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Abstract

Information  on  the  Arctic  sea  ice  climate  indicators  is  crucial  to  business  strategic  planning  and  climate
monitoring. Data on the evolvement of the Arctic sea ice and decadal trends of phenology factors during melt
season are necessary for climate prediction under global warming. Previous studies on Arctic sea ice phenology
did not involve melt ponds that dramatically lower the ice surface albedo and tremendously affect the process of
sea ice surface melt. Temporal means and trends of the Arctic sea ice phenology from 1982 to 2017 were examined
based on satellite-derived sea ice concentration and albedo measurements. Moreover, the timing of ice ponding
and two periods corresponding to it  were newly proposed as key stages in the melt  season. Therefore,  four
timings, i.e., date of snow and ice surface melt onset (MO), date of pond onset (PO), date of sea ice opening
(DOO), and date of sea ice retreat (DOR); and three durations, i.e.,  melt pond formation period (MPFP, i.e.,
MO–PO),  melt  pond  extension  period  (MPEP,  i.e.,  PO–DOR),  and  seasonal  loss  of  ice  period  (SLIP,  i.e.,
DOO–DOR), were used. PO ranged from late April in the peripheral seas to late June in the central Arctic Ocean in
Bootstrap results, whereas the pan-Arctic was observed nearly 4 days later in NASA Team results. Significant
negative trends were presented in the MPEP in the Hudson Bay, the Baffin Bay, the Greenland Sea, the Kara and
Barents seas in both results, indicating that the Arctic sea ice undergoes a quick transition from ice to open water,
thereby extending the melt season year to year. The high correlation coefficient between MO and PO, MPFP
illustrated that MO predominates the process of pond formation.
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1  Introduction
The Arctic sea ice is an indicator of global warming and has

undergone remarkable changes during the satellite era. Over this
period, its extent (Comiso et al., 2008; Cavalieri and Parkinson,
2012; Peng and Meier, 2018; Onarheim et al., 2018), thickness
(Holland et al., 2006; Lei et al., 2012; Lindsay and Schweiger,
2015; Kwok, 2018), volume (Kwok et al., 2009; Kwok and Cun-
ningham, 2015; Kim et al., 2020), and age (Maslanik et al., 2007;
Comiso, 2012; Bi et al., 2018) have decreased drastically. Pheno-
logy factors that reflect changes in the Arctic sea ice are crucial to
business strategic planning and climate monitoring (Peng et al.,
2018). These factors are useful for sea ice simulation to improve
the seasonal sea ice forecasts with more details on sea ice evolu-
tion. Information on how does the Arctic sea ice evolve and what
are decadal trends in ice phenology factors during melt season is
necessary under global warming.

Date of snow and ice surface melt onset (MO) marks the day
that snow and ice surface start melting at the beginning of the
melt season. On this day, snow and ice albedo starts to decrease
slightly. Decreased surface albedo initiates the positive sea ice-al-
bedo feedback mechanism (Curry et al., 1995), thereby con-

trolling the total energy input into the ice-ocean system (Bliss
et al., 2017; Perovich et al., 2007). Moreover, information on sur-
face melt conditions is needed to monitor sea ice extent trends
(Matthews et al., 2020). Evaluation of pan-Arctic and regional
MO has been conducted. Markus et al. (2009) demonstrated a
negative trend in MO since 1979 except for the Sea of Okhotsk
over the Arctic by utilizing passive microwave (PMW) data. Kouki
et al. (2019) compared MOs retrieved from optical and mi-
crowave satellite data in the Arctic between 1982 and 2015, and
the results suggested an overall areal-mean 10 days earlier in op-
tical-based MO and a significant negative trend in MO. In addi-
tion, MO derived from surface air temperature with a −1.0°C
threshold were about 11 days later than those from PMW data,
whereas both results indicated a coherent decreasing trend in the
Arctic since 1979; the most negative trends of –9.5 d/decade were
observed in the East Siberian Sea (Bliss and Anderson, 2018).
Nevertheless, according to synthetic aperture radar data, no sig-
nificant trend in MO was detected in the northern Canadian Arc-
tic Archipelago from 1997 to 2017 (Mahmud et al., 2016).

Shortly after the onset of sea ice surface melt, meltwater be-
gins to collect in surface depressions and forms visible pools on  
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low permeable ice; these pools are referred to as melt ponds (Po-
lashenski et al., 2012). Pond-covered ice has a lower albedo of
between 0.2 and 0.4 compared with snow-covered ice of about
0.8 and bare ice of between 0.5 and 0.6; thus, pond-covered ice
undergoes further surface melting and stores and transmits more
solar energy to the ocean (Untersteiner, 1961; Perovich et al.,
2002). Melt ponds contribute to one of the largest uncertainties
on the Arctic sea ice prediction due to their effects on the surface
heat budget (Flocco et al., 2012; Holland et al., 2012; Hunke et al.,
2013). Typically, multi-year ice is characterized by a lower melt
pond fraction (MPF) compared with first-year ice due to the to-
pographic limit (Grenfell and Perovich, 2004; Landy et al., 2015;
Li et al., 2017b). The most widely applied approach to detect MPF
is optical remote sensing (Markus et al., 2003; Tschudi et al.,
2008; Rösel et al., 2012; Istomina et al., 2015b; Webster et al.,
2015; Li et al., 2020). Nonetheless, with the restriction of cloud
cover in optical satellite imagery, MPF generated from mi-
crowave data has been conducted as well (Scharien et al., 2014;
Fors et al., 2017; Li et al., 2017a). A vast majority of these studies
focused on optical properties (Light et al., 2015; Lu et al., 2018a;
Nicolaus and Katlein, 2013), morphological observations (Huang
et al., 2016; Istomina et al., 2015a; Lu et al., 2018b), and simula-
tion of melting process (Flocco et al., 2015; Ma et al., 2019; Scott
and Feltham, 2010). However, our understanding of the ponding
time over the Arctic is still sparse (Zheng et al., 2017).

