Surface energy balance of seasonal snow cover
for snow-melt estimation in N—W Himalaya
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This study describes time series analysis of snow-melt, radiation data and energy balance for
a seasonal snow cover at Dhundi field station of SASE, which lies in Pir Panjal range of the
N-W Himalaya, for a winter season from 13 January to 12 April 2005. The analysis shows that
mean snow surface temperature remains very close to the melting temperature of snow. It was
found close to —1°C for the complete observational period which makes the snow pack at Dhundi
moist from its beginning. The average air temperature over this period was found to be 3.5°C
with hourly average variation from —5.5°C to 13°C. The snow surface at this station received
a mean short wave radiation of 430 W m™?, out of which 298 W m ™2 was reflected back by the
snow surface with mean albedo value of 0.70. The high average temperature and more absorption
of solar radiation resulted in higher thermal state of the snowpack which was further responsible
for faster and higher densification of the snowpack. Net radiation energy was the major compo-
nent of surface energy budget with a mean value of 83 W m 2. Bulk transfer model was used to
calculate turbulent fluxes. The net energy was utilized for satisfying cold content and snow-melt
by using measured snow surface temperature and density of snow pack. The mean square error
between calculated and measured daily snow-melt was found to be approximately 6.6 mm of water
equivalent.

1. Introduction

Seasonal snow-melt contributes substantially to
rivers of north India every year during the ablation
period which generally occurs from April to June.
The Indian Himalaya, particularly the Pir Panjal
range receives most of the precipitation in the form
of snow in pre- and mid-winter and sometimes
rain in the late winter due to the western distur-
bances from November to April each year. The
seasonal snowpack grows in layered structure with
each layer having different physical and mechani-
cal characteristics. The snowpack gets stratified
because of successive snow events throughout the
winter season and each snow event encounters
a different set of meteorological parameters at
the time of its occurrence and afterward. Snow

pack continuously interacts with environment and
exchanges energy with atmosphere above it and
the ground below. The energy exchange processes
set up the temperature distribution within the
snow pack which is responsible for metamorphic
changes with time (Colbeck 1983). In late winter
when air temperature rises, the snowpack becomes
isothermal and wet. The melt water within the
snow pack plays an important part for wet snow
avalanche formation. Melt water produced at the
surface percolates within the snowpack and may
undergo the cycle of melt-freeze. The phenomenon
of melt-freeze sometimes introduces the weak lay-
ers within the snowpack which may trigger the
avalanches in future. Moreover, the melt water
reduces the strength of snow layers significantly
and poses the wet snow avalanche hazard. The net
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energy available at snow surface and the thermal
state of snow pack controls the amount of water
generation in the snowpack.

A number of studies have been carried out in the
past to understand the energy and mass balance
over the snow surface. Rockwood (1964) evalu-
ated energy exchange across air-snow interface by
taking air temperature as a sole index. Anderson
(1976) used energy balance method to compute
the temperature profile within a snow cover. Hong
et al (1992) calculated the energy balance over the
snow surface for quantification of snow-melt by
using bulk transfer method in the western Tien
Shan Mountains, China. Very few studies have
been carried out on energy balance and snow-
melt for seasonal snow of the Indian Himalaya.
Thapa (1980) and Bajracharya (1984), used degree
day approach for snow-melt studies. Upadhyay
et al (1985) have estimated snow-melt for Sutlej
catchment in the Indian Himalaya. Ganju et al
(1999), explains the evolution of the snow cover
vis-a-vis energy balance for N-W Indian Himalaya.
Negi et al (2004) have calculated surface energy
balance for a seasonal snow pack. In this study
energy balance model was used for the estimation
of surface snow-melt. We used the bulk transfer
model for estimation of turbulent fluxes. The short-
wave radiation was directly measured and long-
wave radiation was estimated by using algorithms
from reported literature.

