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Precipitation is an important part of the atmospheric circulation in the Arctic and

is of great significance to the energy budget and hydrological characteristics of

the Arctic region. The distribution of precipitation affects the exchange of

energy, which then affects the Arctic sea ice indirectly. Arctic precipitation

impacts the sea surface albedo, which leads to changes in the sea ice

concentration (SIC) and the energy exchange between the sea, ice, and air.

In this study, GPM IMERG precipitation data, which have a spatial resolution of

0.1°, were used to analyze the characteristics of precipitation in the Northeast

Passage (NEP) from May to December during the period 2011–2020. This

analysis of the amount of precipitation and its distribution were performed

for the Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea. The relationship

between precipitation and sea ice was also explored. The results show that,

during the study period, the average precipitation over the Barents Sea from

May to December was 57–561 mm/year and that this area had the highest

precipitation in the NEP. For the Kara Sea, the average precipitation for May to

December was 50–386mm/year and for the East Siberian Sea and the Laptev

Sea it was 48–303 mm/year and 53–177 mm/year, respectively. For the NEP as

a whole, September was found to be the month with the highest average

precipitation. An analysis of the correlation between the precipitation and the

SIC gave a correlation coefficient of −0.792 for the study period and showed

that there is a 15-day delay between the precipitation increase and the decrease

in SIC. The analysis of the precipitation data in these areas thus showed that

precipitation is related to SIC and is of great importance to understanding and

predicting the navigable capacity of the NEP.
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1 Introduction

As a result of global warming, the surface temperature of the

Arctic has risen two to three times faster than the global mean

temperature—a phenomenon known as Arctic Amplification

(Serreze and Francis, 2006). Among climate change indicators,

the long-term decline in the annual average extent of sea ice is

one of the clearest indicators of climate change and has generated

much concern in the scientific community as well as more widely

in society (IPCC et al., 2013). The warming of the Arctic climate

will lead to an acceleration of the hydrological cycle as the

melting of sea ice leads to increased interaction between the

sea, ice, and air (Kopec et al., 2016). In addition, the transport of

moisture from low latitudes into the Arctic can affect

atmospheric humidity and precipitation (Vihma et al., 2016).

In the Arctic, precipitation is expected to increase by 50% by

2100, and most of the precipitation will then be in the form of

rain (Kattsov et al., 2007; Perovich et al., 2009; Screen and

Simmonds, 2012; Bintanja and Selten, 2014). The influence of

moisture transport in the Arctic is variable because changes in

precipitation are related to patterns in atmospheric circulation

and depend on the moisture (Gimeno-Sotelo et al., 2018;

Gimeno-Sotelo et al., 2019). The transfer of moisture from the

temperate zone to the polar regions in spring is increasing, and

the increase in radiation emitted by moisture contributes to the

melting of the sea ice (Kapsch et al., 2013) Arctic precipitation

has a significant effect on navigation monitoring, sea ice, and

climate cycles, and can be used to analyze and forecast the

environmental status of the Arctic (Francis et al., 2009).

The annual mean extent of Arctic sea ice has decreased

significantly in the past 40 years, with the most significant decline

occurring in late summer and early autumn since the beginning

of the 21st century (Lee et al., 2017; Serreze and Meier, 2019). Sea

ice melting is a complex physical process that is affected by

factors such as temperature, the size of the heat flux, and water

transport (Screen et al., 2018; Webster et al., 2018). These factors

can change the length of the melting season and determine the

when the sea ice begins to melt (Perovich and Polashenski, 2012;

Stroeve et al., 2014; Mortin et al., 2016). The Arctic sea ice

melting season begins in spring and ends in autumn (Hegyi and

Deng, 2017; Huang et al., 2019). Some studies have confirmed the

relationship between the melting of Arctic sea ice and

precipitation (Higgins and Cassano, 2009; Screen et al., 2015).

In recent years, the Arctic has become warmer and wetter, and

the amount of evaporation has gradually increased along with the

melting of sea ice (Boisvert et al., 2015; Boisvert and Stroeve,

2015)—the decrease in the amount of sea ice leads to an increase

in the atmospheric moisture content because the melting of the

ice exposes the surface of the sea to the atmosphere, which leads

to a sharp increase in evaporation (Barry and Serreze, 1998;

Zhong et al., 2018). The loss of sea ice is thus leading to more

intense local evaporation in the Arctic, which, in turn, is leading

to increased precipitation (Kopec et al., 2016).

