the snowfall was higher. After the snowfall 
occurs, the slope of a regression equation of the snow 
evaporation rate is lower than that in the stage before 
the snowfall occurs, which shows that the sensitivity 
of the snow evaporation rate along with the change of 
Rn was slightly higher before the snowfall event occurs 
(Fig. 4). The above results indicate that a snowfall 
increased the snow evaporation rate while also 
affecting the correspondence of Ta and Rn to the snow 
evaporation rate. In the snow ablation period, the 
influence of Ta on the water balance of an ecological 
system was more obvious. 
 
3.4. Characteristics of the snow evaporation rate 
before and after snowfall events 
 

The snow evaporation rate increased constantly 
during the snow ablation period. Although the total 
evaporation value in 2016 was largest in both three 
years, the characteristics of the evaporation fluctuation 
were similar (Fig. 5a, b and c). The net radiation 

increased and remained steady in the beginning of the 
snow ablation period but later increased rapidly. 
Throughout the observation period, the highest 
evaporation value in both snow ablation periods was 
0.448 mm d-1 in 2016, the moderate value was 0.421 
mm d-1 in 2017, the smallest value was 0.29 mm d-1 in 
2018 (Fig. 5).  

The snowfall events explicitly resulted in the 
increasing snow evaporation in both experimental 
periods (Fig. 5). In other words, the evaporation was 
lower before snowfall events than that after snowfall 
events. The differences between the years were 
significant at the p < 0.05 level. The mean snow 
evaporation rate during the snow ablation period 
before a snowfall event were 0.122 mm d-1 in 2016, 
0.144 mm d-1 in 2017, and 0.51 mm d-1 in 2018. 
whereas the mean evaporation rate after a snowfall 
event were 0.233, 0.229, and 0.186 mm d-1 in 2016, 
2017 and 2018, respectively. Furthermore, before a 
snowfall event, the snow evaporation rate of 2017 
exhibited a smallest range in 2015-2018. After a 
snowfall event, the range of evaporation in the 
different years changed considerably. 

 
4. Discussions 
 
4.1. Energy fluxes and other environmental factors in 
snow ablation periods 
 

The energy closure status of the EC system 
directly affects the evaluation of the evaporation, and 
compared to the FLUXNET (R2 range is 0.64-0.95), 
the energy closure level (R2 is 0.72) of the study site 
was within a reliable range, and could ensure a more 
ideal data quality. 

 

 
(a) (b) 

 
Fig. 4. Reponses of snow evaporation to the (a) air temperature (Ta) and (b) net radiation (Rn) under different snowfall conditions. 
BS: Before snowfall days period; AS: After snowfall days period; All the equations in the figure are significant (P＜0.05); n=133 
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Fig. 5. The snow evaporation rate in 2016 (a), 2017(b), and 2018(c). The snow evaporation rate before (three days) and after 

(three days) snowfall events in the three snow ablation periods for 2016 (e). 2017(f) and 2018 (g). The white box indicates the 
values before snowfall event, the dark box indicate the values after snowfall event. n=133 

 
Meanwhile, the EC technology easily 

underestimates the flux when the turbulence at night 
was insufficient, and the research eliminates data 
when the turbulence intensity was weak through a 
sensitivity test of u*, which ensures that the 
measurement of an EC system was a result under the 
condition of strong turbulence while ensuring the 
integrity and continuity of the data (Goulden et al., 
1996).  

The difference in energy flux in the three 
snow ablation periods could indicate changes in both 
the air temperature and net radiation influenced the 
snow evaporation. Another report also supported the 
results of our experiment (Tanaka et al., 2008; 
Turnipseed et al., 2002). When the air temperature 
rises, the additional heat is used to melt the snowpack 
during the melting period. Fig. 4 and 5 shows that the 
evaporation rates during the snow ablation periods 
were dominated by air temperature and net radiation. 
In the early spring, the lowest temperature and 
associated coverage of snow-regulated water and heat 
variations caused the snow evaporation rates to remain 
almost unchanged (Nelson et al., 2014). 

