
TCD
6, 4137–4169, 2012

Changes in snow
liquid water

H. Lu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The Cryosphere Discuss., 6, 4137–4169, 2012
www.the-cryosphere-discuss.net/6/4137/2012/
doi:10.5194/tcd-6-4137-2012
© Author(s) 2012. CC Attribution 3.0 License.

The Cryosphere
Discussions

This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding final paper in TC if available.

Changes in seasonal snow liquid water
content during the snowmelt period in the
Western Tianshan Mountains, China
H. Lu1,2, W. S. Wei3, M. Z. Liu1,4, X. Han3, and W. Hong1,2

1Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences,
Urumqi 830011, China
2University of Chinese Academy of Sciences, Beijing 100049, China
3Institute of Desert Meteorology, CMA, Urumqi 830002, China
4Tianshan Station for snow & Avalanche Research, Urumqi 830011, China

Received: 10 August 2012 – Accepted: 10 September 2012 – Published: 27 September 2012

Correspondence to: H. Lu (luhengwzs@163.com)

Published by Copernicus Publications on behalf of the European Geosciences Union.

4137

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/4137/2012/tcd-6-4137-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/4137/2012/tcd-6-4137-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
6, 4137–4169, 2012

Changes in snow
liquid water

H. Lu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Snow liquid water content is a very important parameter for snow hydrological pro-
cesses, avalanche research and snow cover mapping by remote sensing. Snow liquid
water content was measured with a portable instrument (Snow Fork) in the Tianshan
Station for Snow Cover and Avalanche Research, Chinese Academy of Sciences dur-5

ing the snowmelt period in spring 2010. This study analyzed the temporal and spatial
distribution of snow liquid water content in different weather conditions. The average liq-
uid water content of snow in the whole layer exponentially increased and can be calcu-
lated using a regression function of prior moving average temperature. The proportion
of net radiation, sensible heat flux and latent heat flux in total energy changed in differ-10

ent snowmelt period. During the pre-snowmelt period (0.3% ≤Wvol < 1%), snow liquid
water content and its temporal variation were relatively small, with liquid water accumu-
lated in the coarse snow layer. During the mid-snowmelt period (1% ≤Wvol < 2.5%),
the variation was significant in the upper layer and decreased drastically during the
snowfall and the following one to two days. Only the temporal variation decreased after15

rain or snow (ROS) events. During the late-snowmelt period (Wvol ≥ 2.5 %), the distri-
bution and variation of every snow layer showed a uniform trend, and the effect of ROS
events on liquid water content only occurred during rainfall and snowfall.

1 Introduction

Snow cover can be either dry or wet snow. Dry snow is a mixture of snow crystals and20

air, whereas wet snow is a combination of snow crystals, air, and liquid water. Liquid
water may come from rainfall or snowmelt. In the absence of rainfall, liquid water comes
from snowmelt generated by air temperature and solar radiation. Snow liquid (or free)
water content is a very important parameter for thermal conductivity (Singh, 1999),
metamorphism (Wakahama, 1956; Colbeck, 1987; Marsh, 1987), hardness (Lzumi,25

1989; Trautman et al., 2006), avalanche (Brun et al., 1989; Conway et al., 1993; Mitterer
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et al., 2009), snowmelt (Jones et al., 1983), and reservoir management (Kattelmann
et al., 1999). Snow liquid water content was previously recognized as a quantifiable pa-
rameter of hydrologic significance. However, it was not used regularly as a snowpack
characteristic because of difficulties in field measurements. Various techniques have
been used or proposed to measure snow liquid water content. Some of these tech-5

niques include centrifugal separation (Jones, 1979), freezing-point depression (Morris,
1981), freezing calorimetry (Jones et al., 1983; Boyne et al., 1987), melting calorime-
try (Kawashima et al., 1998), alcohol calorimetry (Fisk, 1986), dilution (Davis et al.,
1985; Boyne et al., 1987), and dielectric constant measurement (Boyne et al., 1987;
Denoth, 1994; Schneebeli et al., 1998). Point observations of snow liquid water content10

have been conducted using these methods. Remote sensing technology approaches
could be employed to measure snow liquid water content in the superficial layer across
a large area (Dozie et al., 2004). Liquid water content could be estimated using hand
test and dielectric methods. Techel et al. (2010) compared these two methods using
Snow Fork and Denoth wetness instrument in the Swiss Alps, mostly above tree line.15

