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ABSTRACT

As the ever increasing amount of evidence substantiates the effect of
anthropogenic forcing on climate, the main focus of scientific research is
rapidly shifting from detection and attribution of climate change to the
quantification of its impact at the regional and local scales, where a major
limit to the skill of projections is posed by internal variability. This arises
from the interaction between the various components of the climate system
in absence of any external forcing and constitutes the major source of
uncertainty in the first decade for global projections and up to several
decades over many regions, where it can conceal or enhance short-term
forced trends.
High confidence has been achieved in the identification of the response
to anthropogenic forcing of the global temperature pattern, which is
primarily controlled by thermodynamic processes. In contrast, regional
changes are strongly influenced by internal variability, whose response to
anthropogenic forcing remains unclear.
An essential component of internal variability is represented by large-scale
atmospheric circulation. This influences temperature and precipitation
variability on the regional scale and plays a prominent role in the
onset of extreme events, thus representing a key factor in climate
predictions and in the assessment of risks related to climate change. As
the uncertainty in model simulations related to atmospheric circulation is
essentially irreducible, an in-depth understanding of its potential effects
on climatic trends and variability is of paramount importance to provide
impact-relevant information.
This thesis investigates the influence of atmospheric circulation on
observed and simulated climate trends from the local to the hemispheric
scale.
The circulation-induced contribution to temperature and precipitation is
estimated and removed from data by means of dynamical adjustment
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based on empirical orthogonal function analysis of sea level pressure.
Five versions of dynamical adjustment are introduced and compared by
applying them to an initial condition ensemble from a fully-coupled global
climate model. Differences in atmospheric circulation in 40 CMIP5 climate
models are investigated and it is shown that a substantial fraction of
the uncertainty in projected temperature and precipitation trends over
Europe is attributable to sea level pressure variability. A statistically
significant response of atmospheric circulation to anthropogenic forcing
is then identified in the multi-model ensemble.
The impact of atmospheric circulation on the observed short-term trends
in temperature and precipitation over Europe is identified and the strong
winter cooling experienced by the continent in recent years is attributed
to sea level pressure variability. The effect of circulation on winter
precipitation trends is shown to be strongly dependent on location and
orography.
Dynamical adjustment is also applied to temperatures in the Northern
Hemisphere extratropics to explain the pronounced seasonal and
geographical asymmetry of the slowdown in the increase of the global
mean temperature observed in recent years. This warming hiatus was
mainly caused by a strong boreal winter cooling over land, while warming
or near-zero trends were observed elsewhere and in other seasons.
Although large-scale atmospheric circulation explains a substantial fraction
of the winter cooling detected during the hiatus period, we show that
missing observations led to a considerable underestimation of seasonal and
annual mean temperature trends on the global scale.
Internal variability must be taken into account when comparing
trends among model simulations and between models and observations.
Dynamical adjustment can be effectively applied to reveal underlying
forced trends, thus advancing the time of emergence of climate change,
and to identify the impact of large-scale atmospheric circulation on local
climatic conditions.
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SOMMARIO

In conseguenza delle sempre più numerose conferme dell’effetto delle
attività umane sul clima, l’attenzione della comunità scientifica si
sta rapidamente reindirizzando dall’individuazione ed attribuzione dei
cambiamenti climatici alla valutazione del loro impatto alle scale regionale
e locale, operazione resa difficile dalla variabilità interna. Quest’ultima
trae origine dall’interazione fra le varie componenti del sistema clima in
assenza di forzanti esterne e rappresenta la maggiore fonte di incertezza
per le proiezioni climatiche per il primo decennio a livello globale e per
diversi decenni in molte regioni del pianeta, dove sul breve termine può
oscurare o intensificare i trend forzati.
La risposta alla forzante antropica del campo di temperatura superficiale
globale è stato identificato con grande precisione. Essa è principalmente
controllata da processi di natura termodinamica, mentre le variazioni
del clima su scala regionale sono fortemente influenzate dalla variabilità
interna, la cui risposta alla forzante antropica rimane poco chiara.
Una componente essenziale della variabilità interna è data dalla
circolazione generale dell’atmosfera. Questa influisce sui campi di
temperatura e precipitazione su scala regionale e ricopre un ruolo
fondamentale nella generazione di eventi estremi, rappresentando un
fattore chiave nella stima dei rischi legati ai cambiamenti climatici. Essendo
sostanzialmente irriducibile l’incertezza nelle proiezioni climatiche legata
alla circolazione atmosferica, una comprensione profonda dei suoi
potenziali effetti su variabilità e trend è di fondamentale importanza per
un’efficace valutazione dell’impatto dei cambiamenti climatici.
Questa tesi indaga l’effetto della circolazione atmosferica sui trend osservati
e simulati dalla scala locale a quella emisferica. L’impatto della circolazione
sui valori di temperatura e precipitazione è stimato e rimosso per
mezzo di un metodo di aggiustamento dinamico basato sull’analisi
empirica ortogonale dei campi di pressione al livello del mare. Cinque
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diversi approcci a tale metodo sono descritti e comparati applicandoli
ad un gruppo di simulazioni alle condizioni iniziali da un modello
climatico accoppiato. Si individuano quindi le differenze fra la circolazione
atmosferica simulata da 40 modelli CMIP5 e si mostra che una frazione
rilevante dell’incertezza nelle proiezioni di temperatura e precipitazione
è da attribuirsi alla variabilità della pressione al livello del mare.
Analizzando i modelli si individua inoltre una risposta statisticamente
significativa della circolazione atmosferica alla forzante antropica.
Si identifica l’effetto della circolazione sui trend a breve termine di
temperatura e precipitazione in Europa e si attribuisce la diminuzione
della temperatura media invernale sul continente negli ultimi anni alla
variabilità del campo di pressione al livello del mare. Si mostra inoltre come
l’effetto della circolazione sulle precipitazioni invernali dipenda fortemente
dalla posizione geografica e dall’orografia.
Il metodo dell’aggiustamento dinamico è applicato al campo di
temperatura extratropicale dell’emisfero boreale per spiegare l’asimmetria
geografica e stagionale del rallentamento dell’aumento della temperatura
media globale negli ultimi anni. Tale iato è legato ad una forte diminuzione
della temperatura media invernale nelle masse continentali dell’emisfero
nord, mentre trend positivi o nulli sono stati osservati in altre regioni
e stagioni. Malgrado la circolazione atmosferica abbia giocato un ruolo
rilevante in tale diminuzione delle temperature invernali, si mostra che
la parziale mancanza di misurazioni ha comportato una sostanziale
sottostima delle variazioni delle temperature medie annuale e stagionali
a livello globale.
La variabilità interna rappresenta un fattore di fondamentale importanza
nel comparare trend tra simulazioni e tra simulazioni ed osservazioni.
L’aggiustamento dinamico è uno strumento utile per identificare variazioni
forzate del clima, per diminuire i tempi di emersione dei cambiamenti
climatici e per stimare l’effetto della circolazione atmosferica sulle
condizioni locali.
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1
INTRODUCTION
1.1

internal and externally forced climate variability

Natural climate variability can be externally or internally induced [Robock,
1978; Wigley and Raper, 1990]. Externally induced natural variability
originates from changes in the external forcing, primarily related to
volcanism [Robock, 2000] and to modulations in the intensity of incoming
solar radiation caused by solar cycles [Haigh, 1996] and on longer time
scales by variations in the orbital parameters of the Earth [Berger and
Loutre, 1991]. On the other hand, internally induced climate variability
(hereby referred to as internal variability) refers to fluctuations resulting
from non-linear processes and feedbacks in the climate system in absence
of any external forcing [Solomon et al., 2007]. The climate system includes
five major components, namely the atmosphere, the hydrosphere, the
cryosphere, land and the biosphere (Figure 1.1). These interact with each
other over a wide range of space and time scales [Ghil, 2002], causing
modulations in climate over periods ranging from days to millennia. The
response of the troposphere to a perturbation occurs on time scale between
days and weeks, whereas the stratosphere is typically characterized by
a slower response of a few months. Due to their large heat capacity,
the oceans are characterized by very long time scales spanning from
years to centuries. The atmosphere and the oceans are mechanically
and thermodynamically coupled and exchange momentum, heat, water
vapour and other chemical species, with the low-frequency modulations
of the oceans produced by the integration of the relatively high-frequency
atmospheric variability [Frankignoul and Hasselmann, 1977; Deser et al.,
2003].
Climate fluctuations can have an impact on a global scale, as in the
case of multi-millennial glacial cycles tied to variations of the Earth’s
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orbital parameters, or can only interest limited regions. Regional climate
is usually characterized by more pronounced variability than hemispheric
or global climate, due to the effect of fluctuations over different locations
compensating each other. Observations have shown that internal variability
is often characterized by quasi-periodic, spatially-coherent structures
resulting
from the interaction between different components of the climate
Historical Overview of Climate Change Science
Chapter 1
system. Widely studied examples of internally generated modes of
Frequently
Question 1.2 are the North Atlantic Oscillation (NAO),
variability
in Asked
the atmosphere

What is the Relationship between Climate Change

the Northern
[Thompson and Wallace, 1998] and Southern [Mo, 2000]
and Weather?
Annular Modes in the two hemispheres (NAM and SAM, respectively),
Climate is generally defined as average weather, and as such,

that a cold winter or a cooling spot on the globe is evidence against

show that there have been changes in weather, and it is the statis-

though their frequency and intensity change as climate changes.

differences. A common confusion between weather and climate

Meteorologists put a great deal of effort into observing, un-

years from now when they cannot predict the weather a few weeks

er systems. Using physics-based concepts that govern how the

beyond a few days. Projecting changes in climate (i.e., long-term

water, meteorologists are typically able to predict the weather

As an analogy, while it is impossible to predict the age at which

mental dynamical property of the atmosphere. In the 1960s, me-

the average age of death for men in industrialised countries is

in initial conditions can produce very different forecast results.
(continued)

theclimate
Madden-Julian
(MJO)
[Zhang,
2005],
the
Quasi–Biennial
global
warming. There
are always
extremes
of hot and cold, alchange and weather are Oscillation
intertwined. Observations
can
But when weather
space and time,
the fact that
tics of changes in weather
over time
that identify climate
Oscillation
(QBO)
[Baldwin
etchange.
al., 2001]
andis averaged
the over
Walker
Circulation
the globe is warming emerges clearly from the data.
While weather and climate are closely related, there are important

in arises
thewhentropical
atmosphere
Among
the
most evolution
well-known
derstanding
and predicting
the day-to-day
of weathscientists are asked
how they can predict[Gill,
climate 501980].
moves, warms, cools,Oscillation
rains, snows, and evaporates
from now.affecting
The chaotic nature
of weather
makes it unpredictable
modes
ocean
variability
are Elatmosphere
Niño–Southern
(ENSO)
days into the future. A major limiting factor
average weather) due to changes in atmospheric composition or
[Ropelewski
and Halpert, 1987], the successfully
Pacificseveral
Decadal
Oscillation (PDO)
to the predictability of weather beyond several days is a fundaother factors is a very different and much more manageable issue.

[Mantua
Hare,
2002]
the
Multidecadal
Oscillation
(AMO)
teorologist
Edward Lorenz discovered
that very slight differences
any particularand
man will
die, we can
say with and
high confi
dence Atlantic
that
about 75. Another common
of these issues is
thinking
[Schlesinger
and confusion
Ramankutty,
1994].

FAQ 1.2, Figure 1. Schematic view of the components of the climate system, their processes and interactions.

Figure 1.1: Schematic view of the components of the climate system, their
104

processes and interactions (from Solomon et al., 2007).

1.2 uncertainty in climate projections

1.2

uncertainty in climate projections

Quantifying and reducing the uncertainty on future climate change
projections is of paramount importance for the effective implementation
of adaptation and mitigation strategies. Estimates of future anthropogenic
climate change are limited by model uncertainty, scenario uncertainty and
internal variability [Knutti et al., 2008; Hawkins and Sutton, 2009; Knutti
and Sedláček, 2012]. The main sources of model uncertainty are boundary
conditions, structural and parametric uncertainties. Boundary conditions
are prescribed when simulating future climate change in fully-coupled
models and include changes in solar forcing as well as the topography
and bathymetry prescribed in the simulations. Structural and parametric
uncertainties are mainly related to the representation of sub-grid processes
occurring at spatial and/or temporal scales which are not explicitly
resolved by the model. Such processes are simulated by using bulk
parameterizations linking them to explicitly resolved variables. Structural
uncertainty refers to the type of parameterization used or whether a
process is considered in the model, whereas parametric uncertainty refers
to the values used for specific parameters given a certain structure.
Multi-model ensembles allow to quantify structural uncertainty [Tebaldi
and Knutti, 2007; Collins et al., 2011], while parametric uncertainty can
be estimated through Perturbed Physics Ensembles (PPEs) constituting
of simulations from a single model run with different parameter values
[Murphy et al., 2004; Stainforth et al., 2005]. As a consequence of model
uncertainty, climate models respond differently to the same future forcing
[Knutti and Sedláček, 2012].
Scenario uncertainty is related to future emissions of greenhouse gases,
aerosols and stratospheric ozone concentration, as well as changes in land
use. The evolution in time of these forcing factors are prescribed relying on
assumptions on trajectories of global socio-economic development [Moss et
al., 2010; Van Vuuren et al., 2011].
Initial condition (or internal variability) uncertainty arises from the
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chaotic nature of the climate system and of the models simulating it
[Lorenz, 1963; Shukla, 1998]. Initial condition ensembles are run with a
single model starting from slightly different initial conditions, typically
produced by imposing small random perturbations to atmospheric or sea
surface temperatures, or by picking different time steps in a long control
integration as starting points for transient scenarios. Simulations will
decorrelate and evolve independently from each other, eventually showing
a substantial spread in the state of atmospheric circulation [Branstator
and Selten, 2009] and modes of variability such as El Niño-Southern
Oscillation. Initial condition ensembles allow to quantify the impact on
climate projections of internal variability, which represent an irreducible
form of uncertainty inherent to the nature of the climate system.
A framework for separating and quantifying the contributions of internal
variability and model uncertainty was described in a multi-model
ensemble of climate projections [Hingray and Saïd, 2014] and it was shown
that the relative contributions to total uncertainty depend on the time
climate variable considered, as well as on the region and the space and
time scales [Northrop and Chandler, 2014; Fatichi et al., 2016]. Hawkins
and Sutton [2009] estimated the relative contributions of internal variability,
model uncertainty and scenario uncertainty to the projected changes
in decadal mean surface temperatures over the globe for different lead
times (Figure 1.2). Internal variability is the leading source of uncertainty
over most of the globe for the first decade and its importance decreases
with lead time. Model uncertainty dominates for mid-range projections,
whereas the importance of scenario uncertainty progressively increases for
longer lead times.

1.3

impact of internal variability on trends, detection and
attribution, and time of emergence

Internal variability represents the dominant source of uncertainty for
predictions of surface temperature in the first decade everywhere on the

1.3 impact of internal variability on trends

FIG. 6. Maps of the sources of uncertainty for decadal mean surface temperature for various lead times give
information on where any reduction in uncertainty will have the most benefit. The columns show the total
Figure
1.2: Maps of the sources of uncertainty for decadal mean surface
variance explained by (left) internal variability, (middle) model uncertainty, and (right) scenario uncertainty
for predictions of the (top) first, (middle) fourth, and (bottom) ninth decade. It should be noted that (i) even
on regional scales, the uncertainty due to internal variability is only a significant component for lead times up
to a decade or two, (ii) the largest differences between models occur at high latitudes where climate feedbacks
are particularly important, and (iii) even by the end of the century, the emissions scenario is less important
than model uncertainty for the high latitudes but dominates in the tropics.

