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ABSTRACT: Cold air outbreaks (CAOs) in the central United States (U.S.) are high-impact events with widespread so-
cioeconomic consequences, as seen in February 2021. While stratospheric and tropical variability have been shown to possi-
bly influence CAO onset, their individual roles in driving subseasonal CAO forecast skill remain unclear. This study
assesses their impact using targeted nudging experiments within the Community Earth System Model, version 2 (CESM2),
with the Community Atmosphere Model, version 6 (CAM6), subseasonal forecasts. We compare three forecast setups:
1) nudging only the stratosphere above 100 hPa toward reanalysis (NUDGE-S), 2) nudging the full tropical atmospheric
column toward reanalysis (NUDGE-T), and 3) a freely running control with no nudging (FREE). Forecasts are initialized
at various dates preceding two CAO events: 1) December 2017/January 2018, associated with strong stratospheric wave re-
flection and Alaskan blocking, and 2) January 2004, following a major sudden stratospheric warming. In the 2017/18 case,
NUDGE-S substantially improved forecasts of negative near-surface temperature anomalies across Canada and the east-
ern United States while enhancing the forecast of key tropospheric regimes. NUDGE-T modestly improves temperature
forecasts while strengthening the Alaskan ridge. In contrast, both nudging approaches had limited near-surface tempera-
ture impact for the 2004 event, despite improving forecasts of winter weather regimes. These findings suggest that both
tropical and stratospheric variability can influence CAO prediction skill, but their impacts are event dependent. Improved
subseasonal CAO prediction will require better understanding of when and how these modes contribute to surface
extremes.

SIGNIFICANCE STATEMENT: Cold air outbreaks (CAOs) in the central United States can strain utilities, damage
infrastructure, and pose serious risks to public health, as seen during the February 2021 event. Improving forecasts of
these events weeks in advance would give communities and decision-makers critical time to prepare. This study ex-
plores how large-scale patterns in the stratosphere and tropics influence the predictability of CAOs using targeted
model experiments. We find that these influences vary by event and can either enhance or reduce forecast accuracy.
Understanding when and how these factors improve prediction skill can help guide development of more reliable and
longer-lead forecasts, ultimately supporting better planning and resilience in the face of extreme winter weather.

KEYWORDS: North America; Cold air surges; Stratospheric circulation; Forecasting; Subseasonal variability;
Tropical variability

1. Introduction

Wintertime cold air outbreaks (CAOs) are spatially large and
long-lasting intrusions of polar air into the midlatitudes (Cellitti
et al. 2006; Wheeler et al. 2011; Smith and Sheridan 2018, 2020).
CAOs affectmany regions globally, including Europe, Asia, South
America, and, notably, North America (Smith and Sheridan
2020), particularly the central United States (U.S.; e.g., Davis
et al. 2022; Millin et al. 2022; Millin and Furtado 2022). Central
U.S. CAOs receive heightened attention due to their major
socioeconomic and infrastructure impacts, as exemplified by
the February 2021 CAO (Doss-Gollin et al. 2021; Bolinger et al.
2022;Millin et al. 2022;Millin and Furtado 2022). That event led to
widespread power outages, traffic accidents, cold-related deaths,

and $27 billion (U.S. dollars) in consumer price index (CPI)-
adjusted damages (Doss-Gollin et al. 2021; NCEI 2025). Texas
was especially hard hit due to failures in power, natural gas, and
water infrastructure (Doss-Gollin et al. 2021). These recent severe
impacts motivate us to better understand sources of subseasonal-
to-seasonal (S2S; i.e., 2–8 weeks) predictability for CAOs to im-
provewarning capability andmitigate damages.

The S2S forecast horizon is challenging, falling between shorter-
range forecasts driven by initial conditions and weather-scale
features, and seasonal forecasts influenced by slowly evolving
boundary conditions in the ocean and land surface (White
et al. 2017; Millin et al. 2024). Recent work has shown that
central U.S. CAOs are linked to several S2S modes of variability,
offering potential windows of forecasting opportunity (i.e., inter-
mittent periods of enhanced forecast skill; Mariotti et al. 2020;
Bloomfield et al. 2021; Erner and Karpechko 2024). One such
mode is variability in the Northern Hemisphere (NH) strato-
spheric polar vortex (SPV), which significantly influences surface
weather (e.g., Baldwin and Dunkerton 2001; Butler et al. 2017;
Lee et al. 2019; Afarghan-Gerstman and Domeisen 2020; Millin
et al. 2022). Another is the Madden–Julian oscillation (MJO;
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Madden and Julian 1971, 1972), a key source of subseasonal
prediction skill for the NH extratropics due to its modulation of
the polar jet via Rossby wave trains (e.g., Johnson et al. 2014;
Garfinkel et al. 2014; Henderson et al. 2016; Green and Furtado
2019; Quinting et al. 2024).

The connection between CAOs and the SPV is often discussed
in the context of sudden stratospheric warmings (SSWs), when
enhanced planetary-scale wave activity from the troposphere up-
wells into the stratosphere, breaks, and weakens the climatologi-
cal westerlies. During major SSWs, the zonal-mean westerlies in
the polar stratosphere reverse to easterly flow (e.g., Baldwin and
Dunkerton 2001; Nakagawa and Yamazaki 2006; Charlton and
Polvani 2007). These weakened winds may then descend into the
troposphere, weakening and displacing the polar jet stream equa-
torward, increasing the likelihood of midlatitude CAOs (e.g.,
Thompson and Wallace 2000; Baldwin and Dunkerton 2001;
Hitchcock and Simpson 2014; White et al. 2019; Millin et al.
2022). North American cold extremes following SPV weakening
on subseasonal time scales have ties to specific North American
winter weather regimes}quasi-persistent patterns in 500-hPa
geopotential height (GPH) anomalies (Lee et al. 2019; Millin
et al. 2022). For instance, Lee et al. (2019) found that the Arctic
high (ArH) regime, marked by anomalous ridging over northern
Canada and Greenland, is associated with a weak SPV and cold
anomalies over central and northwestern North America. Millin
et al. (2022) further showed that nearly half of central U.S. CAOs
from 1950 to 2021 were ArH-type events. However, the SPV–

CAO link in North America is weaker than in Europe (Lee
et al. 2019; Millin et al. 2022). Instead, another mechanism,
stratospheric wave reflection, plays a role in North American
CAO development.

Stratosphericwave reflection occurswhenplanetary-scalewaves
encounter a negative shear layer in the stratosphere, causing them
to reflect downward and amplify tropospheric wave patterns (e.g.,
Perlwitz and Harnik 2003, 2004; Kodera et al. 2008; Harnik 2009).
Over North America, this involves upward-propagating waves
from Siberia and downward-reflected waves over Canada
(Kretschmer et al. 2018; Millin et al. 2022; Messori et al.
2022). Indeed, this mechanism contributed to major North
American cold spells during winter 2017/18 (Matthias and
Kretschmer 2020). Wave reflection is closely linked to the
Alaskan ridge (AkR) regime, marked by anomalous ridging
over Alaska, facilitating Arctic air intrusion into central North
America (Millin et al. 2022; Messori et al. 2022; Schutte et al.
2025). AkR-type CAOs may also be influenced by tropical vari-
ability, as the ridge’s development is associated with a Rossby
wave train emanating from the tropical Pacific (Millin et al. 2022).

