
1.  Introduction
Atmospheric rivers (ARs) are filamentary structures of intense horizontal water vapor transport usually located 
ahead of mid-latitude cyclone cold fronts (Ralph et al., 2018; Zhu & Newell, 1994). They contribute to over 90% 
of the meridional moisture transport across the mid-latitudes (Nash et al., 2018; Zhu & Newell, 1998) and play 
a dominant role in the hydroclimate of many regions of the world. Landfalling ARs can lead to extreme precip-
itation and flooding, particularly along the mountainous western coasts of North America and Europe owing to 
orographic uplift in addition to dynamic ascent within the AR (Corringham et al., 2019; Jennrich et al., 2020; 
Lavers & Villarini, 2013; Lavers et al., 2011, 2012; Rutz et al., 2014; Waliser & Guan, 2017). Additional impacts 
from landfalling ARs can include strong winds and unusual warmth (Waliser & Guan, 2017), while a deficit of 
ARs can lead to drought (Dettinger, 2013; Paltan et al., 2017).

A disproportionately large number of ARs are associated with climatic extremes (up to 50% of the top 2% of 
mid-latitude precipitation and wind events; Waliser & Guan,  2017) which emphasizes their direct relevance 
to significant societal impacts, in contrast to related phenomena such as extratropical cyclones. Although the 
“river” terminology is not new (Newell et  al.,  1992), ARs have received increased attention in recent years 
(Ralph et al., 2017), partly due to their popularity in the mainstream media and interdisciplinary science (Ralph 
et al., 2020) and their association with extreme rainfall in a warmer climate (Mahoney et al., 2018).

Abstract  Variability in atmospheric river (AR) frequency can drive hydrometeorological extremes with 
broad societal impacts. Mitigating the impacts of increased or decreased AR frequency requires forewarning 
weeks to months ahead. A key driver of Northern Hemisphere wintertime mid-latitude subseasonal-to-seasonal 
climate variability is the stratospheric polar vortex. Here, we quantify AR frequency, landfall, genesis, and 
termination depending on the strength of the lower stratospheric polar vortex. We find large differences 
between weak and strong vortex states consistent with a latitudinal shift of the eddy-driven jet, with the 
greatest differences over the British Isles, Scandinavia, and Iberia. Significant differences are also found for the 
Pacific Northwest of North America. Most of the seasonal-scale stratospheric modulation of precipitation over 
Europe is explained by modulation of ARs. Our results provide potentially useful statistics for extended-range 
prediction, and highlight the importance of ARs in bringing about the precipitation response to anomalous 
vortex states.

Plain Language Summary  Narrow bands of intense water vapor transport in the atmosphere, known 
as atmospheric rivers (ARs), can bring extreme rainfall to parts of the world, while their absence can lead to 
drought. So, it is important that we understand what aspects of the climate can affect their occurrence. During 
Northern Hemisphere winter, one of the key influences on weather patterns is the strength of the winds 10–50 km 
above the Arctic: the stratospheric polar vortex. These winds can persist in unusually weak or strong states for 
weeks to months at a time and influence the types of weather patterns we experience. We investigate changes to 
ARs depending on whether the vortex is weak or strong. We find large differences primarily across Europe but 
also parts of North America. We also find that ARs are important for bringing about changes to precipitation 
depending on the polar vortex strength. These results will help people plan for impacts from AR variability 
several weeks ahead, because the polar vortex usually remains weak or strong for several weeks at a time.
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The diverse impacts associated with AR variability warrants sufficient forewarning to enable adequate prepar-
edness, which may require probabilistic information at least several weeks ahead (White et  al.,  2017,  2022) 
where forecast skill is generally low. Characteristics of ARs, such as frequency, genesis and landfall proba-
bilities, are influenced by large-scale modes of climate variability, which can also influence AR prediction 
skill (DeFlorio et al., 2018, 2019) or be leveraged to produce AR forecasts. Such modes of variability (which 
are not necessarily independent) include the El Niño-Southern Oscillation (H. Huang et al., 2021; Mundhenk 
et  al.,  2016; Payne & Magnusdottir,  2014; Zhou et  al.,  2021), the stratospheric Quasi-Biennial Oscillation 
(Baggett et  al.,  2017; Mundhenk et  al.,  2018), the Madden-Julian Oscillation (Baggett et  al.,  2017; Guan & 
Waliser, 2015; Guan et al., 2012; Toride & Hakim, 2021; Zhou et al., 2021), the Pacific-North American pattern 
(Guan & Waliser, 2015; Toride & Hakim, 2021), the Arctic/North Atlantic Oscillations (AO/NAO) (Benedict 
et al., 2019; Guan & Waliser, 2015), and regional weather regimes (Amini & Straus, 2019; Pasquier et al., 2019; 
Pohl et al., 2021).

