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Abstract  The heat budget of a melt pond surface and the solar radiation allocation at the melt pond are studied using the 2010 
Chinese National Arctic Research Expedition data collected in the central Arctic. Temperature at a melt pond surface is proportional 
to the air temperature above it. However, the linear relationship between the two varies, depending on whether the air temperature is 
higher or lower than 0℃. The melt pond surface temperature is strongly influenced by the air temperature when the latter is lower 
than 0℃. Both net longwave radiation and turbulent heat flux can cause energy loss in a melt pond, but the loss by the latter is larger 
than that by the former. The turbulent heat flux is more than twice the net longwave radiation when the air temperature is lower than 
0℃. More than 50% of the radiation energy entering the pond surface is absorbed by pond water. Very thin ice sheet on the pond 
surface (black ice) appears when the air temperature is lower than 0℃; on the other hand, only a small percentage (5.5%) of net 
longwave in the solar radiation is absorbed by such a thin ice sheet. 
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1 Introduction 
Sea ice is one of the pivotal components of the global 

climate system, and changes in sea-ice extent, concentra-
tion, and thickness directly influence the absorbed solar 
radiation in the Arctic Ocean. Some general circulation 
model (GCM) results suggest that the Arctic sea ice not 
only influence the global climate but also is an indicator 
of global climate change (Rind et al., 1995). The interac-
tion between sea ice and solar radiation at the ocean sur-
face is an important process that contributes to the reduc-
tion of sea-ice extent in the Arctic. A general trend of in-
creasing solar heat input to the Arctic ice-and-ocean sys-
tem is due to the decline in albedo induced by the de-
crease in ice concentration and by a longer melt season, 
and the largest increase occurred in the Chuchi Sea region, 
with a rate as large as 4% year−1 from 1979 to 2007 on 
average (Perovich et al., 2011). The Arctic Ocean receives 
the maximum solar radiation in mid August (Perovich, 
2005). Sea ice melting is driven by shortwave radiation 
during the melting season (Light et al., 2008). While most 
of the solar radiation input to oceans happens over open 
waters, a substantial amount is also transmitted through 
sea ice and melt ponds. Hayes (2003) discovered that 
oceanic heat flux is influenced by shortwave radiation 
transmitted directly through ice. Perovich (2005) estimated 
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that energy penetration through bare ice and pond- cov-
ered ice accounts for 23% and 16% of the shortwave ra-
diation entering the ocean, respectively. For multi-year 
sea-ice packs, net longwave radiation and turbulent heat 
fluxes are the primary causes of heat loss, while short-
wave radiation is the main cause of sea ice melting. 

Melt ponds contribute significantly to the sea ice sur-
face condition in summer, and occur extensively in the 
first-, the second-, and the multi-year ice. Melt ponds 
appear at the end of May, and occupy a significant portion 
of the sea ice surface by mid June. Ponds widen and 
deepen in June and July (sometimes melting through the 
ice layer), and begin to refreeze at the end of August or 
early September. By the beginning of October, they are 
indistinguishable from the rest of the ice pack (Fetterer 
and Untersteiner, 1998; Perovich et al., 2002). At the be-
ginning of September, they have the maximum coverage, 
exceeding 50% of the sea ice surface (Flocco et al., 2010). 
Melt ponds influence energy and mass balances in vari-
ous ways, such as altering the physical and optical prop-
erties of sea ice and refreezing at melt pond surfaces 
(Grenfell and Maykut, 1977; Perovich et al., 2002). The 
surface radiation and thermal properties of a melt pond 
differ distinctly from those of the surrounding sea ice. 
Studies have found that melt ponds play a key role in 
changing the albedo of sea ice. The albedo of bare ice and 
that of multi-year ice differ very little during the melting 
season; however, melt pond albedo varies greatly during 
the melting season (Perovich et al., 2002). And it de-
creases continually as the pond widens and deepens. Then 
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the pond-covered ice absorbs a greater amount of solar 
radiation than bare ice, the melting rate beneath pond- 

covered ice is estimated to be up to 2–3 times greater than 
that of bare ice (Fetterer and Untersteiner, 1998). 

