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Abstract: A severe cold air outbreak hit the US and parts of Canada in January 2019,
leaving behind many casualties where at least 21 people died as a consequence. According
to Insurance Business America, the event cost the US about 1 billion dollars. In the
Midwest, surface temperatures dipped to the lowest on record in decades, reaching —32 °C
in Chicago, Illinois, and down to —48 °C wind chill temperature in Cotton and Dakota,
Minnesota, giving rise to broad media attention. A zonal wavenumber 1-3 planetary wave
forcing caused a sudden stratospheric warming, with a displacement followed by a split
of the polar vortex at the beginning of 2019. The common downward progression of the
stratospheric anomalies stalled at the tropopause and, thus, they did not reach tropospheric
levels. Instead, the stratospheric trough, developing in a barotropic fashion around 70° W,
turned the usually baroclinic structure of the Aleutian high quasi-barotropic. In response,
upward propagating waves over the North Pacific were reflected at its lower stratospheric,
eastward tilting edge toward North America. Channeled by a dipole structure of positive
and negative eddy geopotential height anomalies, the waves converged at the center of the
latter and thereby strengthened the circulation anomalies responsible for the severely cold
surface temperatures in most of the Midwest and Northeast US.

Keywords: sudden stratospheric warnings; cold spell; polar vortex; wave reflection; subseasonal
to seasonal (52S) forecasting

1. Introduction

In recent decades, interest in the stratosphere has increased greatly, as stratospheric
variability can cause significant changes in tropospheric weather patterns and climate [1],
such as a downward impact resulting in extreme weather (e.g., [2]). Thus, research on
the coupling between the stratosphere and troposphere has been heavily conducted in
pursuit of a comprehensive understanding of the climate system. Leveraging the larger
stratospheric forecast skill compared to the troposphere greatly benefits sub-seasonal to
seasonal (525) forecasting (e.g., [3,4]) and is further supported by the abundance of upper-
air measurements and advances in computing power over the past decades.

Forced primarily by a relaxation towards radiative equilibrium (e.g., [5]), the gradual
decline in temperature towards the winter pole within the upper troposphere and lower
stratosphere results in westerly winds in the polar stratosphere. This process is responsible
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for the formation of the stratospheric polar vortex in the winter (e.g., [6]). The polar vortex
is a large-scale coherent structure of high Ertel’s potential vorticity that surrounds a low-
pressure and cold-temperature center. The strong westerly wind band yields isolation from
other latitudes and constitutes a barrier to wave propagation. This isolation is closely related
to stratospheric 0zone chemistry, as ozone-depleting chemicals become trapped within the
polar vortex. Consequently, extremely low ozone concentrations in the polar stratosphere
can form, as was observed in, for example, the 2010/2011 [7] and the 2019/2020 [8] season.
The corresponding structure of the polar vortex can undergo different types of deformation
through intermittent changes. Unlike the extratropical troposphere, where dynamics are
controlled mainly by baroclinic disturbances, the stratospheric circulation is primarily
driven by rather slow wave-mean flow interactions (e.g., [5]).

Planetary waves excited in the troposphere by lower-boundary conditions such as
topography and land-sea contrast or other non-linear interactions may, under certain
circumstances, propagate upward into the stratospheric westerlies [9]. Increasing in ampli-
tude with height, the upward propagating waves eventually break and thereby interact
with the mean flow. This interaction entails a residual mean meridional circulation [10] and
easterly momentum transfer that reduces the prevailing westerly flow. The disturbance
grows until the polar vortex eventually breaks down. Referred to as sudden stratospheric
warming (SSW), these events are recognized as one of the most remarkable and spectacular
meteorological phenomena within the stratosphere (e.g., [6]). On average, SSWs happen
every other year. One of their main features is a sharp increase in polar stratospheric
temperature of sometimes more than 10 K/day ([11] and references therein), yielding a
reversal of the meridional temperature gradient. Further, the 10 hPa zonal mean zonal wind
at 60° N may turn easterly. The dynamical change of the polar vortex resulting from SSWs
is not arbitrary but takes specific structures distinguishable by the zonal wavenumber of
the vortex [11]. SSWs may be separated into displacement or split events that generally cor-
respond to wavenumber 1 (WN1) and wavenumber 2 (WN?2), respectively [12-15]. These
structures are often associated with the strength or weakness of the upward-propagating
WN2 wave. Occasionally, a zonal wavenumber 3 (WN3) pattern emerges in association
with vortex split events, but a WN3 forcing has rarely been observed [12]. The climatology
of split events, however, yields two vortices, of which one is located over Canada and the
US and the other over Siberia [11]. Ref. [16] found high stratospheric pressure over the
polar region, North America, Siberia, and the North Atlantic in the case of a split vortex
and over the Canadian Great Lakes and the Aleutian region during displacement events.

