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INTRODUCTION

| Daniel J. Befort? | Christopher H. O’Reilly'® |

Abstract

The European summer (June-August) 2022 was characterised by warm and dry
anomalies across much of the continent, likely influenced by a northward-shifted
jet stream. These general features were well predicted by European Centre for
Medium-Range Weather Forecasts’ system 5 seasonal forecast, initialised on May 1.
Such successful predictions for European summers are relatively uncommon, par-
ticularly for atmospheric circulation. In this study, a set of hindcast experiments is
employed to investigate the role that initialisation of the ocean, atmosphere, and land
surface played in the 2022 forecast. We find that the trend from external forcing was
the strongest contributor to the forecast near-surface temperature anomalies, with
atmospheric circulation and land-surface interactions playing a secondary role. On
the other hand, atmospheric circulation made a strong contribution to precipitation
anomalies. Modelled Euro-Atlantic circulation anomalies in 2022 were consistent
with a La Nifia-forced teleconnection from the tropical Pacific. However, a north-
ward jet trend in the model hindcasts with increasing greenhouse gas concentrations
also contributed to the predicted circulation anomalies in 2022. In contrast, the
observed linear trend in the jet over the past four decades was a southward shift,
though it is unclear whether this trend was driven by external forcings or natural
variability. Nevertheless, this case study demonstrates that important features of at
least some European summers are predictable at the seasonal time-scale.
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(Ballester et al., 2023). Many countries, particularly in
the Mediterranean region, experienced meteorologi-

The 2022 European summer was the hottest in the
European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis v. 5 (ERA5) record (Figure 1a;
Copernicus, 2022), with a new national temperature
record set in the United Kingdom (Zachariah et al., 2022)
and heat-related deaths across Europe estimated at 61,672

cal (Figure 1b) and hydrological drought (e.g., Bonaldo
et al., 2022; Faranda et al., 2023), resulting in the second
lowest river discharge across Europe in the Copernicus
Emergency Management Service model dataset, which
begins in 1991 (Copernicus, 2022). The hot and dry con-
ditions contributed to widespread wildfires, particularly
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across Spain, Portugal, and France (Rodrigues et al., 2023).
Both warmer temperatures from anthropogenic climate
change and the anticyclonic atmospheric circulation
across Europe contributed strongly to the summer 2022
weather (Faranda et al, 2023; Ibebuchi & Abu, 2023;
Schumacher et al., 2022).

Europe has previously been identified as a partic-
ular hotspot for increasing heatwave occurrence and
intensity under climate change (Rousi et al., 2022), with
recent decades seeing an intensification of heat extremes
in the region (Christidis et al., 2015; Patterson, 2023;
Perkins-Kirkpatrick & Lewis, 2020). The high societal
impact of these increasing extreme events demands
for accurate prediction systems for European summer
weather and climate.

Current seasonal forecasting systems have shown rel-
atively little skill in predicting atmospheric circulation
variability in boreal summer for the European region
(Dunstone et al., 2023b; Lockwood et al., 2023; Patterson
et al., 2022). This is in contrast to the European winter
when forecast systems have shown significant skill in pre-
dicting the North Atlantic Oscillation, the leading mode of
atmospheric circulation (Athanasiadis et al., 2017; Scaife
et al., 2014). This seasonal contrast in skill may partly be
due to the relatively weak signals coming from El Nifio
Southern Oscillation and the stratosphere in comparison
with the winter (Domeisen et al., 2015), as well as the
smaller spatial scale of typical weather phenomena in
summer. Nevertheless, a growing body of literature has
suggested that there is potential for predictability of sum-
mer Euro-Atlantic circulation on seasonal time-scales.
For instance, recent observational studies have found
that the summer East Atlantic pattern is modulated by
forcing from tropical convection (O’Reilly et al, 2018;
Rieke et al., 2021; Wulff et al., 2017), while North Atlantic
sea-surface temperatures (SSTs) also affect circulation
over the Euro-Atlantic (Beobide-Arsuaga et al., 2023;
Osborne et al., 2020; Osso et al., 2018, 2020). Moreover,
recent work has suggested that the summer North Atlantic
Oscillation may be partly predictable via the date of the
stratospheric vortex breakdown (Dunstone et al., 2023b;
Wang & Ting, 2022).

Regarding other variables, Dunstone et al. (2018)
showed moderate skill for European rainfall in the UK
Met Office model, which they attributed largely to the
effect of North Atlantic SSTs on atmospheric moisture
availability. Initialisation of the land surface also appears
to provide some predictability via soil moisture feedbacks
with the atmosphere (Ardilouze et al., 2017; Prodhomme
et al., 2016; Seneviratne et al., 2010), particularly on
subseasonal time-scales (Orth & Seneviratne, 2014).
Furthermore, the study of Patterson et al. (2022) identified
the significant role that external forcing from greenhouse

gases and aerosols has on seasonal predictions of 2-m tem-
perature (T2m), with models deriving much of their T2m
skill over Europe from the forced trend.

In the context of relatively low European summer
forecast skill, it is interesting that many large-scale char-
acteristics of the 2022 summer were relatively well fore-
cast for Europe by ECMWF’s system 5 (SEAS5; Johnson
et al., 2019). This raises the question of whether atmo-
spheric circulation, temperature, and precipitation were
inherently more predictable in summer 2022 than in other
years, a problem that we investigate in this study. More-
over, we seek to address the following questions:

+ How well did ECMWEF’s SEASS5 capture the observed
circulation and near-surface anomalies in European
summer 20227

+ What determined the circulation patterns in observa-
tions and the forecast? Did the forecast capture circula-
tion anomalies for the “right reasons”?

« What role did the atmospheric circulation, externally
forced trends, and soil moisture anomalies play in driv-
ing the forecast near-surface conditions?

The study is structured as follows: data sources, sea-
sonal hindcast experiments, and statistical methods are
described in Section 2, and the hindcast is evaluated
against observations in Section 3. Following this, the
drivers of the circulation anomalies in the forecast and
observed anomalies are analysed in Section 4. Next, the
roles of atmospheric circulation, soil moisture, and exter-
nally forced trends in the forecast anomalies are investi-
gated in Section 5. Finally, a discussion of the results is
provided in Section 6.

