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ABSTRACT
Understanding and predicting midlatitude cold spells is of scientific and public interest, given often associated
severe impacts. However, large-scale atmospheric dynamics related to these events are not fully understood. The
winter of 2017/18 was characterized by several cold spells affecting large parts of North America and Eurasia.
Here, the role of stratosphere–troposphere coupling for the occurrence of cold spells in this winter is investigated
using different wave propagation diagnostics. While the European cold spell in late February 2018 was influenced by a major sudden stratospheric warming (SSW) associated with wave absorption, the cold spells over
North America at the end of December 2017 and early February 2018 were related to downward reflected waves
over the North Pacific. Previously proposed wave reflection indices, however, either miss these reflection events
or are not able to distinguish them from the major SSW related to wave absorption. To overcome this, a novel
simple index based on eddy heat flux is proposed here, capturing regional wave reflection over the North Pacific.
Reflection events detected with this index are shown to be followed by North Pacific blocking and negative
temperature anomalies over North America. An improved understanding of the contribution of wave reflection
for cold spells is crucial to better predict such events in the future.

1. Introduction
Winter cold spells in the densely populated midlatitudes can cause significant economic and societal
damages. In recent years, several extremely cold winters
were observed, with severe impacts for the energy, health,
and transportation sectors (Palmer 2014; Cohen et al.
2014, 2018; Analitis et al. 2008). The boreal winter of
2017/18 was related to high-impact, cold spell events: At
the end of December 2017, a cold wave brought frigid
temperatures to large parts of Alaska, Canada, and
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the northeastern United States, breaking decades-long
minimum temperature records.1 In early February, the
same regions suffered from another cold spell, while
the western United States was exceptionally warm.2
Later that month, Europe was hit by the so-called beast
from the east,3 an anticyclone transporting cold Arctic
air to European midlatitude regions, causing several
cold-related fatalities.
Given the pronounced impacts for societies, understanding the atmospheric circulation patterns and mechanisms associated with midlatitude cold spells is important.
These events usually coincide with high-latitude blocking, causing advection of cold Arctic air downstream
(Linkin and Nigam 2008; Woollings 2010; Yao et al. 2017;
Messori et al. 2016; Pithan et al. 2018). However, the
location and underlying drivers of the formation of
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winter blocking can be manifold (Baxter and Nigam 2015;
Palmer and Owen 1986; Chen and Luo 2017; Handorf
et al. 2015; Vihma 2014; Cohen et al. 2014; Smith et al.
2010). One well-documented driver of high-latitude
blocking and severe winter weather in the midlatitudes
is the stratospheric polar vortex (hereafter also just referred
to as polar vortex or vortex). It describes a band of fast
westerly winds in the Arctic stratosphere, forming in
boreal winter due to the thermal wind relation and the
rapid cooling of the high-latitude Arctic in the polar night
(Waugh et al. 2017). Troposphere-induced upwardpropagating planetary waves can interact with the stratospheric flow, this way contributing to the large intraseasonal
variability in vortex strength (Polvani and Waugh 2004;
Matsuno 1971; Dunn-Sigouin and Shaw 2015). In return,
the strength of the stratospheric polar vortex can also
influence tropospheric circulation and has in particular
been related to extreme winter weather (Baldwin and
Dunkerton 2001; Kolstad et al. 2010; Woollings et al.
2010; Kidston et al. 2015; Kretschmer et al. 2018a).
Although the exact mechanisms are not fully understood, there are mainly two different forms of downward
coupling between the stratosphere and the troposphere.
First, under certain favorable conditions, the polar
vortex can absorb upward-propagating planetary waves,
leading to a weakening of the stratospheric zonal-mean
zonal flow (Polvani and Waugh 2004; Matsuno 1971;
Kodera et al. 2016). In the most extreme cases, so-called
major sudden stratospheric warmings (SSWs), the winds
encompassing the vortex reverse to easterly (Butler
et al. 2014; Scherhag 1952). Via subsequent downward
propagation of the circulation anomalies, SSWs can then
affect tropospheric circulation for up to two months
(Baldwin and Dunkerton 2001; Hitchcock and Simpson
2014). This influence is usually described in terms of a
downward-descending negative phase of the northern
annular mode (NAM), respectively, a negative North
Atlantic Oscillation (NAO) at the surface, and is strongly
associated with cold spells over the Eurasian continent
