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Abstract. A one-dimensional heat and mass balance model of a snowpack over frozen soil was 
modified for use in glacial environments. The model solves a set of governing equations for the 
energy and masõ balances of the snow, subject to observed meteorological conditions at the upper 
boundary and the assumption o? a steady state at the lower boundary. The initial state of the 
snowpack is defined by the temperature; density and grain size profiles at the beginning 0f the 
simulation period. The data used to test the model on the Greenland ice sheet are a subset of the 
meteorological and surface data collected during the 1990 summer field season by the Swiss 
Federal Institute of Technology (ETH) Greenland Expedition. The site was located near the 
equilibrium line elevation on the west slope of the ice sheet. The relatively large amount of 
snowmelt experienced at this site during the summer of 1990 provides a robust test of the 
snowmelt model. Both th6 simulated height and mass of the snowpack agree well with the 
observations. The evolution of profiles of temperature, density and liquid water content also 
conform to our expectations of the physical changes taking place in the snowpack during melt. 
Results from the present model are also compared to those from a similar model and differences 
between the models are discussed. 

Introduction 

The Greenland ice sheet exerts an influence on the atmosphere, 
at least at a regional scale, due to the combined effects of its 
elevation, surface temperature and albedo. In turn, the mass balance 
of the ice sheet depends on the relationship between the ice sheet 
and its climatic environment, especially in terms of the mass and 
energy exchanges that take place at the surface of the ice sheet. 
Simply stated, the average net mass balance of the entire ice sheet 
is determined by evaluating the difference between accumulation 
and ablation at many individual points throughout the entire area. 
However, the response of the ice sheet to natural or human-induced 
variations in climate is incompletely understood due to the complex 
interactions between the ice sheet and the atmosphere at various 
spatial and temporal scales. For example, a warming of the 
atmosphere over Greenland would be expected to increase ablati•n 
from the ice sheet resulting in a negative mass balance [Van der 
Veen, 1987; Braithwaite, 1990; Braithwaite and Olesen, 1990a; 
Warrick and Oerlernans, 1990; Huybrechts et al., 1991 ]. Increased 
ablation would be due not.only to increased sensible hea• and 
longwave radiation fluxes to the ice sheet resulting in greater melt, 
but also to an increase in the area of the ablation zone and to a 

longer melt season. HoweVer, the increase in atmospheric water 
vapor that would accompany the temperature rise could result in 
increased precipitation over all or part of the ice sheet, partially or 
completely offsetting the inci'eased ablation [Van der Veen, 1987; 
Warrick and Oerlernans, 1990; Huybrechts et al., 1991 ]. 
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Many studies of the mass balance of the Greenland ice sheet have 
parameterized ablation as a function of temperature, either alone or 
in combination with other variables such as wind speed 
[Braithwaite, 1990; Huybrechts et al., 1991; Reeh, 1991]. For 
estimation of the current mass balance of the ice sheet, these 
parameterizafions appear to be adequate, but they are inappropriate 
for the investigation of ice sheet mass balance in a changing climate. 
This is because of feedbacks between the ice sheet and the climate 

system that are not considered explicitly by the parameterizations 
and because the parameterizations might not remain valid under a 
changed climate due to extrapolation errors. Furthermore, because 
air temperature is a state variable, it will respond not only to 
changes in the climate, but also to any changes to the ice sheet itself. 

Energy balance and degree-day models that incorporate the 
physics of snowmelt and reliable measurements of ice thickening 
and thinning rates can provide insight into the ice processes that 
might be affected by climate change [Braithwaite, 1990; 
Braithwaite and Olesen, 1990a,b]. It is the purpose Of this investi- 
gation to employ an energy balance model to investigate the 
processes affecting mass balance at a specific site near the equilib- 
rium line elevation [Ohrnura et at., 1991]. For this study, a one- 
dimensional model of snowpack physics that was originally 
developed at the Army Corps of Engineers Cold Regions Research 
and Engineering Laboratory (CRREL) [Jordan, 1991] has been 
employed. This model originally was formulated to consider snow 
over frozen ground, so that only a few modifications were necessary 
•o implement the model for the case of interest (i.e., snow over 
tim/ice). The model solves a set of governing equations for the 
energy and mass balances of the snow, subject to observed met•ro- 
logical conditions at the upper boundary and the assumption of a 
steady state at the lower boundary, from an initial state defined by 
the temperature, density and grain size profiles at the beginning of 
the simulation period. 

