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ABSTRACT: Much of Siberia experienced exceptional warmth during the spring of 2020, which followed an unusually
warm winter over the same region. Here, we investigate the drivers of the spring warmth from the perspective of atmo-
spheric dynamics and remote influences, focusing on monthly-time-scale features of the event. We find that the warm
anomalies were associated with separate quasi-stationary Rossby wave trains emanating from the North Atlantic in April
and May. The wave trains are shown to be extreme manifestations of the dominant modes of spring subseasonal meridional
wind variability over the Northern Hemisphere. Using a large ensemble of simulations from NASA’s GEOS atmospheric
model, in which the model is constrained to remain close to observations over selected regions, we further elucidate the
remote drivers of the unusual spring temperatures in Siberia. In both April and May, the wave trains were likely forced
from an upstream region including eastern North America and the western North Atlantic. Analysis with a stationary
wave model shows that transient vorticity flux forcing over and downwind of the North Atlantic, which is strongly related
to storm activity caused by internal variability, is key to generating the wave trains, suggesting limited subseasonal predict-
ability of the Rossby waves and hence the exceptional Siberian warmth. Our observational and model analyses also suggest
that anomalous tropical atmospheric heating contributed to the unusual warmth in Siberia through a teleconnection involv-
ing upper-troposphere dynamics and the mean meridional circulation. This tropical–extratropical teleconnection offers a
possible physical mechanism by which anthropogenic climate change influenced the extreme Siberian warmth.
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1. Introduction

The first half of 2020 was marked by unusual warmth over
much of northern Asia (Overland and Wang 2021; Ciavarella
et al. 2021; Collow et al. 2022). Of particular note was the per-
sistence of warm anomalies over central Siberia from the win-
ter into the spring, exceeding 58C over a large region (Fig. 1).
Spring temperature extremes are especially impactful over
this region due to their influence on agriculture, ecosystems,
lifestyle, permafrost, and the subsequent summer fire season
(e.g., Chen et al. 2016; Ciavarella et al. 2021). The year 2020
was no exception, with numerous devastating wildfires docu-
mented over Siberia during June (Ciavarella et al. 2021). It is
therefore of considerable interest to better understand the un-
derlying causes for the unusual spring Siberian warmth in
2020, given potential implications for the predictability of sim-
ilar events in the future.

The persistence of temperature anomalies from winter to
spring over Eurasia is not an unusual phenomenon. One

possible explanation for the persistence is sea surface temper-
ature (SST) anomalies. Specifically, a tripole pattern of persis-
tent SST anomalies in the North Atlantic, characterized by a
band of warm anomalies around 408N and cool anomalies to
the north and south, has been linked to warm conditions over
central Eurasia persisting from winter to spring (Wu and
Chen 2020; Meng et al. 2022). Indeed, January–March SST
anomalies during 2020 show some evidence of this tripole pat-
tern (Fig. 1a). However, the structure and magnitude of the
anomalies do not persist into April and May (Figs. 1b and 2),
suggesting other factors likely contributed to the persisting
Siberian warmth. In contrast, tropical SSTs were character-
ized by more consistent anomalies during the first 5 months
of 2020, with many regions remaining above average (Figs. 1
and 2). A long-term trend in spring tropical SSTs over
1981–2021 contributed substantially to the April and May
2020 SST anomalies (Fig. 2). In a recent study, Schubert et al.
(2022, hereafter S22) show that the above-average tropical
SSTs during January–March 2020 likely contributed to the un-
usual Northern Hemisphere warmth through modifications to
the extratropical circulation. Whether the tropics also influ-
enced the Siberian temperature anomalies during April–May,
however, has not yet been explored.

A key feature of the April–May Eurasian near-surface tem-
peratures during 2020, distinguishing them from the preceding
winter, is the zonally asymmetric pattern of positive–negative–
positive anomalies stretching from western Europe through
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Siberia, as seen with a Hovmöller diagram and spatial maps of
2-m temperature (T2m) anomalies (Figs. 3a and 4). The proxi-
mate cause of this anomaly pattern was the atmospheric circula-
tion, with anomalies in upper-tropospheric eddy streamfunction
(Ce, where the eddy is computed by subtracting the zonal mean
from the full streamfunction C) corresponding in both location
and sign with the underlying T2m anomalies (Figs. 3 and 4).
The atmospheric circulation during this time is characterized by
clear wave activity, with quasi-stationary Rossby wave trains
(e.g., Hoskins and Ambrizzi 1993; Ambrizzi et al. 1995) emanat-
ing from the eastern North Atlantic (around 08) through
Eurasia (;1008E) in both April and May (Figs. 3b and 4). Dur-
ing April, a wave train appears to transfer its energy westward
from Siberia toward western Europe during the first half of the
month, then back eastward during the latter half of the month,
resulting in two maxima in T2m and Ce over Siberia in both
early and late April (Fig. 3, outlined region). When applying a
15-day average, the spatial wave pattern is quite similar be-
tween the first and second halves of April over Eurasia, but a
rather strong secondary positive Ce anomaly also appears east
of Greenland in late April (Figs. 4a,b). During May, the wave
activity was somewhat more variable and less persistent than in
April, with the absence of strong Ce anomalies during the first
7–10 days of the month (Figs. 3b and 4c) followed by an

apparently westward-shifting and intermittent wave train during
the rest of the month (Fig. 3b). An average over 10–31 May
shows a clearer wave signal, not unlike what occurred during
April, but somewhat weaker and shifted to the west (Fig. 4d).
The aforementioned Rossby wave trains during April and May,
and their corresponding temperature anomalies, were associ-
ated with the negative phase of the wavelike Scandinavian tele-
connection pattern (SCAND; Barnston and Livezey 1987;
Overland andWang 2021; Collow et al. 2022).

Recent studies point to additional factors that may have
contributed to the unusual Siberian warmth during the spring
of 2020. The Arctic Oscillation (AO) has been discussed as a
likely contributing factor during April; it remained in a posi-
tive phase that month following its unusually strong magni-
tude during the prior winter (Overland and Wang 2021).
While this may have certainly contributed to warmer temper-
atures across parts of the Northern Hemisphere, the AO
weakened considerably in April,1 suggesting the contribution
was small. On a more local scale, land–atmospheric feedbacks
were shown to be important later in the spring. In particular,

FIG. 1. MERRA-2 temperature anomalies during (a) January–March and (b) April–May 2020.
SST anomalies (K) are shown as color fill over the oceans, and T2m anomalies are shown with red
contours over land (contour lines drawn at 3 and 5 K, with negative contours omitted). Anomalies
are relative to the 1981–2019 climatology of the corresponding months. The regions used to
conduct regional replay simulations are shown in (b) (see Table 1 for region definitions).

1 https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_
ao_index/monthly.ao.index.b50.current.ascii.table.
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low snow cover during May might have contributed as much
as 20% to the above-average temperatures in Siberia then,
owing to increased solar radiation through reduced surface
albedo (Collow et al. 2022). Finally, a large deficit in upper-
tropospheric–lower-stratospheric ozone, which shifted from
the Arctic to Siberia fromMarch through May, may also have
contributed to April–May Siberian warmth through an in-
crease in downwelling longwave radiation from high clouds
(Xia et al. 2021).

While such mechanisms may have contributed to the un-
usual warmth over Siberia during the spring of 2020, a full un-
derstanding of the event, especially from the perspective of
atmospheric dynamics, is lacking. Rossby wave trains clearly
played a substantial role in the local temperature and circula-
tion anomalies, and yet, the underlying forcing and statistical
characteristics of those wave trains remain uncertain. Again,
the possible impact of tropical SST (and atmospheric) anoma-
lies on the spring circulation and Siberian warmth is essentially
unexplored. Here, we address these gaps in understanding
with a thorough analysis of observations and model simula-
tions, focusing on monthly-time-scale features of the event. As
a follow-up to S22, we utilize atmospheric general circulation
model (AGCM) simulations with prescribed atmospheric con-
ditions over various regions to elucidate the remote sources
for the observed Rossby wave trains while simultaneously ex-
ploring the role of the tropics. The AGCM analysis is supple-
mented with simulations from a stationary wave model (SWM).
To some degree, the analysis here may be considered an exten-
sion of S22 and complementary to Collow et al. (2022), aiming
to complete our understanding of the mechanisms underlying
the unusual Siberian warmth during early 2020 through a focus
on the spring atmospheric dynamics. We will demonstrate that
these dynamics were distinct from those of the prior winter and

have potential implications for subseasonal prediction and cli-
mate change. The methodology, including observational data
and model simulations, is described in section 2. Results are
presented in section 3, and a summary and discussion are given
in section 4.

2. Data and methodology

a. Observations

The Modern-Era Retrospective Analysis for Research
and Applications version 2 (MERRA-2) is treated as a
proxy for observations2 in this study (Bosilovich et al. 2015,
2017; Gelaro et al. 2017). MERRA-2 is a state-of-the-art
reanalysis produced by the National Aeronautics and
Space Administration (NASA)/Goddard Space Flight Cen-
ter (GSFC) Global Modeling and Assimilation Office
(GMAO). This product assimilates conventional and
satellite-based measurements (McCarty et al. 2016), includ-
ing aerosol optical depth (Randles et al. 2016), into the
GMAO’s land–atmosphere modeling system [the Goddard
Earth Observing System (GEOS) model (Molod et al.
2015)], providing data from 1980 through the present. We
utilize numerous atmospheric fields from MERRA-2
(GMAO 2015a,b,c,d; Bosilovich et al. 2016), including pre-
cipitation that is corrected with gauge and satellite precipi-
tation observations (Reichle and Liu 2014; Reichle et al.
2017). All MERRA-2 data are provided on a 0.6258 longi-
tude 3 0.58 latitude grid.

FIG. 2. MERRA-2 SST anomalies (K). (left) 2020 SST anomalies for (a) April and (c) May. Anomalies are relative
to the 1981–2019 climatology of the corresponding month. (right) 2020 SST anomalies after removing the 1981–2021
linear trend for (b) April and (d) May.

