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Abstract
The reduction of Arctic sea ice has enhanced the sea-ice-air interaction in the
Arctic atmospheric boundary layer, especially the increase in sea-air heat flux
in autumn. Changes in radiation and heat flux and the role of sea-ice-air interactions in climate change in the central Arctic were analyzed and evaluated
on the basis of the observation data of ice stations during the six Chinese
Arctic Research Expeditions. The albedo is high in the Arctic sea-ice surface
except the melting process. Overall, the Arctic sea-ice surface can absorb radiation energy, which is much lower than that absorbed by mid-latitude surfaces. Consequently, a relatively weak turbulence exchange occurred between
the sea-ice surface and the atmosphere. Further estimates of the surface heat
budget in the Arctic are obtained using eddy correlation and flux-profile method. The results are representative of the heat balance and ice-air interactions in the central Arctic Ocean. In the Arctic, changes in heat flux displayed
notable interdecadal characteristics, similar to the change of sea-ice extent.
The heat flux in September of each year in 2001-2014 was considerably higher
compared with that in 1979-2000, particularly at the edges of the central Arctic Ocean. In September of each year in 1979-2014, the sea-ice extent was remarkably negatively correlated to the heat flux (sensible heat flux + latent
heat flux), and the heat flux was considerably positively correlated to the atmospheric temperature at 2 m above sea level. This result demonstrates that a
reduction of Arctic sea ice will lead to changes in heat flux, thereby warming
the atmosphere and increasing the temperature of the atmospheric boundary
layer over the Arctic. In addition, this impact is long-lasting.
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1. Introduction
During global warming in recent decades, the heat content of all oceans has inDOI: 10.4236/acs.2019.91006 Dec. 25, 2018
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creased continuously [1] [2] [3] [4] [5], accompanied by an increase in the
air-sea heat flux [6]. This phenomenon is particularly pronounced in the Arctic.
Since the twenty-first century, the Arctic warming rate has been twice the average global warming rate. This phenomenon is referred to as “Arctic amplification” [7] [8]. The decrease in the area and density of Arctic sea ice has strengthened sea-ice-air interactions in the atmospheric boundary layer over the Arctic, particularly causing an increase in the air-sea heat flux and a decrease in the
stability of the boundary layer in fall and early winter [9]. The reduction of Arctic sea ice has resulted in an increase in the amount of shortwave solar radiation
entering the ocean, which is the main energy source associated with the “Arctic
amplification” process. Numerical simulations have demonstrated that 80% of
the increase in energy of the upper layer of the Arctic Ocean originates from the
sea surface heat flux [10]. Considerable interannual differences occur in the seasonal ice-free area in the Arctic, resulting in relatively large seasonal and interannual fluctuations in the air-sea heat flux, which contribute to nearly one-third
of long-term changes in the heat content of the entire Arctic Ocean [11]. However, at present, trends in Arctic sea-ice changes simulated by most climate
models contain relatively large errors [12] [13] [14] [15]. This is mainly due to
the lack of investigations on key ocean processes in the Arctic and an insufficient understanding of the distribution of heat among the ocean, sea ice, and
atmosphere.
In 1998, the US conducted the Surface Heat Budget of the Arctic Ocean study
to observe the energy balance among the ocean, ice, and atmosphere [16]. The
European Union organized and implemented the International Polar Year Collaborative Project, which focuses on the Arctic [17]. Given the lack of fixed meteorological observation stations in the central Arctic Ocean, atmospheric vertical sounding data for this region are scarce. Research on the structural changes
in the troposphere and their trends [18] [19] relies primarily on reanalysis data.
However, results are difficult to validate by comparing them to observation data.
In particular, sounding data for the central Arctic Ocean are limited. Since 1999,
China has organized and conducted eight scientific expeditions to the Arctic
Ocean and obtained observation test data for the vertical structure of the atmosphere and sea-ice-air interactions in summer. These data allow us to have a
preliminary understanding of the characteristics of the atmospheric boundary
layer over regions in the Arctic that differ in sea-ice density [20]-[26]. The continuous reduction of sea-ice extent enables the Chinese Arctic Research Expedition to reach the central Arctic Ocean 80˚N since 2008 [27] [28] [29] [30].
This condition provides an important basis for studying the structure of the
troposphere and boundary layer over high-latitude regions of the Arctic
Ocean.
On the basis of observation data for the atmospheric boundary layer near the
ice layer in the sea-ice region of the Arctic Ocean, Bian et al. [31] used a
flux-profile method and a model to estimate and simulate the energy balance
component and turbulence exchange parameter of the sea-ice surface and anaDOI: 10.4236/acs.2019.91006
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lyze the changes in the heat balance component of Arctic sea ice. Intense interactions occur among relatively strong, warm, and wet air currents originating
from high altitudes, and cold surface layer air over the ice surface forms a strong
wind shear, as well as temperature and humidity inversion processes. These
processes can effectively prevent heat and matter exchange between the atmosphere and sea-ice surface [20] [21] and break large blocks of sea ice in the Arctic
Ocean at high latitudes [23]. The variation characteristics of the height of the
atmospheric boundary layer over the Arctic Ocean were studied [25]. Furthermore, the sea-ice changes considerably affect the structure of the atmospheric
boundary layer [26]. In this study, we focus on the characteristics of the sea-ice
surface radiation flux and sea-air turbulence heat flux in the Arctic, and their effects on the Arctic warming.

