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“The saddest aspect of life right now is that science gathers knowledge
faster than society gathers wisdom.”

Isaac Asimov
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Abstract

Global land ecosystems are particularly important in the regulation of
the atmospheric carbon dioxide (CO2) balance, removing every year about
one quarter of anthropogenic CO2 emissions. Although the oceans constitute
a CO2 sink of approximately the same magnitude, most of the inter-annual
variability observed in atmospheric CO2 growth rates is due to variability in
the land-sink.

While the patterns governing variability of vegetation CO2 exchange at
the sub-seasonal to seasonal time scales are relatively well understood, large
uncertainties remain about the dynamics and drivers of CO2 uptake by
ecosystems at continental to global scale, and on time-scales from annual
to decadal. This is partly due to the complexity of the interactions between
the different processes that regulate CO2 exchange ar the ecosystem level
and their physical drivers, as well as to the presence of natural variability in
the climate system.

In this context, understanding the link between the main modes of cou-
pled atmospheric-ocean circulation and CO2 uptake by ecosystems, as well
as the way ecosystems respond to extreme events, is particularly relevant.

This Thesis analyses in detail the influence of the El-Niño/Southern Os-
cillation on the global land-sink and explores the relationship between the
European sink and the main large-scale atmospheric circulation patterns in
the North-Atlantic sector, in particular the North-Atlantic Oscillation and
the East-Atlantic pattern. Furthermore, this work performs a comparative
study of the two most outstanding extreme events affecting Europe in the
past century - the 2003 heatwave over western Europe, and the 2010 event
over western Russia.

The results highlight the potential of analyzing ecological variability in
the framework of climate variability patterns, which may help to better in-
terpret past and present trends in the land-sink and pave the way to better
constrain future projections in Earth-System models.

Keywords: Climate variability, Carbon cycle, Land-sink, Terrestrial eco-
systems, El-Niño/Southern Oscillation, North-Atlantic Oscillation, Telecon-
nections, Heatwaves.
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Resumo

A composição da atmosfera tem vindo a ser alterada de forma muito
significativa pela atividade humana desde meados do século XIX através da
emissão de gases com efeito de estufa, em particular dióxido de carbono
(CO2), decorrente do uso generalizado de combust́ıveis fósseis. A intensi-
ficação do forçamento radiativo resultante do aumento da concentração at-
mosférica de CO2, e o decorrente aumento da temperatura média global,
em particular nas latitudes mais elevadas, têm já provocado a aceleração
do degelo dos pólos e diminuição dos glaciares, aumento do ńıvel médio do
mar, alterações nos regimes de precipitação ou o aumento da frequência e
intensidade de fenómenos extremos como secas ou ondas de calor. É alta-
mente provável que a tendência de aumento continuado das emissões de CO2

perdure durante as próximas décadas, com elevados impactos ambientais,
económicos e sociais. Importa, assim, compreender os processos interve-
nientes no ciclo do carbono, bem como a sua resposta às futuras alterações
do clima.

Nas escalas de tempo humanas, os ecossistemas terrestres e os oceanos
são os principais sumidouros de CO2, removendo aproximadamente em partes
semelhantes metade das emissões antropogénicas anuais de CO2. Estes dois
sumidouros têm aumentado nas últimas décadas, em resposta ao aumento da
concentração de CO2 na atmosfera. Ao contrário dos oceanos, cuja absorção
de CO2 tem crescido de forma aproximadamente constante, os ecosistemas
terrestres apresentam grande variabilidade na fixação de CO2 de ano para
ano, pelo que controlam a maior parte da variabilidade inter-anual da taxa
de crescimento da concentração atmosférica de dióxido de carbono. Os ecos-
sistemas terrestres desempenham ainda um papel importante no balanço ra-
diativo do planeta, no ciclo da água e de outros importantes gases. Por sua
vez, os ecossistemas terrestres encontram-se sujeitos localmente à influência
do clima, o que se traduz numa multiplicidade de mecanismos de retroação
positivos e negativos entre o ciclo do carbono e o clima, que podem ainda ser
atenuados ou amplificados pela variabilidade climática às escalas regional e
global.

Enquanto a variabilidade dos fluxos de CO2 nas escalas temporais sub-
anuais, bem como a sua relação com o forçamento climático, estão relativa-
mente bem estudadas, a variabilidade de médio prazo (inter-anual a decadal)
ou em largas escalas espaciais (continental ou global) não é ainda suficiente-
mente compreendida. A complexidade dos vários processos biogeoqúımicos



que controlam os fluxos de CO2 e a presença de elevada variabilidade natu-
ral no sistema climático, aliadas ao facto de, durante muito tempo, dados
observacionais à escala global ou com janelas temporais suficientemente lon-
gas estarem indisponv́eis, fazem com que permaneçam ainda consideráveis
incertezas acerca da variabilidade e tendências do sumidouro terrestre bem
como da sua resposta às variações no clima. Neste contexto, é de assinalar que
se tem verificado um esforço notável por parte da comunidade cient́ıfica com
vista ao desenvolvimento de novas plataformas, sensores e satélites, métodos
mais sofisticados e melhores algoritmos, com o objetivo de compreender me-
lhor a dinâmica da vegetação à escala regional e mesmo global.

As incertezas acerca da variabilidade inter-annual do sumidouro terrestre
assumem particular relevância no contexto das projecções de clima futuro,
nas quais se verifica ainda grande desacordo nas estimativas da evolução do
armazenamento de carbono na biosfera terrestre, especialmente a partir da
segunda metade do século XXI. Ao passo que alguns modelos prevêem um
aumento continuado da capacidade de fixação de CO2 pelos ecosistemas ter-
restres, outros modelos apontam para uma quebra, i.e. a sua saturação, ou
mesmo, em alguns casos, reversibilidade nas taxas de fixação de carbono a
partir de cerca de 2050. Esta dispersão de estimativas deve-se a incertezas,
quer no forçamento climático, quer nos próprios modelos de dinâmica da
vegetação utilizados. Assim, é fundamental uma melhor compreensão da
relação entre a variabilidade climática natural e a dinâmica dos ecossistemas
terrestres, de forma a melhor constranger a representação da biosfera nos
modelos climáticos.

Esta Tese investiga a relação entre a variabilidade do sistema climático,
em particular os seus principais modos de variabilidade acoplada atmosfera-
oceano e fenómenos extremos, e a fixação de CO2 nos ecossistemas à escala
do continente europeu, mas tambm global. Este estudo é viabilizado em
larga medida pela disponibilidade de diversas fontes de informação sobre
a dinâmica da vegetação global com peŕıodos suficientemente longos para
avaliar variações nas escalas inter-anual a decadal. Utilizam-se dados de de-
teção remota, estimativas obtidas por modelos de transporte atmosférico e
por modelos de dinâmica da vegetação.

O El-Niño/Oscilação Sul (ENSO), o principal modo de variabilidade cli-
mática global nas escalas inter-anuais, controla predominantemente os pa-
drões de precipitação e temperatura nos trópicos, no entanto a sua influência
estende-se até latitudes mais elevadas. A influência do ENSO no balanço
de carbono terrestre é conhecida, no entanto carece de melhor descrição dos
seus padrões geográficos e explicação mais detalhada dos processos f́ısicos que
determinam a resposta global do sumidouro terrestre. Neste trabalho mostra-



-se que a tendência para libertação de CO2 durante fases quentes (El-Niño)
e o inverso durante fases frias (La-Niña) se deve a uma resposta consistente
dos ecossistemas no Hemisfério Sul, em particular das zonas sub-tropicais, e à
variabilidade na disponibilidade de água do solo, imposta pelas variações nos
padrões de precipitação e temperatura associadas ao ENSO. Estes resultados
revelam o papel importante dos ecosistemas semi-áridos nas regiões sub-
tropicais na variabilidade inter-annual do sumidouro global, anteriormente
associada essencialmente às florestas tropicais.

Os ecossistemas Europeus são particularmente relevantes no contexto
global, dado que constituem um sumidouro persistente e apresentam as taxas
mais elevadas de fixação de CO2 do Hemisfério Norte. O sumidouro Europeu
apresentou um crescimento continuado nas últimas décadas do século XX,
tendo no entando sido registados sinais de saturação a partir de finais dos
anos 1990. Neste trabalho são analisados os principais padrões de varia-
bilidade espácio-temporal dos fluxos de CO2 dos ecossistemas Europeus ao
longo de trinta anos. Esta análise permite identificar o papel preponderante
da Oscilação do Atlântico Norte (NAO) e do Padrão Atlântico Este (EA) na
variabilidade da fixação de CO2 pelos ecossistemas. Mostra-se que a variabi-
lidade associada à NAO pode ser acentuada ou atenuada pelo estado relativo
da EA, em particular o sumidouro é intensificado quando os dois modos estão
na sua fase negativa, ao passo que durante peŕıodos em que os mesmos estão
em fases contrárias, o sumidouro é ligeiramente menos intenso e mais estável.

Ainda no contexto europeu, são analisados os impactos de dois dos even-
tos climáticos extremos mais relevantes à escala continental: as duas ondas
de calor de 2003 e de 2010, que incidiram sobre a Europa ocidental e sobre
o oeste da Rússia, respectivamente. Ambas as ondas de calor foram consi-
deradas excepcionais à escala dos últimos 500 anos, sendo que a de 2010 foi
consideravelmente mais intensa e afetou uma maior extensão. Os resultados
indicam que, apesar de os dois eventos terem sido precedidos por peŕıodos de
défice de precipitação e intensificação de condições de seca, que por sua vez
amplificaram as temperaturas registadas, a vegetação respondeu de forma
diferenciada aos forçadores climáticos nas duas áreas. No caso de 2003 os
défices de humidade no solo conduziram a stress vegetativo, ao passo que em
2010 as anomalias registadas na actividade da vegetação se deveram sobre-
tudo às elevadas temperaturas registadas.

Este trabalho demostra a relevância da análise da variabilidade ecológica
no contexto da variabilidade climática natural. Em particular, mostra-se
que esta abordagem permite uma melhor compreensão dos padrões de varia-
bilidade espácio-temporais, dado que clarifica a discussão sobre as tendências



observadas nos reservatórios e permite uma análise mais abrangente do papel
das diversas variáveis f́ısicas que influenciam a atividade dos ecossistemas.
Finalmente, esta abordagem aponta para posśıveis linhas de investigação que
permitam a melhoria da representação da variabilidade inter-anual dos fluxos
de CO2 na biosfera terrestre, potenciando um melhor contrangimento do ci-
clo do carbono nas projeções de clima futuro.

Palavras-chave: Variabilidade climática, Ciclo do carbono, Ecossistemas
terrestres, El-Niño/Oscilação Sul, Oscilação do Atlântico Norte, Telecone-
xões, Ondas de calor
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Chapter 1

Introduction

Contents
1.1 Understanding the land CO2 sink . . . . . . . . . 3

1.1.1 An overview of ecosystem processes . . . . . . . . 3

1.1.2 Monitoring ecosystem activity . . . . . . . . . . . . 5

1.1.3 Trends and drivers of land CO2 uptake . . . . . . 7

1.2 Atmospheric circulation and variability in the
land-sink . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 The role of climate extremes . . . . . . . . . . . 16

1.4 Goals and structure of the thesis . . . . . . . . . 20

The continuous increase of CO2 in the atmosphere observed since the
beginning of the industrial revolution, and the consequent increase in global
temperature, led to a major effort by the scientific community to understand
the dynamics of the climate system, particularly to disentangle natural vari-
ability from human influence and to assess the impacts of global warming in
other relevant climate variables.

This effort was largely supported by advances in earth observation sci-
ence, as well as in computational power, which enabled the development of
numerical models that reproduced the main physical processes and feedbacks
in the atmosphere, ocean and land, the so-called Global Circulation Mod-
els (GCMs). These models have proved to be capable of reproducing major
features of the past and present climate, and remarkably useful to attribute
the effects of climate-change to anthropogenic activity. Additionally, GCMs
have been providing increasingly consistent estimates of the future effects of
increasing atmospheric CO2 at the global scale (IPCC, 2001, 2007, 2013).

1



1. Introduction

While the attribution problem has largely been settled, and consistent es-
timates of future change in key variables such as global temperature, sea-level
or ice-cover have been provided, large uncertainties remain about the future
evolution of key components of the climate system, namely the carbon-cycle.
Furthermore, societal concerns have put increasing pressure in reducing un-
certainties about future projections on a wide range of relevant climate vari-
ables at the global and regional scales and on shorter time frames (Giorgi,
2006; Joshi et al., 2011).

The anthropogenic CO2 emissions in the past century were accompanied
by an enhancement of the ocean and land sinks, which remove every year, in
approximately equal parts, about half of the anthropogenic CO2 emissions,
although the land-sink is responsible for most of the inter-annual variability
in atmospheric CO2 growth rate (Le Quéré et al., 2013). The acceleration in
uptake rates due to higher levels of CO2 has been attributed, in the ocean, to
the stronger pressure gradient in the air-sea interface (Takahashi et al., 2009)
and, on land ecosystems, to the carbon fertilization effect, i.e. an enhance-
ment in photosynthetic rates due to higher CO2 concentration (Shevliakova
et al., 2013). The GCMs used in the early scientific reports of the Inter-
governmental Panel on Climate Change (IPCC) since the 1990’s included
a biophysical representation of the land biosphere mostly for energy, water
and momentum balances (IPCC, 2001), as well as this negative feedback, i.e.
accelerated CO2 removal under higher CO2 concentrations (Boer and Arora,
2010). Yet, studies demonstrated that the representation of the biosphere in
GCMs was too simplistic, because it lacked the biospheric component of the
carbon cycle and the impacts of climate change on ecosystems. This largely
increased uncertainties about the ability of the land and ocean sinks to main-
tain their uptake rates in the long term under changing climate conditions
(Cox et al., 2000; Prentice et al., 2001).

In the early 2000’s, a new generation of climate models - the Earth-System
Models (ESMs) - was developed in the framework the Coupled Carbon Cycle
Climate Model Intercomparison Project, C4MIP (Fung et al., 2000; IPCC,
2007) and, later, improved for the Phase 5 of the Coupled Model Intercompar-
ison Project, CMIP5 (Taylor et al., 2011; IPCC, 2013). ESMs include fully
coupled the climate and carbon-cycle, i.e. the main biogeochemical processes
occurring in ecosystems respond to changes in climate, and variations in CO2

fluxes feed back into atmospheric CO2 concentrations. This allowed evaluat-
ing separately two aspects of the coupling between climate and the carbon
cycle: the carbon-concentration and the carbon-climate feedbacks (Friedling-
stein et al., 2006). While the effect of the carbon-concentration feedback is
negative for the land-sink, consistently with the CO2 fertilization, the effect
of carbon-climate feedback is positive, and remarkably strong for the land-
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sink (Friedlingstein et al., 2006; Boer and Arora, 2010; Arora et al., 2013).
However, even the state-of-the-art ESMs used in CMIP5 present large

disagreements regarding the magnitude and the response of these feedbacks
to the climate forcing. CMIP5 ESMs still tend to mis-reproduce the global
land-sink and underestimate it’s inter-annual variability (Anav et al., 2013).
Furthermore, Piao et al. (2013) have shown that DGVMs underestimate land
CO2 flux response to temperature and overestimate the response to precipita-
tion. Most CMIP5 models agree on an expected increase in land CO2 uptake
in response to changing climate and CO2 concentration until the mid-2050s,
but on the second half of the 21st century models project substantially dif-
ferent responses of the land-sink, in some cases with land ecosystems turning
into a CO2 source by the end of the century (Ahlström et al., 2012).

1.1 Understanding the land CO2 sink

Uncertainties regarding the future land-sink have been shown to arise from
(i) differences in the evolution of climate variables that control ecosystem
dynamics in each GCM (Ahlström et al., 2012) as well as (ii) in the re-
sponses to the same climate forcing by the Dynamic Global Vegetation Mod-
els (DGVMs) that are coupled to ESMs (Sitch et al., 2008). Here, a sum-
mary of the ecological processes controlling the strength of the land-sink and
present knowledge about the corresponding trends and drivers is presented.

1.1.1 An overview of ecosystem processes

Ecosystem activity comprises different biophysical, biogeochemical and eco-
logical processes occurring in distinct time-scales, summarized in Figure 1.1,
from Bonan (2008b).

On short time-scales (sub-daily), ecosystems exchange with the atmo-
sphere energy, momentum, moisture and chemical compounds such as CO2,
N2O, CH4 (Figure 1.1a,b,c). These exchanges are regulated on daily to sea-
sonal scale by physical and ecological processes, such as the seasonal variation
in solar radiation, the local hydrology, nutrient uptake and mineralization,
vegetation phenology and allocation of resources, litterfall and decomposi-
tion. Over periods longer than one year, ecological processes affect ecosys-
tems’ structure and ultimately determine the short-term functioning. These
processes include vegetation dynamics (establishment, growth, and mortal-
ity), competition between different vegetation types, nutrient transport and
deposition, and the disturbance regimes, such as fires, droughts or pests. Fur-
thermore, human activities also impact ecosystem structure and functioning,
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through land-use changes, land-management practices or active nutrient in-
puts (Bonan, 2008a; Prentice et al., 2007).

Figure 1.1: Schematic representation of the main biophysical and biogeochemical
processes in terrestrial ecosystems. From Bonan (2008b).

All these processes ultimately affect the net carbon storage in the ecosys-
tems, the Net Ecosystem Productivity (NEP), which corresponds to the bal-
ance of CO2 uptake and release given by:

NEP = NPP −Rh (1.1)

with

NPP = (GPP −Ra) (1.2)

Where GPP is the gross primary productivity, i.e. CO2 uptake during
photosynthesis and Ra is the autrophic respiration, i.e. CO2 released from
plant metabolic activity and growth. The balance of these two terms cor-
responds to the net primary productivity, i.e. carbon stored in vegetation.
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Posteriorly, part of this fixed carbon is transported to the soil pool as litter,
where it is decomposed by heterotrophs, and released back to the atmosphere
as CO2, i.e. by heterotrophic respiration (Rh).

The net CO2 flux from the ecosystem to the atmosphere (Net Ecosystem
Exchange, NEE) is still influenced by other processes, such as disturbances
(Edist, e.g. CO2 emissions during fires), land-use change (LUC and corre-
sponding emissions ELUC) as forest regrowth (carbon uptake) or deforesta-
tion (CO2 release). The net storage of CO2, i.e. Net Biome Productivity
(NBP), is thus defined as:

NBP = NEP − Edist − ELUC (1.3)

DGVMs differ in the way they represent the biophysical processes in
ecosystems, vegetation physiology and phenology, as well as the main eco-
logical processes, such as mortality or competition (Sitch et al., 2008). Most
DGVMs in CMIP5 still lack the effect of nutrient limitation (Anav et al.,
2013) and do not depict realistically the effects of land-management and
LUC on carbon exchange in ecosystems (Friedlingstein and Prentice, 2010).

The present understanding of the land-sink responses to climate is still
limited because of the complexity of the interactions, often non-linear and op-
erating through multiple feedbacks, between the main biological and physical
processes that govern ecosystem activity (Heimann and Reichstein, 2008), as
well as the high year-to-year variations in ecosystem carbon uptake (Rau-
pach, 2011; Ballantyne et al., 2012).

Due to the large inter-annual variability of the land-sink and since, for a
long time, large-scale observational datasets of vegetation activity and ecosys-
tem gas exchange were either unavailable or too short to perform climatolog-
ical studies, the possibilities to study comprehensively the global dynamics
of the land biosphere on inter-annual to multi-decadal time-scales were, in
practice, restricted.

In turn, the limited understanding of the land-sink hampers the ability
of ESMs to reproduce realistically the future response of the land-sink to
increasing CO2 and climate change (Cox et al., 2013).

1.1.2 Monitoring ecosystem activity

Since the last decades of the 20th century, a number of advances in earth-
system observation networks has enabled ecosystem activity monitoring on
multiple spatial and temporal scales. Here, some of the most relevant tech-
niques for this Thesis are described briefly.
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CO2 concentration monitoring and surface flux estimates
Since the beginning of the first consistent record of CO2 concentration at

Mauna Loa volcano in Hawaii in 1958 (Keeling et al., 1976), a global network
of atmospheric CO2 measurement sites has been established. This network
enabled estimations of surface fluxes from land and ocean using atmospheric
transport model inversion techniques (Bousquet et al., 2000; Gurney et al.,
2002; Rödenbeck, 2005; Chevallier et al., 2010), which allow estimating net
sources and sinks of CO2 (i.e. NBP) at the global and regional scales. Inver-
sion techniques upscale the CO2 measurements at point locations to global
fields using a mass transport model based on a) atmospheric circulation, b)
prior information about the average fluxes, and c) data about anthropogenic
CO2 emissions. Inversions are known to reproduce consistently the variabil-
ity in the land and ocean sinks at the global scale (Gurney et al., 2002), but
are provided in coarse resolution and do not perform well on the regional
scale. The caveats of inversion techniques are discussed in greater detail in
Chapter 3.

Eddy-covariance flux measurements
Surface CO2 and water exchanges may be directly estimated for different

ecosystems using micrometeorological measurements at eddy-covariance flux
towers, and may be used to partition the measured CO2 fluxes to the atmo-
sphere (Net Ecosystem Exchange, NEE) in GPP and respiration components
(Law et al., 2000; Tuzet et al., 2003). Eddy-covariance flux measurements al-
low high temporal resolution during long periods, but only on the local scale
and in areas with homogeneous topography. However, some of these towers
have been operating for a few decades now and are organized in continental
and global networks such as the FLUXNET, which allow evaluating global
and regional patterns of CO2 exchange (Baldocchi et al., 2001). Some works
have attempted to upscale CO2 flux from eddy-covariance data at the con-
tinental (Jung et al., 2008; Xiao et al., 2008) and global (Jung et al., 2009)
scales, however these do not perform well in assessing inter-annual variability
(Jung et al., 2009).

Remote sensing
More recently, the development of satellite technology has enabled contin-

uous monitoring of vegetation dynamics at the global scale. Several indexes
were developed using the characteristic light absorption spectrum resulting
from photosynthesis. The most commonly used, the Normalized Difference
Vegetation Index (NDVI), corresponds to a normalized difference between
reflectance in the red and near-infrared spectral bands and generally relates
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to leaf chlorophyll levels (Myneni et al., 1995), but may also be used as a
proxy for GPP (Piao et al., 2014). Since NDVI is known to saturate at higher
biomass densities, an improved version of the index, the Enhanced Vegeta-
tion Index (EVI), uses the blue band to better represent the leaf area index
(LAI), and is known to be linearly correlated to GPP during the growing
season (Huete et al., 2002; Rahman et al., 2005).

Modeling techniques combined with satellite imagery have been used to
create the first long term datasets of continuous NPP and GPP monitoring
at the global scale with moderate spatial resolution. These models gener-
ally rely on radiometric indexes such as the NDVI and on photosynthetically
active radiation (PAR) data to approximate the fraction of absorbed pho-
tosynthetically active radiation (fAPAR). A light use efficiency parameter,
dependent on temperature, water stress and vegetation types, is used to con-
vert fAPAR to GPP, and autrotrophic respiration, which scales with GPP,
is then subtracted to compute NPP (Potter et al., 1993; Nemani et al., 2003;
Running et al., 2004).

A new set of satellites, so far composed by the Greenhouse gases Observ-
ing SATellite (GOSAT) and the Orbiting Carbon Observatory-2 (OCO-2),
was launched in recent years to directly measure CO2 in the atmospheric
column (Heimann, 2009; Hammerling et al., 2012), allowing for global and
continuous monitoring of CO2 flux (i.e. NBP) with moderate spatial reso-
lution. These satellites also allow retrieving sun-induced chlorophyll fluores-
cence, and constitute a promising approach to additionally estimate GPP
(Frankenberg et al., 2014; Parazoo et al., 2014). Despite providing precise
measurements of CO2 sources and sinks, these datasets still cover too short
periods for climatological studies (Heimann, 2009).

1.1.3 Trends and drivers of land CO2 uptake

Since 1960, the land-sink has increased from 1.7PgC.yr−1 to about 2.4-
2.6PgC.yr−1, in the past decade. An intense discussion about the observed
trends and the role of the main physical drivers of ecosystem activity on
carbon fluxes still takes place. Here, the most relevant discussions for this
Thesis are summarized. For the sake of simplicity, the most relevant trends
in the land-sink at the global scale are presented, as well as some of the most
important physical drivers.

Despite being presented separately, it must be noted that these variables
are related among each other through the physical coupling between the
atmosphere and the surface. Solar radiation affects the surface energy bal-
ance and therefore temperature. Surface temperature controls soil moisture
through evapotranspiration (Seneviratne et al., 2006) and snow cover. In
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turn, evapotranspiration (snow-melt) feeds back on surface temperature due
to latent-heat exchange (changes in albedo). Moreover, part of the moisture
that is evaporated or transpired may contribute to local precipitation, the
so-called moisture recycling which may contribute to a large fraction of local
precipitation in mountainous or tropical regions (van der Ent and Savenije,
2011), or even in the Iberian Peninsula in Spring (Rios-Entenza and Miguez-
Macho, 2014).

Furthermore, one must also keep in mind that ecosystems emit other
important GHGs, such as methane (CH4) and nitrous oxide (N2O) whose
biospheric emissions are expected to increase under elevated atmospheric
CO2 van Groenigen et al. (2011).

(i) Trends in the land-sink
The variability of the land-sink is largely controlled by the balance of

photosynthesis and respiration responses (Equations 1.1 and 1.2) to changes
in climate conditions from the global to the local scales. While respiration
is hard to quantify, global NPP is estimated to largely control inter-annual
variations in atmospheric CO2 growth rate, explaining between 50%-80%
of the variance (Nemani et al., 2003; Zhao and Running, 2010). On the
regional scale, NPP has been proposed to be limited by either temperature,
precipitation (water) or radiation, or by a combination of more than one
factor (Figure 1.2).

Figure 1.2: Limiting factors of variability in global NPP, proposed by Nemani
et al. (2003).

The enhancement of the land-sink has been linked to an increase in global
NPP (average magnitude 54.5PgC.yr−1) of about 3.4PgC.yr−1 during 1982-
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1999 (Nemani et al., 2003). This “greening” trend has been associated to
different factors: the global effect of CO2 fertilization (Long et al., 2004),
the earlier start of the growing season in high latitudes of the northern hemi-
sphere due to warmer temperatures (Myneni et al., 1997; Nemani et al., 2003;
Menzel et al., 2006), and to an increase in incoming solar radiation in tropical
ecosystems, especially the Amazon (Nemani et al., 2003).

The persistence of the greening trend during the following decade has
been questioned, with a decrease of about 0.55PgC in global NPP being
registered. The impact of drought in the Amazon was proposed to be the
driver of an apparent decreasing trend (Zhao and Running, 2010), however
it is still a matter of heated discussion (Samanta et al., 2010, 2011; Ahlström
et al., 2012).

Other studies reported a stalling or even reversal of the greening trend
in Northern Hemisphere ecosystems, whose driving mechanisms are still not
fully understood but may include a combination of climate changes and plant
demography (Piao et al., 2011; Nabuurs et al., 2013).

An increase in the amplitude of the seasonal cycle of CO2 fluxes in the
Northern Hemisphere since 1960 has also been reported (Graven et al., 2013).
The enhancement in photosynthetic activity in higher latitudes (above 45o)
due to higher temperatures was first proposed as the main mechanism driv-
ing the amplitude changes (Myneni et al., 1997). Recent studies have shown
that, although the former certainly plays a role (Graven et al., 2013), par-
ticularly in latitudes above 50oN (Zeng et al., 2014), other mechanisms have
a large contribution (Wolkovich et al., 2012; Gray et al., 2014). Agricultural
practices have been recently estimated to contribute between 25%-45% to
the trend in the amplitude of CO2 exchange (Gray et al., 2014; Zeng et al.,
2014).

(ii) Temperature
The effect of temperature on plant phenology and ecosystem carbon bal-

ance appears to be particularly complex due to the differential effect of warm-
ing on photosynthesis and respiration in each season (Figure 1.3).

While in spring and summer warming may generally increase GPP (al-
though warmer summers may induce water deficits), in autumn and winter
higher temperatures inhibit photosynthesis. Autotrophic respiration also ap-
pears to respond differently to warming in spring and summer and higher
temperatures are generally associated to enhanced decomposition, and thus,
higher Rh. This concurrent increase in respiration has been shown to be
greater than that of NPP in the northern ecosystems, resulting in increased
carbon losses (Piao et al., 2008).
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Figure 1.3: Ecological processes affecting net primary productivity (NPP), gross
primary productivity (GPP), autotrophic (Ra) and heterotrophic (Rh) respiration,
and net ecosystem productivity (NEP) under climate warming in spring (a), sum-
mer (b), autumn (c) and winter (d). Direct (solid lines) and indirect (dotted)
effects of warming on the carbon cycle, respectively. The + (−) signs indicate
positive (negative) feedbacks. From Xia et al. (2014).

Warming during spring may lead to increased NEP in northern high lat-
itudes, but have the opposite effect in other regions, particularly on the
sub-tropical areas of the southern hemisphere (Xia et al., 2014), which may
result in offsetting effects on the net carbon balance of the global ecosystems.

The asymmetric trends in the maximum and minimum temperatures
(Tmax and Tmin) must also be taken into account, since Tmin has increased
faster than Tmax, narrowing the daily amplitude (IPCC, 2013). Vegetation
appears to respond differently to trends in daytime and night-time temper-
atures, with increases in Tmin associated to decreased vegetation activity in
most of northern ecosystems (Peng et al., 2013).

(iii) Water availability
Carbon exchanges in plants are tightly connected to water vapour fluxes.

Photosynthesis uses the light energy absorbed by chlorophyll pigments in
the chloroplasts to produce carbohydrates from CO2 and water. However,
as stomata open to take in CO2, a portion of leaf water is evaporated i.e. is
transpired. When plants are not able to uptake water from soil to replen-
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ish water loss by transpiration, or when relative humidity of the air is very
low (increasing the evaporative demand, generally expressed by the Vapour
Pressure Deficit, VPD), stomata close to prevent desiccation, reducing si-
multaneously photosynthesis rates (Bonan, 2008a).

Water availability has been proposed to be the limiting factor of NPP in
about 40% of land surface (Nemani et al., 2003; Vicente-Serrano et al., 2012),
in the very dry biomes in subtropical areas and in temperate forests (Beer
et al., 2010), particularly grasslands (Knapp and Smith, 2001). However,
the impacts of variability in precipitation appear to be asymmetric, with
NPP responding more strongly to wet than to dry years (Knapp and Smith,
2001) and to depend on the patterns of change in precipitation, i.e. amount,
frequency, intensity (Gerten et al., 2008). Vicente-Serrano et al. (2012) have
shown that the response to drought varies between ecosystems according
to the time-scales of drought. Contrarily to the perception that tropical
ecosystems play a key role in future land-sink trends (Cox et al., 2013),
Poulter et al. (2014) reported changes in the sensitivity of semi-arid biomes
to precipitation that may imply a greater contribution of these biomes to the
future dynamics of the land-sink.

A strong debate remains about the role of water availability in vegeta-
tion growth in the tropical biomes, particularly in the Amazon. While some
studies suggest that Amazon is mostly radiation-limited and that therefore
forests “green-up” during the dry periods because of reduced cloudiness (Ne-
mani et al., 2003; Huete et al., 2006; Saleska et al., 2007), other studies
report either a non-existing relationship between drought and vegetation ac-
tivity (Samanta et al., 2010) or actually the opposite effect, with water-stress
leading to reduced NPP (Zhao and Running, 2010) and to ecosystem carbon
losses (Phillips et al., 2009). Furthermore, van der Sleen et al. (2015) have
proposed that the increase of CO2 concentrations promotes higher water-use
efficiency in the tropical biomes, rather than enhanced vegetation growth
and CO2 fixation.

The stalling of the greening trend in Eurasia has been attributed to a de-
crease in photosynthesis due to reductions in precipitation (Piao et al., 2011),
implying a greater role of water availability on NPP than previously thought
(Figure 1.2). Furthermore, drier summers in the northern hemisphere, re-
sulting both from lower precipitation and higher evapotranspiration demand,
may cancel the enhancement of CO2 uptake observed in spring (Angert et al.,
2005).

(iv) Clouds and aerosols
The enhancement of CO2 uptake in days of enhanced incident PAR, despite
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higher VPD and lower precipitation, has been reported in forests in the
Northern Hemisphere (Luyssaert et al., 2007). As mentioned previously, the
same effect in the Amazon is still a matter of discussion (Nemani et al., 2003;
Huete et al., 2006; Saleska et al., 2007).

Studies have shown that the properties of the sunlight may also affect
photosynthesis. Canopy photosynthesis is known to be more efficient for
larger fractions of diffuse light, observed in cloudy days or for atmosphere
with higher aerosol load, enhancing CO2 uptake (Roderick et al., 2001). This
happens because diffuse light is more evenly distributed over all leafs in the
canopy, reducing the saturation of the top and shading of the bottom leaves
observed under clear sky conditions. The enhancement in CO2 uptake due
to higher aerosol loads appears to be largely independent of the ecosystem
type (Niyogi et al., 2004).

The eruption of Mount Pinatubo in 1991, and the consequent input of a
large amount of aerosols in the atmosphere, was associated to a remarkable
increase in CO2 uptake rates by land-ecosystems in the following years (Ciais
et al., 1995; Keeling et al., 1995). An increase in CO2 uptake had been also
observed in previous eruptions, namely Mount Agung in 1963 and El Chichón
in 1982 (Gu et al., 2003). The land-sink enhancement during these years was
most likely due to a combination of photosynthesis increase under diffuse light
and of reductions in heterotrophic respiration due to cooler temperatures
(Lucht et al., 2002; Gu et al., 2003).

Mercado et al. (2009) have proposed that anthropogenic input of aerosols
to the atmosphere due to fossil fuel burning have increased the land-sink
by about 25% between 1960 and 1999. This may constitute an additional
contribution to the masking effect of aerosols of the human impact on the
present net energy imbalance (Hansen et al., 2011), which is expected to
be quickly eliminated with the necessary phasing-out of fossil-fuel emissions
during the next century.

(v) Nutrient limitation
The transport of electrons during the photosynthetic process requires in-

termediary molecules that are composed by additional elements, such as ni-
trogen (N) and phosphorous (P). Nutrient cycling in ecosystems operates
generally through positive feedbacks: high nutrient concentrations (espe-
cially nitrogen) in the leaves enhance photosynthesis. In turn, the organic
matter returning to the soil as litterfall has higher nutrient content, being
more easily decomposed and, thus, promoting higher nutrient availability
(Bonan, 2008a).

However, the global N and P cycles are remarkably different: nitrogen
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presents a gaseous phase and may be biologically fixed from the atmosphere,
while phosphorous is mostly derived from rock weathering or transported in
the form or aerosols (Mahowald et al., 2008; Vitousek et al., 2010). These
differences lead to distinct geographical patters: nitrogen fixation occurs
predominantly in tropical ecosystems, where nutrient cycling is faster, while
forests in the higher latitudes are generally nitrogen-limited (Houlton et al.,
2008; Cleveland et al., 2013). On the contrary, P-cycling in ecosystems is very
low over the whole globe (Cleveland et al., 2013). In the higher latitudes,
frequent glaciations have produced younger soils, enriched in P, while the
older tropical soils are mostly P-depleted (Vitousek et al., 2010).

Fossil-fuel burning and the use of fertilizers for agriculture have remark-
ably accelerated the global N and P cycles (Elser et al., 2007), changing these
limitation patterns. For instance, high inputs of N to initially N-limited
ecosystems in northern latitudes have turned them into P-limited systems
(Vitousek et al., 2010).

As the atmospheric concentration of CO2 increases, nutrient limitation
is expected to limit the carbon fertilization effect and, thus, influence the
carbon-climate response (Oren et al., 2001; Wang and Houlton, 2009; Vi-
tousek et al., 2010). Furthermore, nutrient limitation has also been pro-
posed to change the relationship between GPP and NEP, with higher car-
bon losses by respiration in nutrient limited ecosystems (Fernández-Mart́ınez
et al., 2014).

It must be noted, however, that the long time-scales of the N and P
cycles imply that nutrient limitation influences mostly long-term trends and
geographical variability of carbon fluxes.

(vi) Disturbance and land-use change
Disturbances have a dramatic impact on carbon fluxes in ecosystems and,

in some cases, determine the sign of the net flux of CO2 to the atmosphere
(Baldocchi, 2008; Pan et al., 2011). It is useful to distinguish between natural
and human-induced disturbances, since their study and their impacts differ
considerably.

Natural disturbances are integral components of the landscape, as their
spatio-temporal patterns (disturbance regime) shape the organization of com-
munities and ecosystems in space and determine succession patterns (Turner
et al., 1993). However, disturbances such as wildfires, droughts, storms or
insect outbreaks are responsible for increased tree mortality, reduction in
photosynthetic activity and changes in land-cover or on succession stages,
that consequently alter in the balance between GPP and respiration, or for
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direct pulses of CO2 to the atmosphere, in the case of fire (Kurz et al.,
2008; Running, 2008; Reichstein et al., 2013). Most of these disturbances
occur during extreme climatic events, therefore, evaluating the relationship
between climate variability and extremes should provide insight about the
role of disturbances in variability and trends in the land-sink. This topic is
discussed in Section 1.3.

Furthermore, there is evidence that disturbance regimes have been chang-
ing in response to anthropogenic climate change, altering the patterns of CO2

fluxes in ecosystems (Graven et al., 2013).

Human activities may also trigger major disturbances of ecosystem car-
bon balance through changes in land-use or land-cover, such as deforesta-
tion/afforestation, agricultural practices, grazing, and urbanization. Pan
et al. (2011) have shown that LUC and land-management practices have a
large influence in the regional magnitude and trends of the land-sink. The
large CO2 sink in the tropical forests is largely offset by deforestation (Pan
et al., 2011). On the contrary, increasing trends in CO2 uptake in many
regions of the Northern Hemisphere have been associated to expansion of
forests due to agricultural-land abandonment, fire suppression, afforestation
or improved silviculture (Myneni et al., 2001; Pan et al., 2011; Graven et al.,
2013). As mentioned previously, changes in agricultural practices further
appear to have influenced in the amplitude of CO2 exchange, especially for
latitudes between 25o-60oN (Gray et al., 2014; Zeng et al., 2014).

Land-management and LUC influence primarily long-term trends and are
expected to be less sensitive to inter-annual variability in climate. Neverthe-
less, they may influence the response of ecosystems to disturbances, and
should therefore be kept in mind.

1.2 Atmospheric circulation and variability

in the land-sink

The climate system is characterized by considerable internal variability, or
noise, arising from non-linear dynamics processes occurring between the at-
mosphere and the oceans, which constitute an important source of uncer-
tainty in future climate projections (Deser et al., 2012) and may suggest non-
stationary behavior on short time-series (Wunsch, 1999). Shepherd (2014)
has pointed that while the thermodynamic aspects of the climate and corre-
sponding changes in thermodynamically-driven variables (e.g. temperature
or sea-ice extent) are now consistently constrained by climate models, the
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dynamics of the system and the changes in variables largely driven by atmo-
spheric circulation still poorly constrained. This hampers robust projections
of variables such as precipitation or wind-speed on a regional scale as well
as on extreme events, highlighting the need to incorporate in the models the
physical mechanisms controlling climate variability.

A large fraction of the variability in the climate system is associated to
low-frequency fluctuations corresponding generally to stochastic processes
related to atmospheric circulation and coupled ocean-atmosphere dynam-
ics (Feldstein, 2000). The most relevant low-frequency patterns have de-
served significant attention because they allow understanding variability in
a wide range of physical variables (e.g. temperature, precipitation, wind
speed, snow) and enable, even if limited, some degree of predictability (Wun-
sch, 1999). Because the influence of these variability patterns may propa-
gate through planetary waves over very large distances over the globe, they
are commonly referred to as teleconnections (Wallace and Gutzler, 1981),
and their variability summarized as indices relating to their corresponding
anomaly patterns. In this Thesis, these patterns or their indexes are referred
interchangeably as atmospheric circulation or climate patterns, climate vari-
ability modes or teleconnections.

Some of the most relevant climate patterns include: the Pacific Decadal
Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO), refer-
ring to variations in Sea Surface Temperature (SST) of several decades (Deser
et al., 2009); the El-Niño/Southern Oscillation (ENSO), related to recurrent
anomalies in wind-forcing and SST in the tropical pacific with 2-7 years
period (McPhaden et al., 2006); the North-Atlantic Oscillation (NAO), cor-
responding to stochastic inter-annual variations in Sea Level Pressure (SLP)
in the North Atlantic (Hurrell, 1995); or the Monsoons, associated to sea-
sonal changes in atmospheric circulation in several regions of the globe (Web-
ster et al., 1998). While some of these patterns appear to be uncorrelated,
evidence has been found for the interaction between the PDO and ENSO
(McPhaden et al., 2006), or between ENSO and the Indian Monsoon (Web-
ster et al., 1998).

