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Parameterization of net radiation in an arid city of northwestern Mexico
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RESUMEN

Nc"wtdcpk¦cek„p."cn"ecodkct" ncu"rtqrkgfcfgu"fg" nc"uwrgtÝekg."oqfkÝec"fg"ocpgtc"ugpukdng"gn"dcncpeg"fg"
tcfkcek„p"{"eqp"gnnq"gn"enkoc"ekvcfkpq."rqt"nq"swg"ug"rtqrwuq"ewcpvkÝect"gug"dcncpeg"gp"fkhgtgpvgu"eqdgtvwtcu"
uwrgtÝekcngu"rctc"xctkqu"f‡cu"fgn"ogu"fg"ciquvq"fg"4233"gp"wpc"ekwfcf"ƒtkfc"fgn"pqtqguvg"fg"Ofizkeq0"Ug"guvko„"
gn"cndgfq"fg"ecfc"uwrgtÝekg"{"cniwpcu"qvtcu"rtqrkgfcfgu"fg"nc"cvo„uhgtc"nqecn."eqoq"gn"‡pfkeg"fg"enctkfcf"cv-
oquhfitkec"*K0+"{"nc"gokukxkfcf"cvoquhfitkec"*iatm+0"Ncu"uwrgtÝekgu"gp"ncu"swg"ug"tgcnk¦ctqp"ncu"ogfkekqpgu"hwgtqp"
cuhcnvq."eqpetgvq."rqnkguvktgpq"eqp"rkpvwtc"gncuvqofitkec"dncpec"*RRGD+."cteknnc"{"efiurgf0"Ug"gpeqpvt„"swg"rctc"
wp"ekenq"fg"46"j"fg"ogfkek„p."gn"oc{qt"xcnqt"rtqogfkq"fg"tcfkcek„p"pgvc"hwg"rctc"gn"cuhcnvq"*36803"Yo–2), 
{"gn"ogpqt"xcnqt"rtqogfkq"rctc"gn"RRGD"*5508"Yo–2). Los valores estimados de albedo varían de acuerdo 
eqp"nc"uwrgtÝekg."okgpvtcu"swg"nqu"fg"K0 y iatm"fgrgpfgp"fg"ncu"eqpfkekqpgu"cvoquhfitkecu"rtgxcngpvgu0"C"rctvkt"
de las mediciones se propusieron modelos estadísticos preliminares de la radiación neta en función de la 
tcfkcek„p"uqnct"gpvtcpvg"{"nc"tcfkcek„p"pgvc"fg"qpfc"eqtvc."gpeqpvtƒpfqug"gp"vqfqu"nqu"ecuqu"eqgÝekgpvgu"fg"
determinación superiores a 0.97. Se analizan las probables implicaciones de los resultados encontrados en 
el medio urbanizado.

ABSTRACT

Fwtkpi"vjg"rtqeguu"qh"wtdcpk¦cvkqp."fkhhgtgpv"uwthceg"rtqrgtvkgu"ukipkÝecpvn{"cnvgt"vjg"tcfkcvkqp"dcncpeg0"Vjku"
paper attempts to quantify this balance over different surface types in an arid city of northwest Mexico over 
several days in August 2011. The albedo of each surface type, as well as local atmospheric properties such 
cu"vjg"cvoqurjgtke"engctpguu"kpfgz"*K0+"cpf"cvoqurjgtke"gokuukxkv{"*iatm), were estimated. The surfaces on 
which measurements were performed were asphalt, concrete, polystyrene painted with white elastomeric 
rckpv"*RYGR+."enc{."cpf"itcuu0"Kv"ycu"hqwpf"vjcv."hqt"c"46/j"e{eng"qh"ogcuwtgogpv."vjg"jkijguv"cxgtcig"xcnwg"
qh"pgv"tcfkcvkqp"ycu"hqt"curjcnv"*36803"Yo–2+."cpf"vjg"nqyguv"cxgtcig"xcnwg"ycu"hqt"RYGR"*5508"Yo–2). 
Estimates of albedo values vary depending on the surface, whereas K0 and iatm are dependent on prevailing 
atmospheric conditions. From these measurements, preliminary statistical models of net radiation as a function 
qh"kpeqokpi"uqnct"tcfkcvkqp"cpf"pgv"ujqtvycxg"tcfkcvkqp"ygtg"rtqrqugf0"Hqt"gcej"oqfgn."vjg"eqghÝekgpvu"qh"
fgvgtokpcvkqp"ygtg"jkijgt"vjcp"20;90"Yg"fkuewuu"vjg"nkmgn{"kornkecvkqpu"qh"vjg"tguwnvu"hqwpf"hqt"vjg"wtdcp"
planning of the city.

Keywords: Radiation balance, net radiation, shortwave radiation, longwave radiation, albedo, atmospheric 
emissivity, atmospheric clearness index.
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1. Introduction

Net radiation is a fundamental driver of climate in 
the lower layers of the atmosphere, and its effects 
depend on both the structure and composition of the 
atmosphere and the presence of clouds, in addition 
to surface characteristics such as albedo, emissivity, 
temperature, moisture and the thermal properties of 
wpfgtn{kpi"uqkn"*Mguungt"cpf"Lcgigt."3;;;+0"Kv"ku"cnuq"
the driving force for many physical, dynamic, and bi-
ological processes, including warming of the soil and 
air, photosynthesis, and evapotranspiration, the latter 
being important for the quality and yield of crops and 
vjg"rncppkpi"qh"ycvgt"tguqwtegu"*Dgppkg"et al., 2008; 
Ji et al., 2009; Li et al., 2009; Geraldo-Ferreira et al., 
2011; Ayoola, 2014). 

Net radiation is also important in studies of 
surface energy balance, where its magnitude is 
mainly related to sensible and latent heat flux 
*Mcnvjqhh" et al.." 4228+0"Vjg" tgncvkqpujkr" dgvyggp"
radiation and surface energy balance is important 
hqt"wpfgtuvcpfkpi"wtdcp"enkocvgu"*qt"oketqenkocvgu+"
ecwugf"d{"xct{kpi"uwthceg"v{rgu"*CtpÝgnf."4225+0"
The spatial heterogeneity of urban landscapes leads 
to a non-uniform transmission and distribution of 
energy radiation. Because the urban area is a com-
plex physical interface, the thermodynamic and 
mkpgvke" rtqrgtvkgu" qh" vjg" wpfgtn{kpi" uwthceg"oc{"
be substantially changed by modifying the physical 
ejctcevgtkuvkeu" qh" vjcv" uwthceg" *Ycpi" cpf"Iqpi."
2010; Cui et al., 2012). These factors result in cities 
that have unique climatic characteristics. 

