
     

LETTER • OPEN ACCESS

Persistent anomalies of the North Atlantic jet
stream and associated surface extremes over
Europe
To cite this article: Vera Melinda Galfi and Gabriele Messori 2023 Environ. Res. Lett. 18 024017

 

View the article online for updates and enhancements.

You may also like
DELVE-ing into the Jet: A Thin Stellar
Stream on a Retrograde Orbit at 30 kpc
P. S. Ferguson, N. Shipp, A. Drlica-
Wagner et al.

-

How do intermittency and simultaneous
processes obfuscate the Arctic influence
on midlatitude winter extreme weather
events?
J E Overland, T J Ballinger, J Cohen et al.

-

Eurasian mid-latitude jet stream bridges an
Atlantic to Asia summer teleconnection in
heat extremes
Yu Nie, Hong-Li Ren, Jinqing Zuo et al.

-

This content was downloaded from IP address 18.118.93.123 on 17/05/2024 at 02:01

https://doi.org/10.1088/1748-9326/acaedf
https://iopscience.iop.org/article/10.3847/1538-3881/ac3492
https://iopscience.iop.org/article/10.3847/1538-3881/ac3492
https://iopscience.iop.org/article/10.1088/1748-9326/abdb5d
https://iopscience.iop.org/article/10.1088/1748-9326/abdb5d
https://iopscience.iop.org/article/10.1088/1748-9326/abdb5d
https://iopscience.iop.org/article/10.1088/1748-9326/abdb5d
https://iopscience.iop.org/article/10.1088/1748-9326/ad2eee
https://iopscience.iop.org/article/10.1088/1748-9326/ad2eee
https://iopscience.iop.org/article/10.1088/1748-9326/ad2eee
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstYrf5dDlVx3rgdJTMaNGC3jU57fr3Av6McWWqhnWzE7dbS4aDx9OYySUJZJ0dHJrDEMg4HaLlQNMUv0cn2MWMOpph7F4vCgJH7vA9HirCgTnoAHpOaZfn5R-dFAkZjIsFC439Cfv8RuHqaIkLs5WyDxRPw2HtJ8rvmw2hQ3LsxjW2HdOvd7FJjlvVLPFs692nFpdwLNaBbNxwN8qInQwsdbsAacVWc4NODkFq1kTGP2KyTt5FMtIia7khcDCpiuDe625MHjUNVtSK5PYfqQDLgtaDsjs07fIMAaAEXklmtXxS9IoVsK54xZ7mmCC7U677bmTuh6YPmn_fzO7FPkwxOuBThDBAL&sig=Cg0ArKJSzLh8H9dlEXDI&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/about/events/breath-biopsy-conference-2024/%3Futm_source%3Diop%26utm_medium%3Dad-lg%26utm_campaign%3Dbbcon-bbcon24-reg%26utm_term%3Diop-journal


Environ. Res. Lett. 18 (2023) 024017 https://doi.org/10.1088/1748-9326/acaedf

OPEN ACCESS

RECEIVED

6 September 2022

REVISED

10 December 2022

ACCEPTED FOR PUBLICATION

28 December 2022

PUBLISHED

24 January 2023

Original Content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Persistent anomalies of the North Atlantic jet stream and
associated surface extremes over Europe
Vera Melinda Galfi1,∗ and Gabriele Messori1,2,3,4
1 Department of Earth Sciences, Uppsala University, Uppsala, Sweden
2 Centre of Natural Hazards and Disaster Science (CNDS), Uppsala University, Uppsala, Sweden
3 Department of Meteorology, Stockholm University, Stockholm, Sweden
4 Bolin Centre for Climate Research, Stockholm University, Stockholm, Sweden
∗ Author to whom any correspondence should be addressed.

E-mail: vera.melinda.galfi@geo.uu.se

Keywords: jet stream, extreme events, extreme value theory, persistent jet anomalies, large deviation theory