(Kretschmer et al. 2018a; Garfinkel et al. 2017; Kretschmer
et al. 2018b). Although some SSWs do not affect the
troposphere below (Karpechko et al. 2017), the potential of SSWs to produce cold spell over Eurasia has
been robustly shown by a range of studies (Baldwin and
Dunkerton 2001; Kolstad et al. 2010; Kretschmer et al.
2018a; Garfinkel et al. 2017; Hitchcock and Simpson
2014). Consistently, operational forecast models show
improved skills in predicting midlatitude weather when
initialized during SSWs (Sigmond et al. 2013; Scaife
et al. 2016).
Second, the polar vortex can also act as a reflective surface, preventing the absorption of upwardpropagating waves. Troposphere induced waves entering
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the stratosphere are then reflected downward, thereby
influencing tropospheric circulation (Harnik 2009; Shaw
et al. 2010; Perlwitz and Harnik 2004; Kodera et al. 2008,
2013). While the occurrence of wave reflection is well
documented (Perlwitz and Harnik 2003; Shaw et al. 2010;
Nath et al. 2014), its impacts on surface weather have been
given less attention. Recently, Kretschmer et al. (2018a)
showed that downward reflected waves over Canada favor
North Pacific blocking, respectively, a negative phase of
the Western Pacific Oscillation (WPO), and are associated with cold spells over Canada and the northeastern
United States, consistent with earlier case studies (Kodera
et al. 2008, 2013). Nevertheless, the exact role of wave
reflection for North American cold spells, as well as the
possibilities for subseasonal to seasonal (S2S) forecasting
has not yet been comprehensively assessed.
One reason why reflection events have been given less
attention in the past is that (in constrast to the detection
of SSWs), no straightfoward index exists to describe
them. Wave reflection occurs when a vertically bounded
meridional waveguide forms in the high-latitude stratosphere (Perlwitz and Harnik 2003; Shaw et al. 2010).
Thus, both the formation of a vertical reflecting surface as
well as the formation of a meridional waveguide that
channels the reflected waves downward are necessary.
Different approaches to detect wave reflection have been
used in the literature, which are yet subject to several
limitations. On the one hand, analyzing the evolution of
daily wave activity fluxes (Plumb 1985; Kodera et al. 2008,
2013; Nath et al. 2014) or using the zonal mean wave
geometry diagnostic developed by Harnik and Lindzen
(2001) is insightful, yet, their computation is rather time
consuming and the required data are usually not a standard output of reananylsis produts or climate models. On
the other hand, Perlwitz and Harnik (2003) proposed a
simple reflection index as the difference of the zonalmean zonal wind at 2 and at 10 hPa (U 2210 ) averaged over
588–748N and over winter season. A negative (positive)
U 2210 index indicates negative (positive) vertical wind
shear in the stratosphere and corresponds to reflective
(nonreflective) basic state of the polar vortex for a
considered winter. However, as wave reflection events
and major SSWs (related to wave absorption) can occur
in the same winter (Kodera et al. 2013; Kretschmer
et al. 2018a), seasonal means at least partly dilute the
different surface signals. As an extention, Nath et al.
(2016) introduced a daily resolved version of the U 2210
index. However, both versions of this index are always
negative during SSWs (Harnik 2009) and thus generally
not suitable to distinguish between SSWs and wave reflection. Another limitation of the U 2210 index is that it
is based on zonal-mean values only. Nath et al. (2014)
showed that longitudinal variations in the stratosphere
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can have an impact on regional weather extremes and
therefore extended the U 2210 index in the longitude direction (U2–10), introducing the concept of a partially
reflective stratospheric background state (Nath et al. 2016).
Nevertheless, the negative values during SSWs remain
as an issue.
Here, we will first discuss the stratospheric influence
on the above described cold spells in winter 2017/18.
While the European cold spell in late February 2018 was
influenced by a downward-propagating NAM after a
major SSW, the two North American cold spells in
December 2017 and early February 2018 were influenced by stratospheric regional wave reflection over the
North Pacific. We show that these regional wave reflection events would not have been detected by the
zonal mean U 2210 index. Therefore, we introduce a
novel regional reflection index based on meridional
eddy-heat fluxes at 100 hPa, capturing wave reflection
events over the North Pacific. This new index is easy
to compute, can distinguish between wave reflection
events and SSWs and is associated with cold spells over
North America approximately 10 days after its onset.
Finally, we discuss the potential of this novel index for
the prediction of the occurrence and duration of cold
spells over North America.