Many previous studies have examined rural-ur-
ban radiation differences using climate models, 
models of terrestrial ecosystems, or computational 
Þwkf"f{pcokeu"oqfgnu0"Jqygxgt."vjgug"uvwfkgu"jcxg"
combined the radiation differences produced by 
vjg"jgvgtqigpgkv{"qh"vjg"wtdcp"ncpfuecrg."ocmkpi"
kv" fkhÝewnv" vq" gzrnckp" vjg" gpgti{" vtcpuhqtocvkqp"
from different surfaces and to accurately simu-
late micro-climatic characteristics within a city 
*Itqngcw"cpf"Oguvc{gt."4235+0"Kp"cffkvkqp."fwg"vq"
the variety of factors involved, observations from 
weather stations cannot effectively distinguish the 
effects of underlying surfaces on components of 
vjg"tcfkcvkqp"dcncpeg"*Yjkvg"et al., 1978; Christen 
and Vogt, 2004). Despite its importance, net radi-
ation is measured at a limited number of standard 
meteorological stations because net radiometers are 
expensive instruments and require constant care in 

vjg"Ýgnf0"Vjgtghqtg."vq"ickp"c"dgvvgt"wpfgtuvcpfkpi"
of the effects that different horizontal surfaces have 
on radiation balance and the subsequent effect on 
the surrounding environment, an experimental 
campaign was conducted in Mexicali, an arid city 
kp"pqtvjyguv"Ogzkeq."qp"Ýxg"fkhhgtgpv"uwthceg"ocvg-
rials. Using measurements gathered from this study, 
we postulated preliminary statistical models of net 
radiation as a function of incoming solar radiation 
and net shortwave radiation, as well as estimates of 
biophysical characteristics such as albedo, atmo-
spheric clearness index, and atmospheric emissivity. 
The implications of the results on urban planning 
are discussed. 

2. Methodology

In the following section, we discuss the procedures 
and materials used during this study, including the 
experiment site and its construction, mathematical 
models used to estimate biophysical properties, and 
vjg" vjgqtgvkecn"dcemitqwpf" tgictfkpi"pgv" tcfkcvkqp"
models.

2.1 Experimental campaign

The experiments were conducted at the Engineering 
Institute of the Autonomous University of Baja Cal-
ifornia, located on a campus in Mexicali, Mexico 
*5408³"P."33707³"Y."34"ocun+0"Ogzkecnk" jcu" c"ft{."
arid climate with extremely hot summers and cold 
winters and is one of the hottest cities in Mexico, with 
average maximum temperatures in August of 42 ³E0"
Mexicali receives 90% of the maximum potential 
hours of daylight each year and a mean annual 
tckphcnn"qh"crrtqzkocvgn{"97"oo"*Icte‡c/Ewgvq"cpf"
Ucpvknnƒp/Uqvq."4234+0"

Radiation balance data and weather information 
were collected by the staff of Applied Climatology. 
Observation equipment was installed on the roof of 
the Engineering Institute. The study area contained 
mixed-use land, but the experimental design allowed 
us to measure the relevance of each surface. A wood-
en drawer with dimensions of 1 × 1 × 0.55 m was 
placed on a platform 1.5 m away from the roof of the 
dwknfkpi0"Vjg"ftcygt"ycu"rtg/Ýnngf"ykvj"pcvkxg"uqkn"
and overlaid with the following surfaces: asphalt, 
concrete, polystyrene with white elastomeric paint 
*RYGR+." enc{." cpf" itcuu0"Cv" c" jgkijv" qh" 2042"o"
htqo"gcej"uwthceg."cp"PT23"tcfkqogvgt"*JwmugÞwz"
Thermal Sensors), which measures four components 
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qh" vjg" tcfkcvkqp" dcncpeg."ycu" kpuvcnngf" *Hki0" 3+0 
The purpose of installing the NR01 radiometer at 
vjku"jgkijv"*2042"o+"ycu"uq"vjcv"vjg"nqygt"uwthceg"qh"
this instrument could “see” the underlying surface 
practically without interferences due to the pres-
ence of other nearby obstacles. This is because the 
radiative transfer is governed by the geometry of a 
uwthceg"tcfkcvkqp"ogcuwtgogpv"*k0g0."vjg"wrygnnkpi"
rctv"cpf"tgÞgevgf"rctv"qh"c"pgv"tcfkcvkqp"ogcuwtg-
ment) and can be expressed in terms of measurement 
height and radial separation from the nadir point 
qh"vjg"ogcuwtgogpv"*Uejokf."3;;9+0"Vjg"tcfkcvkqp"
source area, or view factor, of the lower surface of 
the NR01 radiometer was estimated accordingly 
with Anthoni et al."*4222+"cu<

Rmax = z"vcp":7³" *3+

Rmax"tghgtu"vq"vjg"oczkowo"tcfkwu"vjcv"ku"uwhÝekgpv"
to capture 99% of the upwelling radiation contribu-
tions, and z"ku"vjg"ogcuwtgogpv"jgkijv"*¦"?"2042"o+0"
The estimation of Rmax"ykvj"Gs0"*3+"icxg"c"xcnwg"qh"
405"o."yjkej"eqttgurqpfu"vq"vjg"Ýgnf"qh"xkgy"qh"vjg"
lower surface of the NR01 radiometer. 

Another net radiometer, an NRQ*7.1 model by 
Tcfkcvkqp" cpf"Gpgti{"Dcncpeg" U{uvgou" *TGDU+."
Ugcvvng."YC."ycu" kpuvcnngf"cv" vjg"ucog"jgkijv" *z = 
0.20 m) to compare the measures realized with the 
NR01 radiometer. Each surface was measured for 
a full 24-h cycle over several days in August 2011, 
which is one of the warmest months in this part of 

Mexico, and so far there have not been replicas of 
these measurements in other months of the year. 
The temperature of each surface was measured with 
cp"UK/333" kphtctgf" vgorgtcvwtg" ugpuqt" *UK333/KVU."
Campbell Sci.) that provides a non-contact means 
for measuring the surface temperature of an object. 
It senses the infrared radiation being emitted by the 
target with an absolute accuracy of ± 0.2 ³C in the 
tcpig"qh"Î32"vq"87"³C, and its response time to chang-
es in the target temperature is less than 1 s.