Supplementary material for this article is available online

Abstract
Unusual, persistent configurations of the North Atlantic jet stream affect the weather and climate
over Europe. We focus on winter and on intraseasonal and seasonal time scales, and study persistent
jet anomalies through the lens of large deviation theory using Coupled Model Intercomparison
Project (CMIP6) simulations of the MPI-ESM-LR model and ERA5 reanalysis data. The
configurations of interest are defined as long-lasting anomalies of a few months in jet latitude,
speed or zonality. Our results show that persistent temperature and precipitation extremes over
large European regions are anomalously frequent during the unusual, persistent jet configurations
we identify. Furthermore, the relative increase in frequency of surface extremes is larger for more
intense surface extremes and/or more extreme jet anomalies. This is relevant in the context of the
predictability of these extremes. The highest extreme event frequencies at the surface are observed
in case of precipitation over the Mediterranean and Western Europe during anomalously zonal
and/or fast jet events, pointing to these jet anomalies matching rather homogeneous large scale
atmospheric configurations with a clear surface footprint. Additionally, our results emphasise the
usefulness of large deviation rate functions to estimate the frequency of occurrence of persistent jet
anomalies. They therefore provide a tool to statistically describe long-lasting anomalies, much like
extreme value theory may be used to investigate shorter-lived extreme events.

1. Introduction

Zonal jets are one of the key components of the global
atmospheric circulation. The dynamicalmaintenance
and flow characteristics of the different jet regimes,
notably low-latitude ‘thermally driven’ or subtrop-
ical jets and high-latitude ‘eddy-driven’ or polar-front
jets, hold considerable theoretical interest [e.g. 1–6],
yet have also a direct societal relevance. Indeed anom-
alies in the jet stream can be associated with high-
impact surface extremes, and reflect both planetary
wave activity and synoptic-scale anomalies [e.g. 7, 8].

Here, we focus on the North Atlantic (NA) sec-
tor during winter. In this region and season the sub-
tropical and polar-front jets co-exist and are gener-
ally well-separated. There are however periods when
a single, merged jet may result from the spatial

coincidence of thermal and eddy-related jet driving
mechanisms [e.g. 9]. Both anomalies in the polar-
front jet and merged flow episodes can favour a range
of surface extremes in Europe, for example in precip-
itation, temperature, surface wind or particular mat-
ter concentrations [e.g. 8, 10–15]. A parallel stream
of literature has focused on linking planetary waves
to surface extremes [e.g. 16–19]. While anomalies in
the jet do reflect planetary wave activity, we focus here
on studies which have explicitly diagnosed anomalies
in the jet stream itself.

There are different perspectives in the literature
on jet stream variability and its connection to sur-
face weather. Woollings et al [20] took a latitude-
based approach, identifying preferredmeridional loc-
ations of the polar-front jet over the NA. These
can be linked to different blocking and large-scale
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circulation regimes [21, 22], and in turn differ-
ent weather anomalies in Europe [23]. Woollings
et al [20] also looked at jet speed, while others
have considered jet meandering [e.g. 24], jet tilt
[e.g. 9, 25] or distributions of jet axis locations [26].
The dynamical link between the jet streamand surface
extremes is often mediated by synoptic systems, such
as extratropical cyclones. The jet plays an important
role in cyclogenesis and cyclone intensification, and
more generally affects the location of storm tracks
[27, 28]. This results in a modulation of surface
weather, including wind and precipitation extremes
[7, 10, 13, 29]. Jet stream anomalies also reflect atmo-
spheric blocking events, which in turn are directly
connected to surface temperature extremes [23, 30,
31]. Persistent jet anomalies can thus lead to regional-
scale persistent or recurrent surface extremes [e.g. 9–
11].

Someof the above studies have considered persist-
ent jet anomalies, but this has mostly been on a case-
study basis. [e.g. 9, 10]. Others have explicitly studied
persistent characteristics of specific jet regimes, but
without making a direct link to the resulting surface
extremes [e.g. 32, 33]. Franzke [34] studied the con-
nection between persistent NA jet regimes, defined
based on preferred latitudinal positions, and surface
wind speed extremes over Europe. Other types of
jet anomalies and surface extremes, however, were
not considered. Here, we seek to address this know-
ledge gap by linking unusual and persistent config-
urations of the NA jet to temperature and precipita-
tion extremes at the surface over Europe. We define
‘unusualness’ by quantifying jet latitude, speed and
zonality, and adopt a rigorous mathematical frame-
work grounded in large deviation theory (LDT) to
provide a statistical characterisation of such persistent
anomalies. In this study, we rely on long numerical
simulations in order to capture very rare persistent
jet events, which are not recorded in reanalysis data-
sets. We compare, where appropriate, the model res-
ults with reanalysis data to account for possiblemodel
biases.

