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Many case studies about “extreme seasons”, their socio-economic impact and 
underlying dynamics, BUT …

• can extreme seasons be identified objectively?
• do extreme seasons share common characteristics and processes?

Motivation
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Weather chai
ns during th

e 2013/201
4 winter and

their signifi
cance for s

easonal pre
diction

Huw C. Davies

Day-to-day
weather forecasting

has improved substantial
ly

over the past few decades
1 . In contrast, p

rogress in seasonal

predictiono
utside the t

ropicshasb
eenmeagreandm

ixed2,
3 .On

seasonal ti
mescales, the

constrainin
g influence

of the initia
l at-

mospheric st
ate is weak

, and the in
ternal varia

bility assoc
iated

with transient w
eather sys

tems tends to be large compared

with the nuanced influence of anomalies in external fo
rcing.

Current res
earch and operationa

l activities
focus on exploring

and exploiting potential li
nks betwee

n external an
omalies and

seasonal-m
ean climate pattern

s2–4 . Here I
examine reanaly

sed

meteorologic
al data sets for the unusual wi

nter 2013/
2014,

with drought an
d freezing conditions

juxtaposed
over North

America and severe wet and stormy weather over parts of

Europe, to s
tudy the rol

eofweathe
r systemsand their t

ransient

upper-trop
ospheric flow patterns. I

find that the amplitude,

recurrence
and location of these transient p

atterns account

directly for the corr
esponding

anomalous seaso
nal-mean pat-

terns. They
occurred ep

isodically a
nd sequent

ially, were l
inked

dynamically, and
exhibited some circumpolar connectivit

y. I

conclude th
at the uppe

r-troposph
eric components of

transient

weather sy
stems are signifi

cant for und
erstanding

andpredict
-

ing seasonal w
eather pat

terns, whe
reas the role of external

factors is m
ore subtle.

During the winter of 2013/20
14 a broad zonal swath

of the

extra-tropic
al Northern

Hemisphere exp
erienced fre

quent, extre
me

and often destructive
weather. In

particular California,
Arizona

and New Mexico experienced
their third recorded driest wint

er

whereas cen
tral Canada

and the mid-West experien
ced record low

temperatures
5,6 ; and Ireland, the

UK and the Alpine south-side

experienced
strong winds and/or unpreceden

ted rainfall
7–9 . The

inability of
the extant s

easonal fore
casting proc

edures to ad
equately

capture the
seasonal an

omaly patterns an
d the range a

nd severity

of the extre
mes10,11 under

lines the ne
ed for skilfu

l seasonal fo
recasts

capable of i
ndicating th

e likelihood
of extreme weather e

vents
3,4 .

Here the fo
cus is on the transien

t weather sy
stems that spaw

ned

the aforementioned extreme events, and
in particular

on their

salient larger-scale
flow patterns at ‘upper-trop

ospheric–lo
wer-

stratospher
ic’ elevation

s. Figure 1 s
erves to ide

ntify these d
istinctive

patterns (or features) and helps indicate their relationship
to

both the extreme weather events and the seasonal time-mean

patterns fo
r the winter of 2

013/2014. I
n Fig. 1a the geopotentia

l

height field on the 250 hPa pressure is shown for the Western

and Eastern Hemispheres on respectively
15 and 18 January.

The aforementioned salient feat
ures are: (I) a pronounced

high-

pressure ridge o� the Pacific coast of No
rth America; (II) a

deep

trough of low pressure located east of the
Rockies; (I

II) a ridge

and (IV) a trough in the North Atlantic that togeth
er connote

a

strong jet st
ream; (V) a filam

entary trou
gh extending e

quatorward

towards North Africa; and (VI) a series of large-amplitude

troughs aligned quasi-longi
tudinally in the sub-tropics

of the

Eastern Hemisphere.

Co-inspect
ion of Fig. 1a with the contemporaneous

lower-

tropospher
ic thermal and geopotentia

l height pa
tterns (Fig. 1b)

indicates th
at on 15 Jan

uary feature
s (I) and (II

) overlay res
pectively

the warm Californian
drought region and the cold mid-West,

features (III
) and (IV) i

n the North
Atlantic sur

mount respec
tively a

pronounced
ridge in the

surface pres
sure and a d

eep surface
cyclone

of the kind
that bombarded the

western seaboard of
Europe dur

ing

the season,
and beneath

feature (V)
is a weak tro

ugh associa
ted with

rainfall on
the Alpine

south-side.
Likewise on

18 January features

(VI) overla
y areas with

significant
descent to their west a

nd ascent

to their east
. From a dynamical standpo

int these pro
pinquities i

n the

vertical are
regularly ev

ident in syn
optic analys

es and are c
onsistent

with theoretical
expectation

s based on the potenti
al vorticity

(PV)

perspective
(see Methods).