The ongoing debates about the physical drivers of CO2 fluxes highlight
the importance of properly evaluating the impacts of climate variability on
ecosystems. As discussed in Subsection 1.1.3, most of the disagreements
refer to variability in the land-sink at time-scales ranging from inter-annual
to multi-decadal. One reason for this is the still relatively short nature of
the global observation data of ecosystem activity (Subsection 1.1.2), which
may lead to misinterpret natural variability in the climate system for trends
due to forcing.

Part of the disagreement about the role of a given driver may also be re-
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lated to the fact that ecosystems respond simultaneously, with different sensi-
tivities, to a range of physical drivers that present noise as well as non-linear
interactions between themselves. In this context, the use of teleconnection
indices may be particularly valuable to understand the variability patterns
of ecosystems, since they aggregate information about the overall climate
anomalies, reducing, therefore, the complexity of the analysis (Stenseth et al.,
2003; Hallett et al., 2004).

At the global scale, ENSO is clearly the most prominent mode of vari-
ability at the sub-decadal scale, and is known to influence atmospheric CO2

growth rates trough impacts on terrestrial ecosystems (Heimann and Re-
ichstein, 2008; Friedlingstein and Prentice, 2010; Ballantyne et al., 2012).
El-Niño phases have been associated to a weaker land-sink (Le Quéré et al.,
2009; Raupach, 2011), lower than average global NPP (Nemani et al., 2003),
and increased fire activity (van der Werf et al., 2006; Le Page et al., 2007),
although the physical mechanisms responsible for some of these responses
are not clear.

In the Northern Hemisphere, the NAO has been shown to play a ma-
jor role in winter/spring climate variability (Trigo et al., 2002, 2004) and
to influence vegetation phenology over Eurasia due through the control on
temperature and precipitation patterns (Menzel et al., 2005; Stöckli and Vi-
dale, 2004; de Beurs and Henebry, 2008; Gouveia et al., 2008). However,
recent studies have shown that the correlation between these two physical
variables and NAO is affected by other atmospheric circulation patterns in
the North Atlantic, the East-Atlantic Pattern (EA) and the Scandinavian
Pattern (SCAND), which modulate the NAO pattern (Moore and Renfrew,
2012; Comas-Bru and McDermott, 2013; Moore et al., 2013) and may add
complexity to the variability observed in European ecosystems.

In CMIP5 ESMs, there are still large discrepancies between models in
the representation of climate patterns (Kim and Yu, 2012; Cattiaux et al.,
2013), further contributing to the uncertainties in the inter-annual variabil-
ity the land-sink. The relationship between atmospheric circulation/ocean-
atmosphere patterns and the land-sink is one of the subjects addressed in
this thesis.

1.3 The role of climate extremes

As the climate changes, it is important to evaluate not only the evolution
of the mean state of the physical variables, but of the whole statistical dis-
tribution, with particular attention to the extremes, since they correspond
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to less frequent but potentially hazardous events. Although extreme events
are more difficult to analyse due to their sporadic nature, there is increas-
ing evidence that the anthropogenic influence in climate has already led to
an increase in the probabilities of intense extreme events such as heatwaves
(Barriopedro et al., 2011), floods and droughts (Hoerling et al., 2011), or
severe storms, and that these types of events will occur more frequently in
the future (Seneviratne et al., 2012).

Apart from generating considerable socio-economic disruptions (Senevi-
ratne et al., 2012), climatic extremes have also been associated to increased
atmospheric CO2 growth rates through their direct and indirect impact on
ecosystems (Ciais et al., 2005; Zhao and Running, 2010; Schwalm et al., 2012;
Sun et al., 2012) and may even contribute to change the carbon-climate feed-
back in the future (Cox et al., 2004; Reichstein et al., 2013).

Smith (2011) has noted that the analysis of the ecological impact of a
climatic extreme is not straightforward. In some cases, an extreme in climate
indeed results in increased mortality and changes in ecosystem structure and
functioning on large temporal or spatial scales, while in other cases the impact
is relatively constrained in space and time or even negligible.

Therefore, Smith (2011) distinguishes between climate extremes and ex-
treme climatic events, which refer to events in which an extreme in climate is
accompanied by an extreme ecological response (schematized in Figure 1.4),
at the individual, as well as at the population scale. An extreme climatic
event is then defined as “an episode or occurrence in which a statistically
rare or unusual climatic period alters ecosystem structure and/or function
well outside the bounds of what is considered typical or normal variability”
(Smith, 2011).

However, assessing the ecological impacts of a given extreme event may
not be straightforward, because climate extremes generate a chain of lagged
responses, altering the carbon balance of ecosystems on different time-scales
(Reichstein et al., 2013). These responses may involve several ecological
mechanisms interacting simultaneously through positive and negative feed-
backs, as shown in Figure 1.5.

It must be kept in mind that a given climate anomaly may further in-
fluence anomalies in other climate variables, as discussed in Section 1.1.3.
For example, a heatwave may be accompanied by intensified soil moisture
depletion (Seneviratne et al., 2006).

The framework proposed by Smith (2011) allows thus distinguishing, from
a set of climate anomalies that may be registered during extreme events, those
which trigger an extreme ecological response.

At the global scale, drought appears to have the largest and most wide
spread, contribution to changes in the carbon balance of ecosystems (Re-
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Figure 1.4: Conceptual representation of an extreme climatic event. Climate
variability can evoke a range of ecological responses (small to extreme, distribution
on the right). Changes in climate means or variability may result in a response
that is well within the range of variability for a system (solid black arrow) or one
that is extreme (i.e. exceeds this range, dashed red arrow). Similarly, climate
extremes (represented by tails of the distribution on the left) may (solid red arrow)
or may not (dashed black arrow) result in an ecological response that is outside the
typical or normal range of variability for a system. Here, an “extreme climatic
event” is defined synthetically as involving extremeness in both the climate driver
and the ecological response. From Smith (2011).

ichstein et al., 2013; Zscheischler et al., 2013). Zscheischler et al. (2013)
estimated an average contribution of extremes to descreases in global GPP
of about 2.7PgC.yr−1 (about 2% of the global average, 123PgC.yr−1 esti-
mated by Beer et al. (2010)) and identified tropical and sub-tropical areas
in the southern Hemisphere as hot-spots of extreme ecological impacts asso-
ciated to periods of water scarcity, although fire also presented considerable
importance in south America. Other events, such as extreme heat and frost,
storms or heavy precipitation constitute relevant disturbances at the regional
scale, and the scientific understanding of their future occurrence as well as of
their impacts on the carbon cycle is still limited in most cases (a summary
may be found in Table 1 in Reichstein et al. (2013)).

In 2005, one of the most intense droughts in 100 years struck the Amazon
basin, leading to remarkable decreases in river flow and to above average
temperatures of about 3-5oC during the dry season (Marengo et al., 2008).
As mentioned in Section 1.1.3, although the magnitude of the ecological
impacts and the role in global trends of this drought are still in debate, it is
evident that the drought was associated to an increase in atmospheric CO2

growth rate, by reducing CO2 uptake in land ecosystems (Zhao and Running,
2010). In 2010, a second drought struck the Amazon, with an even greater
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1.3 The role of climate extremes

Figure 1.5: Processes and feedbacks triggered by extreme climatic events. The
extreme events considered are droughts and heatwaves, heavy storms, heavy precip-
itation and extreme frost. Solid arrows show direct impacts; dashed arrows show
indirect impacts. The relative importance of the impact relationship is shown by
arrow width (broader arrows are more important). From Reichstein et al. (2013).

intensity and affecting a larger extent, which has been associated to an overall
impact on carbon storage of 2.2PgC, against 1.6PgC in 2005 (Lewis et al.,
2011).

Water scarcity was also shown to contribute more than temperature to
reductions in ecosystem carbon uptake during the 2003 heatwave in Europe
(Reichstein et al., 2007), highlighting the importance of the physical feed-
backs between soil and atmosphere. This heatwave was particularly intense
in western Europe (Trigo et al., 2005) and very likely the most severe in 500
years (Luterbacher et al., 2004; Garćıa-Herrera et al., 2010). Despite its re-
gional character, is estimated to have contributed with an additional 0.5PgC
to the atmosphere (Ciais et al., 2005). However, in 2010 an even larger heat-
wave, in extent and magnitude, was registered in western Russia, leading to
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widespread mortality and impacts in crop-yield (Barriopedro et al., 2011).
Both heatwaves were considered to exceed the variability range of Euro-

pean temperatures in the past 500 years, however, events of this magnitude
may become relatively common (one every 4 years or 8 years for 2003-like
and 2010-like events) by the end of the 21st century (Barriopedro et al., 2011).

High uncertainty remains about whether the increased frequency of ex-
treme events such as the intense droughts in the Amazon or the heatwaves
in Europe, or changes in fire regimes, may offset the expected enhancement
of the land-sink. So far, ESMs do not realistically reproduce the occurrence
of climate extremes, nor their impacts on the carbon-cycle. A better under-
standing of the ecological impacts of climate extremes is crucial to improve
the representation of the carbon-climate feedback in future simulations.

1.4 Goals and structure of the thesis

The previous sections have highlighted the importance of better character-
izing the main spatio-temporal patterns of inter-annual variability in the
land-sink. The disagreement about the future role of global ecosystems to
the carbon-climate feedback is due to uncertainties both in the character-
istics of the climate forcing and in the relative contribution of the different
physical variables to the net ecosystem carbon fluxes.

This Thesis attempts to provide insights on both of these topics, through
combined analyses of climate variability and ecological responses. The fact
that ecosystem monitoring data have diversified (including now observation
networks, upscaled products or satellite datasets, as described in Section
1.1.2), and that some of them are now long enough to perform climato-
logical studies, enables more detailed analyses of the relationship between
low-frequency climate variability patterns and to better characterize the eco-
logical responses to climate extremes.

The work focuses on the relationship between the inter-annual variability
of the land-sink and the main global and regional atmospheric circulation
patterns: the ENSO at the global scale, and the most relevant teleconnections
affecting the European climate. Due to the extraordinary nature of the 2003
and 2010 heatwave in Europe, this Thesis attempts to better evaluate their
ecological impacts and disentangle the effects of heat and water stress on
vegetation activity.

• Chapter 1 introduces the current knowledge about the inter-annual
variability of the land-sink and summarizes the main concerns of the
present work.
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• Chapter 2 analyses the main spatio-temporal impacts of ENSO on
the global land-sink, as well as the main physical mechanisms though
which the relationships found operate. The effect of the extraordinary
2011 La-Niña event on the magnitude of the land-sink is also discussed.

• Chapter 3 discusses the influence of the interactions between differ-
ent teleconnections, NAO, EA and SCAND, in the dynamics of the
European CO2 sink.

• Chapter 4 performs a comparative analysis of the impact of the 2003
and 2010 heatwaves in Europe on the seasonal and annual dynamics
of European vegetation. Through statistical analysis of the climate
anomalies and the observed vegetation response, insights are provided
about the main drivers of the ecological extremes, as well as the differ-
entiated response of distinct vegetation types.

• Conclusions present a summary of the main results obtained in this
work and final comments on their broader implications.

Each of the results Chapters (i.e. Chapters 2, 3 and 4) includes a short
introduction to the topic to provide the appropriate context about the main
questions being dealt with, published or submitted works, which are followed
by further discussion of the implications of the main findings, as well as lines
for possible future research.

In Annex, two additional studies developed and published during the
course of this PhD are presented. While not directly related with the main
focus of this PhD thesis these studies were important to broaden my range
of interests in the Earth-System. Moreover, both studies offer several inter-
sections with the major analysis undertaken in the Thesis, either because of
the dependence on the same atmospheric circulation patterns (e.g. NAO) or
the role of wildfires in the carbon cycle.
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Chapter 2

Inter-annual variability of the
global land-sink: the role of
ENSO
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As mentioned in Section 1.2, the El-Niño/Southern Oscillation corre-
sponds to the most prominent mode of climate variability globally, at the
inter-annual scale. Unlike most modes of climate variability, ENSO is a truly
coupled mode, i.e., involving both the atmosphere and the ocean. Since
ENSO controls spatio-temporal patterns of global temperature, precipita-
tion, and other relevant climatic variables, it is worth assessing in detail
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2. Inter-annual variability of the global land-sink

the responses of ecosystems to these patterns and their contribution to the
global carbon cycle. Although a link between ENSO and atmospheric CO2

concentration has been recognized for a long-time, several questions remain
about the exact strength of this link and the physical mechanisms behind
the relationship.

A summary about the physical mechanisms responsible for ENSO vari-
ability and the corresponding influence on global climate anomalies is pre-
sented in Section 2.1. The current discussion about the influence of ENSO on
the carbon cycle and the questions that motivated this study are discussed
in Section 2.2. Section 2.3 reproduces the paper published in the Jour-
nal of Geophysical Research - Biogeosciences, in which the spatio-temporal
link between ENSO and global NPP is analysed. In Section 2.4 the cur-
rent knowledge about ENSO response to anthropogenic forcing, its repre-
sentation on ESMs and future projections is discussed. Finally, Section 2.5
presents two potential lines for further research about the influence of the
mis-representation of ENSO in ESMs and the discrepancies in the land-sink.

2.1 ENSO influence on global climate

The term ENSO refers to a strong variability pattern in the atmosphere-
ocean coupling in the tropical Pacific, associated with a feedback mechanism
between trade winds and Sea Surface Temperature (SST) known as the Bjerk-
nes feedback (Cane, 2005). In normal conditions, the eastern Pacific is colder
than in the west, due to equatorial upwelling, forced by the fairly constant
easterly trade winds (Figure 2.1, upper panel).

The strength of the trade winds is, in turn, influenced by the SST gradient
which imposes lower surface pressures in the west than in the east. The
typical El-Niño event starts with warming in eastern Pacific waters, leading
to a weaker east-west pressure gradient and weakening the trade winds. In
turn, the upwelling along the South American coast is weakened, further
enhancing the positive SST anomalies (Figure 2.1, bottom panel). Likewise,
colder than average conditions in the east tropical Pacific (La-Niña) will
enhance the trade winds, reinforcing lower SST anomalies in the region, and
leading to the transport of heat from the atmosphere to the ocean. Therefore,
a small anomaly in the SST gradient will be amplified through the positive
feedback between trade wind intensity and the westward transport of cold
water from the eastern Pacific. At the same time, heat from the ocean is
exchanged with the atmosphere, leading to delayed increases in surface air
temperature (Trenberth et al., 2002).
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2.1 ENSO influence on global climate

Figure 2.1: Schematics of normal conditions and El Niño conditions in the equa-
torial Pacific Ocean and atmosphere to illustrate the Bjerknes feedback. From Cane
(2005)

However, the thermocline takes longer to respond to changes in SST, in-
troducing an out-of-phase element in the atmosphere-ocean coupling, usually
represented as a delayed-oscillator model, that ultimately leads to the demise
of the anomalies or the beginning of an opposite phase.

These events last typically about 12 months (Diaz et al., 2001) and re-
cur every 2-7 years, with a spectral peak around 4 years (McPhaden et al.,
2006). The duration, recurrence interval and spatial configuration depend on
a wide range of physical factors (Cane, 2005). Particularly, it is known that
these non-linear processes tend to favor stronger El-Niño events than La-Niña
(McPhaden et al., 2006), and that while SST anomalies during La-Niña and
moderate El-Niño events propagate westwards, during strong El-Niños, the
propagation direction is inverted (Santoso et al., 2013). Furthermore, it is
worth distinguishing between two different types of ENSO: the conventional
East-Pacific ENSO (EP ENSO), in which SST anomalies are predominantly
located in eastern tropical Pacific but have basin-wide effects; and a Central-
Pacific type (CP ENSO), also known as Modoki El-Niño, with anomalies
closer to the International Date Line, less intense, and whose dynamics cor-
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responds to singular events, rather than a cycle (Kao and Yu, 2009).
As shown in Figure 2.1, the SST and pressure gradients across the trop-

ical Pacific are also associated with the Pacific Walker Circulation, which
controls the rainfall patterns in this region. In normal conditions, convec-
tion of warm and moist air in the west leads to deep cloud formation and
rainfall over northern Australia and the west pacific islands. During El-Niño
phases the weakening of the circulation shifts cloud formation areas east-
wards, while during La-Niña convection in the west is intensified, producing
heavier rainfall.

Multiple evidence has been collected about the link between tropical and
extra-tropical climate variability, in which ENSO plays a prominent role
(Diaz et al., 2001). ENSO has been shown to influence global tempera-
ture and precipitation patterns worldwide (Trenberth et al., 2002), although
it must be noted that the impacts of El-Niño and La-Niña are not necessar-
ily symmetrical, as noted by (Mason and Goddard, 2001) and presented in
Figure 2.2.

Figure 2.2: Impacts of ENSO on global temperature and precipitation
during boreal winter. Adapted from NOAA’s National Weather Service
(http://www.srh.noaa.gov/jetstream/tropics/enso impacts.htm).
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Globally, ENSO has been shown to modulate the maximum tempera-
ture extremes (Arblaster and Alexander, 2012), the severity and temporal
patterns of drought (Vicente-Serrano et al., 2011), as well as the frequency,
intensity, and trajectories of tropical storms (McPhaden et al., 2006). The
influence of ENSO in the Northern Hemisphere climate extends to Europe,
where it appears to influence temperature, precipitation (Brönnimann et al.,
2007) and snow anomalies (Seager et al., 2010). Brönnimann et al. (2007)
have found a stationary relationship between ENSO and the NAO in the
last 300 years, although the authors have highlighted the role of the North
Pacific in modulating the strength of this relationship. In fact, the PDO has
been associated to decadal variations in ENSO (Cane, 2005) and in the NAO
(Trenberth et al., 2014).

In the next subsections, two of the strongest events of the last decades are
presented in greater detail due to their remarkable impact on global climate.

2.1.1 The 1997/98 El-Niño

In early 1997, a weakening and reversal of trade-winds in the western and
central equatorial Pacific, punctuated by westerly wind events attributed
to the Madden-Julian Oscillation, promoted a very fast build-up of warm
waters in the eastern equatorial Pacific. The SST anomalies registered in this
region were so unusually high (higher than 4◦ C for more than 6 consecutive
months) that new record values of monthly SST were registered between June
to December 1997 and offset the normal east-west SST gradient. An abrupt
intensification of trade-winds resumed the normal circulation pattern, leading
to the demise of El-Niño in May-June 1998, and initiated the development
of La-Niña conditions (McPhaden, 1999).

The 1997-98 “super El-Niño”, the strongest event of the 20th century, was
associated to remarkably enhanced heat release from the ocean which raised
global surface temperature above the trend line by about 0.2◦ C, doubling
the typical El-Niño imprint (Trenberth et al., 2002; Hansen et al., 2006;
Balmaseda et al., 2013). The two years (1997 and 1998) corresponded to
record breaking global temperatures since the late 19th century (Karl et al.,
2000), with the previous record at the time corresponding to the 1982-83 El
Niño. Even in the extended surface temperature record until 2013 (Figure
2.3), 1998 is still remarkable, being only surpassed by 2005 and 2010 on
the detrended record, and constitutes the most conspicuous outlier of the
increasing temperature trend between 1970 and 2013 (Trenberth et al., 2014).
It must be noted that the preliminary evaluation (by NOAA, NASA and
CRU/MetOffice) of the average temperature for 2014 indicates that this was
the warmest year ever registered, slightly above 1998, 2005 and 2010.
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Figure 2.3: Global mean surface temperature anomalies during 1970-2013, rela-
tive to 1900-1999, plotted with linear trends for 1970-2013 (blue) and 1998-2013
(red). From Trenberth et al. (2014)

This event was estimated to be responsible for the worldwide loss of
22000 lives and for economic costs of about $36 billion due to the impacts
of droughts or floods (Sponberg, 1999). Additionally, this event had major
repercussions on global ecosystems and on agricultural yields, inducing an
increase in atmospheric CO2 concentrations, discussed in Section 2.2.

2.1.2 The 2011 La-Niña

Following the demise of an El-Niño event in 2010, between December 2010
and February 2011 a decrease in SST in the east equatorial Pacific was ob-
served, with the development of a cold tongue extending far westward of
the International Date line, and higher than average SST anomalies in the
western Pacific, typical of La-Niña conditions. Lower than average SSTs
persisted throughout 2011, weakening between March and August to almost
neutral conditions, only to be reinforced in September 2011 and lasted un-
til early 2012. This strong east-west gradient in SST was accompanied by
the enhancement of the Walker circulation over the whole year, associated
to enhanced convection over Indonesia and suppressed over the west-central
Pacific (Blunden and Arndt, 2012).

These conditions also promoted changes in atmospheric circulation over
the Northern Hemisphere, contributing to precipitation anomalies extending
to the Unites States. The global temperature and precipitation patterns
during 2011 were very similar to the ones shown in Figure 2.2. However
the positive anomalies in precipitation over South America, southern Africa
during austral summer and in Australia during winter were so intense that
resulted in a remarkable water storage on land (Figure 2.4), whose imprint
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Figure 2.4: Change in water mass from beginning of 2010 (JFM average) to mid
2011 (MAM average). Blue colours indicate an increase in water mass over the
continents. From Boening et al. (2012)

was even reflected on a mean sea level drop of 5mm during 2011 (Boening
et al., 2012). In Australia, the warm ocean pool was further enhanced by
about 25% the rainfall expected from the La-Niña impact, resulting in floods
which affected 1.300.000km2 and resulted in social disruption, deaths and
heavy economic costs (Evans and Boyer-Souchet, 2012).

2.2 ENSO and the carbon cycle

It has been early recognized that the ENSO controlled, at least partially, the
largest anomalies observed in the CO2 exchanges between atmosphere and
the land and ocean sinks (Keeling et al., 1995). Initial studies proposed that
higher CO2 growth rates during El-Niño events were associated to reduced
uptake by terrestrial ecosystems due to increases in average global tempera-
ture, and accompanied by an offsetting, but considerable weaker, response in
the oceans (Keeling et al., 1995, 2001). More recent studies (including longer
time-series and further events of El-Niño and La-Niña) confirmed the deter-
minant role of terrestrial ecosystems in controlling inter-annual variability in
CO2 growth rate, with ENSO being identified as a major contributor to this
variability (Baker et al., 2006; Le Quéré et al., 2009).

The strong 1997/98 El-Niño event led to a remarkable increase of CO2

concentrations, with terrestrial ecosystems turning into a source of more than
3PgC.yr−1 (Sarmiento et al., 2010). Because the inter-annual variability in
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CO2 growth rate appeared to be mostly driven by terrestrial NPP in the
tropics, tropical ecosystems were proposed to play a major role as hotspots of
ENSO influence on CO2 exchange (Nemani et al., 2003; Baker et al., 2006).
As shown in Figure 2.2, El-Niño events tend to increase dryness in vast
areas of southwestern Asia, northern Australia and southern Africa. This
expansion in drought-affected regions is not compensated by the enhanced
rainfall in other areas, since it occurs mostly over the oceans. Decreased NPP
or increased respiration associated to drought was suggested as the main
driver of the response of the land-sink (Nemani et al., 2003; Heimann and
Reichstein, 2008), together with an increase in the occurrence of wildfires
(van der Werf et al., 2006; Le Page et al., 2007; Heimann and Reichstein,
2008). However, Zhao and Running (2010) found only a significant influence
of the Amazon on global NPP variations, while the other tropical rain forests
did not seem to present a significant relationship with global NPP variability.

Motivation
Most of the observational datasets of CO2 exchange extend only to the

1980’s in the best cases, when a period mostly dominated by El-Niño events
started, lasting until the late 1990’s. This is probably the reason why most
of the studies focused on the impact of El-Niño on the land-sink, particu-
larly the 1997/98 outstanding one, lacking a more general insight about the
relationship between ENSO and variability in the global carbon sink. The
opposite impact of La-Niña in CO2 growth rates was proposed to be driven
by the symmetrical mechanisms as the El-Niño (Le Quéré et al., 2009), how-
ever, a study analyzing the spatio-temporal patterns of the transition from
the 1997/98 El-Niño to the 1999 La-Niña pointed that there was not an
evident opposite response in the land-sink during the cold phase of ENSO
(Behrenfeld et al., 2001).

The studies about the relationship between ENSO and NPP were mostly
based on the analysis of latitude integrated fluxes. However, as mentioned
in Section 2.1 and shown in Figure 2.2, ENSO impacts on temperature and
precipitation vary considerably on the same latitudinal band. Therefore, it is
not certain that all the tropical regions respond in the same way to variations
between warm and cold phases. The existence of a tight connection between
ENSO and the land-sink may shed some light on the ongoing discussion
about trends in the last decades (Nemani et al., 2003; Zhao et al., 2005;
Ahlström et al., 2012). Additionally, a deeper assessment of this connection
may be particularly valuable to improve the representation of the land-sink,
constrain future climate projections or even reconstruct the past variations
in the land-sink.
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The control of ENSO on the land-sink variability would imply that the
relationship must hold for negative phases and scale, even if not linearly,
with the strength of the events. Attributing variability in the land-sink to
ENSO requires a thorough spatio-temporal analysis of the variability pat-
terns in global NPP, particularly to evaluate whether the larger anomalies in
terrestrial NPP and CO2 exchange are driven by physical mechanisms that
are, in turn, controlled by ENSO variability.

Since 1999, ENSO has alternated more between warm and cold phases and
in 2011 one of the strongest La-Niña events took place. Moreover, long-term
data of the global land-sink are currently available together with satellite
datasets of global NPP which allow evaluating spatial patterns with relatively
high resolution. This constitutes an opportunity to better assess the influence
of cold ENSO events in terrestrial CO2 exchange, and to re-evaluate the
apparent “decreasing trend” in global NPP (Zhao and Running, 2010).

2.3 The global NPP dependence on ENSO:

La-Niña and the extraordinary year of

2011

Ana Bastos, Steven W. Running, Célia Gouveia, and Ricardo M. Trigo

Paper published in Journal of Geophysical Research - Biogeosciences

Global ecosystems remove about 25% of anthropogenic CO2 emissions;
however the response of the land-sink to climate variability and change is
not yet fully understood. In 2011, the highest global value of Net Primary
Production (NPP) since 2000 was registered on the MODIS record, together
with the highest value on the Carbon Dioxide Information Analysis Center
record of carbon land-sink strength since 1959.

Here we show that El-Niño/Southern Oscillation (ENSO) is responsible
for much of the variability observed in the land-sink and that the high NPP
anomaly observed in 2011 was largely influenced by the strongest La-Niña
since the 1970’s, that lasted from late 2010 to early 2012. ENSO explains
more than 40% of global NPP variability, mainly driven by the response of
southern hemisphere ecosystems, particularly in tropical and sub-tropical
regions. Water availability, controlled by temperature and precipitation
anomalies, appears to be the main factor driving the regional response of
NPP to ENSO.
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2.3.1 Introduction

Anthropogenic CO2 emissions from fossil fuel burning and land-use change
have been increasing since the 1960’s. Each year, about half of anthropogenic
emissions remain in the atmosphere, being the remaining half absorbed by
land and oceans sinks (Le Quéré et al., 2009). In the last decades, these sinks
presented an increasing strength but also considerable inter-annual variabil-
ity. As the ocean sink reveals a relatively smooth behavior, with a slight
increasing trend and low year to year variability, most of the variability ob-
served in the airborne fraction is due to the very high inter-annual variability
of the land-sink (Le Quéré et al., 2009; Raupach, 2011; Ballantyne et al.,
2012).

There is, however, a great debate about whether the increase in CO2

uptake has been maintained since the beginning of this century (Zhao and
Running, 2010; Samanta et al., 2011; Ahlström et al., 2012). Several studies
have stressed the complex response of ecosystems to the wide range of cli-
mate variables affecting carbon uptake by ecosystems, such as temperature,
precipitation and solar radiation (Nemani et al., 2003; Cox et al., 2004; Huete
et al., 2006; Beer et al., 2010), the length of the growing season (Piao et al.,
2008) and extreme events (Ciais et al., 2005; Samanta et al., 2010). Uncer-
tainties about the magnitude and future behavior of the terrestrial carbon
sink are still high, mainly as a consequence of high inter-annual variabil-
ity and the response of regional ecosystems to changes in climate forcings
(Raupach, 2011; Ballantyne et al., 2012).

The El-Niño/Southern Oscillation (ENSO), one of the main large-scale
coupled modes of circulation, affects climate patterns and inter-annual vari-
ability worldwide. Previous studies have suggested that ENSO may have an
influence on Net Primary Production (NPP) (Behrenfeld et al., 2001; Ne-
mani et al., 2003), the magnitude of the land-sink (Le Quéré et al., 2009;
Raupach, 2011) and atmospheric CO2 growth rate (Heimann and Reich-
stein, 2008; Friedlingstein and Prentice, 2010; Ballantyne et al., 2012), with
El-Niño apparently associated to years with low global NPP and higher CO2

accumulation in the atmosphere. However, the nature and strength of this
relationship, as well as the main driving physical mechanisms have not, as
yet, been addressed in detail.

This works aims to evaluate the relationship between the inter-annual
variability of the land-sink and ENSO and, in particular, to identify the
regions driving this relationship as well as the most relevant climate factors
forcing the response of ecosystems to ENSO. Finally, we intend to understand
whether the increased carbon uptake by ecosystems observed in 2011 was a
response to the strong contemporary La-Niña.
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We first analyse the long (1959-2011) Carbon Dioxide Information Anal-
ysis Center (CDIAC) global land CO2 uptake (Le Quéré et al., 2012) dataset.
However, this dataset provides only global values and, thus, the shorter
(2000-2011) dataset of MODIS-NPP global fields (Zhao and Running, 2010)
was simultaneously used to perform spatial analysis. Although the CDIAC
dataset corresponds to the net CO2 flux of global ecosystems (Net Ecosystem
Exchange, i.e. NPP minus ecosystem respiration) the inter-annual variability
of NPP and ecosystem respiration was shown to be closely related in pre-
vious studies (Chapin et al., 2006). Therefore, their complementary use in
this study increases the robustness of the results and allows a more detailed
analysis of spatial variability patterns.

We find a strong anti-correlation between ENSO and NPP, which is
mostly driven by ecosystems at tropical and sub-tropical latitudes. We
also find water availability, through combined temperature and precipita-
tion anomalies, to be the key factor governing the response of NPP to ENSO
variability.

The remarkable La-Niña event had, thus, a strong influence on the en-
hanced carbon uptake by ecosystems observed in 2011. Moreover, results
highlight the importance of large-scale climate variability modes on the land-
sink dynamics.

2.3.2 Data and Methods

A long dataset of land CO2 uptake developed by the Global Carbon Project
was extracted from the CDIAC. This dataset provides information about the
magnitude of the land-sink (Sland) and respective uncertainties from 1959 to
2011, which is computed indirectly from the atmospheric CO2 accumulation
and uptake by ocean to the global CO2 emissions (fossil fuels and land-use
change) as described in Le Quéré et al. (2012). Sland corresponds to the
net CO2 flux of global ecosystems (i.e. NPP minus ecosystem respiration).
The inter-annual variability of Sland is related to NPP variability (Chapin
et al., 2006) and Sland is used as a complementary and independent dataset
for assessing NPP variability.

The spatial analysis in this work relies on the improved MOD17A3 an-
nual global NPP dataset which is derived from the MODIS-NPP algorithm
(Running et al., 2004) and driven by daily meteorological data from the
NCEP/DOE II Reanalysis as described in Zhao and Running (2010). This
dataset has been regularly updated and now encompasses a 12-year period
spanning from 2000 to 2011, and covering the regions between 80◦N and 60◦S
at 1km spatial resolution. Annual NPP anomaly (hereafter NPPanom) fields
were computed as the annual departure from the long-term average in the
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study period. Global and hemispheric values of annual NPPanom were finally
computed as the integrated NPPanom restricted to vegetated area.

For climate assessment, monthly means of average air temperature fields
at 2m, incoming short wave radiation flux at the surface and soil wetness
(volumetric) in the top (2cm depth) and root (1m depth) layers, defined as
the ratio between volumetric water to the porosity, were extracted from the
NASA/GMAO MERRA Reanalysis (Rienecker et al., 2011) which provide
global fields from 1979 to present at 0.5◦ resolution. Annual average were
computed for the whole period and are henceforth referred as Tavg (temper-
ature), Ravg (incoming short wave radiation flux), GWtop and GWroot (soil
wetness at the top 2cm and top meter layers, respectively).

This work relies essentially on NASA/GMAO MERRA temperature re-
cords since it is an independent database from NCEP/DOE II Reanalysis
(Kanamitsu et al., 2002), which were only used for comparison purposes.

Monthly precipitation data were extracted from the Global Precipitation
Climatology Centre (GPCC) monitoring product which is based on near-real
time rain gauge observations and provides monthly mean global precipitation
fields between 1986 to present at 1◦ spatial resolution (Rudolf et al., 2005).
Annual accumulated precipitation fields (Ptotal) were computed as the sum
of monthly values over the period 1986-2011.

Many indices related with the El-Niño/Southern Oscillation (ENSO) phe-
nomena have been proposed in the literature. Here we used the Multivariate
ENSO Index (MEI) provided by NOAA’s Climate Prediction Center (NOAA-
CPC). MEI bi-monthly values are provided since 1950 to 2012. A winter
ENSO composite was calculated as the mean MEI values observed between
Dec/Jan and Mar/Apr for each year and is henceforth referred to as MEIw.

The complete record (1950-2012) was used to calculate the threshold for
warm (cold) events, defined as the upper (lower) quartile of the record. Posi-
tive and negative ENSO phases, corresponding to El-Niño or La-Niña (respec-
tively ENSO+ and ENSO−) were defined as those years with MEIw above
the warm threshold for ENSO+ and below the cold threshold for ENSO−

(Figure 2.5a). Based on these thresholds, the events found for the 2000-2011
record are 2002/3, 2004/5 and 2009/10 (ENSO+) and 1999/00, 2007/8 and
2010/11 (ENSO−) and ENSO composites (positive or negative) were then
computed for all climate variables.

A preliminary evaluation of the relationship between Sland and global
NPP was made by computing the correlation between de-trended Sland and
NPPanom for the period 2000-2011, common to both records.

In order to evaluate the relationship between ENSO and global carbon
uptake, we computed correlation coefficients between de-trended Sland and
MEIw for both the long (1959-2011) and shorter (2000-2011) periods. Since
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the longer time-series (Sland) does not provide information about spatial vari-
ability, the MODIS NPP dataset was used for the spatial analysis.

Figure 2.5: ENSO and land carbon uptake variability. (a) Bi-monthly Multivari-
ate ENSO Index from Dec/Jan 1950 to Jul/Aug 2012 provided by NOAA - CPC,
positive values correspond to El-Niño and negative values to La-Niña. (b) Land
CO2 uptake (Sland) from CDIAC (black) and associated uncertainty (grey shaded
interval). Red (blue) shades indicate the strongest warm (cold) winter ENSO com-
posites, calculated as the upper (lower) quartile of the record. The period analysed
in detail in the present work is highlighted in light grey.

The correlation between global and hemispheric yearly NPPanom and
MEIw was computed to assess the contribution of each hemisphere to the
overall relationship. The same procedure was then applied on a pixel by pixel
basis to assess the geographic distribution of correlations between the two
variables. Regions with high correlations (statistically significant at the 10%
level) were selected and the overall correlation between regional NPPanom

and ENSO was evaluated.
The impact of ENSO on NPP was assessed by computing the difference

between NPPanom composites corresponding to ENSO+ and ENSO− phases
over the period between 2000 and 2011. To understand which climate vari-
ables were driving NPP response to ENSO, the differences between compos-
ites of Tavg, Ravg and Ptotal for ENSO+ and ENSO− phases between 2000
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and 2011 were accordingly analysed. These differences were also computed
for the long record for each variable to assure that results were not influ-
enced by the occurrence of a few exceptional events. In general, there are
no appreciable differences between the two procedures, in particular over the
regions considered in this work. Finally, results were summarized in maps
corresponding to the combination of the positive or negative response of each
variable.

2.3.3 Results and Discussion

The exceptional year of 2011
Generally, El-Niño phases are associated to drier than average conditions

in northeastern South America, South Africa, Australia and the Pacific Basin
while wetter conditions are observed on the northwest and southeast coasts of
South America and on the Gulf Coast (Mason and Goddard, 2001; Marengo,
2004; McPhaden et al., 2006). Likewise, El-Niño impinges warmer temper-
atures on northern, western and southeastern South America, South Africa,
Australia and on most of the Indian basin, while cooler temperatures prevail
over southeastern USA (Diaz et al., 2001). Accordingly, it has been shown
that the occurrence of drought events in these areas is controlled to a large
extent by ENSO signal, with drier than usual conditions in tropical and sub-
tropical thriving for long temporal scales (up to 12 months) during El-Niño
phase (Vicente-Serrano et al., 2011). During La-Niña conditions, the climate
patterns are approximately reversed.

In late 2010, ENSO evolved from a moderate El-Niño phase to one of
the strongest La-Niña episodes in the instrumental record, lasting for 2011
and early 2012 (Figure 2.5a). The strong La-Niña episode was associated
with a generalized reduction in global surface temperatures (however still
above the 1981-2010 average) and to generally wet conditions (Blunden and
Arndt, 2012). This intense episode of La-Niña has been shown to lead to a
temporary decrease of the mean sea level (Boening et al., 2012) associated
with a significant increase in water retention on land, especially in Australia,
South Africa and Northern South America (Boening et al., 2012; Evans and
Boyer-Souchet, 2012).

In the CDIAC land-sink magnitude record (Sland), 2011 corresponds to
the maximal land-sink strength since 1959, being only equaled by the value
observed in 1992, totaling 4.09 Pg (Figure 2.5b). The 1992 land-sink enhance-
ment has been attributed to the cooler than average conditions following the
Mt. Pinatubo eruption in 1991 (Jones and Cox, 2001; Sarmiento et al., 2010).

The year 2011 also registered the highest value on the MODIS-NPP
record, with global NPP amounting to over 55 Pg (NPP=1.54Pg), follow-
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ing a decade of apparent decrease (Zhao and Running, 2010). The global
NPPanom field for 2011 (Figure 2.6) reveals widespread positive anomalies,
corresponding to 51% of vegetated area (against 32% with negative anoma-
lies), and particularly high anomalies (above 0.12 kg.m−2.year−1) throughout
most of the Southern Hemisphere (SH), including most of northeastern South
America (hereafter SAM), southern Africa (SAFR) and Australia (AUST),
as indicated by the regional boxes in Figure 2.6.

Figure 2.6: Global NPP anomalies in 2011 and NPP variability in selected
regions. Global NPPanom field in 2011 in kg.m−2.year−1 and the evolution of
NPPanom over the period 2000-2011 computed in regions with very high absolute
anomalies during 2011.

The main exception in SH corresponds to the northwestern South Amer-
ica and the Asian islands. In the Northern Hemisphere (NH) besides the
relatively high values over India and the Bay of Bengal (ASIA), as well as
in northern African savannas (SAV), it is also worth pointing the low but
widespread positive anomalies in Europe. However, on a hemispheric scale,
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these anomalies were partially offset by very low negative anomalies on south-
eastern USA (USA), associated with the outstanding heatwave and drought
that struck this region (Blunden and Arndt, 2012).

The year 2011 corresponds, thus, to a year of exceptionally strong ter-
restrial carbon uptake. To assess the influence of the contemporary La-Niña
episode, the relationship between ENSO and NPP needs to be more deeply
understood.

Linking the inter-annual variability of carbon uptake and NPP with
ENSO

Despite presenting an apparent positive trend over the 53-yr period, Sland

is characterized by very high inter-annual variability (Figure 2.5b). The
comparison of the long time-series of ENSO (Figure 2.5a) and Sland suggests
a negative relationship between ENSO and the magnitude of the land-sink,
which has been already proposed in several works (Le Quéré et al., 2009;
Raupach, 2011), but not fully quantified.

A significant anti-correlation between Sland and MEIw over the period
1959-2011 was found (ρ=-0.53, p�0.01), with ENSO explaining about 29%
of the total variance. However, when restricting the analysis for 2000-2011
(the period used for spatial analysis), anti-correlation was stronger (ρ=-0.68,
p=0.02), with ENSO dynamics explaining about 46% of Sland variability.
The lower correlation found for the longer period may be due to the disrup-
tion caused by the impact of the two volcanic eruptions, El-Chichón in 1982
and Mt. Pinatubo in 1991 (Jones and Cox, 2001; Sarmiento et al., 2010).
When removing the years corresponding to each eruption (1982 and 1991)
and the subsequent year (1983 and 1992), correlation is much stronger (ρ=-
0.69, p�0.01), stressing the strong opposite effects of volcanic eruptions in
the land-sink dynamics.

