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ABSTRACT: Applying composite analysis to ERA-Interim data, the surface air temperature (SAT) anomaly pattern of
the Pacific-North American (PNA) teleconnection is shown to include both symmetric and asymmetric SAT anomalies
with respect to the PNA phase. The symmetric SAT anomalies, overlying the Russian Far East and western and eastern
North America, grow through advection of the climatological temperature by the anomalous meridional wind and vertical
mixing. The asymmetric SAT anomalies, overlying Siberia during the positive PNA and the subtropical North Pacific dur-
ing the negative PNA, grow through vertical mixing only. For all SAT anomalies, vertical mixing relocates the temperature
anomalies of the PNA teleconnection pattern from higher in the boundary layer downward to the level of the SAT. Above
the level of the SAT, temperature anomaly growth is caused by horizontal temperature advection in all locations except
for the subtropical North Pacific, where adiabatic cooling dominates. SAT anomaly decay is caused by longwave radiative
heating/cooling, except over Siberia, where SAT anomaly decay is caused by vertical mixing. Additionally, temperature
anomaly decay higher in the boundary layer due to nonlocal mixing contributes indirectly to SAT anomaly decay by weak-
ening downgradient diffusion. These results highlight a diverse array of mechanisms by which individual anomalies within
the PNA pattern grow and decay. Furthermore, with the exception of Siberia, throughout the growth and decay stages,
horizontal temperature advection and/or vertical mixing is nearly balanced by longwave radiative heating/cooling, with the
former being slightly stronger during the growth stage and the latter during the decay stage.
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1. Introduction generates Rossby waves, without any contribution from con-
vection in the deep tropics (Dai et al. 2017). Furthermore,
two other processes have been found to play an important
role for PNA growth. After the PNA pattern has been excited
by convection, it has been shown that further amplification of
the PNA arises through driving by high-frequency transient
eddy vorticity fluxes (Feldstein 2002). Morphologically, these
high-frequency eddies that amplify the PNA correspond to
cyclonic (anticyclonic) breaking of synoptic-scale waves for
the positive (negative) phase of the PNA (Franzke et al
2011). Additionally, both modeling (Simmons et al. 1983;
Branstator 1990, 1992) and observational (Feldstein 2002;
Mori and Watanabe 2008; Franzke et al. 2011; Dai et al. 2017)
studies of the PNA showed that the extraction of kinetic
energy from the zonally varying basic state by planetary-scale

On the growth of the PNA, many studies agree that tropical transient eddies also ma.kes an importan.t contribution to the
convection is an important ingredient (e.g, Horel and growth of the PNA. A different perspective was presented by

Wallace 1981; Mori and Watanabe 2008; Dai et al. 2017), as  Cash and Lee (2001), who showed that 68% (70%) of the pos-
itive (negative) PNA events arise from optimal growth, which

suggests that the majority of PNA events, for both phases,
arise from the constructive interference of decaying modes.
The above processes present hypotheses for generating the
upper-tropospheric circulation anomalies associated with the
PNA. As was shown in Black and Dole (1993), by performing
potential vorticity inversions, the PNA’s upper-tropospheric
circulation anomalies can induce circulation anomalies that

&P Supplemental information related to this paper is available  reach downward all the way to the surface.
at the Journals Online website: https://doi.org/10.1175/JAS-D-21-

The Pacific-North American (PNA) teleconnection pattern
has long been recognized as a dominant mode of weather and
climate variability observed over the Northern Hemisphere
(Walker and Bliss 1932; Wallace and Gutzler 1981; Blackmon
et al. 1984a,b; Barnston and Livezey 1987; Feldstein 2002).
With an intrinsic growth and decay time scale of about
2 weeks (Feldstein 2000, 2002), the PNA impacts not only
intraseasonal weather, but it also influences interannual cli-
mate (e.g., Blackmon et al. 1984a,b), as a 2-week time scale
provides enough memory to generate interannual climate
noise (Leith 1973; Madden 1976; Madden and Shea 1978;
Feldstein 2000). The mechanisms that drive the growth and
decay of the PNA therefore remain an important topic of con-
tinuing research.

tropical convection generates poleward-propagating Rossby
waves reminiscent of the PNA pattern (e.g., Hoskins and Kar-
oly 1981). However, additional ingredients may also be
important for PNA growth. For example, some fraction of
PNA events are suggested to arise as subtropical convection

Although PNA decay has perhaps received less attention

0030.s1. than PNA growth, many studies conclude that low-frequency
eddy vorticity fluxes in the upper troposphere play an impor-
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FIG. 1. Surface (2-m) temperature anomaly composite for the (left) negative and (right) positive PNA phases. The
corresponding sea level pressure anomaly composites are overlaid in the contours. Dashed contours denote negative
sea level pressure anomaly values and solid contours denote positive sea level pressure anomaly values. The zero con-

tour is omitted and the contour interval is 2.5 hPa.

Watanabe 2008). Feldstein (2002) also notes that the PNA
decay may be caused by frictional processes via Ekman pump-
ing in the atmosphere, which can weaken upper-tropospheric
streamfunction anomalies by inducing rising motion and
upper-tropospheric horizontal divergence where there are
anomalous cyclones and vice versa.

Apart from the drivers of PNA growth and decay, an inter-
esting and distinguishing feature of the PNA is its asymmetry
with respect to the phase (e.g., Mori and Watanabe 2008;
Franzke et al. 2011). In particular, the positive PNA is associ-
ated with an upstream Eurasian wave train in the upper tro-
posphere that is usually absent for the negative PNA (Mori
and Watanabe 2008; Franzke et al. 2011). This appears to be
true at least for PNA events associated with tropical convec-
tion (Dai et al. 2017).

While many aspects of PNA growth and decay remain a
subject of continuing research, the motivation is consistent:
the PNA has significant impacts on the weather and climate
over the North American continent and across the Northern
Hemisphere (e.g., Namias 1969; Dickson and Namias 1976;
Leathers et al. 1991; Notaro et al. 2006; Harding and Snyder
2015). These impacts include, but are not limited to, changes
in precipitation (e.g., Leathers et al. 1991; Harding and Snyder
2015), storm frequency (e.g., Dickson and Namias 1976),
lake-effect snowfall (Notaro et al. 2006), the jet stream
(Harding and Snyder 2015), and the surface air temperature
(SAT) (e.g., Leathers et al. 1991). In this paper, we focus on
the SAT anomaly pattern of the PNA, which is composed of
SAT anomalies across not only over North America, but
over the Northern Hemisphere in general (Fig. 1).

