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Abstract

A one-dimensional thermodynamic model of melt pond is established in this paper. The observation data
measured in the summer of 2010 by the Chinese National Arctic Research Expedition (CHINARE-2010) are used
to partially parameterize equations and to validate results of the model. About 85% of the incident solar radiation
passed through the melt pond surface, and some of it was released in the form of sensible and latent heat.
However, the released energy was very little (about 15%), compared to the incident solar radiation. More than
58.6% of the incident energy was absorbed by melt pond water, which caused pond-covered ice melting and
variation of pond water temperature. The simulated temperature of melt pond had a diurnal variation and its
value ranged between 0.0°C and 0.3°C. The melting rate of upper pond-covered ice is estimated to be around two
times faster than snow-covered ice. At same time, the change of melting rate was relatively quick for pond depth
less than 0.4 m, while the melting rate kept relatively constant (about 1.0 cm/d) for pond depth greater than 0.4 m.
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1 Introduction

Melt ponds, which include the first- and multi-year ice, are a
persistent feature of sea ice in summer. Melt ponds in the Arctic
appear at the end of May, and cover a significant portion of the
sea ice surface by mid June; the ponds widen and deepen in June
and July (sometimes melt passes through the entire ice layer),
and begin to refreeze at the end of August or early September
(Fetterer and Untersteiner, 1998). Aerial data show that the
ponds’ percentage quickly increases in mid July and could ex-
ceed 20% in early August (Perovich et al., 2002). Toward early
September, melt ponds may cover as much as 50% of the sea ice
surface (Flocco et al., 2010; Landy et al., 2014). Melt ponds influ-
ence the energy and mass balance of sea ice through the albedo-
feedback mechanism, can affect the salt and heat budgets of the
ocean mixed layer, and alter the optical and physical properties
of sea ice (Ebert and Curry, 1993; Eicken et al., 1996).

An important role of melt ponds is altering the albedo of sum-
mer sea ice with a lower albedo than sea ice. The albedo of ice
ranges from 0.39 to 0.84, whereas the albedo of a melt pond
ranges from 0.1 to 0.5 (Grenfell and Maykut, 1977; Fetterer and
Untersteiner, 1988). This albedo difference strengthens the melt-
ing of pond-covered ice, generating a positive feedback mechan-

ism for sea ice melting (Schroder et al., 2014). Some study sug-
gested that the melting speed of pond-covered ice was estimated
to be between 2 and 3 times faster than that of bare ice (Fetterer
and Untersteiner, 1998). Melt ponds absorb more solar radiation
than sea ice, the additionally acquired solar radiation would
warm the pond and cause further melting at the base and sides of
the pond; thus, bare ice melts lower than pond-covered ice
(Zhang et al., 2014).

There was no pond parameterization in early sea-ice thermo-
dynamic models (Maykut and Untersteiner, 1971; Semtner,
1976). Mellor and Kantha (1989) was the first to use a melt pond
parameterization in the sea ice model, assuming a portion of the
melted water could be retained at the ice surface. The retained
water did not alter surface albedo and did not store any latent
heat. The retained water refreezed during autumn so that the
pond would have strong influence on sea ice thickness. Ebert and
Curry (1993) also used a melt pond parameterization in their sea
ice model, but they firstly considered the alteration of albedo at
the sea ice surface. Taylor and Feltham (2004) developed a small-
scale sea ice model, which simulated the physical processes that
govern the evolution of melt pond depth and sea ice thickness.
Liithje et al. (2006) investigated the horizontal evolution of melt
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ponds over a summer melting season. Skyllingstad et al. (2009)
used a melt pond model to predict pond size and depth change;
the shortwave radiation absorbed in melt pond was parameter-
ized in their model. Flocco et al.(2010, 2012, 2015) developed a
simpler pond model which treats the refrozen ice growth as a
classic Stefan phase change problem. And this model was incor-
porated into a climate sea ice model. Bogorodskiy and Marchen-
ko (2014) developed a model which considers the refreezing of
surface of melt pond in autumn, assuming that the temperature
in whole melt pond could remain uniform because of sufficient
convective mixing. These previous modeling studies have fo-
cused on the formation and evolution of melt pond. However the
heat budget and the solar radiation allocation were little dis-
cussed in these models.