temperature for various lead times give information on where any
reduction in uncertainty will have the most benefit. The columns
show the total variance explained by (left) internal variability, (middle)

middle). The variation with latitude reflects the fact uncertainty, as expected, is the dominant contribumodel uncertainty, and (right) scenario uncertainty for predictions of
that model uncertainty has a clear maximum at high tion over much of the globe (Fig. 6, bottom right),
latitudes (likely to be a consequence of differences in but at high latitudes it is still model uncertainty that
the (top) first, (middle) fourth, and (bottom) ninth decade. It should be
the representation of the climate feedbacks that lead accounts for the largest fraction of variance.
to high-latitude amplification of the climate change
A key result from Fig. 6 is that for predictions of
noted that (i) even on regional scales,
the uncertainty due to internal
signal), whereas the spatial variation of scenario un- the next few decades, model uncertainty and internal
certainty
is more complex
shown,abutsignificant
it can be variability
are the dominant
An imvariability
is(not
only
component
for contributions.
lead times
up to a
seen on the previously cited web site). A 20% reduc- portant question is how robust this finding is likely
tion indecade
model uncertainty
would,
if
spatially
uniform,
to
be
for
other
variables
(e.g.,
changes
in
precipitation
or two, (ii) the largest differences between models occur at high
lead to a reduction of significantly more than 10% or in the statistics of high-impact events). For any
in total
prediction uncertainty
in many regions.
given variable
(and spatial and temporal
scale), theand (iii)
latitudes
where climate
feedbacks
are particularly
important,
For predictions of the ninth decade ahead, scenario relative importance of internal variability and model
1100 |

even by the end of the century, the emissions scenario is less important
AUGUST 2009

than model uncertainty for the high latitudes but dominates in the
tropics (from Hawkins and Sutton, 2009).
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globe, and for several decades ahead in many regions [Shukla, 1998; Palmer
et al., 2004]. Moreover, it may regionally obscure or enhance the effect
of anthropogenic forcing, even on timescales of several decades [Deser et
al., 2012a]. The identification of the anthropogenic component in observed
trends is hindered by internal variability, particularly at regional scales and
on short time periods [Hulme et al., 1999; Solomon et al., 2011; Deser et al.,
2012b; Deser et al., 2014; Deser et al., 2016; Kirtman et al., 2013].
In order to sample the uncertainty in climate projections due to
internal variability, Deser et al. [2012a] analyzed the 2005-2060 changes
in temperature and precipitation over North America simulated by a
40-member initial condition ensemble from a fully-couple version of
CCSM3 [Bitz et al., 2012] under the A1B forcing scenario [Nebojsa and
Swart, 2000]. Figure 1.3a shows the 2005-2060 winter temperature trends
from the ensemble average, the warmest and the coolest of the 40 runs.
The 40 simulations represent plausible realizations of future trends, whose
spread is caused by the irreducible uncertainty related to internal climate
variability. Figure 1.3b shows the mean winter temperature anomaly time
series simulated by the warmest and the coolest among the runs at different
grid points and averaged over the contiguous United States and the globe.
The ensemble spread of the corresponding simulated trends is shown in
Figure 1.3c. The effect of internal variability increases with latitude and
decreases when averaging across larger regions.
The attention of the scientific community to the role of internal variability
has been increasing in recent years, also in relation to the concern
of making available to policy makers reliable climate predictions and
short-term projections on a regional basis. Internal variability and in
particular atmospheric circulation exert a strong control on regional climate
and uncertainty in projections arises due to the lack of confidence on
the response of circulation to anthropogenic forcing [Shepherd, 2014].
IPCC defines detection as “the process of demonstrating that climate has
changed in some defined statistical sense, without providing a reason
for that change”, while attribution of climate change is “the process of

1.3 impact of internal variability on trends

Figure 1.3: Range of future climate outcomes. (a) December–January–February
(DJF) temperature trends during 2005–2060. Top panel shows the
average of the 40 model runs (all values are statistically significantly
different from zero at the 5% confidence level); middle and bottom
panels show the model runs with the largest and smallest trends
for the contiguous United States as a whole, respectively. (b) DJF
temperature anomaly time series for selected cities (marked by open
circles in the left panels), the contiguous United States and the globe
(land areas only). Black curves show observed records from 1910 to
2008 (minus the long-term mean); red and blue curves show model
projections for 2005–2060 from the realizations with the largest and
smallest future trends, respectively, for each location or region. Dashed
red and blue lines show the best-fit linear trends to the red and
blue curves, respectively. For visual clarity, the model projections are
matched to observations averaged over their common period of record
2005–2008. Thus, projected values at the end of the simulation (2060)
should be regarded in relative terms. (c) Distribution of projected DJF
temperature trends (2005–2060) across the 40 ensemble members at the
locations shown in panel b (from Deser et al., 2012a).
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establishing the most likely causes for the detected change with some
defined level of confidence” [Bindoff et al., 2013]. Anthropogenic climate
change is modulated by internal variability, which constitutes an inherent
limit for detection and attribution especially at the regional scale [Stott
et al., 2010]. Climate models have been successfully used in attribution
studies by applying fingerprint methods, in which the patterns of the
simulated response to anthropogenic forcing is compared to observed
climate change [Hegerl and Zwiers, 2011]. The impact of internal variability
on projections strongly depends on the variable and the region considered
[Mahlstein et al., 2011; Mahlstein et al., 2012] and is essentially related
to the ratio between the forced response and its natural variability. The
so-called time of emergence (ToE) is the time necessary to detect a
change in a climatic variable of sufficient magnitude to emerge from the
naturally-occurring fluctuations of the climate system. Time of emergence
was estimated for temperature [Hawkins and Sutton, 2012; Hawkins et al.,
2014], precipitation [Giorgi and Bi, 2009] and regional sea level rise [Lyu
et al., 2014] and represents a useful tool for policy making, as it offers
a quantitative approach to plan the timing of climate change adaptation
measures and to prioritize action over different regions of the globe.

1.4

internal variability, extreme events and changes in
circulation

Detection and attribution of changes in the frequency, intensity and
persistence of extreme events are hindered by natural variability, especially
at small spatial scales. Despite the scarcity of high-quality, long-term
data with sufficient spatial and temporal resolution [Easterling, 2000], the
intensity of both hot and cold temperature extremes on a global scale
has changed significantly over the last decades [Alexander et al., 2006;
Donat et al., 2013]. Robust trends were identified in the frequency and
intensity of heat waves [Perkins et al., 2012; Russo et al., 2014] and heavy
precipitation events [Min et al., 2011; O’Gorman, 2015], the latter being

1.4 internal variability, extremes, circulation changes

tied to the intensification of the hydrological cycle caused by increasing
concentrations of greenhouse gases [Held and Soden, 2006]. The human
contribution to the occurrence of several specific extreme events has been
identified [Stott et al., 2004; Pall et al., 2011; Otto et al., 2012; Lewis and
Karoly, 2013] and the fraction of heavy-precipitation and high-temperature
extremes attributable to anthropogenic forcing is projected to increase
globally [Fischer and Knutti, 2015].
The forced response of heavy precipitation is more robust than that of
mean precipitation, and the time of emergence of the former is projected
by models to be shorter than that of the latter over many regions [Hegerl
et al., 2004].
Observed trends in regional extremes and large-scale atmospheric
circulation were found to be consistent with changes projected by model
simulations [Pal et al., 2004]. In addition, models show consistent forced
patterns in the response of temperature extremes and heavy precipitation
when removing the effect of internal variability [Fischer et al., 2014], and
emerging trends can be identified by optimal fingerprint methods [Hegerl
et al., 1996; Zhang et al., 2007; Min et al., 2011], spatial aggregation of
data [Fischer et al., 2013; Fischer and Knutti, 2014] and spatial averaging
[Sillmann et al., 2013].
Temperature and precipitation variability at the regional and local scales
is governed by large-scale atmospheric circulation, which contributes to
the occurrence of extreme events [Katz and Brown, 1992]. Simulations
of future European climate carried out with a regional model project a
substantial increase in temperature variability over the continent, which
also contributed to the 2003 European summer heat wave [Schär et al.,
2004; Fischer and Schär, 2009]. In addition, ocean dynamics is an important
driver of multidecadal climate variability [Sutton, 2005] and fluctuations in
sea surface temperatures were found to affect the frequency of European
heat waves [Cassou et al., 2005] and North American droughts [McCabe
et al., 2004].
Declining Arctic sea ice in recent years might be linked to changes in winter
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atmospheric circulation in the Northern Hemisphere projecting onto the
Arctic Oscillation pattern. Such changes could be responsible of weaker
zonal winds and stronger Rossby wave activity, leading to an increased
frequency of blocking episodes [Barriopedro et al., 2006] and extreme
events at mid-latitudes such as heat waves, cold spells, droughts, floodings
and heavy snowfall [Francis and Vavrus, 2012; Liu et al., 2012; Tang et
al., 2013a; Tang et al., 2013b; Screen, 2014; Horton et al., 2015]. Despite
the growing body of evidence, there is still uncertainty on the entity of
the Arctic influence on mid-latitude extreme events, mainly due to the
short record since major Arctic Amplification started, the large internal
variability of the jet stream and the presence of other teleconnection
phenomena forcing hemispheric circulation [Barnes, 2013; Screen and
Simmonds, 2013b; Cohen et al., 2014; Gerber et al., 2014; Overland, 2016].
A signature of climate change in atmospheric circulation in the Northern
Hemisphere was identified from reanalysis data [Corti et al., 1999],
although the evidence of long-term trends in atmospheric circulation
induced by anthropogenic forcing remains inconclusive [Barnes et al.,
2014]. Separating the forced signal from internal variability is challenging,
as climate change also projects onto already existing modes of natural
variability, as discussed by studies adopting theoretical frameworks,
observations and model simulations [Palmer, 1999; Deser et al., 2004;
Stephenson et al., 2004; Simpson et al., 2009; Gillett and Fyfe, 2013].
Gillett and Fyfe [2013] analyzed the trends in the Northern and Southern
Annular Modes and in the North Atlantic Oscillation simulated by 37
CMIP5 models under historical and RCP4.5 forcing. The ensemble shows
an increase in the NAM, SAM and NAO indices in all seasons, with no
models simulating a significant decrease of NAM and SAM (Figure 1.4).
Different kinds of external forcing were shown to be able to cause
a response in the Northern and Southern Annular Modes in model
simulations, among which stratospheric ozone depletion and increased
concentrations of greenhouse gases [Shindell et al., 2001; Arblaster and
Meehl, 2006]. Other model studies identified a slowdown of the east-west

90°W and 60°E from the mean SLP over a region between or results from a mechanism not resolved by the models.
20°N and 55°N and between 90°W and 60°E. We com- Largely similar results are found for the NAO index in the
pare simulated circulation indices with indices derived from CMIP5 models (Figure 1, top row). While a small positive
two spatially complete data sets derived from observations: trend is simulated in the multi-model ensemble mean NAO
A version of the gridded observational data set HadSLP2r index in all seasons, the trend is largest in SON. To our
[Allan and Ansell, 2006] with an update applied to post-2005 knowledge, this has not been reported in other studies.
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1.5

the role of internal variability in the onset of the
global warming hiatus

Global warming as estimated from several data sets appears to have
slowed down or even halted between about 1998 and 2014. The seasonal
and geographical characteristics of the global warming hiatus depend on
the time period considered. The global mean temperature trend in years
1998-2012 was mainly driven by a pronounced winter cooling over land
in the Northern Hemisphere, while warming was observed in the other
seasons and regions of the globe [Cohen et al., 2012b]. On the other hand,
temperature trends at low latitudes were found to be the main contribution
to the hiatus as estimated from annual mean data in the period 2002-2013
[Gleisner et al., 2015].
Atmospheric circulation plays an important role in modulating the global
warming signal [Cohen and Barlow, 2005; Cohen et al., 2009] and several
studies proposed mechanisms explaining the geographical and seasonal
features of the hiatus by relating it to atmospheric and ocean variability
[England et al., 2014; Delworth et al., 2015; Li et al., 2015; Saffioti et al.,
2015]. The first months of 1998 were marked by a record-breaking El Niño
[Wolter and Timlin, 1998; McPhaden, 1999] and the slowdown of global
warming was linked to a La Niña-like cooling in the eastern equatorial
Pacific [Kosaka and Xie, 2013; Huber and Knutti, 2014] and to internal
variability of the Atlantic [Keenlyside et al., 2008; Chen and Tung, 2014]
and the Pacific Oceans [Meehl et al., 2014; Trenberth et al., 2014].
The contributions of ocean and atmospheric internal variability have
probably been concurrent and complementary. Trenberth et al. [2014]
found the hiatus to be dominated by trends in central and eastern
Pacific sea surface temperatures resembling those associated to a negative
phase of the PDO. Such trends were linked to a strengthening of
easterly trade winds, rainfall anomalies in the Pacific and changes
in sea level pressure (Figure 1.5). The consequent tropical forcing of
atmospheric circulation influenced oceanic currents and increased ocean

1.5 internal variability and the hiatus

Figure 1.5: Regime differences between 1999–2012 and 1976–1998.

Mean

differences between 1999–2012 and 1979–1998 for NDJFM (left) and
MJJAS (right) for surface temperature from GISS (a,b), mean sea-level
pressure (MSLP) differences from ERA-I (colours) and surface wind
vectors (at 10 m, V10, arrows) with the key at the top right (c,d),
and precipitation from GPCP truncated to T63 resolution (e,f). GISS:
Goddard Institute for Space Studies [Hansen et al., 2010]; ERA-I:
European Centre for Medium-range Weather Forecasts atmospheric
reanalysis ERA-Interim [Dee et al., 2011]; GPCP: Global Precipitation
Climatology Project v2.2 [Schneider et al., 2014] (from Trenberth et al.,
2014).

13

14

introduction

heat absorption, ultimately causing the pronounced winter cooling
observed over Eurasia. Analyses on CMIP5 models showed that periods
of slowdown in global warming can be caused by internal variability
alone, with the probability of such episodes decreasing with their length
[Medhaug and Drange, 2015; Roberts et al., 2015]. In addition, despite the
slowdown in temperature change in recent years, a continued increase of
hot extremes over land was found [Seneviratne et al., 2014].

1.6

aims and outline of the thesis

Internal variability plays a prominent role in influencing temperature and
precipitation trends, with its importance increasing at smaller spatial scales
and for shorter time periods. Likewise, it has a strong impact on the
frequency, intensity and duration of extreme events. Internal variability
represents the dominant source of uncertainty for seasonal and decadal
mean changes in the next decades over many regions, and far beyond
for the future occurrence of extreme events. Being tied to the nonlinear
nature of the climate system, this uncertainty is largely irreducible and
must be considered in policy-making processes when defining mitigation
targets and adaptation strategies. A deeper understanding of the processes
driving internal variability is thus needed to better quantify its effect on
climate projections and to compare model simulations to observations.
This thesis mainly deals with the impact of atmospheric circulation on
observed and simulated climatic trends. We quantify differences among
CMIP5 models in simulating atmospheric circulation and test whether
this is projected to change under the effect of anthropogenic forcing.
We investigate the role of atmospheric circulation in the strong cooling
observed over Europe in recent years and quantify its contribution to
the pronounced negative winter temperature trends in the Northern
Hemisphere during the hiatus period.
This Introduction is followed by four other Chapters and three Appendices.

1.6 aims and outline of the thesis

Chapters 2, 3 and 4 are based on three scientific articles. A short synopsis
follows.
• Chapter 2: Improved Consistency of Multi-model Projections
over Europe after Accounting for Circulation-induced Variability
[Saffioti et al., submitted].
Five versions of a dynamical adjustment method based on the
empirical orthogonal function analysis of sea level pressure are
described. Their performances in reducing the spread of temperature
and precipitation trends in a single-model initial-condition ensemble
are compared. Dynamical adjustment is applied to improve the
consistency of temperature and precipitation projections from 40
CMIP5 models. A robust multi-model response of atmospheric
circulation to anthropogenic forcing is found and its contribution
to the ensemble mean temperature and precipitation trends is
estimated.
• Chapter 3: Reconciling Observed and Modelled Temperature and
Precipitation Trends over Europe by Adjusting for Circulation
Variability [Saffioti et al., 2016].
The effect of atmospheric circulation on regional temperature and
precipitation trends is investigated. The pronounced winter cooling
observed over Europe in years 1989-2012 is attributed to sea level
pressure variability, whose effect allows to explain the difference
between the observed temperature trends over the region and
the corresponding multi-model trends from an ensemble of 40
CMIP5 models. Similar results are found for both temperature and
precipitation trends along the coast of Norway, which are strongly
driven by atmospheric circulation.
• Chapter 4: Contributions of Atmospheric Circulation and Data
Coverage Bias to the Warming Hiatus [Saffioti et al., 2015].
The global warming slowdown in the period 1998-2012 is a seasonal
phenomenon largely associated with negative winter temperature
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trends in the northern hemisphere, especially over land. This
geographical and seasonal asymmetry is addressed by analyzing
reanalysis temperature data. The strong boreal winter cooling
driving the hiatus is found to have been affected by both atmospheric
circulation and the incomplete sampling of temperatures, while
annual and other seasonal trends were mainly impacted by missing
observations.
• Chapter 5: Conclusions and Outlook.
• Appendix A contains the supplementary information for Chapter 2.
• Appendix B contains the supplementary information for Chapter 3.
• Appendix C contains the supplementary information for Chapter 4.

2
IMPROVED CONSISTENCY OF PROJECTIONS OVER
E U R O P E A F T E R A C C O U N T I N G F O R AT M O S P H E R I C
C I R C U L AT I O N VA R I A B I L I T Y

Claudio Saffioti, Erich M. Fischer, and Reto Knutti
Article submitted to
Journal of Climate

abstract
The influence of atmospheric circulation on winter temperature and
precipitation trends over Europe in the period 2006–2050 is investigated
in a 21-member initial condition ensemble from a fully-coupled global
climate model and in a multimodel framework consisting of 40
different models. Five versions of a dynamical adjustment method based
on empirical orthogonal function analysis of sea level pressure are
introduced and their performance in removing the effect of atmospheric
circulation on temperature and precipitation is tested. The differences
in atmospheric circulation as simulated by different models in their
control simulations and under the historical and RCP8.5 forcing scenarios
are investigated. Dynamical adjustment is applied to the multimodel
ensemble to demonstrate that a substantial fraction of the uncertainty in
projected European temperature and precipitation trends is explained by
atmospheric circulation variability. A statistically significant response of
sea level pressure to anthropogenic forcing is identified in the multimodel
ensemble under the RCP8.5 scenario. This forced response in atmospheric
circulation leads to a dynamical contribution to the long-term multimodel
mean temperature and precipitation trends. Our results highlight the
importance of the impact of atmospheric circulation variability on trends
in regional climate projections.
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introduction

2.1.1 Uncertainty in climate change projections
Uncertainty in climate projections arise from three different sources,
namely model uncertainty, the future evolution of emissions of greenhouse
gases and aerosols, and internal climate variability [Murphy et al., 2004;
Knutti et al., 2008; Hawkins and Sutton, 2009; Knutti and Sedláček, 2012].
Internal (unforced) variability refers to fluctuations occurring in absence
of any external forcing as a result of the interaction between the various
components of the climate system. It represents the dominant source of
uncertainty for regional predictions in the first decade everywhere on the
globe, and for several decades ahead in many regions [Shukla, 1998; Palmer
et al., 2004; Deser et al., 2012a]. The effect of anthropogenic climate change
can be regionally obscured or enhanced by internal variability even on
timescales of several decades [Deser et al., 2012b; Saffioti et al., 2016] and,
as a consequence, the identification of the anthropogenic forced response
is particularly difficult at small spatial and temporal scales Solomon et al.,
2011; Deser et al., 2014; Deser et al., 2016. The attention of the scientific
community to the role of internal variability has therefore been increasing
in recent years, also in relation to the concern of making available to policy
makers reliable short-term predictions on a regional basis [Doblas-Reyes
et al., 2013].

