
Atmósfera 28(2), 71-82 (2015)

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

La urbanización, al cambiar las propiedades de la superficie, modifica de manera sensible el balance de 
radiación y con ello el clima citadino, por lo que se propuso cuantificar ese balance en diferentes coberturas 
superficiales para varios días del mes de agosto de 2011 en una ciudad árida del noroeste de México. Se estimó 
el albedo de cada superficie y algunas otras propiedades de la atmósfera local, como el índice de claridad at-
mosférica (K0) y la emisividad atmosférica (εatm). Las superficies en las que se realizaron las mediciones fueron 
asfalto, concreto, poliestireno con pintura elastomérica blanca (PPEB), arcilla y césped. Se encontró que para 
un ciclo de 24 h de medición, el mayor valor promedio de radiación neta fue para el asfalto (146.1 Wm–2), 
y el menor valor promedio para el PPEB (33.6 Wm–2). Los valores estimados de albedo varían de acuerdo 
con la superficie, mientras que los de K0 y εatm dependen de las condiciones atmosféricas prevalentes. A partir 
de las mediciones se propusieron modelos estadísticos preliminares de la radiación neta en función de la 
radiación solar entrante y la radiación neta de onda corta, encontrándose en todos los casos coeficientes de 
determinación superiores a 0.97. Se analizan las probables implicaciones de los resultados encontrados en 
el medio urbanizado.

ABSTRACT

During the process of urbanization, different surface properties significantly alter the radiation balance. This 
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 
as the atmospheric clearness index (K0) and atmospheric emissivity (εatm), were estimated. The surfaces on 
which measurements were performed were asphalt, concrete, polystyrene painted with white elastomeric 
paint (PWEP), clay, and grass. It was found that, for a 24-h cycle of measurement, the highest average value 
of net radiation was for asphalt (146.1 Wm–2), and the lowest average value was for PWEP (33.6 Wm–2). 
Estimates of albedo values vary depending on the surface, whereas K0 and εatm are dependent on prevailing 
atmospheric conditions. From these measurements, preliminary statistical models of net radiation as a function 
of incoming solar radiation and net shortwave radiation were proposed. For each model, the coefficients of 
determination were higher than 0.97. We discuss the likely implications of the results found for the urban 
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 
underlying soil (Kessler and Jaeger, 1999). It is also 
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 
the planning of water resources (Bennie 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 
(Kalthoff et al., 2006). The relationship between 
radiation and surface energy balance is important 
for understanding urban climates (or microclimates) 
caused by varying surface types (Arnfield, 2003). 
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 
kinetic properties of the underlying surface may 
be substantially changed by modifying the physical 
characteristics of that surface (Wang and Gong, 
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 
fluid dynamics models. However, these studies have 
combined the radiation differences produced by 
the heterogeneity of the urban landscape, making 
it difficult to explain the energy transformation 
from different surfaces and to accurately simu-
late micro-climatic characteristics within a city 
(Groleau and Mestayer, 2013). In addition, due to 
the variety of factors involved, observations from 
weather stations cannot effectively distinguish the 
effects of underlying surfaces on components of 
the radiation balance (White 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 

the field. Therefore, to gain a better understanding 
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 
in northwest Mexico, on five different surface mate-
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 
the theoretical background regarding net radiation 
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 
(32.6º N, 115.5º W, 12 masl). Mexicali has a dry, 
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 ºC. 
Mexicali receives 90% of the maximum potential 
hours of daylight each year and a mean annual 
rainfall of approximately 75 mm (García-Cueto and 
Santillán-Soto, 2012). 

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 
building. The drawer was pre-filled with native soil 
and overlaid with the following surfaces: asphalt, 
concrete, polystyrene with white elastomeric paint 
(PWEP), clay, and grass. At a height of 0.20 m 
from each surface, an NR01 radiometer (Hukseflux 
Thermal Sensors), which measures four components 
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of the radiation balance, was installed (Fig. 1). 
The purpose of installing the NR01 radiometer at 
this height (0.20 m) was so that the lower surface of 
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 
surface radiation measurement (i.e., the upwelling 
part and reflected part of a net radiation measure-
ment) and can be expressed in terms of measurement 
height and radial separation from the nadir point 
of the measurement (Schmid, 1997). The radiation 
source area, or view factor, of the lower surface of 
the NR01 radiometer was estimated accordingly 
with Anthoni et al. (2000) as:

Rmax = z tan 85º (1)

Rmax refers to the maximum radius that is sufficient 
to capture 99% of the upwelling radiation contribu-
tions, and z is the measurement height (z = 0.20 m). 
The estimation of Rmax with Eq. (1) gave a value of 
2.3 m, which corresponds to the field of view of the 
lower surface of the NR01 radiometer. 