The 2000-2011 NPP record on the most productive regions in 2011 (Fig-
ure 2.6) reveals highly variable dynamics with, however, great differences
between the various regions. We must bear in mind that the use of a short
time-series presents some caveats and that results obtained for some regions
(e.g. SAM and AUST) may be biased as a consequence of the consecutive
drought years (Marengo, 2004; Zhao and Running, 2010) that imply low NPP
average values observed for the previous decade.

NPPanom and Sland inter-annual variability were compared for the period
2000-2011 (Figure 2.7a). A significantly high correlation (ρ = 0.72, p�0.01)
was found between the two time-series, despite the short period, indicating
that the inter-annual variability of both Sland and NPPanom is driven (at least
partially) by the same patterns.
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Figure 2.7: Global, Hemispheric and Regional link between ENSO and NPP. (a)
Global (black solid), Northern Hemisphere (grey dotted) and Southern Hemisphere
(grey dashed) NPP from 2000 to 2011 computed from the MODIS NPP record.
The reference NPP mean value is 53.6 Pg.year−1. Inverted winter MEI composite
(-MEIw, blue solid) computed over the same period. (b) Simple correlation between
NPPanom and ENSO computed over the period 2000-2011 for each pixel; (c) Pix-
els with correlation significant at the 90% level in (b) (blue) and non-significant
pixels (grey). Rectangular boxes indicate the regions with strong and significant
correlations between the variables. Numbers on the side of each box in b indicate
the overall correlation between the variables over each region.

The analysis of global NPPanom and the partition in NH and SH anoma-
lies (Figure 2.7a) allows the assessment of the relative contribution of each
hemisphere to the high 2011 anomaly as well as to the global inter-annual
variability. Although both hemispheres presented positive anomalies in 2011,
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the role played by each hemisphere on the global NPP dynamics, it appears
to be mainly driven by the SH component which explains 72% (ρ = −0.85,
p� 0.01) of the global NPPanom variance.

The simultaneous analysis of global annual NPP series and MEIw (with
MEIw signal inverted to facilitate the comparison in the following figures)
over 2000-2011 (Figure 2.7a) indicates very similar variability patterns, with
low global NPP associated to high MEIw values and high NPP in low MEIw
years, consistently with the results from other works (Behrenfeld et al., 2001;
Nemani et al., 2003). Splitting the results in hemispheric NPP suggests that
the co-variability between global NPP and ENSO is mainly driven by the
SH. The simple correlation between the three time-series and MEIw confirms
high anti-correlation values between ENSO and NPP at the global level (ρ =
−0.65, p = 0.02) which is very similar for SH (ρ = −0.64, p = 0.03), while for
NH the results were not significant. ENSO explains, therefore, a considerable
fraction of the global (42%) and SH (41%) NPP variability.

As mentioned above, the use of the longer Sland time-series allows a more
robust assessment of the relationship between global land carbon uptake and
ENSO. Moreover, since this dataset is completely independent from MODIS
data, it reinforces the consistency of the results obtained for the shorter time-
series of global NPP. Although the results for NPPanom are expected to be
somewhat different than the ones found for Sland, the similarity of the results
obtained for the period 2000-2011 suggests a consistent relationship between
ENSO and biospheric carbon uptake pointing to the existence of both me-
teorological and biophysical mechanisms driving the response of terrestrial
ecosystems to ENSO.

Spatial analysis of correlations allows identifying those regions with stron-
gest response to the ENSO signal and may help to shed some light in the
driving physical mechanisms. Thus, the global pattern of correlation coeffi-
cient values between ENSO and NPPanom were analysed on a pixel by pixel
basis (Figure 2.7b). Strong correlations are found worldwide, with negative
correlations dominating on the SH, while the NH presents areas character-
ized by negative (e.g. Europe and Russia) and positive (e.g. North America)
sectors, that when aggregated explain the non-significant correlation value
obtained for the whole NH.

Despite the relatively short (12 years) dataset available, it should be
emphasized the robustness of the spatial pattern obtained, compatible with
the drought areas associated with El-Niño events (Vicente-Serrano et al.,
2011). Within the six regions with high NPP anomalies in 2011, five present
strong correlations with ENSO: in SAM, SAFR, ASIA and AUST NPP is
strongly anti-correlated to ENSO while in USA NPP is positively correlated
to ENSO. In SAV, NPP does not have a strong nor significant correlation
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with ENSO. The average correlation coefficients computed for each of the
five regions (values placed next to boxes in 2.7b) are markedly high, with
absolute values above 0.77 (p�0.01) meaning that ENSO explains more than
half of NPP variability on those areas. The results for SAM and ASIA are
particularly high, since ENSO explains more than 67% of the total variance.

Due to the short length of the time-series, the relationships described
above and the magnitude of ENSO impacts are better analysed using com-
posites of warm (ENSO+) and cold (ENSO−) phases. The difference in com-
posites of NPPanom obtained during ENSO+ and ENSO− phases are shown in
2.8, that provides information about the magnitude of the impact of ENSO
on regional NPP. A negative (positive) difference indicates that NPP is de-
creased (increased) during El-Niño and increased (decreased) during La-Niña
events.

The regions with strong correlation between ENSO and NPP present re-
markable differences (either positive or negative) between the two phases,
with absolute values in all regions above 0.15 kg.m−2.year−1, with the ex-
ception of AUST and most of ASIA. However, the latter regions are mostly
composed by arid (AUST) or tropical savannah (ASIA) ecosystems and the
differences observed (between 0.05 and 0.1 kg.m−2.year−1) correspond, never-
theless, to a significant fraction of the average low annual productivity from
60% to more than 100% of the average.

Figure 2.8: Difference between ENSO+ - ENSO− in NPPanom composites. The
events encompassed on the 2000-2011 record are 2002/3, 2004/5 and 2009/10
(ENSO+) and 1999/00, 2007/8 and 2010/11 (ENSO−).

These results confirm the relationship found between the total NPP and
ENSO on these regions and indicate that in La-Niña (El-Niño) years, NPP is
enhanced (reduced) in the tropical and sub-tropical sectors of SAM, SAFR,
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ASIA and AUST. On the contrary, in USA, El-Niño (La-Niña) events corre-
spond to high (low) ecosystems’ productivity.

In the case of 2011, the outstanding La-Niña event which lasted for more
than one year appears, therefore, to have driven the dynamics of ecosystems
on the highlighted regions, promoting the very high NPP anomalies observed
in SAM, SAFR, ASIA and AUST and the substantial decline in NPP over
USA (Figure 2.6).

The differences between Ravg, Tavg and Ptotal ENSO composites were
equally evaluated (Figure 2.9) and positive (negative) differences are indica-
tive of above (below) average values of each variable during El-Niño (La-
Niña) events.

Figure 2.9: Differences in radiation, temperature and precipitation between
ENSO+ - ENSO− composites between 2000 and 2011, as in 2.8, for: a) Ravg, b)
Tavg and c) Ptotal.
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All the regions characterized by significant negative correlation values
with ENSO present positive Tavg differences between 0.5◦ C and 2◦ C, which
are especially high in SAFR and AUST (Figure 2.9a). The opposite occurs
in USA, with Tavg differences in the range between -1◦ C and -0.5◦ C. In the
case of both Ravg and Ptotal, the signal is not as clear as for Tavg. However
negative differences of Ptotal appear to dominate the regions anti-correlated
to ENSO, i.e. leading to increased (reduced) precipitation during La-Niña
(El-Niño) events (Figure 2.9b). In the case of USA, Ptotal presents either
positive or negative values, which do not allow for a conclusion to be drawn.
For Ravg, although the regions with negative correlations with ENSO appear
to present a positive difference between phases (i.e. less radiation during La
Niña phases), and the opposite behaviour for USA, the patterns are also not
as strong and consistent as for temperature (Figure 2.9c).

The differentiated responses were organized in a global map with the
combined response (positive or negative) of Tavg and Ptotal to ENSO phases
(Figure 2.10a) and indicate the existence of a similar pattern driving the
response of NPP to ENSO variability. The regions anti-correlated to ENSO
being dominated by positive Tavg and negative Ptotal differences (orange),
while USA corresponds to negative differences in Tavg, with either positive
or negative Ptotal differences.

Generally, cooler and wetter conditions are observed during La-Niña e-
vents in all tropical and sub-tropical regions negatively correlated to ENSO
while warmer and relatively drier conditions are found in USA, although tem-
perature appears to dominate the response in this region. The same analysis
was performed including Ravg , however, the differentiated response of the
variables to ENSO phases appears to be better explained by temperature and
precipitation alone and, thus, is not included here. Cooler conditions may
affect directly NPP by reducing autotrophic respiration rates while more
rainfall means higher water availability for plant growth. Cooler tempera-
tures also reduce evaporation rates, therefore increasing soil moisture. Water
availability appears, thus, to be the most relevant factor driving the response
of NPP to ENSO in the selected regions. This feature is reinforced when ana-
lyzing the differences in soil wetness in the top layer (GWtop) during positive
and negative ENSO phases (Figure 2.10b). Negative differences, i.e. wetter
(drier) conditions during La-Niña (El-Niño) phases, dominate all the regions
anti-correlated with ENSO while positive differences, i.e. drier (wetter) con-
ditions during La Niña (El-Niño) are observed in USA. The same patterns,
although attenuated, are found in GWroot (Figure 2.10c), confirming a strong
enhancement (supression) in soil water availability for plant functioning and
growth during La-Niña (El-Niño) phases in those regions where negative
(positive) correlations between NPP and ENSO are found.
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Figure 2.10: Summary of temperature and precipitation influence on water avail-
ability between positive and negative ENSO phases. a) combinations of the signals
of Tavg and Ptotal differences between ENSO+ - ENSO− composites. For example,
T- P- corresponds to negative differences in both Tavg and Ptotal, T- P+ to nega-
tive differences in Tavg and positive in Ptotal. (b, c) Difference between ENSO+ -
ENSO− composites for b) GWtop c) GWroot.

It should be stressed that we have repeated this analysis using a longer
period (1979-2012 for Tavg, Ravg, GWtop and GWroot and 1986-2012 for Ptotal)
and the patterns obtained (not shown) are in good agreement with those
presented here, namely for the selected regions, being also in accordance with
previous studies focused on the impact of ENSO on those variables (Mason
and Goddard, 2001; Marengo, 2004; McPhaden et al., 2006). Furthermore,
results were also compared to NCEP/DOE II Reanalysis (not shown) and
the obtained patterns revealed to be consistent with the ones presented in
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Figures 2.9 and 2.10.

We must acknowledge that in some tropical areas (e.g. Amazon) the
main limiting factor, besides water availability, is solar radiation and not
temperature per se (Samanta et al., 2010), but the core sector of the Amazon
forest does not exhibit a significant correlation to ENSO, and therefore was
not included in our regional analysis.

2.3.4 Conclusions

The year of 2011 can be regarded as a remarkable year: presenting the highest
land-sink value since 1959 (Le Quéré et al., 2012) and, as shown here, holding
also the highest value of global NPP on the MODIS record (2000-2011). In
this study we provide evidence that the coupled pattern of El-Niño/Southern
Oscillation controls much of the temporal and spatial variability observed in
vegetation carbon uptake, and thus affecting indirectly the airborne fraction.

The results provide insights on the nature and the strength of the rela-
tionship between ENSO and global NPP. The fact that ENSO accounts for
more than 40% of inter-annual variability of carbon uptake by global ecosys-
tems (2000-2011) provides a new perspective to the assessment of long-term
NPP variability, either when evaluating past trends but also when trying to
put it in context in future projections. We are confident that our results
are relatively robust, although we must acknowledge the caveats of using
relatively short time NPP series. Nevertheless, this caveat is hampered by
the simultaneous analysis performed with the much longer land-sink dataset
that reinforces the links with the ENSO signal corroborating the role played
by the 2011 year La-Niña in the record NPP and land-sink values.

This work proposes a simple physical mechanism driving the response of
NPP to ENSO variability, through changes in soil water balance and stresses
the importance water availability in the dynamics of vegetation productivity.
The fact that the same mechanism appears to be driving the ecosystems’
response to ENSO is a striking result given the different geographical settings
of each region, in different continents, at different latitudes and comprising
different biomes, which have been described to have different limiting factors
(Nemani et al., 2003). Previous works suggested that drought in Amazonia
could be one of the major drivers of global productivity (Cox et al., 2004;
Zhao and Running, 2010); here we show that the cumulative effect of other
regions, most located in the sub-tropical regions in the southern hemisphere,
appears to have a strong influence on the variability of global NPP, driven
by water deficits/surpluses related to ENSO dynamics.
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2.4 Changes in ENSO: present and future

Due to the recognized influence of ENSO on global climate, many works
have tried to understand whether ENSO characteristics (frequency, ampli-
tude, spatial pattern) are affected by the human impact on global climate, or
mostly by natural variability, and what will be the future dominant patterns
(Cane, 2005; McPhaden et al., 2006).

In the past century a weakening of the Walker circulation has been ob-
served (Vecchi et al., 2006), contemporary with an increase in El-Niño ac-
tivity (Vecchi and Wittenberg, 2010). In particular, the period spanning
from 1970’s until the late 1990’s was dominated by the occurrence of strong
El-Niño events (Figure 2.5), including some of the strongest in the century
(Karl et al., 2000). However, the nature of these changes, and whether they
correspond to a response to an anthropogenic greenhouse gas forcing or sim-
ply natural variability, is still subject of controversy (Trenberth and Hoar,
1996; Power and Smith, 2007; Vecchi and Wittenberg, 2010).

Power and Smith (2007) suggested that the increase of El-Niño events
was simply due to an overall increase in tropical SST values, implying a
need to redefine the thresholds of ENSO events. Lee and McPhaden (2010)
have proposed that part of this increase in tropical SST was mostly due to
an intensification and higher frequency of Central Pacific types of El-Niño
events rather than to the general increase in SST. On the contrary, Santoso
et al. (2013) have suggested that global warming actually impacts upper
ocean currents in the tropical Pacific, favoring the eastward propagation of
high SST anomalies and changing the characteristics of ENSO variability.

However, since 1998, tropical Pacific SST’s cooled down, with impacts
on the slowdown of global temperature trends, the so-called global-warming
hiatus (Kosaka and Xie, 2013; England et al., 2014). The multi-decadal
variations in tropical Pacific SST (and ENSO) have been proposed to be
modulated by the PDO, which has also been suggested as a plausible mecha-
nism to explain the increased El-Niño events during the 1970’s until the late
1990’s (McPhaden et al., 2006). In fact, the onset of a negative phase of
the PDO appears to be related to the prevalence of La-Niña like conditions
since 1998 (Figure 2.5), and partly explains the hiatus problem (Trenberth
et al., 2014). Nevertheless, other authors (Stevenson et al., 2010) showed
that assessing ENSO variability with confidence requires periods with a min-
imum of 240 years, which helps explaining why the present trends remain so
controversial.

Climate modelers have made huge efforts to reproduce the ENSO phe-
nomenon as robust as possible in the lastest generations of GCMs. This has
been achieved to a certain extent through the representation of the ENSO
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phenomenon as two linear feedbacks corresponding to the Bjerknes feedback
and to the relationship between surface heat fluxes and SST (Jin et al., 2006).
The earlier CMIP3 GCM’s performed poorly in reproducing the mean and
annual cycle of SST in the tropical Pacific, which resulted in considerable bi-
ases (Guilyardi, 2006). Moreover, CMIP3 GCMs presented a too large range
in ENSO amplitude, unrealistic temporal variability – with a tendency to re-
produce a 2-yr regular oscillation – and spatial configuration, with anomalies
extending to the western Pacific (Guilyardi, 2006; Bellenger et al., 2014).

In the state-of-the-art CMIP5 models, the greatest improvement corre-
sponds to a decrease of about half of the spread of the modeled ENSO ampli-
tude (Guilyardi et al., 2012). The spectral metric shows slight improvements,
however in most of the other relevant features, meager progresses are found,
and in some cases, even degradation as shown by Bellenger et al. (2014) and
presented in Figure 2.11.

While CMIP5 models reproduce Central-Pacific ENSO intensities close
to observations, they largely underestimate the East-Pacific type variability
by about half (Kim and Yu, 2012). Furthermore, models generally do not
reproduce realistically the spatio-temporal evolution of ENSO events, with
an overestimation (underestimation) of El-Niño and La-Niña peaks in cen-
tral (eastern) Pacific and an underestimation (overestimation) of demises in
central (western) Pacific (Bellenger et al., 2014). CMIP5 models also present
difficulty in representing convection and cloud processes, which are particu-
larly relevant within the context of the relationship between ENSO and global
NPP, highlighted in Section 2.3. These discrepancies largely arise from the
mis-representation of the Bjerknes and the heat-flux feedbacks (Guilyardi
et al., 2012; Bellenger et al., 2014).

Despite CMIP5 models tending to agree on general SST trends in the
tropical Pacific (IPCC, 2013), there is still great uncertainty about the fu-
ture response of ENSO (Collins et al., 2010). A large spread between the
CMIP5 models of the changes in ENSO amplitude is found, with some mod-
els projecting an increase in ENSO strength, others a weakening or no change
(Guilyardi et al., 2012). Stevenson (2012) has shown that in those models
with a significant amplitude change (three out of eleven), ENSO-related SLP
variability tended to strengthen in RCP4.5, while in the others, ENSO events
tended to weaken and shift eastwards. Kim and Yu (2012) have pointed that
changes to ENSO may need to be evaluated separately on the two East-
Pacific and Central-Pacific regions, since models consistently report a weak-
ening of the EP type of ENSO in RCP4.5, concurrent with a strengthening
of CP ENSO, which may reach up to 90% of the intensity of EP ENSO.
Furthermore, Santoso et al. (2013) have pointed that, even if El-Niño in-
tensity does not change in the future, the weakening of the mean equatorial
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westward currents may increase the likelihood of the eastward propagation of
SST anomalies, which may double the occurrence of extreme El-Niño events
during the 21st century.

Figure 2.11: ENSO simulation performances for each model of CMIP3 (upper)
and CMIP5 (lower) designated by the name of the modeling group and a letter (leg-
end). Four primary scores are used to depict the ENSO quality: the normalized
error of the SST amplitude standard-deviation in Niño-3 (Amplitude), of the per-
centage of El Niño peak in eastern Pacific (Structure), of the ratio between power
in 38 years over 13 years (Spectrum) and of the ratio of average SST standard
deviation in Niño-3 in NDJ over MAM (Seasonality). The ENSO score is then
defined as the average of these primary scores. Thus, the lower the ENSO score,
the better the model represents the basic characteristics of ENSO. Four primary
scores depict the atmosphere feedbacks, the overall Feedback score (FB score) is
the average of these scores. The grey squares spot the metrics that could not be
calculated because of the lack of data. Adapted from Bellenger et al. (2014)
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2.5 ENSO and the land-sink in CMIP5

Here, the possible influence of ENSO discrepancies in CMIP5 ESMs on the
corresponding errors in the representation of the land-sink is briefly inves-
tigated. The main goal of this section is mostly to point future lines of
investigation about this topic, rather than to perform a comprehensive anal-
ysis.

The analysis is limited to the Historical ESM experiment from CMIP5
(Taylor et al., 2011), corresponding to the 20th century run with all forcings
(natural, GHG and aerosol) with a fully coupled carbon-cycle, for the models
indicated in Table 2.1.

Table 2.1: Summary of the land component in the thirteen ESMs used in the
CMIP5 Historical ESM experiment. ESMs may prescribe (P) or compute (C)
land-use change emissions and include (Y) or not (N) fire emissions and a coupled
nitrogen-cycle.

Model name Land model LUC Fire N-cycle Reference
BCC-CSM1.1 BCC-AVIM1.0 P N N Wu et al. (2010)

CanESM2 CTEM C N N Arora et al. (2011)

IPSL-CM5A-LR ORCHIDEE C Y N Dufresne et al. (2013)

MIROC-ESM SEIB-DGVM C Y N Watanabe et al. (2011)

HadGEM2-ES
MOSES

TRIFFID
C N N Collins et al. (2011)

MPI-ESM-LR JSBACH C Y N Ilyina et al. (2013)

NorESM1-ME CLM4 C Y Y Tjiputra et al. (2013)

CESM1-BGC CLM4 C Y Y Long et al. (2013)

GFDL-ESM2G LM3V C Y N Dunne et al. (2012)

GFDL-ESM2M LM3V C Y N Dunne et al. (2012)

MRI-ESM1 - P Y N Adachi et al. (2013)

INM-CM4 - P N N Volodin et al. (2010)

BNU-ESM - P Y Y Dai et al. (2004)

For each ESM, monthly SST variability in the tropical Pacific was evalu-
ated during the historical period (1850-2005) and compared to the Met Of-
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fice Hadley Centres sea ice and sea surface temperature data set (HadISST),
provided at 1◦latitude-longitude spatial resolution since 1856 (Rayner et al.,
2003). A relatively simple approach to assess the ESMs’ ability to reproduce
the main characteristics of ENSO is to apply a Principal Component Anal-
ysis (PCA) on monthly SST anomalies on the tropical Pacific. The ENSO
overwhelming dominance of SST variability is reflected in the first mode of
variability, i.e. the typical ENSO spatial pattern corresponds to the leading
EOF (Kao and Yu, 2009).

Therefore, a PCA was performed on monthly SST anomalies from ESMs
and HadISST to evaluate the characteristics of the spatio-temporal SST vari-
ability. The maps corresponding to the 1st EOF of SST anomalies in the
region extending from 180◦W to 70◦W and 20◦S to 20◦N are presented in
Figure 2.12.

Figure 2.12: Leading EOF (EOF1) of SST anomalies in the region extending
from 180◦W to 70◦W and 20◦S to 20◦N in observations (HadISST) and CMIP5
ESMs. The spatial correlation between each ESM and HadISST is indicated on
top of each map.
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Although all models capture approximately the spatial pattern associated
to ENSO (the “tonge” extending from eastern to western tropical Pacific),
some present remarkable differences in the strength of the signal, as well
as on the spatial configuration of the strongest anomalies. The Nino3.4
index was computed for each ESM and for observations (HadISST) and the
corresponding amplitude, variance explained and frequency spectrum were
compared. An additional frequency spectrum metric, the ratio between the
energy in the 1-3 year and 3-8 year period ranges of the power spectrum,
was computed as in Bellenger et al. (2014), i.e. to provide a measure of
the ability of ESMs to reproduce correctly the recurrence of ENSO events.
Most models provide NBP as an output; for BCC-CSM1.1 and INM-CM4,
NEP was calculated from NPP and Rh, but analysed together with NBP.
Annual NBP anomalies were integrated from deseasonalized NBP anomalies
and compared to the CDIAC dataset between 1959 and 2005 (Figure 2.13
top left). For each model, the correlation between detrended global NBP
and the Nino3.4 index was computed and compared to the value obtained
in Section 2.3. It must be noted that this value was computed from CDIAC
and NOAA’s MEI, which may differ slightly from Nino3.4, although it may
be used as a reference.

According to Figure 2.13 (top right), the discrepancies in the main char-
acteristics of the land-sink in ESMs and observations appear to be partially
related to the mis-representation of the correlation between global NBP and
ENSO. The larger the under or over estimation of the correlation between
Nino3.4 and global NBP, the larger the value of NBPε. Only one model
(BCC-CSM1) appears to follow a different relationship, with a large absolute
difference in the correlation between ENSO and NBP, but quite satisfactory
representation of the land-sink magnitude and variability. This may be ex-
plained by the fact that, if geographic, seasonal and inter-annual patterns of
variability in temperature and precipitation associated to ENSO are not well
represented in ESMs, this may strongly affect the overall magnitude of the
sink and it’s variations.

The fact that most of the main characteristics and impacts of ENSO are
still poorly modeled in ESMs, as discussed in Section 2.4 and illustrated in
Figure 2.12, may affect these results. The absolute errors in the different
ENSO metrics mentioned previously were compared to the discrepancies in
the correlation between ENSO and the land-sink. The spectral metric (Bel-
lenger et al., 2014) appears to particularly affect the correlation between
ENSO and global NBP in models (Figure 2.13, bottom).

Since the periodicity of ENSO events is associated to the recurrence of
extreme anomalies and even disturbances in many regions of the world, it’s
mis-representation may be resulting in different landscape structure and dy-
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namics of ecosystems within the model. This is particularly relevant since
Cox et al. (2013) have shown that constraining the range of inter-annual vari-
ability in models may help to improve the consistency of future trends and,
recently, Friedlingstein et al. (2014) have shown that errors in inter-annual
variability of the land-sink are in fact related to the disagreements in future
projections.

Figure 2.13: Evaluation of land-sink variability in CMIP5. On the top left,
mean and standard deviation (σ) of global terrestrial NBP from ESMs (coloured
markers) are compared to CDIAC (black marker) and the distance between each
point and the reference is shown as a measure of the model error both in mean and
σ (NBPε, coloured numbers on the side of markers). Colours identify each of the
ESMs as shown in the legend. On the top right, the absolute difference between the
correlation of global NBP and Nino3.4 index and the reference value (ρ = −0.53,
Section 2.3) is compared against NBPε for each model. On the bottom left, the
relationship between the absolute error of the spectral frequency metric of ENSO
for each model and the absolute difference in NBP correlations is shown, together
with a linear fit and the corresponding R2 value.
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While these results point to a possible way to better understand the
caveats in modeling inter-annual variability of the land-sink, a more thor-
ough analysis of the physical mechanisms underlying these relationships is
required. This could be done by evaluating the sensitivity within and between
ESMs to different ENSO signals, with varying amplitude, spatial configura-
tion and frequency. However possible, this study is beyond the scope of this
Thesis.
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Chapter 3

Inter-annual variability of the
European CO2 sink
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Despite not being the most productive ecosystems in the globe, European
forests are an important and persistent carbon sink, removing every year
about 0.4PgC from the atmosphere, according to the most recent estimates
(Peters et al., 2010; Pan et al., 2011; Peylin et al., 2013), and presenting the
highest CO2 uptake rates in the Northern Hemisphere (Peylin et al., 2013).
Additionally, Europe is one of the regions in the world with a denser network
of CO2 flux long-term monitoring sites, a useful resource for climatological
studies.
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The pan-European region encompasses very different ecosystem types:
from boreal and temperate forests in the northern and eastern sectors to sa-
vanna and arid biomes in the south, which respond differently to the climate
drivers, as summarized in Section 1.1.3. Socio-economic changes in many Eu-
ropean countries have promoted the modification of land-use practices and
ecosystem structure and the corresponding carbon balance (Janssens et al.,
2003). Particularly, agricultural land abandonment, with consequent forest
expansion, in Eastern and Northern Europe and changes in forest manage-
ment practices in most countries have led to an increase of the European
sink in the last decades of the 20th century (Janssens et al., 2003; Ciais et al.,
2008; Pan et al., 2011). In shorter time-scales, there is ample evidence that
variability and trends in the European sink are spatially heterogeneous and
strongly influenced by climate (Stöckli and Vidale, 2004; Julien et al., 2006;
Luyssaert et al., 2007; Gouveia et al., 2008; Piao et al., 2011).

In this Chapter, the relationship between the European sink and the most
prominent atmospheric circulation patterns affecting the European climate
is explored. Section 3.1 summarizes the current knowledge about the main
large-scale atmospheric circulation patterns in the North Atlantic region and
their impacts on European climate and ecosystems. In Section 3.2 an evalu-
ation of the main spatio-temporal variability patterns in the European sink
is performed as well as their relationship to the teleconnections described in
Section 3.1. Section 3.3 reproduces a paper submitted to Nature Communi-
cations, which performs a comprehensive analysis of the relationship between
NAO, EA and the European sink relying on several sources of information.
In Section 3.4 the anthropogenic fingerprint and future changes on the North-
Atlantic teleconnections, as well as their importance for the regional carbon
balance, are discussed.

3.1 North Atlantic Teleconnections and the

European climate

In the North Atlantic European sector, atmospheric circulation variability
is primarily influenced by low-frequency meridional variations in SLP be-
tween two well known pressure systems, the transient Icelandic low and the
semi-persistent sub-tropical anticyclone over the Azores, constituting the fin-
gerprint of the North Atlantic Oscillation (NAO). The NAO is the dominant
mode of climate variability in the Northern Hemisphere, particularly relevant
in the European sector, mainly due to its strong influence on the location
and intensity of the North-Atlantic jet stream, the storm track activity and
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the patterns of heat and moisture flow over the basin (Hurrell, 1995; Trigo
et al., 2002).

The state of the NAO has been commonly described by a simple index
defined as a normalized difference in SLP between the station in Iceland
(Stykkisholmur) and the Azores, Lisbon, or Gibraltar (Pozo-Vázquez et al.,
2000). Wallace (2000) has proposed that the use of a station-based index
does not capture adequately the temporal variability of the NAO pattern,
recommending the use of a Principal Component Analysis (PCA) of gridded
SLP data in the North-Atlantic region, with NAO being defined as the leading
mode (EOF1), as in Barnston and Livezey (1987).

The NAO pattern is more pronounced during winter, due to a stronger
temperature gradient between the pole and the mid-latitudes, although its
effects may be observed in other seasons. The influence of NAO variability
in winter weather in Europe and Eastern North-America is schematized in
Figure 3.1.

Figure 3.1: Illustration of the NAO influence on North-Atlantic atmospheric
circulation. From NOAA.

During a positive phase of the NAO (NAO+), the SLP gradient between
Iceland and the Azores is enhanced, westerly flow is strengthened and the
storm track displaced to a north-eastward orientation. This promotes the
transport of warm and moist air to the northern Europe and Scandinavia,
while southern and central Europe and the Mediterranean experience drier
and cooler than average winters (Hurrell, 1995). During negative NAO phases
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(NAO−), the pressure gradient is diminished and the associated temperature
and precipitation patterns are approximately the opposite, although Trigo
et al. (2002) have uncovered the existence of asymmetries in daily minimum
and maximum temperatures between NAO phases.

NAO has been described as essentially an auto-regressive process (Gámiz-
Fortis et al., 2002), without a clear periodic behavior like other teleconnec-
tions such as ENSO (Wunsch, 1999). However, several studies have shown
the existence of decadal variability in the location of the two centers of ac-
tion (Pozo-Vázquez et al., 2000; Moore et al., 2013) or in the predominance
of a given NAO phase (Hurrell, 1995; Hurrell and Deser, 2010; Ding et al.,
2014). In particular, the 1960s were characterized by predominantly negative
NAO conditions, followed by a positive trend that peaked in the 1990s, de-
creasing since then (Moore et al., 2013). Moreover, a variable relationship be-
tween NAO and surface temperature and precipitation patterns was reported
by Jones et al. (2003). Similarly, studies have shown that the influence of
NAO in southern Europe precipitation and river flow is non-stationary (Trigo
et al., 2004). Vicente-Serrano and López-Moreno (2008) proposed that the
non-stationary relationship between NAO and European precipitation was
in fact due to inter-decadal variations in the NAO pressure centers.

Several authors have discussed the possibility of an anthropogenic imprint
on the tendency for stronger positive NAO between the 1960s and 1990s (Vis-
beck et al., 2001; Gillett et al., 2003; Woollings et al., 2010; Woollings, 2010).
Gillett et al. (2003) and Woollings et al. (2010) have proposed a small but
significant tendency for a stronger meridional gradient in North-Atlantic SLP
under anthropogenic greenhouse gases and aerosols for one GCM. Neverthe-
less, the existence of a human imprint on NAO is still inconclusive, partly
due to the overall poor representation of North-Atlantic circulation in GCMs
(Woollings, 2010), which is discussed in Section 3.4. Still in this context, the
relationship between other atmospheric circulation patterns and the variabil-
ity in the spatio-temporal characteristics of the NAO have deserved increasing
attention. Vicente-Serrano and López-Moreno (2008) suggested the existence
of different NAO-types to explain the temporal variability observed in Euro-
pean precipitation. Trigo et al. (2008) proposed that changes in precipitation
patterns were related to the impacts on atmospheric circulation of other two
modes of SLP variability in the North-Atlantic: the East-Atlantic (EA) and
the Scandinavian (SCAND) patterns, which explain about 15%-20% of SLP
variability in the region (Figure 3.2).

The EA pattern corresponds to a dipole with a strong and well defined
center located south of Iceland and west of Great Britain and another cen-
ter dispersed over North Africa and the Mediterranean, while the SCAND
pattern corresponds to a monopole centered over northern Scandinavia.
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Figure 3.2: Spatial patterns of teleconnection indices North Atlantic Oscilla-
tion (NAO), eastern Atlantic (EA), and Scandinavian (SCAND) computed for
December-February within the period 1960–2000. From Trigo et al. (2008)

Recently, several works have been devoted to the possible interactions
between these three teleconnections. This interplay between the three main
atmospheric variability patterns results from the fact that they are not mu-
tually exclusive (i.e. a month characterized by a relatively large value of
the index for a given pattern does not necessarily imply that the remaining
two modes are insignificant). Since the northern center of the EA is located
along the NAO nodal line, the phase of the EA has been shown to modulate
the NAO location and intensity (Moore et al., 2011). Additionally, Moore
and Renfrew (2012) have shown that the EA modulation of NAO intensity
is required to explain the occurrence of extremely cold winters in Europe.
Likewise, the location of the main SCAND center of action has been shown
to impose mobility on the centers of the NAO dipole (Moore et al., 2013).

Comas-Bru and McDermott (2013) have further extended this analysis to
the combined impacts of these three modes in European winter temperature
and precipitation, showing that the spatio-temporal variability of these vari-
ables is strongly affected by the state of EA and SCAND, relatively to the
NAO phase. In fact, Moore et al. (2013) have shown that, besides the NAO,
to fully characterize the meridional SLP dipole over the North Atlantic, the
EA and SCAND patterns had to be accounted for.

Additionally, it must be noted that both EA and SCAND, as the NAO,
present long-term variations, which partly justifies why understanding cli-
mate variability in Europe is such a complex task. While the accepted view
is still that these variations are due to stochastic behavior of the system,
recent works have proposed that long-term variability in North-Atlantic SLP
may actually be influenced by the propagation of anomalies in response to
SST variability in the Atlantic (Gámiz-Fortis et al., 2011) or in the Tropical
Pacific (Trenberth et al., 2014; Ding et al., 2014).
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Several works have previously addressed the role of NAO in influenc-
ing variability in vegetation phenology (Stöckli and Vidale, 2004), photosyn-
thetic activity (Gouveia et al., 2008) and carbon balance (Peters et al., 2010),
through its influence on temperature and precipitation patterns. Stöckli and
Vidale (2004) found a weak relationship between NAO and the onset of the
growing season evaluated for the whole European continent. Gouveia et al.
(2008) have shown that this may be explained by the approximately oppos-
ing impacts of NAO in temperature, precipitation and snow cover patterns
between northern and southern Europe, as mentioned previously. These
differences between the two regions impose opposite responses to NAO of
vegetation activity patterns in the Iberian Peninsula and north-eastern Eu-
rope during spring (Figure 3.3). Furthermore, it is worth noting the change
of sign of the correlations between NAO and photosynthetic activity from
spring to summer in central and eastern Europe (Gouveia et al., 2008).

Peters et al. (2010) discuss the relationship between a negative phase
of the spring NAO index and an enhancement of the European sink dur-
ing summer in 2005. They found a weak negative correlation between the
monthly NAO index and continental Net Ecosystem Exchange (NEE) anoma-
lies. However the authors stress the likelihood of non-linear or indirect rela-
tionships between these variables, since NEE depends also on the response
of respiration, which is controlled by temperature.

Figure 3.3: Correlation fields of NAO and NDVI evaluated during spring (left)
and summer (right) months, for the period 1982–2002. The colourbar shows values
of correlation and the two arrows indicate the ranges significant at the 5% level.
From Gouveia et al. (2008)
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Since temperature and precipitation are now known to be influenced by
EA and SCAND in addition to the NAO, it is thus reasonable to expect that
the analysis of their combined impacts on the European sink may improve
our understanding about its inter-annual variability patterns.

3.2 Evaluating inter-annual variability of the

European CO2 sink

In this Section, a preliminary evaluation of the main spatio-temporal pat-
terns of variability of the European sink is performed using the MACC v11.2
atmospheric inversion dataset (Chevallier et al., 2010), covering 30 years of
data (1982–2011). These patterns were subsequently compared to those ob-
tained when evaluating the impact of the three main modes of large-scale
atmospheric variability: the NAO, EA and SCAND. The analysis is also
shown for an updated version of this dataset which became available in late
2014 (MACC v13.1). The results obtained in this section constitute the
motivation for the later paper submitted and presented in Section 3.3.

3.2.1 Variability patterns of NBP

The study relies on 30-years of monthly CO2 fluxes from January 1982 to De-
cember 2011, from version 11.2 of the atmospheric inversion of the Monitoring
Atmospheric Composition and Climate - Interim Implementation (MACC-II,
http://www.gmes-atmosphere.eu/), provided at 2.5◦ x3.5◦ spatial resolu-
tion. Despite having high within-model uncertainties (Gurney et al., 2002;
Janssens et al., 2003), atmospheric transport models have been shown to
provide robust assessments of flux anomalies (Bousquet et al., 2000) and con-
sistent results between different models for the Northern Hemisphere (Peylin
et al., 2013).

Data were selected for the study region over Europe extending from 34.5◦

to 73◦ N and −11.5◦ W to 49◦ E. Monthly NBP values were integrated over
the year and annual flux anomalies were computed. A positive (negative)
sign of NBP anomalies indicates either a enhanced (weaker) sink or a smaller
(increased) source.

Integrated NBP over the study area confirms that between 1982-2011
European ecosystems were predominantly a net CO2 sink (positive NBP;
Figure 3.4a), with, however, strong inter-annual and decadal variability.

The late 1980s and early 1990s were characterized by high NBP, but in the
following decade NBP was very small, consistently with observations (Piao
et al., 2013). However, from 2008 onwards European ecosystems recovered
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Figure 3.4: Inter-annual variability of NBP in Europe from MACC v11.2. a)
Annual NBP integrated over Europe (black line) and corresponding uncertainty
(grey area); b) average NBP between 1982-2011; c) Differences in NBP between
positive and negative composites of each of the three first principal components
resulting from the PCA applied on NBP annual anomalies over Europe. A positive
(negative) sign of NBP anomalies indicates either a enhanced (weaker) sink or
a smaller (increased) source. Numbers on the top left indicate the fraction of
variance explained by each pattern and dots indicate the centres of action of the
first PC, which correspond to the two study regions Rwest (white squares) and Reast

(black dots). The annual average NBP anomaly in these two regions is shown in
panel a), red squares for Rwest and green circles for Reast.

to become once again a strong CO2 sink. Despite the apparent lack of long-
term NBP trend at the continental-scale, a clear dipole with opposing multi-
decadal patterns is observed, with centers in central-western Europe and
eastern Europe (Figure 3.4b).

The main patterns of NBP variability in Europe were computed by per-
forming a Principal Component Analysis (PCA) on the annual anomaly
fields of NBP over the selected region. The PCA allows decomposing spatio-
temporal variability in a region in the leading eigenvectors that explain the
largest fraction of the variance. To each leading mode correspond a time-
series (PC) and a spatial field (EOF) of the weighting coefficients for the
corresponding PC. Because long-term trends may influence the results of the
PCA, the same methodology was also applied on detrended NBP anomalies,
however the linear trend does not seem to affect significantly the results.
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Removing the trend produces minimal changes in the variance explained
by PC1 (50.5% with trend and 49.3% detrended), PC2 (21.2% with trend,
21.3% detrended) and PC3 (13.3% with trend and 14.1% detrended). Since
the impact of the trend in inter-annual variability analysis is negligible, and
because these large-scale modes of atmospheric circulation may induce long-
term variability dynamics (Moore et al., 2013; Gillett et al., 2003) that can
be confused with trends, NBP anomalies were not detrended. The sign of
the PC and the weight coefficients of the EOF do not have physical mean-
ing, therefore, to evaluate the sign and magnitude of the variability for each
mode (Mn), the difference in average NBP between years with positive and
negative values for each PC was computed for each pixel.

The principal component analysis of NBP reveals three main spatio-tem-
poral patterns (Figure 3.4c), which together explain 85% of NBP variability.
The first mode (M1), explaining 51% of the total variance in NBP, roughly
confirms the dominance of the spatial dipole in Figure 3.4b with two centers
of action, one in eastern-Europe (Reast), and another over west-central Europe
(Rwest). NBP anomalies in the two regions (Figure 3.4a) suggest the existence
of different decadal variability patterns, rather than trends. These different
decadal patterns largely correspond to the temporal evolution of the first
principal-component, while the extremes, particularly the one in 1997, appear
in the other two components. Rwest, which is better constrained by the inverse
modeling, presents larger anomalies than Reast and appears to drive a larger
fraction of the temporal variability in continental NBP.