2 | DATA AND METHODS

2.1 | Observations and reanalysis
datasets

In this work, we use monthly mean data from the ERAS5
dataset (Hersbach et al., 2020) for all variables with the
exception of precipitation, which is investigated using the
monthly mean Global Precipitation Climatology Project
(GPCP) version 2.3 (Adler et al., 2018).

2.2 | ECMWF’s SEAS5

We briefly provide a few details on SEASS5, but refer the
interested reader to Johnson et al. (2019) for further infor-
mation. SEASS5 is based on cycle 43r1 of the Integrated
Forecast System and consists of coupled atmospheric,
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Time series of observed (a) 2-m temperature (T2m; European Centre for Medium-Range Weather Forecasts Reanalysis v. 5,

ERAS5) and (b) precipitation (Global Precipitation Climatology Project, GPCP) anomalies for European summers (1981-2022), averaged over
land 35°N-63°N, 10°W-30°E. Anomalies are calculated relative to 1981-2021. The year 2022 is shown by a red dot, and the linear trend line
for the years 1981-2021 is also plotted. [Colour figure can be viewed at wileyonlinelibrary.com]

oceanic, and prognostic sea-ice components. The
atmosphere is run at T319 horizontal resolution with
91 levels in the vertical, whereas the ocean is ORCA025
(0.25°) with 75 levels in the vertical. Both the atmosphere
and land surface are initialised using ECWMF opera-
tional analyses, and the ocean and sea-ice are initialised
using OCEANS (Zuo et al., 2019), a combination of his-
torical ocean reanalysis (ORASS5) and the daily real-time
ocean analysis (OCEANS5-RT). Greenhouse gases are pre-
scribed following the Coupled Model Intercomparison
Project phase 5 Representative Concentration Pathway
scenario 3-PD, and tropospheric sulfate aerosol follows
the decadally varying Coupled Model Intercomparison
Project phase 5 climatology.

This study makes use of SEASS5 hindcasts and fore-
casts of past summers spanning 1981-2016 and 2017-2021
respectively. The set-up for the hindcasts and forecasts
is almost identical, and the primary distinction between
the two is that the hindcasts are initialised with ERAS5
and forecasts are initialised with ECWMF analyses. The
years from 2017 are forecasts, as the system became oper-
ational in that year. The SEAS5 hindcasts and forecasts
each have 51 members for each start date. Throughout this
study, anomalies are identified with respect to the period
1981-2021.

2.3 | Summer 2022 hindcast experiments
In order to investigate the impacts of initialisation of dif-
ferent components of the forecast system, we perform a
number of hindcast experiments using the same set-up of
the Integrated Forecast System as used for SEAS5, includ-
ing the same grid resolutions in the atmosphere and ocean.
Each of these simulations is initialised on May 1 and
run for 4 months. A hindcast experiment identical to the
operational forecast is performed (“CONTROL”), but

extended to 200 members rather than 51. In order to clarify
the role of ocean initial conditions in driving the forecast,
we perform a set of hindcasts with initial conditions for
the atmosphere and land surface taken from a year in the
range [1981,2021] but with 2022 ocean initial conditions.
This experiment is referred to as “OCEAN-IC-2022.” For
example, for a particular ensemble member, the ocean ini-
tial conditions are taken from 2022 and all other conditions
are taken from the year 1990. For each of the 41 years in
[1981, 2021], five simulations are run with perturbed ocean
initial conditions for 2022 (the operational forecasts also
use perturbed ocean initial conditions) making a total of
41 x 5 = 205 ensemble members. Similarly, a set of sim-
ulations is performed with ocean initial conditions from
the years [1981, 2021] but all other conditions taken from
2022 (“ATMOS-IC-2022”) to identify the role that other
drivers play.

Consequently, some of the effects of external forcing
are present in both OCEAN-IC-2022 and ATMOS-1C-2022.
That is, OCEAN-IC-2022 is driven by 2022 SSTs, which
have warmed with greenhouse gas forcing. On the other
hand, the atmosphere in ATMOS-IC-2022 will be warmed
as a result of the warmer initial atmospheric state and the
presence of 2022 greenhouse gas forcing. The atmosphere
and ocean will be out of balance in ATMOS-IC-2022 and
OCEAN-IC-2022 as the ocean is warm and the atmosphere
cold or vice versa. However, we will show that the results
do not appear to be strongly affected by this as the sum
of the ensemble-mean anomalies in ATMOS-IC-2022 and
OCEAN-IC-2022 is approximately equal to the CONTROL.
The experiments are summarised in Table 1.

2.4 | Circulation analogues

To identify the impact of atmospheric circulation in the
2022 seasonal hindcasts on T2m and precipitation, we
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TABLE 1
Experiment Members Ocean
CONTROL 200 2022 conditions
OCEAN-IC-2022 205 2022 conditions
ATMOS-IC-2022 205 [1981,2021]

Atmosphere
2022 conditions
[1981,2021]

2022 conditions

A summary of the hindcast experiments performed in this study, including information on the initialisation.

Land surface External forcing

2022 conditions 2022 conditions
[1981,2021] [1981,2021]

2022 conditions 2022 conditions

Note: In this table, [1981, 2021] indicates that initial conditions of each of the ensemble members in these experiments are taken from a random year between

1981 and 2021.

use a circulation analogues method inspired by Jézéquel
et al. (2018). The method estimates the circulation-related
component of other variables by identifying periods with
similar atmospheric states and averaging the variable in
question over those similar states. There are a few ways in
which our methodology differs from Jézéquel et al. (2018).
First, Jézéquel et al. (2018) utilise daily data whereas we
use means over June-August (JJA); second, we represent
atmospheric circulation anomalies by 500hPa stream
function anomalies (y500’) rather than 500 hPa geopo-
tential height anomalies. We make this choice because
the latter field is directly affected by temperature changes,
such as through global warming, whereas w500 only
reflects circulation variability.