However, some studies have found that external moisture

contributes 70%–90% of the water in the Arctic hydrological

cycle (Singh et al., 2017). Arctic snowfall does not change the

albedo of sea ice because both ice and snow already have a high

albedo (Bintanja et al., 2018). In a warmer climate, however,

most Arctic precipitation would be in liquid form (Bintanja and

Andry, 2017); this would reduce the albedo of the snow- and

ice-covered surfaces. Therefore, rainfall in the Arctic causes sea

ice to melt. When rainfall occurs, the snow melts rapidly, its

thickness decreases, and the snow grains become larger; the

liquid water content of the snow layer also increases, and the

albedo decreases by 10% (Dou et al., 2019; Dou et al., 2021).

Thus, it can be seen that Arctic precipitation has an impact on

sea ice.

In the past, the Arctic Ocean was covered by ice all year

round, the navigable area was smaller, and no reliable route

through the ocean was available (Melia et al., 2016; Chen et al.,

2020). As a result of climate change, the extent and thickness of

the sea ice has decreased. These trends have accelerated over

recent decades, providing favorable conditions for navigation in

the Northeast Passage (NEP) (Comiso et al., 2008; Kerr, 2009;

Parkinson and Cavalieri, 2012; Kwok, 2018). The NEP starts in

the North Atlantic Ocean and passes through the Barents Sea,

Kara Sea, Laptev Sea, East Siberian Sea, and Bering Sea (Zeng

et al., 2020). The NEP is an important shipping route connecting

Northern Europe and East Asia. Compared with traditional

shipping routes, using the NEP can reduce the length of the

voyage by one third and save 10 days’ travel time, greatly

reducing the cost of shipping (Verny and Grigentin, 2009;

Schoyen and Brathen, 2011; Eguiluz et al., 2016). The

FIGURE 1
Map of theNEP including the location of the Barents Sea, Kara
Sea, Laptev Sea, and East Siberian Sea.
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Northeast Passage is also an important part of China’s Belt and

Road initiative (Qiu et al., 2017).

The study area that was used included the Barents Sea (65°N‒

80°N, 20°E‒65°E), Kara Sea (70°N‒80°N, 65°E‒100°E), Laptev Sea

(70°N‒80°N, 100°E‒145°E), and East Siberian Sea (70°N‒80°N,

145°E‒180°E) (Figure 1). These are mainly areas close to the

northern coast of Russia and Norway and include the main

Arctic shipping routes. During the navigable period, there is still

a large amount of ice cover in this region, particularly in the Kara

Sea and Laptev Sea near to the island of Severnaya Zemlya.

Therefore, the study of this area is of great significance to

shipping (Eguiluz et al., 2016).

The sea ice in the NEP starts to melt in early May and does

not completely freeze until December (Higgins and Cassano,

2009; Screen et al., 2015). The coverage of ground stations in the

region is limited and it is difficult to obtain accurate information

on the distribution of precipitation in the NEP (Bosilovich et al.,

2011). Therefore, in this study, high-precision GPM IMERG

precipitation data and sea ice concentration data were used to

analyze the characteristics of precipitation and the relationship

between precipitation and sea ice in each part of the study area

during the NEP’s navigable period—May–December—for each

year from 2011 to 2020. It was found that there is a negative

correlation as well as a time lag between precipitation and the sea

ice density. It is concluded, therefore, that Arctic precipitation

can affect the navigability of the NEP.

2 Data and methodology

2.1 Dataset

2.1.1 Precipitation
Usually, precipitation measurements are made at

meteorological ground stations, but it is difficult to obtain

precipitation measurements for the Arctic directly due to the

lack of ground stations and their uneven distribution; the windy

conditions experienced in the Arctic are an additional problem

(Bosilovich et al., 2011). GPM IMERG is a precipitation product

produced by a multi-satellite integration algorithm based on

passive microwave and infrared data obtained by NASA (https://

gpm.nasa.gov/). The algorithm combines passive microwave data

from all of the GPM satellites with infrared data from

geostationary satellites as well as data obtained from ground

rainfall gauges. GPM IMERG has the ability to detect moderate

and heavy precipitation as well as light and solid precipitation.