With the development of surface melting, sea ice concentra-
tion (SIC, i.e., the fractional cell coverage of sea ice within a grid)
decreases. Steele et al. (2015) put forward the date of opening
(DOO, i.e., SIC drops below 80%) combined with the date of re-
treat (DOR, i.e., SIC drops below 15%); they outperform sea ice
extent and area in illustrating the evolution of Arctic sea ice. DOO
marks the start of the seasonal ice loss phase, whereas DOR cap-
tures the end of sea ice loss (Steele and Dickinson, 2016). The
trends in DOR over the Arctic were investigated, and the results
showed the trend of earlier ice retreat (Stammerjohn et al., 2012).
Maximum sea surface temperature plays an important role in
triggering ice retreat (Steele and Dickinson, 2016).

There are many studies on phenology factors separately, yet
few studies integrated them to track sea ice evolvement. Several
researchers examined the temporal means and trends of a suite
of phenology factors in the Arctic, including MO, DOO, and DOR
(Peng et al., 2018; Bliss et al., 2019). They concluded that a large
regional variability was present in the means and trends of the
three aforementioned factors, which are becoming earlier over
the Arctic. However, previous studies of the Arctic sea ice pheno-
logy did not involve melt ponds, which affect the process of sea
ice surface melt tremendously (Polashenski et al., 2012).

For the first time, we presented an analysis of temporal
means and trends of a series of phenology factors, including PO
and its corresponding periods of the Arctic melting sea ice from
1982 to 2017. Therefore, four timings, i.e., MO, PO, DOO, and
DOR, and three durations, i.e., melt pond formation period (MP-
FP, i.e., MO–PO), melt pond extension period (MPEP, i.e.,
PO–DOR), and seasonal loss of ice period (SLIP, i.e., DOO–DOR),
were used. In addition, differences in factors derived from Boot-
strap and NASA Team SIC (henceforth known as BT SIC and NT
SIC, respectively) were compared.

The paper is organized as follows. The study area and data-
sets are outlined in Section 2. Section 3 describes the methodo-
logy to evaluate PO and the principles of obtaining regional stat-
istics. In Section 4, the temporal means and variability of these
timings and periods are exhibited, as well as the statistics results
are discussed in terms of results, followed by the conclusions in
Section 5.

2  Study area and datasets

2.1  Study area
Following Cavalieri and Parkinson (2012), the Arctic was di-

vided into eight different sectors (Fig. 1), namely, the Sea of Ok-
hotsk, the Bering Sea, the Arctic Ocean, the Canadian Arctic Ar-
chipelago, the Hudson Bay, the Baffin Bay, the Greenland Sea,
and the Kara and Barents seas. Open water out of the Arctic
Circle and the North Pole hole within the Arctic Ocean is depic-
ted in white and are not discussed in this study. Although the Sea
of Okhotsk, the Bering Sea, and the Baffin Bay are outside the
Arctic Circle, they were important because of the extensive cover-
age of sea ice and were examined in this study.

2.2  Datasets outline
MO were obtained directly from the data set containing

snowmelt onset dates over the Arctic sea ice archived at the Na-
tional Snow and Ice Data Centre (NSIDC) (Anderson et al., 2019).
The dates are estimated using the Advanced Horizontal Range
Algorithm (AHRA) based on the daily brightness temperatures
from the Scanning Multichannel Microwave Radiometer, Special
Sensor Microwave/Imager, and Special Sensor Microwave Im-
ager/Sounder (Anderson, 1997; Bliss and Anderson, 2018). The
datasets are mapped to a 25 km NSIDC polar stereographic grid
in flat binary with 448 rows and 304 columns using Hughes’ 1980
ellipsoid.

The timings of PO were determined by using sea ice albedo
product from the extended Advanced Very High Resolution Ra-
diometer (AVHRR) Polar Pathfinder (APP-X). The product was
archived at the NOAA/NSIDC climate data record (CDR) (Key
et al., 2016). The dataset was mapped to a 25 km EASE-Grid in flat
binary with 361 rows and 361 columns. Considering that over
50% of data on the sea ice albedo product was missed in winter
and the time ice started ponding, only albedo from the Day of
Year 90 (early April) to 260 (middle of September) were used to
calculate the PO.

The DOO and DOR were identified from the time series of
daily passive microwave SIC products by applying two well-es-
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Fig.  1.     Map of  the Arctic  and eight sectors.  The land masses
shown in dark grey are omitted from the regional analysis.
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tablished algorithms, namely, NASA Team (Cavalieri et al., 1984)
and Bootstrap Algorithm (Comiso, 1995). These SIC products
were generated from brightness temperature data, which were
the same source data utilized for MO; these data were mapped
on the NSIDC polar stereographic grid with nominal 25 km × 25 km
grid cells. The acronyms and definitions for these factors are
shown in Table A1.

