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ABSTRACT: The teleconnection mechanisms associated with midlatitude climate dipoles are of high interest because of
their potential broad impacts on ecological patterns and processes. A prominent example attracting increasing research inter-
est is a summer (June-August) North American dipole (NAD), which drives continental-scale bird irruptions in the boreal
forest (semiperiodic movements of large numbers of individual birds). Here, the NAD is objectively defined as a second prin-
cipal component of 500-hPa geopotential height and is linked to two mechanisms: 1) Rossby waves associated with Madden—
Julian oscillation (MJO) convection and 2) a pan-Pacific stationary Rossby wave triggered by East Asian monsoonal convec-
tion. The MJO mechanism relates to anomalously frequent occurrence of MJO phase 1 or 6, which are captured by the lead-
ing principal component of daily summer MJO phases (PCyyy; accounting for 46% of the phase variance). In “nonuniform”
MJO summers, defined as [PCyy| > 0.5, anomalously frequent phase 1 triggers positive NAD, and anomalously frequent
phase 6 triggers negative NAD, yielding the correlation (NAD, PCyy) = 0.55, p < 0.01. During “uniform” MJO summers,
defined as [PCyy| = 0.5, the effect of East Asian precipitation anomalies Pgs becomes apparent, and r(NAD, Pg,) = 0.49,
p < 0.01. The impacts of Pg4 are largely masked during nonuniform MJO summers, meaning this subset of summers lacks a
significant correlation between the NAD and Pga. Our interpretation is that uniformly distributed MJO allows monsoonal
convection over the midlatitudes to modulate the NAD, whereas tropical convection anomalies associated with anomalously

frequent MJO phases 1 and 6 overwhelm the extratropical teleconnection.
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1. Introduction

Climate variability alters the behavior, movement, and popu-
lation dynamics of multiple species and taxa around the world
(Alberto et al. 2013; Davis and Shaw 2001). Changes in temper-
ature and precipitation impact both evolutionary (Savolainen
et al. 2007) and ecological processes (Princé and Zuckerberg
2015) and can synchronize variability in species abundance, sur-
vival, and reproduction over hundreds of kilometers, a phe-
nomenon known as the Moran effect (Moran 1949). There is
growing interdisciplinary interest in understanding how climate
variability, and climate dipoles in particular, can synchronize
ecological processes at regional scales (through the Moran ef-
fect) while concurrently imparting asynchronous changes at
continental scales (Zuckerberg et al. 2020): in effect, a climate
dipole creating an ecological dipole. Bird migration is one of
the most visible ecological processes that is strongly connected
to climate variability (Alerstam 1993) and could be responsive
to climate dipoles. For example, recent work has shown that
boreal bird irruptions (the semiperiodic movement of large
numbers of birds outside their normal range; Bock and Lep-
thien 1976; Sokolov et al. 2002) are associated with a climate
teleconnection operating across North America resulting in an
east-west ecological dipole of irruption dynamics (Strong et al.
2015). These irruptions are common in many seed-eating boreal
birds and are theorized to be an adaptation to changes in food
supply associated with the “boom-and-bust” economy of conifer
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seed production, which in of itself is strongly associated with
continentwide fluctuations in temperature and precipitation
(LaMontagne et al. 2020).

A common approach for exploring the ecological role of cli-
mate variability is to use existing climate indices, such as El
Nifio-Southern Oscillation (ENSO) or the North Atlantic
Oscillation (NAO), as statistical predictors of the interannual
variability in ecological data. However, with the modern col-
lection of ecological data at spatial and temporal resolutions
analogous to weather data, the climate—ecological discovery
process can be inverted by relying on fluctuations in the eco-
logical observations to uncover ecologically relevant climate
teleconnections (Zuckerberg et al. 2020). As an example, the
underlying mechanisms of boreal bird irruptions lie in the fluc-
tuations of food availability imposed by variable seed produc-
tion, known as masting (Koenig and Knops 2001; Visser et al.
2009; Newton 2012). Masting is synchronized over thousands
of kilometers and is associated with dipoles in temperature oc-
curring a year or two before the masting event (LaMontagne
et al. 2020). Consequently, climate dipoles may entrain boreal
bird irruptions indirectly by influencing their food supply.
Strong et al. (2015) discovered a correlation between climate
dipoles and irruptive movements of pine siskins (Spinus pinus),
a boreal bird, based around two major directions of migration
(west—east and north-south), uncovering continentwide push-
and-pull irruptive movements driven by temperature and pre-
cipitation anomalies over multiple time lags. The temperature
and precipitation anomalies that trigger these irruptions by mod-
ulating masting have been documented, but understanding is
limited regarding how Rossby waves and specific teleconnection
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mechanisms generate these climate dipoles, hindering our ability
to understand how they may change in the future.