Our methodology proceeds by first removing the global
warming signal from variables in the SEAS5 hindcast/
forecast ensemble, spanning 1981-2021, by linearly
regressing out the global-mean, ensemble-mean T2m.
We then take the JJA-mean ‘/’500/2022,1‘ (i.e., the ith mem-
ber from the 2022 SEAS5 CONTROL experiment) and
compare with w500 in all ensemble members in the
SEAS5 hindcast/forecast ensemble. The most simi-
lar N = 30 members to the target (‘/’500’2022,1') over the
Euro-Atlantic region (10°W-30°E, 30°N-80°N) from this
51-member X 41-year = 2091 set are selected. The similar-
ity of the two w500’ fields is calculated via area-weighted
sums of the absolute values of Euclidian distances between
values at each grid point. The average over the N most
similar members is then calculated for y500’, T2m, and
precipitation. However, the magnitudes of the analogue
w500’ anomalies are typically smaller than the target
(WSOO’ZOZM) due to being averaged over N members. Hence,
we scale the analogue by the ratio of the spatial means of
the absolute values over the Euro-Atlantic region for the
target relative to the analogue such that the analogues
show a similar magnitude to the 2022 anomalies. That is,
we scale the analogues by

o= < |W500,2022,i | >E-A
(ICZ"w500; )/Nl)ea

(1

where angled brackets represent a spatial average over
the Euro-Atlantic region and vertical lines indicate

the absolute value. Here, the sum is over the N most
similar states with y and j representing the year and
member number for those particular states in the hind-
cast/forecast ensemble respectively. This process is
repeated for all 200 CONTROL members and all of these
analogues averaged.

3 | THE 2022 SUMMER SEASON

First, we analyse the 2022 European season and assess
the SEAS5 CONTROL hindcast. Figure 2 compares JJA
2022 anomalies in T2m, precipitation, and 500 hPa zonal
wind (U500) and sea-level pressure in observation-based
datasets (GPCP for precipitation and ERA5 for other
variables) with ensemble-mean anomalies predicted
by SEAS5 for forecasts initialised on May 1. Broadly
speaking, the CONTROL hindcast qualitatively cap-
tures the observed anomalously hot and dry conditions
(Figure 2a,b,e,f), though it does not capture the north-
ward and westward extent of the dry anomaly over the
United Kingdom. For further context, T2m and precip-
itation anomalies in SEAS5 hindcasts of past summers
are largely positively correlated with observed values over
western and central Europe. However, these correlations
are not statistically significant (Supporting Information
Figures S1 and S2).

With respect to atmospheric circulation, the model,
as in observations, features a northward-shifted jet
(Figure 2c,g) and positive summer North Atlantic Oscil-
lation pattern, though the positive sea-level pressure
anomaly does not extend into Europe in the model
(Figure 2h). There is also an easterly wind anomaly,
stretching from the Atlantic through to the Mediter-
ranean, which is present in both the forecast model
(Figure 2g) and observations (Figure 2c). Note that this
easterly wind anomaly is primarily a feature in the mid
to lower troposphere and is not present at upper levels
(not shown). Interestingly, other seasonal forecast systems
within the Copernicus Climate Change archive all pre-
dicted an anomalously warm and dry summer (Supporting
Information Figures S3 and S4), whereas at least five out
of the eight systems predicted a high over the Atlantic,
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Summer 2022 anomalies (1981—2021 climatology)
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FIGURE 2
(June-August, JJA) 2022. The variables shown by colours are (a, €) 2-m temperature (T2m, K), (b, f) precipitation (mm-day~1), (c, g) 500 hPa

Comparison of (a—d) observed and (e-h) SEAS5 ensemble-mean forecast anomalies for the European summer

zonal wind (U500; m-s~1), and (d, h) sea-level pressure (SLP; hPa). Anomalies are taken with respect to 1981-2021, and anomalies are only
coloured for values that exceed one standard deviation from the mean. Values less than a standard deviation from the mean are shown by
unfilled contours, with the same contour interval. Note the differing colour scales between the model and observations. In (c) and (g),
unfilled, pink contours indicate the 500 hPa zonal wind climatological values for the 10 and 15 m-s~! contours. The box in (a) indicates the

European region used in Figures 1 and 3. [Colour figure can be viewed at wileyonlinelibrary.com]

to the southwest of the United Kingdom (Supporting
Information Figure S5). This consistency amongst models
hints at the presence of a predictable signal in the summer
2022 forecasts.

Next we investigate whether the ensemble can repro-
duce the magnitude of the observed temperature and pre-
cipitation anomalies and attempt to understand the role
of atmospheric circulation in driving these anomalies. We
calculate the best members at reproducing the patterns of
U500, T2m, and precipitation separately by calculating the
area-weighted sum of Euclidian distances between obser-
vations and each model ensemble member, at each grid
point over a specified region, for the given variable. The
regions over which the Euclidian distances are calculated
are shown by boxes in Figure 3a,e,i. The best member is
the member for which the sum of distances is minimised.
The northward-shifted jet is best reproduced by member
137, with a similar magnitude of U500 anomalies in this
case (Figure 3a). This member also shows a magnitude of
T2m and precipitation anomalies similar to the observa-
tions (Figure 3b,c vs. Figure 2a,b). The observed patterns
of precipitation (Figure 3c) and temperature (Figure 3b)
anomalies are largely reproduced in this member, particu-
larly the dry anomalies over northwest Europe (Figure 3c).
The region of anomalously low precipitation is notably

further north and west in member 137, compared with
the ensemble-mean (Figure 3c vs. Figure 2f). This suggests
that circulation plays some role in driving these anomalies.
However, this member does show enhanced warm and dry
anomalies in northeastern Europe (Figure 3b,c), unlike in
observations (Figure 2a,b).