3  Methods

3.1  PO detection
The sensitivity of sea ice albedo to surface meltwater was em-

ployed to detect ponding date. Before the onset of surface melt,
both first-year ice and multi-year ice are covered by snow. The
snow-covered first-year ice and multi-year ice are characterized
by commonly high and stable albedo, and their albedos are
nearly the same (Perovich and Polashenski, 2012). A slight de-
crease occurs when snow and ice surface start melting, but a dra-
matic decrease takes place when ponding begins. Considering
this characteristic, identifying PO was possible by utilizing an
empirical linear function associating sea ice albedo and pond
fraction (Rösel and Kaleschke, 2012), as follows:

ATR = A − A ×MPF, (1)

A A MPF

A A

ATR

ATR

αi
α

where  and  are coefficients;  is the melt pond fraction,
defined as the ratio between the melt ponds area and sea ice area
in a grid cell. The coefficients are set following Zheng et al.
(2017), i.e.,  = 0.62 and  = 0.45. Thus, we obtained different
sea ice albedo thresholds  according to the varied MPFs. Once
sea ice albedo is reduced to  as the melt season progressed,
PO is detected. The sea ice albedo ( ) can be estimated by using
composite albedo ( , i.e., satellite-derived albedo) and sea ice
concentration (Lei et al., 2016), as follows:

α = Cwαw + Ciαi, (2)

Cw Ci

αw αi

MPF ATR

where  and  are the area fractions of open water and sea ice,
and  and  are their albedos, respectively. The albedo of open
water can be set to 0.07 as being put forward by Pegau and
Paulson (2001). Sensitivity test results suggested that a slight shift
in the MPF threshold between 0.01 and 0.30 did not change the
result much. Therefore, we opined that ice surface started pond-
ing when the  reached 10% (  = 0.575) as used by Zheng
et al. (2017), which allowed most of the derived PO to occur
between MO and DOR.

3.2  Regional statistics
Owing to the dramatic decrease in albedo that results from

melt ponds, the radiative balance in the Arctic changes.
Moreover, the flux of absorbed solar energy is increasing and the
surface melting progress is speeding up due to the positive feed-
back mechanism. However, meltwater can collect and thereby
form melt ponds only if the ice surface has depressions and low
permeability. This phenomenon creates a quandary for generat-
ing a time series of sector-wide mean arguments with respect to
the area over which an average can be obtained.

Two strategies were used in regional analyses, as follows: (1)
the average was obtained in each year over the area where an ar-
gument is valid, and this approach was referred to as Method I;
(2) the average was obtained in each year only over the area
where the sea ice experiences MO, PO, and DOR chronologically,

and this approach was referred to as Method II. Results obtained
using Method I disclosed the interannual variability of each para-
meter in regional means, whereas those obtained using Method
II exhibited a full evolution of ice surface melting progress on
ponding ice. In Method II, we masked all timings and durations
to locations that have a valid PO. Parameters determined from
BT SIC and NT SIC are named with prefixes “b” and “n”, respect-
ively. For example, bPO and nPO represented the PO determ-
ined from BT SIC and NT SIC, respectively.

An analysis of regional trends for every factor was conducted
using both strategies mentioned above. Both regional trends in
all factors only counted the locations where a parameter was
present for at least 80% of the years over the entire record, i.e.,
more than 29 years. The flow chart of data processing for this
work is presented in Fig. 2.

4  Results and discussion

4.1  Spatial distribution of timings
The mean MO for the Arctic over 1982–2017 (Fig. 3a) shows

high latitudinal dependence on earlier surface melting starting
from March and April in the southernmost latitudes and along
the marginal seas, i.e., the Sea of Okhotsk, the Bering Sea, the
south of Baffin Bay, the Greenland Sea, the Barents Sea, and the
periphery of Hudson Bay. As the summer progressed, the MO
spread northward. The latest surface melting region was in the
central Arctic Ocean and the northern Canadian Arctic Ar-
chipelago, where ice surface started melting during June–July.
The MO began in other sectors between April and June, such as
the Kara Sea, the outer of the Arctic Ocean, the majority of the
Hudson Bay, the northern Baffin Bay, and the coast of the north-
ern Greenland Sea.

The linear trends of the Arctic MO were examined. Decadal
trends in MO from 1982 to 2017 were computed and shown in
Fig. 3b. The Arctic presented striking negative trends in general.
The largest trends were over –6 d/decade in the Kara and Bar-
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Fig.  2.     Flow chart  of  data processing.  BT/NT:  Bootstrap and
NASA Team; SIC: sea ice concentration; AHRA: Advanced Hori-
zontal Range Algorithm; MO: melt onset; DOR: date of retreat;
DOO: date of opening; PO: pond onset.
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ents seas and the Arctic Ocean (Table 1), which indicated a shift
toward an earlier MO over the last 36 years. The largest down-
ward trend in the Barents and Kara seas may be partly associated
with the decreased cooling efficiency in the Barents Sea over the
past decades (Skagseth et al., 2020; Shu et al., 2021). The intensi-
fied decrease in sea ice that occurred in Chukchi and Beaufort
seas from 2000 to 2012 was in accordance with the second-largest
significant downward trend in the Arctic Ocean (Frey et al.,

2015). Notably, a slightly positive trend, which was statistically
non-significant in MO with 1.5 d/decade, was observed in the
Bering Sea. The accelerated increase in sea ice cover that resul-
ted from lower temperature and cold northerly wind in
2006–2012 may in part explain the later MO in the Bering Sea
(Frey et al., 2015).

The mean PO and its trends derived from the BT and NT SIC
for 1982–2017 are presented in Fig. 4. In addition, the differences
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Fig. 3.   Mean (a) and linear decadal trends (b) of melt onset (MO) for the period of 1982–2017. Trends are calculated only in locations
where MO occurs in more than 80% of the years over the entire record. Black points indicate that the trends are significant at the 95%
confidence level.
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Fig. 4.     Mean and linear decadal trends of pond onset (PO) for the period of 1982–2017 were derived by Bootstrap Team sea ice
concentration (BT SIC), i.e., bPO mean (a) and bPO trend (d), and NASA Team sea ice concentration (NT SIC), i.e., nPO mean (b) and
nPO trend (e). The differences (BT result minus NT result) between the two estimations (c, f) are shown. Trends are calculated only in
locations where PO occurs in more than 80% of the years over the entire record. Black points indicate that the pixels are significant at
the 95% confidence level.
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determined by these two SIC products are shown in Figs 4c and f.
As expected, both average PO showed an evident latitudinal de-
pendence, which was consistent with the process of the MO. The
difference between mean bPO and nPO ranged from –5.1 d in the
Bering Sea to –2.5 d in the Hudson Bay, and the overall differ-
ence was –4 d. The melt ponds began to form earliest in the peri-
pheral seas in late April in the BT and NT results, except for the
southeastern Baffin Bay and the southern Greenland Sea, in
which ice started ponding from early to middle May. As shown in
Figs 4a and b, meltwater started to collect and subsequently res-
ulted in PO in the Hudson Bay, inner Baffin Bay, and the Kara Sea
from May to June. The Arctic Ocean, the Canadian Arctic Ar-
chipelago, and the north of Baffin Bay started ponding during
June. Corresponding with the latest MO, the Arctic Ocean pond-
ing occurred latest in late June.