2.2 Radiation balance

The energy balance components were measured and 
the partial net all-wave radiation parameterization 
*PCTR+" wvknk¦cvkqp" uejgog"qxgt" cnn" uwthceg" v{rgu"
*Qhhgtng"et al.."4225+"ycu"gornq{gf0"Vjg"tcfkcvkqp"
budget for a horizontal surface, called net radiation, 
ku"ikxgp"kp"Yo–2"cpf"ycu"guvkocvgf"d{"Gs0"*4+0"Vjg"
net radiation Q* is due to the difference between 
fqypygnnkpi" ujqtvycxg" tcfkcvkqp" *Kt+." tgÞgevgf"
ujqtvycxg" tcfkcvkqp" *Kr+." fqypygnnkpi" nqpiycxg"
tcfkcvkqp" *Lt+" cpf" wrygnnkpi" nqpiycxg" tcfkcvkqp"
*Lr+0"Vjg"pgv"ujqtvycxg"Þwz"fgrgpfu"qp"vjg"kpekfgpv"
solar radiation Kt"cpf"qp"vjg"uwthceg"cndgfq"g0"Vjg"
pgv" nqpiycxg"Þwz"fgrgpfu"wrqp" vjg"fqypygnnkpi"
longwave radiation Lt." uwthceg" gokuukxkv{" is, and 
radiating temperature Ts:

Q* = Kt"Î"Kr"-"Lt"Î"Lr"
?"*3"Î"g) Kt"-"Lt"Î"}*3"Î"is) Lt"-"isjTs

4}
?"*3"Î"g) Kt"-"is"*Lt"Î"jTs

4+" *4+

Vjg" uwthceg" ejctcevgtkuvkeu" etkvkecnn{" kpÞwgpeg"
Q*. In the previous equation, js refers to the Ste-
hcp/Dqnv¦ocpp"eqpuvcpv"*j ?"7089"'"32–8 Yo–2 K–4). 
Radiative components were measured with the NR01 
radiometer performing separate measurements of 
uqnct" tcfkcvkqp" *ujqtvycxg+" cpf" hct" kphtctgf" *nqpi"
wavelength). The spectral response of the shortwave 
tcfkqogvgt"*r{tcpqogvgt+"ku"522/4:22"po."cpf"kv"jcu"
c"ugpukvkxkv{"qh"32/62"-X1Yo–2"cpf"c"Ýgnf"qh"xkgy"
qh"3:2³0"Kv"ku"c"ugeqpf/encuu"r{tcpqogvgt"ceeqtfkpi"
vq"vjg"Yqtnf"Ogvgqtqnqikecn"Qticpk¦cvkqp"cpf"KUQ"
encuukÝecvkqp" u{uvgo" *KUQ" ;282+0"Vjg" nqpiycxg"
tcfkqogvgt"*r{tigqogvgt+"jcu"c"urgevtcn"tgurqpug"qh"
6722/72222"po"cu"ygnn"cu"c"Ýgnf"qh"xkgy"qh"3:2³"ykvj"
c"ugpukvkxkv{"qh"7/37"-X1Yo–20"Ectg"ycu"vcmgp"kp"vjg"
installation of the instrument to prevent shadows of 
trees, buildings, and other structures from interfering.

NRQ*7.1

Concrete

NRO1

SI111-ITS

Fig. 1. Experimental setup with concrete surface as an 
gzcorng."ykvj"vjg"tcfkqogvgtu"*PT23"cpf"PTS,903+"cpf"
kphtctgf"vjgtoqogvgt"*UK333/KVU+"wugf"kp"vjg"ogcuwtkpi"
campaign. 
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2.3 Estimation of biophysical properties

40503"Cndgfq"*g+
Vjg" cndgfq" *g+" ku" fgÝpgf" cu" vjg" tcvkq" qh" tgÞgevgf"
tcfkcvkqp"*Kr+"vq"fqypygnnkpi"tcfkcvkqp"*Kt+."dqvj"
ujqtvycxg."cv"c"urgekÝe"cping"qh"kpekfgpeg<

g = Kr1Kt" *5+

2.3.2 Atmospheric emissivity (iatm)

Vjg" cvoqurjgtke" gokuukxkv{" *iatm) is a measure of 
vjg" ghÝekgpe{" cv"yjkej" cp" qdlgev" gokvu" tcfkcvkqp"
tgncvkxg"vq"c"rgthgev"gokvvgt"*c"dncemdqf{+="iatm was 
obtained from measurements of downwelling long-
ycxg"tcfkcvkqp"*Lt+"cpf"ckt"vgorgtcvwtg"*T), using 
the Stefan-Boltzmann constant:

iatm = Lt1jsT
4" *6+

2.3.3 Atmospheric clearness index (K0)

Vjg"cvoqurjgtke"engctpguu"kpfgz"*K0) gives a measure 
of the atmospheric effects at a place on the insolation. 
The clearness index is a stochastic parameter, which 
is a function of time of year, season, climatic condi-
vkqp."cpf"igqitcrjke"nqecvkqp"*Mwoct"cpf"Wocpcpf."
2005). This index allows for the estimation of the 
amount of energy dissipated and transformed into 
different processes by solar radiation and is physical-
ly associated with the path of radiation through the 
atmosphere to the surface, whether it be level land 
or sea. K0 was obtained by the expression proposed 
d{"Eqnnkdgt"*3;;3+<

K0 = Kt1Qext" *7+

where Qext refers to extra-terrestrial daily solar radi-
cvkqp"*Ksdcn."3;:5+."yjkej"ycu"qdvckpgf"d{<

