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Abstract Southwestern Europe experienced extraordinary rainy and windy conditions in March 2018,
leading to the end of the most severe drought since 1970 at continental scale. This anomalous weather
was linked to a persistent negative North Atlantic Oscillation pattern. Two weeks earlier a sudden
stratospheric warming (SSW) took place, preceded by the strongest planetary wave activity on record. In this
study, we explore the connection between the SSW and the weather shift by employing a weather regime
approach and flow analogues. The timing of the downward propagation of the stratospheric anomalies, the
transition to and persistence of the negative North Atlantic Oscillation weather regime, and the sudden
precipitation increase are all consistent with the typical tropospheric state after SSWs. Our results evidence a
significant role of the 2018 SSW in the record-breaking precipitation event.

Plain Language Summary March 2018 was characterized by extraordinary heavy rain and strong
winds over the Iberian Peninsula that ended the most severe drought since 1970 at continental scale. Two
weeks earlier the polar stratosphere experienced anomalous conditions with a sudden rise in temperature,
so-called sudden stratospheric warming (SSW). Although SSWs are not rare events, the 2018 case was
remarkable in terms of its intensity and persistence. The coincidence in time of both extreme events and the
known link between SSWs and anomalous weather in the North Atlantic led the media to claim that the SSW
was the main culprit of the anomalous weather of March 2018. However, this assumption is not
straightforward because of the large variability in the magnitude of tropospheric responses to SSWs. Here we
explore the role of the SSW in the abrupt weather shift by analyzing the downward propagation of the
SSW signal and its link to the tropospheric synoptic conditions. Our results indicate an actual connection
between the 2018 SSW and the record-breaking precipitation event.

1. Introduction

In 2016/2017 western Europe suffered a prolonged drought with acute impacts on agriculture and energy
production and devastating wild fires. This was the most severe drought at continental scale since at least
1970 (Garcia-Herrera et al., 2018). In southwestern Europe, the dry conditions lasted until the end of
February 2018, when they were replaced by rainy weather that unusually persisted for almost a month.
Precipitation anomalies were so extraordinary that hydroelectric water reservoirs and many river basins of
the Iberian Peninsula recovered from a 20-year minimum in November-December 2017 to above normal
values by the end of March 2018 (data from www.ree.es; Ministerio de Agricultura y Pesca, Alimentacién y
Medio Ambiente, 2018). The National Oceanic and Atmospheric Administration (NOAA) identified the anom-
alous precipitation of March 2018 over Spain as a significant climate event at global scale (National Oceanic
and Atmospheric Administration, 2018). Wet conditions were also accompanied by strong winds. In Portugal,
renewable energies, mainly hydroelectric energy and wind power, were able to cover the entire electric
production for the first time in March 2018 (Associacao Portuguesa de Energias Renovaveis, 2018).
Simultaneously, they also represented the largest contribution to the total electric power in Spain (52%; data
from www.ree.es). Other European areas also experienced extreme weather. Snow hit Rome by the end of
February (The Washington Post, 2018), and the United Kingdom suffered two episodes of very low tempera-
tures and unusual snowfall in what the media called the Beast from the East (Met Office, 2018).

The shift to these weather conditions was timely with the occurrence of a sudden stratospheric warming
(SSW) on 12 February 2018. SSWs are abrupt disruptions of the wintertime polar stratosphere whereby
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typical westerly winds are replaced by easterly winds. They occur twice every three boreal winters on average
(Butler et al.,, 2015, Palmeiro et al., 2015) and are primarily driven by enhanced upward propagation of
planetary wave activity (Matsuno, 1971). It is well known that after these events, stratospheric circulation
anomalies can propagate downward into the troposphere, inducing a negative phase of the Northern
Annular Mode (NAM)/North Atlantic Oscillation (NAO). During this phase, the NAO is associated with cooling
in Eurasia and brings above-average precipitation to southwestern Europe (e.g., Kidston et al., 2015, and
references therein). In this context, the 2018 SSW was claimed by the media (e.g., The Guardian, 2018) as
the main culprit of the anomalous weather of March 2018 over Europe. However, there is still much
uncertainty about the magnitude of the tropospheric response to SSWs since tropospheric conditions
sometimes prevail over the stratospheric signal (Gerber et al.,, 2009). Thus, the connection between the
weather shift over southwestern Europe and the 2018 SSW is far from being firmly established.

Here we use the record of SSWs in the satellite period and multiple approaches to investigate the role of the
2018 SSW in the abrupt end of the southwestern European drought in March 2018. To do so, after describing
both tropospheric and stratospheric conditions, we address the following questions: Was there a traceable
downward signal of the SSW to the troposphere, and was it timely with the weather shift? If so, to what extent
did the SSW raise the probability of such weather conditions to occur?

