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WESTWARD-TILTING VERTICAL STRUCTURE OF LARGE-SCALE WAVES IN THE
STRATOSPHERE. We present observational
evidence showing that large-scale waves in the extratropical stratosphere are also characterized by
a westward-tilted vertical structure at most times,
similar to their counterparts in the troposphere. To
quantify the westward-tilted structure of the waves,
we followed Cai et al. (2014) and calculated the vertical tilting angle along the zonal direction of the wave
fields using the geopotential height and temperature
fields from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) Reanalysis 1 (NNR1) in the 66 December–February (DJF) periods during 1948–2014. As in
Cai et al. (2014), the vertical tilting angle of a single wave
is the phase difference between temperature troughs
(ridges) and geopotential height troughs (ridges) at the
same latitude. The amplitude-weighted average of the
vertical tilting angles of all waves is referred to as the
effective vertical tilting angle of the wave field. Negative
values of the tilting angle indicate vertically westwardtilted waves (i.e., temperature troughs–ridges are on
the west side of geopotential height troughs–ridges).
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As shown in Fig. ES1, the high probability (exceeding 75%) of the occurrence of negative values
of the tilting angle for planetary-scale waves (zonal
wavenumbers 1–4) in the stratosphere confirms the
dominance of the westward-tilted vertical structure
in the stratospheric wave fields. Such dominance of
the westward-tilted structure of large-scale waves
throughout the atmosphere from the surface to the
stratosphere is needed for the net poleward mass
transport aloft and net equatorward mass transport
near the surface in the extratropical portion of the
meridional mass circulation, where the zonally asymmetric circulation is dominant (note that the zonal
symmetric meridional circulation has to be ageostrophic, which is the secondary circulation pattern
in the extratropics).
COMPARISON OF THE ST60N INDEX AND
OTHER STRATOSPHERIC INDICES. In the
stratosphere, the northern annular mode (NAM) is
the most dominant recurrent pattern of the Northern Hemisphere in winter. The stratospheric NAM
index is closely related to other stratospheric indices,
such as the intensity of stratospheric polar vortex
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Fig. ES1. Probability (%) of the occurrence of a westward-tilting angle of (a)–(d) zonal wavenumbers 1–4 at
60°N during the 66 DJFs of 1948–2014. The tilting angle is derived from geopotential height and temperature
fields of NNR1 in DJF 1948–2014.

and polar stratospheric temperature anomalies. The
negative phase of the NAM corresponds to a weaker
stratospheric polar vortex with anomalously largeamplitude wavy flow surrounding the polar region
and, thus, is accompanied by a stratospheric sudden
warming event (Kuroda 2002; Zhou et al. 2002; Limpasuvan et al. 2004). In this section, we will compare
the NAM index at 50 hPa (denoted as NAM_50) with
the ST60N index in terms of their associations with
individual CAO events since 50 hPa is close to the
400-K isentropic surface over the polar region. The
daily NAM index is available online (www.nwra
.com/resumes/baldwin/nam.php), where daily NAM
indices defined at 17 pressure levels spanning from

