
1.  Introduction
The February 2021 Great Plains cold air outbreak (CAO) was a high-impact weather event involving numerous 
power outages, traffic incidents, widespread winter storm warnings, and various cold-related fatalities (BBC 
News, 2021; NWS, 2021a). Texas was impacted particularly hard due to the failures of power generation, natu-
ral gas supply, and water infrastructure (Doss-Goslin et  al.,  2021). Based on certain metrics, this event was 
the second most severe Great Plains CAO since 1950 (Millin et al., 2022). Given the high degree of severity, 
there is great importance in understanding potential sources of atmospheric predictability in both observations 
and models that could improve forecasts of such events on the subseasonal-to-seasonal (S2S) timescale (i.e., 
2–8 weeks; e.g., Vitart & Robertson, 2018).

The stratospheric polar vortex, which is the boreal wintertime cyclonic circulation 10–50 km high in the atmos-
phere near the North Pole, has links to Northern Hemisphere CAO development. If vertically propagating 
planetary-scale waves break in the stratosphere, the stratospheric polar vortex will weaken and warm; if the 
westerly circulation reverses then a major sudden stratospheric warming occurs (Baldwin & Dunkerton, 2001; 
Charlton & Polvani, 2007; Nakagawa & Yamazaki, 2006), which can shift the eddy-driven jet equatorward while 
enhancing the likelihood of Northern Hemisphere CAOs (e.g., Kolstad et al., 2010; Limpasuvan et al., 2004; 
Maycock et al., 2020; Millin et al., 2022). Significant attention has been given to the role of the stratospheric 
polar vortex in the February 2021 CAO, given that a major sudden stratospheric warming occurred around 
1 month prior (Lee, 2021). However, recent studies concluded that the stratosphere had a minimal direct role in 
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the February 2021 CAO; rather, tropospheric variability may have been more important in its evolution (Bolinger 
et al., 2022; Davis et al., 2022; Zhang et al., 2022).

One tropospheric feature that is often associated with extreme cold is strong, anomalous mid-to-high lati-
tude ridging, termed “blocking” when quasi-stationary and persistent (Nakamura & Huang,  2018; Schwierz 
et al., 2004). Anomalous pan-Arctic or Alaskan ridging are examples of such anticyclonic blocking patterns (e.g., 
Cellitti et al., 2006; Konrad & Colucci, 1989; Lee, Furtado, & Charlton-Perez, 2019; Millin et al., 2022; Stan & 
Straus, 2007). Early papers found that the development of atmospheric blocking dominantly initiates in the Atlan-
tic and Pacific regions, has a stable impact on temperature and precipitation patterns, and is linked with a persis-
tent, quasi-stationary disruption of the zonal flow (Rex, 1950a, 1950b, 1951). Blocking anticyclones are often 
associated with Rossby wave breaking, whereby planetary-scale waves induce potential vorticity (PV) mixing, 
subsequently altering the large-scale flow (McIntyre & Palmer, 1983; Huang & Nakamura, 2013). Rossby wave 
breaking is identified by the intrusion of low PV air into otherwise high PV environments and/or using poten-
tial temperature on constant PV surfaces (Lee, Charlton-Perez et al., 2019; Thorncroft et al., 1993; Weijenborg 
et al., 2012), and can have either anticyclonic and cyclonic configurations (Masato et al., 2012). Blocking result-
ing from Rossby wave breaking usually exhibits: (a) a dipole pattern with the anticyclone on the poleward side 
and a cyclone on the equatorward side, or (b) an amplified ridge with upstream and downstream troughing (Pelly 
& Hoskins, 2003). Despite this knowledge, S2S forecast models struggle to capture well both the intensity and 
timing of blocking events (e.g., Quinting & Vitart, 2019).

The synoptic evolution of the February 2021 CAO shows signals for persistent blocking anticyclones with wave 
break signatures. Figure 1 presents the 2 m temperature (T2M) and 500 hPa geopotential height (GPH) anomalies 
during February 2021 from European Center for Medium-Range Weather Forecasts (ECMWF) fifth reanalysis 
(ERA5) data (Hersbach et al., 2020). Anomalous ridging initiates in the North Pacific and extends into the East 
Siberian Sea between 1 and 4 February, resulting in the flow of cold T2M anomalies into northwest North Amer-
ica (Figure 1a). This amplified ridge configuration, bookended by anomalous troughs, is similar to that associated 
with North Pacific wave breaking (Pelly & Hoskins,  2003). Between 5 and 11 February, anomalous ridging 
intensifies over Greenland/northern Canada alongside anomalous North Pacific and Alaskan ridging (Figure 1b), 
isolating negative temperature and height departures across Canada. Finally, exceptionally negative T2M anoma-
lies infiltrate the Great Plains between 12 and 18 February, as the anomalous ridging area of Greenland/northern 
Canada pushes southward (Figure 1c).