3.2.2 Impact of NAO, EA and SCAND on NBP

Monthly NAO, EA and SCAND indices are provided by NOAA’s Climate
Prediction Centre. These are calculated by Rotated Principal Component
Analysis, as described in Barnston and Livezey (1987), of monthly means of
500-mb geopotential height anomalies from NCEP/DOE II, and exemplified
in Figure 3.5a).

The impact of each mode on annual fluxes was evaluated by computing
the average NBP for positive and negative states of each teleconnection dur-
ing winter months (DJF) and evaluating the difference between phases. As
a first step to understand if the modes of climate variability are related to
the main modes of variability of NBP, the spatial correlation between the
difference fields of NBP for each teleconnection and the three modes of NBP
variability was computed. The analysis of the impacts of NAO, EA and
SCAND on NBP revealed large differences in annual NBP across the Euro-
pean continent between positive and negative winter phases of each pattern
(Figure 3.5b).
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Figure 3.5: Impact of the three main European teleconnection patterns on NBP.
a) Spatial patterns of the three first components of of 500-mb geopotential height
(from NCEP/DOEII Reanalysis) variability over the North-Atlantic: NAO, EA
and SCAND teleconnections; b) difference in annual NBP between positive and
negative phases of NAO, EA and SCAND in winter. Text labels indicate the
strongest correlation, and corresponding mode, between the spatial patterns of NBP
for each teleconnection and the three modes of NBP variability (Figure 3.4); c)
Time-series of NAO, EA and SCAND winter phases from 1982-2011, vertical dot-
ted lines indicate the period contemporary with MODIS data (2000-2011).

Surprisingly, the spatial patterns of NBP response to the contrasting
phases of NAO and EA were roughly similar (comparing the upper and mid-
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dle panels of Figure 3.5b). Compared to negative phases, positive phases of
both NAO and EA were associated with, on average, larger carbon uptake
in Western Europe and lower uptake in Eastern Europe. Moreover, NBP
responses to both climate variability modes remarkably reflected the pattern
of the first mode of the variance in NBP (Figure 3.4c), which was strongly
anti-correlated to the winter state of NAO, but also to EA (Figure 3.5b).
The second mode of NBP variability appeared to be weakly correlated to
SCAND (comparing Figure 3.4c with the lower panel in Figure 3.5b). Win-
ter and autumn fluxes dominated the response of annual NBP to NAO, while
for EA and SCAND, summer fluxes dominated the annual anomalies.

3.2.3 Climatic drivers

Linking variability in the land-sink to that in the teleconnections requires: (i)
that one or more meteorological variables are found to drive NBP variability,
and (ii) that these meteorological variables are controlled, at least partially,
by the large-scale modes of atmospheric circulation variability.

For the analysis of climate variability, data from ERA-Interim Reanaly-
sis (Dee et al., 2011) from the European Centre for Medium-Range Weather
Forecasts (ECMWF) of average air temperature at 2m (T), photosynthet-
ically active radiation (PAR), volumetric soil water content (SW, in % of
volume) in the top layer (Balsamo et al., 2009) and average snow depth (SD)
are used. The data comprise monthly average fields from 1982 to 2011, at
0.75◦ spatial resolution and were selected for the study region.

Start of growing season dates (SgS) were evaluated as the average val-
ues of SgS, determined by different methods from remotely sensed imagery
of vegetation activity. These were calculated by Fu et al. (2014) using the
Normalized Difference Vegetation Index from the Advanced Very High Res-
olution Radiometer (AVHRR) between 1982-2011.

The response of NBP in the two centers of action of M1 to the climate
variables was evaluated by comparing the average normalized anomalies of
NBP for M1+ and M1−, with the corresponding average normalized anoma-
lies of each climate variable (Figure 3.6). The interquartile ranges were also
evaluated as a measure of the uncertainty of the response. If the interquartile
ranges of the response of M1 cross the zero, influence of the corresponding
climate variable on NBP is excluded. Normalizing the anomalies allows mak-
ing comparisons between distinct variables with different units, however, in
the case of SgS the normalization would conceal the physical meaning of the
anomalies and SgS was kept in the original units.

The dispersion diagrams also present composites of annual NBP anoma-
lies for phases of NAO and EA. Since the two modes appear to influence

65



3. Inter-annual variability of the European CO2 sink

Figure 3.6: Response of first mode (M1) of NBP to climate and positive and
negative phases of NAO and EA in a) Reast and b) Rwest. Plots show the response
of normalized annual NBP (xx-axis) to normalized anomalies and corresponding
interquartile ranges of seasonal climate variables and SgS in days (yy-axis) for the
positive and negative phases of the first mode (M1), the teleconnections (NAO and
EA) and the combination of NAO and EA with the same sign (phase) and with
opposite sign (anti-phase), according to the legend. Only variables with significant
influence on M1 and consistent response to the teleconnections are shown.
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significantly the two regions (as given by their centers of impact), their phase
combination was additionally assessed, with composites of NAO–EA with the
same sign referred to as phase, and NAO–EA with opposing signs referred
to as anti-phase. These composites were plotted against the corresponding
climate anomalies. This allows summarizing the responses of NBP to each
climate variable and to each teleconnection. While some of the driving cli-
matic variables appear to be related to the single modes, others are more
affected by the interplay of both teleconnections.

In Reast, NBP anomalies are positively related to snow-depth (SD, spring
and winter), temperature (T, winter and autumn) and spring soil-moisture
(SW) anomalies. The individual states of both NAO and EA partially affect
the NBP response to spring SD, and NAO controls autumn T and spring SW.
However, in general, the phase/anti-phase NBP anomalies explain better the
relationship between NBP and the climatic variables.

In Rwest, the combined states of NAO and EA are much better correlated
with the anomalies in NBP than the individual teleconnections. It is worth
noting that in this region the onset of growing season appears to be influenced
by phase/anti-phase variations. Therefore, the co-variation of NBP and cli-
mate for M1 is affected not only by the signs of the modes of variability, but
even more so by how they relate to each other.

The difference in NBP response between positive and negative phases of
NAO for phase years (Figure 3.7 left panel) is completely different and even
opposite to the pattern for anti-phase years (Figure 3.7 right panel). During
phase years, western Europe was a reduced CO2 source for NAO+ (relative to
NAO−), while eastern Europe became a weaker sink, but on the continental-
scale Europe was a strong sink for both phases of NAO (0.52 PgC for NAO+,
0.58 PgC for NAO−). However, during anti-phase years, the dipole of NBP
anomalies in response to NAO was reversed (with increased CO2 losses in
Rwest and enhanced CO2 uptake in Reast) and the European continent on
average became a considerably weaker sink (0.17 PgC and 0.35 PgC, for
NAO+ and NAO−, respectively).

Such contrasting responses to NAO depending on the sign of EA reveal
the strong influence of the latter in modulating the impacts of NAO on
European CO2 fluxes. However, NBP is dominated by two offsetting fluxes
with distinct dynamics: photosynthesis and respiration. While respiration is
hard to measure on large scales, it is possible to assess the contribution of
photosynthesis to the response of NBP. Annual GPP anomaly fields covering
the study area were derived from MODIS improved Collection 5 of MOD17A3
(Zhao et al., 2006; Zhao and Running, 2010) at 1km resolution between 2000-
2011 (Figure 3.8).

In Reast, very similar responses of NBP and MODIS GPP to NAO and EA
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are found for the period 2000-2011 (when MODIS data were available). This
similar response pattern of NBP and MODIS-GPP to positive versus negative
phases of NAO and EA suggests that GPP most likely strongly contributes
to the observed variation in NBP. In contrast, in Rwest no agreement at all
is observed between the patterns of NBP and MODIS-GPP. Figure 3.8b also
shows the contrasting response pattern to NAO for the period contemporary
with MODIS data and the previous one (1982–1999).

Figure 3.7: Impact of the combined NAO-EA phases in NBP. a) Difference
between composites of NBP between positive and negative phases of NAO for phase
(left) and anti-phase (right) periods.

Figure 3.8: Comparison of NBP and MODIS GPP responses to NAO and EA. a)
difference fields of annual NBP between positive and negative phases of NAO and
EA during two subsets of the 30-yr period: 1982-1999 (left panel) and the period
contemporary with MODIS data, 2000-2011 (right panel); b) difference fields of
annual GPP from MODIS between positive and negative phases of NAO and EA.

This striking difference between both periods may be explained by the
predominance of the phase combination of NAO and EA in the earlier decades
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(Figure 3.5b), from the mid-1980s to late 1990s. In contrast, anti-phase
clearly dominated the late 1990s and the 2000s, particularly with a period
of six consecutive years of anti-phase lasting from 1998 to 2003, coinciding
with the total loss of carbon uptake of the European continent as a whole.

The non-stationarity of the impact of these teleconnections on NBP, im-
plies that the relationships found between NBP and climate for short periods
(such as the one contemporary with MODIS) can be misleading due to the
simple fact that only one of the combinations of the two modes dominated
the study-period, altering the variability patterns of the climate variables.

3.2.4 Comparing MACC inversions

The availability of a new version of the MACC inversion (v13.1, Section 3.3
discusses the differences in the model) allows evaluating the robustness of
these results. Important differences are found in European integrated NBP
between the two time-series (Figure 3.9), which present relatively low value
of inter-annual correlation. Particularly relevant is the attenuation of the
multi-decadal pattern and the presence of higher year-to-year variability.

Figure 3.9: Comparison of European NBP from the two versions of the MACC
inversions, MACC v11.2 (1982–2011) and MACC v13.1 (1982-2012). The corre-
lation between the two datasets is also presented (p�0.01).

The PCA analysis, performed as in Subsection 3.2.1, reveals that the
leading mode of variability of MACC v13.1 (Figure 3.10a) presents a similar
configuration to the one in MACC v11.2, but this mode explains considerably
less variance (30%) than in the previous version (51%). Furthermore, the
spatial patterns of the two other leading modes are considerably different,
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with more heterogeneous patterns than the ones for MACC v11.2 (Figure
3.4).

NBP differences between phases of the three teleconnections also reveal
more spatially heterogeneous patterns and, although the correlation between
EA and the first mode is approximately the same in the two versions (-0.62
and -0.63, respectively), the correlation with NAO is considerably lower in
MACC v13.1 (-0.40 against -0.75 in the previous version).

Figure 3.10: Variability patterns of NBP from MACC v13.1 and the influence
of teleconnections. a) as in Figure 3.4 and b) As in Figure 3.2b but for MACC
v13.1.

Atmospheric inversions are known to perform better on large scales than
on regional/local ones (Kaminski and Heimann, 2001), which may partly
explain the discrepancies in the spatial patterns found between the two in-
versions. Furthermore, the differences in the vertical representation of the
boundary layer between the two models (Subsection 3.3.2) may further ex-
plain the presence of higher spatial heterogeneity in the updated version.

The discrepancies in the continental scale NBP and the relationship with
NAO and EA are, nevertheless, sufficiently large to question whether the
relationships found are mostly due to the atmospheric transport model. To
evaluate this, a more thorough analysis using several sources of CO2 flux
data is presented in the next Section.
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Northern Hemisphere ecosystems are important carbon sinks
(Pan et al., 2011; Peylin et al., 2013) that partially offset the
growth rate of atmospheric CO2 concentrations (Le Quéré et al.,
2013). The inter-annual variability in the terrestrial carbon sink is
poorly understood (Heimann and Reichstein, 2008), hindering bet-
ter future land-sink strength projections (Friedlingstein and Pren-
tice, 2010; Cox et al., 2013) and making regional trends in sinks dif-
ficult to detect and hence controversial (Zhao and Running, 2010;
Ahlström et al., 2012).

Large-scale climate patterns are known to control variability in
the global carbon sink (Bastos et al., 2013). In Europe, the North-
Atlantic Oscillation (NAO) has been related to vegetation activity,
however other patterns modulate NAO impacts on European cli-
mate (Comas-Bru and McDermott, 2013).

Using observational and modeled datasets, we show that the
inter-annual and decadal variability patterns of European Net Bio-
me Productivity are strongly coupled to interplay between the
NAO and the East-Atlantic (EA) pattern. We find that enhanced
NBP mainly occurs when NAO and EA are both in negative phase.
During NAO-EA in anti-phase, the European sink is weakened, in-
dependently of the NAO phase. The predominance of anti-phase
years in the early 2000s, associated to drier conditions, may thus
explain the European-wide reduction of carbon uptake during this
period reported in previous studies (Piao et al., 2011).

Results show that better understanding the link between atmo-
spheric circulation and regional sinks is critical to constrain the
carbon-climate coupling in future projections.

Teleconnections correspond to fundamental patterns of atmosphere-ocean
variability that explain a large fraction of climate variability at the global
(McPhaden et al., 2006) and regional (Comas-Bru and McDermott, 2013;
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Trigo et al., 2002; Scaife et al., 2008) scales. At the global scale, the El-
Niño/Southern-Oscillation has been shown to influence inter-annual variabil-
ity in the global land C-sink (Bastos et al., 2013; Behrenfeld et al., 2001)
with an evident fingerprint in atmospheric CO2 growth rate fluctuations
(Friedlingstein and Prentice, 2010), highlighting their impact on ecosystem
functioning. Hallett et al. (2004) proposed that teleconnections explain eco-
logical processes even better than single climate variables, because they influ-
ence simultaneously the range of weather variables that elicit interacting, and
sometimes opposing, responses by ecosystems (Nemani et al., 2003; Angert
et al., 2005; Piao et al., 2008).

European and North-American climate is particularly influenced by the
North-Atlantic Oscillation (NAO), which corresponds to a meridional dipole
of sea-level pressure variability between Iceland and the Azores that con-
trols the location and strength of storm tracks in the North-Atlantic (Scaife
et al., 2008) (Figure 3.11a). NAO drives patterns and extremes in tem-
perature, precipitation, snow cover and wind in Europe, especially during
winter (Comas-Bru and McDermott, 2013; Trigo et al., 2002), although its ef-
fects may propagate through the following seasons (Barriopedro et al., 2006).
NAO is associated with milder and rainier (colder and drier) winters in north-
ern (southern) Europe during positive phases and approximately the reverse
pattern in negative phases (Trigo et al., 2002). Several studies have analysed
impacts of NAO on European ecosystems (Gouveia et al., 2008; Peters et al.,
2010). However, other teleconnections are known to also influence the Euro-
pean climate, particularly the East-Atlantic pattern (EA) that has a similar
configuration as NAO, albeit displaced southwards (Figure 3.11a). Although
EA and NAO indices are computed as independent variables (Figure 3.11b),
EA has been proposed to modulate the multi-decadal variability of the loca-
tion and strength of the NAO dipole (Moore et al., 2013). Comas-Bru and
McDermott (2013) showed that the combined analysis of NAO and EA more
appropriately describes winter climate variability in Europe.
Various estimates of European Net Biome Productivity (NBP) have shown
that European ecosystems have been a CO2 sink during the past decades
(1980-2005) (Janssens et al., 2003; Schulze et al., 2009), although signs of sat-
uration in forest carbon uptake in the early 2000s have been reported (Piao
et al., 2011). Here we analyse the combined impact of NAO and EA on
NBP over the European area extending to the Ural Mountains (Supplemen-
tary Information, Figure 3.14), using three state-of-the-art atmospheric CO2

inversions (Chevallier et al., 2010; Rödenbeck, 2005) and eleven Dynamic
Global Vegetation Models (DGVMs) (Le Quéré et al., 2013). These datasets
now report more than 30 years of CO2 flux variability, a timely opportunity
to revisit the relationship between carbon fluxes and climate signals.
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Figure 3.11: Teleconnections and inter-annual variability of NBP in Europe.
a) Spatial patterns of the three first components of of 500-mb geopotential height
(from NCEP/DOEII Reanalysis) variability over the North-Atlantic: NAO and
EA teleconnections. b) Time-series of the corresponding winter composites NAO
(blue line) and EA (red line); markers indicate the positive and negative phases
of each mode, defined by the upper and lower terciles thresholds. c) Annual NBP
anomalies integrated over Europe (bold lines) and corresponding spread (shaded
area), for the atmospheric transport model inversions (black) and the DGVMs
from TRENDY project (green).

European NBP from the inversions confirms that European ecosystems
were on average a net CO2 sink between 1982-2012 (0.5–0.8 PgC, Supplemen-
tary Information, Figure 3.15) with strong inter-annual and decadal variabil-
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ity (Figure 3.11c). The late 1980s and early 1990s were characterized by
generally positive NBP anomalies, i.e. larger than average CO2 uptake. A
strong sink was observed during the years 1996-97, followed by a decade of
mostly below-average NBP, consistent with satellite observations of NDVI
data, a proxy for Gross Primary Productivity (Piao et al., 2011). However,
from 2009 onwards, results from inversions suggest that European ecosystems
became a strong CO2 sink again. Despite the lack of long-term NBP trend
at the continental-scale, NBP anomalies in four large regions encompassing
most of continental Europe present distinct temporal patterns (Supplemen-
tary Information, Figure 3.16). Most of continental NBP variability appeared
to be due to the dynamics of central Europe and western Russia. Particu-
larly, anomalies in central Europe dominated the decadal pattern observed
at the continental scale, while in western Russia an increasing NBP trend
was observed in the first decade followed by the 1996-97 peak and a stalling
of NBP onwards. However, it must be kept in mind that atmospheric inver-
sions do not perform as well at the regional scale as at the continental scale
due to the limited, but still greater than in most regions, number of observa-
tion sites in Europe and to limitations of transport models (Supplementary
Information).

The set of DGVMs suggest a weaker and less variable European sink (Sup-
plementary Information, Figure 3.15), although the average NBP anomalies
from these models remain in most years within the uncertainty range of the
inversions and also present no significant trend (Figure 3.11c).

Here we evaluate the set of four NAO–EA phase combinations. A large
spread in NBP for each phase is expected from the natural variability of
the climate conditions (for example, NAO+ years differ in NAO strength
and therefore in its impacts), but also from carry-over effects from previous
year’s climate. For example, warm and moist conditions in one year pro-
mote organic matter decomposition, thereby increasing nutrient availability
with subsequent impact on plant growth in following years. Because of this
large natural spread of the NBP response to current year’s climate, we here
analyse composites of phase-combinations rather than individual years (Fig-
ure 3.12a,Supplementary Table S3).

Our analysis reveals that the sole use of NAO does not suffice to explain
NBP variability, because its impacts depend crucially on the sign of the EA.
DGVMs roughly agree with the inversion on the sign of NBP anomalies,
except for differences for NAO+EA+, possibly due to short set of years in
this composite. All inversions and DGVMs agree on significant differences in
NBP anomalies during NAO− years (Supplementary Tables 4, 5), depending
on the state of the EA: NBP is enhanced when EA has the same sign, and is
weaker than average when EA is positive (Figure 3.12a; compare NAO−EA−
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with NAO−EA+).
A weaker than average sink is also reported for NAO+EA−. Inversions

and DGVMs consistently report higher variability during in-phase periods
(NAO–EA with the same sign), and more stable NBP during anti-phase
(NAO–EA in opposing phases) (Figure 3.12a; compare NAO+EA− with
NAO−EA+). Moreover, both anti-phase combinations present NBP anoma-
lies significantly lower than for NAO−EA−.

Figure 3.12: Impact of NAO–EA variability on NBP and corresponding climate
drivers. a) Average European NBP anomalies for the four NAO-EA composites,
assessed by inversions (greyscale lines) and DGVMs (colour lines). b) correspond-
ing annual-integrated NDVI anomalies from GIMMS.

In fact, NAO−EA− stands out as the single combination with consistent
estimates of NBP enhancement, even for an extended record from 1950–2012
(Supplementary Information Figure 3.17).

Variability observed in the land-sink is linked to that in the telecon-
nections through the control of the latter on one or more of the meteoro-
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logical variables influencing NBP, whose impact is spatially heterogeneous
(Comas-Bru and McDermott, 2013). Furthermore, NBP is dominated by
two largely offsetting fluxes: photosynthesis and respiration. It is therefore
worth comparing the continental and regional NBP response to NAO–EA
phases with observations of photosynthesis anomalies assessed by annual-
integrated NDVI data (Figure 3.12b) from the Global Inventory Modeling
and Mapping Studies (Tucker et al., 2005), and the corresponding climate
anomalies (Figure 3.13), during late-winter/early-spring (Dec-Apr) and sum-
mer (May-Sep).

Figure 3.13: Average climate anomalies in late-winter/early-spring (Dec-Apr)
and summer (May–Sep) of temperature (T), soil water content (SW) and snow-
depth (SD, only Dec-Apr) for the four NAO–EA composites.
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Inversions and most DVGMs estimate consistently enhanced NBP during
NAO−EA− years (as on the continental scale) in all regions except the Iberian
Peninsula (Supplementary Information Figure 3.18 and Table S4). This en-
hancement is associated to colder, drier than average but generally snowier
winters in the three regions (Figure 3.13) and cooler or average (warmer)
summer temperature anomalies in central Europe and most of western-Russia
(Scandinavia). Annual-integrated NDVI reveals enhanced vegetation activ-
ity in most areas, except in western Russia and eastern Europe. The en-
hanced sink in these regions is concurrent with lower than average NDVI
(Figure 3.12b) and may be explained by respiration reduction due to the
cooler and drier summer conditions. For NAO+EA− DGVMs (inversions are
consistent, but not significant) report a sink reduction in all regions except
western Russia. The lower than average NBP is associated to an overall vege-
tation browning, particularly strong in the Mediterranean and central Europe
(Figure 3.12b), and colder and drier winter and early spring (Figure 3.13).
In the Iberian Peninsula, inversions and DGVMs (significant for DGVMs)
indicate above average NBP during NAO−EA+, when Iberia is affected by
wetter and warmer conditions in Dec-Apr, favourable for vegetation growth
in the beginning of the growing season (Figure 3.12b).

The interplay of the two teleconnections appears thus to be related to
the inter-annual variability as well as the decadal pattern observed in the
European sink (Figure 3.11c). The tendency to NBP enhancement during
NAO−EA− conditions suggests that the strongest increases in NBP should
occur during periods with predominantly negative phases of both teleconnec-
tions. In fact, the largest NBP peak observed in 1996-1997 in the inversions
corresponds to two consecutive years of NAO−EA−. Also the strong in-
crease in NBP during 1985 occurred during this combination of NAO and
EA. In contrast, the years with lowest NBP are associated to years of oppos-
ing phases of NAO and EA: the first three years of the period (1982-1984)
and 1998-1999, when a strong decrease in NBP was observed. Furthermore,
the tendency to lower variability combined with typically negative anoma-
lies during anti-phase periods explains the lower NBP during these periods.
Anti-phase combinations dominated the late 1990s and the 2000s, with some
exceptions, with a period of six consecutive years of anti-phase lasting from
1998 to 2003, coinciding with a weaker sink over the European continent.

Changes in NBP are the result of variation in land cover, in land manage-
ment, and/or in ecosystem activity. Changes in land cover and land manage-
ment are slow and not very intense in Europe, and are more likely to induce
long-term trends rather than short-term variation in NBP. The presence of
decadal variability and trends on the most prominent modes of atmospheric
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circulation must also be taken into account when computing future trends of
NBP.

In this context, anthropogenic forcing has been shown to lead to more
frequent positive phases of NAO (Gillett et al., 2003), associated with lower
NBP, especially when EA is negative. Other works have shown the influence
of other teleconnections such as the Scandinavian Pattern (Moore et al., 2013)
or the Pacific Decadal Oscillation (Trenberth et al., 2014) on North-Atlantic
sea-level pressure, adding further complexity to the study of long-term NBP
variability.

This study clearly showed that the non-stationary relationship between
teleconnections may strongly affect the relationships found between climate
and ecosystem activity. This highlights the importance of correctly repro-
ducing the mid-latitude atmospheric circulation patterns in Earth System
Models to account for inter-annual and decadal variability in the land C-sink.
More long-term high-quality observational datasets with moderate resolution
are needed to further improve our understanding of the multi-year variability
of the land-sink and its relation to climate variability.

3.3.1 Methods

We use monthly CO2 fluxes of two versions of the atmospheric inversion
of the Monitoring Atmospheric Composition and Climate - Interim Imple-
mentation (MACC, http://copernicus-atmosphere.eu/) from the LSCE
(Chevallier et al., 2010). Version 11.2 covers the period from 1979 until 2011
and is used here from January 1982 onwards. It has a 2.5◦ x3.75◦ (latitude,
longitude) spatial resolution. Version 13.1 has a slightly higher latitudinal
resolution (1.9◦) and covers year 2012 as well (Supplementary Table S1).
We additionally use the JENA (s81 v3.6) inversion (Rödenbeck, 2005) which
is provided at 4◦x5◦ (latitude, longitude) spatial-resolution from 1982-2012
(Supplementary Table S1).

Dynamic Global Vegetation Models (DGVMs) provide a bottom-up ap-
proach to evaluate NBP variability. The TRENDY project (Sitch et al., 2013)
compiles outputs from a group of DGVMs to evaluate trends and drivers in
land-atmosphere carbon exchange (Le Quéré et al., 2013). We use eleven
DGVMs (Supplementary Table S2) from simulation S3, in which all models
are forced by the same values of changing atmospheric CO2 concentrations
from ice core data and observations, historical climate observations from
the CRU-NCEP v4 dataset (http://dods.extra.cea.fr/data/p529viov/
cruncep/) and land-use change (LUC) from the HYDE database of human-
induced land-cover changes (Klein Goldewijk et al., 2011).

Biweekly NDVI fields from 1982 to 2012 from the Global Inventory Mod-
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eling and Mapping Studies (GIMMS) NDVI dataset, provided at 8km spatial
resolution (Tucker et al., 2005) were integrated over the year to provide a
proxy of Gross Primary Productivity.

Further information about the inversion and DGVMs datasets and their
uncertainties, the study area and selected regions may be found in the Sup-
plementary Information.

Average air temperature at 2m (T, in oC), volumetric soil water content
(SW, in % of volume) in the top layer (Balsamo et al., 2009) and average
snow depth (SD, in cm). Data comprise monthly average fields from 1982 to
2012, at 0.75◦ spatial-resolution.

For visualization of the spatial patterns associated to the two teleconnec-
tions used in this work, we performed a PCA on standardized monthly means
of 500-mb geopotential height from NCEP/DOEII Reanalysis over the North-
Atlantic region between 20◦–80◦N and 90◦W–50◦E for the winter months
(DJF) as in (Barnston and Livezey, 1987). The first mode corresponds to
the NAO pattern, the leading mode of SLP variability in the North Atlantic
and the main climate teleconnection affecting European weather. The second
mode corresponds to East-Atlantic (EA) circulation pattern.

These modes affect more significantly European weather during winter
(Hurrell, 1995; Trigo et al., 2002). Therefore, we focus our analysis on the
impacts of winter state (DJF) of the two teleconnections, using the monthly
indices from NOAA’s Climate Prediction Center, which are calculated by
Rotated Principal Component Analysis of monthly means of 500-mb geopo-
tential height anomalies from NCEP/DOE II (Kanamitsu et al., 2002) as
described in (Barnston and Livezey, 1987). This procedure allows the calcu-
lation of orthogonal (i.e. non-correlated) indices for each month.

The phases of an index are defined as those exceeding the lower (negative)
or upper (positive) terciles, and identified in superscript (e.g. NAO+ for a
positive phase of winter NAO). To evaluate the combined impacts of both
teleconnections, we identify four sub-sets of years corresponding to the four
possible NAO–EA phase combinations (Supplementary Table S3).

All data fields were selected for the study region (Supplementary Figure
1). Continental and regional NBP anomalies were calculated (see Supple-
mentary Information) for each inversion and DGVM and evaluated for each
of the four NAO–EA combinations. In the case of MACC v11.2 inversion
and JSBACH, the datasets do not encompass the whole period, therefore,
the composites were calculated with fewer years.

For each composite, a one-sided ANOVA was performed to test the sig-
nificance of the average anomaly value on the continental and regional scales
(Supplementary Table S4), separately for inversions and DGVMs. Absolute
NBP anomalies for each composite are easier to associate with NBP varia-
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tions from year to year. However, it is worth assessing whether the inversions
(or models) agree on the relative response, i.e. the difference in NBP anoma-
lies between two NAO–EA combinations. Therefore, a 2-sided ANOVA was
carried out to test the difference between NBP anomaly estimates for pairs of
the four combinations (Table S5), on the continental scale. To assess whether
relationships hold for longer periods, the same analysis was extended for the
period 1950–2012 only for DGVMs (Supplementary Figure 5).

The influence of climate teleconnections on ecosystems operates through
combined variability of physical variables (Hallett et al., 2004). Anomalies
of annually-integrated NDVI were also evaluated for the four phase combina-
tions. Since the effects of the winter state of teleconnections may propagate
until summer (Barriopedro et al., 2006), and annual NBP corresponds to
the net balance between the CO2 uptake and release periods, we analyse
climate anomalies during two periods: December to April (uptake) and May
to September (release). We evaluate T, SW and SD anomaly fields over the
study region for the four NAO–EA composites (Figure 3.13).

3.3.2 Supplementary Information

Atmospheric inversions
Atmospheric CO2 inversions estimate spatial distribution of surface CO2

fluxes using a top-down approach, in which surface fluxes are estimated from
atmospheric CO2 concentration measurements across the globe. An atmo-
spheric transport model that represents the global atmospheric circulation
is required, as well as prior-information about the fluxes. Flux estimates
over land include the carbon exchange in ecosystems, land-use change re-
lated fluxes and forest fire CO2 emissions as well as fossil-fuel emissions.
To estimate NBP, the latter are subtracted from the flux estimates. Atmo-
spheric inversions are known to provide consistent estimates of inter-annual
variability of the land-sink on large aggregated regions, particularly for Eu-
rope (Gurney et al., 2002; Peylin et al., 2013), with uncertainty increasing
for smaller scale regions (response to (Kaminski and Heimann, 2001)).

We use monthly CO2 fluxes of two versions of the atmospheric transport
model inversion of the Monitoring Atmospheric Composition and Climate
- Interim Implementation from the LSCE, v11.2 and v13.1 (see Methods).
Apart from the archive length, the main difference between v11.2 and v13.1 is
the number of vertical layers in the underlying atmospheric transport model,
the LMDZ (Chevallier et al., 2010), that was doubled in the latter (39 vs.
19), thus allowing a better representation of the variability of CO2 in the
planetary boundary layer, where the assimilated measurements are located.

Since MACC inversions are based on a large but variable number of sta-
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tions during the study period (134 in total, Table 3.1), with fewer observa-
tions in the beginning of the time-series, part of the variability observed on
the estimated fluxes may be affected by the changes in the number of sites
(Rödenbeck et al., 2003). Thus, we use the Jena s81 (v3.6) inversion which is
based on fewer stations and is provided at coarser spatial-resolution (Table
3.1), but uses a consistent set of sites over the 31-yr study period. Jena inver-
sion computes NBP on each grid cell (4◦x5◦) using the atmospheric transport
model TM3 as described in (Rödenbeck, 2005).

To subtract fossil fuel emissions, both inversions use the EDGAR3.2 Fast-
Track 2000 emission database (Olivier, 2001) with scaling factor to account
for trends: MACC uses the annual global totals of the Carbon Dioxide In-
formation Analysis Center (http://cdiac.ornl.gov/ftp/ndp030/global.
1751\_2010.ems) and Jena inversion prescribes an increase of 1.4%/yr after
2001.

Uncertainties of annual NBP at the continental scale are given for each
model on Table 3.1. Uncertainties of the annual fluxes account for errors in
the prior fluxes, network configuration (number of sites, Figure S1) and in the
transport model. The uncertainty of the annual anomalies is expected to be
lower than that of the fluxes, since these errors are positively correlated from
one year to the next (Baker et al., 2006). We use two inversions computed
with the same model but variable number of sites, and a second with a fixed
number of observations, and assume the spread between inversions as an
indicator of the uncertainty in the anomalies.

Dynamic Global Vegetation Models
Dynamic Global Vegetation Models (DGVMs) simulate the main processes

of vegetation dynamics and decomposition associated to energy, water and
carbon balances at the ecosystem scale. The TRENDY project (Sitch et al.,
2013) compiles outputs from a group of DGVMs to evaluate trends and
drivers in land-atmosphere carbon exchange (Le Quéré et al., 2013). Table
3.2 provides a summary of the characteristics of the eleven DGVMs used in
simulation S3 (see Methods), which is performed over the period 1860-2012.
All models include deforestation, afforestation and regrowth, but differ in
the way they represent disturbances (fire), nutrient limitation (Table 3.2)
and do not realistically simulate land-management practices or crop season-
ality, which strongly interplays with climate in determining NBP of European
ecosystems.

Nevertheless, DGVMs provide an independent dataset to evaluate the
variability of the land carbon-sink. NBP from DGVMs was selected for two
periods: the common period with the inversions and satellite data (1982–

81



3. Inter-annual variability of the European CO2 sink

2012) for the main analysis, and the common period with the NAO and EA
indices (1950–2012), except for JSBACH whose record ends in 2005.

Study area and regions
Since datasets are provided at very different spatial-resolutions (Tables

3.1, 3.2), and because inversions perform better on larger scales, we consider
regionally integrated NBP from inversions and DGVMs for the European
continent defined in the TransCom inter-comparison project (Gurney et al.,
2003) (Figure 3.14). We additionally define four large regions encompassing
most of Europe: Iberian Peninsula (IP) extending from -11◦–3.5◦E and 34◦–
44◦N; continental central Europe (CEu) encompassing the region between
-5◦–25◦E and 44◦–53◦N, but excluding Great Britain; western Russia and
eastern Europe (WRu) extending from 29◦–60◦E and 46◦–62◦N; Scandinavia
(Sc) covering the region between 4.5◦–29E and 56◦–71◦N (Figure 3.14).

Data anomalies
Monthly NBP values from inversions and DGVMs were first deseasonalized

(mean seasonal-cycle removed) on a pixel basis to compute monthly anomaly
and integrated over the year to compute annual NBP anomaly fields for the
European continent and for the regional boxes (Figure 3.16). A positive
(negative) sign of NBP anomalies correspond to either an enhanced (weaker)
sink or a smaller (increased) source. NDVI values were integrated over each
year on a pixel basis from the biweekly fields. NDVI anomalies were then
computed as the departure from the average annual integral values, and
used as a proxy for Gross Primary Productivity (GPP) anomalies. For the
climate data, the anomalies were computed as the departure from the average
seasonal-cycle for each pixel.
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3. Inter-annual variability of the European CO2 sink

Table 3.3: Years corresponding to the composites of each phase, corresponding to
years in which one of the indices ≥ upper tercile (+) or ≤ lower tercile (−), as
the other has the corresponding, or inverse, sign.

in-phase anti-phase
NAO+EA+ NAO−EA− NAO+EA− NAO−EA+

1990 1985 1983 1987
1991 1986 1984 1998
1994 1996 1989 2001
1995 1997 1992 2002

- 2004 1993 2003
- 2006 1999 2007
- 2009 2000 2010
- 2011 2005 -
- - 2012 -

Table 3.4: Statistical analysis of NBP anomalies at the continental and regional
scales for each of the four combinations of NAO-EA. p-values resulting from the
one-sided ANOVA performed on the sets of average regional anomalies during
NAO-EA phases for inversions and DGVMs. The + and − signs indicate the sign
of the corresponding anomaly. Values significant at the 10% level are highlighted
in bold.

Inversions
NAO+EA+ NAO−EA− NAO+EA− NAO−EA+

Europe 0.36+ 0.04+ 0.26− 0.22−

IP 0.21+ 0.17− 0.42− 0.31+

Ceu 0.44− 0.12+ 0.46− 0.04−

Wru 0.04− 0.06+ 0.08− 0.18+

Sc 0.14+ 0.06+ 0.11− 0.43+

DGVMs
NAO+EA+ NAO−EA− NAO+EA− NAO−EA+

Europe �0.01− �0.01+ �0.01− 0.06−

IP �0.01− 0.04+ �0.01− �0.01+

Ceu �0.01− �0.01+ 0.01− 0.44+

Wru 0.45+ 0.05+ 0.06+ 0.01−

Sc 0.48+ 0.17+ 0.07− 0.17+
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Table 3.5: Statistical analysis of the difference in NBP anomalies between pairs
of the four NAO–EA combinations. P-values resulting from resulting from a two-
sided ANOVA for two distributions with unequal variance, performed on the sets
of average NBP anomalies on the continental scale (Figure 2) for inversions (top
left matrix) and DGVMs (bottom right matrix). Values significant at the 10%
level are highlighted in bold. The + and − signs indicate the sign of the corre-
sponding difference (for inversions the reference are the combinations on the top
row, for DGVMs, the combinations on the left column) e.g. NBP anomalies for
NAO−EA− are bigger than anomalies for NAO+EA+: p-value of inversions 0.17
and of DGVMs �0.01

Inversions

NAO+EA+ NAO−EA− NAO+EA− NAO−EA+

D
G

V
M

s

NAO+EA+ - 0.17+ 0.23− 0.21−

NAO−EA− �0.01+ - 0.04− 0.03−

NAO+EA− 0.02+ �0.01− - 0.46−

NAO−EA+ 0.08+ �0.01− 0.47− -

Figure 3.14: Study region and observation sites from atmospheric inversions.
European area, as in TransCom, and the selected regions: IP - Iberian Penin-
sula, CEu - central Europe, WRu - western Russia / eastern Europe, and Sc -
Scandinavia. The circles indicate MACC and asteriks Jena81 sites in Europe.
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3. Inter-annual variability of the European CO2 sink

Figure 3.15: Performance of models in assessing mean European NBP and cor-
responding variability. European sink strength evaluated by the mean of integrated
NBP over Europe (xx) and standard-deviation of continental NBP (yy) is used as
a measure of the variability of the sink. The black marker represents the median
values for the inversions and the grey shades the spread between the three inver-
sions. For each model, the distance to the inversion median is shown (numbers on
the side of markers).

Figure 3.16: NBP anomalies from the inversion models in each of the four se-
lected regions: average annual anomaly (bold lines) and the corresponding inversion
spread (shaded areas).
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Figure 3.17: As in Figure 2a, but using the extended period from 1950 to 2012,
only for DGVMs.

Figure 3.18: Response of regional NBP to the four NAO–EA phase combinations.
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3.4 The North-Atlantic atmospheric circula-

tion in climate models

As mentioned in Subsection 3.1, there is still great debate about the mech-
anisms driving variability observed in atmospheric circulation in the North-
Atlantic sector. The complexity of the mechanisms and interactions control-
ling SLP variability in this region may explain why the climate modeling
community has had great difficulty in adequately representing the main pat-
terns of atmospheric circulation in the Northern Hemisphere.

Handorf and Dethloff (2012) have evaluated the performance of 23 GCMs
from CMIP3 in reproducing variability associated to the most relevant large-
scale modes of atmospheric circulation in the Northern-Hemisphere for the
reference period 1958–1999. In this study, the authors find that most models
capture satisfactorily the NAO pattern, although eight out of 23 models
still present spatial correlations below 0.8 with the observations from two
sources, the ECMWF ERA-40 and the NCAR/NCEP Reanalyses (Figure 2
in Handorf and Dethloff (2012)). The representation of the other two modes
considered in this chapter (EA and SCAND) is considerably worse than that
of the NAO, especially for EA. The authors summarize the ability of GCMs
to capture the NAO, EA and SCAND patterns, by a skill score, shown in
the first three columns in Figure 3.19a.

Figure 3.19: Metric for teleconnection patterns of fields of geopotential height
fields at 500 hPa, skill score S. a) CMIP3 from 1958 to 1999, all patterns,b)
AMIP3 and CMIP3 from 1979 to 1999, all patterns. In each rectangle the lower
triangle gives the value for the AMIP3 run and the upper that of the CMIP3 run.
From Handorf and Dethloff (2012).
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The discrepancies are mainly attributable to the inability to correctly
reproduce variability in zonal wind fields. The authors also compare re-
sults from GCMs with the ones simulated only by the atmospheric models
from Atmospheric Model Intercomparison Project (AMIP3), in 1979-1999
(top and bottom triangles, respectively, in Figure 3.19b). From these eval-
uation metrics it is rather difficult to state clearly if coupled GCMs used
in this intercomparison exercise (CMIP3) are more capable of reproducing
the main modes of climate variability than their atmospheric-only counter-
parts (AMIP3). While that appears to be valid for the NAO and some other
modes, it does not stand for EA and SCAND patterns. According to the
authors there is a clear need to improve the SST forcing representation in
order to better simulate these two modes. Furthermore, Boé et al. (2009),
analyzing the same CMIP3 models, have reported a tendency for GCMs to
underestimate the occurrence of positive NAO phases, and overestimate the
frequency of negative phases.

