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Abstract: The past decades have witnessed a rapid loss of the Arctic sea ice and a significant
lengthening of the melt season. The years with the lowest summertime sea ice minimum were found
to be accompanied by the latest freeze-up onset on record. Here, a synthetic approach is taken
to examine the connections between sea ice melt timing and summer sea ice evolution from the
remote sensing perspective. A 40-year (1979–2018) satellite-based time-series analysis shows that the
date of autumn sea ice freeze-up is significantly correlated with the sea ice extent in early summer
(r = −0.90, p < 0.01), while the spring melt onset is not a promising predictor of summer sea ice
evolution. The delay in Arctic sea ice freeze-up (0.61 days year−1) in the Arctic was accompanied by a
decline in surface albedo (absolute change of −0.13% year−1), an increase in net short-wave radiation
(0.21 W m−2 year−1), and an increase in skin temperature (0.08 ◦C year−1) in summer. Sea ice loss
would be the key reason for the delay in autumn freeze-up, especially in the Laptev, East-Siberian,
Chukchi and Beaufort Seas, where sea ice has significantly declined throughout the summer, and
strong correlations were found between the freeze-up onset and the solar radiation budget since early
summer. This study highlights a connection between the summer sea ice melting and the autumn
refreezing process through the ice-albedo feedback based on multisource satellite-based observations.

Keywords: Arctic; remote sensing; sea ice loss; melt timing; ice-albedo feedback

1. Introduction

Recent changes in the Arctic sea ice have drawn intensive attention from research
communities and government agencies, as the sea ice extent frequently reaches the record
minimum [1,2]. The Arctic has warmed at rates about two times greater than the lower
latitudes (i.e., Arctic amplification) [3], with a reduction in ice thickness and an increase
in drift speed over the last several decades [4–6]. The Arctic ocean has shifted from an
environment dominated by multi-year sea ice to one dominated by first-year sea ice [6,7].
The decrease of multi-year sea ice fraction resulted in more solar heat absorbed by the
ice-ocean system [8]. Sea ice melt is strongly affected by the solar radiation absorbed by the
ice-ocean system, which is largely influenced by the timing of the surface melt. The Arctic
sea ice melt timing has presented significant changes, including a decrease in ice cover days
in the seasonal sea ice zone and a lengthening of the melt season, dominated by a delay
in the date of freeze-up since the late 1970s [9–12]. Local radiative effects induced by ice
loss and the lengthened melt seasons have been considered as one of the key processes that
contribute to the Arctic amplification through the ice-albedo feedback mechanism [13–16].

Forecasters and climate scientists have used statistical and dynamic models to examine
the linkage between sea ice conditions in different stages. Coupled models are likely the
most ideal tools to predict sea ice evolution. However, these models possess forecast
uncertainties, mainly due to the poorly known initial conditions and model physics, and
thus do not show a predictive skill that is superior to the simpler regression models [17–19].
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On the basis of the ice-albedo feedback mechanism, recent studies have suggested the
summer Arctic sea ice minimum can be predicted by surface albedo as well as the area of
melt ponds and leads [20–23]. The timing of ice advance and ice retreat was found to be
closely related in some polar regions [24–27].

The dates of sea ice melt timing are important indicators of polar climate that can affect
the surface energy uptake in the melt season and the variations in sea ice extent [28,29].
Surface snowmelt plays an important role in the surface energy balance by lowering the
sea ice surface albedo, thereby enhancing the absorption of solar radiation and accelerating
the summer melting process [30]. These changes in turn can result in the delaying of the
following ice growth in autumn [31]. Summer sea ice evolution is affected by the early
melting conditions, which in turn, have a profound effect on the refreezing process [10].

Spaceborne earth observations and technologies are effective tools in the studying
of polar climate, given the lack of in situ observations and the formidable weather condi-
tions [32]. Compared with melt ponds and leads, sea ice melt timing (including the dates
of sea ice surface melt onset and freeze-up onset) is more easily available from passive
microwave measurements (also the source data for sea ice concentration products). The
sea-ice albedo feedback mechanism has been documented based on plenty of numerical
simulation studies [20,33,34]. Here, we show the observational evidence from the remote
sensing perspective. The present study has two main aims: (1) to examine the perfor-
mance of predicting the summer sea ice minimum from spring snowmelt onset and (2) to
investigate the relationship between summer sea ice evolution and autumn freeze-up.
These connections are investigated in the Arctic and its multiple sub-regions by examining
correlations and predictive skills, with the assistance of satellite-based climate data records.