The best T2m anomaly pattern (member 164) is simi-
lar in total magnitude to ERAS (Figure 3e,j), as is the best
precipitation pattern (member 148) to GPCP (Figure 3i,k).
However, the circulation anomalies are quite different for
members 148 and 164 (Figure 3d,g) from member 137
(Figure 3a), which has the best U500 pattern. This suggests
that temperature and precipitation anomalies in members
148 and 164 (Figure 3e,f,h,i) may arise for slightly differ-
ent reasons than in member 137. It is worth noting that
nearly all ensemble members predicted a warmer than
average European summer for 2022 (Figure 3j), which is
unsurprising given the strong warming trend (Patterson
et al., 2022). The majority of members also predicted a
drier than average summer (Figure 3k). This suggests a
robust signal in the initial conditions, particularly given
that there is no strong trend in European summer pre-
cipitation (Figure 1b). Overall, the observed anomalies in
precipitation and temperature were well captured by the
ensemble.
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2022 values for European Centre for Medium-Range Weather Forecasts Reanalysis v. 5 (ERAS5)/Global Precipitation Climatology Project

(GPCP) and the best members. [Colour figure can be viewed at wileyonlinelibrary.com]

4 | POTENTIAL DRIVERS OF THE
OBSERVED AND FORECAST
CIRCULATION

In this section we examine the conditions prior to summer
2022 and investigate potential large-scale drivers of Euro-
pean summer weather in that season. At the start of May,
the tropical Pacific was characterised by cool SST anoma-
lies, the last of three consecutive La Nifia years (Figure 4a).
O’Reilly et al. (2018) found that La Nifia events are typ-
ically associated with anticyclonic conditions over the

North Atlantic and observed 2022 circulation anomalies
were consistent with this (Figure 2c,d). Furthermore, there
is some evidence of an anomalous wave train from the
Pacific towards the North Atlantic in summer 2022 (Sup-
porting Information Figure S6). SSTs around the United
Kingdom and western Europe were also slightly warmer
than average (Figure 4a). It is possible that this could have
warmed western Europe to some extent via advection of
warmer near-surface air or by generating atmospheric cir-
culation anomalies. Following a drier than average spring,
soil moisture levels were low at the beginning of May,
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particularly in northern parts of Europe (Figure 4b).
Interestingly, the May soil moisture anomaly pattern
resembles the 2022 JJA-mean precipitation anomaly
pattern (Figures 4b and 2b). Wang and Ting (2022) and
Dunstone et al. (2023b) found that positive summer North
Atlantic Oscillation years were proceeded by a strong
polar vortex in May; hence, we also include stratospheric
zonal wind anomalies in Figure 4c. The vortex strength,
defined following Dunstone et al. (2023b) as the stan-
dardised 50 hPa zonal-mean zonal wind anomaly averaged
60°N-80°N, was slightly stronger than average at +0.8
standard deviations above the mean.

In this section, we attempt to attribute the observed
2022 atmospheric circulation anomalies to forcing from
various drivers, including Nifio 3.4 SSTs, the stratospheric
vortex strength, and circulation trends, using a multiple
regression framework. Note that there are likely to be other
drivers for the observed 2022 North Atlantic circulation,

and we later discuss some other possible drivers. The linear
trend is included as a predictor because of the substan-
tial southward jet trend seen in this region in summer
(Harvey et al., 2023). The drivers of this trend are unclear,
though these may include external forcing by aerosols or
greenhouse gases, or internal climate variability (Dong &
Sutton, 2021). Monthly mean ERAS5 data 1981-2021 are
used to create the multiple regression model. The SST in
the Nifio 3.4 region (i.e., 170°W-120°W, 5°S-5°N) is used
as a predictor with the JJA mean used to capture any con-
temporaneous driving of the North Atlantic circulation;
for example, via a Rossby wave train. A May polar vortex
index is defined again following the method of Dunstone
etal. (2023b), as described earlier herein. The trend index is
simply an index that increases linearly with time between
1981 and 2021. The regression maps are then multiplied
by the predictor values in 2022 to gauge the potential
influence of these predictors on the observed circulation.
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FIGURE 5 Drivers of 2022 500 hPa zonal wind (U500) in European Centre for Medium-Range Weather Forecasts Reanalysis v. 5

(ERA5) calculated via a multiple linear-regression analysis of past U500 variability (1981-2021) with several predictor variables (see text for
details). For each regression map, the coefficients have been multiplied by the 2022 value for the corresponding predictor to indicate the
potential impact of that predictor on 2022 U500. The predictors are (a) May 50 hPa zonal wind anomalies (60°N-80°N), (b) June-August
(JJA) Nifio 3.4 sea-surface temperatures (SSTs), and (c) the linear trend in JJA U500. Also shown are (d) the sum of the regression coefficients
multiplied by the 2022 values and (e) the actual 2022 anomalies. (f) The adjusted R? values for the multiple regression model. Hatching in
(a)—(c) indicates where regression coefficients have P values less than 0.05 following a Student’s ¢ test. Note that these P values are calculated
for the regression coefficients and not for the product of the coefficients and 2022 predictor value. Units for (a)-(e) are m-s~1. The ERA5 JJA
U500 climatology is shown in all panels by unfilled contours, with only contours 10 and 15 m-s~ drawn. [Colour figure can be viewed at

wileyonlinelibrary.com|

Applying the multiple-regression framework to
observed circulation over the past 41 years suggests that
the linear trend dominates the predicted 2022 U500
anomalies over predicted U500 anomalies from Nifio 3.4
SSTs and the May vortex strength (Figure 5a-c). Positive
May polar vortex anomalies may have contributed to a
slight northward shift of the jet at the jet exit (i.e., the
region where the jet weakens substantially; Figure 5a), and
cool tropical Pacific SSTs may have also shifted the west-
ern portion of the jet further north and generated easterly
anomalies in the subtropical North Atlantic (Figure 5b).
However, the magnitude of the predicted U500 anomalies
from the linear trend is larger than from either of these
two other predictors and is instead characterised by a
southward shift of the jet (Figure 5c).