16,265 



16,266 ROWE ET AL.' SIMULATION OF SUMMER SNOWMELT 

Model Summary 

General Methodology 

The one-dimensional mass and energy balance model used in 
this study (SNTHERM) was developed for predicting temperature 
profiles within layered frozen media. It was partially based on the 
earlier work of Anderson [ 1976] and is similar in many respects to 
other recent mass and energy balance models for snow [Akan, 1984; 
Bader and Weilenmann, 1992; Brun, 1989; Greuell and Oerlemans, 
1986; lllangasekare et al. , 1990; Jordan, 1983; Loth, 1993; Morris, 
1987]. In addition to temperature prediction, SNTHERM simulates 
the various physical and hydrological processes within a snow 
cover, including water flow, compaction, grain growth, snow 
ablation, and snow accumulation. Only thermal processes are 
modeled for soil layers, and therefore a sink is included at the 
snow-soil interface which artificially drains infiltrating water when 
it reaches the soil. The snow or soil layers are modeled as mixtures 
of five constituents: dry soil material, dry air, ice, liquid water, and 
water vapor, denoted by the subscripts d, a, I, l, and v, respectively. 
The partial or bulk density (¾• of each constituent k is related to its 
intrinsic density (Pk) as 

¾k=OkPk , (1) 

where 0k is the fractional volume. For this study of snow ablation 
over an ice sheet, it was possible, with minor modifications to the 
model, to treat the ice as a soil layer with no dry soil component, as 
indicated in Figure 1. This procedure made advantageous use of the 
intralayer drain in the model and avoided problems of ponding 
water, which are not handled in SNTHERM. To be succinct, 
references to the dry soil fraction are omitted from the equations in 
the following summary. 

SNTHERM uses a control volume numerical procedure to 
describe the spatial domain [Patankar, 1980] and a Crank-Nichol- 
son weighting scheme for the time domain. The conceptual grid 
used in the numerical solution is shown in Figure 1. In order to 
accommodate compaction of the snow cover, the control volume 
thickness is allowed to change over time. This is not the usual 

practice, but is efficient numerically since the control volume 
boundaries remain coincidental with the stratigraphy of the evolving 
snow cover. The mass of ice and water is assumed to be conserved 

under contraction of the control volume, whereas the displaced 
portion of air and water vapor are expelled. Governing sets of 
equations are linearized with respect to the unknown variables and 
solved by the Thomas or tridiagonal matrix algorithm (TDMA) 
[Patankar, 1980]. For each time step, the mass balance equations 
are solved first and the water flux and snow density from this 
computation are used in the subsequent solution of the energy 
equation. Readers desiring further details on the numerical methods 
of SNTHERM or on the governing equations are referred to Jordan 
[1991]. 

Conservation Equations 

One-dimensional mass balance equations for the total snow 
medium and the three water constituents, respectively, are of the 
form 

O'fP• dz = - E EJk 'n (2) Ot k=i,v s 

and 

ø f¾az = Ot s 

k/=i,l,v 

(3) 

where t is time, Pt is the overall snow density, z is the vertical 
position relative to the snow-soil interface, dz is the incremental 
control volume thickness, Jk is the flux of water constituent k 
(positive upwards), n is a unit vector normal to the surface of the 
control volume, and • indicates a summation over the top and 

bottom surfaces of the control volume. The source terms Mi•, Mvl 
and Mvi are the mass rates of melt, evaporation, and sublimation, 
respectively, 6•, is the Kronecker delta, and M•, = -Mk'k. 

Nodal or 
Control Volume Internodal 

Index Index 

j+l 

j-1 

Snow 

j+« 

Water sink 

Figure 1. One dimensional grid for a two-layer system of snow over ice. The ice layer is treated as a soil without a dry 
soil component. 

Ice 
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Air within flae pore space is assumed to be stagnant and incom- 
pressible so that the vapor flux is driven by diffusion only. With the 
further assumption that the air is saturated, the vapor flux is 
computed from Fick's law as 

J. = -D, ao,,,.• = -O ao,,,.,. aT (4) az e aT az ' 

where Pv,,• is the intrinsic water vapor density at saturation, and De 
is an effective diffusion coefficient for vapor flow through snow 
which takes into account condensation and sublimation of vapor on 
the ice grains. Having specified that the control volume remains 
coincidental with the compacting snow cover, the mass flux of ice 
is taken as 0. Movement of liquid water through snow is assumed 
to be governed by Richards' equation [Richards, 1931]. Since 
capillary forces within snow are usually 2 to 3 orders of magnitude 
less than those of gravity [Colbeck, 1971 ], they are neglected, and 
the liquid water flux is expressed as 