2. Materials and Methods

The Arctic melt timing product used in this study is retrieved from the brightness tem-
perature (Tb) of multi-channel spaceborne radiometers, including the Nimbus-7 Scanning
Multichannel Microwave Radiometer (SMMR) from 1979 to 1987 and the Defense Meteoro-
logical Satellite Program (DMSP) Special Sensor Microwave/Imager (SSM/I) and SSM/I
Sounder (SSMIS) from 1987 to 2018 [28]. This product includes the early melt onset (EMO,
the first day when melt is detected) and the continuous melt onset (MO, the day after which
the sea ice stays under melt conditions), with valid value ranges from day of the year (DOY)
75 to DOY 210. Similarly, both the early freeze-up onset (EFO, the first day that freeze-up
occurs) and continuous freeze-up onset (FO, the day after which the freezing conditions
persist for the rest of the winter season) are calculated with valid value ranges from DOY
210 to DOY 410. The strength of the melt (or freeze) signal is calculated by summing up the
changes in the temporal difference in vertically polarized 19 and 37 GHz Tb and the spectral
gradient ratio between vertically polarized 19 and 37 GHz Tb. MO and EFO are determined
by identifying the greatest values of the strength signal and EMO and FO are identified
by secondary peaks before and after the MO and EFO. These measurements are provided
over the Arctic and its sub-regions (Figure 1) and are available at the NASA Goddard
Space Flight Center (https://earth.gsfc.nasa.gov/cryo/data/arctic-sea-ice-melt, accessed
on 23 June 2020). Melt timing has been estimated based on other algorithms [35–37] or
sensors (e.g., scatterometer and synthetic aperture radar) [38–42]. However, the product
used in this study is the only one that includes the onsets of different melting stages over
the whole Arctic, allowing a comprehensive examination of the connections between sea
ice evolution and melt timing. See Markus et al. (2009) for more details about this product.

Markus et al. (2009) generated the sea ice melt timing product based on the NASA
Team sea ice concentration (SIC) product developed by the Goddard Space Flight Cen-
ter [43]. This product is also used in the investigation of sea ice variability for consis-
tency. The SIC product is also derived from the SMMR, SSM/I, and SSMIS Tb. The
Northern Hemisphere SIC product is archived at the National Snow and Ice Data Cen-
ter (NSIDC), with the same spatial resolution (25 km) and projection as the melt timing
product. The monthly Arctic sea ice area (SIA) and sea ice extent (SIE) are calculated
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based on the NASA-Team SIC product and are available from the NSIDC Sea Ice Index
(http://nsidc.org/data/seaice_index, accessed on 25 June 2020). SIE is calculated by sum-
ming up the area with SIC above 15% [44]. SIA is defined as the total area covered by
sea ice, corresponding to the sum of the area of each pixel multiplied by SIC. Spaceborne
radiometers do not image a circular area over the North pole due to orbit inclination (re-
ferred to as the Arctic pole hole). The Arctic pole hole is considered to be ice-covered and is
included in the SIE calculation, while it is not taken into account in the SIA calculation [45].
Therefore, the SIA value is generally less than the SIE value as well as the area in the
real world.

1 
 

 
  Figure 1. The Arctic and its sub-regions.

The extended AVHRR Polar Pathfinder product (APP-x) is employed to assess changes
in sea ice surface albedo, radiation, and skin temperature in the melt seasons (June to
September). The APP-x data set has provided twice-daily satellite-based estimates of
radiative fluxes, cloud properties, and surface characteristics in polar regions since 1982, al-
lowing the examination of trends and interactions within the Arctic climate systems [46,47].
These climatic parameters are estimated based on the satellite-based reflectances, brightness
temperatures, acquisition time, and sensor parameters as well as the atmospheric measure-
ments from the NASA Modern Era Retrospective analysis for Research and Applications
(MERRA) reanalysis. The APP-x measurements have been validated with extensive field
experiment data; the variables used in this study are considered to be of climate data record
(CDR) quality. Measurements at 14:00 local solar time used in this study are provided at a
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25 km spatial resolution with the EASE-Grid projection and are available from the National
Climatic Data Center (https://www.ncdc.noaa.gov/cdr/atmospheric/extended-avhrr-
polar-pathfinder-app-x, accessed on 18 June 2020). Net short- and long-wave radiation is
calculated as the incoming minus the outgoing fluxes.

To quantify the connections between sea ice melt timing and the sea ice evolution,
we calculate the correlations between Arctic sea ice melt onset/freeze-up and monthly
SIA/SIE in summer (from June to September) for the entire Arctic and its sub-regions
during the satellite era (1979–2018). APP-x monthly and summer averages for each year
are first calculated. A fair fraction of data discontinuity exists in the Arctic pole hole due to
cross-platform and in the marginal sea ice zone because of the inter-annual variability of sea
ice. In the regional statistics of sea ice melt timing, albedo, radiation, and skin temperature,
only the pixels with continuous annual records are included in the area-averaged trend
analyses. A linear regression model is used to examine the predictive skill between sea ice
cover and melt timing:

Y(y) = a + bX(y) + ε(y) (1)

where y indicates time (year), a and b are determined based on a least-squares adjustment,
and ε is the residual or error. The predictive skill (S) is measured as

S = 1− σ2
f /σ2

r (2)

where σ2
f and σ2

r are the variance of regression error and the predicted variable, respec-
tively [20]. Regressions between different variables are obtained by using a least-squares
regression. Significance levels of the correlations and regressions are determined using the
Student’s t-test.

