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ABSTRACT

During boreal winter, the climatological stationary wave plays a key role in the poleward transport of heat
in mid- and high latitudes. Latent heating is an important driver of boreal-winter stationary waves. In this
study, the temporal relationship between tropical and extratropical heating and transient-stationary wave
interference is investigated by performing observational data analyses and idealized model experiments. In
line with stationary wave theory, the observed heating anomaly fields during constructive interference events
have a spatial structure that reinforces the zonal asymmetry of the climatological heating field. The obser-
vational analysis shows that about 10 days prior to constructive interference events, tropical heating anom-
alies are established, and within 1 week North Pacific and then North Atlantic heating anomalies follow. This
result suggests that constructive interference involves a heating—circulation relay: tropical latent heating
drives circulation anomalies that transport moisture in such a manner as to increase latent heating in the
North Pacific; circulation anomalies driven by this North Pacific heating similarly lead to enhanced latent
heating in the North Atlantic. This heating—circulation relay picture is supported by initial-value model
calculations in which the observed heating anomalies are used to drive model circulations. Our results also
show that the constructive interference driven by both tropical and extratropical diabatic heating generates a
relatively large-amplitude wave in high latitudes and leads to particularly prolonged Arctic warming episodes,
whereas when both the tropical and extratropical diabatic heating are weak, constructive interference is
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confined to midlatitudes and does not lead to Arctic warming.

1. Introduction

The planetary-scale stationary wave plays an impor-
tant role for regulating weather and climate in the
Northern Hemisphere extratropics during the winter.
Constructive interference with transient waves accen-
tuates the effect of the stationary wave. In particular, it
has been shown that stationary-transient wave con-
structive interference plays an important role in the
extratropical response to tropical forcing (Fletcher and
Kushner 2011; Smith et al. 2011; Garfinkel et al. 2012;
Goss et al. 2016, hereafter GFL). It has been proposed
that constructive interference is also likely to play a
crucial role in maintaining equable climate conditions
(i.e., where the equator-to-pole temperature gradient is
relatively weak) even during winter (Lee 2012, 2014).
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The basis of this equable climate theory is that the sta-
tionary wave is a major contributor to the poleward energy
flux in mid- to high latitudes during boreal winter (Peixoto
and Oort 1992); zonal asymmetry in the climatological
tropical latent heating, while independent of the equator-
to-pole temperature gradient, is important for forcing the
stationary wave (Hoskins and Karoly 1981; Ting and Held
1990; Ting 1996; Held et al. 2002; Chang 2009); and there
is a large untapped reservoir of zonal available potential
energy (Lorenz 1955), which in principle can be unleashed
by disturbances from outside of the extratropical baroclinic
zone, such as the tropics (Lee 2014).

GFL hypothesized that constructive interference would
be preceded by tropical heating anomalies that reinforce
the climatological zonal asymmetry, and that it would be
followed by anomalous warming in high latitudes. To test
this hypothesis, GFL constructed an index, referred to as

Publisher’s Note: This article was revised on 20 August 2019 to
correct an error in a citation in section 2a.

© 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).

2617

020z Jequiaidag zo uo 3sanb Aq pd-L L 2£0-8L-P-SEl/80 L ¥/ 8/ . L 9Z/6/9./4Pd-8l0ne/sel/Bi0-00s)eWe s|euInolj/:dpy woly papeojumoq


https://doi.org/10.1175/JAS-D-18-0371.s1
mailto:mup65@psu.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

2618 JOURNAL OF THE ATMOSPHERIC SCIENCES

the stationary wave index (SWI), which is positive (nega-
tive) for constructive (destructive) interference that mea-
sures the degree to which the instantaneous daily 300-hPa
streamfunction field matches with its winter climatology. It
was found that the SWI tends to be positive 7-10 days after
an enhanced warm pool convection, which enhances the
zonal asymmetry of the climatological heating field in the
tropics. Positive SWI days are typically followed by Arctic
warming 8-10days later. Examining the stationary wave
responses to individual forcing terms, presented by Held
et al. (2002), we find that the responses to diabatic heating
fields—tropical and extratropical heating individually—
exhibit circulation patterns that promote warmth in the
Arctic. Specifically, the wave solutions are composed of a
southerly flow over the Bering Strait and Greenland and
Norwegian Seas where most of the warm, moist air in-
trusions occur (Woods et al. 2013; Baggett et al. 2016;
Woods and Caballero 2016). The southerly flow is especially
prominent in the response to the extratropical heating.

Extratropical heating and tropical heating are unlikely
to be independent of each other, however. The results of
Baggett et al. (2016) raise the possibility that tropical
heating leads to Arctic warming not just by its direct ex-
citation of poleward and upward propagating planetary-
scale waves, but also by amplification of these planetary-
scale waves through tropically induced extratropical dia-
batic heating anomaly. Therefore, we hypothesize that
during SWI days, there is a latent heat—circulation relay
process that takes place as follows: tropical latent heating
anomalies excite extratropical circulation anomalies; the
extratropical circulation then drives extratropical latent
heating anomalies by transporting moisture; the resulting
extratropical latent heating, in turn, drives additional
extratropical circulation. This hypothesized sequence is
somewhat akin to how a hybrid vehicle operates in the
sense that the tropical latent heating is analogous to
gasoline fuel put into the vehicle and the extratropical
latent heating is analogous to electric power generated by
running the vehicle. This hypothesis of a latent heat—
circulation relay is also supported by the studies of
Willison et al. (2013) and Papritz and Spengler (2015) who
showed that enhanced synoptic-scale wave activity is of-
ten associated with additional latent heat release.

