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RESUMEN

Se proponen modelos estadisticos para componentes del balance de energia superficie-atmoésfera (radiacion
neta, calor sensible y calor almacenado en el suelo) como funciones de la radiacion global. El presente estudio
se llevo a cabo a lo largo de tres estaciones del afio (invierno, primavera y verano) en Mexicali, una ciudad
arida del noroeste de México, mediante campafias representativas de medicion en tres tipos de uso del suelo
en el area de estudio: urbano, rural (desértico) y suburbano cultivado. El patron de histéresis en los modelos
propuestos, entre la radiacion global y la neta se encontrd en verano en sitios urbanos y suburbanos, lo que
al parecer se debe a la humedad atmosférica ocasionada por la irrigacion artificial y la inercia térmica de la
cubierta vegetal. Para evaluar la calidad de los modelos se utilizaron el coeficiente de determinacion (R%) y
el error cuadratico medio.

ABSTRACT

Statistical models for surface-atmosphere energy balance components (net radiation, sensible heat, and soil-
stored heat) as functions of global radiation are proposed. This study was carried out during three seasons
(winter, spring, and summer) in Mexicali, an arid city of northwest México, by means of representative mea-
surement campaigns of three types of land use in the study zone: urban, rural (desert), and farmed suburban.
The hysteresis pattern in the proposed models between the global radiation and net radiation was found during
summer at suburban and urban sites, which seems to be originated by atmospheric moisture introduced by
artificial irrigation and the thermal inertia of land cover. The coefficient of determination (R*) and the mean
square error are used as indicators of the quality of models.

Keywords: Statistical models, energy balance components, hysteresis.
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1. Introduction

Urbanization produces important changes in the
surface and atmospheric local conditions because
transformations of the radiative, thermal, hydrologic,
and aerodynamic characteristics affect the natural hy-
drologic and solar energy balances (Oke, 1987). The
radiation budget at the surface/atmosphere interface
can be expressed in the following way:

Q*:(Qsl+Qll)_(QsT+QlT):
Q. — (O T+ 01 (1)

where Q*is the net all-wave radiation resulting from
the incoming solar radiation (short and long-wave,
O, | + O,]) or global radiation, minus the outgoing
short and long-wave radiation (Q, 1 + O, 1).

The net all-wave radiation flux is not only the end
result of the radiation budget but also the basic input
to the surface energy balance (Oke, 1987), which is
expressed as:

O*=0u+ Qp+ O 2

where Oy and O are convective fluxes to or from the
atmosphere, called sensible and latent, respectively;
and Qy is referred as the conduction to or from the
underlying soil.

The turbulent fluxes of sensible and latent heat
of evaporation are responsible for the warming and
moistening, respectively, of the atmosphere from the
surface up to a height of approximately 100 meters
during the day, except in situations of deep convec-
tion when the effect extends to greater altitudes. The
flux in the soil penetrates only a few centimeters deep
(Focken, 2008).

Energy balance measurements in the surface
atmospheric boundary layer are scarce in arid en-
vironments, as featured by Chow et al. (2014) for
Phoenix, Arizona, 330 km east-northeast of Mexi-
cali, and by Offerle et al. (2005), who evaluated the
balance at city and building levels for Ouagadougou,
Burkina Faso, in west Sahel. In the later site, the
net all-wave radiation increased with urbanization
because of the higher albedo, lower heat capacity,
and thermal conductivity of the bare soil compared
to the urbanized surface in residential zones, despite
the decrease in albedo in the urban center caused by
the materials and geometry of the buildings. As a
result, the surface temperatures of bare undisturbed

soil could exceed the surface temperatures in the
residential area and urban center by 15-20 °C. The
turbulent heat exchange measured over a residential
area was dominated by sensible heat flux.

For both cities, Ouagadougou (Offerle et al.,
2005) and Phoenix (Chow et al., 2014), latent heat
fluxes were greater than expected from vegetated
areas, which in accordance with water use were
primarily irrigated.