Another net radiometer, an NRQ*7.1 model by 
Radiation and Energy Balance Systems (REBS), 
Seattle, WA, was installed at the same height (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 
an SI-111 infrared temperature sensor (SI111-ITS, 
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 ºC in the 
range of –10 to 65 ºC, 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 
(NARP) utilization scheme over all surface types 
(Offerle et al., 2003) was employed. The radiation 
budget for a horizontal surface, called net radiation, 
is given in Wm–2 and was estimated by Eq. (2). The 
net radiation Q* is due to the difference between 
downwelling shortwave radiation (K↓), reflected 
shortwave radiation (K↑), downwelling longwave 
radiation (L↓) and upwelling longwave radiation 
(L↑). The net shortwave flux depends on the incident 
solar radiation K↓ and on the surface albedo α. The 
net longwave flux depends upon the downwelling 
longwave radiation L↓, surface emissivity εs, and 
radiating temperature Ts:

Q* = K↓ – K↑ + L↓ – L↑ 
= (1 – α) K↓ + L↓ – {(1 – εs) L↓ + εsσTs

4}
= (1 – α) K↓ + εs (L↓ – σTs

4) (2)

The surface characteristics critically influence 
Q*. In the previous equation, σs refers to the Ste-
fan-Boltzmann constant (σ = 5.67 × 10–8 Wm–2 K–4). 
Radiative components were measured with the NR01 
radiometer performing separate measurements of 
solar radiation (shortwave) and far infrared (long 
wavelength). The spectral response of the shortwave 
radiometer (pyranometer) is 300-2800 nm, and it has 
a sensitivity of 10-40 µV/Wm–2 and a field of view 
of 180º. It is a second-class pyranometer according 
to the World Meteorological Organization and ISO 
classification system (ISO 9060). The longwave 
radiometer (pyrgeometer) has a spectral response of 
4500-50000 nm as well as a field of view of 180º with 
a sensitivity of 5-15 µV/Wm–2. Care was taken in the 
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 
example, with the radiometers (NR01 and NRQ*7.1) and 
infrared thermometer (SI111-ITS) used in the measuring 
campaign. 
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2.3 Estimation of biophysical properties
2.3.1 Albedo (α)
The albedo (α) is defined as the ratio of reflected 
radiation (K↑) to downwelling radiation (K↓), both 
shortwave, at a specific angle of incidence:

α = K↑/K↓ (3)

2.3.2 Atmospheric emissivity (εatm)
The atmospheric emissivity (εatm) is a measure of 
the efficiency at which an object emits radiation 
relative to a perfect emitter (a blackbody); εatm was 
obtained from measurements of downwelling long-
wave radiation (L↓) and air temperature (T), using 
the Stefan-Boltzmann constant:

εatm = L↓/σsT4 (4)

2.3.3 Atmospheric clearness index (K0)
The atmospheric clearness index (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-
tion, and geographic location (Kumar and Umanand, 
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 
by Colliber (1991):

K0 = K↓/Qext (5)

where Qext refers to extra-terrestrial daily solar radi-
ation (Iqbal, 1983), which was obtained by:

Qext = (24/Π) Isc ξ0 (Π/180) ωs (sinδ sinφ)
 + (cosδ cosφ sin ωs) (6)

where Isc is the solar constant = 1367 Wm–2, ξ0 is the 
eccentricity correction factor for the mean Earth-
Sun distance, δ is the declination of the sun, φ is the 
latitude of the city of Mexicali (32.6º), and ωs is the 
hour angle of sunrise. The following expressions 
were used to calculate δ, ξ0 and ωs:

δ = (23.45*Π)/180) (sin[2Π(dj + 284)/365]); 
dj is the Julian day (7)

ξ0 = 1 + 0.033 cos(2Π dj/365) (8)

ωs = –cos–1(–tan δ tan φ) (9)

2.3.4 Proposal of preliminary net radiation models
Two types of models were proposed, the first based 
on the incoming solar radiation for each type of 
experimental surface and the second in terms of net 
shortwave radiation. The first type of model is a linear 
regression, as set forth below: 

Q* = (b0 + b1)K↓ (10)

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. 
The relationship expressed by Eq. (10), particu-
larly for cloudless skies, is statistically significant 
(Kaminsky and Dubayah, 1997; Alados et al., 
2003). The evidence presented in these studies has 
contributed to the general acceptance of the use of 
this model.