Decadal trends in the date of bPO and nPO were quite similar
with the largest discrimination less than 2 d/decade (Fig. 4f), and
exhibited a weak, increasing trend on the whole (Table 1). Both
PO presented negative trends, except for the Sea of Okhotsk, the
Bering Sea, the Hudson Bay, the Baffin Bay, and the Greenland
Sea (Figs 4d, e; Table 1). Graphically, the greatest downward
trends were presented in most Barents-Kara sea in both PO
trends, whereas the regional-mean even exhibited a later pond-
ing trend in nPO due to the upward trend along the coast of Bar-
ents-Kara sea, which may have resulted from the increase in the
amount of ice that drifted from the north and got stuck along the
coastal area from 1981 to 2010 (Kumar et al., 2021). Significant
positive trends in the Bering Sea and the Hudson Bay were ob-
served both in bPO and nPO. The largest upward trend occurred
in the Sea of Okhotsk because the counted locations were few.
The most significant downward trends were found in the Arctic
Ocean with –2.6 d/decade and –2.3 d/decade in bPO and nPO,
respectively (Figs 4d, e; Table 1). It may be partly explained by
the notable reductions in sea ice cover observed in the Chukchi
and Beaufort seas of the Pacific Arctic Region (Steele et al., 2008;
Stroeve et al., 2012; Frey et al., 2015).

As exhibited in Fig. 5, the DOO (Figs 5a, b) and DOR (Figs 5g,
h) extracted from BT and NT SIC started in the peripheral seas
and spread northward as the melt season progressed in general,
except the Hudson Bay. On the whole, DOO and DOR determ-
ined by BT SIC occurred later than NT SIC (Fig. 5c). The excep-

tional areas were a few locations in the Sea of Okhotsk, the Ber-
ing Sea, and the southern Baffin Bay. The most remarkable areal-
mean differences between bDOO and nDOO, which were over
30 days, were observed in the Hudson Bay and the Arctic Ocean.
Both DOOs began in April along marginal seas, whereas the latest
DOO from NT SIC occurred in early July within the Arctic Ocean.
The nDOO was 16 days earlier in contrast to bDOO, which was
attributed to the larger disagreement between BT SIC and NT SIC
in the seasonal ice zone in spring with much lower NT SIC,
whereas the most similar SIC in June and July contributed to less
dissimilarity in DOR (Comiso et al., 1997). Similarly, bDOR oc-
curred during March–October in contrast to nDOR in April–
September with respect to the corresponding DOO. A negative
difference was observed in a part of the central Arctic Ocean,
thereby indicating that bDOR occurred earlier than nDOR (Fig. 5i).
This phenomenon resulted from the larger NT SIC than BT SIC in
that location.

The vast majority of the Arctic was predominated by negative
trends in DOO and DOR obtained from both SIC products, indic-
ating a pronounced shift toward earlier sea ice retreat (Figs 5d, e,
j, k). The total areal-mean trend was approximately 4 d/decade
earlier in both DOO trends and over 5 d/decade advanced in
both DOR trends (Table 1). Graphically, all seas exhibited down-
ward trends in both DOO trends, except for the southeast part of
the Hudson Bay in bDOO. A pronounced difference was found
between the trends of the two DOO; fewer locations had valid
trends in bDOO due to less ice cover opening over the 36-year
study period in BT SIC (Figs 5d, e). Considering the inflow of
warm water from the North Atlantic Ocean and the interaction
between ocean and atmosphere (Kumar et al., 2021), the greatest
significant negative trends were observed in the Kara and Bar-
ents seas in both DOOs with more than 10 d/decade, as well as in
both DORs with about 8 d/decade (Table 1). In general, almost
all regions showed greater negative trends in bDOR than nDOR,
as shown in Fig. 5l. Similar to the Beaufort Sea, the spatial vari-
ations in DOO and DOR derived from two SIC across the Arctic
have been shrinking over the past 36 years, as thicker ice trend-
ing toward earlier dates were greater in amount than thinner ice
(Steele et al., 2015); thus, DOO and DOR are becoming more syn-
chronous (Wu and Wang, 2019; Wang et al., 2020).

