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Abstract

Recent work has emphasized the important role of midlatitude moisture fluxes in enhancing Arctic warming and sea ice loss.
Conversely, less attention has been paid to the impact of Arctic warming and sea ice loss on midlatitude moisture fluxes.
Analysis of an atmosphere-only general circulation model indicates that sea ice loss promotes changes in the large-scale
midlatitude atmospheric circulation that have a substantial impact on moisture transport into and out of the Arctic. While
poleward moisture transport into the Arctic does increase in a reduced sea ice climate, the increase in equatorward moisture
transport out of the Arctic is larger, particularly in boreal winter over the North Pacific. A decomposition of the meridional
moisture transport reveals that this increase in equatorward moisture transport is driven, at least in part, by changes in the
background circulation. Specifically, sea ice loss drives a series of large-scale tropospheric circulation changes, including an
increase in cyclonic Rossby wave breaking over the North Pacific that results in a preferential enhancement of equatorward
moisture transport out of the Arctic in the days following the peak of the Rossby wave breaking event.
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1 Introduction

Arctic temperatures have increased substantially faster than
the global mean surface temperature in recent decades, a
phenomenon known as Arctic amplification (e.g., Serreze
and Barry 2011; Cohen et al. 2014; Walsh 2014). Climate
model projections indicate that Arctic amplification will
continue as global temperatures rise (e.g., Manabe and
Stouffer 1980; Hansen et al. 1984; Holland and Bitz 2003;
Collins et al. 2013). This warmer Arctic is accompanied by
sea ice loss, and thus, further warming due to an increase in
absorbed solar radiation, increased heat exchange between
the ocean and the atmosphere, and other processes (e.g.,
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Manabe and Wetherald 1975; Deser et al. 2010; Serreze and
Barry 2011; Serreze et al. 2012; Kapsch et al. 2016; Burt
et al. 2016).

Atmospheric water vapor can also substantially impact
Arctic temperatures. The water vapor feedback is described
by the Clausius—Clapeyron relationship—as temperatures
increase, the atmosphere is capable of holding more water
vapor (e.g., Held and Soden 2006). Because atmospheric
water vapor is a highly effective greenhouse gas, it can
trap outgoing longwave radiation and re-emit that radia-
tion downward, leading to surface warming (e.g., Francis
and Hunter 2006; Burt et al. 2016). Even small increases in
atmospheric water vapor could have a large impact on Arc-
tic climate through a positive feedback loop where surface
warming induces sea ice loss and a subsequent enhancement
of latent heat fluxes (and thus, atmospheric water vapor)
from the ocean to the atmosphere, ultimately leading to fur-
ther warming (e.g., Screen and Simmonds 2010; Ghatak and
Miller 2013; Burt et al. 2016).

Increased atmospheric water vapor in the Arctic has been
linked to moist intrusions from lower latitudes. These intru-
sions lead to a reduction in sea ice extent and thickness (e.g.,
Park et al. 2015a, b; Woods and Caballero 2016; Mortin
et al. 2016; Burt et al. 2016); an earlier melt onset for sea
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ice (e.g., Park et al. 2015b; Mortin et al. 2016); changes
in Arctic surface temperature variability (e.g., Woods et al.
2013; Messori et al. 2018); and an increase in upper ocean
heat content (e.g., Park et al. 2015a). Moist intrusions into
the Arctic are closely related to the midlatitude and tropical
circulations through Rossby wave breaking and atmospheric
blocking (e.g., Woods et al. 2013; Liu and Barnes 2015);
transport by extratropical cyclones, especially in the North
Atlantic region (e.g., Sorteberg and Walsh 2008; Dufour
et al. 2016); atmospheric rivers (e.g., Newman et al. 2012;
Baggett et al. 2016); planetary wave activity (e.g., Goss
et al. 2016; Graversen and Burtu 2016; Franzke et al. 2016);
and tropical convection (e.g., Lee 2014; Baggett and Lee
2017). Changes in moisture transport into the Arctic also
have strong implications for the Arctic’s future climate, as
moisture transport into the Arctic is expected to increase in
a warmer climate (e.g., Serreze and Barry 2005; Graversen
2006; Langen and Alexeev 2007). Thus, changes in circu-
lation that affect Arctic moisture transport could directly
impact future Arctic warming.