3. Results

In this section, we first examine the trends in different melting stages and monthly sea
ice cover from June to September. The predictive skills between melt timing and SIA (SIE)
are investigated afterward. To explore the connecting mechanism of the correlations, we
look into the correlations between climate variables from APP-x and present cases in the
regions that showed significant changes in both sea ice cover and melt timing.

3.1. Correlations between Arctic Melt Timing and Sea Ice Cover

The spatial-averaged Arctic melt timing and monthly SIA (SIE) over the period
1979–2018 are plotted in Figure 2. The Arctic melt season has been significantly lengthened
with earlier EMO (−0.20 days year−1) and MO (−0.23 days year−1) as well as later EFO
(0.71 days year−1) and FO (0.61 days year−1). Downward trends in SIA and SIE, while
present throughout June to September, are largest in September when sea ice cover reaches
the minimum. Arctic September SIA and SIE have decreased, with a rate of 4.79 × 104

km2 year−1 (1.09% year−1) and 8.21 × 104 km2 year−1 (1.29% year−1), respectively. All the
above trends are significant at the 99% confidence level. Autumn EFO and FO came much
later in recent years, with the Arctic sea ice frequently reaching the minimum in summer.
Remarkably, the years 2012, 2007 and 2016 have been documented as the three years with
the lowest sea ice minimum (i.e., September SIE) and also the latest EFO and FO on record
during the study period (gray shadows in Figure 2).

To quantify the relationship between sea ice melt timing and sea ice evolution, we
calculate the correlation coefficient between EMO, MO, EFO, FO, and the monthly SIA
(SIE) (Figure 3). Generally, SIE was more relevant to melt timing compared with SIA. The
decreased sea ice cover in the melt season shows significant correlations with the earlier
arrival of EMO and MO. Higher and more significant correlations are found between SIE
and the autumn EFO and FO, with all the correlation coefficients higher than 0.90 and
significant at the 99% confidence level from June to September. To subtract the long-term
trend, additional correlation analyses were conducted based on the detrended time series.
Correlations between the detrended freeze-up dates and summer sea ice cover were all

https://www.ncdc.noaa.gov/cdr/atmospheric/extended-avhrr-polar-pathfinder-app-x
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still significant at the 99% confidence level from June to September, while the detrended
spring melting dates and summer sea ice cover show much weaker correlations. Regionally,
the correlations between EFO (FO) and SIA (SIE) vary greatly over the sub-regions. The
correlations were all greater than 0.4 and significant at the 99% confidence level over the
Laptev, Chukchi, Beaufort, and Kara Seas and Baffin Bay, both for the undetrended and
detrended time series. 

2 

 
  Figure 2. Variations in Arctic sea ice melt timing, monthly sea ice area (SIA), and sea ice extent (SIE)
for 1979–2018. Gray shadows indicate the three years (e.g., 2012, 2007 and 2016) with the lowest SIEs
and also the latest EFO and FO on record.

Furthermore, we examine the performance of predicting the sea ice minimum from the
MO (occurs on June 11, on average), and the connection between the autumn FO (occurs
on October 3, on average) and early summer sea ice condition (i.e., June SIE). The Arctic
sea ice MO shows a fair predictive skill (S = 0.44, r = 0.66) to forecast the September sea ice
minimum, while the predictive skill (S = 0.10, r = 0.32) is no longer robust based on the
detrended observations. By contrast, we found a strong connection between the June SIE
and autumn FO, based on both the original (S = 0.86, r = −0.90) (Figure 4) and detrended
series (S = 0.30, r = −0.55). The connection is stronger when using the detrended SIE in
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July (S = 0.45, r = −0.67) but much weaker when using that before June (S = 0.06, r = −0.24
in May). 

3 

 

  Figure 3. Correlations between the Arctic melt timing and monthly SIA/SIE during the satellite era
(1979–2018). (a) Correlation coefficient for the original time series. (b) Correlation coefficient for the
detrended time series. A superscript with a, b, and c indicates the correlation is significant at the 99%,
95%, and 90% confidence level, respectively.
 