Comparison of the transient p
atterns on the 250 hPa surface

(Fig. 1a) an
d the corresp

onding time-mean pattern for the win
ter

of 2013/201
4 (Fig. 1c) r

eveals nota
ble resemblances in the Western

Hemisphere. Co
mmon features, al

beit with di�erent amplitude,

include a p
ronounced

ridge–troug
h couplet alig

ned east–west o
ver

North America, a ridge–troug
h pattern in the Atlantic, an

d a

trough over southern Europe. Th
ese similarities would connote

a direct link between the seasonal anomaly patterns and the

correspond
ing transient w

eather syste
ms provided

the latter re
cur

at the same locations.

Other key
aspects of t

he seasonal
anomaly patterns at

250 hPa

are the elon
gated bands

of strong ge
opotential g

radient (jet
stream)

both in the extra-tropic
s over the North Atlantic and in the sub-

tropics of t
he Eastern

Hemisphere (Fig
. 1c), and a strong circum-

polar wave
pattern of the meridional w

ind component (Fig
. 1d).

This circumpolar pattern is notable because it does not project

strongly on
to the leading

patterns of
inter-annua

l winter flow
vari-

ability
12–14—the PacificN

orthAmerica patter
n, and theA

rcticOscil-

lation/Nort
h Atlantic Os

cillation. Th
e regions b

etween alternating

bands of sou
therly and n

ortherly flo
w in Fig. 1d de

mark the loca
tion

both of the geop
otential tim

e-mean height anom
alies (Fig. 1

c) and

of the trans
ient height

patterns (Fi
g. 1a).

Longitudin
al juxtaposi

tion of the extre
me events at

the surface

and of the counterpar
t seasonal

anomaly patterns in the upper

troposphere
prompts considerati

on of their possible spacetime

connection
. The jet stream provides one mechanism for such

a link because its day-to-day
across-strea

m structure serves as

a spacetime-evolving
waveguide

that is conducive
to the partial

trapping and propagation
of wave packets on and along the

meandering j
et15,16 .

Such a linkage is evident in the Hovmoller diagrams of

Fig. 2 that show
the daily composited and latitudinally

averaged

meridional w
ind anomaly on the 250 hPa level for ex

tra-tropical
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Winter 2010 in Europe: A cold extreme in a warming climate
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[1] The winter of 2009/2010 was characterized by record

persistence of the negative phase of the North‐Atlantic

Oscillation (NAO) which caused several severe cold spells

over Northern and Western Europe. This somehow unusual

winter with respect to the most recent ones arose

concurrently with public debate on climate change, during

and after the Copenhagen climate negotiations. We show

however that the cold European temperature anomaly of

winter 2010 was (i) not extreme relative to winters of the

past six decades, and (ii) warmer than expected from its

record‐breaking seasonal circulation indices such as NAO

or blocking frequency. Daily flow‐analogues of winter

2010, taken in past winters, were associated with much

colder temperatures. The winter 2010 thus provides a

consistent picture of a regional cold event mitigated by

long‐term climate warming. Citation: Cattiaux, J., R. Vautard,

C. Cassou, P. Yiou, V. Masson‐Delmotte, and F. Codron (2010),

Winter 2010 in Europe: A cold extreme in a warming climate,

Geophys. Res. Lett., 37, L20704, doi:10.1029/2010GL044613.1. Introduction
[2] The period December 2009–January 2010–February

2010 (hereafter winter 2010) was punctuated by series of

cold weather events and unusual snow accumulation in

several Northern Hemisphere countries (see http://www.

ncdc.noaa.gov/sotc/). In Europe, three successive cold out-

breaks and unusual persistence of snow cover were observed

(see http://www.knmi.nl/cms/content/79165), which shaped

the public perception of an exceptionally intense winter.