Stratospheric dynamic variability can affect mid-latitude weather systems in the
Northern Hemisphere (NH) for up to two months [2,17], an idea that goes back to the
mid-1960s and mid-1970s [18,19]. Generally, through the downward progression of the
stratospheric signal, the surface signature of stratospheric anomalous flows shares common
features with the so-called Northern Annular Mode (NAM) or Arctic Oscillation (AO)
(e.g., [20]). In case of a weakened polar vortex, the negative phase of the AO, which
is associated with high sea level pressure over the polar and neighboring regions, may
appear [2]. Correspondingly, significant interaction between the North Atlantic eddy-
driven jet and stratospheric activity has been identified (e.g., [21]). During major SSW
events, for example, a resulting southward shifted tropospheric jet stream may bring severe
cold surface conditions (e.g., [2]). Ref. [22], for example, identified a cold Eurasia-cold North
America pattern following SSW events, and ref. [16] found that the surface temperature
and sea level pressure effect depends on the type of polar vortex deformation and the
stage of the ongoing SSW. According to that study, cold temperatures are observed over
North America, Greenland, and Alaska during displacement SSWs, and over eastern North
America reaching as far south as Florida, western Europe, and North Africa during split
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SSWs. Further, using a cluster analysis, [23] showed that cold temperatures across North
America coincide with a weakened polar vortex over the North Eurasian sector or with a
vortex weakening with a center over Arctic Canada.

However, not all SSWs have the above-described canonical impact on the surface, as
the downward progression of the signal may halt at stratospheric levels. Furthermore,
major SSWs can occasionally trigger the reflection of planetary waves in the stratosphere
instead of wave absorption by the mean flow [24-26]. Using case studies, ref. [25] found a
relation between wave reflection toward eastern Canada and an SSW. At the same time,
the suppression of upward-propagating waves favors the development of a ridge-trough
pair over the North Pacific and eastern Canada, along with subsequent blocking over the
North Pacific, which is driven by the interaction between the ridge and transient eddies.
Earlier studies, focusing on WN1 planetary waves, found that wave reflection is often
observed in the region above the strong stratospheric polar vortex in negative vertical wind
shear [27-29]. With a link to rather neutral and/or strong polar vortex conditions, several
studies have connected an anomalous Alaskan ridge [30-32] and the negative phase of the
Western Pacific Oscillation [33] to wave reflection at the Aleutian High toward Canada and
subsequent cold surface temperatures over North America.

The influence of the stratosphere on the troposphere is highly complex and requires
case-by-case analysis, as demonstrated, for example, by [34], who highlighted the varying
tropospheric impacts of three distinct SSW events within a single winter. In the present
study, we conduct a case study of the 2019 SSW event and its tropospheric response. In
January 2019, a prolonged WNT1 planetary wave forcing led to a displaced stratospheric
polar vortex towards the North Atlantic sector [35] that evolved into a split SSW through an
unusually strong WN3 pulse [36], while a WN2 forcing was largely absent [35,37]. Ref. [36]
related the unusual WN3 forcing to blocking over the North Pacific, North Atlantic, and
Ural Mountains or non-linear wave mean flow interactions in the stratosphere. For three
weeks, stratospheric easterlies were present [38], during which the polar vortex was first
displaced and then split with centers over Europe and eastern Canada [36]. While the
displacement of the polar vortex itself was outstandingly well predicted [39], the prediction
of the vortex split [40], as well as the surface response, was poor [41]. Ref. [40] attributes
the poor prediction of the vortex split to the forecast models’ inability to accurately capture
the WN3 pulse at longer lead times. During the event, stratosphere-troposphere coupling
was weak as the downward progression of the stratospheric signal of the SSW stopped
at tropopause levels and did not translate into the canonical surface effects described
above [35,39]. However, one center of the polar vortex over North America has been linked
to the record-breaking cold surface temperatures below that occurred during the second
half of January (e.g., [35]). Ref. [42] identified a stratospheric cold air intrusion into the
troposphere due to tropopause folding as one of the factors that have influenced the cold
air outbreak. Further analysis of the mechanisms linking the SSW to the cold temperatures
has yet to be conducted.