This connection between the tropics and the AkR is one ex-
ample of tropical influence on North American weather. Active
MJO phases, particularly phases 6–8, have also been linked to in-
creased blocking over the North Pacific and Atlantic via Rossby
wave excitation as convection moves into the tropical Pacific
(Henderson et al. 2016; Henderson and Maloney 2018). Certain
MJO phases also enhance wave driving into the stratosphere
over the North Pacific, contributing to major SSWs and modulat-
ing the 10–14-day surface temperature response inNorthAmerica
(Garfinkel et al. 2012; Green and Furtado 2019). Thus, exploring
the impact of both tropical convection patterns and extratropical

stratospheric circulation variability on CAOs in S2S forecasts
is an important avenue of research for improved subseasonal
predictions.

While Arctic stratospheric variability and MJO activity are
known sources of subseasonal prediction skill for North American
winter weather, their individual contributions, along with
joint nonlinear interactions, remain unclear. Prior studies us-
ing reanalysis or S2S model output reflect the combined influ-
ence of these modes, making it difficult to isolate individual
effects. This study addresses that gap by performing targeted
nudging experiments with a subseasonal forecast model for
two central U.S. CAO case studies. Nudging modifies model
physics tendencies, usually for prognostic variables (i.e., zonal
wind, meridional wind, and temperature), to steer the model to-
ward a prescribed target state, often reanalysis, allowing the assess-
ment of how themodel responds to specific sources of variability.

Nudging has been used to isolate stratospheric impacts in
forecasts of European cold events following major SSWs, as
well as anomalous cold responses across North America (e.g.,
Kautz et al. 2020; Huang et al. 2022; Ding et al. 2023). It has
also been applied to tropical circulation (e.g., Huang et al.
2023), with studies showing that improved tropical dynamics
reduce forecast errors in the stratosphere and MJO telecon-
nections on subseasonal time scales (e.g., Karpechko et al.
2024). Here, we conduct experiments that separately nudge
the stratosphere and tropical atmosphere to assess their rela-
tive roles in shaping subseasonal predictions of two central
U.S. CAO events. This study is structured as follows. Section 2
outlines the data and experimental design. Sections 3 and 4 pre-
sent the results for both case studies. In section 5, we discuss
implications for improving subseasonal CAO forecasts and
broader applications to other extreme weather events.

2. Data and methods

a. Data

To analyze the evolution of the two central U.S. CAOs, we
use daily averaged data from the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2),
reanalysis (Gelaro et al. 2017), spanning 1 January 1981–31
December 2022. MERRA-2 has a 0.58 3 0.6258 horizontal
resolution and 42 pressure levels from 1000 to 0.1 hPa.We choose
MERRA-2 as this is the reanalysis product used in the nudging in-
put files of the subseasonal forecast model used in the study (see
section 2b).We analyze key variables relevant to CAO evolution:
2-m temperature (T2M), GPH, meridional wind (y), zonal wind
(u), and air temperature (T). For MERRA-2 anomalies, we use
the 1999–2020 daily climatology where we remove the seasonal
cycle from each day, aligning with the model hindcast period we
use. However, for the regime definitions (described later), we use
the full 1981–2022 period and its corresponding climatology to en-
sure a longer and more robust baseline for defining the regimes.
We also compute the reflection index (RI; e.g., Matthias and
Kretschmer 2020; Messori et al. 2022; Millin et al. 2022) to evalu-
ate the role of stratospheric wave reflection in each event. Fol-
lowing Messori et al. (2022), the RI is defined as the difference
between standardized anomalies of the area-averaged 100-hPa
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meridional eddy heat flux (y ′T′) over Siberia (458–758N,
1408–2008E) and Canada (458–758N, 2308–2808E):

RI 5 (y ′T′)*Sib 2 (y ′T′)*Can, (1)

where asterisks indicate standardized quantities, primes de-
note deviations from the zonal mean, and the subscripts “Sib”
and “Can” refer to Siberia and Canada, respectively. A posi-
tive RI suggests an anomalously higher meridional eddy heat
flux over Siberia than Canada, suggestive of stratospheric
wave reflection, especially when the Siberian component is
positive (upward wave propagation) and the Canadian com-
ponent is negative (downward wave propagation). We also
use MJO phase and amplitude data from the Australian Bu-
reau of Meteorology (BoM 2025) to assess tropical convective
activity prior to the events.

b. Model description and experiments

Nudging in S2S forecasts plays a key role in evaluating
the influence of modes of variability on surface predictability,
extreme event attribution, and stratosphere–troposphere
coupling}central themes in the Stratospheric Nudging And
Predictable Surface Impacts (SNAPSI) protocol (Hitchcock
et al. 2022). We use the Community Earth System Model, ver-
sion 2 (CESM2), subseasonal prediction system (Richter et al.
2022), with the Community Atmosphere Model, version 6
(CAM6), as the atmospheric component, to conduct the tar-
geted nudging experiments. CAM6 runs at approximately
18 horizontal resolution with 32 vertical levels from the surface
to 2 hPa (;40 km). CESM2 CAM6 subseasonal forecasts
extend to 45 days with 21 ensemble members and can only be
initialized weekly on Mondays. The model is selected for its
skill in forecasting variables such as T2M, the MJO, and the
North Atlantic Oscillation (NAO) and for its ability to apply
region-specific nudging (Richter et al. 2022). Additionally,
CESM2 CAM6 represents elements of stratosphere–troposphere
dynamical coupling well enough for our study as compared
to our subseasonal forecasting systems, including the lagged
downward propagation of polar cap (608–908N) GPH anoma-
lies following SSWs and their persistence in the troposphere
(Richter et al. 2022; Garfinkel et al. 2025). To compute anom-
alies in our forecast experiments, we use CESM2 CAM6’s
11-member hindcasts (1999–2020) to build a lead time–
dependent and initialization-dependent climatology. As the
hindcasts are also initialized weekly on Mondays, not all
calendar days are represented each year. To address this, we
adapt the method of Pegion et al. (2019): We first average across
ensemble members and initializations for each calendar day
and then apply a 31-day rolling triangular smoother (615 days).

To isolate the roles of stratospheric versus tropical atmo-
spheric variability in central U.S. CAOs, we conduct three
experiments that nudge T, u, and y toward MERRA-2 reanal-
ysis over specific domains. The first, NUDGE-S, applies full
nudging at and above ;100 hPa across all longitudes and lati-
tudes, tapering to zero near 200 hPa using a hyperbolic transi-
tion centered at ;150 hPa. This setup, modified slightly from
previous studies, ensures complete lower-stratospheric nudging
to capture mechanisms like wave reflection and downward

propagation from SSWs. The second experiment, NUDGE-T,
nudges the full atmospheric column between 108S and 108N
across all longitudes, with a hyperbolic transition tapering to
zero at around 308S/N. No nudging occurs poleward of these
latitudes. These bounds are similar to those used in previous
studies (e.g., Jung et al. 2010; Dias et al. 2021; Karpechko
et al. 2024; Vitart and Balmaseda 2024). Our third experi-
ment, FREE, is a control simulation with no nudging, allowing
the atmosphere to evolve freely for baseline comparison.