The melt pond albedo is subject to rapid change, be-
cause the air temperature is frequently lower than 0℃ 
during the Arctic summer and melt pond surfaces are li-
able to refreezing. The fresh ice on the melt pond surface 
is less than 3-cm thick and usually lasts only a few days; 
thus, the magnitude of albedo of a refreezing pond is in-
termediate between open water and multi-year ice 
(Grenfell and Maykut, 1977). When sea ice melts, the 
brine is rejected from the ice and enters the pond to pro-
duce a very low salinity (Taylor and Feltham, 2004). The 
maximum density of melt pond water occurs when its 
temperature is approximately 3℃; when the melt pond 
temperature lies between 0℃ and 3℃ the lower the tem-
perature is, the lower the density is (Taylor and Feltham, 
2004). As a result of solar radiation, the density of the 
upper melt pond water is higher than that of the lower 
melt pond water, causing a vertical convective motion in 
the pond. 

The occurrence of sea ice changes the heat exchange  

between the ocean and the atmosphere; similarly, the 
presence of melt ponds changes the heat budget of the sea 
ice surface. Furthermore, solar radiation is the main en-
ergy source for sea ice melting in summer in the central 
Arctic. Thus, it is important to quantitatively examine the 
heat budget of the melt pond surface and the solar radia-
tion allocation at the melt pond. 

2 Measurements  
Observations of melt pond depth and radiation proper-

ties were carried out at a long-term ice station (initial lo-
cation: 86˚30΄N, 172˚24΄W) maintained by the Chinese 
National Arctic Research Expedition from July to Sep-
tember 2010. Upward and downward shortwave radia-
tions (0.3–2.8 μm) and longwave radiations (4.5–42 μm) 
at one of the melt ponds were measured using a radiome-
ter CNR4 (Kipp & Zonen Company), as is shown in Fig.1. 
The shape and surface condition of the melt pond were 
recorded by a camera. Air temperature was measured us-
ing a CNR4 at 10 min intervals. Wind speed, relative hu-
midity, and total cloud cover were recorded at 00:00, 6:00, 
and 12:00 Universal Time (UT) each day. 

 

Fig.1 Measurement of radiation at the melt pond surface with radiometer CNR4. 

3 Results  
Air temperature, wind speed, and relative humidity for 

the period August 12–18 are shown in Fig.2; they 
changed significantly around August 17. The air tem-
perature (red line) was lower than 0℃ from August 12 to 
16, the lowest of which was about −4.0℃ on August 15. 
From August 17, it rose above 0℃, the maximum being 
approximately 2℃. The wind speed (blue line) increased 
rapidly from 1 m s−1 on August 16 to 12 m s−1 on August 
17. The relative humidity (black line) quickly decreased 
at the beginning of August 17. The entire melt pond sur-
face was covered by newly formed ice on August 15, but 
it lasted only for less than a day. Black ice was observed 
on the melt pond surface only before August 17, with a 
thickness less than 1 cm during the observation period. 

The downward solar radiation (Fsd), upward solar ra-
diation (Fsu), downward longwave radiation (Fld), upward 
longwave radiation (Flu), and net longwave radiation (Nl = 

Fld − Flu) are shown in Fig.3. They indicate that the Flu 
(green line) and Fld (red line) were stronger than Fld  

 

Fig.2 Time series of air temperature (red), relative 
humidity (black), and wind speed (blue). 
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Fig.3 Time series of Fsd (black), Fsu (blue), Fld (red), Flu 
(green), and Nl (magenta). 

(black line), but the Nl was relatively weak and smaller 
than zero. Thus, the melt pond lost some energy in the 
form of Nl. Because the melt pond had a lower albedo and 
absorbed a large amount of solar energy, Fsu was rela-
tively small. 

The observations suggest that air temperature, relative 
humidity, wind speed, and the melt pond surface changed 
around August 17. Was there an obvious change in the 
heat budget of the melt pond surface because the black 
ice disappeared? 