While the midlatitude circulation can substantially impact
moisture transport into the Arctic, a warmer Arctic can alter
the midlatitude circulation itself. In prior work, a warmer
Arctic has been linked to changes in extreme temperature
events (e.g., Screen et al. 2015; Ayarzagiiena and Screen
2016), reductions in overall temperature variability (e.g.,
Screen 2014; Blackport and Kushner 2017), and an equator-
ward shift and weakening of the midlatitude jet streams (e.g.,
Deser et al. 2010; Butler et al. 2010; Screen et al. 2018),
although the subtleties of these responses have been refined
more recently (e.g. Peings et al. 2017; Ronalds et al. 2018;
Zappa et al. 2018). Arctic warming has also been connected
to changes in midlatitude sea level pressure and 500 hPa
geopotential heights (e.g., Overland et al. 2015; Blackport
and Kushner 2017; Screen et al. 2018; Zappa et al. 2018),
planetary wave patterns (e.g., Francis and Vavrus 2015),
and the warm Arctic-cold continents pattern (e.g., Kug et al.
2017), although some of these connections, particularly their
discernability from internal variability, have been debated
(e.g. Barnes 2013; Barnes and Screen 2015; McCusker et al.
2016; Sun et al. 2016; Cattiaux et al. 2016). Recent work
has also suggested that the Arctic is capable of influencing
the midlatitudes indirectly via changes in the stratospheric
polar vortex (e.g., Sun et al. 2015; Wu and Smith 2016;
Kretschmer et al. 2016). The Arctic’s ability to influence the
midlatitudes can be modulated by changes in the background
state of the ocean (e.g., Deser et al. 2016; Screen and Francis
2016; Sung et al. 2016; Smith et al. 2017) and sea ice (e.g.,
Screen 2017; Screen et al. 2018). Ultimately, these changes
in the midlatitude circulation can feed back upon the Arctic,
further modifying Arctic weather and climate.

The midlatitude circulation can warm the Arctic via mois-
ture intrusions, and changes in Arctic climate can modify
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the midlatitude circulation. Thus, if the Arctic can drive
changes in the midlatitude circulation, do these changes in
the midlatitude circulation further modify moisture trans-
port into the Arctic? We explore this question using a set of
atmosphere-only general circulation model simulations from
Sun et al. (2015), described in more detail in Sect. 2. These
experiments simulate the atmospheric response to changes in
sea ice extent; thus, we focus on the role of sea ice extent in
driving an atmospheric response that further modifies Arctic
moisture fluxes. In Sect. 2, we define moisture transport into
and out of the Arctic and briefly explain our Rossby wave
breaking detection algorithm. In Sect. 3, we discuss our key
results linking the response of the large-scale, midlatitude
circulation to changes in Arctic moisture fluxes, including
changes in the behavior of the eddy-driven jet and Rossby
wave breaking. We summarize our results and conclude in
Sect. 4.

2 Methods
2.1 Climate model experiments

Our analysis is conducted on the output of a pair of
atmospheric general circulation model experiments per-
formed by Sun et al. (2015). Both experiments use the
Community Atmospheric Model, version 4 (CAM4), with
a horizontal resolution of 1.9° latitude by 2.5° longitude,
26 vertical levels from the surface to 3.5 hPa, and pre-
scribed stratospheric ozone. The first experiment, which
we denote as CTRL (CONTROL in Sun et al. 2015), is
forced with a prescribed sea ice concentration (SIC) and
sea surface temperature (SST) that have been derived
from the average over the years 1980—1999. The SIC and
SST seasonal cycles are obtained from the average of a
three-member ensemble of twentieth-century simula-
tions of the fully coupled version of the Whole Atmos-
phere Chemistry-Climate Model (WACCM). The second
experiment, which we denote as PERT (TOTAL in Sun
et al. 2015), is forced with SIC derived from the years
2080-2099. The 2080-2099 SIC is calculated from a
one-member fully coupled 21st century WACCM experi-
ment under Representative Concentration Pathway 8.5
(RCP8.5) conditions, the scenario with highest warming
carried out in the Climate Model Intercomparison Project,
Version 5 (CMIP5) studies. The SSTs in PERT are identi-
cal to those in CTRL, except at gridpoints where the frac-
tional sea ice cover in PERT is less than that of CTRL.
In this case, SSTs are prescribed from an average of the
2080-2099 SSTs at that gridpoint from the WACCM
RCPS8.5 simulation. In both scenarios, sea ice has a pre-
scribed thickness of 2 m, and there are no changes in
Antarctic sea ice. We note that although sea ice thickness
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is prescribed in these simulations, sea ice thinning may
also have a substantial impact on the circulation, particu-
larly in the winter months, due to a reduction in the sea
ice’s ability to insulate the atmosphere from the stronger
and consequent increases in atmospheric temperature
and water vapor (e.g., Burt et al. 2016; Lang et al. 2017,
Labe et al. 2018; Blackport and Screen 2019); although
recent work suggests that overall the circulation response
is more sensitive to changes in sea ice concentration than
it is to changes in sea ice thickness (e.g., Labe et al. 2018;
Blackport and Screen 2019). In these simulations, we
focus on the role of sea ice extent in driving changes
in the midlatitude circulation that act to modify Arctic
moisture transport; the sensitivity of this response to sea
ice thickness is left to future work. We use 40 years of
daily mean model output to explore the subseasonal cir-
culation changes associated with sea ice loss. When we
investigated the changes in the circulation with 60 years
of daily mean model output, we drew similar conclusions.
The difference in SIC (Fig. 1a) and 1000 hPa temperature
(Fig. 1b) in the boreal cold season (September—February,
hereafter SONDIJF) between PERT and CTRL can be seen
in Fig. 1. In Fig. 1 and subsequent figures, significant
changes between PERT and CTRL are assessed at 95%
confidence using a two-sided student’s ¢ test. In these fig-
ures, only gridpoints with significant changes are plotted.
We note that when we assess significance with the non-
parametric Wilcoxon signed-rank test, our results are very
similar; for simplicity, we show only the results assessed
with the student’s ¢ test.