2. Data and Methods
All ice stations were established in the central Arctic Ocean (75˚N - 87˚N, 123˚E
- 143˚W) in summer during the Chinese Arctic Research Expeditions. Ice station
observations were conducted for 1 - 2 weeks during the first to fourth expeditions; a drifting automatic meteorological station observation system was used
during the fifth and sixth expeditions and, as a result, long-time-series observation data were obtained [9]. Changes in several parameters of the central Arctic
Ocean, including upwelling and downwelling shortwave and longwave radiation,
sea-ice albedo, net radiation, and heat transfer in ice, were evaluated on the basis
of the ice station observation data obtained during the six expeditions in
1999-2014. The radiation and heat balance equations are as follows:
Rn = St − S g + La − Lg ,

(1)

Rn = H + LE + G + M ,

(2)

where Rn is the net radiation, St denotes the downwelling shortwave radiation, S g represents the reflected shortwave radiation, La indicates the atmospheric longwave radiation, Lg refers to the upwelling longwave radiation
(all the radiation values used are actual measurements), H is the sensible heat
flux, LE denotes the latent heat flux, G indicates the heat flux in ice, and

M represents the heat flux absorbed (released) when ice melts (is formed). H
and LE are calculated on the basis of vortex-related turbulence observation
data, and G and M are estimated by solving Equation (2) [32].
Sensible heat flux and latent heat flux are important parameters for analyzing
the interaction of sea-ice-air. The surface heat budget can be directly obtained by
eddy correlation method, or can be obtained by the flux-profile method which is
formed by the observed temperature and humidity profiles and similar theoretical empirical formulas [33]. The precision of the heat flux using eddy correlation
method is better than that using flux-profile method. In this paper, the
flux-profile method was used during the first, the second, the fifth and the sixth
expeditions, and the eddy correlation method was used during the third and the
fourth expeditions.
DOI: 10.4236/acs.2019.91006
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3. Characteristics of the Sea-Ice Surface Radiation Flux in
the Arctic
Figure 1 shows the total and reflected radiation flux time-series data measured
at the ice stations during the six expeditions. Observations were conducted during the polar day period in the Arctic. Considerable diurnal and interdiurnal
changes were observed in total and reflected radiation. The radiation flux reached
its maximum at noon and minimum at midnight. The total radiation flux on a
sunny day was remarkably higher (up to twice) than that on a cloudy day. A relatively large difference in radiation flux in different years exists due to variations
in observation time, observation point latitude, and solar zenith angle.
The average net shortwave radiation flux (5.1 - 46.2 W/m2; Table 1), closely
related to the weather and properties of the underlying surface during the observation period, varied remarkably among the six observation periods. For
these periods, the average net shortwave radiation flux average was 22.6 W/m2.