In this study, we test the relay hypothesis in the context
of the SWI by performing observational analyses and
initial-value model calculations. Specifically, we address
the following two questions: 1) During SWI events, what
circulation and temperature anomalies are induced by
the individual heating anomalies over the tropics and
extratropics? 2) During SWI events, is there any evidence
that tropical heating anomalies lead the extratropical
heating anomalies, and then the stationary—transient wave
interference? In section 2, we describe the data, analysis
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methods, and the setup of the idealized model experiments.
The results of our observational analyses are presented
in section 3, while the model results are discussed in
section 4. Last, section 5 provides a discussion and summary.

2. Data and methods
a. Data

Daily data of zonal wind, meridional wind, tempera-
ture, specific humidity, vertically integrated eastward/
northward moisture flux, and surface pressure have
been acquired from European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim; Dee et al. 2011). All variables are on a
grid with 2.5° X 2.5° horizontal resolution and with
23 pressure levels, except for the vertically integrated
moisture flux and surface pressure. The time period
examined here is December-February (DJF) for
years 1979-2014. For our study, latent heating gen-
erated by convection and large-scale condensation are
important variables. Because these individual latent heat-
ing variables are unavailable in the ERA-Interim data,
we use diabatic heating data provided by the Japanese
55-year Reanalysis (JRA-55; Kobayashi et al. 2015) with a
2.5° X 2.5° horizontal resolution and 37 pressure levels.

There are differences in the climatological diabatic
heating among different reanalysis datasets (Ling and
Zhang 2013; Wright and Fueglistaler 2013). However,
Clark and Feldstein (2019, manuscript submitted to
J. Atmos. Sci.) show excellent agreement in non-
radiative diabatic heating between ERA-Interim and
JRA-55 in their North Atlantic Oscillation (NAO)
composites. This comparison is possible because the
ERA-Interim provides total diabatic heating and ra-
diative heating; nonradiative diabatic heating was
computed by subtracting radiative heating from the
total diabatic heating. In the JRA-55 data, the non-
radiative diabatic heating was computed by summing the
convective heating Q. large-scale condensational heating
Ourg, and subgrid-scale vertical diffusion. Also, Zhang et al.
(2017) calculated the composite values of nonradiative
diabatic heating against outgoing longwave radiation over
the western Pacific at 400 hPa from ERA-Interim, JRA-55,
and the Modern-Era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2), and found that
the agreement between ERA-Interim and JRA-55 stood
out. As a further test to ascertain that our results are in-
sensitive to the choice of the dataset, we computed the
stationary wave index (defined in section 2b) using JRA-55
and compared it with the same index computed using the
ERA-Interim data. The correlation coefficient between
the two time series turned out to be 0.964. In addition, the
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300-hPa streamfunction anomaly composites (not shown)
from the JRA-55 dataset are essentially indistinguishable
from those from the ERA-Interim (Fig. 1). These results
lend confidence that JRA-55 Q. + Qi can be used to
investigate the relationship between the latent heating and
the circulation.

b. Stationary wave index and diabatic heating index

Following GFL, we employ the projection method
of Feldstein (2002) to quantify the intensity of wave
interference:

DXV, 0., NWEA,, 6,,d) cosd
Py (1) = -

: — 3 (1)
ZZ‘P*(A[: 0., d)” cosf
i

where Psw(f) represents the projection time series of
stationary wave for a specific day ¢, and d is determined by
converting ¢ to the corresponding day of the year; ¥ in-
dicates the annual cycle, obtained by calculating the
calendar-day mean of the 300-hPa streamfunction ¥, and
W* denotes the zonal-mean removed annual cycle, thus
the 300-hPa climatological stationary wave. The variables
A and 6 represent the longitude at zonal grid point i and
the latitude at meridional grid point j, respectively. We
calculate the daily 300-hPa streamfunction anomalies W’
by subtracting the annual cycle ¥ from the daily 300-hPa
streamfunction W. If there is constructive (destructive)
interference at a given day, the projection value is posi-
tive (negative). More details on calculating the climato-
logical streamfunction can be found in GFL. Finally,
Pgsw(t) is normalized by its standard deviation during DJF
to generate the daily SWL

In a manner similar to that for the SWI construction, a
daily projection time series for tropical, North Pacific, and
North Atlantic latent heating anomalies are computed by
using the following Eq. (2). For the sake of conciseness,
henceforth, we use the term heating to refer to the sum-
mation of Q.,, and Qy,, vertically averaged (pressure
weighted) from 950 to 150 hPa, and denoted by QO:

ZZQ,(/\p 0/7 t)QSWI()\i’ 6]) cosf
PQ([) = A 2
2204w 6,)" cosf
i

)

where Q' is the daily diabatic heating anomaly field
obtained by subtracting the smoothed calendar-day cli-
matology of Q to remove the seasonal cycle. The Qgwy is
the time average of the anomalous heating field during the
days when either constructive interference (SWI > 1.0,
hereafter SWI+) or destructive interference (SWI < —1.0,
hereafter SWI—) occurs.
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For the projection domains (A;, 6;), we define the tropics
as 30°S-30°N, 0°-360°E, and the North Pacific (North
Atlantic) domain as latitudes between 30° and 70°N (30°
and 80°N) and longitudes between 150° and 260°E (280°
and 360°E). The North Pacific (North Atlantic) domain is
indicated by the yellow (green) box in Fig. 1j. As was
shown by GFL, tropical diabatic heating associated with
the SWI tends to peak during lag days —10 to O relative to
the peak of SWI, where lag day 0 corresponds to the days
when SWI exceeds one standard deviation. Therefore, for
the tropical domain, Qswr is obtained by averaging the
anomalous heating field from lag days —10 to 0. Figure 1
show that organized extratropical heating anomalies tend
to become established several days after the warm pool
heating. For the North Pacific (North Atlantic) domain,
QOswi is obtained by averaging from lag days —6 to 0 (lag
days —6 to +3). Once again, the resulting daily projection
time series from Eq. (2) are normalized, and the results are
referred to as the tropical heating index, which is denoted
as 77 (77) if Qswi is the tropical heating anomalies
during the SWI+ (SWI—) days. Similarly, if Qsw; is the
North Pacific heating anomalies during the SWI+ (SWI-)
days the normalized projection is referred to as the North
Pacific heating index, and denoted as P* (P7); for the
North Atlantic heating anomalies, the resulting indices are
denoted as A" (A7) for SWI+ (SWI—) days. The time
evolution of daily heating indices relative to the daily SWI
is presented in Fig. 2. Consistent with the aforementioned
temporal behavior of the regional heating, which is based
on a visual inspection of Fig. 1, Fig. 2a (for SWI+) and
Fig. 2b (for SWI—) show that tropical heating anomalies
lead the extratropical anomalies by about 5 days.

c¢. Binning procedure—based heating indices

Last, to answer the first question posed in section 1,
we divided the SWI days into multiple bins by sorting
them based on the magnitude of the three heating in-
dices. Because tropical heating anomalies occur first
(Fig. 2), the tropical heating index is used as the first
criterion for creating the bins. For example, all SWI+
days are divided into three bins, with the first bin cor-
responding to those SWI+ days with the top one-third
of the 77 values, and the second and third bin corre-
sponding to SWI+ days with the middle and bottom
one-third of the 7" values, respectively. We denote the
first bin as 7 ; and the third bin as 7 ;, where the sub-
script T (B) stands for top (bottom) one-third. The
results for the second bin show characteristics that are
between those of the first and third bins; hence, they are
not presented.

The North Pacific (Atlantic) domain is then used as
the second (third) criterion. For these extratropical
heating criteria, only two bins are used to retain a
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Lag-composites of PSI300 and Diabatic heating during SWI > 1.0 (502 days)
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FIG. 1. (a)—(g) Total 300-hPa streamfunction (contours, interval of 1.5 X 10’m*s™') and anomalies
(shading), and (h)—(n) vertically averaged latent heating anomalies during the SWI+ days. Dotted areas
indicate statistical significance at the 10% level. Statistical significance is evaluated by employing a Monte
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TABLE 1. Acronym definitions after binning procedures and the number of DJF days in each bin out of 3249 all DJF days.

Acronym Definition Number of days Number of events
SWI+ SWI greater than 1.0 502 —
SWI— SWI less than —1.0 468 —
Er|T7 Top one-half of extratropical heating bin among top one-third of 41 20
tropical heating bin during SWI+ days

Ep|T5 Bottom one-half of extratropical heating bin among top one-third 41 26
of tropical heating bin during SWI+ days

Er|Ty Top one-half of extratropical heating bin among bottom one-third 41 24
of tropical heating bin during SWI+ days

Ep|T5 Bottom one-half of extratropical heating bin among bottom 41 26
one-third of tropical heating bin during SWI+ days

Er|T; Top one-half of extratropical heating bin among top one-third of 39 15
tropical heating bin during SWI— days

Eg|T; Bottom one-half of extratropical heating bin among top one-third 39 21
of tropical heating bin during SWI— days

Er|Tg Top one-half of extratropical heating bin among bottom one-third 39 21
of tropical heating bin during SWI— days