As stated above, several studies have analyzed stratospheric wave reflection [30-32].
The 2019 SSW event was, however, not recognized as a reflection event by the studies’
respective algorithms, which computed reflective days or reflective events. In this study,
we show that lower stratospheric wave reflection indeed played a role in the cold North
American surface temperatures in the 2018/2019 winter. The manuscript is organized as
follows. Section 2 presents the data and methodology. The analysis of the event is presented
in Section 3, followed by a summary and conclusion in Section 4.
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2. Data and Methodology

The data used here consist of the Japanese Reanalyses (JRA-55) from the Japanese
Meteorological Agency [43,44]. The fields considered here are zonal wind, geopotential
height, air temperature, and 2m temperature (T2m). The JRA-55 data that are used here
span the period 1958 to 2021 for the climatology of the air temperature and 1981 to 2010
for the climatology of geopotential height and T2m. For the winter 2018/19 data, we
use daily JRA-55 reanalyses, i.e., September 2018-March 2019. Further, the January 2019
T2m from the NCEP/DOE Reanalysis 2 [45], provided by the National Oceanographic
and Atmospheric Association (NOAA), is used as a check. NCEP T2m anomalies are
computed based on the climatology of the period 1981-2010. Further, we use the daily
AQ index as well as the North Atlantic Oscillation (NAO) index, both taken from the
Climate Prediction Center (CPC) [46], which is part of the National Oceanographic and
Atmospheric Administration/National Weather Service.

Planetary waves that propagate upward from the troposphere to the stratosphere may
interact with the polar vortex. To examine the role of planetary waves in the 2019 SSW, we
use the Eliassen-Palm (EP) flux in log-pressure coordinates (e.g., [47,48]), which provides a
measure of the wave forcing in the meridional plane and is given by:

—(HCOS (P)q)) @ - w’u’)] T, (1)

(EPF,, EPFp)T = apg cos ¢ [(HZW/EZ - W), < <f BT 5
where the primes denote departures from the zonal mean and the overbar refers to a zonal
mean. Moreover, a is the Earth’s radius, ¢ is the latitude, f is the Coriolis parameter, 6 is
the potential temperature, and u and v are the zonal and meridional winds, respectively.
For our analysis, we use the WN1-3 and total vertical component at 10 hPa and 100 hPa.
The two-dimensional EP flux gives a summary of the wave activity in a zonal mean sense,
i.e., zonal symmetry, and so does not provide any information on the zonal direction.
The strengthening (weakening) of the propagation can be interpreted as a strengthening
(weakening) of the heat flux directed to the pole (e.g., [24]), which can also be used as a
proxy for wave propagation (e.g., [49]). The convergence of the vector can indicate the
deceleration of the mean westerly flow.

Wave activity comes, in general, in packets. To investigate the role of these wave
packets, we consider the three-dimensional wave activity flux (WAF) following [50]. The
vector WAF = (WAF,, WAF,, WAE,)T is given by:

WAF = pcos 1 oy Y , 2
P 4 2a2cos ¢ | 9 dg 4 dAdg @)
202sin? ¢ [y’ oy’ , 3%y’
N2acos ¢ QA 9z T 9Aoz

where p is the scaled pressure (hPa/1000 hPa) and ¢ and A are the latitude and longitude,
respectively. The prime denotes departures from the zonal mean. Also, a, (), ¢, f,and N
represent, respectively, the Earth’s radius, Earth’s rotation rate, three-dimensional stream
function, Coriolis parameter, and the buoyancy frequency. Negative values of WAF,
indicate downward propagating wave packets.
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Atmospheric blocking is evaluated based on [51]. The meridional gradient of 500hPa
geopotential heights is used to define a blocking index. At each longitude, this gradient is
calculated for the higher latitudes (GHGH) and lower latitudes (GHGL) following:

GHGL = [z(¢o) — z(¢L)]/ (90 — ¢L) ©)
GHGH = [z(¢n) — z(90)]/ (o1 — 9o), (4)

where z is the geopotential height. In the northern hemisphere, the following latitudes
are used:
q)L:4OO+A,‘Q)0:6OO+A,’4)H:8OO+A. (5)

Here, we follow [25] and choose A = —5°,0°,5°. The index indicates a blocked longitude if
at least one value of A satisfies the following conditions:

GHGL >0

GHGH < —5 gpm/degree latitude. ©)

The blocking strength is then given by GHGL.