Qext"?"*461ぃ) Isc"つ0"*ぃ/180) のs"*ukph sinl)
"-"*equh"equl sin のs+" *8+

where Isc"ku"vjg"uqnct"eqpuvcpv"?"3589"Yo–2, つ0 is the 
eccentricity correction factor for the mean Earth-
Sun distance, h is the declination of the sun, l is the 
ncvkvwfg"qh"vjg"ekv{"qh"Ogzkecnk"*5408³), and のs is the 
hour angle of sunrise. The following expressions 
were used to calculate h, つ0 and のs:

h ?"*45067,ぃ+13:2+"*ukp]4ぃ*dj"-"4:6+1587_+="
dj"ku"vjg"Lwnkcp"fc{" *9+

つ0"?"3"-"20255"equ*4ぃ dj1587+" *:+

のs = –cos–1*Îvcp"h tan l+" *;+

2.3.4 Proposal of preliminary net radiation models

Vyq"v{rgu"qh"oqfgnu"ygtg"rtqrqugf."vjg"Ýtuv"dcugf"
on the incoming solar radiation for each type of 
experimental surface and the second in terms of net 
ujqtvycxg"tcfkcvkqp0"Vjg"Ýtuv"v{rg"qh"oqfgn"ku"c"nkpgct"
regression, as set forth below: 

Q* = *b0 + b1)Mt" *32+

where b0 and b1 are estimates of the regression con-
stants. This empirical model has shown excellent 
linearity in all studies that have been conducted. 
Vjg" tgncvkqpujkr" gzrtguugf" d{"Gs0" *32+." rctvkew-
nctn{"hqt"enqwfnguu"umkgu."ku"uvcvkuvkecnn{"ukipkÝecpv"
*Mcokpum{" cpf"Fwdc{cj." 3;;9="Cncfqu" et al., 
4225+0"Vjg"gxkfgpeg"rtgugpvgf"kp"vjgug"uvwfkgu"jcu"
contributed to the general acceptance of the use of 
this model.

Jqygxgt."cu"gzrtguugf"d{"Ic{"*3;93+."vjgtg"ku"
apparent confusion as to the statistical nature of 
vjg"oqfgn"tgrqtvgf"cdqxg"*Gs0"32+"cpf"cp"crrctgpv"
failure to clearly recognize the relationship be-
tween the empirical model and the actual process 
of radiation exchange. One alternative is to model 
the relationship of net radiation as it varies with 
vtcpuhgt"eqghÝekgpv" nqpi"ycxgngpivj"*そ), which is 
based on the dependence of L,"*pgv"Þwz"nqpiycxg+"
on Kt0"Kp"vjg"pgy"rtqrqugf"oqfgn"*gpjcpegf+."L* 
ku"kfgpvkÝgf"cu"vjg"fgrgpfgpv"xctkcdng"cpf"eqpukuvu"
of two components, Lt" cpf"Lr0" Uwej" c"oqfgn" ku"
then proposed as:

Q,"?"*3"-"そ) K,"-"L*0" *33+

wherein K* = Kt"Î"Kr"cpf"L*0 is the statistical esti-
mate of L* when Kt"?"20"Vjg"ecug"qh"そ"ku"fgÝpgf"d{"
the following equation:

そ"?"*L* – b1)/K," *34+

The characteristics of the radiation exchange of a 
natural surface are described by a single regression 
model if the longwave radiation emitted by the sur-
hceg"*Lr+"jcu"c"fgÝpcdng"tgncvkqpujkr"yjgp"tgvwtpgf"
vq"vjg"cvoqurjgtg"*Lt+0
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3. Results and discussion

3.1 Radiation balance

The average values of the radiation balance compo-
nents for experimental surfaces are shown in Table I; 
the expected accuracy is of ± 10% according to the 
ocpwhcevwtgtÓu" urgekÝecvkqpu" *JwmugÞwz"Vjgtocn"
Sensors). Because the measurements were performed 
on different days, the values of Qext, Kt"cpf"Lt"jcxg"
differing starting values. However, when performing 
a t/vguv."vjg"ogcp"fkhhgtgpeg"*ykvj"c"ukipkÝecpeg"ngxgn"
of 0.05) between the values of Qext and Kt"kpfkecvgu"
pq" ukipkÝecpv" uvcvkuvkecn" fkhhgtgpeg0"Ogcuwtgogpvu"
of Lt"gzjkdkvgf"pq"ukipkÝecpv"fkhhgtgpeg"kp"vjg"ogc-
uwtgogpvu"qh"curjcnv."eqpetgvg."cpf"RYGR0"Jqygxgt."
differences did exist between grass and clay. Measure-
ogpvu"ygtg"vcmgp"fwtkpi"engct"fc{u."yjkej"korn{"vjcv"
factors such as water vapor content and atmospheric 
aerosols could have contributed to the differences.

The radiation balance of each surface is presented 
kp"Hkiwtgu"4"vq"80"Vjgug"Ýiwtgu"ujqy"vjcv"vjg"fckn{ 

patterns of Qext, Kt."cpf"Q* exhibit similar behavior, 
with the highest values at solar noon for most surfac-
gu0"Jqygxgt."RYGR"uwthcegu"fkhhgt"ykvj"tgurgev"vq"
the other materials in terms of Q*, both by smallest 
size and the time delay in its maximum value. Re-
Þgevgf"ujqtvycxg"tcfkcvkqp"Kr."dgkpi"c"hwpevkqp"qh"
cndgfq"*g), shows a diurnal behavior dependent on 
the underlying surface and the angle of inclination of 
the solar rays. Longwave downwelling and upwell-
ing radiation, Lr"cpf"Lt."tgurgevkxgn{."fq"pqv"ujqy"
vjg"ejctcevgtkuvke"ycxghqto"qh"vjg"qvjgt"Þwzgu"cpf"
display slightly more variation in Lr0

3.2 Biophysical properties

Hkiwtg"9"ujqyu"vjg"xctkcdknkv{"qh"cndgfq"*g) from 
the surfaces, ranging from 0.12 to 0.82; asphalt, 
with an average value of 0.19, has the lowest value, 
yjgtgcu"vjg"jkijguv"cxgtcig"xcnwg."RYGR."ku"208;0"
Thus, asphalt is one of the main contributors to 
a warmer thermal environment because it stores 

Table I. Mean values of radiation balance components in different surface types. 
The Qext"xcnwg"ku"cnuq"rtgugpvgf0"Cnn"xcnwgu"ctg"kp"Yo–2.