4 

 
  Figure 4. Scatterplot shows the relationship between the Arctic sea ice FO and June SIE.
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3.2. Changes in Arctic Sea Ice, Albedo, and Radiation

To explore the potential atmospheric forcings that contribute to the connections be-
tween melt timing and sea ice evolution, we examine the spatial variabilities of sea ice
melt timing, SIC, albedo, and radiation during 1982–2018 (APP-x is only available after
1982) from June to September (Figures 5 and 6 and Table 1). Change in the Arctic melt
season was dominated by a delay in EFO and FO (Figure 5). Overall, EFO and FO in the
Arctic occurred significantly later (99% confidence level), with a rate of 0.71 days year−1

and 0.61 days year−1, respectively (Table 1). Slightly earlier arrival of MO can be found
in the marginal sea ice zone, corresponding to the regions with decreased SIC in June
and July. Regions with a significant delay in EFO and FO as well as a decrease in sea
ice cover and albedo are mainly distributed within 120◦ W–120◦ E, including the Laptev,
East-Siberian, Chukchi, and Beaufort Seas (Figures 5 and 6). In particular, part of the
Chukchi Sea exhibited a statistically significant trend toward later EFO and FO, with a rate
>2 days year−1.
 

5 

 
  Figure 5. Trend in the satellite-derived sea ice: (a) EMO, (b) MO, (c) EFO, and (d) FO for 1982–2018.
Black points indicate the trends that are significantly above the 95% confidence level.

The Arctic SIC and surface albedo showed similar change patterns (Figure 6). In
September, the decreases in SIC and albedo (absolute change of −0.17% year−1) were
larger than that in the previous months. Net short-wave radiation in the Laptev, East-
Siberian, Chukchi, and Beaufort Seas increased throughout the melt season, with a rate
two to four times higher than the whole Arctic, while that in the Barents Sea slightly
declined. Changes in net long-wave radiation were much smaller compared with those
in net short-wave radiation in all months. The increase rate in summer net short-wave
radiation was about ten times higher than that in net long-wave radiation, suggesting the
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variations in radiation budget during the melt season were dominated by the partitioning
of solar radiation (Table 1). 

6 

 

  Figure 6. Trend in the satellite-derived Arctic (a) monthly sea ice concentration, (b) monthly albedo, (c) monthly net
short-wave radiation, and (d) monthly net long-wave radiation for 1982–2018. Black points indicate the trends that are
significantly above the 95% confidence level.

As can be seen in Figure 4, the Arctic sea ice autumn FO was strongly related to the
SIE in early summer. Additionally, we found strong correlations between the Arctic FO and
monthly APP-x albedo and net short-wave radiation throughout the summer as well as the
skin temperature in September (r = 0.74, p < 0.01). Skin temperature increased throughout
the summer in most Arctic regions, with the largest changes mainly occurring at low-
latitude regions before September. In September, however, the hotspots were distributed
within 120◦ W–120◦ E, where the skin temperature increased with a rate > 0.1 ◦C year−1

(Table 1 and Figure 7), corresponding to the regions with significant loss of sea ice, decline
in surface albedo, and delay in FO (Figures 5 and 6).
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Table 1. Trends in melt timing, albedo, net long-wave radiation, net short-wave radiation, and skin temperature over the Arctic and its sub-regions for 1982–2018. The italic, underlined,
and bold values indicate the trends that are significant at the 90%, 95%, and 99% confidence levels. Uncertainties (in parentheses) of the trends were estimated at 95% confidence level.

Trend Units Okhotsk Bering Hudson St-
Lawrence Baffin Greenland Barents Kara Laptev East-

Siberian Chukchi Beaufort Canadian
Archipelago

Central
Arctic The Arctic

EMO days year−1 −0.09 (0.24) −0.04 (0.30) −0.25 (0.21) \ −0.46 (0.33) −0.65 (0.26) −0.86 (0.36) −0.46 (0.22) −0.18 (0.20) −0.07 (0.15) −0.13 (0.20) −0.22 (0.17) −0.12 (0.15) −0.15 (0.13) −0.20 (0.10)
MO days year−1 −0.30 (0.30) −0.29 (0.28) −0.31 (0.20) \ −0.60 (0.30) −0.69 (0.24) −0.79 (0.44) −0.47 (0.16) −0.25 (0.19) −0.04 (0.13) −0.15 (0.17) −0.23 (0.15) −0.18 (0.14) −0.12 (0.14) −0.23 (0.09)
EFO days year−1 0.83 (0.24) 0.58 (0.27) 0.71 (0.18) \ 0.71 (0.20) 0.56 (0.31) 1.46 (0.45) 1.06 (0.27) 0.87 (0.26) 1.17 (0.28) 1.42 (0.32) 0.84 (0.29) 0.36 (0.22) 0.27 (0.14) 0.71 (0.13)
FO days year−1 0.56 (0.21) 0.47 (0.30) 0.55 (0.17) \ 0.62 (0.19) 0.69 (0.32) 1.39 (0.44) 0.96 (0.27) 0.73 (0.24) 1.05 (0.27) 1.29 (0.31) 0.75 (0.27) 0.35 (0.21) 0.19 (0.13) 0.61 (0.12)

