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1. Introduction 

Current w a r m i n g t r e n d s h a v e b e e n g e n e r a t e d b y a recent i m b a l a n c e i n the Earth's e n e r g y 
b u d g e t , charac ter i zed b y the r e d u c t i o n i n 2.6 Wm-2 of the g l o b a l m e a n armual o u t g o i a g 
terrestrial l o n g w a v e (LW) rad ia t ion f r o m pre - indus tr ia l t i m e s (Forster e t al., 2007) . A s a 
result, there is a n e x c e s s of i n c o m i n g so lar s h o r t w a v e (SW) r a d i a t i o n that is d r i v i n g surface 
a n d a t m o s p h e r i c t e m p e r a t u r e s to h i g h e r v a l u e s of e q u i l i b r i u m . Th i s a l terat ion is ca l l ed 
radiat ive forc ing (RF) of the c l imate , a n d is v e r y p r o b a b l y o r i g i n a t e d o n the u n p r e c e d e n t e d 
g r o w t h of g r e e n h o u s e g a s e s ( G H G s ) in the a t m o s p h e r e d u e to h u m a n act iv i t ies . 
The r e d u c t i o n to z e r o e m i s s i o n s m i g h t b e the o n l y l o n g t e r m ef fect ive a c t i o n to s tab i l i ze 
t e m p e r a t u r e s at r e a s o n a b l e l e v e l s ( M a t h e w s & Calde ira , 2008) , be fore i m p a c t s are t o o 
catas trophic to m a n a g e . But o n the o ther h a n d , i n recent y e a r s there is a g r o w i n g in teres t i n 
the d e s i g n of g e o - e n g i n e e r i n g s t i a t e g i e s to offset this w a r m i n g e x e r t e d b y G H G s t h r o u g h 
radiat ive r e b a l a n c i n g of the Earth's e n e r g y b u d g e t . T h e s e p r o p o s a l s c a n b e d i v i d e d i n t w o 
g r o u p s , a c c o r d i n g to w h i c h par te of the e n e r g y b u d g e t is a d d r e s s e d for r e b a l a n c i n g . T h e 
first g r o u p , n a m e d as So lar R a d i a t i o n M a n a g e m e n t t e c n i q u e s (SRM), jo ins u p all s t ra teg ies 
that a t t e m p t to r e d u c e the n e t a m o u n t of S W rad ia t ion a b s o r b e d b y the Earth, b y l i m i t i n g the 
solar e n e r g y r e a c h i n g the p lane t . S R M c a n be a c h i e v e d b y i n c r e a s i n g the ref lec t iv i ty or 
" a l b e d o " of the Earth to S W r a d i a t i o n at di f ferent l e v e l s of the a t m o s p h e r e , a t the surface , or 
e v e n f r o m the ou ter s p a c e . T h e s e c o n d g r o u p , ca l l ed C a r b o n D i o x i d e R e m o v a l ( C D R ) , 
g r o u p s al l s trateg ies that a i m to i n c r e a s e the a m o i m t of L W r a d i a t i o n e m i t t e d b y the Earth, 
d irect ly c o u n t e r a c t i n g the g r e e n h o u s e effect b y ac t ive ly r e m o v i n g the e x c e s s CO2 f r o m the 
a t m o s p h e r e , a n d s t o r i n g it i n l o n g t e r m reservo irs . 
O n e pract ica l w a y to m a k e c o m p a r i s o n s a m o n g the p o t e n t i a l i m p a c t s o n c l i m a t e of d i f ferent 

a g e n t s i s u s i n g e s t i m a t e d RF v a l u e s , t h o u g h t it m u s t b e b o r n e i n m i n d that this m e t i i c d o e s 
n o t fuUy r e p r e s e n t their o v e r a l l i m p a c t o n c l i m a t e (P ie lke e t al., 2002) , a n d that further 
m o d e l l i n g s t u d i e s are r e q u i r e d . L e n t o n & V a u g h a n (2009) h a v e recent ly q u a n t i f i e d i n t e r m s 
of RF t h e c l i m a t e c o o l i n g p o t e n t i a l of a w i d e r a n g e of g e o - e n g i n e e r i n g p r o p o s a l s d i s c u s s e d 
i n the r e c e n t Hterature ( B o y d , 2008) , t a k i n g i n t o a c c o u n t their current feas ib i l i ty of 
i m p l e m e n t a t i o n . In the c a s e of p r o p o s a l s a i m e d to i n c r e a s e t h e Earth's a l b e d o at l o w l e v e l s , 
their e s t i m a t i o n of RF p o t e n t i a l s (SWRF) is s u m m a r i z e d i n t h e Tab le 1: 
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O p t i o n 
Fract ion of 

Earth for 
i m p l e m e i i t a t i o n 

A l b e d o c h a n g e 
w i t h i n area 

P lanetary 
a l b e d o c h a n g e 

G l o b a l 
Rad ia t ive 

Forc ing (Wm"2) 

Increase marine cloud albedo 
Mechanica l 0.175 0.074 0.011 - 3 . 7 1 
Bio log ica l 0.1 0.008 0 .000056 - 0 . 0 1 9 

Increase land surface albedo 
D e s e r t 0 .02 0.44 0 .0064 - 2 . 1 2 

G r a s s l a n d 0.075 0.0425 0.0015 - 0 . 5 1 
C r o p l a n d 0.028 0.08 0.0011 - 0 . 3 5 

S e t t l e m e n t s 0 .0064 0.15 0 .00046 - 0 . 1 5 
U r b a n 0.0029 0.1 0 .00014 -0 .047 

Table 1. E s t i m a t e d rad ia t ive forc ing p o t e n t i a l of di f ferent S R M g e o - e n g i n e e r i n g p r o p o s a l s 
( A d a p t e d f r o m L e n t o n & V a u g h a n , 2009) . 

As it can b e c o n c l u d e d f r o m t h e s e v a l u e s , m o s t S R M g e o - e n g i n e e r i n g p r o p o s a l s s e e m to 
h a v e a l i m i t e d e f f ec t i venes s i n o f f se t t ing p r e s e n t a n d projec ted forc ing d u e to G H G s 
increase. O n l y " w h i t e n i n g " m a r i n e c l o u d s t h r o u g h a e r o s o l s e e d i n g , or e n h a n c i n g a l b e d o o n 
a h u g e fract ion of the Earth's surface t h r o u g h l a n d c o v e r c h a n g e s , i .e. o n b i g des ser t s , c o u l d 
ach ieve l e v e l s of forc ing h i g h e n o u g h as to counterac t p r e s e n t u n b a l a n c e , as w e l l a s the 
e s t i m a t e d forc ing d u e to a d o u b l i n g of a t m o s p h e r i c CO2 (-t-3.71 Wm-2) (Forster e t al., 2007) . 
H o w e v e r , t h e s e t w o a p p r o a c h e s are sti l l i n a n early s t a g e of d e v e l o p m e n t , a n d their g l o b a l 
scale i m p l e m e n t a t i o n s e e m s n o t to b e feas ib le n o w a d a y s d u e to t echn ica l a n d f inanc ia l 
barriers re la ted to its b i g r e q u i r e d sca le of appUcat ion . 

N o n e t h e l e s s , t h o u g h this c a n b e tiue at a g loba l sca le , a d i f ferent p e r s p e c t i v e of g e o 
e n g i n e e r i n g i s u s u a l l y m i s s e d : its v a l u e as a n ef fect ive a n d c o s t f eas ib le s t ra tegy for l oca l 
a n d r e g i o n a l a d a p t a t i o n to pro jec ted w a r m i n g . T h e i n c r e a s e of l a n d c o v e r a l b e d o at s m a l l 
scales a p p e a r s n o w a d a y s as o n e of the f e w ava i lab le g e o - e n g i n e e r i n g o p t i o n s , part i cu lar ly to 
offset or m i n i m i z e g loba l w a r m i n g i m p a c t o v e r h u m a n s e t t l e m e n t s . T h e p h y s i c a l b a s i s of 
this s t i a t e g y is a n S R M a p p r o a c h , re f lec t ing back to the o u t e r s p a c e a h i g h e r a m o u n t of 
ref lected s h o r t w a v e so lar e n e r g y t h a n p r e - e x i s t i n g l a n d c o v e r o v e r a g i v e n area. T h i s w a y , 
l e ss e n e r g y is ava i lab le to h e a t the surface air a b o v e w h e n e m i t t e d back as s e n s i b l e h e a t flux 
from the surface , thus r e s u l t i n g i n a n e t c o o l i n g effect that c a n to ta l ly or part ia l ly 
c o m p e n s a t e w a r m i n g d u e to G H G s i n the area of i m p l e m e n t a t i o n . A t the m o m e n t , the m o s t 
p r o m i s i n g s t i a t e g y of S R M g e o - e n g i n e e r i n g , i n c r e a s i n g l y b e i n g c o n s i d e r e d b y p o l i c y m a k e r s , 
is i n c r e a s i n g u r b a n a l b e d o t h r o u g h c o o l roo f s a n d p a v e m e n t s p r o m o t i o n . 

