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ABSTRACT

The fluctuation of Arctic sea ice concentration (SIC) has been associated with changes in ocean circulation,
ecology, and Northern Hemisphere climate. Prediction of sea ice melting patterns is of great societal interest,
but such prediction remains difficult because the factors controlling year-to-year sea ice variability remain
unresolved. Distinct monsoon—Arctic teleconnections modulate summer Arctic SIC largely by changing wind-
forced sea ice transport. East Asian monsoon rainfall produces a northward-propagating meridional Rossby
wave train extending into the Siberian Arctic. The Indian summer monsoon excites an eastward-propagating
circumglobal teleconnection along the subtropical jet, reaching the North Atlantic before bifurcating into the
Arctic. The remote Asian monsoon variations induce a dominant dipole sea ice melt pattern in which the North
Atlantic-European Arctic contrasts with the Siberian-North American Arctic. The monsoon-related sea ice
variations are complementary and comparable in magnitude to locally forced Arctic Oscillation variability. The
monsoon-Arctic link will improve seasonal prediction of summer Arctic sea ice and possibly explain long-term
sea ice trends associated with the projected increase in Asian monsoon rainfall over the next century.

1. Introduction

Changes in sea ice coverage have widespread influences
on global ocean (Holland et al. 2001) and atmospheric
circulation from seasonal to decadal time scales. Influences
of spring Arctic sea ice on the East Asian summer mon-
soon (EASM; Guo et al. 2014), and the autumn sea ice in
different regions of the Arctic on the strength of the winter
Asian monsoon (Chen et al. 2014; Mori et al. 2014) have
been identified. The decline of sea ice extent starting in
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the late twentieth century has been linked to anomalous
perturbations of the jet stream, which can alter midlatitude
weather (Screen 2013; Francis and Vavrus 2012). The
global impact of Arctic sea ice stresses the importance of
determining the processes that control sea ice variability.
Sea ice motion and concentration, on the other hand, are
strongly driven by wind stress at distances far enough away
from coastal effects (Thorndike and Colony 1982; Kimura
and Wakatsuchi 2000). Sea ice primarily responds to the
convergence of wind-driven ice transport and oceanic- and
atmospheric-forced thermodynamic melt (Thorndike et al.
1975). Given that more than 70% of sea ice motion is
explained by the geostrophic wind (Thorndike and Colony
1982), atmospheric circulation plays a fundamental role in
shaping anomalous Arctic sea ice concentration patterns
by modifying ice advection.

Beginning in the late twentieth century, the persistent
decline in annual sea ice minimum extent has been well
documented and the rapid sea ice reduction in the Arctic
Ocean is widely attributed to anthropogenic climate
change and dynamical and radiative feedbacks (IPCC
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TABLE 1. List of years used for monsoon composites based on
index phase.

EASM ISM
Positive Negative Positive Negative

1988 1981 1980 1979
1992 1991 1983 1981
1994 1993 1988 1984
1997 1995 1992 1989
1999 1998 1994 1993
2007 2008 1997 1996
2009 2010 2003 1998
2011 2012 2011 2002

2004

2008

2012

2013; Screen and Simmonds 2010; Hall 2004). Recently,
the long-term trends in remote tropical variability and its
impacts on anomalous Arctic atmospheric circulations
are receiving extensive attention. The prominent warming
over Canada and Greenland since 1979 is found to be
strongly associated with a negative trend in the North
Atlantic Oscillation, which is a response to an anomalous
Rossby wave train originating in the tropical Pacific (Ding
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et al. 2014). The interdecadal changes in the frequency of
occurrence of individual Madden—Julian oscillations
(Madden and Julian 1972) were found to have consid-
erable influence on the Arctic warming (Yoo et al.
2011). Enhanced convection associated with the MJO
in the tropical Indo-Pacific can produce poleward
Rossby wave propagations that alter the heat and
moisture transport as well as other atmospheric pro-
cesses in the Arctic (Yoo et al. 2012). On synoptic time
scales, a pathway has been identified in which atmo-
spheric heating, the product of major Pakistan flooding
events, has been directly linked to a rise in heat content
in the Canadian Arctic roughly one week later due to
advection throughout the troposphere (Krishnamurti
et al. 2015). This pathway could link increasing rainfall
across northwestern India in recent years and the rapid
melting trend in Arctic ice. Tropical teleconnections
invoke unique Arctic circulation changes over all sea-
sons and on different time scales.

