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ABSTRACT: A long - t erm local c o o l i n g trend in surface air temperature 
lias been m o n i t o r e d at the largest concentra t ion o f reflective g r e e n h o u s e s 
in the vsrorld, at the Province o f Almeria , SE Spain, associated wi th a 
dramatic increase in surface a lbedo in the area. T h e availability o f reliable 
long-term climatic field data at this site offers a un ique oppor tun i ty to 
test the skill o f m e s o s c a l e m e t e o r o l o g i c a l m o d e l s descr ibing and 
predicting the impacts o f land use change o n local c l imate. U s i n g the 
Weather Research and Forecast ( W R F ) m e s o s c a l e m o d e l , w e have run a 
sensitivity exper iment to s imulate the impact o f the observed surface 
albedo change on m o n t h l y and annual surface air temperatures . T h e 
model output s h o w e d a m e a n annual c o o l i n g o f 0 .25 ° C associated wi th a 
0.09 albedo increase, and a reduct ion of 2 2 . 8 W m"^ of n e t i n c o m i n g 
solar radiation at surface. M e a n reduct ion of s u m m e r daily m a x i m u m 
temperatures w a s 0 .49 ° C , w i t h the largest s ingle-day decrease equal to 1.3 ° C . W R F output w a s evaluated and c o m p a r e d w i t h 
observations. A m e a n annual w a r m bias ( M B E ) of 0 .42 ° C w a s es t imated . H i g h correlat ion coeff ic ients (R^ > 0 .9 ) w e r e f o u n d 
between m o d e l e d and observed values . T h i s s tudy has particular interest in the a s s e s s m e n t of the potent ia l for urban temperature 
cooling b y c o o l roofs d e p l o y m e n t projects , as we l l as in the evaluation o f m e s o s c a l e cl imatic m o d e l s per formance . 

1. INTRODUCTION 

The largest concentra t ion o f reflective g r e e n h o u s e s o n the 
planet is located in the coastal plains o f the prov ince of Almeria, 

Spain. T h e g r e e n h o u s e s sustain high efficiency horticul-
ture.'"'' G r e e n h o u s e farming d e v e l o p m e n t from 1 9 7 0 through 
2000 dramatically transformed the semiarid pasture land, and 
now, according t o International Space Stat ion personal , this 
area is the o n l y h u m a n s e t t l e m e n t that can b e s e e n from the 
station with the naked eye . S ince 2 0 0 0 , the total surface area o f 
greenhouses has r e m a i n e d roughly cons tant at 2 7 ООО ha 
(Supporting Informat ion , SI, Figure Si)."* 

The d e v e l o p m e n t o f g r e e n h o u s e agriculture has led to a local 
long-term c o o l i n g trend in surface air t emperatures at the area 
° f - 0 . 3 ° C decade" ' , despi te the general ized w a r m i n g in the 
surrounding reg ion ( S E Spain) o f +0Л ° C decade""'.^ T h e 
analysis o f the observat ional records s u g g e s t e d that the increase 
'n surface a lbedo assoc iated w i t h g r e e n h o u s e d e v e l o p m e n t , 
+0.09 averaged over all s easons , has b e e n the m o s t probable 
cause of this c o o l i n g trend. 

Urban heat is lands, i.e., the difference in t emperatures 
between urban and surrounding areas, can reach as m u c h as 1° 
0̂ б °C in s u m m e r months .^ U r b a n a lbedo modi f i ca t ion to c o o l 

'ocal surface air t emperature is a strategy already e m p l o y e d in 
tnany cities. F o r example , reflective roofs are required in certain 
situations in California and m a n d a t e s have b e e n p r o p o s e d in 
Öle U.S. and Europe.'''^ W h i l e the research c o m m u n i t y has u s e d 
nieteorological m o d e l i n g to es t imate the impacts o f coo l roofs 

requirements , n o c o m p a r i s o n s o f m o d e l e d temperature c h a n g e s 
to real wor ld temperature c h a n g e s occurring w i t h cityivide 
a d o p t i o n o f reflective roofs has b e e n pursued to date (as 
cityvidde changes to roof characteristics are rare). 

T h e a lbedo increase at the s tudy area is e m p l o y e d here as an 
ideal and un ique p i lo t exper iment , w h e r e m e s o s c a l e m o d e U n g 
can b e c o m p a r e d w i t h field observat ions , h e l p i n g to be t ter 
d e t e r m i n e the impact o f a lbedo e n h a n c e m e n t in future land 
cover c h a n g e projects . A n o t h e r advantage o f this exper i ence is 
that the ne t impact o n global e m i s s i o n s o f g r e e n h o u s e farming 
has b e e n quantif ied b y life cycle a s s e s s m e n t ( L C A ) . ' B e c a u s e o f 
all these interest ing features, this particular farming m o d e l 
appears as a p r o m i s i n g o p t i o n to avoid c o m p e t i t i o n b e t w e e n 
c l imate -change mi t iga t ion strategies b a s e d o n land use , s u c h as 
forestry and biofuels , and n e w d e m a n d s for land to p r o d u c e 
f o o d for a g r o w i n g p o p u l a t i o n in the future.'" 

