Atlantic Multidecadal Oscillation modulates the impacts of Arctic sea ice decline
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Abstract

The Arctic sea ice cover has been rapidly declining in the last two decades, concurrent
with a shift in the Atlantic Multi-decadal Oscillation (AMO) to its warm phase around
1996/97. Here we use both observations and model simulations to investigate the modulation
of the impacts of the decreased sea ice cover in the Atlantic sector of the Arctic (AASIC) by
the AMO. We find that the AASIC loss during a cold AMO phase induces increased Ural
blocking activity, a southeastward-extended snowpack and a cold continent anomaly over
Eurasia in December through northerly cold air advection and moisture transport from the
Arctic. The increased Ural blocking activity and more-extended Eurasian snowpack
strengthen the upward propagation of planetary waves over the Siberian—Pacific sector in the
lower stratosphere and hence lead to a weakened stratospheric polar vortex and a negative
Arctic Oscillation (AO) phase at the surface in February. However, corresponding to the
AASIC loss during a warm AMO phase, one finds more widespread warming over the Arctic
and a reduced snowpack over Northern Eurasia in December. The stratosphere—troposphere
coupling 1s suppressed in early winter and no negative AO anomaly is found in February. We
suggest that the cold AMO phase is important to regulate the atmospheric response to AASIC
decline and our study provides insight to the ongoing debate on the connection between the

Arctic seaice and the AO.

Key Points:

*  The AASIC loss during a cold AMO phase favors increased Ural blockings, a
southeastward-extended snowpack and cold Eurasia in December.

e The-anomalous blockings and snowpack weaken the stratospheric polar vortex via
vertical wave propagation, with a negative AO in February.

* ( The AASIC loss during a warm AMO phase does not exhibit cold Eurasia in December,

nor a significant negative AO in February.
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1. Introduction

The Arctic sea ice cover has diminished at a striking rate in the past decades, in all
seasons but most strongly in summer and autumn, concurrent with a pronounced Arctic
surface warming [Stroeve et al., 2012]. At the same time, observations show decreased
surface air temperature (TS) over Eurasia in winter [Honda et al., 2009; Cohen et al., 2012;
Mori et al;, 2014; Kug et al., 2015], termed as “Warm Arctic, Cold Eurasia” [Cohen et al.,
2013, 2014]. The Arctic sea ice loss has also been linked to an increase in the snowpack over
parts of Eurasia as a result of increased moisture source over ice-free Arctic seas and
tropospheric moisture transport [Li et al., 2012; Liu et al., 2012; Wegmann, et al., 2015]. The
large-scale variability in the extratropical TS is closely related to changes in the position of
storm tracks and jet stream [Francis and Vavrus, 2012], which is largely controlled by the
dominant atmospheric modes of variability such as the Arctic Oscillation (AO). It has hence
been suggested that the late-winter atmospheric response to the decreased sea ice in
early-winter over the Barents-Kara Seas reflects a negative phase of the AO, and the
underlying mechanisms are related to the upward propagation of planetary waves into the
stratosphere [Li et al., 2012; Peings and Magnusdottir, 2014; Kim et al., 2014; King et al.,
2016; Zhang et al., 2016; Screen, 2017]. On the other hand, some studies pointed out that the
winter atmospheric response to Arctic sea ice decrease does not robustly display a negative
AOQ signature [e.g., Liu et al., 2012; Smith et al, 2017]. Mori et al. [2014] argued that the
winter atmospheric response to Arctic sea ice anomaly is an intensification of the Siberian
High, which is approximately independent of the AO. Hence, whether the observed “Warm
Arctic, Cold Eurasia” pattern can be causally attributed to sea ice reduction remains debated.
In-model studies, it has been proposed to arise purely from natural internal variability
[McCusker et al., 2016; Sun et al., 2016]. The modelled mid-latitude atmospheric responses
to the decline of sea ice are less certain in terms of robustness, pathway and magnitude
[Vihma, 2014; Gao et al., 2015], and might also depend on the background climatic state
[Balmaseda et al., 2010; Overland et al., 2016; Smith et al., 2017].

