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Abstract: Arctic river discharge is one of the important factors affecting sea-ice melting of Arctic
shelf seas. However, such effects have not been given much attention. In this study, the changes
in discharge of the Ob, Yenisei, and Lena Rivers and the sea ice of the Kara and Laptev Seas
during 1979–2019 were analyzed. Substantial increases in discharge and heat from the discharge and
decreases in sea ice concentration (SIC) were detected. The effects of changes in discharge and riverine
heat on sea ice changes were investigated. The results showed that the influence of the discharge,
accumulated discharge, heat, and accumulated heat on SIC mainly occurred at the beginning and final
stages of sea-ice melting. Discharge accelerated the melting of sea ice by increasing the absorption of
solar radiation as the impurities contained in the discharge washed to the sea ice surface during the
initial and late stages of sea-ice melting. Changes in cumulative riverine heat from May to September
greatly contributed to the SIC changes in the Kara and Laptev Seas at the seasonal scale. The SIC
reduced by 1% when the cumulative riverine heat increased by 213.2 × 106 MJ, 181.5 × 106 MJ, and
154.6 × 106 MJ in the Lena, Yenisei, and Ob Rivers, respectively, from May to September. However,
even in the plume coverage areas in the Kara and Laptev Seas, discharge changes from the three
rivers had a limited contribution to the reduction in SIC at annual scales. This work is helpful for
understanding the changes in Arctic sea ice.

Keywords: river discharge; effects; Arctic sea ice; riverine heat; absorbance

1. Introduction

The Arctic sea ice is the main habitat for many animals such as polar bears, seals, and
seabirds. A reduction in sea ice can lead to shrinkage of their habitats and deteriorating
living conditions, posing a threat to the ecosystem and biodiversity. Changes in Arctic
sea ice also have significant impacts on shipping, fishing, and energy development [1–3].
Arctic sea ice has experienced rapid thinning and retreating over the past decades because
of Arctic warming, with particularly dramatic changes since the 21st century [3–5]. The
percentage of multi-year sea ice was 75% in the mid-1980s, and it dropped below 33% in
2018 [6,7]. The decrease in sea ice, in turn, impacts climate change. The Arctic Ocean is the
freshest and most river-influenced ocean, receiving 11% of the world’s river discharge but
containing only 1% of the world’s marine water [8,9]. Discharge from north-flowing rivers
into the Arctic Ocean has changed markedly [10–12]. Discharge from the Lena, Yenisei,
and Ob Rivers draining into the seas has increased by 7.4–22.0% during 1936–2019 [13].
Both the sea-ice melting and inflow of discharge into the Arctic Ocean begin at the edge
position of the ocean and then advance toward the center. Therefore, studying the effects of
discharge changes on regional sea-ice melting is of great significance for understanding the
mechanisms behind sea-ice melting and the feedback between sea ice and climate change,
protecting the Arctic ecosystem, and promoting international trade. Nevertheless, to date,
there has been limited research on the effects of Siberian river discharge on sea ice.
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It has been suggested that sea ice concentration (SIC) and discharge from some Arctic
rivers have a negative correlation around the estuary in spring and a significant positive
correlation just north of the estuary in summer [14]. Large amounts of heat, suspended
particulate matter, and colored dissolved organic matter are carried into the Arctic Ocean
by discharge from Arctic rivers [15–17]. Riverine heat from Arctic rivers directly contributes
to the sea-ice melting in spring, summer, and autumn or inhibits the sea-ice formation
in late autumn and early winter by warming the ocean [18]. A considerable influence of
warm discharge from the Mackenzie River on Arctic sea-ice melting was found, with the
help of the powerful Beaufort Gyre fragmented sea ice [19]. Furthermore, Park et al. (2020)
estimated that 10% of the reduction in thickness of the Arctic regional sea ice was attributed
to riverine heat during 1980–2015 [18]. However, a study using a stable isotope (δ18O) to
derive the fractions of sea ice meltwater and river water in the ocean concluded that the
riverine heat is too small to melt the observed sea ice loss in the process of sea-ice melting,
and impurities contained in the discharge accelerate sea-ice melting by decreasing the sea
ice albedo and increasing solar radiation absorption when they are flushed onto the sea
ice surface [20,21].