The standard mathematical framework to study
extreme events is provided by extreme value the-
ory (EVT) [35, 36]. Using EVT, one either defines
extremes as maximum values over certain time peri-
ods (for example one season or year), or selects them
as values above a high threshold. When studying per-
sistent extreme events, however, both intensity and
duration are relevant. In the EVT framework, inform-
ation about the event duration is either missing or
is rigidly quantified as a mean asymptotic duration
(cluster size) of all extreme events [35, 36]. An altern-
ative approach to analyse persistent extremes has been
introduced in [37] and successfully applied to study
heatwaves and cold spells [37, 38]. Thismethod lever-
ages LDT and investigates persistent extremes based
on extreme values of temporal averages. A heatwave,

for example, can be analysed using extremes of tem-
perature averages over a few days or weeks. The LDT-
based method incorporates the event duration in a
flexible way, based on the averaging time. The results
can then be extrapolated towards longer averaging
times, i.e. longer lasting anomalies, given the conver-
gence to the large deviation limit.

In this study we are interested in return periods
of jet anomalies as a function of their duration, rather
than focusing on eventswith a fixed duration.We thus
take the perspective of LDT. However, we also com-
pare the results obtained based on LDT with what
would be given by EVT. The structure of the paper
is as follows. The data and methods are described in
section 2. We present our results in section 3, where
we study the connection between persistent NA jet
anomalies and surface extremes over Europe and,
after that, report the return periods of jet anomalies.
Our motivation for estimating frequencies of per-
sistent jet anomalies stems from their direct connec-
tion to temperature and precipitation extremes over
Europe. We thus cover both these topics in section 3.
We summarise and discuss our results in section 4.

2. Data andmethods

2.1. Data
We use a 1000 year long CMIP6 pre-industrial con-
trol run of the MPI-ESM-LR earth system model
with a horizontal resolution of 1.9◦ [39] and ERA5
reanalysis data [40] for the period 1979–2020 with
a horizontal resolution of 0.25◦. The chosen model
is one of the best performing earth system models
of its generation [41, 42]. From the model output,
we use daily 250 hPa zonal wind, 2m air temper-
ature, and daily cumulated precipitation. From the
reanalysis, we analyse the daily mean of the 6 hourly
250 hPa zonal wind. To ensure comparable results,
the reanalysis data is regridded to the resolution of
the model. We focus our analysis on an extended
boreal winter season: December, January, February
and March (DJFM).

2.2. Jet indices
We consider the zonal component of the wind over
the NA at 250 hPa: u(λ,φ, t), where λ is latitude, φ is
longitude and t is time. Todistil information from this
three-dimensional wind field, we use three jet indices:
the zonal jet index (ZJI), the jet speed index (JSI) and
the jet latitude index (JLI). These indices are adapted
from [9, 20], respectively. Negative or positive values
of the indices point to unusual states of the jet stream
from different perspectives related to its tilt, speed,
or meridional location. The ZJI identifies jet config-
urations with a clear meridional split between the
polar-front and subtropical jet streams versusmerged
jet configurations. The JSI identifies cases when the
zonal flow of the jet is faster or slower than normal.
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Figure 1. Rate function estimates of the (a) zonal jet, (b) jet speed, and (c) jet latitude indices for increasing averaging times,
according to the legend. The blue shading marks bootstrap confidence intervals of the 60 d rate function estimate (1000
replicates), the dashed black line represents the corresponding quadratic fit, and the continuous black line the rate function
estimate for randomly shuffled data.

Finally, the JLI showswhether the jet is located further
north or further south than usual. To compute the
ZJI, we select the region 75◦ W–50◦ E and 10◦–80◦ N,
whereas for the JSI and the JLI the region 60◦–0◦ W
and 15◦–75◦ N is selected. The indices are computed
for every day in each dataset as follows.

To obtain the ZJI, we first select at each longit-
ude the latitude of maximum zonal wind, φ̂(λ). Next,
we compute the difference of φ̂ between neighbour-
ing latitudes and take its maximum absolute value,
∆=max(|φ̂(λi)− φ̂(λi+1)|). The ZJI is the anom-
aly of ∆ relative to its seasonal cycle. We obtain the
JSI by selecting the maximum of the zonally aver-
aged zonal wind Umax, and computing the anomaly
of Umax relative to its seasonal cycle. Taking the latit-
ude φmax corresponding to Umax, and then subtract-
ing from φmax its seasonal cycle, gives us the JLI. In
case of the model output, we estimate the seasonal
cycle based on averaging for each calendar day over
all years, whereas in case of the reanalysis, we addi-
tionally smooth this seasonal cycle with a 15 d run-
ning mean window to reduce the noisiness due to the
shorter time series length.