In this work, w e pursue t w o goals : first, to d e m o n s t r a t e 
through m o d e l i n g the mechan i s t i c l ink b e t w e e n historic surface 
a lbedo increases and historic c o o l i n g trends o b s e r v e d in the 
area; s e c o n d , to evaluate differences b e t w e e n o b s e r v e d and 
m o d e l e d temperature perturbat ions in order t o inform future 
invest igat ions o f surface a lbedo e n h a n c e m e n t strategies. 
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Past model ing efforts a n d o b s e r v a t i o n a l s t u d i e s h a v e 
investigated climatic alterations driven b y land u s e / l a n d c o v e r 
changes at local, m e s o s c a l e , and reg iona l s c a l e s . " ' ' " In 
particular, previous m o d e l i n g s imulat ions show that a lbedo 
increases can cool surface air temperatures . For example , Betts 
used a global circulation m o d e l ( H a d A M 3 ) to show that 
dearing of l ow albedo natural vege ta t ion in Eurasian and 
American agricultural regions may have r e d u c e d annual m e a n 
temperatures in affected regions b y 0 . 5 - 1 ° C . ' ^ Other s tudies 
have used global m o d e l s t o s imulate the effects o f v^ndespread 
urban albedo brightening through global d e p l o y m e n t s o f c o o l 
roofs.'*-'^ 

In most cases, the l o w reso lut ion of g lobal m o d e l s ( 0 . 5 ° - 2 . 5 ° ) 
limits the comparisons of m o d e l ou tput to local field data. T o 
evaluate the impact o f a lbedo e n h a n c e m e n t s o n urban scales , 
regional models w i t h h igher reso lut ion and i m p r o v e d land 
surface r e p r e s e n t a t i o n c a n b e e m p l o y e d . F o r e x a m p l e , 
simulations of ~ 0 . 1 a lbedo increases during short e p i s o d e s (a 
few days) in several U.S . cities ( L o s Ange l e s , Atlanta, Detro i t , 
Philadelphia Ba l t imore , W a s h i n g t o n , a n d N e w O r l e a n s ) , 
showed reductions in p e a k s u m m e r t i m e temperatures ranging 
from 0.14 to 1.5 ° C . ' ' T e m p e r a t u r e decreases o f as m u c h as 
3.75 °C at single grid cells w h e r e s imulated b y urban a lbedo 
brightening in California us ing a slightly l o n g e r t i m e frame of 
5-7 days.'* Other s imulat ions from 1 to 6 days runs found u p 
to 1 - 2 ° C o f peak temperature reduct ions c o u l d b e ach ieved in 
New York'' and A t h e n s ( G r e e c e ) " " g iven varying increases o f 
urban albedo. 

In order to invest igate feedbacks on the a t m o s p h e r i c s y s t e m 
that may deve lop over longer per iods and larger d o m a i n s , 
simulations of urban a lbedo increases over 12 years w i t h a 
domain covering the cont inenta l U.S . w i t h 2 5 b y 2 5 k m s ized 
grid cells s h o w e d year-round temperatures reduct ions in m o s t 
rities with the largest c o o l i n g found at Los A n g e l e s (—0.53 ° C ) , 
Detroit ( - 0 . 3 9 ° C ) , and N e w York ( - 0 . 3 ° C ) . - ' In this work, it 
was assumed that a l b e d o changes varied from 0.0 to -(-0.115, 
depending o n urban dens i ty , according t o prev ious es t ima­
tions.'̂ ^ Over the l o n g s imulat ion per iod, s o m e cities s h o w e d n o 
significant temperature reduct ions , and a f e w reg ions d o v m w i n d 
of urban areas s h o w e d small but significant t emperature 
increases. T e m p e r a t u r e i n c r e a s e s w e r e c o r r e l a t e d w i t h 
decreased cumulus precipi tat ion, reduct ion in c loud cover, 
5nd increased shor twave radiation reaching the surface. 

Some empirical s tudies have analyzed direct field observa­
tions to verify the impact o f h igh a lbedo surfaces o n air 
temperatures registered b y m o n i t o r i n g stat ions . For instance , it 
Was reported an average s u m m e r dayt ime c o o l i n g of 1—2 ° C , 
for a +0.4 a lbedo difference b e t w e e n h igh a l b e d o s a n d y surfaces 
^nd darker s u r r o u n d i n g areas in N e w M e x i c o desert.^''' 
However, d u e t o l imi ted temporal and spatial coverage of 
reliable field data, f ew observat ional s tud ies l ink l o n g - t e r m 
albedo changes and c o o l i n g trends. Land cover changes usual ly 
Occur on decadal and l o n g e r t ime scales, s u c h that the c l imatic 
signal requires observat ions over this t i m e per iod . '^ S u c h 
observational s tudies are scarce, as reliable t emperature series o f 
t̂ least 2 5 — 3 0 years are n e e d e d in order t o establ ish c l imatic 

trends.^'' T h e impact o n surface t emperatures o f land use 
t^hanges from grasslands to intens ive agriculture in the U . S . 
Great Plains w a s invest igated us ing 7-years M O D I S ( M o d e r a t e 
l^esolution I m a g i n g S p e c t r o m e t e r ) data, s u g g e s t i n g that 
differences in t emperature might be due t o irrigation b u t did 
"ot investigate the role o f a lbedo c h a n g e . " 