However, to the best of our knowledge, the effect of the Arctic stratospheric polar vortex on ARs has not yet been 
quantified, despite its importance for mid-latitude subseasonal-to-seasonal (S2S) climate variability and predict-
ability (Domeisen & Butler, 2020; Domeisen et al., 2020). Variability in vortex strength includes weak vortex 
events known as sudden stratospheric warmings (SSWs; e.g., Baldwin et al., 2021; Charlton & Polvani, 2007) and 
strong vortex events (e.g., Dunn-Sigouin & Shaw, 2015; Tripathi et al., 2015). The associated Northern Annular 
Mode (NAM) anomalies in the lower stratosphere, where the e-folding timescale is around 4 weeks (Baldwin 
et al., 2003; Simpson et al., 2011), can persist for at least 2 months (Baldwin & Dunkerton, 2001). This makes the 
stratosphere one of the most predictable components of the extratropical atmosphere (Son et al., 2020) and can 
provide a boundary condition for S2S forecasts (Charlton-Perez et al., 2021).

The tropospheric impacts of variability in stratospheric vortex strength include time-mean latitudinal shifts in 
the eddy-driven jets and mid-latitude storm tracks (Kidston et al., 2015; Kushner & Polvani, 2004; Maycock 
et al., 2020), shifts to the distribution and persistence of the AO/NAO concomitant with the stratospheric NAM 
anomaly (Ambaum & Hoskins, 2002; Baldwin & Dunkerton, 2001; Domeisen, 2019; Thompson et al., 2002), 
and modulation of recurrent flow regimes (Beerli & Grams, 2019; Charlton-Perez et al., 2018; Goss et al., 2021; 
Lee et al., 2019). Such tropospheric anomalies following the onset of anomalous vortex states are associated with 
distinct, and often extreme, mid-to-high latitude temperature and precipitation patterns (e.g., Douville, 2009; Goss 
et al., 2021; J. Huang et al., 2021; Knight et al., 2017; Kolstad et al., 2010; Zhang et al., 2022). The persistence of 
the stratospheric anomalies and the robust average tropospheric response can therefore yield “windows of oppor-
tunity” for actionable extended-range forecasts (Mariotti et al., 2020), which could be extended to include ARs.

In the present study, we quantify changes in AR frequency, landfall, genesis, and decay characteristics across 
the Northern Hemisphere depending on the strength of the lower-stratospheric vortex. Our results provide a 
foundation for improved extended-range predictions of ARs and better preparedness for impacts arising from AR 
variability.