2.1.2 Internal variability and the forced response in model simulations
Model simulations can be used to identify the impact on climate of
external forcing factors such as greenhouse gases, tropospheric aerosols
and ozone-depleting substances. The identification of the forced signal
in such simulations is usually carried out by removing the effect of
internal variability through ensemble averaging [Tebaldi and Knutti, 2007].
If a sufficient number of model simulations are available, each of them
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characterized by a different realization of internal variability, the ensemble
mean is usually taken as an estimate of the forced response of climate.
On the other hand, the effect of internal variability in each run of
an initial condition ensemble from a single model can be identified as
the difference between each simulation and the ensemble mean. This
procedure, however, is not applicable to a multimodel ensemble, where
differences between simulations are not only caused by internal variability
but also by parametric and structural differences among models [Murphy
et al., 2004; Stainforth et al., 2005; Knutti et al., 2010; Collins et al., 2011;
Masson and Knutti, 2011; Pennell and Reichler, 2011; Jun et al., 2008].
There is a substantial diversity of model behaviors in representing both
the forced response as well as variability from diurnal to decadal and
centennial time scale [Lucarini et al., 2007; Randall et al., 2007; Stoner
et al., 2009] and daily to interannual temperature variability in Europe
was shown to differ substantially between simulations [Jacob et al., 2007;
Kjellström et al., 2007; Fischer and Schär, 2009]. Several previous studies
highlighted the strong influence of atmospheric circulation on temperature
and precipitation changes in model simulations [Deser et al., 2012a; Deser
et al., 2014; Frankcombe et al., 2015] and in observations [Wallace et al.,
1995; Hurrell, 1996; Thompson et al., 2009; Vautard and Yiou, 2009; Cattiaux
et al., 2010; Ceppi et al., 2012; Smoliak et al., 2015; Saffioti et al., 2016].

2.1.3

Dynamical adjustment methods

Dynamical adjustment methods allow to identify and remove the
contribution of atmospheric circulation from a field of interest, typically
temperature or precipitation. A large variety of approaches to dynamical
adjustment is discussed in literature. Among others, a Constructed
Analogue Technique was applied to identify the dynamical contribution
to multidecadal surface air temperature trends over North America as
simulated by an initial condition ensemble from the Community Earth
System Model (CESM) [Deser et al., 2016]. The Constructed Analogue
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Technique relies on a modified version of the Constructed Circulation
Analogue Method [Van Den Dool, 1994] which allows to identify and
group together similar circulation patterns [Lorenz, 1969]. A dynamically
adjusted global mean temperature time series was estimated by accounting
for the effect of the North Atlantic Oscillation and El Niño–Southern
Oscillation [Hurrell, 1995]. The effect of ENSO on the global temperature
record has been estimated using various approaches, including regression
models [e.g., Trenberth, 2002] and maximum covariance analysis [Yang and
Schlesinger, 2001]. Several methods were applied by Thompson et al. [2009]
to remove from the observed global mean temperature record the signature
of natural climate variability related to ENSO and the advection of marine
air over land. Furthermore, principal component-based indices of the
Northern Annular Mode (NAM) and the Pacific–North American Pattern
(PNA) were used to identify their dynamical contribution to temperatures
[Thompson et al., 2000; Quadrelli and Wallace, 2004].
The influence of atmospheric circulation on temperatures in the Northern
Hemisphere was investigated using a dynamical adjustment approach
based on Partial Least Square Regression, a statistical method maximizing
the covariance between the predictor and predictand fields [Smoliak et al.,
2015]. This was also adopted to assess the role of atmospheric circulation
in the pronounced wintertime warming at high latitudes in the Northern
Hemisphere observed in the late twentieth century [Wallace et al., 2012].
Frankcombe et al. [2015] applied a Scaling Method to model simulations
to separate the signature of internal variability from the externally forced
climate response.
The approach of superposing internal variability upon the forced signal
in multimodel projections is simple, but relies on the hypothesis that
forced changes in variability are small compared to its unforced magnitude
and patterns, so that variability can be considered approximately additive
to the forced response. There are, however, indications for limitations of
these assumptions [Corti et al., 1999; Palmer, 1999; Hsu and Zwiers, 2001;
Stephenson et al., 2004; Gillett et al., 2005; Gillett and Fyfe, 2013].

2.2 model simulations

Here we use dynamical adjustment to quantify the fractional uncertainty
in trends induced by internal variability. To this end we disentangle the
effect of atmospheric circulation from the forced response of temperature
and precipitation over Europe as simulated by 40 models from the fifth
phase of the Coupled Model Intercomparison Project (CMIP5) [Taylor et
al., 2012] in the period 2006-2050. This study is structured as follows. The
model simulations are described in Section 2.2. In Section 2.3 we introduce
five versions of a dynamical adjustment method based on empirical
orthogonal function analysis of sea level pressure (SLP) and we compare
their performance in reducing the uncertainty on future temperature
and precipitation trends over Europe. In Section 2.4 we investigate the
differences in atmospheric circulation as simulated by 40 CMIP5 models
in their control integrations and under historical and RCP8.5 forcing
scenarios. Dynamical adjustment is then applied to the ensemble in order
to identify the impact of atmospheric variability on winter temperature
and precipitation trends over Europe in the period 2006-2050. In Section
2.5 we identify a statistically significant response to anthropogenic forcing
of circulation as sampled from SLP data over the Euro-Atlantic sector.
The implications of such a response for the application of dynamical
adjustment are discussed. In Section 2.6 conclusions are drawn.

2.2

model simulations

We analyze a 21-member initial condition ensemble from the Community
Earth System Model (CESM) version 1.0.4 using the Community
Atmosphere Model version 4 (CAM4) and fully coupled ocean, sea ice
and land components [Hurrell et al., 2013]. Simulations are initialized on
1 January 1950 with slightly different atmospheric initial conditions and
run through year 2100 under historical (1950-2005) and RCP8.5 (2006-2100)
forcing. Details on the ensemble (hereafter named CESM-IC) are presented
by Fischer et al. [2013].
Simulations from 40 models of the fifth phase of the Coupled Model
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Intercomparison Project (CMIP5) are also analyzed [Taylor et al., 2012],
adopting historical forcing through year 2005 and the RCP8.5 scenario
afterwards. The CMIP5 models included in this study are listed in A.1
in Appendix A.
We make use of the last 100 years of the preindustrial control simulations
of all the models mentioned so far, together with their integrations for the
years 1960-2099. To allow direct comparisons, all simulations in the CMIP5
ensemble are interpolated to the latitude/longitude grid used in CESM-IC
with a resolution of 1.9°N by 2.5°E.

2.3

five versions of dynamical adjustment and their
performance

Figure 2.1 shows the 2006-2050 winter (December to February, DJF)
temperature trends over Europe as simulated by the two runs from the
21-member CESM-IC, differing only in their atmospheric initial conditions,
with the highest (Figure 2.1a) and lowest (Figure 2.1d) area-average trends
over the region 33°N–75°N, 10°W–40°E, along with the multi-member
ensemble average (Figure 2.1g). Contour lines indicate the corresponding
sea level pressure trends in the domain 25–85°N, 40°W–70°E. The run with
the strongest warming is characterized by an amplified European average
trend of 0.93°C/decade, about twice as large as the ensemble average
trend (0.47°C/decade), while the run with the weakest warming has an
area-average trend of 0.20°C/decade, with cooling over Scandinavia and
Central Europe.
Analogous results for precipitation are shown in Figures 2.2a, 2.2d, 2.2g,
reporting the results from the two simulations with the highest and
the lowest area-average trends in precipitation. The influence of natural
variability can result in positive or negative area-average precipitation
trends over Europe in the period 2006-2050. The run with the strongest
increase in precipitation (1.7%/decade, Figure 2.2a) shows pronounced
wettening over Southern Europe. This is in contrast with the simulated
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Figure 2.1: Temperature trends in the period 2006-2050 computed from the
original CESM-IC runs (left column), after applying dynamical
adjustment (center column) and their differences resulting from
the dynamical contribution of the first 10 modes of atmospheric
circulation (right column). Results are shown for the model simulations
with the highest (top row) and the lowest (center row) weighted
area-average trends over the domain, as well as for the ensemble
average (bottom row). Numbers at the top right of panels indicate the
weighted area-average of temperature trends in °C/decade. Contour
lines indicate sea level pressure trends from the original data (left
column), after applying dynamical adjustment (center column) and
their differences resulting from the dynamical contribution of the
first 10 modes of circulation (right column). The contour interval is
0.2hPa/decade. Solid and dashed lines indicate positive and negative
values, respectively. Thick lines indicate zero trends.
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Figure 2.2: Same as in Figure 2.1. Results for precipitation are shown. Numbers
to the top right of panels indicate the weighted area-average of
precipitation trends in %/decade.

2.3 five versions of dynamical adjustment and their performance

ensemble average, characterized by drying over the Mediterranean and
wettening at higher latitudes resulting in a near-zero area-average trend
(Figure 2.2g). The trends in the run with the most pronounced drying
(–2.0%/decade, Figure 2.2d) have a pattern similar to the ensemble average
but are characterized by an enhanced drying over the Mediterranean. The
diversity of the trends simulated by CESM-IC is purely a consequence of
internal variability and can largely be removed by dynamical adjustment
as shown below.

2.3.1

Five versions of dynamical adjustment

We compare the efficiency of five versions of dynamical adjustment
that share the same underlying method. In all of these versions the
main modes of atmospheric circulation are identified by performing an
empirical orthogonal function (EOF) analysis of simulated SLP data. The
principal component time series of each EOF is then regressed upon
temperature and precipitation at every model grid point, thus estimating
the mean effect of each mode of SLP variability on the two fields. The
time-varying effect of each EOF on temperature and precipitation is
computed by multiplying its regression maps by the corresponding
principal component. This contribution is then removed from the original
fields, obtaining a new set of dynamically adjusted data.
The five versions of dynamical adjustment are named CTL (EOFs and
regression maps computed from ConTroL data), H (EOFs and regression
maps computed from Historical data), HR (EOFs and regression maps
computed from Historical and RCP8.5 data), DET (EOFs and regression
maps computed from DETrended historical and RCP8.5 data) and TRE
(EOFs and regression maps computed on TREnds from historical and
RCP8.5 data). These five versions are applied to CESM-IC to test their
efficiency in reducing the spread of winter temperature and precipitation
trends simulated in the 45-year period 2006-2050. The modes of winter
circulation are identified by performing an empirical orthogonal function
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analysis on December to February (DJF) monthly mean sea level pressure
anomalies over the region 25°N–85°N, 40°W–70°E, encompassing Europe
and the eastern sector of the North Atlantic Ocean. Anomalies of winter
SLP and temperature in the CESM control integration are computed as
the differences from the corresponding monthly averages over the last 100
years of the simulation. Winter precipitation anomalies in the control are
computed as percentage changes relative to monthly mean values in the
last 100 years of the integration. In an analogous way, monthly sea level
pressure, temperature and precipitation anomalies in years 1960-2100 are
estimated from each run separately with respect to the average values
computed in the baseline period 1960-2004. The details of each version
of dynamical adjustment are described below.
1. CTL (ConTroL). Atmospheric circulation variability is sampled from
the last 100 years of the control integration by performing an
EOF analysis on DJF monthly SLP anomalies. The effect of each
EOF is estimated by linearly regressing monthly temperature and
precipitation anomalies from the last 100 years of the control
integration on the corresponding principal component time series.
A new set of principal components is computed for each run by
projecting the DJF monthly SLP anomalies in the period 2006-2050
on the EOFs computed from the control. The temperature and
precipitation anomaly fields related to each mode of circulation are
estimated by multiplying its principal component by the regression
maps from the control, and these time-varying contributions are
subtracted from the original data. The adjusted winter temperature
and precipitation trends in years 2006-2050 are finally computed for
each run.
2. H (Historical). As in the CTL version, but EOFs and regression maps
are estimated from DJF monthly data in the period 1960-2005.
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3. HR (Historical and RCP8.5). As in the CTL version, but EOFs and
regression maps are estimated from DJF monthly data in the period
1960-2050.
4. DET (DETrended). As in the H version, but linear detrending
is applied to monthly DJF sea level pressure, temperature and
precipitation anomalies in the period 1960-2050 before calculating the
EOFs, the principal components and the regression maps.
5. TRE (TREnds). In contrast to the monthly time series used in the
other versions, trend patterns are used as a basis for the calculation of
EOFs. Winter SLP, temperature and precipitation trend patterns are
computed in the two 45-year periods 1960-2004 and 2006-2050 from
the 21 simulations. An EOF analysis is performed on the 42 winter
mean SLP trend patterns simulated by the 21 runs in the two periods.
Principal components are computed by projecting the SLP trends on
each EOF and are regressed on the 1960-2004 and 2006-2050 winter
mean temperature and precipitation trends simulated by the 21 runs
at each grid point. The effect of atmospheric circulation is removed
from the 2006-2050 winter temperature and precipitation trends.
The study of these versions is motivated by the fact that a) variability might
change over time, b) forced trends might project onto pre-existing patterns
of variability, and c) the patterns in decadal variability (as estimated
from trends by TRE) might differ from those at interannual timescales
(as estimated by CTL, H, HR and DET). All members of the CESM-IC
ensemble are based on the same model and forcing and they only differ in
their realizations of internal variability. This ensemble thus represents an
ideal framework for testing the five versions of dynamical adjustment.

27

28

improved consistency of projections over europe

2.3.2 The effect of atmospheric circulation on CESM-IC temperature and
precipitation trends
The CESM-IC ensemble averages of the 2006-2050 winter temperature and
precipitation trends (Figures 2.3a and 2.4a) represent the best estimates of
the forced response simulated by the model, and a measure of the effect
that internal variability has on trends is given by their standard deviation
(Figures 2.3b and 2.4b). The ensemble averages and standard deviations of
the dynamically adjusted trends are computed after removing the effect of
the first 10 EOFs using the five versions. Results are not critically affected
by the number of EOFs included in the analysis (see discussion below). By
comparing the ensemble averages of the adjusted and of the original trends
it is possible to identify regions where dynamical adjustment introduces
an offset in the forced response. The offsets introduced by the five versions
are compared for temperature and precipitation data in Figures 2.3c, 2.3e,
2.3g, 2.3i, 2.3k and 2.4c, 2.4e, 2.4g, 2.4i, 2.4k, where they are shown as
differences between the dynamically adjusted and the original ensemble
average trends.
Figures 2.3d, 2.3f, 2.3h, 2.3j, 2.3l and 2.4d, 2.4f, 2.4h, 2.4j, 2.4l show the
percentage differences between the ensemble standard deviations of the
adjusted and the original trends. All the five versions allow to reduce the
spread in temperature and precipitation trends over most of the region.
The CTL, H, HR and DET versions have similar performances in removing
the effect of atmospheric circulation on temperature trends, while the TRE
method stands out as the most efficient in isolating the forced response of
the model. Analogous results are found for precipitation (Figures 2.4d, 2.4f,
2.4h, 2.4j, 2.4l). This is also shown in Figure 2.5, reporting the area-averages
of the standard deviations of the original and adjusted winter temperature
and precipitation trends after removing an increasing number of EOFs.
Such difference is not surprising, as TRE is the only version among the five
which is directly calibrated to reduce the variability in trends, while the
others are optimized to reduce variability on interannual time scales.
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Figure 2.3: Ensemble average (a) and standard deviation (b) of winter temperature
trends simulated by CESM-IC in the period 2006-2050. Offsets in
the ensemble average adjusted trends are shown as differences from
the original ensemble average trends after removing the effect of
circulation (10 EOFs) with the CTL (c), H (e), HR (g), DET (i) and
TRE (k) versions of dynamical adjustment. Percentage changes in the
standard deviations of trends after removing the effect of circulation
are shown in panels (d, f, h, j, l). Numbers in parentheses indicate
area-average values.
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Figure 2.4: Same as in Figure 2.3. Results for precipitation are shown.