Previous limited studies have made some progress in clarifying the effects of river
discharge and riverine heat on Arctic sea-ice melting, but these gains are obviously far
from enough due to the deficiency of observational data and complexity of the influencing
process. In this study, (1) the monthly and annual long-term variations in discharge and
heat of the Ob, Yenisei, and Lena Rivers, and SIC in the river plume coverage area of the
Kara and Laptev Seas were analyzed; (2) the effects of monthly and annual discharge and
riverine heat changes on SIC changes during the river unfreeze period were investigated,
in particular, the absorbance data obtained from the Arctic Great Rivers Observatory were
used to study the effect of monthly discharge changes on sea ice changes; and (3) the
effects of riverine heat on SIC within a melting cycle from May to October were principally
explored. This work is of great significance to understand the decay of Arctic sea ice.

2. Study Area

These rivers are the three largest rivers in the Arctic region in terms of basin area
and discharge with drainage areas of 299 × 104 km2, 244 × 104 km2, and 243 × 104 km2,
and average annual discharges of 407 km3 yr−1, 591 km3 yr−1, and 543 km3 yr−1, respec-
tively [11,22–24]. The Kara and Laptev Seas are the primary seas into which the discharge
of the three largest rivers enter. The river plumes from the three largest rivers extend
for hundreds of kilometers in the Kara and Laptev Seas in latitude and longitude [25–28].
Therefore, the main coverage areas of the plumes in the Kara and Laptev Seas could be
regarded as typical areas for studying the effects of discharge changes on sea-ice melting.
We demarcated 68◦E–90◦E, 70◦N–76◦N in the Kara Sea and 120◦E–140◦E, 70◦N–76◦N in
the Laptev Sea (Figure 1) as the study areas based on satellite observations and some
situ measurements in 2016, during which the annual discharge of the Ob, Yenisei, and
Lena Rivers (228,145.60 m3/s, 149,907.37 m3/s, and 131,218.70 m3/s, respectively) were
all close to the multiyear annual average value (194,153.51 m3/s, 175,833.99 m3/s, and
124,323.99 m3/s, respectively) [29,30]. The study areas in the Kara and Laptev Seas cover
an area of 22.6 × 104 km2 and 23.4 ×104 km2, respectively.
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Figure 1. Locations of the three Siberian river basins and the main coverage areas of the plumes in 
the Arctic Ocean. The red box on the left indicates the main plume coverage area of the Ob and 
Yenisei River Basin in the Kara Sea. The red box on the right indicates the main plume coverage area 
of the Lena River Basin in the Laptev Sea. The blue dots indicate the location of hydrological stations 
at estuaries. 

3. Materials and Methods 

3.1. Data 
3.1.1. Discharge and Absorbance Data 

The Russian Hydrometeorological Service has been responsible for the discharge ob-
servation and archival management of Siberian rivers since the late 1930s, and the dataset 
has passed the quality validation standards of research institutions (e.g., Arctic and Ant-
arctic Research Institute and Woods Hole Oceanographic Institution) [31]. In our study, 
discharge data from January 1979 to December 2019 on monthly scales and absorbance 
data on irregular dates from 2 June 2009 to 3 February 2017 on daily scales at the estuary 
station (Figure 1) were selected from the Arctic Great Rivers Observatory. There are some 
gaps in the discharge data (Ob River: January 2000–March 2000; Yenisei River: January 
2000–April 2000, November 2000–December 2000, January 2002–February 2002, Novem-
ber 2002–March 2003, December 2003–March 2004, November 2004–December 2004, De-
cember 2006–January 2007) (https://arcticgreatrivers.org/data/) (accessed on 5 October 
2021). We take the average discharge of two years with equal time (usually 1 year) from 
the year of missing data. 
3.1.2. Riverine Heat Data 

The heat carried by the river into the Arctic shelf seas is mainly determined by dis-
charge and water temperature at the estuary [32,33]. In this study, the riverine heat was 
calculated using the equation below [34]: 

H = 86400Cp·ρ·Q·T·(m/1012) 

where H represents monthly riverine heat (106 MJ); ‘86400’ is a constant that represents 
the number of seconds in a day; Cp (4.184 J/(°C g)) is the specific heat of river water; and ρ 
(106 g/m3) is the water density. The change in water density with temperature is negligible 
relative to the water temperature range of 0 to 20 °C; Q and T represent the monthly mean 

Figure 1. Locations of the three Siberian river basins and the main coverage areas of the plumes
in the Arctic Ocean. The red box on the left indicates the main plume coverage area of the Ob and
Yenisei River Basin in the Kara Sea. The red box on the right indicates the main plume coverage area
of the Lena River Basin in the Laptev Sea. The blue dots indicate the location of hydrological stations
at estuaries.

