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Abstract: This study focused on surface radiation budget, one of the essential factors for understand-
ing climate change. Arctic surface radiation budget was summarized and explained using a satellite
product, Clouds and the Earth’s Radiant Energy System (CERES) Energy Balanced and Filled (EBAF),
and reanalysis data, ERA5. Net radiation records indicated an increasing trend only in ERA5, with
EBAF indicating a decreasing trend in the Arctic Circle (AC; poleward from 65°N) from 2000 to 2018.
The differences in the net radiation trend between product types was due to longwave downward
radiation. The extreme season was selected according to the seasonality of net radiation, surface air
temperature, and sea ice extent. The surface radiation budget was synthesized for extreme season in
the AC. Regardless of the data, net radiation tended to increase in the summer on an annual trend.
By contrast, in the winter, trend of surface net radiation was observed in which ERA5 increased and
EBAF decreased. The difference in surface radiation is represented in longwave of each data. This
comprehensive information can be used to analyze and predict the surface energy budget, transport,
and interaction between the atmosphere and surface in the Arctic.

Keywords: Arctic; cryosphere; climate change; surface radiation budget

1. Introduction

The Arctic is experiencing rapid climate change [1-4]. Arctic amplification has been
observed with surface air temperatures (SAT) increasing rapidly compared to mid-latitude
regions [5]. Arctic amplification is affected by the surface energy budget, which originates
from the warming of the surface and atmosphere [6-8].

Especially, the radiation budget is an important factor for understanding the energy
balance at the surface [9]. The energy budget controls turbulent fluxes, surface temper-
ature, and several energy variables [9]. Among these, the surface radiation budget is a
key climate change parameter and serves to provide energy in various climate feedback
mechanisms [10]. Therefore, the surface radiation budget changes play an important role
in environmental problems, such as global warming and glacier retreat [11,12].

Various studies on the radiation budget in the Arctic have been conducted. These
studies have analyzed the energy budget, using model data and reanalysis data [13-15]. A
variety of atmospheric and oceanic data were synthesized to examine the large-scale energy
budget of the Arctic. Surface radiation was verified by in situ data and an inter-comparison
was performed between different satellite-based radiation data in the Arctic [4,16-18].
Spatiotemporal analyses of the Arctic surface radiation budget have been synthesized using
various spatial data [9,19].

The Arctic is a complex area where many feedback mechanisms are intertwined. As
such, research into what factors and iterations influence radiative flux is ongoing and is
considered essential for polar climate analysis [20-24]. Moreover, the Arctic climate is
influenced by different physical parameters by negative or positive feedback [13,15,16]. For
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example, ice-albedo feedback [25,26] and cloud feedback [27-29]. Many studies analyzed
Arctic shortwave and longwave radiation to analyze feedback and the effect of the arctic
climate changes.

Shortwave analysis was mainly carried out in the correlation analysis between sea ice
and albedo. The research focused on ice-albedo feedback, which accelerates global warming
as the albedo decreases as sea ice decreases [19,21,26,30,31]. In the case of longwave,
analyses of clouds and sea ice were carried out, among which many studies of longwave
downwelling have been carried out [22,23,32-34]. In the case of net radiation, long-term
trend analysis [9,19], comprehensive research on energy budget [3], and the evaluation of
products [4,17,18,35] were conducted.

A quantitative analysis of the Arctic energy budget is needed to understand the climate
processes and to simulate them realistically [36]. Research on radiative fluxes has been
conducted in various fields [4,9-11,37-39]. However, the difference between satellite and
reanalyzed data becomes more conspicuous as we go to higher latitude regions [18]. In
sensitive regions such as the Arctic, there are limits to predicting and understanding climate
change due to observational limitations [40]. Therefore, there is a need to determine how it
has changed quantitatively using refined data, considering the differences in source data
and regional characteristics, how much it has changed over a long period, and how it will
likely change in the future.

In this study, we analyzed the long-term changes in surface net radiation in the Arctic
and determined the sub-fluxes that affect trends. Therefore, we observed the long-term
changes over the last 20 years using data from ERAS5 and Clouds and the Earth’s Radiant
Energy System (CERES) Energy Balanced and Filled (EBAF). The trends and characteristic
were analyzed based on time series with seasonality removed using time-series decom-
position. In addition, the Arctic extreme seasons were classified using air temperature,
net radiation, and sea ice extent. The surface radiation budget was analyzed based on
characteristic periods. We determined how the surface radiation budget has changed over
long-term periods using a robust statistics method. The results provide comprehensive
information, such as long-term trends in the Arctic radiation budgets and the characteristics
of longwave and shortwave radiation over time. This information has been chosen as the
initial field for the Arctic climate and sea ice models. In addition, it is helpful for studies
such as partitioning energy budgets associated with different physical changes.