Similar to the studies of Mexico City (Tejeda
and Jauregui, 2005, for example), the present
work follows the hypothesis that vertical fluxes of
sensible and latent heat are turbulent in nature and
that the global radiation is distributed uniformly in
the study area, which is true for homogenous sky
conditions such as a desertic environment (Mexicali
and its surroundings). In Mexico City, Velasco et
al. (2011) also made observations of the energy
balance components in a residential and commercial
neighborhood to evaluate the parameterizations
and understand the energy balance partitions in
tropical urban environments. They found that the
largest differences between the modeled and ob-
served fluxes corresponded to incoming long-wave
radiation because of errors in cloudiness data, which
are inputs to the models.

The objective of this paper is the empirical mod-
eling of the energy balance components (O*, Oy,
and Q) as functions of the global radiation for three
different types of land use in the city of Mexicali and
its surroundings (32.6° N, 115.5° W, 10 masl): urban
(Engineering Institute of the Autonomous University
of Baja California), farmed suburban (Campestre),
and rural (Villa Zapata).

Some estimation models presented hysteresis, i.¢.,
the dependent variables (energy balance components)
exhibited one behavior when the independent vari-
able (global radiation) was increasing and a different
behavior when it was decreasing, thus completing a
sort of ellipse between explained and explanatory
variables. The presence of hysteresis was detected in
the data from the Campestre zone during the summer,
when it was found that in the time from daybreak until
midday, the relationship between global radiation
and net radiation and the other components of the
energy-balance behaved differently than from midday
to daybreak (see section 4). For this reason, it was
necessary to divide the model into two parts to de-
scribe the behavior of the phenomenon, as presented
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later. In the case of the Engineering Institute, this
phenomenon was present only for the global radiation
versus net radiation in the summer.

2. Study area

Mexicali is the capital city of the Mexican state of
Baja California. It is situated in the northwest of the
Mexican Republic and in the northern part of the Baja
California peninsula (Fig. 1). Mexicali city has an
area of 20 745 ha, according to the Municipal Institute
for Research and Urban Planning of Mexicali (IMIP, for
its acronym in Spanish, 2010).
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«
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116° 115° 114° 113°
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Fig. 1. Geographic location of Mexicali.

Mexicali has a thermal extreme and dry climate
with some precipitation in the winter. The maxi-
mum summer temperatures can reach almost 50 °C,
whereas in winter they may drop to a minimum of 0 °C
(Garcia-Cueto and Santillan, 2012). Mexicali has
experienced a significant increase in population as
a result of migrants arriving in Baja California with
the intention of staying temporarily and the hope of

crossing into the United States; but when this migra-
tion is unobtainable, many decide to remain perma-
nently in Mexicali. The resulting demand for urban
land has been reflected in an ever-greater number of
dwellings. In 2010, the population was 940 000, of
which 51% were men and 49% were women (http://
www.bajacalifornia.gob.mx/portal/nuestro_estado/
situacion_dem/demografico.jsp#C).

According to Garcia-Cueto et al. (2004) and
Garcia-Cueto (2007), the proliferation of manufac-
turing and public service activities in Mexicali has
implied substantial transformations in land use from
agricultural to urban areas in a relatively short time
period, with a consequent change in environmental
variables. Additionally to the pollution caused by
particles, there is now the problem of gases and one
of'the highest levels of energy consumption (approx-
imately 1000 kWh/user monthly) in Mexico. Un-
doubtedly, this pattern of consumption is a result of
the use of air-conditioning to obtain thermal comfort
because of the high temperatures prevailing from the
middle of spring until the middle of autumn.

The sites for measuring the atmosphere-surface
energy balance components in Eq. (2) are (Table [;
Figs 2-4):

a. Urban, characterized by buildings of two to three
stories, two to four lane streets, residential and
commercial uses, and irrigated gardens (Engi-
neering Institute).

b. Farmed suburban, with dispersed one-story build-
ings and irrigated corps (Campestre).

c. Rural, with dispersed one-story buildings, desert
(Villa Zapata).

These land uses correspond to the classification
of urban climatic zones proposed by Stewart and
Oke (2012) for studies on the urban heat island. The
Engineering Institute site corresponds to the local
climate zone (LCZ) 6 (LCZ 6, open arrangement
of 1-3 story buildings, abundance of low plants,

Table I. Location and land use of each energy balance station.