1,000 to 10 hPa for the period from January 1958 to
July 2006 are archived. We have also constructed
the daily time series of the area-weighted averages of
temperature anomalies over the polar region on the
400-K isentropic surface as the polar stratospheric
temperature (PST) index. Positive values of the PST
index correspond to a warmer polar stratosphere,
which largely coincides with negative values of the
NAM index and vice versa, as indicated by the nearly
perfect negative correlation between them.
Displayed in Fig. ES2 are the autocorrelations of
the ST60N (black), NAM_50 (blue), and PST (red)
indices. It is seen that the decorrelation time scale
of the ST60N index is about 1 week, whereas both
the NAM_50 and PST indices have a much
longer decorrelation time scale of 3 weeks.
This suggests that both the NAM_50 and
PST indices would not have pulselike signals
and thus would not be able to directly reflect
the timing of individual CAOs. Shown in
Fig. ES3 are the lagged correlations between
the ST60N and the NAM_50 indices (blue)
and between the ST60N and PST indices
(red), with the lag time of the ST60N index
ranging from –15 to 15 days. As one may
expect, the simultaneous correlation (zero
lag) of the daily ST60N is negative with the
Fig. ES2. The autocorrelations of the NAM_50 (blue curve),
daily NAM_50 index (about –0.32) and
PST (red curve), and ST60N (black curve) indices. Dots indipositive with the daily PST index (0.18). The
cate autocorrelations above the 95% statistical significance
peak negative correlation between the ST60N
level. The statistics are obtained using data during DJF from
and NAM_50 indices is found when the lead
1958 to 2006.
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cause a substantial warming in the polar
stratosphere and a substantial weakening
of the polar stratospheric vortex (i.e.,
negative peak values of the NAM_50
index). The weakening of the westerly
polar stratospheric westerly jet associated
with the substantial polar stratospheric
warming in turn acts to suppress baroclinic wave activity in the extratropical
stratosphere, resulting in a weakening
of the poleward mass transport into the
polar stratosphere. It is then the radiative
Fig. ES3. Lag correlations of the NAM_50 (blue curve) and PST (red
cooling that cools the polar stratosphere,
curve) indices with the ST60N index. The statistics are obtained
which leads to the reversal of the polarusing data during DJF from 1958 to 2006. Dots indicate correlations
above the 95% statistical significance level.
ity of the PST anomalies (the NAM_50
index) from positive (negative) to negatime of the ST60N index is 2 days whereas the peak tive (positive) in the absence of the pulse of stronger
positive correlation between ST60N and PST oc- poleward mass transport events. Therefore, the lowcurs when the ST60N index leads by about a week. frequency nature, or the lack of pulse signals of both
The most striking feature is that despite the pulse the NAM_50 and PST indices, is a manifestation of
behavior of the ST60N index, both the negative cor- the accumulative effect of multiple pulse events of the
relation with NAM_50 and the positive correlation strong poleward mass transport into the polar stratowith PST are long lasting, even when the lead time sphere associated with development of large-amplitude
of the ST60N index is 2 weeks.
westward-tilted baroclinic waves.
The 3-week-long decorrelation time scale of the
Next, we wish to confirm that the NAM index
NAM_50 and PST indices and their long-lasting or PST index would not yield useful information
(2–3-week long) lagged correlations with the ST60N about the timing of individual CAOs because their
index, whose decorrelation time scale is only about temporal variations are dominated by low-frequency
a week, seem to indicate
a causal relation between
the ST60N index and the
NAM_50 and PST indices.
From the mass circulation
perspective, the temporal
variability of the NAM_50
and PST indices can be
viewed as a result of the
accumulative effect of the
multiple pulse events depicted by the ST60N index. In other words, each
pulse of the ST60N index
corresponds to a stronger
poleward mass transport
into the polar stratosphere,
causing a rise in the polar
stratospheric temperature
and a decrease in the stratospheric NAM index. It often
takes several consecutive
Fig. ES4. As in Fig. 3 in Cai et al. (2016), but for strong negative stratospheric
pulses of stronger poleward
NAM events. A strong negative stratospheric NAM event is defined as the
mass transport events into
period when the NAM_50 index is below –0.5 for at least n consecutive days
the polar stratosphere to
(n = 2, 3, …, 8).
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w it h longer du rat ion
times [Table ES1 versus
Table 4 in Cai et al. (2016)].
Fur t hermore, t he tota l
number of days of these
s t ron g ne g at i ve NA M
events decreases slightly as
the minimum number of
duration days (n) increases,
which is in a sharp contrast
with the results shown in
Table 4 in Cai et al. (2016),
where the total number
of days of strong ST60N
events decreases very rapidly as the minimum duration days (n). This is another way to show that most
of the strong ST60N events
only last a few days and
therefore they are pulselike
events, whereas most of
the strong negative NAM
events are long-lasting
Fig . ES5. Illustration of the procedures used for obtaining the correlation
events (8 days or longer),
score of the CFSv2 forecasts for the ST60N index shown in Fig. 5a in Cai et al.
or nonpulse events. The
(2016). (a) Lag correlations (–15 to 15 days) of the ST60N index derived from
nonpulse nature of negative
the operational CFSv2 forecasts for lead times (ordinate) ranging from days
NAM events explains why
0 to 50 with the observed ST60N index derived from the CFSR (i.e., day 0).
(b) Autocorrelations of the ST60N index for forecast lead times from day 0
it does not yield statistically
to 50. The dotted area indicates correlations or autocorrelations that are
significant information
statistically significant at the 95% confidence level.
about the timing of the
high probability of occursignals. Below, we only present the results for the rence of CAOs in the week before and after peak days
NAM_50 index, since the results for the PST index of strong negative NAM events (Fig. ES4).
are similar. We define strong negative NAM events
as NAM_50 < −0.5 (about the 70th percentile below EVALUATION OF FORECAST SKILL. In this
normal) for at least n consecutive days (n = 2, 3, …, section, we describe the method used for evaluating
8), which correspond to strong ST60N events. In com- the skill of the NCEP Climate Forecast System, verparison to its counterpart results for the ST60N index, sion 2 (CFSv2), forecasts for the ST60N, CNA, and
the number of strong negative NAM events is far less CEA indices. To facilitate an easy description of our
(about half the number for strong ST60N events) method, a generic time series of x and its forecasts
Table ES1. Total number of events and total number of days during events, as well as the average peak
intensity (in terms of standard deviation) for the consecutive negative NAM events (the NAM index at
50 hPa below –0.5) of n days (n ≥ 2, 3, …, 8) during 48 DJF periods from 1958 to 2006. For easy comparison with Table 4 in Cai et al. (2016), we present the adjusted number of events and total number of days
during events (numbers in parentheses), which are obtained by multiplying 48/66. The daily NAM index
in the period of 1958–2006 is available online (www.nwra.com/resumes/baldwin/nam.php).
n≥2

