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The Role of the Tropically Excited Arctic Warming
Mechanism on the Warm Arctic Cold Continent
Surface Air Temperature Trend Pattern

Joseph P. Clark' () and Sukyoung Lee’

1Department of Meteorology and Atmospheric Science, The Pennsylvania State University, University Park, PA, USA

Abstract The December-February surface air temperature (SAT) trend is examined for all consecutive
20-year time periods between 1979 and 2017, from which a transition from a cold-Arctic-warm-continent
toward a warm-Arctic-cold-continent trend pattern is evident. This transition is accompanied by a consistent
transition in the sea level pressure trend pattern that supports warm air advection over the Arctic and
cold air advection over the continents. The regression of the detrended December—February-average SAT
onto a detrended index defined to quantify the east-west gradient of tropical Pacific sea surface temperature
is characterized by a warm-Arctic-cold-continent pattern much like the SAT trend pattern observed in
recent decades. A decadal timescale warming of the western tropical Pacific water has increased the
east-west gradient of tropical Pacific sea surface temperature, thus contributing to the observed extratropical
SAT trend transition.

Plain Language Summary Over the last two decades, Arctic surface temperatures have been
increasing rapidly—at a rate faster than anywhere else on the globe. Concurrent with this rapid increase
of Arctic surface temperatures, surface temperatures over the North American and Eurasian continents have
decreased. This simultaneous warming of the Arctic and cooling of the continents was preceded by a period
of simultaneous Arctic cooling and continental warming.

The transition from the period of Arctic cooling and continental warming toward the present period of
Arctic warming and continental cooling was likely caused by southerly winds (flowing from south to
north) over the Arctic and northerly winds (flowing from north to south) over the continents. These
winds move warm air into the Arctic and cold air over the continents. We present evidence that these
circulation changes, and the associated temperature changes, are driven in part by the warming of the
western tropical Pacific water (relative to the eastern tropical Pacific), which started at about the same
time that the above transition occurred. The chain of events that link warming of the western equatorial
tropical Pacific Ocean to circulation changes over the Arctic and continents is discussed in

previous studies.

1. Introduction

Over the last several decades, the Arctic is warming faster than anywhere else, at about twice the rate of the
global average (e.g., Chylek et al., 2009)—a phenomenon termed Arctic amplification. However, over the
same time period that the Arctic has warmed, the continents have cooled (Cohen et al., 2012, 2014; Sun
et al., 2016), prompting studies into the question of whether continental cold extremes can be caused by
Arctic amplification (Francis & Vavrus, 2012) or sea ice decline (e.g., Nakamura et al., 2016; Sun et al.,
2015; Zhang et al., 2018)

The hypothesized causal link between sea ice decline and continental cooling (e.g., Nakamura et al., 2016;
Sun et al., 2015; Zhang et al., 2018) follows the viewpoint that summertime sea ice loss, which is amplified
by the sea ice albedo feedback mechanism (Budyko, 1969; Sellers, 1969), causes upward surface heat fluxes
during the subsequent winter, when the temperature difference between the newly exposed sea surface and
overlying air is greatest (Deser et al., 2010). From this perspective, the surface heat fluxes associated with sea
ice loss cause both near-surface temperature increases and excite Rossby waves that can propagate upward
and decelerate the stratospheric polar vortex (e.g., Nakamura et al., 2016; Sun et al., 2015; Zhang et al., 2018).
The tropospheric circulation changes that follow the decelerated stratospheric polar vortex favor cold advec-
tion over the continents (e.g., Nakamura et al., 2016), akin to the negative phase of the northern annular
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mode (e.g., Thompson & Wallace, 2000), supporting the idea that sea ice decline causes both Arctic ampli-
fication and continental cooling.