This statistical model therefore cannot predict the
observed northward shift (Figure 5d,e). On the other
hand, predicted easterly anomalies in the Mediterranean
and over North Africa show some similarity with the
observed 2022 circulation (Figure 5d,e). With that said,
overall the 2022 circulation was not attributable on the
basis of these three drivers alone. This may not be too

surprising given that predictable drivers can only explain a
proportion of the observed circulation as a significant
proportion of the observed circulation will arise from
random, unforced variability, particularly in summer
(Franzke & Woollings, 2011). To quantify the proportion of
U500 variability that is explained by the regression model,
we plot the adjusted R? statistic, R2, defined as

R=1-(1-r)_"=L_ )
n-p-1

Here, R is the correlation between the regression
model prediction and the actual circulation over the his-
torical period, n = 41 is the number of years, and p =3
is the number of explanatory variables. R? therefore
accounts for the fact that adding more predictors increases
the variance explained due to overfitting. R? reaches val-
ues of 0.2-0.25 near Iceland (i.e., it explains 20-25% of
the variance; Figure 5f). The regression model there-
fore only explains a small portion of the historical U500
variability. It is also possible that other drivers could
contribute to the circulation variability. Caribbean

precipitation (Rieke et al., 2021; Wulff et al., 2017) has been
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Drivers of CONTROL 2022 500 hPa zonal wind (U500) calculated via a multiple linear-regression analysis of

ensemble-mean U500 variability from SEAS5 hindcasts/forecasts (1981-2021) with several predictor variables (see text for details). This uses
the same method as in Figure 5, but using the SEASS5 hindcast/forecast ensemble means (1981-2021) for each year to construct the multiple

regression and multiplying these by the 2022 CONTROL predictor values. Panel descriptions are the same as for Figure 5. The SEAS5

June-August (JJA) U500 climatology is shown in all panels by unfilled contours, with only contours 10 and 15 m-s~! drawn. [Colour figure
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suggested as a potential driver of summer atmospheric
circulation, though using the Pacific—-Caribbean dipole
index of Wulff et al. (2017) as a predictor has little impact
on the multiple regression model (Supporting Informa-
tion Figure S7). North Atlantic SSTs are a further possible
driver (Beobide-Arsuaga et al., 2023; Dunstone et al., 2019;
Osborne et al., 2020; Osso et al., 2018, 2020). The initial SST
conditions in this region do not appear to map strongly
onto the driving patterns in Osso et al. (2018) or the tripole
pattern of Dunstone et al. (2018) (Figure 4a). Further-
more, the Dunstone et al. (2019) tripole index does not
contribute skill to the multiple regression model for 2022
when added as an extra predictor (Supporting Informa-
tion Figure S8). On the other hand, it is possible that the
North Atlantic SST anomalies contributed to the observed
circulation pattern in ways not captured by this index.
Given this analysis of observed data, it appears likely
that either another driver not considered here was impor-
tant for the observed jet anomaly or the model correctly
predicted the pattern of the observed circulation anoma-
lies for the wrong reasons. Nevertheless, we investigate
the drivers of the CONTROL circulation via a similar
multiple-regression approach. In this case, we construct
the multiple-regression model using the SEAS5 hindcast/
forecast ensemble means 1981-2021. Predictors are once
again the May vortex strength, JJA Nifio 3.4 SST, and JJA

U500 trend, all calculated from the model, and we mul-
tiply regression maps by the CONTROL ensemble-mean
predictor values in Figure 6. Similar to ERAS, the SEASS5
multiple regression suggests that the positive polar vortex
anomalies act to push the jet exit northward in the model
(Figure 6a). Simultaneously, the Nifio 3.4 SSTs shift the jet
northward over the western North Atlantic and promote
easterly flow over North Africa and the subtropical North
Atlantic (Figure 6b).

SEASS5 and ERAS differ when it comes to the trend,
as the SEAS5 hindcast/forecast ensemble shows a north-
ward jet trend (Figure 6¢, Supporting Information Figure
S9b,d). However, the ERAS5 trend arises from a sin-
gle realisation, whereas the SEAS5 ensemble-mean aver-
ages over multiple possible jet time series. To investigate
the role of internal climate variability in the jet trend
we construct a jet index as the JJA-mean U500 in a
northern box (60°W-0°W, 55°N-65°N) minus a southern
box (60°W-0°W, 40°N-55°N; see Supporting Information
Figure S9a). We then create an ensemble of jet trends by
taking a random SEASS5 ensemble member from each year
in the hindcast/forecast set, for the years 1981-2021 and
calculate the jet trend. We then repeat this 1000 times.
Only one of these 1000 synthetic jet trends is more negative
than the ERAS5 trend (Supporting Information Figure S9c).
This suggests that either the model has an insufficient level
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of internal variability or does not represent the key driving
process of the observed jet trend (or both). On the other
hand, the observed trend may be sensitive to the choice of
period, as the index appears to become more positive from
2015 onwards, suggesting that internal variability at least
plays a role. It is clear that further research is needed to
understand the drivers of observed and modelled summer
jet trends and low-frequency variability.

The trend signal in SEASS is the largest contributor to
the ensemble-mean circulation over the signal from the
polar vortex and Nifio 3.4 SST anomalies (Figure 6a-c).
Overall, these three drivers explain the CONTROL anoma-
lies well, with their sum showing a similar pattern and
magnitude to those in CONTROL (Figure 6d,e). The
SEAS5 multiple-regression model also explains a larger
proportion of the variance (Figure 6f) than for ERAS
(Figure 5f). For example, the regression model explains
more than 50% of the variance in the Subtropics and up
to 25%-30% north of the United Kingdom. This difference
is likely because the SEAS5 multiple regression is con-
structed from ensemble-mean data, thereby filtering out
much of the random unforced variability. In the remainder
of this article we attempt to further understand the drivers
of circulation, near-surface temperature, and precipitation
anomalies in CONTROL.

5 | HINDCAST EXPERIMENTS

In this section, we examine the hindcast experiments to
understand the role that these initial conditions for the
ocean, atmosphere, and land surface had in driving the
forecast anomalies. We also attempt to account for the tem-
perature and precipitation anomalies in the experiments
by considering atmospheric circulation, soil moisture, and
externally forced trends.