The CAM4 simulations analyzed here are low-top sim-
ulations—that is, their highest pressure level is only at
3.5 hPa. Moreover, their vertical resolution is relatively
coarse, meaning that CAM4’s stratospheric dynamics
are not as well-resolved as those in a high-top model like
WACCM. These features are noteworthy, as prior studies
have found that the stratospheric polar vortex can influence
the tropospheric response to sea ice loss and Arctic warm-
ing (e.g., Peings and Magnusdottir 2014; Kim et al. 2014;
Feldstein and Lee 2014; Wu and Smith 2016). However,
a comparison between the low-top CAM4 and the high-
top WACCM indicates that, while the magnitude of the
tropospheric response to sea ice loss is weaker in CAM4 as
compared to WACCM, the overall pattern of the response
is similar in both models (Sun et al. 2015). In addition,
previous work has highlighted the importance of plane-
tary-scale wave activity, as well as primarily tropospheric
phenomena in understanding the atmospheric circulation
response to sea ice loss (e.g., McKenna et al. 2018). There-
fore, our analysis is conducted under the assumption that
the overall structure of the circulation and moisture flux
responses to sea ice loss are largely robust to using the
low-top model versus the high-top model.

2.2 Defining IVT

In this work, moisture transport is measured using vertically
integrated water vapor transport (IVT). IVT is calculated
according to Mundhenk et al. (2016),

1 3 A |30 R
VT = <_ / uqdp>i+ <- / qup>j, )
8 J1000 8 J1000

where g is the gravitational acceleration, u is zonal wind,
v is meridional wind, g is specific humidity, and dp is the
pressure difference between adjoining pressure levels. Here,
we integrate from 1000 to 300 hPa, but IVT is not highly
sensitive to the upper or lower boundaries of the integral,
as the largest values of water vapor are primarily confined
to the lowest levels of the atmosphere, and the largest con-
tributions to IVT derive from the ocean basins. In Fig. 2,
we diagnose the change in total moisture transport into and
out of the Arctic by focusing only on the meridional ()
component of IVT averaged along 70° N, which we will
simply refer to as meridional IVT. We will also decompose
meridional IVT into poleward and equatorward components.
In this decomposition, poleward IVT refers to the daily aver-
age of vq across all grid points along 70° N such that we set
vg = vq at grid points where v > 0 and vg = 0 at grid points
where v < 0. Conversely, we define equatorward IVT as the
daily average of vq across all points along 70° N such that
vq = vq at grid points where v < 0 and vg = 0 at grid points
where v > 0.

2.3 Rossby wave breaking algorithm

Rossby wave breaking events are identified with the
algorithm of Liu et al. (2014), which is based on that
of Strong and Magnusdottir (2008). Briefly, potential
temperature is interpolated to the 2-potential vorticity
unit (PVU, 1 PVU =10"°K kg~! m~2 s~!) surface. The
2-PVU surface serves as an approximation for the tropo-
pause in the extratropics and is useful for diagnosing
Rossby wave breaking events (e.g. Franzke et al. 2011;
Liu and Barnes 2015). The algorithm diagnoses Rossby
wave breaking events by identifying regions of overturn-
ing potential temperature contours on the 2-PVU surface
whose enclosed areas exceed a certain threshold (i.e.,
greater than 25° in an equirectangular projection). The
Rossby wave breaking events are calculated based only
on the surface area of the overturning potential tempera-
ture contours—there is no measure of the strength of the
overturning. The Rossby wave breaking events are clas-
sified as anticyclonic or cyclonic wave breaking events
based on their direction of overturning. In the Northern
Hemisphere, anticyclonic Rossby wave breaking events
occur when cresting waves are tilted in a southwest to
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Fig.1 a Change (PERT-CTRL)
in percent of grid box cov-
ered by sea ice for associated
with sea ice loss in SONDIJF.

b Change (PERT-CTRL) in
1000 hPa temperature. Only
gridpoints where the changes
in temperature are significant
at 95% confidence are shaded.
Black contours show the 1000
hPa temperature in CTRL,
contoured every 20 K from 260
to 300 K

northeast orientation and overturn in a clockwise direc-
tion. Cyclonic Rossby wave breaking events occur when
cresting waves are tilted in a southeast to northwest
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Fig.2 Change (PERT-CTRL) in meridional IVT associated with sea
ice loss as a function of a month, b longitude during SONDJF (high-
lighted in a), and ¢ month over the North Pacific region (120°-240°E,
highlighted in b). Red lines indicate poleward (northward) IVT, blue
lines indicate equatorward (southward) IVT, and black lines are the
meridional IVT (poleward IVT + equatorward IVT)