2.3. LDT
We identify persistent configurations of the NA jet
stream based on temporal averages of jet indices on
intraseasonal and seasonal time scales. We obtain the
probability of averaged jet indices—and of the cor-
responding persistent jet configurations—based on
LDT. We consider averages An =

1
n

∑n
i=1Xi, where

the Xi’s are random variables and n is the averaging
time. With an increasing averaging time, n→∞, the
probability of averages decays exponentially:

p(An = a)≈ e−nI(a). (1)

I(a) is the rate function and quantifies the speed of
decay. The rate function is positive almost every-
where, except at the mean of the averages, where it is
0, pointing to the convergence of sample averages to
the theoretical mean corresponding to the law of large

numbers. In practice, if the averaging time n is large
enough and the autocorrelation weak enough, one
can approximate the probabilities of averages based
on equation (1). To test if this is the case one usually
verifies whether the rate function

In(a) =−1

n
lnp(An = a) (2)

converges for increasing n. Given the convergence for
a certain value n∗, we can then estimate the probabil-
ities for every average over n⩾ n∗ based on the prob-
abilities of averages over n∗.

In case of the considered jet indices, the rate func-
tion estimates converge at an averaging block length
of approximately 2months (figure 1). Thus, the rate
function estimate for n= 60 d can be used to obtain
the probability and return periods of averages over a
range of averaging times between 60 and 120 d (DJFM
season length).

The rate function estimates are approximately
quadratic (figure 1), meaning that positive devi-
ations on time scales of 2–4months are as prob-
able as negative deviations. Furthermore it implies
that, from a statistical perspective, large deviations
are similar to small deviations around the mean, and
can be described by the central limit theorem. In
case of Gaussian random variables, the rate func-
tion is perfectly quadratic. The rate function of the
JSI seems to represent an exception because it devi-
ates slightly from the quadratic fit (figure 1(b)). In
section 3 below, we discuss the implications of this
anti-symmetry on the return period estimates.

The effect of the autocorrelation on the probab-
ilities of long-lasting jet anomalies becomes visible
when comparing the estimated rate functions with
the ones obtained based on randomly shuffled data,
hence without temporal correlations (figure 1). If we
consider, for example, ZJI = 5◦, the rate function
including temporal correlations is I1(5)≈ 0.02d−1,
whereas the one without correlations is I2(5)≈
0.08d−1. The ratio between the two probabilities is
obtained using equation (1): p1/p2 = e−n(I1(5)−I2(5)).

3
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This gives, for n= 60 d, a probability ratio of approx-
imately 37. The autocorrelation makes ZJI averages
of 5◦ over 60 d approx. 37 times more probable with
respect to uncorrelated data. Figure 1 shows that the
autocorrelation in the jet index time series is weak
enough in order to allow for the convergence of the
rate function estimates, but, at the same time, strong
enough to substantially increase the probability of
large positive or negative averages.

We quantify the change in probability of sur-
face (2m air temperature and precipitation) extremes
connected to jet events using the ratio between their
frequency during jet events and their climatological
frequency:

r=
f(s> s∗|JI> JI∗)

f(s> s∗)

=
N(s> s∗|JI> JI∗)/N(JI> JI∗)

N(s> s∗)/N(s)
, (3)

where f is the frequency andN the number of values,
s is the considered surface variable and JI the jet index.
The thresholds used to identify surface extremes and
persistent, unusual jet events are given by s∗ and JI∗,
respectively. Note that equation (3) considers only
positive s or JI extremes. Negative extremes, can be
selected by taking s< s∗ or JI< JI∗.

We obtain LDT return period estimates of jet
index averages by inverting the probabilities given
by equation (1). Similarly, empirical return period
estimates are computed by inverting empirical prob-
abilities. To verify the accuracy of the LDT return
periods, we compare them with empirical estimates,
but alsowith those obtained by fitting theGeneralised
Pareto Distribution (GPD) to values above (below) a
high (low) threshold. GPD return levels are computed
based on the estimated GPD parameters [35].

3. Results

The convergence of rate functions estimates shows
that LDT is useful for studying persistent jet anom-
alies of 2months and longer. We structure our res-
ults around three main topics. First, we compare gen-
eral jet characteristics and persistent anomalous jet
events between the model and reanalysis data. Next,
we study the change in frequency of temperature and
precipitation extremes over Europe during persistent
jet anomalies with respect to climatological condi-
tions. Finally, we obtain return periods of persistent
jet anomalies.