Site Land use Latitude (N) Longitude (W)  Altitude (masl)
Engineering Institute Urban 32037527 115°26°41” 10
Campestre Suburban 32°34°13” 115°26°57” 8
Villa Zapata Rural 32°62°45” 115°23°41” 29
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Fig. 2. Establishment of the energy balance tower on the
roof of the Engineering Institute (urban).

Fig. 3. Establishment of the Campestre energy balance
station (farmed suburban site).

scattered trees, wood, brick, stone, tile, and concrete
construction materials). For the Villa Zapata location
(natural desert), the typology is LCZ F (bare soil or
sand). For the Campestre location, the typology is
LCZ 9 (sparsely built). (See Table I1.)

One energy balance equipment was installed
on the roof of the Engineering Institute at the Au-
tonomous University of Baja California (Fig. 2).

Fig. 4. Establishment of the energy balance station at Villa
Zapata (rural desert).

Broad streets surrounded it with a traffic island
bounded by greenery. The major part of this area
is designated for educational, residential, and com-
mercial use. Towards the east lies the sports center
of the university zone, an area of greenery covering
approximately 16.45 ha. The vegetation consists of
grass lawns, trees from Yucatan (Ficus nitida), and
eucalyptus trees (Eucalyptus camaldulensis Dehn)
maintained through artificial irrigation (Garcia-Cueto
et al., 2004; Garcia-Cueto, 2007).

The suburban (Campestre) station is in the envi-
rons southwest of the city. Figure 3 shows the estab-
lishment of the energy balance station. Although ir-
rigated, the site is surrounded by minimal vegetation.

The rural station was located southwest of the
city (Fig. 4). A characteristic of this site is the lack of
paved streets, which have been delineated but con-
serve their natural sandy soil, with houses dispersed
among brushy vegetation such as mesquite (Pro-
sopis leavigata) and cachanillas (Pluchea sericea)
(Garcia-Cueto et al., 2007).

Garcia-Cueto (2007) showed that atmospheric
and surface urban heat islands (UHI) are present in
Mexicali. A daily cycle was observed in which the
atmospheric UHI develops during the night, but it
disappears during the day giving way to an urban cool
island. The greatest mean intensity of the heat island
in the urban canopy occurs during the spring and fall,
with increases in temperatures of 4.4 °C and 4.5 °C,
respectively, whereas during the winter and summer
the increases in temperature values are of 3.5 °C
and 3.2 °C, respectively (Garcia-Cueto et al., 2009).
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Table I1. Values of geometric and surface cover properties for local climate zones. Properties do not have units,
except for the height of the roughness elements (m).
Place of Sky view  Aspect Building  Impervious  Pervious Height of Terrain
measurements factor' ratio’ surface surface surface roughness roughness

fraction’ fraction* fraction’ elements® (m) class’
Engineering Institute  0.6-0.9  0.3-0.75 20-40 20-50 30-60 3-10 6
Villa Zapata >0.9 <0.1 <10 <10 >90 <0.25 1-2
Campestre >0.8 0.1-0.25 10-20 <20 60-80 3-10 5-6

! Ratio of the amount of sky hemisphere visible from the ground level to that of an unobstructed hemisphere.
? Mean height-to-width ratio of street canyons (LCZs 1-7), building spacing (LCZs 8-10), and tree spacing (LCZs

A-G).
? Ratio of the building plan area to the total plan area (%).

“ Ratio of the impervious plan area (paved, rock) to the total plan area (%).

* Ratio of the pervious plan area (bare soil, vegetation, water) to the total plan area (%).

® Geometric average of building heights (LCZs 1-10) and tree/plant heights (LCZs A-F) (m).

7 Davenport et al. (2000) classification of the effective terrain roughness (z,) for city and country landscapes.

The UHI developed primarily east of the city in a dune
area, where land use is mixed, and in the commercial
area of the historical center, a short distance from the
international border.