2. Materials and Methods
2.1. Definition of Net Radiation

In this study, the direction of energy defined as the positive direction was energy
absorbed to the ground, and the negative direction was the energy emitted or reflected
from the surface. Surface net radiation is the sum of net shortwave radiation and longwave
radiation. It is defined as follows, with the radiative flux calculated by defining the
shortwave range as 0.2-5 pm and the longwave range as 5-50 um [37]

Rp=(S4—ST)+(LL-L1) (1)

where R, is the net radiation, S | is the shortwave downward radiation, S 1 is the short-
wave upward radiation, L | is the longwave downward radiation, and L 1 is the longwave
upward radiation.

Various reanalysis and satellite-based radiation products are available. Based on pre-
vious studies, the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWEF) atmospheric reanalysis product of the global climate (ERA5) and Clouds and the
Earth’s Radiant Energy System (CERES) data with a high degree of accuracy were selected
for use [18]. ERAS5 is a reanalysis-based dataset and represents the most recent data. CERES
EBAF Edition 4.0 (Ed4) includes satellite-based data, which have been accumulated for over
15 years and have a high degree of accuracy. We used the radiation products in the all-sky
condition at surface, so these radiations included the atmospheric influence. In a previous
study, ERA5 and EBAF data were analyzed for the accuracy of surface net radiation using
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the same ground observation data [18]. Previous research analyzed the accuracy of various
net radiation data, among which the accuracy of ERA5 and EBAF appeared to be higher
in order. Therefore, ERA5 and EBAF data were used in this study, synthesizing similar
accuracy, data provision period, and spatiotemporal resolution in the Arctic. Differences
between the two data were observed remarkably above 80°N, and an increasing trend in
EBAF values was observed in this region [18].

2.1.1. ERA5

The Copernicus Climate Change Service (C3S) provided the ERA5 data. ERA5 data
are calculated based on the assimilation of a 12 h four-dimensional ensemble variational
(4DEnVar) formulation using an advanced numerical weather product, Cycle 41r2 of the
Integrated Forecasting System [38,39]. The spatial resolution of the surface radiation budget
of ERA5 provided by C3S is 0.25° in both longitude and latitude. The monthly averaged
surface radiation budget product was used in this study due to the temporal availability of
the EBAF. The model’s accuracy depends on the number of assimilated stations; accordingly,
ERAD5 indicates higher deviations from the observed values at locations with few stations.
However, the accuracy of ERA5 net radiation was observed to have a root mean square error
(RMSE) of 19.02 W/m? and bias of —0.26 W/m? [18]. Therefore, we used the ERA5 product.

2.1.2. CERES EBAF

The CERES [41] product is one of the most widely used satellite radiation datasets.
CERES product indicated the unknown trend in TOA shortwave fluxes due to calibra-
tion [42]. However, the accuracy of The CERES Energy Balanced and Filled (EBAF) all-sky
net radiation was observed with an RMSE of 23.95 W/m? and bias of —2.67 W/m? in the
Arctic [14]. The CERES EBAF product is suitable for analyzing long-term data [18,43-45]
and is used in climate model assessments and the estimation of energy budgets [46]. The
CERES EBAF Ed4-surface product was used in this study. The spatial resolution of the
EBAF is 1° x 1° in longitude and latitude, and the temporal resolution is a monthly
mean [45,46]. CERES EBAFd4 data were available from March 2000 to March 2018.

2.1.3. Climatic Variables

Surface air temperature data were obtained from Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRA-2). MERRA-2 SAT data were used
to detect extreme seasons. The system was based on the original MERRA system [47]
with several major updates, in which these are described in detail in [48]. The SAT data
from MERRAZ2 indicated a low mean absolute error (MAE) of less than 2 °C, which was
the closest to the ground observations among the seven reanalyzed products used in
Antarctica [49]. The data used were from March 2000 to March 2018 similar to the radiation
data. Although ERAS provides the SAT products, MERAA?2 data was used for keeping the
independents because we used the surface radiation products of ERA5.