Based on the tropospheric evolution in Figure 1, we investigate how the simulation of two Rossby wave breaks 
impact the S2S forecast of the February 2021 CAO. We hypothesize that the correct simulation of these features 

Figure 1.  Fifth reanalysis 500 hPa geopotential height (GPH) anomalies (dam, contours) and T2M anomalies (°C, shaded) averaged between (a) 1–4, (b) 5–11, and (c) 
12–18 February 2021. Solid and dashed contours represent positive and negative GPH anomalies, respectively. The purple boxes represent the region defining the Great 
Plains (30°N–48°N and 256.5°N–268.5°E).
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will aid the forecast of the CAO across the Great Plains on S2S timescales, especially in regard to its association 
with the evolution of high-latitude atmospheric ridging. Given that S2S models may struggle in simulating the 
characteristics of these persistent ridging features (e.g., Quinting & Vitart, 2019), this work has the potential to 
place such prior results in the perspective of an extreme cold event while isolating the need for enhanced S2S 
prediction of ridging in order to better forecast cold extremes.

2.  Data and Methods
This study uses daily averaged ERA5 data for January and February 2021 at a 0.5° horizontal resolution. Vari-
ables analyzed include: T2M, 500 hPa GPH, PV on the 320 K isentropic surface, and potential temperature on 
the 2 PV units (PVU, 1 PVU = 10 −6 m 2 s −1 K kg −1) surface. The first three of these variables are also acquired 
(at a 1.5° horizontal resolution) from the ECMWF and National Centers for Environmental Prediction (NCEP) 
S2S real-time models (Vitart & Robertson, 2018), where the Climate Forecast System Model Version 2 is used 
by NCEP (ECMWF, 2021). These models have 51 and 16 ensemble members, and 46 and 44 days lead times, 
respectively. Forecast initializations for both models are chosen to match the ECMWF initialization dates, from 
4 January 2021 to 11 February 2021 initialized every Monday and Thursday. Lead time dependent climatologies 
are developed to calculate model anomalies by using the ECMWF and NCEP models' 11-member and 4-member 
hindcast ensembles between 2001–2020 and 1999–2010, respectively.

We investigate the models' ability to detect the signal for extreme Great Plains cold during mid-February 2021 
as follows. The extreme event threshold is calculated by taking the 10th percentile of the T2M anomaly from 
the climatology of hindcast initializations, which yields a lead-dependent extreme event threshold for a given 
model initialization and grid point, similar to Kautz et al. (2020). The choice of the 10th percentile is to remain 
in accordance with the threshold used to define Great Plains CAOs in Millin et al. (2022). To complement the 
extreme event probability analysis, we apply empirical orthogonal function and k-means clustering (Pedregosa 
et al., 2011) analyses, as in Lee, Charlton-Perez et al.  (2019), to the 500 hPa GPH anomalies over the North 
American domain (180°E–330°E, 19.5°N–79.5°N) for November through March between 1950 and 2021, but 
regridded to 1.5° horizontal resolution to match the S2S models. We then apply the clustering prediction to the 
S2S forecasts to enable the prediction of five key weather regimes (cf., Figure 4 of Millin et al., 2022) for the 
February 2021 CAO. Finally, we isolate ensemble members in ECMWF and NCEP that simulate two Rossby 
wave breaks more successfully versus those that do not, to study the composite differences on the forecast of the 
CAO. More specifically, we average the 320 K PV over these two wave break regions, and separate those ensem-
ble members that forecast the lowest and highest PV, where the lowest PV members are those that simulate the 
wave breaking more successfully than other ensemble members. Likewise, the high PV members are those that 
feature incorrect simulation of the wave break event.

3.  Results
3.1.  Connecting Rossby Wave Breaking Events to Anomalous Ridging

Figure 2 shows the 320 K PV evolution of two crucial wave breaks in ERA5: (a) over the East Siberian Sea 
between 2 and 4 February 2021 (Figures 2a–2c) and (b) over the Labrador Sea between 9 and 11 February 2021 
(Figures 2d–2f). The first wave break begins with an intrusion of low PV air extending from the North Pacific 
into the East Siberian Sea (Figure 2a). Subsequently, this area of low PV air cuts off and overturns in the East 
Siberian Sea between 3 and 4 February (Figures 2b and 2c), completing the wave break. Subsequently, an area of 
anomalous ridging forms (Figure 1a), directing the flow of cold air into northwest North America. Analysis of 
this wave break in terms of potential temperature anomalies on the 2 PVU surface reveal it to be an anticyclonic 
wave break (Figures S1a–S1c in Supporting Information S1, Masato et al., 2012).

The second wave break shows low PV air moving from the North Atlantic to the Labrador Sea on 9 Febru-
ary (Figure 2d), on the northward side of a strong cyclone which previously was a Northeast US winter storm 
(NWS, 2021b; WPC, 2022). Between 10 and 11 February, the low PV air is cut off and injected into northern 
Canada (Figures 2e and 2f), subsequently intensifying the anomalous ridging across Greenland/northern Canada 
and translating it southward (Figure 1c). This mechanism allows the previously loaded cold air in northwest 
North America to move into the Great Plains (Figure 1c). Further analysis of this wave break reveals it to be a 
cyclonic wave break (Figures S1d–S1f in Supporting Information S1, Masato et al., 2012).
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The evolution of the 320 K PV shows that these wave breaking features have an impact on the strong, anomalous 
areas of ridging that influence downstream temperature anomalies. We next investigate the extreme event prob-
ability and weather regime tendency of this CAO event to make connections to wave breaking events within the 
S2S models.