2 We will use the terminology “MERRA-2” and “observations”
interchangeably throughout this paper, recognizing that reanalysis
fields are not strictly observations.
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b. Atmospheric model simulations

We conduct numerous experiments with the GEOS
AGCM to study the Eurasian temperature anomalies and
their remote sources. The model version used here is the
same as that used in the production of MERRA-2, but with
two important differences: 1) the model is run here at a
coarser 18 resolution (compared to the ;0.58 resolution used
for MERRA-2), and 2) a tendency bias correction (TBC) pro-
cedure is implemented during the model runs to partially
correct the model’s climate biases (including subseasonal-to-
seasonal variability) (Chang et al. 2019, 2021).3

We employ a “regional replay” approach in which the at-
mospheric conditions over selected regions of the globe are
constrained to remain close to observations throughout the
simulation while the remainder of the globe is unconstrained

(Chang et al. 2019; Schubert et al. 2019b). Specifically, the
AGCM’s prognostic equations are modified over the replayed
region to include an extra term: the difference between an
analysis (here, MERRA-2) and a short-term (6-h) model fore-
cast (the analysis increment). This forces the model to remain
close to the analysis at each time step. In essence, the specifics
of the weather simulated in the replayed region are forced to
be consistent with MERRA-2. With this approach, one can
assess (from the average of a large ensemble) whether the
prescribed atmospheric forcing in a replayed region (e.g., the
tropics) encouraged the development of anomalous atmo-
spheric conditions in any of the free-running regions (e.g.,
Eurasia), thereby identifying the replayed region as an important
source of remote forcing for those anomalous conditions through
an atmospheric teleconnection mechanism. We should empha-
size that the term “forcing” in this context refers to anomalous
atmospheric dynamics and thermodynamics in the replayed re-
gion, which may be strongly influenced by internal atmospheric
variability or linked with the underlying boundary conditions
(i.e., SSTs). The regional replay approach was recently used to
successfully diagnose remote sources of extreme events in the
Northern Hemisphere, including for the winter preceding spring

FIG. 3. Hovmöller diagram depicting the temporal evolution of (a) T2m (K) and (b) 250-mb eddy streamfunction
(Ce, 106 m2 s21) anomalies in MERRA-2 during the spring of 2020. To compute Ce, the zonal mean is removed from
the full streamfunction (C) anomaly field prior to plotting. Anomalies are relative to the 1981–2019 daily climatology
and averaged over 308–708N. A 10-day running mean was applied to the fields for smoother plotting. The rectangles
indicate the spatial and temporal domains of interest in this study: Siberia during April and May.

3 As described in Chang et al. (2019), the TBCs consist of time-
averaged (over several decades) 6-hourly analysis increments (first
guess forecast minus analysis) obtained from MERRA-2 data,
which are added with opposite sign as additional forcing terms to
the model equations.
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2020 (Schubert et al. 2021; S22). S22 provide additional discus-
sion of the replay approach, including its comparison to
“nudging.”

The model runs utilized here are the same as those used in
S22, with the addition of one replay region (Table 1). The
runs are initialized at the end of 2018 and continued through
the first half of 2020.4 We generate 90 ensemble members for
each selected replay region and an additional 90 members for
the case with no regional replay (NORPL; i.e., a fully free-
running AGCM simulation). Four of the selected regions are
in the tropics, and one encompasses North America and the
western North Atlantic (Fig. 1b; Table 1 provides region
boundaries). The tropical regions are utilized to assess the de-
gree to which the tropics (as a whole and from individual ba-
sins) contributed to the Eurasian temperature and circulation
anomalies. The North American region is selected as a poten-
tial upstream extratropical source for the wave trains de-
scribed in section 1 (e.g., Schubert et al. 2011; Chen et al.
2016, 2020). In all simulations, daily mean SST and sea ice
concentration from MERRA-2 are prescribed everywhere
around the globe (Gelaro et al. 2017). As discussed in S22,
regional replay (especially in the tropics) influences the

long-term model climatology with a tendency to warm the
Northern Hemisphere extratropical land regions during the
cool season. To generate 2020 anomalies that are not influ-
enced by such replay-induced climate modifications, we also
perform a parallel set of 39-yr runs (1981–2019, from which to
compute a climatology) for each replay (and NORPL) experi-
ment (Table 1).

c. Analysis techniques

For all analyses, anomalies are computed with respect to a
1981–2019 climatology. The anomaly for a given model experi-
ment is computed by subtracting the experiment-specific clima-
tology (e.g., NORPL_CLIM, RPL_TR_CLIM; see Table 1).

To quantitatively diagnose the presence and characteristics
of wave trains, we apply a rotated empirical orthogonal func-
tion (REOF; Richman 1986) analysis to the MERRA-2 250-mb
meridional wind (v250) data over the Northern Hemisphere
(08–898N). Specifically, monthly mean April and May v250
anomalies over the period 1980–2021 are pooled for both
months (resulting in 84 values at each grid cell: 42 years 3

2 months per year) and subsequently fed into the REOF analy-
sis. The anomalies are detrended (using the period 1980–2021)
prior to performing the analysis. Rotation has been shown to
result in EOF loading patterns that more closely resemble
wave patterns and teleconnection features observed in nature
and that are more robust (Barnston and Livezey 1987). We
apply the REOF analysis to v250 (as opposed to other tradi-
tional fields such as geopotential height) to emphasize smaller
zonal length scales (as v250 is proportional to the longitudinal
derivative of geopotential height) and hence to maximize the

FIG. 4. Spatiotemporal evolution of T2m (shaded; K) and 250 mb Ce (contoured; 106 m2 s21) anomalies during
April and May 2020 in MERRA-2. Anomalies are averaged over (a) 1–15 Apr, (b) 16–30 Apr, (c) 1–9 May, and
(d) 10–31 May. 250-mb Ce contours are drawn every 5 3 106 m2 s21, with negative contours dashed and the zero
contour omitted.

4 This initialization is used because some of the runs are contin-
uations of those used for a case study during the fall of 2019
(Schubert et al. 2021). For consistency, this same initialization was
then used for all new runs for later case studies, including for S22
and this paper. Note that any initialization early enough to allow
for the AGCM to establish its own climatology and variability (ap-
proximately 6 months or more prior to the analysis period) is
sufficient.
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presence of zonally propagating atmospheric wave activity in
the leading REOF patterns (e.g., Schubert et al. 2011; Chen
et al. 2020). Principal components (PCs) associated with the
REOFs are computed traditionally by projecting the original
input data (i.e., detrended v250 anomalies) onto the spatial
loading patterns. PCs are also computed by projecting the full
v250 anomalies (i.e., by removing the 1981–2019 climate, but
without detrending) onto these loading patterns (herein PCAs,
with the “A” here referring to the full anomaly). PCAs are
generated for MERRA-2 anomalies as well as for AGCM
anomalies. In the latter case, the AGCM anomalies for each
experiment and ensemble member are projected onto the
REOF loading patterns derived from the MERRA-2 data. As
seen later, long-term trends in the MERRA-2 PCAs are
insubstantial.

d. Stationary wave model analysis

The regional replay approach described in section 2b is lim-
ited in that it does not allow the explicit determination of the
specific type of forcing (e.g., atmospheric diabatic heating, in-
ternal atmospheric dynamics) responsible for impacts down-
stream of the replayed regions. For a more controlled
diagnosis of the forcing type, we conduct supplemental ex-
periments with an SWM. The SWM used here is essentially
the dry dynamical core of an AGCM; it is based on the primi-
tive equations and applies damping such as Raleigh friction,
Newtonian cooling, and biharmonic diffusion to suppress
SWM-generated transients and ensure a stable and meaning-
ful solution (Ting and Yu 1998). The model is baroclinic and
time dependent and resolves stationary nonlinearity [i.e., it re-
solves nonlinear interactions associated with stationary waves
(Ting et al. 2001)].

The SWM is global and run with rhomboidal wavenumber-30
truncation in the horizontal and 14 unevenly spaced sigma (s)
levels in the vertical. The prognostic variables are expressed
in terms of anomalies relative to a three-dimensional time-
mean basic state (here, computed as the 1980–2020 mean for

April or May from MERRA-2). The model is initialized with
small values of vorticity (z) at selected locations and has rigid
boundaries at Earth’s surface (s 5 1.0) and the top of the at-
mosphere (s 5 0); orography is accounted for through the
hydrostatic equation. A steady solution is typically reached
after about 30 days of integration; thus, we show results here
for the average of days 31–59 of the simulations. For more
details about the model, including the equations, see Ting
and Yu (1998).

Following Schubert et al. (2011), we consider four types of
forcing (again, forcing is interpreted here as anomalous atmo-
spheric dynamics and/or thermodynamics) that can induce
changes to the atmospheric circulation (and thus generate
wave trains) in the SWM. These include total diabatic heating
(Q, including condensation and radiation) and the conver-
gence of transient fluxes of z, divergence (D), and tempera-
ture (T). The transient flux forcing, derived from the
quadratic transient terms in the prognostic equations for z, D,
and T (see Ting and Yu 1998), can be estimated from obser-
vational data as

TFvor 52= ?V′z′ , (1)

TFdiv 5 k ?= 3 V′z′ 2
1
2
=2(V′ ?V′ ); and (2)

TFtemp 52= ?V′T′ 2
­(v′T′ )

­P
1

Rd(v′T′ )
cpP

, (3)

where TFvor, TFdiv, and TFtemp are the transient forcings for z,
D, and T, respectively, and are imposed as constant forcing
terms in the corresponding prognostic equations. In (1)–(3),
V is the horizontal wind vector, v is vertical pressure velocity,
P is pressure, Rd is the gas constant for dry air, and cp is the
specific heat of air at constant pressure. Overbars represent
monthly means, and the primes are high-frequency deviations
of the respective variables from the monthly means. Here, we

TABLE 1. The AGCM experiments analyzed in this study. Atmospheric perturbations at the end of November 2018 were applied
following Schubert et al. (2019a). All climatology experiments (indicated with _CLIM) are based on 39 individual runs, each
initialized from MERRA-2 on 31 May of each year (1980–2018) and run through the following year (1981–2019). The first 10 months
of each climatology run (previous June–March) are not used here.

Experiment Simulation period Replay region
No. of ensemble

members

NORPL 30 Nov 2018–30 Jun 2020 None 90
RPL_TR As in NORPL Tropics: 258S–258N 90
RPL_PAC As in NORPL Tropical Pacific: 258S–258N, 1208E–1208W 90
RPL_ATL As in NORPL Tropical Atlantic: 258S–258N, 1208W–08 90
RPL_IND As in NORPL Tropical Indian Ocean: 258S–408N, 08–1208E 90
RPL_NA As in NORPL North America and western North Atlantic:

158–608N, 1208–308W
90

NORPL_CLIM 1981–2019: a set of 39 separate runs
initialized 31 May of each previous year

None 1

RPL_TR_CLIM As in NORPL_CLIM As in RPL_TR 1
RPL_PAC_CLIM As in NORPL_CLIM As in RPL_PAC 1
RPL_ATL_CLIM As in NORPL_CLIM As in RPL_ATL 1
RPL_IND_CLIM As in NORPL_CLIM As in RPL_IND 1
RPL_NA_CLIM As in NORPL_CLIM As in RPL_NA 1
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compute the quantities in (1)–(3) from MERRA-2 pressure-
level data using raw (i.e., with no filtering applied) 6-hourly
instantaneous fields.