3 Results
3.1 Changes in meridional IVT

The seasonal and longitudinal variability of meridional
IVT across 70° N is explored in Fig. 2. Figure 2 shows the
changes in total meridional (black lines), poleward (red
lines), and equatorward (blue lines) IVT across 70° N asso-
ciated with sea ice loss (that is, PERT-CTRL). The results of
Fig. 2 are not highly sensitive to the 70° N boundary and are
broadly similar for 65° N and 60° N (not shown). Poleward

IVT increases in PERT as compared to CTRL (red line in
Fig. 2a), particularly in September—February (SONDJF).
This increase in poleward IVT into the Arctic suggests a
positive relationship between sea ice loss and moisture
fluxes, in which sea ice loss (Fig. 1a) is associated with an
increase in moisture transport into the Arctic, which could
lead to an increase in downwelling longwave radiation and
warmer Arctic temperatures. However, PERT also shows an
increase in equatorward IVT across 70° N—that is, moisture
flux out of the Arctic (blue line in Fig. 2a). The equatorward
IVT actually increases more than the poleward IVT.

When meridional IVT across 70° N is broken down by
longitude (Fig. 2b) during SONDIF, it is clear that much of
the increase in equatorward IVT (blue line in Fig. 2b) occurs
in the North Pacific region (120° E-240° E, indicated by the
orange shading in Fig. 2b), with about 54% of the total equa-
torward IVT in SONDIJF occurring between 120° and 240°
E. As with the Northern Hemisphere mean, this change in
equatorward moisture flux in the North Pacific is greatest in
SONDIJF (blue line in Fig. 2¢). These changes in meridional
IVT (vg) can be further understood by breaking down vg into
time and zonal means, and their respective anomalies. The
time-mean meridional vapor transport, vg, is decomposed
following equation 4.9 of Peix6to and Oort (1992),

vg=v-g+vq = [g+[] -7 +v - [g +V" T +V¢.

@)
where - is the time-mean (defined using calendar-month
means), [ ] represents the zonal-mean, * represents the devia-

tions from the time-mean, and " indicates deviations from
the zonal-mean. Taking the zonal-mean of Eq. 2 yields,

7 = - [al + [+ -] + [ . ®

Equation 3 breaks the time-mean, zonal-mean meridional
vapor transport into three terms: a component associated
with the mean meridional circulation (MMC, [V] -[4]). a
component associated with the stationary eddies ( [V* . ZI*J]S,

and a component associated with transient eddies ( |V'q’

Figure 3 shows each of these three components—mean
meridional, stationary, and transient—separately (yellow,
blue, and red lines in Fig. 3a, respectively). Figure 3a dem-
onstrates that the change in [ﬁ] associated with sea ice loss
(black line) is largely dominated by the changes in the tran-
sient vapor transport [v’_q’ . We will return to the significance

of the transient vapor transport in the discussion of Rossby
wave breaking events in Sect. 3.3

In Fig. 3b, we examine vq as a function of longitude
(Eq. 2) during SONDJF. Equation 2 indicates that the mois-
ture transport can be divided into a term that describes the
advection of the background moisture by the stationary
winds (V" - [5]; dashed blue line in Fig. 3b), and a term that
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Fig.3 Change (PERT-CTRL) in the components of meridional
IVT during SONDIF associated with sea ice loss as a function of
a month (SONDIJF is highlighted in orange), and b longitude (the
North Pacific is highlighted in orange). In a, black lines indicate the
change in meridional IVT, yellow lines indicate the change in meridi-
onal IVT associated with the mean meridional circulation (MMC),
red lines indicate the change in meridional IVT associated with the
transient waves, and blue lines indicate the change in meridional IVT
associated with the stationary waves. In b, the circulation is broken
down further into ¥* - [g] (the advection of background moisture by
the stationary meridional winds; dotted blue line) and g* - [v] (the
advection of the stationary moisture field by the background wind;
dotted red line). ¢ The decomposition of V" - [g] into a component
associated with the change in meridional winds (4v" - { [g]}, red line)
and a component associated with the change in atmospheric water
vapor (4 [Z]] - {v"}, black line); orange highlighting indicates the
North Pacific

describes the advection of the stationary moisture field by
the background meridional winds (g" - [V]; dashed red line
in Fig. 3b). Figure 3b clearly suggests that the advection of
the background moisture by the stationary winds (V" - [g];
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dashed blue line) is a much greater contributor to the total
change in meridional IVT (black line) than the advection of
the stationary moisture field by the background wind (g" - [9]
).

Figure 3b emphasizes the importance of V" - [6] (the
advection of the background moisture by the stationary
winds). However, this term could be dominated by either
the changes in the background moisture ([6]) or changes in
the stationary meridional winds (v¥). Thus, we further break
down the change in V" - [g],

v [f_]] |perr =" - [6_1] |lerre = 24V" - {[f_]]} +2{v") - A[ﬁ],

C))
where the { } indicates the average of both CTRL and PERT
(thatis, {A} = W) and the A indicates half of the dif-
ference between PERT and CTRL (that is, 44 = A‘”E%AC"“).
Thus, the change in V" - [E] (Eq. 4) can be expressed as the
sum of two terms, where the first term represents the change
in moisture advection due to the change in stationary winds
(4v* - { [5] }; red line in Fig. 3c), and the second term rep-
resents the change in moisture advection due to the change
in background moisture ({v"} - A[?[]; black line in Fig. 3c).
Figure 3¢ demonstrates that first term dominates, particu-
larly over the North Pacific (highlighted by the orange box
in Fig. 3c), emphasizing the importance of the changes in
the meridional winds. That is, the change in meridional IVT
derives principally from a change in the circulation rather
than background moisture increases associated with sea ice
loss.