Date
2:12814233 08/10/2011 2:13514233 08/19/2011 08/25/2011

Clay Asphalt Concrete RYGR Grass

Qext 449.9 445.0 441.0 65404 64405
Kt 56208 53603 53602 52504 289.5
Kr –79.9 –44.9 Î9:05 –199.4 Î8707
Lt 5;;05 65609 65605 66503 67;05
Lr Î76807 –554.8 –544.1 –512.0 Î74408
Q* 33508 36803 34506 5508 159.0
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oqtg" kpeqokpi" uqnct" tcfkcvkqp" cpf" tgÞgevu" nguu0"
Eqpxgtugn{."RYGR"tgÞgevu"oqtg"ujqtvycxg"tcfkc-
tion, resulting in less environmental impact on its 
surroundings. Clay, concrete, and grass had albedos 
eqorctcdng"vq"gcej"qvjgt"cv"2047."2049."cpf"2048."
respectively.

Cvoqurjgtke"gokuukxkv{"*iatm), which is shown in 
Figure 8, exhibited the lowest estimated value for 
clay with 0.78. The other surfaces had emissivity 
xcnwgu"dgvyggp"20:7"cpf"20:80"Dgecwug"gokuukxkv{"ku"
dependent on incoming longwave radiation and air 
temperature, which in turn are dependent on water 
vapor and aerosols, we can infer that measurements 
were made on similar days.

The atmospheric clearness index had a range 

dgvyggp"208;" cpf"2095."ykvj" vjg" nqyguv" xcnwg" hqt"
curjcnv"cpf"vjg"jkijguv"hqt"enc{"*Hki0";+0"Vjgug"xcnwgu"
are not dependent on the surface coverage but rather 
kpfkecvg"vjcv"qp"cxgtcig."52'"qh"vjg"gpgti{"cttkxkpi"
at the top of the atmosphere is dissipated before 
reaching the measured surface. Comparisons with 
tgugctej" eqpfwevgf" kp"Dqiqvƒ" ujqy" vjcv"Ogzkecnk"
has a more transparent atmosphere on clear days, as 
the average value of atmospheric clearness index in 
Dqiqvƒ"ycu"guvkocvgf"cv"20885"*Hqtgtq"et al., 2008). 
Another study, focusing on the central and southern 
ctkf"eqcuvcn"¦qpgu"qxgt"vjg"Rgtwxkcp"Cpfgu."hqwpf"
that the minimum and maximum values of atmo-
urjgtke" vtcpuokuukxkv{" xctkgf"dgvyggp"205" cpf"20:"
*Dckiqttkc"et al., 2004).
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Fig. 7. Variability of albedo over different surfaces at 
Mexicali, Mexico in August 2011.
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surfaces at Mexicali, Mexico in August 2011.
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3.3 Preliminary net radiation models

Oqfgnu"dcugf"qp"Gs0"*32+"jcxg"fgoqpuvtcvgf"gzegn-
lent linearity and statistical robustness in all studies 
that have been carried out, particularly for a clear 
um{0" Kv"ycu"pgeguuct{" vq" crrn{" vjg"Fwtdkp/Ycvuqp"
test to ensure that residuals are not correlated, but 
it was found that no model passed the test, so the 
Cochran-Orcutt transformation was used for the 

response variable and the predictor variable for each 
one of the studied surfaces. It was found again that 
it was impossible to reject the null hypothesis of 
¦gtq"cwvqeqttgncvkqp."uq"kv"yknn"dg"pgeguuct{"vq"uggm"
an autoregressive moving average model type in a 
later study. This fact does not invalidate the pro-
posed models; however, the mean square error may 
underestimate the residual variance, and the standard 
fgxkcvkqp"qh"vjg"guvkocvgf"tgitguukqp"eqghÝekgpv"oc{"
be lower than the actual standard deviation. Because 
vjg"eqpÝfgpeg"kpvgtxcnu"cpf"vguvu"wukpi"vjg"t and F 
distribution are no longer strictly applicable, the co-
ghÝekgpv"qh"fgvgtokpcvkqp"*R2), the standard errors of 
the regression parameters and the root mean square 
gttqt"*ÁECM) are used as indicators of the quality of 
oqfgnu"*Vcdng"KK+0

Vjg"oqfgnu"dcugf"qp"Gs0"*33+."yjkej"fgrgpf"qp"
the measurement surface and prevailing weather 
conditions, are presented in Table III. The R2 values 
hqt"vjgug"oqfgnu"ctg"pqv"ukipkÝecpvn{"fkhhgtgpv"htqo"
vjg"Ýtuv"rtqrqucn"*Gs0"32+."gzegrv"hqt"RYGR."yjgtg"
net radiation is 99% instead of 97%.

This model assumes that radiative equilibrium 
exists between the surface and the atmosphere, 
so no advection occurred during the observations. 
Atmospheric properties have some effect on Lt"cpf."
consequently, on L*. Because Lt"ku"igpgtcnn{"oqtg"
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Fig. 9. Index of atmospheric clearness at Mexicali, Mexico 
in August 2011. 

Vcdng"KKK0"Nkpgct"oqfgnu"vq"guvkocvg"pgv"tcfkcvkqp"*Q,+"cu"c"hwpevkqp"qh"pgv"ujqtvycxg"tcfkcvkqp"*K,+0"ÁECM 
is the root mean square error; R2"ku"vjg"fgvgtokpcvkqp"eqghÝekgpv="そ"ku"vjg"gzejcpig"eqghÝekgpv"nqpiycxg="g is 
the surface albedo; TSURF is the average surface temperature, and TMXSURF is the maximum surface temperature.

Surface type Model ÁECM R2 そ g TSURF TMXSURF

Clay Q* = 0.81K* – 102.0 4405 0.99 –0.19 0.25 5;0; 8704
Asphalt Q,"?"20:8K* – 85.2 25.1 0.99 –0.14 0.19 42.2 8507
Concrete Q* = 0.89K* – 85.4 25.1 0.99 –0.11 0.27 5;09 58.8
RYGR Q* = 0.79K* – 48.0 805 0.99 –0.21 208; 5505 6805
Grass Q,"?"20;8K* – 54.9 802 0.99 –0.05 2048 5609 44.5

Vcdng"KK0"Nkpgct"oqfgnu"vq"guvkocvg"pgv"tcfkcvkqp"*Q*) as a function of 
fqypygnnkpi"ujqtvycxg"tcfkcvkqp"*Kt+0"ÁECM is the root mean square 
error; R2"ku"vjg"eqghÝekgpv"qh"fgvgtokpcvkqp0

Surface type b0 b1 ÁECM R2

Clay Î32305"*80:+ 2085"*2023+ 25.4 0.99
Asphalt Î::0:"*;0;+ 2097"*2024+ 5902 0.99
Concrete Î;20:"*;07+ 208:"*2024+ 5708 0.99
RYGR Î7405"*60:+ 204:"*2023+ 18.2 0.97
Grass Î8202"*509+ 2098"*2023+ 14.1 0.99
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stable than Lr."yjkej"ecp"dg"fgvgtokpgf"d{"qdugtx-
ing the radiation balance, the effects of the different 
surfaces analyzed in this research are emphasized.