K l 
Jl Ill 1:)12 g , (5) 

where Kt is the hydraulic permeability, g is the gravitational 
constant, Pt is the density of water, and !at is the dynamic viscosity 
of water. The formula of Brooks and Corey [1964] is used for 
estimating Kt 

K l =KmaxS: , (6) 

where s•is the effective saturation (s - Sr)/(1- Sr), S is the liquid water 
saturation, s• is the residual liquid water saturation, • is the 
saturated permeability computed from the formula of Shimizu 
[ 1970] and the parameter • is taken as three [Colbeck and Ander- 
son, 1982]. Discounting evaporative changes, the water flow 
equation is formulated from the equation for liquid water continuity 
as 

a 

Pl(1-Sr)• fs,*dz = 

pl2 g •s gt (Kma x s• k)'n + f MliAZ 
(7) 

where k is a unit vector in the upwards vertical direction. The snow 
porosity • changes with time and is related to Mi• through the 
continuity equation for ice. 

The water infiltration pattern generated by (7) consists of a step 
function in the vertical direction and even wetting in the horizontal 
direction. Whereas this simplified simulation of the flow pattern is 
adequate for many modeling purposes, it is important to note that it 
is not a realistic description. The actual flow pattern is almost 
always in the form of fingers, which disperse the leading edge of the 
infiltration wave and accelerate its arrival at the bottom of the snow 

cover [Colbeck, 1979; Marsh and Woo, 1984]. In addition, 
discontinuities in hydraulic permeability and capillary tension 
between heterogeneous snow layers result in horizontal flow along 
these textural boundaries. There is also an uncertainty associated 
with the selection of the residual saturation, since it must be 
satisfied prior to the advancement of the water front and therefore 
directly affects the infiltration rate. Moreover, the amount of water 
retained by the snowpack and the snow density are directly related 
to this parameter. A summary by Kattelmann [ 1986] on measure- 
ments of the residual water content (Or= Sr•) shows a broad range 
of values from 0.0 to 0.4, with most lying between 0.01 and 0.05. 
A intermediate value of Sr=0.04 has been selected as the default 
value for the model. 

The one-dimensional equation for the conservation of energy is 
written as 

k=l,v S 

(8) 

s s 

where h is the specific en•alpy t•en with resp•t to the fusion 
poim of water, k, is the thermal conductivity of snow, •d R, is the 
net radiation. •e general expression for enthalpy is 

T 

h= f c(•+L, (9) 
273.15 

where c and L •e the specific •d lment heats, respectively. •e 
first term in (8) represents the ch•ge in stored hem •d the 
subsequent te•s represent heat fluxes due to water flow, vapor 
dif•sion, conduction, •d solar radiation (Rs), respectively. 
Disregarding hysteresis effects, the unfrozen water content (Yt) is 
related to tempera•re through • adaptation of the fo•ula 
developed by Gu•anov [ 1985] for soil 

Yl 1 
fl- - ' 

where T• is the temperature depression (273.15 - •, and %= Yt + 
% A v•ue of a• = 100 was selected to provide a reasonably sh• 
curve (99% of the wmer is frozen m -0.10øC) while avoiding the 
numerical difficulties associated with too steep a slope. Sensible 
•d lment hem changes •e combined in • app•em hem capacity 
(%•) as 

af t 0 v apvs• 
= +L . ' (11) • c• +Lli OT • •w OT ' 

where c• is the specific heat of the total snow medium, •d Lt• •d 
Lv• •e the latent heats of fusion •d sub•mation, respectively. 

•e solar abso•fion mrm in (8) depends pdm•ly on the 
intensi•, •gle, •d spectral composition of the incident radiation, 
•d on snow albedo, optical depth, and •ain diameter. As a first 
approximation, incident sol• energy is assumed dif•se •d 
isotropic, •d is •vided at 1.12 gm into components co•esponding 
roughly m •e visible •d m the ne• •d •din•ed re•ons of the 
spectrum. Infr•ed radiation is assumed to be totally absorbed 
within the top node, •d visible radiation to decay according to 
Beer's law, where the asymptotic bu• extinction coefficient • is 
compumd from the formula of Bohren and Barkstrom [ 1974] 

0.•3795 Yw 
= , 

using a v•ue of 0.•3795 suggested by Anderson [1976]. A value 
of 0.78 is set as a default for the alb•o of snow, •d 55% of the net 
solar radiation is considered to be in the ne• •d •dinfr•ed 

waveb•ds. 