2.  Data and Methods
We use 6-hourly 0.5 × 0.625° data from the National Aeronautics and Space Administration (NASA) Modern-Era 
Retrospective analysis for Research and Applications version 2 (MERRA-2; Gelaro et al., 2017), considering 
all December–March (DJFM) days from 1 December 1980 to 31 March 2020 (excluding 29 February). We 
also repeated the analysis using 1.5° ERA-Interim data (Dee et al., 2011), finding negligible differences (not 
shown). DJFM is chosen as it features the largest variability in vortex strength (e.g., Baldwin et al., 2003). ARs 
are detected every 6 hr using the algorithm and MERRA-2 based data set of Guan and Waliser  (2019). The 
globally consistent AR detection criteria used in this algorithm facilitate comparison across different regions. As 
the choice of AR data set can be a substantial source of uncertainty (e.g., Collow et al., 2022; Lora et al., 2020), 
we also repeat key analyses using the “Mundhenk v3” contribution (Mundhenk et al., 2016) to Tier 1 of the 
Atmospheric River Tracking Method Intercomparison Project (ARTMIP) (Rutz et al., 2019; Shields et al., 2018). 
The Mundhenk catalog is selected for comparison as it is based on a global percentile threshold, in contrast to 
the grid-point percentiles used by the Guan and Waliser algorithm (see also Ralph et al., 2019). In addition, it is 
among the closest to the ARTMIP Tier 1 median (Rutz et al., 2019) and we therefore consider it to be broadly 
representative of comparing the Guan and Waliser-based results with a multi-method ensemble.
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To diagnose the strength of the lower-stratospheric vortex, we first compute the departure of the daily mean 
100 hPa 60°N zonal-mean zonal winds (U100) from a 15-day centered average daily climatology over DJFM 
1981–2020. We then classify the upper tercile of these anomalies (>2.4 m s −1) as a “strong vortex”, the middle 
tercile as a “neutral vortex”, and the lower tercile (<−2.7 m s −1) as a “weak vortex”, following Charlton-Perez 
et al. (2018). The daily classification of the vortex state is shown in Figure S1 in Supporting Information S1, 
where the characteristically long persistence of weak and strong vortex states is also evident. Because the average 
tropospheric circulation anomalies during neutral vortex conditions are minimal (Figure S2 in Supporting Infor-
mation S1), we focus our analysis on weak and strong vortex states.

Statistical significance is assessed at the 95% confidence level. We employ a form of block-bootstrapping to 
test whether the results are likely to have arisen simply due to random structured sampling owing to the large 
auto-correlation of stratospheric vortex states. We randomly sample the population of DJFM days 10,000 times 
with the same structure as observed during each vortex state, by retaining the calendar day and month of each 
day within each season which is categorized into each tercile, and then shuffling the years. The observed sample 
is considered statistically significant if it lies outside the 2.5th and 97.5th percentiles of the synthetic distribu-
tion. In the seasonal-scale regression, the individual seasons are considered independent, and a simple bootstrap 
with replacement is performed against the null hypothesis of zero slope. In this case, the results are considered 
significant if zero lies outside the 2.5th–97.5th percentiles of the re-sampled slopes. In spatial maps, we account 
for multiple testing by employing the False Discovery Rate (FDR) correction following Wilks (2016), setting 
αFDR = 0.1.

3.  AR Frequency
First, we analyze the grid-point frequency of AR conditions, defined as the average time each grid-point is 
contained within an AR shape boundary. Given the focus on subseasonal variability, we scale the results to the 
equivalent of “days per 4 weeks” (i.e., a value of 1 means a grid point is contained within an AR for an average 
of four not necessarily consecutive 6-hr time-steps in 28  days, or 3.6%). Figure  1a shows the climatological 
AR frequency for DJFM 1981–2020. The pink contour delineates regions where the frequency exceeds 3 days 
per 4 weeks—the largest integer number of days which intersects the western coastlines of North America and 
Europe. On average, AR conditions are common along almost the entire west coast of North America from 
northern California to Alaska, while in Europe only the British Isles experiences substantially frequent ARs 
(mostly due to the comparatively irregular coastline of Europe), consistent with previous studies (e.g., Guan & 
Waliser, 2015; Lavers et al., 2012; Neiman et al., 2008). ARs are also common along the eastern coast of North 
America and near the Persian Gulf.

We then compute the average AR frequency during weak vortex conditions (Figure 1b) and during strong vortex 
conditions (Figure 1c), alongside the respective percentage departures from climatology (Figures 1e and 1f). The 
largest differences are in the Atlantic, where the tropospheric response to anomalous vortex states is maximized 
via the NAO (Hitchcock & Simpson, 2014), but differences also exist across the Pacific-North America sector 
consistent with modulation of the AO/NAM.