W e have se lec ted a representative annual cycle (year 2 0 0 5 ) 
to run b o t h control and a lbedo e n h a n c e m e n t s imulat ions , and 
d e t e r m i n e m o n t h l y a n d annual c h a n g e s in surface air 
temperatures , as wel l as in the surface energy budget . T h i s 
year was se lec ted due to the availability of previous analyses''' o f 
surface temperatures and M O D I S surface a lbedo data to further 
establish compar i son b e t w e e n our results and these observa­
tional data. T w o exper iments were run for the same per iod and 
d o m a i n , changing o n l y the a lbedo values in the land surface 
m o d e l to m i m i c either present g r e e n h o u s e s cover or prev ious 
pastureland cover. T h e s c o p e of our sensit ivity exper iments is 
l imi ted to assess the skill o f W R F to s imulate the impact o f 
a lbedo changes o n surface air temperatures in the area. All 
o ther b iogeophys ica l and b i o g e o c h e m i c a l changes associated t o ' 
historic land cover change in the s tudy area have intent ional ly 
no t b e e n taken into account in order to focus o n the potent ia l 
o f a lbedo e n h a n c e m e n t for local adaptat ion of any h u m a n 
s e t t l e m e n t s to projec ted global warming . 

2. MODELING METHODOLOGY 

Cl imat ic and Land Surface M o d e l . T h e W e a t h e r 
Research and Forecast ing M o d e l ( W R F ) vers ion 3 .2 .1 w a s 
u s e d for simulations.^* W R F is a m e s o s c a l e m o d e l de s igned t o 
serve b o t h operat ional forecast ing and a tmospher ic research 
n e e d s . T h e basic c o m p u t a t i o n s are b a s e d o n so lv ing the 
equat ions o f m o t i o n , heat , and mois ture and cont inui ty . T h e 
m o d e l uses h igher-order numer ics and the dynamics conserves 
scalar variables. 

T h e N O A H L a n d Surface M o d e l ( L S M ) ^' has b e e n c o u p l e d 
to WRF^^ and w a s u s e d to s imulate surface soi l moi s ture , soi l 
temperature , and c a n o p y mois ture . It prov ides surface fluxes 
and surface skin temperature as l ower b o u n d a r y c o n d i t i o n s for 
a c o u p l e d a tmospher ic m o d e l . W R F is suitable for a broad 
spec trum o f appl icat ions across scales ranging from m e t e r s to 
t h o u s a n d s o f k i lometres . 

W R F software architecture w a s built in C A R V E R I B M 
iDataPlex s u p e r c o m p u t e r at the U S D e p a r t m e n t o f E n e r g y 
( D O E ) Nat iona l E n e r g y Research Scientif ic C o m p u t i n g C e n t e r 
( N E R S C ) in Berkeley, C A . A 3 - n e s t e d grid conf igurat ion w a s 
used , w i t h grid s izes o f 36 , 12, and 4 k m , respect ively . T h e 
center -po int o f the coarse d o m a i n is l oca ted at the g r e e n h o u s e 
farming area, 3 6 . 7 N and —2.7 W . T h e i n n e r m o s t d o m a i n (vkdth 
4 6 X 4 6 cel ls ) covers the w h o l e prov ince of Almeria and part o f 
ne ighbor ing prov inces o f Granada and Jaen, SE o f Spain. T h e 
vertical d i m e n s i o n is d iv ided o n t o 2 8 layers. Geographica l data 
sets w e r e d o w n l o a d e d from N C E P / N C A R . 

In our W R F sensit ivi ty exper iments , w e h a v e u s e d a "ceteris 
paribus" exper imenta l approach, i.e., "holding all e lse constant", 
intent ional ly a s suming n o c h a n g e s in o ther b i o g e o p h y s i c a l land 
cover propert ies and cons ider ing a lbedo as a s ingle i n d e p e n d e n t 
variable, so that the effect o n the d e p e n d e n t variable ( 2 - m 
t e m p e r a t u r e ) can b e isolated, thus f o c u s i n g the m o d e l runs o n 
the impact o n surface air t emperatures o f o b s e r v e d historic 
a lbedo c h a n g e in the area. '̂̂  

T h e 2 4 - c a t e g o r y U .S . Geo log i ca l survey ( U S G S ) land use 
classification s c h e m e w a s s e l e c t e d to prov ide land-cover data for 
the m o d e l d o m a i n s . G r e e n h o u s e farming is n o t specifically 
represented in available land u s e s c h e m e s . Instead, the s tudy 
area is still classified as U S G S shrubland category ( n u m b e r 8 ) , 
a long w i t h the rest o f semiarid l o w l a n d s in the prov ince of 
Almeria . T h i s default ca tegory w a s se l ec ted to represent pre­
exist ing pasture land ( P S ) in the area n o w c o v e r e d b y 
g r e e n h o u s e s , b u t a lbedo w a s modi f i ed and adjusted m o n t h l y 
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Table 1. Mean M o n t h l y a n d A n n u a l C h a n g e s i n A l b e d o , Surface Air T e m p e r a t u r e , N e t S o l a r R a d i a t i o n , a n d H e a t Flvix at 
Surface" 