Combined with snow temperature variation, snow liquid water content was used as
an indicator to divide the stable period (Wvol< 0.1 %), interim period (0.1% <Wvol <
0.3%), and snowmelt period of seasonal snow (Wvol> 0.3 %) in the Western Tianshan
Mountains (Chen et al., 2012). Zhang et al. (1986) and Wei et al. (2001) demonstrated
that low temperature is the primary factor for the small snow liquid water content across20

the northwestern region of China. Techel et al. (2010) investigated the reliability of
point observations in relation to temporal and small-scale spatial variability. Their re-
sults showed that slope aspect slope inclination, elevation, and distance to the rocky
area are important factors for snow liquid water. Li et al. (2007) evaluated snow liq-
uid water content, determined the relationship between liquid water content and snow25

temperature, and identified the temporal and spatial distribution of liquid water con-
tent in the Arctic using a set up with known physical parameters of snow and ice. Che
et al. (2008) demonstrated the changes in liquid water content with temperature and
time. Using the freezing calorimetry method, Jones et al. (1983) observed the daily
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changes in snowpack liquid water content determined by three different operators in
Fraser, Colorado. Niang et al. (2006) simulated the characteristics of snowpack density
and liquid water content using Looyenga’s mixing coefficient model. Colbeck (1972,
1982), Lehua Pan et al. (1997), and Zhou et al. (2001) simulated surface snow melting
and water percolation for several days. This study aims to analyze the temporal and5

spatial changes in snow liquid water content during the snowmelt period in the West-
ern Tianshan Mountains in China using Snow Fork. The mechanism by which different
weather conditions affect snow liquid water content is also analyzed. The results of this
study provide basic data for further studies on snow characteristics and snow cover
hydrological processes.10

2 Method and data

2.1 Study area

The study was conducted at the Tianshan Station for Snow Cover and Avalanche Re-
search, Chinese Academy of Sciences (TS), which is located at 43◦16′ N, 84◦24′ E at
an elevation of 1776 m a.s.l. The station lies in the upper reaches of the Künes River15

in the central zone of the Western Tianshan Mountains, China. Seasonal snow in TS
lasts from late October to early April, with a mean annual depth of 0.78 m. The maxi-
mum depth has not exceeded 1.6 m since 1967. Snow in this region is of dry-cold type,
with low density and low snow liquid water content by volume, and depth hoar devel-
ops largely compared with other places in China (Wei et al., 2001). The study area is20

a 25m×25m grass-covered area in the observation field. Data of meteorology, den-
sity, water content, permittivity, and other factors were collected in different snow layers
from 3 March 2010 to 26 April 2011 during the snow cover period. Morning liquid water
content (before sunrise) was mainly affected by the meteorological condition from prior
night to this morning. Thus, the period of last 20:00 to this 20:00 LT was estimated as25

one day in this study.
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2.2 Snow liquid water content and snow density

A column of snow was dug out to allow for the measurement of the vertical snow pro-
file. To avoid lateral impact by solar radiation on subsequent vertical snow profiles,
the position of each succeeding snow column was dug out by at least 0.3 m from the
previous column. The measurements were conducted at every 2 cm depth from the sur-5

face to the bottom using a Finnish Snow Fork gauge (model LK, Ins. Toimisto Toikka
Oy, Espoo, Finland). Seven parameters (attenuation rate, resonance frequency, 3 dB
band width, relative dielectric constant, volumetric moisture, density, and weighted wa-
ter content) were obtained using the Snow Fork gauge (Sihvola et al., 1986). According
to the instruction of Snow Fork gauge, the mathematical principle for the calculation of10

snow density and liquid water content by volume is expressed as follows:

Wvol = −0.06+
√

0.062 +ε′′/(0.0075 · f ) (1)

ρ = −1.2142857+
√

1.21428572 − (1+8.7 ·Wvol +70 ·W 2
vol −ε′)/0.7+Wvol (2)

where Wvol is the snow liquid water content by volume (%), ρ is the snow density15

(g cm−3), f is the frequency, ε′ is the real part of relative permittivity, and ε′′ is the
imaginary part of relative permittivity.