3. Results
3.1. The 2018/2019 Sudden Stratospheric Warming

As a measure of an ongoing SSW, we start by examining the stratospheric polar
temperature and the zonal mean zonal wind at 60° N. Figure 1 (left) shows the JRA-55
climatological seasonal cycle based on the period 1958-2021 (bright red), along with daily
values for September 2018-March 2019 of 10 hPa polar temperature north of 70° N (dark
red). Small disturbances were observed in early December 2018 and, starting from the last
week of December, the temperature started to climb sharply, reaching —40°C within a few
days. After recovering slightly, the temperature started to increase again, reaching a second
peak in the second week of January. The daily evolution of 10 hPa zonal mean zonal winds
at 60° N (left panel of Figure 1; blue line) shows the reversal from westerly to easterly
on 1 January 2019 (black cross), thus making the SSW classifiable as a major one. For
slightly over a week, the easterlies stayed at similar negative levels before turning westerly
again in the second half of January. Both unusually cold stratospheric temperatures and
strong westerlies developed during February and March. The JRA-55 T2m (blue) and
corresponding anomalies (black), averaged over North America [40° N-60° N; 250° E-
300° E], show high day-to-day variability with alternating fluctuations of positive and
negative anomalies, but with an overall decrease towards negative ones starting from the
second half of December to late February (Figure 1; right). Coinciding with the evolution
of stratospheric anomalies, the question that arises is whether or not there is a link between
the major SSW and the cold North American surface temperatures.

To investigate the nature of the warming event in the stratosphere, Figure 2 shows
evolution maps of 10 hPa geopotential height anomalies with respect to the zonal mean
(contours) and the zonal wind (shading) at the same height every three days starting from
19 December 2018 (top left) to 30 January 2019 (bottom right). The date is indicated in each
respective title. In mid- to late December 2018, the figure reveals a displaced vortex towards
Eurasia, with a WN1 structure that stretches zonally with time. Easterlies are present over
the North Pacific. In early January 2019, the anomalous pattern developed into a clear
vortex split, although it does not seem to be a simple WN2 pattern. The zonal wind shows
negative values at the southern flank of the enhanced Aleutian High throughout January.
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Figure 1. Left: JRA-55 daily September 2018-March 2019 zonal mean zonal wind at 60° N (blue; left
axis) and polar temperature [70° N-90° N] (dark red; right axis) along with 1958-2021 seasonal cycle
climatology of the latter (bright red; right axis), both at the 10 hPa level. The black cross marks the
date of zonal mean zonal wind reversal. Right: JRA-55 daily September 2018-March 2019 T2m (blue;
right axis) averaged over [40° N-60° N; 250° E-300° E], together with corresponding anomalies with
respect to the seasonal cycle (black; left axis).

From about 10 days into January (Figure 2; second row; right panels), the structure has
WNB3 features with negative height anomalies over North America, Siberia, and southern
Europe in mid-January 2019. The lobe over eastern North America is quasi-stationary, starting
from early January throughout the analyzed period. In general, however, SSW events with
vortex splitting are associated with WN2, making this SSW a special one. The vortex split is
interpreted to be caused by a WN3 contribution in this present case, as shown below.