E|T, Bottom one-half of extratropical heating bin among bottom 39 22

one-third of tropical heating bin during SWI— days

sufficient number of SWI days in each of the bins; within
the 7, bin, the SWI+ days are divided into two addi-
tional bins ranked by P. This procedure generates two
secondary bins P7|7 ;. and Pg|7 ;, where A|B denotes
condition A at given condition B. For example, Pr|7T ;
denotes the top one-half of Pacific heating days among
the top one-third of tropical heating SWI+ days. The
P7|T; bin is further divided into two additional bins
according to the Atlantic heating index: A7|P7|7; and
Apg|Pr|T;, where the former (latter) denotes the top
(bottom) one-half of Atlantic heating days in the P7|7 ;
bin. Ultimately, this procedure yields four tertiary bins
for the 7 bin: Az|Pr|T 5, Ag|Pr|T;, Ar|Ps|T 7, and
Apg|Pp|T ;. The behavior of the SWI+ days in all four
bins are worthy of investigation, but to address the
questions raised in section 1, our analysis will be limited
to Ar|Pr|T; and Ap|Ps|T ; bins. If the Atlantic heating
index is used as the second criterion to create Pr|A7|7 ;
and Pg|A|T ; bins, the SWI+ days that belong to these
bins overlap with the SWI+ days in A7|Pr|T; and
Apg|Pp|T; by 95% and 87.5%, respectively, indicating
that the membership of the SWI+ days is qualitatively
insensitive to the order that the Pacific and Atlantic
heating criteria are applied. Therefore, henceforth we
denote Ar|Pr|T; as Er|T, and Ag|Ps|T; as Eg|7T 7,
where E stands for extratropics. The same procedure is
applied to 75, yielding four tertiary bins. For our pur-
pose, again, Ar|Pr|7 ; and Ag|Ps|T  bins are analyzed,
which will be denoted as Ef|7, and Ep|T, bins,
respectively.

Summarizing the binning procedure, SWI+ days are
divided into multiple bins and, among these bins, we
analyze E7|7T 7, Ep|T 7, Er|Tj;, and Ep|T j; bins. These

four bins, respectively, represent the SWI+ days when
both tropical and extratropical heating are relatively
strong, the SWI+ days when tropical heating is strong
and extratropical heating is weak, the SWI+ days when
tropical heating is weak and extratropical heating is
strong, and the SWI+ days when both tropical and ex-
tratropical heating are weak. Using the same procedure,
SWI- days are also divided into multiple bins and four of
those bins are examined: E7|7 5, Eg|T ;, E7|T 5, and
Eg|T ;. The criteria of the eight bins analyzed in this
study are summarized in Table 1.

For the purpose of analyzing time sequence of
events, we identify individual events based on the fol-
lowing procedures. For each bin, an SWI event is de-
fined as a 15-day time interval that contains at least
one SWI day that satisfies the binning criteria and the
day of the maximum (or minimum for destructive
interference) SWI value. The eighth day within the
15-day interval coincides with the maximum or minimum
SWI value, and is defined as the SWI lag 0 days. With this
definition, consecutive SWI events are separated from
each other by at least 7 days. For the statistical significance
of the composite values presented in Figs. 1-5, Monte
Carlo simulations are performed. For composites
based on N number of events, we generated 1000
composites, with each composite consisting of N ran-
domly chosen events with each event having a time
interval extending from lag —10 to lag +10 days (Fig. 1)
and from lag —20 to lag +20days (Figs. 2-5). A null
distribution was then constructed from the 1000 ran-
dom composites for each lag day, and the p value of the
observed composite was computed based on the dis-
tribution. Again following GFL, to account for the fact
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that the consecutive days are not independent of each
other, for Fig. 1, we divided N number of days by 3.38
and rounded to the nearest integer. In Fig. 1, the
stippled region indicates statistical significance at the
p < 0.10 level, while in Figs. 2-5, the p < 0.05 level is
indicated.

d. Model experiment setup

To test the causal relationships that emerge from our
diagnostic analyses, we utilize the spectral dynamic core
from the NOAA Geophysical Fluid Dynamics Labora-
tory (GFDL). The same model setup as in Baggett et al.
(2016) is used in this study: a horizontal resolution of
triangular 42, a vertical resolution of 28 sigma levels, a
damping time scale of 0.1 days at its smallest scale for a
fourth-order horizontal diffusion, Newtonian cooling,
and Rayleigh friction parameterized as in Held and
Suarez (1994). The climatological DJF values of zonal
wind, meridional wind, temperature, and surface pres-
sure are used as the initial background state. For passive
tracer experiments, we use the zonal-mean climatolog-
ical specific humidity field. To ensure that the zonally
varying DJF climatological state is a solution to the
model equations, we add a forcing term that is obtained
by integrating the model by one time step starting from
the climatological state. This forcing term prevents the
model from drifting from the initial state (the DJF cli-
matological state) unless additional forcing (e.g., dia-
batic heating) is added. Additional details on the model
setup and limitations can be found in Franzke et al.
(2004). In the control experiment, the model is integrated
without any additional forcing, whereas for perturbation
experiments, the model is forced by time-dependent (lag
days —10 to +7) E7|T; composite heating (Fig. 3a): at
model day 1, the forcing incorporated into the model
integration is the lag day —10 composite; at model day 2,
the forcing is lag day —9 composite, and so on. Each
model experiment was run for 25days. The diabatic
heating composites, computed at the JRA-55’s 37 pres-
sure levels, are interpolated into model’s 28 sigma levels.

