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Synthesis, conclusions and recommendations 
 
6.1. Introduction 
 

Soil moisture is a key parameter controlling several land-atmosphere exchanges and feedback 
mechanisms within the climate system, in particular involving air temperature, boundary layer 
stability and in some instances precipitation (Seneviratne et al., 2010). Land-atmosphere interactions 
take place at many different spatial and temporal scales and involve many simultaneous physical 
processes. The one way effect of soil moisture-temperature (cause and effect) is quite well 
understood and published in many (modeling) papers. The interfering processes of the soil 
moisture-precipitation feedback make it difficult to understand the feedback mechanisms in both 
local and remote effects. This results in a large potential range of feedback strengths produced by 
different models (Koster et al., 2004). A number of factors appear to contribute to the sensitivity of 
these mechanisms, such as climate regime, season and region (see also Eltahir, 1998; Schär et al., 
1999; Douville et al., 2001; Findell and Eltahir, 2003a,b; Koster et al., 2003; Ek and Holtslag, 2004; 
Taylor and Ellis, 2006; Cook et al., 2006; Alfieri et al., 2008; see also Seneviratne et al. (2010) for an 
overview). Moreover, model configuration, changes in resolution, can generate different responses 
in soil moisture-precipitation feedbacks (Hohenegger et al., 2009). Despite these uncertainties and 
the fact that the evidence regarding the mechanisms of the soil moisture-precipitation feedback is 
scarce and largely based on the model used, we hope that this thesis contributes to a better 
understanding of land-atmosphere interactions, in particular those involving soil moisture-
precipitation feedbacks. 

We used two different approaches to investigate these feedbacks. Firstly, we applied an 
analytical model driven with data from a land surface model (ERA-40; Chapter 2) and from a 
regional climate model (RACMO; Chapter 3). Secondly, we used remotely sensed near-surface soil 
moisture to initialize a regional climate model to examine the underlying mechanisms which 
involve the land-surface and the overlying atmosphere (Chapter 4 and Chapter 5). Furthermore, 
the results presented are mostly based on extreme hydrological events (both wet and dry 
conditions). In a future climate with increasing greenhouse gas concentrations the European 
summer climate may be susceptible for an enhanced interannual variability. This is associated with 
higher risks of heat waves (Meehl and Tebaldi, 2004; Schär et al., 2004), droughts (Milly et al., 2005) 
and heavy precipitation events (Pal et al., 2004; Frei et al., 2006). This chapter provides a synthesis 
and a summary of the main findings, as well as future research recommendations. 
 
6.2. Synthesis 
 
6.2.1. Methodology 
 

In Chapter 2 we applied a dynamical precipitation recycling model (Dominguez et al., 2006) to 
determine which regions in Europe are susceptible to land-atmosphere interactions at a monthly 
time scale. The advantage of the model is that it does not neglect the moisture storage, and 
therefore we could apply the model also at a daily timescale which gives a more realistic 
presentation of seasonal feedback processes (Chapter 3). The model calculates the local recycling 
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ratio, defined as the fraction of precipitation falling in one specific grid cell originating from 
evaporation within a region to the total precipitation in that cell ρ = Pr/P or wr/w with the well-
mixed atmosphere assumption. We found that even if there is no precipitation still a local recycling 
ratio can be calculated. Physically it is only justified in terms of precipitable water and accordingly 
"precipitable water recycling ratio" will be a more appropriate name. Moreover, the model 
remains scale dependent, and, therefore the estimates from the model should be interpreted as an 
index, contingent on the assumptions of the method and the input data, rather than as a verifiable 
estimate. Nevertheless, the precipitation recycling model was a good quantitative tool to use to 
determine which areas are when susceptible for land-atmosphere interactions.  

Due to heterogeneity in soil properties, atmospheric forcing, vegetation and topography, soil 
moisture is characterized by a strong spatial temporal variability. However, the model predicted 
soil moisture, from ERA-40 (Chapter 2) and from RACMO (Chapter 3), is essentially the result of 
solving a budget equation of sources and sinks of soil water. With the availability of remote sensing 
datasets we can observe and monitor all components of the water cycle, including evaporation, 
precipitation, soil moisture and total water storage at large scales. For soil moisture, remotely 
sensed data average out small-scale variability to better sample the soil moisture patterns which are 
relevant for land-atmosphere interactions. In Chapter 4 we used the RACMO model to explore the 
applicability of remotely sensed near-surface soil moisture (AMSR-E) over Europe. The AMSR-E 
soil moisture showed as expected a much larger dynamical range than RACMO’s soil moisture. 
However, the AMSR-E soil moisture and the RACMO predicted soil moisture showed systematic 
differences due to differences in satellite pixel and model grid resolution, and also the mismatch 
between the penetration depth of the satellite inference and the topsoil layer depth in the model. 
For proper initialization the AMSR-E product had to be rescaled into a small range of the models 
wilting and saturation point without losing the dynamics of the AMSR-E soil moisture. To retrieve 
a root-zone soil moisture profile we tested the application of an exponential filter. The smoothing 
through the layers of the ERA-Interim soil moisture profile was used for rescaling the AMSR-E 
surface soil moisture.  