Reliable prediction of the anomalous sea ice patterns
is of great global interest to numerous industries including
maritime corporations, companies exploring energy and
geological resources, fisheries, and local coastal commu-
nities concerned with adaptation and planning of resource
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FIG. 1. Percent contributions to the overall (top) JJA and (bottom) ASO SIC variance using a Fourier harmonic transform for
(a),(d) 2-5-yr periods; (b),(e) 5-8-yr periods; and (c),(f) >8-yr periods.
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F1G.2. (a) EOF1 and (b) EOF2 modes of JJA SIC with 3-yr running mean removed. Each pattern is standardized by the spatial standard
deviation of each EOF. (c) The percentage of interannual variance explained by each EOF mode. Range bars show the sampling error for
each EOF mode, which is a measure of separability. (d) Standardized time series of the EOF1 (solid) and EOF2 (dashed) modes.

usage. Yet, the year-to-year prediction has proven difficult
(Kattsov et al. 2010; Stroeve et al. 2014). Natural in-
terannual sea ice variability could be responsible for dif-
ficulties in prediction. Evidence is presented to show that
summer Arctic sea ice concentration (SIC) variability is
significantly modulated by the remote forcing from the
EASM and Indian summer monsoon (ISM), identifying a
new source of predictability for sea ice.

2. Data and methods

Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP; Xie and Arkin 1997) data and the
Global Precipitation Climatology Project (GPCP),
version 2.2, combined precipitation dataset (Adler et al.
2003), both on a 2.5° X 2.5° grid from 1979 to 2013, were
averaged into one dataset similar to the methodology in
Yim et al. (2014). The monsoon wave train patterns and
resulting circulations utilize monthly ER A-Interim data
winds, geopotential heights, and sea level pressure
(SLP) to define the connection between each monsoon
domain and the associated dynamics controlling sea ice
patterns from 1979 to 2013. To determine the energy
propagation along the teleconnection wave trains, re-
gressed zonal departure anomalies are used to calculate

wave activity flux, which is parallel to the group velocity
of the quasi-stationary Rossby waves (Plumb 1985).

To examine interannual sea ice variability during the
boreal summer months, 1979-2013 bootstrap sea ice
concentrations from the Nimbus-7 Scanning Multi-
channel Microwave Radiometer (SMMR) and Defense
Meteorological Satellite Program (DMSP) Special
Sensor Microwave Imager—Special Sensor Microwave
Imager/Sounder (SSM/I-SSMIS), version 2, were uti-
lized (Comiso 2000). The bootstrap algorithm was cho-
sen over the NASA Team algorithm due to the lower
errors in the bootstrap algorithm data in melt/refreeze
regions as well as thin ice areas, which would be much
more prevalent during the summer.

Sea ice thickness and motion data came from the Pan-
Arctic Ice—Ocean Modeling and Assimilation System
(PIOMAS) for the 1979-2013 time period (Zhang and
Rothrock 2003). Sea ice advection and sea ice growth
rate were also utilized to understand the major terms
governing sea ice thickness (Thorndike et al. 1975).

Monsoon indices and their relations with the SIC
EOF2

To investigate the relationship between the EASM
and ISM interannual variability and polar circulations,
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monsoon indices were developed to capture rainfall
variability throughout the boreal summer and represent
the seasonal mean strength of the monsoon. The in-
terannual variability of the EASM is captured by gen-
erating an index that represents the dipole behavior of
precipitation between the western North Pacific summer
monsoon (WNPSM) and EASM. After removing the
3-yr running mean to eliminate low-frequency variabil-
ity with periods greater than 5 years, the precipitation
during the peak months of June and July was stan-
dardized and the EASM box (20°-45°N, 95°-127.5°E) is
subtracted from the WNPSM box (5°-15°N, 115°-
140°E). A dipole precipitation index is considered
since it is a proxy for the anomalous strength of the
western North Pacific subtropical high pressure circula-
tion and also captures anomalous heating that generates
the teleconnection pattern. Interannual variability during
the peak of the ISM is defined using July and August
precipitation averaged over 10°-30°N, 70°-105°E. To de-
velop difference composites, high and low monsoon rain-
fall years were determined by finding events in which each
index exceeded one-half standard deviation (Table 1). The
positive years and negative years were composited and
the difference between each was taken.

Using bimonthly averages of rainfall for each index,
correlations were performed with the June-August (JJA)

JOURNAL OF CLIMATE

1995
Year

FIG. 3. As in Fig. 2, but for ASO.

