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Abstract Using ERAS reanalysis we find positive trends in poleward transport of moisture and heat
during 1979-2018 over the winter Barents Sea sector and summer East Siberian Sea sector. The increase in
blocking occurrence (blocking days) can explain these trends. Blocking occurrence over the Barents Sea sector
significantly increased in the last 40 winters, inducing increasingly stronger poleward transport of moisture
and heat. The high linear correlation between poleward energy transports and temperature over the Barents
Sea sector suggests that poleward energy transports dominate the regional warming trend there. Meanwhile, in
summer, more frequently occurring blocking over the Beaufort Sea sector causes a positive trend of poleward
moist and heat transport over the East Siberian Sea sector. The high linear correlation between the blocking
occurrence and temperature suggests that the increasing shortwave radiation and subsidence within the more
frequently occurring blocking contribute to the regional warming trend.

Plain Language Summary During last 40 year, Anticyclones become more frequent over the
Arctic. To the west of these more frequently occurring Anticyclones, warm and moist air are transported into
the Arctic region more frequently. In winter, these more frequent transports of moisture and heat into the Arctic
lead to the amplified regional warming trend over the Barents Sea. However, these transports do not contribute
significantly to the summer regional warming trend. Instead, the amplified summer regional warming always
occurs over the region with more frequently occurring anticyclones, suggesting that the increasing solar
radiation and subsidence within the more frequently occurring anticyclones lead to the summer regional
warming trend.

1. Introduction

The near-surface warming in the Arctic is more than twice as fast as the global mean warming in recent decades.
This phenomenon, known as Arctic amplification, is a key aspect of climate change (Cohen et al., 2014; Serreze
et al., 2006, 2009, 2012). However, its exact mechanism is still under debate. A wide range of local and remote
processes are considered modulators to Arctic Amplification. Examples of local processes are albedo feedback
(Pithan & Mauritsen, 2014; Screen & Simmonds, 2010b), water vapor content (Serreze et al., 2012), air-sea heat
exchange (Boisvert et al., 2016; Kim et al., 2019; Screen & Simmonds, 2010a; Sotiropoulou et al., 2016) and
downwelling longwave irradiance induced by clouds (Kapsch et al., 2013). Remote processes like oceanic and
atmospheric poleward transport of heat and moisture (Arthun & Eldevik, 2016; Naakka et al., 2019; Tjernstrom
et al., 2015a; Woods & Caballero, 2016) could also be partially responsible for the Arctic Amplification. Espe-
cially, over winter Barents Sea, poleward moisture transport (hereafter PMT) can statistically explain a substan-
tial part of the winter surface warming and sea ice melting (Woods & Caballero, 2016). Intensive PMT over all
sectors of the Arctic Ocean typically feature a block to the east and a low-pressure to the west, implying that
intensive PMT is driven by blocks (Binder et al., 2017; Fearon et al., 2021; Messori et al., 2018; Papritz, 2020;
You et al., 2021a, 2021b).

The mechanism behind the formation and maintenance of such Arctic blocks is still unclear. A positive North
Atlantic Oscillation (NAO) favors the development of Arctic blocks over the Barents Sea through Rossby wave
train propagation (Luo et al., 2016). Recently, cloud-diabatic processes in the ascending warm conveyor belt of
extratropical cyclones have been found to contribute substantially to establishing Arctic blocks. These warm
conveyor belts transport air masses with low potential vorticity cross-isentropically from the lower troposphere
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into the upper troposphere (Pfahl et al., 2015; Steinfeld & Pfahl, 2019; Svensson & Karlsson, 2011; Wernli &
Papritz, 2018).