When the vortex is weak (Figures 1b and 1e), ARs are on average shifted equatorward relative to climatology. 
In the Atlantic, the zone of highest Atlantic AR frequency (>3 days per 4 weeks) exhibits less meridional tilt 
compared with climatology, extending approximately along 30–35°N from Florida to Iberia, with a peak in the 
central subtropical Atlantic southwest of the Azores. This distribution is consistent with the structure of the 
“southern” eddy-driven jet regime (Woollings et al., 2010), which is favored following SSWs (Goss et al., 2021; 
Maycock et al., 2020). During a weak vortex, ARs are anomalously common in the Mediterranean (50% more 
common than climatology over southern Iberia), with a peak over Turkey exceeding 3 days per 4 weeks, consist-
ent with increased precipitation and anomalous warmth in the Mediterranean following SSWs (Ayarzagüena 
et al., 2018; Domeisen & Butler, 2020; Monnin et al., 2021). ARs are much less likely across the British Isles 
and Scandinavia, where anomalies peak at −50% (Figure 1e). We also find a reduction in AR frequency near and 
west of British Columbia of around 20% during a weak vortex, consistent with the average easterly zonal wind 
anomalies in this region following SSWs (Afargan-Gerstman & Domeisen, 2020).

In contrast, during strong vortex conditions (Figures 1c and 1f), ARs are on average shifted poleward relative 
to climatology. The zone of highest AR frequency in the Atlantic exhibits a marked meridional tilt, extending 
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approximately from the Carolinas through the British Isles to Scandinavia, with increased zonal extent. This is 
consistent with the structure of the “northern” jet regime (Woollings et al., 2010), which is favored during strong 
vortex events (Goss et al., 2021). The combination of poleward shift and increased zonal extent yields anomalies 
of up to 70% over Scandinavia (Figure 1f), accordant with the tendency for ARs to occur most often in this region 
during the positive NAO (Benedict et al., 2019). The peak AR frequency of >4.5 days per 4 weeks—the highest 
in the entire Northern Hemisphere—extends across Ireland and the northern UK, which is the highest frequency 
of AR conditions anywhere over land during either vortex state or climatology. This agrees with widespread 
flooding in the UK during strong vortex winters (Davies et al., 2021; Knight et al., 2017). At the same time, 
ARs become very rare over Iberia and the Mediterranean during strong vortex conditions: anomalies reach up to 
−60% yielding an average frequency of <1 day per 4 weeks over southern Iberia and Morocco, consistent with 
the occurrence of drought during strong vortex winters such as 2019/2020 (Lawrence et al., 2020; NOAA, 2020) 

Figure 1.  (a) Mean grid-point frequency of atmospheric river (AR) conditions over December–March (DJFM) 1981–2020, expressed as days per 4 weeks. The pink 
contour delineates a frequency of 3 days (i.e., twelve 6-hr time steps) per 4 weeks. Panel (b) as in panel (a) but averaged over all weak vortex days. Panel (c) as in panel 
(a) but averaged over all strong vortex days. (d) Modal latitudes of AR axes for each longitude, computed over centered 30° bins, during (red) weak and (blue) strong 
vortex conditions and (purple, dashed) DJFM climatology. Thick lines indicate significance at the 95% confidence level. (e) Percentage departure of the weak vortex 
mean AR frequency from climatology. Stippling denotes significance at the 95% confidence level (see Section 2 for details). Panel (f) as in panel (e) but for the strong 
vortex mean.
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and 2021/2022 (NOAA, 2022). And finally, we find a 10%–20% increase in AR frequency over British Columbia, 
with increased inland penetration.

Similar results to grid-point frequency are obtained using the modal latitude of AR axes (Figure 1d), where the 
axis is primarily defined by the maximum integrated vapor transport along the AR (see Guan and Waliser (2015)) 
and can thus be interpreted similarly to a cyclone track diagnostic. The modal axes are well-separated in the 
eastern North Atlantic. When the vortex is strong, AR axes typically intersect western Scotland toward southern 
Norway with a substantial poleward tilt. In contrast, when the vortex is weak, AR axes typically intersect Iberia 
with less tilt. Along the western coast of North America, the separation reaches ∼7°, corresponding to a shift 
from northern California when the vortex is weak to Washington when the vortex is strong. This is similar to the 
average cyclone tracks following weak and strong vortex events (Baldwin & Dunkerton, 2001) but further south.