The liquid water content was measured before sunrise (08:00) and after sunset
(20:00). The afternoon liquid water content was estimated as the daily value in this
paper because of the occasional absence of measurement before sunrise.20

2.3 Air temperature

A single-channel automatic temperature recorder (RC-30, Jingchuang Electrics Co.,
Ltd, Shanghai) was used to measure the air temperature. The temperature was cal-
culated by measuring the resistance of a platinum resistance thermister, with a preci-
sion of ±0.1 ◦C. The time interval of the recorder was set to 5 min and its probe was25
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mounted in an instrument shelter 150 cm above the ground, which was the standard
height for thermometer installation. After eliminating the obvious false data, air tem-
perature indices of daily average, maximum, minimum and accumulated air tempera-
ture were statistically calculated. The accumulated air temperature is the summation
of the hourly average air temperature higher than 0 ◦C, with an accuracy of ±2.4 ◦C5

(±0.1×24 = 2.4 ◦C).

Tac =
23∑
i=1

Ti , Ti ≥ 0 (3)

where Tac is the accumulated air temperature (◦C), Ti is the hourly average air temper-
ature higher than 0 ◦C.

2.4 Surface energy balance10

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

Qm = K +L+H +LV E + Iprec +G (4)

where Qm is the total energy (MJ m−2), K is the net shortwave radiation (MJ m−2), L is
the net longwave radiation (MJ m−2), H is the sensible heat flux (MJ m−2), LV E is the la-
tent heat flux (MJ m−2), Iprec is the energy supplied by precipitation (heat flux advected15

to the snowpack by rain or snow) (MJ m−2), and G is the ground heat flux (not con-
sidered in this study). Radiation was measured using pyrgeometers (EKO Instruments
Co., Ltd. with a precision of ±2.5 %).

Daily sensible (H) was calculated as a function of the temperature gradient above
the snow surface (Boon, 2009):20

H = ρaCpaDH (Ta − Tss) (5)
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where ρa is the density of air (kg m−3), Cpa is the heat capacity of air (J kg−1 K−1), and

DH is the bulk transfer coefficient for sensible heat (m s−1).
Daily latent heat flux (LV E ) was calculated as a function of the vapor pressure gra-

dient above the snow surface (Boon, 2009):

LV E = ρaλVDE
0.622
P

(ea −ess) (6)5

where λV is the latent heat of vaporization (2.48×106 J kg−1), DE is the bulk transfer
coefficient for latent heat (m s−1), P is the atmospheric pressure (kPa), and ea and ess
are the atmospheric and snow surface vapor pressure (kPa), respectively.

Under neutral atmospheric conditions, DH = DE (Anderson, 1976; Male and Gray,
1981)10

DH = DE =
k2ua[

ln
(
za
z0

)]2
(7)

where k is von Karman’s constant (0.40), ua is the wind speed (m s−1), za is the wind
height of the wind measurement (m), and z0 is the roughness length of the snow sur-
face (m). Values of z0 from the literature range from 0.0002 to 0.02 m (Moore, 1983).
Because of the absence of field-based z0 measurements, the value of z0 is equal to15

0.06 m according to Boon’s study (Boon, 2009).
The bulk aerodynamic method (Richardson number) was used to correct the turbu-

lent fluxes under highly stratified conditions:

Ri =
g(Ta − Tss)za

u2
aTK

(8)

where g is the gravitational acceleration (m s−1) and TK is the mean temperature of air20

layer (K ). Ri was positive for the duration of each ablation period. Thus, turbulent flux
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calculations were corrected only for damping of turbulence under stable atmospheric
conditions (Ri > 0.3, Andreas, 2002) using the following equation (Moore, 1983; Boon,
2009), where DM = DH = DE :

DMc = DM/(1+10Ri ) (9)

Energy supplied by precipitation (Iprec) was calculated using the following equation (Jin5

et al., 1999):

Iprec =

{
Clp0 (TP −273.15) (for rainfall)

CV
P0fice
γi

(TP −273.15)− P0Ll i (for snowfall)
(10)

where Cl is the specific heat of water (4217.7 J kg−1 K−1), p0 is the effective rate of
precipitation on land surface (kg m−2 s−1), CV is the volumetric specific heat capacity
of snow (J kg−1 K−1), TP is the precipitation temperature (K), TP = Ta, Ll i is the heat of10

fusion (J kg−1), fice is the ice mass fraction of precipitation, and γi is the partial density
of ice in snowfall (kg m−3).