There are many blocking detection algorithms available in the literature, such as the TM index (Tibaldi &
Molteni, 1990), the pv-6 index (Tyrlis et al., 2015, 2019, 2020), and the Absolute Geopotential Height rever-
sal method (AGH; Davini et al., 2012). The TM index has been utilized to identify Ural blocking, believed
to contribute to the accelerated sea ice loss over the Barents Sea (Gong & Luo, 2017; Luo et al., 2016). This
index requires a positive meridional height gradient and a significant westerly flow within the 40°-60°N and the
60°-80°N latitude bands, respectively. For a blocking detection with TM index, defining a longitude band is also
necessary, which brings spatial limitation for Arctic blocking detection. Tyrlis et al. (2021) studied high-latitude
blocks with both the pv-0 and the AGH indexes and showed that although they agree on the detection of midlat-
itude blocks, they have a large discrepancy in the frequency of the high-latitude blocks. To avoid the problems
brought by above-mentioned blocking detection methods, the blocking track algorithm based on potential vortic-
ity (Schwierz et al., 2004) is used here. This algorithm tracks and quantifies all blocks globally and works well
also over the high Arctic (Wernli & Papritz, 2018). It follows the entire life cycle of blocks, quantifying their
intensity, occurrence and persistence. Using this blocking track algorithm, we attempt to study if the amplified
Arctic warming is attributable to the increasing Arctic blocking occurrence.

2. Methods

As atmospheric blocks occur, a negative potential vorticity anomaly (APV) is always located in the immediate
vicinity of the tropopause. Therefore, a major negative APV is one indicator of a strong anticyclonic circula-
tion, providing the dynamical basis for the blocking track algorithm used here (Schwierz et al., 2004; Sprenger
et al., 2017). In this algorithm, the vertically averaged APV between 500 and 150 hPa is used as the indicator of
blocks, defined as the closed contour of APV at the value of —1.3 PVU (1 PVU equals to 107® m? s~'K kg~!). In
other words, the areas with negative APV which is not larger than —1.3 PVU are considered blocks. More nega-
tive APV indicates stronger blocks. If the block at nearby time steps overlaps more than 70%, then it is assumed to
belong to the same blocking life-cycle (Figure S1a in Supporting Information S1). Here, we only consider blocks
with a life-time of at least 5 days. The increase/decrease of blocking life-time can decrease/increase the magnitude
of blocking frequency but does not change its geographical distribution. This blocking track algorithm is applied
to the European Center for Medium-Range Weather Forecast latest reanalysis, ERAS (Hersbach et al., 2020), with
a 6-hourly temporal resolution and a 0.75" horizontal resolution. We explore all blocking life-cycles from 1979 to
2018, using a 1-day running average before applying the blocking track algorithm.

Considering the winter (DJF) and summer (JJA) seasons separately, a record of the locations of each identified
blocking is kept throughout its life cycle. Figure Sla in Supporting Information S1 shows schematic examples
of the 6-hourly footprints of two individual blocks. The occurrence and the number of individual blocks are
accumulated at each grid point; occurrence is defined as the total number of blocking days at each grid point. For
instance, in Figure S1a in Supporting Information S1, the blocking occurrence at grid points A, B, and C are 1.25,
2, and 1.75 days, respectively, as the paths of the two blocks partially overlap. Blocking number is defined as the
number of individual blocks that pass over each grid point. Hence, in Figure S1b in Supporting Information S1,
the blocking number at grid points D, E, F, and G are 3, 4, 2, and 1, respectively. The averaged APV at each point
when blocking occurs is considered blocking intensity, while the accumulated blocking occurrence divided by
accumulated blocking number is considered the mean blocking persistence.

Monthly mean poleward moisture (PMT) and heat transport (PHT) are evaluated in the ERAS reanalysis data set
by the vertical integral of northward water vapor and heat fluxes from the surface of the Earth to the top of the
atmosphere, respectively, as shown by following equations:

1 top
PMI=——/ vgdp (la)
sfe

] top
PHT = ——/ vT dp (1b)
& Jsfe
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where v is northward velocity, T is air temperature, ¢ is specific humidity and g is gravitational acceleration.
Besides, all other variables used in this paper, such as temperature, geopotential height, and surface energy-budget
terms are derived from ERAS reanalysis data set.