Here, we construct a one-dimensional thermodynamic mod-
el of melt pond on sea ice to study the thermodynamic processes
of melt pond and melting process of pond covering ice in the
High Arctic during the Chinese National Arctic Research Expedi-
tion carried out in the summer of 2010 (CHINARE-2010). In this
model, solar radiation is the unique energy source for melt pond
during CHINARE-2010. The objectives of this study were (1) to
evaluate this model using measured data during CHINARE-2010,
such as temperature, depth and net longwave radiation of melt
pond and so on, (2) to calculate the heat budget of melt pond and
the solar radiation allocation, and (3) to characterize the melt
pond depth evolution on ice station.

2 Data observation and analysis

An ice station was established in the central Arctic located at
86.5°N and 172.4°W from August 12 to August 18, 2010 for an ob-
servational experiment of air-ice-ocean interactions. The ice
thickness was 1.9 m on August 12. Solar radiation, longwave radi-
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ation, pond depth, pond temperature, and salinity were continu-
ously measured at a typical melt pond (15.4 mx13.2 m) to study
the thermodynamic processes of melt pond. Additionally, air
temperature, surface pressure, air humidity, and velocity gradi-
ent were observed by a meteorological tower, which was in-
stalled on the sea ice.

Upward and downward radiations (including shortwave and
longwave) were measured with a radiometer (CNR4, Kipp-Zon-
en), which was installed at a height of 0.6 m from melt pond sur-
face. Because the field of view for lower detector is 150°, the
CNR4 needs larger than 2.2 m far away from melt pond edge. In
observation, the distance from melt pond edge to CNR4 is larger
than 3 m. Data logger (CR1000, Campbell) recorded data every 10
min. The shortwave probe’s measuring range is 0.3-2.8 pm and
longwave probe’s is 4.5-42 um. The meteorological tower was
composed of the Vaisala temperature and humidity probes
(HMP45D), wind speed and direction sensors (05106 monitor-
Ma, Young), and pressure sensors (CS106, Campbell), which
were mounted at each height of 2, 4, and 10 m. A shortwave ra-
diometer (CMAG, Kipp-Zonen) was mounted at the height of 1 m
to calibrate CNR4, because it was more difficult to maintain
CNR4 in a horizontal position at a melt pond than at the sea ice
surface. Air-ice-ocean interaction data were obtained in the cent-
ral Arctic from August 12 to 18, 2010.

Figure 1 shows the time series of 1-hour-mean downward sol-
ar radiation, denoted by irradiance, on the sea ice and melt pond.
This figure indicates that the observed results between sea ice
and melt pond are consistent, with a correlation coefficient of
0.98; the mean difference and the standard deviation (o) are rel-
atively small, being 6.9 and 8.4 W/m?, respectively. Therefore, the
observed data using CNR4 are accurate and can be used in the
melt pond thermodynamic model.
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Fig. 1. Time series of 1-hour-mean downward solar radiation, denoted by irradiance, on the sea ice (red line) and melt pond (black

line) from August 12 to 18, 2010 (a) and their correlation (b).

At the ice station, temperature, salinity and depth of 18 melt
ponds (P01-P16) were measured from August 12 to 18 (Table 1).
The results indicate that the temperature of the melt pond re-
mained between 0.0°C and 0.2°C and the salinity remained
between 0.1 and 0.4. Thus, both temperature and salinity
changed very little during the observation period; in particular,
salinity exhibited almost no change. The depths of melt ponds
were between 38 cm and 53 cm on August 12, and between 45 cm

and 56 cm on August 18. There were three melt ponds whose
depths did not change, while the others changed by 5-10 cm.
Figure 2 shows the profiles of temperature and salinity at P08,
P09 and P13a on August 12 and 18. All of these profiles indicate
that the temperature and salinity were all uniform at the whole
vertical range. The salinity of melt ponds is caused by sea ice
brine when sea ice melts. Driven by solar radiation, turbulent
convective motion existed across the entire pond, and main-
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Table 1. Temperature (7), salinity (S) and depth (D) of melt pond