2. Cool roofs strategy 
In M a y 2009 , the U S Secretary of State S t e v e C h u l a u n c h e d a g l o b a l cal l to p r o m o t e a l b e d o 
increase i n major u r b a n areas i n the w o r l d . Th i s i s o n e of the first ca l l s f r o m a h i g h l e v e l 
p o l i c y m a k e r to p r o m o t e g e - e n g i n e r i n g s tra teg ies to c o u n t e r a c t g l o b a l w a r m i n g . H i s cal l w a s 
s u p p o r t e d b y a s i m u l a t i o n s t u d y carr ied o u t b y sc i ent i s t s at the L a w r e i i c e B e r k e l e y N a t i o n a l 
Laboratory ( U S A ) (Akbar i e t al., 2008) . In th i s w o r k it w a s e s t i m a t e d that g l o b a l 
i m p l e m e n t a t i o n of c o o l roofs i n the b i g m e t i o p o l i t a n areas c o u l d offset a s m u c h as 4 4 G t of 
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emitted CO2, a n a m o u n t that w o u l d counterac t the radiat ive effect of the g r o w t h i n CO2-
equivalent e m i s s i o n rates for 11 years . 
However , a n e s sen t ia l p a r a m e t e r to project micro -c l imate i m p a c t s of this g e o - e n g i n e e r i n g 
strategy n o t a d d r e s s e d i n this s t u d y w a s to d e t e r m i n e the loca l c l imat ic s ens i t i v i ty 
associated to a g i v e n d e n s i t y a n d total surface of a l b e d o e n h a n c e m e n t . This q u e s t i o n n e e d s 
further rad ia t ive tiansfer m o d e l l i n g v a h d a t e d w i t h empir i ca l s t u d y cases . This m e a n s that 
projections of c h a n g e s i n m e a n t e m p e r a t u r e a n d o ther var iab les m u s t b e l i n k e d to 
i n d e p e n d e n t var iab le s s u c h as e x t e n s i o n a n d d i s t i i b u t i o n of m o d i f i e d surface , time for loca l 
climate to adjus t to n e w ref lect ivi ty , a n d c h a n g e s i n RF d u e to pro jec ted increases G H G s 
emiss ions . S o m e g l o b a l s i m u l a t i o n s h a v e b e e n p u b l i s h e d w i t h e s t i m a t i o n s of t e m p e r a t u r e 
changes a s s o c i a t e d to surface a l b e d o c h a n g e s (Betts, 2000; M y h r e & M y h r e , 2003) . A further 
progress in this f i e ld is a recent w o r k ( M e n o n et al., 2010) that i n c l u d e s a n e s t i m a t i o n of the 
climatic s ens i t i v i ty of the d e v e l o p m e n t of this s t i a t e g y o n g l o b a l u r b a n areas t h r o u g h a 
GEOS-5 G C M s i m u l a t i o n . In this w o r k t h e y s h o w e d the p o t e n t i a l e f f ec t iveness i n r e d u c i n g 
high s u m m e r t e m p e r a t u r e s i n u r b a n areas , t h u s m i t i g a t i n g the effects of u r b a n h e a t i s l a n d s 
on energy c o n s u m p t i o n , p o l l u t i o n , a n d h u m a n hea l th . T h e p o t e n t i a l of c o o l roofs a n d 
p a v e m e n t s for r e g i o n a l a d a p t a t i o n w a s a l s o repor ted , w i t h a n u i crease i n the total o u t g o i n g 
radiat ion b y 2.3 W m " 2 for a n a v e r a g e 0.01 increase i n surface a l b e d o i n the c o n t i n e n t a l U S , 
and l a n d sur face t e m p e r a t u r e d e c r e a s e d b y 0.03 K. 
M e n o n et al. (2010) i n c r e a s e subs tant ia l l y the p o t e n t i a l forc ing that c a n b e a c h i e v e d b y u r b a n 
albedo e n h a n c e m e n t , in c o m p a r i s o n to L e n t o n & V a u g h a n (2009) e s t i m a t i o n s . T h e d i f ference 
is d u e to d i v e r g e n c e s i n the e s t i m a t i o n s of g loba l u r b a n area (1 % of g l o b a l l a n d surface i n 
the first w o r k ) . N e v e r t h e l e s s , a n d t h o u g h the g l o b a l a v e r a g e increase i n the total o u t g o i n g 
radiation w a s 0.5 W m-2 for a s i m u l a t e d 0.1 increase i n u r b a n a l b e d o i n al l g l o b a l l a n d areas , 
the g l o b a l s u m m e r t e m p e r a t u r e r e d u c t i o n o b t a i n e d b y t h e s e a u t h o r s still s e e m s to b e 
negUgible (0.008 K), if w e take i n t o a c c o u n t that the projec t ions for fu ture w a r m i n g at t h e 
end of this c e n t u r y r a n g e f r o m 2-6 °C, d e p e n d i n g o n e m i s s i o n t rends . H o w e v e r , the 
reduct ions o b t a i n e d i n r e g i o n a l a n d s e a s o n a l t e m p e r a t u r e s are b i g e n o u g h as to c o n s i d e r 
a lbedo e n h a n c e m e n t as a k e y a d a p t a t i o n s t i a t e g y for the n e x t d e c a d e s , a n d t h e s e g l o b a l 
s i m u l a t i o n s s t u d i e s h i g h l i g h t the n e e d to s t u d y the p o t e n t i a l of a l b e d o forc ing at s m a l l e r 
scales , i .e. in r e g i o n a l or loca l d o m a i n s . A g r o w i n g n u m b e r of s i m u l a t i o n research w i t h 
m e s o - s c a l e m o d e l s s u c h as W e a t h e r Research a n d F o r e c a s t i n g (WRF, N a t i o n a l C e n t e r for 
A t m o s p h e r i c R e s e a r c h , B o u l d e r , C O , U S A ) is g e t t i n g a d d e d to Hterature, b u t there are sti l l a 
very f e w o b s e r v a t i o n a l s t u d i e s that s h o w the i m p a c t of r e c e n t l a n d a l b e d o c h a n g e s i n l o n g 
term air sur face t e m p e r a t u r e tiends. O n e of t h e s e s t u d i e s ( C a m p r a et al., 2008) i s 
s u m m a r i z e d i n the n e x t s ec t i on . 

3. Albedo enhancement experience by greenhouse farming development in 
South-eastern Spain 

In order to i n c r e a s e the total area of m o d i f i c a t i o n of l a n d c o v e r ref lect iv i ty , o ther c a t e g o r i e s 
of l a n d u s e h a v e b e e n p r o p o s e d to d e v e l o p this g e o - e n g i n e e r i n g a p p r o a c h , s u c h as p a s t u r e 
a n d agr icu l tura l l a n d , o c e a n s a n d b i g d e s e r t areas . In the c a s e of f a r m l a n d , there are s e v e r a l 
l o w c o s t e f fec t ive s t i a t e g i e s that h a v e b e e n p r o p o s e d to increase ref lect iv i ty . T h e increase i n 
c r o p l a n d a l b e d o b y r e p l a c i n g current ly g r o w n c r o p s w i t h h i g h re f lec t ive var i e t i e s h a s b e e n 
recent ly s u g g e s t e d as a n e w " b i o - g e o - e n g i n e e r i n g " a p p r o a c h ( R i d g w e l l e t al., 2009) . 
A c c o r d i n g to c l i m a t e s i m u l a t i o n s m a d e b y t h e s e a u t h o r s , the p o t e n t i a l for m i t i g a t i o n of 
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regional w a r m i n g c o u l d reach a s u m m e r t i m e c o o l i n g of >1°C i n m i d - l a t i t u d e arable r e g i o n s 
of the nor thern h e m i s p h e r e t h r o u g h a n a l b e d o increase of 0.04. S a m e as w i t h u r b a n a l b e d o 
enhancement , l i m i t e d i m p a c t o n g loba l w a r m i n g w a s o b t a i n e d in t h e s e s i m u l a t i o n s . 
On the other hcmd, a part icular t y p e of agr icul tural l a n d cover , g r e e i i h o u s e f a r m i n g , h a s 
s h o w n its eff icacy o f f se t t ing loca l w a r m i n g , s h o w i n g a n e t c o o l i n g effect in the l o n g t e r m 
climatic data , a s it h a s b e e n s h o w n i n o u r e m p i r i c s t u d y i n SE S p a i n (C a mp ra et al., 2008) . 
This recent e x p e r i e n c e of g r e e n h o u s e s d e v e l o p m e n t h a s r e s u l t e d i n a u n i q u e p i lo t - sca le trial, 
based o n f ie ld o b s e r v a t i o n s of air surface t e m p e r a t u r e s t rends i n three d e c a d e s of a n o n 
deliberate g e o - e n g i n e e r i n g e x p e r i m e n t b a s e d o n of the i m p a c t of c h a n g e s i n a l b e d o at the 
biggest c o n c e n t r a t i o n of g r e e n h o u s e s i n the w o r l d (27,000 ha) , l o c a t e d at the p r o v i n c e of 
Almeria ( F e r n a n d e z et al., 2007) . 

Analysis of air surface temperature serjes 

.J 

200 Km 

AEMET C o n t r o l s ta t ions in SE Spain 

M A L A G A ( M A ) 

GRANADA (GR) 

MURCIA ( M U ) 

ALMERIA (AL) 

Ag roc l ima t i c s ta t ions in Campo de Dalias 
A l m e r i a 

LAS PALMERILLAS (PAL) 

MOJONERA (MOJ) 

Fig. 1. L o c a t i o n of c o n t r o l ( M A , GR, M U , AL) a n d e x p e r i m e n t a l (PAL, MOJ) s ta t ions w h e r e 
air sur face t e m p e r a t u r e ser ie s w h e r e a n a l y z e d i n SE S p a i n ( C a m p r a et al., 2008) . 

Air surface t e m p e r a t u r e ser ie s of agro-c lhnat i c s ta t i ons i n s i d e the g r e e n h o u s e s area (MOJ 
a n d P A L , F ig 1) s h o w e d a n a n o m a l o u s l o n g t e r m c o o l i n g t rend of -0 .3 ° C / d e c a d e f r o m 1 9 8 3 
to 2005 , d u r i n g the y e a r s of g r e e n h o u s e s e x p a n s i o i i , w h i l e the c o n t r o l s t a t i o n s l o c a t e d 
a r o t m d the area, w h e r e n o i n f l u e n c e f r o m g r e e n h o u s e s l a n d c o v e r is a s s u m e d to occur , 
s h o w e d a r e g i o n a l w a r m i n g trend of +0 .4 ° C / d e c a d e , that m a t c h e s w i t h g e i i e r a l i z e d 
w a r m i n g in the w e s t e r n M e d i t e r r a n e a i i area i n t h e s a m e p e r i o d (Fig. 2) . 
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Fig. 2. A n o m a l i e s i n air surface t e m p e r a t u r e ser ies in SE S p a i n ( C a m p r a et al., 2008) . 

The w o r k i n g h y p o t h e s i s of this s t u d y w a s that this di f ferent ia l c l imat ic tiend w a s c a u s e d b y 
the g r a d u a l e x p a n s i o n of a h i g h l y ref lect ive l a n d c o v e r of p las t i c g r e e n h o u s e s o v e r a b r o a d 
area. T h e i n c r e a s e of surface a l b e d o r e d u c e s the n e t solar S W e n e r g y a b s o r b e d i n t h e area, 
and this c h a n g e i n the e n e r g y b u d g e t m i g h t h a v e b e e n the m o s t p r o b a b l e c a u s e of the 
coo l ing tiend d e t e c t e d i n the agro-c l imat ic s ta t ions i n the area. In order to t e s t this 
h y p o t h e s i s , r e m o t e s e n s i n g a l b e d o data f r o m M O D I S w e r e a n a l y z e d to c o m p a r e o u t g o i n g 
SW f luxes (OSW) f r o m g r e e n h o u s e s area, a n d p r e v i o u s l a n d c o v e r t y p e of s e m i - a r i d 
pastures . T h e d i f f erence ser ies b e t w e e n the t w o o u t g o i n g f l u x e s is a m e a s u r e of the S W R F 
d u e to l a n d c o v e r c h a n g e (Fig. 3), 
Our o n g o i n g re search u s i n g m e s o - s c a l e s i m u l a t i o n s w i t h W R F ( u n p u b l i s h e d resu l t s ) s h o w s 
c h a n g e s i n the e n e r g y b u d g e t a c c o r d i n g w i t h the w o r k i n g h y p o t h e s i s . T h e r e d u c t i o n m the 
sens ib le h e a t f lux (HEX), a n d the n e t S W rad ia t ion (ne tSWrad) are s o l i d e v i d e n c e s of the 
ex i s tence of a c a u s a l r e l a t i o n s h i p b e t w e e n a l b e d o c h a n g e a n d the d e c r e a s e i n sur face air 
t e m p e r a t u r e s (Fig 4) . 
The g r e e n h o u s e s d e v e l o p m e n t e x p e r i e n c e is a s o l i d e m p i r i c proof that t h r o u g h d e s i g n e d 
S R M g e o - e n g i n e e r i n g s t i a t e g i e s s u c h as the a l b e d o effect, " c o o l i s l a n d s " c a n b e g e n e r a t e d to 
protect h u m a n s e t t l e m e n t s b y a l o w - c o s t a n d l o w - i m p a c t e f fec t ive a p p r o a c h , h e l p i n g to 
pro tec t h u m a n h e a l t h , Uves a n d f o o d p r o d u c t i o n f r o m g l o b a l w a r m i n g a n d i n c r e a s e d 
f r e q u e n c y of h e a t w a v e s pro jec ted for the n e x t d e c a d e s . 
Our s t u d y s h o w s that the m a i n direct bene f i t of h i g h a l b e d o surfaces is t h e p o t e n t i a l for 
a d a p t a t i o n to c l i m a t e c h a n g e at loca l s ca l e s , o f f se t t ing g l o b a l w a r m i n g t h r o u g h the 
g e n e r a t i o n of loca l m i c r o c l i m a t e s m h i g h v u l n e r a b U i t y h u m a n s e t t l e m e n t s . Th i s l oca l effect 
is the k e y f m d i n g of o u r s t u d y i n the p r o v i n c e of A l m e r i a , b u t is g e n e r a l l y f o r g o t t e n or jus t 
a s s u m e d to b e a " s e c o n d a r y ind irec t benef i t" of a g l o b a l CO2 o f f set t ing . G e o - e n g i n e e r i n g 
a i m e d at i n c r e a s i n g a l b e d o at loca l or m e s o - s c a l e is n o t e v e n c o n s i d e r e d as a m i t i g a t i o n or 
a d a p t a t i o n m e a s u r e i n in ternat iona l p r o t o c o l s , or I P C C - U N reports . In fact, th i s s t i a t e g y c a n 
h e l p c l o s i n g the l o o p b e t w e e n a d a p t a t i o n a n d m i t i g a t i o n , a n u n r e s o l v e d i s s u e m c l i m a t e 
m i t i g a t i o n p o l i c i e s (Parry, 2009) . 
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3. A n n u a l time ser i e s of o u t g o i n g so l ar rad ia t ion (OSW) f r o m g r e e n h o u s e s a n d p a s t u r e 
surface a n d rad ia t ive f o r c i n g (-RF) as d i f ference ser ies ( C a m p r a e t al., 2008). 