Data for May–December for the years 2011–2020 were selected.

These data were in NETCDF4 format and had a temporal

resolution of 1 day and a spatial resolution of 0.1 × 0.1. This

spatial resolution corresponds to that of the GPM IMERG Final-

Run product, which was chosen because of the limited size of the

study area and because it could more accurately display the

distribution of the precipitation.

2.1.2 Sea ice concentration
The SIC data that were used consisted of the daily real-time

SIC product released by the Institute of Environmental Physics

(IUP) of the University of Bremen, Germany (https://seaice.

unibremen.de/start/data-archive/), which uses AMSR2 and

AMSR-E brightness temperature data as source data and then

produces results calculated by the ASI (ARTIST Sea Ice) SIC

algorithm. The Bremen SIC product provides long-term series of

SIC data with spatial resolution of 3.125 km. The area covered by

this product includes the North and South poles. The ASI

algorithm makes use of the clear difference in brightness

temperature between sea ice and seawater in horizontally

polarized high-frequency (89-GHz) data to determine the SIC.

SIC data for the period May–December for each year from

2011 to 2020 were selected for use (however, data for the

months November 2011, December 2011, May 2012, and June

2016 were missing.

2.2 Correlation and linear regression

An analysis of the degree of linear correlation between the

precipitation and SIC was carried out for the study area. This

analysis was based on calculations of the Pearson correlation

coefficient, R. R has a value in the range [‒1, 1]. If R > 0, the

two variables are positively correlated, whereas if R < 0, the two

variables are negatively correlated; the larger the absolute value of R,

the stronger the correlation between the two. R can be calculated as

R � ∑(Si − �S)(Oi − �O)�����������������������∑n
i�1(Si − �S)2 ·∑n

i�1(Oi − �O)2√ (1)

where R is the correlation coefficient, Si is the ith value of variable

S, and S(—) is the average value of S;Oi is the ith value of variable

O, and O(—) is the average value of O.

From a linear fitting of the monthly precipitation in the study

area, the characteristics of the regional precipitation could be

found. The linear fitting was described by the following

equations:

b �
∑n
i�1
(xi − x

−)(yi − y
−)

∑n
i�1
(xi − x

−)2 (2)

and

a � y
− − bx

−
(3)

where b is the constant in the equation of linear fit, n is the total

number of data, xi is the value of the ith data, yi is the value of the

ith data, x(—) is the average value of x, y(—) is the average value
of y, and a is the coefficient in the equation of linear fit.

The time lag between the precipitation and SIC was

determined using the daily precipitation data for May–August

and the daily SIC data for May–September for each year during
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the period 2011–2020. The length of the delay (in days) was

found by comparing the correlation coefficients for different time

lags:

Ra � ∑(Si − �S)(Oi+a − �O)�������������������������∑n
i�1(Si − �S)2 · ∑n

i�1(Oi+a − �O)2√ (4)

Here Ra is the time lag correlation coefficient, a is the length of

the time lag (in days), Si is the ith value of variable S, and S(—) is
the average value of S; Oi + a is the i + ath value of variable O, and

O(—) is the average value of O.

3 Spatiotemporal analysis of
precipitation

3.1 Time-series analysis

Although previous studies of Arctic precipitation have

provided a preliminary understanding of the characteristics of

precipitation in the region, there have been few studies

specifically on precipitation in the NEP. In this study, GPM

IMERG precipitation data were used to analyze the average

precipitation during the period May–December for 2011–2020

(Figure 2). It was found that the average precipitation in the four

sea areas of the NEP varied wildly. As shown previously (Boisvert

et al., 2018), these sea areas could be ordered Barents Sea, Kara

Sea, Laptev Sea, and East Siberian Sea, with the Barents Sea

having the highest precipitation and the East Siberian Sea the

lowest. The relatively high precipitation in the Barents Sea and

Kara Sea may be related to the warm and humid air that enters

the region from the North Atlantic (Behrangi andWen, 2017). In

contrast, the Laptev Sea and East Siberian Sea are less affected by

the North Atlantic and receive less precipitation on average. The

average May–December precipitation varies greatly from 57 to

561 mm/year in the Barents Sea to 50–386 mm/year in the Kara

Sea, 48–303 mm/year in the Laptev Sea, and 53–177 mm/year in

the East Siberian Sea. The average precipitation decreases with

latitude.