3. Observational analysis

a. Relationship between circulation and heating
anomalies during SWI

We first examine the 300-hPa streamfunction evolution
for SWI+ days (Figs. 1a-g). Because GFL provides a de-
tailed description of the same fields, we present just a few
key highlights pertinent to this study. It can be seen that
the streamfunction anomalies (shading) in Fig. 1 grow and
decay over a period of about two weeks. For the SWI+, by
construction, the positive (negative) anomalies coincide
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with the climatological ridges (troughs). The opposite is
the case for the SWI composites (see Fig. S1 in the online
supplemental material). Poleward of 50°N, there are two
ridges, one centered at the eastern end of Gulf of Alaska
and the other centered over the British Isles. As such, as-
sociated with these ridges, there are southerly flows over
the two ocean corridors to the Arctic Ocean, one over
the Bering Sea and the other over the Norwegian Sea.
Figures 1h-n illustrate the composite heating anom-
alies during SWI+ days. When there is constructive in-
terference, consistent with GFL, there is enhanced
warm-pool convection and suppressed convection in
central tropical Pacific, reinforcing the zonal asymmetry
of the climatological heating field. In the extratropics,
which was not examined by GFL, a positive anomaly is
seen over the central North Pacific, while a negative
anomaly is found over the eastern North Pacific and
western North America. These heating anomalies ap-
pear at lag day —6 and dissipate during positive lag days
(Figs. li-m). We also see heating anomalies over the
northeastern Atlantic and cooling over subtropical
Atlantic shortly after the North Pacific heating is excited.
In the case of destructive interference, SWI—, stream-
function and heating anomalies with the opposite signs
are found over the tropics and extratropics (see Fig. S1).
Synthesizing the results of the streamfunction and heating
field composites, we highlight two findings: First, the SWI+
(SWI—) heating anomaly field reinforces (dampens) the
zonally asymmetric component of climatological diabatic
heating (e.g., Fig. 8 of Held et al. 2002). This relationship
suggests that a strengthening of the zonally asymmetric
component of the climatological diabatic heating leads to an
amplification of the climatological stationary wave.
Because diabatic heating is a major driver of the clima-
tological stationary wave, this transient heating—SWI re-
lationship is consistent with stationary wave theory (e.g.,
Held et al. 2002; Chang 2009). Second, as was briefly dis-
cussed in the previous section, the tropical heating anom-
alies tend to precede the extratropical heating anomalies
by several days, suggesting that the SWI extratropical
heating anomalies are, at least in part, driven by the cir-
culation driven by the tropical heating anomalies. As a first
step to explore this possibility, we next examine lead-lag
relationships between tropical and extratropical heating.

b. Relationship between tropical and extratropical
heating anomalies during SWI

Figure 2 shows the heating index composites associated
with SWI+ (left column) and SWI— (right column). We
first examine composites over all SWI+ and SWI— days,
thatis, 7+, P*, A* (Fig. 2a) and 7, P~, A~ (Fig. 2b).
It can be seen that a strengthening of the tropical heating
indices, 7" and 7 ", starting lag day —20, reaching a peak at
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FIG. 3. Composites of latent heating anomalies averaged from lag days —10 to +3 in (a) E7|7 ., (b) Er|T 5,
(¢) Eg|T7,(d) Eg|T 5, (e) Er|T 7, (f) Er|T 5, () Ep|T 7, and (h) Ep|T 5 (see Table 1 for details on each acronym).
A Monte Carlo simulation with 1000 random samples is performed for the statistical significance test, and the
dotted areas indicate statistical significance at the 5% level. Prior to the statistical significance test, a nine-point

local smoothing was applied twice to the composites.

around lag day —5, while the North Pacific heating indices,
P* and P, show statistically significant values between lag
day —8 and +6, and peaking at lag day —1. Although there
are some differences in the time evolution of the North
Atlantic heating indices, A* and A~, both indices slightly
lag their respective North Pacific indices. However, even
during the SWI+ days, not all tropical heating anomalies
would be followed by the extratropical heating anomalies,
and not all extratropical heating anomalies would be pre-
ceded by the tropical heating anomalies.

As a way to evaluate the extent of the association
among these three heating anomalies, the aforemen-
tioned composite analysis was repeated, first with the
condition that 7% >1 (Fig. 2c) and 7~ >1 (Fig. 2f);
second with the condition that P* >1 (Fig. 2d) and
P~ >1 (Fig. 2g); and third the condition that A* >1

(Fig. 2e) and A~ > 1 (Fig. 2h). The results show that in
all three cases, the onset of tropical heating precedes that of
extratropical heating by nearly 10days. Focusing on the
SWI+ days, we find that the statistically significant P*
values also precede statistically significant A* values by
approximately 3 days. Therefore, we hypothesize the fol-
lowing causal relationships during SWI+ days: tropical
heating tends to excite a circulation that enhances extra-
tropical heating, and the North Pacific heating further en-
hances the North Atlantic heating. This relay hypothesis
will be addressed in section 4 using initial-value calculations.