5 0 0 . 0 

PS 

G H 

Fig. 4. C h a n g e i n the sur face e n e r g y b u d g e t c o m p o n e n t s f r o m p a s t u r e l a n d u s e (PS) t o w a r d s 
g r e e n h o u s e s l a n d u s e ( G H ) ( m W m - 2 ) . W R F s i m u l a t i o n o u t p u t : m o n t h l y a v e r a g e s for 
A u g u s t 2005 (data n o t p u b l i s h e d ) . R a d i a t i o n c o m p o n e n t s : H F X = s e i i s i b l e hea t , L H = l a t e n t 
heat , G R D F L X = g r o u n d f lux, S W D O W N = i r i c o m i n g so lar rad. , O S W = o u t g o i n g so lar rad. , 
n e t W S r a d = n e t i n c o m i n g so lar rad. , G L W = i r i c o m i n g l o n g w a v e rad. , OLWsup=outgoiiig l o n g 
Wave rad. , n e t L W = n e t l o n g w a v e rad. , n e t ( S W + L W ) = t o t a l n e t rad. 
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Nonethe less , m o d e l l i n g of the g r e e n h o u s e s l a n d c o v e r c h a n g e case h a s n o t y e t b e e n 

completed as to try to ex trapo la te the part icular o u t c o m e s to o ther areas i n the w o r l d w i t h a 

scientifically s o u n d bas i s . T h e case of M e d i t e r r a n e a n g r e e i i h o u s e s d e v e l o p m e n t is a v e r y 

singular e x p e r i e n c e of c h m a t i c g e o - e n g i n e e r i n g w h o s e c o n c l u s i o n s b y l i o w o n l y a p p l y to a 

particular s e t of m o d i f i e d var iab les affect ing a part icular loca l c l imate . In this s e n s e o u r 

ongo ing research a i m s at d e v e l o p i i t g a n opera t ive m e t h o d o l o g y t h r o u g h b u i l d i n g a m e s o -

scale WRF m o d e l of this part icular case , c o n s t i a i n e d b y f ie ld cHmatic o b s e r v a t i o n s a n d 

remote s e n s i n g data of l a n d c o v e r c h a n g e s that m i g h t b e a d a p t a b l e to m a k e project ions i n 

different l o c a t i o n s in the w o r l d . 

4. Integration of albedo forcing and carbon footprint of greenhouses 
production 

In our p r e v i o u s research ( C a m p r a et al., 2008) , w e o n l y a d d r e s s e d the i m p a c t o n the l o c a l 

climate of a c h a n g e in l a n d cover . H o w e v e r , the n e t i m p a c t o n g l o b a l c l imate of a n y g e o 

eng ineer ing o p t i o n m u s t a l s o b e a s s e s s e d , a n d three s t e p s are r e q u i r e d iii the c a s e of surface 

albedo e n h a n c e m e n t s trategies: 

1. Est imate c a r b o n footpr int of the d e v e l o p m e n t a n d m a i n t e n a n c e of h i g h a l b e d o surfaces , 

a n d c o m p a r e it to the foo tpr in t a s s o c i a t e d to the e c o n o m i c act iv i t ies o v e r p r e - e x i s t i n g 

l a n d c o v e r 

2. Integrate the g loba l f orc ing of S W b u d g e t c h a n g e a n d the forc ing e x e r t e d b y the c h a n g e 

in the n e t G H G s e m i s s i o n s a s s o c i a t e d to the l a n d u s e c h a n g e . 

3. D e v e l o p m e s o - s c a l e c h m a t e m o d e l s of the area of i m p l e m e n t a t i o n of a l b e d o c h a n g e , i n 

order to s i m u l a t e the projec ted c h a n g e in t e m p e r a t u r e s i n the area of s t u d y a n d i n 

b o i m d a r y d o m a i n s a r o i m d it, u p to g l o b a l scale . 

P r o c e s s G W P - 2 0 GWP-lOO G W P - 5 0 0 

C h a n g e i n b i o m a s s c a r b o n s tock 2 2 2 
C a r b o n f ixat ion b y c r o p -190 -190 -190 

G r e e n h o u s e infrastructure 283 226 204 
Soi l p r e p a r a t i o n 6 6 6 

G r e e n h o u s e m a i n t e n a n c e <1 <1 < 1 

Fert i l izers ^ ^ 94 93 65 

N2O e m i s s i o n s ' 55 57 29 

G r e e n h o u s e d i s p o s a l 6 3 2 
W a t e r p u m p i n g 24 22 21 

G r e e n w a s t e t rea tment 83 84 83 
O v e r a l l e m i s s i o n s (a) 365 303 223 

C h a n g e i n surface a l b e d o (b) -93 -134 -202 
N e t w i t h a l b e d o c h a n g e (c=a+b) 272 168 21 

Rat io (c) to (a) (%) 75 56 9 

Table 2. G l o b a l w a r m i n g p o t e n t i a l s ( G W P , in k i l o g r a m s of C02-eq.) at 2 0 , 1 0 0 a n d 5 0 0 y e a r s 

a s s o c i a t e d to the p r o d u c t i o n of 1,000 k g of t o m a t o e s u n d e r M e d i t e r r a n e a n g r e e n h o u s e s i n SE 

S p a i n (From M u ñ o z et al., 2010) . 

For the c a s e of g r e e n h o u s e f a r m i n g , w e h a v e e s t i m a t e d t h e c a r b o n f o o t p r i n t of a 

r e p r e s e n t a t i v e p r o d u c t i o n b y the r i g o r o u s m e t h o d o l o g y of Life C y c l e A s s e s s m e n t (LCA) 

( M u ñ o z et al., 2010) . A c r a d l e - t o - g a t e L C A of a n i n t e n s i v e p r o d u c t i o n i n the p r o v i n c e of 
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Almeria w a s first t i m e carried o u t i n this s t u d y . First, a n i n v e n t o r y of all i n p u t s to the farm 
was col lected. A s b a c k g r o u n d e m i s s i o n s data , the E c o u w e n t 2.0 da tabase w a s u s e d ( S w i s s 
Centre for Life C y c l e Inventor i e s , 2008 ) . This ana lys i s c o n c l u d e d that a gros s G l o b a l 
Warming Potent ia l (GWP-lOO) of 303 k g C02-eq. per t o n t o m a t o w a s g e n e r a t e d this 
greenhouse p r o d u c t s y s t e m (Table 2) . 
The s e c o n d s t e p w a s to d e v e l o p a n o v e l m e t h o d o l o g y to in tegrate S W loca l radiat ive forc ing 
and LW g loba l forc ing e x e r t e d b y the ind irec t G H G s e m i s s i o n s a s s o c i a t e d to the f a r m i n g 
activities, m e a s u r e d as G W P s . O u r a p p r o a c h w a s to c o n s i d e r a l b e d o increase e q u i v a l e n t to 
"negative e m i s s i o n s " or " e m i s s i o n offset", a s this p h y s i c a l c h a n g e exerts a n e g a t i v e rad ia t ive 
forcing o n the c l i m a t e s y s t e m o p p o s e d to the p o s i t i v e forc ing g e n e r a t e d b y the increase i n 
GHGs. T h e c a l c u l a t i o n of C02-eq. e m i s s i o n s re la ted to surface a l b e d o c h a n g e w a s d o n e w i t h 
the nex t three m a i n e q u a t i o n s : 

1. S W rad ia t ive forc ing (RFTOA) of a surface a l b e d o c h a n g e at the t o p - o f - a t m o s p h e r e 
(TOA) 

RFTOA = -RTOAAQP, ' (1) 

w h e r e RFTOA = -RsTa Aus 

(Rs= solar rad ia t ion at surface ; RTOA = solar rad ia t ion at the t o p of a t m o s p h e r e ; Op = 
planetary a l b e d o ; QS = surface a l b e d o ; Ta = a t m o s p h e r i c tiansmittance) 
2. C02-eq e m i s s i o n s of S W rad ia t ive forc ing 

ARFTOA l n 2 2pCo2,refMco2 mnir 
CO2 - eq. = - - (2 ) 

AEarihAFzxMairAF 

w h e r e A is the area af fec ted b y the c h a n g e i n surface a l b e d o (m2), RFTOA is the S W rad ia t ive 
forcing of a surface a l b e d o c h a n g e (W m 2 ) , pC02,ref is a re ference part ia l CO2 p r e s s u r e i n the 
a t m o s p h e r e ( 383 p p m v ) , Mco2 i s the m o l e c u l a r w e i g h t of CO2 ( 44 .01 g m o h ^ ) , mair is 
5 . 1 4 8 x 1 0 1 5 M g , AEartt, is the area of the Earth ( 5 . 1 x 1 0 1 4 m2) , AFax is the rad ia t ive forc ing 
resu l t ing f r o m a d o u b l i n g of current CO2 c o n c e n t i a t i o n i n the a t m o s p h e r e (-1-3.7 W m -2) , Mair 
is the m o l e c u l a r w e i g h t of d r y air (28.95 g m o h ^ ) , a n d A F is the a v e r a g e CO2 a irborne 
fraction. 
3. C02-eq e m i s s i o n s a v o i d e d t h r o u g h l a n d u s e c h a n g e , p e r f u n c t i o n a l urut (one k g of f resh 

p r o d u c t ) 