Using the GPM IMERG precipitation data, the monthly

average precipitation in the study area during the study

period was also analyzed (Figure 3). It was found that the

monthly average precipitation first increases during the period

May–September and then decreases from September onwards. In

the Barents Sea, there is abundant precipitation throughout the

year. In the Barents Sea, there is also slightly more precipitation

in December than in November; this may be related to the

occurrence of winter storms in the North Atlantic (Serreze

and Barrett, 2008; Simmonds et al., 2008). In the Kara Sea,

the monthly average precipitation also gradually increases from

May to September; it then decreases during the period October to

December. In the Laptev Sea and the East Siberian Sea, the

amount of precipitation remains fairly constant from July to

October; however, the amount of precipitation is still less than in

the Barents Sea and Kara Sea.

The linear fitting of the monthly precipitation in the NEP,

Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea shows

how the precipitation in the NEP changed over the decade

2011–2020 (Figure 4). Overall, the precipitation in the NEP

shows an increasing trend, with the precipitation in the

Barents Sea and Kara Sea also increasing and the precipitation

in the Laptev Sea and East Siberian Sea slowly decreasing. As

more warm, moist subtropical air enters the Arctic, the amount

of precipitation in the Barents Sea and Kara Sea is gradually

increasing (Serreze and Barrett, 2008; Simmonds et al., 2008); the

amount of precipitation in the Laptev Sea and East Siberian Sea is

also affected by the presence of the Central Siberian Plateau and

the island of Severnaya Zemlya.

3.2 Spatial analysis of precipitation

A spatial analysis of the average precipitation in the NEP

during the period May–December for the years 2011–2020 shows

that precipitation varies across the region (Figure 5). In the Barents

Sea, the precipitation is concentrated near to river estuaries and the

coastline. This is also the case for the precipitation in the Kara Sea;

in this case, there also areas to the Northeast and South of Novaya

Zemlya that receive a relatively large amount of precipitation as a

result of the interaction between the island’s mountainous terrain

and themoisture that is being transported into the region (Boisvert

et al., 2015; Boisvert et al., 2018). The precipitation in the Laptev

Sea is also concentrated near to the coast, whereas in the East

Siberian Sea it is concentrated to the West of the Liakhov Islands

and the East of Wrangel Island.

A spatial analysis of the monthly average precipitation in

the NEP for May–December for the period 2011–2020 shows

that, inMay, the precipitation is concentrated in the Barents Sea

FIGURE 2
The average precipitation from May to December in the
Northeast Passage, with corresponding individual averages for the
Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea.
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(Figure 6). In June, the precipitation is mainly concentrated in

the Barents Sea and Kara Sea as well as near to estuaries and the

coastline throughout the NEP. From July to October, significant

precipitation falls across the NEP, but the amount of

precipitation in the Barents Sea and Kara Sea is still greater

than in other regions. In November and December, the

precipitation is again concentrated in the Barents Sea and

Kara Sea. It can be seen, therefore, that, among the marginal

seas that constitute the NEP, the Barents Sea and Kara Sea

receive relatively large amounts of precipitation. These regions

receive relatively abundant precipitation from May to

December, which may be related to the moisture that enters

the Arctic (Serreze and Barrett, 2008; Simmonds et al., 2008). In

the Laptev Sea and East Siberian Sea, the precipitation has a

distinct seasonal pattern with most precipitation falling in the

period June–November.

4 Analysis of the correlation between
precipitation and sea ice

4.1 The spatiotemporal relationship
between precipitation and sea ice
concentration

Most studies of changes in the Arctic water cycle have

focused on the assessment of precipitation trends, while less

research has been done on the magnitude of climate change in

the Arctic or on the relationships between the ocean, ice, and

atmosphere (Holland et al., 2007; Pendergrass et al., 2017).