Figure 3.20: Position of the maxima of the daily PC1 point-wise correlation
with blocking frequency for all the 23 CMIP5 models considered in the analysis
plus NCEP/NCAR and Twentieth Century Reanalysis. Filled circles represent the
“leading” center of action, diamonds the “secondary” one. colours express the
difference between the value of the maximum of the positive and of the negative
center of action. From Davini and Cagnazzo (2014).

In the state-of-the-art CMIP5 ESMs, meager improvements were made
in the spatial representation of the NAO, with seven out of 23 models still
presenting correlations below 0.8 (Davini and Cagnazzo, 2014). The authors
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perform a more comprehensive study of the representation of the NAO phe-
nomenon, evaluating for each model the relationship between atmospheric
blocking and the Atlantic jet stream with NAO (Figure 3.20), computed by
performing a PCA on daily SLP over the North-Atlantic sector. Previous
works had shown that high-latitude blocking events over Greenland appear
to be anti-correlated with the NAO index and suggested that the NAO may
arise from successive days of blocked and non-blocked conditions (Woollings
et al., 2010). In Figure 3.20 the position and strength of the main center of
action of the leading mode of SLP variability in the North-Atlantic sector
during winter are presented for each model (coloured circles), as well as the
corresponding position of the center with opposing sign (diamonds).

While most models are able to capture a leading center of action located
over Greenland, some present a stronger center in the sub-tropics, indicating
that these models may be in fact reproducing a distinct phenomenon.

The models mis-representation of this relationship fall into three different
categories of model inaccuracies: (i) models simulating weaker than average
jet stream and spatial configuration more similar to the EA pattern; (ii)
models in which EOF1 is associated to a jet stream with pulsing intensities,
rather than wobbling; (iii) models with EOF1 presenting an annular spatial
configuration, associated to poleward displacement of the jet-stream. More-
over, most CMIP5 models simulate a stronger jet stream than observations,
especially during winter (Cattiaux et al., 2013).

The two generations of GCMs used in these last two major exercises of
model intercomparison (CMIP3 and CMIP5) further diverge on the projected
trends in atmospheric circulation under elevated CO2 (Boé et al., 2009; Cat-
tiaux et al., 2013). Most CMIP3 models estimate an increase of NAO+ and
a decrease of NAO− during the 21st century (A1B SRES4, IPCC (2007)),
while CMIP5 GCMs generally project increases in NAO− for the RCP8.5
scenario. Although the scenarios used in the different studies are not di-
rectly comparable, their differences stress the high uncertainty still present
in these models. Woollings and Blackburn (2011) have pointed that besides
the increase in NAO+ phases, CMIP3 models projected an increase particu-
larly of the NAO+EA+ phase combination during the 21st century (A1B sce-
nario). Results obtained in Sections 3.2 and 3.3 highlight the importance of
the discrepancies in the representation of Northern-Hemisphere atmospheric
circulation and the corresponding trends in the framework of the European
carbon balance.

The fact that, overall, the most advanced earth-system models still lack
a correct representation of the main atmospheric circulation variability pat-
terns over the region, and their associated impacts, may partly explain the
differences found for modeled European carbon fluxes. Moreover, Handorf
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and Dethloff (2012) found that improving the atmosphere-ocean coupling
was relevant to better capture the EA and SCAND patterns of variability.
Particularly, this may partly explain the still considerable differences be-
tween atmospheric inversions, which rely on atmospheric circulation models
uncoupled to the ocean.

Furthermore, in Section 3.3 it was shown that positive phases of the NAO
tend to be associated to a weaker than average sink, while negative NAO
concurrent with negative EA, lead to the enhancement of the European sink.
Therefore, it is reasonable to expect large differences in the future response of
the land-sink if NAO+EA+ combinations tend to become more frequent in the
future as reported by Woollings and Blackburn (2011) for CMIP3 GCMs or,
on the contrary, NAO− frequency increases (as projected by CMIP5 models),
although in this case it would be required to also analyse the future trend in
the EA phases.

In future work, it would be worth performing a sensitivity analysis of
the modeled carbon balance over Europe in respect to the different model
representations of NAO, EA and SCAND, and their impacts on temperature
and precipitation over Europe for the historical period, as well as under
different future climate change scenarios. Another possible extension of this
study may explore the ability of DGVMs to represent the variability in the
different fluxes that drive the overall carbon balance.
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Chapter 4

Spatio-temporal impacts of
heatwaves
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The importance of better understanding the physical and ecological im-
pacts of extreme events on ecosystems has been summarized in Section 1.
Several works have thoroughly assessed the impacts on ecosystem activity
and the global carbon cycle of droughts at the global (Phillips et al., 2009;
Vicente-Serrano et al., 2012; Mu et al., 2012) and regional scale (Gobron
et al., 2005; Gouveia et al., 2009; Trigo et al., 2010; Lewis et al., 2011; Peng
et al., 2011). The contribution of wildfires to atmospheric CO2 growth rate
(van der Werf et al., 2006; Le Page et al., 2007; Bowman et al., 2009) and im-
pact on regional ecosystem activity has also been studied (Amiro et al., 2000,
2001; Bond-Lamberty et al., 2007; Hope et al., 2007; Pausas and Bradstock,
2007; Gouveia et al., 2010).

In the case of heatwaves, the ecological responses are more complex to
analyse, particularly because of the physical feedback between temperature
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and evapotranspiration, that amplifies hot surface temperatures and soil
moisture depletion during heatwaves (Seneviratne et al., 2006), and may
confound the impacts of heat and water stress.

An increasing number of works has been devoted to explore this nexus
between droughts and heatwaves (Seneviratne et al., 2006; Vautard et al.,
2007; Quesada et al., 2012; Miralles et al., 2014). In this Chapter, two of
the most outstanding heatwave events in Europe are used as a motivation to
better characterize the ecological responses to mega-heatwaves. Sections 4.1
and 4.2 provide an overview of the relevance of these two events in the context
of longer-term climate records and of their overall impacts. In Section 4.3,
the paper published in Biogeosciences is presented, in which a comparative
spatio-temporal analysis of the heatwaves and the corresponding ecological
responses are analysed. Section 4.4 discusses briefly the current knowledge
about the future trends of heatwave occurrence, and their potential role on
the land-sink evolution.

4.1 The 2003 heatwave

At the global scale, the year 2003 ranked, at the time, as one of the three
warmest years on the instrumental record, i.e. since 1860. While surface
temperature anomalies were positive in most of the planet (with 0.45◦C for
the global average), these were particularly intense over Europe, exceeding
0.66◦C. This temperature anomaly was distributed asymmetrically through-
out the year, being particularly pronounced during summer, when remark-
ably high temperature anomalies were registered over western Europe and
parts of eastern Europe (Levinson and Waple, 2004).

This exceptionally warm summer in 2003 was characterized by monthly
and seasonal surface temperature anomalies beyond the observed historical
distribution range, and proposed to be associated with a transient change of
the statistical distribution of temperatures (Schär et al., 2004). Although the
whole summer was considerably warmer-than-average, these anomalies were
amplified by the occurrence of an outstanding heatwave during end-July and
most of August. Based on the long-term reconstruction of temperature fields,
it was possible to state in statistically sound ground that the summer of 2003
classifies as the warmest since 1500 (Figure 4.1), exceeding European summer
temperatures in 1901–1995 by around 2◦C, i.e. 4 standard-deviations over
this period (Luterbacher et al., 2004).

Trigo et al. (2005), using temperature records from 1958 to 2003, have
analysed the spatio-temporal evolution of 15-day average temperatures at
850-hPa during this period to assess the nature of this heatwave, shown
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Figure 4.1: Summer (JJA) European temperature anomaly (relative to the 1901
to 1995 calibration average) time series from 1500 to 2003, defined as the average
over the land area 25◦W to 40◦E and 35◦N to 70◦N (thin black line). The values
for the period 1500 to 1900 are reconstructions. From (Luterbacher et al., 2004)

in Figure 4.2. From 25th July onwards, record breaking anomalies above
6◦C were registered over western Iberia, intensifying during the subsequent
days while extending towards France and western Germany. The heatwave
peaked on the first 15 days of August, with temperature anomalies over 10◦C
in north-western France, more than 4◦C higher than the historical maximum.
However, record-breaking temperatures at the surface and in the low tropo-
sphere (850hPa) were registered over a much larger extent, covering most
of the Iberian Peninsula, France, Switzerland, western Germany and south-
ern UK (Figure 4.2). The high anomalies persisted until late August (23rd),
when temperature anomalies resumed to values within the historical range.

Several works have pointed the crucial role of land-atmosphere coupling
in increasing temperature variability and establishing the conditions to the
occurrence of heatwave events (Fischer et al., 2007), particularly the 2003 one
(Ferranti and Viterbo, 2006). Indeed, from early March and until summer,
positive anomalies in net surface shortwave radiation, combined with lower-
than-average precipitation, promoted an acceleration of soil water depletion
due to enhanced evapotranspiration (Ferranti and Viterbo, 2006). The lower
soil water content in summer increased the surface energy exchange through
sensible heat, further contributing to higher surface temperatures and soil
water depletion (Seneviratne et al., 2006). Garćıa-Herrera et al. (2010) have
shown that without this feedback, temperatures in summer 2003 would have
been reduced by about 1-3◦C. Recently, a more complete explanation of this
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Figure 4.2: Temporal evolution of the 2003 heatwave. (a-f) Sequential presen-
tation of 850 hPa air temperature anomalies (◦C) for the 15d periods indicated on
the top of each panel. Regions with 15d average above the historical 15d maximum
are represented by solid contours (◦C). From (Trigo et al., 2005)

soil dessication mechanism involving the progressive accumulation of heat in
an anomalously deep atmospheric boundary layer was proposed by Miralles
et al. (2014).

The heatwave and the preceding drought had tremendous socio-economic
and environmental impacts throughout Europe. The most conspicuous one
was the excessive mortality in Europe, with 30000–70000 heat-related deaths,
and particularly in France, where the peak in excessive mortality (more
than 12% above average) coincided with the strongest temperature anomalies
(Trigo et al., 2005; Robine et al., 2008). Other impacts include an increase in
forest fires and air-pollution, health service disruptions, hydroelectric power
restrictions and overheating of the nuclear power plants in France, soaring
electricity prices, loss of crop and livestock productivity. In total, costs are es-
timated to be between US$10 billion and US$13 billion (Garćıa-Herrera et al.,
2010).

Regarding the carbon cycle, 2003 was also a remarkable year, as European
ecosystems were estimated to be a source of CO2 of about 0.2–0.5PgC (Ciais
et al., 2005; Peters et al., 2010). Several works have devoted attention to the
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widespread decrease in primary production and increase in CO2 release by
European ecosystems during 2003, and most agree on drought/water scarcity
as the main driver (Gobron et al., 2005; Reichstein et al., 2007; Peters et al.,
2010), although Ciais et al. (2005) have pointed the role of high summer
temperatures in amplifying the impacts of drought during summer.

4.2 The extraordinary year of 2010

The European summer temperatures of 2003 were clearly outside of the corre-
sponding historical variability range. Therefore, the occurrence of an event of
similar magnitude in the same decade was highly unlikely (Schär et al., 2004).
However, in 2010 an even hotter summer was registered, with anomalies cen-
tered in eastern Europe and western Russia, associated to an even stronger
heatwave. The amplitude, spatial extent and duration of these anomalies
were such that the European mean summer temperature was about 0.2◦C
above the 2003 record (Figure 4.3). This heatwave was attributed to the
long persistence of a blocking anticyclone over western Russia, preceded by
a period of below average precipitation and early snow cover melting, which
may have further exacerbated the magnitude of the heatwave (Barriopedro
et al., 2011; Mu et al., 2012).

The spatio-temporal evolution of temperature anomalies reveals that the
heatwave affected a much larger extent and was considerably more intense
than the one in 2003, with weekly to monthly temperatures reaching values
10◦C above average.

Record-breaking temperatures started in late July and persisted until
mid-August, with the core of the affected area registering seasonal (81-day)
anomalies above 6◦C. Furthermore, despite the center of highest temperature
records being located in western Russia, record-breaking weekly and monthly
anomalies extended over most of continental Europe (Barriopedro et al.,
2011).

The 2010 heatwave had outstanding socio-economic and human impacts,
with an excessive mortality of 55000, 25% crop failure and economic losses of
US$15 billion in Russia alone. The summer 2010 also registered an extreme
fire season in western Russia, with more than 1 million ha of burned area
and very high levels of smoke and air pollution being reached, especially in
Moscow (Barriopedro et al., 2011). Mu et al. (2012) have reported a decline
in vegetation activity, which they attributed to the dry conditions during
this year. However, the ecological impacts of this event were not analysed as
thoroughly as the 2003 one.

Due to it’s unprecedented nature, a heated debate has taken place about
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Figure 4.3: European summer temperatures for 1500-2010. Statistical fre-
quency distribution of best-guess reconstructed and instrument-based European
([35◦N, 70◦N], [25◦W, 40◦E]) summer land temperature anomalies (degrees Cel-
sius, relative to the 1970-1999 period) for the 1500-2010 period (vertical lines).
The five warmest and coldest summers are highlighted. Gray bars represent the
distribution for the 1500-2002 period, with a Gaussian fit in black. (Bottom) The
running decadal frequency of extreme summers, defined as those with temperature
above the 95th percentile of the 1500-2002 distribution. A 10-year smoothing is ap-
plied. Dotted line shows the 95th percentile of the distribution of maximum decadal
values that would be expected by random chance. From (Barriopedro et al., 2011).

whether such an occurrence was influenced by anthropogenic climate change.
Dole et al. (2011) proposed that the heatwave was due to natural variabil-
ity alone, while Rahmstorf and Coumou (2011) estimated an 80% increased
probability of occurrence of the July record temperatures due to the global
warming trend. Otto et al. (2012) suggested that natural variability was
responsible for the strong magnitude of the anomalies, while the warming
trend was responsible for a three-fold increase in the risk of exceeding the
2010 threshold. Using a 600-year temperature record, Tingley and Huybers
(2013) have shown that the recent 2005, 2007, 2010 and 2011 summers in Eu-
rope could only be explained by a shift in the statistical distribution around
an increasing mean. Trenberth and Fasullo (2012) have linked the persistent
anti-cyclone over Russia in 2010 to the establishment of the 2010/2011 La-
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Niña (Section 2) and warmer-than-average ocean temperatures that imposed
changes in the monsoonal circulations, further showing how atmospheric-
circulation and local feedbacks may amplify the effects of global warming on
the regional scale.

4.3 Analysing the spatio-temporal impacts of

the 2003 and 2010 extreme heatwaves on

plant productivity in Europe

Ana Bastos, Célia Gouveia, Ricardo M. Trigo and Steven W. Running

Paper published in Biogeosciences

In the last decade, Europe was stricken by two outstanding heatwaves,
the 2003 event in Western Europe and the 2010 episode over Russia. Both
events were characterized by record-breaking temperatures and widespread
socio-economic impacts, including significant increments on human mortality,
decreases in crop production and in hydroelectric production.

Previous works have shown that an extreme climatic event does not al-
ways imply an extreme response by ecosystems. This work attempts to assess
how extreme was vegetation response to the heatwaves during 2003 and 2010
in Europe, to quantify the impacts of the two events on carbon fluxes in plant
productivity and to identify the physical drivers of the observed response.

Heatwave impacts in vegetation productivity were analysed using MODIS
products from 2000 to 2011. Both 2003 and 2010 events led to marked de-
creases in plant productivity, well below the climatological range of vari-
ability, with carbon uptake by vegetation during August reaching negative
anomalies of more than 2 standard-deviations, although the 2010 event af-
fected a much larger extent. A differentiated response in autotrophic respi-
ration was observed, depending on land-cover types, with forests increasing
respiration rates in response to the heatwaves, while in crops respiration rates
decreased.

The widespread decrease in carbon uptake matched the regions where
very high temperature values were also preceded by a long period of below-
average precipitation, leading to strong soil moisture deficits. In the case of
2003 heatwave, results indicate that moisture deficits coupled with high tem-
peratures drove the extreme response of vegetation, while for the 2010 event
very high temperatures appear to be the sole driver of very low productivity.
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4.3.1 Introduction

Heatwaves in Europe are expected to become more frequent, intense and
long lasting, mostly due to the increase in mean summer temperature and
corresponding variability (Luterbacher et al., 2004; Meehl and Tebaldi, 2004;
Fischer and Schär, 2010). The first decade of the 21st century in Europe
was particularly prone to extremely warm events (Coumou and Rahmstorf,
2012). Besides the warm summers of 2002, 2006 and 2007, this decade reg-
istered two extreme events in magnitude, spatial extent and duration, the so
called mega-heatwaves in 2003 and 2010 (Barriopedro et al., 2011).
In 2003, Europe registered the warmest summer in 500 years, with record-
breaking temperatures being reached at the daily, weekly and monthly scales
in western and central Europe. In large sectors of France and the Iberian
Peninsula, daily maximum temperatures were between 7.5◦C and 12.5◦C
above the 1961–1990 average for several weeks (Luterbacher et al., 2004;
Trigo et al., 2005; Garćıa-Herrera et al., 2010). According to several authors
this event was so extreme in central Europe that it fell completely outside the
range of any extreme episodes observed before, even for stations with more
than 100 years of daily data (Schär et al., 2004). In this regard, despite the
intrinsic difficulties in computing robust return periods for such an event, the
2003 was considered extremely rare and with a low probability of occurring
again in a near future (Schär et al., 2004).

Yet in 2010 Europe was stricken by an even warmer summer, with a very
large extent over western Russia registering temperatures 4 standard devi-
ations above the reference mean for a wide range of temporal aggregations
(weekly, monthly, seasonal). Barriopedro et al. (2011) have shown that the
2010 heatwave affected a much larger extent and was far more intense than
the 2003 event, with record-breaking area of ∼2 million km2 against ∼ 1
million km2 in central Europe in 2003. These heatwaves were responsible for
a significant increase of human mortality, unusual large fires and widespread
impacts in ecosystems and crop yields (Trigo et al., 2005; Garćıa-Herrera
et al., 2010; Barriopedro et al., 2011).

Several works have stressed the role of land-atmosphere coupling, partic-
ularly soil-moisture feedbacks, in climate variability and extremes in Europe
(Seneviratne et al., 2006; Hirschi et al., 2011). Both 2003 and 2010 heatwaves
were associated with persistent anti-cyclonic conditions from late spring to
summer and with precipitation deficits from late winter until August. The
latter, combined with increased radiation flux during late winter and spring,
contributed to a rapid reduction in soil moisture through enhanced evapo-
ration and led to persistent drought conditions. Low precipitation and soil
moisture deficits during summer amplified the high temperatures reached
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during the heatwaves, as the reduction in evaporation was compensated by
an increase in sensible heat flux (Ferranti and Viterbo, 2006; Fischer et al.,
2007; Garćıa-Herrera et al., 2010; Barriopedro et al., 2011). Furthermore,
Teuling et al. (2010) has shown that different land-cover types may con-
tribute to reinforce or attenuate the coupling between temperature and soil
moisture through non-linear evapotranspiration responses to high tempera-
ture spells.

The enhancement in carbon uptake by ecosystems observed in past de-
cades, particularly in Europe, has been attributed to increased atmospheric
CO2 concentration and warmer springs (Zhou et al., 2001; Nemani et al.,
2003; Menzel et al., 2006; Le Quéré et al., 2009; de Jong et al., 2013). How-
ever, several studies have pointed that these effects may be offset in the
future due to different mechanisms such as: a) temperature increase in other
seasons (Piao et al., 2008); b) higher temperature variability or climate ex-
tremes (Heimann and Reichstein, 2008; Zhao and Running, 2010; Schwalm
et al., 2012); and c) changes in precipitation regimes (Angert et al., 2005).
For instance, Ciais et al. (2005) estimated the 2003 heatwave to have reverted
the equivalent of four years of net carbon uptake by European ecosystems.
Additionally, Gouveia et al. (2008) found a reverse response of vegetation
activity to increases in temperature during spring or summer in northern Eu-
rope, and Peng et al. (2013) have stressed the asymmetric effect of changes in
minimum and maximum temperatures. Given the existing land–atmosphere
feedbacks and the importance of the land CO2 sink in the global carbon
budget (Ballantyne et al., 2012), reducing uncertainties about the future be-
havior of ecosystems is particularly relevant for earth system science (Meir
et al., 2006; Friedlingstein and Prentice, 2010; Reichstein et al., 2013). Un-
derstanding the role of climate extremes on inter-annual variability of carbon
uptake by vegetation is, thus, of great interest, particularly in Europe, where
ecosystems remove 7–12% of the corresponding anthropogenic CO2 emissions
and constitute one of the most important global CO2 forest sinks (Janssens
et al., 2003; Pan et al., 2011).

The link between climatic and ecological extremes is not always straight-
forward to establish as often considered within the climate community. Smith
(2011) has brought attention to the fact that the extremeness of a climatic
event may not always translate into an extreme ecological response (Kreyling
et al., 2008; Jentsch et al., 2003). Considering these limitations Smith (2011)
proposed a framework to analyse the ecological impact of a climatic ex-
treme that requires an extreme ecosystem response to be observed and at-
tributable to the period of the extreme climatic event. Zscheischler et al.
(2013) have also stressed the importance of spatio-temporal analysis to at-
tribute biosphere responses to extreme climatic events. Furthermore, for
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a single climatic extreme there may be several indirect factors affecting veg-
etation response. The tight physical coupling between temperature and soil
moisture during heatwaves may be responsible for differentiated responses of
vegetation to a particular event.

This work follows the methodology proposed by Smith (2011) and per-
forms a comparative analysis of the 2003 and 2010 heatwaves to:

(i) quantify the impact of the mega-heatwaves on plant carbon uptake;
(ii) assess how exceptional was the response of vegetation to both events

and;
(iii) identify the physical drivers of vegetation dynamics.

4.3.2 Data and Methods

Vegetation activity
The work relies extensively on gross primary productivity (GPP), net pri-

mary productivity (NPP) and net photosynthesis (PsN) from the improved
C5 MOD17 datasets which are derived from the MODIS-NPP algorithm
(Running et al., 2004) using daily meteorological data from the NCEP/DOE
II Reanalysis as described in Zhao and Running (2010) and Zhao et al. (2006).
This collection is an improvement of the C4 MOD17 data as described in Zhao
et al. (2005), having lower uncertainties due to corrections in the meteoro-
logical inputs, in the quality control of the input radiometric data as well as
a recalibration of the biome parameters.

There has been some debate about the ability of MOD17 products to
reproduce real vegetation variability patterns since GPP, NPP and PsN are
computed using a model that combines both spectral observations of vege-
tation activity (fraction of absorbed photosynthetically active radiation, fA-
PAR) and climatological data (Running et al., 2004). The main critiques fo-
cus on the strong influence of temperature variations in both the respiration
(Q10) and the vapour pressure deficit (VPD) functions (Medlyn, 2011). Zhao
and Running (2011) have performed a sensitivity analysis of these terms, con-
cluding that relaxing the limits of maximum daytime VPD or using lower Q10

would lead to unrealistic values of global NPP. Furthermore, Ahlström et al.
(2012) have compared the results in Zhao and Running (2010) to NPP values
computed using a bottom-up approach based on a dynamic vegetation model,
finding a similar response of NPP to drought conditions. Other studies have
shown MOD17 products to reproduce seasonal and inter-annual variability
across a wide variety of biomes, especially in sub-tropical to polar latitudes
(Running et al., 2004; Mu et al., 2007; Schubert et al., 2012; Hasenauer et al.,
2012; Frazier et al., 2013) and to capture the impact of the 2003 heatwave in
Europe (Reichstein et al., 2007). Nevertheless, it is worth keeping in mind
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that throughout the following analysis, observed patterns in GPP, NPP and
PsN correspond to partially modelled results.

For annual variability analysis, MOD17A3 annual global GPP and NPP
datasets were used, while for the seasonal analysis the work relied on MOD17-
A2 monthly PsN and GPP datasets. PsN corresponds to the difference be-
tween GPP and maintenance respiration in leaves and fine roots. Growth and
woody tissues respiration are only subtracted by the end of year to compute
annual NPP (Running et al., 2004). Thus, by computing the difference be-
tween GPP and NPP, it is possible to estimate annual autotrophic respiration
(Ra) fields.

Spectral observations of the fraction of absorbed photosynthetically active
radiation (fAPAR) were used to assess the robustness of the results found in
GPP, NPP and PsN patterns. Thus, C5 MOD15A2 8-day fAPAR dataset,
also retrieved by MODIS (Myneni et al., 2002), was extracted and monthly
fAPAR composites were computed from the 8-day data.

All datasets are provided at 1km spatial resolution and were selected for
a 12yr period spanning from 2000–2011, over a region covering Europe, be-
tween 34.6◦N and 73.5◦N and 12.1◦W and 46.8◦E. Annual GPP, NPP, Ra
and monthly PsN and fAPAR anomaly fields (hereafter VARIABLEanom)
were also computed as the departure from the corresponding long-term av-
erage (annual or seasonal) in the study period.

The integrated European NPPanom time-series was computed for 12yr
period, and partitioned in the time-series corresponding to western (longitu-
de<25◦E) and eastern (longitude≥25◦E) European sectors.

The two regions with anomalies below −0.2kgC.m−2.yr−1 in 2003 and
2010 correspond roughly to the centres of the highest temperature anomalies
registered during the summer heatwaves in each year (Garćıa-Herrera et al.,
2010; Barriopedro et al., 2011) and were accordingly selected (boxes in Fig-
ure 4.4b) for the following analysis, being henceforth referred to as HW03
and HW10. HW03 covers an area of 102000 km2, while HW10 covers a much
larger extent, of about 660000 km2.

The analysis of the annual fields does not provide a detailed assessment
of the impacts of the heatwave events, which occurred during a few summer
weeks. Following Smith (2011) and Zscheischler et al. (2013) a more com-
prehensive spatio-temporal analysis is required in order to assess if there was
in fact an extreme ecological response to this climatic extreme, the ampli-
tude of such extreme ecological response and, if it can be attributed to the
referred heatwaves. To assess the impact of the heatwaves on the seasonal
cycle the work relies on monthly PsN fields and regional values which, despite
lacking growth and woody respiration terms, provide information about the
seasonal behaviour of carbon uptake by plants. The PsN seasonal cycle and
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the corresponding cumulative values in 2003 and 2010 were compared to the
corresponding statistical distribution. The departure to the median and the
10%–90% variability range provides an indication of the extremeness of veg-
etation activity during a given period. The respective end-of-year balances
of PsN relative to the median (∆PsN) were also computed for comparison
with NPP.

Land-cover and burned area
Land-cover was assessed by Global Land Cover 2000 (GLC2000) dataset,

provided by the Global Environment Monitoring Unit of the European Com-
mission Joint Research Centre (http://bioval.jrc.ec.europa.eu).
GLC2000 makes use of a dataset of 14 months of pre-processed daily global
data acquired by the VEGETATION instrument on board the SPOT 4 satel-
lite, and information is stratified into 22 classes of land-cover. GLC2000 data
are provided at 1km spatial resolution and were selected over the study re-
gion, i.e. from 34.6◦N and 73.5◦N and 12.1◦W to 46.8◦E. The nine main
land-cover types in both regions were selected and grouped in two major
categories, Forests and Crops. Forests correspond to GLC2000 classes 1–6,
i.e. broad-leaved (evergreen and deciduous), needle-leaved and mixed forests.
Crops correspond to GLC2000 classes 16–18: cultivated areas and crops, mo-
saic of cropland, and tree cover and mosaic of cropland, shrub and/or grass
cover.

Land-cover maps of the two selected regions were analysed, with the
two regions presenting similar composition: crops constitute 50% of HW03
and 48% of HW10 while forests correspond to 26% of HW03 and 37% of
HW10. To provide a more detailed picture of the differentiated response of
distinct land-cover types, average and integrated anomalies of GPP, NPP,
Ra and cumulative PsN were computed for each of the two main land-cover
categories.

As mentioned previously, the 2010 heatwave was associated to the unusual
number of large wildfires, however, GLC2000 does not provide such updated
information. Therefore, burned areas in 2003 and 2010 were assessed using
MODIS MCD45 Collection 5.1 burned area product, which provides the ap-
proximate day of burning at 500m spatial resolution (Roy et al., 2005). Maps
for fires occurring during summer months (JJA) were selected over the study
region and re-sampled to the coarser resolution of 1km used for all the other
MODIS based datasets.

Climate data
As MOD17 products rely on a light-efficiency model forced with spec-
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tral observations and climate data from from the NCEP/DOE II Reanalysis
(Zhao and Running, 2010), part of the response observed may depend on
the climate data used. Therefore, this work relies on independent datasets
from ERA-Interim Reanalysis from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Dee et al., 2011) and from Global Precipita-
tion Climatology Centre (GPCC) (Rudolf et al., 2005). The effect of changes
in water availability on plant productivity relied on distinct variables from
the ones used to force MOD17 algorithm: precipitation and soil moisture
data (instead of VPD) which, despite being physically correlated with VPD,
allow a further verification of the robustness of the results.

Monthly fields of average temperature at 2m (T), average snow depth
(SD) and volumetric soil water (SW) at four different levels (1 to 4, 0–7cm, 7–
28cm, 28–100cm and 100–289 cm, as in Balsamo et al. (2009)), were extracted
from ERA-Interim Reanalysis (Dee et al., 2011). Data are organized on
a regular grid at 0.75 spatial resolution over a region extending from 34.5◦ to
75◦N and −13.5◦W to 48◦E and were selected for the study period 2000–2011.

Precipitation data was extracted from the Global Precipitation Climatol-
ogy Centre (GPCC) monitoring product which is based in near-real time rain
gauge observations and provides monthly mean global precipitation (P) fields
at 1◦ spatial resolution (Rudolf et al., 2005) and data were selected on a re-
gion between 34◦ to 74◦N and -12◦W to 47◦E, between 2000–2011. Monthly
anomaly fields were computed for each climate variable after removing the
seasonal cycle, and are henceforth indicated as VARIABLEanom.

To understand the relationship between the observed responses in veg-
etation and the climate conditions in each region, the regionally averaged
climatological seasonal cycle was plotted for the pairs {PsN, T}, {PsN,SW1}
and {PsN,SW4} and compared to the corresponding cycle during the year of
the heatwave.

Although useful to understand the evolution of climate conditions dur-
ing each year in the affected regions, the departure to the mean cycle does
not provide sufficient insight about the relative contribution of each cli-
mate variable to the vegetation response. To disentangle the contribution
of each variable to the extreme response by vegetation, climate conditions
observed during 2003 and 2010 were compared to the ones corresponding to
the best and worst 25% percentiles of PsN. Normalized values (mean µ = 0
and standard-deviation σ = 1) of monthly Tanom and SW1anom values dur-
ing 2003 and 2010 (the variables known to impact more directly vegetation
activity) were calculated for each pixel, averaged over the selected regions
and compared to three year composites of the 3 best years (high annual
productivity) and the 3 worst years (low annual productivity) for each re-
gion. For the calculation of the 3 worst years, the year corresponding the
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the heatwave was excluded, for HW03 the high (low) productivity years are
2000/2007/2011 (2001/2004/2005) and for HW10 the high (low) productivity
years are 2001/2004/2005 (2002/2009/2011).

4.3.3 Results

Annual impacts
The time series of NPP anomaly at the European scale for the 12yr period

(Figure 4.4) indicates that 2003 and 2010 correspond to extremely low values
over the period, with NPPanom of about −100TgC in both years.

Figure 4.4: Annual NPP anomalies over Europe: (a) Integrated NPP anomaly
between 2000 and 2011 for Europe (solid black), western Europe (light grey dashed,
circles) and eastern Europe (dark grey dashed, squares); (b) NPPanom fields for
2003 (left) and 2010 (right).The dashed lines in (b) separate the western and east-
ern European sectors used to compute the time-series in (a). The reference period
2000-2011 excluding each year (2003 or 2010), to avoid the bias effect on the aver-
age of the extremely low values registered during the heatwaves. Annual NPP are
derived from the MOD17A3 algorithm (Running et al., 2004) using daily meteo-
rological data from the NCEP/DOE II Reanalysis.

The separate analysis of the eastern and western sectors shows that these
very low NPP values at the European scale were due to strong anomalies in
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Western Europe in 2003 and in the eastern sector in 2010, coinciding with
the main regions affected by the heatwaves in each year.

NPPanom fields for the two years (Figure 4.4b) provide a better represen-
tation of the spatial variability of such low anomalies. In 2003 widespread
negative anomalies were observed throughout most of Europe, with a region
over southern and central France with NPPanom below −0.2kgC.m−2.yr−1

and, in some pixels even lower than −0.4kgC.m−2.yr−1. Positive anomalies
were limited to some sectors of Northern Scandinavia, UK, Ireland and west-
ern Russia. On the contrary, in 2010 it is possible to observe a large extent
in western Russia with very low anomalies (from −0.2 to −0.4kgC.m−2.yr−1)
while in most of Western Europe vegetation activity was close to average or
slightly higher (Iberia, the Balkans and the area around the Black Sea).

The response observed in NPPanom corresponds to the balance between
GPPanom and Raanom, presented in Figure 4.5. GPPanom fields in both years
present very similar patterns to the ones in Figure 4.4b, although anomalies
are considerably lower (< −0.4kgC.m−2.yr−1) in most of the pixels affected
by the heatwaves. This implies that, in those pixels, Ra was also below nor-
mal (Figure 4.5b), although in HW10 a dipole pattern is observed, with the
northern region presenting increased Ra while southern areas correspond to
decreased Ra. Such conspicuous pattern points to differences in the vegeta-
tion types affected, which will be analysed further on.

Results of regional average balances for HW03 and HW10 are summa-
rized in Table 4.1. Overall balances of GPP in HW03 and HW10 reveal
distinct responses in the two regions. Despite being very similar in abso-
lute magnitude, NPP anomalies in HW03 correspond to reductions of about
20% of the average annual productivity while in HW10 NPP fell below 50%
(or less) of the average NPP. In HW03, anomalies for both GPP and Ra
are negative, indicating that the decrease in photosynthetic activity was fol-
lowed by a decrease in overall vegetation activity, damping the effect on NPP.
On the contrary, in HW10 overall autotrophic respiration presents a positive
anomaly, which leads to NPPanom lower than the anomaly observed in GPP.
Furthermore, since the extent affected in 2010 was much larger than the one
in 2003, the total NPPanom resulting from the 2010 event was almost five
times the value registered in the 2003 heatwave.

Results in Table 4.1 for the two main land-cover categories reveal an in-
verse response in respiration, which justify the differences observed in the
regional balances. In both regions, while crops are characterised by below
average Ra values (i.e. reduced carbon release), forests present positive (i.e.
enhanced carbon release) respiration anomalies. In fact, Raanom in HW10
is five times higher than in HW03 and, since forests correspond to a larger
fraction of the latter region, this results in overall NPPanom values below
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Figure 4.5: Annual fields of (a) GPPanom (obtained from MOD17A3 algorithm)
and (b) Raanom (computed as the difference between NPP and GPP) for 2003
(left) and 2010 (right) over Europe, please note the use of different scales. The
colour map in Raanom is inverted so that colours match the net effect on NPPanom

in Figure 4.4.

GPPanom (i.e. respiration reinforces the decrease in carbon uptake). Crops
present very similar values in both regions for the three variables (differences
are less than 0.005kgC.m−2), with lower magnitudes of NPPanom than forests.
This feature suggests higher resistance of these vegetation types to the heat-
waves, however this is most likely due to some degree of human intervention
in order to minimize the impacts of the heatwave.

The analysis of the balances in burnt pixels shows that these were sig-
nificant only for HW10. The widespread fires occurred during summer in
this region affected primarily crops (68%) and led to total NPPanom values
of −1.8TgC, almost 2% of the overall balance. These values reflect only the
contribution of fires to the reduction in NPP observed; they do not account
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Table 4.1: Relative and total GPPanom, NPPanom, Raanom and difference in
accumulated PsN during 2003 (HW03) and 2010 (HW10) for each region. Values
for forests, crops and total area are given in each column. Results are presented
as average carbon uptake (in kgC.m−2) and the corresponding integrated balance
over each region (in TgC).

Forests Crops Total
HW03 HW10 HW03 HW10 HW03 HW10

GPPanom
kgC.m−2 -0.25 -0.13 -0.15 -0.15 -0.21 -0.13
TgC -6.5 -30.1 -7.6 -48.9 -20.8 -90.1

NPPanom
kgC.m−2 -0.25 -0.18 -0.13 -0.13 -0.19 -0.14
TgC -6.7 -40.7 -6.6 -42.5 -18.9 -93.6

Raanom
kgC.m−2 0.01 0.05 -0.02 -0.02 -0.02 0.01
TgC 0.2 10.5 -1.0 -6.4 -1.9 -3.4

∆PsN
kgC.m−2 -0.30 -0.24 -0.22 -0.18 -0.23 -0.19
TgC -7.2 -55.1 -14.9 -56.0 -23.0 -125.0

% of area 26 37 50 48 - -

for the carbon emissions due to combustion or for the losses in carbon uptake
over the following years before the whole ecosystem recovers, which would
lead to much larger values of carbon flux anomalies.

Seasonal impacts
Seasonal cycle

The PsN seasonal cycle in 2003 and 2010 for the selected regions was com-
pared to the corresponding climatology (Figure 4.6a). Region HW03 presents
a longer and more productive average seasonal cycle, reaching peak PsN val-
ues between 0.15 to 0.2 kgC.m−2.month−1 while in HW10 vegetation is gen-
erally dormant from November until March and does not reach productivity
values above 0.15 kgC.m−2.month−1, explaining the differences in annual
productivity mentioned previously. Moreover, PsN is characterized by larger
variability in summer months, as expressed by the 10%–90% variability in-
tervals.

During 2003, HW03 experienced lower-than-average PsN during most of
winter and spring although still inside the 10%–90% variability range over
the study period (Figure 4.6a, left). From May and until October, vegetation
activity was exceptionally disturbed, in particular during the summer months
(JJA), when remarkably low anomalies (below−0.05kgC.m−2.month−1) were
reached. It should be emphasized that the HW03 reached the strongest
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magnitude in early August 2003, however it was preceded by an extremely
warm period in June (Garćıa-Herrera et al., 2010; Barriopedro et al., 2011).

Figure 4.6: a) Climatology of the seasonal cycle of monthly PsN (as obtained
from MOD17A2 algorithm in kgC.m−2.month−1) for the reference period 2000-
2011 averaged over the two selected regions HW03 (left) and HW10 (right). Light
grey interval delimits the 10% and 90% percentiles; dark grey delimits the 25%
and 75% percentiles; solid black line corresponds to the median. Dashed bold line
corresponds to the seasonal cycle for the heatwave years, 2003 for HW03 and 2010
for HW10 and the corresponding seasonal anomalies are represented in the bottom
panel. b) as in a) but for monthly fAPAR from MOD15A2.

In HW10, PsN remained within the 10%–90% percentiles (Figure 4.6a,
right) with slightly positive anomalies during the beginning of the growing
season (April-May). These positive anomalies were rapidly offset during
summer, especially in July and August, with PsNanom values below −0.05
kgC.m−2.month−1. It is worth noting that in both regions August was the
month registering the largest departure from the 10%–90% range, coinciding
with the strongest period of the heatwave events. Analysis of seasonal GPP
(now shown) reveals a very similar behaviour, with anomalies below the 10%
percentile during summer months in both regions.

Analysis of monthly fAPAR (Figure 4.6b) shows that before summer
months vegetation activity was close to or even above average in both re-
gions. In HW03 fAPAR shows very high positive anomaly in March, remain-
ing close to average until June, while negative anomalies are already observed
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in PsN. In HW10 fAPAR remains above average from late winter to early
summer, matching the slight enhancement in PsN in late spring, but not the
strong negative PsNanom value reached in June. In both regions, only during
summer months (JAS) are negative fAPAR anomalies found, however these
reach extreme values only in August, when fAPAR clearly stays below the
10% percentile.

Carbon balance
The preceding months with above average PsN have a positive impact on
the total carbon uptake during the seasonal cycle cancelling out part of the
negative impact of the heatwaves, being worth assessing the evolution of the
cumulative carbon balance (Figure 4.7a, coloured lines).

The cumulative balances of PsN in both regions start to depart from the
median only by the end of spring and present much lower accumulation rates
during summer, especially in August. The end-of-year departure from the
median is quite similar for both regions (about 0.25 kgC.m−2), however, rel-
ative to the corresponding standard deviation, the impact of the heatwave
on PsN in HW10 was slightly higher, reaching -2.8σ in August 2010 (Fig-
ure 4.7a, right panel), while in HW03 the departure in August 2003 was
−2.4σ (Figure 4.7a, left panel). From October to December, cumulative PsN
curves for the two extreme years follow a similar trajectory as the respective
climatologies, thus the negative balance is mainly due to the decrease in PsN
during JJA.