Sea ice extent (SIE) data was obtained from National Snow and Ice Data Center
(NSIDC). “Sea ice index monthly data by year” products within SIE was used, which is
calculated based on sea ice concentration [50]. The data used were from March 2000 to
March 2018 similar to the radiation data.

2.2. Methods

The analysis was based on the latest re-analysis dataset, ERA5, and satellite-based
dataset, EBAF. The study period was from March 2000 to March 2018 when the EBAF
ed4.0 was available. The Arctic consists mainly of the ocean, divided into various sea areas.
Near the Eurasian continent are the East Greenland Sea, Barents Sea, Kara Sea, Laptev Sea,
and East Siberia Sea. The Beaufort Sea, Baffin Bay, and Chukchi sea are near the North
American continent. The Beaufort Gyre, one of the major Arctic currents, exists in this
area. Figure 1 describes the research area focused on the Arctic Circle (AC; poleward from
65° N).
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Figure 1. The study area. The red circle indicates the Arctic Circle.

This study conducted an analysis of the long-term changes in radiative fluxes, be-
ing divided into two parts: (i) An analysis of the variation in radiative flux; and (ii) a
determination of the changes in the surface radiation budget in extreme periods.

In the first part, the long-term patterns in the net radiation of ERA5 and EBAF were
analyzed. To determine which components affected the net radiation, it was subdivided
into upward /downward radiation components.

The Arctic is a region with strong seasonality [15], therefore we removed seasonality
using a Seasonal Trend Decomposition by Loess (STL). The STL method is based on a locally
weighted regression [51,52]. It decomposes the components of a time series into trends,
seasonality, and residual. It can process all types of seasonality, as well as monthly and
quarterly data, and abnormal observations do not affect the estimation of trend periods and
seasonal components [51]. The details of the STL method are given in [51]. We decompose
the monthly surface radiation budget into trend, seasonality, and error using STL and
estimate the long-term changes using the trends. In other words, it is a monthly time series
data with seasonality and error removed. Based on monthly data, annual changes were
analyzed using linear regression analysis.

Unfortunately, at this time, ERA5 and EBAF data have different spatial resolutions,
so it is not easy to directly compare the difference without post-processing. So, when
both the products (ERA5, EBAF) were directly compared, it was difficult to perform a
comparison between different spatial resolution products. Therefore, we analyzed the
large-scale radiation when the two products are compared in parallel. This allows to
understand the simple variation and to remove the regional bias in each product.

In the second part, a time series analysis was performed by extracting the extreme
season in which the seasonality of net radiation, SAT, and SIE occurred. The changes in
radiative fluxes were quantitatively analyzed based on the extreme season that reflected the
characteristics of the climate variables in the AC. We used the Mann-Kendall test to detect
the trend of surface radiation budget in extreme season [53,54]. The changes in surface
radiation budget in the AC were quantitatively summarized in one diagram.
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3. Long-Term Trend in Surface Radiation Budget
3.1. Net Radiation

Figure 2 shows a time series of net radiation over the AC. In this study, a time series of
net radiation with seasonality removed was analyzed using the STL method. The ERA5
and EBAF data indicated different trends in net radiation. Although different trends were
observed, the time series patterns were similar. The SIE was lowest (3.57 million km?) in
2012 since 1979 as satellite records were made available, and it recovered (5.21 million km?)
in 2013; both net radiations showed a pattern varying from a high-peak to a low-peak.
Similarly, in 2016, when the minimum SIE was observed, the net radiation value was higher
compared to that in the surrounding period.

¢ ERAS5 (0.14 W/m?/year)
»— EBAF (-0.1 W/m?/year)

-0.9

ERAS5 Annual trend [W/m?/year]

2002 2004 2006 2008 2010 2012 2014 2016 2018
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Figure 2. Time series of net radiation in the Arctic Circle and the spatial distribution of annual
changes in net radiation. (a) A time series in which the line with orange-circles is the ERA5 data
and the line with blue-triangles is the EBAF data. The figure below shows the spatial distribution of
annual net radiative changes with red shaded areas representing increasing net radiation and blue
shaded areas representing decreasing areas. (b) ERA5 data and (c) EBAF data.