Several states of Eastern United States also recorded their

snowiest winter ever [Seager et al., 2010] while a few cities

witnessed record‐breaking cold daily temperatures [Wang

et al., 2010]. These weather events occurred during and

after intense media activity covering international climate

negotiations in Copenhagen, and raised up questioning about

global warming. A global perspective nevertheless high-

lights that winter 2010 was marked by a mean warm anomaly

at global scale, especially over Greenland, Canada, North‐

Africa and Middle East (see http://data.giss.nasa.gov/gistemp/

maps/). Understanding and improving the predictability of

such mid‐latitude cold spells is a key societal issue, since their

fate in both frequency and intensity in a warming climate

directly impacts sectors of energy demand, transport disruption

and social emergency protection systems.

[3] This paper focuses on European cold temperatures of

winter 2010. The European wintertime climate is mostly

driven by atmospheric dynamics over the North‐Atlantic –

European (NAE) area [Walker, 1924], characterized by a

baroclinic instability of the westerly jet stream which gen-

erates planetary waves traveling fromNorth‐Eastern America

to the European continent [e.g.,Charney, 1947]. The unstable

nature of the jet also triggers quasi‐stationary circulation

patterns of larger scale, often referred to as “weather

regimes”, which can persist from a few days to a few weeks

[Legras and Ghil, 1985; Reinhold and Pierrehumbert, 1982;

Vautard, 1990]. The seasonal‐to‐decadal variability in

European temperatures has often been considered as driven

by the frequency of occurrence of each regime [Philipp

et al., 2007; Vautard and Yiou, 2009]. For instance the

positive (negative) phase of the North Atlantic Oscillation

(NAO) is generally associated with rather warm (cold)

temperatures [e.g., Hurrell, 1995], while the persistence of a

high‐pressure system over Northern Europe or the British

Isles, often referred to as “European blocking” conditions,

leads to cold and dry weather over Western Europe [e.g.,

Yiou and Nogaj, 2004].[4] Our aim is to investigate which weather regimes were

associated to the cold winter 2010, and their interplay with

the temperature anomaly. In particular we use the “flow‐

analogues” approach developed by Yiou et al. [2007] to

analyze this temperature anomaly based on past relation-

ships between atmospheric circulation and temperatures.2. Data and Methods[5] The daily atmospheric dynamics is analyzed through

re‐analyses of geopotential height at 500hPa (Z500) pro-

vided by National Centers for Environmental Prediction and

National Center for Atmospheric Research (NCEP‐NCAR)

[Kistler et al., 2001] over the period 1948–2010 (http://

www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.

html). Anomalies are computed by removing at each grid

point the 1961–1990 daily climatology.
[6] Several indices are used for the statistical analysis of

winter 2010 seasonal dynamics: (i) the seasonal NAO index

(NAOi) defined as the difference between Azores and Ice-

land normalized surface pressures [Jones et al., 1998;

Osborn, 2006] (computed from monthly values downloaded

from http://www.cru.uea.ac.uk/∼timo/datapages/naoi.htm),

(ii) the frequency of blocking days throughout the winter

season as defined by Tibaldi and Molteni [1990] (computed

over 30° rcW(±10°)), (iii) the winter Seasonal Dynamics

Index (SDI) defined by Cattiaux et al. [2010] and based on

optimal correlation between European atmospheric circu-

lation and temperatures, and (iv) the seasonal frequency

of daily occurrences of North‐Atlantic “weather regimes”

obtained by Cassou [2008] from a “k‐means” clustering
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3LMD, IPSL, CNRS‐Ecole Polytechnique‐ENS‐UPMC, Paris,