Atmospheric Rossby waves can form as part of internal at-
mospheric variability and can propagate outward from convec-
tion and precipitation anomalies occurring in so-called “source
regions.” Understanding the mechanism and source region of
atmospheric waves is essential to understanding ecologically
relevant downstream precipitation and temperature anomalies.
A portion of the potential tropical source dynamics are tied to
interannual sea surface temperature variations associated with
the ENSO. The Pacific-North American (PNA) sector fea-
tures extratropical source regions for Rossby waves, often as-
sociated with monsoonal convection during spring or summer.
Prominent examples include the “Tokyo—Chicago Express”
teleconnection (Lau and Weng 2002) and the “Silk Road” pat-
tern (Enomoto et al. 2003). These modes capture connections
between East Asian summer monsoon (EAM) convection and
central U.S. summer rainfall, and they link geopotential height
anomalies over southern Japan and the East Asian summer jet
through atmospheric teleconnections. EAM convection is
an important Rossby wave source during summer when the
background flow is weak and less well organized (Wang
et al. 2001; Lopez et al. 2019), and several studies have iden-
tified important roles for the EAM in North American cli-
mate variability associated with diabatic heating from its
deep convection (Sampe and Xie 2010; Zhu and Li 2016,
2018).

The Madden—Julian oscillation (MJO) consists of eastward-
propagating convection and represents one of the most dominant
physical modes of tropical intraseasonal variability (Wheeler and
Hendon 2004; Barrett 2019). The extratropical response to MJO
can be PNA-like, with a low-frequency variability, and the
consistency of this signature depends on the arrangement of
Rossby wave sources around the subtropical jet (Tseng et al.
2019). Although the MJO is tracked operationally with daily
indices, these patterns cumulatively form the dominate mode
of intraseasonal (30-90 days) tropical atmospheric variability
(Zhang 2005), meaning the MJO has the potential to influence
seasonal-scale extratropical dipoles. On longer time scales, re-
cent analyses of the MJO indicate statistically significant power
spectrum peaks at 12-20-yr periods attributed in part to varia-
tions in sea surface temperature (Wang et al. 2021). Recent
work also shows that century-scale reanalyses can skillfully cap-
ture characteristics of the MJO despite being forced by sea sur-
face temperatures with minimal data assimilation (Cui et al.
2020), providing an opportunity to understand long-term varia-
tions in this important climate mechanism.

It is likely that teleconnections, such as those emanating from
the MJO (Matthews 2000) and ENSO (Sillett et al. 2000), poten-
tially influence seed masting and avian irruption by modulating
upper-level Rossby wave propagation and jet stream anomalies.
However, few studies have attempted to identify the larger-scale
atmospheric patterns associated with the most ecologically rele-
vant climate dipoles, and the origins of these dipoles remain
elusive. Here, we investigate the teleconnection mechanisms
that drive the summer North American dipole (NAD), which
appears to be centrally important to the pine siskin west—east
irruption mode uncovered by Strong et al. (2015). Data and
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methods are presented in section 2. The atmospheric drivers
of bird west—east irruption are shown in section 3. Teleconnec-
tion between NAD and the tropical MJO-like convection is
presented in section 4, and the analysis of extratropical tele-
connection between NAD and convective activity over East
Asia is examined in section 5. Discussion and conclusions fol-
low in section 6.

2. Data and methods

This section describes the datasets and analysis procedures
used in the study. All datasets described below were detrended
prior to any calculations. Statistical significance of correlations
and anomalies were evaluated using ¢ tests assuming 1 degree
of freedom per year. Variability patterns were analyzed using
empirical orthogonal function (EOF) analysis (Hannachi et al.
2007), also known as principal component analysis.

a. Datasets
1) BIRD DATA

The magnitude and periodicity of bird irruptions were iden-
tified using observations collected during Project Feeder-
Watch (PFW; Bonter and Hochachka 2009). Bird (e.g., pine
siskin) counts consist of a 2-day observation period separated
by 5 days and begin on the second Saturday in November and
run for 21 weeks during the winter. For our purposes, we total
the bird counts over that period for each site and year in
which the collection period ended (e.g., FeederWatch year
1989 corresponds to November 1988-April 1989). PFW has
been collecting data since 1989, and over 25000 participants
regularly enlist annually across the United States (Zuckerberg
et al. 2011, 2012). Although this dataset has limitations and
quality control challenges inherent in citizen science, we fol-
lowed the processing steps in Strong et al. (2015) to deempha-
size small-scale heterogeneity and minimize artifacts stemming
from, for example, oversampling of urban or suburban areas.
With this processing, the FeederWatch data are well suited for
the project due to their continental extent, large sample size,
and repeated sampling throughout the Northern Hemisphere
winter when irruptions are most likely to occur. We chose pine
siskin as the focal species because they are one of the most vis-
ible and widespread North American seed-eating birds, and
they also engage in irruptive movements (Watts et al. 2017).
Data for 1989-2019 are analyzed here as further detailed be-
low in section 2b.