2, Data and Methodology

We use daily mean data from the National Centers for Environmental Prediction/National Center for
Atmospheric Research reanalysis at 2.5° x 2.5° horizontal resolution (Kalnay et al., 1996) and daily
precipitation totals from the Climate Prediction Center Global Unified Precipitation dataset at 0.5° X 0.5° reso-
lution (Xie et al., 2010). The analysis covers the period 1979-2018. The climatological daily mean is computed
for the 1981-2010 period using a 31-day centered running mean. Anomalies are defined as departures of the
daily fields from the filtered daily climatology.

The NAM is computed to identify the downward propagation of the SSW signal. It is defined as the first
empirical orthogonal function (EOF) of the daily mean geopotential height anomalies poleward of 20°N.
The EOF analysis is applied to each pressure level separately from 1,000 to 10 hPa and for the extended
winters (1 December to 15 April) of the period 1979-2018 (Baldwin & Dunkerton, 2001). To characterize
the tropospheric circulation over the Euro-Atlantic sector, we define four weather regimes (WRs) based on
daily anomalies of geopotential height at 500 hPa (Z500). Following previous studies (Charlton-Pérez et al.,
2018; Corti et al,, 1999; Michelangeli et al., 1995), in order to smooth the data, we retain the 20 leading
principal components of the extended winter daily Z500 anomalies over the Euro-Atlantic area (80°W to
50°E, 25-85°N). The 20 leading variability modes of Z500 account for more than 90% of the total variance
in Z500. Then, a k-means clustering of four nodes is applied to the Z500 field reconstructed from these prin-
cipal components, so that each day is assigned to one of these four clusters (Aurenhammer, 1991). The WRs
correspond to the average of the anomalous Z500 fields for all days of each group (shown in supporting infor-
mation Figure S1) and are labeled as Positive NAO (NAO+), Negative NAO (NAO—), Scandinavian blocking
(SCAN Block), and Atlantic Ridge (ATL Ridge) regimes.

SSWs are identified using Charlton and Polvani (2007) criterion based on the reversal of zonal mean zonal
wind at 60°N and 10 hPa. The onset date of each event corresponds to the first day that this condition is
met. SSWs occurring from 15 December until the end of February are considered to ensure that only
midwinter events are included in our computations. This way, stratospheric final warmings and very early
SSWs are discarded.

Two-sample Kolmogorov-Smirnov (two-sample K-S) and Student’s t tests are applied to assess the
significance of results under the null hypothesis of equal distributions and equal means, respectively
(Wilks, 2011). When required, confidence intervals are computed for SSW-related estimates by using a
bootstrap of 1,000 trials, each containing a random selection (with replacement) of the same number of
events among those of the 1979-2017 period. In addition, the study uses fitted probability distributions to
simplify the representation of the duration of NAO— events and the wintertime precipitation over Iberia.
For that purpose, we adopt the nonparametric technique of Gaussian kernel density estimation (Pedregosa
et al, 2011; Rosenblatt, 1956) with a Scott’s bandwidth method.
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3. Results

First, we examine the monthly tropospheric conditions over the Euro-Atlantic area in March 2018 (Figures 1a
and 1b). Iberia was the most affected region, with anomalies larger than 1.5 standard deviations of the
monthly climatology. Strong westerly winds exceeded the average value by 4 m/s, and mean precipitation
anomalies were larger than 6 mm/day in many areas, with accumulated totals for March hitting record values.
The extraordinary windy conditions were consistent with the largest contribution of wind power to the
energy production of that month since data are available in Spain (1990; data from www.ree.es). Cold
temperature anomalies over Iberia, although not as large as wind and precipitation anomalies, exceeded
2 °C and occurred simultaneously with abundant precipitation. This resulted in an anomalous amount of
snow, even in areas of Iberia where it is unusual (not shown).