To further illuminate the meridional structure of the frequency differences, we show latitudinal cross-sections 
of AR frequency in Figure 2, for the eastern Atlantic and eastern Pacific. In the Atlantic (Figure 2a) during 
strong vortex conditions, we find a double-peak structure (close to 20 and 55°N, with a local minimum near 
30°N) consistent with well-separated subtropical and eddy-driven jets during the northern jet regime (Woollings 
et  al., 2010). In contrast, during weak vortex conditions, AR frequency peaks close to 35°N, and the overall 
distribution is much broader. The departures from climatology during weak and strong vortex conditions are 
approximately equal and opposite. This effect results in ARs remaining relatively common near their climatolog-
ical peak at ∼50°N when the vortex is weak, whilst they become very infrequent near 35°N when the vortex is 
strong (i.e., close to southern Iberia). The larger, narrower peak during strong vortex conditions suggests a more 
meridionally constrained track of ARs, in agreement with the behavior of a zonally strengthened jet (Woollings 
et al., 2018) typical of the positive NAO.

For the Pacific (Figure 2b), only the anomalies poleward of 40°N are significant during both weak and strong vortex 
states. They are much smaller than for the Atlantic, although sufficient to shift the peak frequency from ∼35°N when 
the vortex is weak to ∼50°N when the vortex is strong—consistent with the modal axis latitudes in Figure 1d. As is 
the case in the Atlantic, the departures from climatology are approximately equal and opposite for both vortex states.

Equivalent analysis using the Mundhenk AR catalog can be found in Figures S3 and S4 in Supporting Informa-
tion S1. Whilst some small differences exist, mainly due to differences in the climatological AR frequency (see 
also Rutz et al. (2019)), the primary results obtained using the Guan and Waliser catalog are unchanged. We can 
therefore be confident that our main conclusions are likely to be robust the choice of AR detection algorithm.

Figure 2.  Zonal mean cross-sections of average atmospheric river frequency during strong (blue) and weak (red) vortex conditions for (a) the eastern North Atlantic, 
330–360°E and (b) the eastern North Pacific, 220–240°E. Thick lines indicate the average is significantly different from that obtained by random sampling (see 
Section 2 for details).
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4.  AR Landfall
We next assess the proportion of AR landfalls occurring during each vortex state for six key regions motivated by 
the preceding spatial analysis: the British Isles, Scandinavia, Iberia, Greenland, northern California, and British 
Columbia (a map of these regions is shown in Figure S5 in Supporting Information S1). AR landfall is defined for 
ARs moving from major oceans to major landmasses following Guan and Waliser (2015). Note that landfall can 
be defined for all time steps for which the same AR intersects the coastline, provided the mean integrated vapor 
transport is directed onshore and the remaining AR length over the ocean is >1,000 km.

As shown in Figure 3, almost 50% of AR landfalls in Scandinavia and the British Isles occur when the vortex 
is strong, approximately equal-and-opposite to landfalls in Iberia where nearly 50% occur when the vortex is 
weak. Only ∼15%–17% of AR landfalls in Scandinavia occur during a weak vortex and in Iberia during a strong 
vortex. This highlights a large skew in the climatology with consequences for impacts from the attendant precip-
itation anomalies: approximately one-third of the time and often for extended periods of time due to the long 
stratospheric timescale, and AR landfalls are much more or much less common than average depending on the 
vortex state. The difference between strong and weak vortex states is greatest for Scandinavia, likely due to the 
aforementioned combined effect of the latitudinal shift, increased zonal extent, and more focused distribution of 
ARs when the vortex is strong. As suggested by Figures 1e and 1f, there are also changes to the probability of AR 
landfall on Greenland—where they significantly impact ice sheet mass balance (Mattingly et al., 2018)—with a 
marked reduction when the vortex is strong and a slight increase when the vortex is weak.

Differences between the proportion of AR landfalls occurring during each vortex state for Northern California 
and British Columbia are almost exactly opposing for the two regions. However, the overall changes are more 
muted in comparison with regions in the Atlantic sector (consistent with Figure 1).