3. Materials and Methods
3.1. Data
3.1.1. Discharge and Absorbance Data

The Russian Hydrometeorological Service has been responsible for the discharge
observation and archival management of Siberian rivers since the late 1930s, and the
dataset has passed the quality validation standards of research institutions (e.g., Arctic and
Antarctic Research Institute and Woods Hole Oceanographic Institution) [31]. In our study,
discharge data from January 1979 to December 2019 on monthly scales and absorbance
data on irregular dates from 2 June 2009 to 3 February 2017 on daily scales at the estuary
station (Figure 1) were selected from the Arctic Great Rivers Observatory. There are some
gaps in the discharge data (Ob River: January 2000–March 2000; Yenisei River: January
2000–April 2000, November 2000–December 2000, January 2002–February 2002, November
2002–March 2003, December 2003–March 2004, November 2004–December 2004, December
2006–January 2007) (https://arcticgreatrivers.org/data/) (accessed on 5 October 2021). We
take the average discharge of two years with equal time (usually 1 year) from the year of
missing data.

3.1.2. Riverine Heat Data

The heat carried by the river into the Arctic shelf seas is mainly determined by dis-
charge and water temperature at the estuary [32,33]. In this study, the riverine heat was
calculated using the equation below [34]:

H = 86400Cp·ρ·Q·T·(m/1012)

where H represents monthly riverine heat (106 MJ); ‘86400’ is a constant that represents the
number of seconds in a day; Cp (4.184 J/(◦C g)) is the specific heat of river water; and ρ

(106 g/m3) is the water density. The change in water density with temperature is negligible
relative to the water temperature range of 0 to 20 ◦C; Q and T represent the monthly mean
value of discharge (m3/s) and river water temperature (◦C) around the estuary, respectively;

https://arcticgreatrivers.org/data/
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and m represents the number of days with discharge and temperature data. However,
it was a challenge to acquire a long-term sequence of river water temperature owing to
the data limitation in the study area. Park et al. (2020) simulated Siberian river water
temperature using a coupled hydrological and biogeochemical model (CHANGE) [18]. The
simulated river temperature data were consistent with values at hydrological observation
near estuaries when WATCH Forcing-Data ERA-Interim was used as input [35]. The
simulated daily river temperature data at the hydrological observations near estuaries from
January 1979 to December 2016 were finally selected to calculate the riverine heat.

3.1.3. Sea Ice Concentration Data

The U.S. National Snow and Ice Data Center provides both monthly and daily sea
ice index products, which contain SIC data throughout the Antarctic and the Arctic (https:
//nsidc.org/data/G02135/versions/3?qt-data_set_tabs=2#qt-data_set_tabs) (accessed on
10 May 2020). These data were developed by the NASA team, which do not require external
parameters and can ensure the inversion process accuracy [36]. The monthly datasets are
considered more reliable because they average out the errors in the daily products [37]. The
products have a time span from November 1978 to the present with a spatial resolution of
25 km × 25 km [36]. The products have been widely used to study the changes in polar sea
ice [38,39]. Monthly SIC data from January 1979 to December 2019 in our study area were
selected for further analysis.

3.2. Methods
3.2.1. Theil-Sen Median Trend and Mann-Kendall Test

Compared with linear trend fitting, the Theil–Sen Median trend method can avoid the
impact of missing data on the analysis results and eliminate the interference of outliers
on time series data [40,41]. Therefore, it is reliable for analyzing time series data. The MK
trend test is a non-parametric test method that does not require the sample to follow a
specific distribution and is not affected by a few outliers [42]. It is widely used for trend
significance analysis and detecting change points in time series data of precipitation, runoff,
temperature, and other variables [43]. These two methods are often used together, and
they were applied to investigate the changing trends of discharge, riverine heat, and SIC in
this study [41–44].

3.2.2. Detrending and Pearson Correlation Analysis

The detrending method was developed in the process of studying the mechanism
of DNA behavior [45]. Using this method to analyze time series can avoid the obvious
pseudo-correlation phenomenon caused by the trend, and the detrending method has
become a typical tool to explore the characteristics of long-term memory of climatic and
hydrological series [46]. Pearson correlation analysis refers to the analysis of two or more
variables that are correlated to measure the degree of correlation between the two variables,
which has been widely used in previous studies [47–49]. The two methods were used to
examine the correlation between the discharge/riverine heat and SIC during the sea ice
melt season.