VOLUME 29

4 = 30 "

g |C F5.4

©
2 (=}

& 20

(0]
0 % +13.6

= 10.3

310 ¢ 9.5
-2 =

c

[0]

e
4 S 0 ‘

o 1 2 3 4

1999

SIC second empirical orthogonal function (EOF2)
mode and August-October (ASO) EOF2 time series.
These correlations were performed while varying the
rainfall periods between April and October. The
EASM index correlation was maximized (r = 0.83)
using June-July precipitation and the June—August
SIC EOF2 time series. The ISM index correlation was
maximized (r = 0.77) using July—August precipitation
and the August—October SIC EOF2 time series. These
results indicate a nearly instantaneous connection be-
tween the EASM and June-August SIC EOF2 and a
1-month lag between ISM precipitation and August—
October SIC EOF2.

3. The major modes of interannual SIC variations

The interannual variability of Arctic SIC is examined
by removing the 3-yr running mean to eliminate decadal
variability and the overall nonlinear declining trend.
The 3-yr running mean isolates the interannual
frequencies (variability with 2-5-yr periods) that are
common along the periphery of the Arctic Ocean
during early and late summer (Fig. 1). To derive major
modes of interannual SIC variability, EOF analysis is
conducted for early summer (June-August) and
late summer (August-October), respectively, as these
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FIG. 4. (a) Time series of standardized May-July (MJJ) AO index plotted against JJA SIC
EOF1. (b) Time series of standardized JJA AO index plotted against ASO SIC EOF1. (c) Time
series of standardized June-July (JJ) EASM index plotted against JJA SIC EOF2. (d) Time
series of standardized July—August (JA) ISM index plotted against ASO SIC EOF2. EASM
and ISM indices are defined in section 2. The correlation coefficient and p value are shown in

the bottom left.

two periods produced differing EOF2 modes, omit
intraseasonal variability, and are statistically distin-
guishable from the corresponding first and higher modes
(North et al. 1982). Originally 2-month aggregates were
chosen but they failed to produce early and late summer
EOF2 modes that were separable; also, they failed to
exhibit a low correlation with one another. The spatial
domain for the EOF analysis matches the National
Snow and Ice Data Center (NSIDC) polar stereographic
projection plane with corners positioned on (30.98°N,
168.35°E), (33.92°N, 279.26°E), (34.35°N, 350.03°E), and
(31.37°N, 102.34°E).

The first EOF (EOF1) modes in both periods have
similar zonally symmetric patterns along the margins of
the Arctic Ocean from the Eurasian Arctic to the
Beaufort Sea and exhibit a temporal correlation co-
efficient of r = 0.92 (Figs. 2a and 3a). These EOF1
modes are related to Arctic Oscillation (AO) condi-
tions, which is consistent with previous findings of the
local coupling between AO and Arctic sea ice
(Singarayer and Bamber 2003; Rigor and Wallace 2004).
However, earlier work discovered that the decrease in
summer zonally symmetric SIC is linked to the high-
phase winter AO (Rigor and Wallace 2004; Rigor et al.
2002), but over the longer period of our analyses we

reveal that the summer SIC EOF1 patterns exhibit a
much stronger connection to the AO in the preceding
1-2 months than the earlier winter months. The 3-month
averaged AO index during May-July (June-August)
and the SIC EOF1 during June-August (August—
October) have statistically significant 1-2-month lag-
ged temporal correlations of r = —0.78 (r = —0.69;
Figs. 4a,b). Additionally, a mostly zonal sea ice re-
duction throughout the Arctic margins is strongly at-
tributed to low AO index values (anomalously high SLP
over the Arctic Ocean) as shown by regressions with
SLP and sea ice motion vectors (Fig. 5).

The EOF2 modes during the two summer periods
have unique zonally asymmetric SIC patterns and are
related to Asian monsoon rainfall (Figs. 2b and 3b). The
Asian summer monsoon comprises two major compo-
nents, the ISM and EASM (Wang and Fan 1999). The
convective centers and associated heating are located
between the Arabian Sea and Bay of Bengal for the ISM
and a meridional dipole pattern between subtropical
East Asia and tropical South China Sea and Philippine
Sea for the EASM (Wang and Fan 1999; Wang et al.
2001). Using spatially averaged precipitation indices to
represent the strength of the ISM and EASM, sensitivity
calculations were performed to determine the
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FI1G. 5. SIC (shaded) with positive (hPa; orange contours, interval of 0.4 hPa) and negative (hPa; blue contours,
interval of 0.4 hPa) SLP anomalies and PIOMAS ice motion vector patterns regressed with the (a) MJJ inverse AO
index, (b) JJA EOF1, (c) JJA inverse AO index, and (d) ASO EOF1.

connection between each SIC EOF2 and the corre-
sponding monsoon system. The second EOF mode of
SIC in June-August is closely correlated (r = 0.83) with
peak season (June-July) precipitation in the EASM
(Fig. 4c) and the second EOF mode of SIC in August—
October exhibits a significant relationship (r = 0.77)
with the peak season (July—August) precipitation in the
ISM (Fig. 4d). The time lag between monsoon pre-
cipitation and SIC “‘response” can be explained by ex-
amining the teleconnection patterns of both monsoon
systems, which create far-reaching impacts on global
climate (Wang et al. 2001; Lau 1992) and the strength of
the sea ice forcing mechanisms generated by each
monsoon-driven wave train.