3.1 Heat Flux Calculation for the Melt Pond Surface 
The heat fluxes, including Fsd, Fsu, Fld, Flu, Fsp (sensi-

ble-heat flux), and Fep (latent-heat flux), are related to the 
state of the melt pond surface. Due to the influence of 
black ice, the heat flux through the melt pond surface 
varied from August 12 to August 18. Assuming the 
downward flux is positive (the ocean gains heat), the up-
ward flux from the ocean surface into the atmosphere is 
then negative. The net heat flux (Nr) across the melt pond 
surface can be written as 

r sd su ld lu sp epN F F F F F F      ,      (1) 

where Fsd, Fsu, Fld, and Flu can be measured directly us-
ing a radiometer CNR4. The turbulent heat fluxes (Fsp 
and Fep) can be obtained as in Maykut (1978, 1982): 

( )sp a p s a wF c C u T T              (2) 

and 

0

0.622
( )a v e

ep sa sw
L C

F u re e
P


  ,        (3) 

where ρa=1.3 kg m−3 is the average air density, cp=1005.0 J 

kg−1
 K−1 is the specific heat of the air, Lv=2.49 MJ kg−1 is 

the latent heat of vaporization, P0=1013 mbar is the sur-
face pressure, Cs=1.75×10−3 is the transfer coefficient for 
sensible heat, Ce=Cs is the transfer coefficient for latent 
heat, Ta is the air temperature, Tw is the melt pond surface 

temperature, esa is the air saturation vapor pressure, esw is 
the melt pond surface saturation vapor pressure, u is the 
wind speed, and r is the relative humidity. When the 
temperature is higher than −20℃, the relationship be-
tween saturation vapor pressure and temperature can be 
written as (Maykut, 1978, 1982)  

4 3 2
1 2 3 4 5se b T b T b T b T b     ,        (4) 

where  

6
1 2.7798202 10b   , 

3
2 2.6913395 10b    , 

3 0.97920849b  , 

4 158.63779b   , 

5 9653.1925b  . 

The air and melt pond surface saturation vapor pres-
sures (esa and esw) can then be calculated using Ta and Tw 
according to Eq. (4). Then Fsp and Fep can be calculated 
using Eqs. (2) and (3), respectively.  

The air temperature, relative humidity, and wind speed 
can be directly measured; however, the melt pond surface 
temperature is difficult to measure because of the influ-
ence of black ice. According to the Stefan–Boltzmann law, 
Tw can be derived from Flu, which is measured by a 
CNR4, 

4
lu wF T ,                  (5) 

where σ (=5.67×10−8
 J m−2

 s−1
 K−4) is the Stefan-Boltzmann 

constant and ε is the longwave emissivity of the melt 
pond. A melt pond on top of the ice in summer is almost a 
black body at infrared wavelengths (Sandven and Johan-
nesen, 2006), therefore ε is set equal to unity. 

3.2 Heat Budget of the Melt Pond Surface 
As seen from Fig.4, the time change of Tw (red line) 

corresponds to Ta (black line). When Ta is bellow 0℃, Tw 
is also lower than 0℃ but higher than Ta, for the black 
ice cover exists; while Ta was higher than 0℃, Tw was 
lower than Ta when free of black ice coverage. In addition, 
Tw responses to changes in the melt pond surface condi-
tion.  

Fig.5 is a scatter plot of Ta and Tw, which demonstrates 
a good linear relationship that switches at Ta=0℃. When 
Ta is lower than 0℃, the correlation coefficient (r), root- 

mean-square (RMS) error, and the linear relationship be-
tween Ta and Tw are 0.988, 0.006, and '

wT =0.69Ta− 0.028, 
respectively. When Ta is higher than 0℃, the correspond-
ing values are 0.973, 0.002, and '

wT =0.56Ta− 0.058, re-
spectively. The above comparison suggests that the cor-
relation coefficient and the slope when Ta is lower than 0
℃ are larger than those when Ta is higher than 0℃. The 
main reason is that the surface conditions of the melt 
pond changed from August 12 to 18 (Fig.1). 
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Fig.4 Time series of Tw (red) and Ta (black). 

 

Fig.5 Scatter plot of Ta and Tw. The latter r represents 
correlation coefficient, and rms indicates root-mean- 

square error. Blue corresponds to the air temperature 
lower than 0℃, and red is for the air temperature higher 
than 0℃. 