In contrast to the hypothesis that sea ice decline causes both Arctic amplification and continental cooling,
with observational data, Sorokina et al. (2016) showed that cold air outbreaks over Siberia coincide with
downward, rather than upward, surface heat fluxes over the Barents and Kara Seas. An examination of
the temperature response to historical forcing in several atmospheric general circulation and fully coupled
climate models also supports the possibility that the continental cooling trend is not driven by sea ice loss
(Sun et al., 2016). Instead, the fact that the multimodel mean temperature response to the historical radiative
forcing is characterized by warming everywhere with a weak midlatitude circulation response is taken as
evidence for internal variability being the ultimate cause of the recent continental cooling trend (Sun
et al., 2016). Furthermore, that the Pacific Decadal Oscillation (PDO) has been predominately negative in
recent decades is also often taken as evidence to support the viewpoint that internal variability is driving
a large fraction of continental cooling trend (Screen & Francis, 2016; Trenberth et al., 2014). While Screen
and Francis (2016) argue that the PDO has changed the climate response to sea ice loss, so as to enhance
Arctic warming, Trenberth et al. (2014) argue that the negative PDO observed in recent decades has led to
enhanced tropical convection over the central tropical Pacific. Ding et al. (2014) concluded that during
1979-2012, tropical Pacific SST trends contributed about half of the warming over northeastern Canada
and Greenland. As in Sun et al. (2016), based on the fact that the climate model average that they examined
did not capture the temperature trend, Ding et al. (2014) concluded that internal variability accounted for
the warming.

While it is indeed common to assume that averages across model simulations represent the true response to
climate forcing, recent studies show that the simulated mean climate during the historical period over the
Arctic Ocean and continents is systematically biased (Woods et al., 2017) and the same bias pattern emerges
in Representative Concentration Pathway 8.5 projections (Lee et al., 2019), diminishing the confidence that
should be placed on the widespread assumption. As noted by Lee et al. (2019), systematic model bias can
affect the multimodel mean projection, bringing to question the common practice of considering the devia-
tion from the multimodel mean as internal variability. Moreover, the possibility that climate change embo-
dies circulation changes as well as temperature changes implies that temperature changes caused by
circulation changes should not be dismissed altogether as internal variability.

Along these lines, the Tropically Excited Arctic warming Mechanism [TEAM; Lee, 2012, 2014] suggests that
the circulation is an important contributor to the temperature changes associated with climate change.
Under this hypothesis, La Nifia-like tropical convection, associated with a decadal timescale warming of
the western tropical Pacific, triggers poleward propagating Rossby waves that constructively interfere with
the climatological stationary wave (Goss et al., 2016) and subsequently flux warm and moist air into the
Arctic. The observed bottom-heavy Arctic temperature trend, often cited as evidence for the sea ice albedo
feedback mechanism (e.g., Screen & Simmonds, 2010), does not deviate from TEAM (Yoo et al., 2014): The
climatological temperature inversion in the Arctic boundary layer is eroded by horizontal temperature advec-
tion (Baggett et al., 2016; Woods & Caballero, 2016), which may explain why the Arctic winter warming trend
is strongest near the surface. Because constructive interference with the climatological stationary wave has
been linked to vertically propagating Rossby waves that decelerate the stratospheric polar vortex (e.g.,
Garfinkel et al., 2010, 2012; Nishii et al., 2009), the TEAM may also plausibly account for the recent down-
ward trend in continental surface air temperature (SAT). Consistently, Lee (2012) showed that La Nifa is
associated with warmer than average Arctic temperatures and colder than average continental temperatures.

In this study, we therefore address a question different from previous studies on the warm Arctic cold con-
tinent pattern, by asking whether or not the TEAM is contributing to the observed warm-Arctic-cold-
continent SAT trend pattern. Specifically, we ask (1) whether extratropical SAT tends to take on the warm
Arctic cold continent pattern when western tropical Pacific water is anomalously warmer than eastern tro-
pical Pacific water, (2) whether there has been a decadal timescale warming of the western tropical Pacific
water, and (3) whether the extratropical SAT trend pattern has become increasingly aligned over time with
the SAT pattern associated with the anomalously warm western tropical Pacific water.