August 12 August 18 Change
Name T/°C S D/cm T/°C S D/cm T/°C s D/em
PO1 0.09 0.11 45 0.14 0.10 45 0.05 -0.01 0
P02 0.09 0.09 38 0.09 0.08 45 0.00 -0.01 7
P03 0.12 0.10 39 0.06 0.08 49 -0.06 -0.02 10
P04 0.09 0.08 47 0.12 0.10 52 0.03 0.02 5
P05a 0.09 0.10 39 0.06 0.11 46 -0.03 0.01 7
PO5b 0.14 0.11 40 0.09 0.11 47 -0.05 0.00 7
P06 0.12 0.12 46 0.06 0.11 52 -0.06 -0.01 6
P07 0.18 0.28 45 0.15 0.25 48 -0.03 -0.03 3
P08 0.15 0.12 49 0.07 0.12 53 -0.08 0.00 4
P09 0.17 0.12 50 0.05 0.12 56 -0.12 0.00 6
P10 0.12 0.09 44 0.07 0.09 50 -0.05 0.00 6
P11 0.17 0.11 45 0.08 0.11 51 -0.09 0.00 6
P12 0.16 0.12 50 0.07 0.12 55 -0.09 0.00 5
P13a 0.16 0.15 51 0.06 0.16 56 -0.10 0.01 5
P13b 0.12 0.15 50 0.04 0.16 54 -0.08 0.01 4
P14 0.18 0.42 48 0.34 0.39 48 0.15 -0.08 0
P15 0.26 0.43 53 0.17 0.37 55 -0.09 -0.06 2
P16 -0.02 0.39 51 0.35 0.39 51 0.37 0.00 0

Note: All data are observed from 8 clock to 9 clock (UT) for each day.

tained a uniform temperature and salinity in the whole melt
pond column (Taylor, 2004).

3 Model description
3.1 Heat transport within melt pond

3.1.1 Radiative transfer process of melt pond

First, melt pond formation is driven by the summertime in-
crease of solar radiation. Second, there have different absorp-
tions of solar radiation with different bands in water. Third, the
solar radiation data measured using CNR4 and CMA6 denote
total energy of solar radiation. So here we need to adopt a more
sophisticated radiation model.

Solar radiation parameterization is used during the Surface
Heat Budget of the Arctic Ocean (SHEBA) experiment (Pegau,
2002). It can be written as

Fi(z) |= Pu(1 — Ro)IoFsw(1 — e7%), 0

where P, is the fraction of radiation in band n, I; is the fraction of
radiation that is not absorbed near the melt pond surface and is
set to 0.6 (Taylor and Feltham, 2004), R, is the Fresnel reflection
coefficient and is equal to 0.05 (Perovich, 1990), Fy, is the incid-
ent irradiance, K, is the diffuse extinction coefficient in band n,
and z is the depth below the melt pond surface. Parameters in
different bands are presented in Table 2. When solar radiation
reaches the pond-covered ice surface, some radiation is reflected
at the ice surface, while others are transmitted into the ice. The
albedo of pond-covered ice is related to ice types, it ranges from
0.2 to 0.7 (Podgorny and Grenfell, 1996). Parameterization of re-
flected radiation in melt pond can be written as

Fy(2) 1= Puap Fy(zp) (1 — e Kol@=2)+2l) @

where F;(z}) is the solar radiation at the bottom of pond, z, is the
depth of pond, and o, is the albedo of pond-covered ice. Heating

of the melt pond is calculated as a function of pond depth by in-
tegrating Eqs (1) and (2):

Q, = /F,(z) ldz+ /F,(z) 1 dz. 3)

h h

Equations (1) and (2) can be used not only to calculate the al-
bedo of pond but also to obtain the radiation (F;(zp)) that is
transmitted into the ice:

Fi(Zb) = (1 - ab)Fr(Zb)~ 4)

Radiation absorbed in the sea ice is calculated using the
Beer’s Law:

Fi(z) = Fi(zp) e "), ®)

where f is the bulk extinction coefficient in the ice, which is set to
1.5 m! (Untersteiner, 1961).