3.2.  Extreme Event Probability and Regimes

To isolate forecast features that may be sources for long-range predictability of the CAO, namely wave break-
ing, we first investigate the extreme event probability for the February 2021 CAO. Figure 3a shows the extreme 
event probability for T2M anomalies as a function of initialization date for both ECMWF (blue line) and NCEP 
(red line), averaged over 12–18 February 2021 and the Great Plains region (purple box Figure 1). Extreme event 
probability is negligible at long lead times (Kautz et al., 2020). However, for the 28 January initialization, there is 
an increase in probability to ∼5% and ∼20% in ECMWF and NCEP, respectively. The extreme event probability 
decreases again for the 1 February initialization before increasing rapidly closer to the event (Figure 3a). The 
increase in extreme event probability on the 28 January initialization raises the possibility that the models may be 
simulating important subseasonal predictors ∼2–3 weeks out.

To give further insight into the predicted tropospheric flow patterns, Figure 3b shows the averaged North Ameri-
can weather regime frequency (Lee, Furtado, & Charlton-Perez, 2019; Millin et al., 2022) as a function of initial-
ization date, for the target period of 8–10 February 2021 (i.e., the period of strongest Greenland/northern Canada 
ridging). These regimes include the Pacific Trough (PT), the West Coast Ridge (WCR), the Alaskan Ridge (AkR), 
the Arctic High (ArH), and the Arctic Low (ArL). Most January initializations indicate a dominant ArL regime, 
which is not a preferential indicator for extreme cold across the US (Lee, Furtado, & Charlton-Perez, 2019; Millin 

Figure 2.  Fifth reanalysis 320 K PV (PVU, shaded) for two wave breaks during the evolution of the February 2021 cold 
air outbreak: (a–c) an East Siberian Sea anticyclonic wave break between 2 and 4 February 2021 and (d–f) a Labrador Sea 
cyclonic wave break between 9 and 11 February 2021. The black contour represents the 2 PVU boundary. Black boxes in 
(a–c) and (d–f) represent the two wave break regions, respectively.
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et al., 2022). However, there is a shift toward the ArH regime, which features anomalous ridging across northern 
Canada/Greenland, for the 28 January initialization. This weather regime is a preferential pattern for extreme cold 
in the US and specifically the Great Plains (Lee, Furtado, & Charlton-Perez, 2019; Millin et al., 2022). This regime 
shift begins on the same initialization that the extreme event probability first shows an increase, indicating that the 
28 January 2021 initialization is a key lead time to study the simulation of tropospheric precursors to the CAO.

3.3.  Simulation of Wave Breaks in the S2S Models

3.3.1.  East Siberian Sea Wave Break

To assess the impact of the first anticyclonic wave break on the forecast of this CAO, 320 K PV is first averaged 
over the East Siberian Sea region (black boxes in Figures 4a–4c) between 2 and 4 February 2021 for the 28 Janu-
ary initialization in both ECMWF and NCEP S2S models. The ∼10% of ensemble members with the lowest and 
highest PV in that box are then separated, corresponding to those ensemble members that simulate the anticy-
clonic wave break more successfully versus those that do not, respectively. This procedure yields five ensemble 
members in each category for ECMWF (three members per category were used for NCEP, which has one third the 
number of ensemble members; see Supporting Information S1). As seen in Figures 4a–4c, the five members with 

Figure 3.  (a) Probability of an extreme Great Plains T2M anomaly event between 12 and 18 February 2021 at the 10th 
percentile as a function of initialization date for European Center for Medium-Range Weather Forecasts (ECMWF) (blue 
line) and National Centers for Environmental Prediction (red line). (b) A bar plot of the ensemble distribution of five North 
American weather regimes for the 8–10 February 2021 as a function of initialization date within the ECMWF model: the 
Pacific Trough, West Coast Ridge, Alaskan Ridge, Arctic High, and the Arctic Low.
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the lowest PV show a cut-off area of low PV (<2 PVU) in the East Siberian Sea, simulating this wave break well 
5–7 days out (Figure 4a). Conversely, the five ensemble members with the highest PV in the East Siberian Sea 
feature no indication of an anticyclonic wave break (Figure 4b). Subsequently, the composite difference between 
low and high PV members shows a statistically significant 𝐴𝐴 (𝑝𝑝 𝑝 0.1) negative difference in the East Siberian Sea. 
PV maps for NCEP show very similar results (Figures S2a through S2c in Supporting Information S1).