2. Data and methods
Our study focuses on the winter period from December
2017 to March 2018. We use daily ERA-Interim data
(Dee et al. 2011) provided on a 0.758 3 0.758 grid on
37 vertical levels from 1000 to 1 hPa. The analyses are
based on daily mean data. Climatological anomalies
are calculated by removing the multiyear mean during
1979–2019 of each day. To further remove short-term
fluctuations we calculate 5-day running means when
considering the temporal evolution of a parameter over
the course of the winter and a 3-day mean otherwise.
To assess the location and intensity of high-latitude
blocking, we follow Kodera et al. (2013) and use the
blocking index based on Tibaldi and Molteni (1990). This
index is based on meridional gradients of geopotential
height at 500 hPa calculated at each longitude (Tibaldi
and Molteni 1990). Roughly speaking, blocking is detected at a certain longitude if the meridional geopotential
height gradient becomes negative at high latitudes
and positive at midlatitudes. We note, however, that
this estimation has a known bias to underrepresent
blocking in the Pacific region due to the latitude restriction in the calculation of the metric (Tibaldi and
Molteni 1990).
The strength of the stratospheric polar vortex is
calculated as the zonal-mean zonal wind at 10 hPa

and 608N. Following previous studies, the first day this
index becomes negative is defined as the central date
of a major SSW (Polvani and Waugh 2004; Butler et al.
2014). As a proxy for vertical wave activity fluxes we
further compute poleward eddy heat fluxes at 100 hPa
averaged over 458–758N. The northern annular mode
(NAM) is approximated by averaging geopotential
heights over the polar cap (608–908N), which is tightly
linked to the NAM index defined by the empirical orthogonal function (Karpechko et al. 2017; Baldwin and
Thompson 2009).
To investigate the propagation of planetary waves we
show the vertical profile of eddy geopotential heights
(i.e., with the zonal mean being removed at each longitude), where westward (eastward) tilt with height is indicative of upward (downward) propagation of the wave
packet. This analysis is complemented by considering the quasigeostrophic version of the wave activity
flux (WAF) in spherical coordinates [Eq. (7.1) of
Plumb (1985)] also known as Plumb flux. To keep
consistency with Wentzel–Kramers–Brillouin (WKB)
assumptions used in the derivation of the wave activity
flux (Plumb 1985) both quantities have been first filtered for wavenumbers 1–3 and have then been averaged over a period of 3 days to remove short-term
variability. This way we might not always fullfill the
WKB approximation but can nevertheless use the WAF
in a qualitative way.
To check for wave reflection conditions as described
by (Perlwitz and Harnik 2004), the curvature k of the
vertical and meridional zonal wind profile is calculated by
k5

u00
(1 1 u02 )3/2

,

(1)

where u is the zonal wind; and ( )0 and ( )00 are the first
and second derivative in vertical or meridional direction, respectively. Increased values of curvature are
defined as values exceeding the mean value.

3. Results
In this section we first discuss the role of stratosphere–
troposphere coupling for the cold spells in winter
2017/18 in detail (section 3a). In particular, we show
that both wave reflection and wave absorption (related
to a major SSW) were key factors for the occurrence
of the negative temperature anomalies. Next, we study
wave reflection in more detail (section 3b). In this context we discuss general challenges and limitations of
existing wave reflection indices, keeping the example of
the winter 2017/18. Finally, we propose a novel regional
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FIG. 1. Hovmöller diagram of the high-latitude blocking strength (see section 2) in the winter
2017/18.

reflection index that overcomes these limitations and
strongly projects onto cold spells in North America.

a. Midlatitude cold spells in winter 2017/18

persistent phases of high-latitude blocking both in the
Pacific and Atlantic sector that were associated with
cold spells downstream of these patterns.

2) THE ROLE OF STRATOSPHERE–TROPOSPHERE
1) DETECTION OF MIDLATITUDE COLD SPELLS
BASED ON BLOCKING

Figure 1 shows the location and strength of highlatitude blocking over the course of the winter 2017/18.
There are three strong blocking events here indicated
by the dotted gray lines. The first event occurred at the
end of December 2017 in the northwestern Pacific
around 1608E. The second and even more pronounced
blocking pattern regarding spatial extent, duration, and
magnitude, occurred at the end of January and beginning of February 2018 in the northern Pacific around
1808 and thus slightly eastward shifted compared to
event 1. The last high-latitude blocking event started at
the end of February 2018 stretching from approximately
508E to 608W.
All three blocking events were associated with
continental-scale negative temperature anomalies (here
referred to as cold spell) downstream (Fig. 2). The first
event was associated with anomalously negative temperatures in Alaska and over large parts of Canada and
the northeastern United States. This is consistent with
the detected blocking over the North Pacific sector,
causing advection of cold Arctic air downstream (e.g.,
Linkin and Nigam 2008). Later that winter (event 2,
Fig. 2b), a similar temperature pattern was observed
over North America that coincided with the even stronger
blocking pattern in this area. At the end of the month,
during event 3 (Fig. 2c), most of Europe was exceptionally
cold, related to negative NAO-like geopotential height
anomalies over the North Atlantic (not shown). In summary, the winter of 2017/18 was thus characterized by

COUPLING DURING THE EVENTS

As outlined in the introduction, stratospheric variability can affect tropospheric blocking and thus
midlatitude weather (Baldwin and Dunkerton 2001;
Woollings et al. 2010; Kidston et al. 2015). In the
following, we will therefore assess the potential role
of stratosphere–troposphere coupling for each of the
three different cold spell events and the associated
blocking patterns. For this purpose, we plot the temporal evolution of the absolute (Fig. 3a, blue line) and
anomalous strength (Fig. 3a, red line) of the stratospheric polar vortex (defined at 10 hPa) in the winter
2017/18. Moreover, we show the lower-stratospheric
(at 100 hPa) poleward eddy heat fluxes (Fig. 3b) and the
NAM index over different tropospheric and stratospheric levels (Fig. 3c). To diagnose wave propagation
beyond these zonal-mean metrics, we further compute
the zonal and vertical components of the wave activity
fluxes before and during each of the three different
events (Figs. 4–6).