To investigate the EP flux (Equation (1)) in the meridional plane, Figure 3 shows its
vertical component EPF, and its divergence EPFyy;, at 10 hPa (top and upper middle) and
100 hPa (bottom and lower middle), latitude-weighted and averaged over 30° N-90° N for
December and January. Averaging over slightly different latitudinal areas does not change
the results substantially. However, it should be noted that the values are likely smaller due
to averaging. Contributions are shown for WN1 (red), WN2 (blue), and WN3 (green), in
addition to the total vertical EP flux from all zonal wavenumbers (gray). At both pressure
levels, a strong WN2 forcing is visible in the first half of December (Figure 3 top and lower
middle) that, however, decreases to values close to 0 by mid-December. In the second half
of December, a WN2 contribution followed by a WN3 one is observed at 10 hPa, which
decreased to values close to zero (WN3) and even below zero (WN2) around early January
(Figure 3; top). At the same level in late December, the EP flux converges for WN2 and WN3,
a proxy for the deceleration of the westerly flow (Figure 3; upper middle). Further, there
is a continuous WN1 forcing from late December 2018 to mid-January 2019 at both levels
(Figure 3; top and lower middle), which is possibly related to the displaced vortex with a
WN1 structure, visible in Figure 2. This is consistent with WN1 EP flux convergence in 10
hPa in the last week of December (Figure 3; upper middle). At 100 hPa, around January
1st, 2019, there is a high WNB3 value, while a WN2 EP flux contribution is unexpectedly
not present (Figure 3; lower middle). In 10 hPa, WN3 convergence appears from about
one week into January, with small negative values (Figure 3; upper middle). Note that the
values of the WN3 are generally much smaller than, e.g., WN1 values. The WN3 pulse is
interpreted as the cause for the split of the already displaced and zonally stretched vortex
and supports the finding that the split pattern in geopotential height anomalies does not
show a simple WN2 structure. Generally, the total EP-flux convergence in 10 hPa coincides
with large WN3 contributions at the same height (Figure 3; top and upper middle).
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The WN3 forcing at 100 hPa declines after about a week, before increasing again
in the second half of January (Figure 3; lower middle). Around mid-January, positive
WN2 contributions can be seen, particularly at 100 hPa. Further, while the total vertical
component is positive, the WN3 contribution at 100 hPa is negative during parts of the first
week of January as well as around January 15th (Figure 3; lower middle). A negative WN2
component appears during the second half of January. Negative values might indicate
downward propagation of WN2 and WN3 planetary waves.

In the next step, we investigate the downward progression of the stratospheric signal.
From Figure 4 (upper panel), showing the downward evolution of polar cap temperature
north of 70° N, we can see that, at 10 hPa, the warming started around 20 December 2018 and
continued to about 15 January 2019. The signal progressed downward in time but halted at
lower stratospheric levels. The zonal mean zonal wind at 10 hPa and 60° N (Figure 4; lower
panel) turned easterly on 1 January 2019, while the reversal took place earlier at higher
levels. The progression of the easterlies seems to stop in the lower stratosphere at around
100 hPa. The effect can be seen until late January, while in the upper stratosphere strong
westerlies develop again. The strong polar vortex that followed the SSW event may have
influenced the cold surface temperatures in early February, something worth investigating
in a future study. The AO index, which is based on the 1000 hPa level, shows a shift to
negative values during parts of the first and second half of January. However, the NAO
index is based on mid-tropospheric levels and was on the low-value positive side after
the SSW, i.e., in a rather neutral state. Hence, tropospheric variability or other processes
may have resulted in the canonical surface response to an SSW, i.e., the negative AO phase,
instead of the downward progression of the stratospheric signal.

10hPa EPFp [30N-90N]

0.1
0.08 total — WN2
v — WN1 —— WN3
1 0.06
E0.04
o
=0.02
0.0
oe(z Q'Z’(' \,P(\ \é\
~ K he N
10hPa EPFpdiv [30N-90N]
8 total  —— WN2
4 — WN1 —— WN3
T 0 ——
'
£ -4
-8
12
C 9 N QO
N & i ¥
N NS N
o1 100hPa EPFp [30N-90N]
0.08 total — WN2
—— WN1 —— WN3

QO
he
o > ~ K3

100hPa EPFpdiv [30N-90N]

\/OQ’ \f).oe, N .\jo‘\o
Figure 3. Vertical component of daily EP flux and its divergence at 10 hPa (top and upper middle)
and 100 hPa (lower middle and bottom) latitude-weighted and averaged over 30° N-90° N during
the 2018/19 winter. The colors refer to zonal WN1 (red), WN2 (blue), and WN3 (green). The total

wave contribution is shown by the gray color.



Atmosphere 2025, 16, 445

90f18

Summarizing the results of the analysis so far, we find that this event, dominated
by WN1 and WN3 forcings, can be classified as a major SSW with a vortex split. This is
reflected by the sharp increase in polar temperature in addition to a reversal of zonal mean
zonal winds. The corresponding downward-progressing stratospheric anomalies stop at
lower stratospheric levels.

T [70N-90N]

Figure 4. Height-time plot of the daily polar cap temperature, latitude-weighted and averaged over
70° N-90° N in °C (top) and zonal-mean zonal wind at 60° N in m/s (bottom) for the 2018/19 winter.
Absolute values are shown.