4. The EASM-Arctic teleconnection

During years of low EASM rainfall (and simultaneous
high rainfall in the western North Pacific), a tripole-like

circulation pattern develops that extends northeast-
ward up the East Asian coast in which an anomalous
baroclinic low-level cyclone develops over the Philip-
pine Sea, barotropic anticyclonic circulation anomalies
develop over Japan and the Korean Peninsula, and a
barotropic cyclonic circulation develops over north-
eastern Russia (Fig. 6). Over eastern Siberia the wave
train bifurcates. The southern branch propagates
along a great-circle route across the North Pacific to
North America and then along the subtropical jet
stream into the North Atlantic, which has been dis-
cussed in earlier studies (Nitta 1987; Wang et al. 2000;
Lau and Weng 2000a,b; Lau et al. 2004). What was not
previously noticed is a northward branch from eastern
Siberia into the Arctic Ocean. This northward tele-
connection route directly links to the barotropic Arctic
high pressure anomalies north of Siberia and Alaska.
Using the difference between high and low EASM
index years, the low-level geopotential height field
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FIG. 6. (a) Positive (m; red contours, interval of 5 m) and negative (m; blue contours, interval
of 5m) 850-700-hPa averaged geopotential height differences between high (8 yr) and low
(8 yr) EASM index years and precipitation rate differences (mm day~'; shaded). Overlaid are
wave activity flux vectors (m?s ™ 2) calculated from the composite difference fields. Boxes used
to compute each monsoon index are also shown (see section 2). (b) Cross section moving north
through the EASM teleconnection pattern [orange line in (a)] showing geopotential height
differences (m; shaded) and average zonal component of the wind (ms™1).

exhibits a prominent northward energy propagation
pathway from Siberia to the Arctic Ocean, as shown by
the divergence of the wave activity flux vectors and the
transect through the teleconnection pattern (Fig. 6b).
Thus, the EASM-Arctic teleconnection consists of four
statistically significant (Fig. 7a) anomalous circulation
cells: the baroclinic low-level cyclone over the Philippine
Sea, barotropic anticyclonic anomalies over Japan and
the Korean Peninsula, the barotropic cyclone over east-
ern Siberia, and the barotropic Arctic anticyclone. The
northward-propagating EASM-Arctic teleconnection
pattern partially explains the short time lag (less than a
month) between anomalous East Asian monsoon heating
and teleconnection response.

5. The ISM-Arctic teleconnection

During years of high ISM rainfall, the 300-200-hPa
geopotential height field exhibits a different wave en-
ergy propagation pattern (Fig. 8). This wave train is
largely shared with the circumglobal teleconnection
(CGT) response to the ISM heating that displays a
wavenumber-6 pattern with variability centers closely
matching those discussed in an earlier study (Ding and
Wang 2005). The proximity of ISM heating relative
to the subtropical jet creates a strong coupling that
produces a statistically significant downstream wave

train, with the jet stream acting as a waveguide due to
the strong vorticity gradients along jet margins (Hsu and
Lin 1992; Hoskins and Ambrizzi 1993; Figs. 7b and 8).
The subtropical jet stream allows upstream extratropical
wave activity to enter the jet exit region over the North
Atlantic, where the zonally varying flow produces strong
barotropic instability, which further amplifies the wave
train (Simmons et al. 1983). This is verified using tran-
sects along the teleconnection route, which show an
enhancement of the barotropic circulation over the
North Pacific Ocean and a much greater enhancement
over the North Atlantic. Note that over the North At-
lantic and northwestern Europe, the wave energy bi-
furcates out of a strong anticyclonic feature. The
southeastward propagation route into southern Eurasia
and northern Pakistan has been noted previously (Ding
and Wang 2005) and is a key component completing the
ISM CGT. Of greater interest is a northeastward-
propagating branch of wave energy from the North
Atlantic into the Arctic (Iwao and Takahashi 2008; Zhu
et al. 2011) following the weaker subpolar jet (Orsolini
et al. 2015; Fig. 9) to link the anomalous ISM telecon-
nection with Arctic variability. The Rossby wave train
produces a barotropic cyclone covering the Norwegian
Sea to northeastern Asia and a barotropic anticyclone
extending from Siberia into northern Canada (Fig. 8).
Unlike the EASM-Arctic teleconnection pattern, which
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F1G. 7. Geopotential height differences (m) between high and low index years for the
(a) EASM using heights averaged between 850 and 700 hPa and (b) ISM using heights averaged
between 300 and 200 hPa. Black line represents 90% significance using the Student’s ¢ test.
White regions are data voids due to topography within the layer.