5.  AR Genesis and Decay
We now consider changes to AR genesis and decay during different vortex states (Figure 4) in order to further 
understand how the stratospheric vortex strength modulates AR frequencies.

AR genesis (Figures 4a–4c) is more frequent west of Iberia and in the Mediterranean when the vortex is weak versus 
strong, in agreement with the two distinct peaks in Mediterranean AR frequency during weak vortex states (Figure 1b). 

Figure 3.  Proportion of atmospheric river landfalls occurring during weak (red), neutral (gray), and strong (blue) vortex conditions 
in grid-boxes covering the British Isles (50–60°N, 0–10°W), Scandinavia (55–70°N, 4–20°E), Iberia (36–44°N, 1–10°W), 
Greenland (59–70°N, 25–58°W), northern California (35–42°N, 125-120°W), and British Columbia (49–60°N, 120–140°W). 
Stippling indicates the proportion is significantly different from that obtained by random sampling (see Section 2 for details).
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This indicates the eastern peak arises due to increased in situ genesis, rather than simply enhanced eastward propa-
gation. We also note increased genesis near the southern tip of Greenland, consistent with the anomalously high AR 
frequency when the vortex is weak (Figure 1e). There is little indication of any change to AR genesis in the northeast 
Atlantic, the Pacific, or in subtropical regions where AR genesis is most common (e.g., Guan & Waliser, 2019).

Differences in AR decay probabilities between weak and strong vortex states (Figures 4d–4f) are generally larger 
than for genesis, except for the Mediterranean and west of Iberia where they are similar. AR decay is much more 
likely across the British Isles and Scandinavia when the vortex is strong. Because this region does not see mark-
edly increased AR genesis during strong vortex conditions, both the increased AR frequency and decay is almost 
entirely due to shifts to AR tracks.

The shape of the maximum in decay probabilities over northwest Europe during strong vortex conditions resem-
bles “Scandinavian blocking” and related patterns (e.g., Beerli & Grams, 2019; Cassou, 2008; Lee et al., 2020) 
and a region of frequent anticyclonic wave breaking (Masato et  al.,  2012), suggesting AR decay over north-
west Europe during strong vortex conditions may be related to these processes. Thus, ARs may play a role in 
the relatively poor and resolution-dependent representation of variability in this region in S2S models (Büeler 
et al., 2021; Lee et al., 2020; Quinting & Vitart, 2019), given that low-resolution models may not fully resolve the 
filamentary nature of ARs or associated diabatic effects.

We also find a zone of increased AR decay in British Columbia during strong vortex conditions, consistent with 
the increased frequency and inland penetration of ARs in this region. Alongside the maximum in northwest 
Europe, these regions form “graveyards” of high AR decay frequency during strong vortex conditions. This 
contrasts with the more diffuse pattern during weak vortex conditions and suggests less track variability, consist-
ent with a more zonally coherent jet.

6.  Contribution to Precipitation Modulation by the Stratosphere
We finally assess the extent to which stratospheric modulation of ARs contributes to the stratospheric modulation 
of precipitation on the seasonal scale. We focus on Europe, where the seasonal-scale correlation between vortex 
strength and ARs is greatest (Figure S6 in Supporting Information S1).

Figure 4.  Average frequency of atmospheric river (AR) genesis (expressed in terms of occurrences per 4 weeks) during (a) weak and (b) strong vortex conditions, 
(c) and their difference. Panels (d–f) as in panels (a–c) but for AR decay frequency. Stippling in panels (c and f) indicates the difference is significantly different from 
random sampling (see Section 2 for details). Values below 0.25 (equivalent to 1 AR per 16 weeks) are not shown.
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First, we regress DJFM-mean U100 with DJFM-total AR frequency at each grid-point (Figure 5a) to quantify 
the seasonal-scale relationship between vortex strength and ARs. This yields a similar pattern of variability to 
that shown in Figures 1e and 1f. Next, we regress DJFM-total AR frequency at each grid-point with DJFM-total 
precipitation (Figure 5b), to quantify the linear contribution by ARs to the seasonal total precipitation. We then 
multiply these two regression maps together to estimate the variability in DJFM-total precipitation linearly 
explained by the vortex strength via ARs (Figure 5c). This can then be contrasted with the regression map of 
DJFM-mean U100 with DJFM-total precipitation (Figure 5d), with the residual (Figures 5c and 5d) shown in 
Figure  5e. We note that Figures  5c and  5d resemble the patterns of precipitation variability associated with 
stratospheric vortex variability shown in previous studies (Büeler et al., 2020; Douville, 2009; Goss et al., 2021).