Each nudging experiment uses 3-hourly MERRA-2 input
files (UCAR 2024) for the 32-level CAM6 configuration, with
nudging applied on a 12-h time scale (nudging coefficient of
0.25). The model linearly interpolates target values to the cur-
rent model time, with a constant time scale based on the tar-
get interval. By comparing these experiments, we assess how
strongly the stratosphere or tropical circulation influences subsea-
sonal forecasts of central U.S. CAOs. We evaluate nudging im-
pacts through ensemble-mean differences in T2M and 500-hPa
GPH relative to the FREE experiment. Statistical significance is
assessed using 5000-iteration bootstrapping. Additionally, we in-
terpret ensemble-mean 500-hPa GPH responses in terms of
North American winter weather regimes.

c. North American winter weather regimes

To assess circulation differences during CAOs across
forecast experiments, we examine the evolution of the North
American winter weather regimes (Millin et al. 2022). This
framework is first applied to MERRA-2 reanalysis from 1981
to 2022. We use linearly detrended 500-hPa GPH anomalies
over 208–808N and 1808–3308E during November–March, re-
moving the seasonal cycle for each day relative to the 1981–
2022 climatology. Anomalies are weighted by the square root
of the cosine of latitude, and empirical orthogonal function
(EOF) analysis is performed. The 12 leading principal com-
ponents (PCs), capturing approximately 80% of the variance,
are retained. We then apply k-means clustering to these PCs
to identify five winter weather regimes, assigning each day to
the closest centroid using Euclidean distance via Python’s
“scikit-learn” package (Pedragosa et al. 2011). To evaluate
the regime strength inMERRA-2 and CESM2CAM6 forecasts,
we compute the weather regime index (WRI) by projecting daily
500-hPa GPH anomalies onto the cluster-mean patterns (e.g.,
Michel and Rivière 2011) derived from MERRA-2, then stan-
dardizing the projections using the respective climatologies
(1981–2022 for the MERRA-2 regime definition, 1999–2020 for
CESM2 CAM6). We choose this approach rather than deriving
regime patterns directly from the model for the model WRIs to
avoid potential model biases in regime identification and ensure
that we are comparing the same characteristic 500-hPaGPHpat-
terns for the regimes between the verification (MERRA-2) and
the forecast in which we are interested.

d. Event choices

To investigate the impact of stratospheric and tropical influen-
ces on the evolution of central U.S. CAOs and their associated
circulation patterns, we select two events from the Millin et al.
(2022) Great Plains CAO database. Our first event is the central
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U.S. CAO from 26December 2017 to 2 January 2018, character-
ized by stratospheric wave reflection (Matthias and Kretschmer
2020) and an active MJO phase, occurring during an AkR
weather regime (Millin et al. 2022). The second event is a central
U.S. ArH-type CAO from 27 to 31 January 2004, which was pre-
ceded by a major SSW on 5 January 2004 (Butler et al. 2017),
and similarly active MJO conditions. These two cases offer a
unique opportunity to explore the role of stratospheric represen-
tation in subseasonal forecasting of central U.S. CAOs, each
with distinct stratospheric mechanisms but influenced by concur-
rent tropical convection. For both of our chosen CAOs, we per-
form a FREE, a NUDGE-S, and a NUDGE-T experiment
weekly for initializations approximately 4–1 week prior to the
CAO start date (i.e., 12 total experiments per CAO). For the
2004 CAO, the three experiments are performed on 29 Decem-
ber 2003, 5 January 2004, 12 January 2004, and 19 January 2004.
For the 2017 CAO, the three experiments are performed on
27 November 2017, 4 December 2017, 11 December 2017, and
18 December 2017.

3. Evolutions of the two central U.S. CAO events

a. Evolution of the extratropical circulation pattern

We begin by analyzing the synoptic evolution of the se-
lected CAOs. Figure 1 shows T2M and 500-hPa GPH anoma-
lies across the NH for both cases in MERRA-2. The December
2017/18 CAO featured a strong anomalous ridge over Alaska
(;130 dam) leading up to and during the first 3 days of the
CAO, coinciding with anomalous troughing over Canada/the
northern United States and widespread negative T2M anom-
alies extending into the central and eastern United States
(Figs. 1a,b). From 29 to 31 December, the anomalous ridge
over the U.S. West Coast intensified, shifting colder air
southeastward, while the downstream trough extended into
the North Atlantic (Fig. 1c). Between 1 and 6 January 2018,
ridging expanded along the U.S. West Coast with down-
stream troughing across eastern North America, producing
above-normal T2M in the west and below-normal T2M in
the east (Figs. 1d,e). Although the CAO mainly spanned
26 December–2 January in the central United States, strong
negative T2M anomalies persisted beyond this window.

The synoptic evolution of the 27–31 January 2004 central
U.S. CAO contrasts markedly from the December 2017/January
2018 event (Figs. 1f–j). Prior to onset, a strong anomalous ridge
(.20 dam) developed over southern Greenland, flanked by
anomalous troughing over the North Atlantic (Fig. 1f). Simulta-
neously, anomalous ridging over the East Siberian Sea and
troughing from Canada into the central United States produced
negative T2M anomalies across northwestern and northeastern
North America. During the event’s first 3 days, cold anomalies
progressed from northwest Canada into the northern U.S. Great
Plains (Fig. 1g). The Greenland/northern Canada ridge per-
sisted through 4 February, with a deep trough to the south form-
ing a pronounced negative NAO-like pattern from 27 January
to 1 February 2004 (Figs. 1g,h). As the CAO subsided, cold
anomalies lingered but weakened (Figs. 1h–j). Together, the
two events highlight key differences in anomaly duration and

dominant high-latitude blocking: Alaskan ridging in 2017/18
versus Greenland/northern Canada ridging in 2004. While
both blocking regimes can drive CAOs in the central and east-
ern United States, they reflect distinct links to stratospheric
variability (Lee et al. 2019; Millin et al. 2022).

b. Evolution of the stratospheric and tropical
circulation patterns

We now examine the stratospheric and tropical forcings as-
sociated with the two CAO events. Figure 2 shows the lagged
evolution of polar cap (608–908N) averaged u standardized
anomalies, RI, and MJO phase and amplitude for the two
CAOs. About 1 month before the December 2017/January
2018 CAO, upper-stratospheric u anomalies were positive, in-
dicating a stronger-than-normal SPV (Fig. 2a). Three–four
weeks prior, negative u anomalies developed in the tropo-
sphere, followed by mid- to upper-stratospheric weakening
around 6 December. These anomalies persisted through the
CAO onset before returning to a stronger vortex state. Simul-
taneously, the RI increased from 13s to near 15s (Fig. 2b,
black line), coinciding with strong Siberian positive y ′T′ pulses
and subsequent negative Canadian y ′T′ pulses at 100 hPa, in-
dicative of stratospheric wave reflection. Two active MJO peri-
ods, in phases 6–8, occurred concurrently with or slightly lagged
the Siberian heat flux pulses. These phases are known to en-
hance North Pacific and Atlantic blocking (Fig. 2c, Henderson
et al. 2016; Henderson and Maloney 2018). Together, the RI
and MJO timing support the idea that tropical convection helps
drive the extratropical wave pattern associated with AkR-type
CAOs in the central United States (Millin et al. 2022).

The stratospheric and tropical evolution for the January
2004 CAO differs notably from that of December 2017/18.
The 2004 event followed a major SSW on 5 January, marked
by strong negative polar cap u anomalies in the mid- to upper
stratosphere (Fig. 2d). These anomalies gradually descended,
producing two surface “drips,” one around 15 January and an-
other near CAO onset on 27 January, coinciding with strong
Greenland/northern Canada ridging (Fig. 1), suggesting the
SSW may have influenced this CAO. The RI reached a mod-
erate peak (13s, Fig. 2e) from a brief y ′T′ pulse over Siberia
on 29 December (Fig. 2e, red dashed line), likely weakening
the SPV. However, the absence of a corresponding negative
Canadian heat flux response suggests wave reflection did not
occur. Unlike the 2017/18 case, stratospheric wave reflection
appears unimportant during this event. Still, the January 2004
CAO was preceded by a highly active MJO (amplitude .2),
in phases 6–8 before shifting into phases 1–3 about a week
prior to the event (Fig. 2f).