The reanalysis data and methods used to address these questions are described in section 2, followed by a
presentation of the results in section 3. The conclusions of the study are discussed in section 4.
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2. Data and Methods

The data used in this study are taken from the European Center for Medium Range Weather Forecasting
(ECWMF) reanalysis (ERA-interim; Dee et al., 2011) over the 1979 to 2017 time period, with a horizontal
resolution of 2.5°. All variables examined in this study are averaged over the winter months of December-
February (DJF), the season for which the Arctic SAT has experienced the strongest upward trend (e.g.,
Screen & Simmonds, 2010)

To test the hypothesis that La Nifia-like tropical convection has contributed to the SAT trend pattern (Lee,
2012), we first calculate the trends of the DJF SAT, sea level pressure (SLP), and SST over all consecutive 20-
year time periods between 1979 and 2017. In order to preclude the effect of El Nifio/Southern Oscillation
(ENSO), these trends are calculated after ENSO is removed by subtracting the linear fit between each vari-
able and the Nifio 3.4 index (https://www.esrl.noaa.gov/psd/data/correlation/nina34.data), which we first
normalize. The pattern being subtracted is indicated in Figure 1a, which shows the SAT regression map
for a one standard deviation anomaly in the Nifio 3.4 index.

We then calculate an additional index (denoted Pgg) to quantify the zonal gradient of the tropical Pacific SST
as a metric for the La Nina-like state, which includes an enhanced SST in the western tropical Pacific:

Psst = Pyyest—Peast (1)

where Py,esc and Pe,gt, respectively, denote the area-weighted domain average SST in the western (30 S-30°N,
120-180°E) and eastern (30°S-30°N, 70-177.5°W) tropical Pacific. The selection of these particular domains
is motivated by an analysis of data provided online by NOAA PSD (the National Ocean and Atmospheric
Administration Physical Science Division; https://www.esrl.noaa.gov/psd/cgi-bin/data/getpage.pl).
Positive values of the Pg index are associated with La Nifa-like tropical condition.

The SAT pattern fitted linearly to the Py index (for a one standard deviation anomaly in the Pg index) is
almost indistinguishable from that fitted to the Nifio 3.4 index (Figures 1a and 1b). Therefore, although
we used the Nifio 3.4 index to remove the ENSO signal because it is a standard index for ENSO, if the Py
index is used instead to remove the ENSO signal, the resulting trend patterns (see Figure S1 in the supporting
information) are again almost indistinguishable from the trend patterns obtained after the ENSO signal is
removed using the Nifio 3.4 index (Figure 2).

The linearly fitted patterns shown in Figure 1 are obtained after all data is detrended. Specifically, the Py
and Nifio 3.4 indices are detrended and the detrended DJF SAT and SLP anomaly fields (where an anomaly
is defined by subtracting the DJF time mean) are regressed onto them, resulting in the SAT patterns shown
in Figure 1.

To determine whether the extratropical SAT trend pattern has become increasingly aligned over time the
SAT regression pattern shown in Figure 1b, we correlate each of the 20-year SAT (ENSO removed) trend pat-
terns from 1979 to 2017 with it. These pattern correlations are uncentered and area-weighted. The same pro-
cedure is applied to the SST trends: The 20-year SST (ENSO removed) trend patterns over the tropical Pacific
(30°S-30°N, 120°E-70°W) are correlated with the regression of the detrended SST onto the detrended P
index in that same region.

The statistical significance of the trends (Figure 2) and regression coefficients (Figure 1) is evaluated with a
two-sided permutation test (a Monte-Carlo resampling procedure; Wilks, 2011) with 1,000 random resam-
plings (without replacement) of the data. We find this method to be highly consistent with the Student's ¢
test (not shown). However, because the Student's ¢ test cannot be easily applied to the pattern correlations,
which have a far fewer number of degrees of freedom than the number of grid points in the domains (e.g.,
Horel, 1985), we determine their significance by correlating each of the 1,000 randomly generated trend
maps with the regression map (Figure 1b). In other words, we generate a distribution of pattern correlations
for each 20-year time period using the randomly generated trend maps from that same time period.

