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Motivation - boundary conditions for ice-sheet modelling

Large-scale (long time-scale) evolution of an ice-sheet model requires surface boundary 
conditions for mass flux and temperature.

Accumulation

Runoff

These effective conditions differ from averages of the actual surface quantities due to melt 
percolation and refreezing. 

We develop a continuum model that allows us to calculate the appropriate conditions for 
given surface forcing.  (cf. IMAU-FDM, SNOWPACK, etc) 

Surface boundary layer

The snow/firn layer on the surface transmits the actual surface conditions to effective 
surface conditions that the ice-sheet model sees. 

Temperature



The near-surface boundary layer

accumulation

melt percolation

runoff

+ refreezing

runoff

ice flows into ice sheet ice flows out of ice sheet

Accumulation area Ablation area

compaction

accumulation



Two easy cases

No melting No accumulation

accumulation

dry compaction

mass flux = accumulation

temp. = mean surface temp.

runoff

mass flux = surface melt rate

temp. = mean ‘capped’ surface temp.



A continuum model

2800 C. R. Meyer and I. J. Hewitt: Meltwater flow through snow

Our approach in this paper is to construct a continuum
model for meltwater percolating through porous snow, along
similar lines to Gray (1996). This contrasts cell-based numer-
ical models that are often applied to the Greenland Ice Sheet,
such as the Firn Densification Model (IMAU-FDM) that is
incorporated in the regional climate model RACMO and is
described by Ligtenberg et al. (2011) and Kuipers Munneke
et al. (2014, 2015). That model includes mechanical com-
paction and a “tipping-bucket” hydrology scheme, where
the firn is divided into distinct layers and water fills each
layer up to the irreducible water content and then trickles
instantaneously into the lower layers. Runoff occurs when
the water reaches an impermeable layer and the water is
removed (representing the lateral flow that occurs in real-
ity). Steger et al. (2017a, b) used a similar tipping-bucket
method in the SNOWPACK model (Bartelt and Lehning,
2002) and compared the results to the IMAU-FDM. Wever
et al. (2014) compared the tipping-bucket and Richards equa-
tion formulations within SNOWPACK to field observations
and found that using Richards’ equation provided a better
fit. The Richards equation approach, in which water flow is
driven by gravity and capillary pressure, is similar to the
model we adopt in this study. This has also been used in
a number of more theoretical models for the percolation of
meltwater through snow (Colbeck, 1972, 1974, 1976). Gray
and Morland (1994, 1995) and Gray (1996) provide detailed
descriptions of this approach in the context of mixture theory.

We now summarize an outline of the paper. In Sect. 2, we
construct our continuum model for the firn layer and describe
its conversion to an enthalpy formulation that facilitates the
numerical solution method. In Sect. 3, we analyze two test
problems that involve the propagation of a refreezing front
moving into cold snow and a saturation front filling pore
space. These act as benchmarks for the numerics and elu-
cidate some of the generic dynamics that occur within the
model. In Sect. 4, we impose a more realistic surface energy
forcing, corresponding to a periodic seasonal cycle, to exam-
ine the effect of climate variables on the fate of the meltwater
and the resulting thermal structure of the snow.

2 Model

2.1 Percolation through porous ice

Here we describe our model for the flow of meltwater
through porous, compacting snow. We keep track of the flow
of water, mechanical compaction, and the melt–refreezing of
water into the snow. A volume fraction 1�� is solid ice while
the void space � is composed of water and air. We define the
saturation S as the fraction of the void space that is filled by
water (see the schematic in Fig. 1). Conservation of mass for
ice, water, and air is expressed as

@

@t
[(1 � �)⇢i] + r · [(1 � �)⇢iui] = �m, (1)

Velocity < 0 Velocity > 0

(a) Accumulation area (b) Ablation area

Runoff

Figure 1. The three components of meltwater-infiltrated snow: air,
water, and ice. Panel (a) shows water infiltrating an accumulation
area where the snow density increases with depth and snow ad-
vects down. The water partially saturates the snow near the surface
(S < 1) whereas, at depth, all of the air is replaced by water and the
snow is fully saturated (S = 1). Panel (b) shows an ablation area
where the there is fully saturated porous snow in a thin layer near
the surface and the underlying ice is solid, advecting into the do-
main from upstream. Ice grains make contact in the third dimension
(into the page) and similarly many of the air and water pockets are
connected in the third dimension.
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+ r · (S�⇢wuw) = m, (2)
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[(1 � S)�⇢a] + r · [(1 � S)�⇢aua] = 0, (3)

where the subscripts i, w, and a indicate ice, water, and air,
respectively. The densities ⇢i, ⇢w, and ⇢a are constants. The
velocities of the ice, water, and air are given by ui, uw, and
ua. The variable density of the snow is (1 � �)⇢i + �S⇢w +
�(1 � S)⇢a. The rate at which ice melts and turns into melt-
water internally is given by m and is therefore a source in
Eq. (2) and a sink in Eq. (1).