3.1. Model representation of jet climatology and
variability
We compare jet characteristics between the MPI-
ESM-LR model and ERA5 based on the long-term
temporal average (climatology) of the 250 hPa zonal
wind field, probability density functions (PDFs) of
jet indices, and 60 d averages of jet indices (figure 2).

The jet climatology in the model is similar to the one
in ERA5 (figures 2(a) and (b)), although the mean
meridional tilt of the polar-front jet, and thus the split
between the polar-front and subtropical jets, is weaker
in the model. Despite this discrepancy in the mean
state, the PDFs of the zonal jet and jet speed indices
correspond closely to the ones from reanalysis data
(figures 2(c) and (d)). The correspondence between
model and reanalysis is poorer if we consider the JLI.
Although the model reproduces the relative maxima
found in the reanalysis PDF (figure 2(e)), the mod-
elled jet is too often in its modal position and excur-
sions to the north and south are not as frequent as in
the reanalysis data.

Exploring the connection between 60 d averages
of the different jet indices, we notice a generally
good correspondence between model and ERA5 data
(figures 2(f)–(h)). Both show a substantial negative
correlation between the ZJI and the JSI (figure 2(g)),
suggesting that merged jets are usually anomalously
fast, whereas jets that are more split than usual are
anomalously slow. The most extreme JSI averages
reproduced by the model are not observed in ERA5.
The model values range between approximately −8
and 12m s−1, while the ERA5 values vary between
−5 and 5m s−1. The shorter period of the ERA5
dataset with respect to the model simulations could
be a reason for these undersampled extremes. The
converse is observed for negative JLI averages: the
most extreme event in ERA5 is outside the range of
the model, confirming again that the modelled jet is
meridionally too bounded.

By comparing the spatial field of the 250 hPa zonal
wind betweenmodel and reanalysis in case of extreme
values of 60 d jet index averages, we find good cor-
respondence between the two datasets, except in case
of the JSI (supplement, figures S1(a)–(f)). The cor-
respondence improves a lot if we select events con-
ditioned on both the JSI and the ZJI (figures S1(g)
and (h)). This suggests that the discrepancy comes
from the undersampling of these events in the reana-
lysis data (shown also by the lack of green triangles in
the upper left corner of figure 2(g)), rather than from
the deficiency of the model in simulating the related
atmospheric configurations.

Based on the results above, we conclude that the
model reproduces most qualitative features of the NA
jet variability as observed in reanalysis data, allowing
its use to study persistent jet anomalies and their effect
on climate extremes in Europe.

3.2. Persistent jet anomalies and persistent climate
extremes
In the following, we study the connection between
persistent jet anomalies and persistent surface
extremes over Europe in MPI-ESM-LR. In agree-
ment with the negative correlation between the ZJI
and the JSI, we find opposite links between surface
anomalies and these two jet indices. As an example,
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Figure 2.Winter climatology of the zonal wind for (a) the MPI-ESM-LR model and (b) ERA5. Probability density function
estimates of (c) the zonal jet index, (d) the jet speed index, and (e) the jet latitude index for model output (black lines) and ERA5
(green bars). Scatter plots of 60 d averages of (f) the zonal jet and jet latitude indices, (g) the zonal jet and jet speed indices, and
(h) the jet latitude and jet speed indices, showing both model output (black dots) and ERA5 (green triangles).

an anomalously merged or a faster than usual jet
(negative ZJI or positive JSI) is linked to warmer and
wetter than usual conditions in the Mediterranean
region (figures 3(a), (b), (d) and (e)). In central and
northern Europe, large persistent surface anomalies
are generally observed during periods with an anom-
alous JLI and ZJI. When the jet is located more to the
north than usual (positive JLI), the region is warmer
and wetter than usual (figures 3(c) and (f)). When
the jet is anomalously split, we observe similar con-
ditions, albeit shifted northwards (figures 3(a) and
(d)). We observe opposite surface effects for jet index
anomalies of opposite sign.

Based on figure 3, we qualitatively identify regions
where the link between persistent jet configurations
and surface anomalies is the strongest (black boxes).
The next step is to quantify the change in probabil-
ity of 2m air temperature and precipitation extremes
connected to jet events in these regions. We focus on
persistent surface anomalies, aggregated in time over
60 d (in agreement with the averaging time for jet
indices) as well as in space over the regions identified
above.