Nr, Fsp, and Fep are calculated using Eqs. (1), (2), and 
(3) when Tw is obtained. They are shown in Fig.6, which 
include Ne and Ns=Fsd−Fsu, the net shortwave radiation of 
the melt pond. We can see that Nr and Ns has a diurnal 
cycle; Nl, Fsp, and Fep are relatively small compared with 
Nr; both Nl and Fep are negative. Fsp is negative from Au-
gust 12 to 16, but is positive after August 17 due to the 
change of Ta. The above discussion suggests that the melt 
pond heat loss is a combined effect of Fsp, Fep, and Nl 
during August 12–17, and it gain some energy in the form 
of sensible heat after August 17. 

Light et al. (2008) stated that sea ice usually loses heat 
in the form of longwave radiation and turbulent (sensible 
and latent) heat fluxes in multi-year ice regions. The total 
turbulent heat flux of the melt pond surface can be written 

as Ft=Fep+Fsp. Two stages (August 12–16 and August 
17–18) were considered in terms of heat fluxes at the melt 
pond surface because air temperature, wind speed, rela-
tive humidity, and melt pond surface conditions under-
went obvious change on August 17. During the first stage, 
the air temperature was lower than 0℃, and black ice 
with thicknesses smaller than 1 cm was present on the 
melt pond surface. During the second stage, the air tem-
perature was greater than 0℃, and black ice disappeared. 
The heat fluxes during the two stages are shown in Table 1. 
We can see that the melt pond surface always loses heat 
in the form of Nl and Ft, with the later being the main 
cause. In the first stage, Ft was more than twice the 
amount of Nl. Although Ft decreased because of Fsp in the 
second stage, it was higher than longwave radiation dur-
ing the second stage. Thus, the melt pond lost most heat 
when the air temperature was lower than 0℃. 

 

Fig.6 Time series of melt pond surface heat budget: Nr 
(purple), Ns (black), Nl (blue), Fsp (red), and Fep (green). 

Table 1 Heat budget of the melt pond surface 

Heat budget (W m−2) 
Date (mm/dd) 

Ns Nl Ft Nr 

08/12–08/16 94.3 −6.9 −14.4 73.1 
08/17–08/18 91.3 −6.0 −7.2 78.1 
08/12–08/18 93.4 −6.6 −12.3 74.6 

4 Solar Radiation Allocation at the 
Melt Pond 

4.1 Solar Radiation Attenuation 
Due to the lower albedo of the melt pond, a large amount 

of solar radiation is absorbed in the pond. The absorption 
of solar radiation (Fp) in the melt pond is parameterized 
by the following equation from Ebert and Curry (1993): 

( )p sd p p i pF F a a t  ,              (6) 

where αi=0.65 is the albedo of multi-year ice (Grenfell 
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and Perovich, 1984; Pegau and Paulson, 1999), tp is the 
pond transmissivity, which is a function of melt pond 
depth (hp) in the form tp=0.36−0.17log10(hp) (Neumann 
and Pierson, 1966; Ebert and Curry, 1993), ap is the ab-
sorption coefficient of the melt pond with 0.891p pa t   
(Neumann and Pierson, 1966; Ebert and Curry, 1993). 

The amount of solar radiation transmitted through the 
pond and into the ice (Fi) is given by  

i sd su pF F F F   .                (7) 

The melt pond depth changed between 0.5 and 0.53 m 
during the observation period. The absorption of solar 
radiation changed very little according to the calculated 
results of Eq. (6). Thus, the melt pond depth is set to 0.52 

m in the calculation.  
Black ice of thickness lower than 1 cm floated at the 

melt pond surface from August 12 to 16. The absorbed of 
radiation penetrating the black ice can be calculated ac-
cording to the Bouguer-Lambert law:  

(1 )h
i dsI F e   ,                 (8) 

where κ is the extinction coefficient of black ice, equal to 
0.6–0.8 m−1 (Bolsenga, 1978; Heron and Woo, 1994), and 
h is the thickness of the black ice. The proportion of Fsd 
absorbed by black ice is lower than 0.8%, from Eq. (8) 
with κ equal to 0.8 m−1 and the black ice thickness equal 
to 0.01 m. The actual thickness of the black ice was less 
than 0.01 m, so the amount of radiation absorbed by the 
black ice can be ignored. 