The Q forcing is computed from MERRA-2 as the sum of
the total temperature tendency due to physics (i.e., the
model-generated total diabatic heating) and the temperature
tendency analysis increment (the difference between the
short-term model forecast and analysis). The analysis incre-
ment is added to correct for possible errors in Q due to
parameterization deficiencies in the AGCM underlying the re-
analysis.5 The Q forcing is monthly averaged and imposed as a
constant forcing term in the SWM’s prognostic T equation.

In addition to deriving the SWM forcing from actual data,
we can also supply the SWM with idealized synthetic forcing
in the prognostic equations. This exercise can be useful for
identifying the forcing locations and/or patterns that are opti-
mal for generating a particular atmospheric circulation or
wave response. Here, we aim to identify and summarize the
most important forcing locations for generating the observed
Rossby waves in April and May of 2020 (Fig. 4). Previous
work showed the importance of both z and Q forcing for gen-
erating quasi-stationary Rossby waves over Eurasia (Ding and
Wang 2005; Schubert et al. 2014; Lim 2015; Ma and Franzke
2021). We thus focus on z and Q idealized forcing here. Follow-
ing Schubert et al. (2014), the horizonal structure of the idealized
forcing (imposed at a single location) has a sine-squared func-
tional form with a horizonal length scale of 108 longitude 3 108
latitude for z and 408 longitude3 108 latitude forQ. The vertical
structure of the forcing follows Fig. 13 of Liu et al. (1998) and
has a peak value of ;5.4 3 10210 s21 in the upper troposphere
for z, and ;3.1 K day21 in the middle troposphere for Q [see
also Eq. (4) of Ting and Yu (1998)].

To summarize the wave response to imposed idealized forc-
ing at various locations, we generate a so-called “optimal forc-
ing pattern” (OFP) for each type of forcing. As described in
Schubert et al. (2011), this is accomplished by first conducting
a series of SWM simulations where idealized z or Q forcing is
imposed at regular intervals around the globe (every 108 lon-
gitude and 58 latitude), generating a library of responses to all
possible forcing locations. Then, the normalized spatial inner
product (NIP) is computed between each of the SWM re-
sponses and a target verification map (i.e., MERRA-2 obser-
vations) within a specified geographic region. Specifically,
NIP is expressed as the following:

NIP 5

∑
N

j51
(Ce

S,j 3 Ce
V,j)�������������

∑
N

j51
(Ce

S,j)2
√ �������������

∑
N

j51
(Ce

V,j)2
√ , (4)

where Ce
S,j is the eddy streamfunction anomaly simulated by

the SWM at grid cell j within the verification region, Ce
V,j is

the verification eddy streamfunction anomaly at the same grid
cell, and N is the total number of grid cells in the verification
region. NIP is a unitless quantity. An NIP value closer to
1 indicates better agreement in the spatial pattern of Ce

anomalies between the SWM simulation and verification data;
a value close to 21 indicates that the patterns are nearly op-
posite in sign. After the NIPs are computed for each of the
idealized forcing simulations, they are displayed on a map at
the locations corresponding to each of the idealized forcing
locations, thus forming the OFP for a given forcing type. This
map can be interpreted as the spatial pattern of forcing that is
most ideal for generating the target wave response. Note,
however, that the OFP is based purely on idealized simula-
tions and thus exhibits a spatial pattern that is much smoother
than typical forcing in the real world, especially for vorticity.

3. Results

In our subsequent results, we focus on the April and May
monthly means for all findings related to the Rossby wave
trains. This approach is justified because, as shown in section 1,
the April wave train exhibits only minor submonthly variability
(Figs. 3 and 4a,b), and during May, the signal is clearer for a
longer-period average (Fig. 4d). Moreover, our intention here
is not to thoroughly understand the synoptic meteorological
evolution of the event, however interesting it may be. Rather,
we aim to diagnose the dynamical mechanisms that manifest
on somewhat longer (monthly) time scales. Given the similarity
in our results for April and May, the following figures and
discussion focus on April, for which the signals are also clearer.
Results for May not shown here can be found in the
supplemental material.

a. Overview of AGCM results

A comparison of the observed T2m and 250-mb Ce anoma-
lies for April 2020 with the results from selected regional re-
play AGCM experiments is shown in Fig. 5. Only RPL_NA
reproduces the observed monthly mean wave train and associ-
ated temperature anomaly pattern over Eurasia, with the
peak Ce anomaly over Siberia being somewhat weaker and
shifted south in the RPL_NA ensemble mean compared to
observations (Figs. 5a,b). No obvious zonally asymmetric cir-
culation anomaly pattern is generated in the RPL_TR or
NORPL experiments over Eurasia (Figs. 5c,d). This suggests
the Rossby wave train that was strongly associated with the
April temperature anomalies was not forced from the tropics
but rather from an upwind region over North America and the
western North Atlantic. In particular, the corrected atmospheric
forcing over the upwind region (again, with forcing referring to
the day-to-day atmospheric dynamics and thermodynamics for
April 2020 from MERRA-2) was critical for the generation of
the wave train. Supplementary experiments with regional replay
applied over the North Pacific were also evaluated to examine
whether extratropical regions further upstream (note the wave
train over the North Pacific in Fig. 5a) were ultimately linked to
the forcing in the RPL_NA region and thus the Eurasia wave
train (Table S1 in the online supplemental material). Those ex-
periments provide no evidence of this, however, as the Eurasia

5 A comparison of Q computed this way with Q computed as a
residual in the thermodynamic equation (Schubert et al. 2011)
shows very similar results (not shown), suggesting the method ap-
plied here (which is computationally more efficient) is adequate.
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wave train is not captured even when the eastern North Pacific
is replayed (Fig. S1).

The influence of Atlantic SSTs on the overlying atmo-
spheric forcing that induced the April wave train remains un-
clear. On the one hand, if SSTs were important, we might
expect a wave train to be generated in all experiments (as
SSTs are prescribed in all runs), which is not the case. How-
ever, if SSTs were indeed important, the generation of the
wave train would require the AGCM to correctly simulate
both the atmospheric response to these SSTs and the persis-
tence of the simulated wave train, neither of which is guaran-
teed. Therefore, the apparent unimportance of SSTs in our
experiments could simply reflect model deficiencies. Addi-
tional AGCM experiments in which the SSTs were modified
would be necessary to shed further light on this topic, but
such experiments are beyond the scope of this study. The
character of the atmospheric forcing in the spring of 2020, and
its possible link with SST anomalies, will be further discussed
with the SWM analysis in section 3c.

Despite not reproducing the wave train, RPL_TR exhibits
a notable and relatively homogeneous warm anomaly over
Eurasia in April 2020, with the largest anomalies being over
the Ural Mountains (Fig. 5c). Substantial warm anomalies in
RPL_TR are also found over the Labrador Sea and eastern
North Pacific. The NORPL experiment produces a similar,
but somewhat weaker, warm anomaly over Eurasia (Fig. 5d).
That substantial warm anomalies appear over the Northern
Hemisphere extratropics in RPL_TR suggests that a tropical–

extratropical teleconnection process (apart from a wave train)
acts to enhance the warm anomalies over Eurasia.

The observed and simulated anomalies for May 2020 are
shown in Fig. 6 for the monthly average and in Fig. S2 for the
period 10–31 May, during which the Eurasia wave train is
more prominent. Qualitatively, the findings discussed above
for April also apply for May; the wave train is only produced
in the RPL_NA experiment (Figs. 6b and S2b), and there also
appear to be tropically forced warm anomalies over the
Northern Hemisphere (Figs. 6c and S2c).

The apparent influence of the tropics on the Eurasian T2m
anomalies during April and May in the AGCM runs is worth
further examination. As noted in section 1, tropical SSTs
were generally above average during both months. In addi-
tion, the SST anomalies were associated with periods of
above-average precipitation (P), with large zonal-mean P
anomalies occurring just north of the equator from about
mid-April through mid-May (Fig. S3a). Figure 7 shows the
T2m and P anomalies in MERRA-2 and all tropical replay
simulations during the period 15 April–15 May, which encom-
passes this tropical P peak. The results show robust positive
T2m anomalies over Eurasia not only in the RPL_TR experi-
ment but also when each individual tropical basin is replayed
(Figs. 7b–e). In NORPL, both the tropical P and Eurasian
T2m anomalies are weaker than in the replay experiments
(Figs. S3c and 7f,l). These findings suggest a physical link be-
tween the tropical P anomalies (and their associated atmospheric
heating) and the extratropical T2m anomalies. Although the

FIG. 5. April 2020 anomalies of T2m (shaded; K) and 250 mb Ce (contoured; 106 m2 s21) in (a) MERRA-2,
(b) RPL_NA simulations, (c) RPL_TR simulations, and (d) NORPL simulations. The 90-member ensemble mean is
shown for the AGCM results. All anomalies are relative to the corresponding MERRA-2 or AGCM experiment
1981–2019 April climatology (e.g., from RPL_NA_CLIM, RPL_TR_CLIM, etc.; see Table 1). The 250-mb Ce con-
tours are drawn every 4 3 106 m2 s21 with negative contours dashed and the zero contour omitted. Replayed regions
are outlined in the colors corresponding to those in Fig. 1b. The region outlined in black over Asia (37.58–708N,
508–1408E) is used for computing the AGCM ensemble probabilities in Table 2.
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most widespread tropical P anomalies appear to be in the
RPL_IND region, replay in any tropical basin evidently in-
creases P across the entire tropics, resulting in larger P anoma-
lies than NORPL in most places (Figs. 7g–l). This general
enhancement of tropical P when any basin is replayed could
explain why all tropical replay simulations have similar extra-
tropical responses. In section 3d, the physical mechanisms con-
necting tropical heating in 2020 with the extratropical T2m are
further explored.