Figure 1. Total St (blue) and reflected Sg (red) radiation (W/m2) time-series data measured at the ice stations during Chinese Arctic Research Expeditions.
DOI: 10.4236/acs.2019.91006
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Table 1. Average radiation flux parameter measured at the ice stations during the six Chinese Arctic Research Expeditions.
Year

1999

2003

2008

2010

2012

2014

08.19 - 08.23

08.22 - 09.03

08.21 - 08.29

08.10 - 08.19

08.30 - 09.17

08.19 - 09.18

Shortwave radiation flux (W/m )

46.2

18.7

18.0

33.2

5.1

14.2

Longwave radiation flux (W/m2)

15.9

8.6

7.2

8.5

3.1

11.4

Net radiation flux on the surface of sea ice (W/m2)

30.3

10.1

10.8

24.7

2.0

2.8

Albedo

0.74

0.83

0.79

0.74

0.86

0.81

Date
2

An insubstantial diurnal change but substantial interdiurnal change occurred in
longwave radiation on snow surface and atmospheric (Figure 2). The difference
of longwave radiation between atmospheric and snow surface was small due to
relatively small temperature difference on cloudy and snowy days. A relatively
frequent cloudy and snowy weather exists in the Arctic, resulting in considerable
fluctuations in longwave radiation. The average net longwave radiation fluxes
were 15.9, 8.6, 7.2, 8.5, 3.1, and 11.4 W/m2 (Table 1), averaging 9.6 W/m2. As
shown in Figure 2, the sea-ice surface longwave radiation was higher than the
downwelling atmospheric counter-radiation, and radiation cooling mainly occurred on the sea-ice surface.
Albedo, the ratio of reflected radiation to total reflection, is an important parameter in atmospheric and sea-ice models. Figure 3 shows the albedo time-series
data measured during the six expeditions. A considerable interdiurnal change
was observed in the albedo of the Arctic sea-ice surface. In addition, a relatively
pronounced diurnal change was observed in the albedo of the Arctic sea-ice surface on clear or cloudy days. Generally, the sea-ice surface has a relatively high
albedo (up to over 0.95) when the solar zenith angle reaches its maximum. The
albedo of the sea-ice surface decreases (to as low as approximately 0.5) when sea
ice melts. Ice-melted water often permeates the ice, thereby altering the ice
structure. This process reduces the albedo of the sea-ice surface. The average albedo measured during the six expeditions ranged from 0.74 to 0.86, averaging
approximately 0.8 (Table 1). Sea ice has a considerably higher albedo than seawater. As a result of the reduction of sea ice and the increase in the area of open
waters, the ocean absorbs additional heat, which further accelerates sea-ice
melting. This positive feedback process of Arctic sea ice is also referred to as sea
ice temperature feedback [34].
Evaluating changes in radiation balance plays a vital role in improving computational schemes for turbulence flux and boundary layer parameterization. In
Figure 4, the net radiation flux on the surface of sea ice was calculated using
Equation (1). Similar to solar radiation, considerable diurnal and interdiurnal
changes occurred in net sea-ice surface radiation flux in the Arctic. The average
net radiation fluxes on the surface of sea ice measured during the six expeditions
to the Arctic were 30.3, 10.1, 10.8, 24.7, 2.0, and 2.8 W/m2 (Table 1), averaging 13.5
W/m2. For the ice stations implemented near 75˚N, the average net radiation
DOI: 10.4236/acs.2019.91006
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Figure 2. Atmospheric La (red) and sea-ice surface Lg (black) longwave radiation flux (W/m2) time-series data measured at the ice
stations during the six Chinese Arctic Research Expeditions.