n≥3

n≥4

n≥5

n≥6

n≥7

n≥8

No. of events [M(n)]

85 (116.9)

76 (104.5)

65 (89.4)

60 (82.5)

55 (75.6)

51 (70.1)

46 (66)

Total No. of days during
events [D(n)]

1,461
(2,008.9)

1,443
(1,984.1)

1,410
(1,938.8)

1,390
(1,911.2)

1,365
(1,876.9)

1,341
(1,843.9)

1,306
(1,795.8)

Avg peak intensity [PI(n)]

–1.56

–1.57

–1.59

–1.60

–1.62

–1.63

–1.66
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are denoted as x(t; τ), where t is time and τ is forecast
lead time, with τ = 0 representing the observation.
The skill of the forecasts for x at a lead time τ can
be evaluated by the temporal correlation between
x(t; τ = 0) and x(t; τ > 0). As indicated in Fig. 4a in
Cai et al. (2016), the forecasted ST60N index has a
pronounced delay timing error at lead times beyond
2 weeks. Despite this shortcoming, it still faithfully
captures both the general pattern of the temporal
evolution and the magnitude of the observed ST60N
index. Therefore, we need to factor out this timing
error in order to best utilize the useful prediction
information provided by the CFSv2 forecasts (for
the STN60 index, the useful information includes
the general pattern of its temporal evolution and
magnitude at a lead time of 2 weeks or longer). To
achieve this goal, we first calculate the correlations
between x(t; τ = 0) and x(t + t0; τ > 0) with t0 ranging
from –15 to 15 days, denoted as r(τ; t0). Obviously,
r(τ; t0 = 0) is the conventional correlation score of
the forecasts for the observation x(t; τ = 0) at a lead
time τ. However, large positive values of r(τ; t0 ≠ 0)
by themselves are not indicative of otherwise reliable
forecasts for x(t; τ = 0) except for a delay timing error
of t0. This is because even a forecast with no timing
error can still have large positive values of less than 1
for r(τ; t0 ≠ 0) as long as |t0| is much shorter than the
decorrelation time of the time series itself. Therefore,
we need to remove the autocorrelation information of
the time series of x(t; τ) for each τ from r(τ; t0) in order
to retrieve the forecast skill information. For an easy
reference, we denote the autocorrelation information
of the time series of x(t; τ) at lead time t0 as a(τ; t0).
Note that a(τ = 0; t0) = r(τ = 0; t0), corresponding to
the autocorrelation of the time series of x(t; τ = 0) at
lead time t0. We are now ready to define a correlation
score, R(τ; t0), to offset the timing error in forecasts
of x(t; τ = 0):
R(τ; t0) = r(τ; t0) – |a(τ; t0) – a(τ = 0; t0)|, (ES1)
where the term |a(τ; t0) – a(τ = 0; t0)| is the absolute
value of the difference between the autocorrelations of the forecasts and that of the observations.
The nonnegative property of this term ensures
that there is no artificial gain in R(τ; t 0) from
r(τ; t 0) when the observed autocorrelation information is removed from r(τ; t 0). The correlation
score R(τ; t 0) possesses the following three features: 1) R(τ = 0; t0) = α(τ = 0; t0) = r(τ = 0; t0); 2)
because a(τ; t 0 = 0) = 1 for all τ including τ = 0,
R(τ; t0 = 0)= r(τ; t0 = 0), which is the conventional
correlation score of the forecasts for x(t; τ = 0); and 3)
AMERICAN METEOROLOGICAL SOCIETY