At the same time, compared with the effects of 
air temperature and net radiation, Jackson and Prowse 
(Jackson and Prowse, 2009) found that the snow 
evaporation rates in mountain regions were driven 
almost entirely by sensible heat fluxes during large‐
scale advection events. Previous studies have 
identified that atmospheric conditions are major 

factors that affect the snow energy balance and 
evaporation. Other studies found that different 
snowfall levels and depths caused the heat flux to 
increase significantly during early spring, and this 
increase may occur simultaneously with the increase 
in the latent and sensible heat fluxes (Fratini et al., 
2014). In this experiment, the air temperature in 
forests was higher during the day than at night, and 
transpiration and sensible heat flux exhibited large 
influences on forests (Fig. 3).  

The snow evaporation rates in the different 
years were determined by net radiation and air 
temperature factors (Table 3). The factors were 
compared in the three years, which indicated that the 
significantly large snow evaporation rate in this area 
is probably attributed to the differences in the SWE 
and air temperature.  

As shown in Table 3 and Fig. 4, in the snow 
ablation period, the crests of the Rn and G+S lines 
appeared between 12:00 and 13:00. The crests of the 
LE and H lines appeared at 11:00. The minimum Rn 
value occurred between December and February at the 
latest and in April at the earliest, and the closure of the 
energy balance that was identified in this study 
appeared to be lower than that reported by others. This 
discrepancy related to the influence of the conditions 
of forests in a mountain region on the experimental 
results.  

As shown in Fig. 4, the air temperature more 
significantly influenced the evaporation rates than the 
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net radiation in both snow ablation periods. These 
results were inconsistent with those observed in the 
Changbai Mountains (Li et al., 2013) and North 
America (Biederman et al., 2014). This difference 
related to the location of our study region. The main 
reason for this difference could be that the low 
temperature and freeze-thaw cycle in the frozen soil 
caused the forest to block the water vapor and heat that 
originated around the region, and the change in the 
turbulent flux of the vertical energy transfer to the 
atmosphere was very low (Lewkowicz, 2008). For 
these reasons, frozen soil may make the LE + H + G + 
S - Rn values larger than those obtained by the values 
in the west of Daxing’an Moutains (the max values 
ranged from 77-79) (Chen et al., 2011). 
 
4.2. Snowfall events and evaporation 
 

In the snowpack period, the slightly warmer 
conditions in March and April 2016, in combination 
with the frequent occurrence of heavy snowfall events, 
resulted in high snow evaporation rates in this period. 
This result verified the results of the experiment by 
(Wang et al., 2013): the magnitude of the changes in 
snowfall may markedly affect the response of the 
snowpack to changes in snow evaporation. The snow 
evaporation rate in the spring of 2016 significantly 
increased during the snowfall event on April 10 (Fig. 
5) and the subsequent snowmelt period (Fig. 5 and 6). 
The net radiation in the Larix gmelinii forests in this 
area indicated that the change in air temperature 
impacted snow evaporation during the winters of 
2016, 2017 and 2018 (Fig. 5). The snowfall events 
could influence the snow evaporation in snow ablation 
period in different years. The variations in the snow 
evaporation rates were similar in both years. However, 
the snow evaporation rate in the melting period of 
2017 and 2018 were less than that in the melting 
period of 2016 (Fig. 5). The main reason for this 
difference may be that less snowfall occurred in the 
spring of 2017 earlier than in the spring of 2016 and 
2018, which caused the snowpack to disappear very 
early. 