3. Results
3.1. Winter Poleward Moisture and Heat Transport

We identify positive trends of PMT and PHT during recent 40 winters over the Barents Sea sector, at 3 kg m™!
s~ decade™! and 1.2 x 103 W m~! decade™!, respectively, while a negative trend of PMT is located over the
western Siberia (Figure 1a). Similar monthly trends of PMT have also been found by Rinke et al. (2019). South
of 85°N, a positive trend of PHT is located slightly to the west of its PMT counterpart, but they overlap north of
85°N (Figure 1). All trends are significant at the 95% level and we consider the region with a significant positive
PMT trend a sensitive region (highlighted by green dots at Figure 1a). No significant trend of zonal moisture or
heat transport was found over this sensitive region. The mean sea ice concentration (SIC), temperature at 850 hPa
(Tys,), PHT and PMT in the sensitive region have large interannual variations (Figure 2b) but display significant
linear trends (Figure S2a in Supporting Information S1). Mean Tg,,, PHT and PMT have positive trends, while
SIC has negative trend (Figure S2a in Supporting Information S1). Not surprisingly, temperature has high linear
correlation with PHT and PMT; 0.78 and 0.85 respectively. Linear regression indicates that positive PMT is
correlated to the blocking over the Barents-Kara Sea sector (Figure S3a in Supporting Information S1). As this

blocking occurs, warm and moist Atlantic air is transported into the high Arctic (positive T,

in Figure S3d in
Supporting Information S1), leading to a positive temperature anomaly over the Barents Sea sector (Figure S3c
in Supporting Information S1), also exerting positive anomalies of turbulent heat and longwave radiation fluxes
at the surface (Figure S4 in Supporting Information S1). Consequently, it contributes to sea ice decrease over
the Barents Sea sector (Figure S3b in Supporting Information S1). Many previous studies have reached similar
conclusions (Binder et al., 2017; Gong & Luo, 2017; Kim et al., 2019; Luo et al., 2016; Sedlar et al., 2011), but
few elaborate on the cause of this positive PMT trend over the Barents Sea sector.

Since the blocking can statistically explain the positive anomalies of PMT and PHT over the Barents Sea sector,
we further explore if trends in blocking occurrence can also explain the positive trends of PMT and PHT. The
trend of 2D moisture/heat transport (vector field in Figures 1a and 1b) suggests a positive trend of anti-cyclonic
circulation over the Barents Sea sector, to some extent, supporting this hypothesis. To test this hypothesis, we
quantify Arctic blocking occurrence with the method described in Section 2. During the last 40 winters, blocking
occurrence has increased at a rate of ~3 days decade~! (Figure Ic) at exactly the location where the positive
GH anomaly is located (Figure S3a in Supporting Information S1). Meanwhile, in the vicinity of these more
frequently occurring blocks, T, has increased by > 1 K decade™! (Figure le), while SIC decreases by > 20%
decade™! (Figure 1d). The spatial structure of the trends in SIC, Tys,, temperature advection (7,,,.,) in Figure 1
are all similar to their corresponding anomalies based on regression in Figure S3 in Supporting Information S1,
further supporting the hypothesis.

To further understand the cause of the increased blocking occurrence, we quantify if this positive trend comes
from the increase in blocking number or blocking persistence. As shown in Figures 2a and 2b significant positive
trend in blocking persistence is found exactly in the region where positive trend of blocking occurrence occurs,
which implies that the increasing blocking occurrence is due to longer blocking durations, rather than to an
increase in number of events. The blocking intensity is also significantly strengthened to the east of Svalbard
in the last 40 yr (Figure 2c). Even though positive trend in blocking number also occurs near the northwestern
Scandinavian coast, and the eastern and northeastern coast of Greenland (Figure 2a), this does not contribute to
any significant positive trend of blocking occurrence over the Barents Sea sector.