Despite their importance, the drivers of the PNA’s SAT
anomalies remain little explored. This is perhaps due to a
common assumption that SAT anomalies produced on intra-
seasonal time scales are caused by horizontal temperature
advection (e.g., Namias 1978; Leathers et al. 1991; Yu and Lin
2019). However, this cannot be known with full confidence
without a detailed analysis in which each term in the thermo-
dynamic energy equation is evaluated at the level of the SAT.
In addition, the mechanisms that drive the PNA’s SAT anom-
aly decay have scarcely been considered. The primary pur-
pose of this study is therefore to investigate what processes
drive the growth and decay of each SAT anomaly associated
with both PNA phases. We begin with a discussion of the data
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and methods used (section 2). Next, in section 3, we present
results including a discussion of phase asymmetries and bud-
get analyses. Finally, we conclude in section 4 with a summary
of the main findings and their implications for our overall
understanding of the PNA.

2. Data and methods
a. The composite method

Before examining the SAT anomalies associated with the
PNA during December—February (DJF), we first identify
days when the PNA is active, referred to as PNA events. In
total, we identify 86 positive PNA events and 79 negative
PNA events between 1979 and 2018, where events are defined
using the daily PNA index provided by the NOAA/Climate
Prediction Center (https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/pna/pna.shtml). PNA events are defined to be
days when the PNA index 1) deviates from its DJF mean
value by more than one standard deviation and 2) attains a
peak value (i.e., the derivative changes sign), together with
the constraint that the peak PNA index values that satisfy 1
and 2 are separated by more than 12 days. This constraint
ensures statistical independence between PNA events as the
PNA index has an autocorrelation decay time scale of about
8 days (e.g., Feldstein 2000). For this study, we use European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim; Dee et al. 2011) data. Com-
posites are constructed by averaging reanalysis fields for these
days and statistical significance is tested by generating a null
distribution formed by 250 randomly generated composites
with the same number of events. Composites are calculated at
time lags extending from lag day —10 to lag day +10, where
lag day O denotes the day when the PNA index attains its
peak amplitude.

b. The thermodynamic energy equations

To diagnose the processes that drive the growth and
decay of the PNA’s SAT anomalies (the composite SAT
anomalies are shown in Fig. 1, whose locations depend on
the PNA phase), we examine each term in the thermody-
namic energy equation that is utilized in the ECMWF
reanalysis model (in hybrid sigma—pressure coordinates, 1
coordinates):


https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/pna.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/pna.shtml
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where horizontal diffusion has not been included (see below).
The zonal wind u, meridional wind v, vertical velocity w, tem-
perature 7, and diabatic heating terms (Q, O, O3, and Q4)
are downloaded from the ECMWF reanalysis. The four dia-
batic heating terms, Qq, Q,, O3, and Q, in (1), respectively
correspond to longwave radiative heating/cooling, shortwave
radiative heating/cooling, latent heat release, and vertical mix-
ing. The diabatic terms, Q;, Q> and the sum of all diabatic
terms (Qior = Q1 + Q> + O3 + Qy) are downloaded as 12-h
accumulations initiated at 0000 and 1200 UTC. We subse-
quently summed the 12-h accumulations to get the daily mean
values of each diabatic term. We determine (Q3 + Q4) from a
residual, i.e., (O3 + Q4) = Qior — (Q1 + O3). Because ERA-
Interim provides vertical mixing and latent heat release as a sum,
not allowing Q3 and Q, to be separated, the sum (Q; + Q) is
assumed to be dominated by vertical mixing near the surface.
Therefore, we refer to the sum of Q3 and Q, as vertical mixing.

All variables are obtained on the lowest 1 surface, which is a
terrain following surface approximately 10 m above the ground
(Berrisford et al. 2009). We use data on the lowest n surface for
two reasons. First, this surface is the lowest level at which all var-
iables in Eq. (1) are available for download. Second, due to its
close proximity with the surface, the temperature anomalies on
this level are nearly identical to those at 2 m (not shown). There-
fore, it can be reasonably assumed that the processes driving
temperature anomalies on the lowest m surface are the same as
those that drive the temperature anomalies at 2 m (which is the
standard height for the SAT, i.e., the 2-m temperature).

Vertical mixing, Q4 in Eq. (1), refers to turbulent sensible
heat flux convergence (ECMWF 2019; see their chapter 3 for
details). In particular, vertical mixing arises from a combina-
tion of two processes: local mixing represented by small-scale
downgradient K diffusion and nonlocal mixing associated
with boundary layer—scale unstable vertical motions repre-
sented primarily by strong updraft mass fluxes (ECMWF
2019). The downgradient K diffusion is always used, whether
or not the boundary layer is stable or unstable, and the nonlo-
cal mixing is activated only when the boundary layer is unsta-
ble. The stability of the boundary layer is determined by the
stability of the surface layer, being unstable (stable) for an
upward (a downward) surface buoyancy flux (ECMWF 2019).

In our budget analyses, we calculate each term in Eq. (1)
and subtract the seasonality from each term, leading to the
following equation, where primes signify anomalies,

T’ aT| aT| T [kTo]
—=—lu—| —|lv—| = || + + 01
ot ox ay am 14

O+ Q5+ 0 (2

which states that temperature anomalies 77 on the lowest 7
surface are driven by a combination of anomalous horizontal
temperature advection, —[udT/dx| — [vaT/dy|’, anomalous
vertical temperature advection —[7dT/dn|’, anomalous
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adiabatic warming/cooling [kTw/p]’, and the anomalous diabatic
heating terms, Qf, Q5, 04, and Q). (Primes superscripting brack-
eted terms act on the product within the bracket. Brackets have
no meaning other than grouping terms.) Following Clark and
Feldstein (2020a), anomalies in this study are defined as the devia-
tion from the calendar day mean seasonal cycle, which is
smoothed with a Fourier analysis truncated at the tenth harmonic.
As stated earlier, the diabatic heating terms are obtained as accu-
mulated daily averages by summing the 0000 and 1200 UTC 12-h
accumulations. (Note that the vertical mixing term is not truly dia-
batic, but as it is parameterized, we consider it as such.) These
accumulated averages are computed by the reanalysis model using
all model time steps (ie., a daily average of data with approxi-
mately 12-min temporal resolution; ECMWEF 2014). This is in con-
trast with the first four terms on the right-hand side of Eq. (2)
which are calculated at a 6-hourly resolution before computing
the daily average. For the temperature advection terms, horizontal
derivatives are calculated using spherical harmonics. Details about
the calculation of the vertical advection term can be found in the
appendix section of Clark and Feldstein (2020a). All variables
have a horizontal resolution of 2.5° in both latitude and longitude.