To summarize, the AGCM results point to two important
external sources for the unusual warmth over Siberia in both
April and May: 1) atmospheric forcing over a region encom-
passing North America and the western North Atlantic that
helped drive the Rossby wave trains that placed an upper-
level anticyclonic anomaly over Siberia, and 2) forcing in the
tropics, potentially influenced by above-average SSTs and
precipitation, which caused warming over many parts of the
Northern Hemisphere and presumably enhanced the warm
anomalies over Eurasia related to the wave trains. An inspec-
tion of the ensemble-mean results (Figs. 5–7) suggests the
tropics and upstream North America/North Atlantic region
had a similar influence on the magnitude of temperature
anomalies over Eurasia, with the latter more influential in
the spatial pattern of T2m anomalies due to the presence of
the wave trains. To quantify the contribution from both re-
gions further, we examine the intraensemble variability in the
RPL_NA and RPL_TR simulations and compare it with that
in NORPL. Table 2 shows the probability of exceedance of
various thresholds in the Siberia-averaged T2m Z score (i.e.,
T2m anomaly normalized by standard deviation; herein
ZT2m) among the 90 ensemble members of the three experi-
ments (see Table 2 caption for more details). Overall, the
probability of ZT2m exceeding a given threshold within the

Siberia region [the MERRA-2-computed area-mean ZT2m for
April (1.31) or May (1.18), 1.5, or 1.0] is greatest for RPL_TR,
with the probabilities for RPL_NA being similar to those for
RPL_TR for the lower thresholds. In almost all cases, the proba-
bility of NORPL members having similarly extreme ZT2m val-
ues is the lowest among the experiments. These findings are
consistent with the ensemble-mean results in Figs. 5–7, suggesting
the tropics and upstream North America/North Atlantic pro-
vided additional forcing (beyond the prescribed SSTs) that was
important for the extreme Siberian warmth and that both forcing
regions contributed roughly equally.

b. Rossby wave trains quantified with REOF analysis

In this section, the Rossby wave trains in April and May of
2020 are examined with REOF analysis (section 2c) to ad-
dress the following questions: To what extent were the wave
trains manifestations of recurring modes of spring subseasonal
(i.e., monthly) circulation variability? Was the amplitude of
the wave trains (i.e., intensity of the troughs and ridges) ex-
treme relative to other years over the recent historical record?
Are the GEOS AGCM ensemble members capable of simu-
lating wave train amplitudes that are consistent with observa-
tions when provided the 2020 upstream forcing in RPL_NA?

The spatial patterns of the leading REOF modes derived
from MERRA-2 v250 data are displayed in Fig. 8. Rather than
show the REOF loading patterns themselves for v250, we in-
stead present the correlations between the associated PCs and
basic variables (C, T2m, and P). The first four modes represent
wave trains impacting the North Atlantic and/or Eurasia, with
the first and fourth modes representing wave trains over
Eurasia that appear to originate from the eastern North Atlantic
and extend to southeast Asia (Figs. 8a,j). REOF1 is character-
ized by anomalous anticyclones near the United Kingdom and

FIG. 6. As in Fig. 5, but for May 2020.
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central Siberia, with a notable cyclonic anomaly in eastern
Europe. REOF4 is like REOF1 but is in quadrature with it and
shifted somewhat north, with the strongest anticyclone over
Eurasia instead being located over northwestern Russia (Fig. 8j).
Together, these two modes suggest Eurasia wave trains are a typ-
ical manifestation of internal variability and that a wave train
may look like either phase (positive or negative) of REOF1 or
REOF4 or some combination of both.6 Lagged correlations of

PC1 and PC4 (e.g., April PC1 correlated with May PC4) are not
statistically significant, indicating that these two REOF modes
are not representing a preferred migration of one wave state to
the other (e.g., a westward shift) between April and May. The
Eurasia wave train modes are strongly associated with tempera-
ture anomalies, especially over Europe and Asia (Figs. 8b,k).
This demonstrates the potential for these Rossby wave trains to
induce heatwaves, such as that over Siberia during the spring of
2020, in a way consistent with earlier studies on the links between
wave trains and extreme temperatures (e.g., Schubert et al. 2011;
Fragkoulidis et al. 2018; Röthlisberger et al. 2019). The associa-
tion of the four leading REOF modes with precipitation, while
also having wave structures, is much weaker (Figs. 8c,f,i,l).

A cursory inspection suggests REOF1 closely resembles the
observed wave train in April 2020 (cf. Figs. 5a and 8a). Indeed,
the MERRA-2 PCAs (projections of the v250 anomalies onto

FIG. 7. Anomalies for the period 15 Apr–15 May 2020. T2m anomalies (K) are shown for (a) MERRA-2, (b) RPL_TR simulations,
(c) RPL_PAC simulations, (d) RPL_ATL simulations, (e) RPL_IND simulations, and (f) NORPL simulations. (g)–(l) As in (a)–(f), but
for precipitation (P) anomalies (mm day21). The 90-member ensemble mean is shown for the AGCM results. All anomalies are relative
to the corresponding MERRA-2 or AGCM experiment 1981–2019 climatology for the period 15 Apr–15 May (see Table 1). Replayed re-
gions are outlined in the colors corresponding to those in Fig. 1b. The region over Asia outlined in black in the T2m plots (37.58–708N,
508–1408E) is the same as that in Figs. 5 and 6 for reference. The numbers to the right of each precipitation plot are the area-weighted
average anomalies (Pavg) over the latitude ranges (from top to bottom for each panel) 08–158N, 7.58S–7.58N, and 158S–08.

6 A parallel analysis in which the REOFs are derived from large-
ensemble long-duration NORPL AGCM runs (see Table S1) pro-
duced analogous Eurasia wave trains as modes 2 and 6 (not shown),
but with a smaller difference in percent variance explained by the
first six modes compared to MERRA-2 (ranging from 4.9%
to 3.9%). This demonstrates the robustness of the Eurasia wave
train modes across datasets.
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the REOFs) confirm that April 2020 was characterized by a
strong manifestation of REOF1 (Fig. 9a). In fact, PCA1 for
April 2020 was the largest over the period 1980–2021, highlight-
ing the potency of this wave train then (Fig. 9c; Table 3). When
considering the combined projection onto REOF1 and REOF4
(computed as

�����������������������
PCA12 1 PCA42

√
), which accounts for the pos-

sibility that a strong wave train may occur in any given year that
resembles a combination of REOF1 and REOF4, April 2020
remains the most extreme (Fig. 9c; Table 3). The AGCM PCAs
(projections of the AGCM v250 anomalies onto the REOF pat-
terns) provide more evidence that RPL_NA is the most success-
ful at reproducing the observed April 2020 wave train, with a
much higher likelihood of the individual ensemble members
having large PCA1 values compared to other replay experiments
(Figs. 9a and S4a). However, no ensemble member simulates a
wave train as strong as the observed (with all AGCM PCA1 val-
ues being smaller than the MERRA-2 PCA1). This may be partly
due to AGCM biases in the mean jet stream, which can impact
the wave train simulation (Wang et al. 2017). Additionally, it is
possible that additional ensemble members are needed to capture
the extreme nature of the wave train in the model.

The observed wave train in May 2020 closely resembles
REOF4, i.e., a westward phase-shifted version of REOF1
(cf. Figs. 6a and 8j). Supporting this, the MERRA-2 v250
anomalies in May 2020 project rather strongly onto REOF4
(with PCA4 being about twice as large as PCA1; Fig. 9b).
However, May 2020 is not an outlier within the context of the

historical record (Fig. 9d), with PCA4 in 2020 being third larg-
est and the combined projection onto REOF1 and REOF4
being fifth largest over 1980–2021 (Table 4). Considering the
AGCM results, RPL_NA shows a clear shift toward more
positive PCA4 values compared to other replay experiments
(Figs. 9b and S4b), confirming again the importance of the
upstream forcing over North America and the western North
Atlantic for the generation of the May 2020 wave train. Several
ensemble members (including those from RPL_NA, RPL_ATL,
and RPL_IND) are capable of generating a wave train as strong
as in MERRA-2 (with the AGCM PCA4 scatter encompassing
the MERRA-2 PCA4 value; Figs. 6b and S4b), which partly re-
flects the weaker observed wave train in May compared to April.

In short, these results emphasize the unusual strength of
the wave trains during the spring of 2020, particularly during
April, making their contribution to the exceptional warmth
over Siberia very likely. In Tables 3 and 4, we compare the
statistics of the MERRA-2 PCAs with well-known indices of
Eurasian atmospheric variability that represent wave trains.
The findings confirm the robustness of the PCAs and highlight
the strength of the 2020 wave trains across a variety of met-
rics. In particular, the east Atlantic–western Russia pattern
(EAWR; Barnston and Livezey 1987; Lim 2015) index is
highly correlated with PCA1 in April and had a large magni-
tude in 2020 compared to the previous four decades (Table 3).
In May, the SCAND (Barnston and Livezey 1987; Lim 2015)
and Eurasia teleconnection pattern (EU; Wallace and Gutzler
1981) are strongly related to PCA4 and had their largest and
third largest index magnitudes in 2020, respectively, over the
period 1980–2021 (Table 4).

c. Wave train analysis with a stationary wave model

Here, we use SWM experiments (section 2d) to further inves-
tigate the forcing for the 2020 springtime Eurasia wave trains.
Figure 10b shows the OFP for z associated with the April 2020
wave train. The OFP can be interpreted as the locations and
corresponding signs of upper-tropospheric z forcing (such as
from TFvor) that, if imposed over those locations, would induce
an upper-tropospheric wave pattern over Eurasia that resem-
bles that in MERRA-2 (Fig. 10a). In other words, positive z

forcing over the regions in Fig. 10b colored in red would tend
to produce a Eurasia wave train that is in phase with that in
Fig. 10a and similarly for negative z forcing over the regions in
blue. The results suggest that areas of positive and negative
TFvor both over and upstream of Eurasia (including the North
Atlantic and southeast North America) can induce the observed
Rossby wave train (Fig. 10b). The actual upper-tropospheric
TFvor forcing computed for April 2020 reveals a rather noisy field
of both positive and negative values across the Northern Hemi-
sphere, with particularly large positive values over parts of the
North Pacific and Atlantic Oceans (Fig. 10c). To highlight the lo-
cations where the observed TFvor would have been conducive for
the 2020 wave train development, we multiply TFvor by the OFP.
The resulting field reveals several regions over the North Atlantic
and Europe that were potential wave sources for the Eurasia
wave train (small regions colored in red in Fig. 10d). When forc-
ing the SWM with the TFvor anomalies over a region extending

TABLE 2. The fraction (F) of 90 ensemble members in which
the area-weighted average ZT2m over a region encompassing
Siberia (37.58–708N, 508–1408E, indicated with the black box in
Figs. 5–7) equals or exceeds various thresholds (the MERRA-2-
computed area-mean ZT2m, 1.5, or 1.0). The area-weighted
average ZT2m is computed by including only grid cells within
the region in which ZT2m is positive. An ensemble member is
considered to meet or exceed the threshold only if the area
fraction of positive ZT2m values within the region also equals or
exceeds 0.5. The MERRA-2-computed ZT2m is displayed in the
heading for each month along with its rank among the years
1980–2021. The corresponding dataset climate (MERRA-2 or
AGCM experiment) for the period 1981–2019 is used for
computing ZT2m. Variations in the method (such as averaging
over the entire region, computing the regional mean before the
Z score, or removing the area fraction criterion for positive
values) led to similar conclusions but generally smaller F values
for RPL_NA. The method chosen above allows an ensemble
member to have large positive ZT2m values over only part of the
region (e.g., in the case of a wave train in RPL_NA) and still meet
the threshold, enabling a fairer comparison among experiments.