4. Results
4.1. Seasonality and Monthly Variations in Discharge, Riverine Heat, and SIC

The Ob, Yenisei, and Lena Rivers had similar seasonal distributions in multiyear
monthly mean discharge (1979–2019) (Figure 2a). A large portion of discharge from the
three rivers flowed to the Arctic Ocean in May–October, and the discharge accounted for
only 9.5–23.4% of the annual discharge in November–April. The rivers were at or near the
freezing point during November–April when the river temperature was around 0 degrees
Celsius (Figure 2b). River temperatures reached above 0 degrees Celsius from May to
October, during which the rivers released heat into the Arctic Ocean (Figure 2b,c). The
occurrence time of the maximum river heat was synchronized with or 1 month later than

https://nsidc.org/data/G02135/versions/3?qt-data_set_tabs=2#qt-data_set_tabs
https://nsidc.org/data/G02135/versions/3?qt-data_set_tabs=2#qt-data_set_tabs
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the maximum discharge (Figure 2c). The SIC in the Laptev Sea during November–April
and the Kara Sea during December–April was above 90% and in a relatively stable state,
but it changed dramatically from May to October due to sea-ice melting (Figure 2d). The
maximum and minimum SIC of each region appeared in March and September, respectively.
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Figure 2. Monthly mean value of (a) discharge, (b) river water temperature, (c) riverine heat, and (d) SIC.

The spatial distribution of monthly mean SIC showed that most of the study areas
were almost completely frozen from January to April (SIC > 90%), and a slight sea ice
melt occurred only in the Kara Sea estuary and the region of 124◦E–130◦E, 70◦N–76◦N
in the Laptev Sea (80% < SIC < 90%) (Figure 3a–h). The SIC in the Kara and Laptev Seas
experienced extensive declines since May, with sea ice gradually melting from south to
north and west to east between May and September (Figure 3i–r). The SIC was at its lowest
in September, after which sea ice began to freeze in the opposite direction of melting, and
most of the Kara and Laptev Seas were frozen again in December (Figure 3s–x).

Trend analysis revealed that discharge in these three rivers increased throughout the
year except June and July in the Yenisei and Lena Rivers (Figure 4a). The influencing
factors and processes of runoff change are complicated. The variations in river water
temperature and riverine heat mainly occurred in the unfrozen months from May to
October (Figure 4b,c). The river temperature and heat of the three rivers showed an
increasing trend in May–October, except for the temperature in August–October and the
heat in June–July. Especially, the river water temperature in May–June and the riverine
heat in May of the three rivers increased significantly (p < 0.05). The SIC in the Kara Sea
decreased every month except September (Figure 4d). The SIC in Laptev Sea exhibited
an increasing trend in December–March and a significant (p < 0.05) decreasing trend in
April–November. The maximum amplitude of the monthly mean SIC variation in the Kara
and Laptev Seas occurred in October, with rates of 0.97%/a and 1.25%/a, respectively.

The SIC mainly had a slight and significant (p < 0.05) decreasing trend in a large-
scale area of the Kara Sea, except for February, but a slight and significant (p < 0.05)
increasing trend in different areas of the Laptev Sea in January–April and December
(Figure 5a–h,w–x). The SIC in almost all areas of the Kara and Laptev Seas showed a
significant decreasing trend (p < 0.05), with a maximum rate of more than 2.5%/a in
May–July and October–November (Figure 5i–n,s–v). There was no change trend in the SIC
in most areas of the two seas, and a small and significant (p < 0.05) decreasing or increasing
trend only appeared in a few areas in August and September.
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4.2. Variations in Annual Discharge, Riverine Heat, and SIC