3. Data

The data were obtained from energy balance measur-
ing campaigns conducted from February 17 to April
2,2001 and from June 11 to 25, 2003. As previously
mentioned, the selected sites are representative of
three land use types in the study zone: urban, rural
(desert), and farmed suburban, and the data represent
the typical conditions of summer and winter seasons.
The global radiation was measured with a LI-COR
radiation sensor (LI-200SZ, Lincoln, NE, USA) with
a spectral response from 0.4 to 1.1 um. The net all-
wave radiation was measured with a net radiometer
Q*7.1 (Radiation & Energy Balance Systems, Inc.,
Seattle, WA, USA), which is sensitive to wavelengths
from 0.25 to 60 pm. Both parameters were measured
out every minute and averaged every 30 min. At Villa
Zapata and the Engineering Institute, the turbulent
fluxes were measured using an eddy covariance sys-
tem and the energy stored in the soil was estimated
as residual in the covariance system.

At Campestre, a Bowen Ratio system was used
for turbulent flux estimations, and heat flux plates
were used to measure the soil heat flux. The average
temperature of the soil layer above the plate was
measured using a TCAV (averaging soil thermocou-
ple probe), which is a temperature probe with four

parallel thermocouple junctions in one. The TCAV
was used in conjunction with the soil heat flux plates
to calculate the heat flux at the soil surface. The plates
buried at a fixed depth of 8 cm to reduce errors from
the vapor transport of heat. A CS615 water content
reflectometer was used to calculate the specific heat
of the soil (C,). The values of C and the change in
soil temperature (AT,) measured by the TCAV over
the output interval ¢ are required to calculate the
energy stored () in the soil layer at a depth d above
the heat flux plates:
S =UT* C*d)/t 3)
Data from the three sites were grouped into peri-
ods representing the seasons. The applied criterion
was based on the tests for differences of the mean
under independences. Because the data sizes of half-
hour intervals were greater than 30, we applied the
following normalized distribution (Wilks, 2006):

Z=%5 -5 /NS / )+ (S5 / ny)] (4)
where Z is the statistic, X, and x; are the means of the
samples from the two periods being compared, S and
S5 are their corresponding variances, with n, and n,
being the sizes of each sample. If Z is less than 1.96
(the standardized value of the normal distribution that
comprises 95% of the values), then the means are
similar with a significance level of o« = 0.05. In the
opposite case, the means are considered independent.
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For the Engineering Institute and Villa Zapata, the
data were grouped in three periods: spring (March 7
to April 2, 2001), summer (June 11 to 25, 2003), and
winter (February 16 to March 6, 2001); however, for
Campestre. data are only available for the summer
period (June 11 to 25, 2003). More details on the data
are given in Tejeda-Martinez et al. (2010).

4. Statistical estimates

Grimmond and Oke (2002) proposed a local scale
urban meteorological parameterization scheme
(LUMPS) to calculate heat fluxes for the urban en-
vironment. The inputs are net radiation, standard
meteorological observations, and basic surface cover
information. LUMPS is a better model compared with
earlier models such as the hybrid plume dispersion
model (Hanna and Chang, 1993). Its improvement
results mainly from the objective hysteresis model pa-
rameterization (Grimmond and Oke, 2002) of storage
heat flux, which takes into account the magnitude of this
flux, the hysteresis pattern, special coefficients used to
partition Oy, and QO as an effect of the urban green space
and/or surface moisture availability, and the positive
Oy fluxes observed in urban environments after sunset.

The scheme proposed in this paper for Mexicali
is simpler (and with lower precision) because it uses
as its input only the solar global radiation and its
basis are statistical relationships instead of physical
considerations as in the LUMPS scheme.

Jegede (1997) demonstrated a large correlation
between net and global radiation for Nigeria, and
Méndez-Pérez (2001) found similar results for eastern
Mexico. Statistical relationships between sensible heat,

latent heat, stored heat in soil versus the global radiation
for Mexico City were found by Tejeda and Jauregui
(2005). This work proposes statistical models for the
energy-balance components according to different land
uses and seasons of the year. The models are valid only
during the daytime when global radiation is not zero.
Actually, this results in an error: The energy-balance
components also vary during the night. Nevertheless,
the generated daytime models present determination
coefficients between 0.74 and 0.98 (and only in one
case 0.59), i.e., the global radiation explains the vari-
ance of daytime energy-balance components between
59 and 98%, as will be later discussed.