F $ MERRA-2 ZT2m F $ 1.5 F $ 1.0

April 2020, MERRA-2 ZT2m 5 1.31 (rank 2)
NORPL 0.21 0.16 0.53
RPL_TR 0.44 0.23 0.77
RPL_NA 0.27 0.07 0.72

May 2020, MERRA-2 ZT2m 5 1.18 (rank 2)
NORPL 0.20 0.03 0.39
RPL_TR 0.44 0.08 0.68
RPL_NA 0.42 0.07 0.70
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from the North Atlantic to western Europe (magenta box in
Fig. 10c), we find that the SWM produces a wave train over
Eurasia that qualitatively resembles the observations (Fig. 10e).
An SWM simulation that is forced with all April 2020 forcing
(TFvor, TFdiv, TFtemp, and Q anomalies) in this region shows a
similar response (Fig. 10f), indicating that the TFvor forcing domi-
nates. Analogous results for May 2020 show that TFvor is again
the dominant forcing source (Fig. S5).

Additional analysis was performed to evaluate the sensitiv-
ity of the SWM-simulated wave train to the exact region over
which TFvor forcing is applied. For both April and May 2020,
we find that TFvor over western Europe (especially near the
United Kingdom; Figs. 10d and S5d) is necessary for the
SWM to generate a wave train that is both sufficiently strong
and has the same phase as the observed wave train (not
shown). Although forcing over the central North Atlantic
alone is insufficient for generating realistic wave trains in the
SWM, this does not contradict our prior AGCM results show-
ing the importance of prescribed forcing over the central North
Atlantic (Figs. 5b and 6b). This is partly because, by design, the

SWM suppresses the development of transient eddy feedbacks
and therefore represents only the direct response to the given
forcings (Ting and Yu 1998). In other words, the SWM is not
necessarily representative of the real atmosphere and cannot be
directly compared with a full AGCM that presumably includes
realistic transient eddy feedbacks; the SWM should only be re-
garded as a tool to diagnose the types and regions of forcing
that are important for a given background atmospheric state.
Taken together, our SWM and AGCM results imply that TFvor
forcing over western Europe was likely generated as a dynami-
cal feedback to the forcing upstream (i.e., between North
America and the central North Atlantic) and that the forcing
both upstream (which is constrained in the RPL_NA runs) and
downstream (generated by the free-running AGCM) was im-
portant for the development of the Eurasia wave trains.

Given the importance of TFvor forcing for the April and
May wave trains in 2020, the mathematical and physical inter-
pretations of this forcing deserve further elaboration. Mathe-
matically, TFvor is positive where there is convergence of a
theoretical vector field representing the covariance of high-

FIG. 8. The relationship between basic variables and the leading REOFs derived from the April and May 250-mb meridional wind
(v250) monthly MERRA-2 data for 1980–2021. (a)–(c) Correlations between the principal components of the first REOF (PC1) and
(left) 250-mbC, (center) T2m, and (right) P. (d)–(f) As in (a)–(c), but for PC2. (g)–(i) As in (a)–(c), but for PC3. (j)–(l) As in (a)–(c), but
for PC4. Each correlation map is computed from 84 values (42 years3 2 months). Correlations greater than magnitude 0.3 are statistically
significant at the 1% level based on a two-tailed t test. MERRA-2 data were detrended for each month prior to performing the REOF
analysis. The percentage of variance explained by each of the first four REOFs is 8.39%, 7.65%, 5.83%, and 5.43%, respectively.
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frequency (i.e., 6 hourly) vector wind and z anomalies. Since
TFvor appears in the SWM equation for z tendency (Ting and
Yu 1998), positive TFvor causes an increase in z (i.e., cyclonic
motion). Taking the inverse Laplacian of TFvor (=22TFvor)
can aid with the interpretation of how TFvor affects the circu-
lation, which has the effect of smoothing and reversing the
sign of the TFvor field and converting it from a forcing of z
tendency to that ofC tendency. Figure 11a shows that 250-mb
=22TFvor was large and negative during April 2020 over the
North Atlantic around 508N, inducing a decrease in C there.
Thus, TFvor over the North Atlantic was evidently important
for causing an initial cyclonic anomaly upstream of Eurasia that
likely interacted with the background flow and formed a wave
train further downstream. Areas of positive =22TFvor anomalies
over Eurasia coincide with positive anomalies of Ce over the
same regions (cf. Figs. 10a and 11a) and reflect a potential feed-
back between TFvor and the wave train itself once it developed.

From physical and meteorological perspectives, TFvor is
closely related to storm activity. Figure 11c shows that the

250-mb zonal wind (u) was much above average over and to
the east of the United States in April 2020, just south of the
negative =22TFvor anomalies (cf. Figs. 11a,c). Stronger upper-
tropospheric winds are often associated with tighter tropo-
spheric temperature gradients (due to the thermal wind
balance) and potentially increase upper-tropospheric forcing
for rising motion, both of which contribute to enhanced baro-
clinicity and storm development. As a metric of storm activity,
we show the variance of 850-mb 6-hourly meridional wind
[var(y)] in Fig. 11e. Positive anomalies in 850-mb var(y) were
evident off the east coast of the United States and the North
Atlantic around 508N, in the vicinity of the aforementioned
anomalies in 250-mb u and =22TFvor. These 850-mb var(y)
anomalies are consistent with more frequent and/or intense
fluctuations in y speed and/or direction and hence increased
storm frequency and/or intensity. Our results thus support a
link between the observed TFvor forcing and enhanced
storminess in April 2020. A similar connection between the
April 2020 Eurasia wave train, upstream TFvor, and North

FIG. 9. Projections of AGCM and MERRA-2 v250 anomalies (PCAs) onto the REOF patterns derived from
MERRA-2 (shown in Fig. 8). (a) Scatterplot of PCA4 vs PCA1 for April 2020 for the AGCM individual ensemble
members (small dots) and ensemble mean (large dots) of each experiment (colors indicated in key). The correspond-
ing MERRA-2 PCAs are indicated with the large gray dots. (b) As in (a), but for May 2020. (c) Time series of
MERRA-2 PCAs for April 1980–2021 for PCA1 (purple), PCA4 (orange), and
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(gray; represent-

ing the distance from the origin to the point {PCA1, PCA4} on a scatterplot). (d) As in (c), but for May 1980–2021.
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Atlantic storminess is found in the free-running AGCM
(Figs. 11b,d,f), suggesting the GEOS model is able to ade-
quately capture the dynamics underlying the wave train
forcing. Analogous results for May 2020 are qualitatively
similar to those for April, albeit with weaker =22TFvor

anomalies in the North Atlantic (Fig. S6). The anomalous
North Atlantic storminess in the spring of 2020 was potentially
linked to the underlying SSTs, which show an anomalous north–
south temperature gradient over the North Atlantic during both
April and May (Figs. 2a,c). Such a link between SST gradients,
low-level baroclinicity, and the generation of transient eddy
Rossby wave sources in the North Atlantic has also been noted
in previous studies (Liu et al. 2014; Zhang et al. 2022).

We now briefly turn to an analysis of the diabatic heating
or Q forcing associated with the spring 2020 Rossby waves.
The SWM-derived OFP for Q suggests midtropospheric forc-
ing over the North Atlantic may also contribute to the pro-
duction of an upper-tropospheric wave train over Eurasia
(Fig. 12b), though this contribution is somewhat weaker than
that for vorticity (Fig. 10b). Positive Q anomalies were evident
during April 2020 over the western North Atlantic (Fig. 12c).
These anomalies may have arisen from a couple of factors:
1) condensational heating associated with anomalous clouds and
precipitation due to enhanced storm activity (e.g., Fig. 11; Pfahl
et al. 2014; Binder et al. 2016), or 2) large-scale anomalies in

sensible and latent heat flux (the latter also linked to precipita-
tion) that are more directly associated with anomalously warm
SSTs (Fig. 2a; Chen et al. 2016, 2020). When the observed Q
forcing is imposed in the SWM, however, little or no circula-
tion response occurs over Eurasia compared to when all
forcings are imposed (Figs. 12e,f), suggesting the Atlantic Q
anomalies were inconsequential for the wave train develop-
ment. This implies the thermodynamic anomalies associated
with enhanced transients and storm activity over the North
Atlantic, which enter the SWM through the T tendency
equation here, were much less important than the direct
dynamical contributions from these transients. The results
for May are qualitatively similar, but with weaker observed
Q anomalies over the North Atlantic (Fig. S7).

Finally, we explore the question of whether the dominance
of TFvor forcing in 2020 was an unusual characteristic for that
particular year or is representative of typical historical spring
Eurasia wave trains. To assess this, we generate forcing maps
representing the anomalies of a given forcing (e.g., TFvor, Q)
typically associated with Eurasia wave trains and then impose
those forcing patterns on the SWM. Specifically, a forcing
map is generated by first pairing the MERRA-2 forcing
anomalies over 1980–2021 at each grid cell with the corre-
sponding PCA values for a given Eurasia wave train REOF
mode (shown in Figs. 9c,d) and then calculating for that grid

TABLE 4. As in Table 3, but for May.