(i) Event 1: The North American cold spell in
December 2017
Before the onset of the first North American cold
spell (event 1), the polar vortex was relatively weak
with anomalies below one standard deviation (std) but
strengthened (.1 std) during the event (Fig. 3a), consistent with the anomalously high heat fluxes (.1 std,
Fig. 3b) before the event and anomalously low heat
fluxes (,2 std, Fig. 3b) during the event. This is also
represented by the NAM index in the stratosphere,
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FIG. 2. Temperature anomalies averaged over different periods in the winter 2017/18, (a) from 26 to 31 Dec (event 1), (b) from 2 to
8 Feb (event 2), and (c) from 24 Feb to 4 Mar (event 3). For visualization purposes only areas that exceed one standard deviation
are shown.

switching from negative to positive phase during event 1
(Fig. 3c). Nine days before event 1, the height–longitude
cross sections of the wave activity fluxes (Fig. 4a, arrows) reveal a wave train stretching from the Eurasian
sector in the troposphere (508–1008E) to the Aleutian
region in the stratosphere (1808–2608E). Consistently,
the vertical phase tilt of the eddy geopotential height is
westward in these regions (Fig. 4a, contour lines) representing upward propagation of waves. At approximately
30 km height, when the waves reached the positive
eddy geopotential heights over the North Pacific, they
stopped propagating upward but instead descended and
propagated downward (see eastward phase tilt of eddy
geopotential height, Fig. 4a). Note that in the Eastern
Hemisphere a part of the wave packet was still upward
propagating. This indicates some kind of bifurcation of
the wave packet in the upper stratosphere characterized
by an upward propagation in the Eastern Hemisphere
and downward propagation in the Western Hemisphere.
This becomes also evident by the spatial patterns of the
vertical component of the wave activity fluxes at 100 hPa
level (at about 16 km altitude), showing upward wave
propagation over the North Pacific and downward wave
propagation over Canada (Fig. 4b). A few days later,
roughly 4 days before the event started, the lowerstratospheric upward-pointing wave activity fluxes intensified over the Eurasian and North Pacific sectors and
also the downward wave propagation over Canada enhanced (Figs. 4c,d) that peaked during event 1 (Figs. 4e,f).
In agreement with the downward-propagating waves,
the positive eddy geopotential heights over the North
Pacific sector, first only observed in the stratosphere
above 10 km height (Fig. 4a), descended down into the
troposphere (Figs. 4c,e), where they coincided with the
detected blocking pattern in this region [Fig. 1; see also
Kodera et al. (2013)].

The observed patterns of wave propagation are hence
overall consistent with the wave reflection mechanism
described by (Kodera et al. 2008, 2013) and the surface
impacts studied in Kretschmer et al. (2018a). As can be
seen in the WAF plots in Fig. 4, the regions of upward
and downward propagation of the planetary waves are
distinct, indicating wave reflection. To cross check this
finding, we further computed the zonal mean Eliassen–
Palm (EP) flux (Edmon et al. 1980), which confirmed the
occurrence of downward propagation below 20 km and
northward of 608N (see Fig. S1 in the online supplemental
material). Note that we discuss the detection of wave reflection in more detail below (section 3b). In summary,
waves that propagated upward over the North Pacific,
were reflected downward when reaching the stratospheric
Aleutian region. Although the zonal-mean diagnostics
revealed no significant stratospheric anomalies (Fig. 2), our
results thus indicate that the polar vortex indirectly (via
wave reflection) contributed to the North Pacific blocking
(Fig. 1b) causing the cold spell over North America.

(ii) Event 2: The North American cold spell in
February 2018
Before the second North American cold spell (event 2),
both the vortex strength, as well as the zonal-mean vertical heat fluxes were rather neutral, and also the NAM
index remained positive in the stratosphere (Fig. 3). The
longitudinal distribution of wave activity fluxes before
and during event 2 (Fig. 5), however, showed similar spatial
characteristics as for event 1 (Fig. 4). Approximately nine
days before the event start, upward wave activity fluxes into
the stratosphere were observed over large parts of Eurasia
and the North Pacific (Figs. 5a,b). As for event 1, the
Aleutian high at stratospheric levels above 10 km then
reflected these waves downward over Canada (Figs. 5a,b).
The occurrence of reflection is again confirmed by the
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FIG. 3. Evolution of different zonal-mean indices in the winter 2017/18. (a) Time series of the stratospheric polar vortex strength calculated as the zonal-mean zonal wind
at 608N and at 10 hPa. Shown are the absolute values (blue line) and the standardized
index (red dashed line). (b) Time series of the meridional heat flux averaged between
458 and 758N at 100 hPa. (c) Evolution of the northern annular mode (NAM) for different
vertical levels. In all panels, the green dashed line indicates the SSW.