4.1 Net radiation

For the cities of Chicago, IL; Los Angeles, CA; and
Lodz, Poland, Offerle et al. (2003) demonstrated
that net radiation (Q*) could be estimated as a
linear function of incident global radiation (Q,).
For Mexicali, the regression estimations of the net
radiation have different behaviors during summer
—when hysteresis is present— in comparison with
spring and winter periods, without hysteresis. The
summer measurements were performed from June
11-15,2003. Clear skies prevailed, with mean daily
temperatures of approximately 29 °C, a relative
humidity of 28%, and calm air.

As shown in Table III and Figure 5, for the
Engineering Institute (urban) and Campestre
(suburban) sites (Fig. 5a, b, ¢ and d), due to the
presence of hysteresis it was necessary to generate
two estimation models for net radiation depending
on the global radiation. Therefore, to obtain all the

Table III. Estimation models the net radiation (Q*) in proportion to global radiation (Q,) for each site during summer.

Site Period of day Equation MSE R
(W m?)

Engineering 12:00 am to 12:00 pm

Institute (urban) (Figure 5a) 0*=-7546+0.16 O, + 0.0003 0, 15.3 0.96

Engineering 12:30 to 11:30 pm

Institute (urban) (Figure 5b) 0*=-65.83+0.91 Q,—0.0004 0, 314 0.94

Campestre 12:00 am to 12:00 pm

(suburban) (Figure 5¢) *=-59.24 +0.11 Q, +0.0005 Q. 32.6 0.96

Campestre 12:30 to 11:30 pm

(suburban) (Figure 5d) 0*=-49.31+1.12 0, - 0.0005 Q.? 27.9 0.94

Villa Zapata Whole day

(rural) (Figure Se) *=-52.0664 + 0.5009 Q, 18.7 0.98

MSE: mean square error; R*: determination coefficient.
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estimation models for energy balance, two periods
were considered: from midnight to midday (Fig. 5a, ),
and from midday to midnight (Fig. 5b, d), all of which
were quadratic regression equations. For Villa Zapata
(rural), net radiation as a function of global radiation
exhibits a linear behavior, i.e., without hysteresis
(Fig. 5e). The magnitudes of the goodness of fit range
from 15.3 to 32.6 W m * for the mean standard error,
and the determination coefficient between the observed
and estimated radiation values is > 0.94.
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Fig. 5. Regression models of net radiation (Q*)
as a function of global radiation (Q,) in sum-
mer for: (a) Engineering Institute, midnight to
midday; (b) Engineering Institute, midday to
midnight; (¢) Campestre, midnight to midday;
(d) Campestre, midday to midnight , and (e)
Villa Zapata, for the whole day.

For winter and spring, the measurement cam-
paigns were conducted from February 17 to April
2,2001. The Engineering Institute does not present
hysteresis in winter, in contrast to summer, as seen in
Table I1I (unfortunately, there are no data for Camp-
estre during winter); thus, the regression models for
both locations in Table IV (Villa Zapata and Institute)
are linear. For all models, the determination coeffi-
cients are acceptable, unlike the estimated standard
errors, which are large.
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Table I'V. Estimation of net radiation (Q*) for Villa Zapata
and the Engineering Institute as linear regression models
(O*=a, + a,0,), and goodness of fit (estimated standard
error, ESE, and determination coefficient between the
observed and estimated data [R?]) for spring and winter
seasons. For Campestre, data is only available for summer
(see Table II).

Site/season ap a;, ESE(Wm?) R
Villa Zapata (rural)

Spring -51.21 0.63 45.27 0.96
Winter -39.95 0.61 38.16 0.94
Engineering Institute (urban)

Spring —60.46 0.55 29.76 0.96
Winter -52.08 0.54 46.08 0.94

4.2 The other components

The relationship between sensible heat and global
radiation is hysteresis-free for Villa Zapata and the
Engineering Institute. For Campestre, hysteresis is
present in summer and the quadratic model is required
(Table IV). In the case of the estimation models of
net radiation (Tables III and 1V), the determination
coefficients between the observed and estimated data
areoutstanding , but the errors are large.

As mentioned in section 3, the stored heat in the
soil was measured at Campestre by means of two
soil heat flux plates at an 8-cm depth, but at the
Engineering Institute and Villa Zapata the stored
heat was estimated from the residues in Eq. (2). In
addition to the sensible heat, Table V shows that in

A. Tejeda-Martinez et al.

summer Campestre presents hysteresis, but the qua-
dratic term for its simulation as a function of global
radiation was not necessary. Similar to net radiation
and sensible heat, the estimated vs. observed data
have a high correlation, but their estimation standard
errors are also high.