2.3 five versions of dynamical adjustment and their performance

A disadvantage of TRE compared to the other methods is that it requires
an ensemble of simulations, while the others can be applied to individual
model runs and (with the only exception of CTL) to observations.
In the five versions of dynamical adjustment the modes of atmospheric
circulation and their regression maps for temperature and precipitation
are characterized by similar structures (Figure A.1 in the Appendix A).
Analogous results are found for the subsequent EOFs and regression maps
(not shown).
The CTL method is applied to CESM-IC temperature and precipitation
data by accounting for the first 10 modes of variability, cumulatively
explaining about 96.1% of the overall SLP variance. Figures 2.1b, 2.1e, 2.1h
show the dynamically adjusted winter temperature trends over Europe as
simulated for the period 2006-2050 by the two CESM-IC runs with the
highest and lowest area-average trends over the region, along with the
ensemble average trends. Contour lines indicate the corresponding sea
level pressure trends, which are greatly reduced by the adjustment. The
dynamical contributions to the trends in temperature and precipitation
are reported in Figures 2.1c, 2.1f, 2.1i and Figures 2.2c, 2.2f, 2.2i together
with the corresponding SLP trends. These components are additive, so
that the original trends are given by the sum of the dynamically adjusted
trends and the corresponding dynamical contributions. Sea level pressure
variability can either produce warming (Figure 2.1c) or cooling (Figure
2.1f) in individual simulations. The ensemble average of the dynamical
contributions to temperature trends (Figure 2.1i) is small compared to
the effect of circulation in individual runs. Analogous results are found
for precipitation, with the run with the lowest area-average trend being
strongly influenced by circulation (Figure 2.2f) and the ensemble average
dynamical contribution (Figure 2.2i) being small compared to the effect of
SLP variability in individual simulations. Dynamical adjustment allows to
reduce the spread of trends simulated by the ensemble. The percentage
changes in the standard deviations of trends in sea level pressure after
removing the effect of the first 10 EOFs with the CTL version is shown
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2.3 impact of circulation on cmip5 trends

in Figure A.2. Analogous results for temperature and precipitation are
reported in Figures 2.3d and 2.4d.
Dynamical adjustment is also applied on a hemispheric scale. This is
done by sampling sea level pressure variability in the domain 15°N–90°N,
180°W–180°E and removing the effect of circulation from temperature
and precipitation in the Northern Hemisphere extratropics (30°N–90°N,
180°W–180°E). The percentage changes in the standard deviations of
trends in sea level pressure, temperature and precipitation after removing
the effect of the first 10 EOFs are shown in Figure A.3. Sampling
atmospheric circulation on a hemispheric scale allows for a reduction of
the spread of temperature trends comparable to the case in which EOFs
are computed over Europe only, while the reduction in the spread of
SLP and precipitation trends is less effective. Although the number of
EOFs to include in the adjustment is arbitrary, the spread of the adjusted
temperature and precipitation trends is not very sensitive to this choice
(Figure A.4). The residual difference between the dynamically adjusted
trends can be largely attributed to variability not sampled by the EOF
analysis of sea level pressure and thermodynamic processes such as those
related to varying sea ice and snow cover affecting the surface energy
budget.

2.4

atmospheric circulation and its impact on temperature
and precipitation trends in a multimodel ensemble

2.4.1 Differences in atmospheric circulation across CMIP5 models
Differences between trends simulated by an initial-condition ensemble
from a single model can be uniquely attributed to internal variability.
On the contrary, the spread of trends in a multimodel ensemble is
not only related to different realizations of internal variability but also
a consequence of structural and parametric differences among models,
which cause different responses to the same external forcing. Different
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Figure 2.6: The first EOF of monthly winter sea level pressure computed by
merging the last 100 years of the preindustrial control simulations
of all CMIP5 models (top panel) and from the last 100 years of the
control simulation of each model (bottom panels). The percentage of
the overall variance of sea level pressure explained by each EOF is
indicated in parentheses. Units are nondimensional.

2.4 impact of circulation on cmip5 trends

models also have different representations of atmospheric variability
as described by the main modes of circulation and their percentage
contribution to the overall variance of sea level pressure. In order to
highlight these differences, an empirical orthogonal function analysis is
performed on monthly winter (DJF) SLP anomalies in the last 100 years
of the control simulations of each of the 40 CMIP5 models included in
the study. Additionally, the main modes of circulation are identified in
the data set obtained by merging the last 100 years from all the control
runs. This set of multimodel EOFs represents an estimate of the leading
modes of variability across the ensemble. Figure 2.6 shows the leading EOF
over the Euro-Atlantic region in the CMIP5 multimodel case (top panel)
and in each of the 40 models (bottom panels). In all cases the leading
mode of circulation resembles the North Atlantic Oscillation [Hurrell,
1995], although the position, the intensity and the extension of its two
pressure centers vary substantially across models. The percentage of the
overall variance of SLP over the region accounted for by the first mode
strongly depends on the model, ranging from 30.0% (MIROC5) to 46.1%
(NorESM1-M). Figures A.5 and A.6 show the corresponding regression
maps for temperature and precipitation computed by merging the last
100 years of the preindustrial control simulations of all CMIP5 models
(top panel) and the first regression map from each (bottom panels). In
all cases a positive phase of the leading mode of circulation causes
warming over most of the region and cooling over the southern part of
the domain, although the intensity and the geographical extent of this
effect varies across models (Figure A.5). Similar results are found for the
first regression maps of precipitation, with a common pattern (positive
and negative precipitation anomalies over the northern and southern part
of the domain) whose details vary across the CMIP5 ensemble (Figure
A.6). Differences in the structure of the leading EOF strongly affect its
impact on temperature and precipitation, especially over regions where the
regression maps change sign (i.e., over the Mediterranean for temperature
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and over Central Europe for precipitation). Analogous results are found
for the subsequent EOFs and their regression maps (not shown).

2.4.2 The effect of atmospheric circulation on CMIP5 temperature and
precipitation trends
In a multimodel experiment like CMIP5 an important question is what
fraction of the spread in the projected trends is due to internal variability
and what fraction is due to model differences. We apply the CTL method
to adjust temperature and precipitation trends in the period 2006-2050
as simulated by the 40 CMIP5 models. Atmospheric circulation and its
regression maps are thus sampled from each control run separately and
the first 10 EOFs are included in the adjustment. Note that by sampling
atmospheric circulation from the control integration and adjusting trends
computed from the RCP8.5 scenario we avoid the problem of dealing with
discontinuities in the historical forcing produced by volcanic eruptions.
Figures 2.7a, 2.7d, 2.7g show the temperature trends simulated by the
models showing the strongest (ACCESS1-0) and weakest (MPI-ESM-MR)
warming in the ensemble, along with the multimodel average (as in Figure
2.1 but for a multimodel rather than an initial condition ensemble). The
dynamically adjusted trends (Figures 2.7b, 2.7e, 2.7h) and the dynamical
contributions (Figures 2.7c, 2.7f, 2.7i) are also shown and the corresponding
SLP trends are reported in contours. Analogous results for precipitation
are shown in Figure 2.8, with CanESM2 and FIO-ESM being the models
respectively simulating the most pronounced positive and negative trends
in precipitation. Figure 2.9 shows the percentage changes in the standard
deviations of trends across all CMIP5 models after applying dynamical
adjustment (10 EOFs). Removing the effect of circulation allows an
area-average reduction of the spread of trends over Europe of about 13%
for temperature and 26% for precipitation. These performances can be
compared to those obtained over the same domain when adjusting the
CESM-IC ensemble (Figures 2.3d, 2.4d and A.2). The relative contribution
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Figure 2.7: Temperature trends in the period 2006-2050 computed from the
original CMIP5 models (left column), after applying the CTL version to
dynamical adjustment (center column) and their differences resulting
from the dynamical contribution of the first 10 modes of atmospheric
circulation (right column). Results are shows for the model simulations
with the highest (top row) and the lowest (center row) weighted
area-average trends over the domain, as well as for the ensemble
average (bottom row). Numbers at the top right of panels indicate the
weighted area-average of temperature trends in °C/decade. Contour
lines indicate sea level pressure trends from the original data (left
column), after applying dynamical adjustment (center column) and
their differences resulting from the dynamical contribution of the
first 10 modes of circulation (right column). The contour interval is
0.2hPa/decade. Solid and dashed lines indicate positive and negative
values, respectively. Thick lines indicate zero trends.
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Figure 2.8: Same as in Figure 2.7. Results for precipitation are shown. Numbers
at the top right of panels indicate the weighted area-average of
precipitation trends in %/decade.

2.4 impact of circulation on cmip5 trends

of atmospheric circulation to the spread of temperature trends is more
pronounced in CESM-IC than in the multimodel ensemble. The spread
across CESM-IC trends only relates to internal variability whereas the
spread across trends in CMIP5 models also arises from parametric and
structural differences leading to different forced warming rates. On the
contrary, the reduction in the spread of trends simulated by CESM-IC and
CMIP5 is similar for sea level pressure and precipitation data. This suggests
that the effect of model differences on trend spread is more pronounced
for temperature than for SLP and precipitation. The decrease in the
spread of trends depends on the region. Over Scandinavia the reduction
in the standard deviation of trends is 17% and 44% for temperature
and precipitation, respectively, while the reductions over the Iberian
Peninsula are 11% and 48%. Differences among regions in spread reduction
are consistent with previous studies discussing the impact of internal
variability on projections over different areas of the globe [Hawkins and
Sutton, 2009; Hawkins and Sutton, 2011]. A stronger reduction in the
spread of trends is generally found for precipitation than temperature, as
for the former the effect of natural variability is larger compared to the
forced signal. Dynamically adjusted trends are closer to the multimodel
average forced response, but in contrast to CESM-IC the spread reduction
in the adjusted CMIP5 trends is not only caused by the removal of SLP
variability. As the EOFs and the regression maps are sampled from each
control run separately, dynamical adjustment also allows to remove from
data the effect of different representations of atmospheric circulation across
the CMIP5 models. Residual differences between the adjusted trends are
related to the different large-scale responses of models to anthropogenic
forcing and to other structural and parametric differences not accounted
for by dynamical adjustment. The diversity among the patterns of forced
response is substantially smaller than what can be inferred by comparing
the unadjusted runs in the multimodel ensemble.
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Figure 2.9: Percentage changes in the standard deviation of the 2006-2050 winter
trends of sea level pressure (a), temperature (b) and precipitation (c)
from the 40 CMIP5 models after removing the effect of the first 10
EOFs using the CTL version of dynamical adjustment. Numbers in
parentheses indicate weighted area-average values.

2.4 impact of circulation on cmip5 trends

2.4.3

Sensitivity of the multimodel mean response of temperature and
precipitation to the choice of the ensemble

We analyze the sensitivity of the forced multimodel mean response of
temperature and precipitation to the ensemble size and to the choice of
the models included. To this aim we compute the area-average trend from
each model simulation and the ensemble-mean area-average trends from
subsets of two models, three models, etc. The mean and the standard
deviation of these trends give an indication of the most probable value
and of the spread of the estimates of the forced response if only one, two,
three, etc. simulations were available. When selecting sub-ensembles of
two models or more, intervals are constructed by choosing 780 random
combinations from all the possible ones. This analysis is performed on
both the original and dynamically adjusted trends of winter temperature
and precipitation simulated by the 40 CMIP5 models in the period
2006-2050 over Europe, Scandinavia and the Iberian Peninsula. Results
from the unadjusted (blue) and adjusted (red) simulations are compared
in Figure 2.10. In all cases the interval width decreases nonlinearly with
the number of model runs included in the sub-ensembles, as expected.
Furthermore, the trend spreads obtained from the adjusted sub-ensembles
are smaller than those computed from the unadjusted simulations, as
the effect of atmospheric circulation is removed. An offset between the
average trends computed from the original and the adjusted runs is
observed. This can either be caused by chance or by a non-zero multimodel
response of atmospheric circulation to anthropogenic forcing, contributing
to temperature and precipitation trends. In the first case the offset would
originate from the removal of the effect of random realizations of unforced
atmospheric variability not averaging out in the ensemble mean due to
insufficient sampling. In this hypothesis, the average values computed
by the dynamically adjusted trends would represent a better estimate of
the forced signal than those obtained from the original runs. Due to its
purely statistical nature, such offset should tend to disappear as the size
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Figure 2.10: Mean (lines) plus/minus standard deviation (shading) values of
area-average temperature and precipitation trends in the period
2006-2050 as estimated from 40 CMIP5 models and from 780
multimodel means obtained from sub-ensembles of an increasing
number of simulations. Blue colors correspond to the original trends,
red colors to the dynamically adjusted trends (CTL version, 10 EOFs
included). Values are computed over Europe (a, b), Scandinavia (c, d)
and the Iberian Peninsula (e, f).
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2.4 a forced response of atmospheric circulation

of the ensemble increases. In the second case, a multimodel response of
atmospheric circulation to anthropogenic forcing would represent a caveat
to the application of dynamical adjustment, as by applying this method
a component of the forced response would be removed. This second
hypothesis is tested in the following Section.

2.5

identification of a forced response of atmospheric
circulation in a multimodel ensemble

A forced response of atmospheric circulation might manifest itself through
changes in the structure of the modes of sea level pressure variability,
non-zero long-term trends in the principal components of preexisting
modes, or changes in their amplitude and frequency. In the results
presented so far atmospheric circulation is sampled from each model
individually. In order to identify changes in the multimodel ensemble,
however, a common set of multimodel EOFs is defined from the data
set obtained by merging the last 100 years from the control simulations
of the models. Changes in the structure of circulation patterns are
sought by comparing the leading EOFs of winter SLP variability over
the Euro-Atlantic region in preindustrial simulations and under historical
and RCP8.5 forcing conditions. To this end, EOFs are computed from the
three data sets obtained by merging the last 30 winters of each of the 40
pre-industrial control simulations, the winters in the period 1961-1990 and
in 2070-2099, respectively. The four leading modes account together for
about 77-78% of the overall SLP variability in each of the periods. Results
show no indication of major changes in the structure of the first EOF
of atmospheric circulation in response to the forcing (Figures A.7a-A.7c).
An analysis of the regression maps suggests no major changes in the
temperature and precipitation effect of the leading mode of variability
(Figures A.7d- A.7i) compared to the greater diversity across models
(Figures A.5 and A.6). Similar results are found for the subsequent EOFs
(not shown). A statistically significant response of atmospheric circulation
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to anthropogenic forcing is identified in winter sea level pressure simulated
by the multimodel ensemble in the period 2006-2050. Figure 2.11 shows
the multimodel mean dynamical contribution to the 2006-2050 SLP trends,
defined by the effect on sea level pressure trends of the first 10 EOFs
(sampled for each model from the last 100 years of its pre-industrial control
simulation). This is characterized by enhanced anticyclonic circulation over
central Europe, the Mediterranean and part of the Atlantic Ocean and by
negative values north of Scandinavia. A Student’s t-test is applied at each
grid point to test whether the mean of the 40 trends is significantly different
from zero. Stippling covers areas where the multimodel mean values are
different from zero at a 95% confidence level. These trends are similar
to the modelled response of sea level pressure to anthropogenic forcing
already identified in previous studies, e.g., Gillett et al. [2003] and suggest a
strengthening of the westerly flow over Northern Europe. The multimodel
mean dynamical contributions to the 2006-2050 winter temperature and
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precipitation trends are computed by including the effect of the first
10 EOFs sampled for each model from the last 100 years of its control
simulation. The effect of sea level pressure variability on the ensemble
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warming over most of the region and has a weak cooling contribution only
over the southern part of the domain. A pronounced dipolar structure is
observed for the multimodel mean dynamical contribution to precipitation
trends. The forced SLP response enhances precipitation over Scandinavia
and reduces it over the rest of Europe, generating a pronounced drying
over the southeastern part of the domain. The overall effect of the
first 10 EOFs of SLP (Figure 2.11) is consistent with the multimodel
mean dynamical contributions to temperature and precipitation trends,
producing warmer and wetter conditions over Scandinavia and drier
conditions over Central Europe (Figures 2.12a, 2.12d). Figures 2.12b, 2.12e
show the multimodel mean winter temperature and precipitation trends in
the period 2006-2050. As in the case of SLP trends in Figure 2.11, stippled
areas indicate significant changes at a 95% confidence level. Figures 2.12c,
2.12f show the percentage ratios between the multimodel mean dynamical
contributions and the multimodel mean trends. The estimated dynamically
forced contribution to temperature trends over Scandinavia reaches values
up to 15-20% of the multimodel mean response to warming, and even
higher values are found for precipitation. Similar results are obtained
for winter trends in the period 2006-2099, with larger regions showing
statistically significant changes (not shown). The contribution of the forced
SLP response to the area average trends over Europe, Scandinavia and
the Iberian Peninsula is quantified by the offsets introduced by dynamical
adjustment in Figure 2.10, which can be expressed as percentages of the
original trends. The dynamical contributions to the multimodel ensemble
average temperature and precipitation trends are +5% and –51% over
Europe (note that the multimodel mean precipitation trend is small), +10%
and +15% over Scandinavia and –3% and –34% over the Iberian Peninsula,
respectively.
Several previous studies discussed the response of atmospheric circulation
to anthropogenic forcing in CMIP5 models, which show a robust poleward
shift of the midlatitude, eddy-driven jets [Barnes and Polvani, 2013].
CMIP5 models are affected by systematic biases in several features
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of atmospheric circulation such as blocking frequency and duration
[Dunn-Sigouin and Son, 2013] and North Atlantic cyclones [Zappa et
al., 2013]. These biases might influence the structure of the dynamical
contributions to temperature and precipitation trends shown in Figure
2.12. Consequently, the atmospheric circulation response to anthropogenic
forcing remains uncertain [Shepherd, 2014].