Results for forests and crops (Figure 4.7 b and c) indicate that forests,
the most productive land-cover type, were affected more severely. In HW03
forests registered null or slightly negative PsN (i.e. turning into a source of
CO2) from July to August.

Again, this evolution between July and August 2003 reflects to a cer-
tain extent the double nature of the 2003 heatwave in Western Europe with
an early peak in June and a stronger one in August (Garćıa-Herrera et al.,
2010; Barriopedro et al., 2011). Crops overall present a weaker response to
the heatwaves, which in the case of HW10 does not even fall outside the
climatological variability range. Table 4.1 summarizes end-of-year balances
of PsN relative to the median, over the total area and discriminated for the
main land-cover types. In both regions, forests suffer greater relative losses,
however crops contribute more to the area integrated balance in HW03, while
in HW10 the two main land-cover types contribute in approximately equal
parts to the total balance.

Spatial patterns
Assessing whether the major decreases in vegetation carbon uptake during
summer were a direct response to the high temperatures registered during
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Figure 4.7: a) Accumulated monthly PsN (from MOD17A2) climatology (box
plots and black lines) for the two selected regions HW03 and HW10. Boxes repre-
sent the ±0.5σ range and whiskers extend to the most extreme data that are not
outliers. Accumulated monthly PsN for 2003 in region HW03 (red) and for 2010
in region HW10 (blue). b) and c) as in a) but for Forests and crops, respectively.

the heatwaves requires the analysis of seasonal evolution of PsNanom spatial
patterns during 2003 and 2010 (Figures 4.8 and 4.9, respectively) and further
comparison with the corresponding climate patterns.

Western and Central Europe experienced low levels of productivity from
the early beginning of 2003 (Figure 4.8). In April, very low PsNanom values
were observed in the Balkans, but were followed by two months of enhanced
productivity. In June a large area of PsN anomalies below −0.2kgC.m−2

formed over southern and central France (the region corresponding to HW03),
which remained approximately stable during July. In August, the region with
very low PSNanom spread over most of western and central Europe. It is worth
noting the strongly enhanced productivity observed in western Russia and
some sectors of Eastern Europe during the summer, especially in July and
August, of 2003.

In 2010, more contrasting patterns were observed (Figure 4.9). Above
average productivity in May over most of eastern Europe was then followed in
June by PsNanom values below −0.2kgC.m−2 on a very large region centred in
western Russia, while throughout most of Europe high productivity was still
observed. In July, the region with very low PsNanom spread north-westwards
affecting some parts of Scandinavia, UK, northern Germany and Poland. In
August, the area with low PsNanom values over western Russia was further
enlarged southwards, while in many sectors of western and central Europe
PsN was again enhanced.
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Figure 4.8: Monthly PsNanom fields
from MOD17A2 during 2003.

Figure 4.9: As in Figure 4.8, but for
2010.

Climate patterns
Figures 4.10 and 4.11 summarize results for the climatic conditions ob-

served during spring and summer (March to September) in 2003 and 2010,
respectively, for Tanom, Panom, SW1anom and SW4anom.

The strong PsN anomalies (Figures 4.8 and 4.9) match the patterns of
very high temperature anomalies shown in Figures 4.10a and 4.11a. In south-
ern and central France temperatures reached anomalies higher than 4◦C in
June and August of the same year (Figure 4.10a). However, in July 2003,
temperatures in this region were only about 1◦C above average, and still
very low PsNanom persisted. Strong precipitation deficits were observed (Fig-
ure 4.10b) throughout most of central and western Europe in 2003, especially
in early spring (March) and all the summer months, where Panom values be-
low 50 mm.month−1 were registered. Soil moisture deficits in top and deep
layers (Figure 4.10c,d) were observed in central Europe during spring and
summer, particularly at the top layer (SW1), but were considerably exacer-
bated between June and August. The dry conditions may, thus, explain the
persistence of low PsN anomalies between the stronger heat spells.

In 2010, the moderately cool spring months (March and April) over most
of Europe (Figure 4.11a) were followed by temperature anomalies of about
3◦–4◦C over western Russia, which persisted and further increased during
summer months (JJA). Particularly, in a very large extent around Moscow,
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a b c d

Figure 4.10: Monthly climate anomalies over Europe during spring and sum-
mer 2003: a) Average temperature at 2m (Tanom); b) precipitation (Panom); (c)
volumetric soil water at level 1, 0–7cm (SW1anom) and (d) volumetric soil wa-
ter at level 4, 100-289cm (SW4anom). Tanom, SW1anom and SW4anom fields from
Era-Interim Reanalysis and Panom from GPCC, based based in near-real time rain
gauge observations.

Tanom values over 5◦C persisted for two consecutive months (JA). Cooler-
than-average temperatures were generally observed over the rest of Europe,
except during July, which was warmer-than-average practically over all re-
gions.

Precipitation patterns (Figure 4.11b) are not as clear as in the case of 2003,
although small precipitation deficits appear to have prevailed during spring
in western Russia. In June and July, Panom values below −50 mm.month−1

were observed over western Russia, northern Germany, Poland and the UK.
These precipitation deficits are also reflected in SDanom fields (not shown)
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Figure 4.11: As in Figure 4.10, but for 2010.

which present negative anomalies during winter and early spring in that
region. In spring 2010, soil moisture fields are characterized by different
dynamics on the top and deep layers. In March, in western Russia and
Scandinavia, on the top layer (Figure 4.11c) SW1anom values above 4% were
registered, while in the deeper layer (SW4anom, Figure 4.11d), values were
1% to 4% lower-than-average.

This enhancement of soil moisture on the top layer was possibly due to
an earlier snow-melt in the beginning of spring (not shown), in accordance
to Barriopedro et al. (2011). In the rest of spring and summer, SW4anom

dynamics follows SW1anom although with attenuation and an apparent lag of
about a month, with SW1 achieving a prominent negative value in July and
August while SW4 presents the (less intense) peak anomalies in August and
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September. Results obtained for the patterns of T, P and SW are consistent
with results obtained in other works (Ferranti and Viterbo, 2006; Fischer
et al., 2007; Garćıa-Herrera et al., 2010; Barriopedro et al., 2011).

Climate drivers
Climate and vegetation conditions throughout the year are compared to

the respective climatology of the two selected regions in Figure 4.12.

Generally, PsN increases with increasing T during winter and spring,
peaking in late spring (region HW03) or early summer (region HW10). In the
region HW10, the amplitude of the annual cycle of T is higher, and dormant
period appears clearly associated to those months with negative or very low
T. Both areas are characterized by wet winters and dry summers, with soil
water peaking at lower values in late summer. The region corresponding to
HW10 is, in general, wetter than HW03 at both top and deep layers and
presents higher seasonal variability on the annual cycle.

In HW03, the biggest departure of PsN from the climatological seasonal
cycle in 2003 occurs during JJA with increasing temperature and remarkable
SW1 deficits (Figure 4.12a). In September, although temperature returns
to average values, PsN is still below normal, matching the reduction still
observed in soil moisture at the top and deeper layers.

After October, PsN returns to normal values as well as T and SW1,
while in SW4 large deficits remain. The dynamics of HW10 during 2010
(Figure 4.12b) is very similar to the one described for HW03, with the biggest
departures of PsN from the climatological cycle being registered in summer
months,especially during August, with increased temperatures and reduced
soil moisture in the top layer.

The patterns suggest a differentiated response to high temperatures in
distinct periods of the phenological cycle. In May 2010, very high temper-
ature and relatively small moisture deficits (∼ −1%), are associated to an
enhancement of PsN (Figure 4.6 and 4.9) in western Russia. Since May cor-
responds to the beginning of the phenological cycle (Figure 4.6), increased
temperatures may increase photosynthesis rate (Nemani et al., 2003), pro-
vided that soil moisture deficits are not extreme. In both years, the patterns
observed in PsN dynamics (Figures 4.8, 4.9 and 4.12) depend crucially on
the evolution of temperature but also, to some extent, of soil moisture, par-
ticularly in the top layer (Figures 4.10c, 4.11c and 4.12).

The combination of high temperature with long-term precipitation deficits
increases soil moisture depletion, producing a positive feedback that further
enhances the heatwave intensity, as Seneviratne et al. (2006) and Hirschi et al.
(2011) have shown. To identify which variable (or variables) was responsible
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Figure 4.12: Climatological seasonal cycle (black lines) and seasonal cycle on the
heatwave year (coloured lines) of (xx-axis) T (left panel, red lines), SW1 (central
panel, blue lines) and SW4 (right panel, cyan lines) from ERA-Interim versus PsN
(yy-axis) in kgC.m−2.month−1 for a) HW03, heatwave year 2003 and b) HW10,
heatwave year 2010.

for the extreme ecological response, normalized monthly values of Tanom and
SW1anom during 2003 and 2010 are compared with the best years (high an-
nual productivity) and worst years (low annual productivity) composites for
each region (Figure 4.13).

In the case of HW03 (Figure 4.13, left panel), the heatwave was associated
to both temperature and soil moisture anomalies well outside the average
conditions during the worst years. In HW03, the composite for the best years
is associated with warm springs and cool and wet summers, while the worst
years present an inverse pattern. In 2003, Tanom during summer months was
more than 3σ above the composite for the worst years, while SW1anom in July
and August fell below the values in worst years by more than 2σ. Highly
productive years in HW10 appear associated with wet spring and summer
and moderately cool summer temperatures, with lower-than-average years
mostly associated with dry conditions and average temperatures. In HW10
(Figure 4.13, right panel) Tanom was about 3σ or more above the values for
the worst years during most of the growing season, however SW1anom values
do not appear to fall far for the variability range of that region (about ±1σ or
less). In fact, during May and June the values are even higher than registered
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in the worst years.

The difference in results between the two regions indicates different con-
tributions of each variable to the extreme response of vegetation during the
heatwave. While in HW03, the extremely low values of plant productivity
appear to be driven by a combination of high temperatures and strong soil
moisture deficits, in HW10 soil moisture values, despite being lower-than-
average, were comparable to or higher than low productivity years.

Figure 4.13: Normalized monthly values from March to September of a) Tanom b)
Panom and c) SW1anom, averaged over each region for: composites of best years
(black line, circles), worst years (black line, squares), and 2003 (HW03, colour
lines, left panel) or 2010 (HW10, colour lines, right panel). Units in the yy-axes
correspond to standard-deviations of each variable. Worst years are computed ex-
cluding the heatwave year for each region. For HW03 the high (low) productivity
years are 2000/2007/2011 (2001/2004/2005) and for HW10 the high (low) pro-
ductivity years are 2001/2004/2005 (2002/2009/2011).
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4.3.4 Discussion and conclusions

During 2003 and 2010 in Europe a marked decrease in vegetation carbon
uptake was observed at the monthly, seasonal and annual scales. This work
intends to assess whether these deficits were a response to the two record-
breaking heatwave events that struck different regions in Europe during sum-
mer in those years, and how extreme (in a climatological sense) were the
observed anomalies.

On the annual scale, NPP anomalies fell below −0.2kgC.m−2.yr−1 in both
years, although in 2010 a much larger extent with very low anomalies (<
−0.4kgC.m−2.yr−1) was affected. The anomalous values observed in NPP
depend primarily on GPP anomalies but also on the contribution of Ra.
In HW03 sector, the decrease in GPP during the heatwave is accompanied
by a decrease in Ra, attenuating the impact on NPP. Results are consistent
with the analysis in Ciais et al. (2005), which relied on an ecosystem model to
compute total ecosystem respiration and shown a drop in both autotrophic
and heterotrophic respiration, together with GPP, during 2003. In region
HW10, a marked difference is observed in Ra anomalies between the northern
(increased Ra) and the southern sector (decreased Ra) during 2010. Such
clear north-south differences in Ra (under similar climatic conditions) result
from a differentiated response of vegetation to the heatwaves depending on
land-cover type.

The comparison of the impact of the heatwaves on GPP, NPP and Ra be-
tween forests and crop areas reveals that the larger decrease in NPP in forests
is due to increased autotrophic respiration, while in crops the reduction in
GPP is followed by a drop in autotrophic respiration rates. This decrease,
rather than an enhancement with high temperatures, indicates a stronger
control of biomass production and respiration in crops than in forests. Since
crops are mainly annual or sub-annual cultures, autotrophic respiration is
expected to depend mainly on biomass produced during the growing sea-
son, while in forests maintenance respiration depends on the total amount
of biomass accumulated in the tissues of the trees during their lifetime. If,
in the total balance of HW03 the latter effect is negligible because Raanom
values are very small and crops dominate the region, in the case of HW10 in-
creased autotrophic respiration in forests makes their contribution of overall
NPP anomalies to be similar to that obtained for crops.

Seasonal analysis of vegetation activity in the selected regions indicates
that photosynthetic activity (as given by fAPAR) and carbon uptake (PsN)
close to (or above) average during spring and began to decline by late spring
with the larger drops in carbon uptake by vegetation occurring during sum-
mer months, along with extremely high temperatures. In both years, monthly
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PsN started to fall markedly outside the 10-90% variability range only from
June onwards, and reached larger departures (more than two standard devia-
tions) in August. The dynamics in PsN is not completely reflected in fAPAR
anomalies, that could suggest a milder impact of the heatwaves on vegetation
conditions during 2003 and 2010. However Reichstein et al. (2007) have pre-
viously observed the same discrepancies between fAPAR and eddy covariance
carbon flux measurements, suggesting that these differences may be due to
physiological responses of vegetation to dry periods, for instance with some
of the radiation absorbed being dissipated rather than used in photosyn-
thesis. Furthermore, strong negative fAPAR anomalies are observed when
leaves turn brown and wilt, a process that takes longer to occur, even if
photosynthesis is already below normal. Nevertheless, in both years, fAPAR
falls outside the 10%–90% range in August (coinciding with the heatwave
events) which reinforces the conclusions about the outstanding impact of the
heatwaves on vegetation activity.

Thus, according to the framework used in this work (Smith, 2011), only
from June to August was an actual extreme ecological response observed.
Both years were characterized by persistent dry conditions preceding the
heatwaves, especially in the case of 2003, with precipitation below normal
leading to water deficits in all soil layers, which further enhanced the tem-
peratures reached during the heatwaves. These persistent dry conditions pre-
ceding the heatwave are particularly relevant in the case of the 2003 event,
and appear to have contributed to the negative PsN anomalies observed from
spring to early summer as already pointed in other works (Ciais et al., 2005;
Reichstein et al., 2007). On the seasonal scale, HW03 and HW10 present
similarly extreme responses (PsN more than 2 standard-deviations below av-
erage), however, on the annual scale the heatwave had a stronger impact
on HW10, where NPP fell more than 50% below average, while in HW03
anomalies were ∼20%. The temporal coincidence of the extreme PsN and
fAPAR values with the periods with higher temperature anomalies points to
a clear impact of the heatwave event, nevertheless, it must be stressed that
the heatwave may impact vegetation activity through both high tempera-
tures and reduced soil moisture due to the feedbacks between both variables
during heatwave events (Seneviratne et al., 2006).

This work attempts to disentangle the contribution of each climatic fac-
tor to the very low values of CO2 uptake by vegetation observed as response
to the heatwaves and understand whether this response was driven by the
extremely high temperatures, by reduced water availability, or by a combi-
nation of both factors. The analysis of the anomaly values of T and SW
during the best and worst years in terms of vegetation productivity, and the
comparison with the corresponding values during the heatwave years for each
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regions uncovers important differences between the two events and highlights
the usefulness of this approach to assessing drivers of vegetation activity dur-
ing extreme events. In the case of HW03, the heatwave months correspond
to temperatures well above the ones registered for either the best and worst
years, together with soil moisture anomalies far below the ones attained dur-
ing the worst years. However, for HW10, extreme values are observed only
for temperature anomalies, while soil moisture remains inside (or very close
to) the best and worst years curves. In fact, in other years when photosyn-
thetic activity was very low (but still higher than in 2010), vegetation has
experienced even lower values of soil moisture. The comparison of the two
events in 2003 and 2010 allows distinguishing different behaviours: while in
2003 the observed declines in PsN suggest a strong impact of the long dry
period preceding the heatwave, in 2010 extremely high temperatures appear
to be the main factor leading to low PsN. In HW10, despite water deficits
being observed these do not appear to be particularly extreme for vegetation,
implying that the extreme response observed in HW10 was mainly driven by
the very high temperature anomalies.

This work emphasizes the fact that an extreme climatic event (a heat-
wave) may lead to distinct responses of vegetation that may or may not be
considered extreme. Responses may differ either because of the combined
effect of the extreme event with other disturbance (e.g. drought) or the dif-
ferent ability of plants to cope with extreme climate conditions. Since heat-
waves are characterized by a strong coupling between temperature and soil
moisture, the driving variables of the ecological response may differ from one
event to another, depending on the strength of the coupling, on vegetation
type and on human factors, such as land management practices.

4.4 Heatwaves in the 21st century: what to

expect?

It is now widely accepted that the anthropogenic fingerprint on climate has
made extreme events more intense and frequent, and that these are expected
to increase in the following decades (Coumou and Rahmstorf, 2012). Heat-
waves, as shown in the previous sections, are particularly disrupting in terms
of socio-economical activities as well as of the carbon balance of ecosystems.

On the global scale, the IPCC report on extreme events (Seneviratne
et al., 2012) has estimated that increases in the frequency and magnitude
of warm daily temperature extremes are virtually certain to occur in the
21st century and that the length, frequency, and intensity of warm spells or
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heatwaves will very likely increase over most land areas. For the emission
scenarios defined in the IPCC AR4 as those corresponding to business-as-
usual or little mitigation policies (A1B, A2), the probability for a 1-in-20
present warm extreme to occur is increased by tenfold, while for the more
sustainable scenario (B1), this probability only increases by four. The change
in the magnitude of this kind of events is, however, relatively independent of
the emission scenario considered, and expected to be 2◦C–5◦C higher by the
end of the century.

Europe has long been recognized as a particularly sensitive region to
changes in heat extremes (Meehl and Tebaldi, 2004; Schär et al., 2004). Bar-
riopedro et al. (2011) have analysed the likelihood of 2003 and 2010-like
events to occur in the future under the business-as-usual scenario using an
ensemble of Regional Climate Models (RCMs). Events like the second week
of August 2003 (the peak of the heatwave) are projected to occur every 10
years in eastern Europe and every 15 years in the western sector for the first
half of the century, while from 2050 to 2100, these events occur every 8 or
4 years, for eastern and western Europe respectively. On the contrary, heat
spells like the one in 2010 remain highly unlikely until mid-21st century, in-
creasing to one event per decade in most models on the second half of the
century.

At the local scale, however, these changes may be even more alarming.
Fischer and Schär (2010) have assessed the spatial patterns of temperature
change in Europe using the same RCMs ensemble. Although Europe presents
overall significant increases in the whole temperature range by the late 21st

century, the changes in mean, variability and extremes present distinct geo-
graphical patterns. Particularly, in southern-central Europe, both minimum
and maximum extreme temperatures (as given by the 10%, and 95% and 99%
percentiles, respectively) warm up to 50% faster than the mean, implying a
rapid increase in the severity of heat-spells.

Figure 4.14 reproduces the projected changes in heatwave frequency and
amplitude as estimated by Fischer and Schär (2010). In both cases, an in-
crease in frequency and amplitude between the first and the second half of the
century is expected in most regions excepting Scandinavia, being particularly
marked in southern-central Europe. For the second half of the century, it is
worth emphasizing two regions: (i) the Iberian Peninsula, the Balkans and
Turkey, with 24-fold more frequent heatwave days and amplitudes changes
of more than 5.5◦C; (ii) central and eastern Europe, where heatwave days
increase by 9 to 21-fold and the temperature amplitudes are expected to be
3◦C–6.5◦C higher than the reference period, 1961–1990 (Figure 4.14).

Such dramatic changes in the recurrence interval and intensity of heat
disturbance are very likely to produce dramatic changes in ecosystems, par-
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ticularly in those regions where trends are more pronounced. Since in many of
these regions, namely the Mediterranean and western Russia, heatwaves are
also associated to the occurrence of extraordinary fire-seasons (Trigo et al.,
2006; Gouveia et al., 2010; Barriopedro et al., 2011; Koutsias et al., 2012),
their increased intensity and frequency may lead to changes in ecosystem
composition (Bastos et al., 2011) and further contribute to alter the magni-
tude of the land-sink (Bowman et al., 2009).

Figure 4.14: Heatwave frequency and amplitude change in the 21st century. Pro-
jected ensemble mean changes in summer (JJA) for six simulations of the EN-
SEMBLES project for projected ensemble-mean changes of heatwave day frequency
expressed as ratio between scenario and control period (a,b) and changes in heat-
wave amplitude expressed in degrees Celsius (c,d). Changes are shown for 2021-
2050 (a,c) and 2071-2100 (b,d) with respect to 1961-1990. From (Fischer and
Schär, 2010).
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Summary

In light of the overwhelming human influence on our planet, understanding
the ways in which climate and the biosphere interact on human time-scales,
influencing the carbon-cycle and the Earth’s energy imbalance, is of outmost
importance. The purpose of this Thesis was to improve our knowledge about
the land-sink in the recent past, and present climate context and to construct
a useful framework to interpret variations on inter-annual to decadal time-
scales, aiming to provide advice to the modeling community about potential
improvements to the representation of the Earth-System. Each Chapter in-
cludes the main outcomes of the corresponding topic addressed, nevertheless,
at this stage, it is worth summarizing the main findings.

On a first step (Chapter 2), we focused on analyzing more thoroughly
the link between the ENSO and the variability observed in atmospheric CO2

growth rate and the land-sink. Previous studies had noted the tendency
for weaker terrestrial CO2 uptake during El-Niño, although the opposite
behavior during La-Niña events was not clear. Furthermore, a more com-
prehensive spatio-temporal analysis identifying the key regions and drivers
of this relationship was still lacking. The exceptional La-Niña event in 2011,
and the concurrent land-sink enhancement registered, constituted a motiva-
tion to further assess this relationship. We showed that ENSO is the most
prominent driver of year-to-year variations of the global CO2 uptake by ter-
restrial ecosystems. Surprisingly, sub-tropical ecosystems in the Southern
Hemisphere were shown to be particularly sensitive to the variations in soil
water availability, impinged by shifts in temperature and precipitation due
to ENSO variability. These results contradict the previous presumption that
tropical forests drove most of inter-annual variability in the land-sink and
the response to ENSO (Baker et al., 2006; Cox et al., 2013). Subsequently,
Poulter et al. (2014) have also reported an increasing contribution of semi-
arid ecosystems in the Southern Hemisphere to the inter-annual variations in
atmospheric CO2 concentrations, as well as an increasing sensitivity of these
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ecosystems to precipitation. The authors also warned for the fact that current
ESMs do not seem to represent these variations in sensitivity to precipita-
tion, which may affect the reliability of their future projections. Using the
set of state-of-the-art ESMs used in the last Coupled Model Inter-comparison
experiment (CMIP5), we found that part of the discrepancies in the estima-
tions of the global land-sink strength and variability may be related to the
characteristics of the ENSO pattern within each model.

The European continent constitutes an especially interesting study area,
since it comprises the most productive ecosystems in the Northern Hemi-
sphere and presents highly heterogeneous geography, as well as large spatial
and temporal climate variability. The variability of the continental CO2 sink
was addressed in Chapter 3. While NAO has long been recognized as the
leading mode of climate variability in Europe, in recent years several works
have uncovered complex relationships between NAO and other atmospheric
circulation patterns over the North-Atlantic, improving understanding about
temperature and precipitation patterns over the region. Using top-down and
bottom-up data of land CO2 fluxes, we found that variability in the Eu-
ropean sink on inter-annual to decadal scales is largely influenced by the
interacting impacts of NAO and EA on European climate. Namely, the EA
pattern appears to amplify or attenuate the variations associated to NAO,
depending on the EA phase, relative to the NAO state. The predominance
of a given phase combination of these two modes is reflected in long-term
decadal variability patterns. These long-term patterns may be misleadingly
interpreted as trends, especially in short time-series as is still the case of most
of the available ecosystem monitoring datasets. Results further showed that
improving the representation of atmospheric circulation patterns in the mid-
latitudes may be of particular importance to correctly depict the regional
carbon balance in ESMs.

The occurrence of extreme climatic events and disturbances, although
relatively infrequent, is part of the natural variability of a given ecosystem.
However, in recent years, Europe was struck by two heatwaves, in 2003 cen-
tered over France and in 2010 over western Russia, that were unprecedented
on a 500 year time-frame. Their impacts on carbon uptake by European
vegetation were analyzed in Chapter 4. The two heatwaves were character-
ized by persistent record-breaking temperature anomalies, covering exten-
sive regions and lasting for several weeks. Both were preceded by a period
of below-average precipitation that exacerbated soil moisture deficits during
summer. Several studies pointed to water scarcity as the main driver of the
CO2 flux anomalies during 2003, when European ecosystems turned into a
CO2 source, which may explain why so many works referred to this event
as “drought” rather than heatwave. We showed that, although drier-than-
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average conditions during spring in 2003 certainly reduced photosynthetic
activity by European vegetation, the stronger anomalies coincided with the
periods of record-breaking temperatures, pointing to a clear impact of the
heatwave on vegetation. The comparison with the 2010 event revealed a
distinct response to the temperature/moisture feedback, as temperature ap-
peared to be the sole driver of the extremely low vegetation activity during
summer, despite drier conditions being also recorded. It is expected that,
as the global temperatures rise, events such as these two heatwaves may be-
come more frequent over Europe and the Mediterranean, which emphasizes
the need to understand how ecosystems cope with such extreme conditions.

We are confident that this Thesis provides new insight on the advantages
of applying in a combined approach the analysis of climate and ecological
variability in order to better characterize variations in the land-sink and
constrain Earth-System Models’ projections of future climate.

Perspectives

In 1980, in his book Cosmos, Carl Sagan wrote:

“Our lovely blue planet, the Earth, is the only home we know. Venus is
too hot. Mars is too cold. But the Earth is just right, a heaven for humans.
After all, we evolved here. But our congenial climate may be unstable. We
are perturbing our poor planet in serious and contradictory ways. Is there
any danger of driving the environment of the Earth toward the planetary Hell
of Venus or the global ice age of Mars? The simple answer is that nobody
knows. The study of the global climate, the comparison of the Earth with
other worlds, are subjects in their earliest stages of development. They are
fields that are poorly and grudgingly funded. In our ignorance, we continue
to push and pull, to pollute the atmosphere and brighten the land, oblivious
of the fact that the long-term consequences are largely unknown.”

Despite the unequivocal increase in pollution and GHG emissions since
these words were written, it is also true that, since that time, earth-system
science has made remarkable progress. The main physical processes govern-
ing the planet’s climate are know well understood and numerical models are
used to realistically simulate Earth’s climate from the deepest past to the
present (IPCC, 2013). It is now clear that humans have significantly altered
the planetary energy budget as well as the biogeochemical and ecological pro-
cesses that support our societies (Rockstrom et al., 2009; Running, 2012), in

127



Conclusions

such magnitude as to have already left a geological footprint (Crutzen, 2002).
The velocity at which we are producing changes in the earth-system makes
it urgent to better evaluate the extent of our impacts on climate in the next
decades to centuries. A particularly uncertain aspect of this problem is the
feedback between climate, terrestrial biosphere and the carbon-cycle.

Understanding the physical processes underlying the natural variability
in the coupled atmosphere-ocean system has long been considered an im-
portant piece in linking climate variations on short time-scales to long-term
variations, and enabling (potentially) extended predictability, of global and
regional climate patterns. In recognizing the advantages of such framework
to study the exchange of CO2 between ecosystems and the atmosphere, as
demonstrated in this Thesis, several questions and potential research direc-
tions emerge.

Recently, considerable advances have been made in understanding the
intricate net of interactions between climate variability patterns over the
globe. Numerous works have shown a broad influence of the variability in
tropical Pacific SSTs (associated with the Pacific Decadal Oscillation) on
several climate patterns worldwide, in particular those discussed in this work:
the modulation of the ENSO signal (Cane, 2005), the SLP patterns over the
North-Atlantic, namely the NAO (Trenberth et al., 2014; Ding et al., 2014),
and the amplification of extreme temperatures in Europe (Fischer and Schär,
2010; Trenberth and Fasullo, 2012). Moreover, Brönnimann et al. (2007)
also reported a stationary relationship between ENSO and the NAO, and
(Gámiz-Fortis et al., 2011) have further proposed the influence of Atlantic
SST on SLP patterns in the North-Atlantic. Further research is needed to
better understand the physical mechanisms controlling natural variability in
the climate system and the way anomalies in SST or SLP in a given region
propagate and interact with distant regions, in order to allow a realistic
representation of the coupled atmosphere-ocean system.

In turn, substantial research about the processes that connect ecological
activity at stand scale to continental and global scale is crucial to quantify
and realistically represent the climate-carbon feedback. The framework de-
veloped in this Thesis may be extended to better assess variability of sources
and sinks of CO2 in other key regions of the global carbon-cycle, whose cli-
mate is also known to be influenced by teleconnections, such as the Arctic
and boreal pan-Eurasian and North-American regions.

Moreover, ecosystems also exchange other relevant greenhouse gases with
the atmosphere, such as methane and nitrous oxide (Schulze et al., 2009).
In trying to estimate the overall feedback between radiative forcing and the
biosphere, the fluxes of these especially strong (as is methane) or long lived
(as nitrous oxide) should also be taken into account.
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It would be quite interesting to extend this study to variability on longer
time-scales, assessing, for instance, the sensitivity of the global carbon-cycle
to decadal variability in tropical Pacific SST. This would be possible by
evaluating the role of PDO simulated in ESMs on the modeled land-sink
variability, even if consistent observations of CO2 fluxes over very long time-
frames are, so far, inexistent.

With increasing time-scales, further concerns must arise.
In time-frames of decades or more, one must consider the interactions

between plants and soil processes that affect the time carbon remains in
vegetation and soils (Ostle et al., 2009). A recent study has shown that this
may also be particularly sensitive to climate variability (Carvalhais et al.,
2014).

Furthermore, it is crucial to take into account the nutrient cycles, such
as nitrogen and phosphorus, due to their expected limiting role on photo-
synthetic activity. In the case of phosphorus, since this element is mainly
transported by wind in the form of aerosols (Vitousek et al., 2010), it is
reasonable to expect inputs to ecosystems to be tightly related to global
atmospheric circulation patterns.

Finally, plants and microbes are known to present the ability, to a certain
extent, to acclimate to changes in their environment (Baldocchi, 2008). Ge-
ographical shifts have already been observed, and there are indications that
the speed and magnitude at which climate is changing may alter selection
pressures among species with different traits (Franks and Hoffmann, 2012),
although their consequences to the climate are still unknown.

The disciplinary range of climate science is progressively broadening,
opening exciting prospects for a deeper knowledge of Earth’s mechanisms.
Although the way life operates appears to be considerably more complex than
thermodynamics or fluid mechanics, it is imperious to understand the inter-
actions of geophysical and geochemical processes with the biosphere. More
than to satisfy our curiosity about the way Earth works, but - as foreseen by
Carl Sagan in 1980 - to try to keep our planet as the right place to live.
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Garćıa-Herrera, R., Dı́az, J., Trigo, R.M., Luterbacher, J., and Fischer, E.M.
(2010). A review of the European summer heat wave of 2003. Critical
Reviews in Environmental Science and Technology, 40(4), 267–306.

Gerten, D., et al. (2008). Modelled effects of precipitation on ecosystem
carbon and water dynamics in different climatic zones. Global Change
Biology, 14(10), 2365–2379. doi:10.1111/j.1365-2486.2008.01651.x.

Gillett, N.P., Zwiers, F.W., Weaver, A.J., and Stott, P.A. (2003). Detection
of human influence on sea-level pressure. Nature, 422(6929), 292–294.

Giorgi, F. (2006). Climate change hot-spots. Geophys. Res. Lett., 33(8),
L08707.

Gobron, N., et al. (2005). The state of vegetation in Europe following the
2003 drought. International Journal of Remote Sensing, 26(9), 2013–2020.
doi:10.1080/01431160412331330293.

Gouveia, C., DaCamara, C.C., and Trigo, R.M. (2010). Post-fire vegetation
recovery in Portugal based on spot/vegetation data. Natural Hazards and
Earth System Science, 10(4), 673–684. doi:10.5194/nhess-10-673-2010.

Gouveia, C., Trigo, R.M., and DaCamara, C.C. (2009). Drought and vege-
tation stress monitoring in Portugal using satellite data. Natural Hazards
and Earth System Science, 9(1), 185–195. doi:10.5194/nhess-9-185-2009.

Gouveia, C., Trigo, R.M., DaCamara, C.C., Libonati, R., and Pereira, J.M.C.
(2008). The North Atlantic Oscillation and European vegetation dynamics.
International Journal of Climatology, 28(14), 1835–1847. doi:10.1002/joc.
1682.

Graven, H.D., et al. (2013). Enhanced seasonal exchange of CO2 by northern
ecosystems since 1960. Science, 341(6150), 1085–1089.

138



REFERENCES

Gray, J.M., et al. (2014). Direct human influence on atmospheric CO2 sea-
sonality from increased cropland productivity. Nature, 515(7527), 398–401.

Gu, L., et al. (2003). Response of a deciduous forest to the Mount Pinatubo
eruption: Enhanced photosynthesis. Science, 299(5615), 2035–2038.

Guilyardi, E. (2006). El Niño-mean state-seasonal cycle interactions in a
multi-model ensemble. 26(4), 329–348.

Guilyardi, E., et al. (2012). A first look at ENSO in CMIP5. Clivar Ex-
changes, 17(1), 29–32.

Gurney, K.R., et al. (2002). Towards robust regional estimates of CO2 sources
and sinks using atmospheric transport models. Nature, 415(6872), 626–630.

Gurney, K.R., et al. (2003). TransCom 3 CO2 inversion intercomparison:
1. annual mean control results and sensitivity to transport and prior flux
information. Tellus B, 55(2), 555–579.

Hallett, T.B., et al. (2004). Why large-scale climate indices seem to predict
ecological processes better than local weather. Nature, 430(6995), 71–75.

Hammerling, D.M., Michalak, A.M., and Kawa, S.R. (2012). Mapping of
CO2 at high spatiotemporal resolution using satellite observations: Global
distributions from OCO-2. J. Geophys. Res., 117(D6), D06306.

Handorf, D. and Dethloff, K. (2012). How well do state-of-the-art
atmosphere-ocean general circulation models reproduce atmospheric tele-
connection patterns? Tellus A, 64, 19777.

Hansen, J., Sato, M., Kharecha, P., and von Schuckmann, K. (2011). Earth’s
energy imbalance and implications. Atmospheric Chemistry and Physics
Discussions, 11(9), 27031–27105. doi:10.5194/acpd-11-27031-2011.

Hansen, J., et al. (2006). Global temperature change. Proceedings of the
National Academy of Sciences, 103(39), 14288–14293.

Hasenauer, H., Petritsch, R., Zhao, M., Boisvenue, C., and Running, S.W.
(2012). Reconciling satellite with ground data to estimate forest produc-
tivity at national scales. Forest Ecology and Management, 276(0), 196 –
208.

Heimann, M. (2009). Searching out the sinks. Nature Geosci, 2(1), 3–4.

139



REFERENCES

Heimann, M. and Reichstein, M. (2008). Terrestrial ecosystem carbon dy-
namics and climate feedbacks. Nature, 451(7176), 289–292.

Hirschi, M., et al. (2011). Observational evidence for soil-moisture impact
on hot extremes in southeastern Europe. Nature Geosci, 4(1), 17–21.

Hoerling, M., et al. (2011). On the increased frequency of mediterranean
drought. J. Climate, 25(6), 2146–2161. doi:10.1175/JCLI-D-11-00296.1.

Hope, A., Tague, C., and Clark, R. (2007). Characterizing post-fire vegeta-
tion recovery of California chaparral using TM/ETM+ time-series data.
Int. J. Remote Sens., 28(6), 1339–1354. doi:10.1080/01431160600908924.

Houlton, B.Z., Wang, Y.P., Vitousek, P.M., and Field, C.B. (2008). A unify-
ing framework for dinitrogen fixation in the terrestrial biosphere. Nature,
454(7202), 327–330.

Huete, A., et al. (2002). Overview of the radiometric and biophysical perfor-
mance of the MODIS vegetation indices. Remote Sensing of Environment,
83(1–2), 195 – 213. doi:10.1016/S0034-4257(02)00096-2. ¡ce:title¿The
Moderate Resolution Imaging Spectroradiometer (MODIS): a new gen-
eration of Land Surface Monitoring¡/ce:title¿.

Huete, A.R., et al. (2006). Amazon rainforests green-up with sunlight in dry
season. Geophys. Res. Lett., 33(6), L06405.

Hurrell, J.W. (1995). Decadal trends in the North Atlantic Oscillation: Re-
gional temperatures and precipitation. Science, 269(5224), 676–679.

Hurrell, J.W. and Deser, C. (2010). North atlantic climate variability: The
role of the North Atlantic Oscillation. Journal of Marine Systems, 79(3–4),
231–244. doi:http://dx.doi.org/10.1016/j.jmarsys.2009.11.002.

Ilyina, T., et al. (2013). Global ocean biogeochemistry model HAMOCC:
Model architecture and performance as component of the MPI-Earth Sys-
tem Model in different CMIP5 experimental realizations. J. Adv. Model.
Earth Syst., 5(2), 287–315.

IPCC (2001). Climate change 2001: The scientific basis. Contribution of
Working Group I to the Third Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge and
New York.

140



REFERENCES

IPCC (2007). Climate change 2007: the physical science basis. Contribution
of Working Group I to the fourth assessment report of the Intergovernmen-
tal Panel on Climate Change. Cambridge University Press, Cambridge and
New York.

IPCC (2013). Climate change 2013: the physical science basis. Contribution
of working group I to the fifth assessment report of the intergovernmental
panel on climate change. Cambridge University Press, Cambridge and New
York.

Ito, A. (2010). Changing ecophysiological processes and carbon budget in
east asian ecosystems under near-future changes in climate: implications
for long-term monitoring from a process-based model. 123(4), 577–588.

Janssens, I.A., et al. (2003). Europe’s terrestrial biosphere absorbs 7 to 12%
of European anthropogenic CO2 emissions. Science, 300(5625), 1538–1542.
doi:10.1126/science.1083592.

Jentsch, A., et al. (2011). Climate extremes initiate ecosystem-regulating
functions while maintaining productivity. Journal of Ecology, 99(3), 689–
702. doi:10.1111/j.1365-2745.2011.01817.x.

Jin, F.F., Kim, S.T., and Bejarano, L. (2006). A coupled-stability index for
ENSO. Geophys. Res. Lett., 33(23), L23708.

Jones, C.D. and Cox, P.M. (2001). Modeling the volcanic signal in the at-
mospheric CO2 record. Global Biogeochemical Cycles, 15(2), 453–465. doi:
10.1029/2000GB001281.

Jones, P.D., Osborn, T.J., and Briffa, K.R. (2003). Pressure-Based Measures
of the North Atlantic Oscillation (NAO): A Comparison and an Assess-
ment of Changes in the Strength of the NAO and in its Influence on Surface
Climate Parameters. American Geophysical Union. ISBN 9781118669037,
pp. 51–62. doi:10.1029/134GM03.

Joos, F., et al. (2001). Global warming feedbacks on terrestrial carbon uptake
under the intergovernmental panel on climate change (IPCC) emission
scenarios. Global Biogeochem. Cycles, 15(4), 891–907.

Joshi, M., Hawkins, E., Sutton, R., Lowe, J., and Frame, D. (2011). Pro-
jections of when temperature change will exceed 2◦C above pre-industrial
levels. Nature Clim. Change, 1(8), 407–412.

141



REFERENCES

Julien, Y., Sobrino, J.A., and Verhoef, W. (2006). Changes in land surface
temperatures and NDVI values over Europe between 1982 and 1999. Re-
mote Sensing of Environment, 103(1), 43 – 55. doi:10.1016/j.rse.2006.03.
011.

Jung, M., Reichstein, M., and Bondeau, A. (2009). Towards global empiri-
cal upscaling of FLUXNET eddy covariance observations: validation of a
model tree ensemble approach using a biosphere model. Biogeosciences,
6(10), 2001–2013. doi:10.5194/bg-6-2001-2009.

Jung, M., et al. (2008). Diagnostic assessment of European gross primary
production. Global Change Biology, 14(10), 2349–2364.

Kaminski, T. and Heimann, M. (2001). Inverse modeling of atmospheric
carbon dioxide fluxes. Science, 294(5541), 259–259.