Although QO was measured with eddy covariance
at the Engineering Institute and Villa Zapata, and by
the Bowen’s ratio system in Campestre, this was not
considered statistical modeling from global radiation.
Correlation coefficients with global radiation were
less significant than other components of the energy
balance because their values are very low due to the
desert environment, primarily at Villa Zapata.

4.3 Hysteresis

In traditional terms, when the ascending calibra-
tion curve does not coincide with the descending
curve, this is called hysteresis (Krasnoselskii and
Pokrovskii, 1989). The hysteresis effect in diurnal
cycles of net all-wave radiation and ground-stored
heat has been observed in many places, but its
physical explanation remains ambiguous (Sun et
al., 2013). By means of theoretical considerations
(primarily the model of Camuffo and Bernardi,
1982) and observations on different surfaces (green,
black, white, and ballast roofs, cotton fields and
grasslands), Sun ef al. (2013) explain hysteresis on
the basis of the vertical water flux and the scaled ra-
tio of net shortwave radiation to outgoing longwave
radiation. According to Grimmond and Oke (1998),

Table V. Estimation of sensible heat (Qy) for the three sites, as linear or quadratic regression models
(Qu=b,+ b0, + b, 0.) and goodness of fit (estimated standard error, ESE, and the determination
coefficient between the observed and estimated data [R]?). For Campestre, data is only available

for summer.

Site/season by b, b, ESE (W m™) R’
Villa Zapata (rural)

Spring -7.11 0.19 0.0 22.38 0.86
Summer —5.08 0.21 —0.00002 36.61 0.90
Winter —6.32 0.21 —0.00003 23.06 0.88
Campestre (suburban)

Summer (12 am to 12 pm) 1.35 —0.11 —0.00034 49.38 0.79
Summer (12:30to 11:30pm)  5.64 0.36 —0.00013 80.82 0.59
Engineering Institute (urban)

Spring -9.91 0.22 0.0 22.60 0.90
Summer -19.26 0.26 0.0 56.75 0.81
Winter -7.31 0.21 0.0 20.65 0.86
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hysteresis can occur in the presence of humidity and/
or turbulence. For example, the hysteresis found for
central Mexico City can be explained by turbulence
(Tejeda and Jauregui, 2005).

In this paper, hysteresis is understood as the
discrepancy in the response of the energy balance
components (net radiation, sensible or soil-stored
heat) to the stimulus from global radiation when it
increases or decreases. In this sense, hysteresis was
present at the Engineering Institute for net radiation,
and at Campestre for net radiation, sensible and soil-
stored heat because those energy balance components
exhibit one type of behavior when global radiation
rises from its minimum to its maximum, and another
type when global radiation descends toward its min-
imum, as represented in Tables I1I, V, and VI. When
hysteresis is present the estimation of net radiation,
sensible and soil-stored heat based on global radiation
requires quadratic regressions.

Hysteresis is present in homogeneous (Campes-
tre) and non-homogeneous (Engineering Institute)
terrain, so the turbulence is not its primary cause.
However, it may result from thermal inertia caused by
humidity, because both sites are often irrigated during
the summer. Additionally, land surface temperature
(LST) plays a role, because it is correlated to all
energy budgets, including radiative components in
different forms; for example, the upwelling longwave
radiation follows the fourth power law as a function
of LST, whereas the reflected shortwave radiation fol-
lows a linear relationship of the incoming radiation.
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The independent terms of the quadratic equations
for sensible heat estimation are positive in the statis-
tical models in Table I'V, which suggests high values
of humidity near the ground at Campestre; i.e., if the
global radiation is null, there is positive sensible heat
rising from the surface to the atmosphere as a result
of sensible heat being released from the condensation
of vapor in the soil.

