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Chapter 7 

Summary and Perspectives  

7.1  Summary 

Recently Mediterranean Europe has suffered from increasing occurrences 

of summer droughts and heat waves that have caused substantial societal 

and ecological impacts (Pal et al., 2004; van Oldenborgh et al., 2009; 

Vautard et al., 2007). Although such extreme conditions are generally 

associated with specific large-scale regimes, model simulations have 

suggested the possible enhancement by soil moisture depletion (Fischer 

et al., 2007; Seneviratne et al., 2006; Teuling et al., 2010; Vautard et al., 

2007). Given the severe scarcity of empirical evidence, this thesis has 

attempted to detect signals of variations in the overlying atmosphere that 

can be attributed to soil moisture feedback, using observational datasets. 

This feedback may exist over a variety of time scales. The focus was thus 

to understand whether or not the land surface processes, with soil 

moisture as the main agent, can contribute to subseasonal, interannual as 

well as interdecadal climate variability over Europe.  

Chapter 2 describes the statistical properties of soil moisture time series. 

This is of importance for knowing the memory of soil moisture, and thus 

the possible persistence of soil moisture impact on atmosphere. 

Furthermore, these statistical features of the soil moisture dataset serve as 

a priori guidance to  the signal interpretation and statistical modeling in 

the following analysis. The soil moisture memory over Europe is 

estimated to be roughly 1-3 months; within this regime, soil moisture 

exhibits a red spectrum and nonstationarity fluctuation properties. 

However, the soil moisture fluctuation in volatility exhibits a white 

spectrum, indicating that soil moisture is statistically a linear process. 
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This linearity of soil moisture indicates that the soil moisture time series 

can be well approximated by linear models.  

Chapter 3 studies the interannual variability of summer temperature and 

drought in response to initial soil moisture states, as proxied by the 

accumulated precipitation, of later winter (Jan.-Mar.). Significant 

responses are found over the Mediterranean Europe. We estimate that 

roughly 10 to 5% of the interannual variability of summer temperature 

over the Mediterranean Europe can be explained by initial soil moisture 

states. The value for summer drought increases to 10-25%. In agreement 

with some numerical experiments (Fischer et al., 2007; Seneviratne et 

al., 2006), these results suggest seasonal predictability of temperature 

and drought conditions of Mediterranean summer.  

Chapter 4 studies the possible causes of the marked summer temperature 

variability over Europe at multidecadal time scales. This multidecadal 

variability is generally considered to be a response to the Atlantic 

Multidecadal Oscillation (AMO) (Huss et al., 2010; Keenlyside et al., 

2008; Kerr, 2000; Knight et al., 2006; Knight et al., 2005; Sutton and 

Hodson, 2005). In our rigorous statistical analysis, the oceanic AMO 

variability is found to explain only half of the magnitude of the observed 

magnitude of the AMO-like variability over the Mediterranean Europe. 

The full magnitude can be explained only as amplification in the 

background warming; and the amplification effect is quantified to be a 

factor of roughly 2. Over southeast Europe, where there exists the 

strongest multidecadal variability, the background warming doesn’t show 

the amplification effect. This implies that  the multidecadal variability 

over southeast Europe is more likely an amplification by local processes. 

There is numerical and observational evidence that soil moisture can 

have very strong impact on temperature over southeast Europe, where 

drier soil can induce a self-stimulating heat low response (Haarsma et 

al., 2009; Hirschi et al., 2011). Thus we suggest that such a response 

may be initialized by the AMO condition at the multidecadal frequency 

band.  

In Chapter 6, attempts are made to quantify the direction of the 

interactions between soil moisture and precipitation as well as 

temperature using gridded daily observations (de Jeu et al., 2008; Owe et 

al., 2008). The soil moisture dataset from AMSR-E satellite images 

suffers from the inherent data gaps. As a step of data preprocessing, 
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Chapter 5 introduces a thin-spline smoother of triple dimensionality to 

fill the data gaps (Garcia, 2010). Chapter 6 quantifies the directions of 

the interaction between soil moisture and precipitation. A nonparametric 

approach based on spectral factorization of wavelet transforms is used to 

achieve a time-frequency presentation of the Granger causality (Dhamala 

et al., 2008; Geweke, 1982; Granger, 1969). The interdependences 

between soil moisture and precipitation are decomposed into two-way 

causal interactions. We find a significant signal of the impact of soil 

moisture on summer precipitation over Europe. Soil moisture memory is 

identified as the mechanism that sustains this impact at time scales of 1-2 

months. This result sheds light on the soil moisture-precipitation 

interactions as found in the real world rather than in modeling results.   