2. Study site, instrumentation
and data

The station Dhundi (lat. 32°21'20”, long.
77°07'41”, 3050 m msl), located in Pir Panjal of
N-W Himalaya, is surrounded on three sides by
high mountains partially covered with vegetation.
The tree line extends up to approximately 3500 m.
This observatory is below tree line and receives
good amount of snow. This is the representative
observatory of Pir Panjal range and the climatic
conditions of this station had been described by
Singh and Ganju (2006). Snow pack in this region
can be considered relatively deep and warm, a fea-
ture of maritime snow climate. Snow meteorologi-
cal data at this observatory was daily monitored
at 0300 UTC and 1200UTC from 1 November
2004 to 30 April 2005 (SASE Annual Technical
Report 2004-2005). However, the energy balance
and snow-melt data discussed in the present study
was collected from 13 January to 12 April 2005.
The radiation data, both global and reflected, was
collected on hourly average basis by using pyra-
nometers (Kipp-Zonen, Model CM 14) working
in the spectral range 0.3-3.0 um with data logger
CR-10X from Campbell scientific. Surface tem-
perature of snow was measured by portable hand
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Figure 1. Standing snow and fresh snow events at Dhundi
Observatory, winter 2004—2005.

held infra-red based snow thermometer (Wahl
Instruments Model DHS24L). Air temperature,
relative humidity, atmospheric pressure and wind
speed were measured by conventional measure-
ment instruments. The hourly cloud amount and
cloud type were assessed by visual inspection every
hour.

Snow cover evolution and frequency of snow
events for winter 2004-2005 consisting of
November, December, January, February, March
and April, are illustrated in figure 1. A total of 21
snow events were received by the station during
this period. The maximum amount of fresh snow-
fall in a single storm was 458 cm which continued
for a period of 11 days from 3 to 13 February 2005.
The station achieved maximum standing snow
of season 319cm on 16 February 2005 at obser-
vatory. Weather conditions that prevailed at the
observatory during winter season 2004-2005 were
divided into four categories, wviz., clear, overcast,
partly cloudy and snowy. Out of the total days
15% were clear days, 15% were overcast days and
18% were snowy days. Most of the time (52%)
partly cloudy weather was observed at this loca-
tion. The overcast conditions increase as we move
from November to April. The month of February
experienced maximum number of snowfall days
during the season.

3. Methodology
3.1 Surface energy balance

Snowpack exchanges energy with atmosphere
above it and ground below. The energy exchange
between snow surface and air consists of radia-
tive fluxes and turbulent fluxes. The net energy flux
at the snow surface is calculated by the following
equation:

AQ = Sin + Sout + Lin + Lout + Hse + Hlaa (]-)
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where A(Q is net energy at the surface and Sj,,
Sout are incoming and outgoing shortwave fluxes
and Li,, Loy are incoming and outgoing longwave
radiation. H, is the sensible heat flux and H, is
the latent heat flux. Heat flux due to snowfall and
rainfall on snow and ground heat flux is neglected
in this study. The radiation flux which is coming
towards snow surface is taken as positive and the
radiation which is going away from the surface is
considered negative. Snow surface also exchanges
longwave energy flux with atmosphere. The long-
wave energy flux (L.,) emitted by the surface is
calculated by using Stephan’s law as

Lout = €SO'T4, (2)

S

where ¢, is the emissivity of the snow surface which
is close to unity, o is the Stefan Boltzmann con-
stant and 7T, is the snow surface temperature in K.
Incoming longwave radiation (Lj,) is evaluated by
using the parameterizations by Prata (1996). This
model estimates the emissivity of atmosphere in
terms of precipitable water. The input data used
for evaluation of incoming longwave is air temper-
ature, humidity and cloudiness of the sky.

Turbulent energy components, i.e., sensible and
latent heat are evaluated by using bulk transfer
approach (Deardoff 1968) given by the following
equation:

Hse - paCaChUa(Ta - Ts)7 (3)

Hla = (paLMv/PaMa)OeUa {Ei(Ta) - EZ(TS)} ;
(4)

where p, is air density, C, is specific heat of air,
U, is wind velocity above the snow surface, L is
latent heat of sublimation, P, is atmospheric pres-
sure, M, is molecular weight of water vapour, M,
is molecular weight of dry air, E; is saturation
vapour pressure, 1, is air temperature, 7§ is snow
surface temperature, C, is heat transfer coefficient
and C, is humidity transfer coefficient. The bulk
transfer equations were adjusted for stability of
the atmosphere using the Richardson number (R;)
for neutral, stable and unstable atmospheric con-
ditions (Hong et al 1992).

3.2 Snow-melt calculation

The amount of melt is given by the following
relation:

AQ
dy, = , 5
(pscAt + Lypy) (5)
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where d,, is amount of snow-melt, p, is density
of snow, Ly is latent heat of fusion, c is specific
heat of snow and At is the temperature required
to bring snow at 0°C. Energy AQ was assumed to
be absorbed in the top layer of thickness d,,.