France.
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a b s t r a c t

It is thought that direct personal experience of extreme weather events could result in
greater public engagement and policy response to climate change. Based on this premise,
we present a set of future climate scenarios for Ireland communicated in the context of
recent, observed extremes. Specifically, we examine the changing likelihood of extreme
seasonal conditions in the long-term observational record, and explore how frequently
such extremes might occur in a changed Irish climate according to the latest model projec-
tions. Over the period (1900–2014) records suggest a greater than 50-fold increase in the
likelihood of the warmest recorded summer (1995), whilst the likelihood of the wettest
winter (1994/95) and driest summer (1995) has respectively doubled since 1850. The most
severe end-of-century climate model projections suggest that summers as cool as 1995
may only occur once every !7 years, whilst winters as wet as 1994/95 and summers as
dry as 1995 may increase by factors of !8 and !10 respectively. Contrary to previous
research, we find no evidence for increased wintertime storminess as the Irish climate
warms, but caution that this conclusion may be an artefact of the metric employed. It is
hoped that framing future climate scenarios in the context of extremes from living memory
will help communicate the scale of the challenge climate change presents, and in so doing
bridge the gap between climate scientists and wider society.
! 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Despite the considerable body of climate change research produced in recent decades and evidence that decision-makers
are actively seeking to improve the uptake of climate risk information, a gap persists between knowledge production and use
(NRC, 2009, 2010; Lemos et al., 2012). Among the many challenges is the perception of remote impacts (Moser, 2010), where
climate change is regarded as temporally, geographically or socially distant from people’s everyday lives (Pidgeon, 2012).
This has contributed to a ‘psychological distancing’ of people from climate change and a consequent lack of public engage-
ment (Spence et al., 2012). It is argued, therefore, that direct personal experience of climate-related weather events may act
as a strong ‘signal’ or ‘focusing event’ (November et al., 2009; Renn, 2011) around which the otherwise futuristic and abstract

http://dx.doi.org/10.1016/j.crm.2016.01.004
2212-0963/! 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Liverpool John Moores University, School of Natural Sciences and Psychology, Liverpool L3 3AF, England, United Kingdom.
Tel.: +44 (0)151 231 2627.

E-mail address: t.r.matthews@ljmu.a.cuk (T. Matthews).
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Data: ERA5 and CESM-LENS (with 6-h 3-d output to study weather systems)
Example applications
• Extreme seasons in ERA5
• CESM-LENS analogues of observed extreme seasons
• Substructure of extreme seasons
• Arctic extreme seasons: boundary forcing vs. internal variability
• Climate change effects on wettest seasons

Weather system dynamics in CESM-LENS: cyclones, warm conveyor belts, 
blocks, Rossby wave breaking, Alpine foehn
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Extreme season identification scheme 

Step 1: Grid point-wise statistical modelling of
seasonal mean distributions to calculate the
local return period (LRP) for each seasonal
mean value.

Use Yeo-Johnson transformed normal 
distribution (𝑁!"), which allows modelling
skewed seasonal mean T2m distributions.

Step 2: Identify locally extreme seasonal mean
values with criterion LRP > 𝜏 = 40 years.

Step 3: Form spatially coherent extreme season 
objects with LRP > 𝜏, and quantify their 
characteristics such as size and intensity.

à Röthlisberger et al. 2021 (J. Clim.)
EGU 2022 5

Histogram of CESM-LENS JJA 
T2m at 98°W/37°N.
Black: normal distribution fit
Orange:𝑁!" fit

The LRP-field of the 2010 JJA 
seasonal mean T2m. The TJJA+ object 
in western Russia is highlighted with 
stippling.

Land area: 3.85 x 106 km2

Land intensity: 2.92 K
Other characteristics: …



Example application in ERA5

Identify 10 largest cold winters 
(land area only)

Events include:

DJF 2009/2010 in W Siberia 
(e.g., Cohen et al. 2010, GRL)

DJF 2013/14 in eastern U.S. 
(e.g., Davies 2015, Nature Geo)

à Boettcher et al., in prep.
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3.2 Cold T2M

spring summer

autumn winter



Example application in CESM-LENS (1/2)

Large set of CESM-LENS extreme 
seasons allows systematically 
analysing extreme seasons with 
comparable characteristics to 
observed events.

CESM-LENS “analogues” to cold 
winter 2013/14 in North America, 
i.e., simulated extreme season 
objects with comparable size and 
intensity characteristics.

EGU 2022 7

(4)

panels show LRP (years)



Example application in CESM-LENS (2/2)

Hartmann (2015): cold winter 
2013/14 in N. America was in part 
forced by anomalous SST pattern

Composite SST anomalies from 
the 15 analogues indeed shows 
characteristics similar to the obs. 
in 2013/14 – but, some analogues 
have a completely different SST 
anomaly pattern

CESM-LENS analogues suggest 
that the observed 2013/14 SST 
anomaly pattern is a frequent 
characteristic – but not a necessary 
condition - of extremely cold N. 
American winters à Röthlisberger 
et al. 2021, J. Clim.