7.2  Research perspectives     

The climate system is full of interactions, and the interactions at the land-

atmosphere interface are a key player in the changing climate 

(Seneviratne et al., 2006; Seneviratne et al., 2010). Modeling studies 

addressing land-atmosphere feedbacks often display a large divergence 

between models, without being able to explain exactly why the models 

have these different responses. For instance, the comprehensive multiple-

model Global Land-Atmosphere Coupling Experiment, and its second 

phase with realistic soil moisture initializations, has not demonstrated 

any significant soil moisture feedback on subsequent precipitation over 

Europe (Koster et al., 2004; van den Hurk et al., 2010). In contrast, 

observational evidence tends to be hard to find largely because soil 

moisture observations are very few, but when available they may be 

made into benchmark datasets that allow us to validate model-based 

studies. Both modeling and empirical studies have limitations, and have 

to be employed in conjunction for improved understanding of the 

coupled land-atmosphere system.  

Substantial progress in retrieving land surface properties, especially soil 

moisture (de Jeu et al., 2008; Owe et al., 2008) and evaporation (Miralles 

et al., 2011a; Miralles et al., 2011b), from space has now made an 

empirically based analysis possible. However, due to the different 

directions of the interactions complications easily arise  (e.g Figure 1.1). 

Correlation or coherence analysis unfortunately indicates little about the 
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impact of soil moisture on the lower atmosphere, as precipitation simply 

wets or temperature simply dries the soil in both directions (Koster 

2011). Because of the availability of new satellite datasets, it is now 

timely to conceive a statistical strategy for disentangling the directions of 

interactions from observations, and thus looking more directly into the 

processes itself. The statistical concept of Granger causality is an 

excellent tool for such a strategy (Geweke, 1982; Granger, 1969).  

However difficulties exist in making this happen, particularly in studies 

of land-atmosphere interactions using daily datasets, because of the 

nonstationarity involved in the time-solving interactions. By means of a 

spectral factorization of a wavelet matrix, Chapter 6 demonstrates an 

application in quantifying the direction of the interactions between soil 

moisture and precipitation. However, the accuracy of this approach relies 

heavily on the number of realizations to analyze, which limits it use to 

gridded datasets. This is a condition that can hardly be satisfied by 

observational datasets. For observations with only one realization, 

ultimately we have to go to parametric approaches for estimating the 

Granger causality, for example, when using Fluxnet observations. To 

analyse the nonstationary (time-varying) properties of the land-

atmosphere interactions, alternatively we need to perform adaptive VAR 

modeling, for which Kalman filtering can be used (Havlicek et al., 2010; 

Milde et al., 2010). However, regarding the detection of soil moisture-

atmosphere, there remains a special challenge in parametric modeling. 

The daily soil moisture time series is a red noise process, leading to 

severe problems of unbalance variances with atmospheric variables. This 

problem may cause model misspecification and the variable with higher 

variance can be easily misinterpreted as the causal source. Further efforts 

are needed to find a solution of the VAR modeling that is immune to this 

unbalanced variance problem. This forms a promising research direction.    

While empirical evidence is necessary for validating model-based 

analysis, it can also be easily misleading, particularly with respect to the 

magnitude of the relationships. In Chapter 4, the causes of the 

multidecadal variability of summer temperature over Southern Europe 

are studied statistically. This temperature variability is generally thought 

to result from a response to the Atlantic Multidecadal Oscillation (AMO) 

of the sea surface temperatures. However, we determined that the oceanic 

AMO forcing explains only half magnitude of the multidecadal 
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variability over the Mediterranean Europe. Its full magnitude can be 

explained only as an amplified response in presence of the background 

warming. The data is thus contaminated. Under such circumstances, the 

standard empirical analysis may overestimate the oceanic forcing, 

aliasing the background warming. This may occur  with  many other 

processes where positive feedbacks are involved.  

The amplification over the Mediterranean Europe is likely to result from 

positive feedbacks associated with the background warming related to 

air-sea interactions. It is not yet fully known whether a soil moisture 

feedback plays a role in this amplification. The amplification over 

Southeast Europe may well be related to the soil moisture feedback, as 

there exists modeling evidence that such a feedback may cause the heat 

low response of temperature (Haarsma et al., 2009; Hirschi et al., 2011). 

If this hypothesis is true, it may improve our understanding how soil 

moisture feedbacks evantually contribute to climate variability at 

multidecadal time scales. However, statistical analysis from instrumental 

records alone, unfortunately, cannot provide a fully unambiguous picture. 

Further modeling studies are needed to identify the precise feedback 

mechanisms involved in this amplification.  
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