These anomalies are consistent with a large-scale sea level pressure pattern (contours in Figure 1a) which
resembles the negative phase of the NAO. The link between the anomalous conditions of March 2018 in
Iberia and the atmospheric circulation can be analyzed in more detail by using the WRs (see details in
section 2). The daily sequence of WRs over the Euro-Atlantic area from 1 January to 31 March 2018 is shown
in Figure 1c in colors. During the first two months of 2018, different WRs followed one another with
prevalence of SCAN Block. All WRs are typically associated with near- or below-normal precipitation in
Iberia (Figure S1), except for NAO—, which was not very frequent during these two months. Consequently,
the accumulated precipitation since 1 October 2017 (the beginning of the hydrological year in Iberia)
remained well below the climatological mean. As a result, the previous drought conditions went on until
the late winter. In contrast, at the end of February a NAO— pattern settled in and persisted throughout most
of March. This WR is associated with negative anomalies of geopotential height over the eastern Atlantic
and enhanced precipitation in southern Europe, particularly in Iberia (Figure S1c). Consistently, the shift to
NAO— coincided with a rapid rise of the accumulated precipitation (blue line in Figure 1c). The NAO— WR
was extremely persistent (21 days, Figure 1c), lying beyond the 98th percentile of the climatological distribu-
tion of winter NAO— events. Accumulated precipitation rose up to near-normal values by the middle of
March 2018 (solid black line in Figure 1c) and beyond the 75th percentile at the end of that month (upper
gray dashed line in Figure 1c).

As stated in section 1, NAO— events are a common fingerprint of SSWs, but was the 2018 SSW also excep-
tional? Figure 2a presents the evolution of the zonal mean zonal wind at 10 hPa and 60°N during the entire
winter. The polar night jet decelerated abruptly at the beginning of February, and the mean flow became
easterly on 12 February. In the following days, these easterly winds reached the highest values ever measured
at that time of the year. They were also very persistent (16 days) in comparison with the average duration of
easterly winds during SSWs (7.6 + 1.9 days). The total eddy heat flux at 100 hPa in early February was also the
strongest ever recorded in the extended winter season (Figure 2b). In terms of anomalous eddy heat flux
before the SSW, the 10-day average value in 2018 reached 30.9 K m/s, considerably larger than for any other
SSW of the 1979-2017 period (average value and its standard error: 11.9 + 1.3 K m/s) (Figure 2c). This was
mainly due to the wave number 2 (WN2) component, which exceeded the maximum values prior to any
other SSW (Figure 2d). In contrast, the wave number 1 (WN1) component was close to the minimum values
on record. This is consistent with the split of the polar vortex into two pieces around the onset date of the
SSW (Figure S2).

To explore the links between the extraordinary Iberian precipitation event and the 2018 SSW, we first analyze
the evolution of the NAM index during that winter (Figure 1d). In the middle stratosphere (10 hPa), the SSW is
easily identified by negative NAM values starting in mid-February. The signal descended with time and
reached the lower stratosphere by the end of the month, where it persisted over approximately 30 days
(80th percentile of the distribution of NAM events at 200 hPa). The downward propagation of the SSW-
related NAM signal was confirmed by using the tracking algorithm by Palmeiro et al. (2015) and the criterion
to identify propagating SSWs by Karpechko et al. (2017). By the end of February, there are also strong and
persistent negative values of the NAM index in the troposphere, especially near surface, in agreement with
Figures 1a and 1c. The arrival of the negative NAM signal to the troposphere coincides in time with the
WR shift to NAO—, pointing out a stratospheric influence. This result agrees well with Hitchcock and
Simpson (2014), who showed that the NAM-like tropospheric response to SSWs occurs timely with the
lower-stratospheric NAM anomalies and not with the onset date of the SSW. The strong persistence of
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Figure 1. March 2018 anomalies of (a) SLP (hPa, contours) and precipitation (mm/day, shading), (b) 10-m wind (vector field in arrows, wind magnitude as 2-m/s con-
tour intervals)) and 2-m temperature (K, shading). Green contours (hatching) in (a) and (b) denote anomalies larger than +1.5 standard deviations for the variables
displayed in contours (shading). (c) Daily evolution of weather regimes (color bars) and accumulated precipitation since 1 October 2017 over Iberia (blue line).
Gray dashed lines indicate the 25th and 75th percentiles, and black line represents the climatological value. (d) Daily evolution of standardized NAM index for the
2018 winter at different pressure levels. The vertical dashed lines in (c) and (d) depict the onset of the 2018 SSW. SLP = sea level pressure; PCP = precipitation; ATL
Ridge = Atlantic Ridge; NAO = North Atlantic Oscillation; NAM = Northern Annular Mode; SSW = sudden stratospheric warming.
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Figure 2. (a) Time series of zonal mean zonal wind at 10 hPa and 60°N from 1 November 2017 to 15 April 2018 (green line).
Black solid line corresponds to the daily mean for the period 1981-2010. (b) Same as (a) but for the area-weighted
meridional eddy heat flux at 100 hPa averaged over 45-75°N. (c) Time evolution of anomalous extratropical eddy heat flux
at 100 hPa during the 2018 event (green line) and for all SSWs in 1979-2017 (black solid line), with the zero lag (x axis)
indicating the onset of SSWs. (d) Same as (c) but for the WN1 (red) and the WN2 (blue) components of the extratropical
eddy heat flux at 100 hPa. Shadings cover the interval between the daily maximum and minimum of each field for the
period 1979-2017. Data in (c) and (d) were smoothed with a 5-day running mean. SSW = sudden stratospheric warming.