It is important to note that Eq. (1) excludes some terms
that are included in the ECMWF reanalysis model (ECMWF
2014). In particular, Eq. (1) is missing two important pro-
cesses. These are horizontal diffusion, which is not available
from the ERA-Interim archive, and the analysis step, i.e.,
temperature changes caused by 12-hourly data assimilation.
Therefore, considering the differences in temporal resolution
between the dynamical and diabatic heating terms, and the fact
that Eq. (1) is missing some processes that occur in the reanalysis
model, a budget using Eq. (2) is not expected to be perfectly bal-
anced. In spite of this, however, the budget will still prove to be
useful for identifying the dominant processes that underlie the
growth and decay of the PNA’s SAT anomalies.

To determine what causes changes in horizontal temperature
advection, —u - VT, where u = (1, v, 0) and V = (8/0x,9/dy,0),
weletu=u+w and T=T + T”, and decompose the contribu-
tions from the anomalous wind and anomalous temperature as
follows:

—u-VT+W:(—u’~VT+u/-VT)+(—ﬁ~VT'+W)

+ (*u’ VT + u’~VT/)

+ (—ﬁ~VT+ﬁ-VT),
(3)

where all overbars denote smoothed seasonal cycles. Due to

the smoothing of the seasonal cycle, w -VT, u-VT’, and
( —u-VT +u- VT) are nearly, but not exactly, equal to zero.

(Without smoothing, these three terms would be equal to zero.)
Following the calculation of each term in Egs. (2) and (3)
for all days between 1979 and 2018, we compute composites
of PNA events based on days when the PNA index satisfies
the criteria discussed above. Composites of each term in Egs.
(2) and (3) are calculated and area averaged within the boxes
outlining the major anomalies in Fig. 1 (Table 1). Following a
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TABLE 1. Domains of the major temperature anomalies.

Region

Domain

Dominant drivers of
SAT anomaly growth

Dominant drivers of
SAT anomaly decay

Siberia
Subtropical North Pacific
Russian Far East

55°-80°N, 90°-150°E
10°-25°N, 155°E-155°W
35°-80°N, 155°E-160°W

Q;, (vertical mixing)
Q), (vertical mixing)

(fu'~VT+m)+Qg

Q) (vertical mixing)
0’ (longwave radiative heating/cooling)
0} (longwave radiative heating/cooling)

(vertical mixing)

Western North America 40°-70°N, 150°-100°W

(—u'-VT+W)+Q;

Q) (longwave radiative heating/cooling)

(vertical mixing)

Eastern North America 20°—40°N, 105°-75°W

(—u’~VT+u’-VT)-ﬁ-Qj1

0/ (longwave radiative heating/cooling)

(vertical mixing)

method similar to Seo et al. (2016), Clark and Feldstein
(2020a,b), and Clark et al. (2021), the composited area-averaged
terms in Egs. (2) and (3) are integrated forward in time with

lag

Z A(r)ét, 4)
t=—10

lag
I A(t)dt ~
10

where A denotes any term in Egs. (2) and (3), with units of K
day™', 8t = 1 day is the time step, and lag refers to the com-
posite time lag. The integration in Eq. (4), which has units of
kelvins, corresponds to the change in the temperature anom-
aly associated with term A, i.e., T’(lag) — T'(—10), on the low-
est n surface. This 21-day integration period is long enough to
capture the growth and decay of the PNA events.

This methodology, which is applied at the lowest 7 surface,
is then repeated in exactly the same manner to diagnose temper-
ature changes throughout the troposphere using the following
thermodynamic energy equation in pressure coordinates (e.g.,
Holton and Hakim 2013):

’

+ [Spo] + O + Q5 + 05 + Q)
®)

where primes again denote a deviation from the smoothed
seasonal cycle, S, =—(T/6)(96/dp), where 6 denotes potential
temperature, and horizontal derivatives are calculated along
constant pressure surfaces. The remaining terms in (5) are
identical to those in Eq. (2) and the horizontal temperature
advection term in Eq. (5) is decomposed using Eq. (3). The
first three terms in Eq. (5) are calculated using ECMWF rean-
alysis data provided at 0000 UTC. As was done on the lowest
7 surface, the diabatic terms, Oy, O, and the sum of all dia-
batic terms (Qior = Q1 + Q> + O3 + Q4) are downloaded as
12-h accumulations initiated at 0000 and 1200 UTC. These
variables are only obtainable in 7 coordinates. Therefore, we
interpolated their values to pressure coordinates.

T
at
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3. Results
a. Phase asymmetries

Figure 1 shows the SAT anomaly pattern for both the posi-
tive and negative phases of the PNA, from which a striking
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feature is evident: upstream of North America, the location of
the PNA’s SAT anomalies for the positive phase are very dif-
ferent from those of the negative phase. For the positive
phase of the PNA, there is a pronounced positive SAT anom-
aly over northeast Siberia that is nonexistent for the negative
phase of the PNA. In further contrast, for the negative phase
of the PNA, a negative SAT anomaly is present over the sub-
tropical North Pacific that is weakly, if at all, present (with the
opposite sign) for the positive phase of the PNA.

Figure 2 shows, as a histogram, the number of PNA events
(v axis) as a function of Siberian SAT anomaly value (x axis)
(where the Siberian SAT anomaly value is calculated as the
area average within the box overlying Siberia in Fig. 1 at lag
day 0). A considerable preference for positive Siberian SAT
anomalies is evident in Fig. 2b, as the majority of the 86 posi-
tive PNA events occur when the SAT anomaly over Siberia is
greater than 1 K. Specifically, 44 positive PNA events have a
Siberian SAT anomaly value of greater than 1.0. Also, 55 pos-
itive PNA events have a Siberian SAT anomaly value of
greater than 0.0. The mean of the distribution shown in
Fig. 2b is 1.52 K, which is statistically significant at p = 0.001
based on a two-tailed Student’s ¢ test (and also significant
based on a Monte Carlo resampling, as shown by the stippling
in Fig. 1, right panel). In contrast, there is no preference for
positive or negative Siberian SAT anomalies during the nega-
tive phase of the PNA (Figs. 1 and 2a).

