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The interaction between soil,vegetation and 
atmosphere is a crucial component  

of the climate system 

NCAR 



Vertical energy exchanges 



Radiative-convective column models 

Fs +!Ts
4 =

S0
4
1!"( )+!T14

Fc + 2!T1
4 =!Ts

4 +!T2
4 +Fs

2!T2
4 =!T1

4 +Fc

T1 = T2 +!T
Ts = T1 +!T = T2 +!T

http://wind.mit.edu/~emanuel/geosys/node3.html 



Of course, the situation 
is much more complicated 

A conceptual model of under-saturated 
atmospheric convection 

Berlengiero et al. 2012 

Heat flux 



Water phase transitions 
further complicate the picture 
owing to latent heat transport: 

 
Evaporation from the surface 

(surface cooling) 
 

Upward (convective) transport 
 

Condensation and latent heat release 



Simplified models of 
soil-vegetation-atmosphere interactions 
and of vertical energy/mass transfers 



1.  Summer heat waves at continental midlatitudes,	

local water recycling and the role of vegetation	


(with M. Baudena, F. D’Andrea)	

	


2. Planet Dune	

(with F. Cresto Aleina, M. Baudena, F. D’Andrea)	


	

	


3. Some thoughts on local feedbacks	

and upscaling 	


	

Appendix: 	


Vegetation patterns and moisture fluxes	




Summer heat waves  
at continental midlatitudes 



Summer 2003 : +3-5 °C above average, significant damage 
(mortality increase, agricultural and economic impacts) 

 

Beniston 2004,  
D’Andrea 2006,  

Ferranti and Viterbo 2006,  
Fisher 2007,  

Meehl and Tebaldi 2004,  
Schär et al. 1999,  
Schär et al. 2004,  

Stott 2004,  
Vautard 2007,  
Vidale 2007 

	




Summer heat waves  
at continental midlatitudes 

Causes include: 
–  prevailing anticyclonic conditions  

–  dry soil moisture anomaly 



Hydrologic cycle on land	


     ATMOSPHERE	


       SOIL DYNAMICS	


         VEGETATION	




Closing the cycle: Long-range transport vs “local” recycling	




A simple  box-model for the  
soil-vegetation-atmosphere interaction 

D’Andrea, AP, Vautard, De Noblet-Ducoudrè, GRL, 2006	

Baudena, D’Andrea, AP, WRR, 2008	






Evapotranspiration + leakage 	
Evapotranspiration + leakage 	




Evapotranspiration	


! 

X(s,b) = E + L = b"b (qs) + 1# b( )"0(qs)





Vegetation dynamics	

Levins, Bull. Entomol. Soc. Am. 1969; Tilman, Ecology 1994	


Baudena, AP, HESS 2008	




Convection parameterization:	

	


If                                         convection occurs	

	

	


We assume relative humidity is conserved 	

and that convection is instantaneous	
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Leqa
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#



Precipitation efficiency (crucial feedback):	

	


The amount of moisture transformed 	

into local precipitation depends on the intensity of convection	




A case without vegetation dynamics (D’Andrea et al, GRL 2006)	




Multiple equilibria of the soil-atmosphere system	




If we include vegetation 



Effects of stochastic variability in Fq	




Dynamical vegetation vs fixed veggies:	




Hints: 
 

Insurgence of summer droughts much dependent 
on the soil-moisture conditions at the end of spring 

 
For realistic parameter values one obtains 

a bimodal distribution of soil moisture values 
 

Vegetation cover is important:  
below a minimal vegetation cover droughts are more probable 

 
With dynamic vegetation, the “preferred” state  
is moist summers. When vegetation is frozen,  

summer droughts become more probable. 
 

The crucial feedback is related to precipitation efficiency 
 

Evapotranspiration feedback more important than albedo feedback 



The climate of Dune (Planet Arrakis)	


F. Cresto Aleina, M. Baudena, F. D’Andrea, AP, Tellus B 2013	




Imagine a sandy planet with no ocean; water is in the sand	

	


No vegetation               only evaporation	

	


Could transpiration from vegetation	

generate a full hydrological cycle ?	




	

	
On Earth, could transpiration from vegetated areas 	


generate an hydrologic cycle and multiple stable states	

in continental areas with little moisture influx from the ocean ?	