EGU 2022 8

(4)

(a) SST anomalies
during DJF 2013/14. 
(b,c) SST anomalies for
two selected CESM-
LENS analogues and (d) 
composite SST 
anomalies for all 15 
analogues. Hatching
and stippling indicates
grid points where the
SST anomalies in at 
least 10 and 12 
analogues have the
same sign, 
respectively.



Find more in the supplementary material and in our publications …
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More at: www.intexseas.ch

à new EGU/Copernicus open access journal
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Rationale and identification method

Röthlisberger et al. 2021 (J. Clim.)
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Extreme seasons identification: Rationale

Seasonal climate extremes, such as extremely hot summers or cold winters, have large socio-economic 
impacts, but due to their rareness they are difficult to study beyond individual case studies. 
Consequently, climatological characteristics, i.e., characteristics that are shared by a large number of 
seasonal extremes, are poorly studied and poorly understood.

• In this concept study we develop a spatial pooling strategy for seasonal extreme events that allows 
analysing larger samples of comparable seasonal extreme events, using the example of extremely hot 
summers and cold winters (hereafter TJJA+ and TDJF- events, respectively). 

• The centrepiece of our approach is an extreme season identification scheme that identifies spatial 
extreme season objects in reanalysis and climate model data based on grid point wise statistical 
modelling of seasonal two meter temperature (T2m) means. 

• Applying the scheme to 40 years of data from ERA-Interim and 1200 years from CESM-LENS yields 
large sets of TJJA+ and TDJF- events that allow studying such seasonal climate extremes in hitherto 
unexplored ways.

EGU 2022 12



Extreme season identification scheme
DETAILED VERSION (1/2)

• Statistical modelling of seasonal means: Previous studies used 
a normal distribution to model seasonal mean temperatures 
(e.g., Chase, 2006; Barriopedro et al. 2011). However, at the 
grid point scale, seasonal mean T2m distributions are often 
skewed. Therefore, we incorporate the Yeo-Johnson transform 
(Yeo and Johnson, 2000) into the normal distribution and 
model JJA and DJF T2m data with a Yeo-Johnson transformed 
normal distribution (hereafter 𝑁!") with cdf

• 𝐺 𝑥; 𝜇, 𝜎#, 𝜆 = 𝐹(𝑘 𝑥; 𝜆 ; 𝜇, 𝜎#)

• where 𝑘 𝑥; 𝜆 is the Yeo-Johnson power transform of the 
variable 𝑥 with transformation parameter 𝜆, and 𝐹(𝑦; 𝜇, 𝜎#) is 
the cdf of the normal distribution. 

• This statistical model allows describing positively and 
negatively skewed seasonal mean T2m distributions and allows 
to model seasonal mean T2m over a wide range of climates (an 
example for a grid point in North America is shown on the 
right). 

EGU 2022 13

Histogram of CESM-LENS JJA 
T2m at 98°W/37°N.
Black: normal distribution fit
Orange:𝑁!" fit

QQ-plot of CESM-LENS JJA T2m 
at 98°W/37°N.
Black: normal distribution fit
Orange:𝑁!" fit



Extreme season identification scheme
DETAILED VERSION (2/2)

• Forming extreme season objects: From the 𝑁!"-fit at each grid point we compute local return 
periods (LRPs) for each seasonal mean value. Seasonal mean values are deemed “extreme” if their 
LRP exceeds 40 years. Extreme season objects are then constructed as connected regions where 
the LRP exceeds 40 years. For each extreme season object we compute a number of characteristics 
(area, centre of mass, an intensity measure etc.). The formation of extreme season objects is 
illustrated below for the TJJA+ object of the hot western Russian summer in 2010. 

EGU 2022 14

Panels (a,b) show the LRP-field of the 2010 JJA 
seasonal mean T2m, which is derived from the 
grid point wise 𝑁!"-fit. In (b) the TJJA+ object in 
western Russia is highlighted with stippling. The 
land area and an intensity measure, computed 
as the area weighted mean T2m anomaly over 
all land grid points of the object, are given 
below.

Land area: 3.85 x 106 km2

Land intensity: 2.92 K
Other characteristics: …



Extreme summer substructure

Röthlisberger et al. 2020 (WCD)
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The substructure of an (extreme) summer

EGU 2022 16

Hot temperature extremes on close to seasonal time scales can 
have severe ecological, public health and economic effects that 
sometimes go beyond (or are distinct from) the effects of 
temperature extremes on synoptic (e.g., multi-day) time scales.