2) CLIMATE DATA

Reanalysis datasets from 1950 to 2019 for monthly averaged
500-hPa geopotential height Zsy, near-surface (2-m) air tem-
perature, and outgoing longwave radiation (OLR) were based
on the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis (ERAS5) on a 30-km grid (Hersbach et al.
2020). The datasets used for multidecadal analyses in section 4
were obtained from NOAA Physical Science Laboratory
(PSL)’s Twentieth Century Reanalysis (20CR) version 3 on a 1°
grid (Compo et al. 2011). Sea surface temperature data were
from the Hadley Centre Sea Ice and Sea Surface Temperature
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dataset (HadISST) on a 1° grid (Titchner and Rayner 2014).
Two precipitation datasets were used. The PFW bird data over-
lapped with the satellite era, so correlations between migration
and precipitation were assessed using Global Precipitation Cli-
matology Project (GPCP) monthly data on a 2.5° grid from
1979 to 2019, which merged rain gauge stations, satellites, and
sounding observations (Huffman et al. 1997). For analyses cov-
ering the period extended back before the PFW data, we used
Global Precipitation Climatology Centre (GPCC) gauge-based
data on a 1° grid from 1950 to 2019 (Schneider et al. 2008).

b. Bird dipole analysis

Bird count observations from PFW were mapped to grids
for the period 1989-2019 using inverse square root distance
weighting on a grid with 141-km spacing following Strong et al.
(2015). FeederWatch leading modes of pine siskin count vari-
ability were then determined via EOF analysis. In this appli-
cation, the set of standardized time series of pine siskin count
at n = 1003 sites, each with record length m = 31 years, were
assembled into a (n X m) matrix. The EOFs were the eigen-
vectors of the associated (n X n) spatial covariance matrix.
Further processing details followed prior work with these
data (Strong et al. 2015). For each mode, the EOF analysis
yielded a time series index (principal component) and a spa-
tial pattern displayed by mapping the correlation between
the mode’s principal component and the pine siskin count
time series at each grid location. The mode’s temporal pat-
tern was displayed by plotting the standardized (z score)
principal component versus year, indicating the sign and
magnitude of the mode. Here, z score means the time se-
ries was transformed to have zero mean and unit standard
deviation.

To understand how climate variability influences irruption,
we correlated climate fields such as 2-m air temperature with
the bird count principal component defined above. For this cor-
relation analysis, the climate data (JJA 1986-2016) led the bird
irruption principal component (November—April 1989-2019)
three summers prior to account for the lags associated with the
tree reproductive cycle and bird migration. This lag was moti-
vated by and consistent with prior work by Strong et al. (2015),
where it was referred to as y_, (the summer immediately pre-
ceding the FeederWatch period was referred to as yj).

¢. Rossby wave source

We computed the linearized Rossby wave source (RWS;
Sardeshmukh and Hoskins 1988)

RWS = -V (W,Z,) — V- (@,L). (1)
and the vorticity budget (Kosaka and Nakamura 2006)

(}g; -3 8{; _ aza aza _
v oax v oy

— (damping) = 0, (2

RWS —u

(residuals)

where u, = (u wV 4,) is the rotational wind, u = (ux, vX) is the
divergent wind, and ¢, is the vertical component of the absolute
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vorticity. Overbars indicate climatological averages (the mean
over all JJA months from 1950 to 2019), and primes indicate
the corresponding JJA anomalies in the subset of summers be-
ing analyzed (e.g., summers with anomalously high East Asian
precipitation). The use of monthly data for our Rossby wave
source analysis is consistent with related studies (e.g., Kosaka
and Nakamura 2006) and prior work finding that using daily
rather than monthly means had a small impact on the seasonal
average source (e.g., Scaife et al. 2017).

The terms in Eq. (2) can be split into mean zonal and
meridional advection (MA) of anomalous vorticity ZA <
(— u¢ag;,/ax) and MA < (— %ag;/ay) and the horizontal ad-
vection of the mean absolute vorticity by anomalous winds
B & (— wdl Jox — v}dL oy), respectively. The (residuals) term
represents the vertical advection, tilting, and nonlinear effects.
We computed the fields of vorticity, horizontal divergence, and
the rotational and divergent wind components based on the
zonal and meridional wind velocities by using a spectral expan-
sion with T42 truncation.

d. Madden—Julian oscillation

Variability associated with the MJO was analyzed in a man-
ner similar to the method used for the real-time multivariate
MJO (RMM; Wheeler and Hendon 2004). Specifically, the
first two empirical orthogonal functions EOF; and EOF, of
combined daily OLR, 850-hPa zonal wind ugsy, and 200-hPa
zonal wind u,o defined the MJO spatial patterns. Prior to the
principal components analysis, these fields were meridionally
averaged over the equatorial region (15°S-15°N) at all longi-
tudes, and the annual cycle was removed by subtracting the
time mean and first three harmonics at each grid point. The re-
moval of ENSO followed the two-step regression procedure
used for the RMM but using a Nifo-3.4 index based on
HadISST (5°S-5°N, 120°-170°W). While the RMM method
removes additional interannual variability, decadal vari-
ability, and trends by subtracting the 120-day mean of the pre-
vious 120 days, we did not perform this additional high-pass
filtering because we are interested in understanding how inter-
annual-to-decadal variability in tropical convection influences
the teleconnections of interest in this study. We refer to the
EOFs resulting from this procedure as the unfiltered multivari-
ate MJO indices (UMM1 and UMM?2). Note that the removal
of the annual cycle and ENSO was performed only for the in-
puts to the UMM calculations, meaning all other data pre-
sented in the study have not been filtered.