Kanamitsu, M., et al. (2002). NCEP/DOE AMIP-II Reanalysis (R-2). Bull.
Amer. Meteor. Soc., 83(11), 1631–1643. doi:10.1175/BAMS-83-11-1631.

Kao, H.Y. and Yu, J.Y. (2009). Contrasting eastern-pacific and central-
pacific types of ENSO. J. Climate, 22(3), 615–632. doi:10.1175/
2008JCLI2309.1.

Karl, T.R., Knight, R.W., and Baker, B. (2000). The record breaking global
temperatures of 1997 and 1998: Evidence for an increase in the rate of
global warming? Geophys. Res. Lett., 27(5), 719–722.

Keeling, C., Whorf, T., Wahlen, M., and Plicht, J.v.d. (1995). Interannual
extremes in the rate of rise of atmospheric carbon dioxide since 1980.
Nature, 375(6533), 666–670.

Keeling, C.D., et al. (1976). Atmospheric carbon dioxide variations at Mauna
Loa observatory, Hawaii. Tellus, 28(6), 538–551.

Keeling, C.D., et al. (2001). Exchanges of atmospheric CO2 and 13CO2 with
the terrestrial biosphere and oceans from 1978 to 2000. I. Global aspects,
SIO Reference Series No. 01-06 Scripps Institution of Oceanography, San
Diego.

Kim, S.T. and Yu, J.Y. (2012). The two types of ENSO in CMIP5 models.
Geophys. Res. Lett., 39(11), L11704.

Klein Goldewijk, K., Beusen, A., van Drecht, G., and de Vos, M. (2011).
The hyde 3.1 spatially explicit database of human-induced global land-use

142



REFERENCES

change over the past 12.000 years. Global Ecology and Biogeography, 20(1),
73–86.

Knapp, A.K. and Smith, M.D. (2001). Variation among biomes in temporal
dynamics of aboveground primary production. Science, 291(5503), 481–
484. doi:10.1126/science.291.5503.481.

Kosaka, Y. and Xie, S.P. (2013). Recent global-warming hiatus tied to equa-
torial Pacific surface cooling. Nature, 501(7467), 403-407.

Koutsias, N., et al. (2012). Where did the fires burn in Peloponnisos, Greece
the summer of 2007? evidence for a synergy of fuel and weather. Agricul-
tural and Forest Meteorology, 156(0), 41–53.

Kreyling, J., Wenigmann, M., Beierkuhnlein, C., and Jentsch, A. (2008).
Effects of extreme weather events on plant productivity and tissue die-back
are modified by community composition. Ecosystems, 11(5), 752–763.

Krinner, G., et al. (2005). A dynamic global vegetation model for studies
of the coupled atmosphere-biosphere system. Global Biogeochem. Cycles,
19(1), GB1015.

Kurz, W.A., et al. (2008). Mountain pine beetle and forest carbon feedback
to climate change. Nature, 452(7190), 987–990.

Law, B.E., Waring, .R.H., Anthoni, P.M., and Aber, J.D. (2000). Measure-
ments of gross and net ecosystem productivity and water vapour exchange
of a pinus ponderosa ecosystem, and an evaluation of two generalized mod-
els. Global Change Biology, 6(2), 155–168.

Le Page, Y., et al. (2007). Global fire activity patterns (1996-2006)
and climatic influence: an analysis using the world fire atlas. Atmo-
spheric Chemistry and Physics Discussions, 7(6), 17299–17338. doi:
10.5194/acpd-7-17299-2007.
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Trigo, R.M., Garćıa-Herrera, R., Dı́az, J., Trigo, I.F., and Valente, M.A.
(2005). How exceptional was the early august 2003 heatwave in France?
Geophys. Res. Lett., 32(10), L10701.

Trigo, R.M., Gouveia, C.M., and Barriopedro, D. (2010). The intense 2007-
2009 drought in the fertile crescent: Impacts and associated atmospheric
circulation. Agricultural and Forest Meteorology, 150(9), 1245 – 1257. doi:
10.1016/j.agrformet.2010.05.006.

Trigo, R.M., Osborn, T.J., and Corte-Real, J.M. (2002). The North Atlantic
Oscillation influence on Europe: climate impacts and associated physical
mechanisms. Clim Res, 20(1), 9–17.

Trigo, R.M., et al. (2004). North Atlantic Oscillation influence on precipita-
tion, river flow and water resources in the Iberian Peninsula. International
Journal of Climatology, 24(8), 925–944. doi:10.1002/joc.1048.

Trigo, R.M., et al. (2006). Atmospheric conditions associated with the excep-
tional fire season of 2003 in Portugal. International Journal of Climatology,
26(13), 1741–1757. doi:10.1002/joc.1333.

Trigo, R.M., et al. (2008). The impact of north Atlantic wind and cyclone
trends on European precipitation and significant wave height in the At-
lantic. Annals of the New York Academy of Sciences, 1146(1), 212–234.

153



REFERENCES

Tucker, C., et al. (2005). An extended AVHRR 8km NDVI dataset com-
patible with MODIS and SPOT/VEGETATION NDVI data. Interna-
tional Journal of Remote Sensing, 26(20), 4485–4498. doi:doi:10.1080/
01431160500168686.

Turner, M., Romme, W., Gardner, R., O’Neill, R., and Kratz, T. (1993).
A revised concept of landscape equilibrium: Disturbance and stability on
scaled landscapes. 8(3), 213–227.

Tuzet, A., Perrier, A., and Leuning, R. (2003). A coupled model of stomatal
conductance, photosynthesis and transpiration. Plant, Cell & Environ-
ment, 26(7), 1097–1116.

van der Ent, R.J. and Savenije, H.H.G. (2011). Length and time scales of
atmospheric moisture recycling. Atmos. Chem. Phys., 11(5), 1853–1863.

van der Sleen, P., et al. (2015). No growth stimulation of tropical trees by
150 years of CO2 fertilization but water-use efficiency increased. Nature
Geosci, 8(1), 24–28.

van der Werf, G.R., et al. (2006). Interannual variability in global biomass
burning emissions from 1997 to 2004. Atmospheric Chemistry and Physics,
6(11), 3423–3441. doi:10.5194/acp-6-3423-2006.

van Groenigen, K.J., Osenberg, C.W., and Hungate, B.A. (2011). Increased
soil emissions of potent greenhouse gases under increased atmospheric CO2.
Nature, 475(7355), 214–216.

Vautard, R., et al. (2007). Summertime European heat and drought waves
induced by wintertime Mediterranean rainfall deficit. Geophysical Research
Letters, 34(7), L07711. doi:10.1029/2006GL028001.

Vecchi, G.A. and Wittenberg, A.T. (2010). El Niño and our future climate:
where do we stand? WIREs Clim Chg, 1(2), 260–270.

Vecchi, G.A., et al. (2006). Weakening of tropical pacific atmospheric circu-
lation due to anthropogenic forcing. Nature, 441(7089), 73–76.
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ABSTRACT

Mean sea level (MSL) in the Baltic Sea is influenced by several factors and therefore presents a complex

behaviour over a wide range of time-scales. This work performs a multi-scale analysis of MSL variability in the

Baltic Sea using discrete wavelet analysis. The North Atlantic Oscillation (NAO) is well known for having a

strong influence in MSL variability over the Baltic; however, the relationship between MSL and NAO at

different time-scales is still little understood. In this work a comparison of MSL and NAO variability is

performed for a wide range of temporal scales, uncovering distinct relationships in high-frequency and

long-term temporal variability. The annual and sub-annual scales are found to account for more than 50% of

the total MSL variability. The MSL annual cycle is analysed and a shift from low to high amplitude values is

identified in the 1970s for most stations. MSL is found to be anti-correlated to NAO at short time-scales while

on the long-term NAO and MSL appear to be positively correlated for most stations. The physical mechanisms

behind these distinct relationships deserve deeper study.

Keywords: Baltic Sea, NAO, Discrete wavelet analysis, MSL, Wavelet correlation

1. Introduction

Sea level long-term variability and its association with

climate variability is a particularly relevant topic in a

climate change context (Vermeer and Rahmstorf, 2009).

Sea level reflects changes in the ocean, atmosphere and

cryosphere making it a useful integral indicator of climate

variability and climate change. Long-term regional sea level

variability is also of a significant societal interest in terms

of input for coastal management and planning, as well as

long-term assessment of risk of storm surges and extreme

sea level events.

Historical sea level measurements are available from tide

gauges. However, one must take into account that tide-

gauges evaluate sea level changes relative to fixed points

in land. Thus, these records are often contaminated by land

movements (upwards or downwards) as a consequence

of local or global movements (Tsimplis et al. 2006). Very

prolonged sea level records are therefore particularly

important for climate studies (Ekman, 1999).

The measurement of sea level in the Baltic Sea has a very

long and rich history (Ekman, 2009). The Baltic region

holds an exceptional network of very long and reliable

sea level records making it particularly appealing for the

study of long-term sea level changes and other geophysical

phenomena such as postglacial land uplift (Ekman and

Mäkinen, 1996) and the pole tide (Ekman and Stigebrandt,

1990).

Long-term sea level changes in the Baltic are strongly

influenced by different physical mechanisms including:

(1) wind stress and surface pressure patterns associated

with atmospheric circulation dynamics (Yan et al., 2004;

Jevrejeva et al., 2005; Hünicke and Zorita, 2008); (2)

changes in the hydrological cycle, including precipitation

(snow and rainfall), but also evapotranspiration (Hünicke

and Zorita, 2006, 2008); (3) thermal effects (Chen and

Omstedt, 2005; Hünicke and Zorita, 2006); (4) long-term

glacio-isostatic movements (Ekman and Mäkinen, 1996).

Moreover, with the exception of the latter, all these

mechanisms are seasonal dependent, with the westerly

winds being determinant in winter (with smaller contribu-

tions from the temperature and precipitation) while the

role played by precipitation increases during summer

(Hünicke and Zorita, 2006, 2008).

The Baltic is a semi-enclosed sea and therefore heavily

affected by winds over the North Sea and the Baltic

entrance that control the exchange of water through the
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narrow Danish Straits (Samuelsson and Stigebrandt, 1996).

Wind forcing in the Baltic region is closely associated with

North Atlantic atmospheric circulation patterns and there-

fore the state of the North Atlantic Oscillation (NAO).

The influence of the NAO pattern on sea level has been

shown to explain a large fraction of mean sea level (MSL)

variability in the North Sea (Tsimplis et al., 2006) but also

over most of the Mediterranean basin (Tsimplis and Josey,

2001) and the eastern sector of the North Atlantic (Woolf

et al., 2003). Previous studies have shown that sea level

records from the Baltic display a significant correlation

with the NAO during winter (Johansson et al., 2001;

Andersson, 2002; Lehmann et al., 2002; Omstedt et al.,

2004; Jevrejeva et al., 2005). The positive winter NAO can

modulate the Baltic MSL through various mechanisms,

all related with the shift in the preferred location of storm-

tracks (Trigo, 2006), this includes: (1) the strength of the

westerlies, that can pile the water in the northern and

eastern sectors of the Baltic (Jevrejeva et al., 2005); (2) the

lower than average surface pressure over the Baltic Sea

region, that contribute to high MSL values through the

inverse barometer effect (Tsimplis and Josey, 2001); (3)

higher values of precipitation over the Scandinavian and

Baltic Sea area, thus increasing the fresh water run-off

into the Baltic (Hünicke and Zorita, 2006); and, finally (4)

higher than-average temperature, that can increase the

water column height through expansion (Hünicke and

Zorita, 2008).

Nevertheless, the impact of the NAO on the Baltic Sea

level varies considerably in space within this semi-enclosed

basin (Hünicke and Zorita, 2006) and, additionally, it is

not stationary in time, varying significantly since the mid-

19th century (Jevrejeva et al., 2005). This heterogeneous

relationship between NAO and the Baltic Sea level is par-

tially due to the effect of other relevant physical mecha-

nisms such as temperature (Chen and Omstedt, 2005) and

precipitation (Hünicke and Zorita 2006, 2008), two climatic

fields that are also related to the winter NAO phase

(Hünicke and Zorita, 2008). It should be noticed that the

vast majority of NAO related publications only focus on

the winter season, when this pattern is more significant

and its impacts affect an area that spans between North

America and Eurasia. However, in recent years a number

of studies have analysed in detail the dynamics of summer

NAO Feldstein (2007); Folland et al. (2009) including the

associated impacts upon the European climate (e.g. Bladé

et al., 2012). According to this later study the influence

of summer NAO in northern European latitude precipita-

tion is the reverse (i.e. less precipitation) to what can be

observed in the winter (see Fig. 5 in Bladé et al., 2012) and

this results from the high pressure values that dominate

these latitudes and the prevailing winds (see Fig. 10 in

Bladé et al., 2012).

The present study addresses the association between

Baltic Sea level and the state of the NAO from a scale-

based perspective. In contrast with previous studies (e.g.

Yan et al., 2004; Jevrejeva et al., 2005) a discrete wavelet

analysis (Percival andWalden, 2006) is performed. Further-

more longer records are analysed, including the last

decade, and the analysis is performed over the complete

monthly records, thereby not restricting focus to the

winter season. Given the wide range of variability scales

present in sea level signals, discrete wavelet techniques are

particularly useful in the analysis of tide gauge records

as well as climate indices such as the NAO (Barbosa

et al., 2006). In this work a monthly time-series is used to

describe the state of the NAO, rather than a winter-only

index, and the influence of the NAO on sea level variability

is assessed over a consistent set of scales, from high-

frequency to long-term temporal scales, using the discrete

wavelet transform.

2. Data

2.1. Mean sea level

Mean sea level data consist from monthly records

from 11 tide gauges located around the Baltic Sea coastline

with a predominance on the northern shore (Fig. 1).

Long and continuous records (covering at least the 20th

century and with less than 2% of missing observations,

Table 1) are selected from the Permanent Service for Mean

Sea Level (PSMSL) database (Woodworth and Player,

2003).

The Baltic region experiences a significant uplift due to

postglacial rebound which causes a decreasing trend in

relative sea level observed by tide gauges (Fig. 2). The

postglacial land uplift effect is reflected as a linear compo-

nent of the long-term eustatic sea level change combined

with any other long-term signals related with regional

climate forcing, such as the pressure and wind stress

associated with the NAO pattern. Since the focus of the

present study is on scale-based sea level changes, rather

than long-term trends, the glacial isostatic adjustment

GIA signal is not a relevant component and, therefore, the

analysis was performed on the raw data.

However, it is worth noting that the analysis was also

performed on GIA corrected sea level records using the

GIA estimates based on the VM4 earth model (Peltier,

2004) from the PSMSL website (http://www.psmsl.org) and

the same results were obtained (not shown).

2.2. North Atlantic Oscillation index

North Atlantic Oscillation monthly data were extracted

from the Climate Research Unit (CRU) extended NAO
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database, covering the period from 1828 to 2012, which

is derived from station observations in Stykkisholmur/

Iceland and Gibraltar/Iberian Peninsula (Jones et al.,

1997). This index has been found to provide a better

representation of the spatial configuration of the entire

NAO dipole (Pozo-Vázquez et al., 2000).

We should stress that our MSL time-series ends in 2010,

therefore extending (by at least on more decade) most

previous studies of Baltic Sea level trends and variability

(Ekman, 1999; Johansson et al., 2001; Andersson, 2002;

Lehmann et al., 2002; Omstedt et al., 2004; Chen and

Omstedt, 2005; Jevrejeva et al., 2005; Hünicke and Zorita,

2006, 2008). This is particularly relevant as this updated

dataset period provides an additional decade after the

intense increase of winter NAO index observed between

1970s and mid 1990s (Trigo et al., 2004).

3. Methods

Discrete wavelet analysis is a powerful, non-parametric

method that is particularly adequate to evaluate temporal

variability of geophysical variables at different temporal

scales (Percival and Walden, 2006). Most time-series in

geosciences are non-stationary with important changes in

time of major periodicities (Torrence and Compo, 1998).

Thus, the application of standard power spectrum tech-

niques (such as the Fast Fourier Transform) is not the most

suitable method. The Maximal Overlap Discrete Wavelet

Transform (MODWT) (Percival and Mojfeld, 1997) is the

base of two possible additive decompositions of a given

time-series: an analysis of variance over J time-scales and

a multiresolution analysis (MRA) that consists in re-

expressing the original time-series as a sum of sub-series

corresponding to each time-scale (Percival, 2008). This

decomposition results in J�1 sub-series: J wavelet coeffi-

cient (Dj) time-series corresponding to pass-band filtering

scales sj of 2
j to 2j�1 months (j�1, 2,. . ., J) and a scaling

coefficients time-series (smooth, SJ) corresponding to scales

above 2J months.

The MODWT allows partitioning the total variance

by scale and may be interpreted as the equivalent to the

spectral density function, but regarding scales instead of

frequencies. Wavelet covariance provides a measure of the

association between two series for each scale and is

simply defined as the covariance of the wavelet coefficients

for a given scale (Lindsay et al., 1996). Wavelet correla-

tion can also be derived by normalisation of the wavelet

covariance.

Fig. 1. Location of tide gauges over the Baltic Sea.

Table 1. Analysed tide gauge records

Station Long (8E) Lat (8N) Period

Furuögrund 21.23 64.92 1916�2010
Gedser 11.93 54.57 1898�2006
Helsinki 24.97 60.15 1879�2010
Kungsholmsfort 15.58 56.01 1887�2010
Landsort 17.87 58.75 1887�2006
Ölands Norra Udde 17.01 57.37 1887�2010
Ratan 20.92 64.00 1892�2010
Rauma 21.43 61.13 1933�2010
Stockholm 18.08 59.32 1889�2010
Warnemünde 12.08 54.18 1856�2010
Wismar 11.47 53.90 1849�2010

INFLUENCE OF NAO ON BALTIC SEA LEVEL 3
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Fig. 2. Time-series of MSL for each location after removing the GIA trend and the mean from the original records.
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In this work the MODWT is applied to both MSL time-

series and the monthly index describing the state of the

NAO in order to characterise the temporal variability of

the data on a scale-by-scale basis. The empirical wavelet

variance is computed (excluding boundary wavelet coeffi-

cients) for each sub-series of MSL and NAO in order to

identify the most relevant scales of variability for each

dataset, and the wavelet correlation is calculated to

assess the association between MSL and NAO for each

temporal scale. All results are presented with a 95%

confidence level.

4. Results

Figure 2 shows the MSL time-series analysed in this work.

Results are presented in detail for Furuogrund, located in

the northern part of the Baltic Sea (Fig. 1), in Section 4.1,

and then summarised for all other locations in Section 4.2.

4.1. Furuogrund

The Furuogrund record, as shown in Fig. 2 (upper panel),

is characterised by fluctuations around an approximately

Fig. 3. MRA decomposition of MSL in Furuogrund. From top to bottom: D1-D6 wavelet coefficients associated with time-scales sj of 2
j

to 2j�1 months (j�1, 2,. . ., 6); S6 scaling coefficients (smooth), corresponding to time-scales above 27 (128) months. Vertical dashed lines

mark the regions at the beginning and end of the series that are affected at least to some degree by boundary conditions.
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constant level during the 1916�2010 period. A more

detailed description of the variability structure of MSL at

Furuogrund is provided by the MRA decomposition

shown in Fig. 3. The additive decomposition into six

(J�6) scales is based on the MODWT with a Daubechies

(1988) least-assymetric filter of width L�8. The annual

component is captured by scale s3 (8 to 16 months), multi-

year variability is captured by scales s4 and s5 and the

decadal variations or above are, respectively, represented

by s6 and the smooth series. Scales s1 and s2 correspond to

monthly and semi-annual variations, respectively. Figure 3

shows high variability on annual and intra-seasonal scales.

The dominance of these scales (s1�s3) is confirmed by

the wavelet variance analysis (Fig. 4), which indicates

that the annual and the semi-annual cycles are the main

contributors to MSL variability, accounting together for

more than half of the total variance (34 and 24%,

respectively).

Due to its high contribution to overall MSL variability,

the annual cycle deserves to be studied in greater detail.

In Furuogrund, the average monthly MSL (not shown),

computed by simply calculating the average of each month

over the whole period, indicates that sea level peaks around

December, decreasing during winter and spring (January�
May), as a result of large changes in atmospheric pressure

and accompanying strong winds in late autumn/early

winter (Samuelsson and Stigebrandt, 1996). The MSL

seasonal cycle does not capture eventual changes in

amplitude and phase from year-to-year. Observation of

the wavelet coefficients corresponding to the annual signal

(scale s3) suggests a complex temporal behaviour and that

the amplitude of the annual cycle is not constant: through-

out the 95-yr period, it varies between low values, for

instance in the 1940s and early 21st century, and high ones

in the 1970s and 1980s. This is confirmed by the observa-

tion of the yearly amplitude time-series computed as the

difference between the maximum and minimum values of

the annual signal obtained by MRA for each year (Fig. 5)

which exhibits high year-to-year variations but also slow

fluctuations over several decades. Two distinct periods

appear to be distinguishable, separated by a transition from

low amplitudes to large ones in the 1970s, in accordance

with previous long-term assessments of amplitude changes

during the 20th century (Hünicke and Zorita, 2008). In

fact, from 1916 to 1970 more than 57% of those years

present amplitudes below average (0.25 m), while in the

period from 1970 onward, amplitudes below average only

account for 33% of the years. The relationship between

changes in the amplitude of the annual cycle and the winter

NAO index is analysed by calculating the correlation

between the two variables. The NAO is known to influence

MSL, in particular variations between winter and spring,

through changes in sea level pressure (SLP) and wind

forcing (Hünicke and Zorita, 2006, 2008). However, the

simple correlation between the two series is not signifi-

cantly different from zero.

The relationships between NAO and MSL can be further

uncovered by performing a MRA on the NAO time-series

(over the period that is common to both series, i.e. 1916�
2010), based on the same scales as used for MSL and

comparing the results. The MRA decomposition of the

NAO dataset (Fig. 6) and the corresponding wavelet

variance (Fig. 7) highlight the well known highly variable

behaviour of NAO, since the short scales (s1�s2) account

for about 72% of the total variance. These results are in

agreement with previous works that have analysed the

main modes of NAO variability using more classical

methods (e.g. Gámiz-Fortis et al., 2002).

Superimposing the two MRA decompositions (not

shown) MSL variability features appear to correspond to

NAO variability patterns, especially for longer time-scales.

In order to evaluate whether MSL and NAO scale-based

variability patterns are related, the wavelet correlation

between the variables was calculated over scales s1 to s6

(Fig. 8).

Above the annual signal (8�16 months) the correlation

between the two variables increases consistently with scale,

i.e. coherence between MSL and NAO is higher for larger

scales (low frequency variations). Therefore the relation

increases when we consider multi-annual and decadal scales.

On very short scales MSL and NAO are anti-correlated, i.e.

positive NAO values are associated with lower MSL values,

while long-term variations in MSL are positively correlated

with the state of the NAO.
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Fig. 6. As in Fig. 3, but for NAO time-series. Vertical dashed lines mark the regions at the beginning and end of the series that are

affected at least to some degree by boundary conditions.
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4.2. Baltic Sea level records

Here we extend the wavelet analysis performed in Section

4.1 to all the sea level stations located around the Baltic Sea

(Fig. 2). The yearly amplitude series obtained from the

annual signal resulting from the corresponding MRA

decomposition are shown in Fig. 9. Except for the stations

in the south-western part of the Baltic (Gedser, Wismar

and Warnemunde) all the other stations exhibit changes in

the annual amplitude similar to the Furuogrund station,

with a clear trend from low amplitudes between the late

1940s to predominantly high ones in the early 1980s.

This result is in agreement with studies focusing only on

the MSL decadal variability that have shown the strong

dependence of northern and eastern stations on the

major regional SLP patterns (Hünicke and Zorita, 2008).

In contrast the southern stations exhibit a stabler, even

slightly decreasing temporal pattern. Changes in the

seasonality of Baltic Sea level are influenced by atmos-

pheric conditions over the Baltic area, but as in the case of

Furuogrund, the correlation between the yearly amplitude

time-series in Fig. 9 and the winter NAO index is not

statistically significant. This gradual dissociation between

MSL and NAO at annual and decadal scales, for the

southern Baltic stations, is compatible with previous

results that have stressed the role of hydrological variables

(namely precipitation) for those stations (Hünicke and

Zorita, 2008).

The scale-based correlation between MSL and NAO

shown in Fig. 10 varies considerably over the Baltic area.

For the southern stations at the German coast, Warne-

munde and Wismar, the correlation between MSL and

NAO is not significant. Gedser, the Danish station in the

Baltic entrance, exhibits an intermediate behaviour with no

significant high-frequency correlation but significant posi-

tive correlation between MSL and NAO on multi-year

and longer time-scales, increasing with scale. All the other

stations, farther from the Baltic entrance, exhibit the same

scale-by-scale correlation pattern with a statistically

significant anti-correlation between MSL and NAO on

very short time-scales and a positive correlation on long

time-scales, increasing with scale.

5. Discussion and conclusions

The discrete wavelet approach applied in this work

allowed to derive a flexible description of sea level

variability in the Baltic Sea considering a wide range of

temporal scales. The annual cycle, which explains a large

fraction of the variance (about 30%) of the analysed tide

gauge records, exhibits significant variability in amplitude

from year-to-year.

The wavelet results show an increase in amplitude of the

annual cycle, that could be summarised by a linear trend

over the whole period, but the annual patterns obtained in

this work are far more complex and variable. The changes

in seasonal amplitude identified here are of the order of

20�40 cm and spatially consistent, with stations in the

Baltic entrance exhibiting more stable annual amplitudes

than the northern stations. Furthermore, a transition

from lower to higher annual amplitudes in the 1970s is

visible in all records except the ones located in the Baltic

entrance.
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The results are consistent with previous findings inferred

from ‘moving Fourier’ analysis of an increase in the

amplitude of the seasonal cycle in the late 20th century

associated with atmospheric changes in wind stress over

the ocean (Ekman and Stigebrandt, 1990; Plag and

Tsimplis, 1999). Wavelets allow for a more realistic descrip-

tion of temporal changes in the seasonal cycle, avoiding

the arbitrary pre-setting of windows needed for ‘moving

Fourier’ approaches. Since these changes in seasonality are

expected to be related to atmospheric processes and affect

the Baltic as a whole, a possible speculative mechanism

for explaining this 1970s shift in annual amplitudes is the

1970s synchronisation event and corresponding climate

regime shift (Swanson and Tsonis, 2009). A simple correla-

tion analysis does not find a statistically significant correla-

tion between temporal changes in the annual amplitude

and the state of the NAO, suggesting additional seasonal

forcings such as snow cover or temperature, although these

forcings may also be partially related to the NAO (Tsimplis

et al., 2006). According to Hünicke and Zorita (2008) wind

forcing alone cannot explain the amplitude of annual cycles

and trends detected. The contribution from temperature

and precipitation must be taken into account if one aims

to model the inter-annual variability with accuracy. The

temporal structure of changes in sea level seasonality in the

Baltic Sea and possible physical mechanisms deserve further

investigation.

The correlation between MSL and NAO in the wavelet

domain is spatially coherent, with negligible correlations

for the stations in the Baltic entrance and significant

correlations, increasing with scale, for the remaining

stations. These results are consistent with the findings of

Hünicke and Zorita (2008) that the NAO exerts a strong

influence on winter sea level variability in the central

and northern tide gauge stations, with a much weaker

influence in the southern Baltic Sea. For the tide gauge

stations at the central and northern Baltic Sea stations the

wavelet correlation results show a statistically significant

negative correlation between MSL and NAO on short

time-scales, and a significant positive correlation on long

time-scales. On short time-scales atmospheric effects

on sea level are mainly via a direct (inverse barometer)

pressure forcing. In terms of long-term variability the link

between MSL and the atmosphere is mainly via wind

forcing and therefore positively correlated with the state

of the NAO.
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In terms of long-term variability the link between MSL

and the NAO is relatively straightforward to explain

(Figs. 5 and 9). Thus, high values of correlation between

MSL and NAO (0.6BRB0.8) for the lower frequency

class (64�128 months) observed in many stations around

the Baltic Sea reflects the integrated effect of the NAO on

all the three climate driven mechanisms mentioned in

Section 1 (i.e. wind and pressure patterns, changes in the

hydrological cycle and thermal effects). Please note first

time SLP mentioned is on page 8, not Section 1, which

mentions surface pressure patterns rather than sea level

pressure. SLP pattern, precipitation and temperature).

However, on short time-scales atmospheric effects on sea

level are more difficult to disentangle and can be season

dependent. In this regard the recent results by Bladé et al.

(2012) showing a complete reverse configuration of the

NAO impact on precipitation in winter (positive) and

summer (negative) over the Baltic Sea and also in wind

direction appear to play a key role on the lack of NAO�
MSL link at the sub-annual time-scales.

Finally, we must also acknowledge that other important

modes of large scale atmospheric circulation variability

might play a role at these scales. Among these other modes

the Eastern Atlantic (EA) pattern and the Scandinavian

(SCAN) pattern are the two most likely candidates to

interact with the 3 climate-related physical mechanisms

described in Section 1. This might be the case taking into

account the spatial configuration of these patterns and

their impact in the SLP, wind and precipitation fields over

the study area as previously studied by one of us (e.g. Trigo

et al., 2008). The authors expect to address in the future the

role, if any, played by EA and SCAN in the variability of

the Baltic MSL at different time-scales and to evalu-

ate if these modes are correlated with the NAO at some

time-scales but not at others.

This study examines the association between sea level

variability in the Baltic Sea and the NAO over the whole

20th century. However, the impact of large-scale atmos-

pheric circulation, as represented by the NAO index, on

Baltic Sea level, is not stationary in time (Andersson, 2002).

Stationarity is assumed here as a first approximation,

further extension of the present work would relax this

stationarity assumption.
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Abstract. The present work aims to study the combined ef-
fect of drought and large wildfires in the Iberian Peninsula
relying on remotely sensed data of vegetation dynamics and
leaf moisture content, in particular monthly NDVI, NDWI
and NDDI time series from 1999–2009, derived from VEG-
ETATION dataset. The impact of the exceptional 2004/2005
drought on vegetation was assessed for vegetation recover-
ing from the extraordinary fire season of 2003 and on the
conditions that contributed to the onsetting of the fire season
of 2005. Drought severity was estimated by the cumulative
negative effect on photosynthetic activity (NDVI) and vege-
tation dryness (NDDI), with about 2/3 of Iberian Peninsula
presenting vegetative stress and low water availability con-
ditions, in spring and early summer of 2005. Furthermore,
NDDI has shown to be very useful to assess drought, since
it combines information on vegetation and water conditions.
Moreover, we show that besides looking at the inter-annual
variability of NDVI and NDDI, it is useful to evaluate intra-
annual changes (δNDVI andδNDDI), as indicators of change
in vegetation greenness, allowing a detailed picture of the
ability of the different land-cover types to resist to short-term
dry conditions.

In order to assess drought impact on post-fire regeneration,
recovery times were evaluated by a mono-parametric model
based on NDVI data and values corresponding to drought
months were set to no value. Drought has shown to delay
recovery times for several months in all the selected scars
from 2003.

The analysis of vegetation dynamics and fire selectivity in
2005 suggests that fires tended to occur in pixels presenting
lower vegetative and water stress conditions during spring
and early summer months. Additionally, pre-fire vegetation

dynamics, in particular vegetation density and water avail-
ability during spring and early summer, has shown to in-
fluence significantly the levels of fire damage. These results
stress the role of fuel availability in fire occurrence and im-
pact on the Iberian Peninsula.

1 Introduction

Water availability is known to play a major role in vegetation
dynamics in arid regions, namely in the dry prone areas of the
Iberian Peninsula (Vicente-Serrano and Heredia-Laclaustra,
2004; Vicente-Serrano, 2006; Gouveia et al., 2008). Drought
occurrence in the Iberian Peninsula (IP) is relatively fre-
quent (Sousa et al., 2011), striking the region with appar-
ent increasing frequency in the last two decades (1991/1992,
1994, 1998, 2002). Therefore, if the occurrence of yet an-
other drought in 2004/2005 cannot be considered an unex-
pected event, its exceptional strength has made it one of
the most severe droughts that has struck IP since the early
20th century (Garcia-Herrera et al., 2007), mostly affecting
the southern sectors of both Iberian countries (Portugal and
Spain). In particular, more than half of Portugal was under
the effects of significant dry conditions for more than nine
months (Gouveia et al., 2009), leading to major social and
environmental impacts. Besides, this drought episode had a
strong impact on Iberian ecosystems since it coincided with
the period of higher photosynthetic activity (Gouveia et al.,
2009) and may have increased tree mortality during 2005 and
2006 (Catry et al., 2010).

Mediterranean ecosystems have evolved along with wild-
fire disturbance, being well adapted to recover after fire
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(Naveh, 1975). However, due to the changes in fire regimes
registered in recent decades, namely the increase of num-
ber and extent of fire events, wildfires have become a se-
rious problem in land management over the Mediterranean
(Pausas and Vallejo, 1999). Several authors have highlighted
the importance of understanding wildfires as an ecological
phenomenon characterized by the interaction of a number
of factors, such as fire regime characteristics, climate condi-
tions and the response of ecosystems to disturbance (Whelan,
1995; De Lúıs et al., 2001).

Pereira et al. (2005) have pointed out the existence of two
main climatic factors controlling the extent of burnt area in
Portugal: a relatively long dry period with absence of precip-
itation in late spring and early summer and the occurrence
of very intense dry spells during days of extreme synoptic
situations. The outstanding fire season of 2003, which coin-
cided with a major heat wave that struck Europe (Trigo et al.,
2005), has registered the highest extent of burnt area since
1980 with more than 425 000 ha burned (JRC-EC, 2010) –
about 5 % of the Portuguese mainland (Trigo et al., 2006).
Following this exceptional fire season, the severe drought of
2004/2005 preceded another remarkable one, in 2005, corre-
sponding to the second highest extent of burnt area in Portu-
gal since 1980, with about 338 000 ha burnt (JRC-EC, 2010;
Pereira et al., 2011) and the highest extent of burned area in
Spain since 1994, with more than 188 000 ha burnt (JRC-EC,
2010), most of the events occurring in the adjacent north-
western Spanish Province of Galicia, adjacent to Portugal.

Remote sensing has been widely used to study Mediter-
ranean ecosystems, namely to evaluate the climate im-
pact on vegetation dynamics (Vicente-Serrano and Heredia-
Laclaustra, 2004; Julien et al., 2006; Gouveia et al., 2008),
to monitor post-fire vegetation recovery (Wittenberg et al.,
2007; R̈oder et al., 2008; Malkinson et al., 2011) as well as
to assess fire risk (Chuvieco et al., 2010) and burn severity
(De Santis and Chuvieco, 2007; Fox et al., 2008).

Several algorithms that aim at discriminating green vege-
tation are based on so-called Vegetation Indices (VIs), which
combine the measured radiances reflected by land surface in
different spectral bands of the atmospheric window. The Nor-
malised Difference Vegetation Index (NDVI) relies on Red
and Near Infra-Red (NIR) reflectances and essentially pro-
vides information about leaf chlorophyll levels and vegeta-
tion density. This index has been shown to be particularly
useful to analyse post-fire vegetation recovery (e.g. Dı́az-
Delgado et al., 1998; D́ıaz-Delgado and Pons, 2001; Fox
et al., 2008; Gouveia et al., 2010; Bastos et al., 2011) and
to monitor vegetation dynamics during the extreme water-
stress conditions such as those observed in Portugal during
the 2004/05 drought (Gouveia et al., 2009). Several authors
have nevertheless shown the better suitability of the Nor-
malised Difference Water Index (NDWI), an index based on
MODIS NIR (0.86 µm) and Short-Wave Infra-Red (SWIR
– 1.24 µm) channels, to monitor leaf water content (Gao,
1996; Ceccato et al., 2001; Hao and Qu, 2007), the effects

of drought on the canopy (Gu et al., 2007; Anderson et al.,
2010) and fuel moisture content (Maki et al., 2004). Gond et
al. (2004) have in turn adapted the NDWI index proposed by
Gao (1996) to SPOT-VEGETATION instrument datasets, us-
ing NIR (0.84 µm) and MIR (1.64 µm) channels (Hagolle et
al., 2005). In order to improve sensitivity to drought severity,
Gu et al. (2007) proposed an index that combines informa-
tion on vegetation activity and water content, the so called
Normalised Difference Drought Index (NDDI). This index,
which is simply obtained through the normalised difference
between NDVI and NDWI, has shown to have a better re-
sponse to summer drought conditions.

Gouveia et al. (2010) have proposed a methodology to es-
timate the time required for post-fire vegetation recovery by
fitting a mono-parametric model to observed NDVI data from
SPOT-VEGETATION instrument. This model was upgraded
and successfully applied to monitor several large burnt scars
in Portugal that resulted from the fire seasons of 2003, 2004
and 2005 (Bastos et al., 2011). One should however recog-
nise that the use of post-fire recovery algorithms based solely
on NDVI is not easily implemented in other areas with a
Mediterranean type of climate. Including the above men-
tioned water related indices (NDWI and NDDI) in the analy-
sis of drought would allow extending its applicability to other
areas outside Portugal, namely to those prone to drought
events. Such inclusion would also provide a sounder phys-
ical basis to the mono-parametric model of post fire vegeta-
tion recovery.

The aim of the present work is to assess the impact of
water scarcity conditions which were observed during the
2004/2005 drought in the IP on pre-fire vegetation dynamics
as well as in post-fire vegetation recovery. As specific goals,
the work intends

i. to assess the impact of drought on vegetation dynam-
ics during the hydrological year of 2005 using NDVI,
NDWI and NDDI indices;

ii. to estimate drought impact on times of post-fire vegeta-
tion recovery for selected scars with respect to the 2003
fire season;

iii. to evaluate drought impact on vegetation dynamics for
the months preceding the 2005 fire season. In particular
to (1) compare drought effects on different land-cover
types, over burned and unburned pixels; (2) identify dif-
ferences between areas affected by drought and areas
not severely affected; and (3) assess the impacts of pre-
fire conditions on fire damage and recovery times.

Throughout this work one should however keep in mind
the very different nature of the impact of the outstanding
2004/2005 drought on the 2003 and 2005 large fire scars. In
the case of the scars from 2003, the study focuses on the way
the drought affects the recovery process almost 2 yr after the
fire events. On the contrary, relatively to the 2005 scars, the
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analysis respects to the impact of drought on pre-fire vegeta-
tion behaviour for different land-cover types.

2 Data and methods

2.1 Vegetation dynamics and drought monitoring

In the present work, the assessment of vegetation dynamics
relies on corrected NDVI datasets as acquired from VEGE-
TATION instrument on board of SPOT4 and SPOT5 satel-
lites and covering the whole IP. Since 1998, the VEGE-
TATION instrument has been providing high quality global
monitoring on a daily basis of land-cover dynamics, in the
Blue (B0, 460 nm), Red (B2, 670 nm), Near Infra-Red (B3,
840 nm) and Medium Infra-Red (MIR, 1640 nm) spectral
bands (Hagolle et al., 2005).

Radiometric and NDVI data were extracted from the
S10 products of the VITO database (http://free.vgt.vito.be),
which provides a 10-day synthesis of the daily products,
based on the maximum-value composite method (MVC).
This method consists in selecting, for each pixel, the high-
est value of NDVI for each 10-day period, thus allowing to
remove most of the cloudy pixels (Holben, 1986), provided
MVC data are already corrected for atmospheric effects, us-
ing a modified version of the Simple Method for the Atmo-
spheric Correction (SMAC) code that accounts for absorp-
tion and scattering processes (Rahman and Dedieu, 1994).
Geometric and radiometric corrections are also performed,
according to the procedures described in Maisongrande et
al. (2004). S10 products are organised on a regular latitude-
longitude grid, using the WSG84 ellipsoid, at the resolution
of 0.008928◦ (approximately 1 km2 over the Equator). B3,
MIR and NDVI data for the Iberian Peninsula were selected
for a region extending from 36◦ N to 44◦ N and from 9.5◦ W
to 3.5◦ E within a period ranging from September 1998 to
August 2009.

In order to generate a continuous European vegetation
phenology dataset at 10-day temporal and 0.1◦ spatial reso-
lution, each annual time series of MVC-NDVI was analysed
and corrected following the procedure applied by Stöckli and
Vidale (2004) to the Pathfinder NDVI data. This procedure
comprises a spatial interpolation to replace processing arte-
facts and no-data values in the dataset and the adjustment of
NDVI time series by using a temporal interpolation that re-
lies on a weighted second-order Fourier analysis as described
by Sellers et al. (1992) and Los (1998), in which different
weighting functions are assigned to vegetation with a con-
tinuous transition between growing and non-growing period,
such as evergreen, and between dormant and active periods
for vegetation with a marked vegetative cycle. A full descrip-
tion of the procedure may be found in Gouveia et al. (2009).