5. Conclusions

The proposed statistical models for different land uses
have acceptable goodness of fit: the determination
coefficients with global radiation range from 0.72 to
0.98 (with only one case being 0.59), although the
estimated standard error values are not small because
they fluctuate from 15 to 82 W m™. No latent heat
flux was estimated from global radiation because its
values are small in a desert environment. In this esti-
mation scheme, latent heat can be obtained from the
differences between the estimated net radiation, the
sensible heat flux and the heat stored in the ground.
The inherent problem in this procedure, however,
is that all of the estimated errors in the fluxes were
incorporated into latent heat flux.

The proposed parameterizations are approxima-
tions that have the same behavior as the observed
data, but with large errors. More data are necessary
to improve the statistical models, in order to gen-
erate one statistical model for the energy balance
components in Mexicali that depends on global ra-
diation only. It is obvious that in this simple model,

Table VI. Estimation of the stored heat in the soil (Q,) for the three sites, as linear
regression models (O, = ¢, + ¢,0,) and goodness of fit (estimated standard error
[ESE] and determination coefficient between the observed and estimated data [R?]).
For Campestre, data is only available for summer.

Site/season o c ESE (W m™) R’
Villa Zapata (rural)

Spring —85.65 0.36 36.66 0.92
Summer —46.4 0.2662 43.27 0.86
Winter —60.68 0.35 43.60 0.92
Campestre (suburban)

Summer (12 am to 12 pm) —65.82 0.19 30.08 0.86
Summer (12:30 to 11:30 pm) —-80.26 0.23 26.49 0.92
Engineering Institute (urban)

Spring -56.47 0.31 44.84 0.83
Summer —73.83 0.17 66.35 0.74
Winter —49.72 0.31 44.38 0.74
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basic information such as land covers, buildings, im-
pervious surfaces, and standard weather information
such as air temperature, humidity, and wind speed is
integrated to estimate heat fluxes, but these elements
are not disaggregated in the models.

Thus, the previously presented statistical models
are applicableto local climatic zones LCZ 6, LCZF, and
LCZ 9 proposed in the classification by Stewart
and Oke (2012) and not to the entire city. It is true
that the city has grown since the beginning of 2000,
but development has been on the periphery and not in
the locations where the balance measurements were
carried out. Thus, under this premise, the proposed
models are applicable in the areas of measurement.

Hysteresis appeared during the summer accord-
ing to the data from Campestre and the Engineering
Institute. If we consider that the thermal inertia of
land cover and soil moisture movement are the main
causes of hysteresis, we can explain that hysteresis
is clear (the thermal inertia of buildings and the soil
moisture from gardens around buildings) for the En-
gineering Institute. In Campestre, where hysteresis
is also present, building surfaces are minimal but
moisture movement is present, thus the hypothesis
of turbulence being the primary origin of hysteresis
is not solid in this case. To determine the real cause
of hysteresis, a deeper study is needed that registers
humidity, wind and balance of energy components
to determine which factors influence the presence of
the phenomenon in Mexicali.

Acknowledgments

The authors are grateful to Mr. Warren Haid, from the
Research Department of the Universidad Veracruza-
na, for the translation of this manuscript.

References

Camuffo D. and A. Bernardi. 1982. An observational study
of heat fluxes and their realtionship with net radiation.
Bound.-Lay. Meteorol. 23, 359-368.

Chow W.T. L., T.J. Volo, E. R. Vivoni, G. D. Jenerette and
B. L. Ruddell, 2014. Seasonal dynamics of a suburban
energy balance in Phoenix, Arizona. Int. J. Climatol.,
doi:10.1002/joc.3947.

Davenport A. G., C. S. B. Grimmond, T. R. Oke and J.
Wieringa, 2000. Estimating the roughness of cities and
sheltered country. Proceedings of the 12" Conference
on Applied Climatology, American Meteorological
Society, Asheville, NC, pp. 96-99.

Focken T., 2008. Micrometeorology. Springer Verlag,
Berlin-Heidelberg, 301 pp.

Garcia-Cueto O. R., E. Jauregui-Ostos, A. Tejeda-Martinez,
2004. Contrastes ciudad/desierto del balance de
energia en la atmosfera superficial en el NW de
Meéxico. In: El clima, entre el mar y la montaria (J.
C. Garcia Codrén, C. Diego Liafio, P. Fernandez
de Arroyabe, C. Garmendia and D. Rasilla, Eds.).
Asociacion Espafiola de Climatologia, serie A, num.
4, pp. 291-302.