Table 1.   Regional decadal trends (d/decade) in phenology factors are presented. All locations with a valid parameter were included.
Except for MO, the first and second rows for each factor represent the results derived from Bootstrap and NASA Team, respectively

Indicators All
Sea of

Okhotsk
Bering

Sea
Hudson

Bay
Baffin

Bay
Greenland

Sea
Kara &

Barents seas
Arctic
Ocean

Canadian
Arctic

MO (BT/NT) –0.6** –0.3 0.2 –2.4 –1.3* –0.5 –5.0** –6.4** –2.6**

PO (BT) 0.7 4.6 3.9* 2.6* 1.5 2.6** –0.5 –2.6** –0.7

PO (NT) 1.0 4.2 3.6* 1.9 1.5 3.0** 0.6 –2.3** –0.9

DOO (BT) –5.8** –5.6 –0.7 –2.2 –6.9** –2.2* –12.1** –2.5* –3.2**

DOO (NT) –4.5** –4.3* 3.6 –2.4 –5.4** –1.3 –10.3** –3.7** –2.2*

DOR (BT) –4.1** –2.0 –2.0 –6.3** –5.3** –3.1* –8.6** –3.2** –5.2**

DOR (NT) –2.7** –1.1 –0.9 –5.1** –4.5** –1.2 –7.9** –1.5 –2.3*

MPFP (BT) –0.2 –2.2 –2.7 0.2 –0.9 1.7 1.4 1.7** –0.1

MPFP (NT) 0 –2.7 –3.0* –0.5 –0.9 2.4* 2.3** 1.9** –0.2

MPEP (BT) –0.2 –4.8** –1.7 –4.6** –4.1** –4.8** –5.2** –0.8 –2.8*

MPEP (NT) 0.2 0.3 0.5 –3.5** –3.5* –4.3** –5.8** 0.3 0.2

SLIP (BT) –3.3** –2.1* 2.0 –3.0** –3.0** –3.9 –2.5** –2.6** –3.8**

SLIP (NT) –2.9** –2.3 –4.4 –1.7 –3.6 –6.5 –3.0 1.5 –1.1
      Note: Significant levels of trends are noted as 95% (*) and 99% (**). MO: melt onset; PO: pond onset; DOO: date of sea ice opening; DOR:
date of sea ice retreat; MPFP: melt pond formation period; MPEP: melt pond extension period; SLIP: seasonal loss of ice period; BT: Bootstrap
Team; NT: NASA Team.
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4.2  Spatial distribution of durations
The mean date and linear decadal trends of melt pond forma-

tion period (MPFP) and MPEP derived from the BT and NT SIC
for 1982–2017 and their differences are presented in Fig. 6. The
area-averaged MPFP obtained from Bootstrap results varied
between 24 d in the Canadian Arctic Archipelago and 56 d in the
Bering Sea. The bMPFP was generally shorter than nMPFP and
their differences ranged from –5.4 d to –2 d in the Bering Sea and
the Hudson Bay, respectively. (Figs 6a–c; Table A2). Graphically,
bMPFP lasted around 20 d in the Sea of Okhotsk, the Arctic
Ocean, the Canadian Arctic Archipelago, the northern Baffin Bay,
the western Greenland Sea, and the Kara Sea (Fig. 6a). The bMP-
FP appeared longer in the Hudson Bay, the central Baffin Bay, the
eastern Greenland Sea, and the Barents Sea with lower latitudes,

varying from 40 d to 60 d. The longest bMPFP occurred in the
southern Baffin Bay and along the southernmost edge of margin-
al seas, i.e., the Sea of Okhotsk, the Bering Sea, and the Green-
land Sea, where the bMPFP exceeded 60 d. The regional mean in
bMPEP ranged from 18.9 d in the Bering Sea to 87.5 d in the
Greenland Sea, and the overall areal-mean was 4.8 d longer than
that from nMPEP (Figs 6g–i; Table A2). Interestingly, MPEP ex-
hibited the exact inverse pattern to MPFP in BT and NT results
and the differences between the two results are mostly in 10 d.
The longest MPEP exceeded 80 d in the highest latitudes, i.e., the
east of the central Arctic Ocean and northern Greenland Ocean,
and in the Canadian Arctic Archipelago and the northern Hud-
son Bay, where sea ice had a complex topography. Shorter MPEP
was observed in the outer and western Arctic Ocean and the ma-
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Fig. 5.   Mean and linear decadal trends in DOO and DOR for the period of 1982–2017 derived from BT SIC, i.e., bDOO mean (a),
bDOO trend (d), bDOR mean (g), bDOR trend (j), and NT SIC, i.e., nDOO mean (b), nDOO trend (e), nDOR mean (h), nDOR trend (k).
The differences (BT result minus NT result) of the four estimations (c, f, i, and l) are also shown. Trends are calculated only in locations
where DOO or DOR occurs in more than 80% of the years over the entire record. Black points indicate that the trends are significant at
the 95% confidence level.
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jority of Hudson Bay in BT and NT results. The bMPEP was
shortest along the peripheral sea ice edge, where bMPEP was less
than 20 d.

Graphically, the trends of MPFP derived from BT and NT res-
ults were in good agreement with the greatest discrimination of
no more than 2 d/decade, except in the Hudson Bay in which
suggested opposite trends (Figs 6d–f; Table 1). In general, al-
though statistically non-significant inverse trends of MPFP over
the Arctic were observed in BT and NT results, the trends were
near zero (Table 1). Nevertheless, the Arctic Ocean and the Kara
and Barents seas exhibited statistically significant positive trends
in MPFP in both results. The most increasing trend in MPFP was
observed in the Greenland Sea, whereas the trend was signific-

ant in nMPFP only. Similar to MPFPs, MPEPs derived from BT
and NT results were comparable, and their disparities over the
Arctic were within 2 d/decade (Fig. 6l). Therefore, the MPFP and
MPEP we presented above are convictive. Significant negative
trends were presented in the Hudson Bay, the Baffin Bay, the
Greenland Sea, and Kara and Barents seas in both results. In oth-
er words, less time was needed for ice to melt out since the pond
onset, i.e., the sea ice transmitted from full ice cover to open wa-
ter more quickly, thereby extending melt season (Zheng et al.,
2021); more heat was absorbed by the ocean, thereby contribut-
ing to delaying the winter freezing (Stroeve et al., 2012).