Figures 2 and 3 explore the seasonal and geographic vari-
ability of meridional IVT across 70° N, and break meridional
IVT down across temporal and spatial scales. We see that
the largest changes in meridional IVT across 70° N occur
in the boreal cold season (SONDIJF, Fig. 2a), and over the
North Pacific (120°-240° E, Fig. 2b). A decomposition of
meridional moisture transport (Eqs. 2—3) highlights the role
of the transient eddies, and the stationary meridional winds
as important components of the overall change in meridional
IVT (Fig. 3b, c). Thus, changes in the circulation associ-
ated with sea ice loss are responsible for at least part of the
increase in equatorward moisture transport through 70° N.
With this in mind, we explore changes in the circulation that
could explain Figs. 2, 3 and 4.

3.2 Changes in large-scale circulation

In Figs. 4, 5 and 6, we examine changes in the circulation
associated with sea ice loss (PERT-CTRL) during SONDIJF
by focusing on 850 and 300 hPa zonal winds and 500 hPa
geopotential heights (Z500).

The change in zonal winds at lower (850 hPa, Fig. 4a)
and upper (300 hPa, Fig. 4b) levels associated with sea ice
loss is seen in Fig. 4. At both 850 and 300 hPa, the largest
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Fig.4 Change (PERT-CTRL)
in zonal winds in SONDIJF for
a 850 hPa and b 300 hPa. Only
gridpoints where the changes
in zonal winds are significant
at 95% confidence are shaded.
Black contours show the zonal
winds in CTRL, contoured
every 5 ms~! from — 10 to + 10
ms~!ina, and every 10 m s~
from 10to 40 ms~'in b

changes in zonal winds occur poleward of the jet, with a
substantial weakening of the winds poleward of about 55°
N, and a narrowing and small equatorward shift of the jet
(as defined by Woollings et al. 2010). This weakening of
the winds on the poleward flank and small equatorward

(a) Change in 850 hPa Zonal Winds (SONDJF)
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(b) Cha

nge in 300 hPa Zonal Winds (SONDJF)
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shift of the jet is consistent with recent work associating
sea ice loss and Arctic warming with a narrowing of the
eddy-driven jet, rather than a pure shift, and a reduction in
winds poleward of the jet (e.g., Peings et al. 2017; Ronalds
et al. 2018; Zappa et al. 2018). This broad weakening of
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Fig.5 Change (PERT-CTRL) in
cyclonic wind shear Z— ‘;—: gat a
850 hPa and b 300 hPa. Only
gridpoints where the changes in
wind shear are signifiant at 95%
confidence are shaded

the zonal winds on the poleward flank of the jet has impli-
cations for the wind shear (—% ) As expected from Fig. 4,

the cyclonic wind shear increases between about 40°-60°
N at both 850 hPa (Fig. 5a) and 300 hPa (Fig. 5b). These
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(a) Change in 850 hPa Cyclonic Wind Shear (SONDJF)
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(b) Change in 300 hPa Cyclonic Wind Shear (SONDJF)
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increases are especially pronounced in the center and west-
ern portions of the Pacific, particularly at 300 hPa. This
increase in cyclonic wind shear will be linked to changes
in Rossby wave breaking in the next section.
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Fig.6 a Change (PERT-CTRL)
in 500 hPa geopotential height
in SONDIJF. b as in a, but with
the zonal mean removed. Only
gridpoints where the changes

in 500 hPa geopotential height
are signifiant at 95% confidence
are shaded. Black contours in a
show the geopotential heights in
CTRL (contoured every 100 m
from 5200 to 5800 m); and in b,
with their zonal means removed
(contoured every 50 m from

— 150 to 4+ 100 m)

As moisture fluxes are largely driven by the mid-level
steering pattern, we now turn our attention to the changes
in 500-hPa geopotential height (Z500) associated with
sea ice loss (colored shading in Fig. 6). As expected, the
geopotential height changes over the Arctic are positive,

(a) Change in 500 hPa Geopotential Height (SONDJF)
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corresponding to the temperature increases there (Fig. 1b).
In contrast, Z500 decreases over interior east Asia, and the
eastern half of the North Pacific. Removing the zonal mean
component of Z500 further emphasizes the role of the zon-
ally asymmetric circulation (Fig. 6b), whose importance is
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Fig.7 Change (PERT-CTRL) in