A box model for a sandy planet	

( or a closed continental region)	


An extension of D’Andrea, Provenzale, Vautard, de Noblet-Decoudré, GRL 2006, 
Baudena, D’Andrea, Provenzale, WRR 2008 and Baudena, Provenzale, HESS 2008	




Model cycles and feedbacks	
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Model cycles and feedbacks	

	


Moisture	




Equations 	

for the 	


atmosphere	




Equations 	

for the soil	




Evapotranspiration	


! 

X(s,b) = E + L = b"b (qs) + 1# b( )"0(qs)

Baudena, D’Andrea, AP, WRR, 2009	




Vegetation dynamics	

Levins, Bull. Entomol. Soc. Am. 1969; Tilman, Ecology 1994	


Baudena, AP, HESS 2008; Baudena, D’Andrea, AP, WRR 2009	




Baudena, D’Andrea, AP, WRR 2009	




Convection parameterization:	

	


If                                         convection occurs	

	


We assume that convection is instantaneous	

! 

"e = "a exp
Leqa
cp"a

> "e
#



Precipitation: the fraction of liquid water 	

which does not stay suspended	


fc	




Results	






Conclusions from this simple model world	

	


Transpiration from vegetation 	

is able to sustain a hydrologic cycle	


	

For the same external forcing, 	


the model exhibits multiple steady states	

	


Transpiration feedback is more important	

than albedo feedback	


	

Importance of the convection parameterization 	




Remarks on feedbacks and upscaling	

(perspective paper, Rietkerk et al 2011)	


	

In many cases, local ecohydrological systems	


are characterized by multiple equilibria	




Remarks on feedbacks and upscaling	

(perspective paper, Rietkerk et al 2011)	


	

In many cases, local ecohydrological systems	


are characterized by multiple equilibria	




Remarks on feedbacks and upscaling	

(Rietkerk et al 2009)	


	

From local multiple equilibria 	

to regional and global climate ?	










Vegetation patterns and	

evapotranspiration fluxes 	


	

	

	

	

	

	

	

	

	

	

	

	

	


M. Baudena, J. von Hardenberg, A. Provenzale, AWR 2013	




In arid and semi-arid regions vegetation 	

often forms patterned states	


Rietkerk et al., The American Naturalist 160 (4), 2002 

50 m 



Vegetation patterns at landscape scale	


Valentin et al., Catena 37, 1-24 (1999)	




Feedbacks leading to vegetation patterns	


Increased infiltration Water uptake by roots 

Positive feedback between biomass and water  +  competition 

Precipitation 

infiltration 

Soil crusts reduce 
infiltration 

Precipitation 



Vegetation - soil moisture - surface flow model	

Plant biomass density  b(x,t)  [Kg/m^2] 
Relative soil moisture  s(x,t)   
Surface water height  h(x,t)  [mm] or [Kg/m^2] 
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Vegetation patterns in arid and semi-arid regions	

Gilad et al PRL 2004, JTB 2007, Kletter et al JTB 2009	






Vegetation - soil moisture - surface flow model	

Plant biomass density 	
B(x,t) 	
[Kg/m^2]	

Relative soil moisture layer 1, s1(x,t) 	

Relative soil moisture layer 2, s2(x,t) 	
 	
	

Surface water height 	
H(x,t)	
[mm] or [Kg/m^2]	


=
!

!

t
b

Growth Mortality Dispersion ! +

Infiltration Precipitation Runoff ! +=
!

!

t
h

=
!

!

t
w

Infiltration Evaporation Diffusion ! ! +Infiltration/
Leakage to 2 

! 

"B
" t

! 

"H
" t
! s1
! t

=
!

!

t
w Infiltration/ 

Leak from 1 
Infiltration/
Leakage to D Diffusion ! ! +Root uptake 

! s2
! t



Results 1: Dependence of normalized 
evapotranspiration fluxes on the type of pattern 	


A difference of 10-15%. Is this much or not ?	




Results 2: Dynamic vs fixed vegetation	




In the end:	

	


Differences in the type of pattern generate 	

differences in transpiration fluxes.	


Between spots and strips, the difference is about 
10-15% in the five days after rainfall events.	


	

There is a minimum of soil water in bare soil	


(a maximum in soil water uptake from bare soil)	

for vegetation with self-consistent dynamics	


	


	