In this region, snow evaporation could result 
increase in the short term in the snow ablation period. 
Snow evaporation was larger after snowfall events 
than when snowfall events did not occur. Thus, the 
differences in snowfall events and air temperature in 
the snow ablation period were probably the main 
factors that resulted in the increase in the snow 
evaporation rate in this study area. Otherwise, the 
main factors that influenced the evaporation rate 
included Rn and air temperature (Lundberg and 
Halldin, 1994). After a snowfall event, the melting of 
snow requires the absorption of a large amount of 
energy, which promotes the effect of temperature on 
the snow during the evaporation period (Cohen, 1994). 
As shown in Fig. 5, after a snowfall event, the 
correlation between net radiation, temperature and the 
snow evaporation rate increased during the snowmelt 
period. Although other reports found that the physical 
properties of the snowpack during the snow melting 

period could result in a 75% increase in net radiation 
thereby promoting the rate of decrease in the 
snowpack (Cline, 1997). However, in our experiment, 
a more significant correlation was found between the 
air temperature and snow evaporation. The main 
reason for this difference was that forest cover can 
decrease the surface energy flux and keep the air 
temperature warmer than that in areas without forest 
cover (Broxton et al., 2015; Nakai et al., 1999; Roth 
and Nolin, 2017). During the snow ablation period, the 
highest snow evaporation in 2016 was 0.448 mm, 
which was highest in 2017 (0.29 mm) and 2018 (0.421 
mm). Thus, considering the prevalence of snowfall 
events (Fig. 2) and high snow evaporation (Fig. 2 and 
Fig. 6), these differences may account for the 
differences of snow evaporation in different years. It 
is likely that the physical properties of the new 
snowpack caused the energy flux to change and 
slightly increased the air temperature in this region. 
Another scholar also found that as the snow 
evaporation characters was influenced by the 
snowfall’s aerodynamic resistance in the forest region 
(Lundberg et al., 1998). But the snow evaporation 
characterises always inconclusive because the 
environmental factors were unordered in different 
years (Male and Granger, 1981). The snow fall will 
change the energy which promoted the evaporation in 
the forested area (Saitoh et al., 2011). However, the 
law of snowfall changing snow evaporation rate in 
different regions has not been intensive studied. Long-
term studies are needed to explore the relationship in 
snowfall, energy balance, and snow evaporation. 

During the early spring, the heavy and new 
snowpack changed the ground-air energy flux 
(Jennings et al., 2018). Therefore, the following 
process should be the main reason why the snow rate 
changed during the snow cover and snowmelt periods 
in this area: (1) heavy snowfall events resulted from 
temporary and warm air temperatures and (2) the air 
temperature continuously increased by large amounts. 
Although our results are based on the data from a site, 
they clearly indicate the possibility that the snow 
evaporation changes. Because our results do not 
explain the entire process of evaporation with 
topography, further research is required to examine 
these details. Moreover, a special variant of the snow 
evaporation processes may largely influence the 
amount of snowmelt runoff that occurs in the spring 
(Tetzlaff et al., 2015). Although this study indicates 
the possibility that a large number of snowfall events 
influence the snow evaporation rate in the snow 
ablation period at the field scale, this experiment 
showed forest-scale field observations. More 
experiments are required over large-scale field areas 
to quantify the snow evaporation values during and 
after snowfall and snowmelt periods to ensure the 
rational utilization of forest water resources. 
 
5. Conclusions 
 

The long and low air temperature were the 
characteristics of the north of the Daxing'an 
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Mountains during the snow ablation period. When the 
snow ablation period began, the snow evaporation 
increased steadily. However, the temporary warm 
weather induced snowfall and caused a large release 
of snow evaporation into the atmosphere in a short 
time.  

To quantify the relationship in environmental 
factors, snowfall, and snow evaporation, the 
distribution of snowmelt period of forests area in the 
permafrost region was determined. This study 
provided the scientific basic data for the 
characteristics of snow evaporation rate and the 
snowfall cause the evaporation rate changed in the 
north of Daxing’an Mountains during the snow 
ablation period. But our research didn’t consider the 
possibility of soil heat flux input, melting water 
infiltration influence, and melting water runoff will 
change the snow evaporation rate during the snow 
ablation period.  

The additional research was needed, including 
research on the differences in topography, an analysis 
of the evaporation model and a large-scale study. In 
order to provide the original data support for spring 
snowmelt water distribution mechanism and rational 
afforestation planning in this region. 
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