(a) Change in Cyclonlc Rossby Wave Breaklng Frequency (SONDJF

SONDIJF Rossby wave breaking
frequency for a cyclonic wave
breaking and b anticyclonic
wave breaking events. Only
gridpoints where the changes
in wave breaking frequency are
significant at 95% confidence
are shaded. Black contours
show the a cyclonic and b anti-
cyclonic Rossby wave breaking
frequency in CTRL, contoured
every 5% from 5 to 30%. The
blue box in a indicates the area
encompassing 40°~70° N, 150°
-200°E
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highlighted in Fig. 3, where it was shown that changes in
v [5] dominate in the North Pacific. Figure 6b highlights
a weakening of the west—east gradient in the zonally asym-
metric component of Z500 over the North Pacific. In PERT,
compared to CTRL, the heights rise to the west of the date-
line and fall to the east of the dateline. These height changes
result in a weakened west—east gradient that is consistent
with less meridional transport into the Arctic over the North
Pacific as seen in Fig. 2b.
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3.3 Changes in Rossby wave breaking

Thus far, we have observed that there is an increase in equa-
torward moisture flux (out of the Arctic) associated with sea
ice loss over the North Pacific during SONDIJF (Fig. 2). A
decomposition of meridional IVT reveals that processes that
occur on transient timescales describe most of this increase
in equatorward moisture transport (Fig. 3a) and that changes
in the circulation have a substantial impact on the total mois-
ture transport (Fig. 3b, c¢). An analysis of changes in the
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large-scale circulation associated with sea ice loss reveals
the following:

e a substantial weakening of the zonal winds poleward of
the jet at both lower and upper levels (Fig. 4);

e anincrease in cyclonic wind shear at lower and upper lev-
els, as expected from the weakening of the zonal winds
poleward of the jet (Fig. 5);

e an increase in Z500 over the polar cap and a decrease in
Z500 over Alaska (Fig. 6); and,

e a weakened west—east gradient in Z500 between far-
eastern Russia and the Bering Strait that is particularly
apparent in the zonally asymmetric component of Z500
(Fig. 6).

These changes in the circulation suggest that Rossby wave
breaking could be driving the changes in the meridional
moisture transport. Specifically, the increase in cyclonic
wind shear on the poleward flank of the jet (Fig. 5) suggests
a corresponding increase in cyclonic Rossby wave break-
ing in this region (e.g., Thorncroft et al. 1993; Tyrlis and
Hoskins 2008), as increases in cyclonic Rossby wave break-
ing have also been associated with equatorward shifts of the
jet (e.g., Riviére 2011; Barnes and Hartmann 2012; Liu and
Barnes 2015). Additionally, Rossby wave breaking events
occur on the transient timescales emphasized in Fig. 3, fur-
ther highlighting the possibility of changes in Rossby wave
breaking being associated with the increase in equatorward
IVT in PERT.

When we calculate the changes in Rossby wave breaking
frequency associated with sea ice loss (Fig. 7), it is clear
that there is an increase in cyclonic Rossby wave breaking
frequency in the North Pacific (Fig. 7a) and a correspond-
ing decrease in anticyclonic Rossby wave breaking in the
same region (Fig. 7b). Furthermore, the largest increase in
cyclonic Rossby wave breaking occurs on the eastern edge
of the Bering Sea, near Kamchatka—corresponding to large
increases in cyclonic wind shear (Fig. 5) and the strongest
climatological gradient in Z500, particularly in the zonally
asymmetric component of Z500 (Fig. 6). Thus, the increase
in cyclonic Rossby wave breaking, and a slight westward
shift of wave breaking activity compared with CTRL, corre-
sponds with increases in cyclonic wind shear, a narrower and
equatorward-shifted jet, and the location of the maximum
climatological gradient in Z500.

While Figs. 4, 5, 6 and 7 seemingly present a cohesive
picture of changes to the large-scale circulation, it must
be asked: are the wave breaking events actually driving
the moisture fluxes observed in Figs. 2 and 3, or are they
simply coincident with the change in meridional IVT? We
address this question by creating lagged composites of mois-
ture transport during cyclonic Rossby wave breaking events.
Cyclonic Rossby wave breaking events are classified first

North Pacific IVT across 70N during CWB events
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Fig.8 Lagged composites of anomalous moisture transport across
70° N over the North Pacific during cyclonic wave breaking (CWB)
events for a CTRL, b PERT, and ¢ PERT-CTRL. See Sect. 3.3 for a
definition of events

by identifying days when cyclonic Rossby wave breaking
anomalies exceed one standard deviation over the box 40°
—~70° N, 150°-200° E (indicated by the blue lines in Fig. 7a).
Then, only days with the highest amplitude, separated by
28 days from each other, are retained and called cyclonic
Rossby wave breaking events. Meridional IVT across 70°
N, averaged between 120° and 240° E, is composited at lag
days — 14 to + 14 against these events, and divided into pole-
ward and equatorward IVT components. The results shown
in Fig. 8 are not sensitive to the exact boundaries of the
regions over which IVT and Rossby wave breaking are cal-
culated. Figure 8 shows these anomaly composites for CTRL
(Fig. 8a), PERT (Fig. 8b), and for their difference (Fig. 8c),
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Z500 and IVT Composited on Cyclonic Rossby Wave Breaking Events
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«Fig.9 Lagged composites of 500 hPa geopotential height (shad-
ing) and IVT (arrows; only plotted north of 60° N) anomalies dur-
ing cyclonic Rossby wave breaking (CWB) events for (left) CTRL,
(center) PERT, and (right) PERT-CTRL. Lag days are averaged in 3
day increments and begin at lag days — 7 to — 5 (before the event max-
imum, top row) and continue to lag days + 11 to + 13 (after the event
maximum; bottom row). Only gridpoints with significant changes in
500 hPa geopotential height (IVT; only one component must be sig-
nificant) are shaded (plotted). The solid cyan line indicates 70° N