The anticyclonic flow around the blocks leads to equatorward flow to the east of the block. As the blocks occur
more frequently over the Barents Sea sector, a negative trend of PMT, PHT (not significant) and temperature
advection are found to the east of the blocks, indicating more frequent cold air outbreak over Siberia (Figures la
and 1b). In conjunction with more positive PMT and PHT events occurring over the Barents Sea sector, the
climate pattern of warm Barents and cold Siberia has become more frequent during past 40 yr.
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(a) Trend of Winter PMT (kg m'' s decade™) (b) Trend of Winter PHT (10° W m"! decade™)
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Figure 1. The linear trend of (a) poleward moisture transport (PMT) and 2D moisture transport (vectors), (b) poleward heat transport (PHT) and 2D heat transport
(vectors), (c) blocking occurrence, (d) sea ice concentration (SIC), (e) 850 hPa temperature (75, and (f) temperature advection (7,,.) during 1979-2018 winter. The
stippling including vectors in Figures la and 1b indicates statistical significance at the p < 0.05 level from a Student's ¢ test. The westmost and eastmost limit of Barents
Sea sector is highlighted by cyan dash lines.
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(a) Trend of Blocking Number (decade™) (b) Trend of Blocking Persistence (hour decade
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Figure 2. The linear trend of (a) blocking number, (b) blocking persistence and (c) blocking intensity during 1979-2018 winter. The stippling indicates statistical
significance at the p < 0.1 level from a Student's 7 test. The westmost and eastmost limit of Barents Sea sector is highlighted by cyan dash lines. Note that negative trend
in blocking intensity means intensified blocks since the absolute value of the blocking intensity is negative by definition.

3.2. Summer Poleward Moisture and Heat Transport

In summer, significant positive trends in both PMT and PHT are found over the East Siberian Sea sector, with
significant negative trends over the Barents Sea sector (Figure 3). We take the region with significant positive
PMT trend as a sensitive region. Similar to the winter PMT/PHT over the Barents Sea sector, the positive mean
PMT and PHT in the sensitive region can also be statistically explained by an Arctic blocking (Figure S5a in
Supporting Information S1). This Arctic blocking transports warm and moist air from lower latitudes into the
Arctic, inducing warming anomalies (Figure S5c in Supporting Information S1) and sea ice melt (Figure S5b in
Supporting Information S1), presumably due to positive anomalies in longwave radiation (Figure S4b in Support-
ing Information S1) and turbulent heat flux (Figures S6d and S6e in Supporting Information S1), despite nega-
tive shortwave radiation anomalies (Figure S6c in Supporting Information S1). Similar results are also shown
by Tjernstrom et al. (2015b) and You et al. (2020, 2021a). However, unlike its winter counterpart where the
positive temperature anomaly is located between positive and negative GH anomalies (Figures S3a and S3c in
Supporting Information S1), the summer positive temperature anomaly is located almost entirely in the area with
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Figure 3. The linear trend of (a) poleward moisture transport (PMT) and 2D moisture transport (vectors), (b) poleward heat transport (PHT) and 2D heat transport
(vectors), (c) blocking occurrence, (d) sea ice concentration (SIC), (e) 850 hPa temperature (Ts,), and (f) temperature advection (7,,,) during 1979-2018 summer
(JJA). The stippling including vectors in Figures 3a and 3b indicates statistical significance at the p < 0.05 level from a Student's ¢ test. The westmost and eastmost limit

of Sea sectors are highlighted by cyan or magenta dash lines.
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(a) Trend of Blocking Number (decade™)
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Figure 4. The linear trend of (a) blocking number, (b) blocking intensity during 1979-2018 summer. The stippling indicates statistical significance at the p < 0.1 level
from a Student's # test. The westmost and eastmost limit of Beaufort Sea sector is highlighted by magenta dash lines.

positive GH anomaly (Figure S5b in Supporting Information S1), while the net surface energy-budget is greatly
enhanced within the anticyclonic anomaly and not in the area with warm advection (Figure S6a in Supporting
Information S1). Although T, is positively correlated with PMT and PHT (correlation coefficients 0.39 and
0.45, respectively), the correlation is weaker than that in winter (Figure S7 in Supporting Information S1). This
implies that, in summer, subsidence and solar irradiance in blocks (Figure S6c in Supporting Information S1)
are more important to the local warming than the poleward energy transport, in agreement with Kay et al. (2008)
and Papritz (2020). The preliminary results show that the regional warming over the Baffin Bay is dominated by
increased solar irradiance, while the regional warming over the Beaufort Sea sector is dominated by the enhanced
subsidence. The exact contribution from subsidence and net solar irradiance will be quantified in the future case
studies.