LTFuRsTaAas 
CO2 - eq. = — - (3) 

' RFCO2 A F ^ ^ 
W h e r e (LTFU) = l a n d tiansformation per f u n c t i o n a l u n i t (m2) 
A s it w i l l b e e x p l a i n e d i n de ta i l i n the n e x t s e c t i o n , o n e of the m a i n s o u r c e s of i m c e r t a i n t y i n 
t h e s e c a l c u l a t i o n s is the c a l c u l a t e d v a l u e of A F , i .e. the fract ion of CO2 that r e m a i n s i n the 
a t m o s p h e r e after c a r b o n c y c l e h a s part ia l ly r e m o v e d it in a g i v e n time frame. In this s t u d y 
w e u s e d a v a l u e of 0 .48 , c a l c u l a t e d f r o m the i n t e g r a t i o n of B e r n c a r b o n c y c l e m o d e l i n a t i m e 
h o r i z o n of 1 0 0 y e a r s , c o n s i d e r i n g a GWP-lOO. 
I n c l u d i n g i n t h e L C A the C02-eq e m i s s i o n s e q u i v a l e n c e of l a n d c o v e r c h a n g e s is n o t a 
s i m p l e task, a s m a n y m e t h o d o l o g i c a l a n d c o n c e p t u a l p r o b l e m s arise . For i n s t a n c e , the c h o i c e 
of t i m e h o r i z o n i n the G W P affects the i m p a c t of the a l b e d o effect, i n c r e a s i n g w i t h time 
h o r i z o n s e l e c t e d . A n o t h e r s o u r c e of v a r i a b i h t y i n th i s m e t h o d o l o g y is t h e c h o i c e of s e r v i c e 

Diputación de Almería — Biblioteca. Global and local effect of increasing land surface albedo as geo-engineering...mediterranean..., p. 8



lifetime for the ac t iv i ty (here w e a s s u m e d a n d e x p e c t e d 50 y e a r s l i fe t ime for g r e e n h o u s e 

production) ( M u ñ o z e t al., 2010) . T h e e m i s s i o n offset increases for shorter l i fe t imes , for 

example in this c a s e it increased f r o m 134 to 269 k g COj-eq . p e r ton p r o d u c t w h e n a 25-year 

lifetime w a s c o n s i d e r e d b u t d e c r e a s e d to 67 k g C02-eq. p e r t o n t o m a t o w h e n it w a s 

expanded to 100 years . 

Through the a p p h c a t i o n of this m e t h o d o l o g y , the gross GWP-lOO e s t i m a t e d (303 k g C02-eq. 

per ton) w a s r e d u c e d to a n e t 168 k g C02-eq. per ton t o m a t o if the c h a n g e in surface a l b e d o 

was taken in to account . W e c o n c l u d e d that the local rad ia t ive forc ing c a u s e d b y a l b e d o 

increase h a s a r e m a r k a b l e offset effect o n the overa l l G H G s e m i s s i o n s b a l a n c e of this 

particular p r o d u c t s y s t e m , e q u i v a l e n t to 4 4 % o f its gros s ind irec t e m i s s i o n s w h e n GWP-lOO 

was c o n s i d e r e d . H o w e v e r i t m u s t b e taken into a c c o u n t that a l b e d o effect is a l w a y s 

reversible: if in the s a m e s y s t e m a l b e d o i s c h a n g e d b u t r e t u r n e d to its p r e v i o u s state at the 

end of the serv i ce l i f e t ime , the n e t a l b e d o c h a n g e , a n d thus , the C02-eq. e m i s s i o n s offset , 

will be z e r o . 

Another part icular c a s e w h e r e a l b e d q c o u l d h a v e an i m p o r t a n t i n f l u e n c e i n the C02-eq. , 

emis s ion b a l a n c e is in the c o n t e x t of forestry or a n y other s y s t e m i n v o l v i n g s h a r p c h a n g e s i n 

land c o v e r ref lect ivi ty . In this sertse, it m u s t b e t a k e n in to a c c o u n t that forestry p l a n s a i m e d 

to mi t iga te g l o b a l w a r m i n g b y carbon f ixat ion in b i o m a s s s h o u l d h a v e a c o m p l e m e n t a r y 

a s s e s s m e n t of the e q u i v a l e n t forc ing e x e r t e d b y the c h a n g e i n l a n d c o v e r ref lect ivi ty . In 

s o m e r e g i o n s , part icu lar ly i n h i g h l a t i tudes w h e r e s n o w c o v e r r e m a i n s in w i n t e r m o n t h s , 

this forc ing c o u l d of fse t the c h m a t i c benef i t s of c a r b o n f ixat ion (Betts, 2000) . Th i s m i g h t a l so 

h a p p e n in s e m i - a r i d e n v i r o n m e n t s , w h e r e the p r e v i o u s d i s p e r s e s h r u b l a n d a l b e d o is 

general ly m u c h h i g h e r than the f o r e s t e d l a n d a l b e d o . 

In a n y case , o ther c h m a t i c effects apart f r o m t e m p e r a t u r e c h a n g e s m i g h t b e w o r t h to 

cons ider , as w e l l as o ther " c o n v e n t i o n a l " e n v i r o n m e n t a l benef i t s of f o r e s t i y p l a n s s h o u l d b e 

r e g a r d e d as a w h o l e . For e x a m p l e , d e f o r e s t a t i o n in the tiopics d e c r e a s e s e v a p o t i a n s p i r a t i o n 

rates a n d i n c r e a s e s s e n s i b l e h e a t fluxes, r e s u l t i n g in r e g i o n a l l y d e c r e a s e d prec ip i ta t i on a n d 

increased surface t e m p e r a t u r e (Bala e t al. 2007) . In c o n c l u s i o n , n e w m e t i i c s d i f ferent f r o m 

radiat ive forc ing a n d c a r b o n offset m i g h t be a d v i s a b l e to take i n t o a c c o u n t t h e s e k i n d of 

effects of l a n d u s e c h a n g e o n cHmate (P ie lke e t al., 2002) . In the w o r d s of Dr. R.A. P ie lke , "a 

more complete indication of human contributions to climate change will require tiie climatic 

influences of land-surface conditions and otJjer processes to be factored into climate-clmnge-

mitigation strategies. Many of these processes will have strong regional effects that are not 

represented in a globally averaged metric." In c o n c l u s i o n , o u r s t u d y is jus t a first o p e r a t i v e 

a p p r o a c h to h i g h h g h t the m e t h o d o l o g i c a l p r o b l e m s that arise w h e n a n i n t e g r a t i o n of l a n d 

a l b e d o c h a n g e s w i t h a s s o c i a t e d G H G s e m i s s i o n s is r e q u i r e d pr ior to the d e v e l o p m e n t of 

c l imate poHcy r e g u l a t i o n s re la ted to l a n d u s e c h a n g e s . 

5. Estimation of carbon offset equivalences of global albedo enhancement 

A k e y conf l i c t ing i s s u e i n t i o d u c e d b y A k b a r i e t al, 2008 is t h e c o n v e r s i o n of S W rad ia t ive 

forc ing (SWRF) g e n e r a t e d b y l a n d c o v e r c h a n g e s to e q u i v a l e n t CO2 e m i s s i o n s offset . In this 

p a p e r , it w a s e s t i m a t e d that a c a r b o n e m i s s i o n s of fset of 44 G t CO2 c o u l d b e a c h i e v e d b y 

a l b e d o e n h a n c e m e i i t of m a i n g l o b a l u r b a n areas . M e n o n e t al. (2010) u s e d the s a m e 

c o n v e r s i o n factors a n d ra i s ed this f igure to 5 7 G t CO2 u s i n g a s u m m e r G e n e r a l C ircu la t ion 

M o d e l ( G C M ) s i m u l a t i o n . T h e s e t w o w o r k s are a l a n d m a r k a p p r o a c h for t h e e s t i m a t i o n of 

g l o b a l G H G s offset b y a l b e d o increase at u r b a n areas , a n d offer a r e m a r k a b l e sc ient i f ic bas i s 
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for the d e v e l o p m e n t of m o r e i n c l u s i v e c l imate p r o t o c o l s i n the p o s t - K y o t o a g r e e m e n t s that 
do not just re ly o n G H G s e m i s s i o n s r e d u c t i o n s as the o n l y m i t i g a t i o n currency . H o w e v e r , 
these g lobal e s t i m a t e s s h o u l d be careful ly r e v i s e d w h e n local or reg iona l effects are to b e 
considered. F u r t h e r m o r e , a s w e h a v e s h o w n before , there are still c o m p l e x m e t h o d o l o g i c a l 
issues w h e n w e p r e t e n d to e x p r e s s S W R F d u e to a l b e d o c h a n g e s i n t erms of e q u i v a l e n t 
reduction in c a r b o n e m i s s i o n s . There are at l eas t 3 m a i n s o u r c e s of uncer ta in ty that m u s t 
carefuUy be t a k e n i n t o account : 
1. The c a l c u l a t i o n of SWRF exer ted per u n i t a l b e d o c h a n g e , a n d the u s e of g loba l 

or r e g i o n a l a v e r a g e s of this p a r a m e t e r i n the e s t i m a t i o n of c a r b o n offsets at part icular 
cases 

2. The e q u i v a l e n c e p a r a m e t e r b e t w e e n S W R F per u n i t a l b e d o c h a n g e a n d the a m o u n t of 
a t m o s p h e r i c c a r b o n that w o u l d exert the s a m e b u t o p p o s i t e forc ing 

3. The c o n v e r s i o n f r o m that a t m o s p h e r i c c a r b o n to e q u i v a l e n t c a r b o n e m i s s i o n s r e d u c t i o n 

5.1 SWRF per unit albedo change , 
There are still s ign i f i cant uncer ta in t i e s i n the S W R F g e n e r a t e d per u n i t of a l b e d o increase , 
both at g l o b a l a n d loca l scales . R a d i a t i v e forc ing a s s o c i a t e d w i t h l a n d u s e c h a n g e s h a s b e e n 
der ived large ly f r o m G C M s i m u l a t i o n s ( H a n s e n et al. 1997; Betts , 2001) , u s i n g c l imate 
s imulat ions , a n d there are v e r y f e w o b s e r v a t i o n a l e s t i m a t e s of this " m i s s i n g " rad ia t ive 
forcing ( M y h r e et al. 2005) . S o m e of t h e s e s t u d i e s h a v e s h o w n that the G C M c o m p u t a t i o n s 
s ignif icantly u n d e r e s t i m a t e the loca l S W R F d u e to l a n d u s e c h a n g e s , w i t h o b s e r v a t i o n a l 
es t imates e v e n m o r e t h a n t w i c e the m o d e l - d e r i v e d v a l u e s o v e r s o m e r e g i o n s (Nair e t al., 
2007). F inal ly , a n a d d i t i o n a l factor n o t to b e forgo t t en is that Earth rad ia t ion b u d g e t c h a n g e s 
wi th time, m a k i n g m o r e c o n f u s i n g to d e t e r m i n e the b e s t v a l u e f r o m l i terature. 
In the case of o b s e r v a t i o n a l s t u d i e s , s u c h as o u r w o r k i n A l m e r i a g r e e r i h o u s e s ( C a m p r a et al. 
2008), w e u s e d a n d e m p i r i c a l a p p r o a c h a n d c a l c u l a t e d this f orc ing i n o u r area of s t u d y f r o m 
the o u t g o i n g S W rad ia t ion (OSR), b y the f o r m u l a f r o m Betts (2001): 