4. Model experiment results

Our analyses of the evolution of the atmospheric circula-
tion in each CAO event reveal that each event features differ-
ent tropospheric weather regimes, stratospheric mechanisms,
and tropical–extratropical interactions. We next examine the
role of the stratosphere and tropics in subseasonal forecasts
of these CAOs through our nudging experiments to investi-
gate their impacts collectively and in isolation.
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a. December 2017/January 2018 CAO analysis

1) FORECASTS OF THE REFLECTION INDEX

For the December 2017/January 2018 CAO, we first exam-
ine the RI in our forecast experiments. Figure 3 illustrates the
forecast spread of the RI and its two components for the

target period 14–25 December 2017. This target period corre-
sponds to the period of peak RI and the strongest downward
wave response prior to the CAO (Fig. 2b). We show the re-
sults for three subseasonal CAO forecast lead times for each
experiment (FREE, NUDGE-T, and NUDGE-S). For the
27 November 2017 initialization (;4 weeks before the CAO

FIG. 1. MERRA-2 T2M anomalies (8C; shading) and 500-hPa GPH anomalies (dam; contours)
averaged for 3-day periods from (a) 23–25 Dec 2017 through (e) 4–6 Jan 2018 for the December
2017 central U.S. CAO event and (f) 24–26 Jan 2004 through (j) 5–7 Feb 2004 for the January
2004 central U.S. CAO event.
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onset), the forecast RI in the FREE run is centered around 0
(i.e., no reflection), with the maximum of the distribution
reaching about 13s, lower than the MERRA-2 observed
value of ;14s (Fig. 3a, gray). In contrast, the NUDGE-T ex-
periment shifts the forecast RI distribution toward higher val-
ues, reaching a maximum closer to 14s (Fig. 3a, red). This
finding suggests that, even though the extratropical strato-
sphere is not directly nudged in the NUDGE-T experiment,
the tropical atmosphere contributes to a better forecast of the
RI for this event. This contribution may be better representation
of MJO-related convection during the event in phases 6–8
(Fig. 2c), which is known to influence upward wave activity
flux into the polar stratosphere (e.g., Garfinkel et al. 2014).
However, the precise reason for this improvement is un-
known. The NUDGE-S experiment performs best for this ini-
tialization, showing a much narrower ensemble spread and
values close to, and even exceeding, the observed evolution
(Fig. 3a, blue). Indeed, in the NUDGE-S experiment, there is
a closely similar evolution of the polar cap u standardized
anomalies in the stratosphere to that of MERRA-2 (Fig. S1 in
the online supplemental material and Fig. 2a). A similar pat-
tern of ensemble spread appears in the 4 December 2017 ini-
tialization forecast RI (;3 weeks before the CAO, Fig. 3b),
though the FREE experiment exhibits an increase in the
value of the forecast RI. By the 11 December 2017 initializa-
tion (;2 weeks before the CAO and 3 days before the RI
forecast period), all experiments begin to converge, which is
expected as nudging has less impact at shorter lead times to

the RI averaging period, due to the ability of the FREE experi-
ment to better capture the shorter-term variability (Fig. 3c).

Examining the forecasts for the two components of the RI
separately reveals similar conclusions to those of the total RI
(Figs. 3d–f for the Siberian component; Figs. 3g–i for the
Canadian component). Ultimately, across initializations, the
NUDGE-S experiment consistently outperforms the other
experiments in simulating both components of the RI, with nar-
rower spreads as well. Interestingly, the NUDGE-T experiment
exhibits the highest Siberian RI forecast among the experiments
in the 27 November 2017 and 4 December 2017 initializations
(Figs. 3d,e), indicating a potential strong association between
tropical forcing and upward wave fluxes over Siberia. Closer to
the event, all experiments converge to the observed values in
both components. Thus, given the large experimental differences
on the longer subseasonal time scales, the representation of the
stratosphere and tropics may have a substantial impact on the
subseasonal forecast of reflection-induced cold for this event.

2) TEMPERATURE AND TROPOSPHERIC

CIRCULATION FORECAST

Next, we investigate the evolution of the T2M and 500-hPa
GPH fields for this CAO event. For these comparisons
among the model experiments, we choose to investigate the
27 November 2017 initialization run only. To compare the
ensemble-mean tropospheric circulation and T2M forecasts,
we use the FREE experiment as a baseline and subtract its

FIG. 2. Evolution of several key S2S indices for the December 2017 central U.S. CAO event: (a) polar cap (608–908N) averaged u stan-
dardized anomalies throughout the atmosphere (shading) from MERRA-2, (b) the RI (black line) and its Siberian (red dashed line) and
Canadian components (blue dashed line) from MERRA-2, and (c) the MJO amplitude (black solid line) and phase (red solid line) from
the BoM. (d)–(f) As in (a)–(c), respectively, but for the January 2004 central U.S. CAO. Black dashed lines indicate the start and end of
the CAO periods. In (a) and (d), positive zonal wind anomalies are in blue and negative anomalies in red, representing a stronger-than-
average polar vortex and weaker-than-average polar vortex, respectively.
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forecast values for the fields from MERRA-2 (to see the er-
rors between the FREE experiment and the observed evolu-
tion) and the two nudged experiments forecast values. We
focus on forecast fields during the CAO event (26 December
2017–6 January 2018). Figure 4 shows the differences in full-
field T2M (shading, 8C) and 500-hPa GPH (contours, dam) for
MERRA-2, NUDGE-S, and NUDGE-T relative to the FREE
experiment. The FREE run largely underestimates 500-hPa
GPH across the North Pacific, Alaska, the southwestern United

States, and the Arctic Ocean during the first 3 days of the
CAO, where strong ridging is observed (Fig. 1), while overes-
timating GPH over Canada and the northern United States,
where a deep trough is present (Fig. 4a). As a result, the
FREE run is not nearly as cold as MERRA-2 across much of
Canada, the eastern United States, and the northern United
States (Fig. 4a, negative values in shaded contours). From
29 to 31 December 2017, similar differences persist, but the
FREE run better captures the GPH across the Arctic Ocean

FIG. 3. Boxplots of (a)–(c) the RI, (d)–(f) the Siberian component of the RI, and (g)–(i) the Canadian component of the RI, each aver-
aged between 14 and 25 Dec 2017, for forecast initializations of 27 Nov 2017, 4 Dec 2017, and 11 Dec 2017, respectively. Gray boxes de-
note the FREE experiments, red boxes denote the NUDGE-T experiments, and blue boxes denote the NUDGE-S experiments. Orange
lines represent the ensemble median; the lower and upper bounds of the box indicate the 25th and 75th percentiles, respectively; whiskers
extend from the box to the data point lying within 1.5 times the interquartile range from the box; and circles are outliers.
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(Fig. 4b). Throughout 1–6 January 2018, the FREE run fails
to accurately simulate the west/east dipole in ridging/trough-
ing, respectively. The difference between MERRA-2 and the
FREE run resembles the pattern in Fig. 1, with anomalous
ridging across the U.S. West Coast and anomalous troughing
over eastern North America. This results in lower T2M val-
ues in MERRA-2 extending farther south across the central
United States and, particularly from 4 to 6 January, the
northeastern United States (Figs. 4c,d). The underestimation
of extremely high or low 500-hPa GPH or T2M values is also
more likely on subseasonal time scales versus reanalysis, as
S2S models often struggle to maintain the magnitude of ex-
tremes at longer lead times and thus explains why probabilis-
tic forecasts are often used (Vitart and Robertson 2018).