However, as expressed by Gay (1971), there is 
apparent confusion as to the statistical nature of 
the model reported above (Eq. 10) and an apparent 
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 
transfer coefficient long wavelength (λ), which is 
based on the dependence of L* (net flux longwave) 
on K↓. In the new proposed model (enhanced), L* 
is identified as the dependent variable and consists 
of two components, L↓ and L↑. Such a model is 
then proposed as:

Q* = (1 + λ) K* + L*0 (11)

wherein K* = K↓ – K↑ and L*0 is the statistical esti-
mate of L* when K↓ = 0. The case of λ is defined by 
the following equation:

λ = (L* – b1)/K* (12)

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-
face (L↑) has a definable relationship when returned 
to the atmosphere (L↓).
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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 
manufacturer’s specifications (Hukseflux Thermal 
Sensors). Because the measurements were performed 
on different days, the values of Qext, K↓ and L↓ have 
differing starting values. However, when performing 
a t-test, the mean difference (with a significance level 
of 0.05) between the values of Qext and K↓ indicates 
no significant statistical difference. Measurements 
of L↓ exhibited no significant difference in the mea-
surements of asphalt, concrete, and PWEP. However, 
differences did exist between grass and clay. Measure-
ments were taken during clear days, which imply that 
factors such as water vapor content and atmospheric 
aerosols could have contributed to the differences.

The radiation balance of each surface is presented 
in Figures 2 to 6. These figures show that the daily 

patterns of Qext, K↓, and Q* exhibit similar behavior, 
with the highest values at solar noon for most surfac-
es. However, PWEP surfaces differ with respect to 
the other materials in terms of Q*, both by smallest 
size and the time delay in its maximum value. Re-
flected shortwave radiation K↑, being a function of 
albedo (α), shows a diurnal behavior dependent on 
the underlying surface and the angle of inclination of 
the solar rays. Longwave downwelling and upwell-
ing radiation, L↑ and L↓, respectively, do not show 
the characteristic waveform of the other fluxes and 
display slightly more variation in L↑.

3.2 Biophysical properties
Figure 7 shows the variability of albedo (α) from 
the surfaces, ranging from 0.12 to 0.82; asphalt, 
with an average value of 0.19, has the lowest value, 
whereas the highest average value, PWEP, is 0.69. 
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 value is also presented. All values are in Wm–2.

Date 08/06/2011 08/10/2011 08/13/2011 08/19/2011 08/25/2011
Clay Asphalt Concrete PWEP Grass

Qext 449.9 445.0 441.0 432.2 422.3
K↓ 340.6 314.1 314.0 303.2 289.5
K↑ –79.9 –44.9 –78.3 –199.4 –65.5
L↓ 399.3 434.7 434.3 443.1 459.3
L↑ –546.5 –554.8 –544.1 –512.0 –522.6
Q* 113.6 146.1 123.4 33.6 159.0
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Fig. 2. Radiation balance on clay surface at Mexicali, Mexico, for August 6, 2011.
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Fig. 3. Radiation balance on an asphalt surface at Mexicali, Mexico, for August 8, 2011.
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Fig. 4. Radiation balance on a concrete surface at Mexicali, Mexico, for August 13, 
2011.
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Fig. 5. Radiation balance on a PWEP surface at Mexicali, Mexico, for August 19, 2011.



77Parameterization of net radiation in an arid city

more incoming solar radiation and reflects less. 
Conversely, PWEP reflects more shortwave radia-
tion, resulting in less environmental impact on its 
surroundings. Clay, concrete, and grass had albedos 
comparable to each other at 0.25, 0.27, and 0.26, 
respectively.