Note that all values of そ are negative, implying that 
surfaces convert solar energy absorbed mostly into 
ugpukdng"jgcv"*Ic{."3;93+0"Kv"ecp"dg"qdugtxgf"vjcv"vjg"
value of そ for grass is close to zero, implying that part 
of the energy is also being used for evapotranspira-
tion. Of the measured experimental data, an inverse 
tgncvkqpujkr"dgvyggp"vjg"uwthceg"vgorgtcvwtg"*TSURF) 
cpf"cndgfq"*g+"*Vcdng"KKK+"ycu"qdugtxgf0

Higher average temperatures were observed for 
surfaces with the lowest albedo, and lower tempera-
tures for surfaces with higher albedos. For grass sur-
faces, the heat spent in evapotranspiration processes 
causes the temperature to be lower than in surfaces 
with similar albedos, such as clay or concrete. One 
important difference in the two models proposed is 
vjg"gorktkecn"unqrg"qh"cnn"qdugtxgf"uwthcegu0"Yg"fku-
cuss two different surfaces, asphalt and grass, which 
jcxg"ukoknct"unqrgu"*2097"cpf"2098."tgurgevkxgn{="ugg"
Table II). The differences in radiation balance are due 
vq"fkhhgtgpegu"kp"cndgfq"cpf"gpgti{"wug."203;"cpf"2048."
respectively, as mentioned above. The difference of 
vjg"unqrg"kp"vjg"vyq"oqfgnu"ku"ukipkÝecpv0"Hqt"gzco-
rng."hqt"RYGR."vjg"gorktkecn"oqfgn"*Gs0"32+"ujqyu"
vjcv"kh"vjg"uwthceg"cduqtdu"302"Yo–2 of incoming solar 
tcfkcvkqp"*Kt+."vjg"pgv"tcfkcvkqp"yqwnf"kpetgcug"d{"
204:"Yo–20"Jqygxgt."vjg"gpjcpegf"oqfgn"*Gs0"33+"
yqwnf"kpetgcug"d{"209;"Yo–2. Therefore, the latter 
model shows that the response model is affected by 
dqvj"vjg"uwthceg"cpf"vjg"cndgfq0"Cnuq"ukipkÝecpv"ku"
that this model has found the net longwave radiation 
*L*) to be the independent variable.

To give statistical robustness to the proposal 
of preliminary net radiation models with respect 
to the independence of measurements realized, a 
comparison between the net radiation estimated 
with the NR01 radiometer and the net radiation 
measured with the Q*7.1 radiometer was performed, 
which is shown in Figure 10. The number of data 
used was 120. It is observed that there is a linear 
relationship between these two variables, with a 
eqttgncvkqp"eqghÝekgpv"qh"20;:0"Vjku"kpfkecvgu"vjcv"
the components of short-wave radiation and long-
wave radiation can be used to estimate the net 
tcfkcvkqp"ykvj"uwhÝekgpv"ceewtce{."tgictfnguu"qh"vjg"
sensor used. At this point, it must be remembered 
that the models were obtained on cloudless days, 
which has as consequence that the determination 
eqghÝekgpvu"ygtg"uwduvcpvkcnn{"jkij."cu"kp"vjg"uvwfkgu"
ogpvkqpgf"kp"ugevkqp"405060

3.4 Urban implications

The types of surfaces that most affect human ther-
mal comfort are asphalt and concrete because their 
effects are felt by pedestrians. These surfaces had 
the lowest albedos of all analyzed coverage surface. 
According to the Instituto Municipal de Investigación 
{"Rncpgcek„p"Wtdcpc"fg"Ogzkecnk"*Owpkekrcn"Kpuvk-
vwvg"hqt"Tgugctej"cpf"Wtdcp"Rncppkpi"qh"Ogzkecnk+"
*KOKR."4232+."curjcnv"cpf"eqpetgvg"ctg"kp"c"rtqrqt-
tion of approximately 20% in the urban land uses in 
Ogzkecnk0"Dgecwug"qh"vjgkt"rj{ukecn"rtqrgtvkgu"*jkij"
heat capacity and low albedo), these materials are 
responsible for the generation of an urban heat island, 
cu"jcu"dggp"ujqyp"kp"qvjgt"uvwfkgu"*Icteía Codrón 
et al., 2004; Bo et al., 2012).
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Vjg"jkij"cndgfq"qh"RYGR"uwduvcpvkcnn{" tgfwegu"
the net radiation, leaving less energy available in the 
surface for sensible heating of the air during the day, 
yjkej"eqwnf"rtqxkfg"cp"ghÝekgpv"okvkicvkqp"qh"vjg"wt-
ban heat island and energy savings in the consumption 
qh"dwknfkpiu"vjtqwij"vjg"wug"qh"eqqn"tqqhu"*Eqwvvu"et al., 
4235="Tcfjk."4236+0"Kp"Ogzkecnk."RYGR"ku"wugf"qp"vjg"
tqqhu"qh"dwknfkpiu="jqygxgt."vjgtg"ku"pq"swcpvkÝecvkqp"
of the amount of this material being utilized for that 
rwtrqug0"Ceeqtfkpi"vq"vjg"KOKR"*4232+."78'"qh"vjg"
surface of Mexicali is for residential use; however, not 
cnn"qh"vjku"rgtegpvcig"rgtvckpu"vq"tqqÝpi"eqpuvtwevkqpu"
cpf"pqv"cnn"jqwukpi"fgxgnqrogpvu"wug"RYGR"kp"vjgkt"
tqqhvqru."yjkej"eqwnf"dg"jkijn{"dgpgÝekcn"kh"vjku"oc-
terial became the norm for the construction of rooftops 
for houses and garages in the future. 