The positive trends in PMT and PHT during summer can also be statistically explained by increasing blocking
occurrence (Figure 3¢). Blocking occurrence is increasing by ~1 day decade™' over the Beaufort Sea sector. It
is decreasing over the East Siberian Sea sector (~ —0.8 days decade™'), probably suggesting that low-pressure
systems (cyclones) are occurring more often over the East Siberian Sea sector (Akperov et al., 2019). Between
the cyclone and blocking exist great geopotential height gradient which induces strong poleward moist and heat
transport. As both of the cyclone and blocking occur more frequently, both PMT and PHT have positive trends
between these two more prevailing systems; 7 kg m~! s~ decade™ and 1.2 x 103 W m~' decade™!, respectively.
This hypothesis is also supported by the similarity in T,

advet

between Figure 3f and Figure S5d in Supporting
Information S1, as well as the similarity in SIC between Figure 3d and Figure S5d in Supporting Information S1.
The increasing blocking occurrence over the Beaufort Sea sector is mostly contributed by an increasing blocking
number (~4 decade~!) while the intensity of blocks is also intensified in the last 40 yr (Figure 4).

The linear correlation coefficient of 0.74 between Ty, and blocking occurrence over the Beaufort Sea sector is
larger than that between Ty, and PMT (0.39) in the sensitive region (Figure S8a in Supporting Information S1).
Ts, shares the same magnitude of linear trend as blocking occurrence in last 40 summers (Figure S8b in Support-
ing Information S1), which implies that in summer the blocks contribute more to the Arctic warming than the
warm advection. This is the case not only over the Beaufort Sea sector; there is always a positive trend of block-
ing occurrence in the region with a positive trend in T, Over Baffin Bay for example (Figure S9 in Supporting
Information S1), the linear correlation coefficient (0.85) is even higher than that over the Beaufort Sea sector.
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4. Discussion

Low-pressure systems over the Iceland always cooperate with the blocking over the Barents Sea to transport
moisture and heat into the high Arctic (Figure S3a in Supporting Information S1). As we trace the development
of the blocking over the Barents Sea sector, it is found that it often originates from a low-pressure system near
Iceland about 6 days before the PMT peak (Figure S10 in Supporting Information S1). After 6 days as the PMT
reaches the maximum, the positive NAO develops into a Rossby wave train (Figure S10 in Supporting Informa-
tion S1), as also discussed by Luo et al. (2016). Low-pressure systems have been found to contribute substantially
to establish Arctic blocks by transporting low PV air cross-isentropically from the lower troposphere into the
upper troposphere (Murto et al., 2022; Steinfeld & Pfahl, 2019; Wernli & Papritz, 2018). Therefore, we hypoth-
esize that more predominant low-pressure systems lead to the increasing blocking occurrence. We attempted to
quantify the occurrence of the low-pressure systems with similar methodology as the blocking detection algo-
rithm, but find no significant trend over the Iceland in winter.

Due to the amplified Arctic warming, the poleward temperature gradient decreases at high-latitude region, weak-
ening the westerly winds and therefore weather patterns like blocks may move eastward more slowly (Overland
et al., 2015; Yao et al., 2017). This could explain that the increasing blocking persistence mainly contributes to
the more frequently occurring blocks over the Barents Sea sector. Luo et al. (2017) carried out idealized numer-
ical experiments under strong and weak mean flow to test this hypothesis. These more persistent blocks would
pump more heat and moist into the Arctic, more intensively warming the Arctic and in turn further weakening
the mean flow, as synthesized in Figure 5a. Some studies also argued that storms also contribute to the PMT
transport (Rinke et al., 2017). However, without the poleward steering of blocks, transient moisture transport by
a storm may not contribute much to the year-to-year trend of PMT/PHT during last 40 yr, as the positive PMT/
PHT caused by the east side of the storm may offset the negative PMT/PHT induced at the west of the storm. The
other point is that blocking as a larger scale pattern can continuously bring even warmer air mass into the high
Arctic for days. In some cases when storm and blocking occur together, they can transport extremely more warm
air mass into the Arctic (Binder et al., 2017; Murto et al., 2022).