3. Results

The SAT and SLP trend patterns are shown in Figure 2 for each consecutive 20-year time period between
1979 and 2017. A transition from a cold-Arctic-warm-continent trend pattern, in years of past, toward a
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Figure 1. Detrended December-February (DJF) mean surface air temperature (colors) and sea level pressure (contours)
regressed onto the detrended (a) Nifio3.4 index and (b) P index (see section 2). Negative contours are dashed. (c) The
detrended DJF mean zonal-mean-removed stream function (colors) and wave activity flux (vectors) regressed onto the Pgg
index. Small vectors with p > 0.45 are omitted for clarity. In all panels, stippling indicates statistical significance at p < 0.10
based on a two-sided permutation test (e.g., Wilks, 2011). Note that the wave flux is calculated daily before being averaged
over each DJF season.

warm-Arctic-cold-continent trend pattern, in recent years, is evident, consistent with previous findings (e.g.,
Gong et al., 2017). This transition from a cold Arctic warm continent toward a warm Arctic cold continent
SAT trend pattern is also accompanied by a consistent transition in the SLP trend pattern: The wind fields
suggested by the SLP trend patterns can be used to infer SAT fields (Deser et al., 2016; Kutzbach, 1967;
Namias, 1953; Teisserenc de Bort, 1883; Wallace & Gutzler, 1981) that are similar to the observed SAT
trend patterns. Wherever the SLP trend implies southerly winds, warm air advection is to be expected and
similarly for cold air advection where there are implied northerly winds. (It should be noted, however,
that the zonal component of the wind can also contribute importantly to horizontal temperature advection
(e.g., Thompson & Wallace, 2000)). For example, the warm Arctic cold continent SAT trend pattern for the
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Figure 2. The December-February surface air temperature (colors) and sea level pressure (contours) trends over 20-year time periods (indicated by the titles)
between 1979 and 2017 after subtracting the linear fit with the Nifio 3.4 index. Negative contours are dashed. Stippling indicates statistical significance of the
temperature field at p < 0.10 based on a two-sided permutation test (e.g., Wilks, 2011).

1992-2011 time period is characterized by a high-pressure trend pattern over Siberia and a negative NAO-
like trend pattern over the North Atlantic that suggests warm air advection over the Arctic, where a
warming trend is observed, and cold air advection over the continents, where a cooling trend is observed.
This negative-NAO like trend pattern observed over the 1992-2011 time period disappears by the 1996-
2015 time period and onward, consistent with a substantial weakening of the warming trend over the
Baffin Bay region, where cold air advection is to be expected, and a slightly negative temperature trend
over northwest Africa (also due to cold air advection).

Many of the trend patterns shown in Figure 2 resemble the pattern shown in Figure 1b, that is the regression
of the detrended SAT and SLP anomalies onto the detrended Py index. This suggests that we can better
understand the trends in Figure 2 by first considering the extratropical response to ENSO. Based on the
regression patterns in Figure 1, the Arctic is expected to be anomalously warm and the continents anoma-
lously cold during years when La Nifia is active, consistent with findings of Lee (2012). Conversely, when
El Nifio is active, the Arctic is expected to be anomalously cold and the continents anomalously warm.
The connection between La Nifia and the warming observed over the Arctic is caused by poleward heat
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and moisture fluxes associated with poleward propagating Rossby waves that constructively interfere with
the climatological stationary wave (Goss et al., 2016) and are triggered by tropical convection (Lee, 2012).
Given that the SAT trend patterns resemble El Nifio before 1983 and La Nifia thereafter (compare
Figures 1, 2), the tropical convection trends for those respective time periods are expected to be characterized
by spatial structures similar to El Nifio and La Nina.