Volumetric specific heat capacity of snow was calculated using the following equation
(Verseghy, 1991):

CV = 1.9×106ρS

ρi
(11)15

where ρS is the snow density (kg m−3) and ρi is the ice density (917 kgm−3).
Ice mass fraction of precipitation (fice) was calculated using the following equation

(Jin et al., 1999):

fice =


0.0 Ta > 2.5 ◦C
0.6 2.0 ◦C < Ta ≤ 2.5 ◦C
1−

[
54.62−0.2(Ta +273.15)

]
0.0 ◦C < Ta ≤ 2.0 ◦C

1.0 Ta ≤ 0 ◦

(12)
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The partial density of ice in snowfall (γi) was calculated using the following equation
(LaChapelle, 1969):

γi =


0.0 Ta > 2.5 ◦C
189.0 2.0 ◦C< T a ≤ 2.5 ◦C
50.0+1.7(Ta +14.99)1.5 −15 ◦C < Ta ≤ 2.0 ◦C
50.0 Ta ≤ −15 ◦C

(13)

2.5 Snow liquid water-holding capacity

The liquid water movement in the snowpack is not dynamically described. When liquid5

water content in a snow layer exceeds the liquid water-holding capacity, the excess
water flows to the underlying layer. Liquid water content (CR) was calculated using the
following equation (Anderson, 1976):

CR =

{
CR

min γi ≥ γe
CR

min +
(
CR

max −CR
min

)
γe−γi
γe

γi < γe
(14)

where CR
min = 0.03, CR

max = 0.1, γe = 200 kg m−3, and γi = ρSfice is the partial density10

of ice (kg m−3). fice is the ice mass fraction of snow and can be calculated using the
following equation:

fice = 1−
Wvol

ρS
(15)

where Wvol is the snow liquid water content (%) and ρS is the snow density (g cm−3).
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3 Results and discussion

3.1 Temporal changes in snow liquid water content during the snowmelt period

The average liquid water content in the whole snow layer exponentially increased
(Fig. 1). The changes in melt rates were consistent with those in liquid water con-
tent. Water content ranged from 0.39 % to 8.35 %, with a density range of 0.22 gcm−3

5

to 0.44 gcm−3. From 3 March to 14 March, liquid water content was less than 1 %, with
a range of 0.39 % to 0.94 % and an average of 0.54 %. From 16 March to 13 April, liq-
uid water content ranged from 1 % to 2.5 % (2.08 % on average), and snowpack outflow
was observed. After 14 April, liquid water content was higher than 2.5 %, with an aver-
age of 5.41 %. Liquid water content sharply increased to 0.54 % d−1, and the melt rate10

in this period was 2.6 times greater than that between 16 March and 13 April. Given
the changes in liquid water content in the whole snow layer, the snowmelt period can
be divided into three stages (pre-snowmelt period: 0.3% ≤Wvol < 1%, mid-snowmelt
period: 1% ≤Wvol < 2.5%, and late-snowmelt period: Wvol ≥ 2.5%).

Snowpack condition is significantly affected by air temperature. Snow liquid water15

content showed a significant and positive correlation with the daily average, maximum,
minimum, and accumulated air temperature (Table 1). The correlation coefficient be-
tween accumulated air temperature and liquid water content was higher than that be-
tween average air temperature and liquid water content. The average water content of
the whole layer exponentially increased with the average air temperature and linearly20

increased with accumulated air temperature (Fig. 2). However, the liquid water content
scattered widely, suggesting that the different temperature indices could only indicate
the energy balance of snow surface to a certain extent. The wide scattering of liquid
water content was partly caused by the mass balance of snowpack.

Figure 3 shows the daily heat flux input during the snowmelt period, including short-25

wave radiation, longwave radiation, net radiation, sensible heat flux and latent flux.
Snow liquid water content exponentially increased during the snowmelt period, with
net radiation and sensible heat flux dominating, and latent heat flux taking a small
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proportion. Both net radiation and sensible heat flux were generally positive during
the snowmelt period, which contributed to 48.3 % and 27.3 % of the total energy (not
including energy supplied by precipitation). The proportion of net radiation increased
drastically from the pre-snowmelt period to the late-snowmelt period. This result can
be attributed to the increase in astronomical radiation with time and the changes in5

snow surface albedo. During the pre-snowmelt period, air temperature increased and
became higher than snow surface temperature, especially during daytime. The high
air temperature and the lower air humidity caused the sensible heat flux to become
the most important part of total energy. Specific humidity during the mid-snowmelt pe-
riod increased and became 1.08 gg−1 higher than that during the pre-snowmelt period.10

Therefore, the proportion of latent heat flux is higher than that of sensible heat flux.
During the late-snowmelt period, the amount of sublimation or evaporation in the snow
surface was higher than that of deposition. Hence, latent heat flux turned negative
(Table 2).