The ERA5 data presented a positive trend of 1.4 W/m? /decade, indicating that the net
radiation absorbed in the AC increased over time. By contrast, EBAF presented a negative
trend of —1.0 W/m?/decade. The net radiation decreased over time, which resulted in
a different phenomenon from the commonly reported ice-albedo feedback [25,26]. In a
previous study, net radiation was also reported to follow a decreasing trend at an annual
rate of —0.33 W/m? from 1982 to 1999 using satellite data [9].
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The trends of the two datasets differed when the spatial distribution of the net radiation
changes was compared (Figure 2b,c). Most ERA5 data showed a positive change in AC,
with the Beaufort Sea, Chukchi Sea, and Kara Sea regions presenting a particularly strong
increasing trend. In the Fram Strait in the western ocean area off Svalbard Island there was
a decreasing net radiation trend unlike another in the AC. This characteristic was observed
because it is a region where cold and warm currents mix through the Fram Strait. In the
ocean where a strong increasing tendency was observed in ERA5, the tendency was also
for an increase in EBAF data. However, the remaining area experienced a decrease in net
radiation, except in the ocean. This can be explained by the relatively high ultra violet
reflectance. CERES is relatively difficult to measure in a high ultra violet reflectance and
low longwave region, such as the Arctic ocean.

In the continental areas, the ERA5 and EBAF trends were different from those in the
ocean. The differences in the trends between the two datasets were particularly clear in the
Central Arctic Ocean, Laptev Sea, and East Siberian Sea. In the Greenland region and its
surroundings, EBAF data indicated a decrease in net radiation, but there was little or no
trend in the ERAS data.

The ERAS5 and EBAF data were completely different when the AC area was averaged.
The same net radiation data presented a significant difference when observing long-term
trends. It is therefore important to understand what factors are causing this difference.
This difference could be caused by CERES calibrations [42] or the uncertainty of the cloud
condition each product.

3.2. Components of Net Radiation

Figure 3 shows a time series of surface radiation budget components with removed
seasonality. Shortwave radiation (Figure 3a,b) presents large seasonal variability, with
values of up to 300 W/m? in summer (white night) and close to 0 W/m? in winter (polar
night). Due to the large seasonal variability, when performing a STL, the shortwave
radiation had smaller values than the longwave radiation. The time series data removed
the seasonality, and therefore the characteristics of the monthly data could be identified,
and the actual trend could be analyzed. In the case of shortwave radiation, both ERA5 and
EBAF data indicated decreasing trends, and the peaks and troughs (i.e., high and low peaks)
in the actual data and the pattern of the data were the same. The EBAF data had larger
variation and contained higher values than the ERA5 data in its shortwave components,
i.e., shortwave downward radiation (SWD) and shortwave upward radiation (SWU). When
analyzing each component, SWD displayed the same annual change, but for SWU, the
ERAS5 values tended to be 1.5 times lower than the EBAF values. Combining these two
characteristics, the extent of the reduction in energy reflected by the same amount of solar
radiation differed between the two datasets. The reduction of reflected energy means there
was an increase in the energy absorbed at the surface. Therefore, the increasing trend of
EBAF data was nearly twice that of the ERA5 in terms of net shortwave radiation.

Unlike the shortwave components, there was an increasing trend for longwave com-
ponents (Figure 3c,d). Although there was a difference in the extent of the increase, all
longwave variables increased during the study period regardless of the product used. For
longwave downward radiation (LWD), ERA5 data presented a stronger positive trend of
5.3 W/m?/decade. This was about five times larger than the trend using EBAF data of
1.3 W/m?/decade. Both datasets presented similar increases in longwave upward radiation
(LWU), with ERA5 producing a positive trend of 4.5 W/m?/decade and EBAF producing a
positive trend of 4.0 W/m? /decade. These results explain the phenomenon in well-known
ice-albedo feedback mechanism [25,26]. In addition, a loss of sea ice will increase absorbed
sunlight and increase evaporation, which can increase temperature and water vapor and
therefore downward longwave radiation. The deviations caused in LWD are related to
cloud condition and radiative effect [29,32]. Therefore, the cloud may make the differences
between the two products.
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Figure 3. Time series of the four components that compose the net radiation in the Arctic Circle:
(a) shortwave downward radiation, (b) shortwave upward radiation, (c) longwave downward

radiation, and (d) longwave upward radiation. The symbols for each product are the same as in
Figure 2.