directly extends up the East Asian coast, the ISM—Arctic
teleconnection must travel a significant portion of the
Northern Hemisphere zonally along the subtropical jet
before extending northward from the North Atlantic
Ocean jet exit region and generating polar features. This
could partially explain the 1-month lag between July—
August ISM rainfall and the related Arctic SIC EOF2
pattern in August—October.

6. Arctic response to the Asian monsoon

The anomalous barotropic circulations that are gen-
erated by the Asian monsoon in the Arctic are re-
sponsible for producing anomalous SIC patterns along
the periphery of the Arctic Ocean. The connection be-
tween Arctic circulation modulated by each monsoon
and SIC patterns is examined by taking the difference
between high and low monsoon index years (Table 1)
using composites of SLP, 850-hPa winds, sea ice con-
centration, and ice motion vectors (Fig. 10). The EASM
high and low index differences in SLP exhibit anoma-
lous high pressure over the central Arctic Ocean and low
pressure over northern Canada and from the European
Arctic to North Atlantic Ocean (Fig. 10a). This SLP
anomaly pattern, particularly the anomalous high pres-
sure, is part of the EASM-Arctic linkage as shown by its
collocation with the northernmost barotropic anticy-
clone of the four-celled teleconnection (Fig. 6a). The

anomalous sea ice motion vectors closely coincide with
the low-level geostrophic flow and partially explain the
creation of the SIC patterns.

The ISM-related SIC patterns are observed using the
difference in high and low years from the July—August
ISM index. In the SLP field, a dipole-like pattern de-
velops over the Arctic with high pressure anomalies
from the Siberian Arctic to western North American
Arctic and anomalous low pressure north of the Euro-
pean Arctic (Fig. 10b). The arrangement of these SLP
features corresponds to the northeastward teleconnec-
tion branch after the ISM CGT bifurcation over the
North Atlantic Ocean and Europe (Fig. 8a). Positive
SLP anomalies over Scandinavia correspond with the
barotropic anticyclone where the teleconnection splits
(Fig. 8a). Moving northward along the ISM-Arctic
linkage, the barotropic cyclone over the Eurasian Arc-
tic is collocated with the low SLP anomalies, while the
barotropic anticyclone extending from Siberia to
northern Canada corresponds with anomalous high
SLP. The configuration of these SLP features drives an
anomalous circulation pattern out of the Laptev Sea that
separates into two branches of flows, one into the
western North American Arctic and the other toward
the Fram Strait. Anomalous ice motion vectors closely
resemble the geostrophic flow associated with the ISM-
related circulation features and explain the SIC
patterns.
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FI1G. 8. As in Fig. 6, but for (a) positive (m; red contours, interval of 10 m) and negative (m;
blue contours, interval of 10 m) 300-200-hPa averaged geopotential height differences between
high (8 yr) and low (11 yr) ISM index years. The black contour outlines the zonal component of
the 300-200-hPa averaged wind field (ms™') demonstrating the climatological JA subtropical
jet location. (b) Cross section starting in northwestern India and moving east through the ISM
teleconnection pattern [orange line in (a)] showing geopotential height differences (m; shaded)

and average zonal component of the wind (m s~

Analysis of the PIOMAS reanalysis data reveals the
importance of anomalous monsoon-driven advection
and thermodynamic processes in shaping the sea ice
thickness and concentration patterns. During low
EASM rainfall (and high WNPSM rainfall) years, the
positive SIC and sea ice thickness (SIT) anomalies in the
western North American Arctic are generated through
thermodynamic growth and advection of sea ice into this
region (Fig. 11). In the Laptev Sea, the divergence of
advected sea ice is responsible for reduced sea ice in this
region. There is a divergence of ice on the upwind side of
the East Siberian Sea while a convergence occurs along
the western region of the sea, which is driven by the low-
level geostrophic wind along the southern flank of the
Arctic barotropic anticyclone and explains the observed
anomalous SIC pattern. During high ISM rainfall years,
SIC and SIT are reduced from the European Arctic to
the Laptev Sea due to advective divergence and ther-
modynamic melt in this region (Fig. 11). From the Siberian
Arctic to the North American Arctic, thermodynamic
growth and advection-driven convergence are responsible
for increased sea ice in these regions. Strong advective
convergence in the Fram Strait and Greenland Sea during
high ISM rainfall years is responsible for the anomalous
buildup of ice in these regions. The sea ice motion fields
and implied geostrophic flow from the anomalous SLP
fields demonstrate the apparent relationship between the