as well as the variability of both poleward and equatorward
moisture fluxes throughout the wave breaking lifecycle.

Previous work (e.g., Liu and Barnes 2015) has linked
cyclonic Rossby wave breaking with more moisture trans-
port into the Arctic. Thus, the results shown here may at
first glance seem counterintuitive—Ilinking cyclonic Rossby
wave breaking with moisture transport out of the Arctic.
However, Fig. 8 clearly indicates that cyclonic Rossby wave
breaking events are associated with increases in poleward
IVT (blue lines in Fig. 8a—c) shortly before and during the
peak of the events, which is in concordance with the results
of Liu and Barnes (2015). After the peak of the events, there
is enhanced equatorward IVT (red lines in Fig. 8a—c; val-
ues of moisture transport that are less than zero indicate
an increase in equatorward moisture transport), which is
especially the case in PERT as compared to CTRL. The net
meridional transport (black lines in Fig. 8a—c) follows the
equatorward IVT (red lines)—the net IVT after the event
peak (lag days O to + 14) is negative, indicating net equa-
torward transport. The net IVT becomes even more negative
(more equatorward) in PERT as compared to CTRL, indi-
cating that sea ice loss is associated with enhanced equator-
ward IVT following the peak of the Rossby wave breaking
event cycle. We hypothesize that this enhanced equatorward
moisture transport in PERT could be related to small but
important changes in the circulation. Figure 7a shows that
the maximum in cyclonic Rossby wave breaking activity
shifts slightly westward in PERT relative to CTRL. The
changes in cyclonic wind shear (Fig. 5) and Z500 (Fig. 6)
also support a westward shift.

In order to investigate this hypothesis, we create lagged
composites of Z500 and IVT anomalies over the North
Pacific during the cyclonic Rossby wave breaking life cycle.
Panels in Fig. 9 show 3-day running means of Z500 and
IVT anomalies for cyclonic Rossby wave breaking events,
ranging from lag days —7 to + 13. In the days preceding
cyclonic Rossby wave breaking events, PERT and CTRL
show broadly similar patterns, with some small differences.
Both CTRL and PERT show high Z500 anomalies over
Alaska and the east Pacific and low Z500 anomalies over
east Asia and the west Pacific (Fig. 9a, b), although these
anomalies are slightly stronger in PERT. The overall changes
(PERT-CTRL) in IVT around 70° N are relatively small up
to 2 days before the cyclonic wavebreaking event (Fig. 9c,

f). By lag days —4 to — 2, both CTRL and PERT show the
development and strengthening of low height anomalies in
the central subtropical Pacific, as well as over Japan and the
Sea of Okhotsk (Fig. 9d, e), and a high Z500 anomaly over
Alaska and the east Pacific.

By the event peak (lag days — 1to + 1; Fig. 9g—i), the low
height anomaly over the western Pacific has strengthened.
The center of the low height anomaly is westward in PERT
relative to CTRL (Fig. 9g, h), while the high height anomaly
over Alaska is larger in PERT (Fig. 9i1). As expected from
Fig. 8, and from previous work (e.g. Liu and Barnes 2015),
Fig. 9g, h show IVT directed poleward at the event peak in
CTRL and in PERT, but it is weaker in PERT. In both cases,
the strongest IVT is largely coincident with the strongest
gradient in Z500.