zonal mean EP flux (Edmon et al. 1980), indicating
downward propagation below 20 km and northward
of 608N (see Fig. S1). Shortly after, roughly 4 days before the onset of event 2, the upward and downward
wave propagation intensified (Figs. 5c,d) and the positive eddy geopotential heights descended to the troposphere (Figs. 5c,e). This resulted in the observed North
Pacific blocking during the event (Fig. 1). Note that
compared to event 1, the patterns of eddy geopotential
heights and of vertical wave activity fluxes are slightly
eastward shifted (Figs. 4 and 5), consistent with the resulting eastward shifted North Pacific blocking pattern
during event 2 (Fig. 1).
Although both event 1 and event 2 were associated
with downward reflected waves over Canada there were
still pronounced differences between the events. In particular, the zonal-mean lower-stratospheric wave activity
was overall much stronger during event 2 than during

event 1 (Fig. 2b). Moreover, in contrast to event 1, enhanced hemisphere-wide wave activity fluxes reaching
also higher-stratospheric levels shortly before but also
during event 2 were observed (Figs. 5c,e). Thus, while
stratosphere–troposphere coupling during event 1 was
predominantly characterized by downward reflected
waves leading to North Pacific blocking, event 2 was
both associated with wave reflection over the North
Pacific and Canada but at the same time also with enhanced wave activity fluxes entering higher-stratospheric
levels thereby disturbing the vortex.

(iii) Event 3: The European cold spell in February/
March 2018
Directly after event 2, the lower-stratospheric zonalmean heat flux was strongly enhanced (.4 std; Fig. 3b),
and also the height–longitude cross sections of the wave
activity flux reveal upward fluxes across the hemisphere
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FIG. 4. Height–longitude cross sections of eddy geopotential heights (GPH, shading) and of wave activity fluxes
(WAF, arrows) both averaged over 608–708N, (a) 9 days before, (c) 4 days before, and (e) 1 day after the onset of event 1.
Contour lines are shown at 2100, 0, and 100 m eddy geopotential height to highlight the vertical tilt of ridges and troughs.
(b),(d),(f) As in (a),(c),(e), but for the vertical component of the wave activity flux at 100 hPa. Note that all quantities
have been filtered for wave 1–3 components and a 3-day mean smoothing average has been applied (see section 2).

(Figs. 6a,b). This caused a drastic weakening of the
stratospheric flow, resulting in easterly stratospheric
winds starting on February 12, and thus a major SSW
developed (see dashed green line in Fig. 3) as discussed
already by previous studies (Karpechko et al. 2018; Lee
et al. 2019). Consistent with the decelerated stratospheric
flow (Fig. 3a), the stratospheric geopotential heights
in the polar cap increased, represented by the overall
weakened eddy geopotential heights (Fig. 6a). Further,
also the NAM index became negative, with the most
pronounced anomalies descending from the stratosphere down to the troposphere (Fig. 3c). Subsequently,
4 days before event 3, wave fluxes remained upward
over Canada but overall decreased in intensity (Figs. 6c–
f), allowing the vortex to slowly recover (Fig. 3a). This is

largely consistent with a downward-propagating negative NAM, as discussed in several studies (Baldwin and
Dunkerton 2001; Hitchcock and Simpson 2014), respectively, the notion of absorbing SSWs (Kodera
et al. 2016).
In summary, the European cold spell (event 3) can
thus directly be related to the major SSW that occurred
shortly before. The SSW, caused by enhanced upward
wave activity fluxes absorbed in the stratosphere, was
followed by a negative NAM at stratospheric and tropospheric levels (Fig. 3c), coinciding with event 3. Thus,
the reversal of stratospheric winds in mid-February can
explain the formation of the pronounced North Atlantic
blocking pattern (Fig. 1) and the associated cold spell
over Europe later that month (Fig. 2c), being well in
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FIG. 5. As in Fig. 4, but for event 2.

agreement with several previous studies (e.g., Karpechko
et al. 2017; Hitchcock and Simpson 2014; Kretschmer
et al. 2018a; Kodera et al. 2016).

b. Wave reflection in the stratosphere and its impacts
on cold spells
1) CHALLENGES TO DIAGNOSE WAVE
REFLECTION EVENTS

The analyses of the evolution of daily wave activity
fluxes during winter 2017/18 revealed that wave reflection played a major role for the cold spells over North
America that winter (event 1 and 2). Yet, in contrast to
the SSW associated with event 3, the occurrence of wave
reflection before event 1 and event 2, are not evident
when considering the temporal evolution of standard
zonal-mean based indices only, such as the zonal-mean
zonal wind or the phase of the NAM (Fig. 3). Previous

studies proposed different indices and criteria to describe favorable stratospheric conditions for wave
reflection (Perlwitz and Harnik 2003; Shaw et al. 2010;
Nath et al. 2014; Kodera et al. 2008, 2013). As we
discuss below using the example of winter 2017/18, detecting the exact timing and location of wave reflection
remains, however, difficult.
Perlwitz and Harnik (2003) proposed a simple reflection index U 2210 indicating a reflective (negative) or
nonreflective (positive) basic state of the polar vortex
for a considered winter. For the winter 2017/18 (DJFM)
this index is 6.6, suggesting a nonreflective basic state,
inconsistent with the detected wave reflection events
associated with event 1 and 2. While the daily resolved
U 2210 index [see Fig. 7a; Nath et al. (2016)] is indeed
negative before and during event 2 (i.e., suggestive of a
reflective state), it is positive for event 1 and thus misses
the associated reflection event. However, this index is
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FIG. 6. As in Fig. 4, but for event 3.