The UMM patterns were analyzed using 20CR daily data be-
cause our interests include the effects of potentially multideca-
dal variability in tropical convection. 20CR data assimilation is
limited to surface pressure reports and uses observed monthly
SST and sea ice as boundary conditions. Observations inform-
ing 20CR become sparser back in time, but independent radio-
sonde data indicate that the reanalysis is of generally high
quality over the Northern Hemisphere extratropics (Compo
et al. 2011). The spatial and temporal patterns of the UMM in-
dices derived from the 20CR compare favorably with the analo-
gous results derived from shorter, satellite-informed reanalyses.
The UMM indices had spatial patterns (Figs. 1a,b) very similar
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FIG. 1. The leading two EOF; (a) EOF; and (b) EOF, from the multivariate EOF analysis using daily OLR, ugs,

and u,go from 20CR (1870-2015) processed as detailed in section 2d. These EOFs were used to produce the corre-
sponding unfiltered multivariate MJO indices UMMI1 and UMMS2. (c¢),(d) Comparison of UMM1 and UMM?2 to anal-
ogous indices VPM1 and VPM2 based on velocity potential MJO obtained from NOA A Physical Sciences Laboratory

(Ventrice et al. 2013) for the overlapping period (1979-2019).

to the corresponding EOF patterns used in the real-time
multivariate MJO index (Wheeler and Hendon 2004). For
example, EOF; featured enhanced convection (negative
OLR anomalies, blue curves), increased low-level westerly
wind (positive ugso, dashed red curves), and reduced upper-
level easterly wind (negative uyq0, purple curves) through-
out the east Indian and western Pacific Oceans (Fig. 1a).
EOF; and EOF, explained 18.6% and 14.4% of the vari-
ance, respectively (similar to ~12% for RMM), and sepa-
rated well with the remaining EOFs, which explained 7.8%
or less. Also, the UMM indices correlated well (r = 0.62)
with the velocity potential MJO indices (VPM; Figs. 1c,d),
also known as the modified RMM (Ventrice et al. 2013).
MJO-related convection typically leads the circulation re-
sponse by several weeks (Li et al. 2015), and we used the
UMM daily values from 1 May through 31 July to lead JJA
by 1 month.

3. Atmospheric drivers of west—east irruption mode

The leading mode of variability in pine siskin count for
1989-2019 is a north-south irruption that is highly intermit-
tent, occurring only a few times in the past several decades
(Strong et al. 2015). The climate drivers of the north-south
mode are being studied as part of ongoing work. Here, we
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focus on the second most important mode (EOF,) of pine sis-
kin count variability, which captures a west—east irruptive mi-
gration (Fig. 2a), hereafter referred to as the west—east mode
(WEM,; Strong et al. 2015), accounting for 12% of the variance.
When the west—east mode index (WEM;; Fig. 2b) is positive,
bird counts are anomalously high over the boreal forest in west-
ern North America (red shading, Fig. 2a) and anomalously low
over the boreal forest in the eastern boreal forest (blue shading,
Fig. 2a). Negative WEM,; corresponds to the reverse pattern.
We focus on the boreal forest here but note that the WEM has
a quadpole structure with a slightly weaker dipole south of the
boreal forest over the continental United States. The WEM;
has an interesting temporal pattern with more distinguished
biennial fluctuations before 2000, and such changes in peri-
odicity have been noted in other bird migration analyses
(Koenig 2001, and references therein). We also note that
the three most negative WEM,; years occurred prior to 2000,
whereas the three most positive WEM, years are distributed
more uniformly through the record.

Correlations with the climate data leading the WEM by 2 years
(y—2, section 2b) capture a distinct continental-scale west—east
dipole of 2-m air temperature and precipitation over the North
American boreal forest where climate variability is a plausible
driver of irruptions (Figs. 3b,c), indicating cold and wet west
and warm and dry east, consistent with prior work (Strong
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FIG. 2. For pine siskin WEM: (a) loading pattern of the WEM, which is the second principal component of bird
counts. (b) WEM,; with red dots indicating positive WEM,; years and blue dots indicating negative WEM,; years. Note
that the sign of the WEM,; is reversed from our prior work (Strong et al. 2015) to facilitate understanding how this

mode connects to upstream climate dynamics.

et al. 2015). These precipitation and temperature anomaly pat-
terns align logically with the associated Zsqo pattern (i.e., Zsgo
anomalies match the sign of the underlying temperature anoma-
lies, and conditions are wetter than average downstream from

the Zsy, trough axis and drier than average downstream from
the ridge axis).