Atmospheric emissivity (εatm), which is shown in 
Figure 8, exhibited the lowest estimated value for 
clay with 0.78. The other surfaces had emissivity 
values between 0.85 and 0.86. Because emissivity is 
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 

between 0.69 and 0.73, with the lowest value for 
asphalt and the highest for clay (Fig. 9). These values 
are not dependent on the surface coverage but rather 
indicate that on average, 30% of the energy arriving 
at the top of the atmosphere is dissipated before 
reaching the measured surface. Comparisons with 
research conducted in Bogotá show that Mexicali 
has a more transparent atmosphere on clear days, as 
the average value of atmospheric clearness index in 
Bogotá was estimated at 0.663 (Forero et al., 2008). 
Another study, focusing on the central and southern 
arid coastal zones over the Peruvian Andes, found 
that the minimum and maximum values of atmo-
spheric transmissivity varied between 0.3 and 0.8 
(Baigorria et al., 2004).
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Fig. 6. Radiation balance on grass surface at Mexicali, Mexico, for August 25, 2011.
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Fig. 7. Variability of albedo over different surfaces at 
Mexicali, Mexico in August 2011.
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Fig. 8. Variability of atmospheric emissivity over different 
surfaces at Mexicali, Mexico in August 2011.
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3.3 Preliminary net radiation models
Models based on Eq. (10) have demonstrated excel-
lent linearity and statistical robustness in all studies 
that have been carried out, particularly for a clear 
sky. It was necessary to apply the Durbin-Watson 
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 
zero autocorrelation, so it will be necessary to seek 
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 
deviation of the estimated regression coefficient may 
be lower than the actual standard deviation. Because 
the confidence intervals and tests using the t and F 
distribution are no longer strictly applicable, the co-
efficient of determination (R2), the standard errors of 
the regression parameters and the root mean square 
error (√ECM) are used as indicators of the quality of 
models (Table II).

The models based on Eq. (11), which depend on 
the measurement surface and prevailing weather 
conditions, are presented in Table III. The R2 values 
for these models are not significantly different from 
the first proposal (Eq. 10), except for PWEP, where 
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 L↓ and, 
consequently, on L*. Because L↓ is generally more 
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Fig. 9. Index of atmospheric clearness at Mexicali, Mexico 
in August 2011. 

Table III. Linear models to estimate net radiation (Q*) as a function of net shortwave radiation (K*). √ECM 
is the root mean square error; R2 is the determination coefficient; λ is the exchange coefficient longwave; α is 
the surface albedo; TSURF is the average surface temperature, and TMXSURF is the maximum surface temperature.

Surface type Model √ECM R2 λ α TSURF TMXSURF

Clay Q* = 0.81K* – 102.0 22.3 0.99 –0.19 0.25 39.9 65.2
Asphalt Q* = 0.86K* – 85.2 25.1 0.99 –0.14 0.19 42.2 63.5
Concrete Q* = 0.89K* – 85.4 25.1 0.99 –0.11 0.27 39.7 58.8
PWEP Q* = 0.79K* – 48.0 6.3 0.99 –0.21 0.69 33.3 46.3
Grass Q* = 0.96K* – 54.9 6.0 0.99 –0.05 0.26 34.7 44.5

Table II. Linear models to estimate net radiation (Q*) as a function of 
downwelling shortwave radiation (K↓). √ECM is the root mean square 
error; R2 is the coefficient of determination.

Surface type b0 b1 √ECM R2

Clay –101.3 (6.8) 0.63 (0.01) 25.4 0.99
Asphalt –88.8 (9.9) 0.75 (0.02) 37.0 0.99
Concrete –90.8 (9.5) 0.68 (0.02) 35.6 0.99
PWEP –52.3 (4.8) 0.28 (0.01) 18.2 0.97
Grass –60.0 (3.7) 0.76 (0.01) 14.1 0.99
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stable than L↑, which can be determined by observ-
ing the radiation balance, the effects of the different 
surfaces analyzed in this research are emphasized.

Note that all values of λ are negative, implying that 
surfaces convert solar energy absorbed mostly into 
sensible heat (Gay, 1971). It can be observed that the 
value of λ 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 
relationship between the surface temperature (TSURF) 
and albedo (α) (Table III) was observed.