S W R F = OSR final land cover " O S R fprior land cover (4) 

OSR v a l u e s w e r e c a l c u l a t e d f r o m a v e r a g e d sateUite M O D I S data , a n d S W i n c o m i n g 
radiat ion u s i n g a n i n s o l a t i o n m o d e l that a c c o u n t e d for loca l g e o g r a p h i c factors a n d 
t ransmis s iv i ty i n c lear s k y c o n d i t i o n s ( V a n D a m , 2000) . B y this m e t h o d w e c a l c u l a t e d a n 
a i m u a l a v e r a g e d S W R F of -19 .8 W m-2 a s s o c i a t e d to a n a v e r a g e i n c r e a s e a l b e d o of 0.09 i n the 
s t u d y area. F r o m t h e s e data w e can o b t a i n a n o b s e r v a t i o n a l e s t i m a t e of -2 .2 W m-2 of S W R F 
for e v e r y 0.01 a l b e d o increase . This f orc ing is a l m o s t d o u b l e t h a n the f o r c i n g of -1 .27 W m - 2 
e s t i m a t e d b y A k b a r i e t al. (2008) at g l o b a l scale . H a n s e n et al. (1997) d i d n o t p r o v i d e a n y 
direct e s t i m a t e of S W R F a s s o c i a t e d to a g l o b a l a l b e d o increase . I n s t e a d t h e y u s e d a g l o b a l 
c l imate m o d e l w i t h a n i d e a l i z e d g l o b a l g e o g r a p h y , a n d d e t e r m i n e d the e f f e c t i v e n e s s of 
surface a l b e d o forc ing a p p l i e d o n f ict i t ious l a n d m a s s e s . A s t h e y state , th i s a p p r o a c h w a s 
i n t e n d e d to a n a l y z e c l imat ic m e c h a n i s m s , rather t h a n to s i m u l a t e i m p a c t s o n spec i f ic real 
w o r l d r e g i o n s . O n the c o n t i a r y , H a t z i a n a s t a s s i o u e t al (2004) , u s e d a r a d i a t i v e tiansfer 
m o d e l c o u p l e d w i t h c h m a t o l o g i c a l data to e s t i m a t e Earth S W r a d i a t i o n b u d g e t at t o p of 
a t m o s p h e r e ( T O A ) , a n d p e r f o r m e d s e n s i t i v i t y tes ts of their m o d e l to c h a n g e s in r e l e v a n t 
p a r a m e t e r s s u c h as a l b e d o , r e p o r t i n g a 3.3 W m-2 c h a n g e i n O S R at T O A w i t h a s i m u l a t e d 
10% i n c r e a s e i n surface p l a n e t a r y a l b e d o . If w e c o m b i n e th i s s e n s i t i v i t y of S W rad ia t ion 
b u d g e t at T O A w i t h the e s t i m a t i o n of sur face a l b e d o of 0 .129 g i v e n b y t h e s e a u t h o r s w i t h 
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the same m o d e l ( H a t z i a n a s t a s s i o u et al, 2005) , a 0.01 increase of sur face a l b e d o e q u a l s to a 
global S W R F of -2 .57 W m-2 at T O A , a g a i n far f r o m Akbar i et al. (2008) l o w e r es t imate . 
It is i m p o r t a n t to n o t i c e that surface a l b e d o c h a n g e s d o n o t p r o d u c e e q u i v a l e n t c h a n g e s i n 
planetary a l b e d o , a n d m u s t be adjus ted b y a t m o s p h e r i c a b s o r p t i o n a n d ref lect ion. T h u s , 
when c o m p a r i n g forc ings of G H G s T O A , a n d S W R F d u e to l a n d u s e c h a n g e , b o t h e s t i m a t e s 
must refer to the n e t rad ia t ive flux c h a n g e at the s a m e l e v e l i n the a t m o s p h e r e , a n d for the 
same state of a d j u s t m e n t of the s t i a t o s p h e r i c t e m p e r a t u r e prof i le ( H a n s e n et al., 1997) . In 
this sense , as rad ia t ive forc ing e s t i m a t e s of G H G s genera l ly refer to v a l u e s at T O A ( H a n s e n 
et al., 1997, M y h r e e t al., 1998) , s o radiat ive forc ing d u e to a l b e d o increase m u s t b e e s t i m a t e d 
at T O A as w e l l for c o m p a r i s o n . H o w e v e r , a d j u s t m e n t of s t i a t o s p h e r i c t e m p e r a t u r e s is n o t s o 
relevant w h e n d e a l i n g w i t h SWRF. 

Therefore, the v a l u e of e s t i m a t e d g l o b a l S W R F per 0.01 a l b e d o increase of -1 .27 W m-2 u s e d 
in Akbari e t al. (2008) n e e d s further d i s c u s s i o n , as all CO2 o f fset p o t e n t i a l ca l cu la t ions are 
drastically a f fec ted b y this e s t i m a t i o n . For the ca l cu la t ion of th i s k e y p a r a m e t e r , t h e y u s e a n 
averaged v a l u e (1984-2000) of total m c o m i n g S W R a d i a t i o n ( S W D O W N ) at surface of 1 7 2 
Wm-2, o b t a i n e d f r o m H a t z i a n a s t a s s i o u et al. (2005). This v a l u e is at the l o w e r e n d of 
prev ious e s t i m a t e s r e v i e w e d b y t h e s e authors (169-219 Wm-2). S imi lar ly , the v a l u e of n e t 
S W D O W N at sur face (total m i n u s ref lected) g i v e n b y t h e s e au thors (149 Wm-2), is at the 
lower r a n g e of earth e n e r g y b u d g e t e s t i m a t e s r e v i e w e d (142-191 Wm-2). T h e s e v a l u e s are 
s ignif icantly s m a l l e r than m o s t p r e v i o u s e s t i m a t e s , b y u p to 30 Wm-2, a n d d i s a g r e e m e n t is 
assoc ia ted w i t h d i f ferences i n a t m o s p h e r i c a b s o r p t i o n . H o w e v e r , Earth r a d i a t i o n b u d g e t s at 
surface a n d T O A f r o m H a t z i a n a s t a s s i o u et al. (2005, 2004) s e e m s v e r y rehab le , as t h e y h a v e 
been v a h d a t e d a g a i n s t surface m e a s u r e m e n t s w i t h g o o d a g r e e m e n t w i t h the m o d e l . 
A n o t h e r s o u r c e of u n c e r t a i n t y of Akbar i e t al. (2008) e s t i m a t e is that it is b a s e d o n the 
c o m b i n a t i o n of s i m u l a t e d d a t a f r o m t w o di f ferent m o d e l l i n g s t u d i e s , (Kiehl a n d Trenberth , 
1997, a n d H a t z i a n a s t a s s i o u et al. 2005) , t h u s r e s u l t i n g i n a lack of m e t h o d o l o g i c a l c o h e r e n c e . 
There is a r e m a r k a b l e d i f f erence in n e t S W D O W N r a d i a t i o n b e t w e e n b o t h e s t i m a t e s , that 
arises f r o m a n o v e r e s t i m a t i o n of a b s o r b e d S W rad ia t ion b y a t m o s p h e r e i n the las t s t u d y 
(26.7%), c o m p a r e d to earl ier s t u d i e s (20%). H o w e v e r , w h e n c a l c u l a t i n g / ( fract ion of 
radiat ion a b s o r b e d b y flie a t i n o s p h e r e ) , Akbar i e t al. (2008) u s e a S W D O W N v a l u e of 1 7 2 
Wm-2 f r o m H a t z i a n a s t a s s i o u e t al. 2005 , a n d t h e n s i m p l y sca l e d o w n data f r o m (Kiehl a n d 
Trenberth, 1997) , c o n s i d e r i n g the v a l u e of 3 0 Wm-2 as the O S W rad ia t ion A T S U R F A C E . 
H o w e v e r , this v a l u e is referred i n the m o d e l l i n g as the O S W r a d i a t i o n A T T H E T O A 
( a l t h o u g h the "30" labe l in F igure 7 c a n m i s l e a d ) . It m a k e s n o s e n s e to r e d u c e its m a g n i t u d e 
b y a t m o s p h e r i c correc t ion (f) as Kieh l a n d Trenberth h a v e a l r e a d y a c c o u n t e d for a n y further 
a b s o r p t i o n i n their 67 Wm-2 v a l u e of total S W a b s o r b e d r a d i a t i o n кг a t m o s p h e r e . 
In o r d e r to m a k e this k e y i s s u e clearer, w e c a n bet ter u s e a s i m p l e ana ly t i ca l a p p r o a c h 
recent ly e m p l o y e d to e v a l u a t e the rad ia t ive forc ing p o t e n t i a l of d i f ferent g e o - e n g i n e e r i n g 
o p t i o n s ( L e n t o n & V a u g h a n , 2009) . Forc ing at T O A c a u s e d b y p l a n e t a r y a l b e d o c h a n g e Aop 
c a n b e e s t i m a t e d f r o m a v e r a g e i n c o m i n g so lar r a d i a t i o n at T O A (DSR), b y the f o r m u l a : 

SWRFTOA = DSRTOA Aop . (5) 

But p l a n e t a r y a l b e d o h a s t w o c o m p o n e n t s , a t m o s p h e r i c a l b e d o (Од), a n d surface a l b e d o (Os), 
a n d t h e latter m u s t b e c o r r e c t e d at T O A w i t h a t m o s p h e r i c a b s o r p t i o n (Aa) a n d a t m o s p h e r i c 
a l b e d o (a«). T h i s w a y , forc ing d u e to l a n d a l b e d o i n c r e a s e (SWRF) c a n b e c a l c u l a t e d as: 
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S W R F = D S R t o a [ A Q S (1- a„) (1 - A.,)] (6) 

Lenton & V a u g h a n (2009) m a k e a g loba l e s t i m a t i o n of forc ing u s i n g g loba l e n e r g y b u d g e t 
values {aa, Aa, a n d n e t D S R t o a ) t a k e n f r o m Kiehl a n d Trenbertih (1997) to obta in a n 
S W R F t o a = D S R t o a 0 .579 A a j . T h r o u g h this f o r m u l a w e c a n obta in a p a r a m e t e r of S W R F for 
every 0.01 increase i n surface a l b e d o e q u a l to -1.98 W m-2. This is the c o n s t a n t p a r a m e t e r 
value these a u t h o r s u s e to a s s e s s the po tent ia l for all g e o - e n g i n e e r i n g o p t i o n s b a s e d o n 
surface a l b e d o increase . 