The dipole over North America aligns well with the second
EOF of JJA Zsy in ERAS (cf. blue contours in Fig. 4d to Fig. 3a).
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FI1G. 3. Lagged correlation between JJA climate fields and the WEM,; bird irruption index:
(a) ERAS5 500-hPa geopotential height Zso, (b) ERAS5 2-m air temperature, and (c) GPCP
precipitation. In these correlations, the climate data (1986-2016) led the bird irruption data
(1989-2019) to account for the lags associated with the tree reproductive cycle and bird mi-
gration. Stippling indicates statistical significance at the 95% confidence level.
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FIG. 4. For the first EOF of JJA Zsy, in ERAS over the domain of 35°-65°N, 170°-340°E: (a) loading pattern (blue
contours with negative values dashed) and correlation with JJA Zsq, (shading), (b) correlation with JJAOLR,
and (c) correlation with HadISST. (d)—(f) As in (a)—(c), but for the second EOF, which defines the North American di-
pole index (NAD}:‘RAS). Results correspond to 19502019, stippling indicates statistical significance at the 95% confi-
dence level, and the red box is the averaging region for the East Asian precipitation index (Pga) defined in section 5.

The associated principal component accounts for 14% of the Zs
variance, and we refer to it as the North American dipole index
NADERAS The NADFRM s significantly correlated with the
WEM,; when it leads it by 2 years (red and blue curves, Fig. 5;
r = 0.58, p < 0.01) and enables us to objectively extend our
analysis of this circulation pattern prior to the FeederWatch
record. Variance in the WEM; not accounted for by the
NAD; stems from 1) other weather and climate patterns that

influence masting and 2) population variations in pine siskin
not directly tied to atmospheric variability. The NAD resem-
bles the western Pacific-North American (WPNA) telecon-
nection pattern in its negative polarity, where WPNA tends
to occur in summers following peak ENSO phases and is as-
sociated with western North Pacific summer monsoon
(WNPSM) rainfall anomalies (Ding et al. 2011). As context,
we note that the first EOF of JJA Zsq accounts for 18.7% of
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FIG. 5. The WEM index (WEM,;, blue curve), the NAD index defined as a second principal
component of Zsy in ERAS (NAD,-ERAS , red curve), and the NAD index derived from 20CR
(NAD?R  yellow curve) by projecting 20CR Zsg anomalies onto the ERA5 NAD loading pat-
tern (blue contours, Fig. 4d). The WEM,; corresponds to 1989-2019 and is shifted to 1986-2016
to account for the lag between the climate signal and the bird response.
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FIG. 6. (a) The loading pattern of the leading principal component of daily UMM phases in 20CR for 1870-2015 (PCyy;, negative values
dashed). (b) For uniform MJO summers defined as [PCyy| =< 0.5, distribution of MJO phases for all values of NADFRAS (dashed gray
curve), for NADERAS above its upper quartile (green curve) and for NADERAS below its lower quartile (purple curve). (c) As in (b), but
for nonuniform MJO summers defined as [PCyy| > 0.5. The analysis period in (b) and (c) is 1950-2015 to correspond to overlapping re-
cords of ERA5 and 20CR, and the UMM indices lead the JJA NAD analysis period by 30 days, meaning they are for 1 May-1 Aug.
(d) Time series of NADFRAS, NAD,-ZOCR, and PCy, where the gray shading indicates uniform MJO summers.

the Zsgo variance and resembles the summer circumglobal
teleconnection (CGT) identified by Ding et al. (2011). We
use the NADFRAS hereafter as an index of the most impor-
tant atmospheric circulation pattern associated with the
WEM dipole (i.e., the most strongly correlated of the two
leading EOFs of geopotential height).

4. Role of Madden-Julian oscillation

Correlation maps of NADFRAS with climate data in
Figs. 4d—f suggest that tropical Pacific convection is important
to the Rossby wave, which modulates the NAD, and this con-
vection (shading, Fig. 4e) appears to be only weakly tied to
tropical SST variability including ENSO (Fig. 4f). We hypothe-
size that the tropical convection signal thus reflects summer-
to-summer variations in the relative frequency or intensity of
MIJO phases. We find that variations in the distribution of
MIJO phase are most robustly visible when analyzing multiple
decades, meaning that MJO-like variability on interannual and
longer time scales (Wang et al. 2021; Dasgupta et al. 2021) is
an important component of the mechanism. To illustrate this,
we produce an extended NAD index by projecting 20CR JJA
Zsoo anomalies onto the NAD loading pattern derived from
ERAS (ie., blue contours, Fig. 4d) from 1870 to 2015
NADXR (yellow curve in Fig. 5). This extended NAD?®
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index agrees well with NADIERAS for the overlapping period
(r=10.98, p <0.01; Fig. 5).