negative NAM values in the lower stratosphere is typical of SSWs (Gerber et al., 2009) and consistent with that
of a negative NAO in the troposphere, supporting the role of the 2018 SSW in promoting the transition to and
the persistence of the NAO— regime.

Next, we analyze whether the observed WRs during the 2018 SSW are typically found during the lifetime of
SSWs. To do so, the most frequent WRs during the pre-SSW (—15/0 days) and post-SSW (+8/+40 days) periods
of all SSWs from 1979 to 2017 are identified and compared to those of 2018 (Figure 3a). Note that these
periods are not contiguous since we have allowed some time (8 days) for the stratospheric signal to descend
to the troposphere, as in Karpechko et al. (2017). Nevertheless, the results are robust to changes in the
definition of the post-SSW period (see Figure S3). The large spread in the distribution of WRs in both periods
(pre-SSWs and post-SSWs) reflects the diversity of precursors of SSWs already reported in previous studies
(e.g., Cohen & Jones, 2011; Garfinkel et al., 2010), as well as the uncertainty in the tropospheric response to
SSWs (Gerber et al., 2009). Still, the most likely WR prior to SSWs is the SCAN Block, with higher frequencies
than the other WRs. This result agrees well with the preferred location of blockings that enhance upward
propagating wave activity (Barriopedro & Calvo, 2014; Nishii et al., 2011). More specifically, some studies have
identified an increased frequency of SCAN Block prior to WN2 SSWs (Cohen & Jones, 2011; Nishii et al., 2011),
as is the case of the 2018 SSW. During the post-SSW period, NAO— is the most frequent WR (Figure 3a), even
when it only explains 18.7% of the Z500 variance in winter (compared to more than 23% for each of the other
WRs, Figure S1). The predominance of NAO— after SSWs agrees with Charlton-Pérez et al. (2018) and provides
additional evidence for a relevant stratospheric role in inducing the 2018 NAO— WR. Green stars in Figure 3a
indicate that the predominant WRs before and after the 2018 SSW coincide with the preferred ones for other
SSWs, supporting the stratospheric contribution to WRs in late winter 2018. The enhanced frequency of
NAO— after the 2018 SSW is an outlier in the distribution of SSWs, consistent with the long-lasting signatures
of the 2018 SSW in the stratosphere and with the long duration of the NAO— in March 2018.
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Figure 3. (a) Frequency (%) distribution of weather regime days for —15/0 days prior to SSWs (purple) and +8/+40 days
after SSWs (red). Orange lines show the median, the whiskers extend from 10th to 90th percentiles, empty circles indi-
cate values beyond the [10th, 90th] percentile range, and green stars correspond to the 2018 SSW. (b) Fitted probability
distribution of NAO— duration (in days) for events that happen within +8/+40 days after SSWs (red line) and for the
remaining ones (blue line). Vertical dashed line indicates the value for the 2018 SSW. (c) Same as (b) but for Iberian preci-
pitation anomalies (mm/day) for the post-SSW period (red line) and a climatology built from a random selection of 33-day
blocks from January—-March of 1981-2010 similar to the procedure followed for SSWs (blue line). (d) Frequency of

good flow analogues (in percent of winter days of 1979-2017) of the 2018 post-SSW period during days following a SSW
(red) and the remaining winter days (blue). Vertical dashed lines delimit the 2018 NAO— event. See text for details.

SSW = sudden stratospheric warming; NAO = North Atlantic Oscillation.

The mentioned long duration of the NAO— WR is then another characteristic of the March 2018 event that
points to an influence of the SSW. Indeed, we have confirmed that the probability of a NAO— event persisting
longer than 5 days rises from 40.0% in the climatology to 65.2% under the influence of a SSW, with the former
being out of the 95% confidence interval of the later ([43.5%, 82.6%)]) according to a 1,000-trial bootstrap. This
is illustrated in Figure 3b. The distribution of the NAO— persistence following SSWs (red line) is flatter and
shifted toward higher values as compared to the remaining NAO— events (blue line). Both distributions
are significantly different at the 97.5% confidence level (two-sample K-S test). Figure 3b stresses again the
exceptionality of the 2018 NAO— event (vertical dashed line), whose duration is at the very end of the upper
tails of the distribution.