albedo change ДТ2 ("C) ASWDOWN (W m-^)'' AHFX (W AT2/ASWD0WN 

January +0.07 -0 .17 -8.60 -5 .50 0.020 
February +0.06 -0 .14 -8 .50 -7 .20 0.016 
March +0.09 -0 .22 -17 .3 - 1 0 . 4 0.013 
April +0.10 -0 .29 -27.6 -20 .3 0.011 
May +0.09 -0 .27 -26.8 -19 .9 0.010 
June +0.12 -0 .40 -41.3 -31 .4 0.010 
July +0.12 -0 .35 -42.1 -32 .6 0.008 
August +0.13 -0 .39 -39.7 -31 .9 0.010 
September +0.13 -0 .29 -30.5 -24 .2 0.010 
October +0.09 -0 .25 -15.9 -12 .1 0.016 
November +0.06 -0 .13 -7 .80 -S.91 0.017 
December +0.07 -0 .10 -7 .90 - 4 5 0 0.013 
YEAR 2005 +0.09 -0 .25 -22.8 -17.1 0.011 

"Last column: ratio of temperature change per unit of net incoming radiation. ''Change in net shortwave radiation. "^Change in heat flux. 

according to previous analysis o f M O D I S data.^i T o s imulate 
albedo change in the area, a n e w g r e e n h o u s e s category ( G H ) 
was included in the s c h e m e to represent present g r e e n h o u s e 
farming land c o v e r , a n d i n s e r t e d in t h e p ixe l s w h e r e 
greenhouses are located. A l b e d o was the o n l y parameter that 
was changed in this n e w category, keep ing the rest o f U S G S 
category "shrubland" default values u n c h a n g e d . T i m e series o f 
surface reflectance at 5 0 0 m reso lut ion for the area o f s tudy 
were acquired from the M O D I S ins trument o n board of the 
NASA Terra polar orbit ing satellite for the year 2 0 0 5 . T h e 
Surface Reflectance produc t ( M O D 0 9 A 1 ) prov ides surface 
spectral reflectance es t imates for b a n d s 1—7 c o r r e s p o n d i n g to 8 
days c o m p o s i t e s r e m o v i n g a t m o s p h e r i c s c a t t e r i n g a n d 
absorption effects.^" T h e entire area o f g r e e n h o u s e s farming 
located wes t o f the city o f Almeria (SI Figure S i ) w a s se l ec ted 
as representative o f g r e e n h o u s e surface for m o n t h l y a lbedo 
determination. Currently, a lmos t 70% o f this coastal plain is 
covered by g r e e n h o u s e s , a l though the a lbedo data u s e d here 
have been es t imated for a parcel cover ing the w h o l e area. T h i s 
Way, although the final a lbedo o f an individual g r e e n h o u s e can 
feach as m u c h as 0.4, m o n t h l y and annual values w e r e 
estimated averaging all g r e e n h o u s e s area.* 

M o d e l Runs. M o d e l init ial izat ion data and b o u n d a r y 
conditions w e r e ob ta ined from N C E P / N C A R Global Rean-
'lysis 1 Data, G R I B l format, 2 .5° resolut ion, ou tput frequency 
^h, 17 pressure levels ( 1 0 0 0 — 1 0 hPa, exc luding surface) . Sea 
surface temperatures ( S S T ) w h e r e u p d a t e d daily during m o d e l 
funs, and w e r e obta ined f rom N a t i o n a l C e n t e r s for Environ-
"lerital P r e d i c t i o n / M a r i n e M o d e l i n g a n d Analys i s Branch 
( N C E P / M M A B ) R e a l - T i m e S S T archives ( 0 . 5 ° reso lut ion 
and daily ou tput f r e q u e n c y ) . 

Two separated m o n t h l y W R F runs w e r e carried o n for the 
year 2005 over the 3 n e s t e d domains , v^dth a sp inup of 15 days 
^^ch. Pasture ( P S ) s imula t ions w e r e run wi th default U S G S 
land surface parameters , but a lbedo w a s adjusted m o n t h l y in 
'^0 shrubland category, accord ing to M O D I S field data.* 
^^erage m o n t h l y a lbedo values from M O D I S field data w e r e 
"iserted prior to every run at the t w o scenarios , h i g h a lbedo 
( G H ) and l o w a l b e d o ( P S ) . G r e e n h o u s e s ( G H ) s imulat ions 
^ere run insert ing the field a lbedo values from M O D I S in the 
pixels w h e r e g r e e n h o u s e s w h e r e l o c a t e d in the year o f 
^'niulation. A R W - W R F 3.2 .1 phys ics o p t i o n s s e l ec ted are 
^Wn in SI T a b l e S I . 