1).

monsoon-generated atmospheric conditions and processes
that shape the statistically significant SIC patterns
(Fig. 12). The advective convergence exhibited by the ISM
forcing is smaller in magnitude than the EASM forcing
(Fig. 11) due to a weaker surface circulation and ice mo-
tion for the ISM (Fig. 10b). The weaker advection ex-
hibited by the ISM could also explain the 1-month lag
between the peak of the ISM rainfall and associated in-
terannual sea ice EOF mode since it takes the sea ice
anomalies longer to develop in response to the atmo-
spheric forcing.

7. The importance of the remote monsoon forcing

It is essential to realize that although the Asian
monsoon-driven SIC variations are the second EOF
modes, their importance should not be discounted for
the following reasons. First, the leading sea ice EOF
modes account for a major portion of the zonally sym-
metric variation forced locally by the AO, but the sec-
ond EOF modes account for the largest portion of
zonally asymmetric variation of Arctic SIC and the
largest SIC response to boreal summer remote forcing.
The remotely forced asymmetric pattern could be add-
ing to the complexity of summer sea ice prediction, so
understanding it could lead to improved sea ice fore-
casts. Second, the combined effects of both monsoon
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FIG. 9. Climatological zonal component of the 300-hPa wind from ER A-Interim (m s~ shaded
and contoured with an interval of 2.5ms™? starting at Sms~2) in (a) JJ and (b) JA.

systems over the course of the summer could have large
accumulative impacts on the SIC patterns by the end of
the melt season, comparable in magnitude to a strong,
locally forced AO pattern. To validate this claim, one
should note that the two monsoon indices exhibit a pos-
itive temporal correlation of r = 0.52, significant above
the 99% confidence level (Fig. 13). It is more common for
the time series of each monsoon index to show identical sign
for a given summer, occurring 28 times in the 1979-2013

Beaufort
Sea
Chukchi
Sea
East Siberian
Sea
Laptev
Sea
Kara

Sea
Barents
Sea

Fram
Strait

period, further highlighting the coinciding relationship
between both monsoon systems. The SIC monsoon
composite differences indicate that congruent phasing
of indices would result in numerous occurrences of
ISM-forced sea ice patterns enhancing many of the SIC
anomalies created by EASM forcing. In the western
North American Arctic, the anomalous enhanced sea
ice produced during a positive EASM phase can be
strengthened by a subsequent positive ISM phase.

30

-30

FI1G. 10. (a) Differences in high and low EASM index years for JJA SIC (shaded) and positive (hPa; orange
contours, interval of 0.4 hPa) and negative (hPa; blue contours, interval of 0.4 hPa) JJ SLP anomalies with JJ
PIOMAS ice motion vector patterns. (b) Differences in high and low ISM index years for ASO SIC (shaded) and
positive (hPa; orange contours, interval of 0.4 hPa) and negative (hPa; blue contours, interval of 0.4 hPa) JA SLP
anomalies with JA PIOMAS ice motion vector patterns. Numbered labels show the locations of regions frequently

discussed in the text.
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FIG. 11. (left) SIT (m), (center) growth/melt rate due to thermodynamic processes (cm day '), and (right) growth/decline rate due to advective
convergence (cm day ') and sea ice motion, showing differences between high and low (a)—(c) EASM and (d)~(f) ISM index years.

Additionally, the reduced sea ice anomalies produced
in the European Arctic during a positive EASM phase
can also be intensified by the following positive ISM
forcing. Therefore the accumulative effects of the two
monsoon forcings could have a large impact on SIC at
the end of the summer melt season.