Figure 4.  28 January 2021 initialization European Center for Medium-Range Weather Forecasts 320 K PV composites (PVU, shaded) for the five ensemble members 
with the (a) lowest and (b) highest PV in the East Siberian Sea region (black box) averaged over 2–4 February 2021. (c) The difference (PVU, shaded) between the low 
and high PV composites. (d–f) Composites of T2M (°C, shaded) and 500 hPa GPH (dam, line contours) anomalies for the five ensemble members with the lowest PV 
in the East Siberian Sea region. (g–i) As in (d–f) but for the five ensemble members with the highest PV in the East Siberian Sea region. Hatching in panels (c–f) denote 
statistical significance 𝐴𝐴 (𝑝𝑝 𝑝 0.1) in the composite difference (low–high PV) in the PV and T2M fields, computed by a 5,000-iteration bootstrapping technique, without 
replacement. Bold dates at the top of panels (d–i) indicate the valid date for the forecasts.
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Figures 4d–4i show the composite T2M (shading) and 500 hPa GPH (line contours) anomalies between 14 and 
16 February 2021 for the low PV (i.e., best East Siberian Sea wave break simulation) and high PV (i.e., poorest 
East Siberian Sea wave break simulation) ensemble members in ECMWF, respectively, for the 28 January initial-
ization. On 14 February, the low PV members exhibit negative T2M anomalies from northwest Canada into the 
US Great Plains, accompanied by anomalous troughing in northern Canada and anomalous ridging in northeast 
North America, both of which persist through to 16 February (Figures 4d–4f). These negative temperature anom-
alies are significantly different 𝐴𝐴 (𝑝𝑝 𝑝 0.1) from the high PV members across the Great Plains, which instead show 
anomalous ridging and positive T2M anomalies across the US through the period (Figures 4g–4i). Therefore, the 
members which produced the wave break in the East Siberian Sea facilitate the downstream pattern that is more 
favorable for the evolution of the CAO into the US Great Plains. Results from the NCEP model are qualitatively 
similar, though the negative T2M anomalies for the low PV members spread further eastward (Figures S2d–S2i 
in Supporting Information S1).

3.3.2.  Labrador Sea Wave Break

We repeat the analyses from Figure  4 for the wave break on 9–11 February 2021 over the Labrador Sea 
(Figures 5a–5c). The low PV composite shows a tongue of low PV air through the Labrador Sea, north of high PV 
air likely associated with cyclone development (Figure 5a; Pelly & Hoskins, 2003), as in Figure 2d. This compos-
ite is in contrast to that of the high PV members, which features no wave break in the Labrador Sea (Figure 5b), 
resulting in a statistically significant 𝐴𝐴 (𝑝𝑝 𝑝 0.1) negative composite difference (Figure 5c). Comparable results are 
found with the NCEP ensemble members (Figures S3a–S3c in Supporting Information S1).

Turning to the T2M and 500 hPa GPH anomalies (Figures 5d–5i), the lowest PV members for the Labrador Sea 
wave break region replicate well the strong southward push of negative T2M anomalies into the Great Plains, 
with anomalous ridging across much of Canada and troughing in western North America (Figures 5d–5f). The 
T2M anomalies are especially similar to the event evolution (Figure 1). These results are mirrored in NCEP 
(Figures S3d–S3f in Supporting Information S1). In contrast, the high PV ensemble members produce a similar 
anomalous ridging pattern over the southeast US to that from the high PV ensemble members in the East Siberian 
Sea wave break composites (compare Figures 5g–5i with Figures 4g–4i). Indeed, between 14 and 15 February, 
positive T2M anomalies exist over the southern Great Plains for the high PV ensemble members, with the nega-
tive T2M and GPH anomalies confined to northwest North America (Figures 5g and 5h). The equatorward surge 
of cold air is not widely seen in the high PV ensemble members for the NCEP model either (Figures S3g–S3i 
in Supporting Information S1). The lack of a focused, anomalous ridge across the Greenland/northern Canada 
region helps to control the flow of cold air, with the difference between the low and high PV composite T2M 
anomalies showing statistically significant 𝐴𝐴 (𝑝𝑝 𝑝 0.1) differences across the Great Plains and the Arctic region 
(Figures 5d–5f). Overall, this analysis suggests that the Labrador Sea wave break is important for enabling the 
southward migration of cold air into the Great Plains, and is arguably the more important of the two wave breaks.

As an additional analysis, we also separated the ECMWF ensemble members into those featuring the lowest PV 
(<25th percentile) in both the East Siberian Sea and Labrador Sea wave break regions versus the highest PV 
(>75th percentile) in both regions. The lowest PV scenario features a tendency to draw cold anomalies south, 
with a more southward-extending ArH (Figure S4 in Supporting Information S1), demonstrating the importance 
of these two events in the forecast. Unfortunately, any further conclusions are difficult to make from this analysis 
due to the constraint on sample size in ensemble members.