3.1.2 Thermodynamic process of melt pond

Melt ponds contain certain salinity due to small volume of
brine in the sea ice. Therefore, the freezing temperature T,of melt
pond is derived from a simplified relationship:

Ty = —msS, ©)

where m=0.055 (Yu and Rothrock, 1996), S is salinity of melt
pond. The melt pond becomes dynamically unstable under the
action of solar radiation, which could be judged using the
Rayleigh number (Ra(t)):

o*ATH?S
Ra(t) = g@in", (7

where a’=5x10-5 K-1 is the coefficient of thermal expansion of
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Fig. 2. Profiles of temperature and salinity at Sites P08, P09 and P13a.

melt pond water, g=9.81 m/s? is the acceleration due to gravity, the temperature difference across the pond, and H,, is the depth
x=1.19x10-7 m?/s is the thermal diffusivity of melt pond, v=10-¢  of melt pond. The critical Rayleigh number (Ra_,,) is 630. Taylor
m/s is the kinematic viscosity of the water in the melt pond, ATis  (2004) indicated that Ra(t) will be much larger than Ra,_; fora 0.1

crit
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Table 2. Absorption parameters of fresh water at different bands
of solar radiation
Wavelength range/nm p K

n n
350-700 (n=1) 0.481 0.18
700-900 (n=2) 0.194 3.25
900-11 000 (n=3) 0.123 27.5
>1100 (n=4) 0.202 300

m melt pond. Such large Ra(t) leads to turbulent convective mo-
tion across the entire pond; thus, the temperature of the whole
melt pond becomes relatively uniform. In this case, the core tem-
perature (T) of melt pond can be written as

oT 9
(pC)PHP E = _FC(Tl) - FC(TU) - ” Epnet(z)dza (8)

where T; and T, are the temperature at the lower and upper
boundaries of the pond, respectively, (pc),=4.185x10¢ J/(m*K) is

the volumetric specific heat capacity of the pond,
hy
= Fret(2)dz is the absorbed solar radiation of melt pond,

oz
hy
and F.(T)) and F,(T,) are the heat fluxes of lower and upper

boundary layers, respectively. In the boundary layer, heat flux is
assumed to be independent of the depth of the boundary layer;
so the heat flux out of the liquid layer at the upper boundary is
given by (Taylor and Feltham, 2004):

F(T*) = sgn(T — T*)(pc)] |T — T*|*® Ra(t) > Raay, (9)

where 7" is the boundary temperature (namely, T, or T;), and

* .2
T =A(E)R, (10)

where v=0.1 is a constant.

3.2 Heat transport within sea ice
Heat transfer within the sea ice is given by

or o0, OTr, 0

(pici) 5, = 5. (ki) + 5~ Fi(2),

an

where T'is sea ice temperature, c, is the specific heat capacity of
sea ice, p; is sea ice density, and F;(z) is the solar radiation that
passes through the melt pond and enters the sea ice. Note that
the standard density of sea ice is 917 kg/m3. Untersteiner (1961)
experimentally derived c, as a function of sea ice temperature and
salinity:

)

a(T,S)=co+ ———7=,
(1S) = ot T yap

(12

where cy=2 110 J/(kg-K) is the heat capacity of fresh ice, y=Lu,
where p is equal to 0.054, and L =334 kJ/kg is the latent heat of
fusion of fresh ice. «; is the thermal conductivity of ice, which is
also a function of sea ice temperature and salinity (Bitz and
Lipscomb, 1999):

AS

(T,S) = ko + —o
(T 8) = ot 7573

(13)

where x,=2.034 W/(m-K) is the conductivity of fresh ice, and
4=0.117 W/m. The salinity of sea ice is 4.

3.3 Boundary conditions

3.3.1 Melt pond/atmosphere boundary
The net heat flux at the interface between melt pond and at-
mosphere is given by

Epona = Fo(To) + Fuw — e0Ty + (1 — ig) X 14

(1 - OC)FSW + Fsens + Flat,
where Fj,, and F,, are the incoming shortwave and longwave ra-
diations, respectively, which can be measured. F(T,) is the heat
flux at the surface of the pond, i,=0.6 (Taylor and Feltham, 2004)
is the fraction of incoming radiation that penetrates into the melt
pond, « is the albedo of melt pond surface, ¢ is the emissivity of
the pond, 6=5.67x10-2 is the Stefan-Boltzmann constant, T} is the
temperature at the surface of the pond, and F,,, and F,,, are
sensible and latent heat fluxes at the melt pond surface, respect-

ively. F, . and F, are defined respectively by
Fsens = /)anCSu(Ta - T0)7 (15)
Fiat = paLvCitt(Ga — o), (16)

where p,=1.275 kg/m? is the density of dry air, ;=1 005.0J/(kg-K)
is the specific heat capacity of dry air, L,=2.49 MJ/kg is the latent
heat of vaporization, C, and C, are the turbulent exchange coeffi-
cients of sensible heat and latent heat, respectively, T, is air tem-
perature, u is wind speed, g, is the specific humidity of air, and g,
is the specific humidity at the surface. g, is calculated by