Snow Cover Metamorphism 

The deformation rate of the snow cover takes into account 

settling due to metamorphism, compaction under the sustained 
pressure of the snow overburden and loss of snow structure during 
active melt, giving 

OZ at -•- mctamorphim 

+ + • 
ovm'mm• rt•lt 

(13) 
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where the algorithms for the first two mechanisms follow Anderson 
[ 1976]. Mass losses for nodes undergoing melt are compensated by 
a reduction in the control volume thickness so that a constant ice 

density is maintained. In addition to compaction, water and vapor 
flows are factors in the overall densification of the snow cover. If 

a control volume mass or thickness falls below prescribed mini- 
mums, either through melt, sublimation, or compaction, it is 
automatically combined with a neighboring volume. 

The grain growth function for dry snow is an adaptation of a 
formula used to predict growth by sintering in metals and ceramics 
[Stephenson, 1967; Gow, 1969]. This function is directly related to 
vapor flux which provides the necessary vapor source for growth 
and inversely related to particle size. There is a marked increase in 
grain growth within wet snow [Colbeck, 1982]. The growth 
function in this case is related to liquid water content and is again 
inversely related to grain size, with a maximum size set at 3 mm. 

Boundary Conditions 

Upper boundary conditions at the snow surface are prescribed by 
meteorologically determined fluxes of mass and energy. The 
surface energy flux (/) is expressed as 

I: -R•I(1 -%)-P•! 
+ + , (14) + I•.• l•t l•v 

where R,$ is the energy flux of downwelling solar radiation, as is the 
snow albedo, RL$ and RL} are the energy fluxes of downwelling and 
upwelling longwave radiation, I•,• and l•t are the turbulent fluxes of 
sensible and latent heat, and Iconv is the heat convected by rain or 
falling snow. Solar radiation is estimated from the three-layer 
insolation model of Shapiro [1982, 1987], and the downwelling 
longwave flux is computed from the formula of Idso [1981 ], with 
the addition of the Wachtmann correction [Hodges et al., 1983]. 
The upwelling longwave flux is expressed as 

P•T =esoT0 n +(1 -%)P•i , (15) 

where the first term on the fight is the longwave emission from the 
snow as a function of the surface temperature (To) and the emissivity 
of the snow (e,) and the second term is reflected downwelling 
longwave radiation. A value of 0.97 is used for the snow emissivity 
[Jordan et al., 1989]. The turbulent fluxes are given by [Andreas 
and Murphy, 1986] 

and 

/=, - - w (16) 

(17) 

where Pa is the air density, ca is the specific heat of air at constant 
pressure, C, is the bulk transfer coefficient for sensible heat, CE is 
the bulk transfer coefficient for latent heat, w is the wind speed and 
Pv, a is the vapor density in air, which is computed using the relative 
humidity. The bulk transfer coefficients are taken as equal and, 
assuming neutral stability, are computed from the roughness length 
(Zo) as 

(18) 

k 2 

where Z is the observation height above the snow interface. For 
nonneutral atmospheric conditions, the standard stability adjustment 
is made to CeN and Cme [Large and Pond, 1982; Jordan, 1992]. 

Rainfall and the turbulent exchange of water vapor provide the 
upper boundary fluxes in the mass balance and water flow equa- 

tions, where the vapor flux is computed as the turbulent flux of 
latent heat divided by Lvi. Additional nodes are added on top of the 
snow cover when snowfall occurs, using a default density of 100 kg 
m '3 for the new snow. 

As the bottom boundary condition for the energy equation, a 
constant temperature of-8.9øC is assumed at a depth of 10 m, since 
the 10 m temperature is nearly constant on an annual basis [Pater- 
son, 1980]. No lower boundary is required for the water flow 
equation when the gravitational approximation is used. 

Data 

The data used to test the model on the Greenland ice sheet are a 

subset of the meteorological and surface data collected during the 
1990 summer field season by the Swiss Federal Institute of Technol- 
ogy (ETH) Greenland Expedition [Ohrnura et al., 1991]. The site 
was located near the equilibrium line elevation on the west slope of 
the ice sheet (69ø34'25.3"N, 49ø 17'44. I"W, 1175 m above sea level 
(asl)). This site was originally chosen because the location of the 
equilibrium line should be a sensitive indicator of the relationship 
between glacier mass balance and climate variations [Ohmura et al., 
1992]. For the purpose of the current research, the relatively large 
amount of snowmelt experienced at this site during the summer of 
1990 provides a robust test of the snowmelt model. In addition, 
data from this site were used by Greuell and Konzelmann [ 1994] to 
optimize and test an energy and mass balance model. These two 
models are similar in some respects but have significant differences 
in their formulation, initialization, and use. Results from the present 
model will be compared to those of Greuell and Konzelmann 
[1994], and the differences between the models will be discussed 
below. 