An extremely hot summer (hereafter extreme summer) may be 
defined in the upper tail of the June–August (JJA) seasonal mean 
T2m distribution. However, when doing so it is unclear whether a 
particular summer is extreme because of an unusual heat wave (i.e., 
hottest summer days hotter than climatologically), a suppression of 
cool summer days, a shift in the entire temperature distribution or 
any combination of the above.

However, these different extreme summer substructures conceivably 
shape the societal impact of an extreme summer. In this study we 
therefore assess which part of the local T2m distribution contributes 
how much to extreme summers defined in the upper tail of the JJA 
seasonal mean T2m distribution.

Archetypical substructures:
Heat wave during an otherwise benign summer
Milder than normal cool summer days
Shift in the entire T2m distribution
Any combination of the above
Gray line = climatological temperature evolution



The substructure of an (extreme) summer
example from ERA-I grid point at 9°E/47°N

Step 1: Rank all T2m values within their respective season

Step 2: Compute ”rank day means”

Step 3: Compute ”rank day anomalies”

Integrating the rank day anomalies over all ranks exactly recovers the seasonal anomaly
EGU 2022 17

Research question: Which part of the local T2m distribution contributes how much to the 
temperature anomalies during extremely hot summers?



Method to assess the substructure of an (extreme) summer
example from ERA-I grid point at 9°E/47°N

Step 1: Rank all T2m values within their respective season

Step 2: Compute ”rank day means”
Step 3: Compute ”rank day anomalies”

Integrating the rank day anomalies over the coldest, middle and hottest tercile of summer days exactly quantifies 
the contributions from these three thirds of the summer days to the seasonal mean anomaly.

Applying this decomposition to extreme summers allows for quantifying their substructures.
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Time evolution of T2m at 9°E/47°N for 
all summers in 1979–2018

Daily mean T2m values ranked within 
their respective summer

”Rank day anomaly” of each rank day 
in each season 

The coldest day of the 1994 summer was
1.2 K colder than the average coldest summer
day at this grid point.



Two example grid points
ERA-Interim
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(left) Hot days make summers extreme

(right) Cold days particularly important

13% 20% 67% 49% 31% 20%

Northern India Western US



Two example grid points
CESM-LENS
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Gray: 5th to 95th percentile of all JJA seasons
Red dotted: max, min of exseas
Red dashed: q10, q90 of exseas
Red solid: median of exseas

Excellent agreement between 
ERAI & CESM substructures at 
these grid points!

How about other regions?

11% 24% 65% 42% 33% 25%

Northern India Western US



Contributions to extreme summer 
temperature anomalies from the 30 
coldest and 30 hottest days of each 
summer.

Key findings: 

- Large spatial variability in these 
contributions

- In some regions, the suppression of 
cold summer days is more 
important for extreme summers 
than the occurrence of heat waves

- Remarkable qualitative (and partly 
even quantitative) agreement 
between ERAI and CESM-LENS

Spatial variability
ERAI vs. CESM-LENS
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hot days 
ERAI

hot days 
CESM

cold days 
ERAI

cold days 
CESM



Summary and conclusions

• The substructure of extreme summers is assessed by decomposing the seasonal mean anomaly into the 
contributions from all rank days.

• Large spatial variability in extreme summer substructures.

• Suppression of cool summer days is fundamentally important for seasonal (JJA) temperature extremes.

• CESM reliably reproduces the ERA-I extreme summer substructures and may therefore be used to assess 
changes in extreme summer substructures with climate change.

• Physical processes that shape the local extreme summer substructure differ widely in space, and may be related 
to e.g., monsoons, physical boundaries such as sea ice edges, orography and Rossby wave dynamics or the 
location of climatological temperature gradients [more on that in the paper].

Acknowledgements: This work was funded by the European Research Council under the European Union’s Horizon 2020 research and innovation 
programme (INTEXseas project, grant nr. 787652). Moreover, Maxi Böttcher and Lukas Papritz (both ETH Zürich) are acknowledged for helpful 
discussions during different stages of this work and Gary Strand and Clara Deser (both NCAR) for providing CESM restart files. 
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https://www.weather-clim-dynam.net/1/45/2020/wcd-1-45-2020.html


Climate change effects on wettest 
seasons

Zschenderlein and Wernli, in prep.
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Climate change effects on wettest seasons
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Simple identification of wettest seasons in CESM-LENS: 10 wettest DJF seasons at every grid 
point

Decompose wet season anomaly P* (i.e., deviation from climatological mean) into contributions 
from increased
• wet day frequency Nwet à more wet days in wettest seasons?
• wet day intensity Pint à more intense daily precipitation in wettest seasons?
• non-linear term

___     ___
P* = N*wet Pint + Nwet P*int  + N*wet P*int 

Investigate
• which term dominates where and when?
• does relative importance of terms change in future climate?