Figures 4e–h show the differences in T2M and 500-hPa
GPH between the NUDGE-S and FREE experiments. From
26 to 31 December 2017, the NUDGE-S experiment simu-
lates higher GPH over Alaska and lower GPH over northeast
Canada and the northern United States compared to the
FREE experiment (Figs. 4e,f). Additionally, the NUDGE-S
experiment produces colder T2M over northeastern Canada,
the eastern United States, and the northern United States
during these periods. Notably, the NUDGE-S run is signifi-
cantly colder across regions sensitive to extreme cold follow-
ing a stratospheric reflection event (Messori et al. 2022),
including the northeastern United States (black and green
boxes in Fig. 4, respectively). The difference pattern closely

resembles that of MERRA-2 (Figs. 4a,b), though of smaller
magnitude, suggesting that nudging the stratosphere improves
the simulation of tropospheric circulation and near-surface
temperature on subseasonal time scales for this CAO event.
From 1 to 6 January 2018, the NUDGE-S experiment continues
to enhance ridging over Alaska, extending into the U.S. West
Coast, similar to the MERRA-2 difference maps (Figs. 4g,h).
The NUDGE-S run also produces lower GPH across the east-
ern half of the United States than the FREE experiment, ac-
companied by significantly negative T2M differences across
Canada and the Northeast United States, which extend south-
ward from 4 to 6 January 2018 (Fig. 4h). Despite the overall im-
provement in subseasonal forecasts with stratospheric nudging,
the U.S. Great Plains shows little temperature response, sug-
gesting that this region is less sensitive to improved strato-
spheric representation with wave reflection, at least for this
particular event (Fig. 4, purple boxes).

The NUDGE-T forecast consistently exhibits a stronger
signal for higher GPH over Alaska than both the FREE and
NUDGE-S forecasts, suggesting that improved representation
of the tropics in the CESM2 subseasonal model may enhance
anomalous ridge development over Alaska and the North
Pacific (Figs. 4i–l). The stronger ridging in NUDGE-T versus
the FREE experiment also supports the RI differences in
Siberia (Fig. 3d), where enhanced ridging likely amplifies the
upward heat flux response from that region. However, while
the Siberian component of the RI aligns with this explanation,

FIG. 4. Difference in T2M (8C; shading) and 500-hPa GPH (dam; contours) from the ensemble mean FREE run for (a)–(d) MERRA-2,
(e)–(h) the NUDGE-S ensemble mean, and (i)–(l) the NUDGE-T ensemble mean, for the 27 Nov 2017 initialization at 3-day averaged
periods from 26–28 Dec 2017 through 4–6 Jan 2018, respectively. Hatching shows statistical significance of the T2M difference (p , 0.05)
via 5000-iteration bootstrapping with replacement. Black boxes represent the area that usually has the coldest T2M response to reflection
events in Messori et al. (2022) (408–558N, 2608–2908E), purple boxes represent the Great Plains (308–488N, 2578–2688E), and green boxes
represent the Northeast United States (358–458N, 2708–2908E).
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the downward wave response into Canada is weaker than in the
NUDGE-S experiment (Fig. 3g). This weaker signal is evident
in Figs. 4i–l; although the ridging response in the NUDGE-T
experiment is stronger across Alaska than in the other experi-
ments, it fails to capture the magnitude of the anomalous trough
over Canada and the northern United States. By extension, im-
provements to T2M forecasts across the central and eastern
United States remain modest, particularly between 26 and
28 December 2017 (Fig. 4i). In fact, between 1 and 3 January
2018, the NUDGE-T experiment even produces higher T2M
than the FREE experiment in the eastern United States (Fig. 4k).

Figure 5 presents violin plots of ensemble T2M anomalies
for four initialization dates between 27 November and 18 De-
cember 2017 for three regions: the wave reflection-sensitive
area (26 December 2017–2 January 2018), the Great Plains
(26 December 2017–2 January 2018), and the Northeast United
States (30 December 2017–6 January 2018). In both the reflec-
tion-sensitive area (Fig. 5a) and the Northeast United States
(Fig. 5c), the NUDGE-S experiment consistently produces the
coldest temperature response, with most of the distribution fall-
ing below average, especially in the Northeast United States.
While none of the experiments fully capture the magnitude of
the MERRA-2 T2M anomalies (Fig. 5, black dashed line), the
NUDGE-T run is generally the next best performer, with the
FREE run performing the worst, particularly at longer lead
times (e.g., 27 November and 4 December 2017 initialization).
This ranking is especially pronounced in the reflection-sensitive
area, underscoring the influence of subseasonal stratospheric
representation on extreme cold temperature forecasts in North
America (Fig. 5a). For the 18 December initialization, the
stratospheric wave reflection and associated negative heat flux
anomalies largely precede the forecast start date (Fig. 2b). Con-
sequently, much of the downward influence of the stratosphere
on the tropospheric circulation has already occurred, limiting
the ability of stratospheric nudging to modify the subsequent
surface temperature evolution at lead times of 8–15 days. As a

result, the nudged experiment closely follows the FREE run,
which does not develop a strong cold anomaly, leading to
a weaker cold signal compared to earlier initializations (i.e.,
27 November) that precede the reflective period. Across all
experiments, the largest differences occur for initializations
on the subseasonal lead times. Closer to the CAO event, even
the FREE run gains skill, reducing the impact of the nudging.
As noted earlier, T2M anomalies in the Great Plains remain rel-
atively unaffected by experiment type, suggesting that reflec-
tion-induced cold events in this region depend on dynamically
more than just improving the representation of the stratosphere
(Fig. 5b).

3) NORTH AMERICAN WINTER WEATHER

REGIME FORECAST

To further examine differences in tropospheric evolution
across our experiments, we analyze the ensemble-mean evolu-
tion of five North American winter weather regimes: 1) the
ArH regime; 2) the AkR regime; 3) the West Coast Ridge
(WCR) regime, featuring ridging along the U.S. West Coast;
4) the Pacific trough (PT) regime, associated with an en-
hanced Aleutian low; and 5) the Arctic low (ArL) regime,
featuring pan-Arctic troughing (see Fig. S2 for the composite
maps and daily frequencies of these regimes in MERRA-2).
Figure 6 illustrates the ensemble-mean evolution of the WRI
for these five regimes in MERRA-2 and the three experi-
ments, initialized on 27 November 2017. In MERRA-2, the
period begins in a PT regime (Fig. 6a, green line) before rap-
idly transitioning to a dominant WCR regime from approxi-
mately 7–17 December 2017 (Fig. 6a, blue line), with WRI
values increasing to near 13s. Concurrently, the ArL regime
(Fig. 6a, purple line) weakens, with its WRI falling to22s, re-
flecting its strong spatial anticorrelation with the WCR pat-
tern (Fig. S2). In the 2 weeks preceding the onset of the
central U.S. CAO, the WRIs for the AkR (Fig. 6a, orange
line) and WCR (Fig. 6a, blue line) regime signals strengthen,

FIG. 5. Violin plots of the ensemble forecast of area-averaged T2M anomalies (8C) for weekly CESM2 CAM6 initializations from
27 Nov 2017 to 18 Dec 2017 for (a) the area most prone to cold events due to stratospheric wave reflection (408–558N, 2608–2908E) from
Messori et al. (2022) averaged between 26 Dec 2017 and 2 Jan 2018, (b) the Great Plains (308–488N, 2578–2688E) averaged between
26 Dec 2017 and 2 Jan 2018, and (c) the Northeast United States (358–458N, 2708–2908E) averaged between 30 Dec 2017 and 6 Jan 2018.
Blue, red, and gray distributions represent the NUDGE-S, NUDGE-T, and FREE experiments, respectively. Dashed black lines
represent the MERRA-2 values.
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with the AkR regime emerging as the dominant regime at
CAO onset. As the CAO progresses, the AkR regime weak-
ens, and the WCR regime once again becomes the dominant
pattern, consistent with Fig. 1.