0.622p,
= _0378p. a7
Parm — 0.378p,

where p,., is atmospheric pressure at the ice surface, p,=2.53x10%
exp(-5420/T,), and its units are kPa (Rogers and Yau, 1989).
Here C; and C, are related to atmospheric stability. Bian et al.
(2011) calculated C and C, using the meteorological data ob-
served during the 2008 Chinese National Arctic Research Expedi-
tion. The result suggested that turbulent exchange coefficient (C;
or C)) should be equal to 1.6x10-3 at neutral stratification. Louis
(1979) gave the expression of turbulent exchange coefficient at
stable stratification and unstable stratification, respectively:

2WRi ,
C=c0(1fm) Ri <0, (18a)
C=Co(1+HRi)> Ri>0. (18b)

In the above equations, Ri is the bulk Richardson number,

8(Ty — To)Az
T.u ’

Ri= (19)

where Azis 10 m, c=1.6x10-* m is ice surface parameter, b’ =20
(Ebert and Curry, 1993), and C,, is turbulent exchange coefficient
for the neutral stratification. In the calculation of turbulent heat
flux, C equals to C, (or C|). When T is lower than the freezing
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temperature (T;), the melt pond would refreeze at surface. The
actual observations suggest that the refresh ice should float at the
melt pond surface; however, it is too thin to be measured. So T;is
used in Eq. (8) when the melt pond surface has refreshing ice.

3.3.2 Melt pond/sea ice boundary

In the models of Taylor and Feltham (2004), Liithje et al.
(2006), and Skyllingstad et al. (2009), the melting rate of the up-
per pond-covered ice equals to the rate of change of melt pond
depth. However, there are large differences compared to actual
observations. The temperature of pond-covered ice would rise
due to the effects of solar radiation and heat conduction of pond
water. The pond-covered ice melts once it is heated to a temper-
ature higher than its melting point. The more heat the ice ab-
sorbs, the more obviously the ice melts. The layer of ice will melt
completely when the absorbed energy is larger than the latent
heat required by melting.

When the temperature of pond-covered ice is higher than its
melting point, the absorbed energy can be calculated by

2
pici(Ti — Tr) = ki % dt; + SFi(zp) exp(—0(z — zp))dt;  (20a)
or
AT o°T;
Qa = pici a + BFi(zv) exp(—f(z — zb)), ~ (20b)

where dt is the time step, d¢, is the time that T; reaches T;. d, is
one time step after dz,,

pici(T; — Ty)

> I
m% + BFi(zv) exp(—fB(z — zv)) o

dtl =

dtg - dt - dtl. (22)

Thus, the accumulated energy during dt, is derived by

Qtop = [Fc(Tl) + Fi(Zb) — Fi(Zb) exp(—ﬂAz) — (K g)mp]dtg, (23)

Equations (1) to (23) are used to analyze melt pond forma-
tion and pond-covered ice’s heat balance. It should be noted: (1)
The salinity of melt pond changes very little, and it is not affected
by brine during pond-covered ice melting. (2) The albedo of
pond-covered ice can be estimated by observed downward and
upward solar radiations, while the absorbed radiation by melt
pond and ice is calculated by parametric equations. (3) Ice melt-
ing process could not be calculated using the depth change of
melt pond since sea ice is densely layered in the model (Az=0.01
m), and the melting rate of pond-covered ice is the number of
melting layers per unit of time.

3.4 Method of solution

The governing equations solved within each domain are de-
coupled. First, the boundary condition of melt pond/atmosphere
provides the surface temperature of melt pond which is neces-
sary for Eq. (8). Second, the governing equations of melt pond
and radiative transfer equations provide the melt pond temperat-
ure. Third, governing equations of sea ice provide the sea ice
temperature for each layer. At last, the heat flux and melt pond
depth could be calculated by relevant equations.