Mode l Va l ida t ion . M o d e l p e r f o r m a n c e w a s val idated 
compar ing W R F - G H output 2m-temperatures ( T 2 ) at the 
se lec ted pbcel against observat ions o f near surface air t emper­
atures registered at field stat ion P A L (Las Palmeril las—Cajamar 
F o u n d a t i o n Research Sta t ion) , located at 3 6 ° 4 8 ' N , 2 ° 4 3 ' W , 
inside the 4 X 4 k m pixel at = 11, = 2 2 o f the i n n e r m o s t 
d o m a i n . A n o t h e r field station, M o j o n e r a ( M O J ) (Inst i tute for 
Research and Train ing in Agriculture and Fisheries IFAPA, 
Junta de Andaluc ia) is also located inside this pixel, and lays just 
1.8 k m from P A L . Resul t s w e r e analyzed at the Almeria 
International airport s tat ion ( A L ) , 3 6 ° 5 0 ' N , 2 ° 2 1 ' W , ~ 3 0 
k m from the main g r e e n h o u s e s d e v e l o p m e n t area. P A L and 
M O J stat ions are i n c l u d e d in the cooperat ive n e t w o r k o f the 
Spanish A g e n d a Estatal d e M e t e o r o l o g i a ( A E M E T ) , and A L 
stat ion b e l o n g s to the Spanish official m e t e o r o l o g i c a l network. 
R a w data from b o t h stat ions have b e e n subjec ted t o different 
quality controls , m o s d y gross error checks , internal cons i s t ency , 
t empora l and spatial c o h e r e n c e . T h e m e t h o d for m o d e l 
evaluat ion w a s adapted from prev ious ones.^''^^ Scatter p lo t s 
b e t w e e n b o t h daily and m o n t h l y observed and m o d e l e d 
temperatures w e r e u s e d as graphical displays to e lucidate 
m o d e l performance . Linear regress ion s l o p e s and correlat ion 
coeff icients w e r e calculated. M o n t h l y and annual e s t imat ions o f 
m e a n bias error ( M B E ) , normal i zed bias error ( M N B E ) , m e a n 
absolute gross error ( M A G E ) , and normal ized m e a n abso lute 
gross error ( M A N G E ) w e r e calculated from m o d e l e d - o b s e r v e d 
pairs o f 2 4 h averages. Al l analyses inc luded a S t u d e n t t test at 
the 0 .05 signif icance level . Statgraphic Plus 4.1 w a s the software 
u s e d for statistical analyses . 

3. RESULTS 

Analys is o f M O D I S data indicated a 0 .09 m e a n annual a lbedo 
increase from PS to G H averaged over all g r e e n h o u s e s farming 
area. A l b e d o increased m o s t during the s u m m e r , w i t h a 
m a x i m u m m o n t h l y increase o f + 0 . 1 3 in A u g u s t and S e p t e m b e r 
( T a b l e l ) . T h e l o w e s t a l b e d o increase ( + 0 . 0 6 ) w a s o b s e r v e d in 
the winter m o n t h s o f February and N o v e m b e r . 

At the g r e e n h o u s e s area, m e a n year -round surface t e m p e r ­
ature w a s 0 .25 ° C c o o l e r in the h igher a lbedo s imulat ion ( G H ) 
t h a n in t h e l o w e r a l b e d o s c e n a r i o ( P S ) , w i t h average 
temperature decreases f o u n d in all m o n t h s (F igure l ) , ranging 
from 0 .40 ° C in J u n e t o 0 . 1 0 ° C in D e c e m b e r ( T a b l e l ) . SI 
Figure S 2 s h o w s m a x i m u m daily t emperatures in s u m m e r 
m o n t h s (Jun—Jul—Aug) for b o t h scenarios . M e a n reduct ion o f 
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Figure 1. WRF-simulated mean monthly 2-m surface air temperature 
series in pasture and greenhouses scenarios (PS, GH) , and observed 
feld data from stations La Mojonera ( M O j ) and Las Palmerillas 
(PAL), Year 2005. 

maximum daily temperatures in s u m m e r w a s 0 .49 ° C . T h e 
largest decrease in daily m a x i m u m temperatures was 1.3 ° C o n 
July 16th, o n e o f the three h o t t e s t days o f the year. D a y t i m e 
temperature differences w e r e rough ly twice n ight - t ime differ­
ences (SI Figure S 3 ) . Addit ional ly , results w h e r e analyzed at A L 
station, ~ 3 0 km from the m a i n g r e e n h o u s e d e v e l o p m e n t area. 
As expected, the annual average temperature reduct ion b e t w e e n 
GH and PS scenarios w a s l o w e r than at the s tudy site 
sunounded by g r e e n h o u s e s ( 0 . 1 4 vs 0 .25 ) (last c o l u m n , SI 
Table S3) . 

For both scenarios , m e a n W R F s imulated annual solar 
radiation ( S W D O W N ) reaching the surface was 2 2 3 . 9 W m " ^ 
and ranged from 3 4 4 W m~^ in July to 106 W m"^ in 
December. Changes to k e y energy b u d g e t c o m p o n e n t s b e t w e e n 
the PS and G H s imula t ions are s h o w n (Figure 2 ) . A s expected , 

440 

'''gure 2. Mean annual change in surface energy budget components 
'fter albedo increase from pasture to greenhouses land use, year 2005. 
(HFX = Heat flux; LH = Latent heat; GRDFLX = Ground flux; 

= Incoming SW radiation; OSW = Outgoing SW 
radiation; Net SW = Net SW radiation; GLW = Incoming LW 
radiation; GLW = Outgoing LW radiation; and Net LW = net LW 
radiation). 