Figure 4 shows the distribution of the annual trends over the Arctic for each radiative
component. For SWD, both ERA5 and EBAF had the same spatial distribution of the trend.
For SWU, there were differences in the central Arctic Ocean, but both products presented
a decreasing trend in the land area. Observations of the spatial variability of shortwave
radiation indicated some differences in the data, but the same trend in the shortwave
radiative flux was observed for each region. It seems the stronger negative trends in EBAF
are over the ocean which is consistent with a sea ice effect.
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Figure 4. The spatial distribution of annual changes in the four components that composed the net
radiation. The top line represents ERA5 data and the bottom line indicates EBAF data: (a,e) are the
shortwave downward radiation, (b,f) are the shortwave upward radiation, (c,g) is the longwave
downward radiation, and (d,h) is the longwave upward radiation.

The LWU distribution had the same characteristics as the shortwave components, but
there were differences in the LWD. For Greenland and the nearby ocean, the ERA5 data
showed an increasing trend of LWD, but for the EBAF data there was a decreasing trend.
For components other than LWD, only differences in the actual level were observed, but
for LWD, there was a difference in the tendency. In the central Arctic Ocean, there was
a decreasing trend in LWD for ERA5 data, but the EBAF data indicated a slight increase.
Due to this difference, there was a difference in net longwave radiation, which ultimately
caused a difference in the net radiation flux.

The ERAS5 data produced increasing trends in all regions, but the amounts of LWD
and LWU were similar, resulting in a positive trend and maintaining the equilibrium. In
the case of EBAF, the LWU increase was about three times stronger than the LWD increase.
The net longwave radiation refers to the difference between the LWD and LWU. Therefore,
if the LWU increases faster than the LWD, the net longwave radiation will decrease because
more energy is lost. Therefore, the pattern of EBAF net longwave radiation decreased,
unlike the ERAS5 net longwave radiation, which continued to increase.

In the Arctic region, shortwave radiation is difficult to observe in winter due to the
polar nights, but longwave radiation can be observed throughout the year. Therefore, the
longwave radiation flux is the factor that controls the pattern of net radiation in winter, and
it affects the overall trend of net radiation. Therefore, the differences in longwave radiation
fluxes influence the net radiation trend. This suggests that the pattern of changes in net
radiation in the Arctic region can be controlled by the longwave radiation flux.

Previous studies have focused on longwave radiation when investigating the causes
of changes in the Arctic sea ice [20,23]. The characteristics of the longwave radiation
fluxes determined using the two commonly used datasets were different. It is important to
consider this when making sea ice predictions and determining energy balances.
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4. Surface Radiation Budget in the Arctic Circle
4.1. Estimation of Extreme Seasons

The trend of the surface radiation budget was analyzed during the study period
(2000-2018). As previously mentioned, it is necessary to analyze the interannual trend due
to the Arctic seasonal characteristics. Therefore, in this section, the extreme season was se-
lected using the seasonality of the Arctic climate variables and the surface radiation budget.

Figure 5 shows the seasonal cycle and high (or low) peaks of net radiation, SAT,
and SIE. Net radiation and SAT indicate the same high peak in July. SIE recorded the
minimum in September, and a gap period of 2-months occurred between the high peaks of
the other factors.
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Figure 5. The seasonal cycle and high/low peak of net radiation and climate components; red and
blue bars represent period of a high peak and low peak respectively; (a) net radiation, (b) MERRA2
surface air temperature, and (c) sea ice extent.

SIE recorded the maximum in March, considering the gap observed in the high peak,
the low peaks of other factors were expected to be observed in January. However, low peaks
were observed in different months in winter depending on the variables and products. The
low peaks of ERA5 and EBAF were observed in January and December. SAT observed a
peak in February. Therefore, it is difficult to determine the extreme month unlike the high
peak found in July.

In the case of summer (white night with sunlight. during all night), high peaks were
observed in July with all variables. This indicates that the seasonal characteristics were
clearly observed. On the other hand, in the case of winter (polar night), it is difficult to
determine an extreme month because the low peak was observed differently depending on
the variables and data.

There is a possibility that the peaks are a factor in which different trends are observed
for each data when analyzing the surface radiation budget in the previous section. In
particular, there is almost no solar radiation during winter, therefore, the trends de-pend
on the longwave component. The difference in the seasonality of longwave can eventually
affect the change in the entire period.

Thus, it is necessary to analyze the surface radiation budget by dividing it by season.
Summer (June-July-August) and winter (December-January-February) are designated as
extreme seasons to show the influence of the seasonality of net radiation, SAT, and SIE.