The MJO mechanism relates to anomalously frequent oc-
currence of MJO in phases around either 1 or 6, which is cap-
tured by an EOF analysis of daily summer MJO phases. For
this EOF analysis, the analyzed data are the eight time series
[fi, fo» ---, f3], where f,, indicates the fraction of summer days
assigned to MJO phase n. The leading pattern from this EOF
analysis PCyyy has the loading pattern shown in Fig. 6a and
accounts for 46% of the total variance in daily summer MJO
phase. The associated time series is shown by the yellow
curve in Fig. 6d. We use the condition [PCyy| > 0.5 to define
“nonuniform MJO” summers and |[PCyy| < 0.5 to define
“uniform MJO” summers (gray shading, Fig. 6d). Uniform
MJO summers lacked a preference for any particular phase
(gray dashed curve, Fig. 6b), and positive NAD only slightly
favored phases 1 or 2 (green curve, Fig. 6b), while negative
NAD slightly favored phases 5 or 6 (purple curve, Fig. 6b). In
nonuniform MJO summers, by contrast, the distribution of
phases was strongly polarized (gray dashed curve, Fig. 6c),
with positive NAD clearly favoring phases around 1 or 2
(green curve, Fig. 6¢c) and negative NAD favoring phases
around 5 or 6 (purple curve, Fig. 6¢). Consistent with these re-
lationships, PCyy; was significantly correlated with NAD}ERAS
(r =042, p < 0.01) and NAD? R (r = 0.46, p < 0.01) during
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FIG. 7. Correlation maps of PCyy; with JJA-mean 20CR Zsy (shading) and OLR anomalies
(contours; with negative values dashed). The daily UMM values correspond to 1 May-1 Aug to
lead the JJA analysis period by 30 days, stippling indicates significance at the 95% confidence

level, and the analysis period is 1950-2015.

the overlapping period 1950-2015 (blue, red, and yellow
curves, Fig. 6¢). The relationship between PCyy; and NADi20CR
lost statistical significance prior to around 1920 (yellow and
red curves, Fig. 6d), and this decoupling could reflect a change
in the teleconnection mechanism or uncertainty in 20CR stem-
ming from a lower density of assimilated data early in the
record.

Correlating ERAS OLR with PCy,; for the overlapping pe-
riod (1950-2015) reveals negative OLR anomalies indicative
of enhanced convection in the western Indian Ocean and east-
ern tropical Pacific with positive OLR anomalies north of the
Maritime Continent (green contours, Fig. 7). The signs result-
ing from the correlation would correspond to the anomaly
signs during phase 1 (because PCyy; is positive during anoma-
lously frequent phase 1 per Fig. 6a), and phase 6 would corre-
spond to the reverse signs. The associated extratropical
circulation anomalies resemble the positive NAD pattern

120W

with significant ridging northeast of Hawaii, over East Asia,
and over eastern North America (shading, Fig. 7). The pre-
ceding is evidence of a role for MJO in modulating the NAD,
and this mechanism is even more apparent when separating
the record into uniform MJO and nonuniform MJO summers
defined by shading in Fig. 6d. In nonuniform MJO summers,
the NAD is paired with statistically significant upstream ridging
northeast of Hawaii and over eastern Russia (Fig. 8b). The non-
uniform MJO summer correlation results also feature expansive
statistically significant tropical OLR signatures (Fig. 8d) consis-
tent with anomalously frequent MJO around phase 1 triggering
positive NAD and anomalously frequent MJO around phase 6
triggering negative NAD. In uniform MJO summers, by
contrast, the NAD appears more strongly teleconnected to
a pan-Pacific Rossby wave, which traces upstream to signifi-
cant geopotential height anomalies around Japan (Fig. 8a),
and the associated tropical convection patterns are much

180° 120°W

FI1G. 8. Correlation of ERAS Zsq, with NAD,-ERAS (a) in uniform MJO summers and (b) in nonuniform MJO sum-
mers defined by shading in Fig. 6d. (c),(d) As in (a) and (b), but for ERAS5 OLR. Stippling indicates statistical signifi-
cance at the 95% confidence level, the analysis period is the overlap between 20CR and ERAS (1950-2015), and the
red box in (c) is the averaging region for the East Asian precipitation index (Pga).
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FIG. 9. For high Pgs summers (above the 25th percentile), composite mean anomalies of
ERAS (a) Zsgo (shading; gpm) and (b) 2-m air temperature (shading; °C). (c) Correlation
between Pga and JJA-mean sea surface temperatures (HadISST; shading). Stippling indi-
cates statistical significance at the 95% confidence level, the analysis period is 1950-2019,
and the red box indicates the averaging region for the Pga index.

weaker (Fig. 8c). These results for uniform MJO summers
suggest a role for East Asian monsoonal convection, which
is the focus on the next section.