Although, in the extratropics, the 20-year SAT trend patterns beginning before 1983 are characterized by a
pattern opposite to that shown in Figure 1b, those SAT trend patterns beginning after 1984 are characterized
by a pattern similar to that shown in Figure 1b. Because ENSO (Figure 1a) was removed from the SAT prior
to the computations of the trends shown in Figure 2 (see section 2), the transition toward this more La Nifia-
like extratropical SAT trend pattern cannot be a result of an increase in the frequency of occurrence of La
Nifa events. Rather, this transition toward a more La Nifia-like SAT trend pattern seems to be associated
with a long-term decadal timescale warming over the western tropical Pacific. To illustrate this point, the
partial zonal mean tropical Pacific SST over the western and eastern domains (used to calculate the Pgg
index) is shown as a function of time in Figures 3a and 3b, respectively. It is evident that the western tropical
Pacific has undergone a long-term decadal timescale warming, whereas the eastern tropical Pacific has
undergone multiple 1- to 3-year periods of warmer or colder than average SSTs. In accordance with the
warming over the western tropical Pacific, Figure 3 also shows the rapid warming observed over the
Arctic over the last 2 to 3 decades.

The pattern correlation (Figure 4) between each of the 20-year SAT trend maps (Figure 2) and the P regres-
sion map (Figure 1b) quantifies the observation that the SAT trend is transitioning toward a more La Nifia-
like pattern. Specifically, poleward of 60°N, the correlations between the SAT trend patterns and Pgg regres-
sion map pattern has gradually grown from negative values, observed before 1983, toward positive values
after 1983, that peak at a value of about 0.5 for the 1992-2011 time period. This transition toward positive
pattern correlations is quite notable, given that the negative pattern correlations observed before 1983 lie
outside of the 20th percentile, whereas those positive pattern correlations observed after 1984 lie oftentimes
inside the 90th percentile.

In the midlatitudes, a similar, although more gradual, transition toward a more La Nifia-like SAT trend pat-
tern is apparent. For this region, negative pattern correlations are observed during those 20-year segments
starting before 1991, whereas positive pattern correlations are observed thereafter. Similar to the Arctic,
many of the positive pattern correlations in the midlatitudes are highly anomalous, residing in the 90th or
95th percentiles. However, in contrast with the Arctic, the timing of the positive pattern correlations is some-
what delayed. This finding that the Arctic transitions to a more La Nifia like SAT trend pattern before the
midlatitudes is consistent with Yoo et al. (2014), who showed that the Arctic SAT response to tropical con-
vection is greater than the midlatitude SAT response to tropical convection. Perhaps synoptic timescale
weather has contributed to the midlatitude SAT trend pattern more than it has contributed to the Arctic
SAT trend, such that the response to tropical convection in the midlatitudes is weak and delayed relative
to the response to tropical convection in the Arctic.

In recent decades, the tropical Pacific SST trend pattern has also become La Nifa-like (Figure 4c). This tran-
sition of the SST trend toward a more La-Nifia-like pattern is consistent with the observed transition toward
a more La-Nifia-like SAT trend pattern in the Arctic (Figure 4a) and extratropics (Figure 4b). Although the
values of the pattern correlations for the tropical Pacific (Figure 4c) are not as significant as those in the
Arctic (Figure 4a) or extratropics (Figure 4b), in all three sets of correlations, the values are positive and
higher in the latter part of the time period. The strongest correlation between the tropical Pacific SST trend
pattern (Figure S2) and corresponding regression map (Figure S3) lies within the 98th percentile and is
observed during the time period ending in 2012 (Figure 4c).

It is important to note that any phenomenon associated with a warm Arctic will have pronounced posi-
tive pattern correlations with the SAT trend pattern over the Arctic in recent decades, regardless of any
physical linkage to the Arctic SAT trend. However, in this case, the positive pattern correlations between
Figure 2b and the trend maps of Figure 1 likely do reflect a physical linkage. The (zonal-mean-removed)
regression of the stream function onto the P index (Figure 1c) shows a Rossby wave train emanating
from the tropical Pacific toward the Arctic and across the North American continent. This regression pat-
tern resembles the stream function patterns that have been identified as being excited by tropical forcing
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Figure 3. Wintertime (December-February) zonal mean of sea surface temperature over the (a) eastern and (b) western
tropical Pacific. (c) The zonal mean time series of surface air temperature across all longitudes.

and driving Arctic warming (Baggett & Lee, 2015; Ding et al., 2014; Goss et al., 2016; Lee et al., 2011; Yoo
et al., 2012).