Fig. ES6. As in Fig. 5a in Cai et al. (2016), but for the
hypothetical forecasts for the ST60N index (see the
text for details). The dotted area indicates correlations
statistically significant at the 95% confidence level.

R(τ; t0 = tf) = 1 for an otherwise perfect forecast, except
for a timing error of t f days (i.e., the same temporal
evolution with a(τ; t0) = a(τ = 0; t0) but being shifted
by t f days). For this reason, we refer to t0 as the lagged
verification time, meaning that the forecasts for t + t0
are verified at time t.
We next illustrate the procedures followed for
obtaining the correlation score of the CFSv2 forecasts
for the ST60N index shown in Fig. 5a in Cai et al.
(2016). The same procedures are used for obtaining
the correlation scores of the CFSv2 forecasts for the
CNA [Fig. 5b in Cai et al. (2016)] and CEA [Fig. 5c in
Cai et al. (2016)] indices. Shown in Fig. ES5a is r(τ; t0)
for the ST60N index. The rapid decrease of r(τ; t0 = 0)
after τ > (1 week) indicates the degradation of the
CFSv2 skill in predicting the ST60N index in the conventional sense. But the fact that r(τ, t0 = 0) remains
above zero even at τ > 30 days suggests that even in
the conventional sense, CFSv2 still has some skill in
predicting the ST60N index at such a long lead time.
It is also seen that r(τ; t0) tends to be small or negative
as the lagged verification time t0 moves from 0 to a
negative value, whereas r(τ; t0) tends to increase first,
before decreasing again as t0 moves from 0 to a positive value for large values of τ. This seems to suggest
that the degradation of r(τ; t0 = 0) with τ could in part
AUGUST 2016
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of R(τ; t 0) can rightly be
regarded as the correlation
score of the forecasts.

Fig. ES7. Lag correlations (–15 to 15 days) of the ST60N_330K index with the
ST60N index in the 66 DJFs from Dec 1948 to Feb 2014. Dots denote correlations above the 95% significance level.

be due to a timing delay error, as indicated by Fig. 4a
in Cai et al. (2016). Nevertheless, one cannot simply
take the full value of the maximum positive r(τ; t0)
at t f as the score after factoring out the timing error
since it also reflects the autocorrelation signal of the
ST60N index itself. The autocorrelation derived from
the CFSv2 forecasts for ST60N shows a shorter decorrelation time scale than that observed (Fig. ES5b) at
most of the lead times. Figure 5a in Cai et al. (2016)
is obtained by applying (ES1) to the results shown in
Figs. ES5a,b. According to the explanation above, we
can identify the first t0 close to 0 (or at 0) for each τ,
yielding a local maximum positive value of R(τ; t0).
Based on the third feature above, such t0 corresponds
to t f and the corresponding R(τ; t f) can be regarded as
the correlation score of the forecasts for the ST60N
index at lead time τ after taking a delay timing error
of t f days into consideration. This interpretation of
R(τ; t0) shown in Fig. 5a in Cai et al. (2016) can be
validated by considering perfect forecasts of ST60N
at all τ except for timing delay errors. The correlation score of such hypothetical forecasts for ST60N
is shown in Fig. ES6. The similarity of the pattern
shown in Fig. 5a from Cai et al. (2016) with that in
Fig. ES6 confirms that the local positive maximum

ADDITIONAL SUPPORTING EVIDENCE
FOR THE CHOICE OF
THE ST60N INDEX.
In this section, we provide
supporting evidence for the
justification as to why the
ST60N index is our preferred choice for predicting
cold-air outbreaks 1 month
in advance. The supporting evidence is presented
in a question and answer
format.