This term is always negative, i.e., refreezing, and in fact is
zero except on refreezing interfaces. We assume that the air
density is negligible and henceforth neglect Eq. (3).

The flow of water is governed by Darcy’s law, i.e.,

�S (uw � ui) = �k(�)

µ
kr(S)

�

rpw + ⇢wgẑ
�

, (4)

where pw is the water pressure, k(�) is the permeability,
kr(S) is the relatively permeability, and µ is the viscosity of
the water. For the permeability we use a simplified Carman–
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Porosity
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Saturation
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Conservation equations

Darcy flux

he↵ = h
T

+ 4�T 3
m

⇡ 15 W m

�2
K

�1

Te↵ =

Q
S

(1� a) +Q
L

� �T 4
m

+ h
T

T
a

he↵

T
s

⇡ Te↵

T
s

= T e↵

T
s

= min(Te↵ , Tm

)

W = (1� �)⇢
i

+ ⇢S⇢
w

H = (1� �)⇢
i

c
i

(T � T
m

) + ⇢S⇢
w

c
w

(T � T
m

) + �S⇢
w

L

q
w

=

k(�)k
f

(S)

⌘
w

(⇢g�rp
w

)

S = 1 S < 1 p
w

= �p
c

(S) = p0S
�1

k
r

(S) = S2

k(�) = k0�
3

@

@t
[(1� �)⇢

i

] +r · [(1� �)⇢
i

u
i

] = 0

@

@t
[�S⇢

w

] +r · [�S⇢
w

u
i

+ ⇢
w

q
w

] = 0

T  T
m

@

@t
[(1� �)⇢

i

c
i

(T � T
m

)] +r · [(1� �)⇢
i

c
i

(T � T
m

)u
i

] = r · [(1� �)k
i

rT ]

@�

@t
+ u

i

·r� =

m

⇢
i

� C

C =

p

⌘
f

�

C = c0,1(T, a)�

0 < S < 1

S = 1

S = 0

T = T
m

7

he↵ = h
T

+ 4�T 3
m

⇡ 15 W m

�2
K

�1

Te↵ =

Q
S

(1� a) +Q
L

� �T 4
m

+ h
T

T
a

he↵

T
s

⇡ Te↵

T
s

= T e↵

T
s

= min(Te↵ , Tm

)

W = (1� �)⇢
i

+ ⇢S⇢
w

H = (1� �)⇢
i

c
i

(T � T
m

) + ⇢S⇢
w

c
w

(T � T
m

) + �S⇢
w

L

q
w

=

k(�)k
f

(S)

⌘
w

(⇢g�rp
w

)

S = 1 S < 1 p
w

= �p
c

(S) = p0S
�1

k
r

(S) = S2

k(�) = k0�
3

@

@t
[(1� �)⇢

i

] +r · [(1� �)⇢
i

u
i

] = 0

@

@t
[�S⇢

w

] +r · [�S⇢
w

u
i

+ ⇢
w

q
w

] = 0

T  T
m

@

@t
[(1� �)⇢

i

c
i

(T � T
m

)] +r · [(1� �)⇢
i

c
i

(T � T
m

)u
i

] = r · [(1� �)k
i

rT ]

@�

@t
+ u

i

·r� =

m

⇢
i

� C

C =

p

⌘
f

�

C = c0,1(T, a)�

0 < S < 1

S = 1

S = 0

T = T
m

7

he↵ = h
T

+ 4�T 3
m

⇡ 15 W m

�2
K

�1

Te↵ =

Q
S

(1� a) +Q
L

� �T 4
m

+ h
T

T
a

he↵

T
s

⇡ Te↵

T
s

= T e↵

T
s

= min(Te↵ , Tm

)

W = (1� �)⇢
i

+ ⇢S⇢
w

H = (1� �)⇢
i

c
i

(T � T
m

) + ⇢S⇢
w

c
w

(T � T
m

) + �S⇢
w

L

q
w

=

k(�)k
f

(S)

⌘
w

(⇢g�rp
w

)