Meteorological Data 

Meteorological data (air temperature, relative humidity, wind 
speed, cloud cover, and precipitation) at 6-hour intervals from the 
ETH site were published for the entire field season. A subset of the 
data from JD 163 (June 12) to JD 212 (July 31) was extracted from 
the ETH data for use with the snowmelt model. This period begins 
at the first observation with all of the data needed to run the 

snowmelt model, and ends soon after the snowpack has completely 
melted. Before using the published data, missing and invalid air 
temperature data were estimated from the preceding and following 
observations, and two obvious typographical errors in relative 
humidity were corrected. Because the model uses linear interpola- 
tion to estimate meteorological variables at model time steps 
between observations, it was thought necessary to preprocess the 
data to create an hourly meteorological data set for input to the 
model. Hourly air temperature, relative humidity, and wind speed 
were estimated from the published data using cubic spline interpola- 
tion. Because of the difficulty associated with interpolating cloud 
type, both cloud cover and cloud type were held constant over a 6- 
hour period centered on the observation (i.e., for the hour of 
observation, the 3 hours preceding and 2 hours following). 
Precipitation was distributed over the 6-hour period preceding the 
observation so as to preserve the correct 6-hour precipitation total. 
With the exception of days 167 and 168, all the precipitation fell as 
rain. The resulting hourly data were converted to the proper units 
for input into the snowpack model (Figure 2). Because detailed 
radiation data were not published in a format that could be used in 
the model, they were estimated using the algorithms provided in the 
SNTHERM code. 

Snowpack Data 

The snowmelt model requires initial vertical profiles of tempera- 
ture, density, and grain diameter for the snowpack and the underly- 
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ing substrate. Temperature and density profiles were estimated from 
published figures for the ETH site [Ohmura et aL, 1991]. The ETH 
scientists measured snowpack temperatures at six depths (initially 
0, 19, 38, 57, 76, and 95 cm above the snow/ice interface) using 
thermistors inserted approximately 50 cm horizontally into the wall 
of a pit, which was subsequently filled. Measurements were made 
at 0000, 0600, 1200 and 1800 UT daily. Englacial temperatures 
were measured daily using thermistors mounted on cables that were 
lowered into holes drilled into the ice. A total of six such cables 

were used by the ETH scientists in 1990 [Greuell, 1991b]. To 
initialize SNTHERM, the snowpack temperatures were estimated 
for 0000 UT on JD 163 (June 12), while englacial temperatures to 
10 m were estimated for the previous day. Since englacial tempera- 
tures can be expected to vary only slowly at the beginning of the 
summer, this should not introduce any significant errors into the 
initial temperature profile. 

Mass balance measurements were made by the ETH scientists 4 
times per day using five stakes set into the snow approximately 
10 m apart. These snowpack heights were averaged to give a value 
representative of the change in height of the snowpack. Once per 
day, generally around 1800 UT, vertical profiles of density and 
liquid water content were obtained from the wall of a pit dug into 
the snowpack. Several different methods were used by the ETH 
scientists to measure density. The values used to initialize 
SNTHERM were interpolated from a graph presenting the density 
profile as measured at 5 cm intervals with a 500 cm 3 cylinder 
inserted horizontally into the pit wall. Raw density measurements 
were corrected before plotting to correspond to density measure- 
ments made using a large cylinder vertically inserted into the 
snowpack. Density estimates could not be made for the first day of 
simulation, but were obtained for JD 167 (June 16). Again, in the 
absence of significant melt, this should not introduce significant 
initialization errors. Liquid water content estimates were calculated 
from measurements of the dielectric constant of the snow made 

concurrently with the density profiles. 
The initial grain size profile was estimated from descriptions 

contained in the ETH report. The grain sizes used to initialize the 
model are comparable to those estimated as a function of density 
[Anderson, 1976]. 
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Figure 2. Meteorological conditions at the ETH site for input to the 
model. 