'"creased surface reflectivity r e d u c e d net shortwave absorpt ion 
5t the surface, w i t h a m e a n annual decrease of 2 2 . 8 W m~^ 
(Table l ) . T h e largest reduct ion o f ne t S W D O W N at the 
surface occurred in J u n e ( 4 2 . 1 W m"^), and the m i n i m u m in 
November ( 7 . 8 0 W m"^). A similar pattern o f seasonal c h a n g e 
^as observed for sens ib le heat fluxes ( H F X ) , w i t h a m a x i m u m 

reduct ion in July o f 3 2 . 6 W m ~ ^ and m i n i m u m in D e c e m b e r of 
4 .50 W m " l M e a n year-round H F X decrease was 17.1 W m " l 
Latent heat ( L H ) changes were a lmost negligible, w i th a m e a n 
annual change of —0.8 W m"^. C h a n g e s in the long wave ( L W ) 
radiation b u d g e t also had lower magni tudes than the shortwave 
c o m p o n e n t s . 

T h e changes in the diurnal cycles o f net S W D O W N and 
H F X for a h o t s u m m e r day (July 16th) are s h o w n in SI Figure 
S 4 . C h a n g e s to H F X w e r e found during daylight but w e r e 
a lmos t negl igible at night . O n July 16th, the average 2 4 h n e t 
S W D O W N ( 3 4 9 W m~^) was reduced b y 4 1 . 6 W m"^ (a lbedo 
w a s increased in the G H s imulat ion -1-0.12 for July) . M a x i m u m 
values for ne t S W D O W N and H F X w e r e s e e n at n o o n , 120 .5 
W m~^, and 8 0 W m~^, respectively. 

T o validate the m o d e l , s imulated 2 - m surface air t emper­
atures ( T 2 ) w e r e c o m p a r e d wi th field data from the P A L 
stat ion. N o statistically significant difference b e t w e e n the 
annual m e a n s o f the m o d e l and observat ion records w a s 
found ( 9 5 . 0 % conf idence level, Student 's t t e s t ) . H o w e v e r , 
significant differences in standard deviat ions and variances w e r e 
found, s h o w i n g a larger degree of d ispers ion of m o d e l -
es t imated temperatures than o f observed values (at 9 5 % 
conf idence level b a s e d o n F-tes t ) . T h e scatter-plot b e t w e e n 
observed ( P A L ) and W R F - G H m o d e l e d daily averages of T 2 is 
s h o w n in Figure 3 (and for m o n t h l y values at SI Figure S S ) . 
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Figure 3. Scatterplot and linear regression equation of mean daily 
surface air temperature observations in PAL station and WRF-GH 
output (high albedo scenario). 

T h e correlat ion coeff ic ient w a s h igh for the daily m e a n s series 
(R^ = 0 . 9 2 ) , and e v e n higher for m o n t h l y averages c o m p a r i s o n 
(F} = 0 . 9 9 ) . Linear regress ion s lopes (signif icant at the 0 .01 
level b a s e d o n a Student ' s t t e s t ) ranged around 1.0, w i t h 1.11 
± 0 . 0 2 and 1.12 ± 0 . 0 2 for dai ly and m o n t h l y averages, 
respect ively , s u g g e s t i n g a g o o d m a t c h b e t w e e n s imulated a n d 
o b s e r v e d v a l u e s . W a r m b i a s e s are s u g g e s t e d f r o m t h e 
scatterplot for daily values above 2 9 6 K, in the s u m m e r 
temperatures range (F igure 3 ) . Di f ference statistics for m o n t h l y 
values , M B E , M N B E , M A G E , and M A N G E are s h o w n in SI 
T a b l e S2 . W a r m bias w a s d e t e c t e d in s u m m e r and spring 
m o n t h s ( M a r c h t h r o u g h S e p t e m b e r ) , whi l e co ld bias was 
s h o w n in w i n t e r ( O c t o b e r t h r o u g h February) . Annua l M B E 
w a s -hO.42 ° C ; ranging from the co ldes t bias in D e c e m b e r 
( - 0 . 9 4 ° C ) t o the w a r m e s t b ias in Ju ly ( + 1 . 6 9 ° C ) . 

Diputación de Almería — Biblioteca. Mesoscale climatic simulation or suface air temperature cooling by highly reflective...SE Spain., p. 4



Additionally, mode l bias w a s calculated for A L station, s h o w i n g 

higher MBE ( + 0 . 6 4 ) (SI T a b l e S 3 ) . 

4. DISCUSSION 

The results of our W R F s imulat ions support our h y p o t h e s i s 

that the increase in a lbedo b y g r e e n h o u s e s farming has b e e n 

one of the main drivers o f the historical reduct ion in surface air 

temperatures reg i s tered b y field s t a t i o n s . T h e m o d e l e d 

reduction in net S W D O W N absorbed b y the surface, 2 2 . 8 W 

ni"̂  annual average, was similar to the observed change o f 

~19.9 W m~^ found in our prev ious observational study,^ 

derived from M O D I S r e m o t e sens ing data for the per iod 

iOOl-2005. T h e temperature differences b e t w e e n the W R F 

simulations (PS and G H ) varied a l o n g the annual cycle (Figure 

Farmers "whitewash" g r e e n h o u s e roofs every J u n e t o 

Rgure 4. Monthly albedo differences and absolute values of mean air 

surface temperature change from high to low albedo scenarios ( G H to 

''S simulations). 