4.2. Changes in the Surface Radiation Budget in Extreme Seasons

Table 1 presents the decadal trend of the radiative components in extreme seasons. Net
radiation showed an increasing trend, except for EBAF data during winter. The positive
feedback of SAT and net radiation showed that the long-term changes in net radiation were
consistent with the ice-albedo feedback.

All shortwave components declined, which was likely caused by surface conditions
and atmospheric factors. Most of the heat input to the Arctic surface occurs in summer,
while from autumn to winter the surface decreased energy [5,55,56]. In the ice-albedo feed-
back, when sea ice retreats, the albedo is reduced, decreasing the amount of reflected solar



Remote Sens. 2023, 15, 829

10 of 14

radiation and increasing the amount of absorbed solar radiation at the surface accordingly,
and SWU is reduced. Moreover, a decrease in the amount of sea ice increases evapora-
tion [57]. This reduces the SWD reaching the surface because increasing evaporation results
in more clouds. These phenomena explain the results of this study. Both the EBAF and
ERAD5 products produced similar trends and levels of change in shortwave components,
except for the upward in summer.

Table 1. Decadal trend [W/m?2/decade] of the radiative components in extreme season.

Net Radiation SWD SWU LWD LWU
Winter 1.53 —0.06 * —0.04 * 7.84 % 5.91*

ERA5
Summer 1.02* —3.02 —4.10* 1.98 * 1.51*
EBAF Winter —4.62* —0.04 —0.05 1.71 6.14 *
Summer 459 * —3.69 * —8.37* 0.37 0.42

* significant level (p < 0.05).

In addition, regardless of the data, LWD tends to increase in two seasons. It is
consistent with the high-level cloud and longwave feedback in which the longwave emitted
back to the surface increases as the cloud cover increases [28,29].

For longwave radiation, ERA5 and EBAF displayed different trends. When using
ERADS data, the increase in LWD was large compared to the increase in LWU. The amount
of re-incident energy increased more than the amount of energy emitted from the sur-
face increased. Therefore, the net longwave radiation steadily increased from 0.36 to
1.58 W/m?2/decade. However, when using EBAF data, LWU increased more than twice as
much as the LWD increased. The net longwave radiation steadily decreased from —4.61 to
—0.46 W/m?/decade. The same trend was observed for both EBAF and ERA5 in terms of
the longwave components, but the characteristics of the amount of change were the oppo-
site. ERA5 represents a more positive trend of net radiation in winter which is explained
by LWD, while the summer has a less positive trend that is mainly explained by SWU.
Therefore, there was a difference in the net radiation trend using each dataset that was a
consequence of the characteristics of the longwave radiation.

4.3. Surface Radiation Budget in the Arctic

The quantitative variabilities of the surface radiation budget in the AC from March
2000 to March 2018 are shown in Figure 6. There was an increasing trend in the amount of
net radiation absorbed by the surface, with more than 70 W/m? of energy absorbed in the
summer. The amount of radiative energy absorbed by the net radiation was controlled by
the shortwave radiation. The SWD was similar for ERA5 and EBAF, but the SWU decreased
by more than two times when using EBAF compared to ERA5, which generated a difference
in net shortwave radiation. The SWU is a key parameter that causes radiation changes
during summer in ice-albedo feedback [26]. For SWU, the use of ERA5 and EBAF data
resulted in a difference of about 14 W/m?.

The trend of net radiation absorbed by the surface differed depending on the variable
responsible for changes in radiation fluxes, with more than 30 W/m? of the radiation flux
emitted in winter. The amount of energy absorbed by the net radiation was controlled
by the longwave radiation. Unlike the shortwave radiation in the summer, the longwave
radiation had similar upward radiation as LWU and trends. Although the average of the
LWD were similar, the respective trends showed a difference of about seven times in the
amount of increase between the two datasets. During winter, LWD was one of the key
variables responsible for changes in surface radiation budget. The average LWD was similar
for both datasets, but the decadal trend had a difference of about three times. There was a
difference of 7 W/m? in the net radiation absorbed by the surface between the two datasets.
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SWD

ERA5[W/m?](W/m?/decade) | EBAF[W/m?](W/m?/decade)

SWU LWU LWD SWD SWU LWU LWD

191.02(—3.02) 85.51(—4.10") 32641(+151)z9411(+198) 2.55(— 007) 1.53(—0.05")  226.08(+5.92") 187.02(+7.85")
214.63(—3.707) 99.41 (—8.38") 327.87( 11) 287.47(+0.37) 2.38( I 1.58(—0.06) 220.72(+6.14%) 188.35(+1.71)