During each time step, the input data (such as air temperat-
ure, humidity, wind speed, solar radiation and longwave radi-
ation and so on) and the depth of melt pond are considered to be
fixed. At the end of each time step the input data are updated.
Once accumulated energy for each sea ice layer (0.01 m) be-
comes greater than the melting energy, the melt pond depth will
increase 0.01 m. Then the boundary conditions will change in the
next time step and the depth of melt pond will also be updated.

4 Evaluation and simulation

Some simulation results can be evaluated by measured data
during CHINARE-2010 period, such as net long wave radiation,
temperature and depth of melt pond. Then we can reasonably
analyze the heat budget and depth evolution of melt pond.

4.1 Evaluation

The status of the melt pond surface changed continuously
during the observation period. Overall, the melt pond surface
was covered with fresh ice before August 17 and fresh ice was ab-
sent after August 17. Sandven and Johannesen (2006) noted that
melt pond behaves almost as a black body at the infrared
wavelengths, namely, the emissivity of melt pond is approxim-
ately equal to 1.00. However, the emissivity of sea ice is approx-
imately 0.97 (Ebert and Curry, 1993). Therefore, the emissivity of
melt pond is constant when it has no fresh ice or is entirely
covered with fresh ice. When the melt pond surface is partially
covered, its emissivity is between 0.97 and 1.00. The emissivity of
melt pond surface decreased linearly from 1.00 to 0.97 before Au-
gust 16, and increased linearly from 0.97 to 1.00 on August 16
(from 00:00 to 23:00); thereafter, its value was equal to 1.00.

Figure 3a shows that the simulated and measured net long-
wave radiations are similar except around August 15. The actual
survey found that the melt pond surface changed rapidly around
August 15. This means the radiation condition of melt pond was
obviously changed by the transformation of the melt pond sur-
face. Figure 3b reveals that the correlation coefficient reaches
0.96, and that the mean difference and the standard deviation are
relatively small (1.5 and 1.9 W/m?, respectively) between meas-
ured and simulated results. Therefore, the model can be used for
analyzing the thermodynamic processes of the melt pond.

The melt pond surface sometimes had a new ice crust with
the thickness no more than 1 cm, which had an inevitable effect
on the radiative fluxes of the melt pond surface. The radiation ab-
sorbed by the new ice crust was calculated using Eq. (5). The bulk
extinction coefficient in new ice is thought to be 0.60-0.78 m~!
(Bolsenga, 1978; Heron and Woo, 1994). If the bulk extinction
coefficient and thickness of the new ice crust were assumed to be
0.78 m-! and 0.01 m, respectively, the new ice crust would absorb
only 0.8% of the incoming solar radiation. However, the fraction
of solar radiation absorbed by the ice crust would be less than the
amount predicted using the model, meaning that almost all in-
coming solar radiation would enter the melt pond.

Figure 4 shows comparison of the simulated temperatures to
the measured ones using ALEC-CTD data on August 12 and 18.
The figure illustrates that the melt pond temperature exhibited a
diurnal cycle, which is due to the diurnal variation of solar radi-
ation. It also indicates that the differences between simulated
and measured temperatures are 0.02°C and 0.03°C on August 12
and 18, respectively. Therefore, the model simulated the temper-
ature of melt pond fairly well.

4.2 Heat budget of melt pond
Solar radiation is the energy source for melt pond in summer-



90 ZHANG Shugang et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 8, P. 84-93

Net longwave radiation/W-m

| —@— model
—A— CNR4
—40 PP RPN B RN R R B |

12 13 14 15 16 17 18 19

Days of August

10
b
e 07
2
z
5
£ -10 |
=
L
5
=
s 20 |
]
z
)
=
2
= y=1.03x+0.27
z 30 - Correlation = 0.96
Mean difference = 1.5 W/m?
o=19 W/m?
_40 L 1 n 1 n 1 1 J
-40 -30 -20 -10 0 10

Net longwave radiation (CNR4)/W-m-2

Fig. 3. Time series of simulated and measured net longwave radiation at the melt pond surface using the model and CNR4,
respectively (a), and the correlation between simulated and measured results (b).