This approach looks very promising in translating the different datasets in each other. 
However, this translation is only relevant in areas (i) without the presence of dense vegetation, 
snow and frozen soils which makes satellite remote sensing problematic (ii) where the correlation 
between the surface layer and the deeper layers is positive. Therefore, the scaling method and the 
exponential filter we applied was less representable in Scandinavia and Russia where snow and soil 
freezing affect the sensitivity from the surface to the deeper layers. 

 
6.2.2. Soil moisture-atmosphere interaction 

 
In Chapter 2 a general pattern of higher recycling ratios for the Balkan region compared with 

central Europe and Spain is observed. For Europe, the increase of the precipitation recycling ratio 
in eastward direction is in good agreement with some recent global studies (Dirmeyer and Brubaker, 
2007; van der Ent et al., 2010). Dirmeyer et al. (2009) found that nations with the highest recycling 
ratio, have a combination of mountainous terrain, humid climate, or are at high latitudes. Nations 
with the lowest scaled recycling ratio are usually arid or semi-arid and on the coast. 

Precipitation recycling is strongly related to evaporation and moisture transport. For 
west/central Europe, we found a negative correlation between the recycling ratio and 
precipitation, which means that precipitation is originating from advective sources, mostly from the 
ocean. Therefore, precipitation recycling will be minimized in winter with low evaporation and an 
increase in moisture transport. In summer, when the moisture fluxes are diminished, local 
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evaporation becomes an important contributor to precipitation. The air has a considerable amount 
of time to traverse the region and capture moisture of evaporative origin from soils which still have 
sufficient moisture storage (moisture supply from soil). Further inland, a different physical 
mechanism drives the precipitation recycling. For the Balkans we observed a positive correlation 
between precipitation and recycling. Precipitation recycling is also enhanced when moisture 
transport is weak but convection is the dominant precipitation source and evaporation is not limited 
(moisture from precipitation).  

The lack of examination of the boundary conditions with the dynamic recycling model makes 
it difficult to completely understand the soil moisture-precipitation feedback. However, for the 
Balkan region we propose a hypothesis regarding soil moisture and precipitation that invokes a 
positive feedback loop: soil moisture provides water for high evaporation leading to greater specific 
humidity, increased cloud cover, and enhanced precipitation when enough energy is available. This 
cycle can potentially be repeated on the next day. For dry soils where soil moisture is a limiting 
factor the opposite effect on precipitation can occur due to suppressed evaporation. As each day 
passes more moisture is removed from the soil, enhancing this effect. The latter was observed in 
central Europe in very dry conditions, such as August 2003 (Chapter 3). Positive feedbacks would 
tend to push the precipitation and soil moisture into the system towards either a persistent “wet” 
state or a persistent “dry” state (D’Odorico and Porporato, 2004, D’Andrea et al., 2006). 

In west and central Europe under dry conditions but with enough soil moisture storage the 
feedback mechanism is not that straightforward. Unless the precipitation is low, evaporation 
continues to feed moisture into the overlying atmosphere and contribute to rainfall. In Chapter 3 
we proposed a negative feedback mechanisms whereby enhanced sensible heat flux will stimulate 
cloud formation (Findell and Eltahir 2003a,b; Ek and Holtslag, 2004; Dominguez and Kumar, 2008). A 
deeper boundary layer growth is then needed to form clouds and to trigger convective 
precipitation. However, for west and central Europe we should not fully rely on localized 
precipitation recycling as the oceanic moisture source is never far away. Precipitation falling in dry 
periods (see also the case study in Chapter 3) originates (partly) from oceanic sources, mostly a 
cold front associated with a low pressure through. This will give an extra forcing for precipitation. 
However, the triggering of precipitation may be a result of enhanced instability induced by soils, 
which still have enough moisture storage (Schär et al., 1999; Fischer et al., 2007b). 