There is evidence that the Arctic sea ice cover has varied substantially on interannual,

decadal and multi-decadal timescales [Day et al.,, 2012]. The shift in the Atlantic
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Multi-decadal Oscillation [AMO; Schlesinger and Ramankutty, 1994], accompanied by
anomalous oceanic heat transport toward the Arctic, is relevant for sea ice multi-decadal
variability, especially in the Atlantic sector of the Arctic [Arthun et al., 2012; Miles et al.,
2014; Onarheim et al., 2014; Zhang, 2015]. Osborne et al. [2017] recently showed that the
AMO phase can modulate the impact of Arctic sea ice loss on the horizontal wave
propagation in winter, with Arctic sea ice loss associated to a trough-ridge—trough response
over the Pacific—North America only during a cold AMO phase (AMO-). Moreover, the
AMO can regulate the frequency of atmospheric blocking highs over the Euro—Atlantic sector
by changing the baroclinicity and transient eddy activity [Hakkinen et al., 2011; Peings and
Magnusdottir, 2014; Omrani et al., 2014, 2016]. The increased (reduced) blocking highs over
the Euro—Atlantic sector can further enhance (weaken) the vertical wave propagation,
resulting a weakened (strengthened) stratospheric polar vortex [Nishii et al., 2011; Li et al.,
2018].

However, the AO is responding to many drivers in a season-dependent fashion [Gao et
al;, 2015]. In particular, both observational [Saito et al., 2001] and modeling [Gong et al.,
2003; Orsolini et al., 2009; Peings et al., 2012] studies also suggest that the late autumn
Eurasian snowpack also has a strong effect on the AO and the stratosphere—troposphere
interactions in winter. Through thermodynamical and radiative effects, a thicker Eurasian
snowpack strengthens the vertical wave propagation in proximity to the high topography of
Asia, and hence induces a weakened stratospheric polar vortex and a negative AO phase at
the surface [Cohen et al., 2007; Orsolini et al., 2016]. Orsolini et al. [2013] showed that the
increase in early winter Eurasian snowpack can also induce a “Warm Arctic, Cold Eurasia”
pattern through surface thermal forcing and intensification of the Siberian High and poleward
heat transport.

In this paper, we demonstrate with both reanalyses and numerical simulations that the
impacts of Arctic sea ice decline on the wintertime stratosphere—troposphere coupling and on
the AO at the surface are modulated by the phase of the AMO, and that the Eurasian

snowpack plays a role in that linkage.

2. Data and Methods
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2.1 Observational Data and Model Experiments

We have used monthly mean and daily datasets the European Centre for Medium-Range
Weather Forecasts (ECMWF) Twentieth Century Reanalysis [ERA20C; 1900-2010; Poli et
al., 2016] and ECMWEF Interim Reanalysis [ERA-I; 1979-2017; Dee et al., 2011]. Sea ice
concentration from the Hadley Centre Sea Ice and sea surface temperature (SST) dataset
version 2. [HadISST2; 1850-2017; Titchner and Rayner, 2014], and snow depth from
ERA-I/Land [1980-2015; Balsamo et al., 2015] are also used. We focus mainly on the
satellite era (1979/80-2016/17), since the available sea ice observations prior to the satellite
era are quite limited both spatially and temporally, and presumably subject to a large
uncertainty [Johannessen et al., 2004]. Some recent studies re-calibrated long-term time
series of Arctic sea ice cover based on the National Snow and Ice Data Center [NSIDC;
1850-2013; Walsh et al., 2017] and “Russian” [1900-2008; Mahoney et al., 2008] sea ice
datasets and Arctic TS records [Connolly et al., 2017], and have had success in reproducing
the sea ice multi-decadal variations. However, the interannual variability of sea ice prior to
the satellite era shows an apparent diversity in different datasets. Nevertheless, we also tested
the robustness of our conclusions using the long-term NSIDC sea ice record, given the
above-mentioned caveat.