Table 1. Snowpack Parameters Used in SNTHERM 

Parameter De fault Site- S pec ifi c 

Roughness length (z0) 0.007 0.001 

Ratio of neutral stability bulk tur- 
bulent transfer coefficients of 

momentum and latent heat 

(C•dCEN) 

1.5 1.0 

Ratio of neutral stability bulk tur- 
bulent transfer coefficients of 

momentum and sensible heat 

(c•dc,N) 

1.0 1.0 

Windless exchange coefficient for 
latent heat (Era) 

0.0 0.0 

Windless exchange coefficient for 
sensible heat (EH0) 

1.8 1.0 

Fractional humidity in snow Orrn) 1.0 1.0 

Albedo (a) 0.78 0.70 

Irreducible or residual liquid wa- 
ter saturation (Sr) 

0.04 0.02 

Results 

Three model runs were made for a 50-day period from JD 163 
(June 12) to JD 212 (July 31) 1990. The first run used the default 
snow properties (Table 1) given by Jordan (1990) for midlatitude 
seasonal snowpacks. This run left approximately 20 cm of snow on 
top of the ice at the end of the run, even though the actual snow- 
pack had melted 2 days earlier (Figure 3). Most of the disagreement 
between the model and the observations arises from two periods (JD 
176-178 and JD 186-189) when modeled mass loss occurs more 
slowly than observed. 

The second run used snow properties chosen to be representative 
of the ETH site (Table 1). Roughness length was reduced to a value 
consistent with the relatively flat snow-covered terrain [Arya, 1988], 
the ratio of the turbulent transfer coefficients for latent heat and 

momentum was set to unity, the windless convection coefficient for 
sensible heat was set to zero, and the irreducible liquid water 
saturation was reduced by half. In terms of the mass balance, 
however, the most significant change was the reduction of the snow 
albedo from the default value to a value computed as a weighted 
average of the June and July monthly albedos reported by 
Konzelmann [1991] for the ETH site. Since the two periods of 
greatest discrepancy in the initial run were characterized by little or 
no cloud cover (Figure 2), the reduction in solar heating due to a too 
high albedo would be a likely cause. For this run, the height of the 
snowpack is reduced more rapidly than was the observed snowpack 
until just prior to the end of the run (Figure 3), and the modeled 
snowpack disappears less than 2 days after the observed. The mass 
of the snowpack is modeled closely until the last 5-6 days of the 
model run, when mass is removed too slowly. It must be noted that 
the observed mass was computed by Greuell and Konzelmann 
[1991] as the product of the snowpack height and an average 
snowpack density. Before JD 203 (July 22), they used as the 
density of snow a 5-day running mean of the density obtained by 
inserting the large cylinder vertically into the snowpack. From JD 
203 to JD 210 (July 29), they used a constant snowpack density of 
439 kg m -3 and after JD 210, a constant value of 300 kg r• . Ice 
lenses and slush were assumed to have densities of 900 kg m -3 and 
950 kg m -3, respectively. Therefore because of measurement errors 
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(a) Daily observed albedo (percent), with constant Figure 3. 
albedos used in runs 1 and 2 marked; (b) daily observed and 
modeled snowpack height (centimeters); and (c) daily observed and 
modeled snowpack mass balance (centimeters water equivalent). 

and horizontal inhomogeneities, the observed mass balance may 
only be representative of the immediate area in which the measure- 
ments were taken (i.e., approximately 10 x 20 m), while the model 
results, based on the more spatially homogeneous climatic parame- 
ters, may actually represent more spatially averaged values. 

Because the SNTHERM model assumes a constant albedo, the 
average albedo specified for the second run is initially too low, then 
becomes too high for the final 10-12 days of the run. This corre- 
sponds to the errors in the modeled mass balance, with mass being 
lost too quickly at the beginning of the run (i.e., absorption of solar 
radiation too high) and too slowly at the end of the run. To 
overcome this problem, a third run was performed in which the 
albedo was specified on a daily basis using observed values from 
Greuell [ 1991a]. This run gives better overall agreement with the 
observed snowpack height during the period than did the previous 
runs. However, the snowpack mass balance is not modeled as well 
as by the second run. 

Further discussion of the evolution of the snowpack temperature, 
density and liquid water content profiles will be based on the results 
of the final model run using the site-specific snowpack properties 
and a variable albedo. 

Snowpack Temperature 

Both the actual and modeled snowpacks (Figure 4) become 
temperate (i.e., isothermal at 0øC) by JD 171 (June 20). The 
modeled snowpack (Figure 4b) remains essentially isothermal for 
the remainder of the simulation, but shows a diurnal variation in the 
upper 10-20 cm of the pack in response to the diurnal air tempera- 
ture and radiation cycle. 