The discharge of the Ob, Yenisei, and Lena Rivers from May to October accounted for
76.6%–90.5% of the annual discharge, and almost all of the heat from the three rivers was
transported into the Arctic Ocean during this period. The melting of sea ice also occurred
mainly in May–October. Therefore, the annual variations were analyzed in the case where
the sum of discharge and mean SIC from May to October were treated as the annual
discharge and annual mean SIC, respectively (Figure 6). The annual discharge showed an
insignificant (p > 0.05) increasing trend in the Ob and Lena Rivers and decreasing trend
in the Yenisei River during 1979–2019 (Figure 6a–c). The results were different from the
variation during 1936–2015, during which the annual discharge showed an insignificant
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increasing trend (p > 0.05) in the Ob River, and a significant increasing trend (p < 0.05) in the
Yenisei and Lena Rivers of 0.73 km3/a and 1.28 km3/a, respectively [11]. Annual riverine
heat showed an insignificant (p > 0.05) increasing trend in the Ob and Yenisei Rivers, and a
significant increase (p < 0.01) in the Lena River of 110,282.06 × 106 MJ/a during 1979–2016
(Figure 6d–f). The annual SIC in the Kara and Laptev Seas both showed a significant
decreasing trend (p < 0.01) at rates of 0.37%/a and 0.18%/a, respectively (Figure 6g,h).
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4.3. Effects of Monthly Discharge and Riverine Heat on SIC

Previous studies have shown that the routing time of the Lena, Yenisei, and Ob
Rivers within the basin is 1–2, 1–2, and 4 months, respectively [50]. Referring to the
routing time throughout the basin and taking into account the uncertainty of the discharge
movement time in a given section of the river basin and in the two seas, we investigated
the response of monthly changes in SIC to changes in discharge and riverine heat in the
current month, as well as changes in the cumulative discharge and riverine heat from May
to the current month.

The correlations between the regional mean SIC and the discharge of the three cor-
responding rivers in the current month showed that the correlations were all negative
in May and October and positive in June and July (Table 1). The regional mean SIC was
negatively correlated with the discharge from the Ob River but positively correlated with
the discharge from the Yenisei River, and was negatively correlated with the discharge
of the Lena River in August and September in the corresponding seas. In particular, the
correlations between the regional mean SIC and discharge of the three corresponding rivers
in May, the regional mean SIC of the Kara Sea and discharge of the Yenisei River, and the
regional mean SIC of the Laptev Sea and discharge of the Lena River were significant (p <
0.05) in June and October. The regional mean SIC and the cumulative discharge from the
three corresponding rivers were negatively correlated except for the correlations between
the SIC and the cumulative discharge from the Yenisei River in the Kara Sea, and the
cumulative discharge from the Lena River in the Laptev Sea was positive in June and July
(Table 2). Particularly, the correlation between the SIC in the Kara Sea and the cumulative
discharge from the Ob River in June was significant (p < 0.05).
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Table 1. Correlation between monthly SIC in the two seas and discharge from the corresponding rivers.

Discharge

The Ob River The Yenisei River The Lena River

SIC of the Kara
Sea/Laptev Sea

May −0.679 ** −0.532 ** −0.530 **
Jun. 0.186 0.476 ** 0.397 *
Jul. 0.229 0.24 0.076

Aug. −0.259 0.04 −0.235
Sep. −0.045 0.241 −0.202
Oct. −0.016 −0.426 ** −0.392 *

* Significance level at 95%. ** Significance level at 99%.
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Figure 6. Variations in (a–c) annual mean discharge and (d–f) riverine heat in the three Siberia Rivers,
and (g,h) SIC.

Table 2. Correlation between monthly SIC in the two seas and accumulated discharge from the
corresponding rivers.

Discharge

The Ob River The Yenisei River The Lena River

SIC of the Kara
Sea/Laptev Sea

Jun. −0.407 ** 0.026 0.051
Jul. −0.011 0.276 0.019

Aug. −0.227 −0.091 −0.067
Sep. −0.033 −0.014 −0.198
Oct. −0.162 0.077 −0.255

** Significance level at 99%.

The spatial distribution of correlations between the SIC and discharge in the current
month showed that a significant negative correlation (p < 0.05) occurred mainly in May and
was distributed mainly around the estuary (Figure 7a–c). The correlation became stronger
with the proximity to the estuary, with the maximum correlation coefficient reaching 0.6–0.7.
A significant positive correlation (p < 0.05) occurred in the correlation between the SIC
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and discharge in June–July, and the distribution was irregular (Figure 7d–i). A significant
correlation (p < 0.05) between the SIC and discharge in the current month rarely occurred in
August–October (Figure 7j–r). In the relationship between SIC and accumulated discharge,
a significant negative correlation (p < 0.05) mainly occurred between the SIC in the Kara
Sea in June and the accumulated discharge of the Ob River from May to June in the region
of 74◦E–84◦E, 73◦N–76◦N (Figure 8).