To gain insight into why the positive PNA exhibits a strong
Siberian positive SAT anomaly and the negative PNA lacks a
strong Siberian anomaly of either sign, we calculate compo-
sites of the 500-hPa anomalous streamfunction field. This cal-
culation is motivated by Mori and Watanabe (2008) and
Franzke et al. (2011), who find that that the positive PNA is
preceded by a large amplitude wave train that spans Eurasia
and the negative PNA is not. The impact of the Eurasian
wave train on the development of the PNA was examined by
Dai et al. (2017). They found that the Eurasian wave train
propagates southeastward toward the Pacific jet exit region
where the wave train anomalies extract kinetic energy from
the background flow, as discussed in the introduction, before
propagating northeastward toward North America. As can be
seen in Fig. 3, even though the streamfunction anomalies tend
to somewhat follow a great circle path across the North Pacific
and North America, which is consistent with the perspective
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FI1G. 2. Histogram showing the number of PNA events (y axis) with a given range of Siberian surface air tempera-
ture anomalies at lag day O (x axis). (left) The negative PNA phase and (right) the positive PNA phase. The total num-
ber of events in each phase is indicated in the top right of each panel and the average Siberian surface air temperature
anomaly is indicated by the red vertical line and accompanying text.

that the PNA is driven by tropical convection (Hoskins and
Karoly 1981; Horel and Wallace 1981), at negative lags over
Eurasia, for both PNA phases, an upstream midlatitude wave
train in the streamfunction field is evident (Fig. 3), with this
wave train having a substantially larger amplitude for the posi-
tive phase of the PNA, consistent with previous findings (Mori
and Watanabe 2008; Franzke et al. 2011). A similar wave train
can also be seen in the SAT anomaly field, with the amplitude
of these anomalies also being much larger for the positive
phase (Fig. 1). This result suggests that the Eurasian wave train
may influence both the development of the PNA and the pres-
ence of the Siberian SAT anomaly only for the positive PNA.

In Fig. 4, we test whether the Eurasian wave train is associ-
ated with the Siberian SAT anomaly by dividing positive
PNA events based on the histogram shown in Fig. 2b. In par-
ticular, we composite the PN A events that lie on the right tail
of the distribution shown in Fig. 2b. Those events on the right
tail are obtained by iteratively removing the most positive val-
ues from the distribution until the mean Siberian SAT anom-
aly for the remaining distribution is nearly zero. After the
right-tail events are removed, the remaining events are used
to form the lagged composites in the left column of Fig. 4.
The events that were removed from the distribution are used
to form the lagged composites in the right column of Fig. 4.
With this approach, 18 positive PNA events are identified
with an average Siberian SAT anomaly of about 7.36 K at lag
day 0. The remaining 68 positive PNA events have an average
Siberian SAT anomaly of about —0.03 at lag day 0, which is
as close to zero as could possibly be achieved.

We can see in Fig. 4 that both positive PNA composites are
characterized by a Rossby wave train propagating over
Eurasia at negative lags. However, for those events that are,
on average, unassociated with a positive Siberian SAT
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anomaly, the wave train is muted and displaced southward
relative of those events that are associated with the positive
Siberian SAT anomaly (cf. right and left columns of Fig. 4).
Positive PNA events with a larger amplitude Siberian SAT
anomaly are associated with a larger amplitude Eurasian
wave train (Fig. 4). Therefore, it is likely that the wave train
plays a role in driving the SAT anomaly over Siberia. More
evidence for this conclusion is presented in section 3d, which
shows that the process driving SAT anomaly growth over
Siberia is directly connected to the wave train (Figs. 3 and 4).

b. Growth and decay

Having examined the PNA’s SAT anomaly pattern, we
next shift our focus toward determining what terms in the
thermodynamic energy equation drive these SAT anomalies.
The leading viewpoint is that SAT anomalies produced on
intraseasonal time scales are caused by — w’ - VT. This view-
point is rooted in the fact that the SAT anomaly field is usu-
ally about 90° out of phase with the sea level pressure
anomaly field (e.g., Namias 1978). Such an out-of-phase orien-
tation between the sea level pressure anomaly field and SAT
anomaly field can be seen in Fig. 1. This implies a role from
—w - VT on the driving of the SAT anomalies because the
SAT anomalies maximize where the zonal sea level pressure
gradient maximizes. For example, during the positive PNA,
the Aleutian low is enhanced, implying southerly flow over
western North America, where the SAT anomaly is positive,
and northerly flow over the Russian Far East, where the SAT
anomaly is negative (Fig. 1). However, a crucial point is that
not all of the SAT anomalies in Fig. 1 are out of phase with
the sea level pressure anomalies. For example, over Siberia,
during the positive PNA, the SAT anomaly appears without
any substantial near-surface circulation anomalies (Fig. 1,
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FIG. 3. The 500-hPa streamfunction composite for the (left) negative and (right) positive PNA phases. Rows corre-
spond to different time lags indicated by the left labels in units of days.

contours). Furthermore, for those SAT anomalies that are
approximately out of phase with the sea level pressure anom-
aly field, such an orientation does not preclude the possible
contribution to SAT anomalies by other terms in Eq. (1).
Thus, further analysis is warranted.

In Fig. 5, we plot composites of the following terms on the
lowest m surface, averaged between lag day —2 and lag day
+2; horizontal advection of the climatological temperature by
the anomalous meridional wind, vertical mixing, and long-
wave radiative heating/cooling. The remaining terms in Eq.
(2) are comparatively small (as will be shown in Figs. 6 and 7).
As can be seen in Fig. 5, for both PNA phases, the horizontal
temperature advection and vertical mixing terms project posi-
tively onto the SAT anomaly pattern while the longwave radi-
ative heating rate projects negatively onto the SAT anomaly
pattern (cf. Figs. 1 and 5). This implies that both the horizon-
tal temperature advection and vertical mixing terms are impor-
tant for the growth of the SAT anomaly pattern, while longwave
radiative heating/cooling not only opposes the impact of the
other two terms, but is likely important for the decay of
the SAT anomaly pattern.