2.6

summary and conclusions

The influence of atmospheric circulation on simulated temperature and
precipitation trends is analyzed by sampling monthly winter sea level
pressure variability in a CESM initial condition ensemble and in a CMIP5
multimodel ensemble. Dynamical adjustment allows to reduce the spread
of simulated trends by removing the effect of circulation. A comparison
of five versions of an EOF-based adjustment method reveals that their
performance in reducing the spread of simulated trends mainly depends
on whether they are calibrated on the time series of the field to adjust
or on their trends. The version based on trends performs better than the
others but is not applicable to observations, as its calibration requires a
large initial condition ensemble for each model.
The version of dynamical adjustment calibrated on the pre-industrial
control simulation (CTL) is applied to the CMIP5 multimodel ensemble
to reduce the uncertainty on the mean response to anthropogenic forcing
of temperature and precipitation over Europe in the period 2006-2050.
Although an analysis on CMIP5 monthly winter sea level pressure over
the Euro-Atlantic sector reveals no indication of changes in the structure
of the main modes of atmospheric circulation, a statistically significant
forced response of sea level pressure is identified in the period 2006-2050.
This is associated with non-zero dynamical contributions to temperature
and precipitation trends. Deser et al. [2012b] showed that atmospheric
circulation can critically affect individual realizations of future climate.
Our results indicate that the dynamical contribution to the 2006-2050
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multimodel mean trends over Europe is relatively small for temperature
but substantially higher for precipitation. The multimodel forced response
of atmospheric circulation results in a slightly amplified warming and in a
reduced wettening. Its impact depends on location and is pronounced over
Scandinavia for both temperature and precipitation and over the Iberian
Peninsula for precipitation.
The effect of circulation on temperature and precipitation trends can
be considered largely additive to the forced response only in regions
where the effect of anthropogenic forcing on sea level pressure variability
is small. Over such regions dynamical adjustment can be applied to
estimate the forced temperature and precipitation response with higher
accuracy, or with the same accuracy using fewer simulations. The forced
response of circulation represents a caveat to the application of dynamical
adjustment, as by using this method a component of the forced response
in temperature and precipitation might be removed. Dynamical adjustment
is applied assuming that changes in sea level pressure drive a component
of temperature and precipitation variability. The regression approach on
which the method is based, however, does not strictly assume causality
and there are circumstances in which sea level pressure is affected by
temperatures, especially over land [Fischer et al., 2007b].
Our results contribute to the understanding of the impact of atmospheric
circulation in CMIP5 models and to the quantification of its effect as a
source of uncertainty on future trends at the regional and local scales.
The identification of a statistically-significant multimodel response of
atmospheric circulation to anthropogenic forcing adds to the ongoing
debate on human-induced changes in internal variability. Further analysis
might extend to the two hemispheres, to other vertical levels in the
atmosphere and focus on the nature of the projected trends of sea level
pressure, with the aim of determining to what extent these changes in
circulation are contributed by a thermodynamic response to increased
temperatures.
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abstract
Europe experienced a pronounced winter cooling of about –0.37°C/decade
in the period 1989-2012, in contrast to the strong warming simulated
by the Coupled Model Intercomparison Project Phase 5 multimodel
average during the same period. Even more pronounced discrepancies
between observed and simulated short-term trends are found at the local
scale, e.g., a strong winter cooling over Switzerland and a pronounced
reduction in precipitation along the coast of Norway. We show that
monthly sea level pressure variability accounts for much of the short-term
variations of temperature over most of the domain and of precipitation in
certain regions. Removing the effect of atmospheric circulation through
a regression approach reconciles the observed temperature trends over
Europe and Switzerland and the precipitation trend along the coast of
Norway with the corresponding multimodel mean trends.
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3.1

introduction

The warming of the Earth has been characterized by spatially
and temporally nonuniform patterns, with the Northern Hemisphere
midlatitudes showing the most pronounced positive trends during the
last decades [Ji et al., 2014]. Detection and attribution of climate change
at the regional to local scale is difficult as the response of temperature and
precipitation to greenhouse gas forcing can be obscured by many external
drivers, internal feedback processes, and variability. Among them are
changes in short-wave radiation related to aerosol optical depth [Philipona
et al., 2009; Wild, 2009], variability in soil moisture [Fischer et al., 2007a],
snow-albedo feedback [Im et al., 2010], ocean variability [Griffies, 1997;
Sutton and Allen, 1997], and atmospheric circulation [Deser et al., 2012a;
Deser et al., 2012b; Shepherd, 2014]. Large-scale sea level pressure is a
key driver of temperature and precipitation variability over Europe [Plaut
and Simonnet, 2001] and natural modes of circulation such as the North
Atlantic Oscillation [Hurrell, 1995] and the Arctic Oscillation [Thompson
and Wallace, 1998] are known to strongly affect European climate at
interannual to decadal time scales.
Pronounced negative temperature trends were observed during the period
1989-2012 across most of the European continent, with an average winter
cooling of –0.37 °C/decade as estimated from the EOBS data set [Haylock
et al., 2008]. On the local scale the cooling was even more pronounced,
with a negative temperature trend over Switzerland of –0.55 °C/decade
for a 12-station mean. This is in sharp contrast with the winter warming
observed over Switzerland during the twentieth century, estimated to be
more than double that of the winter hemispheric average [Rebetez and
Reinhard, 2008; Ceppi et al., 2012].
Observed trends in precipitation are characterized by pronounced spatial
variability and are highly dependent on the time period and season
examined. Large-scale atmospheric circulation influences precipitation, but
its effect is strongly dependent on the location and orography [Houze,

3.2 data and methods

2012].
Here we identify the main modes of sea level pressure variability and
estimate their impact on temperature and precipitation. We investigate
whether winter temperature and precipitation trends can be attributed to
the leading modes of atmospheric circulation. We further test whether the
observed short-term trends can be reconciled with both the multimodel
average trends over the same period and the observed long-term trends
when accounting for the effect of the main modes of atmospheric
circulation.

3.2

data and methods

We use a dynamical adjustment method to determine the contribution of
atmospheric circulation variability to temperature and precipitation trends
over European landmasses with a particular focus on Switzerland and the
Norwegian coastline, two areas where the observed trends deviate from
the multimodel forced response. The five leading modes of circulation
are identified in the domain 25-85°N, 40°W-70°E shown in Figures 3.1a
and 3.1b, encompassing Europe and part of the North Atlantic Ocean.
Variability is sampled by performing an empirical orthogonal function
(EOF) analysis on area-weighted December to February (DJF) monthly sea
level pressure data from NOAA Twentieth Century Reanalysis [Compo
et al., 2011] in the calibration period December 1950 to February 1988.
The effect of each of the circulation patterns is estimated by regressing its
associated principal component upon temperature and precipitation from
the EOBS data set at each geographical location over the calibration period.
The contribution of each of the five EOFs is computed by multiplying
the regression maps by the principal component time series and is then
removed from winter monthly temperature and precipitation data in the
period December 1988 to February 2012. Figures 3.1a and 3.1b show the
two leading EOFs of sea level pressure. The leading mode of variability
is the North Atlantic Oscillation, and the second EOF is characterized
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by two centers of actions over the North Atlantic and a third maximum
over eastern Europe. The influence of these two circulation patterns on
EOBS temperature and precipitation is shown in Figures 3.1c-3.1f. Note
that for visual clarity the regression maps in Figure 3.1 are computed from
the principal components normalized by their standard deviations and
show the effect of each mode of circulation when its principal component
has a value equal to its standard deviation. The positive phase of the
first EOF causes advection of generally warm North Atlantic air toward
higher latitudes, thus leading to warming over northern and central Europe
and cooling around the Mediterranean Basin (Figure 3.1c). A similar
dipolar structure is obtained for precipitation, with positive and negative
contributions over northern and southern Europe, respectively (Figure
3.1e). In contrast to temperature, the effect of each EOF on precipitation
is not only controlled by large-scale dynamics but also strongly influenced
by orography. The effect of atmospheric circulation on precipitation is most
pronounced over the Norwegian coastline due to both its mountainous
topography and its position at the western boundary of the continent
[Hanssen-Bauer and Førland, 2000].
The dynamically adjusted trends are computed by accounting for the effect
of the first five EOFs of sea level pressure, explaining 86.0% of the overall
variance of winter sea level pressure. Figure B.1 in Appendix B shows
EOFs 3-5, along with the associated regression maps for temperature and
precipitation.
The robustness of the results is tested by comparing against the analysis of
other data sets (see discussion in Section 3.5). To this end atmospheric
circulation is also sampled from sea level pressure fields obtained by
merging European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA-40 [Uppala et al., 2005] in the period December 1959 to December 1978
and ECMWF ERA-Interim [Dee et al., 2011] from January 1979 onward.
Dynamical adjustment is also applied to the NASA Goddard Institute for
Space Surface Temperature Analysis (GISTEMP) [Hansen et al., 2010] for
temperature and to the Climatic Research Unit’s CRU TS3.21 [Harris et
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Figure 1. (a, b) The ﬁrst two EOFs of winter sea level pressure variability as computed from the Twentieth Century
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and the Norwegian coastline, two areas where the observed trends deviate from the multimodel forced
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monthly sea level pressure data from NOAA Twentieth Century Reanalysis [Compo et al., 2011] in the calibration period December 1950 to February 1988. The effect of each of the circulation patterns is estimated by
regressing its associated principal component upon temperature and precipitation from the EOBS data set
at each geographical location over the calibration period. The contribution of each of the ﬁve EOFs is computed by multiplying the regression maps by the principal component time series and is then removed from

56

observed and modelled trends over europe

al., 2014] for precipitation. Temperature and precipitation time series over
Switzerland are obtained by averaging 12 high-quality stations of the Swiss
Federal Office of Meteorology and Climatology (MeteoSwiss) sampling
different climatic regions of the country [Begert et al., 2005]. The time series
for Norway are computed by averaging across all grid points in the EOBS
data set highlighted in Figure B.2a. Monthly temperature anomalies for
the winter season (DJF) are computed with respect to the baseline period
1961-1990 from all the data sets listed so far. Winter precipitation data
are normalized by computing the percentage changes relative to monthly
normal values in the same reference period.
Measured temperature and precipitation trends are compared to those
simulated by the first member of each of 40 models from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) [Taylor et al., 2012].
These are listed in Table B.1 in Appendix B. Simulations use historical
forcing until 2005 and the RCP8.5 scenario afterward and are interpolated
to a common latitude/longitude grid with a resolution of 3.71°N by
3.75°E. Simulated trends over Europe are estimated from the model
land grid points covering the region in Figures 3.1c-3.1f (35.75°N-72°N,
12°W-42°E). Results obtained from MeteoSwiss data are compared to
simulations by selecting the model grid point corresponding to the region
44.5°N-48.2°N, 5.6°E-9.4°E, roughly corresponding to the geographical
extension of Switzerland. Trends for Norway are computed after selecting
the model grid points covering the western coastline of Scandinavia. These
three domains are shown in Figures B.2b-B.2d.

3.3

the effect of circulation on temperature trends

Observed winter temperatures from EOBS data show a pronounced
cooling over most of Europe in the period 1989-2012 (Figure 3.2a) with an
area average trend of –0.37°C/decade. This is in contrast to the observed
positive long-term trends over the period 1951-2012 and with the CMIP5
multimodel mean trends for 1951-2012 and 1989-2012 (Figures 3.3a, 3.3c,
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and 3.3e). The most pronounced negative trends between 1989 and 2012
are found over landmasses surrounding the Baltic Sea, while warming
is observed only around the Mediterranean and the Black Sea Basins.
SuchResearch
pattern persisted
in
Geophysical
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recent years, with the cooling
becoming less
10.1002/2016GL069802

pronounced in the period 1989-2015 (Figure B.3a). Figure 3.2b shows

Figure 2. Original and dynamically adjusted (ﬁve EOFs) (a, b) winter temperature and (c, d) precipitation trends from EOBS
Figure 3.2: Original and dynamically adjusted (five EOFs) (a, b) winter
data in the period 1989–2012. Area-weighted average trends are reported at the top of each panel.

temperature and (c, d) precipitation trends from EOBS data in the

period 1989-2012. Area-weighted average trends are reported at the

reversed to positive values over most of the domain, with an area average value of +0.42°C/decade. Small areas
of each
panel.
of residual cooling top
are still
present
in the adjusted trends and are primarily associated with orographic
features such as part of the Scandinavian Mountains, the Alps, and the Pyrenees. As shown in Figure S5a,
the greatest contribution to temperature trends over Europe is related to the ﬁrst EOF of sea level pressure.
This is also evident when comparing the 1989–2012 trend contributions of the ﬁrst ﬁve EOFs to the area average temperature trend over the continent (Table S2). Figures 3a and 3b show the unadjusted (blue) and
adjusted (red) winter temperature anomaly time series for Switzerland and the Norwegian coast in years
1951–2012, along with the 1989–2012 trends. As most of the continent, Switzerland experienced substantial
winter cooling since about 1989, with a temperature trend equal to !0.55°C/decade in the period 1989–2012
and even more pronounced negative changes measured at high-altitude stations, which can be explained in
terms of the frequency of occurrence of certain weather patterns [Bader and Fukutome, 2015]. As for Europe,
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the dynamically adjusted temperature trends after removing the effect of
the first five modes of atmospheric circulation. The resulting trends are
reversed to positive values over most of the domain, with an area average
value of +0.42°C/decade. Small areas of residual cooling are still present in
the adjusted trends and are primarily associated with orographic features
such as part of the Scandinavian Mountains, the Alps, and the Pyrenees.
As shown in Figure B.4a, the greatest contribution to temperature trends
over Europe is related to the first EOF of sea level pressure. This is
also evident when comparing the 1989-2012 trend contributions of the
first five EOFs to the area average temperature trend over the continent
(Table B.2). Figures 3.4a and 3.4b show the unadjusted (blue) and adjusted
(red) winter temperature anomaly time series for Switzerland and the
Norwegian coast in years 1951-2012, along with the 1989-2012 trends. As
most of the continent, Switzerland experienced substantial winter cooling
since about 1989, with a temperature trend equal to –0.55°C/decade in the
period 1989-2012 and even more pronounced negative changes measured
at high-altitude stations, which can be explained in terms of the frequency
of occurrence of certain weather patterns [Bader and Fukutome, 2015].
As for Europe, winter temperatures over Switzerland are adjusted by
sampling monthly sea level pressure over the domain in Figures 3.1a and
3.1b and removing the effect of the first five EOFs. The resulting adjusted
1989-2012 trend is +0.30°C/decade. In contrast to the case of Europe, the
first EOF alone does not explain the negative temperature trend over
Switzerland (Figure B.4b) and it is not the only mode of circulation
playing an important role [Scherrer, 2006]. Analogous results are found
for temperatures over the coast of Norway, with the 1989-2012 trend
changing from –0.66°C/decade to +0.22°C/decade after removing the
effect of circulation (Figure 3.4b). The cooling observed over Switzerland
and the coast of Norway can thus be attributed to the variability of the
five leading modes of atmospheric circulation. Their contributions to the
observed winter temperature trends over the two regions are reported in
Table B.2.

3.3 the effect of circulation on temperature trends
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Figure 3.3: Winter temperature trends from EOBS in the period 1951-2012 (a)
and from the CMIP5 multi-model average in years 1951-2012 (c) and
1989-2012 (e). Analogous results for precipitation are shown in panels
(b, d, f).
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The original and dynamically adjusted temperature trends over Europe, Switzerland, and the Norwegian
coast as estimated from observations in 1989–2012 are compared to the 1951–2012 observed long-term
trends and to the 1989–2012 trends simulated by 40 CMIP5 models over the three regions. Structural differences among models and internal climate variability cause the spread in the simulated short-term changes of
temperature and precipitation, while multimodel averages represent estimates of the forced response of
such quantities [Knutti et al., 2010; Knutti and Sedláček, 2012]. Figure 4 shows the histograms of winter temperature and precipitation trends as simulated by the models. Although some models simulate cooling in the
period 1989–2012, the ensemble average temperature trends (thick black lines) over the three domains are
positive (Figures 4a–4c). The long-term trends estimated for the period 1951–2012 (blue dashed lines) are
close to the multimodel mean values, while the observed 1989–2012 temperature trends (solid blue lines)
are negative. Such cooling is attributable to atmospheric circulation, as the correction related to dynamical
adjustment turns the 1989–2012 observed trends into positive values (solid red lines), much closer to both
the CMIP5 averages for the same years and to the 1951–2012 trends.