4. Results and discussion
4.1 Meteorological conditions

The variation of daily mean snow-surface and air
temperature is illustrated in panel (A) of figure 2.
The lowest minimum hourly surface temperature
recorded was —11°C in the month of January. How-
ever, the daily mean snow surface temperature var-
ied between —5°C and 0°C with a mean of —1°C
for the complete observation period. The hourly
air temperature varied between —5°C and 13°C,
however, the daily mean air temperature fluctuated
between —3.5°C and 11°C with a mean of 4°C for
the observation period. The complete snow pack
became isothermal after 26 February 2005.

The seasonal fluctuations in atmospheric pres-
sure and wind speed are shown in panel (B) and
panel (C) of figure 2 respectively. The pressure
drops were associated with the activity of westerly
disturbance and were observed during the time of
bad weather or snow events (SASE Annual Techni-
cal Report 2004-05). The fluctuation of daily mean
wind speed was observed larger during the initial
days. However, the mean wind speed at Dhundi
remained 0.7m/s for the complete observational
period. Mean humidity and mean cloud amount
were observed 65% and 5.4 octa respectively.

Daily mean variation of global radiation,
reflected radiation and extra terrestrial radia-
tion (ETR) are shown in panel (D) of figure 2.
The global radiation varies depending upon
atmospheric conditions, particularly with cloud
amount, cloud type and Julian day (Oerlemans
2000). The fluctuations observed in the global
radiation were associated with cloudy conditions
formed by both local convective activity and
approaching westerly disturbances (SASE Annual
Technical Report 2004-2005). The mean global and
reflected radiations were found to be 430 W m™>
and 298 W m™? respectively while the mean extra
terrestrial radiation (ETR) at the top of the
atmosphere was 750 W m ™2 for the analysis period.
The maximum value of global and reflected radia-
tions recorded at the surface were 845 W m™> and
551 W m™? respectively on 28 March 2005. The
snow surface albedo was calculated by using both
incoming and reflected radiation data and its vari-
ation is illustrated in panel (E) of figure 2. Daily
mean albedo of the snow at Dhundi varied between
0.32 and 0.93. Peaks in albedo curve correspond
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(A) Daily mean snow surface temperature and daily mean

air temperature. (B) Daily mean atmospheric

pressure. (C) Daily mean wind speed. (D) Daily mean global, reflected radiation and extra terrestrial radiation (ETR).
(E) Daily mean albedo. (F') Daily mean net shortwave, net longwave and mean net radiation (net SW+ net LW) energy
flux. (G) Daily mean sensible heat flux and latent heat flux. (H) Comparison of cumulative estimated snow-melt and
cumulative ablation. (All parameters A—H at Dhundi for period 13 January to 12 April 2005.)
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Figure 3. Variation of net radiation for three clear days of
the season at Dhundi (13 January—12 April 2005).

to the fresh snow events experienced by the sta-
tion. However, the albedo decreases rapidly after
snow fall because of fast metamorphic changes
in the snow pack caused by high air tempera-
ture conditions which prevailed at the station. It
was also seen that albedo value decreases during
late winter because the snow pack starts ablat-
ing and also gets contaminated. The mean albedo
for the complete observation period was found to
be 0.70.

4.2 Surface energy balance and snow-melt
4.2.1 Net radiation

Daily mean net shortwave, net longwave and
net radiation are illustrated in panel (F) of fig-
ure 2. Maximum value of daily mean net short-
wave energy flux, i.e., 411 W m™? was recorded on
12 April 2006. The mean net shortwave energy
at snow surface was 116 W m™>. The net long-
wave energy at the snow surface fluctuated between
—15W m ™ ? and —67 W m™? throughout the analy-
sis period. Depressions in the longwave energy flux
curve are attributed to the clear sky condition
when maximum energy is emitted by the snow sur-
face. Mean net longwave radiation for complete
observation period was —33 W m 2. The mean net
radiation energy is 83 W m™ 2. Diurnal variations
of net radiation energy for three clear days of the
season, viz., 26 January, 24 March and 4 April 2005
are compared in figure 3. Amount of net radiation
energy received by the snow surface for clear days
increases significantly as season progresses towards
ablation period.