4.  Summary and Conclusions
The February 2021 CAO was a high-impact extreme weather event, the predictability of which is important 
to quantify and understand in operational S2S models. We find that two significant Rossby wave breaks, one 
between 2 and 4 February 2021 in the East Siberian Sea and the second over the Labrador Sea between 9 and 11 
February 2021 (Figure 2), played a role in the evolution and forecast of this CAO. Ensemble members from both 
the ECMWF and NCEP models which correctly simulate these two wave breaks later simulate anomalous cold 
in the Great Plains in comparison to those ensemble members which do not, at a ∼3-week lead time (Figures 4 
and 5). These findings link with recent studies that suggested the February 2021 CAO was a result of tropospheric 
variability (Bolinger et al., 2022; Davis et al., 2022; Zhang et al., 2022). The analysis of the Rossby wave breaking 
events preceding the February 2021 event also demonstrates their links to persistent anomalous ridges over the 
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East Siberian Sea and northern Canada/Greenland (Masato et al., 2012; Pelly & Hoskins, 2003). The disparity 
between ensemble forecasts illustrates how S2S models can struggle to represent wave breaking occurrence and 
subsequent circulation/blocking features (e.g., Gray et al., 2014; Quinting & Vitart, 2019). Thus, S2S forecasts of 
extreme weather events (e.g., heat waves, CAOs, heavy rainfall) may be improved by closely examining the entire 
ensemble suite, carefully considering the probability of occurrence of anomalous wave breaking events, and 
analyzing their role in enhancing extreme event likelihood in North America (e.g., Carrera et al., 2004; Guirguis 
et al., 2011; Huang et al., 2021; Lin et al., 2022). Other important forcing mechanisms (e.g., remote tropical 
forcing) can also contribute to changes in the large-scale circulation and thus the evolution of an extreme weather 
event. Furthermore, although representation of blocking from wave breaking may be improved by increased reso-

Figure 5.  As in Figure 4 but for the Labrador Sea wave break between 9 and 11 February 2021.
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lution (Gray et al., 2014; Quinting & Vitart, 2019; Schiemann et al., 2017), targeted improvements in dynamical 
representation of physical processes, such as diabatic heating, may be key to unlocking S2S model performance 
(Gray et al., 2014; Quinting & Vitart, 2019).

Future work should address how wave breaking simulations link to the development of large extratropical cyclones 
within S2S models, and whether dynamical/regional dependencies lead to ensemble disparity. Long-range skill-
ful prediction of wave-breaking events may also be tied to the models' ability to represent accurately the preced-
ing hemispheric-scale circulation pattern. Pattern correlation analysis of the hemispheric-scale 500 hPa GPH 
anomalies between the ensemble members and reanalysis offers mixed results on this hypothesis, with conflicting 
results between the two wave breaks (not shown). Furthermore, the connections between the extreme US cold and 
tropopause polar vortex interactions (e.g., Cavallo & Hakim, 2009; Cavallo & Hakim, 2010,) should be further 
studied for these events, since these features are known to facilitate mid-latitude CAOs (e.g., Biernat et al., 2021; 
Lillo et al., 2021; Papritz et al., 2019). Finally, applying our methodology to other CAOs and operational S2S 
models would test the robustness of our findings.

Data Availability Statement
ERA5 reanalysis data (Hersbach et al., 2020) can be downloaded from the Copernicus Climate Data Store at 
https://cds.climate.copernicus.eu/cdsapp#!/home. S2S model data (Vitart & Robertson,  2018) can be down-
loaded from https://apps.ecmwf.int/datasets/data/s2s/levtype=sfc/type=cf/. All codes used in analyses can be 
found at https://doi.org/10.5281/zenodo.7221782.

References
Baldwin, M., & Dunkerton, T. (2001). Stratospheric harbingers of anomalous weather regimes. Science, 294(5542), 581–584. https://doi.

org/10.1126/science.1063315
BBC News. (2021). Texas weather: Deadly winter storm sweeps Texas and US southern states. Retrieved from https://www.bbc.com/news/

world-us-canada-56076686
Biernat, K., Bosart, L., & Keyser, D. (2021). A climatological analysis of the linkages between tropopause polar vortices, cold pools, and cold 

air outbreaks over the central and eastern United States. Monthly Weather Review, 149(1), 189–206. https://doi.org/10.1175/mwr-d-20-0191.1
Bolinger, R., Brown, V., Fuhrmann, C., Gleason, K., Joyner, T. A., Keim, B., et al. (2022). An assessment of the extremes and impacts of the 

February 2021 South-Central U.S. Arctic outbreak, and how climate services can help. Weather and Climate Extremes, 36(100461), 1–17. 
https://doi.org/10.1016/j.wace.2022.100461

Carrera, M., Higgins, R., & Kousky, V. (2004). Downstream weather impacts associated with atmospheric blocking over the Northeast Pacific. 
Journal of Climate, 17(24), 4823–4839. https://doi.org/10.1175/jcli-3237.1

Cavallo, S., & Hakim, G. (2009). Potential vorticity diagnosis of a tropopause polar cyclone. Monthly Weather Review, 137(4), 1358–1371. 
https://doi.org/10.1175/2008mwr2670.1

Cavallo, S., & Hakim, G. (2010). Composite structure of tropopause polar cyclones. Monthly Weather Review, 138(10), 3840–3857. https://doi.
org/10.1175/2010mwr3371.1