To further demonstrate this point, SIC composites
were created targeting the strongest positive and nega-
tive AO years when AO index is greater than one
standard deviation from the mean (Figs. 14a,b). Addi-
tionally, consecutively strong monsoons (both monsoon
indices greater than one-half standard deviation from
the mean and must have the same sign) were used to
produce SIC composites (Figs. 14c,d). The anomalous
September SIC patterns following a strong AO forcing
exhibit a mostly zonally uniform pattern extending
around the periphery of the Arctic Ocean. Strong
monsoon years with identical sign, as identified with our
indices, produce a response in which anomalous Sep-
tember sea ice from the Siberian Arctic extending into
the North American Arctic contrasts with the response

exhibited over the European Arctic and North Atlantic
Ocean. These results indicate that although the re-
motely forced SIC patterns appear as the second EOF
modes, the response following consecutively strong
monsoon forcings is comparable to the magnitude and
widespread extent of strong locally forced AO pat-
terns. Since the seasonal variation of the two major
ASM heat sources is becoming largely predictable,
consideration of the combined effects of both monsoons
could play a critical role in improving the year-to-year
minimum sea ice extent forecasts and understanding
the behavior along the ice sheet margins in different
regions.

8. Discussion and conclusions

a. Discussion

Summer SIC patterns along the periphery of the
Arctic Ocean are driven by remote anomalous ther-
modynamic and dynamic forcing, which changes as the
anomalous EASM and ISM rainfall-driven heating
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FIG. 12. Differences in high and low (a) EASM and (b) ISM index years for SIC (shaded), and the 99% significance
level (contours) using the Student’s ¢ test.

progresses and the associated teleconnection patterns
modify the polar circulation. Previous work shows that
Asian monsoon—forced wave trains travel into sur-
rounding basins through great-circle routes, guided by
the polar critical latitude. Observations show that the
wave energy associated with the monsoon tele-
connections bifurcates, with some wave energy gener-
ating an Arctic response while the remainder continues
southeastward along the great-circle route. The EASM
wave energy bifurcation occurs over northeastern
Siberia directly relating anomalous EASM heating with
Arctic circulation while the ISM bifurcation develops
over the North Atlantic and Europe connecting the cir-
cumglobal ISM teleconnection with Arctic variability.

Dynamical modeling of Asian monsoon rainfall has
exhibited a low skill (TCC = 0.35) in the past 32 years even
while using 1 June to initialize (Wang et al. 2015a), and
more recently the skill has declined further (Wang et al.
2015b). A new approach using predictable mode analysis
(PMA), which decomposes monsoonal rainfall into EOF
modes and finds meaningful, physically established pre-
dictors, has shown better progress by now representing
large-scale climate influences on local precipitation (Wang
et al. 2015a). The prediction of EASM rainfall needs fur-
ther improvement but knowledge of different remote in-
fluences on local rainfall in this region is growing (Gong
et al. 2011; Wang et al. 2000).

The mechanisms by which anomalous EASM and
ISM affect the year-to-year fluctuation of sea ice pat-
terns and polar ice growth and decay may be in-
strumental for understanding tropical influence on
Arctic sea ice in general. Additionally, the remote
monsoon—Arctic forcing mechanism could function on

intraseasonal and decadal time scales, and may exert
impacts under global climate change. Toward the end
of the twenty-first century, the domain, amount, and
duration of Asian monsoon precipitation are expected
to increase with a warming climate (Lee and Wang
2014), and it is anticipated that this increasing trend
could contribute to remotely forced long-term changes
in Arctic sea ice patterns. Although the summer Arctic
ice extent is expected to continually decline, the mon-
soon impact will remain an important variability source
along the marginal ice sheet zone and will possibly
produce lasting impacts into other seasons even after
the summer ice completely melts. These hypotheses
demonstrate the necessity for future numerical mod-
eling studies once the observed monsoon—Arctic link-
ages are better replicated.

Year-to-year prediction of summer sea ice concen-
tration and thickness patterns will be a welcome asset
given the rapidly growing interest in Arctic resources.
The anticipated growth and decline of sea ice in large
areas along the Arctic Ocean margins will be a decisive
tool for forthcoming Arctic navigation routes, oil and
mineral exploration, and local coastal communities
concerned with adaptation. Recently, the interseasonal
link between Arctic ice coverage and midlatitude
weather in the succeeding months is becoming better
understood and highlights the significance of the wide-
spread Arctic sea ice feedbacks on the Northern
Hemisphere. Our results could lead to a better un-
derstanding of the complexities of the global climate
system when incorporating the role of summer sea ice.