^leviate excess heat ins ide during s u m m e r m o n t h s . T h e s laked 

lime is later w a s h e d away at the e n d o f S e p t e m b e r t o a l l ow 

enough light to en ter ins ide during winter g r o w i n g season . A 

Sudden decrease o f a lbedo in the s i te is s h o w n b y M O D I S data 

from September to O c t o b e r . In the s imulat ions , the m a x i m u m 

difference 0'^"^) o b s e r v e d prior to the m a x i m u m 

'Ibedo difference ( A u g u s t and S e p t e m b e r ) w h e n inso lat ion is 

tlecreasing but s laked h m e still r emains o n top o f the 

greenhouses. 

However , t h e rat io o f m o n t h l y t e m p e r a t u r e t o n e t 

SWDOWN changes is n o t cons tant a l o n g the annual cycle, 

Suggesting a h igher sens i t iv i ty of the m o d e l o u t p u t to changes 

in radiation in winter, and lower values in s u m m e r (Tab le l ) . 

T h i s observat ion m i g h t b e related to the seasonal variation in 

the partit ion b e t w e e n sens ible to latent heat ( B o w e n ratio) , 

w i t h h igher air mois ture c o n t e n t in s u m m e r m o n t h s . 

Field data s h o w that 2 - m temperature at A L was 0 .53 K 

warmer than P A L over the annual cycle (SI Table S 3 ) , raising 

the ques t ion: can the relative coo l ing in PAL compared to A L 

b e attributed to g r e e n h o u s e s d e v e l o p m e n t ? Simulated A L was 

0 .71 and 0 .60 K warmer than P A L in the G H and PS annual 

s imulat ions , respectively. T h e 0.11 difference b e t w e e n the t w o 

deltas indicates that o n l y s o m e o f the difference in temperatures 

b e t w e e n A L and P A L can b e explained b y g r e e n h o u s e s 

d e v e l o p m e n t . Addit ional ly , observed differences b e t w e e n A L 

and P A L w e r e l o w e s t in J u n e w h e n s imulated differences 

peaked (SI Figure S 6 ) . T h e m i s m a t c h in t iming o f observed 

and s imulated peak differences b e t w e e n A L and PAL m a y b e 

s o m e w h a t e x p l a i n e d b y m i s s e d t i m i n g in w h i t e w a s h i n g 

activities. H o w e v e r , the m a g n i t u d e of the differences b e t w e e n 

s i m u l a t e d a n d o b s e r v e d m o n t h l y A L - P A L t e m p e r a t u r e 

gradients is larger than the m o d e l e d sensit ivity to g r e e n h o u s e ' 

a lbedo changes , indicat ing that fbdng a lbedo characterizations 

w o u l d n o t be sufficient to r e m o v e the discrepancies . 

T h e p o t e n t i a l i n f l u e n c e o f irr igat ion o n t e m p e r a t u r e 

reduc t ions w a s intent ional ly n o t addressed in our m o d e l i n g 

s tudy. T h e values o f latent h e a t ( L H ) change obta ined in our 

W R F - G H o u t p u t data are n o t the result o f n e w para-

metr izat ions o f évapotranspirat ion ( E T ) b y crops, or the 

irrigation l o a d e d o n t o the farming sys tem, but on ly represents 

the change in s imulated L H driven by a lbedo increase. M e a n 

daily m e a s u r e d g r e e n h o u s e reference potent ia l E T ranges f rom 

less than 1 m m day""' during winter to values o f approx imate ly 

4 m m day" ' during summer."* H o w e v e r , the majority o f 

irrigation in this area occurs during the winter and spring 

growdng s e a s o n w h e n g r e e n h o u s e farming is m o s t active, and 

drip-irrigation is the major s y s t e m applied, w i t h reduced l o s s e s 

b y evaporat ion . T h e r e is little irrigation during July and A u g u s t . 

T h u s , the role o f increased évapotranspirat ion from green­

h o u s e s m i g h t b e less important during s u m m e r m o n t h s , w h e n 

the largest t emperature changes w e r e s imulated . 

H o w e v e r , inc luding irrigation a l o n e will n o t represent all the 

factors that m a y alter the d y n a m i c s o f m o i s t enthalpy in this 

u n i q u e t y p e o f l a n d c o v e r c h a n g e . " ' ^ ' ' L a n d s u r f a c e 

representat ions o f local pasture and g r e e n h o u s e s agriculture 

are still far from b e i n g adequate , and m a n y uncertaint ies 

remain . A full a s s e s s m e n t o f all o f these changes w o u l d require 

Table 2 . M o d e l i n g S t u d i e s o f A l b e d o E n h a n c e m e n t a n d I m p a c t o n L o c a l S u m m e r T e m p e r a t u r e s ( ° C ) 

r 
grid size" and location 

4 km ,̂ Almeria (Spain) 

5 km^ Los Angeles 

2 km^ U.S. cities 

0.67 km^ Athens 
(Greece) 

L3 km^ New York 
(U.S.) 