The FREE experiment does not accurately simulate the
evolution of winter weather regimes compared to MERRA-2
(Fig. 6b). Throughout most of the forecast, the dominant re-
gime remains the ArH regime (WRI values of 11s to 12s;
Fig. 6b, red line), followed closely by the WCR (Fig. 6b, blue
line) and PT (Fig. 6b, green line) regimes. However, the
FREE run fails to establish the WCR regime as one of the
dominant regimes during the CAO period (Fig. 6b). By con-
trast, the NUDGE-S experiment shows a substantial improve-
ment in the WRI forecast, closely resembling the MERRA-2
evolution (Fig. 6c). Although it does not fully capture the re-
duction and subsequent rebound of the WCR regime before
the CAO, it maintains the WCR regime as the dominant re-
gime throughout the event. These results further reinforce
our earlier findings; i.e., nudging the stratosphere toward the
observed state on subseasonal time scales improves the repre-
sentation of North American tropospheric circulation, leading
to a more accurate CAO forecast. Finally, the NUDGE-T en-
semble-mean WRI evolution also shows an increase in the
WCR WRI and a decrease in the ArL WRI between 7 and 27
December 2017 (Fig. 6d). However, the experiment shows
higher AkR and ArH WRI values compared to the other

experiments until the CAO begins, with the AkR regime
becoming the dominant signal around 29 December 2017
(Fig. 6d). This forecast evolution aligns with prior research
illustrating that active MJO convection in phases 6 and 7 en-
hances ridging (and blocking) across the North Pacific (e.g.,
Garfinkel et al. 2014; Henderson et al. 2016; Henderson and
Maloney 2018). Indeed, ensemble-mean maps of the 200-hPa
streamfunction anomalies leading up to, and including, the
CAO onset show that the NUDGE-T simulation features a
stronger wave pattern originating from the central tropical
Pacific, aligning with strong ridging in the 500-hPa GPH
anomaly field across Alaska and northwest Canada (Figs. S3
and S4).

We also correlate MERRA-2 and ensemble member WRIs
from 12 December 2017 to 6 January 2018 (Fig. S5). Strato-
spheric nudging markedly improves WRI prediction, espe-
cially for the dominant WCR regime (mean correlation for
all ensemble members: r 5 0.68 for NUDGE-S; Fig. S5b vs
r 5 20.06 for FREE; Fig. S5a), but tropical nudging provides
improvement to a lesser extent (mean correlation for all en-
semble members: r 5 0.20 for NUDGE-T; Fig. S5c). While
tropical variability contributes to the large-scale circulation
during this event, its influence is likely primarily mediated
through the stratosphere, and therefore NUDGE-T does not
produce the full evolution. As such, this CAO is best charac-
terized as stratosphere-driven, with accurate representation

FIG. 6. Evolution of the ensemble mean WRI for the five North American winter weather regimes for the 27 Nov
2017 CESM2 CAM6 initialization in (a) the MERRA-2 evolution, (b) the FREE experiment, (c) the NUDGE-S ex-
periment, and (d) the NUDGE-T experiment. The green line represents the PT, blue line represents the WCR, or-
ange line represents the AkR, red line represents the ArH, and solid purple line represents the ArL. Black dashed
lines show the start and end dates of the 2017/18 CAO. Purple dashed lines represent the start and end of the period
used for correlation analysis in Fig. S5.
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of stratospheric dynamics being the dominant requirement
for reproducing the observed surface response.

b. January 2004 CAO analysis

1) POLAR CAP U FORECASTS

We next assess the relative roles of tropical and strato-
spheric circulations on forecasts of the January 2004 CAO.
Since this event occurred following a major SSW on 5 January
2004, Fig. 7 presents the ensemble-mean forecast evolution of

the 608–758N-averaged u at 10 hPa (U10) between 5 and
11 January 2004 (Figs. 7a,b), 50 hPa (U50) between 12 and
18 January 2004 (Figs. 7c–e), and 100 hPa (U100) between
19 and 25 January 2004 (Figs. 7f–h). We average u across
608–758N to better capture jet stream variability, and the
staggered averaging windows represent the downward
propagation of the SSW in Fig. 2d. For U10, the NUDGE-S
experiment maintains a narrow distribution centered near
the observed MERRA-2 values (;210 m s21, dashed line)
across the 29 December 2003 and 5 January 2004 initialization

FIG. 7. Boxplots of the 608–758N u at (a),(b) 10 hPa between 5 and 11 Jan 2004, (c)–(e) 50 hPa between 12 and 18 Jan 2004, and (f)–(h)
100 hPa between 19 and 25 Jan 2004, for model initializations of 29 Dec 2003, 5 Jan 2004, and 12 Jan 2004, respectively. Orange lines rep-
resent the ensemble median; the lower and upper bounds of the box indicate the 25th and 75th percentiles, respectively; whiskers extend
from the box to the data point lying within 1.5 times the interquartile range from the box; and circles are outliers.
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dates, consistent with the experimental design (Figs. 7a,b).
However, for the 29 December 2003 initialization (prior to the
SSW), the NUDGE-T and FREE experiments exhibit greater
uncertainty in the forecast of the winds with the NUDGE-T ex-
periment showing the highest variability, particularly for U50
and U100 (Figs. 7a,c,f, red). On the 5 January 2004 initialization
(the central date of themajor SSW), the FREE andNUDGE-T
ensembles predominantly predict weaker-than-observed zonal
winds which is especially evident in the lower stratosphere for
U50 and U100, whereas the NUDGE-S experiment remains
constrained to the observed evolution (Figs. 7b,d,g). These dif-
ferences suggest that, without a nudged extratropical strato-
sphere, the FREE and NUDGE-T experiments tend to push
the, especially lower, stratospheric u toward stronger easterlies/
weaker westerlies, highlighting the uncertainty in subseasonal
stratospheric evolution. By the 12 January 2004 initialization
(Figs. 7e,h), both the NUDGE-T and FREE experiments con-
verge more toward the observed value, displaying similar en-
semble distributions as forecast lead time decreases and skill
improves.