3.2 Temporal and spatial distribution of snow liquid water content before15

sunrise and after sunset

To describe the temporal and spatial distribution of snow liquid water content, three
days (5 March, 31 March and 21 April 2010) in different snowmelt periods were se-
lected as the typical distribution of snow liquid water. During the pre-snowmelt period
(Fig. 4a), morning and afternoon snow liquid water were less than 1 %. Although liquid20

water content exceeded the liquid water-holding capacity except around 20 cm under
the snow surface, no liquid water was drained from the snowpack. Thus, Anderson’s
formula may be suitable for all conditions. The maximum liquid water content was lo-
cated at a depth ranging from 70 cm to 100 cm (the snow type was coarse snow) under
the snow surface. With capillary effects ignored, according to Darcy’s law describing25

liquid water movement in snow, the volume flux of liquid water is the largest in this
range of depth and is bigger than at the snow bottom (the snow type was depth hoar).
Hence, liquid water accumulated in this range. From the snow surface to 110 cm under
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the snow surface, the average liquid water content increased from 0.31 % to 0.38 %.
The average of snow liquid water content from 110 cm to 120 cm decreased, which
may be attributed to measurement errors.

During the mid-snowmelt period (Fig. 4b), morning snow liquid water content was
less than 0.5 % and increased with depth. The afternoon average liquid water content5

was 1.17 % and decreased with depth. From snow surface to 30 cm depth, liquid wa-
ter content drastically changed from 0.36 % to 2.74 %. This result may be attributed
to the low air temperature and the snow liquid water refreezing when the snow tem-
perature was lower than 0 ◦C. The drastic variation from 30 cm to 40 cm depth may be
ascribed to the depth range being not only a sink of moving liquid water from the upper10

layer, but also a liquid water source for the next layers. From 40 cm to the snow bot-
tom, the diurnal change in liquid water content was small and stable (i.e., from 0.37 %
to 0.43 %). The variation characteristics of snow liquid water content determined the
snowmelt rates (Fig. 5a). The minimum and maximum snowmelt rates were 0.0186
and 0.038 kgm−2 h−1, respectively, and then changed slightly.15

During the late-snowmelt period (Fig. 4c), the morning snow liquid water content de-
creased with depth, and the minimum and maximum values were 0.59 % and 3.63 %,
respectively. The average afternoon liquid water content was 4.77 %. The afternoon
liquid water content decreased from the snow surface to a certain depth and then in-
creased to the maximum value at the bottom of the snow. The liquid water content20

from the snow surface to 10 cm depth was large, which may be attributed to the sharp
increase in net radiation. The snow porosity at the snow bottom (snow type is depth
hoar) was larger than that at the other layers. Consequently, the liquid water content
at the snow bottom was larger than that at the upper layers. The diurnal changes in
the whole snow layer liquid water in this period were larger than the mid-snowmelt pe-25

riod. The variation trends of each layer were relative consistent. The snow temperature
under 15 cm depth was not less than 0 ◦C all day, and the minimum air temperature
increased with time. Thus, liquid water refreezing was not significant at this range. Fig-
ure 5b shows that the time of liquid water outflow was comparatively concentrated.
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Thus, liquid water content movement is the most important factor for the distribution
of snow liquid water content. The liquid water rapidly flowed to the next layer and dis-
charged because the snow depth was far less than the mid-snowmelt period and the
liquid water content exceeded water holding capacity.