To further investigate the response to sea ice changes under different phases of the AMO,
we also utilized a set of 10-member ensemble experiments carried out with the same
ECMWEFE atmospheric model as used in producing the ERA20C reanalysis [ERA20CM,;
1900-2010; Hersbach et al., 2015]. The ERA20CM run was driven by the HadlSST2 SST
and sea ice concentration with radiative forcing from the Coupled Model Intercomparison
Project Phase 5, hence with the same sea surface boundary conditions and radiative forcing as

ERA20C, but does not assimilate any observations, in contrast to ERA20C (Table S1).
2.2 Climatic Indices and Methods

The smoothed AMO index [with a 121-month smoother; 1861-2011; Enfield et al., 2001]
is provided by NOAA's Earth System Research Laboratory, Physical Sciences Division. The
AMO- and AMO+ (warm AMO phase) correspond to cases in which the smoothed AMO

index is above and below zero, respectively. We define the Atlantic Arctic sea ice cover
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(AASIC) index based upon the area weighted average of sea ice concentration anomalies
over (72°-85°N, 20°W-90°E). Our analysis focuses on December, when the AASIC index
has larger interannual variations over the southern Barents Sea than that in October and
November, which makes it more relevant to the winter atmospheric circulation anomalies in
both the troposphere and stratosphere (Fig. S1).

To isolate the influence of sea ice loss on the interannual timescale, linear trends have
been removed for each period (e.g., during the AMO—, AMO+, or a longer period irrespective
of the AMO phase) prior to analysis from the AASIC index and all the fields. The wave
activity flux is used to identify the origin and propagation of Rossby wave-like perturbations
[Plumb, 1985]. Blocking high events are defined as intervals in which daily 500 hPa height
exceeds one standard deviation above the monthly mean for each grid cell over five
consecutive days [Thompson and Wallace, 2001; Liu et al., 2012; Tang et al., 2013]. The
local frequency of blocking is measured as the ratio between the number of blocked days and
the total number of days. The statistical significance of the correlation is assessed using a

two-tailed Student’s t test.
3. ‘Results

The smoothed December—February mean AMO index exhibits a period of roughly
60-70 years (Fig. 1a). Over the 1979-1995 (1996-2016) period under the AMO— (AMO+),
there is above-normal (below-normal) December AASIC (Fig. 1b: red bar). The decadal
difference of the standard deviation of sea ice concentration between 1979-1995 and
1996-2016 shows larger interannual variations of December AASIC over the Greenland and
southern Barents Seas and smaller interannual variations to the northern Barents Sea and east
of Novaya Zemlya (Fig. 1c). Given that there exists a strong interannual variability in AASIC
during beth the AMO+ and AMO— (Fig. 1b: black line), we will explore whether the impact
of AASIC decline onto the atmosphere depends on the phase of the AMO.

3.1 Modulation by the AMO in ERA20C

While we will examine the modulation of the interannual sea ice impact by the AMO in

the satellite era, we begin by showing how the decadal variability associated with the AMO
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influences the atmospheric variables in ERA20C over the whole twentieth century. The
composite difference of the vertical component of December 150-hPa stationary wave
activity flux (Fz) (the AMO— minus the AMO+) shows anomalous downward (upward)
150-hPa F7 over the North Atlantic and Western Russia (Southern Europe, East Asia and the
eastern North Pacific) (Fig. 2a). The simultaneous blocking activity is reduced over the
Euro—Atlantic sector as in Hakkinen et al. [2011], which might lead to an intensification of
the upper-tropospheric polar vortex via the anomalous downward 150-hPa F7, and hence to
an accumulation of cold air over the Arctic (Figs. 2b, 2d, S2a). The composite difference also
reveals a thicker snowpack over Western Russia and Northern Europe associated with a
cyclonic sea level pressure (SLP) anomaly west of the Urals (Figs. 2c, 2d). Furthermore, the
December zonal wave (wavenumber 1) along 40°N is intensified from the surface to the
lower stratosphere (Fig. S3a). This suggests an enhanced vertical wave propagation into the
stratosphere over the AMO— period. In February, the AMO- is associated with a deeper and
eastward-extended Aleutian Low (Fig. 2e), consistent with previous studies [Dima and