3.2. Surface Signature and the Role of Downward Propagating Wave Packets

Consistent with the evolution of T2m and corresponding anomalies (Figure 1), Figure 5
shows a time-longitude plot of 3-day running mean 850 hPa latitude-weighted temperatures
averaged over 40° N-65° N for December 2018 to February 2019. December 1st is on top of
the y-axis.

There is a clear cold region over the North American sector around 90° W, marked
with the black ellipse. Particularly cold values are reached between mid-January to early
February, with a peak around 25 January 2019. Note that the start of the extreme cold
temperatures concurs roughly with downward propagating WN3 wave packets at 100 hPa
in mid-January (see Figure 3; bottom panel). Further, we find a slight westward propagation
of the cold temperature pattern. Interestingly, the location of cold temperatures in the
North American sector coincides well with the position of one of the displaced vortices of
the split SSW (see Figure 2).

The cold anomalies are also obtained using NCEP /DOE Reanalysis 2 data. Figure 6
shows the average of the T2m anomalies based on the daily climatological seasonal cycle for
the first (top) and last (bottom) 15 days of January 2019. In particular, the decrease in North
American T2m during the second half of January yields anomalously cold temperatures
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during the season. What is interesting is the switch from positive anomalies in the first half
of January to negative ones later on. Further, cold anomalies are detected over Northern
Africa and Western Europe.

T 850hPa [40N-65N]

1. Dec

15. Dec

1. Jan

15. Jan

1. Feb

15. Feb

0°E 90°E __ 180°E
-12 -9 -6 -3 0

Figure 5. Longitude-time plot of absolute values of 850 hPa temperature averaged over 40° N-65° N
for the 2018/19 winter. Units, °C.

t2m (Jan First half)

-10.0-7.5-5.0-2.5 0.0 2.5 5.0 7.5 10.0
t2m (Jan 2nd half)

-10.0-7.5-5.0-2.5 0.0 2.5 5.0 7.5 10.0

Figure 6. T2m anomalies averaged over the first (top) and the second (bottom) half of January 2019
based on NCEP/DOE Reanalysis 2.
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As established in the previous section, an SSW occurred in early January 2019, but the
downward progression of the stratospheric signal halted at lower stratospheric/tropopause
levels. The canonical surface impact was largely absent [35,39], even though the AO
index was negative for parts of January. However, record-breaking cold temperatures
reached the eastern part of North America in the weeks after the onset of the SSW. In the
following, we are investigating how the polar vortex and its breakdown are linked to the
cold surface temperatures even though the stratospheric anomalies did not translate into
the troposphere.

Following some SSWs, upward propagating planetary waves have been found to be
reflected by the stratosphere back down into the troposphere [25,26]. To evaluate whether
or not wave reflection may have played a role in the surface impact of the SSW 2019, we
examine the vertical orientation of WAF (Equation (2)) during the analysis period. Figure 7
shows the time evolution of the vertical component WAF, of the three-dimensional Plumb
WAPF latitude-weighted and averaged over 43° N-74° N in the lower stratosphere at 125 hPa.
A 3-day running mean is applied. Between about 90° E and 135° W, WAFz is prominently
directed upward during the analysis period, particularly in December. The associated upward
traveling planetary wave packets are potentially responsible for the weakening stratospheric
winds in upper levels and the SSW in 2019. Further, there is a clear strong downward wave
packet centered around 90° W, i.e., eastern North America, from late December 2018 onward
until late January. We observe a resemblance between the evolution of downward directed
WAFz (marked with the black ellipse) and the cold temperatures at 850 hPa (Figure 5), with
the latter exhibiting a subtle eastward shift and positive temporal offset.

1. Dec AFZ IZE'IPa [48N-74N]

15. Feb

-
0°E 180°E

-48-36-24-12 0.0 1.2 24 3.6 4.8
m?2s~2 le—4

Figure 7. Longitude-time plot of the vertical component of 3-day running mean WAF, latitude-
weighted and averaged between 48° N-74° N at 125 hPa during the 2018/2019 winter. Units, m? s~2.