NDWI is defined according to Gond et al. (2004) as

NDWI =
ρNIR − ρMIR

ρNIR + ρMIR
. (1)

Following Eq. (1), NDWI data were computed using B3
and MIR data. The corrections applied to the NDVI series
described above were also performed on NDWI values in or-
der to replace processing artefacts and no-data values in the
dataset. Since NDWI values also present a seasonal cycle (Gu
et al., 2007), a temporal interpolation based on a second order
Fourier analysis was performed, similar to the one applied on
NDVI values.

NDDI values were simply computed according to the def-
inition proposed by Gu et al. (2007):

NDDI =
NDVI − NDWI

NDVI + NDWI
. (2)

A comparison between the three indexes (NDVI, NDWI and
NDDI) and an assessment of the performance of NDDI as a
drought indicator for grassland may be also found in Gu et
al. (2007).

Information about land-cover over the Iberian Peninsula
was based on Global Land Cover 2000 (GLC2000) provided
by the Global Environment Monitoring Unit of the Euro-
pean Commission Joint Research Centre (http://bioval.jrc.ec.
europa.eu). GLC2000 makes use of a dataset of 14 months of
pre-processed daily global data acquired by the VEGETA-
TION instrument on board the SPOT 4 satellite. GLC2000
data are provided at 1km spatial resolution and information
is stratified into 22 classes of land-cover.

2.2 Burnt areas and vegetation recovery

Gouveia et al. (2010) proposed a simple procedure to de-
tect very large burnt scars from 2003 in Portugal, based on
a K-means cluster analysis (MacQueen, 1967; Hartigan and
Wong, 1979) of monthly MVC-NDVI anomalies performed
over each hydrological year. Hydrological year is defined as
the period spanning from September of the previous year to
August of the considered year. The same procedure has also
shown to provide satisfactory results in mapping burnt scars
from 2004 and 2005 in Portugal, subject to the condition that
pixels corresponding to burnt scars from previous seasons
were removed (Bastos et al., 2011).

Since the method is based on unsupervised clustering of
pixels with similar phenology, its application to a much
broader area such as the entire IP must be performed cau-
tiously. In fact, this region comprises a large diversity of
ecosystems ranging from dense forests in the North to arid
regions in the South that may introduce large variability on
the analysis of the anomaly over any hydrological year. A
preliminary cluster analysis of annual NDVI values over the
11-yr period was accordingly performed in order to define
four eco-regions characterized by similar phenology. Based
on information provided by GLC2000, the four eco-regions
were associated with (1) deciduous and evergreen forests;
(2) forests and shrubland; (3) cultivated and managed areas
and (4) sparse vegetation and bare soils. Since this work fo-
cuses on wildfires in forests and shrubs, only eco-regions 1
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Fig. 1. Burned areas in the Iberian Peninsula for 2003 (green) and
for 2005 (blue) fire seasons. Selected areas and respective nomen-
clature are indicated by rectangular boxes and numbers for 2003
(green areas 1 to 4) and for 2005 (red areas 5 to 12).

and 2 were retained for large burnt scar identification as de-
rived from the procedure developed by Gouveia et al. (2010)
with the upgrades and corrections introduced by Bastos et
al. (2011). Results obtained for the two fire seasons (Fig. 1)
were then compared with corresponding data from the global
VGT burnt area (GBA) product available for the 2000–2007
period (Tansey et al., 2008). As expected, pixels classified as
burned clearly matched the burned scars of summers of 2003
and 2005 obtained from GBA for forest and shrubland, after
discarding the burned areas of the previous years (figure not
shown).

Finally, a set of 12 burnt scars from 2003 and 2005 fire
seasons were selected, covering different geographical loca-
tions over IP (boxes on Fig. 1). Burned areas 1 to 4 (hereafter
referred to as A1 to A4 and represented in green in Fig. 1)
correspond to the 2003 fire season, whereas areas 5 to 12
(hereafter referred to as A5 to A12 and represented in red in
Fig. 1) correspond to the 2005 fire season.

3 Drought assessment

As shown in previous works, the hydrological year of
2004/2005 was characterized by an exceptional drought over
IP with less than 40 % of the climatological precipitation be-
ing registered in the southern sectors (Garcia-Herrera et al.,
2007). According to Gouveia et al. (2009), roughly 65 % of
the area of Continental Portugal registered monthly anoma-
lies of NDVI below −0.025 for 9 or more months, mainly
affecting areas with non irrigated crops. These effects were
enhanced by a previous “minor” drought that had been oc-
curring since the winter months of 2004, when the precipita-
tion for all months from February to June (excepting March)
stayed below the 30th percentile, leading to a continuous de-
crease of soil moisture since the beginning of 2004 until the
end of spring 2005 (Garcia-Herrera et al., 2007).

Fig. 2. Monthly time series (1999–2009) of NDVI (top panel),
NDWI (central panel) and NDDI (lower bottom panel) averaged
over Iberian Peninsula for all pixels (black line), for pixels of
non-irrigated arable land (red line) and for pixels of needle-leaved
forests (green line). Black arrows indicate the drought episode of
2005. Vertical dotted lines identify the month of January

3.1 Drought impact on vegetation behaviour

The NDVI time series averaged over the IP as well as for
two different land-cover types are presented in Fig. 2 (top
panel). Arable land and needle leaved forests reveal distinct
phenologies, the latter presenting lower intra-annual varia-
tion, as expected. On the other hand, arable land presents
a marked vegetative cycle. The effects of droughts on plant
phenology (NDVI, top panel) and moisture content (NDWI,
middle panel) are visible, especially for the years of 1999 and
2005, both characterised by prolonged dry periods. However,
the effect of drought in 2005 over needle-leaved forests is
more evident in NDDI, which increased continuously until
summer (Fig. 2, lower panel). This feature, is worth empha-
sizing since it translates into the ability of NDDI to assess
drought events during summer making it more adequate to
monitor vegetation dryness than NDVI or NDWI alone. It
may be noted that the increase in NDDI is less pronounced in
the case of the 1999 event but this may be due to the fact that
the scarcity of water in the soil only remained until spring,
as opposed to the 2005 event where it persisted until summer
(Gouveia et al., 2009).

The temporal evolution of the anomalous patterns of
NDVI, NDWI and NDDI during the hydrological year of
2005 (Fig. 3) provides additional insight on the impact of this
strong drought episode on the vegetation dynamics over the
whole IP. Negative values of both NDVI and NDWI anoma-
lies were registered covering a large fraction of the IP veg-
etation (mostly in the south and central sectors), which in-
creased systematically from December 2004 until June 2005.
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Fig. 3.Monthly NDVI (left panel), NDWI (central panel) and NDDI
(right panel) anomalies from December 2004 to June 2005, with
respect to the hydrological year of 2004/2005.

From April until June, roughly two-thirds of the IP vege-
tation was under vegetative stress and presented very low
moisture content. Accordingly, very high positive values of
NDDI anomaly were observed over a large extent of land,
especially over Eastern Iberia in winter and Southern Iberia
during summer. It should be noted that the low water content
in the vegetation detected in winter months (predominantly
in the eastern sector of IP) results from the dry conditions
that were registered in that area throughout 2004 (Levinson,
2005).

Following Gouveia et al. (2009), the duration of vegetative
stress conditions for each pixel was evaluated by computing

Fig. 4. Number of months between September 2004 and July 2005
characterised by(a) NDVI anomaly values below−0.025 (top); and
(b) NDDI anomaly values above 0.25 (bottom).

the number of months presenting anomalies of NDVI of
−0.025 below the corresponding median values, evaluated
over the 11-yr period (Fig. 4, top panel), within the period
ranging from September 2004 to July 2005 (i.e. before the
occurrence of the larger fires). The same procedure was ap-
plied to NDDI anomaly fields (Fig. 4, bottom panel) using
a positive threshold of 0.25 above median values over the
11-yr period. NDVI anomalies essentially provide informa-
tion about vegetation greenness deficits, i.e. vegetative stress,
whereas NDDI anomalies indicate water deficits on live veg-
etation.

Even though both maps appear dominated by relatively
similar patterns, different features of drought effects may
be uncovered over IP. In general, most regions where veg-
etation has been under vegetative stress for several months
also present a long period with very low moisture content.
However, there are other regions, namely the Atlantic coastal
ones between central Portugal and the Pyrenees, where de-
spite presenting several months of vegetative stress, no evi-
dent effects on water availability may be observed. In fact,
while about 27 % of IP presented negative values of NDVI
anomaly for six or more months, similar water-stress condi-
tions, as those observed using NDDI anomalies, were moni-
tored around 32 % of the territory. These results indicate that
NDDI is more sensitive to capture the effect of drought on
vegetation activity, since it combines information on both
photosynthetic activity and water availability.
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Fig. 5. Dispersion diagrams of centroids corresponding to the pairs
NDVIM , NDDIM (top panel) andδNDVI, δNDDI (bottom panel)
corresponding to the period from February to July 2005, for the area
surrounding burnt scars of 2003 (left panel) and for the burnt scars
of 2005 (right panel) fire seasons. Coordinates of the centroids are
identified by filled circles in the dispersion diagrams, whereas hor-
izontal and vertical bars indicate the interquartile ranges. Colours
indicate selected scars of 2003: A1 (grey), A2 (black), A3 (brown),
A4 (orange); and those of 2005: A5 (light green), A6 (black), A7
(red), A8 (yellow), A9 (magenta), A10 (cyan), A11 (blue), A12
(dark green).

It is worth noting that some pixels presenting 11 months
of negative NDVI (positive NDDI) anomalies correspond to
burnt scars from 2003 and 2004, being associated with veg-
etation that had not yet recovered. Selected burnt scars from
2003 and 2005 (those boxed in Fig. 1) are located in regions
with dissimilar behaviours and diversely affected by drought,
having been chosen because of the diversity of their loca-
tions. In particular, boxes A5, A6 and A7 are close to areas
significantly affected by drought, whereas boxes A8 and A10
are located over sectors that were not particularly affected.
Finally, the different role played by the 2004/2005 drought
on the 2003 and 2005 scars may be appreciated. Whereas
in relation to the 2003 scars, drought can only influence the
recovery process observed roughly 2 yr after the fire event,
in the case of the 2005 scars drought is bound to influence
the onsetting of the 2005 fire season (as well as the recovery
process afterwards).

In order to evaluate the average vegetation activity and wa-
ter conditions during late winter/spring and early summer
months (from February to June), the corresponding mean
values of NDVI and NDDI (hereafter denoted NDVIM and
NDDIM , respectively) were computed. For each burned area
(Fig. 5, top panels), dispersion diagrams of centroids of pairs
{NDVIM , NDDIM} were then computed with the aim of

estimating the intensity, duration and corresponding effect
of drought on vegetation and, therefore, assessing the im-
pact of dry conditions on the recovery process. In the case
of 2005 burned areas (Fig. 5, right top panel), the computa-
tion was naturally performed over the pixels inside the re-
spective scars, whereas in the case of 2003 (Fig. 5, right left
panel), the procedure was applied to the area surrounding
the scars. While NDVIM provides information about vegeta-
tion density during those months, NDDIM gives information
about corresponding dryness. High values of NDDIM indi-
cate dry areas during the months preceding summer and low
values correspond to areas with higher moisture content dur-
ing those months. On the other hand, a high value of NDVIM
indicates a higher than average value of green vegetation den-
sity while low values correspond to sparsely vegetated areas.
Vegetation in the area surrounding the burn scars of the 2003
fire season (Fig. 5, left top panel) presents higher values of
NDDIM and lower values of NDVIM . In this case, the highest
level of dryness and the lowest of green vegetation (NDVIM)

are observed for A1 and A3, whereas A4 presents slightly
lower values of NDDIM . However, NDDIM values obtained
for all the 2005 burn scars (Fig. 5, right top panel) are lower
than the values for the surrounding area of the burn scars
of 2003, while the corresponding values of NDVIM are sig-
nificantly higher. This implies that vegetation over the 2005
burnt scars corresponds to a distinct setting with higher veg-
etation density (higher biomass) and higher leaf moisture. In
fact, A5 and A6 present a higher level of dryness and lower
density of green vegetation (less but driest biomass) while
A9, A10 and A12 correspond to higher levels of moisture
content and higher density of green vegetation (more wet
biomass).

Additionally, and in order to assess changes, in photosyn-
thetic activity and in leaf moisture content, occurring be-
tween late winter and spring (February–May) and early sum-
mer (June–July), an analysis was performed to the differ-
ences of both NDVI and NDDI between summer and late
winter, which are defined as follows:

δNDVI = NDVIJJ− NDVIFMAM

δNDDI = NDDIJJ− NDDIFMAM .

(3)

Values ofδNDVI and δNDDI were accordingly computed
for each pixel surrounding the burn scars A1 to A4 with re-
gard to the fire season of 2003 (Fig. 5, left bottom panel)
and over burnt scars A5 to A12 of 2005 (Fig. 5, right bottom
panel). A negative value ofδNDVI implies a strong decrease
of green vegetation (i.e. either less green or less dense vege-
tation) from late winter to early summer, whereas a negative
value ofδNDDI points to an increase of leaf moisture from
late winter to early summer.

Centroids corresponding to the pairs{δNDVI, δNDDI} re-
specting to each burnt scar reveal marked differences on the
respective behaviour, especially for those more severely af-
fected by the 2004/2005 drought. Centroids presenting low
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negative values ofδNDVI and positive values ofδNDDI (2nd
quadrant) correspond to areas registering a decrease in veg-
etation density and in moisture content (Fig. 5 bottom, left
panel).

In the case of A4 and A1, green vegetation markedly de-
creased in density and dried out from winter to summer,
while vegetation became denser and moister for A2. Finally,
burnt area A3 does not reveal a marked change from late
winter to early summer, but presents the highest value of
NDDIM , an indication that this burnt scar was under particu-
lar intense dry conditions over the entire period from Febru-
ary to June. On the other hand, vegetation in A4 presents
the lowest level of dryness, i.e. the lowest NDDIM over the
period from February to June (Fig. 5 top, left panel). The rel-
atively lower level of dryness of A4 could be related with
eucalyptus being the predominant vegetation type which is
particularly adapted to drought conditions.

In the case of 2005, only A6 and A7 present highδNDDI
and negativeδNDVI values, which correspond to an evolu-
tion towards a less green and drier vegetation however, as
explained above, A7 does not present a marked dryness level
(Fig. 5 top right panel). Despite presenting a distinct be-
haviour from the other two cases, A5 is considered to have
been affected by drought since vegetation maintained very
high values of NDDIM throughout the period preceding sum-
mer (Fig. 5 top right panel). The positiveδNDVI values are
worth being noted since they may be associated with the phe-
nology of vegetation in this scar, characterised by a peak of
activity in summer. The correspondingδNDDI values sim-
ply indicate that very low moisture conditions were observed
mainly during spring and not summer.

3.2 Drought influence on different land-cover types

Values of pairs{δNDVI, δNDDI} and {NDVIM , NDDIM}

were also computed for pixels corresponding to the main
land-cover classes and the distribution of the corresponding
centroids was analysed for the two fire seasons of 2003 and
2005 (Fig. 6).

As in Fig. 5, results for 2003 refer to the surrounding of
burnt areas (Fig. 6, left panel) and to all the considered burnt
scars of 2005 (Fig. 6, right panel), the main difference be-
ing that burnt areas are now grouped according to the pre-
dominant four major land-cover types. Concerning the pair
{NDVIM , NDDIM} two contrasting features may be observed
in the two fire seasons, namely the high level of dryness (as
indicated by NDDIM) for all land-covers in the vicinity of
burn scars in the 2003 fire season (Fig. 6, top left panel) and
the high density of green vegetation (as obtained by NDVIM)

over the burnt scars of 2005 fire season (Fig. 6, top right
panel). In both fire seasons, the driest land-cover types corre-
spond to shrubland and needle-leaved with the 2005 fire sea-
son presenting higher availability of biomass, although not
particularly dry. Moreover, broad-leaved forests are generally

Fig. 6. Dispersion diagrams of centroids corresponding to the
pairs{NDVIM , NDDIM} (top panel) and{δNDVI, δNDDI} (bottom
panel), for all burnt pixels in the vicinity of burnt scars from 2003
(left panel) and the burnt scars from 2005 (right panel) fire seasons,
for each of the main land-cover classes, according to the legend.
Coordinates of the centroids are identified by filled circles in the
dispersion diagrams, whereas horizontal and vertical bars indicate
the interquartile ranges.

the land-cover type less affected by drought, presenting the
lowest values of NDDIM (Fig. 6 top panel).

The evolution in dryness{δNDDI} and vegetation density
{δNDVI} between late winter and early summer is remark-
ably different for the 2003 and 2005 fire scars (Fig. 6 bot-
tom panels). Thus, it is worth noting the higher variability
of the {δNDVI, δNDDI} values for land-cover in the vicin-
ity of burnt areas of 2003 fire season, namely in the case of
shrubland that presents the highest (lowest) value ofδNDDI
(δNDVI), which indicates a marked increase (decrease) of
dryness (vegetation) from late winter to summer. In general,
shrubland and broad-leaved present a marked difference be-
tween late winter and early summer, with a large decrease in
NDVI from late winter to summer and an increase in NDDI
(Fig. 6, left bottom panel), corresponding to lower photosyn-
thetic activity and lower moisture content. On the other hand,
δNDDI values for all land-covers over burnt scars of the 2005
fire season reveal lower variability and lower absolute values,
as mentioned above (Fig. 6, right bottom panel). In fact, the
decrease in vegetation density is not so evident for 2005 burnt
scars, namely in shrubland, as for 2003 burnt scars. Never-
theless, in both years, the decrease in NDVI and increase in
NDDI from late winter/spring to summer are well apparent
for shrubland, given the low negative values ofδNDVI and
high positive ones ofδNDDI of the corresponding centroid,
being particularly more evident for the 2003 fire season.

Furthermore, the general differences between land-cover
types are worth being stressed, as shrubland is the one with
higher sensibility to dryness, whereas broad-leaved forests
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present lower level of dryness, as suggested by the low val-
ues of NDDIM . In fact, Mediterranean broad-leaved forests
are well adapted to hot and dry summer seasons, since broad-
leaved species developed plant traits such as long roots that
allow them to capture water at deeper levels below ground
(Barboni et al., 2004). Nevertheless, the dry conditions over
a short period from late winter to summer in 2003 lead to
a decrease of broad-leaved greenness and density, as sug-
gested by the negative values ofδNDVI. Despite the higher
level of dryness over coniferous forest in the 5 months be-
fore summer season (as indicated by NDDIM), it should be
noted thatδNDVI values do not reveal a decrease in green-
ness or vegetation density from late winter/spring to summer.
These features confirm that coniferous forests are more resis-
tant to short-term droughts than broad-leaved forest (Allen et
al., 2010).

Finally, it is worth stressing that results obtained confirm
the usefulness of NDDI to the evaluate dryness of vegeta-
tion especially in summer months (Gu et al., 2007), as it
incorporates information on photosynthetic activity and wa-
ter availability for live vegetation. In particular, its simulta-
neous usage withδNDVI, allows understanding the corre-
sponding impact on vegetation greenness and density, lead-
ing to a more detailed picture of the ability of the different
land-cover types to cope with short-term dry conditions.

4 Drought impact on post-fire vegetation recovery for
2003 fire season

As already shown, the exceptional water-stress conditions
during drought over IP had a strong impact on vegetation dy-
namics, and may therefore have affected post-fire vegetation
recovery.

Following Gouveia et al. (2010), the effect of drought on
post-fire vegetation recovery was evaluated based on estima-
tions of the so-called lack of greenness,y, which is sim-
ply defined as a departure of observed NDVI from an ide-
ally healthy state of vegetation. As described in Gouveia et
al. (2010) and in Bastos et al. (2011), the temporal evolution
of lack of greenness after a fire event may be characterised
by means of a mono-parametric model which allows assess-
ing recovery time. In the present study, the effect of drought
on times of post-fire vegetation recovery was assessed by set-
ting the values ofy during the months of drought as missing
data. In fact, Bastos et al. (2011) have shown that a partial re-
moval of values ofy from the time series does not affect the
estimations of recovery times unless the recovery process is
disrupted. In the present study, removal of values ofy dur-
ing drought is a simple way of generating an artificial time
series of pixels that were not affected by drought, and whose
impact may therefore be assessed by comparing the times
of vegetation recovery as estimated by the mono-parametric
model with and without missing data, i.e. with and without
the effects of drought.

Fig. 7.Monthly NDVI anomaly time series (top) averaged over burn
pixels in A3, (black line), and over the corresponding control area
(blue line). The red line indicates the NDVI anomaly threshold of
−0.025. The horizontal solid line represents the mean value ofy

during the pre-fire period and the dashed line (bottom panel) the
level of vegetation recovery defined as 90 % of mean. Time series of
y in bottom panel shows observed values using the original dataset
(black line with asterisks) and values corresponding to the drought
period (blue line with asterisks). Modelled recovery using the orig-
inal dataset (black curve) and setting values corresponding to the
drought period as no-value data (blue curve).

It should be noted that, following our previous works
(Gouveia et al., 2010; Bastos et al., 2011), we use a def-
inition of vegetation recovery that refers strictly to the re-
establishment of pre-fire chlorophyll levels, or pre-fire veg-
etation density (vegetation greenness). The term “vegeta-
tion recovery” does not therefore refer to ecosystems’ di-
versity recovery or to individual tree or species development
(that tend to require considerable more months). As before,
drought was defined as the period of 9 or more months with
negative monthly anomalies of the lack-of-greenness below
−0.025, averaged over a non-burnt control area surrounding
each fire scar. Monthly anomalies were averaged over burned
areas and unburned control areas all relative to the 2003 fire
season. In case of A3, which is represented in Fig. 7, it cor-
responds to 367 burnt pixels and 887 control pixels. The
drought period that affected A3 may be identified by the
set of points marked in blue in the time series of lack-of-
greenness,y, which correspond to the 14 months with NDVI
anomaly lower than−0.025 in the control area; as already
mentioned, the impact of drought was assessed by setting
these points as missing data in the time series ofy.

Drought length varied among selected areas, having lasted
14 months in A1 and A3, 10 months in A2, and 16 months in
A4 (Table 1). Table 1 summarises the results obtained with
the application of the model without considering drought and
after excluding the drought period. For A3 and A4, recovery
times estimated with removal of drought months from the
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Table 1. Vegetation recovery time (tR) and respective 95 % confidence interval (I95), as estimated by the mono-parametric vegetation
recovery model for the burnt scars in 2003. Period corresponding to drought as estimated by the analysis of NDVI anomaly on the surrounding
area of each scar. Vegetation recovery time (t ′R) and 95 % confidence interval (I ′

95), as estimated by the mono-parametric vegetation recovery
model after setting the values ofy corresponding to the drought period as missing data.

Original Drought correction

tR (months) I95 Drought months t ′R (months) I ′
95

A1 66 [61, 71] 14 66 [60, 72]
A2 40 [36, 46] 10 38 [34, 43]
A3 46 [42, 50] 14 40 [37, 43]
A4 44 [39, 52] 16 38 [34, 43]

time series are considerably shorter (up to 6 months) than re-
covery times estimated with the complete time series. Gener-
ally speaking, when data corresponding to drought months
are removed, recovery times are considerably shorter and
provide a good estimation of the recovery time if the scar
was not affected by drought. Burnt area A1 is an exception,
but this scar presents a very irregular behaviour from 2007
onwards, with NDVI values oscillating around a stagnation
level that is well below the recovery threshold, a behaviour
that may be viewed as an indicator of another disturbance, as
analysed in Bastos et al. (2011). When setting those suspi-
cious values to missing data, the behaviour is similar to the
one in the other three areas, leading to lower recovery times
when drought months were removed. This feature may in-
dicate that, at least for this area, there may be an additional
factor offsetting the drought effect over vegetation recovery,
as the obtained recovery time is markedly longer than in the
other burnt scars.

Excluding drought data leads to differences both in esti-
mated recovery times and their corresponding 95 % confi-
dence intervals. It is worth noting that, in the case of A3, the
curve for the drought-corrected model (Fig. 7, bottom panel,
black line) fits better (with narrower confidence intervals) to
the observedy values than the original dataset model (Fig. 7,
bottom panel, blue line), especially during the first months
after the drought period.

The same procedure was also applied on a pixel by pixel
basis in order to assess spatial patterns of differences in es-
timated recovery times. Figure 8 represents recovery time
(tR) fields over burn pixels in A3, computed by applying the
mono-parametric vegetation recovery model, pixel by pixel,
to the original dataset (left panel, OD), to the dataset with
values corresponding to the drought period as no-value data
(central panel, D), as well as the difference between them,
tR OD–tR D (right panel). It is clear that, with exception of
a few pixels, the removal of drought values leads to shorter
recovery times. Since these differences may be associated to
differences in land-cover type response to drought, results
for the two main land-cover classes (needle-leaved evergreen
and shrub cover evergreen) were compared to the overall area
(Table 2). Needle-leaved forest has been under vegetative

Fig. 8. Recovery time (tR) fields over burn pixels in A3, computed
by applying the mono-parametric vegetation recovery model, pixel
by pixel, to the original dataset (left panel, OD), to the dataset with
values corresponding to the drought period as no-value data (cen-
tral panel, D) and the difference between recovery time fields (right
panel).

stress for a period considerably longer (28 months) than both
shrubland and the overall area (14 months). This feature
could be related to the progressive decrease of soil mois-
ture since the beginning of 2004, associated with the pre-
vious minor drought that affected IP (Garcia-Herrera et al.,
2007). Furthermore, these results are in good agreement with
previous works which showed that needle-leaved growth de-
creases and mortality increases in response to long-term dry
conditions (Allen et al., 2010). Moreover, when compar-
ing results obtained based on the original and the drought
corrected datasets, needle-leaved forest presents a markedly
higher decrease (from 43 to 35 months) than the one ob-
served with shrubland (that is just from 39 to 38 months).
This fact may be explained by the different plant recovery
traits that characterise each land-cover type. Coniferous in
this region are composed essentially of Maritime Pine (Pi-
nus pinaster) whose regeneration relies on seedlings that re-
quire water to develop, whereas shrubland is composed by
a larger diversity of species, some of which are resprouters
that have established roots that increase their resistance to
drought. Setting the values corresponding to the drought pe-
riod as missing values leads to different results in those land-
cover types whose regeneration is considerably affected by
water-stress conditions, but seems to have little or no effect
in those less sensitive to drought, such as evergreen shrub-
land (Table 2).
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Table 2. As in Table 1 but with regard to A3, values computed for all pixels and for each of the two main land-cover types, according to
GLC2000.

Original Drought correction

tR (months) I95 Drought months t ′R (months) I ′
95

Overall 46 [42, 50] 14 40 [37, 43]
Needle-leaved, evergreen 43 [38, 48] 28 35 [31, 40]
Shrubland, evergreen 39 [35, 44] 14 38 [34, 42]

Fig. 9.Monthly values of NDVI (left panel) and NDDI (right panel) for the period of February to July 2005 averaged over all the considered
2005 burnt scars (solid line), over A5 (circles) and over A6 (star), for burned (red) and unburned (black) pixels.

The extreme water-stress conditions to which vegetation
is subject during drought events appear, in general, to delay
the regeneration process, which is to be expected since water
availability is determinant to photosynthesis and, as shown
in (Gouveia et al., 2009) this drought was contemporaneous
with the period of high photosynthetic activity.

5 Drought impact on pre-fire vegetation for 2005 fire
season

In order to assess the impact of the 2004/2005 drought on
vegetation that burned in the following fire season,δNDVI,
δNDDI, fire damage and recovery time fields were calculated
for each of the selected scars from 2005, i.e. A5 to A12. Fol-
lowing Bastos et al. (2011), fire damage is defined as the nor-
malised difference of NDVI values (NDVIDIFF) before and
after the fire event, both evaluated in May, and can be con-
sidered as a measure of the impact of fire on the new pheno-
logical cycle.

5.1 Difference in NDVI and NDDI distributions for
burned and unburned sets of pixels

The distributions of NDVI and NDDI were analysed over
the scars of 2005 and over the area surrounding the scars,
in order to evaluate whether burned and unburned pixels pre-
sented differences in their response to drought over late win-
ter, spring and early summer months before the fire (Fig. 9).
Comparison of the behaviour of burned and unburned pixels
averaged over all the considered 2005 burnt scars (solid lines)

reveals marked differences between both types, with the for-
mer presenting higher values of NDVI and lower values of
NDDI than those observed in the latter. Although the dif-
ference between burned and unburned pixels is kept constant
throughout the year for NDVI, the difference in NDDI values
is higher in late winter and early summer. This is mainly due
to the lower values of NDDI for burned pixels observed dur-
ing these seasons, which indicates that vegetation had higher
levels of moisture availability. On the other hand, the over-
all higher values of NDVI observed for burnt pixels indicate
higher availability of green vegetation when compared with
non-burnt pixels located nearby, which present lower vege-
tation density of green vegetation. This is particularly clear
when analysing burnt scars, such as A5 and A6, that are the
most affected by dryness (i.e. with higher values of NDDIM)

(Fig. 9), although in the remaining areas, lower values of
NDVI and higher ones of NDDI, are consistently observed
over the area surrounding the scar. Furthermore, these two
burned scars present different responses to dry conditions.
While, in the case of A6, NDVI decreases and NDDI in-
creases continuously from late winter to early summer in
burnt pixels, there is, in A5, an increase in NDVI values from
late winter to early summer along with a decrease in NDDI
in spring. These distinct behaviours could be associated with
differences in phenology, with A5 presenting a phenologi-
cal cycle that has a maximum during late summer, as well as
with the distinct phases of the phenological cycle at which
drought affected vegetation in each scar.

Results suggest that burned areas were characterized by
higher amounts of available fuel and leaf moisture content
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Fig. 10. Centroids of{NDVIM , NDDIM} respecting to each class
of fire damage (NDVIDIFF, left panel) and recovery time (tR-right
panel) for selected burnt scars from 2005. Size of markers indi-
cates low, intermediate and high classes of fire damage and recovery
times. Coordinates of the centroids are identified by filled circles in
the dispersion diagrams.

over the months preceding the fire event, while unburned ar-
eas correspond to those pixels where vegetation was under
relatively higher vegetative and water stress over the first half
of year. On the other hand, the fact that unburned pixels pre-
sented markedly low values of leaf moisture content (high
NDDI) during spring and summer is associated to lower lev-
els of photosynthetic activity (low NDVI), i.e. low biomass
production and, thus, less available fuel.

Finally, it is worth noting that despite presenting lower val-
ues of NDDI than the surroundings, burnt pixels are charac-
terized by NDDI values above 0.5 and may be, considered to
be relatively dry. Accordingly, results suggest a certain level
of fire selectivity for pixels presenting lower vegetative and
water stress over spring and early summer, which emphasises
the importance of fuel availability in fire occurrence over
the Iberian Peninsula (Pausas and Fernández-Mũnoz, 2011;
Pausas and Paula, 2012).

5.2 Pre-fire conditions, fire damage and recovery time

In order to evaluate whether pre-fire conditions influenced
the level of fire damage (NDVIDIFF) or the time of post-fire
recovery (tR), three classes of NDVIDIFF andtR were defined
based on the terciles of each variable for every pixel of all the
selected scars. Centroids of pairs{NDVIM , NDDIM} were
accordingly computed for each scar from 2005 and consider-
ing each class of NDVIDIFF andtR, as shown in Fig. 10; size
of markers (small, medium or large) indicates the respective
class (low, moderate or high) either of NDVIDIFF (left panel)
or of tR (right panel), whereas colours identify selected scars.

Observation of dispersion diagrams (Fig. 10) for the three
defined classes of both NDVIDIFF (left panel) andtR (right
panel) suggests that centroids tend to be located along a
narrow diagonal band ranging from low (high) values of
NDVIM (NDDIM) to high (low) values of NDVIM (NDDIM).
In particular, it may be observed that, for each scar, cen-
troids associated either to the class of most severe fire dam-
age (NDVIDIFF) are characterized by the higher values of
NDVIM (i.e. greener/denser vegetation) and lower values of
NDDIM (i.e. vegetation less affected by dry conditions). This
feature is also present for the corresponding recovery time
(tR) centroids, with the exceptions of scars A6 and A10.
These results are especially interesting since they suggest
that pixels associated to dense and unstressed vegetation are
more prone to higher fire damage and longer times of recov-
ery; for instance, for values of NDDIM above 0.75 there are
no centroids associated to the highest class of fire damage
(Fig. 10, left panel).

As shown in Table 3, for each scar, as well as for the main
land-cover types in each scar, the relationship of NDVIDIFF
with both NDVIM and NDDIM was assessed by evaluating
the respective correlation coefficients between variables (val-
ues statistically significant at the 5 % level are highlighted in
bold). Other land-cover types within each scar were not anal-
ysed due to the lack of a sufficient number of points.

In general, a positive relationship between NDVIDIFF and
NDVIM is observed, being stronger in those areas with higher
green vegetation density (A9, A10 and A12) or in areas with
less water content (A6). A significant negative relationship
between NDVIDIFF and NDDIM may be also observed for all
regions, being again stronger in areas presenting higher fuel
availability (A9, A10, A12). In the case of A6 (area with less
water content, see Fig. 5) and A10 (area with higher biomass,
see Fig. 5), dispersion diagrams (Fig. 11, left panels) of the
pairs{NDVIDIFF, NDVIM} and{NDVIDIFF , NDDIM} clearly
show a monotonic positive relationship between{NDVIDIFF,
NDVIM} and a negative relationship (Fig. 11, right panels)
between{NDVIDIFF , NDDIM}. In the case of A6 (top panel)
and A10 (bottom panel), the best fit of the linear adjust-
ment is observed for{NDVIDIFF, NDVIM}, especially for
A10 where it explains almost 60 % of the variance. Further-
more, in the case of the latter burnt scar, the linear adjustment
also provides a good fit for{NDVIDIFF, NDDIM}, explain-
ing almost 50 % of the variance. The differences between the
two burnt scars may be due to the relative composition of
each land-cover, as both areas are largely covered by needle-
leaved but A6 presents high coverage of shrubland and A10
of mixed forests.

The evaluation of the influence of land-cover composition
in this analysis reveals marked differences between certain
land-cover types (Table 3). The case of A7 is worth being
noted since despite presenting overall low correlation values
between fire damage and NDVIM or NDDIM , broad-leaved
forests present very high correlations of 0.90 for{NDVIDIFF ,
NDVIM} and−0.86 for{NDVIDIFF, NDDIM}, which are the
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Table 3. Correlation coefficients between NDVIDIFF, tR and NDVIM , NDDIM . Bold numbers correspond to statistically significant values
at 5 % level.

A5 A6 A7 A8 A9 A10 A11 A12

NDVIDIFF, NDVIM 0.63 0.71 0.46 0.46 0.68 0.74 0.63 0.65
Broad deciduous – – 0.90 – 0.65 – – 0.70
Needle-leaved evergreen 0.61 0.63 0.43 0.54 – 0.73 0.59 –
Shrubland deciduous – – – 0.09 – – – –
Shrubland evergreen – 0.62 – – – – 0.42 –
Mixed – – – – 0.62 0.75 – 0.65

NDVIDIFF, NDDIM –0.45 –0.56 –0.55 –0.61 –0.61 –0.68 –0.48 –0.72
Broad deciduous – – –0.86 – –0.54 – – –0.78
Needle-leaved evergreen–0.41 –0.52 –0.66 –0.60 – –0.70 –0.52 –
Shrubland deciduous – – – −0.10 – – – –
Shrubland evergreen – −0.28 – – – – 0.02 –
Mixed – – – – –0.63 –0.65 – –0.69

tR vs. NDVIDIFF 0.49 0.70 0.07 0.23 −0.30 −0.04 0.45 0.41

Fig. 11. Dispersion diagrams of the pairs{NDVIDIFF , NDVIM}

(left panel) and{NDVIDIFF , NDDIM} (right panel) for pixels cor-
responding to forests and shrubland for A6 (top panel) and A10
(bottom panel).

highest correlations observed for all cases. Needle-leaved
forest, which presents the strongest correlation between the
variables for the area with higher biomass (A10), gener-
ally present a positive correlation for pairs{NDVIDIFF ,
NDVIM} (between 0.43 to 0.73) and negative correlations for
pairs{NDVIDIFF, NDDIM} (spanning from−0.41 to−0.70).
The other land-cover types follow a similar behaviour, with
positive correlations being obtained for pairs{NDVIDIFF,
NDVIM} and negative correlations for pairs{NDVIDIFF ,
NDDIM}, although in the case of shrubland, only the cor-
relation between{NDVIDIFF , NDVIM} is significant, for ev-
ergreen shrubland pixels.

Fire damage appears, therefore, to be significantly deter-
mined by both vegetation density and water-stress conditions
before fire occurrence (given by NDVIM). Fire damage tends
to be higher in the presence of higher vegetation density
before fire and lower when vegetation presents high water
deficits (given by NDDIM) during the months that precede
the fire. This may be related to the fact that vegetation subject
to high levels of water-stress during spring and early sum-
mer may not be able to attain regular growth or may even be
subject to increased mortality rates (Catry et al., 2010). Fire
damage is, thus, mainly driven by fuel availability, which in
turn has been shown previously to be determined by vegeta-
tion dynamics over spring and summer before the fire season.

Although the relationship betweentR classes and NDVI
and NDDI values is not as clear, longer recovery times appear
to be associated to higher levels of NDVI, although a weaker
relationship is observed in some cases, for instance in A7.

6 Discussion and concluding remarks

Mediterranean ecosystems are frequently subject to severe
disturbances such as droughts and wildfires which may occur
simultaneously. Since vegetation behaviour in Mediterranean
ecosystems is limited by water availability, understanding the
combined effects of drought both in the onsetting of the fol-
lowing fire season and in the dynamics of post-fire vegetation
recovery becomes particularly relevant. Relying on NDVI,
NDWI and NDDI data, as obtained from the VEGETATION
dataset, the present work aimed at assessing the influence of
the 2004/2005 drought that affected the whole IP on vegeta-
tion recovery following the outstanding 2003 fire season and
in pre-fire vegetation dynamics, regarding the fire season of
2005.

Drought severity was assessed by means of the cumula-
tive negative effect on photosynthetic activity (NDVI) and
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vegetation dryness (NDDI) over the hydrological year. Anal-
ysis of NDVI and NDDI anomalies over 2005 indicates that
roughly two-thirds of IP presented vegetative stress and low
water availability conditions during spring and early summer.
Values of NDDIM that were obtained for the areas surround-
ing the 2003 burn scars are higher than those for the burn
scars of 2005, whereas the corresponding values of NDVIM
are significantly lower. This implies that the 2005 burned
scars correspond to a distinct setting with higher available
biomass and higher leaf moisture. It is also worth stressing
the general differences that may be observed between land-
cover types, where shrubland is the one presenting higher
levels of dryness, whereas broad-leaved forests present lower
water stress, as indicated by the low values of NDDIM .
The analysis of the intra-annual change in vegetation green-
ness and density, as obtained byδNDVI values, further con-
firms that coniferous forests are more resistant to short-term
droughts than broad-leaved forests (Allen et al., 2010). NDDI
has therefore shown to be particularly useful to evaluate the
dry conditions of vegetation especially in the summer months
(Gu et al., 2007), as it combines information on photosyn-
thetic activity and leaf moisture content. The combined usage
of δNDVI, allows understanding drought impact on vegeta-
tion greenness and density, leading to a more detailed picture
of the ability of the different land-cover types to cope with
short-term dry conditions.

The analysis of drought influence on post-fire recovery
times of 2003 burned scars reveals that water-stress condi-
tions during drought events led to a decrease in recovery
rates, delaying the regeneration process. This is due to the
crucial role of water on photosynthetic activity in Mediter-
ranean ecosystems, which also explains differences observed
when assessing the impact of drought on recovery for distinct
land-cover types, the recovery time of coniferous forests be-
ing particularly affected by drought due to the fact that conif-
erous rely on post-fire seedling germination, while others re-
sprout from live biomass with established root systems.

The analysis of drought impact on pre-fire vegetation con-
ditions in 2005 revealed fire selectivity for pixels presenting
lower vegetative and water-stress conditions during spring
and early summer, emphasizing the role of fuel availability in
fire occurrence over IP. Moreover, vegetation dynamics over
the months preceding the fire, in particular the fuel load, has
shown to significantly influence the levels of fire damage. Fi-
nally, vegetation dynamics over the year preceding the fire
appears to influence less markedly post-fire recovery times,
but this analysis would require further development since re-
covery time depends on a large variety of factors, including
fire damage.
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Herńandez, E., Barriopedro, D., and Mendes, M. A.: The Out-
standing 2004/05 Drought in the Iberian Peninsula: Associated
Atmospheric Circulation, J. Hydrometeorol., 8, 483–498, 2007.
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