c. Four types of heating anomalies during SWI and
associated circulation pattern

Before presenting results from the model calcula-
tions, we first examine the structure of the heating and
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circulation anomalies for the following cases: Er|7 7.,
Eg|T;, Er|T5, and Eg|T, for the SWI+ days, and
Er|T,, Eg|T 4, Er|T 5, and Eg|T 5 for the SWI— days
(see section 2c¢ for details). Figure 3 shows the composite
heating anomalies averaged from lag days —10 to +3 in
each bin during SWI+ (left column) or SWI— (right
column). Every panel displays statistically significant
anomalies in the tropics and the midlatitude storm-track
regions. In the two 7, bins, we see La Nifia-like fea-
tures—enhanced convection over the Maritime Conti-
nent and suppressed convection over the central tropical
Pacific (Figs. 3a,c). The 7 ; bins, on the other hand, show
El Nifio-like heating pattern (Figs. 3b,d). The E|7
bin (Fig. 3d) shows that stationary wave interference can
occur without significant diabatic heating anomalies.
Destructive interference composites show opposite sign
anomalies, suggesting a linear relationship between the
heating and the SWI anomalies.

The zonal asymmetry in the heating anomalies suggests
that the SWI events might be influenced by the Madden—
Julian oscillation (MJO; Madden and Julian 1971),
which is a 30-60-day tropical variability with eastward-
propagating convection. By calculating the composites
of the real-time multivariate MJO (RMM; Wheeler
and Hendon 2004) indices for each bin, we found that
in the 7 ; events the MJO phase 3-4 signal can be de-
tected starting lag day —20 and the signal reaches phase
6 by lag day 0. For the E7|7 ;. events, the RMM values
are statistically significant only briefly at lag day —5
when it resides in phase 5. The E7|T, events tend to
occur during the same MJO phases as the Er|7;
events, but with smaller amplitudes. The Ep|7 , events
typically start with phase 6 (lag day —20) and end with
phase 2 (lag day +20), with little statistical significance
(not shown).

Figure 4 shows the 300-hPa streamfunction anomalies
in each bin, averaged from lag days —1 to +1. We
overlay vectors of vertically integrated moisture flux
poleward of 30°N. In all four bins of SWI+, ¥’ (shading)
reinforces ¥ (black contours). However, there are some
differences. Figures 4a—d reveal that intense moisture
transport into the Arctic is present in the 7, bins
(Figs. 4a,c), whereas it is generally weaker and trapped
in the midlatitudes in the two 7 bins (Figs. 4b,d). The
largest moisture flux is found in the E+|7 ;. bin (Fig. 4a),
while the weakest vectors are found particularly over
the North Pacific in the E3|T ; bin (Fig. 4d). During
the SWI— days, there are generally negative moisture
flux anomalies propagating out of the Arctic, and also
the flux anomalies are strongest in the Ey|7; bin
(Fig. 4e).

Figure 5 presents temperature anomalies averaged
vertically between 700 and 1000 hPa. During the 5 days
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following the SWI events (left column), every bin shows
warming at least either over the Pacific or the Atlantic
sector of Arctic Ocean. In later lag days, however, Arctic
warming is observed only in the 7 bins (right column).
Moreover, the 7 bins show a ‘“warm Arctic-cold con-
tinents” pattern (Overland et al. 2011). The SWI— cases
show features that are essentially the same but opposite in
sign (not shown). To further quantify the relationship
between SWI and Arctic warming in each heating bin,
we constructed lag composites of lower-tropospheric
temperature anomaly averaged poleward of 70°N and
the corresponding SWI (see Fig. S2). During SWI+, the
Arctic warming persists out to +16 days in the 7 ;. bins
for the zonal-mean anomalies, but not in the ET|’T§
cases. The warming in the E7|7 j; bin persists only until
lag day +7, and the E3|T, bin shows no significant
zonal-mean temperature anomaly throughout the pe-
riod. This result suggests that tropical heating is impor-
tant for prolonged Arctic warming. For the SWI— days,
The most prolonged Arctic cooling occurs in the
Eg|T7 bin.

4. Model results

In this section, we use the model (see section 2d for
details) to test the causal relationships suggested by
the observational analysis presented in the previous
section. Specifically, we first ask the extent to which
the SWI+ heating anomalies can explain the associ-
ated circulation and temperature anomalies. Next,
we ask if the tropical heating anomalies can lead to
the North Pacific and North Atlantic heating anom-
alies. Because water vapor is the central ingredient of
latent heating, to make headway toward addressing
the second question, we use a passive tracer to rep-
resent moisture. This approach is supported by the
earlier studies that show that large-scale advection
can account for much of the water vapor distribution
in the free troposphere (Pierrehumbert et al. 2007,
and references therein; Baggett et al. 2016; Ming and
Held 2018).

a. Circulation and temperature response

For brevity, we only present results for the SWI+
experiments because the model responses to the SWI—
heating anomalies are by and large opposite to those of
the SWI+ heating. We also confine our analysis to the
E7|T; case because both the tropical and extratropical
heating anomalies are strong. We first examine the
model ¥’ response to the time-dependent E7|7 ;. com-
posite heating during model days 10-12, which cor-
responds to lag days —1 to +1. Figures 6a—c depict
individual contributions to the E7|7; response from
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300-hPa Streamfunction anomaly averaged from lag day -1 to 1
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at the 5% level.