H o w e v e r , if a l t ernat ive ly w e u s e g l o b a l e n e r g y b u d g e t v a l u e s f r o m H a t z i a n a s t a s s i o u e t al. 
(2005), t h e n 

S W R F t o a = D S R t o a 0.50 A Q S (7) 

and S W R F for e v e r y 0.01 increase i n surface a l b e d o resu l t s i n -1.71 W m-2, sti l l w e l l a b o v e 
Akbari e t a l . (2008) e s t i m a t e (+34%). 
These conf l i c t ing i s s u e s h a v e b e e n e x p o s e d a b o v e to h i g h h g h t that forc ing per u n i t to a l b e d o 

' increase is a k e y p a r a m e t e r that n e e d s a m o r e d e t a i l e d a n a l y s i s a n d v a l i d a t i o n a g a i n s t loca l 
surface m e a s u r e m e n t s , as the f inal a s s o c i a t e d c a r b o n offset i s d irec t ly b i a s e d b y the v a l u e of 
choice. 
As a n e x a m p l e , i n Table 3 is s u m m a r i z e d the b i g c h a n g e s in f inal a n n u a l CO2 o f fset p o t e n t i a l 
of u r b a n a l b e d o increase at u r b a n areas i n the s tate of Cal i fornia , i m p l e m e n t e d i n a 15 y e a r 
period, d e p e n d i n g o n the v a l u e u s e d i n dif ferent w o r k s for th i s p a r a m e t e r . 

A k b a r i 
e t al., 
2008 , 

H a t z i a n a s t a s s i o u 
et al., 2005 

L e n t o n & 
V a u g h a n , 

2009 

L e n t o n & 
V a u g h a n , 

2009 

C a m p r a e t 
al., 2008 

Data s o u r c e ! 
S W R F p e r 

+0.01 a l b e d o 
( W m-2) 

Cal i fornia 
U r b a n offset 

(MTCO2-
e q / y e a r ) 

Ref. 

-1 .27 

31 

R A D 

-2 .57 

63 

E R B l 

-1 .98 

48 

ERB2 

-1 .71 

4 2 

A L 

-2 .2 

5 4 

' Data used for est imations: Ref.= from Kiehl and Trenberth , 1997, and Hatz ianas tass iou et al. 2005; 
RAD= From radiat ive transfer model ; ERB1= based on radiat ion b u d g e t from Kiehl and Trenber th , 
1997; ERB2= based on radia t ion b u d g e t from Hatzianastass iou et a l , 2005; AL= empiric va lue for 
Almeria s tudy case, from MODIS OSW data (lat N 36° 45') 

Table 3. F o r c i n g p e r u n i t a l b e d o c h a n g e a n d e s t i m a t i o n of a s s o c i a t e d c a r b o n e m i s s i o n s of f se t 
in Cal i forn ia u r b a n areas , a c c o r d i n g to the v a l u e s of this p a r a m e t e r i n d i f ferent w o r k s 

Final ly , i t m u s t b e t a k e n i n t o a c c o u n t that e n e r g y r a d i a t i o n b u d g e t of the Earth c h a n g e s w i t h 
time, a n d this is a f fec t ing the v a l u e of this k e y p a r a m e t e r . For i n s t a n c e , H a t z i a n a s t a s s i o u et 
al. (2005) d e t e c t e d a d e c a d a l i n c r e a s e i n so lar a b s o r p t i o n of 2 .2 Wm-2, o v e r the p e r i o d 1 9 8 4 -
2000, p r o b a b l y d u e to r e d u c t i o n of l o w l e v e l c l o u d s . 
O n the o ther h a n d , a l inear re la t ion b e t w e e n g l o b a l a l b e d o i n c r e a s e a n d S W R F c a n n o t b e 
d i rec t l y a p p U e d to loca l or r e g i o n a l c a s e s , w h a t e v e r the v a l u e of the e q u i v a l e n c e p a r a m e t e r 
u s e d . Tl ie u n c e r t a i n t i e s a n d the g e o g r a p h i c v a r i a t i o n of the e q u i v a l e n c e b e t w e e n a l b e d o 
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increase a n d S W R F are t o o b i g as to s i m p l y a s s u m e a n a v e r a g e d v a l u e of -1 .27 W m-2 , for 

any locat ion in the w o r l d . D u e to var iabi l i ty of la t i tude a n d a v e r a g e c l o u d cover , there w i l l 

be s igni f icant ly d i f ferent v a l u e s of this parameter than a n y g loba l a v e r a g e es t imate , 

resulting in a n u n d e r e s t i m a t i o n or o v e r e s t i m a t i o n s of CO2 offset po tent ia l s of a l b e d o 

increase. 

Ultimately, g i v e n the imcer ta in t i e s in g l o b a l e s t imates , in pract ice the i s s u e of appHcat ing 

global s t u d i e s to part icu lar u r b a n areas c o u l d be o v e r c o m e b y the u s e of u p d a t e d loca l 

surface b a s e d o b s e r v a t i o n a l e s t i m a t e s of rad ia t ive fluxes, a v e r a g i n g l o n g t e r m c l imat ic data. 

The e f fec t iveness of t h e c h a n g e s in surface a l b e d o is a f u n c t i o n of the g e o g r a p h i c l o c a t i o n of 

the c h a n g e s . E s t i m a t i o n of this k e y p a r a m e t e r m u s t i n c l u d e the time-space var iabi l i ty i n n e t 

incoming so lar rad ia t ion f ie lds . Loca l o b s e r v a t i o n a l e s t i m a t e s of a v e r a g e S W D O W N a n d 

OSR at surface are n e e d e d . This e s t i m a t e s m u s t integrate d i f ferent factors , m a i n l y l a t i tude 

and a v e r a g e c l o u d c o v e r , b u t a l so k e y var iab les in u r b a n areas s u c h as a e r o s o l p o l l u t i o n . 

Updated sur face r a d i a t i o n data se ts c a n b e u s e d to d e t e r m i n e the a n n u a l a v e r a g e of n e t 

radiation. A l t e r n a t i v e l y , S W R F c a n b e ca l cu la ted f r o m OSR d a t a at T O A o b t a i n e d f r o m 

remote s e n s i n g p r o d u c t s , b u t r e s o l u t i o n of t h e s e p r o d u c t s m i g h t d o m o r e pract ica l the u s e of 

surface o b s e r v a t i o n s w h e n d e a l i n g w i t h u r b a n a l b e d o c h a n g e s . 

5.2 The equivalence parameter between SWRF per unit albedo change and the 
amount of atmospheric carbon offset that would exert the same forcing 
This i s s u e u l t i m a t e l y d e a l s w i t h the c h o i c e of a correct p a r a m e t e r that a c c o u n t s for t h e 

l o n g w a v e rad ia t ive forc ing (LWRF) e x e r t e d b y a u n i t COa-eq or the e s t i m a t e of a d j u s t e d 

(TOA) rad ia t ive f o r c m g p e r t o n CO2. A k b a r i et al. (2008) u s e a RF v a l u e of 0.91 k W / t o r a \ e of 

CO2 for a 3 8 5 p p m v c o n c e n t r a t i o n , b a s e d o n e s t i m a t e s b y H a n s e n et al. (2005) a n d M y h r e et 

al. (1998), w h o u s e a RF [Wm-2] = 5.35 ¡^(1 + A C / C ) , w h e r e A C is the d i f ference f r o m pre-

indus t i ia l t i m e s to current CO2 concentra t ion . The p r o b l e m is that this p a r a m e t e r c a n h a v e 

different v a l u e s a c c o r d i n g to the m e t h o d o l o g i c a l a p p r o a c h , a n d m u s t a l s o b e a c t u a h z e d w i t h 

present c o n c e n t r a t i o n . 

5.3 The conversion from atmospheric carbon equivalence to carbon emissions 
reduction 
G i v e n the u l t i m a t e g o a l of c o m p u t i n g a l b e d o c h a n g e s in c l i m a t e poHcy , a k e y i s s u e h a s 

ar isen w h e n the forc ing o n c l i m a t e of a stat ic a l terat ion of the e n e r g y b u d g e t h a s to b e 

c o m p a r e d to time-varying forc ing e x e r t e d b y e m i s s i o n s of G H G s . T h e s t a n d a r d e m i s s i o n 

m e t i i c u s e d i n U n i t e d N a t i o n s F r a m e w o r k C o n v e n t i o n o n C l i m a t e C h a n g e ( U N F C C C ) a n d 

carbon m a r k e t s is the G W P (Forster e t a l , 2007) , that w a s f o r m u l a t e d to c o m p a r e the 

c o n t i i b u t i o n of d i f ferent G H G s to c l i m a t e c h a n g e o v e r a n arbitrary p e r i o d of time, s e t in 100 

y e a r s i n the K y o t o Protoco l . T h e c a l c u l a t i o n of G W P s of d i f ferent a g e n t s i n v o l v e s the 

i n t e g r a t i o n of their f o r c i n g p e r u n i t m a s s increase i n a g i v e n time h o r i z o n , a n d i n c l u d e s a 

time-dependent a b u n d a n c e of b o t h the g a s c o n s i d e r e d a n d the re ference g a s (CO2). O n e of 

the p r o b l e m s of G W P metr i c s is that it d o e s n o t a c c o u n t for the d i f ferent r e s i d e n c e t i m e s of 

d i f ferent forc ing a g e n t s . This p r o b l e m of time v a r y i n g i m p a c t s b e c o m e s e v e n m o r e c o m p l e x 

w h e n t r y i n g to e x p r e s s a l b e d o f o r c i n g i n t e r m s of G W P . T h e r e are t w o bas i c conf l i c t ing 

i s s u e s here : 

1. W h e t h e r the u s e of a correc t ion factor b a s e d o n CO2 d e c a y c o n c e n t i a t i o n is a p p r o p r i a t e 

or n o t w h e n c o m p a r i n g to e q u i v a l e n t m s t a n t a n e o u s forc ing of a l b e d o c h a n g e s . 
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A s w e s h o w e d i n o u r a p p r o a c h to the in tegrat ion of a l b e d o forc ing a n d c a r b o n footpr int 

( M u ñ o z et alv 2010) , this m i x i n g of a static invar iant forc ing (SWRF) a n d a t i m e 

d e p e n d e n t f o r c i n g (LWRFco?) that c h a n g e s w i t h gas c o n c e n t r a t i o n is still controvers ia l 

and m e t h o d o l o g i c a l l y c o m p l e x , a n d m i g h t be an inappropr ia te a p p r o a c h . 

2. The cho ice of a g i v e n v a l u e for the CO2 a i r b o m e fraction (AF). If this correct ion is appHed, 

the m e t h o d o l o g i c a l a p p r o a c h c h o s e n to integrate the carbon d e c a y in a g i v e n time frame 

can y i e l d different v a l u e s of the AF, a n d m a r k e d differences in final carbon offsets. 

In one of the p i o n e e r i n g w o r k s d e a l i n g w i t h the in tegrat ion of a l b e d o a n d carbon forc ing , 

Betts (2000) a c c o i m t s for a n A F of e m i s s i o n s of 0.5, a s s u m e d to r e m a i n c o n s t a n t o v e r fores t 

growth t i m e s c a l e s . This f igure i s u s e d as w e l l b y Akabar i e t al. (2008), a n d M e n o n et al. 