Cavallo, S., & Hakim, G. (2013). Physical mechanisms of tropopause polar vortex intensity change. Journal of the Atmospheric Sciences, 70(11), 
3359–3373. https://doi.org/10.1175/jas-d-13-088.1

Cellitti, M., Walsh, J., Rauber, R., & Portis, D. (2006). Extreme cold air outbreaks over the United States, the polar vortex, and the large-scale 
circulation. Journal of Geophysical Research, 111(D2), 1–14. https://doi.org/10.1029/2005jd006273

Charlton, A., & Polvani, L. (2007). A new look at stratospheric sudden warmings. Part I: Climatology and modeling benchmarks. Journal of 
Climate, 20(3), 449–469. https://doi.org/10.1175/jcli3996.1

Davis, N. A., Richter, J. H., Glanville, A. A., Edwards, J., & LaJoie, E. (2022). Limited surface impacts of the January 2021 sudden stratospheric 
warming. Nature Communications, 13(1136), 1–11. https://doi.org/10.1038/s41467-022-28836-1

Doss-Goslin, J., Farnham, D., Lall, U., & Modi, V. (2021). How unprecedented was the February 2021 Texas cold snap? Environmental Research 
Letters, 16(064056), 1–7. https://doi.org/10.1088/1748-9326/ac0278

ECMWF. (2021). NCEP model. Retrieved from https://confluence.ecmwf.int/display/S2S/NCEP+Model
Gray, S., Dunning, C., Methven, J., Masato, G., & Chagnon, J. (2014). Systematic model forecast error in Rossby wave structure. Geophysical 

Research Letters, 41(8), 2979–2987. https://doi.org/10.1002/2014gl059282
Guirguis, K., Gershunov, A., Schwartz, R., & Bennett, S. (2011). Recent warm and cold daily winter temperature extremes in the Northern Hemi-

sphere. Geophysical Research Letters, 38(17), 1–6. https://doi.org/10.1029/2011gl048762
Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., et al. (2020). The ERA5 global reanalysis. Quarterly Journal 

of the Royal Meteorological Society, 146(730), 1999–2049. https://doi.org/10.1002/qj.3803
Huang, C., & Nakamura, N. (2013). Dynamics of Rossby wave breaking. In AGU Fall Meeting Abstracts Id. NG23A-1487.
Huang, J., Hitchcock, P., Maycock, A., McKenna, C., & Tian, W. (2021). Northern hemisphere cold air outbreaks are more likely to be severe 

during weak polar vortex conditions. Communications Earth & Environment, 2(147), 1–11. https://doi.org/10.1038/s43247-021-00215-6
Kautz, L., Polichtchouk, I., Birner, T., Garny, H., & Pinto, J. (2020). Enhanced extended-range predictability of the 2018 late-winter Eurasian cold 

spell due to the stratosphere. Quarterly Journal of the Royal Meteorological Society, 146(727), 1040–1055. https://doi.org/10.1002/qj.3724
Kolstad, E., Breiteig, T., & Scaife, A. (2010). The association between stratospheric weak polar vortex events and cold air outbreaks in the North-

ern Hemisphere. Quarterly Journal of the Royal Meteorological Society, 136(649), 886–893. https://doi.org/10.1002/qj.620

Acknowledgments
This work is supported by the National 
Science Foundation Established Program 
to Stimulate Competitive Research project 
Grant OIA-1946093. We thank Simon 
Lee, Ty Dickinson, and Steven Cavallo 
for useful scientific discussions on the 
analyses and interpretation of results.

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100835 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [29/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cds.climate.copernicus.eu/cdsapp#!/home
https://apps.ecmwf.int/datasets/data/s2s/levtype=sfc/type=cf/
https://doi.org/10.5281/zenodo.7221782
https://doi.org/10.1126/science.1063315
https://doi.org/10.1126/science.1063315
https://www.bbc.com/news/world-us-canada-56076686
https://www.bbc.com/news/world-us-canada-56076686
https://doi.org/10.1175/mwr-d-20-0191.1
https://doi.org/10.1016/j.wace.2022.100461
https://doi.org/10.1175/jcli-3237.1
https://doi.org/10.1175/2008mwr2670.1
https://doi.org/10.1175/2010mwr3371.1
https://doi.org/10.1175/2010mwr3371.1
https://doi.org/10.1175/jas-d-13-088.1
https://doi.org/10.1029/2005jd006273
https://doi.org/10.1175/jcli3996.1
https://doi.org/10.1038/s41467-022-28836-1
https://doi.org/10.1088/1748-9326/ac0278
https://confluence.ecmwf.int/display/S2S/NCEP%2BModel
https://doi.org/10.1002/2014gl059282
https://doi.org/10.1029/2011gl048762
https://doi.org/10.1002/qj.3803
https://doi.org/10.1038/s43247-021-00215-6
https://doi.org/10.1002/qj.3724
https://doi.org/10.1002/qj.620