We quantify in figure 4 the relative frequency
of persistent temperature and precipitation extremes
for increasing intensities of persistent jet anomalies

computed based on equation (3). The colours show
how many times more frequent temperature or pre-
cipitation anomalies become during jet events with
respect to their climatological frequency. The temper-
ature and precipitation extremes are defined in terms
of averaged values higher (lower) than a range of
thresholds, shown on the y-axis in form of quantiles.
These are chosen according to figure 3. For example,
in case of negative (positive) ZJI extremes we show
in figure 4(d) relative frequencies of positive (negat-
ive) precipitation extremes over theWesternMediter-
ranean, corresponding to the negative link between
the jet index and precipitation extremes in themarked
region in figure 3(d). The jet events are defined in
an analogous way based on quantiles of averaged
jet indices according to the x-axis. The arrows mark
the direction of increasing intensities of jet events
or surface extremes. Figure 4 leads us to three gen-
eral conclusions: (a) the relative frequencies are in
every case larger than 1, thus surface extremes are
more probable during jet events than climatologic-
ally; (b) the stronger the jet event, the more fre-
quent are surface extremes; and (c) the connection
between jet events and surface extremes increases
as we consider stronger surface extremes. The latter
point is illustrated by the red and orange colours in
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Figure 3. Differences of standardised (a)–(c) temperature and (d)–(f) precipitation anomaly composites in the MPI-ESM-LR
model between extreme positive and extreme negative 60 d averages of (a), (d) the zonal jet index, (b), (e) the jet speed index, and
(c), (f) the jet latitude index. The standardisation is performed by dividing the 60 d anomaly averages with their standard
deviation. The positive (negative) jet index extremes are defined as values larger (lower) than or equal to the 99th (1st) percentile.
The black boxes identify regions with strongest temperature or precipitation anomalies.

Figure 4. Relative frequencies of persistent (a)–(c) temperature and (d)–(f) precipitation extremes over the regions marked by the
black boxes in figure 3 in the MPI-ESM-LR model during persistent anomalies of (a), (d) the zonal jet index, (b), (e) the jet speed
index and (c), (f) the jet latitude index, with respect to climatology. All extremes are computed for averages over 60 d and, in case
of surface variables, also over the selected regions. Positive (negative) extremes are defined as values above (below) a range of
thresholds expressed in terms of quantiles.

the upper left and right corners of the panels, corres-
ponding to extremely negative and positive jet index
anomalies, respectively. Whereas the above conclu-
sions are generally true for both temperature and pre-
cipitation, the link of jet events with precipitation
extremes is much clearer than the one with temper-
ature extremes. The strongest connections are found
between anomalously fast or merged jet configura-
tions and positive precipitation extremes (figures 4(e)
and (d)).

3.3. Return periods of persistent jet anomalies
We have shown above that persistent jet anomalies
increase substantially the frequency of temperature
and precipitation extremes over Europe. Thus, it
is useful to know how often they occur. We fol-
low the method described in section 2 and obtain
return period estimates for positive (negative) aver-
aged jet indices equal or higher (lower) than a range of
thresholds, representing the return levels. Due to the
predictive power of equation (1), the return periods
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Figure 5. Return levels of positive (left) and negative (right) averages of (a), (b) the zonal jet index, (c), (d) the jet speed index,
and (e), (f) the jet latitude index. Black and green markers show empirical estimates based on the MPI-ESM-LR model and ERA5
data, respectively. The black lines represent estimates based on rate functions with 95% bootstrap confidence intervals (gray
shading, percentile method). The dashed purple lines show GPD estimates with 95% maximum likelihood confidence intervals
(purple shading, we used the functions gpd.fit and gpd.rl of the R package ismev [43]). Circles and triangles show averages over
60 and 120 d, respectively. Other coloured circles (triangles) mark specific winters with unusual weather conditions in the ERA5
data, if the corresponding 60 d (120 d) averages are among the three most extreme recorded values. The magenta (yellow) lines
show return levels of 60 d (120 d) averages obtained based on several 41 year chunks of the model data, the corresponding shading
highlights the range of these estimates.

of averages over 120 d are obtained based on the rate
functions for 60 d averages. Thus, return levels of
120 d averages, reach way beyond empirical estimates
(figure 5).

Generally, the LDT return periods correspond
very well with the empirical ones and those obtained
by fitting a GPDdistribution. Because the LDT estim-
ates for 120 d are given by the rate function for 60 d,
they are less sensitive to outliers and have a lower

uncertainty. We additionally compare the model
results with empirical estimates from ERA5. Gener-
ally, the correspondence is good (figure 5). However,
as expected due to the small sample size in ERA5, we
notice some discrepancies for the more extreme val-
ues. We test the effect of having shorter time series by
taking 41 year chunks of our 1000 years of model out-
put and computing the corresponding return levels.
The uncertainty due to the reduced length of the
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time series explains the discrepancy between model
and reanalysis, except in case of negative JLI extremes
(figure 5(f)).