U

Netg, Net,,, Netg,, Net;,,
105.50(+0.76) —32.30(+0.63) 1.02(—-0.03) —39.06(+1.58)
115.22(+4.75%) —40.40(-0.46) 0.80(+0.01) —32.32(—4.61)

Net radiation Net radiation
73.20(+1.02%) —38.04(+1.53)
74.82(+4.60") (a) Summer —31.58(—4.63") (b)Winter

* significant level (p < 0.05)

Figure 6. The surface radiation budget in the Arctic Circle from 2000 to 2018; the left (yellow shade)
is summer and the right (gray shade) is winter. Width of arrows represents an intensity of radiation,
each number represents an average of radiations (W/ m?) (change trend per decade [W/ m?/decade]);
the blue and orange colors represent ERA5 and EBAF, respectively.

5. Discussion

How is the Arctic surface radiation budget changing? Reanalysis products, such as
ERAS5, indicate an increasing trend in net radiation. By contrast, satellite-based products
show a declining trend. This difference occurs due to the differences in longwave radiation
and is an important point to consider in the analysis of the Arctic energy budget.

When comparing the net radiation trend of the reanalysis data (ERA5) and satellite-based
data (EBAF), contrasting trends were observed. The use of ERA5 data indicated a change of
1.4 W/m? /decade, while the use of EBAF data indicated a change of —1.0 W/m?/decade. This
difference was caused by variation in longwave radiation, particularly LWD.

Since the Arctic is a region with distinct seasonality, the extreme season was selected
based on surface air temperature, sea ice extent, and net radiation. The surface radiation
components were analyzed with a focus on the Arctic seasonality.

By synthesizing the above results, the changes in surface radiation in the AC from
March 2000 to March 2018 were determined. Shortwave radiation, particularly SWU,
significantly affected the net radiation during the summer. During the winter, longwave
radiation, particularly the LWD, greatly influenced the change in net radiation. Although
similar studies have been conducted previously, the present study focused on radiant
energy and its long-term changes over a period of about 20 years. In LWD, the difference
between satellite and reanalysis data is clear. It is expected that it is caused by the difference
between the algorithm of the satellite and reanalyzed data. In addition, more investigation
of trends in the components of temperature, water vapor, and ERA5 cloud cover would
help in isolating the physical cause. Although this study did not focus an investigation
toward such difference, it is necessary to recognize the difference and to consider the cause
in future research.

6. Conclusions

The long-term characteristics of the radiation flux were analyzed and a quantitative
evaluation was made of how the radiant energy of the Arctic region has changed. The
study produced useful data for analyzing the energy balance of the Arctic region. The
differences between the sea ice predictions could be explained by linking the characteristics
of the input data. In addition, it was possible to improve the sea ice prediction accuracy
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using the different surface radiation budgets. The results can be used as reference data for
the validation and development of models [15,36].

Because we analyzed the changes in radiative energy quantitatively, the results can be
used in future studies of radiative forcing. They represent a reference point when analyzing
the impact of changes in surface radiant energy at the top of the atmosphere.

This study recorded the differences between satellite data and reanalysis data, and
analyzed which of the radiative components caused these differences. However, it is
difficult to analyze the external factors causing the changes in net radiation. This study
could not directly analyze different causes, but previous studies may refer to them. The
data may differ due to deviations in the surface product caused by the ERAS5 data itself and
calibration of the CERES TOA data [42]. A significant difference is indicated in LWD, which
is closely related to clouds, so differences may occur depending on the cloud conditions
used to generate the data [23,29,32]. In addition, the Arctic Ocean is a region composed
of ice and sea ice, and the surface conditions are incredibly different, so there may be
differences in radiation depending on the surface conditions [21,25,26,34]. Although the
relationship between climatic factors and sub-radiative fluxes, such as longwave and
shortwave, has been analyzed, it is difficult to understand the overall processes that
drive the surface radiation budget changes. Therefore, studies on the climate factors
that increase (or decrease) net radiation and the mechanisms that affect them should be
conducted. To resolve these issues, an analysis should be conducted of the connection
points affecting climate feedback, such as the role of evaporation, radiative forcing, and
clouds in the variability of sea ice [23,24,31,58]. The energy balance of the Arctic region
should be analyzed by linking the changes in radiative energy with changes in non-radiative
flux components.
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