tropical heating, North Pacific heating, and North
Atlantic heating, respectively. The summation of these
three solutions, shown in Fig. 6d, closely resembles
Fig. 6e, where diabatic heating is forced over the entire
globe. The result indicates that the model response is
mostly linear and that the heating outside of these three
domains has a negligible effect on the model solution.
Comparing the individual panels in Fig. 6, we see that
most of the extratropical response is forced by tropical
heating and North Pacific heating. Wave trains forced
by tropical heating emanate from the western warm
pool and eastern tropical Pacific, reaching eastern Si-
beria and the eastern subpolar North Atlantic (Fig. 6a),
while the North Pacific heating drives a wave train that

propagates equatorward and downstream of the heat-
ing, traversing North America (Fig. 6b). In Fig. 6¢, the
North Atlantic heating excites a wave train that spans
from the subpolar North Atlantic Ocean to South Asia
and another wave train from central Siberia to the
western North Pacific. These modeling results suggest
that for the E7|7 ; events, North Pacific heating plays
the central role in driving anomalies over the Arctic
Ocean. Turning our attention to Figs. 6d and 6e, it can
be seen that a preeminent ridge develops over Alaska
and the subpolar North Atlantic, which would re-
inforce the climatological ridge at the same location
(Fig. 1). It is also worth noting that this subpolar North
Atlantic ridge is connected to the subtropical ridge
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Temperature anomaly during SWI > 1.0 - Short term / Long term

Averaged from lag day 0 to +5
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as in Figs. 3a—d. Gray shading denotes the region where surface pressure is below 700 hPa. A Monte Carlo
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indicate statistical significance at the 5% level.

centered over the Gulf of Mexico in Fig. 6e. The result
is a southwest-northeast-tilted ridge spanning from
the Gulf of Mexico to the Greenland Sea. This tilted
structure is an important characteristic of the North Atlantic
stationary wave and climatological jet.

Figure 7 shows the vertically averaged (700-1000 hPa)
temperature response averaged from model days 11
to 16, which corresponds to the lag days 0 to +5 in
observation (Fig. 5a). In Fig. 7a, tropical heating
causes warming over eastern Siberia and Greenland
and cooling over northern Canada and the Norwegian
Sea. The North Pacific heating leads to warming over a
broad swath of area poleward of 50°N, ranging from
northern North America to Scandinavia, and cooling

over eastern Siberia and much of the contiguous United
States (Fig. 7b). Figure 7c shows that the North Atlantic
heating results in warming (cooling) over the Barents—
Kara Seas and northern Europe (eastern Greenland
and the Mediterranean Sea). Figure 7d shows the sum
of the three model solutions. Compared with the obser-
vation (Fig. 5a), we see a reasonable agreement except
over northeastern Canada and Greenland where the
model solution shows warming while the observations
show cooling. We found that horizontal temperature
advection is the primary contributor to the tempera-
ture anomalies (not shown). Overall, the model tem-
perature solutions indicate that tropical heating is
important for warming the Pacific sector of the Arctic,
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entire globe.

while extratropical heating is more important for
warming the Atlantic sector.

b. Passive tracer response

We next address the question of whether tropical
heating anomalies can lead to the North Pacific and
North Atlantic heating anomalies. Figures 8a and 8b

show passive tracer fields simulated by the model. The
initial condition of the tracer is the three-dimensional
climatological specific humidity during boreal winter.
During model days 10-12, it can be seen that the circu-
lation driven by tropical heating transports anomalous
tracer over the central North Pacific and western North
America, as well as over the east coast of North America

VOLUME 76
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Model temperature anomaly induced by heating in E;| T7
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FIG. 7. The lower-tropospheric (700-1000 hPa) temperature anomaly averaged from
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model, but only over (a) the tropical, (b) the North Pacific, and (c) the North Atlantic
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pressure is below 700 hPa.

and the northern subtropical North Atlantic (Fig. 8a).
Figure 8b shows that North Pacific heating also con-
tributes to the positive tracer anomaly over northwestern
North America and the northeastern North Atlantic.
Because this passive tracer transport represents
moisture transport, the model condensational heating
can be estimated (see appendix for the method). The
results (Figs. 8c and 8d) show horizontal structures
that resemble the composite heating field (Fig. 3a),
supporting that the lead-lag relationships in Fig. 2
are indeed causal. The model result also suggests a
positive feedback process where the North Atlantic
heating drives a circulation that can reinforce the

heating that drove the circulation in the first place.
This positive feedback is reminiscent of the mecha-
nism of Hoskins and Valdes (1990), but it differs in
the sense that the feedback suggested here is through
the interplay between latent heating and circulation
while the mechanism of Hoskins and Valdes (1990)
is self-maintaining through latent heating, circula-
tion, and baroclinity. When tropical and extratropical
heating are imposed together, anomalous tracer transport
poleward of 60°N is found mostly over the two ocean
corridors where anomalous moisture transport into the
Arctic Ocean occur (not shown). This result shows that
when forced by latent heating, moisture transport, via an
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FIG. 8. (a),(b) The vertically integrated tracer anomaly averaged over model days (a) 10-12 and (b) 11-13. The
same heating composites as in Fig. 6 are used to force the model, but only over (left) the tropical and (right) the
North Pacific domain. (c),(d) The vertically integrated condensational heating computed from the tracer anomalies
in (a) and (b), respectively (see section 4b and appendix for details).

increase in downward infrared radiation, is likely to re-
inforce temperature changes caused by dry dynamics
(Yoo et al. 2012).