The regression of wave activity flux (Takaya & Nakamura, 2001) onto the Py index also shows features con-
sistent with TEAM. In the vicinity of the western Pacific warm pool, for example, the wave activity flux
regressed onto the Py index has a pronounced poleward component (Figure 1c), similar to the wave activity
flux trend of recent decades (Figure S4). These poleward wave activity fluxes likely originate from a Rossby
wave source (Sardeshmukh & Hoskins, 1988) centered over western Pacific warm pool region. Although the
wave activity fluxes entering the Arctic through the Bering Strait look to originate over the extratropics, they
may also owe their existence to tropical convection over the western Pacific warm pool. The extratropical
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Figure 4. The pattern correlations between the 20-year surface air temperature trend patterns (Figure 1) over the (a)
Arctic and (b) midlatitudes with the regression of the detrended December-February mean surface air temperature
onto the detrended Py index (Figure 2b; see section 2). (c) The pattern correlations between the 20-year sea surface
temperature trend patterns (Figure S1) with the regression of the detrended December-February mean sea surface tem-
perature onto the detrended Pgg index (Figure S2). The number overlying or underlying any particular bar indicates the
percentile that the pattern correlation represents based on the distribution formed by correlating each of the randomly
generated trend maps (see section 2) of the corresponding time periods on the x axis with the appropriate regression map
(Figure 2b or Figure S2).
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diabatic heating that follows the wave trains forced by tropical convection can produce poleward propagat-
ing waves that subsequently warm the Arctic.

4. Summary and Conclusions

Over the last three decades, the wintertime Northern Hemisphere SAT trend has transitioned from a cold
Arctic warm continent pattern toward a warm Arctic cold continent pattern, concurrent with an increase
of the SST over the western tropical Pacific Ocean. Because this decadal timescale warming of the western
tropical Pacific Ocean has occurred, while the SST trend over the eastern tropical Pacific Ocean has
remained neutral, the east-west SST gradient over the tropical Pacific Ocean has increased. Several studies
suggest that an increased east-west SST gradient can impart temperature changes in midlatitudes via the
TEAM, which is characterized by poleward propagating Rossby waves that are triggered by La Nifia-like tro-
pical convection (Lee, 2012, 2014). This prompted an investigation into whether the TEAM has contributed
to the transition of the SAT trend from a cold Arctic warm continent toward a warm Arctic cold
continent pattern.

In contrast with the viewpoint that sea ice decline has driven the warm Arctic cold continent SAT trend pat-
tern observed in recent decades (e.g., Nakamura et al., 2016; Sun et al., 2015; Zhang et al., 2018), in this study,
we find that the extratropical response to La-Nifia-like convection (i.e., the TEAM) has likely contributed to
this warm Arctic cold continent SAT trend pattern. This conclusion follows from the regression of the
detrended SAT field onto the detrended P index (see section 2), which shows a warm Arctic cold continent
pattern much like the SAT trend pattern observed in recent decades, consistent with (Lee, 2012, 2014). This
conclusion is further supported by the result that the transition of the SAT trend from a cold Arctic warm
continent toward a warm Arctic cold continent pattern is largely driven by horizontal temperature advection
(as implied by the SLP trend pattern).

Because the linear fit between the SAT anomalies and the Nifio 3.4 index is subtracted prior to the calcula-
tion of the SAT trends, the transition of the SAT trends toward a more La Nifia-like pattern cannot be a result
of the trend in the frequency of occurrence of La Nifia events. Instead, the SAT trend pattern seems to be
linked to a decadal timescale warming trend over the western tropical Pacific. This decadal timescale warm-
ing is unassociated with ENSO events and is therefore not likely a result of internal variability (e.g., Sun
et al., 2016). Therefore, the contribution by the TEAM to the warm Arctic cold continent SAT trend pattern
observed in recent decades may reflect a forced response, rather than internal variability.
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