Lohmann, 2007; Li et al., 2018].
3.2 Influence of AASIC decline on the AO during different AMO phases

We now consider the influence of AASIC decline during both the AMO— and AMO+ in
ERA-I. The regression of December 150-hPa F upon the negative AASIC index during the
AMO- shows anomalous upward 150-hPa F over the Siberian—Pacific sector (Fig. 3a). The
increased blocking activity is seen over the Urals and the Barents Sea, concurrent with an
enhanced high over the Urals and a thicker (below-normal) snowpack in Central Asia,
Southern Siberia, and the Far East (Northern Siberia) (Figs. 3b, 3c, S2b). On one hand, the
northerly cold air advection and moisture transport along the eastern and southern flanks of
the enhanced Ural High favor a thicker, southeastward-extended snowpack and a cold
continental anomaly over Eurasia (Figs. 3c, 3d), consistent with Wegmann et al. [2015]. On
the other hand, the more-extended snowpack can induce a zonally asymmetric temperature
distribution, with a cold anomaly over the snow-covered Central Asia and Southern Siberia.
The asymmetric temperature distribution in turn favors more Ural blockings [Garcia-Herrera

and Barriopedro, 2006]. We also find an anomalous mid-latitude wave train over the
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Pacific—-North American sector in December (Fig. S2b), consistent with Overland et al.
[2016]. In February, the SLP pattern shows resemblance to the negative AO phase, with
centers of action over the Pacific, Atlantic and Arctic (Fig. 3e). Notably, the anomalous
stratospheric wave-driving leads to a positive Arctic height anomaly in the stratosphere in
December, indicative of a weaker polar vortex, which subsequently propagates down to the
surface in February (Fig. S4a).

By comparison, during the AMO+, the AASIC loss is associated with anomalous
downward 150-hPa Fz over Siberia, a below-normal snowpack over Northern Eurasia and
more widespread warming over the Arctic in December (Figs. 3f, 3h 3i). There is little
change in blocking activity, except for a localized decrease around the Caspian Sea, nor a

clear negative AO pattern in February (Fig. 3g, 3j), contrary to the AMO— case.
3.3 Role of Eurasian snow depth in AASIC-Stratosphere Coupling

The results mentioned above indicate the potential positive feedback between the
increased Ural blocking activity and the thicker, more-extended Eurasian snowpack, which
both can enhance the vertical propagation of planetary waves into the stratosphere. We further
investigate the role of Eurasian snow depth (ESD) by showing the regressions of geopotential
height anomaly averaged between 40°-50°N upon the ESD index. During the AMO-, the
anomalous zonal wave is nearly in phase with the climatological wavenumber 1, except for a
minimum over 90°E (Fig. S3b). The southeastward-extended Eurasian snowpack favors the
vertical wave propagation into the stratosphere in December. However, during the AMO+, the
anomalous zonal wave is out of phase with the climatological wavenumber 1 (Fig. S3c),
suggesting a suppressed vertical wave propagation in December. Hence, the location in
longitude of ESD-related geopotential height anomaly is important for the constructive
interference with the background planetary wavenumber 1 during the AMO—, while during
the AMO+, the interference is destructive. In other words, the AASIC loss induces an
enhanced vertical wave propagation into the stratosphere in December only during the AMO-,
in conjunction with a more-extended Eurasian snowpack (Figs. S3d, S3e).