Corresponding to the asymmetric shape of the
JSI rate function (figure 1(b)), positive JSI averages
are substantially more frequent than negative ones.
In case of the other jet indices, the return periods for
positive and negative averages are similar.

4. Discussion and conclusions

We have studied the link between wintertime persist-
ent North Atlantic jet anomalies and temperature and
precipitation extremes in Europe. We identify the jet
anomalies as an unusual tilt, speed, or position of the
jet. Using Large Deviation Theory (LDT), we are able
to infer the occurrence frequency of unobserved jet
anomalies over averaging times ⩾2 and ⩽4months.
We perform the LDT-based analysis on simulations
with the MPI-ESM-LR model, and compare the res-
ults with the ERA5 reanalysis dataset.

The frequency of persistent temperature and pre-
cipitation extremes is systematically increased relative
to climatology during persistent jet index extremes.
This increase is larger when we consider more anom-
alous jet configurations, or more extreme surface
anomalies. We observe the strongest footprint of per-
sistent jet anomalies when looking at the connec-
tion between positive jet speed anomalies and positive
precipitation anomalies over the Mediterranean and
Western Europe. A strong connection is also observed
between anomalously merged jet states and precipit-
ation extremes over roughly the same region, accord-
ing to the correlation between jet speed and zonal-
ity. If the jet is fast, it is conducive to an increased
inflow of moist Atlantic airmasses over the con-
tinent. Furthermore, a fast jet is usually anomal-
ously merged (figure 2(g)), and directed towards the
Mediterranean and Western Europe, favouring cyc-
lonic activity. Thus, anomalously merged jets rep-
resent a set of rather homogeneous configurations,
with coherent impacts over the identified regions.
This confirms previous studies, which showed that
a merged jet—linked to the negative phase of the
North Atlantic Oscillation [9]—is characterized by
a low local dimension and high persistence in the
phase space [6, 44]. In line with these results, [45]
found that the variability of the jet’s latitudinal loc-
ation decreases with increasing jet speed. On the con-
trary, a slow jet is related to more heterogeneous
configurations.

When comparing the jet index return periods
between the model and ERA5, we find that discrep-
ancies for rarely observed values can be explained by
the shorter length of the ERA5 dataset, except in case
of the jet latitude index. This probably relates to the
already discussed deficiency of the model, in which
the southern jet states are not frequent and persistent
enough.

Our analysis is based on long model simula-
tions with one of the best performing CMIP6 models
[41, 42]. We expect that our main conclusions - such
as the stronger connection between jet and surface
extremes over Europe with increasing intensity of
the anomalies, the clearer link between jet events
and precipitation extremes compared to temperature
extremes, the negative relationship between the jet
speed and zonal jet indices (shown by both model
and ERA5 data in figure 2(g)) - are robust to the
choice of the model. Furthermore, the correspond-
ence between MPI-ESM-LR and ERA5 regarding the
regions with the strongest link between persistent jet
and surface anomalies is surprisingly good (compare
figure 3 with figure S2 in the supplement). Non-
etheless, some discrepancies are noticeable corres-
ponding to the discussed difference in the meridi-
onal tilt of the jet (figures 2(a) and (b)). Regard-
ing the occurrence frequency of rare persistent jet
configurations, future model intercomparison stud-
ies would be useful to detect eventual discrepancies
among earth system models.

The analysis in this paper leverages LDT. An
alternative approachwould be to apply ExtremeValue
Theory (EVT). We have compared return period
estimates obtained using LDT and EVT in figure 5.
When studying persistent extremes based on averaged
variables, two drawbacks of EVT emerge.

(a) EVT has to be applied repeatedly for every aver-
aging time.

(b) The available data amount decreases, thus the
uncertainty and bias increase, with increasing
averaging time.

By using LDT, the above issues are mitigated due
to the possibility to extrapolate towards increasing
averaging times, and thus longer events. Here, we
obtain the return periods of 120 d jet index averages
based on the rate function of 60 d averages. There-
fore, these estimates are generally less uncertain than
empirical andEVT-estimates (figure 5). Furthermore,
they reach beyond empirical values, providing prob-
abilities of unobserved persistent anomalies.