If land-atmosphere feedbacks operate in Europe under special conditions (Chapter 2 and 
Chapter 3) then a realistic land and soil moisture initialization is important. The simulation with 
RACMO’s soil moisture overestimates the temperatures in west, central and east Europe and the 
Balkan region, indicating a summer continental dry bias. The surplus of soil moisture in the AMSR-
E data resulted in a different partitioning of the latent and sensible heat flux. This resulted in turn in 
a better performance in predicting 2m temperature when compared with observations (Chapter 4) 
in the western part of Europe, especially in the dry year of 2003. According to the findings of 
Chapter 2 and Chapter 3 this may result in higher precipitation recycling ratios when using the 
AMSR-E soil moisture product. However, hardly any differences are observed in precipitation. 
With the use of the AMSR-E soil moisture product we still observed an overestimation of the 
summer drying in eastern Europe. This region appears to be very susceptible for soil moisture-
precipitation feedbacks (Chapters 2, 3 and 4; Koster et al., 2004) and therefore a good 
representation of the state of the soil is important. With both RACMO’s soil moisture and AMSR-
E soil moisture the precipitation recycling may be underestimated if soil moisture is 
underestimated. In general, the shift in soil moisture regime is more pronounced in a dry year, 
which is comparable to the findings of Chapter 2 and Chapter 3 where precipitation recycling was 
enhanced in dry periods. 



Chapter 6 
 
     

64 
 

For heat waves, associated with a high pressure system, wetter soil moisture will dampen the 
extreme temperatures, but it can potentially have a negative feedback on precipitation due to the 
relocation of synoptic systems (Chapter 5). Positive soil moisture anomalies can increase the 
moisture in the lower atmosphere and increase the surface pressure which can lead to more 
subsidence and surface divergence (Cook et al., 2006) and an increase of the moisture fluxes at the 
edge of the high pressure cell (Chapter 5). This mechanism can relocate low pressure cells in a 
flood situation but, in the case of a heat wave it can relocate (block) moisture advection from the 
ocean and enhance the drought. According to this system, dry soil moisture anomalies will lead to 
surface convergence of moisture and the potential of a “surface heat low”, to which precipitation 
recycling contributes as a triggering mechanism (Chapter 3). Consequently, in west and central 
Europe, this negative feedback mechanism stabilizes the precipitation due to moisture divergence 
with wetter soil moisture and moisture convergence with drier soil moisture conditions. It is 
important to note that our evidence regarding the mechanisms of the remote soil moisture-
precipitation feedback is based on surface parameters and the model we used. Fischer et al. (2007b) 
found that soil moisture reduction may cause a surface heat low, but may enhance a positive height 
anomaly at upper levels and thus make the high pressure cell more persistent. Apparently, the 
remote effect of soil moisture cannot be underestimated and, indeed, may in some cases 
overwhelm the local effect of soil moisture. However, at present, studies regarding the impact of 
soil moisture on circulation patterns are unfortunately scarce. 

Regarding future-climate conditions a soil moisture decrease in Europe is predicted due to a 
decrease in precipitation, particularly in central Europe (Seneviratne et al., 2006). In these 
conditions, as shown for 2003, land-atmosphere interactions will be critically important to 
determine changes in temperature and precipitation.  

 
6.3. Recommendations 
 

There are very few locations with long-term monitoring of all quantities necessary for 
assessing land-atmosphere coupling strength in the real world. The results from the remotely 
sensed data are encouraging in the context of using satellite-derived soil moisture for initializing a 
regional climate model. The advantage of the remotely sensed data is that we can observe and 
monitor all components of the water cycle, including evaporation, precipitation, soil moisture and 
total water storage at the global scale with all the variability of the land surface system. However, 
as we noticed in Chapter 4, satellite-derived soil moisture has some drawbacks. Remote sensing 
techniques however must always be verified with good quality in-situ data from different regions. 

With in situ soil moisture measurements we can provide information between the different 
layers within the soil column which is not possible by using only remote sensing data. More 
importantly, we can get information of the key aspects of the soil moisture-precipitation feedbacks, 
in particular the dynamics in the planetary boundary layer. Without this information we cannot be 
certain which feedback processes dominate in the real world, or even their sign, given the many 
model discrepancies and biases. Especially global climate models show mostly a positive feedback 
mechanism. Because of the high variability of soil moisture over short distances, a large number of 
point measurements are necessary, which are very costly and often labor intensive. For this reason, 
it could be justified to concentrate the observing stations at locations where moisture advection is 
minimized. However, for investigations related to climate multi-decadal datasets are required to 
allow meaningful conclusions, and for that purpose the best approach may be to merge station 
measurements observations with satellite observations. 