Geophysical Research Letters

MILLIN AND FURTADO

10.1029/2022GL100835

10 of 10

Konrad, C., & Colucci, S. (1989). An examination of extreme cold air outbreaks over eastern North America. Monthly Weather Review, 117(12), 
2687–2700. https://doi.org/10.1175/1520-0493(1989)117<2687:aeoeca>2.0.co;2

Lee, S. (2021). The January 2021 sudden stratospheric warming. Weather, 76(4), 135–136. https://doi.org/10.1002/wea.3966
Lee, S., Charlton-Perez, A., Furtado, J., & Woolnough, S. (2019). Abrupt stratospheric vortex weakening associated with North Atlantic anticy-

clonic wave breaking. Journal of Geophysical Research: Atmospheres, 124(15), 8563–8575. https://doi.org/10.1029/2019jd030940
Lee, S., Furtado, J., & Charlton-Perez, A. (2019). Wintertime North American weather regimes and the Arctic stratospheric polar vortex. 

Geophysical Research Letters, 46(24), 14892–14900. https://doi.org/10.1029/2019gl085592
Lillo, S., Cavallo, S., Parsons, D., & Riedel, C. (2021). The role of a tropopause polar vortex in the generation of the January 2019 extreme Arctic 

outbreak. Journal of the Atmospheric Sciences, 78(9), 2801–2821. https://doi.org/10.1175/JAS-D-20-0285.1
Limpasuvan, V., Thompson, D., & Hartmann, D. (2004). The life cycle of the Northern Hemisphere sudden stratospheric warmings. Journal of 

Climate, 17(13), 2584–2596. https://doi.org/10.1175/1520-0442(2004)017<2584:tlcotn>2.0.co;2
Lin, H., Mo, R., & Vitart, F. (2022). The 2021 western North American heatwave and its subseasonal predictions. Geophysical Research Letters, 

49(6), 1–10. https://doi.org/10.1029/2021gl097036
Masato, G., Hoskins, B., & Woollings, T. (2012). Wave-breaking characteristics of midlatitude blocking. Quarterly Journal of the Royal Meteor-

ological Society, 138(666), 1285–1296. https://doi.org/10.1002/qj.990
Maycock, A., Masukwedza, G., Hitchcock, P., & Simpson, I. (2020). A regime perspective on the North Atlantic eddy-driven jet response to 

sudden stratospheric warmings. Journal of Climate, 33(9), 3901–3917. https://doi.org/10.1175/jcli-d-19-0702.1
McIntyre, M., & Palmer, T. (1983). Breaking planetary waves in the stratosphere. Nature, 305(5935), 593–600. https://doi.org/10.1038/305593a0
Millin, O., Furtado, J., & Basara, J. (2022). Characteristics, evolution, and formation of cold air outbreaks in the Great Plains of the United States. 

Journal of Climate, 35(14), 4585–4602. https://doi.org/10.1175/jcli-d-21-0772.1
Nakagawa, K., & Yamazaki, K. (2006). What kind of stratospheric sudden warming propagates to the troposphere? Geophysical Research Letters, 

33(4), 1–4. https://doi.org/10.1029/2005gl024784
Nakamura, N., & Huang, C. (2018). Atmospheric blocking as a traffic jam in the jet stream. Science, 361(6397), 42–47. https://doi.org/10.1126/

science.aat0721
NWS. (2021a). February 2021: Historic winter storm and arctic outbreak. Retrieved from https://www.weather.gov/fwd/Feb-2021-WinterEvent
NWS. (2021b). February 7, 2021 winter storm. Retrieved from https://storymaps.arcgis.com/stories/96964b6457794d2196dff24d68d4688d
Papritz, L., Rouges, E., Aemisegger, F., & Wernli, H. (2019). On the thermodynamic preconditioning of Arctic air masses and the role of tropo-

pause polar vortices for cold air outbreaks from Fram Strait. Journal of Geophysical Research: Atmospheres, 124(21), 11033–11050. https://
doi.org/10.1029/2019jd030570

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., et al. (2011). Scikit-learn: Machine Learning in Python. Journal 
of Machine Learning Research, 12(85), 2825–2830.

Pelly, J., & Hoskins, B. (2003). A new perspective on blocking. Journal of the Atmospheric Sciences, 60(5), 743–755. https://doi.org/10.1175/1
520-0469(2003)060<0743:anpob>2.0.co;2

Quinting, J., & Vitart, F. (2019). Representation of synoptic-scale Rossby wave packets and blocking in the S2S prediction project database. 
Geophysical Research Letters, 46(2), 1070–1078. https://doi.org/10.1029/2018gl081381

Rex, D. (1950a). Blocking action in the middle troposphere and its effect upon regional climate: An aerological study of blocking. Tellus, 2(3), 
196–211. https://doi.org/10.3402/tellusa.v2i3.8546

Rex, D. (1950b). Blocking action in the middle troposphere and its effect upon regional climate: The climatology of blocking action. Tellus, 2(4), 
275–301. https://doi.org/10.1111/j.2153-3490.1950.tb00339.x