flux measured was the highest in 1999. The average net radiation fluxes measured in 2012 and 2014 were relatively low due to the relatively high albedo of the
sea-ice surface and weather factors.
Overall, the net radiation flux and albedo are not only related with the latitude
but also the properties of the underlying surface. The solar radiant energy absorbed by the surface of the sea ice is very small, and most of it is exchanged with
the atmosphere by long-wave and turbulent. So the Arctic sea-ice surface can absorb radiation energy, but which is much lower than that absorbed by mid-latitude
surfaces. Consequently, a relatively weak turbulence exchange occurred between
the sea-ice surface and the atmosphere.
DOI: 10.4236/acs.2019.91006
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Figure 3. Albedo (α) time-series data measured at the ice stations during the six Chinese Arctic Research Expeditions.

4. Sea-Air Turbulence Heat Flux in the Arctic
To quantitatively evaluate the contribution of sea-ice-air interactions caused by
the rapid reduction of Arctic sea ice to temperature increases, ice-air heat exchange was analyzed on the basis of the turbulence flux determined by observing
vortices at the ice stations during the third and fourth expeditions to the Arctic.
Figure 5 shows the average diurnal changes in heat balance flux measured at the
Arctic ice stations (QS is the sum of the heat flux absorbed by ice melting and
the heat transfer flux in ice, SH represents sensible heat). The average diurnal
changes in the heat balance component determined at the Arctic ice stations in
2008 and 2010 displayed similar patterns. A part of the net radiation absorbed by
the sea-ice surface during the day heated the atmosphere in the form of turbulence, and other heats were consumed by ice melting and transferred to the ice
layer. At night, a balance existed between radiation cooling and the heat flux released by ice. Substantial diurnal changes occurred in net radiation, the heat flux
absorbed by ice melting, and the heat transfer flux in ice, whereas unsubstantial
diurnal changes were observed in sensible and latent heat fluxes. This result
suggests that the radiation energy absorbed by the sea-ice surface was mainly
DOI: 10.4236/acs.2019.91006
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Figure 4. Net radiation flux on the surface of sea ice during the six Chinese Arctic Research Expeditions.

consumed by ice melting and heat transfer in ice, and only a small proportion
participated in heat exchange with the atmosphere. The average sensible fluxes
measured at the ice stations during the 2008 and 2010 observation periods were
−1.51 and −1.89 W/m2, and the average latent heat fluxes were 2.41 and 1.5
W/m2, respectively. A negative sensible heat flux indicates that the atmosphere
transfers heat to the sea-ice surface. A positive latent heat flux indicates that the
sea-ice surface transfers heat to the atmosphere. A heat inversion structure was
observed in the surface layer over the sea ice at the Arctic ice stations during
each of the six expeditions. The surface layer temperature was greater than 0˚C
also occurred during the polar day period, which helped the atmosphere transfer
heat to the sea-ice surface and helped the latent heat released by ice and snow
melting warm the atmosphere.
DOI: 10.4236/acs.2019.91006
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Figure 5. Average diurnal changes in net radiation flux
(Rn), sensible heat (SH), latent heat flux (LE) and heat flux
released by ice melting and heat transfer flux in ice (QS)
measured at the ice stations between August 21 and 29,
2008 (top), and between August 10 and 19, 2010 (bottom).