also negative during the SSW in February 2018, such
that it is generally not suitable to distinguish between
SSWs and wave reflection (Harnik 2009). The daily and
longitudinally resolved version of the U2–10 index (Nath
et al. 2016) is shown in Fig. 7b for the winter 2017/18.
Before event 1, this index is negative between 2108 and
2608E, thus, approximately in the area where the wave
reflection took place (Fig. 4). Further, it shows negative
values in this region before and during event 2. Hence,
regionally resolved vertical wind shear can indeed help
to detect wave refelction, consitent with Nath et al.
(2014). Nevertheless, the negative values during SSWs
remain as an issue (Fig. 7b), making it rather impractical
to analyze intraseasonal variability of the polar vortex.
While the U 2210 index was introduced as a crude
measure to classify seasons in reflective and nonreflective
states, Perlwitz and Harnik (2003) described necessary
wind conditions for wave reflection in more detail. First,

the formation of a vertical reflective layer is required,
shown by increased curvature in the vertical profile of
the zonal-mean zonal wind at polar latitudes. Second, a
meridional waveguide is needed. This is present if a
second wind maximum in the zonal-mean zonal wind
at polar latitudes forms, resulting in increased curvature
in the meridional profile of the zonal-mean zonal wind
at middle and polar latitudes between 30 and 5 hPa
(Perlwitz and Harnik 2003). In Fig. 8 we show the vertical (Figs. 8a,b) and meridional (Figs. 8c,d) zonal-mean
zonal wind profile 4 days before event 1 and 2 (blue solid
lines) as well as their seasonal climatologies (blue
dashed lines). Motivated by the detected longitudinal
variations (Fig. 7), we further plot the wind profiles
averaged over the region 2008–2508E (orange lines in
Fig. 8), thus the region where the waves were reflected
downward (Figs. 4 and 5). Increased curvatures (see
section 2) in the wind profile are indicated by gray dots.
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FIG. 7. (a) Reflective index U 2210 as defined by Perlwitz and Harnik (2004) but calculated for
each day. (b) As in (a), but longitudinally resolved U2–10 (see Nath et al. 2014).

The vertical profiles of the zonal-mean (blue) and
regional-mean (orange) zonal winds before event 1 are
different in structure and magnitude (Fig. 8a). The
zonal-mean flow is below average and shows no strong

curvature, though there is negative wind shear at 40 km.
In contrast, the regional profile shows indeed negative
shear and strong curvature between 30 and 40 km as
well as close to average zonal winds, and resembles the

FIG. 8. (a) Vertical profiles of the 3-day mean zonal-mean zonal wind averaged between 708 and 808N (solid blue
line) during event 1 and its winter (DJF) climatology (dashed blue line) as well as the regional-mean (averaged
between 2008 and 2508E) vertical profile (solid orange line) and its winter climatology (dashed orange line). (b) As
in (a), but for event 2. (c) Meridional profiles (solid blue line) and its winter climatology (dashed blue line) of the
3-day mean zonal-mean zonal wind at 30 hPa as well as the regional-mean (averaged between 2008 and 2508E)
meridional profile (solid orange line) and its winter climatology (dashed orange line). The area of regional negative
zonal wind is highlighted by blue shading. (d) As in (c), but for event 2. In all plots, gray dots mark levels where the
curvature is above avarage (see section 2).
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FIG. 9. (a) Composite of the height–longitude cross sections of eddy geopotential heights (shading) and of wave
activity fluxes (arrows), averaged over 608–708N during the 41 reflection events (defined as consecutive days when
RINP . 1.5, see section 3b). (b) As in (a), but for the vertical component of the wave activity flux at 100 hPa.

reflective vertical profile described in Perlwitz and
Harnik (2003). The meridional profile (Fig. 8c) reveals
increased curvature at mid and polar latitudes in both
the zonal-mean (blue) and the regional mean (orange),
with the latter being more pronounced. This is thus
indicative of a waveguide between 508 and 808N, needed
for downward wave coupling but missing in the climatological mean meridional profile. Consistently, also the
wind profiles associated with event 2 show increased
curvature in the stratosphere (in both the zonal-mean
and the regional mean, Fig. 8b) and indicate a meridional waveguide between 608 and 808N (Fig. 8d). Overall,
these diagnostics thus confirm the occurrence of wave
reflection associated with event 1 and 2. Furthermore, it
highlights that considering zonal means only can miss
partially reflective stratospheric states (Fig. 8a).

2) A NOVEL REGIONAL REFLECTION INDEX
Given that existing wave reflection diagnoses either
failed in detecting the 2017/18 events or could not differentiate between wave reflection and an SSW, we here
suggest a new regional reflection index, RINP, to detect
wave reflection events over the North Pacific. It is defined as the difference between the standardized meridional eddy heat flux over Siberia (1208–1858E) and
Canada (2258–3008E) averaged between 458 and 758N at
100 hPa:
+

+

RINP 5 (y 0 T 0 )Sib 2 (y 0 T 0 )Can .