(a) CONTROL (b)

ATMOS-I1C-2022 (c)

51 | Atmospheric circulation

The ATMOS-IC-2022 experiments have the same land sur-
face and atmospheric initial conditions as in 2022 but with
ocean initial conditions from random other years, whereas
OCEAN-IC-2022 runs have the correct ocean initial state
but random atmospheric and land-surface conditions.
ATMOS-IC-2022 will contain some of the global warming
signal from the presence of 2022 levels of carbon dioxide,
but OCEAN-IC-2022 will also show some warming signal
relative to the climatology due to the warmer SSTs. Con-
sidering atmospheric circulation first, the Euro-Atlantic
anomalies in OCEAN-IC-2022 (Figure 7c) are almost iden-
tical to the CONTROL hindcast (Figure 7a), both in terms
of the northward jet and negative U500 anomalies over
the tropical Atlantic and North Africa. In contrast, only
a weak anticyclonic feature is present over Europe in
ATMOS-IC-2022 (Figure 7b). Nevertheless, this anticy-
clonic feature may still have an important influence on
the temperature and precipitation over Europe. Overall,
this suggests that the majority of the circulation signal
in CONTROL is derived from anomalous SSTs, but with
some circulation features over Europe driven by either
atmospheric or land-surface initialisation.

On the other hand, European T2m anomalies are larger
in ATMOS-IC-2022 than in OCEAN-IC-2022 (Figure 8b,c),
with the pattern in the former matching up closely
with CONTROL for Europe (Figure 8a). T2m anoma-
lies in OCEAN-IC-2022 are consistently around 0.2-0.4K
across much of Europe, compared with more than 0.6 K
for large parts of Europe in ATMOS-IC-2022. Regard-
ing precipitation, this is more evenly split between
the ATMOS-IC-2022 and OCEAN-IC-2022 experiments
(Figure 8e,f). Note that anomalies in ATMOS-IC-2022
(Figure 8b,e) and OCEAN-IC-2022 (Figure 8c,f), for both
T2m and precipitation, combine approximately linearly to

OCEAN-IC-2022

FIGURE 7
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June-August-mean 500 hPa zonal wind anomalies in the (a) CONTROL, (b) ATMOS-IC-2022, and (c) OCEAN-IC-2022

experiments. Units are m-s~!. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 June-August-mean (a—c) 2-m temperature (T2m) and (d-f) precipitation anomalies in the (a, d) CONTROL, (b, e)

ATMOS-1C-2022, and (c, f) OCEAN-IC-2022 experiments. Units of T2m and precipitation are K and mm-day~! respectively. [Colour figure

can be viewed at wileyonlinelibrary.com]|

give the CONTROL anomalies (Figure 8a,d; Supporting
Information Figures S10 and S11), suggesting that nonlin-
ear interaction between drivers does not play a substantial
role here.

In order to quantify the role that atmospheric circu-
lation plays in the ensemble-mean T2m and precipitation
anomalies, we use a circulation analogues method. Briefly,
the method compares w500' in each ensemble member
in the three experiments with w500’ across all members
in the SEAS5 hindcast/forecast ensemble (1981-2021).
The N = 30 hindcast/forecast members most similar to
the experiment ensemble member over the Euro-Atlantic
region are averaged. Then the magnitude of the circula-
tion analogue is scaled such that it has a similar magni-
tude to the target w500’. Finally, an average is taken over
the circulation analogues for each corresponding experi-
ment ensemble member. The method is further detailed in
Section 2.4.

The circulation over Europe in all three experi-
ments consists of anomalously anticyclonic flow, partic-
ularly over western Europe (Figure 9a-c). Similar to the
U500 anomalies (Figure 7), the CONTROL shows the
largest w500’ (Figure 9a) with ATMOS-IC-2022 show-
ing the weakest circulation anomalies. The w500’ cir-
culation analogue patterns capture the main features
of these experiments though the centre of the maxi-
mum w500 is slightly shifted for the CONTROL and

ATMOS-IC-2022 analogues (Figure 9d,e) and stronger for
the OCEAN-IC-2022 analogue (Figure 9f). Increasing the
number of analogues N to 50 or 100 does not substantially
alter the analogue patterns (not shown).

Having established that the circulation analogues can
capture the broad features of the experiment circula-
tion anomalies, we examine the temperature and pre-
cipitation anomalies corresponding to these analogues.
Analogue T2m anomalies for the CONTROL account
for 0.2-0.6K over large parts of western and central
Europe (Figure 10a), though this is much smaller than
for the CONTROL T2m, which are in excess of 1.2K
over large parts of Europe (Figure 8a) and the residual is
large (Figure 10g). In terms of absolute magnitude, the
largest circulation contribution to T2m anomalies occurs
for the Iberian Peninsula (Figure 8a). Circulation also
appears to explain little of the T2m anomalies for the
ATMOS-IC-2022 experiment (Figure 10b,h). On the other
hand, circulation can account for the majority of the T2m
anomalies for OCEAN-IC-2022 over land (Figure 10c,i).
It is likely that the T2m anomalies in CONTROL and
ATMOS-IC-2022 are primarily driven by the radiative
response to higher greenhouse gas levels in 2022, relative
to the climatology period.

On the other hand, atmospheric circulation explains
a large proportion of the dry precipitation signal in all
three experiments (Figure 10d-f). This is particularly true
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FIGURE 9 June-August (JJA)-mean, ensemble-mean w500’ patterns for each of the three experiments with their corresponding

circulation analogues, calculated using the SEASS hindcast/forecast ensemble. w500’ is shown for (a) CONTROL (b) ATMOS-1C-2022, and
(c) OCEAN-IC-2022. Corresponding w500’ circulation analogues are shown for the experiments (d) CONTROL, (e) ATMOS-1C-2022, and (f)
OCEAN-IC-2022. A box in all panels indicates the Euro-Atlantic region over which the Euclidean distance between hindcast/forecast
members and the experiment members is calculated. Units of w500’ are 10® s~1. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10

The impact of atmospheric circulation on 2-m temperature (T2m) and precipitation. The circulation analogues’ patterns

are shown for (a-c) T2m and (d-f) precipitation, for each of the three experiments. The difference between the actual experiment anomalies
and the circulation analogue anomalies is shown in (g)—(i) for T2m and (j)—(1) for precipitation. Units of T2m and precipitation are K and
mm-day~! respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

for western Europe, where the residuals are smaller than
the analogue anomalies (Figure 10d-f compared with
Figure 10j-1). The circulation analogues even capture the
wet anomalies over the northwest of the United Kingdom
and Scandinavian coastline in CONTROL (Figure 10d).
The analogues do not capture the magnitude of the dry
anomalies over eastern Europe (Figure 10d,j), though it is
possible that more localised convection plays a larger role
than the large-scale circulation there. We now investigate

how other factors, specifically soil moisture and exter-
nally forced trends, contribute to the observed T2m and
precipitation anomalies.