03 -
02
%) F
s .
g
2 .
2 01
£
g .
= -
=
=}
S .
0 |
| —@— model
| A ALEC-CTD
_01 ORISR SN [T SN SRS SN ST SN S NS SN ST SN ST SN SN [NV SN S NSO S S i |
2 1B 14 15 16 17 18 19

Days of August
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time in the central Arctic. Thus, it is important to quantitatively
examine the heat budget of the melt pond surface and its trans-
formation, such as net longwave radiation, sensible heat, latent
heat, melt pond temperature and pond-covered ice melting and
SO on.

Figure 5 shows the times series of simulated sensible and lat-
ent heat fluxes during the observation period. At melt pond/at-
mosphere interface, melt pond release partial energy of solar ra-
diation in the form of net longwave radiation (Fig. 3a), sensible
heat (Fig. 5a) and latent heat (Fig. 5b). Sensible heat flux was neg-
ative before August 17, with a minimum of -40 W/m?2. However, it
became positive on August 18, with a maximum of 20 W/m?2. Lat-
ent heat flux was negative from August 12 to 18, with a minimum
of -25 W/m? on August 18. The results suggest that melt pond
transported heat to the atmosphere in the forms of sensible heat
and latent heat most of the time.

Section 3.1 of this paper shows that when solar radiation
enter melt pond, partial solar radiation are absorbed by melt
pond water and pond-covered ice, respectively (Figs 6a and b).
From Fig. 6, we know that the heat flux absorbed by melt pond
and pond-covered ice have a diurnal period. And melt pond ab-
sorbed is larger than pond-covered ice.

The total incident and reflected radiations of melt pond were
60.7 and 8.8 MJ/m? during the observation period; this means the
average reflectance of melt pond was 0.15, and 85% of the total
solar radiation energy entered the melt pond. Table 3 presents
the total amount of radiation and heat balance flux at surface and
inside of the melt pond from August 12 to 18. It indicates that
12.3% and 7.5% of the net solar radiation were lost in the form of
sensible heat and latent heat, respectively. The turbulent ex-
change coefficient is an important parameter; the choice of its
value can cause inaccuracy in calculations of sensible heat and
latent heat, though this inaccuracy is generally very small (Ebert
and Curry, 1993; Taylor and Feltham, 2004). Therefore, we can
see that a large amount of net solar radiation was absorbed by the
melt pond, which was used to warm melt pond and melt pond-
covered ice (including bottom ice and lateral ice of melt pond).
The simulated results suggest that 58.6% of the solar radiation
should enter into the pond-covered ice. The allocation of enter-
ing melt pond solar radiation are summarized in Fig. 7.

4.3 Melt pond depth evolution

Diurnal variation of melt pond temperature shows that al-
though the melt pond absorbed a large amount of solar radiation,
its temperature did not increase with time. Thus, absorbed en-
ergy must be transformed into other forms of energy in order to
maintain the same temperature for melt pond water. The melt
pond depth at P08 changed only 4 cm between August 12 and 18
(Table 1). Calculation suggests that only 13 MJ/m?2 of heat would
be needed to melt the pond-covered ice of 4 cm. This amount is
much smaller than the energy of 30.4 MJ/m? absorbed by pond-
covered ice, as shown in Table 3. The depth of a melt pond will
vary not only with the melting of pond-covered ice, but also in re-
sponse to many other factors, such as melting of the sea ice sur-
face and penetration of melt pond water into sea ice (Cox and
Weeks, 1974; Weeks and Ackley, 1986; Notz, 2005). The energy
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Table 3. The total energy of radiation and heat flux at the surface and inside of the melt pond during August 12-18

Name NS NL SH

LH 1P MP RS

Total energy/MJ-m-2 51.9 -3.6 -6.4

-3.9 -7.4 -0.2 -30.4

Note: NS represents net solar radiation, NL net longwave radiation, LH latent heat, SH sensible heat, IP radiation entering into pond-

covered ice, MP melt pond obtained radiation, and RS remainder.

accumulation model was used to study the melting rate of pond-
covered ice. Figure 8 shows the times series of simulated pond-
covered ice melting. Pond-covered ice lost nearly 8 cm at its up-
per surface from August 12 to 18 (about 1 cm/d). The simulated
results suggest that about 25 MJ/m? of the 30.4 MJ/m? (Table 3)
was used to melt the sea ice with 8 cm thick and the remainder
(about 5.4 MJ/m?) was used to warm the pond-covered ice.