2) TEMPERATURE AND TROPOSPHERIC

CIRCULATION FORECAST

Given the larger ensemble spread in the forecasts for U10,
U50, and U100 in the NUDGE-T and FREE experiments for
the 29 December 2003 initialization and that this initialization
is prior to the major SSW, we use this initialization to explore

differences in the tropospheric evolution across the experi-
ments when forecasting the January 2004 CAO event. Figure 8
is similar to Fig. 4 but uses the 29 December 2003 initialization
to evaluate the forecasts for 27 January–7 February 2004. Dur-
ing the first 3 days of the CAO event (27–29 January 2004),
the FREE run substantially underestimates the magnitude of
the GPH across Greenland, northern Canada, and the Arctic
Ocean compared to MERRA-2, which are all areas of anoma-
lous ridging in the true evolution (cf. Figs. 1g and 8a). Addi-
tionally, the FREE run does not capture the magnitude of the
troughing south of Greenland/northern Canada and near the
Aleutian Islands, leading to a warmer bias across western Canada
(Fig. 8, black box), the northern United States, and the Great
Plains (Fig. 8, purple box). Between 30 January and 1 February
2004, many of the same errors persist (Fig. 8b), resulting in an
overall warm bias across Canada and the central/eastern United
States compared to MERRA-2. Although the CAO ended on
2 February 2004, the FREE run continues to underestimate
the negative T2M anomalies in the central United States
(Figs. 8c,d). Additionally, the FREE experiment struggles to
simulate both the anomalous ridging over northeast Canada
and the Rossby wave train that develops across the United
States, which sustains more modest cold across the central
United States after the end of the CAO by making the GPH
pattern less progressive.

The NUDGE-S experiment features higher GPH than the
FREE run across Greenland between 27 January 2004 and
1 February 2004, highlighting the ability of the model to simulate

FIG. 8. Difference in T2M (8C; shading) and 500-hPa GPH (dam; contours) from the ensemble mean FREE run for (a)–(d) MERRA-2,
(e)–(h) the NUDGE-S ensemble mean, and (i)–(l) the NUDGE-T ensemble mean, for the 29 Dec 2003 initialization at 3-day averaged pe-
riods from 27–29 Jan 2004 through 5–7 Feb 2004, respectively. Hatching shows statistical significance at the 95th percentile for the differ-
ence in the T2M via 5000-iteration bootstrapping with replacement. Black boxes represent western Canada (508–608N, 2308–2608E); pur-
ple and green boxes are the same as in Fig. 4.
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ridging in the region that often experiences anomalous ridging
after stratospheric weakenings (Figs. 8e,f, Lee et al. 2022; Millin
et al. 2022). Over the same period, the NUDGE-S experiment
better represents the lower GPH across the East Coast of the
United States than the FREE run. Interestingly, the NUDGE-S
experiment shows significantly lower T2M across much of the
eastern half of Canada, associated with lower GPH there than
in the FREE run. However, the NUDGE-S experiment produ-
ces significantly higher T2M than the FREE run across western
Canada and the Great Plains (Figs. 1g,h and 8e,f). Between 2
and 7 February 2004, higher T2M persists across western Can-
ada and the Great Plains in the NUDGE-S experiment, with
negative T2M departures weakening across much of the rest of
Canada, and modest negative T2M departures from the FREE
run in the Northeast United States (Figs. 8g,h). Thus, by nudg-
ing the stratosphere, the forecast improves somewhat across the
eastern half of Canada but not much improvement across west-
ern Canada and the central United States later.

By contrast, the NUDGE-T experiment consistently produ-
ces lower T2M than the FREE run across much of western
and central Canada and into the northern United States
throughout the entire period (Figs. 8i–l). The difference is
most notable across western Canada throughout 27 January
2004–1 February 2004, where the NUDGE-T experiment pro-
duces significantly lower T2M across this key region where
the extremely negative T2M anomalies were in the observa-
tions (Fig. 1). Indeed, the NUDGE-T run consistently exhibits
higher 500-hPa GPH than the FREE run to the west of
Alaska and just off the U.S. West Coast (Figs. 8i–l). This area
of higher 500-hPa GPH aligns with that shown in the differ-
ence between MERRA-2 and the FREE run, where anoma-
lous ridging develops in the observed evolution (Fig. 1). The
simulation of more ridging in the North Pacific likely makes
the overall tropospheric pattern less progressive and leads to
the better simulation of lower T2M across Canada and the
northern United States, despite the relatively weaker simula-
tion of strong ridging across Greenland and northern Canada
versus the NUDGE-S experiment. Regardless, the simulation

of lower T2M in the Great Plains and Northeast United States
is weak throughout, although not with positive T2M depar-
tures as in the NUDGE-S experiment (Figs. 8i–l). Thus, the
NUDGE-T experiment tends to perform better for this case
study for Canada and the northern United States, despite
the NUDGE-S simulation showing the most accurate polar
cap u evolution in the stratosphere following the major SSW
(Fig. S6).

Figure 9 shows violin plots of ensemble T2M anomalies av-
eraged between 27 and 31 January 2004. For the 29 December
2003 initialization in western Canada, the NUDGE-T ensem-
ble distribution of T2M anomalies shows a clear shift toward
more negative anomalies when compared to the NUDGE-S
and FREE run, with much of the NUDGE-S experiment en-
semble above 38C (Fig. 9a), aligning with Fig. 8. Furthermore,
the NUDGE-T experiment has some of the ensemble members
with the most negative T2M anomalies in the Great Plains, with
the NUDGE-S again showing the warmest ensemble forecast
(Fig. 9b). In the Northeast United States, there is very little dif-
ference between experiments during the CAO (Fig. 9c). Similar
results hold for the 5 and 12 January 2004 initializations across
all regions, before the experiments converge toward more nega-
tive T2M anomalies on the 19 January 2004 initialization (Fig. 9).
Overall, the difference between experiments for this event is
modest in these three regions versus the 2017/18 CAO event,
highlighting the complex relationship between SSWs, tropi-
cal variability, and CAOs in North America.

3) NORTH AMERICAN WINTER WEATHER

REGIME FORECAST

Figure 10 shows the North American winter WRIs for the
three experiments and in MERRA-2 for the 29 December
2003 initialization. The MERRA-2 evolution of the WRI
shows a dominant AkR regime during the first 10 days of
the forecast before transitioning to a WCR between 6 and
13 January 2004. The North American weather pattern then
transitions to a dominant ArH regime around 18 January
2004 (Fig. 10a). During the first 2 weeks of the forecast, all

FIG. 9. Violin plots of the ensemble forecast of area-averaged T2M anomalies (8C) between 27 and 31 Jan 2004 for weekly CESM2
CAM6 initializations from 29 Dec 2003 to 19 Jan 2004 for (a) western Canada (508–608N, 2308–2608E), (b) the Great Plains (308–488N,
2578–2688E), and (c) the Northeast United States (358–458N, 2708–2908E). Blue, red, and gray distributions represent the NUDGE-S,
NUDGE-T, and FREE experiments, respectively; dashed black lines represent the MERRA-2 values.
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experiments produce a WRI evolution very similar to reanaly-
sis, with a dominant AkR regime at the beginning of January
(Figs. 10b–d). After the first 2 weeks, the FREE run maintains
a dominant ArH regime (Fig. 10b, red line), while the NUDGE-S
experiment better captures the emergence of the WCR regime
before the ArH regime emerges in the days leading to the CAO
and during the CAO (Fig. 10c). The NUDGE-T experiment
also captures the initial emergence of the WCR regime
around 13 January 2004 (Fig. 10d), and then the ArH regime
emerges as the dominant regime 7–10 days prior to the CAO.
Therefore, even though each experiment was unable to cap-
ture the extreme magnitude of the observed 500-hPa GPH
and T2M on longer subseasonal time scales, the model fore-
casts somewhat accurately capture the regime evolution for
this CAO event. Interestingly, the NUDGE-T experiment is
the only experiment that captures the increased AkR WRI
before the CAO start, likely corresponding to the higher
GPH across the west of Alaska and the North Pacific relative
to the FREE run (Figs. 8j–m). Correlations between ensem-
ble member forecast WRIs and MERRA-2 during the 2 weeks
prior to and through the 2004 CAO showmixed skill in the FREE
run: strong for ArL and WCR but weaker for ArH and AkR
(Fig. S7). Stratospheric nudging markedly improves WRI
correlations across the board; for example, ensemble-mean
correlation coefficients for the ArH WRI go from r 5 20.02
in the FREE run (Fig. S7a) to r5 0.46 for the NUDGE-S run
(Fig. S7b). Tropical nudging has more mixed results, with the
best improvements seen for the WCR WRI (r 5 0.33 for the
FREE run; Fig. S7a vs r5 0.60 for theNUDGE-T run; Fig. S7c).