Downward-directed WAF toward North America has been related to wave reflection
over the North Pacific with an involvement of the Aleutian High (e.g., [25,30,32,33]). In
the following, we investigate whether or not this was also the case in 2019. We analyze
the fields during the ongoing SSW starting about a week before the cold temperatures
in eastern North America arose. Figure 8 shows two-dimensional longitude-height plots
of 3-day running mean WAF for levels above 700 hPa (arrows) and eddy geopotential
height anomalies with respect to the zonal mean (contours), both latitude-weighted and
averaged over 48° N-74° N, as well as zonal wind (shading) at 60° N. Representative for
the different stages of the evolution in 2019, four dates have been selected: January 9th
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(top left), January 15th (top right), January 21st (bottom left), and January 27th (bottom
right). For the same dates, Figure 9 displays 500 hPa geopotential height (contours) and
corresponding anomalies (shading) with respect to the climatology in the top row as well
as the T2m anomaly patterns in the bottom row. Complementing this, the evolution of the
blocking index based on [51] is shown in Figure 10.

WAF,;, devZ [48N-74N], u [6ON_]DU _09/01/2019 1WAFXZ, devZ [48N-74N], u [60N] 15/01/2019

RN |

40 o -40 -30 -20 -10
21/01/2019 | WAF,, devZ [48N-74N], u [60N]

00
’ jf
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ms~t
Figure 8. Longitude-height plots of 3-day running mean WAF (arrows) above 700 hPa, deviation
geopotential height with respect to the zonal mean (contours), both latitude-weighted and averaged
over 48° N-74° N as well as zonal wind at 60° N (shading; orange (purple) indicate easterlies
(westerlies)). Fields are plotted for January 9th (top left), January 15th (top right), January 21st
(bottom left), and January 27th (bottom right).

On January 9th (Figure 8; top left), the ongoing SSW is clearly visible. Easterlies
dominate the upper levels across longitudes reaching down to the mid-stratosphere. The
barotropically developing trough around 70° W divides the usually baroclinic Aleutian
High near 50 hPa, leading to it having a quasi-barotropic feature in the lower stratosphere.
The development of the trough is seemingly brought about by the WN3 forcing (see
Figure 3). Indicated by the WAF, planetary waves propagate upwards around 150° E
as well as over the North Atlantic around 20° W. The latter region is co-located with
a strong anticyclonic anomaly that stretches from the lower troposphere to the middle
stratosphere. A pair of negative and positive geopotential height anomalies, located over
the eastern North Pacific and western/central North America, respectively, develops
(Figure 9; first column). This pattern promotes negative T2m anomalies over northwestern
North America.
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Positive temperature anomalies are visible over North America’s northeastern part.
Further, a mid-tropospheric anticyclone over the North Pacific at 170° E blocks the flow (see
Figure 10). On January 15th (Figure 8; top left), the stratospheric trough over eastern North
America and the resulting quasi-barotropic structure of the Aleutian High are more evident,
and upward propagating waves over the eastern North Pacific around 150° W reflect at the
lower stratospheric part of the Aleutian High down toward North America around 90° W,
where they converge. This subsequently yields a deepening of the co-located troughs in
the troposphere. In particular, the wave path can be attributed to the eddy geopotential
height pattern, i.e., westward tilt at the western flank and eastward tilt on the eastern flank
of the Aleutian High. The downward extension of the stratospheric Aleutian High into
tropospheric levels is imprinted in the 500 hPa geopotential height field as the western
North American ridge that merges with the blocking anticyclone over the central North
Pacific (Figure 9; second column). The blocking index in Figure 10 indicates a blocked flow
at around 150° W around mid-January.

blocking strength

0°E

90°W 1

180°E -
- - -~y
90°E -

OOE T - et Q T
15. Dec 1. Jan 15. Jan 1. Feb

3 4 5 6 7 8
gpm/Ilatitude

o
= 4
N

Figure 10. Blocking index based on [51]. The strength of blocking is given by GHGL (Equation (3)).
Unit: gpm/latitude.

Negative T2m anomalies can be observed in Northern Canada. The downward wave
propagation continues in the following days and results in a connection between the
stratospheric and tropospheric negative eddy geopotential height anomalies over eastern
North America. The former are attributed to one of the stratospheric polar vortex centers
(see Figure 2). As the 500 hPa trough deepens further over time, it eventually merges with
a negative geopotential height anomaly over eastern North America. Concomitantly, a
strong anticyclonic anomaly develops over the North Atlantic to the south of Greenland
that has a quasi-barotropic phase structure in the upper troposphere and lower stratosphere
on January 21st (Figure 8; bottom left, and Figure 9; third column). Negative temperature
anomalies have developed over the eastern part of North America. Blocking develops over
the North Pacific around 170° E (Figure 10), which is amplified with time. In response,
the ridge over the eastern North Pacific strengthens and connects to lower stratospheric
levels in the following days. This pattern is referred to as the Alaskan ridge regime by [52],
transitioning from a pattern in early January resembling the Pacific trough regime. Further,
the waves that propagate upward around 180° are reflected back down and converge at
the trough around 90° W during the days leading up to January 27th (Figure 8; bottom
right). The ridge-trough pair over the eastern North Pacific and eastern North America is
quasi-stationary for the rest of the month starting from January 23rd. Consequently, the