For this sea ice station, Lei et al. (2012) indicated that the sea
ice bottom had decayed by 5.3 cm during August 9-18, with a
mean melt rate of (0.5+0.2) cm/d. So we know that the melt rate
of upper pond-covered ice is larger than the snow-covered ice
(around two times). Xie et al. (2013) indicated that the lower melt
rate of pond-covered ice also larger than that of the snow-

covered ice. So we know also that the sea ice within melt pond
have faster melt rate than that of sea ice without melt pond. So
this coincide with the result of Fetterer and Untersteiner (1998)
that the melting speed of pond-covered ice is estimated to be
between 2 and 3 times faster than that of bare ice.

The above analysis suggests that the solar radiation was
mainly used to melt sea ice. Equations (1) and (2) indicate that
the amount of solar radiation absorbed by a melt pond with
greater depth is also greater. Therefore, melt ponds with differ-
ent depths can exhibit different changes in melting, even under
the same weather conditions and with the same incoming solar
radiation. Figure 9 shows the average amount of pond-covered
ice melting at different initial depths of melt pond from August 12
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to 18. The melting rate of pond-covered ice changed rapidly with
the initial depth of less than 0.4 m; however, the melting rate did
not change much (about 1 cm/d) for melt ponds deeper than 0.4
m. Almost all of the melt ponds at the ice station had depths ex-
ceeding 0.4 m; therefore, melting rate was relatively constant.

5 Conclusions

In this paper, a one-dimensional thermodynamic model of
melt ponds is established and some measured data, such as net
longwave radiation, water temperature and depth of melt pond,
are used to test this model. Then thermodynamic processes of
melt pond and pond-covered ice melting are simulated by using
observing data of CHINARE-2010. The results indicate that melt
ponds not only play important role in the rapid change of Arctic
sea ice but also provide important evidence to study the climate
change of Arctic. The main results are as follows:

(1) The temperature of melt pond is reasonably simulated un-
der two conditions that refreezing exists at the surface of melt
pond and the depth of the melt pond is treated as an external
parameter. The simulated temperature of melt pond had a diurn-
al variation and its value ranged between 0.0°C and 0.3°C.

(2) About 85% of the incident solar radiation passes through

007 [
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Fig. 9. The average amount of pond-covered ice melting at dif-
ferent initial depths from August 12 to 18.

the melt pond surface, and some of it was released in the form of
sensible and latent heat. However, the released energy was very
little (about 15%), compared to the incident solar radiation. More
than 58.6% of the incident energy was absorbed by melt pond
water, which caused pond-covered ice melting and diurnal vari-
ation of pond water temperature.

(3) The melting rate of upper pond-covered ice is estimated to
be around 2 times faster than snow-covered ice. At the same
time, the change of melting rate was relatively quick for pond
depth less than 0.4 m, while the melting rate remained relatively
constant (about 1.0 cm/d) for pond with depth greater than 0.4 m.

Based on some parametric equations, especially with the
parameterization of solar radiation, we have established a model
which could provide a realistic simulation of the heat flux and
depth of melt pond. But this model is just in an initial stage in our
study, because some special cases, such as the melt pond with
fresh water, may need to be considered. When pond-covered ice
melts, massive amount fresh water may suddenly enter into up-
per layer of ocean, and cause strong halocline in a certain time.
So it is very important to know the evolution of fresh water mass
transport due to melting of sea ice. Second, when pond-covered
ice melts, more solar radiation would enter into the upper ocean.
This will unavoidably change the heat flux between sea and at-
mosphere. Furthermore, some distinctive phenomenon would
appear, for example, near surface temperature maximum and
thermocline at upper ocean will change. As Arctic climate and
sea ice conditions continue to change, the melt pond will play
more and more important role in sea ice melting, heat flux, fresh
water flux and climate models. So it is worth to continue study on
the melt pond in future.
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