Correlation with…

Index 2020 rank PCA1 PCA4 EAWR SCAND EU mag(PCA1, 4)

PCA1 21
PCA4 3 0.10
EAWR 29 [45] 0.80** 20.10
SCAND 1 [1] 20.10 20.79** 20.01
EU 3 0.04 0.63** 0.05 20.70**
mag(PCA1, 4) 5 0.23 20.09 0.19 20.11 0.03
mag(EAWR, SCAND) 2 [3] 0.02 0.01 20.11 20.14 0.04 0.51**

TABLE 3. Summary of Eurasia wave train indices for April. The indices summarized are, from top to bottom, PCA1 and PCA4
computed from MERRA-2 (shown in Fig. 9c), the east Atlantic–western Russia index (EAWR), the Scandinavian index (SCAND),
the Eurasia teleconnection pattern (EU), the quantity

������������������������
PCA12 1 PCA42

√
[mag(PCA1, 4), shown in Fig. 9c], and�����������������������������

EAWR2 1 SCAND2
√

[mag(EAWR, SCAND)]. The second column shows the 2020 rank of the magnitude of each index for the
period 1980–2021 (ranks in square brackets for EAWR and SCAND are for 1950–2021). Correlations between each index and every
other index are shown, with statistically significant correlations (based on a two-tailed t test) indicated with a single (a 5 0.05) or
double (a 5 0.01) asterisk. The EAWR and SCAND indices were obtained from the NOAA CPC (https://www.cpc.ncep.noaa.gov/
data/teledoc/telecontents.shtml). The EU index was computed from MERRA-2 as [20.25 3 ZH500(558N, 208E) 1 0.5 3

ZH500(558N, 758E) 2 0.25 3 ZH500(408N, 1458E)], where ZH500 is the normalized (Z score) 500-mb geopotential height anomaly
based on the local monthly climatological mean and standard deviation (Wallace and Gutzler 1981).

Correlation with…

Index 2020 rank PCA1 PCA4 EAWR SCAND EU mag(PCA1, 4)

PCA1 1
PCA4 15 20.07
EAWR 3 [5] 0.80** 20.43**
SCAND 5 [6] 20.39* 20.63** 0.00
EU 13 20.02 0.71** 20.31* 20.63**
mag(PCA1, 4) 1 0.48** 0.09 0.22 20.19 0.11
mag(EAWR, SCAND) 2 [4] 0.38* 0.06 20.04 20.17 0.23 0.58**
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cell the linear regression slope of the resulting scatterplot.
Positive values of, e.g., the TFvor slope over a given area indi-
cate that the TFvor anomaly is typically positive there when a
wave train is present (i.e., the PCA value is positive and
large). For verification of the SWM results, similar regression-
based maps are created from Ce anomalies. Results for April
wave trains that resemble REOF1 and May wave trains that
resemble REOF4 are highlighted in Figs. 13 and 14 and Figs. S8
and S9, respectively. The conclusions drawn from the general
case for 1980–2021 are very similar to those for 2020. In particular,
TFvor forcing over the North Atlantic and western Europe con-
tributes to wave train development (Figs. 13d and S8d), and TFvor
forcing dominates over all other forcing types in reproducing the
verification wave train patterns (Figs. 13e,f and S8e,f). Moreover,
atmospheric Q anomalies do not appear to make a substantial
contribution to Eurasia wave train development over the period
1980–2021 (Figs. 14 and S9).

We thus conclude that Spring 2020 was not unusual regard-
ing the mechanisms underlying wave train development over
Eurasia. The notable strength of the wave trains may be at-
tributed, in part, to the configuration of atmospheric transient
forcing over the North Atlantic and subsequent transient forc-
ing feedbacks downstream. The anomalous North Atlantic
transient circulation activity (i.e., TFvor anomalies) was likely
caused, to some degree, by internal atmospheric variability, po-
tentially associated with the negative phase of the North Atlantic
Oscillation.7 Our supplementary eastern North Pacific regional
replay experiment (Table S1) is unable to reproduce the ob-
served North Atlantic TFvor anomalies (not shown), explaining
the lack of a Eurasia wave train in those runs (Fig. S1d) and fur-
ther suggesting that the ultimate source of the North Atlantic

FIG. 10. Analysis of the April 2020 wave train with an SWM. (a) Verification: MERRA-2 April 2020Ce anomaly at
sigma level (s) 0.257 (106 m2 s21). Green contours indicate the s 5 0.257 basic-state zonal wind (u; contour interval:
10 m s21, starting at 20 m s21). (b) OFP for vorticity forcing based on the verification in (a) (unitless). The verification
domain (358–758N, 308W–1308E) is indicated with the black box in (a) and (b). (c) MERRA-2 April 2020 anomaly of
transient vorticity flux convergence (TFvor) at s 5 0.257 (10210 s22). (d) The product of the TFvor anomaly in (c) with
the OFP in (b). (e) Ce anomaly at s 5 0.257 from the SWM when forced with the observed TFvor anomalies over the
region outlined in the magenta box (308–708N, 808W–408E) in (c). Note that TFvor anomalies over the entire depth of
the troposphere are used as forcing for the SWM to produce (e). The SWM output is averaged over days 31–59 of the
simulation. The unitless normalized inner product (NIP) between the SWM output and MERRA-2 verification
over the region outlined in the black box is printed in the bottom left of the panel. (f) As in (e), but for the
SWM output when forced with April 2020 anomalies of all transient flux (TFvor, TFdiv, TFtemp) and diabatic
heating (Q) forcing computed from MERRA-2 over the boxed region in (c). Additional details for all calcula-
tions are given in the text.

7 https://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml.
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TFvor forcing in 2020 was local or just upstream over the United
States. The nature of the link between the North Atlantic SSTs
and TFvor forcing during 2020, if any, remains unclear. While
our free-running AGCM experiments do not suggest the SSTs
directly led to the development of the wave train forcing (Figs.
5d and 6d), we cannot rule out that coupled ocean–atmosphere
processes (not captured by our model) associated with the SST
gradient (Figs. 2a,c) played an important role (e.g., Chen et al.
2020; Zhang et al. 2022).

d. Mechanisms underlying tropical–extratropical
teleconnections in 2020

We show in section 3a that tropical atmospheric forcing,
potentially related to SST and precipitation anomalies, likely
contributed to the anomalous warmth over Eurasia and
other parts of the Northern Hemisphere during the spring
of 2020 (Figs. 5c, 6c, and 7). Here, we examine the mecha-
nisms underlying this possible teleconnection. Previous
work has shown that perturbations to tropical heating [e.g.,
due to El Niño–Southern Oscillation (ENSO)] can impact
the extratropical jet stream and atmospheric wave activity, ulti-
mately causing zonally symmetric changes in temperature in the

mid–high latitudes (Hou 1993; Chang 1995; Seager et al. 2003).
In January–March 2020, the anomalously warm tropics were
shown to impact the extratropics through a similar mechanism
(S22). Specifically, the warm tropics induced an equatorward
shift in the subtropical jet that was associated with positive
anomalies of eddy momentum flux convergence near the
upper branch of the Ferrel cell. The anomalous eddy flux
forcing acted to strengthen the zonal wind (contributing to
the positive AO) and shift the Ferrel cell poleward (causing
anomalous adiabatic heating in the midlatitudes), both of
which warmed the Northern Hemisphere extratropics. Did
a similar teleconnection also occur during the spring of
2020? We now explore this question through a series of
zonal-mean diagnostics. For simplicity, we mostly focus on
the RPL_TR experiment for the period 15 April–15 May,
which illustrates the tropical–extratropical teleconnection
well.

Figure 15 shows zonal-mean anomalies in basic variables aver-
aged over 15 April–15 May 2020 for RPL_TR (for reference,
standardized anomalies are shown in Fig. S10). Anomalies in
zonal-mean temperature ([T], where square brackets indicate the
zonal mean and the overbar is the 31-day mean) are evident

FIG. 11. Relationship between the April 2020 Eurasia wave train and atmospheric circulation metrics. (a) MERRA-2
April 2020 anomaly in the inverse Laplacian of TFvor (=

22TFvor) at 250 mb (shaded; m2 s22). (b) Composite of the
250-mb =22TFvor anomaly for the NORPL 2020 ensemble members corresponding to the 90th–100th percentiles of
PCA1 values (i.e., those ensemble members in which the atmospheric circulation strongly resembles the wave pattern
shown in Fig. 8a). In (a) and (b), the black contours depict the 1981–2019 April climatology of 250-mb =22TFvor for the
corresponding dataset, with contours drawn every 25 m2 s22 (negative contours dashed and zero omitted). (c),(d) As in
(a) and (b), but for 250-mb u (m s21), with the climatology contoured every 10 m s21 starting at 20 m s21. (e),(f) As in
(a) and (b), but for the variance in 850-mb meridional wind (y), computed as y ′y ′ (m2 s22), where the overbar is the
monthly mean and primes are 6-hourly deviations from the monthly mean. Climatology contours in (e) and (f) are drawn
every 25 m2 s22.
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throughout the troposphere in the mid–high latitudes (between
about 458 and 758N; Fig. 15a). Another region of robust warm
anomalies is the tropical upper troposphere. The tropical [T]
anomalies are consistent with the anomalous precipitation during
this period ultimately leading to enhanced zonal-mean condensa-
tional heating and warming in the deep tropics (Fig. S3a). As a re-
sult of larger [T] anomalies closer to the equator relative to the
subtropics at a given pressure level (e.g., 300 mb), the upper-
tropospheric temperature gradient increased and likely con-
tributed to a strengthening of the subtropical jet stream
(;308N) and hence the zonal-mean zonal wind ([u]) via ther-
mal wind balance (Fig. 15b).

We also investigate the mean meridional circulation
(MMC) in Fig. 15. The MMC is computed here as the pres-
sure integral of the zonal-mean meridional wind ([y ]) and
represents a streamfunction in the latitude–pressure plane,
with positive values indicating clockwise flow and negative
values counterclockwise flow. Climatological MMC values show
the well-known zonal-mean circulation cells in the Northern
Hemisphere: the Hadley (;58–208N), Ferrel (;308–508N), and
polar (;608–758N) cells (Fig. 15c; Hadley 1735; Lorenz 1967).
All three cells associated with the MMC were anomalous in
2020. The Hadley cell was anomalously strong (positive

anomalies coinciding with climatological clockwise flow north of
the equator in Fig. 15c), presumably due to the enhanced trop-
ical precipitation (e.g., Tomassini and Yang 2022). In addition,
both the Ferrel and polar cells were anomalously weak (anom-
alies opposite the climatological flow). By definition, the
MMC anomalies were associated with anomalies in zonal-
mean pressure velocity ([v]), with a weakening of the usual as-
cent near 608N and a weakening of the usual descent further
north (Fig. 15d). We surmise it was this anomalous vertical
motion that ultimately caused extratropical warming via
adiabatic and/or diabatic processes (Chang 1995; Seager
et al. 2003).