Figures 6 and 7 display the SAT anomaly determined from
a time integration of each term in Eq. (2). Beginning with the
westernmost anomaly of the positive PNA, in Fig. 6a, we
show the SAT anomaly averaged over the Siberian box (see
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Fig. 1). The thick black line shows the composite temperature
change over the 21-day integration period while the thin black
line shows the integration of the sum of all terms in the ther-
modynamic energy equation. In this case, the budget is well
balanced as the two black lines correspond well. The inte-
grated terms in Egs. (2) and (3) that contribute to the temper-
ature evolution are given by the various colored lines.
Specifically, the red lines correspond to terms in Eq. (3),
which includes advection of the climatological temperature by
the anomalous wind (thin red), advection of the anomalous
temperature by the climatological wind (dashed red) and
advection of the anomalous temperature by the anomalous
wind (dotted red). The blue lines correspond to diabatic heat-
ing terms, including vertical mixing + latent heat release
(dashed blue) and longwave radiative heating (thin blue). As
can be seen in Fig. 6a, both the growth and the decay of the
Siberian SAT anomaly are driven by a single term—vertical
mixing, while the remaining terms are comparatively small.
This finding is consistent with the fact that the Siberian SAT
anomaly is not associated with strong near surface circulation
anomalies, based on the sea level pressure anomaly field
(Fig. 1). In addition, that both the growth and decay are
driven by vertical mixing explains why Fig. 5 shows no vertical
mixing anomalies over Siberia. (Figure 5 is a pentad average
composite centered on lag day 0.)
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FIG. 4. The 500-hPa streamfunction anomaly composites for the positive PNA phase conditioned on the value of the
Siberian surface air temperature anomaly. (left) Positive PNA events that have an average Siberian surface air temper-
ature anomaly of approximately zero. (right) Positive PNA events that have a large positive Siberian surface air tem-

perature anomaly. See text (section 3a) for more details.

Moving east, we continue our analysis of the growth mecha-
nisms for the positive PNA’s SAT anomalies. The three SAT
anomalies that overlie the Russian Far East and western and
eastern North America all lie within a region where there are
stronger meridional winds as implied by the sea level pressure
gradient, with this gradient being weakest for eastern North
Anmerica (Fig. 1). Therefore, it is unsurprising that the advection
of the climatological temperature by the anomalous wind con-
tributes to the growth for all three of these SAT anomalies (thin
red lines, Figs. 6b,c,d). For the negative PNA, three similar SAT
anomalies of opposite sign also lie over the Russian Far East
and North America. The advection of the climatological temper-
ature by the anomalous wind also contributes to their growth
(thin red lines, Figs. 7b,c,d). However, as shown in Fig. 5, all
three of these SAT anomalies, for both PNA phases, also have a
strong contribution to their growth from vertical mixing (dashed
blue lines), with this contribution being largest for eastern North
America where the meridional wind anomalies are the smallest.
The vertical mixing term is revisited in sections 3c and 3d. The
adiabatic and vertical advection contributions to this anomaly
are negligible (dotted green and solid green curves), as is the
shortwave radiative heating rate, which is not plotted because it
does not deviate substantially from zero.
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A contrasting feature of the budgets for these three SAT
anomalies (that overlie the Russian Far East, western North
America, and eastern North America), when compared to
that over Siberia, is the fact that the integrated contributions
to the SAT anomalies by individual terms in Egs. (2) and (3)
are nearly an order of magnitude greater than the tempera-
ture change. This is a consequence of the fact that longwave
radiative heating/cooling acts to counter the impact of hori-
zontal temperature advection and vertical mixing. For exam-
ple, the integrated contribution to the SAT anomaly over the
Russian Far East by —w -VT +w-VT, for the negative
PNA, is on the order of 12 K while the temperature anomaly,
which peaks at lag day 0, attains a maximum value of about
2 K (Fig. 7b). Similar features can be seen for the budgets in
the other regions for both PNA phases (Figs. 6 and 7). This
implies that without an opposing process (longwave radiative
heating/cooling), the temperature anomalies over these
regions would attain peak values that are much greater than
~2 K. However, for these three SAT anomalies and for both
PNA phases, large integrated values of longwave radiative
heating/cooling (thin blue line, Figs. 6 and 7) oppose the
growth by horizontal temperature advection and vertical mix-
ing, leading to a near balance. As a result, the summation of
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FIG. 5. Composites of (top) vaT /dy, (middle) vertical mixing, and (bottom) longwave radiative heating for the (left)
negative and (right) positive PNA phases. The composites are averaged between lag day —2 and lag day +2.

horizontal temperature advection and vertical mixing is
slightly stronger than longwave radiative heating/cooling dur-
ing the growth stage and slightly weaker during the decay
stage.

In summary, the growth and decay of each of these SAT
anomalies is a consequence of multiple processes acting
together. The driving by horizontal temperature advection
dominates where the anomalous near surface meridional
wind is largest (the Russian Far East and western North
Anmerica), horizontal temperature advection and vertical mix-
ing make similar contributions where the meridional wind is
intermediate (eastern North America), and vertical mixing
dominates where the meridional wind is weakest (Siberia and
the subtropical North Pacific). The dominant driver of SAT
anomaly decay is longwave radiative heating/cooling, except
for Siberia. In addition, as will be discussed in section 3d, tem-
perature anomaly decay above the level of the SAT also con-
tributes to SAT anomaly decay, indirectly, by weakening the
downgradient diffusion vertical mixing term. The dominant
terms during the growth and decay of the PNA are indicated
in Table 1.

c¢. Conceptualizing longwave radiation and
vertical mixing

We next consider the contribution to SAT anomaly growth
by vertical mixing in addition to the contribution to SAT
anomaly decay by longwave radiative heating/cooling, with
the aim to determine why vertical mixing causes SAT anom-
aly growth and why longwave radiative heating/cooling causes
SAT anomaly decay.