Additionally, there is a portion of land that is not 
accounted for when discussing land use in Mexicali, 
although it is an important part of the urban area. 
This large, non-urbanized, vacant portion of land 
qh"4;95"jc"*k0g0."36'"qh"vjg"uwthceg"qh"Ogzkecnk+"ku"
hqtogf"d{"enc{"*vjg"pcvkxg"uqkn"qh"vjg"tgikqp+"ykvj"
an albedo very similar to that of concrete and grass, 
and it greatly contributes not only to the intense 
fc{vkog"jgcvkpi"*ukoknct"vq"vjcv"qh"curjcnv+"dwv"cnuq"
vq"vjg"tcrkf"eqqnkpi"cv"pkijv"*Hki0"33+0"Vjg"vjgtocn"
eqpvtcuv"dgvyggp"pcvkxg"uqkn"*enc{+"cpf"wtdcp"eqxgt-
cigu"*curjcnv"cpf"eqpetgvg+"jcu"dggp"uwiiguvgf"d{"
qvjgt"uvwfkgu"*Icte‡c/Ewgvq"et al., 2009; Casillas et 

al., 2014) as one of the causes of the heat island in 
Mexicali, which is typically a nocturnal phenomenon.

It can be seen from the above comments that this 
tgugctej"ncemu"c"fgvckngf"cpcn{uku"qh"vjg"coqwpv"qh"

each type of coverage surface discussed citywide; 
therefore, a pending study is needed to estimate the 
spatial coverage of each surface using remote sensing 
and geographic information systems.

In order of numerical importance, the upward 
nqpiycxg" tcfkcvkqp" *Lr+" kp" vjg"ocvgtkcnu" cpcn{¦gf"
*ugg"Table I+"ctg"curjcnv."eqpetgvg."cpf"RYGR0"Cu-
phalt and concrete can increase the thermal load on 
pedestrians, causing great thermal discomfort. Grass 
surfaces, although with an albedo very similar to that 
qh"eqpetgvg."gzjkdkvgf"nqygt"vgorgtcvwtgu"*qp"cxgtcig"
5 ³E"nqygt+"because of the evapotranspiration pro-
cess. This observation could be used in urban plan-
ning through the use of materials that allow the free 
exchange of water between them and the underlying 
soil, such as a porous materials with low density and 
low heat capacity.

The emissivity and clearness indices of the local 
atmosphere mean that the atmospheric transparency 
of Mexicali results in high net solar radiation. The 
management of the resulting thermal load on the 
exposed population would ideally be done by using 
uwthcegu"ykvj"jkij"cndgfq"*uwej"cu"RYGR+"cpf"jw-
okfkv{"*uwej"cu"itcuu."fwg"vq"vjg"gxcrqvtcpurktcvkxg"
process) to diminish surface temperatures. Further 
research to analyze the importance of native vegeta-
tion in achieving a sustainable environment would 
still be necessary.

This analysis only considers cloudless conditions 
over a 24-h period for each surface type in a typical 
uwoogt"oqpvj"kp"Ogzkecnk0"Hwtvjgt"yqtm"ku"rncppgf"
to continue analyzing radiative balance over longer 
periods of time in different weather conditions to 

Fig. 11. Mean diurnal surface temperatures at Mexicali, Mexico in August 2011.
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gain a better understanding of seasonal behavior and 
hwtvjgt"eqttqdqtcvg"qwt"ewttgpv"Ýpfkpiu0

Both preliminary models used in this study gave 
good results. However, we chose the enhanced 
model due to the improved physics, the smallest 
standard error of the regression parameters, and 
fgvgtokpcvkqp"eqghÝekgpvu."tguwnvkpi"kp"oqtg"ceew-
rate estimates.

4. Conclusions

In our analysis of radiative balance, it was observed 
that net radiation is different depending on the sur-
face type at which it is measured. For a 24-h period 
qxgt"Ýxg"fc{u"kp"Cwiwuv"4233."vjg"jkijguv"cxgtcig"
xcnwg"hqt"pgv"tcfkcvkqp"ycu"36803"Yo–2 for an as-
phalt surface. The average net radiation value was 
5508"Yo–2 hqt"RYGR0"Vjku"fkhhgtgpeg"ku"rtkoctkn{"
due to the albedo of each surface, as atmospheric 
emissivity and atmospheric clearness index had 
ukoknct"xcnwgu0"RYGR"jcf"vjg"jkijguv"cndgfq."ykvj"
c"xcnwg"qh"208;."cpf"curjcnv"jcf"vjg"nqyguv."cv"203;0"
Therefore, asphalt is one of the main factors respon-
sible for a warmer thermal environment because it 
stores more downwelling shortwave radiation and 
tgÞgevu"nguu0"Dgecwug"RYGR"tgÞgevu"oqtg"kpeqokpi"
uqnct" tcfkcvkqp" *crrtqzkocvgn{" 92'+." kv" rtqfwegu"
less sensible heat to warm the surrounding environ-
ogpv."yjkej"eqwnf"rtqxkfg"cp"ghÝekgpv"okvkicvkqp"
of the urban heat island and savings in the energy 
consumption of buildings. Grass, which has a sim-
ilar albedo to concrete and clay, uses some of its 
energy for evapotranspiration; thus, it exhibited the 
nqyguv"oczkowo"vgorgtcvwtg"qh"vjg"Ýxg"eqxgtcig"
surfaces studied. Estimates of net radiation in both 
rtgnkokpct{"oqfgnu"tguwnvgf"kp"eqghÝekgpvu"qh"fgvgt-
mination greater than 0.97, but the enhanced model 
is recommended by the authors of this study due 
to the physical parameters involved in its design. 
Yg"tgeqoogpf"hwtvjgt"uvwf{"vq"eqpfwev"ceewtcvg"
measurements for the entire city and allow for eco-
nomically viable bio-urbanistic planning.

References

Alados I., I. Foyo-Moreno, F. J. Olmo and L. Alados-Ar-
dqngfcu." 42250"Tgncvkqpujkr" dgvyggp" pgv" tcfkcvkqp"
and solar radiation for semi-arid shrub-land. Agr. For. 