(2010). This v a l u e of A F is o b t a i n e d b y a s i m p l e ar i thmet ic a v e r a g e of the fract ion of foss i l 

fuel e m i s s i o n s r e m a i n i n g i n the a t m o s p h e r e e a c h year for the p e r i o d 1958-2005 (Derunann , 

2007). H o w e v e r , the r a n g e of A F i n t h o s e years is a l m o s t (0.3-0.8), a n d the i n t e r - a n n u a l 

variabihty is t w o b r o a d for this f i x e d v a l u e of 0.5 to b e c o n s i d e r e d as a n intr ins ic p r o p e r t y of 

the chmat ic s y s t e m . Fur thermore , s i m u l a t i o n s t u d i e s c o n s t r a i n e d b y o b s e r v a t i o n s g i v e a 

similar r a n g e of u n c e r t a i n t y in the v a l u e of AF, a n d future project ions y i e l d l o w e r A F as CO2 

concentrat ion i n c r e a s e s i n the a t m o s p h e r e (Fig. 5) . 

Corbon Portit Post ond Future 

frocl'ion Absorbed by Oceon 

Fig. 5. P r e d i c t e d i n c r e a s e i n the fract ion of total e m i s s i o n s that a d d to a t m o s p h e r i c CO2. 

C h a n g e s i n the m e a n p a r t i t i o n i n g of e m i s s i o n s as s i m u l a t e d b y the C4MIP m o d e l s u p to 

2000 (black s y m b o l s ) a n d for the ent ire s i m u l a t i o n p e r i o d to 2100 (red s y m b o l s ) . T h e b o x 

s h o w n b y the d o t t e d l ine is a cons tra in t o n the h i s tor ica l c a r b o n b a l a n c e b a s e d o n r e c o r d s of 

a t m o s p h e r i c CO2 increase . T h e b lack a n d r e d d i a m o n d s s h o w the m o d e l - m e a n c a r b o n 

p a r t i t i o n i n g for the h is tor ica l p e r i o d a n d the ent ire s i m u l a t i o n p e r i o d , r e s p e c t i v e l y . ( F r o m 

D e n m a i m e t al., 2007) . 

A s it c a n b e s e e n , t h e c h o i c e of a n A F of 0.5 s e e m s t o o s i m p l i s t i c , a n d o t h e r p r o p o s a l s 

a d d r e s s this i s s u e b y i n t r o d u c i n g correc t ion o p e r a t i o n s b a s e d o n a t m o s p h e r i c c a r b o n d e c a y 

m o d e l s . For i n s t a n c e , i n o u r w o r k o n g r e e n h o u s e s f o o t p r i n t ( M u ñ o z e t al , 2010) w e u s e d a n 
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simple in tegra t ion of the Bern c a r b o n cyc le m o d e l (Joos e t al, 1996) i n a t i m e h o r i z o n of 100 
years, genera l ly u s e d i n the ca l cu la t ion of G W P , to obta in a n A F v a l u e of 0.48. A c c o r d i n g to 
this m o d e l , after 10 y e a r s 66% of the init ial e m i s s i o n r e m a i n s in the a t m o s p h e r e , w h i l e o n l y 
36% r e m a i n s after 100 years . A s a c o n s e q u e n c e , the cho ice of a time h o r i z o n affects the 
magnitude of the C 0 2 - e q . e m i s s i o n s . In a m o r e c o m p l e x f o r m u l a t i o n , S c h w a i g e r & Bird 
(2010) u s e a c o n v o l u t i o n o p e r a t i o n to in tegrate the i n s t a n t a n e o u s forc ing b y a l b e d o c h a n g e 
and the i n v e r s e of a c a r b o n d e c a y funct ion . 
In conc lus ion , the c o n v e r s i o n of a l b e d o forc ing in to e m i s s i o n s e q u i v a l e n t is still a n o p e n a n d 
chal lenging i s s u e that n e e d s further c o n s i d e r a t i o n s a n d c o n s e n s u s prior to the d e v e l o p m e n t 
of a c c o u n t i n g s t a n d a r d s that p r o v i d e a too l to i m p l e m e n t a l b e d o e n h a n c e m e n t po l i c i e s . It 
must be bear i n m i n d that, if A F n o correc t ion is appHed, the v a l u e of c a r b o n offset 
est imations w i l l b e at l eas t t w o fo ld l o w e r t h a n v a l u e s corrected w i t h AF. 

6. Intensive use of land and high yield conservation 
By n o w , in o u r e s t i m a t i o n of the c l imat ic i m p a c t of g r e e n h o u s e f a r m i n g d e v e l o p m e n t w e 
have a c c o u n t e d for on - s i t e i m p a c t of c h a n g e s i n the solar e n e r g y b u d g e t , a n d for the g l o b a l 
impact re la ted to ind irec t G H G s e m i s s i o n s r e q u i r e d for aU i n p u t s a n d p r o c e s s e s i n the farm. 
But there is a n o t h e r r e m a r k a b l e ind irec t tiade-off of this l a n d u s e tiansformation that m u s t 
be acco t in ted for, if w e w i s h to h a v e a n overa l l p ic ture of the c l imat ic a n d e n v i r o n m e n t a l 
effects o n the w h o l e territory of the i n f l u e n c e of this p r o d u c t i v e s y s t e m . W h e n d e a l i n g w i t h 
changes i n t h e u s e of l a n d a n d natura l r e s o u r c e s b y a g i v e n h u m a n p o p u l a t i o n , n o t o n l y 
land u s e c h a n g e s , b u t a l s o a s s o c i a t e d local p o p u l a t i o n m i g r a t i o n s , a n d c h a n g e s i n the 
intensi ty of l a n d u s e i n a b r o a d e r area of their h is tor ica l s e t t l e m e n t s h o u l d a l so b e i n c l u d e d 
in the a n a l y s i s . Th i s w a y , i n the s o u t h e r n M e d i t e r r a n e a n c o a s t of S p a i n , the shift f r o m 
extens ive d r y c r o p s t o w a r d s irr igated i n t e n s i v e g r e e n h o u s e f a r m i n g h a s g e n e r a t e d the 
c o n c e n t i a t i o n of h i g h l y prof i table f a r m i n g act iv i t i es in a l i m i t e d p o r t i o n of the s e t t h n g 
territory of the p o p u l a t i o n , w h i l e l o w i n c o m e e x t e n s i v e f a r m i n g a n d g r a z i n g act iv i t ies h a v e 
been a b a n d o n e d i n an area a r o u n d ten times larger. This h a s b o o s t e d a s p o n t a n e o u s 
recovery of na tura l v e g e t a t i o n , a n d a l l o w e d the d e v e l o p m e n t of fores try p l a n s i n the 
a b a n d o n e d f a r m l a n d , w i t h the na tura l or a i d e d g e n e r a t i o n of h u g e c a r b o n s inks i n so i l s a n d 
b i o m a s s . Th i s s i n k s s h o u l d be a c c o u n t e d for w h e n e s t i m a t i n g the n e t e n v i r o n m e n t a l a n d 
cl imatic i m p a c t of g r e e n h o u s e f a r m i n g , u r b a n i z a t i o n p r o c e s s e s or a n y in tens i f i ca t ion of l a n d 
use a l o n g w i t h s imi lar c h a n g e s i n the h u m a n u s e of the s u r r o u n d i n g territory. 
As a n e x a m p l e , I w i l l s u m m a r i z e the bas ic figures of this n o n i n t e n t i o n a l tiade-off, r e s t i i c t e d 
to the p r o v i n c e of A l m e r i a for pract ical stat ist ical r e a s o n s . H o w e v e r , it is diff icult to 
d e t e r m i n e the g e o g r a p h i c a l l imi ts of the s u r r o u n d i n g area of i n f l u e n c e af fec ted b y 
g r e e n h o u s e f a r m i n g d e v e l o p m e n t . T h e s u d d e n g e n e r a t i o n of this n e w s o u r c e of i n c o m e h a s 
m o s t l y at tracted p o p u l a t i o n s f r o m i n l a n d m o u n t a i n s of the p r o v i n c e of A l m e r i a , b u t a l s o 
f rom n e i g h b o u r i n g p r o v i n c e of G r a n a d a , a n d fur thermore , a n i n t e n s e m i g r a t i o n f l o w of 
labourers f r o m 2 0 0 di f ferent c o u n t i i e s a r o u n d the g l o b e s e e k u i g for a l t ernat ives to the u s e of 
their o w n h o m e l a n d . 

T h e p r o v i n c e of A l m e r i a h a s a total e x t e n s i o n of 877 ,400 ha . T h e p o p u l a t i o n h a s g r o w n f r o m 
357 ,000 m 1 9 5 7 to 667 ,600 m 2008 . T h e G r o s s V a l u e A d d e d ( G V A ) of t h e agricult i iral s ec tor 
in this p r o v i n c e h a s m u l t i p l i e d 10 times the v a l u e i n 1957 , a n d 3 times s i n c e t h e b e g i n n i n g of 
the greervhouses b o o m in the ear ly 80s , t u r n i n g f r o m the p o o r e s t p r o v i n c e s in S p a i n to o n e of 
the b i g g e s t agr icu l tura l e x p o r t s area i n t h e M e d i t e r r a n e a n . A t the s a m e time, it h a s t u r n e d 
f r o m a s o u r c e of e m i g r a n t s to a n a t t i ac t ing p o l e of m i g r a n t s f r o m all o v e r the w o r l d . 
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Despite this e c o n o m i c b o o m a n d p o p u l a t i o n g r o w t h , the e x t e n s i o n of natura l areas h a s n o t 
decreased in the p r o v i n c e in the last d e c a d e s (Fig. 6). G r e e n h o u s e f a r m m g h a s b e e n 
concentrated in coas ta l flat l a n d s a c c o u n t i n g for 27 ,000 ha, jus t a 3% of the total l a n d i n the 
province. O n the c o n t i a r y , h u n d r e d s of t h o u s a n d s of hec tares of dry crops a n d s e m i - a r i d 
pastures (40-50% of tota l surface of the p r o v i n c e ) h a v e b e e n a b a n d o n e d i n l a n d , a n d natura l 
Mediterranean p l a n t c o m m u n i t i e s h a v e s i n c e t h e n d e v e l o p e d a d y n a m i c p r o c e s s of 
success ion that h a s t r a n s f o r m e d t h o u s a n d s of hec tares to n e w s h r u b l a n d s w i t h a po ten t ia l 
forestry use . M o s t a b a n d o n e d c r o p s d o n o t s h o w i n the statist ic s u m m a r y in Fig 5, as t h e y 
are still a c c o i m t e d i n official stat ist ics as f a r m l a n d , a n d a b i g p o r t i o n of p a s t u r e s that h a v e 
also b e e n a b a n d o n e d are i n c l u d e d i n the natural areas ca tegory . In a d d i t i o n , to this 
spontaneous r e c o v e r y , S p a n i s h g o v e r n m e n t p l a n s f r o m the 50s , a n d m o r e r e c e n t E U 
assistance to f a r m tiee p l a n t i n g h a v e i n c r e a s e d the fores ted surface i n 90% f r o m 66 ,000 h a i n 
1957 to p r e s e n t 130,000. A l o n g w i t h this , h is tor ical e r o s i o n i n this s e m i - a r i d territory h a s 
been r e d u c e d b y t h e a b a n d o n m e n t of e x t e n s i v e areas of m o u n t a i n d r y c r o p s that su f fered 
vegetat ion c l earance a n d tillage i n h i g h s t e e p s l o p e s . , 
This pat tern of l a n d u s e c h a n g e i n the p r o v i n c e (Fig. 6) h a s b e e n b o o s t e d in great part b y the 
n e w s o u r c e of i n c o m e g e n e r a t e d b y o f f - s eason g r e e n h o u s e p r o d u c t i o n , a n act iv i ty that h a s 
g r o w n t h a n k s to the c o n j u n c t i o n of a v e r y speci f ic c l imat ic a n d e x p o r t m a r k e t i n g c o n d i t i o n . 
N o n e t h e l e s s , the g r o w t h i n p o p u l a t i o n , per capi ta i n c o m e , a l o n g w i t h the r e d u c t i o n i n total 
ex tens ion of h u m a n u s e of l a n d , a n d the increase a n d r e c o v e r y of na tura l areas character ize 
a pattern of e c o n o m i c d e v e l o p m e n t b a s e d o n the in tens i f i ca t ion a n d c o n c e n t r a t i o n of l a n d 
use that c a n be a d a p t e d to d i f ferent l a t i t u d e s o n the w o r l d i n order to a c h i e v e b o t h l oca l 
p o p u l a t i o n s n e e d s a n d natura l habi tats a n d c y c l e s m a i n t e n a n c e a n d r e g e n e r a t i o n . 
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Fig. 6. Rates of c h a n g e i n p o p u l a t i o n a n d d i f ferent l a n d u s e c a t e g o r i e s i n the p r o v i n c e of 
A l m e r i a d u r i n g the p e r i o d 1956-2003 . 
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P r o v i n c e of 
A l m e r i a 