5.2 | Soil moisture

A lack of soil moisture can amplify heat extremes by
reducing the amount of cooling from latent heat fluxes.
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We investigate the role of soil moisture in shaping the
CONTROL forecast using the OCEAN-IC-2022 members,
as these have a range of underlying land-surface initial
conditions, taken from all years in the range [1981-2021].
Specifically, we calculate a central European soil mois-
ture index for each of the 205 OCEAN-IC-2022 mem-
bers as the JJA-mean, area-average soil moisture anomaly
(48°N-52°N, 0°E-20°E; boxed region in Figure 11a). The
global-mean T2m is linearly removed from the index, and
other variables are regressed onto this index. The resulting
regression maps are then multiplied by the soil moisture
index calculated for the CONTROL ensemble-mean to give
an indication of how soil moisture may have contributed
to the CONTROL T2m and precipitation anomalies. The
regression maps therefore show the expected patterns and
magnitudes for their respective variables, given the rel-
atively dry conditions in May 2022. The fact that we
calculate the soil moisture index using May conditions
but regress JJA-mean variables on this index means that
the soil moisture deficit is more likely to be causing the
changes to the other variables than vice versa.

The results of this analysis are shown in Figure 11. Note
that the dry soil moisture anomalies using this index are
slightly more widespread across Europe than in the ini-
tial conditions, though broadly similar in the overall pat-
tern (Figure 11a compared with Figure 4b). Soil moisture
anomalies are associated with weak easterly wind anoma-
lies north of 50°N and a slight dry signal over northern
Europe (Figure 11b,d). The dry land surface is also asso-
ciated with statistically significant positive T2m anoma-
lies (Figure 11c). Soil-moisture-related T2m anomalies
account for up to 0.4-0.6 K of the T2m signal in some loca-
tions (central to northern Europe, 45°N-60°N, Figure 11c¢),
similar in magnitude to the contribution from atmospheric
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circulation (Figure 10a). Note that the same contour inter-
val is used for T2m in Figure 11c as in Figures 8a and
10a. Overall, it appears that the dry soil moisture condi-
tions make a substantial contribution to the CONTROL
T2m anomalies, particularly in central to northern parts of
Europe (Figure 11c).

5.3 | Trends and external forcing
Warming trends induced by increased atmospheric car-
bon dioxide concentration have been shown to be a
strong driver of T2m anomalies in seasonal forecasts
and provide a large proportion of observed skill (Patter-
son et al., 2022). We quantify the expected contribution
of these trends to surface anomalies by using the com-
bined SEASS5 hindcasts/forecasts ensemble and calculat-
ing the JJA-mean trend in the ensemble mean at each
grid point, 1981-2021. This trend is then extrapolated to
give an expected anomaly in summer 2022. This is shown
in Figure 12. The expected T2m anomalies are slightly
warmer in southern Europe than in northern Europe, with
a magnitude of 0.6-1 K across much of southern and cen-
tral Europe (Figure 12b). Overall, the trend appears to
explain around half the magnitude of the full CONTROL
T2m anomalies (Figure 12a,b). Interestingly, precipitation
trends in the hindcasts also appear to explain some of
the CONTROL signal, particularly a dipole of wet anoma-
lies over northern regions and drying at central latitudes
around 45°N-50°N, though overall it is a much lower pro-
portion of the total signal than for T2m (Figure 12b,c,e,f).
Overall, model trends are the strongest contribu-
tors to the CONTROL T2m anomalies, with early sum-
mer soil moisture and atmospheric circulation playing a

(c) (d)
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Impact of May soil moisture on different variables in June-August (JJA). The maps show regressions of (a) May soil

moisture, (b) JJA 500 hPa zonal wind (U500), (c) JJA 2-m temperature (T2m), and (d) JJA precipitation onto a May soil moisture index, i.e.
the May soil moisture averaged in the central European region—box in (a)—in the OCEAN-IC-2022 experiment, but scaled by the mean
central European soil moisture in CONTROL. Hence, maps in this figure show the expected pattern and magnitude of each variable, given
similar soil moisture conditions to May 2022 in CONTROL. Prior to calculating the regression maps, the global mean T2m signal is also
removed from the May soil moisture index. Hatching in all four panels indicates where P-values of regression coefficients are less than 0.05,
following a Student’s ¢ test with the null hypothesis of a slope of zero. Units are (a) m* -m~3, (b) m-s7%, (¢) K, (d) mm-day~. [Colour figure

can be viewed at wileyonlinelibrary.com]|
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CONTROL June-August (JJA)-mean, ensemble-mean (a) 2-m temperature (T2m) and (c) precipitation anomalies

compared with expected anomalies in (b) T2m and (d) precipitation extrapolated from trends in the hindcasts and forecasts (1981-2021).
Units are (a, b) K and (¢, d) mm-day~!. [Colour figure can be viewed at wileyonlinelibrary.com]

secondary role. For example, comparing Figures 10a, 11c,
and 12b, soil moisture and atmospheric circulation can
each account for about 0.4-0.6 K of the CONTROL T2m
anomaly over central Europe (approximately 45°N-50°N,
0°E-20°E), with the trend attributable for 0.6-0.8 K over
the same region. Note that although direct radiative forc-
ing is likely the primary factor in the SEAS5 hindcast
trends, multidecadal SST variability (whether externally
forced or internal ocean variability) may also contribute.
Atmospheric circulation can account for the majority of
the precipitation, particularly for western Europe, but
trends also make a small contribution to the CONTROL
anomalies.

6 | DISCUSSION AND
CONCLUSIONS

This study has analysed drivers of circulation and surface
weather in hindcasts and observations of the hot and dry
2022 European summer. In this final section we draw a

number of conclusions from this work. First, we return to
the questions we asked in Section 1.