(2)

Here, y denotes the meridional wind, T denotes temperature, the prime denotes the deviation from the zonal
mean, and the asterisk indicate that the quantities have
been standardized. A wave reflection event is defined as
when the RINP exceeds 1.5 during at least ten consecutive
days. A total of 41 of such regionl reflection events are
detected over the period 1980–2019, including the wave
reflection events that accompanied the North American

cold spells in the winter 2017/18 (events 1 and 2) as discussed below in more detail. By definition, these reflection events are thus linked to above average upward wave
propagation over Siberia and simultanoues enhanced
downward propgation over Canada. The regions for this
index have been chosen based on the wave reflection
events that preceded events 1 and 2 and on the findings of
Kretschmer et al. (2018a), who showed that wave reflection in these regions strongly projects onto cold spells in
North America.
To confirm the functionality of the new RINP index,
Fig. 9 shows, in accordance with Figs. 4 and 5, composites of the wave activity flux during all 41 detected reflection events. Indeed, the longitude–height profile
reveals upward wave activity fluxes into the stratosphere
over Eurasia and the North Pacific sector, which are
reflected downward around the Aleutian heigh between
10 and 25 km, as well as downward wave propagation
over Canada (Fig. 9a). Moreover, by construction, the
vertical component of the wave activity flux at 100 hPa
shows upward propagation over Eurasia and downward
propagation over Canada (Fig. 9b). Thus, our regional
reflective index based on meridional eddy-heat fluxes at
100 hPa is suitable to detect reflecting events.
In the following we are foremost interested if the
proposed regional reflection index RINP is also associated with cold spells over North America, as suggested
by the present analysis. In this context, we first show (see
Fig. 10) the temporal evolution of RINP over the winter
2017/18 (red), together with the standardized blocking
index over the North Pacific (1508–2308E, green), and
the temperature anomalies over northeastern North
America (408–608N, 2608–2908E, blue). As expected, the
RINP is strongly increased before events 1 and 2 and
peaks approximately one week before the events started.
Furthermore, North Pacific blocking is detected and
the temperatures drop during the events (cf. to Figs. 1
and 2). During the SSW at the end of February 2018
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FIG. 10. Evolution of the regional reflective index RINP (in red), surface temperature
anomalies over northeastern North America (408–608N, 2608–2908E, in blue), and the North
Pacific blocking index (calculated over 1508–2308E, in green) over the course of the winter
2017/18.

associated with event 3, the regional reflection index
RINP is negative, hence not indicating wave reflection, in
contrast to the U2–10 index (see Fig. 7 but note the different sign of the indices). Thus, for the winter 2017/18 the
index meets our requirements.
To test if these findings can be generalized, we next
plot the composites of the same indices during all 41
detected reflecting events (Fig. 11a, see supplement for
individual winters). Lag zero marks the first day where
the reflective index RINP is equal or above the threshold
of 1.5 (red dashed line in Fig. 11). Approximately a week
after the detection of wave reflection (red shaded area),
the North Pacific blocking index becomes positive (green
line) and also temperature anomalies in North America
become negative (blue shaded area). Hence, these findings support the occurrence of wave reflection to favor
North Pacific blocking associated with cold spells over
North America, was shown by previous studies (e.g.,
Kodera et al. 2008).
Previous studies further noted, however, that the effect
of wave reflection on surface weather strongly depends
on the state of the tropospheric circulation (Kodera et al.
2013). Therefore, to study this aspect in more detail,
we next divide the 41 reflection events into those where
the temperature anomalies over North America were
positive during the event start (25 events, Fig. 11b) and
those where they were already negative (16 events,
Fig. 11c). For both event types the blocking index peaks
approximately 5 to 7 days after the reflective index but
was negative during the event start. For the former
event type, the mean temperature anomalies then
switch to negative as a result of the occurring Pacific
blocking (Fig. 11b). For the latter type the temperature
deviation become more pronounced and remain negative for several weeks after (Fig. 11c).

Overall, these results are thus supportive of a connection between wave reflection and North Pacific blocking
respectively cold spells over North America, consistent
with previous findings (Kodera et al. 2013; Kretschmer
et al. 2018a). Our analysis also suggests that reflection
events cannot only deepen and prolong a cold spell in the
troposphere (Fig. 11c) but can even trigger such an event
(Fig. 11b). Furthermore, the detected effect of wave
reflection on tropospheric circulation includes a time
lag of approximately one week, indicating the potential
to predict cold spells as well as its persistence.