Meteorol. 116, 221-227.
Cpvjqpk"R0"O0."Ncy"D0"G0."Wpuyqtvj"O0"J0"cpf"Xqpi"T0"

J., 2000. Variation of net radiation over heterogeneous 

surfaces: measurements and simulation in a juni-
per-sagebrush ecosystem. Agr. For. Meteorol. 102, 
497/4:80

CtpÝgnf"C0" L0."42250"Vyq"fgecfgu"qh"wtdcp"enkocvg" tg-
search, exchanges of energy and water, and the urban 
heat island. Int. J. Climatol. 23."3/480

Ayoola A. M., L. A. Sunmonu, M. I. Bashiru and O. O. 
Jegede, 2014. Measurements of net all-wave radiation 
at a tropical location, Ile-Ife, Nigeria. Atmósfera 27, 
527/5370

Baigorria G. A., E. B. Villegas, I. Trebejo, J. F. Carlos and 
R. Quiroz, 2004. Atmospheric transmissivity: Distribu-
tion and empirical estimation around the central Andes. 
Int. J. Climatol. 24."3343/33580

Dgppkg"D0"J0"L0."C0"Yknvujktg."O0"Q0"Jknn"cpf"T0"Dczvgt."
2008. Slope, aspect and climate: Spatially explicit and 
kornkekv"oqfgnu"qh"vqrqitcrjke"oketqenkocvg"kp"ejcnm"
grassland. Ecol. Model. 216, 47-59.

Dq"J0."Y0"[wguk" cpf"N0"Iwcpitgp." 42340"Tgncvkqpujkr"
between net radiation and broadband solar radiation 
in the Tibetan plateau. Adv. Atmos. Sci. 29."357/3650

Casillas H. A., O. R. García-Cueto, O. C. Leyva and F. 
H0"P0"Iqp¦ƒng¦."42360"Fgvgeek„p"fg"nc"kunc"wtdcpc"fg"
ecnqt"ogfkcpvg"oqfgncek„p"fkpƒokec<"ecuq"Ogzkecnk."
Ofizkeq0"Inf. Tecnol. 25."35;/372."fqk<32062891U293:/
298642362223222370

Colliber D. G., 1991. Techniques of estimating incident 
solar radiation. In: Solar energy in agriculture"*D0"H0"
Rctmgt."Gf0+0"Gnugxkgt."Couvgtfco."rr0"3/880

Eqwvvu"C0"O0."G0"Fcn{."L0"Dgtkpigt"cpf"P0"Vcrrgt."42350"
Assessing practical measures to reduce urban heat: 
Green and cool roofs. Build. Environ. 70."488/4980

Ewk"[0" R0."[0" L0"Nkw" cpf"[0"H0"Jw." 42340"Oqfgnkpi" vjg"
radiation balance of different urban underlying sur-
faces. Chinese Sci. Bull. 57."3268/3276."fqk<32032291
u33656/233/6;55/z0

Christen A and R. Voogt, 2004. Energy and radiation 
balance of a central European city. Int. J. Climatol. 
24."35;7/36430

Hqtgtq"P0"N0."Y0"Og¦c."O0"C0"Octv‡pg¦."N0"O0"Eckegfq"cpf"
G. Gordillo, 2008. Estimación del valor medio mensual 
fgn"‡pfkeg"fg"enctkfcf"cvoquhfitkeq"*Mv+"rctc"Dqiqvƒ."c"
partir de datos de radiación solar global. Rev. Colom. 

Fis. 40."389/38;0
García Codróp" L0"E0."E0"Fkgiq"Nkc‚q."J0"R0"Hgtpƒpfg¦"

fg"Ctt„{cdg."E0"Ictogpfkc"Rgitclc" cpf"F0"Tcuknnc"
Álvarez, 2004. El clima entre el mar y la montaña. 
Asociación Española de Climatología y Universidad 
fg"Ecpvcdtkc."Ucpvcpfgt"*Ugtkg"C."6+0



82 R. García Cueto et al.

García-Cueto O. R., A. Tejeda-Martínez and G. Bo-
jórquez-Morales, 2009. Urbanization effects upon the 
air temperature in Mexicali, B. C., Mexico. Atmósfera 
22."56;/5870

Icte‡c/Ewgvq"Q0"T0"cpf"P0"Ucpvknnƒp/Uqvq."42340"Oqfgnkpi"
extreme climate events: Two case studies in Mexico. 
In: Climate models"*N0"O0"Ftw{cp."Gf0+0"Kpvgej."Etq-
cvkc."rr0"359/3820

Geraldo-Ferreira A., E. Soria-Olivas, J. Gómez-Sanchís, 
C0"L0"Ugttcpq/N„rg¦."C0"Xgnƒ¦swg¦/Dnƒzquez and E. 
López-Baeza, 2011. Modelling net radiation at sur-
face using ‘‘in situ’’ net pyrradiometer measurements 
ykvj"ctvkÝekcn"pgwtcn"pgvyqtmu0"Expert Syst. Appl. 38, 
14190-14195.

Itqngcw"F0"cpf"I0"R0"Oguvc{gt."42350"Wtdcp"oqtrjqnqi{"
kpÞwgpeg"qp"wtdcp"cndgfq<"C"tgxkukv"ykvj"vjg"UQNGPG"
model. Bound.-Lay. Meteorol. 147."523/5490

KOKR." 42320" Rncp"ocguvtq" fg" xkcnkfcf" {" vtcpurqtvg" fg"
Ogzkecnk."D0E0"Wuqu"fgn"uwgnq"ƒtgc"wtdcpc0"Kpuvkvwvq"
Owpkekrcn"fg"Kpxguvkicek„p"{"Rncpgcek„p"Wtdcpc"fg"
Mexicali, Gobierno Municipal de Mexicali. Available 
cv<"kokrogzkecnk0qti0oz"*ncuv"ceeguugf"qp"Qevqdgt"49."
2014).

Ksdcn"O0."3;:50"An introduction to solar radiation. Aca-
fgoke"Rtguu."Pgy"[qtm."5;2"rr0

Lk"Z0." G0"Mcpi."Y0"¥jcq."¥0"¥jcpi" cpf"D0" Lkp." 422;0"
Simulation of heat and water transfer in a surface 
irrigated, cropped sandy soil. Agr. Water Manage. 
96, 1010-1020.

Mcnvjqhh" P0."O0" Hkgdki/Ykvvoccem." E0"Ogǩpgt."O0"
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