5. Role of East Asian monsoonal convection

Correlation of Zsg, with NAD!ERAS features a dipole over
the East China Sea and Pacific Japan area (Fig. 4d), indicating
an enhanced pressure gradient south of Japan. This potential
source region for the pan-Pacific atmospheric wave also corre-
sponds to low OLR (Fig. 4e), indicating increased convective
activity near Japan, which resembles the WPNA pattern
(Ding et al. 2011) in its negative polarity. Further, SST corre-
lation with NADEFRAS shows a significant tripole pattern over
the central Pacific (Fig. 4f), which closely resembles the SST
pattern that Wang et al. (2001) found in comparing strong
and weak instances of the WNPSM (their Fig. 9b).

To explore the role of East Asian monsoonal convection in
the NAD further, we introduce a precipitation East Asia Pga
index, defined as the area-mean JJA GPCC precipitation over
the red box in Fig. 9. Circulation, convection, and precipita-
tion in this region are closely tied to the western North Pacific
summer monsoon (Wang et al. 2001), and Pg and NADERAS
are positively correlated (r = 0.33, p < 0.01). The connection be-
tween the NAD and Pg, is stronger for uniform MJO summers
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[r(NAD}ERAS ,Pg,) =049, p<0.01] and lacks significance
for nonuniform MJO summers [r(NADlERAS , Pp,) =0.09,
p < 0.66]. This contrast in correlation supports the interpretation
that uniformly distributed MJO allows monsoonal convection
over the midlatitudes to modulate the NAD, whereas tropical
convection anomalies associated with anomalously frequent
MJO phases 1 and 6 overwhelm the extratropical teleconnection.

Relatively high precipitation over East Asia (Pga above its
75th percentile) is associated with a zonally elongated dipole
pattern over the East China Sea and northern Japan region
(Figs. 9a,b), which is familiar from prior work (Wang et al.
2001; Lau and Weng 2002). A pan-Pacific Rossby wave pattern
propagates poleward and eastward from this region, projecting
positively onto the NAD (Fig. 9a), similar to results obtained
for uniform MJO summers (Fig. 8a). The result also shows
that Pga is significantly correlated with SST over southern
Japan and the East China Sea area and not significantly corre-
lated with tropical SSTs in JJA (Fig. 9b), suggesting a weak in-
fluence of ENSO-like variability on Pga.

Providing additional evidence of an important role for East
Asian monsoonal convection in the NAD, we present a
Rossby wave source analysis for uniform MJO summers with
high Pga (Fig. 10). Here, we focus the RWS analysis domain
and discussion on the oceanic sector following Kosaka and
Nakamura (2010). Over the East China Sea and Japan, we
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FIG. 10. For uniform MJO summers ([PCyy| = 0.5) with high Pga (above its 75th percentile), 850-hPa (a) Rossby
wave source (shading) and irrotational wind (vectors), (b) ZA term, (¢) MA term, and (d) B term. (e)—(h) As in
(a)-(d), but for 250-hPa. Results correspond to JJA for 1950-2019 based on ERAS data.

find convergence of the irrotational wind with a positive
Rossby wave source in the lower troposphere (red shading,
Fig. 10a), corresponding to an increasing tendency of cyclonic
vorticity. The overlying pattern in the upper troposphere has di-
vergent irrotational wind and a negative Rossby wave source.
This indicates ascending motion between the lower-level
convergent and upper-level divergent zone and is consistent
with the negative OLR anomaly over East Asia in Fig. 8c.
The Rossby wave source is dominated by the vortex stretch-
ing term and is compensated mostly by the meridional advec-
tion of the anomaly vorticity (Figs. 10c,g). Results indicate that
the advection of perturbation vorticity by the mean flow [zonal
advection (ZA)] tends to be compensated by the g effect, indi-
cating that the wavy anomalies are largely associated with free
Rossby waves (Figs. 10b,f,d,h). We note that there are strong
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upstream RWS signals (e.g., over the Mediterranean and
Himalayas) that may be related to the NAD teleconnection,
but these RWS signals are also robust features of observed
and simulated summer RWS climatologies (e.g., Nie et al.
2019; Fuentes-Franco et al. 2022).

6. Discussion and conclusions

Avian irruption is known to be related to summertime
near-surface air temperature and precipitation anomalies in
the preceding 2-3 years (Zuckerberg et al. 2020). Strong et al.
(2015) identified continental-scale irruption patterns of North
American boreal seed-eating birds using objective statistical
techniques and related these irruptions to climate dipoles.
They named these dipoles the north-south irruption mode
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and the west—east irruption mode, where the WEM features
cold and wet anomalies over western North America and
warm and dry anomalies over eastern North America during
the boreal summer 2 years before the bird irruptions. In this
study, we addressed the following two problems: 1) how do
atmospheric circulation and global teleconnections impact
avian irruptions at continental scales, specifically the WEM?
2) What summer climate mechanisms generate the Rossby
waves ultimately responsible for the ecologically relevant
NAD?