Continental U.S. 

0.5°, U.S. 

1.9° X 2.S°--g 

g l o b a l ^ A a n ' ^ ^ ^ ^ 

"innermost domain of the simulation. ^N/A = no data given. "^Global annual temperature change (K). ''Grid size non available.j ^SS^"'̂ ' 

E dx.doi.org/10.l02l/es402093q I £nWron. Sci. Techno;\^^^ 

albedo enhancement at pixel peak 7**reduction one single average summer daily 
scale summer day reduct ion 

4is study 0.12 1.3 0.49 

Taha (2008) 0.15 2 N/A*" 

Sailor (2003) " 0.1 0.14-0.58 N/A 

Synnefa et al. (2008)'" 0.4 1.5 N/A 

Lynn et al. (2009)" 0.35 1-2 N/A 

Millstein and 0.02-0.11 0.02-0.5 [-1-0.27, -0 .64] 
Menon (2011)^' 

[-1-0.27, -0 .64] 

Menon et al. (2010)" 0.01 N/A 0.03 

Oleson et al. (2010)'^ 0.58 ( roofs on ly ) 0.5 

Akbari et al. (2012)"^ 0.01 N/A 0.01-0.07' 
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fiirther parametrization o f the land surface m o d e l , particularly 

of greenhouses land cover propert ies . Hovs^ever, there is an 

absence of greenhouse observat ional data required to proper ly 

characterize key b iogeophys ica l and b i o g e o c h e m i c a l propert ies 

and their representation in the land use m o d e l u s e d for 

simulations, and thus adding a detai led parametr izat ion o f 

greenhouse agriculture w a s b e y o n d the s c o p e o f this work. T h e 

focus on equivalent t e m p e r a t u r e or m o i s t e n t h a l p y as 

independent variable o f t h e s e exper iments is an interest ing 

approach for the future a s s e s s m e n t o f overall changes in m o i s t 

and heat content in the near a t m o s p h e r e over the study area.^'* 

To estimate the net forcing caused b y overall b iogeophys i ca l 

and biogeochemical changes that affect m e s o s c a l e cl imate, 

particularly changes in m o i s t e n t h a l p y a n d the s e a s o n a l 

partition be tween sens ible and latent fluxes in the surface air 

over the greenhouses area, a n u m b e r o f factors m u s t b e 

considered along w i t h i rr iga t ion" and are d i scussed further in 

the SI (Table 8 4 ) . 

The temperature reduc t ions ob ta ined in our sensit ivi ty 

fJtperiments focused o n a lbedo changes are comparable to 

other existing m o d e l i n g s tudies for a similar range o f a lbedo 

increase. A compar i son b e t w e e n s o m e o f t h e s e s imulat ions and 

our results for s u m m e r m o n t h s is s h o w n in T a b l e 2 . N o t e that 

Most of these studies w e r e run o n l y during o n e or a f ew days o f 

summer, as o p p o s e d to the fufl year m o d e l e d here . T h e r e is n o t 

a direct linear re lat ionship b e t w e e n a l b e d o increase and 

temperature reduct ion across locat ions , as local variables can 

"ifluence this re la t ionsh ip . D e s p i t e t h e s e variat ions , and 

''though s o m e o f these s tudies are n o t directly comparable , 

'Il of them offer a c o m m o n o v e r v i e w o f t h e potent ia l c o o l i n g 

'liat can be ach ieved b y the i m p l e m e n t a t i o n o f a lbedo 

enhancement strategies, 

i Besides t h e s e c o n s i d e r a t i o n s , t h e resul ts o f the W R F 

simulations repor ted here , a l o n g w i t h the c o n c l u s i o n o f 

previous empirical research at the s t u d y site* suppor t the 

hypothesis that the increased a lbedo from g r e e n h o u s e d e v e l o p -

"lent has been o n e o f the main drivers o f historical t emperature 

Cooling in the area. A l t h o u g h these results r e s p o n d to a very 

Particular case o f a lbedo e n h a n c e m e n t b y land cover change , 

tliey support the use o f m e s o s c a l e m e t e o r o l o g i c a l m o d e l i n g as a 

'ool for predict ing the effects o f solar radiation m a n a g e m e n t 

strategies, such as urban c o o l roofs , as local adaptat ion 

"Measures to w a r m i n g and s u m m e r h e a t w a v e s . Further 

"nprovements o f land m o d e l parametr izat ion s tated above 

'̂ould help identify o ther factors assoc iated to this particular 

''nd use change that m i g h t also b e respons ib le o f the observed 

•Pooling, in addi t ion to a lbedo e n h a n c e m e n t . 

Feedbacks and other inf luences t o the global cl imatic s y s t e m 

*ere not addressed here . In this case, an approx imat ion to the 

'"direct cl imatic impact o f g r e e n h o u s e s d e v e l o p m e n t , inc luding 

'" est imation o f the n e t carbon footpr int o f g r e e n h o u s e 

''orticulture and C O 2 offsets equiva lence o f a l b e d o increase, has 

''een reported elsewhere. ' '^* 
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