In case of the jet speed index, we find asymmet-
ric rate functions, pointing to more frequent per-
sistent fast jet periods compared to slow jet peri-
ods, whereas rate functions of the other jet indices
are approximately quadratic. Quadratic rate func-
tions are common in case of temperature averages
[37, 46]. Their advantage is that one can obtain the
probability of persistent anomalies directly based on
the standard deviation and auto correlation of the ori-
ginal (unaveraged) time series, as prescribed by the
central limit theorem [37].

LDT offers a new framework for persistent
weather and climate events. Previous studies used
it to analyse persistent temperature anomalies; here,
we apply it on persistent jet anomalies. A future
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research avenue would be to understand how ‘typ-
ical’ the persistent jet anomalies are. While the
notion of ‘typicality’ of extremes may seem an oxy-
moron, it has important consequences for their
predictability [37, 38]. LDT could be also applied in
a multivariate setting to study compound climate
events, or joint anomalies in the jet and selected sur-
face variables.

Here, we find that persistent anomalies of the
North Atlantic jet stream lead to a heightened fre-
quency of temperature and precipitation extremes
over large European regions. To our knowledge, per-
sistent jet anomalies on intraseasonal and seasonal
time scales and their relation to surface extremes over
Europe have not been studied systematically in the
scientific literature prior to this work. Moreover, due
to the long temporal coverage of the used model
output (1000 years), we are able to study very rare
persistent jet anomalies. Our results show that, des-
pite being rare, these events are highly relevant
due to their strong connection to intense, persistent
temperature and precipitation anomalies. Thanks to
LDT, we are able to robustly estimate their return
periods.
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climate.copernicus.eu/cdsapp#!/search?type=dataset,
CMIP6MPI-ESM-LRmodel output is freely available
from nodes of the Earth System Grid Federation, e.g.
at https://esgf-data.dkrz.de/search/cmip6-dkrz/.

Acknowledgments

V M Galfi wishes to thank Valerio Lucarini for many
discussions on the topic of large deviations and to
Jacopo Riboldi and Richard Leading for stimulating
conversations about atmospheric circulation anom-
alies and their effect on weather extremes. V M Galfi
acknowledges the support of the Air,Water and Land-
scape Science research programme at theDepartment
of Earth Sciences, Uppsala University. G Messori
acknowledges support from the European Union’s
H2020 research and innovation programme (ERC
Grant No. 948309 (CENÆ)).

ORCID iDs

Vera Melinda Galfi https://orcid.org/0000-0002-
8965-0880
Gabriele Messori https://orcid.org/0000-0002-
2032-5211

References

[1] Held I M 1975 Momentum transport by quasi-geostrophic
eddies J. Atmos. Sci. 32 1494–7

[2] Rhines P B 1975 Waves and turbulence on a beta-plane J.
Fluid Mech. 69 417–43

[3] Held I M and Hou A Y 1980 Nonlinear axially symmetric
circulations in a nearly inviscid atmosphere J. Atmos. Sci.
37 515–33

[4] Held I M and Larichev V D 1996 A scaling theory for
horizontally homogeneous, baroclinically unstable flow on a
beta plane J. Atmos. Sci. 53 946–52

[5] Lachmy O and Harnik N 2016 Wave and jet maintenance in
different flow regimes J. Atmos. Sci. 73 2465–84

[6] Messori G, Harnik N, Madonna E, Lachmy O and Faranda D
2021 A dynamical systems characterization of atmospheric
jet regimes Earth Syst. Dyn. 12 233–51

[7] Röthlisberger M, Pfahl S and Martius O 2016 Regional-scale
jet waviness modulates the occurrence of midlatitude
weather extremes Geophys. Res. Lett. 43 10989–97

[8] Harnik N, Garfinkel C I and Lachmy O 2016 The influence
of jet stream regime on extreme weather events Dynamics
and Predictability of Large-Scale, High-Impact Weather and
Climate Events vol 2 (Cambridge: Cambridge University
Press) pp 79–94

[9] Harnik N, Galanti E, Martius O and Adam O 2014 The
anomalous merging of the African and North Atlantic jet
streams during the Northern Hemisphere winter of 2010 J.
Clim. 27 7319–34

[10] Santos Jão A, Woollings T and Pinto J G 2013 Are the
winters 2010 and 2012 archetypes exhibiting extreme
opposite behavior of the North Atlantic jet stream?Mon.
Weather Rev. 141 3626–40
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