The NAD was objectively defined as a second principal com-
ponent of 500-hPa geopotential height and was linked to two
mechanisms: 1) Rossby waves associated with MJO-like con-
vection and 2) a pan-Pacific stationary Rossby wave triggered
by EAM convection. The MJO mechanism is linked to anoma-
lously frequent occurrence of either MJO phases 1 or 6, which
are captured by the leading principal component of MJO phase
based on the daily UMM indices PCyy;. In nonuniform MJO
summers (|PCyy| > 0.5), anomalously frequent phase 1 trig-
gered a poleward- and eastward-propagating Rossby wave con-
ducive to positive NAD, and anomalously frequent phase 6
triggered the reverse. The linkage between MJO phase and the
NAD was robust over the full record of ERAS (1950-2019)
and in the 20CR after around 1920, with the correlation break-
ing down for earlier years. This may indicate a change in the
teleconnection mechanism or may just reflect the lower density
of assimilated data early in the NOAA 20CR. Despite this
change in correlation early in the record, the MJO indices
based on NOAA 20CR aligned very well with more modern
operational indices (section 2d), and the NAD indices from
20CR and ERAS were highly correlated (r = 0.98) for the over-
lapping period 1950-2015.

The second teleconnection mechanism associated with the
NAD arises during uniform MJO summers (|PCyy| = 0.5),
when East Asian precipitation anomalies Pga trigger a stand-
ing Rossby wave traversing the Pacific from the East China
Sea and Japan area eastward across North America, linking
high Pga to positive NAD. For uniform MJO summers with
high Pga, a Rossby wave source analysis indicated production
of cyclonic vorticity in the East China Sea and Japan region,
mainly by vortex stretching, which was compensated by me-
ridional advection. Although the Rossby wave source analysis
further supports an important role for East Asian convection
in the NAD, it is ultimately confounded by simultaneous oc-
currence of cause and effect in observations, and we have at-
mospheric boundary forcing experiments underway to explore
the underlying causality.

High Pga is in general associated with an elongated dipole
tropospheric circulation pattern over southern Japan consis-
tent with prior studies (Nitta 1987; Kosaka and Nakamura
2006, 2010), and this connected to a distinctive downstream
pan-Pacific Rossby wave extending across North America to
the western Atlantic. The far-reaching impacts of East Asian
summer monsoonal precipitation is consistent with prior work
highlighting teleconnections between the western North Pacific
summer monsoon and North American summer climate (Wang
et al. 2001; Ding et al. 2011). The impacts of Pga are largely
masked during nonuniform MJO summers, meaning this subset
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of summers lacks a significant correlation between the NAD
and Pg 4. Our interpretation is that uniformly distributed MJO
allows monsoonal convection over the midlatitudes to modu-
late the NAD, whereas tropical convection anomalies associ-
ated with anomalously frequent MJO phases 1 and 6 mask
the extratropical teleconnection. An alternative interpretation
could be that the MJO somehow modulates Pg4 to render it
a less effective driver of NAD during nonuniform years, but
the lack of significant correlation between PCy;; and Pga
(r = 0.13, p = 0.31) does not support this alternative inter-
pretation. However, there are ENSO-like SST variations that
can influence MJO phase (Dasgupta et al. 2021) and EAM
convection (Wu and Wang 2002), and these SST patterns
could modulate changes in the relative importance of these
two drivers of NAD.

While we consider the EAM and MJO mechanisms as driv-
ers of the NAD, these two mechanisms may not influence the
NAD’s two centers of action equally. A one-point correlation
map for Zsyy using the NAD’s western center of action as the
origin yields a pan-Pacific Rossby wave pattern very similar to
the result from uniform MJO summers in Fig. 8a, whereas a
one-point correlation map for Zsg, using the NAD’s eastern
center of action as the origin yields a Rossby wave from the
central tropical Pacific very similar to the nonuniform MJO
pattern in Fig. 8b. We might therefore interpret the NAD as
the superposition of two standing Rossby waves—one trig-
gered by EAM convection in a pattern most apparent in uni-
form MJO summers and one triggered by anomalies in the
seasonal phase distribution of the MJO most apparent in non-
uniform MJO summers.

An emerging paradigm in climate change ecology is that
local-scale processes are constrained by environmental drivers
operating over broad geographic scales, but studying these
cross-scale relationships presents a significant interdisciplinary
challenge. Most ecological studies are restricted to local or re-
gional scales, and as a result, the effects of climatic dipoles on
ecological processes is largely unexplored. Our findings un-
derscore the importance of global teleconnections in shaping
climate dipoles in North America and the resulting ecological
effects on bird movements and migrations. Given the known
ecological connections between masting and boreal bird
movements, it is likely that these global teleconnections are
influencing multiple ecological and environmental processes.
Climate variability can synchronize populations of bird and
plant populations at local and regional scales, and uncovering
the origins of the climate dipoles offers new avenues of
exploration.
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