3.3 Snow liquid water content in different weather conditions: rain or snow5

(ROS) events

ROS events change energy balance components, thereby causing changes in liquid
water content and snowmelts. This study selected one event of snow and two events
of rain and snow during different snowmelt periods to discuss the effect of ROS events.
During a snowfall that occurred on 28 March, the precipitation was 33.3 mm, and the10

snowfall depth was 12 cm. Figure 6 shows that the net radiation during snowfall was
far less than that before snowfall and that the sensible heat flux was negative. Thus,
the afternoon liquid water content on 28 March was less than that on 27 March, and
the distribution was different, especially from the snow surface to 20 cm depth (Fig. 7).
The net radiation and sensible heat flux after snowfall were less than those before15

snowfall. This finding may be attributed to the high snow albedo and “dry-cold” weather
condition. Therefore, the average liquid water content of the whole snow layer after
snowfall was less than that before and during snowfall. In addition, the diurnal variation
also decreased. The distribution of liquid water content was in accordance with the
typical distribution (Fig. 4b). The snowmelt rate decreased during and after snowfall20

because of the changes in liquid water content (Fig. 6).
A rainfall occurred from 23:00, 3 April to 23:00, 4 April, with a precipitation of 16.1 mm

Rain and snow occurred from 09:00, 5 April to 23:00, 5 April, with a precipitation of
12.6 mm and a snowfall depth of 3 cm. The total energy during the ROS period was
less that during the non-ROS period. Net radiation and sensible heat flux during the25

ROS period were less than those during the non-ROS period, whereas latent heat
flux during the ROS period was larger than that during the non-ROS period. However,
the variation trend and distribution of liquid water content were different only from the
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snowfall event (Fig. 7). On 4 April, the energy supplied by precipitation was 102.82 MJ,
which was much higher than other heat fluxes. Thus, the average liquid water content
was 2.12 %, and the snowmelt rate did not decrease. On 5 April, the energy supplied by
precipitation was −3.76 MJ. However, the difference between snow liquid water content
and distribution with non-ROS period was not significant. This finding may be attributed5

to the rainfall-induced increase in the heat flux and liquid water in the snowpack. As an
insulator, newly formed snow protects the temperature of the old snow from decreasing.
Thus, the morning liquid water content on 5 March and 6 March was larger than that
during the non-ROS period.

An ROS event occurred from 09:00, 17 April to 11:00, 18 April, with a precipitation of10

19.8 mm and a snow depth decrease of 1 cm. A snowfall occurred from 23:00, 18 April
to 21:00, 19 April, with a precipitation of 20.7 mm and a snowfall depth of 12 cm. During
the ROS period, net radiation decreased and the energy supplied by precipitation was
35.4 MJ. However, the afternoon liquid water content on 17 April was less than that
during the non-ROS period (Figs. 4c and 11), and the snowmelt rate did not increase15

sharply (Fig. 10). The liquid water from rain was rapidly discharged. Hence, most part of
the energy supplied by precipitation cannot exchange with snow. From 11:00 to 20:00,
18 April was a clear day, and the characteristic of liquid water was in accordance with
that during the non-ROS period (Fig. 4c). On 19 April, net radiation and sensible heat
flux were negative and the energy supplied by precipitation was −4.26 MJ. Thus, the20

liquid water content decreased, especially from the snow surface to 20 cm depth. At the
bottom of the snow, the ROS event caused significant changes in liquid water, showing
a difference from the mid-snowmelt period.

3.4 Regression equation of snow liquid water content

The changes in snow depth were significant during the snowmelt period, revealing in-25

formation regarding temperature, radiation, liquid water movement and so on. Snow
liquid water content mainly depended on energy balance, liquid water movement and
ROS event. Thus, snow depth is a good index to indicate changes in liquid water
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content. Snow liquid water can be fitted with an exponential function:

Wvol = 18.892e−0.028h (16)

where Wvol is the snow liquid water content (%) and h is the snow depth (cm). The fit
has an R2 equal to 0.86, and predicted values of Wvol have an uncertainty of 0.076 %.

However, the characteristics of snow depth differ annually. Thus, the function may5

not be suitable for other years. Therefore, the regression function of liquid water should
be built based on the physical mechanism and processes. Radiation, wind, and snow
surface temperature cannot be easily obtained during field measurements. Thus, air
temperature is the most suitable parameter for regression equation. Snow liquid wa-
ter depends on the air temperature of the current day as well as that of the previous10

days. Snow liquid water content exponentially increased with prior moving average air
temperature (Fig. 12) and can be fitted using the following equation:

Wvol = 1.8433e0.2478Tma (17)

where Wvol is the snow liquid water content (%) and Tma is the prior moving average
air temperature (◦C). The span is 7, according to the correlation between liquid water15

content and average air temperature, and the weight values were 0.15, 0.1, 0.05, 0.05,
0.15, 0.2, and 0.3. The fit has an R2 of 0.85, and predicted values of Wvol have an
uncertainty of 0.16 %.