« How well did ECMWPF’s SEAS5 capture the observed
circulation and near-surface anomalies in European
summer 20227

In spite of low skill in general for predictions of
summertime atmospheric circulation, SEASS5 predictions,
initialised on May 1 for JJA 2022 were relatively accu-
rate. We analysed a SEAS5 hindcast of the 2022 sum-
mer season with the same set-up as the original real-time
forecast, but using 200 members rather than 51. This
hindcast is referred to as the CONTROL hindcast.
The ensemble-mean predicted a northward-shifted North
Atlantic jet and warm and dry anomalies across much
of Europe (Figure 2e-g). These predictions matched up
well with the observations, although the observed jet shift
extended further into Europe (Figure 2c) and the observed
dry anomalies were more confined to northwest and cen-
tral Europe (Figure 2b). The magnitudes of the observed
Europe-average T2m and precipitation anomalies also lay
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within the model ensemble, albeit at the hot and dry ends
of the distributions respectively (Figure 3j,k).

« What determined the circulation patterns in observa-
tions and the forecast? Did the forecast capture circula-
tion anomalies for the ‘right reasons’?

We investigated the influence of the three predictors:
stratospheric vortex strength, Nifio 3.4 SSTs, and the linear
trend on U500 anomalies using ERAS5 data for 1981-2021.
A southward jet trend explains a large amount of the U500
interannual variance and dominates the statistical predic-
tion for 2022 over the other two predictors (Figure 5c,d),
which both tend to shift the jet northward (Figure 5a,b).
Overall, this statistical model explains little of the histori-
cal U500 variability (Figure 5f), and it appears that the cir-
culation was not predictable based on these drivers alone.
This does not preclude the possibility of other drivers con-
tributing to the observed jet shift. Further work could
examine the extent to which the observed circulation was
driven by unpredictable noise versus predictable signal via
a linear-inverse method such as Albers et al. (2022).

A similar statistical model applied to the CON-
TROL, using SEAS5 hindcasts and forecasts for
1981-2021 and the same three drivers, overall suggests
a northward-shifted jet, similar to that seen for the full
model prediction (Figure 6e,f). Though the stratospheric
vortex strength and Nifio 3.4 SSTs both contribute to the
circulation anomalies (Figure 6a,b), a large part of this
prediction comes from a northward jet trend in the model
(Figure 6¢). This northward jet trend contrasts with the
observed southward shift over recent decades (Figure 5c).

To investigate the role of different aspects of the
initial conditions in driving the CONTROL circulation,
additional hindcast experiments were performed with
only 2022 ocean initial conditions (OCEAN-IC-2022) and
with only 2022 atmospheric and land-surface conditions
(ATMOS-IC-2022). These experiments show that ocean
initial conditions dominate the CONTROL circulation
anomalies (Figure 7). This also suggests that the model
jet trend is driven by trends in SSTs rather than by direct
radiative forcing. These SST trends may in turn be driven
by radiative forcing or be related to long time-scale inter-
nal ocean variability. Further work is required to attribute
the drivers of summer circulation trends in the model
and observations and assess the relative roles of external
forcing and internal variability.

« What role did the atmospheric circulation, externally
forced trends, and soil moisture anomalies play in driv-
ing the forecast near-surface conditions?

Although the CONTROL atmospheric circulation
anomalies are dominated by ocean initial conditions,

Royal Meteorological Society

other aspects of the initial state contribute strongly to
the T2m and precipitation anomalies (Figure 8b,e). The
majority of the CONTROL T2m anomalies are repro-
duced in the ATMOS-IC-2022 experiment (Figure 8a,b).
The ATMOS-IC-2022 T2m anomalies are likely driven by
radiative forcing from higher greenhouse gas levels rel-
ative to the climatology period and by a reduction in
latent cooling due to dry initial soil moisture anomalies
(Figure 11c). A circulation analogues analysis suggests
that atmospheric circulation makes a secondary contribu-
tion, with the largest effect of circulation on T2m being
in south-west Europe (Figure 10a,c). Conversely, atmo-
spheric circulation appears to be a large factor driving
precipitation anomalies in the CONTROL, particularly in
western Europe (Figure 10d,j).

This case study demonstrates that at least some aspects
of European summers, such as T2m, are predictable at 2-
to 4-month lead times due to long-term radiative forcing
trends and the land-surface initial state. In the case of the
European summer 2022, the SEAS5 atmospheric circula-
tion prediction was consistent with a long-term northward
trend in the model as well as negative Nifio 3.4 anoma-
lies and positive stratospheric vortex anomalies. However,
analysis of past summer circulation variability suggests
that these factors explain only a small proportion of North
Atlantic circulation, in general.

It is striking that such a large proportion of the model
circulation signal is determined by the long-term trend,
though this may point to the relatively weak signals
from other sources compared with winter. The discrep-
ancy between the modelled northward jet trend and the
observed southward shift merits further investigation as
it could be a source of forecast error. This would involve
understanding the degree to which the observed trend
is driven by internal variability and whether the model
can capture such internal variability. It would also be of
interest to investigate whether strong circulation trends
exist in other seasonal forecast systems. Dong and Sut-
ton (2021) argue that aerosol trends may be a cause of the
observed summer jet changes. Hence, it is possible that
implementing a more comprehensive representation of
aerosol interactions in future forecast systems could allevi-
ate this trend difference. In the interim, it may be useful to
investigate post-processing of summer forecasts to account
for the erroneous trend and incorporate the effects of the
actual, southward trend. This approach would, however,
only be advisable once drivers of the observed trend are
better understood.

Although, the summer 2022 Euro-Atlantic circulation
was not as predictable as it first may have appeared, this
does not preclude the possibility of predictable windows
of opportunity (Dunstone et al., 2023a). For example, this
may occur in a year with particularly large stratospheric
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vortex or tropical Pacific SST anomalies. One limitation
of the linear regression analysis performed in this arti-
cle is its inability to predict windows of opportunity, so in
reality some years may be more predictable than such an
analysis would suggest. It is also possible that 2022 Euro-
pean T2m may have been more predictable than usual as
hot summers are more predictable than average summers
(Wulff & Domeisen, 2019). For these reasons, case studies
of well-predicted years can provide a valuable perspective
on the potential for predictability in the European summer
season.
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