Is the ST60N index representative of day-to-day variations of the poleward mass circulation into the polar
stratosphere? The ST60N index measures the daily
total poleward mass transport above 400 K across
60°N into the polar stratosphere. On average, the layer
above 400 K loosely corresponds to the atmospheric
layer over the polar region above 125 hPa in winter,
accounting for only 56% of the air mass of the winter
polar stratosphere. The isentropic surface at 330 K, on
average, is at 225 hPa over the polar region in winter,
very close to the tropopause level there. Therefore,
the mass transport above 330 K measures the total
mass transport across 60°N (denoted as ST60N_330K
hereafter) into the polar stratosphere more completely
than that measured by the ST60N index. We have
calculated the daily ST60N_330K index for the 66
DJF periods by applying (1) from Cai et al. (2016)
with Θn = 330 K to the NNR1 dataset. We follow the
same procedure to detect “pulse” events defined as
cases where ST60N_330K is above the 70th percentile.
Table ES2 is the counterpart to Table 4 in Cai et al.
(2016) but for ST60N_330K. By definition, the magnitude of ST60N_330K is larger than that of ST60N.
Nevertheless, the temporal evolution of ST60N is
nearly synchronized with ST60N_330K except for a

Table ES2. Total number of events, total number of days during events, and average peak intensity
(109 kg s –1) for the consecutive strong ST60N_330K events (ST60N_330K above the 70th percentile) of
n days (n ≥ 2, 3, …, 8) during the 66 DJF periods.
n≥2
No. of events

n≥3

n≥4

n≥5

n≥6

n≥7

n≥8

248

195

167

143

126

108

77

Total No. of days during events

1,664

1,558

1,474

1,378

1,293

1,185

968

Avg peak intensity

12.54

12.88

13.09

13.27

13.38

13.48

13.71
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index. The time series of
the ST60N_330K index,
derived from the CFSv2
forecasts, shows a temporal
evolution that is similar to
the observation at nearly
all lead times: namely, a
below-normal mass transport during most parts
of December and significantly above-normal mass
transport in January and
early February. Beyond
2 week s , howe ver, t he
CFSv2 forecasts underestimate the intensity of
the ST60N_330K index.
In addition, the temporal
evolution of ST60N_330K
in CFSv2 forecasts becomes
less coherent besides the
timing errors. The relativeFig. ES8. As in Fig. 3 in Cai et al. (2016), but for strong stratospheric circulation events defined from the ST60N_330K index.
ly poorer skill of the CFSv2
forecasts for ST60N_330K
lag of a few days as indicated by the lead–lag correla- than for ST60N at lead times beyond 2 weeks can be
tion between the two time series shown in Fig. ES7. confirmed by comparing Fig. ES10a with Fig. 5a in
The results shown in Fig. ES8 further confirm that Cai et al. (2016).
both the timing and probability of cold-air outbreaks
We have also systematically evaluated the skill
with respect to the peak dates of stronger mass trans- of CFSv2 forecasts for indices measuring poleward
port into the polar stratosphere can be captured by mass transport above other isentropic surfaces into
ST60N, despite the fact that the ST60N index accounts
for only part of the total airmass transport into the
polar stratosphere. Therefore, the day-to-day variation of the ST60N index is representative of the dayto-day variation of the total poleward mass transport
into the polar stratosphere and it does capture the
general statistical relationship between the poleward
mass circulation into the polar stratosphere and coldair outbreaks.
Why is ST60N the preferred choice of stratospheric mass
circulation indices for forecasts of cold-air outbreaks? As
revealed in Fig. 3 in Cai et al. (2016) and Fig. ES8, the
lead–lag signal of the stratospheric mass circulation
indices for cold-air outbreaks is only within a short
time period from 1 week before to 1 to 2 weeks after a
stronger mass circulation into the polar stratosphere.
Therefore, such a statistical relation is not very helpful for forecasting cold-air outbreaks 30–50 days
in advance unless these circulation indices can be
reasonably well predicted at least out of 30 days in
advance. Figure ES9 shows the equivalent results of
Fig. 4a in Cai et al. (2016) but for the ST60N_330K
AMERICAN METEOROLOGICAL SOCIETY