4 Conclusions

The average water content of the whole layer exponentially increased with time and20

average air temperature. Snow liquid water content can be calculated by a regression
function of prior moving average temperature. According to the liquid water content, the
snowmelt period can be divided into three stages (pre-snowmelt period: 0.3% ≤Wvol <
1%, mid-snowmelt period: 1% ≤Wvol < 2.5%, and late-snowmelt period: Wvol ≥ 2.5%).
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During the pre-snowmelt period, air temperature gradually increased and net radia-
tion was small. Sensible heat flux was the most important part of total energy. Snow
liquid water content and the variation were relatively smaller. The liquid water moved
from the upper layer to the next layers and accumulated in the coarse snow layer.
The snowpack did not have liquid water discharged. Thus, the snow period was in the5

mature stage.
During the mid-snowmelt period, net radiation and latent heat flux were the major

parts of the total energy because of the increase in astronomical radiation and spe-
cific humidity. From the snow surface to 30 cm depth, the liquid water was refreezing
in the evening. Thus, the daily variation in liquid water content was drastic. The liquid10

water content from 40 cm to the snow bottom was smaller than that in the upper lay-
ers. The variation was also less and was more stable. During this period, liquid water
was discharged from the snowpack. The weather process (ROS) was frequent during
this period. Snow liquid water content and the variation decreased during snowfall and
the following one to two days. The total energy and liquid water increased because of15

precipitation (ROS event). With the old snow covered by newly formed snow, the distri-
bution of liquid water content from the snow surface to 30 cm depth was in accordance
during the non-ROS period (afternoon). The diurnal change in liquid water content was
smaller on the ROS day than on the clear day.

During the late-snowmelt period, the proportion of net radiation that occupied total20

energy was larger than 70 % with astronomical radiation increasing and snow albedo
decreasing. Moreover, the latent heat flux was negative. The distribution and variation
of every snow layer showed a uniform trend. Liquid water was moved to the next layer
and was rapidly discharged from the snowpack. The effect of ROS event on liquid
water content during the late-snowmelt period was different from that during the mid-25

snowmelt period. Significant changes in liquid water content were noted from the snow
surface to 30 cm depth and at the bottom of the snowpack. The ROS event affected
snow liquid water content during the ROS period only, which was different from the
mid-snowmelt period.
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Table 1. Correlation between the whole layer average water content and the different tempera-
ture indices.

Daily average
air temperature

Maximum air
temperature

Minimum air
temperature

Accumulated air
temperature

Snow liquid
water content

0.694* 0.644* 0.549* 0.731*

* Has passed the significance test of 0.01.
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Table 2. Proportion of different heat flux occupied total energy (not including energy supplied
by precipitation).

Net radiation Sensible heat flux Latent heat flux

Pre-snowmelt period 18.7 % 59.3 % 22.0 %
Mid-snowmelt period 51.2 % 12.1 % 36.7 %
Late-snowmelt period 71.4 % 29.3 % −0.7 %
All snowmelt periods 48.3 % 27.3 % 24.4 %
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Fig. 1. Variation trend of liquid water content in the whole snow layer and melt rates 

 

Fig. 2. Relationship between the different temperature indices and liquid water content: (a) snow 

liquid water content vs daily average air temperature, (b) snow liquid water content vs 

accumulated air temperature 

 

Fig. 1. Variation trend of liquid water content in the whole snow layer and melt rates.
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Fig. 1. Variation trend of liquid water content in the whole snow layer and melt rates 

 

Fig. 2. Relationship between the different temperature indices and liquid water content: (a) snow 

liquid water content vs daily average air temperature, (b) snow liquid water content vs 

accumulated air temperature 

 

Fig. 2. Relationship between the different temperature indices and liquid water content: (a)
snow liquid water content vs. daily average air temperature, (b) snow liquid water content vs.
accumulated air temperature.
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Fig. 3. Sensible heat flux, latent heat flux, and radiation during the snowmelt period: (a) the 

variation of net shortwave radiation, net longwave radiation and net radiation, (b) the variation of 

sensible heat flux and latent heat flux, (c) the variation of sensible heat flux, net radiation and 

snow liquid water content 

 