3.3 the effect of circulation on temperature trends

The original and dynamically adjusted temperature trends over Europe,
Switzerland, and the Norwegian coast as estimated from observations in
1989-2012 are compared to the 1951-2012 observed long-term trends and to
the 1989-2012 trends simulated by 40 CMIP5 models over the three regions.
Structural differences among models and internal climate variability cause
the spread in the simulated short-term changes of temperature and
precipitation, while multimodel averages represent estimates of the forced
response of such quantities [Knutti et al., 2010; Knutti and Sedláček, 2012].
Figure 3.5 shows the histograms of winter temperature and precipitation
trends as simulated by the models. Although some models simulate
cooling in the period 1989-2012, the ensemble average temperature trends
(thick black lines) over the three domains are positive (Figures 3.5a, 3.5c,
3.5e). The long-term trends estimated for the period 1951-2012 (blue
dashed lines) are close to the multimodel mean values, while the observed
1989-2012 temperature trends (solid blue lines) are negative. Such cooling
is attributable to atmospheric circulation, as the correction related to
dynamical adjustment turns the 1989-2012 observed trends into positive
values (solid red lines), much closer to both the CMIP5 averages for the
same years and to the 1951-2012 trends.
Figures 3.6a, 3.6c, 3.6e show the original and dynamically adjusted
temperature trends over Europe, Switzerland, and the coast of Norway
computed from EOBS and MeteoSwiss summer data (June, July, and
August) by removing the effect of the first five EOFs. These are compared
to the corresponding long-term trends in the period 1951-2012 and to
the histogram of the simulated 1989-2012 trends. Atmospheric circulation
plays a much less important role in summer than in winter and has a
limited effect on the observed temperature trends [Slonosky et al., 2001;
Xoplaki et al., 2003].
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3.4

the effect of circulation on precipitation trends

The original and dynamically adjusted precipitation trends from EOBS
data are shown in Figures 3.2c and 3.2d. The unadjusted winter trends
in the period 1989-2012 are characterized by high spatial variability. A
marked drying is found along the coastlines of Norway, the United
Kingdom, and Ireland, while precipitation increases over southern Spain,
Italy, the Balkans, and part of Turkey. Such trends, which persisted also
in recent years (Figure B.3b), are inconsistent with both observed and
simulated long-term trends in the period 1951-2012 and with the CMIP5
multi-model average trends in years 1989-2012 (Figures 3.3b, 3.3d, and 3.3f),
featuring generally positive trends over northern Europe and near-zero
and negative trends over southern Europe. In contrast to temperature, the
dynamically adjusted precipitation trends computed after accounting for
the effect of the first five EOFs of sea level pressure (Figure 3.2d) are still
not close to the long-term observed and multimodel mean trends over
several parts of the continent. On the other hand, the pronounced increase
in winter precipitation over southern Europe is strongly reduced and
reversed in some areas, and the strong negative winter trends along most
of the Norwegian coastline are reversed to positive or near-zero values
as expected. After removing the effect of circulation, the area average
trend over Europe is closer to both the 1951-2012 observed trend and the
1989-2012 multimodel mean trend (Figure 3.5b).
As shown in Figure 3.4c, the trend in the average winter precipitation
over Switzerland changes from –2.3%/decade to –8.9%/decade after
adjustment (see discussion below). The strong drying observed in years
1989-2012 over the Norwegian coastline appears to have been mainly
driven by atmospheric circulation (Figure 3.4d). By applying dynamical
adjustment, the precipitation trend over the region is changed from
–20.0%/decade to –1.1%/decade. In all four cases shown in Figure 3.4c,
the dynamically adjusted time series show less variability than the original
data. The decrease is most pronounced for precipitation along the coast
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3.4 the effect of circulation on precipitation trends

of Norway, which is known to be strongly driven by large-scale dynamics
[Hanssen-Bauer and Førland, 2000].
The distributions of the simulated winter precipitation trends in the period
1989-2012 over the three regions show a substantial spread around zero.
A pronounced increase in precipitation is observed over Europe (Figure
3.5b) mainly due to the strong positive trends around the Mediterranean
Basin and eastern Europe (Figure 3.2c), while a small positive change
is observed over the continent in the period 1951-2012. Large-scale
dynamics appears to have played an important role in determining
the positive change in precipitation in the period 1989-2012, as the
dynamically adjusted trend is closer to both the multimodel average
and the 1951-2012 trends. The 1989-2012 trend in precipitation over
Switzerland is in line with the long-term trend and the multimodel
average (Figure 3.5d), respectively showing a slight decrease and increase
in precipitation. However, when removing the effect of atmospheric
circulation, a somewhat more pronounced negative trend is observed
over the region, which is less consistent with both the multimodel mean
trend and the observed long-term trend. Observed trends in the period
1951-2012 are characterized by pronounced spatial variability (Figure 3.3b),
suggesting that also long-term changes can be significantly impacted
by internal variability. On the other hand, the discrepancy between the
adjusted trend and model simulations could be related to many factors,
including an insufficient spatial resolution of the models, incapable of
resolving small-scale processes leading to orographic precipitation.
A particularly strong drying is found along the coastline of Norway in the
period 1989-2012, well beyond the range of trends shown by CMIP5 models
(Figure 3.5f). The dynamically adjusted trend obtained by removing the
effect of large-scale sea level pressure variability is much closer to the
near-zero CMIP5 mean. The positive and relatively high value of the
1951-2012 trend suggests that even long-term trends over the region can
be strongly impacted by atmospheric circulation. The contributions of the
first five EOFs to the 1989-2012 winter precipitation trends over Europe,
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Switzerland, and the Norwegian coastline are reported in Table B.2.
In Figures 3.6d-3.6f the original and dynamically adjusted 1989-2012
summer trends for precipitation are compared to the observed 1951-2012
trends and the 1989-2012 trends from model simulations. By removing the
effect of the first five EOFs of sea level pressure, the 1989-2012 trends over
Europe and Switzerland change from positive to near-zero and negative
values, respectively. These are more consistent with both the 1951-2012
observed trends and the 1989-2012 multimodel average trends, as well
as with the summer drying consistently projected by CMIP5 models
over Europe [Rowell and Jones, 2006; Boé et al., 2009]. Furthermore, the
correction related to dynamical adjustment turns the observed negative
1989-2012 trend over the coast of Norway into a positive value. Note that
some models simulate no summer precipitation over the lower latitudes
of the domain in the baseline period 1961-1990. In order to avoid any
divergence, summer precipitation anomalies over Europe are computed as
percentage changes relative to monthly averages over the whole period
1951-2012. Trends over Switzerland and the coastline of Norway are
computed from precipitation anomalies defined over the baseline period
1961-1990.

3.5

robustness of the results and caveats

All conclusions drawn here are independent of the data set. The strong
cooling over Europe in the period 1989-2012 is attributable to atmospheric
circulation also when dynamical adjustment is applied to different data
sets. Figure B.5 shows the original and dynamically adjusted trends of
temperature and precipitation in the period 1989-2012 computed from
GISTEMP and CRU TS3.21. Sea level pressure variability is sampled from
ERA-40 and ERA-Interim, and as in Figure 3.2 the effect of the first
five EOFs is removed. Atmospheric circulation explains the widespread
cooling over most of Europe, while its effect on precipitation trends is
generally less pronounced. Furthermore, the strong drying observed along

3.5 robustness of the results and caveats

the Norwegian coastline can be explained by atmosphere dynamics.
Results are not sensitive to the exact choice of the domain over which the
EOFs are computed. In addition, the largest corrections to the trends are
related to the first five modes of circulation, while successive EOFs only
have a minor influence. Figures B.4 and B.6 show the 1989-2012 trends
in temperature and precipitation over Europe and Norway from EOBS
and over Switzerland from MeteoSwiss data estimated after removing an
increasing number of EOFs.
The main modes of atmospheric circulation and their effect on temperature
and precipitation are estimated in the calibration period December 1950
to February 1988, thus excluding the adjustment period December 1988
to February 2012. Results are not critically affected by the choice of the
calibration period. Figure B.7 shows the dynamically adjusted temperature
and precipitation trends over Europe computed after estimating both the
EOFs and the regression maps on winter months in the three periods
December 1950 to February 2012, December 1950 to February 1969, and
December 1969 to February 1988. Analogous results for Switzerland and
the coastline of Norway are shown in Figures B.8 and B.9, respectively.
Differences among the trends adjusted after sampling variability on the
three periods are caused by differences among the EOFs and the regression
maps. Figure B.10 shows the first five EOFs computed from the three
calibration periods. In all cases the North Atlantic Oscillation is the
leading mode of circulation, and the structure of the EOFs and their
percentage contributions to the overall variance of sea level pressure do
not vary substantially. Furthermore, the regression maps for temperature
and precipitation are reasonably insensitive to the choice of the calibration
period (Figures B.11 and B.12). On the other hand, as atmospheric
circulation is sampled only from few decades, the calibration of the
dynamical adjustment method might miss the components of sea level
pressure, temperature, and precipitation variability characterized by longer
time scales. Adjusted trends might thus still be affected by unsampled
low-frequency variability, as well as by other processes not captured by
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the EOF analysis of sea level pressure.
Dynamical adjustment is applied under the assumption that atmospheric
circulation is not critically affected by climate change at the time scales
considered or that such forcing is negligible compared to internal
variability of sea level pressure over this time period. Previous studies
showed that even for a strong warming in the period 2010-2060, the forced
response of sea level pressure is projected to be small [Deser et al., 2014].
The influence of anthropogenic forcing on the EOFs is thus negligible.
Adjusted trends can therefore be considered better estimates of the forced
response to anthropogenic forcing than the original trends.

3.6

conclusions

Short-term trends in temperature and precipitation at the regional and
local scales are strongly affected by atmospheric circulation. Using an
EOF-based dynamical adjustment method, the pronounced winter cooling
over European landmasses observed in 1989-2012 can be attributed to
large-scale sea level pressure variability, which also plays a prominent role
in driving precipitation trends in some regions, e.g., along the coastline of
Norway. Dynamical adjustment allows to reconcile the observed short-term
trends with the ensemble average trends simulated by 40 CMIP5 models.
Adjusted trends are thus closer to the forced anthropogenic climate change
signal than the originally observed trends. Internal climate variability
played, and will continue to play, a prominent role in determining
temperature trends over Europe and precipitation trends over smaller
regions, in particular on short periods. For example, the annual and
seasonal mean warming rates in 1959-2008 over Switzerland were found
to be higher than those estimated by a set of regional climate models,
and atmospheric circulation was shown to explain a large portion of this
difference [Ceppi et al., 2012].
Internal climate variability poses an inherent limit to climate predictions
and can hinder the identification of anthropogenic climate change on
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time scales of decades up to the continental scale [Deser et al., 2012a].
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abstract
The warming hiatus shows a strong seasonal and geographical asymmetry,
with cooling in the Northern Hemisphere winter, especially over land,
and warming elsewhere and in the other seasons. We show that the
characteristics of the Northern Hemisphere winter cooling in 1998-2012
can mostly be explained by missing observations and by internal
variability in the atmospheric circulation of the Northern Hemisphere
extratropics. Estimates of the annual and seasonal temperature trends
in 1998-2012 obtained by considering the concurrent effects of unforced
natural variability and of coverage bias are much closer to the
corresponding long-term trends. Reanalyses suggest that the coverage bias
was exceptionally pronounced during recent years and that an area of
strong warming was missed due to the incomplete observational coverage.
CMIP5 climate models indicate that trends in atmospheric circulation
during the hiatus period did not occur as a response to anthropogenic
forcing.
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4.1

introduction

The global warming trend appears to have slackened or even halted since
about 1998, in clear contrast with the strong warming signal projected
by the CMIP5 multimodel mean for recent years [Easterling and Wehner,
2009; Meehl et al., 2011; Fyfe et al., 2013; Huber et al., 2014]. Under
current anthropogenic forcing short periods with enhanced or reduced
warming are common in both observations and model simulations as
a consequence of natural climate variability. Furthermore, it was shown
that atmospheric dynamics played a major role in the strong wintertime
positive temperature trend in the period 1965-2000 over high northern
latitudes [Wallace et al., 2012].
Many factors have been suggested to contribute to this warming hiatus,
including changes in solar radiative forcing [Lean and Rind, 2009],
tropospheric [Kaufmann et al., 2011] and stratospheric aerosols [Solomon
et al., 2010], internal variability resulting from El Niño [Fyfe et al., 2013;
Kosaka and Xie, 2013; Risbey et al., 2014], the dynamics of the Atlantic
[Keenlyside et al., 2008; Chen and Tung, 2014] and the Equatorial Pacific
oceans [Meehl et al., 2011; Meehl et al., 2014; Trenberth et al., 2014],
wind stress variability [England et al., 2014; Watanabe et al., 2014] or
a combination of those [Trenberth and Fasullo, 2013; Huber and Knutti,
2014; Schmidt et al., 2014]. In addition, deficiencies due to the incomplete
observational coverage have led to an underestimation of recent surface
warming trends [Cowtan and Way, 2014]. Although the above factors
can account for the reduced warming trends at the global scale, only
few previous studies [e.g., Cohen and Barlow, 2005; Cohen et al., 2009;
Cohen et al., 2012a; Kosaka and Xie, 2013; Delworth et al., 2015] proposed
mechanisms explaining the spatial and temporal characteristics of the
current slow-down in the rate of global warming, which is characterized
by a Northern Hemisphere wintertime cooling, mostly over land, and
statistically significant warming in the other seasons [Cohen et al., 2012b].
December, January and February (DJF) and annual mean temperature

4.2 data and methods

trends for the hiatus period 1998-2012 are shown in Figure 4.1. Here we
identify the processes that contributed to the seasonal and geographical
asymmetry of the hiatus and estimate their contributions to the observed
temperature trends.
(a)

(b)

[°C/decade]
Figure 4.1: Annual (a) and winter (b) mean temperature trends computed from
ERA-Interim data in the period 1998-2012.

4.2

data and methods

We quantify how internal atmospheric variability in the extratropical
Northern Hemisphere (20–90°N) contributed to the spatial and seasonal
patterns of the hiatus in the period 1998–2012 and how temperature trends
were impacted by coverage bias.We use five different reanalysis data sets,
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namely European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA-Interim [Dee et al., 2011], Japan Meteorological Agency (JMA)
Japanese 55-year Reanalysis (JRA-55) [Ebita et al., 2011], National Centers
for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) Reanalysis 1 [Kalnay et al., 1996], NCEP/Department of
Energy (DOE) Reanalysis 2 [Kanamitsu et al., 2002] and National Oceanic
and Atmospheric Administration (NOAA) Twentieth Century Reanalysis
[Compo et al., 2011]. In order to determine the circulation-induced
contribution to temperatures we apply a dynamical adjustment technique
by the following steps. The most prominent circulation patterns are
first identified for each season separately by performing an empirical
orthogonal function (EOF) analysis on monthly detrended sea level
pressure data over all the available years before the reference hiatus period
(thus excluding data from 1998 onwards). The temperature contribution
related to each EOF is then estimated by linearly regressing monthly
detrended temperature anomalies (with respect to the period 1979-2008)
on the corresponding principal component. Multiplying the regression
maps by their associated principal components yields the monthly effect
on temperatures induced by each of the orthogonal circulation modes.
Finally, the temperature contributions by the leading EOFs are removed
from reanalysis data on a monthly basis and seasonal temperature trends
are computed. The effect of circulation on annual trends is estimated
in an analogous way, but performing an empirical orthogonal function
analysis over all months in the years before 1998. The two leading EOFs of
detrended sea level pressure in winter as computed from the ERA-Interim
reanalysis (Figures 4.2a and 4.2b) respectively account for approximately
25% and 15% of the total variance. The first mode resembles the Arctic
Oscillation/Northern Annular Mode [Thompson and Wallace, 1998]. The
imprint of the two modes on winter near-surface temperature anomalies
is particularly pronounced over land, especially across large stretches of
Eurasia and North America (Figures 4.2c and 4.2d). The overall effect
of these circulation patterns on the mean temperature across the entire

4.2 data and methods
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Figure 1. The (a) ﬁrst and (b) second leading modes of monthly detrended sea level pressure variability and (c and d) their
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domain is quantified by the area-weighted averages of the corresponding
regression maps. During winters in the period 1998-2012 the two leading
modes of variability shifted towards their negative phase (Figure C.1
in Appendix C), thus contributing cooling in the regions over which
the regression maps are positive. By dynamically-adjusting temperature
anomalies it is possible to account for this effect, i.e., to estimate what
temperature trends would have been if the circulation had been close to the
climatological mean state. These adjusted trends are more representative of
the temperature response to external forcing.

(a)

(b)

[%]

Figure 4.3: Percentage of missing monthly observations in HadCRUT4 for annual
(a) and winter (b) data in the period 1998-2012.

It was suggested that the recent slow-down of global warming has been
overestimated due to the incomplete spatial coverage of temperature

4.3 results and discussion

measurements in several regions of the globe, in particular over the
Arctic [Cowtan and Way, 2014]. Figure 4.3 shows the percentage of
missing monthly observations in HadCRUT4 [Morice et al., 2012] for
DJF and annual data in the period 1998-2012. We test how the coverage
bias influenced the observed temperature trends together with their
spatial and temporal characteristics by interpolating the unadjusted and
dynamically-adjusted reanalysis temperatures to the HadCRUT4 spatial
resolution (i.e., 5⇥5 degrees on a regular latitude/longitude grid) and
masking out all the grid points where observations are missing. We
thereby obtain four distinct sets of monthly temperature anomalies
(i.e., unadjusted and dynamically-adjusted temperature anomalies, with
complete and incomplete coverage). We compute the area-weighted
average of temperature anomalies at each time step for the entire globe
and for the full and land-only northern hemispheric domain (20-90°N).
The annual and seasonal mean values of the time series are estimated, then
performing a linear regression for identifying the trends.