4. Discussion
Consistent with previous studies we showed that different stratosphere–troposphere coupling mechanisms
result in regionally different surface impacts over Eurasia
and North America. Our case study of the winter 2017/18
further highlights that wave reflection and major SSWs
linked to wave absorption can happen in the same season,
and even in short succession as shown for event 2 and 3.
Thus, seasonal-mean indices to classify the winter polar
vortex as reflecting or absorbing respectively strong or
weak (Perlwitz and Harnik 2003), will miss these different events as well as their surface impacts. Moreover,
our results show that wave reflection can occur regionally, supporting the notion of a partially reflecting
surface (Nath et al. 2014). Zonal-mean diagnostics are
therefore likely to miss these events. Here we focused on
reflection occurring over North America, but previous
studies also documented wave reflection over Eurasia
(Kodera and Mukougawa 2017).
Previous studies indicated that not only the strength
but also the temporal length of the upward wave pulse
plays an important role for whether wave reflection or
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FIG. 11. As in Fig. 10, but averaged over (a) all detected reflecting events, (b) those
reflecting events for which the event start coincided with positive North American temperature anomalies, and (c) those coinciding with negative temperature anomalies. In all panels,
lag 0 denotes the start date of the reflection events.

an SSW to occur (Harnik 2009; Kodera et al. 2016;
Kretschmer et al. 2018a). In this context, it was proposed
that persistently enhanced upward wave activity fluxes
are linked to major SSWs, while shorter pulses of only a
few days are predominantly associated with wave reflection. Our results are generally supportive of this
statement. While strongest and most persistent fluxes
were found before and during event 2 (i.e., before the
SSW), the first event was linked to a short period of
enhances wave activity (Fig. 3b). Nevertheless, results
for event 2 show that reflection can occur during the
wave pulse leading to a SSW, indicating once more the
individual characteristics of each major SSW (Tripathi
et al. 2015). Overall, it remains thus an important task
to better understand the atmospheric conditions leading

to wave reflection and absorption. Here we restricted
ourselves in analyzing the influence of the polar vortex
on the occurrence of high-latitude blocking. However, it
is also well known that stratospheric variability can be
influenced by tropospheric preconditions (Martius et al.
2009; Cohen and Jones 2011; Smith et al. 2010). For
example, SSWs have been shown to be often preceded
by blocking in the Ural Mountain region, which via
constructive interference with the climatological wave
can lead to persistent phases of enhanced vertical wave
activity (Kretschmer et al. 2016; Feldstein and Lee
2014). Here we also detected blocking in this region
just before event 2 (Fig. 1), associated with the cold
temperatures in eastern Siberia (Fig. 2b), consistent with
previous SSWs (Lehtonen and Karpechko 2016).
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In contrast, wave reflection over the North Pacific has
been related to high pressure systems in the North
Atlantic, triggering a wave train into the stratosphere
(Kodera et al. 2013). In agreement with this hypothesis,
we find blocking around the null-meridian before event
1 and event 2 as well as a wave train stretching from
western Eurasia (around 508E) into the stratospheric
Aleutians. Nevertheless, a more comprehensive analysis
is required to assess this relationship. This includes assessing the role of the horizontal convergence of wave
activity fluxes as well as a better understanding of the
interactions of planetary and synoptic waves in the
troposphere during wave reflection events. Moreover, to
what extent for example the phase of the quasi-biennial
oscillation (QBO; Watson and Gray 2014) or tropical
Pacific variability (Polvani et al. 2017; Garfinkel and
Hartmann 2008; Domeisen et al. 2019; Barnes et al.
2019) have been favorable for the occurrence of the
midlatitude cold spells in the winter 2017/18 is further
important to understand, but was beyond the scope of
this study. Disentangling the interplay and relative
contribution of these teleconnection pathways is an
important step toward improved understanding and
prediction of winter weather and climate.

5. Summary and conclusions
Based on spatiotemporal analyses of different stratospheric wave diagnostics, we showed that the two severe
North American cold spells (event 1 and event 2) that
occurred in the winter 2017/18 were associated with
high-latitude blocking over the North Pacific. Our analysis further revealed that downward reflected planetary
waves by the stratospheric polar vortex over Canada led
to the blocking. In contrast, the European cold spell at
the end of the winter (event 3) was related to blocking in
the North Atlantic, resulting from a major SSW and a
downward-propagating negative NAM from the stratosphere. Overall, stratosphere–troposphere coupling thus
played a central role, both directly (associated with the
SSW) and indirectly (associated with the downward reflected waves), for the occurrence of the midlatitude cold
spells in this winter.
Our results further suggest that previously proposed
indices (Perlwitz and Harnik 2004; Harnik and Lindzen
2001) based on zonal-mean diagnostics to detect wave
reflection are too limited to capture these rather regional reflection events and their impacts. Here, we
proposed a novel regional reflective index, capturing
wave reflection events over the North Pacific, associated
with tropospheric blocking in this area and cold temperatures over North America. Given the involved time lag
of approximately one week, this index has the potential

VOLUME 148

to improve forecasts of North American cold spells associated with stratospheric wave reflection.
We suggest that future studies on the stratospheric
influence on tropospheric circulation should not only be
restricted to studying the drivers and impacts of SSWs
but should further consider the role of wave reflection.
Evaluating the representation of individual wave reflection events in operational forecast models will
give new insight in this context and will be important
to assess their predictability. Overall, a better understanding of stratosphere–troposphere coupling,
including its regional drivers and impacts is essential
and can pave the way for improved S2S predictions of
winter weather in the midlatitudes.
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