The scatter plots (Fig. S5) clearly indicate significant linear relationships among

December AASIC, ESD, 150-hPa F; and February AO indices during the AMO-. The
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correlation coefficient between December AASIC and December 150-hPa F; (February AQO)
is =0.50(0.61), and the one between December ESD and 150-hPa F; is 0.49. However, there

are no significant correlations during the AMO+.
3.4 Model Simulations

We next return to the evaluation of the decadal impacts of the AMO in the ERA20CM
simulations (Fig. 2: right panel). The composite difference shows an anomalous downward
150-hPa F7 over Western Russia, reduced blocking activity over the Euro—Atlantic sector and
a thicker snowpack over Western Russia and Northern Europe in December, as well as deeper
Aleutian Low in February. However, the simulated cyclonic SLP anomaly in December is
located further south as compared with ERA20C. The associated northerly cold air advection
and maisture transport spill southward along the western flank of the cyclonic SLP anomaly,
and the simulated warm continental anomaly over the mid-latitude Eurasia is weaker (Figs.
2h, 2i) than that in ERA20C.

The influence of the AMO phase on the AASIC-related extratropical
stratosphere—troposphere coupling is now explored by performing a regression analysis of the
ERA20CM simulations (Fig. 4), as was done with ERA20C. For the combination of the
AASIC loss and AMO—, the model simulations reproduce the anomalous upward 150-hPa F;
over the North Pacific and Central Eurasia, but an anomalous downward one over Arctic
Eurasia (Fig. 4a) contrary to the reanalysis. The ERA20CM-based regressed anomalies
display increased blocking activity over and east of the Urals, a thicker snowpack over
Central Eurasia, a cold continental anomaly over Asia and Russia in December and a negative
AO phase in February, albeit weaker than that in the reanalysis. It is worth noting that the
simulations fail to capture the increased blocking activity over the Barents Sea, the thicker
snowpack over the Far East, and the northerly moisture transport from the Arctic in
December (Figs. 4b, 4c). The simulated anticyclonic SLP anomaly and associated northerly
cold air-advection along its eastern flank are located further north and east (Fig. 4d) as
compared with the reanalysis. For the combination of the AASIC loss and AMO+, the
simulations do show the anomalous downward 150-hPa F; over the Siberia—Pacific sector,

reduced blocking activity around the Caspian Sea, a below-normal snowpack over Western

© 2018 American Geophysical Union. All rights reserved.



Russia and Northern Europe and more widespread warming over the Arctic, Asia and Russia
in _December. Taken together, the ERA20CM simulations only partially represent the
intensification (suppression) of the AASIC-related stratosphere—troposphere coupling during
the wintertime in response to AMO— (AMO+), and do not well reproduce the horizontal
winds at 10m (UV10) and tropospheric moisture transport.

Furthermore, we repeat a similar regression analysis as in Figs. 3 (c, d) and 4 (c, d), but
without considering the phase of the AMO (Fig. S6). In connection with the AASIC loss, a
southeastward-extended Eurasian snowpack and a “Warm Arctic, Cold Eurasia” pattern are
still found in December, but weaker than those during the AMO-. In the simulations, we find
a slightly thicker snowpack, while no significant cold continent anomaly over Eurasia,
consistent with recent modeling studies [McCusker et al., 2016; Sun et al., 2016]. Hence, in a
regression of ERA-I/ERA20CM, the sea ice impact irrespective of the phase of the AMO is
weaker than the one inferred over the AMO- period. It points out the intermittency or
state-dependence of the atmospheric response to sea ice [Overland et al., 2016; Smith et al.,

2017].
4 -Conclusions and Discussion

The . influence of the interannual variability of AASIC decline on the
stratosphere—troposphere coupling during different phases of the AMO is analyzed. When the
AASIC loss combines with the AMO—, 1) there is increased Ural blocking activity and a
thicker, southeastward-extended snowpack over Eurasia due to northerly cold advection and
moisture transport from the Arctic, forming a pattern of “Warm Arctic, Cold Eurasia” in
December. 2) Both the increased Ural blocking activity and the more-extended Eurasia
snowpack favor upward 150-hPa Fz anomalous over the Siberian—Pacific sector in the lower
stratosphere. 3) The stratospheric polar vortex weakens, followed by a negative AO phase at
the surface in February. When the AASIC loss combines with the AMO+, one finds more
widespread warming over the Arctic and a reduced snowpack over Northern Eurasia in
December, and the modulation of the stratosphere—troposphere coupling by sea ice during the
wintertime is less important.