In Fig. 5 (third row), the longwave radiative heating term
attains larger amplitudes over the ocean, indicating that long-
wave radiative heating has a greater damping effect over the
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ocean than it has over the land. This is because the ocean’s
temperature, i.e., the sea surface temperature (SST), is rela-
tively constant (due to its large thermal inertia). In the pres-
ence of SAT anomalies, the relatively constant SST will result
in greater damping by longwave radiation because the upward
longwave flux from the ocean info the lowest layer will
undergo little change while the longwave fluxes out of the
lowest layer will change greatly. For example, for a positive
SAT anomaly, the longwave flux out of the lowest layer
increases because greater longwave emission occurs at higher
temperatures. This leads to a negative longwave radiative
heating anomaly because the lowest layer will emit more long-
wave radiation than it receives from the ocean and vice versa
for a negative SAT anomaly. In contrast, over land, where the
skin temperature undergoes larger changes than the SST (Clark
and Feldstein 2020a), there will be greater anomalous absorption
of longwave radiation from below at the lowest layer. This will
offset the anomalous emission of longwave radiation at this
layer, resulting in reduced damping of the SAT anomaly by long-
wave radiation over land. It is plausible that this offset over land
accounts for the weak longwave cooling over Siberia, allowing
for the Siberian SAT anomaly to decay via vertical mixing rather
than through longwave radiative cooling.

In Fig. S1 in the online supplemental material, we show a
composite of anomalous longwave radiative heating that we
computed using the Rapid Radiative Transfer Model for Gen-
eral Circulation Models (RRTMG; Mlawer et al. 1997; Tacono
et al. 2008) with the reanalysis surface temperatures (the SSTs
and the skin temperatures), air temperatures, water vapor
amounts, and surface pressure (Fig. S1, top row) and with sur-
face temperatures set equal to that of the lowest model level
(Fig. S1, bottom row). The composite of our RRTMG calcula-
tion with the reanalysis surface temperatures corresponds
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F1G. 6. Composite evolution of temperature anomaly growth and decay on the lowest n surface over (a) Siberia,
(b) Russian Far East, (c) western North America, and (d) eastern North America. The thick black line, corresponding
to the right y axis, denotes the temperature change averaged over each of the region. The thin black line shows the
summed contribution from all of the terms in the thermodynamic energy equation [Eq. (4)]. Those terms include
anomalous horizontal temperature advection (i.e., —u- V7T +u - VT, thick red line), anomalous diabatic heating
(thick blue line), anomalous adiabatic warming (green), and vertical advection (dotted green). The diabatic term (thick
blue) is composed of longwave radiative heating (thin blue line) and vertical mixing + latent heat release (dashed blue

line). The horizontal advection term in Eq. (3) is composed of —w - VT + w - VT (linear temperature; thin red line),
—u - VI" +u - VI (linear wind; dashed red line), and —w’ - VI” + w - VI’ (nonlinear; dotted red line). All of these

terms are integrated using (4), leading to their contribution in units of K.

well with the composite ECMWF longwave heating (cf. Fig.
S1, top row, and Fig. 5, bottom row). However, when surface
temperatures are set equal to the lowest-model-level tempera-
ture, the longwave heating rate at the lowest model level
weakens dramatically (Fig. S1, bottom), supporting the mech-
anism described in the previous paragraph.

Compared to the longwave radiative heating term, the ver-
tical mixing term is more complicated. As stated in section 2b,
vertical mixing is a consequence of vertical heat flux conver-
gence (ECMWF 2019). As such, anomalous vertical heat flux
convergence drives positive mixing anomalies and anomalous
vertical heat flux divergence drives negative mixing anoma-
lies. Furthermore, as discussed in section 2b, vertical heat
fluxes arise from a combination of 1) local mixing expressed
as downgradient K diffusion and 2) nonlocal mixing that
extends throughout much of boundary layer and is character-
ized by strong updraft mass fluxes.

The nonlocal mixing term is computed by the reanalysis
model if the surface layer is unstable, i.e., the surface buoy-
ancy flux is upward (ECMWF 2019). Climatologically, the
daily mean winter surface sensible heat flux is upward over
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much of the extratropics during winter (see Fig. S2). For the
PNA’s SAT anomaly domains, the climatological daily mean
surface sensible heat flux is downward over most of Siberia,
upward over all of the subtropical North Pacific, and upward
over the water-covered parts of the eastern and western
North American and Russian Far East domains, but down-
ward over the land-covered parts of the latter two domains.
This implies that nonlocal mixing can have an important
impact on the temperature anomalies throughout much of the
boundary layer during winter. Also, a downward daily mean
surface sensible heat flux does not preclude nonlocal vertical
mixing from having an impact on the daily mean vertical mix-
ing because the diurnal cycle of the surface sensible heat flux
can be strong over land, as times within the day (especially
during the afternoon) may have an upward surface sensible
heat flux.

ECMWEF determines the downgradient diffusion contribu-
tion to vertical mixing using the following expression:

DY) (7)
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.77. As in Fig. 6, but for the negative PNA phase and (a) now shows the subtropical North Pacific anomaly, as the

negative PNA phase does not typically associate with temperature changes over Siberia (see section 3a).

where F = pKc,0T/dz + pKg is the flux of dry static energy
(cpT + gz),' pis air density, and K is the diffusion coefficient
(units: m* s~ 1). In the ECMWF formulation, K varies in lati-
tude, longitude, height, and time. ECMWF provides K as a
downloadable variable, enabling us to compute composites of
anomalies in F for both the positive and negative PNA phases
(Fig. S3).

As can be seen in Fig. S3, for some positive SAT anomalies,
the diffusive heat fluxes are downward throughout the bound-
ary layer. This is true for both land and some oceanic parts of
the western North American (positive PNA) and eastern
North American (negative PNA) domains where the bound-
ary layer height is 450-600 m (not shown) and for the Siberian
domain (positive PNA) where the boundary layer height is
only about 150 m (not shown). For all the other SAT anoma-
lies, where the boundary layer is much deeper, the downgra-
dient diffusive heat fluxes are downward in the lower half of
the boundary layer, and upward in the upper half of the
boundary layer. This indicates that downgradient diffusion is
relocating temperature anomalies from higher in the bound-
ary layer downward toward the surface, suggesting that diffu-
sive mixing contributes to temperature anomaly growth in the
lower half of the boundary layer.