Precipitation that falls onto sea ice has a great effect on the

thickness of the ice: snowfall can cause snow to accumulate on

top of the ice, increasing its thickness, whereas rainfall reduces

the albedo of the ice surface and promotes melting. Snow melts

rapidly when it rains, resulting in a sharp drop in snow thickness

(Dou et al., 2019; Dou et al., 2021). A linear regression and

Pearson correlation analysis was carried out for the monthly

precipitation and monthly average SIC for May–December for

2011–2020 (Figure 7). It was found that, overall in the NEP, there

is a strong negative correlation—correlation

coefficient −0.792—between the monthly precipitation and the

SIC. In the Barents Sea, however, there is only a weak negative

correlation with a correlation coefficient of −0.348. The melting

of sea ice is affected by many factors, such as the air temperature,

sensible heat flux, moisture, and precipitation. The Barents Sea

may be impacted by factors such as moisture that is transported

from the North Atlantic, and the effect of precipitation on sea ice

in the region is weaker. In the Kara Sea, the monthly precipitation

and SIC have a strong negative correlation giving a correlation

coefficient of −0.769. In the Laptev Sea, there is also a strong

negative correlation with a correlation coefficient of −0.838. In

the East Siberian Sea, the monthly precipitation and SIC are also

negatively correlated, and the correlation coefficient is −0.5226.

Thus, it can be seen that there is a negative correlation between

precipitation and SIC in the NEP, and that this correlation is

strongest in the Laptev Sea.

FIGURE 3
The monthly average precipitation in (A) the Northeast Passage, (B) Barents Sea, (C) Kara Sea, (D) Laptev Sea, and (E) East Siberian Sea.
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A Pearson correlation analysis was also carried out between

the monthly precipitation and the monthly average SIC for the

months May–December for the years 2011–2020. The spatial

patterns in the correlation coefficient were then obtained and are

shown in Figure 8. It can be seen from the figure that there is a

region including the northern part of the Kara Sea and the

northern part of the Laptev Sea, around Severnaya Zemlya,

where the correlation is strongly negative. For parts of the

Barents Sea, in contrast, the correlation did not pass the

significance test, and the overall correlation is weak.

4.2 Hysteresis of precipitation and sea ice
concentration

There have been many studies on the relationship between

precipitation and sea ice melt in the Arctic (Higgins and

Cassano, 2009; Screen, et al., 2015; Kopec et al., 2016), but

there has been very little research on the direct effect of changes

in precipitation on SIC. The effect of precipitation on sea ice

varies because the effect depends on the mechanism producing

the precipitation (Gimeno-Sotelo et al., 2018; Gimeno-Sotelo

et al., 2019). Some moisture entering the Arctic from other

regions accelerates the hydrological cycle in the Arctic, thus

leading to an increase in precipitation (Singh et al., 2017). There

are also several studies on the future of the Arctic climate that

have found that increased evaporation leads to increased

precipitation (Kattsov et al., 2007; Rawlins et al., 2010) and

that more precipitation will occur in the form of rain (Vihma,

2014). Arctic precipitation can energize the Arctic Ocean

surface, promote the melting of sea ice, and affect the mass

balance of high-latitude glaciers and ice sheets (Bintanja et al.,

2018). However, there are time lags associated with these

processes. The analysis of monthly precipitation and

monthly average SIC for the period May–December

described above shows that the SIC decreases as the

precipitation increases. These results also show that there is

a delay between the precipitation increase and the decrease in

FIGURE 4
Results of linear regression of monthly precipitation from May to December for the period 2011–2020. It can be seen that, overall, the amount
of precipitation in theNEP is increasing. Among the divisions of the NEP, the precipitation is increasing in the Barents Sea and Kara Sea, whereas in the
Laptev Sea and East Siberian Sea it is decreasing.
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SIC, and this was found to be the case for the different

individual sea areas within the NEP (Figure 9).