4.2.2 Turbulent heat flux

Daily mean sensible and latent heat flux are shown
in panel (G) of figure 2. Magnitudes of sensible
and latent heat energy fluxes are much smaller as
compared to the radiation energy fluxes over the
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Figure 4. Variation of daily mean (A) sensible heat flux

and (B) latent heat flux with wind speed at Dhundi
(13 January—12 April 2005).

snowpack. Mean sensible heat flux and mean latent
heat flux for the complete observation period were
2.87W m™? and —1.19W m™? respectively. Daily
mean sensible heat flux was always positive, and
latent heat flux was negative most of the time
except 7 April when it was 5 W m™2. The sensitiv-
ity of sensible and latent heat fluxes towards wind
speed is illustrated in panel (A) and (B) of fig-
ure 4. Turbulent fluxes increase significantly with
increasing wind speed.

4.2.3 Melt estimation

Daily snow-melt was estimated by using net energy
at snow surface and density of the snow. Compari-
son of cumulative estimated and cumulative mea-
sured snow-melt is shown in panel (H) of figure 2.
The cumulative calculated snow-melt is 594 mm of
water equivalent and cumulative measured snow-
melt is 706 mm of water equivalent. In the months
of January and February very less amount of abla-
tion was observed, however melting increases sig-
nificantly from the first week of March up to the
disappearing of the complete snowpack in mid
April. The difference may be because of uncer-
tainties in the measurement of parameters used to
derive estimated and measured snow-melt. Snow-
melt was measured by using snow stake, however
due to uneven melting of snowpack around the



072

stake, exact assessment of the ablation is some
times difficult. During density measurement the
snow sample may also face compression particu-
larly when the snowpack is wet. In late winter when
snowpack becomes shallow, soil patches appear in
the snowpack which will change the effective radi-
ation field around the observation area and may
lead to some error in the estimation of net energy
and snow-melt.

5. Conclusion

Analysis of meteorological data reveals that the
snowpack at Dhundi Observatory was very close to
its melting temperature during the study period.
The mean snow surface temperature was —1°C
for the season 2004—05 which makes the snow-
pack moist most of the time. The high air
temperature (seasons mean temperature ~4°C)
conditions accelerate the process of rounding of
the snow particles which were responsible for
higher settlement and high density of the snow-
pack. The station received about 57% of extra ter-
restrial radiation at the snow surface during the
study period. The radiation energy flux was the
dominant source of energy at the surface of snow-
pack and it contributed most of the energy to the
surface. The turbulent energy fluxes constitute a
small fraction of total energy. The mean net energy
at the surface was found to be 84.68 W m ™ for
the season under study. The cumulative calculated
snow-melt was 594 mm of water equivalent and
measured snow-melt was 706 mm at the observa-
tory location for the complete observational period.
The daily square root mean difference between
calculated and measured snow-melt was approxi-
mately 6.6 mm of water equivalent.
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Notations

AQ Net energy at the surface (W m™?)
S  Incoming shortwave radiation (W m™?)
Sout

L,  Incoming longwave radiation (W m™?)

Outgoing fluxes of shortwave (W m™?)

Prem Datt et al

Lo.s  Outgoing longwave radiation (W m_2)
H, Sensible heat flux (W m™?)

Hy, Latent heat flux (W m™?)

Es Emissivity of the snow surface (0.97)

o Stefan Boltzmann constant (5.67 X

10 3Wm > K™
T,  Air temperature (°C)
T, Snow surface temperature (°C)

pa  Air density (1.2922kg m™®
temperature and pressure)

at standard

Density of snow (kg m™°)
Wind velocity (m/s)

Latent heat of sublimation
1097 kg™' at 273.15K)

Latent heat of fusion (3.335 x 10°J kg™ ")
Atmospheric pressure (mb)
Molecular weight of water
(18.015 x 1073 kg mol )
Molecular weight of dry air (28.96 x
1073 kg mol ")

SNSR

(2.834 x

SPCRY

vapour

=

;  Saturation vapour pressure (mb)

E
R; Richardson number (=0 for neutral and
< 0 for unstable, > 0 for stable)

C,,  Heat transfer coefficient (1.0 x 107* —

1.08 x 1072)

C.  Humidity transfer coefficient (1.0 x 10~ —
1.08 x 1072)

d,,  Amount of snow-melt (mm of water/day)

c Specific  heat of snow (2.211 X
10T kg " K™Y

C. Specific  heat of air (1.006 x

10T kg™ " K7
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