Rex, D. (1951). The effect of Atlantic blocking action upon European climate. Tellus, 3(2), 100–112. https://doi.org/10.1111/j.2153-3490.1951.
tb00784.x

Schiemann, R., Demory, M., Shaffrey, L., Strachan, J., Vidale, P., Mizielinski, M., et al. (2017). The resolution sensitivity of Northern Hemisphere 
blocking in four 25-km atmospheric global circulation models. Journal of Climate, 30(1), 337–358. https://doi.org/10.1175/jcli-d-16-0100.1

Schwierz, C., Croci-Maspoli, M., & Davies, H. (2004). Perspicacious indicators of atmospheric blocking. Geophysical Research Letters, 31(6), 
1–4. https://doi.org/10.1029/2003gl019341

Stan, C., & Straus, D. (2007). Is blocking a circulation regime? Monthly Weather Review, 135(6), 2406–2413. https://doi.org/10.1175/mwr3410.1
Thorncroft, C. D., Hoskins, B. J., & McIntyre, M. E. (1993). Two paradigms of baroclinic-wave life-cycle behaviour. Quarterly Journal of the 

Royal Meteorological Society, 119(509), 17–55. https://doi.org/10.1002/qj.49711950903
Vitart, F., & Robertson, A. (2018). The sub-seasonal to seasonal prediction project (S2S) and the prediction of extreme events. Npj Climate and 

Atmospheric Science, 1(3), 1–4. https://doi.org/10.1038/s41612-018-0013-0
Weijenborg, C., de Vries, H., & Haarsma, R. (2012). On the direction of Rossby wave breaking in blocking. Climate Dynamics, 39(12), 2823–

2831. https://doi.org/10.1007/s00382-012-1332-1
WPC. (2022). WPC event review/winter storm archive (prototype). Retrieved from https://www.wpc.ncep.noaa.gov/storm_summaries/event_

reviews.php?YYYYMMDD=20210207%26product=snow
Zhang, M., Yang, X., & Huang, Y. (2022). Impacts of sudden stratospheric warming on extreme cold events in early 2021: An ensemble-based 

sensitivity analysis. Geophysical Research Letters, 49(2), 1–10. https://doi.org/10.1029/2021gl096840

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100835 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [29/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1175/1520-0493(1989)117%3C2687:aeoeca%3E2.0.co;2
https://doi.org/10.1002/wea.3966
https://doi.org/10.1029/2019jd030940
https://doi.org/10.1029/2019gl085592
https://doi.org/10.1175/JAS-D-20-0285.1
https://doi.org/10.1175/1520-0442(2004)017%3C2584:tlcotn%3E2.0.co;2
https://doi.org/10.1029/2021gl097036
https://doi.org/10.1002/qj.990
https://doi.org/10.1175/jcli-d-19-0702.1
https://doi.org/10.1038/305593a0
https://doi.org/10.1175/jcli-d-21-0772.1
https://doi.org/10.1029/2005gl024784
https://doi.org/10.1126/science.aat0721
https://doi.org/10.1126/science.aat0721
https://www.weather.gov/fwd/Feb-2021-WinterEvent
https://storymaps.arcgis.com/stories/96964b6457794d2196dff24d68d4688d
https://doi.org/10.1029/2019jd030570
https://doi.org/10.1029/2019jd030570
https://doi.org/10.1175/1520-0469(2003)060%3C0743:anpob%3E2.0.co;2
https://doi.org/10.1175/1520-0469(2003)060%3C0743:anpob%3E2.0.co;2
https://doi.org/10.1029/2018gl081381
https://doi.org/10.3402/tellusa.v2i3.8546
https://doi.org/10.1111/j.2153-3490.1950.tb00339.x
https://doi.org/10.1111/j.2153-3490.1951.tb00784.x
https://doi.org/10.1111/j.2153-3490.1951.tb00784.x
https://doi.org/10.1175/jcli-d-16-0100.1
https://doi.org/10.1029/2003gl019341
https://doi.org/10.1175/mwr3410.1
https://doi.org/10.1002/qj.49711950903
https://doi.org/10.1038/s41612-018-0013-0
https://doi.org/10.1007/s00382-012-1332-1
https://www.wpc.ncep.noaa.gov/storm_summaries/event_reviews.php?YYYYMMDD=20210207%26product=snow
https://www.wpc.ncep.noaa.gov/storm_summaries/event_reviews.php?YYYYMMDD=20210207%26product=snow
https://doi.org/10.1029/2021gl096840

	The Role of Wave Breaking in the Development and Subseasonal Forecasts of the February 2021 Great Plains Cold Air Outbreak
	Abstract
	Plain Language Summary
	1. Introduction
	2. Data and Methods
	3. Results
	3.1. Connecting Rossby Wave Breaking Events to Anomalous Ridging
	3.2. Extreme Event Probability and Regimes
	3.3. Simulation of Wave Breaks in the S2S Models
	3.3.1. East Siberian Sea Wave Break
	3.3.2. Labrador Sea Wave Break


	4. Summary and Conclusions
	Data Availability Statement
	References