The type of precipitation also affects the thinning of snow on

sea ice in different ways (Dou et al., 2021). Since the 1990s, the

amount of rainfall in the Arctic has increased significantly as

temperatures have risen (Han et al., 2018; Pan et al., 2020). As

the rainfall has increased, the melt pools on the surface of the sea

ice have grown, and these melt ponds promote further ice loss

due to their low albedo; there is a time lag associated with this

process however (Webster et al., 2018). In addition, rainfall leads

to the rapid melting of snow, a sharp reduction in the thickness

of the snow, and increase in snow particles, and an increase in

the liquid water content of the snow layer. The result is a

decrease in albedo of 10%, which again contributes to the

melting of sea ice (Dou et al., 2019; Dou et al., 2021). The

time lag correlation coefficient was analyzed for each sea area in

the NEP, and it was found that the correlation coefficient first

decreased and then increased as the number of days since the

precipitation increase and the decrease in SIC. The correlation

coefficient reaches its maximum (negative) value of −0.54597 on

day 15. From the graphs plotting the time lag correlation

coefficient against the length of delay for each sea area

(Figure 10), it can be seen that the time lag correlation is

particularly weak in the Barents Sea area. For all four sea

areas, the correlation coefficient first decreases and then

increases. The maximum values of the correlation coefficients

for the Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea

are −0.0803, −0.49707, −0.55976, and −0.47291, respectively.

These values correspond to delays of 5, 10, 25, and 25 days,

respectively. The time lag thus increases from West to East.

5 Discussion

Compared with other precipitation products, GPM

IMERG has a higher spatial and temporal resolution and a

FIGURE 5
Average May–December precipitation in the NEP.

FIGURE 6
Average precipitation for the months May–December in the NEP for the period 2011–2020.
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greater detection ability; however, very little verification of the

accuracy of GPM IMERG has been carried out for the Arctic.

In the Arctic, passive microwave data are masked out over

areas of snow and ice, which means that only microwave-

adjusted IR-based estimates are available for these areas.

These microwave adjustments to the IR data depend on

interpolations based on areas surrounding the masked-out

areas. As a result, GPM IMERG contains errors at high

latitudes. Nevertheless, some studies based on GPM

IMERG have been carried out at high latitudes. One study

in which GPM IMERG was evaluated found that it had a great

performance at high latitudes in Finland (Mohammed et al.,

2021). A study of global precipitation in which GPM IMERG

and ERA5 were compared showed that the accuracy of GPM

IMERG is poorer than that of ERA5 but that IMERG has a

better spatial resolution (Xiong et al., 2022). It should be noted

that the calibration reference for GPM IMERG is based on a

small number of GPM precipitation estimates at high latitudes

(Skofronick-Jackson et al., 2017, 2019). It is also possible that

the methodology introduced in V6 of the IMERG product to

mitigate the radar sensitivity-related deficiencies in the

combined product (Freitas et al., 2020) overcompensates

for this problem, resulting in precipitation overestimates in

some areas. The IMERG product can also detect extreme

precipitation more accurately than the reanalysis product

(Boisvert et al., 2021).

By analyzing the correlation between precipitation and

SIC, it was found that the correlation is very different in the

different sea areas within the NEP. As the melting of sea ice is

affected by many factors (Webster et al., 2018), the influence

FIGURE 7
Linear regression of SIC againstmonthly precipitation in (A) the NEP, (B) Barents Sea, (C) Kara Sea, (D) Laptev Sea, and (E) East Siberian Sea for the
period May–December for 2011–2020. All of the correlation coefficients passed the significance test (p < 0.01).

FIGURE 8
The spatial distribution of the correlation between
precipitation and SIC in the NEP for May–December for the years
2011–2020. (The data for November 2011, December 2011, May
2012, and June 2016 are missing).
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of precipitation on the melting of sea ice is different in each

sea area. The Barents Sea has the lowest correlation

coefficient among the four sea areas studies because the

Barents Sea ice is greatly affected by other factors that

cause the melting of sea ice (Arthun and Schrum, 2010;

Sando et al., 2014), which means that the impact of

precipitation on sea ice is weakened. For some areas of the

Barents Sea, the degree of correlation between the

precipitation and SIC did not pass the significance test.

This is due to the flow of energy from the open water in

the Barents Sea into the Arctic Ocean, which means that there

is no linear relationship between the two variables (Arthun

and Schrum, 2010; Sando et al., 2014). The time lag between

the precipitation and sea ice concentration was found to have

a particular spatial pattern, with the time lag increasing from

the Barents Sea in the West to the East Siberian Sea in the

East. In the Barents Sea, this correlation was very weak and

negative; for the other sea areas it was moderately negative.