Snowpack Density 

Densities in the observed and simulated snowpacks (Figure 5) 
increase over time, as is expected, due to snow metamorphism. 
However, the density of the layer closest to the underlying ice 
becomes too high in the simulation, beginning about JD 175 (June 
24) in the lowest 5 cm of the snowpack and growing to about 20 cm 
by JD 200 (July 19). This density increase is caused by liquid water 
from melt higher in the snowpack infiltrating and refreezing near the 

underlying ice and is responsible for much of the discrepancy 
between the simulated and observed mass. Once this dense layer 
forms, it reduces the infiltration rate of meltwater and continues to 

grow. Physically, this may be representative of the growth of 
superimposed ice as often occurs in the ablation zone of the ice 

ß sheet. Measurements of superimposed ice at the ETH camp 
indicated that it varied in thickness between 3 and 6 cm between JD 

183 (July 2) and JD 202 (July 21) [Greuell and Konzelmann, 1991]. 
The actual snowpack at the ETH site, however, developed a slush 
layer beginning on JD 181 (June 30) that is not reproduced by the 
model since any liquid water reaching the ice surface is immediately 
drained away. If liquid water were allowed to accumulate in the 
lowest layers of the model snowpack, it would be more difficult for 
refreezing to occur and a slush layer could perhaps be formed. Slow 
drainage of liquid water from this slush layer would also improve 
the simulation of snowpack mass. 

Snowpack Liquid Water Content 

The bulk of the snowpack has volumetric liquid water content of 
2-6% from JD 169 (June 18) through JD 197 (July 16) in both the 
observations and the simulation (Figure 6). In general, the simu- 
lated liquid water content is somewhat lower than the observed 
values, but since these measurements were made in the late 

afternoon, they may correspond more closely to daily maximum 
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Figure 4. Time-height profile of (a) observed [adapted from 
Greuell, 1991b] and (b) modeled snowpack temperature (øC). The 
observed snowpack became isothermal at 0øC on JD 170 (June 19). 
The heavy line in (a) indicates the top of the snowpack. 
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Figure 5. Time-height profile of (a) observed [adapted from Greuell 
and Konzelmann, 1991] and (b) modeled snowpack density 
(kilogram per cubic meter). Observed density profiles were not 
available after JD 196 (July 15). The heavy line in (a) indicates the 
top of the snowpack. 

liquid water contents than to daily average values. In the simulated 
snowpack, liquid water content is higher above the denser snow 
layers since the rate of drainage through the snowpack largely is 
determined by the density of the snow. The lowest part of the 
simulated snowpack is too dry after about JD 175 (June 24). This 
is the same layer that became too dense at about the same time. The 
upper part of the snowpack, to depths of about 15-30 cm, experi- 
ences a diurnal cycle of liquid water content that corresponds to the 
melt/refreeze cycle in the upper portion of the snowpack. 

Energy Fluxes 

Time series of the daily energy fluxes between the snowpack and 
both the atmosphere and the underlying ice (Figure 7) show that 
sensible heat flux and net radiation are positive throughout the 
simulation. Thus these two terms provide the energy source for 
snowmelt, while latent heat flux and conduction into the ice are 
energy sinks and reduce the energy available for melt. Melt is more 
highly correlated with net radiation (r2= 0.809) than with sensible 
heat flux (r2= 0.076). This is contrary to the findings of Braithwaite 
and Olesen [Braithwaite, 1981; Braithwaite and Olesen, 1984, 
1990b]. They attribute their results to the greater temporal variabil- 
ity, and therefore greater covariability with melt, of sensible heat 
flux as compared to net radiation. For this simulation, however, net 
radiation and sensible heat flux have nearly equal variance, but net 

radiation represents the larger energy source for melt and thus 
results in a greater temporal correlation. 

Model Intercomparison 

Greuell and Konzelmann [ 1994] present results of a numerical 
model of the surface energy and mass balance at the ETH site for 
1990. As with SNTHERM, their model uses air temperature and 
humidity, wind speed, cloud amount, and precipitation as input. 
However, unlike SNTHERM, the parameterizations used in their 
model to compute the various flux terms were, for the most part, 
developed for the ETH site specifically or for Greenland. In 
addition, their simulations made use of measured, rather than 
computed, radiation fluxes. Two significant differences between the 
models are their (1) incorporation of a snow albedo 
parameterization based on density and cloud cover and (2) inclusion 
of a slush layer as compared to SNTHERM's prescribed albedo and 
free drainage. 