The residual is small or insignificant in most regions—especially over Scandinavia, Scotland, Iberia, and south-
east Europe, where the relationship between ARs and total precipitation (Figure 5b), and between the vortex 
strength and total precipitation (Figure 5d), is largest. The only notable exceptions are over the Atlantic near 
Iceland, west of France, and over northern Italy; these are regions where ARs contribute relatively little to precip-
itation and there is little association between the vortex strength and ARs. Thus, we conclude that the majority 
of the seasonal-scale variability in precipitation over Europe explained by a linear fit to the strength of the 
lower-stratospheric vortex occurs through modulation of AR frequency. As such, ARs play a leading role in 
bringing about the precipitation response to anomalous vortex states.

7.  Summary
We have shown that there exist large differences in AR frequency (Figures 1 and 2), landfall (Figure 3), and gene-
sis and decay probabilities (Figure 4) depending on the strength of the Arctic lower stratospheric polar vortex. 
These differences are greatest not over the oceans, but over highly populated regions of Europe and, to a lesser 
extent, the Pacific Northwest of North America, where the interaction of ARs with orography maximizes their 
potential impact.

We have further shown that the modulation of winter precipitation over Europe by the stratosphere is almost 
entirely due to the modulation of ARs (Figure 5). Thus, ARs are important in mediating the precipitation response 
to anomalous vortex states on the seasonal scale. Although we have not explicitly assessed the stratospheric influ-
ence on ARs in a predictive capacity, it follows that the extended persistence of weak and strong vortex states 

Figure 5.  (a) Regression of December–March (DJFM)-mean U100 with DJFM-total atmospheric river (AR) frequency. (b) Regression of DJFM-total AR frequency 
with total precipitation. (c) Modulation of DJFM-total precipitation linearly explained by stratospheric modulation of AR frequency (i.e., a × b). (d) Regression of 
DJFM-mean U100 with DJFM-total precipitation. (e) Modulation of DJFM-total precipitation not linearly explained by stratospheric modulation of AR frequency (i.e., 
c–d). Stippling indicates the regression coefficient is significantly different from zero at the 95% confidence level (with False Discovery Rate correction) according to 
10,000 bootstrap re-samples with replacement.
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and their accompanying impact on the persistence and predictability of tropospheric weather patterns (Baldwin 
et al., 2003; Charlton-Perez et al., 2018; Domeisen et al., 2020) can be translated to S2S forewarning of anoma-
lous AR frequency. This is deserving of further study, particularly following the onset of SSWs and strong vortex 
events in the mid-stratosphere.

The ability of weather and climate models to represent ARs is likely to be important in their ability to fully 
represent the impacts of anomalous vortex states. Similarly, the ability of models to represent the tropospheric 
response to anomalous vortex states, especially variability in the North Atlantic eddy-driven jet which models 
have struggled to simulate correctly (e.g., Anstey et al., 2013), will be key to a faithful representation of the 
impact of the stratospheric vortex on ARs.

Data Availability Statement
NASA MERRA-2 data are available from the NASA Goddard Earth Sciences Data and Information Services 
Center at https://disc.gsfc.nasa.gov/datasets?keywords=MERRA-2. The Guan and Waliser AR data set (v3.0) is 
available from https://ucla.app.box.com/v/ARcatalog. The Mundhenk v3 AR data set is available from the Tier 1 
ARTMIP database at https://doi.org/10.5065/D6R78D1M.
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Erratum
In the previously published version of this article, two typographical errors appeared in the caption of Figure 5. 
The part label “(e)” was incorrectly replaced with a second label “(c),” and “(c and d)” should have read “(c–d).” 
These errors have since been corrected, and the present version may be considered the authoritative version of 
record.
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