June SIC % year−1 −0.01 (0.02) −0.01 (0.01) −0.43 (0.20) −0.01 (0.00) −0.16 (0.05) −0.08 (0.04) −0.50 (0.13) −0.82 (0.26) −0.36 (0.17) −0.15 (0.14) −0.43 (0.15) −0.33 (0.19) −0.15 (0.06) 0.82 (0.20) −0.07 (0.04)
July SIC % year−1 0.00 (0.00) 0.00 (0.00) −0.27 (0.14) 0.00 (0.00) −0.14 (0.04) −0.07 (0.03) −0.18 (0.06) −1.03 (0.26) −0.62 (0.28) −0.59 (0.25) −0.75 (0.19) −0.62 (0.29) −0.15 (0.06) 0.67 (0.21) −0.12 (0.04)

August SIC % year−1 0.00 (0.00) 0.00 (0.00) −0.07 (0.02) 0.00 (0.00) −0.03 (0.02) −0.06 (0.03) −0.03 (0.02) −0.60 (0.20) −0.68 (0.28) −1.14 (0.34) −1.08 (0.21) −1.15 (0.36) −0.25 (0.14) 0.46 (0.24) −0.16 (0.05)
September SIC % year−1 0.00 (0.00) 0.00 (0.00) −0.03 (0.01) 0.00 (0.00) −0.01 (0.01) −0.05 (0.04) −0.02 (0.02) −0.39 (0.19) −0.80 (0.31) −1.44 (0.36) −1.33 (0.26) −1.29 (0.37) −0.25 (0.15) 0.40 (0.26) −0.18 (0.06)
Summer SIC % year−1 0.00 (0.00) 0.00 (0.00) −0.20 (0.09) 0.00 (0.00) −0.09 (0.03) −0.06 (0.03) −0.18 (0.05) −0.71 (0.20) −0.62 (0.24) −0.83 (0.25) −0.90 (0.18) −0.85 (0.28) −0.20 (0.09) 0.59 (0.21) −0.13 (0.04)

June albedo % year−1 −0.01 (0.01) −0.02 (0.02) −0.30 (0.16) −0.00 (0.01) −0.09 (0.05) 0.03 (0.03) −0.14 (0.07) −0.31 (0.25) −0.44 (0.22) −0.31 (0.17) −0.36 (0.16) −0.20 (0.20) −0.16 (0.14) −0.22 (0.08) −0.14 (0.05)
July albedo % year−1 −0.01 (0.01) −0.01 (0.02) −0.09 (0.07) −0.00 (0.01) −0.07 (0.03) −0.00 (0.02) −0.05 (0.03) −0.17 (0.10) −0.16 (0.11) −0.23 (0.12) −0.29 (0.10) −0.23 (0.18) −0.12 (0.10) −0.14 (0.09) −0.09 (0.03)

August albedo % year−1 −0.00 (0.01) −0.01 (0.02) 0.01 (0.01) −0.00 (0.00) −0.03 (0.01) −0.00 (0.02) −0.02 (0.02) −0.08 (0.06) −0.19 (0.11) −0.42 (0.15) −0.46 (0.13) −0.56 (0.20) −0.17 (0.12) −0.17 (0.11) −0.10 (0.03)
September

albedo % year−1 −0.01 (0.01) −0.02 (0.02) −0.02 (0.00) −0.01 (0.01) −0.04 (0.01) −0.04 (0.03) −0.03 (0.03) −0.13 (0.08) −0.34 (0.16) −0.75 (0.21) −0.71 (0.15) −0.78 (0.22) −0.19 (0.14) −0.30 (0.13) −0.17 (0.04)

Summer
albedo % year−1 −0.01 (0.01) −0.02 (0.01) −0.11 (0.00) −0.01 (0.00) −0.06 (0.02) −0.01 (0.02) −0.06 (0.03) −0.18 (0.10) −0.29 (0.13) −0.43 (0.14) −0.47 (0.11) −0.45 (0.18) −0.17 (0.11) −0.21 (0.08) −0.13 (0.03)

June
long-wave

W m−2

year−1 0.17 (0.14) 0.11 (0.10) −0.05 (0.14) 0.04 (0.13) 0.01 (0.07) −0.00 (0.09) 0.02 (0.10) −0.06 (0.11) 0.04 (0.12) −0.02 (0.18) −0.11 (0.18) 0.03 (0.23) 0.12 (0.13) −0.00 (0.14) 0.03 (0.05)