4.3

results and discussion

A strong asymmetry in temperature trends between seasons is found in
the reduced-coverage version of ERA-Interim, obtained by introducing the
HadCRUT4 coverage bias in the reanalysis (Figure 4.4). A marked cooling
is found in winter, in contrast with the warming or near-zero trends in
the other seasons. Consistent with recent findings [Cohen et al., 2012b],
this trend dissimilarity across seasons is particularly pronounced over land.
Accounting for the effects of both circulation in the Northern Hemisphere
extratropics and coverage bias implies a strong positive correction to
the negative DJF and the near-zero annual mean temperature trends in
the period 1998-2012, as highlighted in Figure 4.5. Dynamically-adjusted
full-coverage DJF and annual trends are substantially closer to the
long-term trends in the period 1980-2012, indicating that the anomalous
trends in the leading modes of the northern hemispheric circulation and
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the incomplete coverage in the HadCRUT4 data critically contributed to
the observed temperature records. The detected winter cooling in recent
years was partly an artifact of missing data and was partly caused by
anomalous circulation. Even at the global scale temperature trends in
reanalyses are corrected to positive values in line with the long-term trends
when removing the contributions of natural variability in the Northern
Hemisphere extratropics and the coverage bias (Figure 4.4c). When dealing
with global temperature data, the coverage bias is estimated by taking
into account the effect of missing observations across all latitudes, but
a dynamical adjustment is only applied in the Northern Hemisphere
extratropics. Figure C.2 shows the contributions of atmospheric circulation
and coverage bias separately for DJF and annual mean temperature
anomalies averaged over 20-90°N, 20-90°N land and the global domain.
A separation of the effects of the coverage bias and the anomalous
circulation reveals that they both substantially contributed to the observed
DJF trends (Figure 4.4). The incomplete observational coverage led to a
considerable underestimation of the actual temperature trends, although
its effect was smaller over land due to the higher density of observations.
The DJF trend over northern hemispheric land was thus mainly affected by
atmospheric circulation, as shown in Figure 4.4b.
As the effect of the leading modes of atmospheric variability in mid- and
high-latitudes is stronger in the cold months than during the rest of the
year, the dynamical contribution to temperatures is more pronounced
during the winter season. DJF trends were thus impacted by both
atmospheric variability and incomplete coverage, while annual trends were
mainly affected by coverage bias. All the results discussed so far are
consistent across reanalyses, as shown in Figure C.3.
The sign of the contributions obtained from dynamical adjustment in DJF
is consistent with the winter trends of the two leading modes of variability
for detrended sea level pressure, which in the period 1998-2012 shifted
towards their negative phase (Figure C.1). This led to anomalous cooling
across large stretches of northern Eurasia. In many other regions such as
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Figure 2. Seasonal and annual mean temperature trends (°C per 10 years) in the period 1998–2012 (a) for the domain 20°–90°N, (b) for the same region but land only,
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3. Results and Discussion
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cooling is found in winter, in contrast
with the warming or near-zero trends
in the other seasons. Consistent with
recent ﬁndings [Cohen et al., 2012b],
this trend dissimilarity across seasons is
particularly pronounced over land.
Accounting for the effects of both
circulation in the Northern Hemisphere
extratropics and coverage bias implies
a strong positive correction to the
negative DJF and the near-zero annual
mean temperature trends in the period
1998–2012, as highlighted in Figure 3.
Dynamically adjusted full-coverage DJF
and annual trends are substantially
closer to the long-term trends in the
period 1980–2012, indicating that the
anomalous trends in the leading
modes of the northern hemispheric
circulation and the incomplete
Figure 3. Temperature
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theERA-Interim
ERA-Interim reanalysis
with respect
Figure 4.5: Temperature
anomalies
in in
the
reanalysis
with respect
coveragetoin the HadCRUT4 data
to the period 1979–2008 for (a) Northern Hemisphere extratropics (20–90°N)
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data.Northern
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from the unadjusted, reduced-coverage reanalysis obtained by prescribing
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HadCRUT4 observational data coverage. Solid red lines denote temperatures winter cooling in recent years was
from the dynamically
adjusted,
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of the data set. Dashed reanalysis
temperatures
from
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unadjusted,
partly an artifact of missing data and
blue and red lines represent the corresponding linear trends in the period
was partly caused by anomalous
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1998–2012. by prescribing HadCRUT4 observational data coverage.
circulation. Even at the global-scale
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thecorresponding
Northern Hemisphere
extratropics
and
the coverage
bias (Figure 2c). When dealing with
represent
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linear trends
in the
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global temperature data, the coverage bias is estimated by taking into account the effect of missing
observations across all latitudes, but a dynamical adjustment is only applied in the Northern Hemisphere
Figuretrends,
S4 showsespecially
the contributions
of atmospheric
circulation
and coverage bias separately for
short-termextratropics.
temperature
on local
and regional
scales.
DJF and annual mean temperature anomalies averaged over 20–90°N, 20–90°N land, and the global domain.

However, anomalous atmospheric circulation in recent years played only

A separation of the effects of the coverage bias and the anomalous circulation reveals that they both

a secondary
role in enhancing
the
of DJF
thetrends
incomplete
substantially
contributed to
theeffect
observed
(Figure 2).observational
The incomplete observational coverage led
to a considerable
underestimation
of the actual temperature
its effect was smaller over land
coverage on
the reconstruction
of temperature
trends, trends,
with although
the only
due to the higher density of observations. The DJF trend over northern hemispheric land was thus mainly

exception of
the land-only
northern
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winter
(Figure 4.4b).
affected
by atmospheric
circulation,
as shown in
Figure trend
2b.
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contribution to temperatures is more
blue dots and
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twothan
redduring
dots the
in rest
Figure
4.4,
respectively

pronounced during the winter season. DJF trends were thus impacted by both atmospheric variability and

the impactincomplete
of coverage
bias while
estimated
whenwere
including
and excluding
coverage,
annual trends
mainly affected
by coveragethe
bias. All the results discussed so
far are consistent across reanalyses, as shown in Figure S5.
effect of circulation.
Thephase
sign of the
from dynamical
in DJF
with the winter trends
Overall, the
of contributions
the leadingobtained
circulation
modes adjustment
contributed
tois consistent
the
of the two leading modes of variability for detrended sea level pressure, which in the period 1998–2012
shifted toward their negative phase (Figure S2). This led to anomalous cooling across large stretches of
northern Eurasia. In many other regions such as the Paciﬁc sector and vast areas of the Atlantic, the
temperature trends induced by the two leading modes of variability partly compensated each other.

Reanalyses suggest that the contribution of coverage bias was particularly pronounced in DJF, as missing
observations in the Arctic region led to a considerable underestimation of the effect of the polar ampliﬁcation
on temperature trends. Moreover, the impact of coverage bias was enhanced by the decreasing number of
available observations since the early 1990s [Morice et al., 2012]. The effect of missing observations is expected

4.3 results and discussion

observed northern hemispheric winter cooling. Likewise, it was argued
that atmospheric variability played a major role in amplifying the strong
wintertime positive temperature trend in the period 1965-2000 over
northern high latitudes [Wallace et al., 2012]. This implies that the northern
hemispheric winter temperature trends were enhanced by atmospheric
circulation up to 2000 and damped thereafter. These results are in line
with earlier studies showing that anthropogenic climate change can be
regionally obscured or enhanced by natural variability, even on timescales
of several decades [Deser et al., 2012a; Deser et al., 2014]. This form of
uncertainty is largely irreducible and hinders the identification of changes
in the frequency and intensity of climatic extremes, especially on local and
regional scales [Fischer et al., 2013; Fischer and Knutti, 2014].
It was suggested that the anomalous circulation trends were partly a
response to anthropogenic forcing through the rapid reduction of sea ice
cover in the Northern Hemisphere [Outten and Esau, 2011; Liu et al., 2012;
Tang et al., 2013a]. The decline of Arctic sea ice should have played a role
in the recent wintertime cooling by indirectly forcing a negative phase of
the Arctic Oscillation through a change in Eurasian snow cover caused
by a warmer and moister atmosphere at higher latitudes [Cohen et al.,
2012a; Cohen et al., 2014]. Under the assumption that models can capture
this forced response in atmospheric circulation, we should expect transient
climate simulations to show significant long-term trends consistent with
the trends in the principal components of the leading EOFs during the
hiatus period. To test to what extent CMIP5 models can reproduce the
observed circulation trends we project the simulated monthly detrended
sea level pressure fields under the historical and RCP8.5 forcing on the
two leading modes of variability obtained from ERA-Interim. In most of
the models we find individual 15-year periods with principal component
trends as large as the ones estimated for the hiatus years. However,
no evidence is found that the reduced temperature trends during the
hiatus period are a consequence of anthropogenic forcing, as neither the
historical nor the RCP8.5 simulations show significant long-term trends
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in the principal components of the first two EOF modes. The robustness
of the simulated trends is tested for both winter and annual data by
introducing a measure defined as the ratio of the multimodel mean to the
multimodel standard deviation of trends. As these ratios are smaller than
one the changes in atmospheric circulation in the period 1998-2012 are not
attributable to anthropogenic forcing.

4.4

robustness of the results and caveats

The results discussed here are robust across all the five reanalyses
examined. In all datasets DJF trends are strongly affected by both
atmospheric circulation and coverage bias, while the effect of missing
observations generally prevails in other seasons and for annual data
(Figure C.3). The difference across the datasets in the number of
years available for computing the EOFs leads to somewhat different
representations of circulation modes, which are anyway consistent across
reanalyses. In all cases the leading mode of detrended sea level pressure
variability closely resembles the Arctic Oscillation, while the successive
modes computed from different datasets are all characterized by similar
centers of action. In all reanalyses the dynamical adjustment of the first
two modes of variability results in a positive change in winter temperature
trends and the contribution of circulation is largely independent of the
number of empirical orthogonal functions accounted for. We test the
robustness of the results obtained from dynamical adjustment by including
all EOFs explaining more than 5% of the variance of detrended sea level
pressure. This leads to include the first 6 EOFs in all seasons, cumulatively
accounting in winter for approximately 73% of the variance of detrended
sea level pressure. The resulting trends computed for ERA-Interim are
presented in Figures C.4 and C.5 in Appendix C. Figure C.4 shows the
trends obtained by removing the first 2 and 6 modes of atmospheric
circulation. The corresponding maps for winter temperature trends in the
extratropical Northern Hemisphere are presented in Figure C.5. The first

4.4 robustness of the results and caveats

two EOFs have the largest effect on trend adjustment, while further modes
of variability are responsible for only minor contributions.
Reanalyses are well known to be affected by artificial variability and
discontinuities, leading to errors in the quantification of temperature
trends in recent decades [Simmons, 2004; Sterl, 2004; Screen and
Simmonds, 2011]. While the exact magnitude of the impact of coverage
bias still involves substantial uncertainty, the corrections obtained here are
generally consistent across reanalyses. Estimates of the effect of coverage
bias are particularly robust for recent winter and annual temperature
trends, which were in all cases underestimated due to missing observations
(Figure C.3). Note that regression-based methods as the one used in
dynamical adjustment do not necessarily imply causality. Our implicit
assumption is that internal variability in temperature is at least partly
driven by atmospheric variability. This is well established in particular
during cold months, in which the effect of circulation on temperatures
is dominant [Vautard and Yiou, 2009; Cattiaux et al., 2012]. On the other
hand, there is the possibility that temperature anomalies may feed back
on sea level pressure, especially during the warm months and over land
[Fischer et al., 2007a].
The method applied in this work relies on the assumption that circulation
is not critically affected by anthropogenic forcing at the time scales
considered here, or that the forced component of natural variability is small.
Previous studies have shown that in the Northern Hemisphere the forced
response of sea level pressure over land is less than 1 hPa for the next 50
years [Deser et al., 2014]. Consistently, the CMIP5 models show no clear
trends over the 21st century for the first two circulation modes presented
in Figure 4.2.
Our analysis primarily focuses on the extratropical Northern Hemisphere,
as the hiatus was shown to be mainly a boreal winter phenomenon
[Cohen et al., 2012b]. The study of the effect of atmospheric circulation
on temperature records in the Northern Hemisphere tropics and in the
Southern Hemisphere is beyond the scope of this work.
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4.5

conclusions

We show that taking into account the effects of coverage bias and of
atmospheric circulation in the Northern Hemisphere extratropics results
in reanalysis temperature trends in the period 1998-2012 being closer to
the long-term trends. This explains a large fraction of the observed boreal
winter hiatus. Hemispheric and global DJF trends were affected by both
atmospheric dynamics and the coverage bias, while winter cooling over
Northern Hemisphere land was mainly caused by circulation. Trends in
other seasons and for annual data were predominantly impacted by the
coverage bias, whose effect was enhanced by the decreasing number of
available observations since the early nineties. Climate models suggest
that the recent circulation trends were likely due to internal variability
and not a consequence of anthropogenic forcing. The results highlight that
short-term trends, especially in smaller regions and for particular seasons,
are not necessarily reflecting long-term forced trends, and that comparison
between models and observations as well as local near-term projections
must always carefully consider natural variability.
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5
CONCLUSIONS AND OUTLOOK

This thesis investigates the influence of atmospheric circulation on
temperature and precipitation trends from the local to the hemispheric
scale.
We describe five versions of a dynamical adjustment method based
on empirical orthogonal function analysis of sea level pressure data
and we test their performances in removing the effect of atmospheric
circulation variability in an initial condition ensemble from a fully-coupled
global climate model. Differences among CMIP5 models in simulating
atmospheric circulation and its effect on temperature and precipitation
are investigated. Future multi-decadal changes of temperature and
precipitation over Europe are found to be strongly affected by sea level
pressure variability. Further analysis reveals a statistically significant
response of atmospheric circulation to anthropogenic forcing.
The wintertime cooling over Europe observed in recent years is attributed
to atmospheric circulation, which is the main driver of short-term trends
in temperature over most of the continent and in precipitation over some
regions. Evidence is provided that sea level pressure variability contributed
to the slowdown of global warming, which was mainly driven by a strong
boreal winter cooling [Cohen et al., 2012b]. The seasonal and geographical
characteristics of the hiatus are explained by the concurrent effects of
atmospheric circulation and missing observations. The identification of a
substantial impact of incomplete measurement coverage to the estimation
of the global mean temperature trend confirmed the results by Cowtan and
Way [2014].
Our conclusions are in line with those from previous studies [e.g.,
Deser et al., 2012b; Deser et al., 2016] in showing that large-scale
circulation has a prominent role in shaping patterns of temperature and
precipitation change. Therefore, an attentive comparison of trends among
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models and between models and observations should take into account
the effect of internal variability. Climate change risk assessment and
adaptation strategies on a regional scale must deal with the uncertainty
related to internal variability, which is largely irreducible. This highlights
the importance of gaining a deeper understanding of the physical
processes responsible of large-scale atmospheric circulation and of its
possible changes under the effect of anthropogenic forcing. Evidence
of a long-term response of sea-level pressure variability to increased
concentrations of greenhouse gases remain inconclusive, as well as
indications on the link between such changes and the increased occurrence
of extreme events [Screen and Simmonds, 2013a]. A statistically-significant
multi-model response of atmospheric circulation to anthropogenic forcing
is identified in this thesis and it is found to be associated to a robust
dynamical contribution to the long-term multi-model mean temperature
and precipitation trends. These results add to the ongoing debate on the
influence of anthropogenic radiative forcing on internal variability. Further
analysis might extend to the two hemispheres and focus on the nature
of the projected trends of sea level pressure, determining whether they
are caused by a thermodynamic response to increased temperatures or by
changes in large-scale circulation.
The results obtained by applying dynamical adjustment proved to be
robust with respect to the number of empirical orthogonal functions
included and to the sampling domain of sea level pressure. Other
dynamical adjustment methods have been devised [e.g., Van Den Dool,
2003; Deser et al., 2016] and their performances in removing the effect of
atmospheric circulation variability could be compared to those based on
empirical orthogonal function analysis.
The application of dynamical adjustment in this thesis provided insight
into the influence of atmospheric circulation on short-term trends over
Europe and the Northern Hemisphere. The analysis mainly focused on the
winter season, during which the effect of circulation is more prominent.
The present work could be expanded by addressing other seasons, regions

conclusions and outlook

and time periods of different lengths.
Dynamical adjustment could be applied to advance the time of emergence
of anthropogenic-forced changes over naturally-occurring fluctuations,
thus allowing for an early detection of forced trends. In addition,
dynamical adjustment could be useful in quantifying the contribution of
atmospheric circulation to the frequency, intensity and duration of extreme
events. This analysis could be performed on both observations and model
simulations, and the relative contributions of atmospheric variability and
other factors to the onset of extreme events could be compared. Dynamical
adjustment may prove to be a valuable method to estimate the contribution
of circulation to individual events, such as the August 2003 heat wave over
Europe or several recent precipitation extremes in many regions of the
extratropics [Coumou and Rahmstorf, 2012].
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A
APPENDIX TO CHAPTER 2

This Appendix contains seven Figures and one Table.
Figure A.1 shows the leading EOF and the corresponding regression
maps for temperature and precipitation obtained from the five versions
of dynamical adjustment described in Section 2.3. Figure A.2 shows the
percentage reduction in the 2006-2050 winter sea level pressure trends
from CESM-IC after removing the effect of the first 10 EOFs with the
CTL version of dynamical adjustment. Analogous results for the 2006-2050
winter trends of sea level pressure, temperature and precipitation over the
Northern Hemisphere are reported in Figure Figure A.3. The robustness
of the results obtained with the CTL version are tested with respect
to the number of EOFs included in the dynamical adjustment. This is
shown in Figure A.4, showing the percentage changes in the standard
deviation of the CESM-IC 2006-2050 winter trends of sea level pressure,
temperature and precipitation after removing the first 4 and 14 EOFs of
sea level pressure. These results can be compared to those in Figure 2.3d,
2.4d and A.2. The first regression map of monthly winter temperature
and precipitation data computed by merging the last 100 years of the
preindustrial control simulations of all CMIP5 models and from the last
100 years of the control simulation of each model are shown in Figures
A.5 and A.6. Figure A.7 shows the leading EOF of SLP and its associated
regression maps for temperature and precipitation computed from the
three data sets obtained by merging the last 30 winters (DJF months) of
the control integration of the 40 CMIP5 models, winters in years 1961-1990,
and winters in years 2070-2099.
Table A.1 lists the 40 CMIP5 models analyzed.
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Figure A.1: The leading EOF and the associated regression maps for temperature
and precipitation computed by applying to CESM-IC the five versions
of dynamical adjustment. The percentage of the overall variance of sea
level pressure explained by each EOF is indicated in parentheses.