We now examine the link between the zonal jet stream and
MMC anomalies. In Seager et al. (2003), a shift in the zonal
jet associated with ENSO alters the meridional gradient in po-
tential vorticity, subsequently altering the wave refraction and
inducing anomalies in eddy momentum flux convergence; the
anomalous eddy flux convergence then alters the MMC
through the zonal-mean zonal momentum budget. We expect
a similar mechanism underlies the connection between the jet
and MMC anomalies in our results. To assess this, we quantify
the components of the zonal-mean zonal momentum budget
during the spring of 2020. As demonstrated in previous

FIG. 12. As in Fig. 10, except (b) diabatic heating (Q) forcing is used to generate the optimal forcing pattern,
(c) the April 2020 Q anomaly at s 5 0.46 from MERRA-2 (K day21) is shown, and (e) the SWM is run with the de-
rived Q forcing [as shown in (c) over the region outlined with the magenta box] to produce the output. Note that Q
anomalies over the entire depth of the troposphere are used as forcing for the SWM in (e), thus accounting for mid-
tropospheric forcing [as shown in (c)] as well as lower-tropospheric forcing that may be influenced by SST-induced
sensible and latent heat flux anomalies. (a),(f) As in Figs. 10a and 10f, respectively.
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studies (e.g., Seager et al. 2003) and our own analysis (not
shown), there is an approximate balance in the middle and
upper troposphere between the acceleration/deceleration of
[u] due to horizontal eddy momentum flux convergence and
its acceleration/deceleration due to the Coriolis force. Mathe-
matically, this balance may be expressed as the following (in
spherical and pressure coordinates):8

0 ; dUdt_he 1 dUdt_fV, (5)

dUdt_he 5 dUdt_VUse 1 dUdt_VUte, (6)

dUdt_VUse 52
1

a cos2u
­

­u
(cos2u[uey e]), (7)

dUdt_VUte 52
1

a cos2u
­

­u
(cos2u[ue′y e′ ]); and (8)

dUdt_fV 5 f [y ] , (9)

where dUdt_he is the total horizontal momentum flux conver-
gence associated with eddies [which may be separated into
contributions from stationary (dUdt_VUse) and transient
(dUdt_VUte) eddies], dUdt_fV is the Coriolis acceleration,
a is the radius of Earth, u is latitude, f is the Coriolis param-
eter, and other variables are as defined earlier. As above,
the overbars represent the time mean (here, over the
month-long period 15 April–15 May), the square brackets
are the zonal mean, primes are the 6-hourly deviations
from the time mean, and the superscript e represents the
deviation from the zonal mean (or eddy). All terms repre-
sent [u] acceleration and have units of meter per squared
second.

Figure 16a shows that 2020 anomalies in dUdt_he during
15 April–15 May were associated with anomalies in [u]. Of
note are the negative (;458–608N) and positive (;608–858N)
dUdt_he anomalies in the mid–high latitudes that coincide
with anomalies in [u] having the same sign. It appears the al-
tered jet in the subtropics induces dUdt_he anomalies to the
north [consistent with Seager et al. (2003)], inducing [u]
anomalies in the mid–high latitudes that potentially feed back
on the dUdt_he anomalies. The correspondence of positive
dUdt_he and [u] anomalies north of 608N suggests momentum

FIG. 13. As in Fig. 10, but for April wave trains that resemble REOF1 (shown in Fig. 8a) during 1980–2021. Here,
the verification and forcing maps are generated by computing the linear regression slope of the MERRA-2 monthly
anomalies of the corresponding quantity (Ce, TFvor, etc.) at each grid cell against the PCA1 values for April 1980–2021
(the latter are shown in Fig. 9c), as opposed to being computed as the April 2020 anomalies of those quantities.
(e),(f) The SWM is forced with the regression-derived forcing [shown for TFvor in (c)] over the entire global
domain and troposphere that was first multiplied by 10 to have a similar magnitude as the April 2020 forcing
(shown for TFvor in Fig. 10).

8 See Eq. (1) in Seager et al. (2003) for the full momentum bud-
get equation.
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fluxes played a role in the positive AO from the previous
winter persisting into April (Overland and Wang 2021; S22).
An inspection of the stationary and transient components of
dUdt_he suggests the transient eddies play a larger role
(Figs. 16c,d) but that the stationary wave contribution is not
negligible.

The mid–high-latitude dUdt_he anomalies are of particu-
lar interest as they are largely balanced by dUdt_fV
(Fig. 16b), which is directly related to anomalies in [y ] and
thus the MMC [(5)–(9)]. Consequently, southerly [y ] anom-
alies tend to occur near the upper branch of the Ferrel cell,
counteracting the climatological northerly winds there
(;408N and 250 mb in Fig. 16b). Similarly, northerly [y ]
anomalies tend to occur near the upper branch of the
polar cell, counteracting climatological southerly winds
(;608–758N and 300 mb in Fig. 16b). To satisfy atmospheric
continuity, these [y ] anomalies ultimately lead to the slow-
ing of the Ferrel and polar cells shown in Fig. 15. In
summary, the momentum budget analysis in Fig. 16 is sup-
portive of our hypothesis that the anomalies in the zonal
jet stream and MMC are linked via altered wave activity
and corresponding anomalies in dUdt_he. The dUdt_he

anomalies, which are presumably associated with the
strengthened jet due to tropical heating, provide a mecha-
nism by which the tropics influenced the extratropics during
the spring of 2020. These results are fundamentally consis-
tent with the January–March 2020 results in S22, but with
differences in how the dUdt_he anomalies qualitatively in-
fluenced the MMC due to a different placement of the for-
mer relative to the latter in the spring. That is, the dUdt_he
anomalies were better positioned to weaken the Ferrel and
polar cells in the spring rather than shift the Ferrel cell pole-
ward (as happened during the prior winter). Also, we find
that the transient eddies were critical during the spring,
whereas S22 found stationary eddies were important during
the winter. This difference is likely due to the absence of
Rossby wave trains in the RPL_TR experiment (e.g., Fig. 5c),
resulting in small anomalies in dUdt_VUse (7). The impor-
tance of transient eddies for the mechanism described above is
consistent with the findings of Seager et al. (2003), who found
a similar importance of transients for teleconnections associ-
ated with ENSO.

The next question is whether the extratropical [T] anoma-
lies can in fact be traced to the MMC anomalies. For this

FIG. 14. As in Fig. 13, except(b) Q forcing is used to generate the optimal forcing pattern, (c) the regression slope
of April Q anomalies (from MERRA-2) at s 5 0.46 against PCA1 (1021 K day21) is shown, and (e) the SWM is run
with the derived Q forcing over the entire globe [as shown in (c) but multiplied by 10] to produce the output. Note
theQ forcing used to produce (e) is calculated for the entire troposphere, thus accounting for midtropospheric forcing
[as shown in (c)] as well as lower-tropospheric forcing that may be influenced by SST-induced sensible and latent heat
flux anomalies. (a),(f) As in Fig. 13a and 13f, respectively.
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question, we assess the zonal-mean thermodynamic budget, in
which there is a predominant balance between horizontal
eddy heat flux convergence, vertical advection by the MMC,
and diabatic heating as follows:9

0 ; dTdt_he 1 dTdt_vadv 1 dTdt_Q, (10)

dTdt_he 5 dTdt_VTse 1 dTdt_VTte, (11)

dTdt_VTse 52
1

a cosu
­

­u
(cosu[y eT

e]), (12)

dTdt_VTte 52
1

a cosu
­

­u
(cosu[y e′Te′ ]), (13)

dTdt_vadv 52[v] ­[T]
­P

2
Rd[T]
cpP

( )
; and (14)

dTdt_Q 5 [Q] , (15)

where dTdt_he is the total heat flux convergence associated
with eddies [which can be separated into contributions from
stationary (dTdt_VTse) and transient (dTdt_VTte) eddies],
dTdt_vadv is the vertical temperature advection by the zonal-
mean time-mean circulation (including adiabatic effects), and
dTdt_Q is diabatic heating. All terms represent [T] tendency
and have units of kelvins per second.

The key thermodynamic budget terms for the period
15 April–15 May 2020 are shown in Fig. 17. As expected, the
aforementioned anomalies in the MMC (and thus [v]) are as-
sociated with anomalous dTdt_vadv, with positive anomalies
(indicating anomalous adiabatic warming) coinciding with
the anomalously weak ascending motion around ;608N and
anomalously warm temperatures (cf. Figs. 15d and 17b).
These dTdt_vadv anomalies are balanced by both dTdt_Q
and dTdt_he, the latter being strongly influenced by transients
(Figs. 17a,c,d). A balancing of dTdt_vadv by both dTdt_Q
and dTdt_he is consistent with Seager et al. (2003) and is in-
dicative of two things: 1) reduced atmospheric ascent causing
clearer skies and thus increased longwave radiative cooling
and less condensational heating from clouds/precipitation in
the midupper troposphere (i.e., a negative dTdt_Q anomaly),
and 2) the role of eddies in smoothing the temperature

FIG. 15. Zonal-mean climatologies and 2020 anomalies of basic variables for the period 15 Apr–15 May for the
RPL_TR experiment. (a) Temperature ([T ]) anomalies (color fill; K) and climatologies (contours). (b) Zonal wind
([u]) anomalies (color fill; m s21) and climatologies (contours). (c) MMC anomalies (color fill; 1010 kg s21) and clima-
tologies (contours). Contours are drawn at 60.5, 1, 2, 4, 6, 8, 10, 12, 15, and 20 3 1010 kg s21, with negative contours
dashed. (d) Pressure velocity ([v]) anomalies (color fill; 1023 Pa s21) and climatologies (contours). Contours are
drawn at 65, 10, 15, 20, 30, 40, 50, and 60 3 1023 Pa s21, with negative contours dashed. The 90-member ensemble
mean is shown, and the RPL_TR_CLIM 1981–2019 climatology for 15 Apr–15 May is used for generating the anoma-
lies and for plotting the contours.

9 See Eq. (2) in Seager et al. (2003) for the full temperature bud-
get equation.
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anomalies induced by adiabatic warming (i.e., a negative
dTdt_he anomaly). North of ;678N, the balance between
dTdt_vadv and dTdt_Q reverses, with the descending north-
ern branch of the polar cell being anomalously weak and caus-
ing adiabatic cooling (Figs. 17a,b). In this latitude band, it
appears diabatic heating from longwave and condensational
warming is primarily responsible for the positive temperature
anomalies, with dTdt_he being small south of;838N (Fig. 17c).
Overall, these results again support our hypothesis that the
warm anomalies between ;458 and 758N are associated with
anomalous heating, either adiabatic or diabatic, induced by
anomalies in the MMC.