!In addition to dry static energy, ERA-Interim does include
specific liquid water and specific ice water in this flux. However,
the flux of these two quantities is expected to be very small in the
lower part of the boundary layer.
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In Figs. S4 and S5, we show that vertical mixing damps
the temperature anomalies throughout the boundary layer,
except at the lowest two levels, where vertical mixing contrib-
utes to temperature anomaly growth. We expect the nonlocal
vertical mixing contribution (turbulence associated with con-
vection) to damp the PNA’s temperature anomalies at all lev-
els in the boundary layer for the following reasons:

1) Anomalies of df/dz are negative throughout the bound-
ary layer for negative SAT anomalies and vice versa for
positive SAT anomalies over the North Pacific and west-
ern and eastern North America (not shown).

2) With the exception of Siberia, an examination of the
anomalous surface sensible heat flux in each domain for
both PNA phases (Fig. S3, top panels) indicates that the
anomalous surface sensible heat flux is upward where the
SAT anomaly is negative and vice versa. This indicates
that the boundary layer is more unstable (stable) relative
to the climatology above negative (positive) SAT anoma-
lies and therefore suggests that nonlocal mixing being
should be anomalously strong (weak) above negative
(positive) SAT anomalies.

3) The anomalous updraft mass fluxes are upward for the
negative SAT anomalies and downward for positive SAT
anomalies over the North Pacific and western and eastern
North America (Fig. 11), as will be discussed more in
section 3d, where we present more evidence that the
nonlocal mixing term is active over each SAT domain. All
three factors listed above promote an anomalous upward
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F1G. 8. Composite evolution of temperature anomaly growth and decay as a function of pressure (y axis) and lag
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convective heat transport for negative SAT anomalies,
resulting in a warming of the boundary layer, and vice
versa for positive SAT anomalies. Because vertical mixing
enhances the temperature anomalies on the two lowest
model levels, we therefore conclude that the vertical mix-
ing anomalies on the lowest two model levels are a conse-
quence of local downgradient diffusive mixing.

d. The vertical temperature profile

In section 3b, we showed that both horizontal temperature
advection and vertical mixing are the dominant contributors
driving the temperature anomalies at the lowest model level,
with some anomalies being dominated by the former, some
by the latter, and others by both. In section 3c, we showed
that vertical mixing at the lowest model level is largely caused
by downward diffusive heat fluxes from levels higher in the
boundary layer (Fig. S3). Therefore, at the lowest model level,
in addition to driving by horizontal temperature advection,
processes that take place above the lowest model level are
also behind much of the driving of the lowest-model-level
temperature anomalies. This applies to both the growth and
decay stages of the lowest-model-level anomalies: As the tem-
perature anomalies above the lowest model level strengthen,
due to horizontal temperature advection (Figs. S6 and S7), in
response, mixing from local downgradient diffusion strength-
ens the temperature anomalies at the lowest model level.
However, nonlocal mixing also weakens the temperature
anomalies throughout the boundary layer (Figs. S4 and S5).
Therefore, decay of the SAT anomalies can be thought of as
resulting from a combination of damping by longwave radia-
tive heating/cooling and an indirect weakening of downgra-
dient diffusion that arises from nonlocal mixing higher in the
boundary layer.

In light of this, in the remaining figures (Figs. 8-11), we
investigate what processes lead to temperature anomaly
growth and decay throughout the troposphere, as these pro-
cesses ultimately are contributing to vertical mixing anomalies
at the surface. Our conclusion is that dynamical processes
drive temperature anomalies throughout the troposphere,
and diffusive vertical mixing communicates their effect to the
surface.

To show this, we begin with Figs. 8 and 9, for the negative
and positive PNA phases, respectively, by illustrating the ver-
tical temperature profile of the temperature anomalies
obtained by integrating various terms in the thermodynamic
energy equation, as discussed in section 2. Although these fig-
ures contain a multitude of panels, the essence of the results
can be summed up in a few sentences. Dynamical processes
drive temperature anomaly growth (primarily horizontal tem-
perature advection, but in the case of eastern North America
and the subtropical North Pacific, also adiabatic warming/
cooling). Diabatic processes drive temperature anomaly
decay. These conclusions can be drawn by comparing the top-
most rows of Figs. 8 and 9 to the subsequent rows, where it is
seen that the rows corresponding to horizontal temperature
advection and adiabatic warming/cooling (rows 2 through 4)
are the only panels that have the same sign as the temperature
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FIG. 10. Composite 500-hPa temperature anomaly (shading)
for the positive PNA. The climatological 500-hPa geopotential
height is shown in black contours. The geopotential height con-
tour interval is 100 m, with values ranging from 5300 to 5800 m
shown.

anomaly. The diabatic heating term (row 5) is generally oppo-
site in sign with the temperature anomaly, indicating a contri-
bution to temperature anomaly decay.

In the supplementary section we provide further analysis
(Figs. S8 and S9) to determine the main contributor to the hori-

zontal temperature advection. We find that —w - VT + w - VT
is the dominant contributor to horizontal temperature advection,
with the exception being Siberia, where —u- VT’ +u- VT’ is
largest (Figs. S8 and S9). For —w’ - VT + w - VT, which corre-
sponds to the advection of the climatological temperature
field by the anomalous wind, it is the circulation anomalies of
the PNA (Fig. 3) that are driving the temperature anomalies.
This is followed by mixing, via downgradient diffusion, which
relocates the temperature anomalies down to the level of the
SAT.

The result that —u- VT’ + 1 - V77 is dominant over Siberia
for the positive phase is further evidence that the SAT asym-
metry over Siberia (Fig. 1) is indeed a consequence of the
Eurasian wave train (Figs. 3 and 4). Inspection of Fig. 3
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FIG. 11. Anomalous updraft mass flux at the & = 51.5 half model level averaged (top) from 0000 to 1200 UTC and
(bottom) from 1200 to 0000 UTC.

suggests that the temperature anomalies in the wave train are
triggered by —w’ - VT + w - VT upstream of Siberia. The wave
train then propagates downstream as the climatological wind u
advects both streamfunction and temperature anomalies
(Fig. 10). The temperature anomalies eventually become posi-
tioned over Siberia where diffusive vertical mixing communi-
cates the temperature anomalies to the lowest n surface. This
chain of events can be seen in Fig. 10. These features contrast
the negative PNA events, and the positive PNA events with-
out a large Siberian SAT anomaly, as the upstream Eurasian
wave train has a small amplitude which does not trigger tem-
perature anomalies to be advected downstream by the clima-
tological jet, resulting in the absence of temperature
anomalies to be diffused downward to the surface.