To quantify the tropics—North Pacific-North Atlantic
linkage that involves heating and “‘moisture” transport,
we compute area-weighted averages of the net tracer
anomaly over the North Pacific and North Atlantic
domains forced by tropical, North Pacific, and North
Atlantic heating. Figure 9a shows that, for the Pacific
domain, tropical heating is the main driver of tracer
transport, whereas the net effect of extratropical heating
is nearly zero. For the Atlantic domain illustrated in
Fig. 9b, the tracer anomaly forced by North Pacific
heating is predominant. To further evaluate the re-
semblance between the model tracer anomaly and the
reanalysis heating anomaly, we compute the projec-
tion of the condensational heating estimated from tracer
anomalies, shown in Figs. 8c and 8d, onto the composites
of heating anomalies Qs in the same manner as con-
structing the heating indices. The result again supports
the proposed causality.

5. Summary and conclusions

In this study, we addressed the following two ques-
tions: 1) During SWI events, what circulation and
temperature anomalies are induced by the individual
heating anomalies over the tropics and extratropics?
2) During SWI events, is there any evidence that extra-
tropical heating is excited by waves forced by tropical
heating?

To address the first question, we binned the SWI+
days by ranking the magnitude of tropical and extra-
tropical latent heating. Our analyses reveal that there
are different flavors of stationary wave interferences.
Simultaneous enhancements in zonal asymmetries in
both tropical and extratropical heating (E7|7 ;) gen-
erate circulation interferences not only in the mid-
latitudes but also in the Arctic, hence the strongest
moisture flux into the Arctic. When the zonal asym-
metry in the heating field is suppressed (Ep|T ), sta-
tionary wave interference is mostly confined to
midlatitudes, and its impact on Arctic temperature is
substantially weaker.

To address the second question, we first examined the
lead-lag relationships among the tropical and the two
extratropical heating indices. The result indicates that
while the latent heating anomalies in these three do-
mains can occur by themselves, they tend to occur to-
gether within 7-10 days of each other, with the tropical
heating anomaly leading the North Pacific heating
anomaly, which in turn is followed by the North Atlantic
anomaly. This finding suggests that not only the answer
to this second question be positive, but also that the
circulation driven by the North Pacific heating enhances
latent heating over the North Atlantic domain. We
tested this heating—circulation relay hypothesis with the
model by computing condensational heating from the
model’s passive tracer, which represents specific hu-
midity. This initial-value passive tracer experiment in-
deed supports the heating—circulation relay hypothesis
that emerged from the observational analysis: tropical
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Tracer anomaly and estimated heating over North Pacific/Atlantic domain
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latent heating — circulation anomalies — latent heat-
ing in the North Pacific — circulation anomalies —
latent heating in the North Atlantic.

The relay picture is a reminder that diabatic heating is
not only an important driver of the atmospheric circula-
tion (e.g., Sutcliffe 1951; Hoskins and Valdes 1990), but it
also reveals that the extratropical diabatic heating is de-
pendent on tropical heating. The implication is that while
the atmospheric response to the individual components
of the heating is linear, they are not independent of each

other. Therefore, the impact of the tropical heating
should not be readily dismissed even for a circulation
feature attributable to extratropical heating.
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APPENDIX

Estimation of Condensational Heating from Model
Passive Tracer

We first compute saturation vapor pressure e; at each
grid point using the solution to the Clausius—Clapeyron
equation shown by Bohren and Albrecht [1998; their
Eq. (5.67)]:
mf&=6&B<3-—l>—509m1;

e, T, T T,
where e,y = 6.11 hPa and T, = 273 K. Next, we compute
the amount of condensation by assuming that conden-
sation takes place when the relative humidity reaches
100% (Manabe et al. 1965):

—J W
qcondi{ er

where ¢y, is the tracer in the model and wy is the satu-
ration mixing ratio, which can be computed from the
saturation vapor pressure using

_ 0.622,
e

if r=1

Al
if r<1’ (A1)

s

Because specific humidity, which is the tracer in our
model, is very small («1) in the atmosphere, it can be
approximated as the mixing ratio. The relative humidity
can then be computed using the following relation:

e —= @
WS W,Y
With the gcng Obtained from (Al), the corresponding
heating rate was computed using the following expression:

0= 1 1J%l p
PCpD g P, vqcond D],

where p is density of air, C,, is the specific heat of dry air
at constant pressure, /, is the latent heat of vaporization,
g is the acceleration of gravity, and D is the vertical
depth of the heating, corresponding to pressure level
between P, and P;. To define the model anomaly, we
subtract the heating rate of the control experiment from
that of the perturbation experiments.
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