The quantities from Figs. 15–17 are shown for MERRA-2
and the NORPL experiment (alongside the RPL_TR results)
in Figs. S11–S13. The results for NORPL are qualitatively
similar to those for RPL_TR but with generally weaker anom-
alies in all fields. This is consistent with smaller tropical pre-
cipitation anomalies in NORPL and thus weaker tropical
diabatic heating triggering a teleconnection mechanism (Figs.
S3c and S13c). That a similar response occurs in the NORPL

experiment nonetheless supports the proposition that SSTs
and their impact on tropical P played a role in the tropical–
extratropical teleconnection during the spring of 2020. The sta-
tionary eddy contribution to dUdt_he is larger for MERRA-2
than for the AGCM owing to the presence of Rossby wave
activity (e.g., Figs. 7a and S12a,j), which evidently overwhelms
the impact of the transient eddies on the MMC during the
mid-April to mid-May period (Fig. S12g). Atmospheric noise
likely complicates the interpretation of the MERRA-2 results,
given that it is a single realization. We repeated our analysis for
other subseasonal periods (including 1–15 April, 16–30 April,
and the April and May monthly means) and found the AGCM
results to be highly robust, but with weaker signals in May
likely due to weaker extratropical baroclinicity (and thus tran-
sients) later in the spring (not shown). The MERRA-2 results
are more consistent with the AGCM results for the April
mean, which is likely attributable to similarly large tropical
tropospheric [T] anomalies as well as dUdt_he being domi-
nated by transients during that period (not shown). Our com-
parison of different subseasonal periods indicates that while

FIG. 16. Zonal-mean momentum budget analysis for 15 Apr–15 May 2020 for the RPL_TR experiment. (a) [u] ten-
dency anomalies due to the convergence of total horizontal eddy momentum flux (dUdt_he; color fill; m s21 day21).
Contours of the [u] anomaly (as in Fig. 15b) are overlaid for reference. (b) [u] tendency anomalies due to the Coriolis
acceleration (dUdt_fV; color fill; m s21 day21). Contours of the MMC climatology (as in Fig. 15c) are overlaid. (c) As
in (a), but for the component of dUdt_he due only to transient eddies (dUdt_VUte). (d) As in (a), but for the compo-
nent of dUdt_he due only to stationary eddies (dUdt_VUse). All plotted quantities are defined mathematically in the
text [see Eqs. (5)–(9)]. The 90-member ensemble mean is shown, and the RPL_TR_CLIM 1981–2019 climatology for
15 Apr–15 May is used for generating the anomalies and for plotting the contours. For all quantities, values are first
computed for each ensemble member/year and then averaged to compute the ensemble mean or climatology.
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the tropical precipitation and tropospheric [T] anomalies are
physically connected, they need not follow the same temporal
or geographic evolution on subseasonal time scales, consistent
with earlier studies on the persistence of tropical tropospheric
temperature (Kumar and Hoerling 2003; Kubota and Terao
2003; Paulik and Birner 2012).

4. Summary and discussion

We show that the unusual warmth over Siberia during
April–May of 2020 can be attributed to two dynamical mecha-
nisms: 1) persistent atmospheric ridging over northern Asia
associated with Rossby wave trains emanating from the North
Atlantic, and 2) a tropical–extratropical teleconnection that
induced warm anomalies more broadly over the Northern
Hemisphere extratropics. The April and May wave trains,
which were among the strongest over the recent historical re-
cord (especially in April), were both initiated from transient
vorticity flux forcing over the North Atlantic (related to en-
hanced storm activity) and likely sustained by the generation

of additional transients associated with the wave trains them-
selves. While our AGCM simulations do not show a clear link
between North Atlantic SST anomalies and the wave trains, it
cannot be ruled out that the transient vorticity forcing over
the Atlantic was linked to the underlying SST gradient and
further maintained through coupled ocean–atmosphere pro-
cesses. Regarding the tropical–extratropical teleconnection,
the anomalously warm tropical SSTs during the spring of 2020
appear to have played an important role via the following
mechanism: tropical diabatic heating anomalies associated
with the warm SSTs and anomalous precipitation strength-
ened the subtropical jet and altered the upper-tropospheric
transient eddy momentum fluxes, inducing large-scale zonal-
mean atmospheric descent anomalies south of ;658N and as-
cent anomalies to the north, causing adiabatic or diabatic
warming, respectively.

Our AGCM results suggest the North America/North
Atlantic region and tropics contributed roughly equally to the
extreme warmth over Siberia in the spring of 2020 (section 3a).
The observed temperature anomaly pattern over Eurasia

FIG. 17. Zonal-mean temperature budget analysis for 15 Apr–15 May 2020 for the RPL_TR experiment. (a) [T ]
tendency anomalies due to diabatic heating (dTdt_Q; color fill; K day21). (b) [T ] tendency anomalies due to vertical
advection and adiabatic effects from the zonal-mean time-mean circulation (dTdt_vadv; color fill; K day21). (c) [T ]
tendency anomalies due to the convergence of total horizontal eddy heat flux (dTdt_he; color fill; K day21). (d) As in
(c), but for the component of dTdt_he due only to transient eddies (dTdt_VTte). All plotted quantities are defined
mathematically in the text [(10)–(15)]. Contours of the [T ] anomaly (as in Fig. 15a) are overlaid for reference on all
panels. The 90-member ensemble mean is shown, and the RPL_TR_CLIM 1981–2019 climatology for 15 Apr–15 May is
used for generating the anomalies. For all quantities, values are first computed for each ensemble member/year and then
averaged to compute the ensemble mean or climatology.
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exhibited a clear wave structure in both April and May
(Figs. 5a and 6a), presumably induced by the Rossby wave
trains. We surmise teleconnections from the tropics acted
to modify the local temperature anomalies associated with
the wave trains (e.g., by strengthening the April warm
anomaly over Siberia and suppressing the cold anomaly to
its west). Other previously posited drivers of the Siberian
warmth during the spring of 2020, including the lingering
positive AO (Overland and Wang 2021), land–atmosphere
feedbacks (Collow et al. 2022), and ozone loss (Xia et al.
2021), cannot be ruled out as also having influenced the
event. In April, for instance, the lingering positive AO and
tropical–extratropical teleconnection discussed here are not
entirely independent (section 3d, Fig. 16a). Moreover, it can-
not be ruled out that land–atmosphere feedbacks and/or ozone
anomalies acted to augment the anticyclonic circulation anom-
alies and corresponding warmth over Siberia associated with
the Rossby wave trains during both April and May, which was
not explored here.

Some limitations of our study should be noted. Our conclu-
sions are predominantly model based and thus subject to any
biases or deficiencies in the GEOS model, hindering a defini-
tive interpretation of some results. For example, we cannot
rule out the possibility that the Eurasia wave train forcing was
ultimately linked to the North Pacific or tropics, and that due
to model error (e.g., near the boundary of replayed regions),
this is not reflected in the AGCM results (e.g., Fig. S1). It is
also difficult to know conclusively whether North Atlantic
SSTs played an important role in the wave train generation
due to possible errors in the atmospheric response to these
SSTs. On that note, our use of prescribed SSTs imposes addi-
tional limitations. For one, our experiments cannot address
whether coupled atmosphere–ocean processes are important.
Also, prescribing SSTs everywhere does not allow for the isola-
tion of SST contributions from individual basins/regions. Never-
theless, we have reason to expect that the model used here is
sufficiently reliable and provides meaningful results. For in-
stance, the tendency bias correction applied (section 2b) has
been shown to substantially improve the GEOS model climate
biases (Chang et al. 2019, 2021; Schubert et al. 2019b), and those
improvements are robust when the model is run at coarser reso-
lution (not shown). We also corrected for model climate biases
that may have been introduced by regional replay (section 2b;
Table 1). Finally, the AGCM does adequately capture the atmo-
spheric dynamics associated with the 2020 Eurasia Rossby wave
trains, a key aspect of this paper (e.g., Fig. 11).

Given the variety of mechanisms shown to be important for
the unusual Siberian warmth during the spring of 2020, the
potential subseasonal predictability (i.e., at 2–6-week lead) of
this and similar events is an open and interesting question.
Successful prediction of such an event, particularly its zonally
asymmetric temperature anomaly structure, would require
successfully predicting the Rossby wave trains that drive it.
Since the wave trains are shown here to be forced by transient
atmospheric circulations (i.e., subdaily- to synoptic-scale fluc-
tuations), this would require the accurate prediction of those
transients at long-enough lead times for the wave trains to de-
velop. Even if the transients are influenced by persistent

underlying SST anomalies, as previously suggested over the
North Atlantic (e.g., Zhang et al. 2022), predicting the correct
placement and timing of the Rossby wave source would pose
a significant challenge. This is because atmospheric transi-
ents are inevitably generated by internal variability, which
has an inherent predictability limit (e.g., Zhang et al. 2019).
Furthermore, accurate wave train prediction also relies on
the forecast model’s accurate representation of the back-
ground state and transient eddy feedbacks, which is not
guaranteed (Wang et al. 2017; Chen et al. 2021). It therefore
seems unlikely that Rossby wave trains of the character dis-
cussed here would be predictable beyond the weather pre-
diction (i.e., 7–10-day) time frame, limiting predictability of
the heatwaves they induce. On the other hand, predictabil-
ity stemming from the more slowly varying boundary condi-
tions (e.g., tropical SSTs or local land surface anomalies),
shown to also be important for such extreme temperature
events, may be more promising (e.g., DeAngelis et al. 2020;
Koster et al. 2021).

Finally, the potential influence of climate change on the un-
usual Siberian warmth during the spring of 2020 cannot be
overlooked. A connection between anthropogenic warming
and the 2020 Siberian heat has been shown in a recent in-
depth statistical study (Ciavarella et al. 2021), though the
physical pathway by which this connection occurred was not
proposed. We demonstrate here that above-average tropical
temperatures, both at the surface and in the troposphere,
might have induced extratropical temperature anomalies
through modifications to the zonal-mean circulation. Further-
more, tropical temperature anomalies in 2020 were strongly
influenced by warming trends over the past 40 years (cf.
Figs. 2, 15a, and S14a), which were themselves strongly asso-
ciated with trends in tropical precipitation (not shown). To
the extent the observed tropical trends were anthropogenic
in nature, part of the zonal-mean tropical–extratropical tele-
connection discussed here could be linked to human-
induced climate change. Extratropical trends in dynamical
metrics related to this teleconnection were not found (cf.
Figs. 15b–d and S14b–d), but this could be because other
processes, potentially related to extratropical SSTs, influ-
enced those trends as well. Additional study of the tropical–
extratropical teleconnection presented here within the
framework of a larger anthropogenic signal (e.g., large-ensemble
future climate simulations) or controlled perturbations to the sys-
tem (e.g., imposing only tropical boundary forcing) could help
clarify the role of climate change in Siberian heatwave generation,
as could experiments targeting anthropogenic impacts on spring-
time Rossby wave trains. Such additional research could prove
valuable for enhancing our physical understanding of temperature
extremes in a changing climate.
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