The diabatic heating term (row 5 of Figs. 8 and 9) is decom-
posed into its contributions in Figs. S10 and S11. Interestingly,
the dominant diabatic heating term contributing to temperature
anomaly decay in the boundary layer and lower troposphere is
most often vertical mixing (Figs. S10 and S11), indicating a
reversal of its role at the two lowest levels, as discussed in sec-
tion 3c. Furthermore, as was discussed in section 3c, the reason
for vertical mixing changing sign in the boundary layer is pri-
marily a consequence of nonlocal vertical mixing. Figure 11,
which shows anomalous updraft mass fluxes, provides further
evidence for the role of nonlocal vertical mixing.

The composite anomalous updraft mass fluxes for the
PNA averaged between 0000 and 1200 UTC and 1200 and
0000 UTC at the k = 51.5 model level, which corresponds
to approximately the 925-hPa level, are shown in Fig. 11
(Berrisford et al. 2009; these quantities are 12-h accumula-
tions downloaded from ERA-Interim). As can be seen, the
anomalous updraft mass fluxes tend to be positive where
there are negative SAT anomalies and vice versa, providing
further support for the perspective discussed in the preceding
section that nonlocal mixing via cumulus updrafts has a large
influence on the temperature field in the boundary layer
above the two lowest model levels. Furthermore, over land,
the daytime updraft anomalous mass fluxes are stronger than
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the nighttime anomalous updraft mass fluxes, revealing, as
expected, that nonlocal mixing has its largest impact during
the daytime. In terms of total fields, updraft mass fluxes are
strongly positive throughout all of the water-covered parts of
each domain (Fig. S12), and even over some of the land parts
of the western and eastern North American domains, indicat-
ing the presence of nonlocal boundary layer—scale mixing and
convection (ECMWF 2019). Over Siberia, there is very little
updraft mass flux, as expected from the climatological surface
sensible heat flux (Fig. S2). This suggests that downgradient
diffusion may be dominating the mixing throughout the
boundary layer over Siberia.

Except for Siberia and the subtropical North Pacific, hori-
zontal temperature advection may have played a role in driv-
ing updrafts and nonlocal vertical mixing. This is because
vertical mixing is anomalously positive in Figs. S4 and S5
(except for the two lowest model levels) over locations where
the stability of the atmosphere has been decreased by horizon-
tal temperature advection, and vice versa (Figs. S6 and S7,
these temperatures resemble the actual temperatures in the
boundary layer). As can be seen, the temperature anoma-
lies due to horizontal temperature advection decrease with
increasing height at locations where the anomalous updraft
and mixing terms are positive (Figs. S4, S5, S6, and S7 and
Fig. 11). Contrastingly, regions where vertical mixing is
anomalously negative in Figs. S4 and S5 are regions where
the stability of the atmosphere has been increased by hori-
zontal temperature advection (the temperature due to hori-
zontal temperature advection increases with height; Figs.
S6 and S7). This finding suggests that horizontal tempera-
ture advection plays an important role in determining the
strength of nonlocal vertical mixing in the boundary layer.

4. Summary and conclusions

We have examined the temperature anomaly pattern asso-
ciated with the PNA teleconnection, showing that there are
both symmetric and asymmetric SAT anomalies for the two
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PNA phases. The symmetric SAT anomalies, which are
found in both PNA phases, are located over the Russian Far
East, western and eastern North America, and grow by both
horizontal temperature advection and vertical mixing. In
contrast, the asymmetric SAT anomalies are limited to one
phase, being found over Siberia in the positive phase and
over the subtropical North Pacific in the negative PNA
phase. The asymmetric SAT anomaly over Siberia is linked
to a wave train that propagates over Eurasia preferentially
during the positive PNA phase. The two asymmetric SAT
anomalies over Siberia and the subtropical North Pacific
grow via vertical mixing. All of the SAT anomalies, except
for the subtropical North Pacific SAT anomaly, are driven
either directly by horizontal temperature advection at the
level of the SAT, as indicated above, or indirectly by hori-
zontal temperature advection higher in the atmosphere,
after which these temperature anomalies are relocated
downward to the level of the SAT via vertical mixing. The
subtropical North Pacific SAT anomaly is driven indirectly
by adiabatic cooling in the free atmosphere, whose impact is
relocated to the level of the SAT via vertical mixing. The
decay of all SAT anomalies is through longwave radiative
heating/cooling, except for Siberia which decays via vertical
mixing.

Altogether, these results highlight a diversity of processes
that contribute to SAT anomaly growth and decay when the
PNA is active. For those SAT anomalies which are driven by
horizontal temperature advection, the near surface anoma-
lous winds are relatively strong. In contrast, the SAT anoma-
lies driven by vertical mixing are characterized by very weak
anomalous winds near the surface. Since horizontal tempera-
ture advection at the level of the SAT is driven primarily by
the advection of the climatological temperature by the anom-
alous wind, it is not surprising that horizontal temperature
advection weakly contributes to SAT anomalies where verti-
cal mixing is dominant.

As indicated above, the decay of all the SAT anomalies,
except for that over Siberia, is through anomalous longwave
radiative heating/cooling. The Siberian SAT anomaly differs
from all the other SAT anomalies as it is almost entirely over
land. It is found that the anomalous longwave radiative heat-
ing/cooling is much stronger over water than over land. Over
water, at the level of the SAT, the anomalous emission of
longwave radiation must dominate the absorption, since the
SST undergoes little change. This contrasts land areas, where
the anomalous skin temperature is closer to the anomalous
SAT, resulting in the anomalous emission and absorption
being similar.

Our analysis of the vertical mixing term reveals that local
downgradient diffusive mixing amplifies the temperature
anomalies at the two lowest model levels. In contrast,
throughout the rest of the boundary layer, nonlocal mixing
via convective updrafts damps the temperature anomalies.
Since these parameterized processes play a large role in the
growth and decay of the SAT anomalies associated with the
PNA pattern, these results emphasize the importance of cor-
rectly parameterizing vertical mixing, as this term can lead to
changes in the evolution of the PNA.
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