Decomposition of anomalies in wettest season
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___
Red contours: Nwet [20,40,60,80 d]

___
Orange contours: Pnt [2,4,6,8 mm d-1]

___     ___
P* = N*wet Pint + Nwet P*int  + N*wet P*int 

mm

(0)

(1)

(2)
(0)(1) (2)



Which term dominates?
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(0)(1) (2)

___       ___
P* = N*wet Pint +  Nwet P*int   +  N*wet P*int 

CESM-LENS historic climate (1991-2000), DJF

à different processes lead to wettest seasons 
in different regions



Which term dominates?
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(0)(1) (2)

___       ___
P* = N*wet Pint +  Nwet P*int   +  N*wet P*int 

CESM-LENS future climate (2091-2100), DJF

à patterns are fairly robust with respect to 
global warming



Arctic extreme seasons

Hartmuth et al. 2022 (WCD)
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Arctic extreme seasons
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Identify extreme seasons with principal component analysis in 6-dimensional 
phase space of seasonal mean values of 2-m temperature, surface precipitation, 
and the 4 components of the surface energy balance: extreme seasons = 
outliers in the PC1/PC2 plane (see next slide)

The figures on the next slide show biplots in the PC1/PC2 plane with projections 
of the 6 basic variables (vectors) and dots for the seasonal mean values in (left) 
ERA5 and (right) CESM-LENS historic (1991-2000)

à do this approach separately for different Arctic subregions (ice, ocean, mixed)

à study substructure, weather systems and preconditioning of extreme seasons



T2m

P

RL

HS

HL

RS

PC
2

PC1

ERA5 CESM 

Arctic extreme seasons



Arctic extreme seasons

Detailed case studies of extreme seasons in ERA5 (red dots in left 
diagram on previous slide)

à extreme seasonal conditions in the Arctic are spatially 
heterogeneous, related to different near-surface parameters and 
caused by different synoptic-scale weather systems (cyclones, 
blocks, cold air outbreaks), potentially in combination with surface 
preconditioning due to anomalous ocean and sea ice conditions at 
the beginning of the season. 



We identified in CESM-LENS:

Warm conveyor belt (WCB) properties (Joos et al., in prep.)
à WCBs become more intense and ascend to higher altitudes in 
future climate

WCBs and cyclone intensification (Binder et al., in prep.)
à most intense cyclones become more diabatic (stronger WCB)

Foehn in Switzerland (Mony et al. 2021, Wea. Forecasting)
à seasonally varying climate change effects
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Weather system and climate change



Warm Conveyor Belts in CESM-LENS
1) Changes in frequency of occurence from present day (1990-2000) to future (2091-2100) climate in DJF

WCB 
starting
regions

WCB 
outflow
regions

Present day Future - Present day

- Only small changes in 
frequency of
occurence

- Different changes in 
North Pacific and
North Atlantic



Warm Conveyor Belts in CESM-LENS
2) Changes in WCB characteristics from present day to future climate in DJF

Inflow moisture Increase in potential 
temperature during ascent

Acc. Precipiation along
WCBs

Potential temperature at 
end of ascent

Present day
Future

WCBs in future are characterized by

- higher moisture content in inflow (a)
- increase in diabatic heating along

ascending WCB (b)
- increase in associated precipitation (c)
- ascent to higher isentropes (d)

Analysis done for different regions: North Atlantic (ATL), North Pacific 
(PAC), Mediterranean (MED), South Atlantic (SATL)



Warm Conveyor Belts in CESM-LENS
3) Location of WCB outflow in present day and future climate in DJF in the North Atlantic

WCB outflow
frequency in 
present day

Colour: difference in outflow
frequency future - present day

- Outflow in future shifted to
higher altitudes (also seen in 
other regions)

- Only slight upward shift in 
position of tropopause in 
future

--> Impact on disturbance of
wave guide ?