July
long-wave

W m−2

year−1 0.12 (0.11) 0.10 (0.09) 0.06 (0.17) 0.03 (0.14) 0.01 (0.09) −0.10 (0.08) 0.07 (0.09) −0.02 (0.13) 0.18 (0.10) 0.17 (0.12) 0.23 (0.16) 0.14 (0.17) 0.02 (0.14) −0.06 (0.12) 0.04 (0.04)

August
long-wave

W m−2

year−1 −0.06 (0.11) −0.04 (0.12) 0.18 (0.14) −0.08 (0.16) 0.12 (0.08) −0.02 (0.11) 0.13 (0.11) −0.01 (0.12) 0.14 (0.09) 0.06 (0.11) 0.19 (0.16) 0.16 (0.19) 0.01 (0.13) −0.01 (0.11) 0.04 (0.04)

September
long-wave

W m−2

year−1 −0.04 (0.16) −0.01 (0.15) −0.05 (0.12) −0.08 (0.12) −0.03 (0.07) −0.00 (0.11) 0.00 (0.12) 0.01 (0.08) −0.00 (0.09) −0.06 (0.09) 0.03 (0.09) −0.01 (0.12) −0.10 (0.11) −0.05 (0.11) −0.03 (0.05)

Summer
long-wave

W m−2

year−1 0.05 (0.07) 0.04 (0.07) 0.03 (0.07) −0.03 (0.08) 0.02 (0.05) −0.03 (0.06) 0.05 (0.06) −0.02 (0.07) 0.09 (0.08) 0.04 (0.08) 0.09 (0.09) 0.08 (0.11) 0.01 (0.08) −0.03 (0.09) 0.02 (0.03)

June
short-wave

W m−2

year−1 −0.37 (0.91) −0.17 (0.66) 1.54 (1.08) 0.05 (1.07) 0.54 (0.54) 0.09 (0.52) 0.25 (0.61) 1.57 (0.90) 1.35 (0.87) 1.24 (0.82) 1.80 (1.02) 0.84 (1.24) 0.16 (0.76) 0.59 (0.37) 0.48 (0.29)

July
short-wave

W m−2

year−1 −0.47 (0.74) −0.14 (0.62) −0.12 (1.04) −0.08 (0.98) 0.36 (0.62) 0.46 (0.41) −0.35 (0.75) 0.61 (0.71) −0.02 (0.70) 0.28 (0.67) 0.37 (0.74) 0.68 (1.00) 0.04 (0.77) 0.61 (0.41) 0.16 (0.31)

August
short-wave

W m−2

year−1 −0.10 (0.64) 0.40 (0.60) −0.86 (0.57) 0.35 (0.80) −0.38 (0.36) 0.09 (0.42) −0.62 (0.43) 0.10 (0.42) 0.16 (0.47) 1.03 (0.55) 0.77 (0.67) 1.22 (0.75) 0.44 (0.66) 0.50 (0.27) 0.13 (0.18)

September
short-wave

W m−2

year−1 −0.05 (0.54) −0.01 (0.44) 0.03 (0.61) 0.68 (0.67) 0.14 (0.39) −0.03 (0.37) −0.01 (0.43) 0.05 (0.32) 0.29 (0.34) 0.96 (0.37) 0.97 (0.36) 0.96 (0.39) 0.25 (0.45) 0.28 (0.12) 0.21 (0.22)

Summer
short-wave

W m−2

year−1 −0.32 (0.42) −0.03 (0.35) 0.11 (0.52) 0.19 (0.55) 0.14 (0.36) 0.12 (0.32) −0.23 (0.37) 0.58 (0.43) 0.44 (0.45) 0.84 (0.41) 0.92 (0.47) 0.88 (0.69) 0.20 (0.54) 0.51 (0.26) 0.21 (0.21)

June skin
temperature

◦C year−1 0.07 (0.04) 0.08 (0.03) 0.06 (0.04) 0.07 (0.05) 0.08 (0.04) 0.07 (0.02) 0.07 (0.02) 0.07 (0.04) 0.07 (0.04) 0.04 (0.02) 0.08 (0.05) 0.10 (0.07) 0.12 (0.07) 0.06 (0.04) 0.07 (0.03)

July skin
temperature

◦C year−1 0.08 (0.11) 0.09 (0.09) 0.15 (0.21) 0.16 (0.21) 0.13 (0.15) 0.07 (0.13) 0.13 (0.13) 0.10 (0.10) 0.03 (0.09) 0.04 (0.08) 0.06 (0.09) 0.07 (0.10) 0.12 (0.09) 0.04 (0.05) 0.09 (0.11)