In the ERA20CM simulations with a state-of-the-art forecast model, the impact during
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the AMO- is only partially recovered, despite the fact that it uses a higher horizontal
resolution than that typically used in climate models. This indicates common, inter-related
model issues like underestimated blocking activity, weak sensitivity to surface boundary
forcing, or deficiencies in planetary wave propagation characteristics [Handorf et al., 2015;
Overland et al., 2016; Orsolini et al., 2016; Smith et al., 2017].

Finally, the robustness of our findings concerning the AMO modulation of the impact of
AASIC decline is further assessed by considering the whole twentieth century, using the
AASIC index derived from NSIDC (Fig. S7: red bar) and the ERA20C reanalysis. During the
AMO-, one finds a clear upward wave propagation over the Siberian—Pacific sector in
December, an enhanced snowpack and cold anomaly over Southeastern Eurasia, and a
negative AO pattern in February (Fig. S8: left panel) but with only a marginal increase in
Ural blocking activity. These features are almost absent during the AMO+ (Fig. S8: right
panel).

It is important to note that, within a decadal period of AMO—, the interannual varying
AASIC means either sea ice loss or increase. By itself, the AMO— would act as an important
background, inducing for example a stronger upper-tropospheric polar vortex. It is also acting
to counter Arctic amplification (Figs. 2d, 2i), consistent with Tokinaga et al. [2017]. That is to
say, in the mid to late twenty-first century when the AMO shifts to its cold phase with all
other factors being equal, Arctic amplification might slowdown.
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Figure 1 (a) Time evolution of the smoothed December—February mean AMO index for
1900/01-2011/12. (b) Time evolution of the undetrended (red bar) and detrended (black
line) December AASIC index for 1979-2016. (c) The decadal difference of the standard

deviation (unit: %) of December sea ice concentration between 1979-1995 and

1996-2016 (1979-1995 minus 1996-2016).
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Figure 2 (a) The climatology (contours; interval: 1072 m? s and composite difference
(shaded; unit: 10° m? s™) between the AMO— and AMO+ (AMO— minus AMO-+) of
December 150-hPa Fz. The composite difference between the AMO— and AMO+ of (b)

the frequency of blocking heights (unit: %), (c) Eurasian snow depth (shaded; unit: mm)
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and integrated water vapour transport (vectors; unit: kg m*s™), (d) SLP (contours; unit:
hPa)/UV10m (vectors; unit: m s %)/TS (shaded; unit; °C) in December and (e) SLP (unit:
hPa) in February. Those values exceeding 95% confidence interval are denoted by slash.
The datasets are derived from ERA20C (1900/01-2009/2010). (f—j) As in (a—e), except
for ERA20CM (1900/01-2009/2010), using a different color scale.
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(f) AMO+
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Figure 3 (a) The climatology (contours; interval: 102 m? s7) and regression (shaded; unit:

10 % m? s ) upon the negative AASIC index for the AMO- period of December 150-hPa
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Fz. The regression upon the negative AASIC index for the AMO- period of (b) the
frequency of blocking heights (unit: %), (c) Eurasian snow depth (shaded; unit: mm) and
integrated water vapour transport (vectors; unit: kg m* s, (d) SLP (contours; unit;
hPa)/UV10m (vectors; unit: m s %)/TS (shaded; unit; °C) in December and (e) SLP (unit:
hPa) in February. Those values exceeding 95% confidence interval are denoted by slash.
(f=)) As in (a—e), except for the AMO+ period. The datasets are derived from ERA-I
(1979/80-2016/17) and ERA-I/Land (1980-2014). The black frames in Fig. 3a and 3c

depict the regions used to define Fz and ESD indices, respectively (see Supplementary).
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Figure 4 As in Fig. 3, except for ERA20CM (1979/80-2009/10). Those values exceeding 90%

confidence interval are denoted by slash.
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