For the Laptev Sea and the East Siberian Sea, the time lag was

25 days; this was quite different from the time lag for the

Barents Sea and Kara Sea. This difference may be due to the

greater snowfall in the Laptev Sea and East Siberian Sea

(Boisvert et al., 2018). The amount of snow on the surface

of Arctic sea ice is a decisive factor in its growth and decay

(Maykut and Untersteiner, 1971).

In this study, the relationship between the distribution of

precipitation and sea ice was analyzed during melting and freezing

periods. However, seasonal anomalies were not taken into account.

Taking seasonal anomalies in the precipitation and SIC data into

consideration might have produced better results. In addition, the

Arctic Oscillation and Atlantic Oscillation have an impact on

Arctic precipitation and sea ice (Aanes et al., 2002). The

relationships between precipitation and the Arctic Oscillation

(AO), North Atlantic Oscillation (NAO), and dipole anomaly

(DA), are very important; analysis of the correlation between

precipitation and these factors may be of help to making

predictions of precipitation in the Arctic.

An analysis of the distribution of precipitation in the land areas

bordering the NEP (Figure 11) shows that the Western Siberian

Plain has the highest average precipitation; this is followed, in

order, by the Eastern European Plain, Eastern Siberian Mountains,

and Central Siberian Plateau. Within the Central Siberian Plateau

and the Eastern Siberian Mountains, areas near the Lena River

have the highest average precipitation; within theWestern Siberian

Plain, the precipitation is greatest in the Yenisei and Ob River

basins. In general, the precipitation over the land areas is greater

FIGURE 9
Time-series showing the variations inmonthly precipitation andmonthly average SIC in (A) the NEP, (B) Barents Sea, (C) Kara Sea, (D) Laptev Sea,
and (E) East Siberian Sea for May–December for the years 2011–2020. (Data for November 2011, December 2011, May 2012, and June 2016 data are
missing).
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than in the NEP. The relationship between the distribution of

precipitation over the Arctic Ocean, over the land precipitation,

and environmental change is a possible topic for future study.

6 Conclusion

Within the NEP, average precipitation from May–December

was found to be highest in the Barents Sea, followed, in order, by

the Kara Sea, Laptev Sea, and East Siberian Sea. For the Barents

Sea and Kara Sea, the total precipitation is within the range

200–300 mm, whereas for the Laptev Sea and East Siberian Sea it

is within the range 50–150 mm. Overall, the monthly average

precipitation increases from May onwards, reaches a maximum

in September and then decreases. In the Barents Sea and Kara

Sea, most of the precipitation falls in summer; in the Laptev Sea

and East Siberian Sea, there is not much variation frommonth to

month. Linear fitting of the monthly precipitation in the NEP for

the period 2011–2020 shows that the precipitation has increased

slightly. The amount of precipitation in the Barents Sea and Kara

Sea is increasing, whereas in the Laptev Sea and Kara Sea there

has been a decrease.

Based on an analysis of the correlation between the

precipitation and SIC for the period 2011–2020, a negative

correlation with a correlation coefficient of −0.792 was found.

The correlation in the Barents Sea is weak and negative with a

correlation coefficient of −0.348. In the Kara Sea and Laptev Sea,

in contrast, the correlation is very strong, with correlation

coefficients of −0.769 and −0.838, respectively. In the East

FIGURE 10
Graphs showing the correlation coefficient between the precipitation increase and the decrease in SIC plotted against the length of delay in
days for (A) the NEP, (B) Barents Sea, (C) Kara Sea, (D) Laptev Sea, and (E) East Siberian Sea. All of the correlation coefficients passed the significance
test (p < 0.01).

FIGURE 11
Average precipitation for May–December in the Arctic for the
period 2011–2020.
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Siberian Sea, the correlation is moderately negative with a

correlation coefficient of −0.5226.

An analysis of the time lag between the precipitation and

sea ice concentration indicates a moderate correlation except

for the Barents Sea, where the correlation was found to be very

weak and negative. Overall for the NEP, a delay of 15 days was

found; for the Barents Sea and Kara Sea, delays of 5 and

10 days, respectively, were found, and for both the Laptev Sea

and the East Siberian Sea, the delay was 25 days. Thus, from

West to the East across the NEP, the time lag increases. By

studying the time lag for each sea area within the NEP, the

navigable capacity of the different areas can be predicted to a

certain extent. This can provide assistance to ships traversing

the NEP.
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