August skin
temperature

◦C year−1 0.11 (0.06) 0.12 (0.06) 0.19 (0.11) 0.20 (0.11) 0.13 (0.05) 0.12 (0.05) 0.13 (0.05) 0.10 (0.06) 0.07 (0.05) 0.06 (0.04) 0.07 (0.05) 0.09 (0.07) 0.14 (0.08) 0.07 (0.05) 0.11 (0.06)

September
skin

temperature
◦C year−1 0.04 (0.03) 0.07 (0.02) 0.07 (0.03) 0.08 (0.04) 0.07 (0.03) 0.07 (0.03) 0.08 (0.03) 0.11 (0.05) 0.11 (0.06) 0.14 (0.06) 0.13 (0.04) 0.12 (0.04) 0.06 (0.04) 0.08 (0.05) 0.08 (0.03)

Summer skin
temperature

◦C year−1 0.07 (0.03) 0.09 (0.02) 0.11 (0.05) 0.12 (0.05) 0.10 (0.04) 0.08 (0.03) 0.10 (0.03) 0.09 (0.04) 0.06 (0.03) 0.07 (0.03) 0.08 (0.03) 0.09 (0.03) 0.11 (0.03) 0.05 (0.02) 0.08 (0.03)
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7 

 
  Figure 7. Trend in monthly Arctic APP-x skin temperature for 1982–2018. Black dots indicate the

trends that are significantly above the 95% significance level.

Overall, the delay in FO in the Arctic was accompanied by a decline in surface albedo
(−0.13% year−1), an enhanced net short-wave radiation (0.21 W m−2 year−1), and an
increase in skin temperature (0.08 ◦C year−1) in summer (Table 1). It is useful to examine
the regions with significant changes in sea ice cover, temperature, and FO (i.e., the Laptev,
East-Siberian, Chukchi, and Beaufort Seas) in more detail. We compared the autumn
FO with the APP-x albedo and net short-wave radiation in June to see how the early
summer sea ice condition can affect the autumn freezing process (Figure 8). Over the
period 1982–2018, FO was statistically anti-correlated with June albedo (Figure 8a) in these
regions, especially in the Laptev Sea (r =−0.79, p < 0.01). As expected, FO was also strongly
related to the June net short-wave radiation in these regions by absorbing more solar
radiation with a decreasing albedo due to sea ice loss (Figure 8b). These correlations are
still significant above the 99% confidence level, based on the detrended time series. Both
surface albedo and net short-wave radiation in June showed good performance in the
prediction of FO, especially for the Laptev and Beaufort Seas, where S was greater than 0.4
in all the statistics.
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Figure 8. Scatterplots showing the relationships between autumn FO and (a) June albedo and (b) June net short-wave
radiation in the Laptev, East-Siberian, Chukchi, and Beaufort Seas. Black and blue texts represent the statistics based on
undetrended and detrended time series, respectively.

4. Discussion

Uncertainties in the correlation and trend analyses presented in this study stem from
the errors in the satellite products due to cross-platform and the deficiencies in algorithms
for melt timing and sea ice concentration. Though cross-calibration is conducted for
different space-borne instruments, interannual melt timing series are biased by changes in
overpass times since surface melting varies throughout the day in accordance with surface
weather conditions [48]. The satellite-derived melt timing can be very different when using
different melt detection algorithms. EMO derived from the advanced horizontal range
algorithm (AHRA) is on average about 20 days earlier than that used in this study [28,36,49].
The advancing trend in EMO based on AHRA is much faster than that based on the latter
one [50]. Trends in EMO are even opposite in some regions. Bliss et al. (2019) showed that
the algorithm from Markus et al. (2009) is relatively insensitive to early melt events and
needs future adjustment [49]. The NASA Team SIC product contains large uncertainties in
summer because it is difficult to distinguish between meltwater and the water between
ice floes based on radiometer observations [51]. Algorithms based on radiometer can
underestimate the actual SIC by up to 40% [52,53]. This would influence the trend and
correlation analyses because the earlier MO can result in an increase in summer melt pond
fraction [54]. Other SIC products, such as the product from the Ocean and Sea Ice Satellite
Application Facility (OSI-SAF), have been reported to show higher accuracy [55]. SIE and
SIA computed from different algorithms vary by up to 1.5 million km2. Nevertheless, the
linear trends agree reasonably well [8,55]. SIE is calculated based on a SIC threshold of 15%
to achieve a well-represented ice extent [56]. As Arctic sea ice has significantly declined
in recent decades, alternative thresholds (e.g., 30%, 50%) have been used to define the ice
extent [25,57]. A recent study showed that changing the SIC threshold can greatly affect
the timing of annual sea ice minimums as well as the trend in SIE [56].