The differences between CTRL and PERT become more
pronounced after the peak of the cyclonic Rossby wave
breaking event (lag days + 2 to + 13, Fig. 9j—u). At lag days
+ 2 to + 4 (Fig. 9j-1), both CTRL and PERT show a deepen-
ing of heights associated with the Aleutian low. The maxi-
mum Z500 anomaly is actually slightly stronger in CTRL
than in PERT, and PERT shows stronger positive Z500
anomalies over Alaska as compared to CTRL (Fig. 9j-1).
By lag days + 5 to + 7, these height anomalies have set up
a west—east dipole in Z500, with anomalously high heights
over eastern Russia and anomalously low heights over Alaska
(Fig. 9m, n). This dipole is more pronounced in PERT than it
is in CTRL, particularly the low height anomaly over Alaska
(Fig. 90). The west—east dipole in Z500 persists into lag days
+ 8 to + 10 (Fig. 9p, q), with stronger Z500 anomalies in
PERT as compared to CTRL. These stronger Z500 anomalies
in PERT create an anomalous west—east gradient in Z500
that maximizes over eastern Russia and Kamchatka, enhanc-
ing equatorward-directed IVT across 70° N in this region in
PERT relative to CTRL (Fig. 9r). By lagdays + 11 to + 13, a
large low Z500 anomaly remains in PERT, while it is dimin-
ished in CTRL (Fig. 9s, t). Again, the larger, more persistent
low Z500 anomaly in PERT is associated with anomalously
large equatorward-directed IVT in the western Pacific, over
eastern Russia and Kamchatka (Fig. 9u). Therefore, broadly
speaking, after the peak of the cyclonic Rossby wave break-
ing life cycle, PERT shows stronger, more zonally extensive,
and more persistent low Z500 anomalies over Alaska and
the Bering Sea (similar to Fig. 6) when compared to CTRL
(Fig. 9m—u). This stronger and more persistent low Z500
anomaly in PERT facilitates the development of a stronger
west—east in Z500 that is associated with enhanced equator-
ward-directed IVT over the Bering Strait and eastern Siberia
(Fig. 9m—u). Overall, a life cycle analysis of cyclonic Rossby
wave breaking events reinforces the hypothesis that changes
in the large-scale circulation associated with sea ice loss act
to preferentially enhance equatorward moisture flux, particu-
larly in the Bering Strait region.
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4 Conclusions

We use the atmosphere-only general circulation model
runs of Sun et al. (2015) to explore the changes in mois-
ture flux across 70° N associated with sea ice loss. When
the moisture flux is broken down into poleward and equa-
torward components, we see an increase in both poleward
and equatorward moisture flux across 70° N. The increase
in equatorward moisture flux is greater than the increase in
poleward moisture flux, particularly in the boreal cold sea-
son (SONDIJF). A decomposition of the meridional mois-
ture transport reveals that the changes in moisture flux are
largely explained by processes occurring on transient time
scales and changes in the zonally asymmetric background
circulation. Spatially, the largest increases in equatorward
moisture fluxes occur in the North Pacific, with over 50%
of the increase in global equatorward moisture transport
in SONDIJF occurring over the North Pacific (120°-240°
E). We conclude that this increase in North Pacific equa-
torward moisture flux can be explained, at least in part,
by an increase in frequency and shift in the location of
cyclonic Rossby wave breaking near 55°~60° N, although
we note that changes in cyclonic Rossby wave breaking
events may not capture all of the changes in the transient
circulation. Large-scale circulation responses in the zonal
winds, cyclonic wind shear, and 500 hPa geopotential
heights support this conclusion. Rossby wave breaking
has been linked to changes in moisture fluxes in the Gulf
of Alaska and North American West Coast regions in prior
work, suggesting that large-scale atmospheric dynamics
can play an important role in moisture transport in the
polar and sub-polar regions (e.g. Ryoo et al. 2013; Payne
and Magnusdottir 2014; Baggett et al. 2016; Mundhenk
et al. 2016).

We note that these conclusions are drawn based on con-
sidering sea ice loss only. In reality, the climate system is
more complex and overall changes in midlatitude-Arctic cir-
culation and moisture fluxes are potentially more compli-
cated than what we propose here. Greenhouse gas forcings
are often associated with circulation anomalies that oppose
those associated with Arctic warming and sea ice loss, and
these effects are not necessarily linear (e.g., Butler et al.
2010; McGraw and Barnes 2016; Sun et al. 2015; McKenna
et al. 2018). Recently, however, the circulation responses to
greenhouse gas warming and sea ice loss have been shown to
be more separable than previously thought (e.g. McCusker
et al. 2017). For example, Fig. 9 suggests a strengthening of
the Aleutian low in response to sea ice loss. This strength-
ening of the Aleutian low has been previously identified in
climate model studies as both a response to greenhouse gas
warming (e.g. Gan et al. 2017; McCusker et al. 2017) and
to Arctic warming and sea ice loss (e.g. Sun et al. 2015;
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Blackport and Kushner 2017). Furthermore, the atmos-
pheric responses to greenhouse gas forcing and sea ice loss
may in fact be especially additive in the North Pacific (e.g.
Oudar et al. 2017; McCusker et al. 2017). Thus, the overall
response of moisture transport over the North Pacific to sea
ice loss may in fact offer insights into the broader response
when considering the full impacts of climate change.

Finally, we note that this hypothesis does not argue that
all increases in Arctic moisture fluxes are an artifact of
circulation changes. Nor does it claim that these changes
in moisture fluxes associated with cyclonic Rossby wave
breaking can explain all of the increases in equatorward IVT
associated with transient moisture fluxes. Rather, we simply
argue that increases in equatorward moisture transport are
associated with circulation changes driven by sea ice loss.
Figures 7, 8 and 9 illustrate the importance of the changes in
the synoptic-scale, transient circulation by showing that the
increase in cyclonic Rossby wave breaking events associated
with sea ice loss is accompanied by an increase in equator-
ward IVT following the peak of the events. Thus, changes
in the circulation are important for future Arctic moisture
transport and must be considered.
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