In general, the SLIP detected from BT SIC was approximately
14 d shorter than NT SIC except for the edge of marginal seas,
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Fig. 6.   Mean and linear decadal trends of melt pond formation period (MPFP) and melt pond extension period (MPEP) for 1982–2017
derived from Bootstrap Team sea ice concentration (BT SIC), i.e., bDOO mean (a), bDOO trend (d), bDOR mean (g), and bDOR trend
(j), and NASA Team sea ice concentration (NT SIC), i.e., nDOO mean (b), nDOO trend (e), nDOR mean (h), and nDOR trend (k). The
differences (BT result minus NT result) of the four estimations (c, f, i, l) are also shown. Trends are calculated only in locations where
MPFP or MPEP occurs in more than 80% of the years over the entire record. Black points indicate that the trends are significant at the
95% confidence level.
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where bSLIP was approximately equal to or slightly greater than
nSLIP (Figs 7a–c). Smaller DOR combined with greater DOO in
the BT SIC contributed to a generally shorter bSLIP. The sectori-
al-mean of the length of bSLIP was less than 60 d, except for the
Canadian Arctic Archipelago, which was predominated by multi-
year ice (Hunke and Bitz, 2009). The length of nSLIP was over
60 d in the Arctic Ocean, Hudson Bay, and the Greenland Sea,
where their SLIPs were about 30 d longer than bSLIP. The SLIP
was shortest in the Sea of Okhotsk, Bering Sea, and Baffin Bay in
BT and NT results; they varied between 15 d and 24 d in bSLIP
and ranged from 12 d to 40 d in nSLIP.

The length of the SLIP denoted negative trends in all sub-re-
gions in BT and NT results with an overall sectorial-mean of –2.61
d/decade in bSLIP and –1.06 d/decade in nSLIP, respectively
(Figs 7d, e; Table 1); and the greatest decreasing trend was found
in the Greenland Sea (–5.75 d/decade in bSLIP) in both results.
Among the exceptions are the Sea of Okhotsk (1.07 d/decade)
and Bering Sea (zero) in nSLIP, which resulted from little ice re-
treating on a yearly basis. The shorter SLIP over the Arctic was
likely due to a decrease of more than 50% in multi-year ice since
2002, which resulted in a poleward retreat of ice edge as a norm,
thereby indicating that full sea ice underwent a quicker trans-
ition to open water in melt season from year to year (Strong and
Rigor, 2013; Kwok, 2018).

4.3  Temporal evolution of the sea ice surface melt
The average trends of four timings and three durations of the

melt season for all sub-domains in the Arctic are summarized in
Table 2, only locations where ice underwent MO, PO, and DOR in
turn in both BT and NT results were counted. Large interannual

variability in timings was evident. All timings determined by BT
SIC showed an upward trend in all areal-mean statistics except
for bDOR, whereas timings generated from NT SIC were trend-
ing later except nDOO and nDOR. All areal-mean PO exhibited a
slight and non-significant upward trend of 0.2 d/decade and
0.3 d/decade in NT and BT results, respectively (Table 2).
However, all durations presented a weak downward trend in BT
and NT results over the whole Arctic (Table 2). Compared with
durations obtained from NT SIC, larger and significant trends oc-
curred in durations from BT SIC.

The mean annual evolution of the sea ice surface melt based
on BT and NT results in the Arctic from 1982 to 2017 is shown in
Fig. 8. Two MO were identical as they were generated from
NSIDC MO directly, ranging from late-April to mid-May. The sea
ice started ponding around late May and showed earlier bPO in
comparison with nPO, whereas no significant difference was
found between bPO and nPO with all areal-means of less than
4 d, leading to 4 d shorter bMPFP compared with nMPFP. The
nDOO preceded or coincided with nPO from mid-May to early
June, indicating that sea ice experienced MO, PO, and DOR in the
Hudson Bay, the Baffin Bay, the Greenland Sea, Kara and Bar-
ents seas, and the periphery of the western Arctic Ocean in NASA
Team results (Figs 4b and 5b; Table 2). The bDOO minus bPO
varied between 15 d and 26 d from year to year, denoting that val-
id PO occurred along the periphery of the Arctic Ocean and the
Kara Sea, the west corner of the Sea of Okhotsk, the southern
Hudson Bay, and the Greenland Sea (Figs 4a and 5a). In general,
it took about 28 d and 31 d for ice to form ponds since MO in BT
SIC and NT SIC, respectively. Later, the melt ponds grew for 58 d
and 50 d until ice retreated in two SIC products, respectively.
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Fig. 7.   Mean and linear decadal trends of seasonal loss of ice period (SLIP) for the period of 1982–2017 derived from Bootstrap Team
sea ice concentration (BT SIC), i.e., bSLIP mean (a) and bSLIP trend (d), and NASA Team sea ice concentration (NT SIC), i.e., nSLIP
mean (b) and nSLIP trend (e). The differences (BT result minus NT result) between the two estimations (c, f) are also shown. Trends
are calculated only in locations where melt pond formation period (MPFP) or melt pond extension period (MPEP) occurs in more
than 80% of the years over the entire record. Black points indicate that the pixels are significant at the 95% confidence level.
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4.4  Outlook and discussion
In comparison to previous studies, the spatial distribution of

mean MO and area-averaged bSLIP in the pan-Arctic in our

study are in good agreement with that got by Peng et al. (2018).
The trends of MO in sub-regions excluding the Greenland Sea
and mean bSLIP over the Arctic are in line with results reported
by Bliss et al. (2019) and Singh et al. (2021), whereas nSLIP was
~15 d longer. However, a significant decreasing trend of –2.6
d/decade was observed in the Canadian Arctic Archipelago,
which is different from that by Mahmud et al. (2016). A lower
value in BT SIC and NT SIC compared with CDR concentration
(Meier et al., 2014), resulting in more than 30 d earlier in DOO
and DOR (Peng et al., 2018; Bliss et al., 2019). Nevertheless, the
DOO, DOR, and SLIP extracted from BT and NT SIC products re-
vealed significant downward trends over the Arctic, consistent
with the results by Bliss et al. (2019) and almost identical to those
reported by Peng et al. (2018). The exceptional regions were the
marginal ice zone viz., Sea of Okhotsk and the Bering Sea, where
had high uncertainties in SIC products (Comiso et al., 1997; Mei-
er et al., 2014).