Ice stations were established at the edges of large blocks of sea ice surrounded
by a large area of ice-free open water during each of the six expeditions to the
Arctic. Given that the radiation energy absorbed by the sea surface is higher than
that absorbed by the sea-ice surface, a relatively strong turbulence exchange occurs between the sea surface and atmosphere. On the basis of the ice station observations during the first expedition to the Arctic, the net radiation energy absorbed by the sea surface was four times that absorbed by the sea-ice surface, and
the sea surface transferred considerably more sensible and latent heat than the
sea-ice surface [35]. With the rapid reduction of Arctic sea ice, the analysis of the
ice-air heat exchange process is only one component of the research on the mechanism by which sea-air-ice interactions affect climate change in the Arctic.
Understanding the thermal and momentum interactions between the ice-free
waters of the Arctic Ocean and the atmosphere is necessary. The smallest sea-ice
extent in the Arctic Ocean occurs in September, which is also when the ice-free
area is the largest in the Arctic Ocean. Analyzing temporal and spatial changes
in heat flux in September can help in understanding the basic pattern of the heat
exchange between the sea ice and atmosphere and between the ocean and atmosphere. Thus, on the basis of the reanalysis data for September of each year in
1979-2014, the temporal and spatial changes in sensible and latent heat fluxes in
the region 60˚N were analyzed in this study to understand the role of sea-air-ice
interactions caused by the rapid reduction of Arctic sea ice in climate change.
DOI: 10.4236/acs.2019.91006
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Changes in the Arctic sea-ice extent in 1979-2014 can be approximately divided into two stages (Figure 6). Before 2000, the trend in changes in the sea-ice
extent was unclear. After 2000, the sea-ice extent displayed a remarkable decreasing trend. Changes in the sea-ice extent showed notable interdecadal characteristics in 1979-2014. To analyze the interdecadal changes in heat flux in the
Arctic, the spatial distributions of sensible and latent heat flux anomalies in the
Arctic region 60˚N in September of each year in the periods 1979-2000 and
2001-2014 were plotted. This process was based on the sensible and latent heat
reanalysis grid data for the Arctic for September of each year in 1979-2014
(http://nsidc.org/data/docs/noaa/) as well as the meteorological reanalysis data
of the same period (http://www.cdc.noaa.gov) (Figure 7). By comparing the distribution of heat flux anomalies during the two stages, regions with positive
sensible and latent heat flux anomalies in 2001-2014, when a notable reduction
of sea ice occurred, increased in size compared with those in 1979-2000, particularly at the edges of the Arctic Ocean. In most regions of the central Arctic
Ocean, negative sensible heat flux anomalies and positive latent heat flux anomalies mainly occurred. However the changes of heat flux anomalies shown the
interdecadal characteristics similar to the change of sea-ice extent. It is demonstrated that reduction of sea ice can cause albedo changes and increase heat flux
from ocean to the atmosphere. Therefore changes in atmospheric heat transport
may be an important reason of the recent Arctic temperature amplification.
Figure 8 reflects not only interdecadal but also interannual changes in sensible and latent heat fluxes. Before 1995, the sensible heat flux fluctuated within a
range of low values and its minimum (approximately −15 W/m2) occurred in
September 1985. After 1995, the sensible heat flux increased, on average, by approximately 5 W/m2 and changed every year. Before 1995, the latent heat flux
also fluctuated within a range of low values, and its minimum (approximately 16
W/m2) occurred in 1992. After 1995, the latent heat flux increased, on average,
by approximately 3 W/m2 but increased remarkably after 2002, and its changes
9
8

SI(106km)

7
6
5
4
3
1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

Year
Figure 6. Time-series of average sea ice extent (SI) for September of
each year in 1979-2014.
DOI: 10.4236/acs.2019.91006
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Figure 7. Spatial distribution of sensible and latent heat flux anomalies (W/m2) in September of each year in 1979-2000 and
2001-2014.
DOI: 10.4236/acs.2019.91006
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Figure 8. Average sensible heat flux (SH) and latent heat flux (LE) time-series data for the region 60˚N for September of each year
in 1979-2014.

Figure 9. Correlation between average heat flux (SH + LE) and
percentage (%) of average sea ice extent (SI) anomalies in the
region 60˚N in September of each year in 1979-2014.