The regional mean SIC in the Kara Sea was negatively correlated with the heat of the Ob
River in May–June, August, and October, and the heat of the Yenisei River in May, August,
and October (Table 3). The regional mean SIC in the Laptev Sea was negatively correlated
with the heat of the Lena River in May–September. Particularly, the negative correlation
between the SIC and heat from the Ob and Yenisei Rivers in May and October, and that
of the heat from the Lena River in May–June and August–September were significant
(p < 0.05) in the corresponding seas. The correlations between the regional mean SIC in
the study area and the cumulative heat of the three corresponding rivers from May to
the current month were all negative (Table 4). In particular, the regional mean SIC was
significantly and negatively correlated with the cumulative heat from the Ob River from
May to June and the cumulative heat from the Lena River from May to each current month
in the corresponding seas.

Table 3. Correlation between monthly SIC in the two seas and heat of the Ob and Yenisei Rivers
(Lena River).

Riverine Heat

The Ob River The Yenisei River The Lena River

SIC of the Kara
Sea/Laptev Sea

May −0.625 ** −0.654 ** −0.663 **
Jun. −0.213 0.113 −0.434 **
Jul. 0.158 0.136 −0.221

Aug. −0.245 −0.092 −0.381 *
Sep. 0.004 0.049 −0.384 *
Oct. −0.325 * −0.572 ** 0

* Significance level at 95%. ** Significance level at 99%.

Table 4. Correlation between monthly SIC in the two seas and accumulated riverine heat of the Ob
and Yenisei Rivers (Lena River).

Riverine Heat

The Ob River The Yenisei River The Lena River

SIC of the Kara
Sea/Laptev Sea

Jun. −0.428 ** −0.153 −0.473 **
Jul. −0.089 −0.027 −0.495 **

Aug. −0.138 −0.144 −0.568 **
Sep. −0.013 −0.074 −0.500 **
Oct. −0.171 −0.316 −0.531 **

** Significance level at 99%.

The significant negative correlations (p < 0.05) between the SIC and heat from the
Ob and Yenisei Rivers in May and October and the heat from the Lena River in May
in the corresponding seas were also mainly distributed around the estuaries, with the
maximum correlation coefficient near estuaries up to 0.6–0.7 (Figure 9). Significant negative
correlations (p < 0.05) also occurred in the relationships between the SIC in June–September
and riverine heat in the current month in the study areas, which showed a small or sporadic
distribution in space. The areas with a significant negative correlation (p < 0.05) between
the SIC in the Kara Sea in June and the accumulated heat from the Ob and Yenisei Rivers
from May to June sporadically distributed near the estuary, and between the SIC in the
Laptev Sea in June–October and the accumulated heat from the Lena River from May to
the current month were relatively widely distributed near the estuary (Figure 10).
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Figure 8. Spatial distribution of correlations between SIC in the two seas in May–October and accumu-
lated discharge from the corresponding rivers from May to the current month for the (a,d,g,j,m) Ob
River, (b,e,h,k,n) Yenisei River, and (c,f,i,l,o) Lena River.

The above results showed that the influence of the discharge and accumulated dis-
charge in the three rivers and the heat and accumulated heat of the Ob and Yenisei River
on SIC mainly occurred in May, June, and October at the beginning and final stages of
sea-ice melting. Riverine heat and accumulated heat in the Lena River had a significant
effect on SIC changes in all months except the effect of heat in July and October on SIC in
the current month.
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Figure 10. Spatial distribution of correlations between SIC in the two seas in May–October and
accumulated heat from the corresponding rivers from May to the current month for the (a,d,g,j,m) Ob
River, (b,e,h,k,n) Yenisei River, and (c,f,i,l,o) Lena River.

4.4. Seasonality Effects of Discharge and Riverine Heat on SIC

The results of monthly effects of discharge on SIC showed that discharge accelerated
the melting of sea ice by increasing the absorption of solar radiation as the impurities it
contained washed to the sea ice surface during the initial and late stages of sea-ice melting,
but riverine heat accelerated the melting of sea ice once it came into contact with sea ice.
Therefore, we further investigated the seasonality effects of riverine heat on SIC. As shown
in Figure 2, the Ob and Yenisei Rivers still conveyed heat into the sea, but the Lena River
conveyed no heat into the sea in October, and the SIC increased a lot from September
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to October in the Kara Sea. This indicated that climate change and other factors have a
greater influence on SIC than riverine heat, resulting in an increase in SIC from September
to October in the Kara Sea. Therefore, the influences of riverine heat and accumulated
riverine heat in the three rivers on the SIC of the plume cover areas in the Kara and Laptev
Sea during May–September were investigated.