In summer, the development of Beaufort blocking also statistically originates from the low-pressure system
over the Bering Sea (Figure S11 in Supporting Information S1), in agreement with case studies in Wernli and
Papritz (2018). Different from its winter counterpart, however, the more frequently occurring blocks over the
summer Beaufort Sea sector result from the increased blocking number, which cannot be explained by weakened
westerlies. Unlike the winter Barents Sea sector, the main causes of summer Arctic warming are the enhanced
subsidence and surface solar irradiance in the more frequently occurring blocks. Since the ice albedo feedback
only can explain ~30% of surface Arctic warming in summer (Graversen & Wang, 2009), therefore contributors
related to the blocks, such as solar irradiance, subsidence and solar radiations within the blocking anticyclones
could be potentially responsible for the rest (70%) of Arctic warming, as synthesized in Figure Sb.

5. Conclusions

Using ERAS reanalysis, the Arctic warming amplification is attributed to the increasing occurrence of Arctic
blocking. According to previous studies, poleward moist and heat transport contribute to the Arctic warming.
Positive PMT and heat transport is statistically related to blocks. In this research, a positive trend of PMT and heat
transport during 1979-2018 is identified over the winter Barents Sea sector (3 kg m~' s~ decade™; 1.2 x 108 W
m~! decade™!) and for the summer East Siberian Sea sector (7 kg m~! s~! decade™"; 1.2 x 108 W m~! decade™).
We have attributed these positive trends to the increased blocking occurrence as quantified with a blocking track-
ing algorithm. Unlike other blocking detection methods, this algorithm captures Arctic blocks by tracking each
blocking separately through its entire life cycles. Based on this algorithm, we evaluated the trend of blocking
occurrence, blocking persistence, and blocking number at each grid point.

We find that Barents Sea blocks occur more often and are more intensive during last 40 winters, at the rates of
~3 days decade~! and —0.25 PVU decade ™, respectively, and induce increasingly stronger poleward moist/heat
transport over the Barents Sea sector, leading to surface warming and sea ice melt. This increasing blocking
occurrence is mainly due to longer blocking persistence (by ~8 hr decade™!). Meanwhile, more blocks over the
Beaufort Sea sector (~1 day decade™") cause a positive trend of poleward moist and heat transport over the East
Siberian Sea sector (7 kg m~' s~! decade™ and 1.2 x 103 W m~! decade ™!, respectively), inducing surface warming
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Figure 5. Conceptual figure for winter (a) and summer (b) Arctic warming mechanisms.

and sea ice melt. However, in summer, enhanced solar irradiance and subsidence within the more frequently
occurring blocks contribute more to the surface warming than the warm advection that occurs to the west of
blocks. Over the Beaufort Sea sector, the blocking occurrence has large linear correlation with temperature during
last 40 summers. The increased summer blocking occurrence is mainly contributed by the increased blocking
numbers (~4 decade™!). Other regions, like Baffin Bay and Far East Russia, also display a larger occurrence of
blocks, with corresponding temperature increase. However, the potential reason of the increased summer Arctic
blocking number is still unclear and deserves more attentions from atmospheric scientists.

Data Availability Statement

All data used can be found on the ERAS reanalysis data set (Hersbach et al., 2020) at DOI: https://doi.org/10.24381/
¢ds.f17050d7. Figures were made with Matplotlib version 3.1.3 (Caswell et al., 2020; Hunter, 2007), available
under the Matplotlib license at https://matplotlib.org/.The blocking identification code CONTRACK (Schwierz
et al., 2004) is available at https://doi.org/10.5281/ZENODO.4765560 (Steinfeld, 2021).
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