S = 1 S < 1 p
w

= �p
c

(S) = p0S
�1

k
r

(S) = S2

k(�) = k0�
3

@

@t
[(1� �)⇢

i

] +r · [(1� �)⇢
i

u
i

] = 0

@

@t
[�S⇢

w

] +r · [�S⇢
w

u
i

+ ⇢
w

q
w

] = 0

T  T
m

@

@t
[(1� �)⇢

i

c
i

(T � T
m

)] +r · [(1� �)⇢
i

c
i

(T � T
m

)u
i

] = r · [(1� �)k
i

rT ]

@�

@t
+ u

i

·r� =

m

⇢
i

� C

C =

p

⌘
f

�

C = c0,1(T, a)�

0 < S < 1

S = 1

S = 0

T = T
m

7

or

Energy equation
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Compaction / refreezing
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+ mass- & energy-conserving jump conditions
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Example - surface melting of a cold stratified snow column
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in linearised surface energy balance
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Summary
We developed a continuum model that describes melt percolation, refreezing and compaction.   

We calculate average properties (melt, runoff, temperature) for periodic surface forcing.

Elevated firn temperature and buffered runoff are found for intermediate 
thermal forcing, depending on accumulation rate (even in steady state).

Gradual changes in forcing produce complicated evolution - water storage and the initiation of 
runoff are highly sensitive to specifics of the forcing. 



Future directions

Compare model with other approaches and with observations.

Extend to more dimensions
- lateral flow naturally occurs in this model 
if the surface or water table is sloped.

Heterogenous percolation 
- in principle the model can produce high 
permeability ‘pipes’.

stratigraphy and temperature profiles at site T1, midway
along our transect at 1710 m elevation. An ice layer 0.1 m
thick exists at the previous year’s summer surface at 0.70–
0.80 m depth. Eight thinner ice layers and other ice pipes are
present in the upper 3 m of the core, and then a massive ice
layer 0.42 m thick extends from 2.94 to 3.36 m depth. The
meltwater has bypassed both the 0.1 m thick ice layer
formed at the previous summer melt surface, and the thick
ice layer below 2.94 m depth. Hence, while ice is essentially
impermeable, our data shows that even thick ice layers in
firn are not vertical flow barriers.
4.2.2. Surface Wetting Fronts
[22] We observed that repeated piping events sometimes

warmed the firn ahead of a slowly advancing wetting front
(Figure 7). This is indicated by our time series of tempera-
ture profiles that document downward penetration of
breakthrough heating events, followed by slow progression
of the wetting front where the snow and firn become a uni-
form 0°C. Hence, heterogeneous breakthrough events and an
advancing wetting front appear to be intimately related, with
wetting front advance following a number of piping events
(Figure 8). Eventually the melt simply moves homoge-
neously from the surface through the snow and firn, instead
of along discrete pipes. We only observed wetting front
advances accompanied by heterogeneous piping ahead of
the front, but we did observe heterogeneous wetting without
a clearly defined wetting front. This implies that the het-
erogeneous wetting is a necessary but not sufficient condi-
tion for a wetting front to develop. The entire process is

Figure 6. Deep infiltration heating event: (left) temperature
profiles and (right) corresponding firn and ice stratigraphy.
Three temperature profiles at site T1 at 04:00 h on three suc-
cessive days during late July 2007 are shown. The snow and
firn are isothermal at the melting point from the surface to a
depth of 3 m. A relatively minor transient warming event
occurs on day 207 at 7 m depth. Temperature at 10 m depth
warms by 1°C from day 207 to day 208, which along with
the downward warming temperature gradient on day 208
implies that water infiltrates to depths greater than 10 m.
Stratigraphy is categorized into new snow (tan), firn (blue),
and ice (black). Black coloring of the stratigraphic column
indicates fraction of core occupied by ice layers, lenses, or
pipes (black coloring crossing the whole column indicates
100% of core diameters occupied by ice; black coloring
crossing half of the column indicates 50% of the core occu-
pied by ice, etc.).

Figure 7. Five time slices of temperature versus depth dur-
ing the summer of 2007 at site T2 showing wetting front
migration. On day 185 (5 July) the upper 1 m of the firn col-
umn was wetted and at 0°C. Slow downward motion of the
wetting front moved the 0°C isotherm to more than 2 m depth
by day 197. Significant piping events at depths > 4.5 m on
days 197 and 199 are shown. These events warmed firn
below the maximum depth of the wetting front. The wetting
front halted downward progress at 3.75 m depth on day 200
(July 22).

Figure 5. Photographs showing evidence of heterogeneous
meltwater infiltration: (a) photograph showing excavated ice
pipes and (b) photograph showing infiltration pathways and
ice lenses accentuated by red dye in a !1.5 m deep snow pit
at Crawford Point. Note isolated ice lens at bottom of pit.
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