The seasonality correlation indicated that the SIC was not significantly (p < 0.05)
associated with the heat of the corresponding rivers, but was significantly (p < 0.05) and
strongly correlated with the cumulative heat of the corresponding rivers from May to
September, with the correlation coefficient reaching 0.963–0.998 (Figure 11). The linear
regression equation showed that the SIC reduced by 1% when the cumulative riverine heat
increased by 154.6 × 106 MJ, 181.5 × 106 MJ, and 213.2 × 106 MJ in the Ob, Yenisei, and
Lena Rivers, respectively, from May to September.
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Figure 11. Seasonality correlation between SIC in the two seas and riverine heat (a,c,e) or accumulated
riverine heat from May to corresponding month (b,d,f) from the corresponding rivers.
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4.5. Effects of Annual Discharge and Riverine Heat on SIC

The regional mean SIC in the Kara and Laptev Seas and the discharge of the corre-
sponding rivers showed an insignificant negative correlation (p < 0.05) on an annual scale
(Table 5). There were also almost no areas with a significant negative correlation (p < 0.05)
between the annual SIC and annual discharge of the corresponding rivers (Figure 12a–c).
The annual regional average SIC in the Kara Sea was not significantly (p < 0.05) correlated
with the riverine heat of the Ob or Yenisei river (p < 0.05), while the annual regional average
SIC in the Laptev Sea was significantly (p < 0.05) correlated with riverine heat of the Lena
River (Table 6). The spatial correlation showed that there was almost no significant correla-
tion (p < 0.05) between the annual SIC in any part of the Kara Sea and the riverine heat of
the Ob River (Figure 13a). The significant and negative correlation (p < 0.05) between the
annual SIC in the Kara Sea and riverine heat of the Yenisei River only occurred in the range
of 74◦N–75.2◦N and 68◦E–77◦E (Figure 13b). The areas with a significant and negative
correlation (p < 0.05) between the annual SIC and heat of the Lena River occupied most
of the Laptev Sea, and a strong correlation was found at the estuary, with a correlation
coefficient of 0.5–0.6 (Figure 13c).

Table 5. Correlation between annual SIC in the two seas and discharge in the Ob and Yenisei
Rivers/Lena River.

Discharge

The Ob River The Yenisei River The Lena River

Sic of the Kara
Sea/Laptev Sea −0.108 0.150 −0.148
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Table 6. Correlation between annual SIC in the two seas and riverine heat of the Ob and Yenisei
Rivers (Lena River).

Riverine Heat

The Ob River The Yenisei River The Lena River

Sic of the Kara
Sea/Laptev Sea 0.150 0.171 −0.443 **

** Significance level at 99%.

5. Discussion
5.1. Drivers of the Changes in Discharge, Riverine Heat, and SIC

The variations in discharge and heat are the result of a combination of climate change
and human activities [17]. The maximum discharge of the three rivers only occurred
in June and is dominated by snowmelt [11]. The increase in discharge in spring and
decrease in discharge in summer are mainly related to an earlier snowmelt period [51]. The
increased discharge in summer and autumn is associated with the increase in precipitation
in summer and autumn [12]. Permafrost degradation and reservoir regulation are the main
factors contributing to the increase in winter discharge [24,52]. The variation in riverine
heat is determined by both discharge and river temperature [17]. The occurrence time
of the maximum river heat was synchronized with or 1 month later than the maximum
discharge. The time lag is caused by the time difference between the peak of the river
water temperature and discharge [32]. The sea-ice melting is mainly related to the influence
of large-scale atmospheric forcing. However, in marginal sea areas, river discharge also
contributes to sea-ice melting [53–57]. The maximum and minimum SIC of each region
appeared in March and September, respectively, which is the same time as the maximum
and minimum values of the entire Arctic Ocean [58]. The annual variations in SIC are
mainly attributed to the variation in summer and autumn [57]. The increase in sea ice
during the cold season is highly dependent on the amount of heat stored in regional water
masses [59,60].