FIG. A1. The leading EOF an
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Sea level pressure (–61%)

%

Figure A.2: Percentage changes in the standard deviation of the 2006-2050
FIG. A2. Percentage changes in the standard deviation of the

winter sea level pressure trends from CESM-IC over Europe after
2006-2050 winter sea level pressure trends from CESM-IC

removing the effect of the first 10 EOFs using the CTL version of
over Europe after removing the effect of the first 10 EOFs using

dynamical
adjustment. The weighted area-average value is indicated
the CTL version of dynamical adjustment. The weighted areain parentheses.
average value is indicated in parentheses.
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Figure A.3: Percentage changes in the standard deviation of the 2006-2050 winter
trends of sea level pressure (a), temperature (b) and precipitation
(c) from CESM-IC over the extratropical Northern Hemisphere after
removing the effect of the first 10 EOFs using the CTL version of
dynamical adjustment. Numbers in parentheses indicate weighted
area-average values.
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(a)

Sea level pressure, 4 EOFs (–52%)

Sea level pressure, 14 EOFs (–68%)

(b)

Temperature, 14 EOFs (–28%)

(d)
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Figure A.4: Percentage changes in the standard deviation of the 2006-2050 winter
trends of sea level pressure (top panels), temperature (center panels)
and precipitation (bottom panels) from CESM-IC over Europe after
removing the effect of the first 4 (a, c, e) and 14 (b, d, f) EOFs using
the CTL version of dynamical adjustment. Numbers in parentheses
indicate weighted area-average values.
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Figure A.5: The first regression map of monthly winter temperatures computed
by merging the last 100 years of the preindustrial control simulations
of all CMIP5 models (top panel) and the first regression map from
each model (bottom panels).
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Figure A.6: Same as in Figure A.5. Results for precipitation are shown.
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(a)

CTL sea level pressure EOF1 (36.8%)

(d)

CTL temperature RM1

(g)

CTL precipitation RM1

(b) 1961–90 sea level pressure EOF1 (36.8%)

(e)

1961–90 temperature RM1
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(c) 2070–2099 sea level pressure EOF1 (36.2%)
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control integration of 40 CMIP5 models (a), winters in years 1961-1990 (b) and 2070-2099 (c). The percentage of the
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for temperatureCMIP5
across the models
three periods(a),
are shown
panels in
(d,e,f).
Analogous
results for (b)
precipitation
are shown in
panels (g,h,i).

(c).

The percentage of the overall variance of sea level pressure explained
by each EOF is indicated in parentheses. The first regression maps
for temperature across the three periods are shown panels (d, e, f).
Analogous results for precipitation are shown in panels (g, h, i).
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model version

institution(s) and country

ACCESS1-0

CSIRO and BOM, Australia

ACCESS1-3

CSIRO and BOM, Australia

bcc-csm1-1

CSIRO and BOM, Australia

bcc-csm-1-1-m

BCC, China

BNU-ESM

BCC, China

CanESM2

CCCma, Canada

CCSM4

NCAR, United States

CESM1-BGC

NSF, DOE and NCAR, United States

CESM1-CAM5

NSF, DOE and NCAR, United States

CESM1-CAM5-1-FV2

NSF, DOE and NCAR, United States

CMCC-CESM

CMCC, Italy

CMCC-CM

CMCC, Italy

CMCC-CMS

CMCC, Italy

CNRM-CM5

CNRM and CERFACS, France

CSIRO-Mk3-6-0

CSIRO and QCCCE, Australia

EC-EARTH

EC-Earth

FGOALS-g2

IAP and THU, China

FIO-ESM

NOAA and GFDL, United States

GFDL-CM3

NOAA and GFDL, United States

GFDL-ESM2G

NOAA and GFDL, United States

GFDL-ESM2M

NOAA and GFDL, United States

GISS-E2-H

NASA and GISS, United States

GISS-E2-H-CC

NASA and GISS, United States

GISS-E2-R

NASA and GISS, United States

GISS-E2-R-CC

NASA and GISS, United States

HadGEM2-AO

NIMR, South Korea

HadGEM2-CC

Met Office, United Kingdom

HadGEM2-ES

Met Office, United Kingdom

inmcm4

INM, Russia

IPSL-CM5A-LR

IPSL, France

IPSL-CM5A-MR

IPSL, France

IPSL-CM5B-LR

IPSL, France

MIROC5

AORI, JAMSTEC and NIES, Japan

MIROC-ESM

AORI, JAMSTC and NIES, Japan

MIROC-ESM-CHEM

AORI, JAMSTC and NIES, Japan

MPI-ESM-LR

MPI, Germany

MPI-ESM-MR

MPI, Germany

MRI-CGCM3

MRI, Japan

NorESM1-M

NCC, Norway

NorESM1-ME

NCC, Norway

Table A.1: List of the CMIP5 models included in the analysis.
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This Appendix file contains twelve Figures and two Tables.
Figure B.1 shows the third, fourth and fifth EOFs of monthly winter sea
level pressure variability from the Twentieth Century Reanalysis included
in the adjustment. The associated regression maps for temperature and
precipitation from EOBS data are also shown. Figure B.2 shows the
EOBS grid points included when estimating temperature and precipitation
trends over the Norwegian coastline and the grid points included in
the computation of trends over Europe, Switzerland and the Norwegian
coastline in the reinterpolated CMIP5 data set. One of the questions arising
from Figure 3.2 is whether the cooling trend continued over the most recent
years. Therefore, Figure B.3 shows the 1989-2015 winter temperature and
precipitation trends from the EOBS data set and confirms that these are
similar to those in the period 1989-2012. Another important question is
how sensitive the trends are to the number of modes of variability included
in the adjustment. Figure B.4 shows the 1989-2012 temperature trends over
Europe and the coastline of Norway from EOBS and over Switzerland from
MeteoSwiss data as computed after adjusting for 1, 8 and 10 EOFs of sea
level pressure in the Twentieth Century Reanalysis.
The sensitivity of the results to the choice of the observational and
reanalysis data sets is tested in Figure B.5, which shows the original
and dynamically adjusted trends in the period 1989-2012 computed for
temperature and precipitation from the GISTEMP and CRU TS3.21 data
sets, respectively. The first five EOFs of sea level pressure included in the
adjustment are sampled from the ERA-40 and ERA-Interim merged data
set. Figure B.6 shows the 1989-2012 precipitation trends over Europe and
the coastline of Norway from EOBS and over Switzerland from MeteoSwiss
data as computed after adjusting for 1, 8 and 10 EOFs of sea level pressure
in the Twentieth Century Reanalysis.
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Figure B.7 shows the 1989-2012 EOBS winter temperature and precipitation
trends computed after calibrating the dynamical adjustment methods over
monthly winter data in three different periods (December 1950 to February
2012, December 1950 to February 1969, December 1969 to February 1988).
Analogous results for Switzerland (MeteoSwiss data) and the coast of
Norway (EOBs data) are shown in Figures B.8 and B.9, respectively. The
five leading EOFs computed from Twentieth Century Reanalysis sea level
pressure data over the three periods are reported in Figure B.10. Figures
B.11 and B.12 show the corresponding regression maps for temperature
and precipitation, respectively.
Table B.1 lists the 40 CMIP5 models analyzed. Table B.2 shows the
1989-2012 winter trends in the first five principal components of sea level
pressure from Twentieth Century reanalysis and their contributions to
the 1989-2012 winter temperature and precipitation trends over Europe
(EOBs data), Switzerland (MeteoSwiss data) and the coast of Norway
(EOBs data). The original and the dynamically adjusted (5 EOFs) 1989-2012
winter temperature and precipitation trends over the three domains are
also reported.

appendix to chapter 3

(a)

(b)

(c)

(d)

(e)

(f)

°C/standardized PC unit
(h)

(g)

(i)

%/standardized PC unit

Figure B.1: EOFs 3-5 of monthly winter sea level pressure from the Twentieth
Century Reanalysis (a, b, c) along with the associated regression maps
for temperature (d, e, f) and precipitation (g, h, i) computed from EOBS
data.
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(a)

(b)

(c)

(d)

Figure B.2: EOBS grid points included in the computation of temperature and
precipitation along the Norwegian coastline (a) and grid points
included in the computation of trends over Europe (b), Switzerland
(c) and the Norwegian coastline (d) in the reinterpolated CMIP5 data
set.
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(a)

–0.05°C/decade

°C/decade

(b)

+7.7%/decade

%/decade
Figure B.3: EOBS winter temperature (a) and precipitation (b) trends in the period
1989-2015. Area-weighted average trends are reported at the top of
each panel.
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(d)

+0.39°C/decade

(g)

+0.39°C/decade

(c)

(b)

°C

+0.26°C/decade

°C

(a)

(h)

Year

°C/decade

(f)

Year

(i)

Year

°C

°C

Year

°C

(e)
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Year

Year

Figure B.4: Dynamically adjusted 1989-2012 trends in winter temperature
computed over Europe (a, d, g) and the coast of Norway (c, f, i) from
EOBS data and over Switzerland (b, e, h) from MeteoSwiss data after
accounting for the effect of the first 1 (a, b, c), 8 (d, e, f) and 10 (g, h, i)
EOFs.
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(a)

–0.31°C/decade

(b)

+0.30°C/decade

°C/decade
+0.4%/decade

+6.5%/decade
(d)

(c)

%/decade

Figure B.5: Original

and

dynamically

adjusted

temperature

(a,

b)

and

precipitation (c, d) trends computed from GISTEMP and CRU
TS3.21, respectively. Winter monthly sea level pressure variability is
sampled from ERA-40 and ERA-Interim data. Five EOFs are included
in the dynamical adjustment. Area-weighted average trends are
reported at the top of each panel.
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(a)

(b)

(c)

(d)

(e)

(f)

°C/decade

%/decade

Figure B.7: Dynamically adjusted 1989-2012 winter trends in EOBS temperature
(left panels) and precipitation (right panels) data over Europe obtained
by calibrating the dynamical adjustment method from data in winters
1951-2012 (a, b), 1951-1969 (c, d) and 1970-1988 (e, f).
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(b)
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Figure B.8: Dynamically adjusted 1989-2012 winter trends in MeteoSwiss
temperature (left panels) and precipitation (right panels) data over
Switzerland obtained by calibrating the dynamical adjustment method
from data in winters 1951-2012 (a, b), 1951-1969 (c, d) and 1970-1988
(e, f).
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Figure B.9: Dynamically adjusted 1989-2012 winter trends in EOBS temperature
(left panels) and precipitation (right panels) data over the coast of
Norway obtained by calibrating the dynamical adjustment method
from data in winters 1951-2012 (a, b), 1951-1969 (c, d) and 1970-1988
(e, f).
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(a)

(b)

(c)
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(m)

(n)
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Figure B.10: The five leading modes of monthly winter sea level pressure
variability as estimated from Twentieth Century Reanalysis data in
winters 1951-2012 (a, d, g, j, m), 1951-1969 (b, e, h, k, n) and 1970-1988
(c, f, i, l, o).
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Figure B.11: Temperature regression maps as estimated from EOBS data for the
first five EOFs of monthly winter sea level pressure variability from
the Twentieth Century Reanalysis in winters 1951-2012 (a, d, g, j, m),
1951-1969 (b, e, h, k, n) and 1970-1988 (c, f, i, l, o).
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(a)
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Figure B.12: Precipitation regression maps as estimated from EOBS data for the
first five EOFs of monthly winter sea level pressure variability from
the Twentieth Century Reanalysis in winters 1951-2012 (a, d, g, j, m),
1951-1969 (b, e, h, k, n) and 1970-1988 (c, f, i, l, o).
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Model version

Institution(s) and Country

ACCESS1-0

CSIRO and BOM, Australia

ACCESS1-3

CSIRO and BOM, Australia

bcc-csm1-1

CSIRO and BOM, Australia

bcc-csm-1-1-m

BCC, China

BNU-ESM

BCC, China

CanESM2

CCCma, Canada

CCSM4

NCAR, United States

CESM1-BGC

NSF, DOE and NCAR, United States

CESM1-CAM5

NSF, DOE and NCAR, United States

CESM1-CAM5-1-FV2

NSF, DOE and NCAR, United States

CMCC-CESM

CMCC, Italy

CMCC-CM

CMCC, Italy

CMCC-CMS

CMCC, Italy

CNRM-CM5

CNRM and CERFACS, France

CSIRO-Mk3-6-0

CSIRO and QCCCE, Australia

EC-EARTH

EC-Earth

FGOALS-g2

IAP and THU, China

FIO-ESM

NOAA and GFDL, United States

GFDL-CM3

NOAA and GFDL, United States

GFDL-ESM2G

NOAA and GFDL, United States

GFDL-ESM2M

NOAA and GFDL, United States

GISS-E2-H

NASA and GISS, United States

GISS-E2-H-CC

NASA and GISS, United States

GISS-E2-R

NASA and GISS, United States

GISS-E2-R-CC

NASA and GISS, United States

HadGEM2-AO

NIMR, South Korea

HadGEM2-CC

Met Office, United Kingdom

HadGEM2-ES

Met Office, United Kingdom

inmcm4

INM, Russia

IPSL-CM5A-LR

IPSL, France

IPSL-CM5A-MR

IPSL, France

IPSL-CM5B-LR

IPSL, France

MIROC5

AORI, JAMSTEC and NIES, Japan

MIROC-ESM

AORI, JAMSTC and NIES, Japan

MIROC-ESM-CHEM

AORI, JAMSTC and NIES, Japan

MPI-ESM-LR

MPI, Germany

MPI-ESM-MR

MPI, Germany

MRI-CGCM3

MRI, Japan

NorESM1-M

NCC, Norway

NorESM1-ME

NCC, Norway

Table B.1: List of the CMIP5 models included in the analysis.
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Temperature

Temperature

Temperature

Precipitation

Precipitation

Precipitation

trends

trends

trends

trends

trends

trends

Europe

Switzerland

Norwegian

Europe

Switzerland

Norwegian

coast

PC trends

coast

Original

–0.37

–0.55

–0.66

+5.86

–2.33

–19.96

–

Adjusted

+0.42

+0.30

+0.22

+0.84

–8.88

–1.05

–

EOF1

+0.63

+0.43

+0.66

–1.91

–1.58

+12.76

–0.56

EOF2

–0.02

–0.05

–0.12

+0.83

+0.49

+2.79

+0.16

EOF3

+0.25

+0.49

–0.13

+1.59

+6.30

–3.80

+0.36

EOF4

–0.12

0.00

+0.37

–5.00

–10.71

+6.77

+0.37

EOF5

+0.05

–0.02

+0.10

–0.53

–1.05

+0.39

+0.17

Table B.2: 1989-2012 winter trends in temperature (°C/decade) and precipitation
(%/decade) over Europe, Switzerland and the coastline of Norway as
estimated from the original and dynamically adjusted (5 EOFs) data.
The 1989-2012 winter temperature and precipitation trend contributions
of the first five EOFs (in °C/decade and %/decade, respectively)
are reported along with the corresponding trends in the associated
principal components (standardized PC unit/decade). The dynamically
adjusted trends are given by the sum of the original trends and the
trend contributions of the first 5 EOFs.
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This Appendix contains five Figures.
Figure C.1 shows the time evolution of the winter mean principal
components of the two leading modes of detrended sea level pressure
variability in the ERA-Interim reanalysis. Figure C.2 shows the
contributions of atmospheric circulation and coverage bias separately for
DJF and annual mean temperature anomalies averaged over 20-90°N,
20-90°N land and the global domain. Figures C.3, C.4 and C.5 are presented
to show that the conclusions drawn from Figure 4.4 in the paper are
robust and that they are not substantially influenced by the choice of the
reanalysis dataset and by the number of modes of atmospheric circulation
removed with dynamical adjustment.
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Figure C.1: Winter mean principal components of the first (left) and second (right)
empirical orthogonal functions of detrended sea level pressure in
the Northern Hemispheric domain (20-90°N) from ERA-Interim. Blue
lines indicate the trends of the principal components computed in the
periods 1980–1997 and 1998–2012.
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Figure C.2: DJF and annual mean temperature anomalies averaged over
20-90°N, 20-90°N land and the entire globe computed from original
temperature data, and taking into account the effects of coverage bias
and atmospheric circulation, separately. Temperature anomalies are
estimated with respect to the period 1979–2008.
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Figure C.3: Same as in Figure 4.4, but with temperature trends computed from
NCEP/DOE Reanalysis 2, NCEP/NCAR Reanalysis 1, JMA JRA-55
and NOAA Twentieth Century Reanalysis. The long-term trends
indicated by the blue squares are computed from the full-coverage
unadjusted reanalysis in the period 1960–2012 (Reanalysis 1, JRA 55
and Twentieth Century Reanalysis) or 1980–2012 (Reanalysis 2).
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Figure C.4: Same as in Figure 4.4 in the paper, with dynamically-adjusted
temperature trends from ERA-Interim computed by removing the first
2 (top) and 6 (bottom) modes of atmospheric circulation.
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Original

2 EOFs

6 EOFs

[°C/decade]
Figure C.5: Winter mean temperature trends in the period 1998–2012 computed
from the unadjusted ERA-Interim data, and dynamically-adjusting for
the first 2 and 6 empirical orthogonal functions.
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