F ig . ES9. Variations of ST60N_330K (10 9 kg s –1) as
a function of verification time (abscissa) during the
2013/14 winter and forecast lead time (ordinate). Day
0 in the lead time corresponds to the initial conditions
of the CFSv2 forecasts. The white shading corresponds
to the climatological value of ST60N_330K derived
from the CFSR data.
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(Cai and Shin 2014). In the
extratropics, the poleward
mass transpor t a lof t is
coupled simultaneously
with the equatorward mass
transport in the lower troposphere, which has been
uniquely attributed to the
wave dynamics of baroclinic instability (Johnson 1989). Therefore, the
u nderly i ng dy na m ic a l
mecha nism for t he robust association of cold-air
outbreaks with the stratospheric mass circulation
is through the simultaneous coupling between
the warm- and cold-air
branches. The timing and
intensity of cold-air outbreaks in midlatitudes are
directly related to anomalous equatorward disFig. ES10. The correlation score evaluated according to (4) in Cai et al. (2016)
charges of polar cold air
for (a) ST60N_330K and (b) ST60N_450K as a function of forecast lead time
(ordinate) and lagged verification time (abscissa).
(Yu et al. 2015). However,
not all stronger circulathe polar stratosphere during the 2013/14 winter. It is tions in the two branches are accompanied by stronfound that the CFSv2 forecasts for mass circulation ger stratospheric mass circulation patterns. In other
indices above 400 K or higher are equally reliable words, some cold-air outbreaks may not necessarily
in the range of 20–40 days. Figure ES10b shows the be accompanied by strong stratospheric mass circuequivalent results of Fig. 5a in Cai et al. (2016) but lations although they are associated with stronger
for the mass transport into the polar stratosphere tropospheric mass circulations. For example, there
above 450 K (the ST60N_450K index). It can be seen was a strong cold-air outbreak episode over North
that the correlation skill of the CFSv2 forecasts for America during 10–20 December 2013. AccompaST60N_450K is even slightly better than that for nying this cold-air outbreak episode, there was an
ST60N. The same conclusion can be reached for anomalously strong mass circulation episode in the
Θn = 500 K and Θn = 550 K. However, the layer above lower troposphere in the same period as indicated in
450 K or higher accounts for less than 30% of the air Fig. ES11. However, the stratospheric mass circulamass in the winter polar stratosphere. In addition, tion in this period was actually below normal [Fig. 2a
the CFSv2 model has fewer levels for the isentropic in Cai et al. (2016) and Fig. ES9]. Shown in Fig. ES11
surface above 450 K. In summary, we conclude that is the total equatorward airmass transport across
the ST60N index is an optimum choice for cold-air 60°N in the cold-air branch (denoted as CB60N)
outbreaks forecasts because it has a robust statistical as a function of verification time and forecast lead
relation with cold-air outbreaks and can be predicted time for DJF 2013/14. It can be seen that the temporal
with useful skill up to a lead time of 40 days by op- pattern of CB60N in the observations is no longer
erational weather forecast models.
identifiable in the CFSv2 forecasts beyond 2 weeks.
This example shows that current operational foreWhy do we not use lower-troposphere mass circula- cast models cannot capture the temporal evolution
tion indices for forecasts of cold-air outbreaks? The of the tropospheric mass circulation faithfully at
stratospheric mass transport is only a fractional longer lead times. Therefore, although the tropopart (about 10%) of the total transport in the pole- spheric mass circulation indices, such as CB60N,
ward warm-air branch in the upper atmosphere would be a better indicator of cold-air outbreaks
ES176 |
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Fig. ES11. Variation of CB60N (109 kg s –1) as a function
of verification time (abscissa) during the 2013/14 winter
and forecast lead time (ordinate). Day 0 in the lead
time corresponds to the initial conditions of the CFSv2
forecasts. The white shading corresponds to the climatological value of CB60N derived from the CFSR data.

as far as the statistical diagnosis is concerned, we
cannot use it to predict cold-air outbreaks at a lead
time longer than 2 weeks.
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