Figure 10. Correlation between average heat flux (SH + LE)
and temperature (T) at 2 m above sea level in the region 60˚N
in September of each year in 1979-2014.
DOI: 10.4236/acs.2019.91006
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were closely related to sea-ice reduction. The interannual changes in sensible
heat flux differed from those in latent heat flux. This condition may be because
the sea-ice extent changed relatively unsubstantially (Figure 6), and the heat
exchange among the sea, ice, and air was relatively weak in September of each
year in 1995-2002. Reduction of the ice cover causes albedo changes, and increased refreezing of sea ice during the cold season and decreases in sea-ice
thickness both increase heat flux from the ocean to the atmosphere.
Figure 9 and Figure 10 show correlations of the average heat flux (sensible
heat flux + latent heat flux) with the percentage of sea-ice extent anomalies and
the average temperature at 2 m above sea level in the region 60˚N in September
of each year in 1979-2014, respectively. These figures help display the relationship between sea-ice extent and heat flux. A considerable correlation was observed between heat flux and sea-ice extent in the Arctic. When the sea-ice extent decreased, the heat flux in the Arctic increased. The correlation coefficient
between heat flux and sea-ice extent was 0.61 (sample size: 35) and reached a
99% confidence level. In addition, a close relationship was observed between
heat flux and temperature in the Arctic. Their correlation coefficient was 0.55
(sample size: 35) and surpassed the 99% confidence level. This finding means
that an increase in heat flux will lead to an increase in surface temperature in the
Arctic.

5. Results and Discussion
In this paper a new understanding of changes in radiation and heat flux and the
role of sea-ice-air interactions in climate change in the central Arctic is expressed on the basis of data obtained during the six Chinese Arctic Research
Expeditions and the reanalysis data. The main results are as follows:
1) Considerable diurnal and interdiurnal changes occur in solar radiation, albedo, and net radiation flux on the surface of Arctic sea ice. The surface of the
Arctic sea ice has a high albedo and the average albedo varies from 0.74 to 0.86.
The melting process reduces the albedo and increases the absorption capacity of
solar energy.
2) Similar to solar radiation, considerable diurnal and interdiurnal changes
occurred in net sea-ice surface radiation flux in the Arctic. Due to the northernmost latitude of the ice station in 1999, the average net radiation flux measured
was the highest. The average net radiation fluxes measured in 2012 and 2014 were
relatively low due to the relatively high albedo of the sea-ice surface and weather
factors.
3) Estimates of the surface heat flux in the third and the fourth Arctic are obtained using eddy correlation. The average sensible heat fluxes measured at the
ice stations during the 2008 and 2010 observation periods were −1.51 and −1.89
W/m2, and the average latent heat fluxes were 2.41 and 1.5 W/m2, respectively.
The radiation energy absorbed by the Arctic sea-ice surface is mainly consumed
by ice melting and heat transfer in ice, and a small proportion participates in
heat exchange with the atmosphere.
DOI: 10.4236/acs.2019.91006
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4) The heat flux in the Arctic is highly sensitive to changes in the sea-ice extent. The characteristics of interdecadal changes in sensible and latent heat fluxes
were found to be similar to those in sea-ice extent. When sea ice was remarkably
reduced, the heat flux was considerably higher in 2001-2014 than in 1979-2000,
particularly at the edges of the central Arctic Ocean. In September of each year
in 1979-2014, the sea-ice extent was considerably correlated to the heat flux
(sensible heat flux + latent heat flux) and atmospheric temperature at 2 m above
sea level.
These results show the heat balance and sea-ice-air interactions in the central
Arctic Ocean. The surface of the Arctic sea ice has a high albedo and high net
radiation flux, which will be effected by the melting and reduction of sea ice. The
correlation of the heat flux and sea ice extent demonstrates that the reduction of
Arctic sea ice will lead to changes in heat flux, thereby warming the atmosphere
and increasing the temperature of the atmospheric boundary layer over the Arctic. In addition, this impact is long-lasting. This study only displayed the relationship between changes in heat flux caused by the reduction of Arctic sea ice
and temperature increases. Further research is needed to examine the apparent
phenomenon that the continuous reduction of Arctic sea ice results in an increase in the ice-free area and consequently in additional radiation energy being
absorbed by the ocean.
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