The correlation coefficient matrix demonstrates that MO pre-
dominates PO. A strong correlation not only occurred between
MO and PO, but also was exhibited between MO and MPFP in
both BT and NT results (Tables A3 and A4). Our results support
the conclusion that the MO was the dominant forcing setting the
PO (Skyllingstad and Polashenski, 2018) and predominated the
progress of pond formation. A clear correlation was demon-
strated between PO and DOO in BT and NT results but not found
between PO and DOR, indicating that ponding water only made a
difference during melt season when SIC was high.

Ponding ice transmitted from full ice cover to open water
quickly. Because of different counting strategies, Tables 1 and 2
revealed different regional decadal trends and even exhibited op-
posite trends in most phenology factors. However, SLIP and
newly proposed durations of MPFP and MPEP derived from BT
results suggested a weak decreasing trend over the Arctic in both
methods. Although NT results did not capture these changes, we
can draw a firm conclusion that less time is needed for ponding
ice to melt out over the last 36 years, considering that both the bi-
as and the error standard deviation of the BT SIC are smaller or
comparable with those derived from the NT SIC (Andersen et al.,
2007).

The uncertainty of the PO detection algorithm has a substan-
tial impact on determined PO, MPFP, and MPEP. We used a fixed
threshold in albedo to detect PO over the Arctic without consid-

Table 2.   Regional decadal trends (d/decade) in phenology factors are presented. Only locations that underwent MO, PO, and DOR in
turn are included (i.e.,  Method II).  Except for MO, the first and second rows for each factor represent the results derived from
Bootstrap and NASA Team, respectively

Indicators All
Sea of

Okhotsk
Bering

Sea
Hudson

Bay
Baffin

Bay
Greenland

Sea
Kara &

Barents seas
Arctic
Ocean

Canadian
Artic

MO (BT/NT) 0.6 3.0 5.4 2.8 –1.5 3.2 –1.5 –2.8* 0.1

PO (BT) 0.2 3.7 3.0 2.4 –1.3 4.6* –1.2 –1.6** –1.5*

PO (NT) 0.3 3.7 3.1 1.4 –1.2 4.0* –0.5 –1.4* –1.8**

DOO (BT) 1.1* 1.0 4.9 –0.3 –2.2 1.3 –3.9* 0.2 –1.0

DOO (NT) –0.1 0.1 6.8 2.5 –3.6 3.7 –4.2* –2.2* –1.1

DOR (BT) –1.2 –1.2 5.9* –0.5 –4.2** –4.0 –6.1** –2.3* –4.5**

DOR (NT) –0.2 –0.1 2.2 –0.5 –3.7** –2.4 –5.5** –1.0 –1.5

MPFP (BT) –0.5 0.6 –2.4 –0.3 0.2 1.2 0 1.1 –1.6

MPFP (NT) –0.4 0.6 –2.3 –1.3 0.3 0.5 0.7 1.3 –1.9*

MPEP (BT) –1.4* –4.9 2.9 –2.9* –3.0 –8.5** –4.9** –0.6 –3.0*

MPEP (NT) –0.5 –3.7 –0.9 –2.0 –2.5 –6.4* –5.1** 0.5 0.3

SLIP (BT) –2.3** –2.2 1.0 –0.2 –2.0 –5.3 –2.2* –2.4** –3.5**

SLIP (NT) 0 –0.1 –4.7 –3.0 –0.1 –6.1 –1.3 1.3 –0.5

      Note: Significant levels of trends are noted as 95% (*) and 99% (**).
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Fig. 8.   Mean annual evolution of the sea ice surface melt in the
Arctic  from 1982 to 2017.  Blue,  orange,  and gray shaded bars
define  the  mean  MPFP  (bMPFP),  MPEP  (bMPEP),  and  SLIP
(bSLIP) obtained from BT SIC, respectively. The beginning and
ending points of these bars denote the annual mean MO (bMO),
PO (bPO), DOO (bDOO), and DOR (bDOR) derived from BT SIC.
The timings determined from NT SIC are presented in curves.
The  black,  green,  red,  and  violet  curves  noted  with  filled  tri-
angles show annual mean MO (nMO), PO (nPO), DOO (nDOD),
and DOR (nDOR), respectively. The span of each two contiguous
curves denotes nMPFP, nMPEP, and nSLIP.
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ering the differences between first-year ice and multi-year ice in
the characteristics. An adaptive threshold that is based on ice
identities may lead to more precise PO in the future. Moreover,
sea ice advection affected detected PO as well. The retrieved PO
in a specified region is not only related to the onset of snow and
sea ice surface melt, but also may be attributed to sea ice floes
with lower albedo drifted from near regions. Hence, more pre-
cise results associated with PO can be obtained after tracking sea
ice drift. In addition, leads formation and sea ice deformation as-
sociated with sea ice drift also contributed to changes in ice sur-
face albedo (Tucker III et al., 1999; Perovich et al., 2001; Perovich,
2018).