Atmosphere 2025, 16, 445

15 0f 18

already cold temperatures over eastern North America are reinforced through continuous
cold polar air advection (Figure 9; fourth column).

4. Summary and Conclusions

Severe cold weather hit parts of North America in the second half of January 2019,
particularly the Midwest, Eastern US, and Canada. Low temperature records have been
observed, with many casualties and great material losses. Consistent with earlier case
studies [35-41], we find that a major SSW occurred with a zonal mean zonal wind reversal
at 10 hPa and 60° N on 1 January 2019, along with an abrupt and strong increase of
stratospheric polar cap temperatures. The zonal mean zonal wind stayed easterly for
almost three weeks. In this event, a persistent upward WN1 planetary wave flux led to a
displaced polar vortex toward Eurasia. A brief, strong WNB3 pulse prompted the vortex
to split, resulting in a geopotential height structure with WN3 features, i.e., centers over
Siberia, southern Europe, and North America. Among them, the daughter vortex over
North America made the usually baroclinic structure of the Aleutian High quasi-barotropic.
In particular, it remained quasi-stationary during the whole analysis period until late
January. Expected WN2 EP fluxes [12-14], on the other hand, were close to zero during the
ongoing vortex split. Hence, the combination of the WN1 forcing and the WN3 pulse, along
with the associated geopotential height pattern in 10 hPa, make this event extraordinary.

Consistent with, for example, ref. [35,39], we find the downward progression of
stratospheric anomalies to stall in the lower stratosphere and fail to translate to canonical
tropospheric anomalies. However, in agreement with the analysis by [16], we find cold
temperatures over North America, western Europe, and North Africa in the aftermath of the
SSW split event. The development of some North American cold spells has been attributed
to stratospheric wave reflection [30-33] and downward directed waves traveling towards
North America. While a relation between a sudden switch from a North Pacific trough to a
ridge and North American wave reflection events (e.g., [32]) is similarly observed in the
2019 case, many of the referenced studies do not find a strong relation between SSWs and
wave reflection events that involve North American cold spells. Instead, they find them to
occur under rather neutral conditions [30,33] or onset under even strong stratospheric polar
vortex conditions [31] before the polar vortex is displaced toward Eurasia by the Aleutian
High and stretched [32]. In fact, the 2019 North American cold spell has not been identified
as a wave reflection event by the algorithms used in [30-32], which could be because, in
2019, the waves were reflected in the lower stratosphere instead of higher up.

Nevertheless, this study shows that, similar to the case study by [25], wave reflection
in the second half of January was involved in the North American cold event: Cold 850 hPa
temperatures, located slightly east and with a positive temporal offset compared to negative
WAFz, move westward with time over North America. Guided by the structure of positive
and negative eddy geopotential height anomalies that stretched from the stratosphere to
the surface, upward propagating wave packets over the North Pacific were reflected at
the lower edge of the stratospheric Aleutian High toward North America and eventually
converged at the center of a mid-tropospheric cyclonic anomaly. Subsequently, the trough
deepened and eventually connected to one center of the split stratospheric polar vortex. An
upstream anticyclonic anomaly over the North Atlantic develops and the Aleutian High
stretches from the troposphere to the lower stratosphere. The whole structure becomes
quasi-stationary, yielding continuous cold air advection toward North America. The spatial
and temporal overlap of the converging wave packets and the deepening trough, resulting
in a pattern that is conducive to North American cold temperatures, strongly suggests their
interconnection. Further, as discussed in [25], blocking developed over the North Pacific.
The unusual WN3 forcing and structure of stratospheric height anomalies as well as the
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SSWs attribution to wave reflection emphasize the importance of individual, case-to-case
analysis of how the stratosphere may interact with the troposphere. Their continued study
is strongly needed and highly relevant for improving the extended-range prediction of
extremes at the surface and their mitigation.
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