The unusual persistence of NAO— following the 2018 SSW contributes to explaining the record-breaking pre-
cipitation observed in Iberia. Figure 3c reveals that the climatological distribution of precipitation anomalies
in winter (blue line) shifts toward positive values after SSWs (red line). This change is statistically significant at
the 98% confidence level (two-sample K-S test). When a SSW happens, the probability of above-normal pre-
cipitation (76.5% with a 95% confidence interval of [52.9%, 94.1%]) is significantly higher than the climatol-
ogy (44.8%). Therefore, although exceptional (see vertical dashed line in the figure), the precipitation
anomalies registered in 2018 were qualitatively consistent with the occurrence of the SSW.

Finally, we use the analogue method to find synoptic conditions among the winters of 1979-2017 that were
similar to those experienced during the 2018 event. For each day from the SSW onset until the end of March
2018 (+47 days after the 2018 SSW), we counted the number of good analogues found in the reanalysis per-
iod (excluding that winter). They are defined as those days with root-mean-square error of the anomalous
7500 field over (30°W to 15°E, 30-55°N), with respect to the same field during the mentioned 47 days, below
their 5th percentile (Jézéquel et al., 2018). To identify a stratospheric influence, the search was separated into
winter days after SSWs (with SSWs, from now on) and the remaining winter days of 1979-2017 (without SSWs,
hereafter). The evolution of good analogues along the 2018 winter reveals that the NAO— event was
bounded by two intervals with high frequency of good analogues, indicating relatively common synoptic
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conditions (Figure 3d). This frequency is similar for winter periods with and without SSWs. Thus, weather con-
ditions observed before and after the 2018 NAO— event tend to occur indistinctly during winters with and
without SSWs. In contrast, the NAO— event (+15/+35 days after the SSW, Figure 1c) displays a large drop
in good circulation analogues (Figure 3d). This is an expected result given the exceptionality of the NAO—
event, which means that there are no perfect analogues of this record-breaking event in the observational
record. Still, the number of good analogues of the 2018 NAO— event is significantly (p < 0.01) higher in
the pool of winter days that follow SSWs (i.e., such an exceptional event is more likely in winter with
SSWs). Therefore, the observed synoptic conditions match better with those registered after SSWs, providing
another piece of evidence of a stratospheric influence.

4. Concluding Remarks

The end of February 2018 was characterized by a sudden shift from a severe drought to record-breaking pre-
cipitation in March over the Iberian Peninsula. Two weeks earlier an outstanding SSW took place in the polar
stratosphere. We have analyzed both events and employed a WRs approach to provide evidence of a connec-
tion between them.

Our results show that both Iberian precipitation and the SSW exhibited record-breaking signatures. Rainfall
anomalies were the largest since 1979, associated with an extremely persistent NAO— event. The SSW fea-
tured a split of the polar vortex and was exceptional in terms of strength and persistence of the easterly winds
in the middle stratosphere. The extratropical wave activity at 100 hPa that preceded the SSW was record-
breaking, with the largest WN2 component on record. The evolution of the polar stratospheric state and
the wave activity closely resembled very much that of the 2009 SSW, which had been identified as the stron-
gest SSW in the observational period at the time (Ayarzagiiena et al., 2011). The following key points confirm
a link between the 2018 SSW and the end of the Iberian drought:

1. The SSW signal propagated downward reaching the troposphere timely with a tropospheric WR shift to
NAO— and a sudden increase in precipitation.

2. The NAO— event after 2018 SSW was very persistent (21 days), consistent with the tendency for NAO—
events to linger after SSWs.

3. The rainy conditions over Iberia after the 2018 SSW also agree with those observed under the influence of
SSWs. Indeed, the probability of above-average Iberian precipitation conditioned on the occurrence of a
SSW is significantly higher than the climatology.

4. Although the 2018 NAO— event displayed extraordinary features, the observed synoptic conditions are
better reproduced by those occurring after SSWs than in the remaining pool of winter days.

Thus, we conclude that the stratosphere contributed to the establishment and persistence of the extreme
conditions over southwestern Europe in March 2018. Although these conditions were record breaking (as
some of the characteristics of the SSW were), qualitatively this event represents a clear example of the cano-
nical tropospheric response to SSWs. Thus, it can serve as a guide for mechanistic studies analyzing in detail
the stratosphere-troposphere dynamical coupling and ultimately help to improve seasonal
forecast predictions.
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