High-resolution albedo data are needed to determine PO bet-
ter, because melt ponds have widths ranging from meters to hun-
dreds of meters (Zege et al., 2015). With the limitation of mi-
crowave radiometer sensors to distinguish water in melt ponds
from the water in leads, CDR SIC and BT SIC overestimate the
true concentration, whereas NT SIC provides an underestimated
measure (Kern et al., 2020). Nonetheless, the variability of factors
associated with SIC is convictive because of the good agreement
in trends among these products. A more precise SIC product,
such as SIC from the European Organization for the Exploitation
of Meteorological Satellites Ocean and Sea Ice Satellite Applica-
tion Facility (Tonboe et al., 2016; Lavergne et al., 2019), could
better elucidate ice dynamics.

5  Conclusions
Temporal means and trends of the Arctic summer sea ice

phenology derived from BT SIC and NT SIC were presented.
These phenology factors with newly proposed PO and corres-
ponding periods were used to track the evolution of the Arctic
melting sea ice from 1982 to 2017. For the entire Arctic, the aver-
age PO was nearly 4 d earlier in BT results compared with that of
NT results; these dates ranged from late April in the peripheral
seas to late June in the central Arctic Ocean. In general, DOO and
DOR determined by BT SIC were later than those determined by
NT SIC, with an average over 30 d difference appearing in the
Hudson Bay and the Arctic Ocean for DOO. The DOR occurred
from March to October in BT SIC, whereas it began in April and
finished in September, which corresponded with the DOO in NT
SIC. The length of regional MPFP obtained from BT results var-
ied between 24 d in the Canadian Arctic Archipelago and 56 d in
the Bering Sea, and all areal-mean MPFPs were slightly 3.7 d
longer than those in the NT results. Conversely, MPEP in BT res-
ults ranged from 18.9 d in the Bering Sea to 87.5 d in the Green-
land Sea, which was on average 4.8 d longer than that from NT
results over the Arctic. As for SLIP, bSLIP was approximately 14 d
shorter than nSLIP. The high correlation coefficient between MO
and PO, MPFP illustrated that MO predominates the process of
pond formation. A slight decreasing trend in bMPFP, bMPEP,
and bSLIP denoted that ponding ice transmitted from full ice
cover to open water quickly over the Arctic. Limitations concern-
ing sea ice advection and fixed threshold set constraints on PO
detection. Despite this, our findings suggest new possibilities to
predict ice evolution in the Arctic.
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Appendix:

Table A1.   Acronyms, definitions, and descriptions of dates and periods, adapted from Peng et al. (2018)
Acronym Definition and description

MO date of snow and ice surface melt onset

PO date of melt pond formation onset

DOO date of opening, last day sea ice concentration drops below 80% before the first summer minimum

DOR date of retreat, last day sea ice concentration drops below 15% before the first summer minimum

MPFP melt pond formation period, defined as MO–PO

MPEP melt pond extension period, defined as PO–DOR

SLIP seasonal loss of ice period, defined as DOO–DOR

Table A2.   Regional mean (d) of indicators

Indicators All Sea of Okhotsk Bering Sea Hudson Bay Baffin Bay Greenland Sea
Kara &

Barents seas
Arctic
Ocean

Canadian
Arctic

MO 100.9 70.0 69.7 107.0 90.7 83.9 98.1 150.1 147.3

PO (BT) 140.7 124.1 127.6 141.3 136.7 125.4 127.6 166.8 167.7

PO (NT) 144.6 128.8 132.7 143.8 140.3 128.9 132.2 169.9 171.8

DOO (BT) 136.0 81.8 103.1 153.5 130.8 147.8 151.0 192.7 175.7

DOO (NT) 119.5 81.2 88.9 122.0 113.1 121.1 124.4 161.0 160.0

DOR (BT) 158.2 105.8 123.8 188.9 151.5 180.0 181.0 220.5 216.8

DOR (NT) 156.0 103.0 120.3 183.7 148.9 172.9 174.9 217.7 206.0

MPFP (BT) 40.2 44.4 56.0 37.4 43.5 46.5 38.0 25.3 24.0

MPFP (NT) 43.9 48.5 61.4 39.4 45.9 49.4 41.1 27.5 27.3

MPEP (BT) 47.3 20.9 18.9 52.0 42.8 87.5 64.0 62.4 58.7

MPEP (NT) 42.4 20.5 15.4 45.4 36.9 78.5 56.6 57.6 47.5

SLIP (BT) 26.9 12.1 18.2 36.6 25.7 46.2 38.9 38.1 51.0

SLIP (NT) 41.4 11.8 30.6 65.0 40.7 65.0 57.5 64.5 55.0
      Note: All locations with a valid parameter were included. Except for MO, the first and second lines for each factor represent the results
derived from Bootstrap and NASA Team, respectively (i.e., Method I).

Table A3.   The correlation coefficients among all parameters derived from Bootstrap results
bMO bPO bDOO bDOR bMPFP bMPEP bSLIP

bMO 1.00 0.58 0.39 0.24 −0.73 −0.20 −0.06

bPO 1.00 0.60 0.39 0.12 −0.37 −0.07

bDOO 1.00 0.43 0.00 −0.02 −0.35

bDOR 1.00 0.03 0.72 0.70
bMPFP 1.00 −0.07 0.02

bMPEP 1.00 0.76
bSLIP 1.00

      Note: The correlation coefficients with absolute value greater than 0.5 are bolded.

Table A4.   The correlation coefficients among all parameters derived from NASA-Team results
nMO nPO nDOO nDOR nMPFP nMPEP nSLIP

nMO 1.00 0.58 0.77 0.33 −0.69 −0.19 −0.44

nPO 1.00 0.55 0.48 0.19 −0.44 −0.12

nDOO 1.00 0.33 −0.43 −0.17 −0.65
nDOR 1.00 0.01 0.58 0.50

nMPFP 1.00 −0.16 0.40

nMPEP 1.00 0.62
nSLIP 1.00

      Note: The correlation coefficients with absolute value greater than 0.5 are bolded.
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