4.2 Downward Solar Radiation Allocation 
The melt pond loses energy in the form of Nl and Ft, 

which are both derived from Fp. Thus, the net absorption 
of solar radiation Np by the melt pond is calculated as 

p p t lN F F N   .                (9) 

The above analysis indicates that some solar radiation 
is reflected at the melt pond surface, some is transmitted 
through the pond and into the ice, and the rest is absorbed 
by the melt pond water. Fp releases some energy into the 
atmosphere in the form of Nl and Ft. The allocation of 
solar radiation at the melt pond surface and in its interior 
can be expressed by 

sp su i t p l iF F F F N N I      .       (10) 

The allocation of Fsd is shown in Figs.7a and 7b for 
August 12–6 and August 17–18, respectively. Some solar 
radiation was absorbed by the black ice from August 12 
to 16 because of the occurrence of black ice. This fraction 
was around 0.8% when the thickness of the black ice was 
0.01 m and the extinction coefficient was 0.8 m−1. In actu-
ality, the fraction would be lower than 0.8%. The re-
flected solar radiation, which indicates the albedo of the 
melt pond, is obviously influenced by the black ice. The 
mean reflected fraction was 23.2% during August 12–16; 
however, it decreased to 17.3% during August 17–18. 
Fig.6 indicates that Fsp was positive after August 16, and 
Fep was always negative. Thus, under the influence of Fsp, 
the mean fraction of the turbulent heat flux was only 
6.5% during August 17–18, but was nearly doubled 
(11.6%) during August 12–16. The mean fraction of Nl 
changed very little during the study period (around 5.5%). 
During August 12–16, 51.8% of the solar radiation was 
absorbed by the melt pond and 7.1% of it entered the    
sea ice; however, during August 17–18, 57.7% and    
13.1% of the solar radiation were absorbed by the melt 
pond and the sea ice, respectively. Because of the influ-
ence of black ice and air temperature, the allocation of 
solar radiation at the melt pond surface and the interior 
was altered. Fig.7 suggests that a large amount of solar 
radiation (exceeding 50%) was absorbed by the melt pond, 
which would cause sea ice to melt and pond water tem-
perature to increase.

 
Fig.7 Allocation of solar radiation at the melt pond surface and its interior. (a) mean during August 
12–16; (b) mean during August 17–18. 
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5 Conclusions 
In the central Arctic, an increasing proportion (may 

exceed 50%) of melt pond exists on sea ice, which alters 
the thermal budget and energy balance. It is very impor-
tant to reveal the properties of melt pond using in situ 
measurements, with which the solar radiation allocation 
in the melt pond can be neatly estimated. In this study, the 
heat budget of the a melt pond is quantitatively examined. 

1) The melt pond surface temperature is proportional to 
the air temperature, but the linear relationship between 
the two changes when the air temperature reaches 0℃. 
The correlation coefficient and the linear relationship are 
0.988 and ' 0.69 0.028w aT T 

 
when the air temperature 

is lower than 0℃. However, they are 0.973 and '
wT   

0.56 0.058aT   when the air temperature is greater than 
0℃. Thus, when the air temperature is lower than 0℃, 
the melt pond surface temperature is relatively more re-
markably affected by air temperature. 

2) The melt pond loses energy in the form of net long-
wave radiation and turbulent heat fluxes, with the latter 
contributing more to the surface thermal budget. When 
the air temperature is lower than 0℃, the surface heat 
flux is outward and the total turbulent heat flux is more 
than twice the energy by net longwave radiation. When 
the air temperature is higher than 0℃, the melt pond re-
ceives some energy through sensible-heat flux, but the 
total turbulent heat flux is outward because of stronger 
latent-heat flux. 

3) The allocation of solar energy in the pond is esti-
mated by the directly measured data at an ice camp. More 
than 50% of the radiation energy incident on the pond sur-      
face is absorbed by the pond water. Very thin (about 1 cm) 
black ice on the pond surface appeares under cold condi-
tions, but the measured results suggest that the solar en-
ergy absorbed by such a thin ice sheet can be neglected. 
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