 

 

Fig. 4. Difference between morning and afternoon liquid water content and liquid water-holding 

Fig. 3. Sensible heat flux, latent heat flux, and radiation during the snowmelt period: (a) the
variation of net shortwave radiation, net longwave radiation and net radiation, (b) the variation
of sensible heat flux and latent heat flux, (c) the variation of sensible heat flux, net radiation
and snow liquid water content.
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Fig. 3. Sensible heat flux, latent heat flux, and radiation during the snowmelt period: (a) the 

variation of net shortwave radiation, net longwave radiation and net radiation, (b) the variation of 

sensible heat flux and latent heat flux, (c) the variation of sensible heat flux, net radiation and 

snow liquid water content 

 

 

 

Fig. 4. Difference between morning and afternoon liquid water content and liquid water-holding 

Fig. 4. Difference between morning and afternoon liquid water content and liquid water-holding
capacity: (a) pre-snowmelt period, (b) during mid-snowmelt period, (c) late-snowmelt period.
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capacity: (a) pre-snowmelt period, (b) during mid-snowmelt period, (c) late-snowmelt period  

 

Fig. 5. Diurnal changes in snowmelt rates during the different snowmelt periods: (a) 

mid-snowmelt period, (b) late-snowmelt period 

 

 

Fig. 6. Energy balance components of the snow event on March 28 (4 h time step) 

 

Fig. 7. Changes in liquid water content from March 27 to March 29 

Fig. 5. Diurnal changes in snowmelt rates during the different snowmelt periods: (a) mid-
snowmelt period, (b) late-snowmelt period.
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capacity: (a) pre-snowmelt period, (b) during mid-snowmelt period, (c) late-snowmelt period  

 

Fig. 5. Diurnal changes in snowmelt rates during the different snowmelt periods: (a) 

mid-snowmelt period, (b) late-snowmelt period 

 

 

Fig. 6. Energy balance components of the snow event on March 28 (4 h time step) 

 

Fig. 7. Changes in liquid water content from March 27 to March 29 

Fig. 6. Energy balance components of the snow event on 28 March (4 h time step).
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capacity: (a) pre-snowmelt period, (b) during mid-snowmelt period, (c) late-snowmelt period  

 

Fig. 5. Diurnal changes in snowmelt rates during the different snowmelt periods: (a) 

mid-snowmelt period, (b) late-snowmelt period 

 

 

Fig. 6. Energy balance components of the snow event on March 28 (4 h time step) 

 

Fig. 7. Changes in liquid water content from March 27 to March 29 Fig. 7. Changes in liquid water content from 27 March to 29 March.
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Fig. 8. Energy balance components for the ROS event from April 4 to April 5 (4 h time step) 

 

Fig. 9. Changes in liquid water content from April 3 to April 6 

 

Fig. 10. Energy balance components for the rain and snow event from April 17 to April 20 (4 h 

time step) 

Fig. 8. Energy balance components for the ROS event from 4 April to 5 April (4 h time step).
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Fig. 8. Energy balance components for the ROS event from April 4 to April 5 (4 h time step) 

 

Fig. 9. Changes in liquid water content from April 3 to April 6 

 

Fig. 10. Energy balance components for the rain and snow event from April 17 to April 20 (4 h 

time step) 

Fig. 9. Changes in liquid water content from 3 April to 6 April.
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Fig. 8. Energy balance components for the ROS event from April 4 to April 5 (4 h time step) 

 

Fig. 9. Changes in liquid water content from April 3 to April 6 

 

Fig. 10. Energy balance components for the rain and snow event from April 17 to April 20 (4 h 

time step) 

Fig. 10. Energy balance components for the rain and snow event from 17 April to 20 April (4 h
time step).
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Fig. 11. Changes in liquid water content from April 17 to April 20 

 

Fig. 12. Relationship between prior moving air temperature and liquid water content 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Changes in liquid water content from 17 April to 20 April.
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Fig. 11. Changes in liquid water content from April 17 to April 20 

 

Fig. 12. Relationship between prior moving air temperature and liquid water content 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Relationship between prior moving air temperature and liquid water content.
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