5.2. The Effects of Mechanisms of Discharge and Riverine Heat on SIC

Discharge can drain both underneath and onto sea ice during the melting of land-fast
sea ice, with turbid discharge usually extending tens of kilometers on the sea ice and cover-
ing the ice surface in a short time [15,61,62]. It was suggested that SIC and discharge from
some Arctic rivers have a negative or positive correlation [14]. But the possible reasons have
not been explained. It was also suggested that the loss of sea ice caused by discharge cannot
be attributed entirely to the riverine heat, and suspended particles and dissolved organic
matter contained in the discharge accelerate sea-ice melting by increasing solar radiation
absorption when they are flushed onto the sea ice surface [20]. However, this study has not
been supported by impurity and absorbance data. Mu et al., 2019 suggested that the greater
the discharge from Arctic rivers, the higher the concentration of impurities such as dis-
solved organic carbon, particulate organic carbon, total mercury, and methylmercury [63].
In addition, the correlation between discharge and absorbance at different wavelengths
was analyzed using absorbance data from the Arctic Great Rivers Observatory. It was
shown that the absorption of short waves (Ob and Yenisei River Basins less than 550 nm,
Lena River Basin less than 650 nm) by discharge increased significantly with the increase in
discharge (Figure 14). Therefore, our results further and more convincingly illustrated the
fact that increased discharge increased shortwave absorption and then promoted sea-ice
melting. Studies of the effects of discharge from the Mackenzie River on sea ice in spring
and summer in 2012 have shown that the temperature of the sea water before and after
warm discharge enters the sea is very large [19]. The interannual caloric contribution of heat
from the Ob, Yenisey, Lena, Kolyma, and Mackenzie Rivers to sea ice loss was studied, and
the annual effect of the Lerner River heat on sea ice has been studied in detail [18]. Previous
studies have either focused on short-term effects or have not performed comprehensive
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studies of all rivers. This study comprehensively analyzed the effects of river heat on sea
ice on monthly, annual, and interannual timescales in the three largest Arctic rivers.
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ice by increasing the absorption of solar radiation as the impurities it contained washed 
to the sea ice surface during the initial and late stages of sea-ice melting. 

Changes in cumulative riverine heat from May to September greatly contributed to 
the SIC changes in the Kara and Laptev Seas. The SIC reduced by 1% when cumulative 
riverine heat increased by 213.2 × 106 MJ, 181.5 × 106 MJ, and 154.6 × 106 MJ in the Lena, 
Yenisei, and Ob Rivers, respectively. 

Even in the plume coverage areas in the Kara and Laptev Seas, changes in annual 
discharge from the three rivers and the heat of the Ob River had little impact on the re-
duction in SIC. The Yenisei River heat has a slight effect on changes in SIC in the 74°N–
75.2°N and 68°E–77°E regions, the heat of the Lena River has a significant (p < 0.05) effect 
on the SIC in most parts of the Laptev Sea, and the influence degree decreases with the 
distance from the estuary. 
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Figure 14. Correlation between discharge and absorbance at different wavelengths.

6. Conclusions

In this study, variations in discharge of the Ob, Yenisei, and Lena Rivers and SIC and
SIE in the Kara and Laptev Seas were analyzed during 1979–2019. The effects of changes in
discharge and riverine heat on sea ice changes were investigated. The following are the
main conclusions:

The monthly (May–October) and annual discharge and riverine heat of the three rivers
mainly showed an increasing trend, whereas monthly (May–October) and annual SIC
mainly showed a decreasing trend.

The influence of the discharge and accumulated discharge in the three rivers, and
the heat and accumulated heat of the Ob and Yenisei River on SIC mainly occurred at the
beginning and final stages of sea-ice melting. Riverine heat and accumulated heat in the
Lena River had a significant effect on SIC changes in all months except the effect of heat in
July and October on SIC in the current month. Discharge accelerated the melting of sea ice
by increasing the absorption of solar radiation as the impurities it contained washed to the
sea ice surface during the initial and late stages of sea-ice melting.

Changes in cumulative riverine heat from May to September greatly contributed to
the SIC changes in the Kara and Laptev Seas. The SIC reduced by 1% when cumulative
riverine heat increased by 213.2 × 106 MJ, 181.5 × 106 MJ, and 154.6 × 106 MJ in the Lena,
Yenisei, and Ob Rivers, respectively.

Even in the plume coverage areas in the Kara and Laptev Seas, changes in annual dis-
charge from the three rivers and the heat of the Ob River had little impact on the reduction
in SIC. The Yenisei River heat has a slight effect on changes in SIC in the 74◦N–75.2◦N and
68◦E–77◦E regions, the heat of the Lena River has a significant (p < 0.05) effect on the SIC in
most parts of the Laptev Sea, and the influence degree decreases with the distance from
the estuary.
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