The trends in EMO (−0.20 days year−1) and MO (−0.23 days year−1) based on an
updated product remained nearly unchanged compared with those during 1979–2013
(−0.19 days year−1 for EMO and −0.21 days year−1 for MO) [10]. Significant decreasing
trends (99% confidence level) in SIC and surface albedo were observed in all months
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during the summer. This is consistent with previous studies [58,59]. The observed trend in
summer skin temperature (0.08 ◦C year−1) is comparable to earlier estimations [46,60]. A
previous study showed that changes in sea ice and cloud cover played dominant roles in
the magnitude of trends in recent Arctic skin temperature [60]. The observed decrease in
sea ice extent and thickness has contributed to the increase in cloud amount [61]. A recent
study showed that the increase of summertime low clouds favors more sea ice melt via
emitting stronger longwave radiation [62]. The decreased surface albedo results in more
solar radiation absorption (especially for the Beaufort and Chukchi Seas), which further
enhances sea ice melt.

As has been documented by Stroeve et al. (2014) [10], the largest and most widespread
increase in short-wave radiation occurred in June (Figure 6 and Table 1), suggesting that
early summer melt has an important impact on the total amount of solar energy absorption
in the ice-ocean system. However, the Arctic sea ice EMO and MO are not promising
predictors to forecast the summer sea ice evolution. EMO and MO do not show better
performances in the prediction of the summer sea ice minimum compared with melt
ponds, as documented in previous studies (e.g., [20]). The lack of significant correlation
between MO and summer sea ice extent has been previously reported in the first decade of
the 21st century [40]. This is partly because the change in albedo from dry snow to wet
snow is relatively small compared with that in the transition from sea ice into a water
body. Besides, the melt season may start slowly, and sea ice melting conditions can be
affected by other extreme weather conditions such as anomalous warm winds and unusual
atmospheric circulation patterns. A previous study has shown that the short-term melt
pond information integrated through late spring cannot provide a promising prediction of
the summer sea ice minimum [21].

The evolution of sea ice in the early melt season plays an important role in the
atmosphere-ice-ocean system because the incoming solar radiation at this time is large;
thus, the effect of sea ice cover variations can propagate through the entire melt season.
However, sea ice conditions integrated through a certain period, rather than a single
point in time such as EMO and MO, can provide the prediction of the subsequent sea ice
conditions. This also explains why the Arctic autumn FO was well connected with the sea
ice extent in June. We found a close relationship between autumn FO and the June net
short-wave radiation in the regions that experienced a rapid decline in sea ice concentration
and an increase in late summer skin temperature. The impact of solar heating due to sea
ice loss is at the core of the ice-albedo feedback [63]. Surprisingly, SIE showed a higher
correlation with melt timing than SIA, which is a more quantitative way of describing
sea ice coverage and might be more reasonable and appropriate for understanding the
relationship with other climatic variables. FO is close to the day of advance, which has been
predicted reasonably based on the day of retreat in some regions [25,26,29]. Compared
with the retreat day, June SIE is much easier to measure. In addition, the retreat day shows
greatly spatial and inter-annual variations, whereas the June SIE is quickly available after
June and therefore is more appropriate for the prediction of the subsequent evolution of
sea ice.

Sea ice in the Laptev, East-Siberian, Chukchi, and Beaufort Seas presented trends
toward significant delay in FO and decline in sea ice cover throughout the summer. These
regions have also been found to have early occurrence and wide distribution of melt
ponds [21,64]. Together with the lengthening of the open water season, the increased water
fraction can lead to enhanced solar heat input in the mixed layer during the summer-
time [31,65]. The significant decreases in surface albedo and increases in net short-wave
radiation throughout the melt season (Figure 6) have likely resulted in the observed in-
creases in skin temperatures (especially in late summer, Figure 7) and hence a delay in the
subsequent refreezing process [10].
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5. Conclusions

This paper examines the connections between the Arctic melt timing and summer sea
ice condition using 40-year (1979–2018) time-series measurements generated by passive
microwave remote sensing observations. Both the Arctic sea ice area and extent have
rapidly declined throughout the melt season, accompanied by a significant lengthening
of the melt season, which is dominated by a delay in the autumn freeze-up. The years
with record lowest sea ice minimums are also characterized by the latest freeze-up onset.
Correlation analyses show that the autumn freeze-up onset was well connected with the
early summer sea ice extent, while melt onset is not promising in the prediction of summer
sea ice evolution. The results suggest sea ice observation integrated through a certain
period can provide the prediction of the subsequent sea ice condition. Sea ice in the
Laptev, East-Siberian, Chukchi, and Beaufort Seas showed the most rapid decline of sea
ice cover and also presented a trend toward significant delay in autumn freeze-up onset
due to enhanced absorption of solar radiation as a consequence of sea ice loss since the
early summer. This study presents evidence of sea ice-albedo feedback from the remote
sensing perspective.
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