5. Discussion and conclusions

Wintertime CAOs in the central United States are extreme
events that have significant socioeconomic and environmental
impacts that often also affect neighboring highly populated
regions, such as the eastern United States. Past works have es-
tablished significant statistical relationships between modes of
climate variability and North American CAOs (e.g., Lee et al.
2019; Matthias and Kretschmer 2020; Millin et al. 2022). Our
study borrows from parallel studies on European CAO events
(e.g., Kautz et al. 2020; Huang et al. 2022) and addresses the
gap in the literature on the mechanisms of how these features
may impact the subseasonal prediction of North American
CAOs. We employ nudging experiments in the CESM2 CAM6
subseasonal model simulations of two dynamically different cen-
tral U.S. CAO events to compare and contrast the contributions
of tropical versus stratospheric circulation variability on the sub-
seasonal forecasts of these CAOs.

In the case of the December 2017/January 2018 CAO, the
NUDGE-S experiment results in robust forecasts of cold tem-
peratures throughout Canada and the eastern United States
on subseasonal time scales (Figs. 4 and 5). Additionally, the
NUDGE-S experiment also improves the forecasts of the
North American winter weather regimes (proxies for sensible
weather patterns) in the 2 weeks leading up to and including
the CAO (Fig. 6 and Fig. S5). Thus, better representations of
the stratosphere, including the wave reflection mechanism, re-
sult in an improved subseasonal forecast for the 2017/18 CAO
versus the FREE run. Despite this improvement, the T2M

FIG. 10. As in Fig. 6, but for the 29 Dec 2003 CESM2 CAM6 initialization. Black dashed lines indicate the start and
end dates of the 2004 CAO event. The purple dashed line represents the start of the period used for correlation analy-
sis in Fig. S7.
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response in the central United States was relatively modest,
highlighting that other processes may have played a role in
the cold development there. The NUDGE-T experiment
also improved the simulation of the wave reflection during
December 2017, particularly the increase in upward Siberian
wave activity flux (Fig. 3). This experiment also corresponded
to a better representation of the Alaskan ridge and a modest
improvement in the T2M forecast across the eastern United
States (Figs. 4 and 5). Indeed, this finding agrees with prior
work showing that active MJO convection in the western and
central tropical Pacific is associated with increased ridging
near Alaska (Henderson et al. 2016; Henderson and Maloney
2018; Millin et al. 2022). As such, there may be importance to
both tropical and stratospheric processes in the evolution of
this CAO event.

For the January 2004 CAO event, we found that both the
NUDGE-S and NUDGE-T experiments produced little im-
provement in T2M forecasts across the United States when
compared to the FREE run (Figs. 8 and 9). In fact, the T2M
response in the Great Plains in the NUDGE-S experiment
was warmer than in the FREE run during the CAO period.
This finding is somewhat contradictory to canonical relation-
ships between major SSW events and midlatitude CAOs,
though the connection between SSWs to North American
cold is likely less robust than that for Europe (Domeisen et al.
2020; Davis et al. 2022; Millin et al. 2024). Despite less im-
provement in the T2M response than in the December 2017/
18 nudged runs, the NUDGE-S and NUDGE-T experiments
improved forecasts of the North American winter weather re-
gimes compared to the FREE run (Fig. 10 and Fig. S7). One
possible explanation for this apparent contradiction in skill
between temperature and weather regime forecasts is the tim-
ing of CAO events. CAOs have large-scale forcing elements,
but their timing and magnitude rely on smaller-scale features
including the synoptic timing of troughs, dynamics and ther-
modynamics (e.g., diabatic cooling, cold air advection), tropo-
pause polar vortices, and synoptic-scale wave breaks (Cavallo
and Hakim 2009, 2010, 2013; Millin and Furtado 2022). Fur-
thermore, not every major SSW propagates downward to
yield surface impacts (e.g., Karpechko et al. 2017). The January
2019 (e.g., Rao et al. 2019) and January 2021 (e.g., Davis et al.
2022) major SSWs are two recent examples of events not directly
connected to North American winter weather. Ultimately, the
subseasonal prediction problem linking major SSW activity to
CAOs in North America may be two-pronged. Major SSWs
may increase the probability of CAOs and thus, from a probabil-
istic perspective, there is increased forecast confidence for such
cold events weeks post-SSW (Baldwin and Dunkerton 2001;
Domeisen et al. 2020; Furtado et al. 2021). However, timing
the CAO event and its magnitude likely lies at the synoptic-
scale forecasting time scale.

Several caveats to our work exist. This study only consid-
ered two events, limiting the generalization of our findings on
the contributions of the stratosphere and tropics on the evolu-
tion of North American CAOs. As such, we recommend re-
producing our experiment design for more CAO events. An
additional caveat is that we selected events only from a cen-
tral U.S. CAO database, whereas events from other domains

within the United States may also be fruitful. Additionally,
we provided nudged experiments for the stratosphere and
tropics separately to isolate their impacts, but the nudging of
both the stratosphere and tropics together would be interest-
ing to consider. Furthermore, future work should investigate
the impact of the lower boundary of the nudging level in the
stratosphere on the resulting forecast evolution. Sensitivity
experiments with nudging confined to higher stratospheric
levels produce a weaker tropospheric response for our cases
but retain a similar large-scale circulation and WRI evolution
(not shown). As discussed in Davis et al. (2022) and Cohen
et al. (2023), wave amplification associated with North American
CAOs depends not simply on the presence of upward or down-
ward wave activity flux but on the convergence/divergence of
wave activity in the lower stratosphere and in the vicinity of
the tropopause, which governs whether reflected or transmitted
waves reinforce tropospheric circulation anomalies. By chang-
ing the nudging constraint in the lower stratosphere, these
sensitivity experiments likely underestimate near-tropopause
wave activity flux convergence/divergence and therefore yield
a muted response.

Future work should extend this analysis to look at the im-
pact of the stratosphere and tropics on blocking frequency in
subseasonal forecasts, which are hallmark features for many
extreme weather events during the cold season such as ex-
treme precipitation and even winter warm spells (Grace et al.
2024). Further understanding the stratospheric and tropical
circulations will be crucial to S2S predictability of surface ex-
tremes and their potential impacts. One forecast metric may
be the winter weather regimes themselves, as their large-scale
nature may make them “easier” targets for subseasonal fore-
casts, both in dynamical forecast systems and data-driven
models. Indeed, future work should also consider employing
nudging on the full reforecast suite to assess how the repre-
sentation of these features affects the overall skill of the model
during the winter season.
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