N e t c a r b o n f ixat ion in b i o m a s s 

TCO2 ha-i s tock surface (ha- i ) T C O a h a - i a-i T C h a - i a-i 

Forest L a n d 
(only trees) 

Forest L a n d 
( shrublands) 

'81 154 ,000 2.5 ' 385 ,000 

120 335 ,000 10.4 3 ,490 ,000 , 

Total 3 .87 M TCO2 

Table 4. CO2 f ixat ion i n natura l areas i n the p r o v i n c e of A l m e r i a ( f rom A g u d o e t al., 2007) . 

This p h e n o m e n o n of l a n d u s e c h a n g e , a s s o c i a t e d f a r m l a n d a b a n d o n m e n t , a n d fores ts 
recovery is n o t u n i q u e of g r e e n h o u s e f a r m i n g , b u t is a c o m m o n t rend i n m a n y d e v e l o p i n g 
areas i n the w o r l d , s u c h as the nor thern M e d i t e r r a n e a n b a s i n a n d C h i n a (Fig. 8) , t h r o u g h 
natural e x p a n s i o n a n d af forestat ion p r o g r a m s . 

Global d e f o r e s t a t i o n i s m a i n l y d u e to c o n v e r s i o n of fores ts to agr icul tural l a n d . H o w e v e r , 
and t h o u g h e a c h y e a r a b o u t 1 3 m i l h o n hec tares of the w o r l d ' s forests are l o s t d u e to 
de fores ta t ion , the rate of n e t fores t l o s s is s l o w i n g d o w n , t h a n k s to n e w p l a n t i n g a n d na tura l 
e x p a n s i o n of e x i s t i n g fores t s d u e to a b a n d o n m e n t of p a s t u r e s a n d f a r m l a n d s . Th i s w a y , n e t 

. forest l o s s d r o p p e d f r o m 8.9 m i U i o n hec tares per y e a r i n the 90s to 7.3 rruUion h e c t a r e s p e r 
year Ш the p e r i o d 2000-2005 ( F A O , 2005) . 

For ins tance , E U a s s i s t a n c e to forestry u n d e r the r e g u l a t i o n 2 0 8 0 / 9 2 , forestry m e a s u r e s o n 
farms, a i m e d to r e d u c e agr icul tural s u r p l u s e s a n d e n h a n c e fores t r e s o u r c e s , a n d " c o m b a t 
the g r e e n h o u s e effect b y a b s o r b i n g c a r b o n d i o x i d e " . In the first p e r i o d of this p l a n , o n e 
m i l h o n f a r m l a n d i n E U c h a n g e d to fores try b e t w e e n 1 9 9 4 a n d 1999 , a b i g g e s t p o r t i o n in 
S p a i n (Eva lua t ion , 2000) . E v a l u a t i o n s h a v e s h o w n that this m e a s u r e h a s l e d to the 
c o n s e r v a t i o n a n d r e g e n e r a t i o n of v a l u a b l e hab i ta t s a n d i n c r e a s e s i n the u s e of l a n d for 
e n v i r o n m e n t a l p u r p o s e s . 

It i s v e r y i m p o r t a n t t o h i g h l i g h t that th i s t r end g o e s i n the d i rec t ion of t h e reversa l of 
h is tor ical l a n d u s e c h a n g e f r o m p r e - i n d u s t i i a l re ference d a t a of 1750 , c h a r a c t e r i z e d b y a 
g l o b a l r e p l a c e m e n t of forests a n d natura l v e g e t a t i o n b y f a r m l a n d a n d p a s t u r e s (Fig. 7). In 
the last 40 y e a r s , 500 m i l h o n h a h a v e b e e n a d d e d to g l o b a l f a r m l a n d , 3 0 0 o u t of t h e m are 
p a s t u r e l a n d for e x t e n s i v e Hves tock g r a z i n g . N o w a d a y s , a r o u n d 40-50% of l a n d sur face h a s 
a n agr icu l tura l u s e , a n d 80% of d e f o r e s t e d l a n d c h a n g e s t o w a r d s agr icu l tura l or p a s t u r e u s e . 
F u r t h e r m o r e , p r e s e n t p o p u l a t i o i i g i ' owth a n d d e m a n d s m a k e u n s u s t a i n a b l e to m a i n t a i n this 

In terms of cUmate c h a n g e m i t i g a t i o n , it is i m p o r t a n t to a c c o i m t for this n e w carbon s i n k s 
generated in this a b a n d o n e d farmlands . D u e to the i n t e n s e d y n a m i c s of this l a n d u s e 
changes, the p r o v i n c e of A h n e r i a h o l d s o n e of the m o s t i n t e n s e carbon s inks i n the s o u t h of 
Spain ( A g u d o , 2007) . A c c o r d i n g to the last r e g i o n a l c a r b o n s ink i n v e n t o r y , e laborated 
according to the I P C C m e t h o d o l o g y for L a n d U s e a n d L a n d U s e C h a n g e a n d Forestry 
(Penmann et al., 2003) , the fores t areas in the p r o v i n c e w o u l d b e n o w a d a y s f ix ing a r o u n d 3.8 
million t o n s of CO2 (Table 4). This f igure , o n l y a c c o u n t i n g for b i o m a s s f ixat ion, s h o u l d b e 
increased b y f ixat ion i n so i l s i n r e g e n e r a t i o n in a b a n d o n e d f a r m l a n d s , b u t this h u g e s ink h a s 
not b e e n e s t i m a t e d y e t i n the area. 
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trend t o w a r d s e x t e n s i v e u s e of l a n d i n the p r e s e n t century . H u m a n p o p u l a t i o n is projected 
to g r o w f r o m 6,700 m i l h o n to 9,000 m i l l i n g a r o u n d 2050 , w i t h s k y r o c k e t u i g d e m a n d s for 
meat c o n s u m p t i o n in d e v e l o p i n g cotmtr ies l ike C h i n a a n d India, d u e to h i g h e r i n c o m e 
levels. Is h a s b e e n e s t i m a t e d that f o o d d e m a n d s wiU i n crease i n 50% i n the XXI century . 
This m e a n s i n c r e a s e d h u m a n u s e of l a n d , w i t h h i g h e r p r e s s u r e o n natura l habitats that w i l l 
addit ionally suffer i n t e n s e s tress f r o m c l imat ic c h a n g e . Less a d a p t a t i o n o p t i o n s t h r o u g h 
migration w i l l b e ava i lab le to natura l p o p u l a t i o n s of p l a n t s a n d an imal s . H o w e v e r , b e s t 
soils a n d p o t e n t i a l f a r m l a n d h a v e a h e a d y b e e n o c c u p i e d , a n d further tiUage w i l l h a v e to b e 
done in m a r g i n a l l a n d , w i t h l o w e r q u a h t y so i l s , h i g h e r s l o p e s or w o r s t ch ma t i c c o n d i t i o n s , 
with l o w e r p r o d u c t i v i t y y i e l d s , w i t h g r o w i n g e n v i r o n m e n t a l a n d sus ta inabi l i ty p r o b l e m s . 
The o n l y feas ib le a l ternat ive t h e n to m a k e w i t h h i g h e r f o o d p r o d u c t i o n c o m p a t i b l e w i t h 
natural habi tats c o n s e r v a t i o n a n d a d a p t a t i o n r e q u i r e m e n t s i n a c h a n g i n g c l i m a t e is the 
reduct ion a n d c o n c e n t i a t i o n of h u m a n l a n d u s e t h r o u g h the d e v e l o p m e n t of h i g h y i e l d 
product ion s y s t e m s , s u c h as g r e e n h o u s e hort icul ture . A d d i t i o n a l l y , local p o p u l a t i o n s m u s t 
be offered a l ternat ive source^ of r en t i n order to a b a n d o n the e x t e n s i v e l o w i n c o n j e u s e of 
land, or t h e y m i g h t n e e d to m i g r a t e to g r o w i n g u r b a n areas . 
In d e v e l o p e d r e g i o n s s u c h as U S a n d Europe , f a r m l a n d e x t e n s i o n is m a i n t a i n e d or 
decreas ing, a n d fores ts e x t e n s i o n is s t a b i h z e d or p r o m o t e d b y forestry p l a n s , feas ib le d u e t o 
the g e n e r a t i o n i n t h e last d e c a d e s of a l ternat ive s o u r c e s of i n c o m e for rural p o p u l a t i o n , a n d 
urbanizat ion p r o c e s s e s . 

Biome Type 
|||||||||||[|| Tropical Forest ä .̂ jjjJUII Temperate Forest -
B m Boreai Forest 

m Savanna/Dense ShruDiarxl 
I Grassland/Steppe 

Potential Natural Vegetation 

I Tundra 

j Open Shrubland/Descrt/RocWtce 

SAGE Cfoplancis 
HYDE Croplands & Pastures 

• î Cropland V, / . .À? .^^^ 

Cropland. 

Pasture 

c O . W A 

Fig. 7. Po tent ia l na tura l v e g e t a t i o n a n d l a n d u s e c h a n g e s f r o m p r e m d u s t i i a l time to p r e s e n t 
d u e to agr icu l ture a n d l i v e s t o c k d e v e l o p m e n t (From Forster e t a l , 2007) . 
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> 0.5% Decrease per year 

aBH >O.S%lnaeaseperyear 

• M . Change rate below 0.5 % per year 

Fig. 8. R e c e n t rates of n e t fores t area c h a n g e (2000-2005) . R e d >0 .5% d e c r e a s e p e r year ; 

G r e e n > 0.5% i n c r e a s e pr year; G r e y = c h a n g e rate b e l o w 0.5% p e r y e a r ( F A O , 2005) . 
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