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 
the empirical slope of all observed surfaces. We dis-
cuss two different surfaces, asphalt and grass, which 
have similar slopes (0.75 and 0.76, respectively; see 
Table II). The differences in radiation balance are due 
to differences in albedo and energy use, 0.19 and 0.26, 
respectively, as mentioned above. The difference of 
the slope in the two models is significant. For exam-
ple, for PWEP, the empirical model (Eq. 10) shows 
that if the surface absorbs 1.0 Wm–2 of incoming solar 
radiation (K↓), the net radiation would increase by 
0.28 Wm–2. However, the enhanced model (Eq. 11) 
would increase by 0.79 Wm–2. Therefore, the latter 
model shows that the response model is affected by 
both the surface and the albedo. Also significant is 
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 
correlation coefficient of 0.98. This indicates that 
the components of short-wave radiation and long-
wave radiation can be used to estimate the net 
radiation with sufficient accuracy, regardless of the 
sensor used. At this point, it must be remembered 
that the models were obtained on cloudless days, 
which has as consequence that the determination 
coefficients were substantially high, as in the studies 
mentioned in section 2.3.4.

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 
y Planeación Urbana de Mexicali (Municipal Insti-
tute for Research and Urban Planning of Mexicali) 
(IMIP, 2010), asphalt and concrete are in a propor-
tion of approximately 20% in the urban land uses in 
Mexicali. Because of their physical properties (high 
heat capacity and low albedo), these materials are 
responsible for the generation of an urban heat island, 
as has been shown in other studies (García Codrón 
et al., 2004; Bo et al., 2012).

R = 0.98
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The high albedo of PWEP substantially reduces 
the net radiation, leaving less energy available in the 
surface for sensible heating of the air during the day, 
which could provide an efficient mitigation of the ur-
ban heat island and energy savings in the consumption 
of buildings through the use of cool roofs (Coutts et al., 
2013; Radhi, 2014). In Mexicali, PWEP is used on the 
roofs of buildings; however, there is no quantification 
of the amount of this material being utilized for that 
purpose. According to the IMIP (2010), 56% of the 
surface of Mexicali is for residential use; however, not 
all of this percentage pertains to roofing constructions 
and not all housing developments use PWEP in their 
rooftops, which could be highly beneficial if this ma-
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 
of 2973 ha (i.e., 14% of the surface of Mexicali) is 
formed by clay (the native soil of the region) with 
an albedo very similar to that of concrete and grass, 
and it greatly contributes not only to the intense 
daytime heating (similar to that of asphalt) but also 
to the rapid cooling at night (Fig. 11). The thermal 
contrast between native soil (clay) and urban cover-
ages (asphalt and concrete) has been suggested by 
other studies (García-Cueto 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 
research lacks a detailed analysis of the amount of 

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 
longwave radiation (L↑) in the materials analyzed 
(see Table I) are asphalt, concrete, and PWEP. As-
phalt and concrete can increase the thermal load on 
pedestrians, causing great thermal discomfort. Grass 
surfaces, although with an albedo very similar to that 
of concrete, exhibited lower temperatures (on average 
5 ºC lower) 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 
surfaces with high albedo (such as PWEP) and hu-
midity (such as grass, due to the evapotranspirative 
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 
summer month in Mexicali. Further work is planned 
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 
further corroborate our current findings.

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 
determination coefficients, resulting in more accu-
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 
over five days in August 2011, the highest average 
value for net radiation was 146.1 Wm–2 for an as-
phalt surface. The average net radiation value was 
33.6 Wm–2 for PWEP. This difference is primarily 
due to the albedo of each surface, as atmospheric 
emissivity and atmospheric clearness index had 
similar values. PWEP had the highest albedo, with 
a value of 0.69, and asphalt had the lowest, at 0.19. 
Therefore, asphalt is one of the main factors respon-
sible for a warmer thermal environment because it 
stores more downwelling shortwave radiation and 
reflects less. Because PWEP reflects more incoming 
solar radiation (approximately 70%), it produces 
less sensible heat to warm the surrounding environ-
ment, which could provide an efficient mitigation 
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 
lowest maximum temperature of the five coverage 
surfaces studied. Estimates of net radiation in both 
preliminary models resulted in coefficients of deter-
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. 
We recommend further study to conduct accurate 
measurements for the entire city and allow for eco-
nomically viable bio-urbanistic planning.
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