Using the leading two EOF modes, sensitivity tests
similar to those shown in Grunseich and Wang (2016)
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FIG. 13. The JJ EASM index (green) and JA ISM index (blue) are shown for the 1979-2013
period.

are conducted to examine the total possible predictability  the standardized predictor or EOF time series with the
of interannual sea ice variability during early and late associated spatial pattern, which acts to scale the re-
summer and determine the effectiveness of the selected spective patterns based on the climate phenomena. The
predictors. Each year a prediction is made by multiplying  scaled spatial patterns for each mode are combined to

20

FIG. 14. Composites of SIC anomalies at the end of the September melt season following the strongest (a) positive
(7yr) and (b) negative (6 yr) AO phases. Also shown are composites of anomalous September SIC following con-
secutively strong (c) positive (5 yr) and (d) negative (5 yr) EASM and ISM monsoons as defined by our indices.
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FIG. 15. Correlation coefficients of the combined leading two interannual SIC EOF modes in (a) JJA and
(b) ASO with the observed interannual SIC from 1979 to 2013. (c) Correlation coefficients of predicted SIC using
the MJJ AO index and JJ EASM predictors with the observed interannual SIC from 1979-2013 in JJA.
(d) Correlation coefficients of predicted SIC using the JJA AO index and JA ISM predictors with the observed

interannual SIC from 1979-2013 in ASO. Solid contour represents the 95% significance level.

create that summer’s prediction for the anomalous sea ice
patterns during June—August or August—October. The
two leading EOF modes in early (Fig. 15a) and late
(Fig. 15b) summer exhibit considerably high correlations
throughout the periphery of the inner Arctic Ocean with
widespread regions showing r > 0.8. The skills of the
predictors are assessed using the May—July AO index and
June-July EASM index for early summer sea ice and
June-August AO index and July-August ISM index for
late summer. In early summer (Fig. 15c), the two pre-
dictors show high skill in the Beaufort Sea region with
correlations exceeding » > 0.8. Elsewhere, widespread
regions of statistically significant correlations are shown
in the eastern East Siberian Sea, Laptev Sea, and Barents
Sea. Late summer (Fig. 15d) shows statistically significant

correlations throughout the Arctic margins with the ad-
dition of the Greenland Sea region.

The seasonal prediction of Arctic sea ice will draw
interdisciplinary scientific interest. The predicted sea-
sonal ice melt pattern could assist biological and envi-
ronmental scientists in understanding changes in the
habitat, migratory patterns, and food resources of local
wildlife and marine animals. The seasonal changes in
ocean circulation due to the modification of Arctic sea
ice patterns will draw the attention of numerous
oceanographic disciplines interested in the fluctuations
of physical, biogeochemical, and ecological processes.
Successful seasonal prediction of Arctic sea ice will be
an essential resource that broadens the geosciences and
life sciences and provides numerous societal benefits.
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b. Conclusions

The interannual variability of summer Arctic sea ice
concentration is strongly related to natural forms of lo-
cal and remote climate variability. The Arctic Oscilla-
tion controls the dominant mode of interannual sea ice
concentration variability throughout the summer,
explaining over 20% of the interannual variance
depending upon the time period of the summer season.
AO seaice patterns during the summer months exhibit a
mostly zonal uniform pattern of variability following the
Arctic margins, which contrasts the Fram Strait and
Greenland Sea regions. The summer AO SIC anomalies
are shaped through the wind-driven advection of the
anomalous monopole circulation center that develops
over the Arctic.

The second modes of interannual SIC variability in
early and late summer are driven by the East Asian and
Indian summer monsoons, respectively. The EASM SIC
variability in June-August accounts for 14.3% of the
interannual SIC variance and is associated with a dipole
pattern along the Arctic margins in which the anoma-
lous sea ice of the eastern East Siberian and Laptev Seas
contrasts with the Beaufort Sea anomalies. The ISM sea
ice patterns explain 13.6% of the interannual variance
and present as a tripole pattern with sea ice in the Laptev
Sea contrasting with the Beaufort and Chukchi Seas as
well with Fram Strait. The monsoon-driven sea ice pat-
terns are largely shaped through wind-driven advective
convergence and appear as SIT and SIC anomalies only
after the initiation of each monsoon. The EASM drives
the Arctic circulation through a northward-extending
meridional teleconnection in which a barotropic circu-
lation is centered over the Arctic. The ISM creates an
eastward-propagating circumglobal teleconnection,
which is strongly coupled with the subtropical jet, trav-
eling into the North Atlantic where the wave train bi-
furcates. The northward branch of this bifurcation
creates a barotropic dipole circulation pattern over the
Arctic and uniquely drives the anomalous sea ice field.
During the annual minimum sea ice extent, the com-
bined impacts of strong EASM and ISM forcings can
produce sea ice patterns comparable in magnitude and
extent to AO-related sea ice anomalies.
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