Tropopause (2 pvu)
present day

---- future



WCBs and their role for cyclone intensification
in present-day and future climate simulations of CESM-LENS

36

Hanin Binder, Hanna Joos, Michael Sprenger and Heini Wernli

Motivation: WCBs are the main cloud and precipitation producing airstreams in extratropical cyclones 
(e.g., Browning 1990, Wernli and Davies 1997). The intense latent heating produces positive low-level 
potential vortictiy (PV) anomalies that often contribute to the intensification of the associated cyclone 
(Binder et al. 2016). 

Research question: How does climate change affect the cyclones’ WCB strength and the importance of 
WCB-related diabatic PV production for cyclone intensification? 

Method: Identification of a large number of cyclones and their associated WCB trajectories in 50 years of  
present-day climate (CESM-HIST) and 50 years of future climate (CESM-RCP85) in both hemispheres 
during the winter season. 

Measure for cyclone intensification: Latitude-adjusted max. value of ΔSLP of all 24h intervals along track, 
in Bergeron units (Sanders and Gyakum 1980)

Measure for WCB strength: WCB air mass with pressure > 500 hPa during the 24h of strongest cyclone 
intensification



How will WCB strength and cyclone deepening rate change in a future climate?

37

• In the Southern Hemisphere (SH), WCB strength 
and the cyclone deepening rate increase in the 
future climate for moderate and strong cyclones. 

• In the Northern Hemisphere (NH), WCB strength
also increases, but to a smaller extent, and there 
are no significant changes in the cyclone 
deepening rates.

• The different responses in terms of cyclone 
deepening to increased WCB intensities are 
consistent with the opposite changes in near-
surface baroclinicity expected with global warming 
(increase in the SH, favourably interacting with the 
moist dynamics to create stronger storms, and 
decrease in the NH, counteracting the effects of 
the moist dynamics, e.g., Harvey et al. 2014).

SH, change in WCB strength SH, change in cyclone deepening

NH, change in WCB strength NH, change in cyclone deepening

Percentile differences between CESM-RCP85 and
CESM-HIST of the WCB strength associated with the
cyclones (in 1015kg) and the cyclone deepening rates
(in Bergeron), together with the 95% confidence interval
(grey shading) in the SH (top) and NH (bottom).



How will the properties and structure of explosively intensifying cyclones with
strong WCBs (C1 cyclones) change in a future climate?

38

• C1 cyclones will be associated with even 
stronger WCBs, more WCB-related 
diabatic PV production, increased 
precipitation and to become warmer, 
moister and slightly more intense, with 
little changes in UL forcing for ascent.

Conclusions: 
• Extratropical cyclones will be more 

diabatic in a warmer climate.

• WCB-related PV production will be even 
more important for explosive cyclone 
intensification.

• The interplay between dry and moist 
dynamics is important to understand 
how climate change affects cyclone 
intensification. 

WE cross section 
of PV & TH through 
cyc. centre

CESM-RCP85

CESM-HIST

Precipitation, TH 
at 850 hPa, wind 
at 250 hPa

WCB trajectory 
frequency at low levels, 
SLP & PV at 250hPa

Composites of C1 cyclones in NH winter in the middle of the 24h period
of strongest deepening in CESM-HIST (top) and CESM-RCP85 (bottom).



Foehn frequencies in Altdorf, Switzerland 

Observed monthly foehn frequencies in Altdorf 
between 1991-2000 as basis 

Train a machine-learning (ML) algorithm 
(XGBoost) based on ERA-Interim features for 
the period 1979-1990, 2001-2019

Apply this ML algorithm to ERA-Interim period 
1991-200 and to 700 years present-day CESM1 
data 

(1) Can machine learning (ML) predict monthly foehn frequencies based on meso-scale features?

ML-based predictor can successfully be applied to ERA-Interim and CESM1



Foehn frequencies in Altdorf, Switzerland 

Compare predictions of monthly foehn 
frequencies between 700 years of

- present-day CESM1 (1991-2000)
- future CESM (2091-2100)

(2) Do foehn frequencies change from present-day to future climate?

Significant shifts in foehn frequencies in spring (March-May)



Foehn frequencies in Altdorf, Switzerland 

(3) Which ERA-Interim/CESM1 features are important for ML algorithm (feature importance)?

domain and grid points on which ERA-
Interim and CESM1 features are extracted

Importance of SLP differences, the thicker 
the line the more important 