Initial profiles of temperature, density and liquid water content 
were prescribed on JD 152 (June 1) as a uniform temperature of 
-8.8øC within the ice to a depth of 25 m and a linear increase from 
that value at the snow/ice interface to 0øC at the surface, a constant 
snowpack density of 380 kg rn '3, and dry snow (i.e., no liquid water 
present). They ran their model until JD 249 (September 6), 
resulting in the ablation of approximately 18 cm of ice. 

Following an initial model run, Greuell and Konzelmann tuned 
the model to provide good agreement with the mass balance and 
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Figure 6. Time-height profile of (a) observed [adapted from Greuell 
and Konzelmann, 1991] and (b) modeled snowpack liquid water 
content (percent). Observed liquid water content profiles were not 
available after JD 197 (July 16). The heavy line in (a) indicates the 
top of the snowpack. 
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Figure 7. Time series of modeled energy fluxes at the surface of the 
snowpack. 

englacial temperature profile by increasing the measured downward 
radiation fluxes by 0.5%, decreasing the reflected shortwave by a 
similar percentage and increasing the extinction coefficient for ice 
from 2.5 m -• to 2.8 m -1 . These adjustment are, by their estimate, 
well within the respective uncertainties. As with SNTHERM, their 
simulated mass loss is delayed relative to the observed loss. They 
attribute this to their treatment of mass storage in the slush layer, 
which in their model is not allowed to drain until it has reached its 

capacity of 20 cm. Thus even though these models represent two 
extremes in their treatment of the drainage of meltwater from the 
snowpack, they both result in the retention of mass at the bottom of 
the snowpack. 

Summary and Conclusions 

SNTHERM, a one-dimensional energy and mass balance model 
developed at CRREL by Jordan [ 1992], was modified for use with 
snowpacks over ice. This model uses meteorological data and 
appropriate values for the surface properties to estimate the fluxes 
of shortwave and longwave radiation at the surface, sensible and 
latent heat transfers between the surface and the atmosphere, and the 
transfer of sensible heat into the snowpack. In addition, the profiles 
of temperature, density, grain size, thermal conductivity, specific 
heat, and liquid water content of the snowpack are estimated as the 
snowpack undergoes metamorphism over time. 

Preliminary simulations were made using meteorological and 
snowpack data collected during the summer of 1990 at the Swiss 
camp near the equilibrium line on the west slope of the Greenland 
ice sheet [Ohrnura et. al., 1991]. Both the simulated height and 
mass of the snowpack agree well with the observations. Time- 
height profiles of temperature, density, and liquid water content 
conform to our expectations of the physical changes taking place in 
the snowpack during melt. Simulated snowpack temperatures show 
the nearly isothermal conditions characteristic of a melting snow- 
pack, with the portion of the pack near the pack-ice interface 
remaining colder until the end of the simulated period. Small, 
diurnal variations in temperature are seen at the top of the snowpack 
in response to the diumal fluctuations in net radiation, and sensible 
and latent heat fluxes. The rapid increase in density near the bottom 
of the snowpack is caused by meltwater from the upper levels of the 
snowpack freezing in the colder regions near the ice. The variation 
in liquid water content of the snowpack simulated by the model is 

essentially an inverse of the predicted bulk density since higher 
density layers in the snowpack have reduced pore space and, as a 
result, cannot hold as much liquid water as less dense layers. 

Results from this type of simulation could be used to compute, 
for example, the onset and rate of snowmelt on the ice sheet. Since 
the emissivities of snow and liquid water are significantly different, 
especially in the microwave, these results may help to explain much 
of the temporal and spatial variation observed in passive microwave 
brightness temperatures over the ice sheet [Mote et al., 1993; Mote 
and Anderson, 1994; Mote and Rowe, 1995]. 

Since exchanges of energy between the surface and the atmo- 
sphere determine the energy available to melt the snowpack, 
variations in surface properties, coupled with variations in cloud 
cover, atmospheric transmissivity and emissivity, and wind will 
contribute to spatial and temporal variations in the surface energy 
balance across the ice sheet and, therefore to variations in melt. We 
have begun to investigate which of the flux terms is responsible for 
most of the day-to-day variation in snowpack properties. Prelimi- 
nary analysis of our simulation results shows that, as expected, net 
radiation provides the majority of the energy for ablation of the 
snowpack, with sensible heat supplying nearly all of the remainder. 
However, day-to-day variations in the amount of ablation seem to 
be highly correlated with the turbulent fluxes, implying that simple 
models of snowmelt based on correlations with air temperature may 
be able to capture much of the variance in snowmelt observed on 
the ice sheet. This result, when confirmed, will be important as we 
investigate the role of atmospheric circulation patterns on snowmelt 
over the ice sheet. 
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