Garcia-Cueto O. R., 2007. Sobre el balance de energia
vy capa limite superficiales sobre distintos usos del
suelo en la ciudad de Mexicali, B.C. Ph.D. thesis in
Geography, UNAM, 204 pp.

Garcia-Cueto O. R., E. Jauregui-Ostos, D. Toudert and A.
Tejeda- Martinez, 2007. Detection of the urban heat
island in Mexicali, B.C., Mexico and its relationship
with land use. Atmosfera 20, 11-131.

Garcia-Cueto O. R., A. Tejeda Martinez and G. Bojorquez
Morales, 2009. Urbanization effects upon the air
temperature in Mexicali, B.C., Mexico. Atmdsfera
22, 349-365.

Garcia-Cueto O. R. and N. Santillan, 2012. Modeling ex-
treme climate events, two case studies in Mexico. In:
Climate models (L. M. Druyan, Ed.). Intech, Croatia,
pp. 137-160.

Grimmond C. S. B. and T. R. Oke, 1998. Heat storage in
urban areas: Local-scale observations and evaluation
of a simple model. J. Appl. Meteorol. 38, 922-940.

Grimmond C. S. B. and T. R. Oke, 2002. Turbulent heat
fluxes in urban areas: observations and a local-scale
urban parameterization scheme (LUMPS). J. Appl.
Meteorol. 41, 792-810.

Hanna S.R . and J. C. Chang. 1993. Hybrid plume dis-
persion model (HPDM) improvements and testing at
three field sites. Atmos. Environ. Part A, 27, 1491-
1508.

IMIP, 2010. XVIII Ayuntamiento de Mexicali. Programa
de Desarrollo Urbano del Centro de Poblacion de
Mexicali 2025. Instituto Municipal de Investigacion
y Planeacion Urbana de Mexicali, 116 pp.

Jegede O., 1997. Daily averages of net radiation mea-
sured at Osu, Nigeria in 1995. Int. J. Climatol. 17,
1357-1367.

Krasnoselskii M. and A. Pokrovskii, 1989. Systems with
hysteresis. Springer-Verlag, New York, 428 pp.

Méndez Pérez 1. R.,2001. Modelacion de la radiacion neta
en ambientes rurales y urbanos de México. B.Sc. thesis.
Universidad Veracruzana, Mexico, 122 pp.


http://en.wikipedia.org/wiki/Springer-Verlag

Energy fluxes and their hysteresis in a desertic Mexican city 139

Oke T. R., 1987. Boundary layer climates. Routledge,
London, 435 pp.

Offerle B., C. S. B. Grimmond and T. R. Oke, 2003.
Parameterization of net all-wave radiation for urban
areas. J. Appl. Meteorol. 42, 1157-1173.

Offerle B., P. Jonsson, I. Eliasson and C. S. B. Grimmond,
2005. Urban modification of the surface energy balance
in the West African Sahel: Ouagadougou, Burkina
Faso. J. Climate 18, 3983-3995.

Stewart I. D. and Oke T. R., 2012. Local climate zones for
urban temperature studies. Bull. Am. Meteorol. Soc.
93, 1880-1900.

Sun T., Z. H. Wang and G. H. Ni, 2013. Revisiting the
hysteresis effect in surface energy budget. Geophys.
Res. Lett. 40, 1741-1747.

Tejeda-Martinez A. and E. Jauregui, 2005. Surface ener-
gy-balance measurements in the Mexico City region:
A review. Atmosfera 18, 1-23.

Tejeda-Martinez A., O. R. Garcia-Cueto and L. P. Aqui-
no-Martinez, 2010. Bases para la modelacion del
campo térmico y el balance de energia en una ciudad
mexicana del desierto: Mexicali. In: Clima, ciudad y
ecosistemas (F. Fernandez Garcia, E. Galan Gallego
and R. Cafiada Torrecilla, Eds.). Asociacion Espafiola
de Climatologia, seric A, nam. 7, pp. 565-573.

Velasco E., S. Pressley, E. Allwine. R. Grivicke, L. T.
Molina and B. Lamb, 2011. Energy balance in urban
Mexico City: Observation and parameterization during
the MILAGRO/MCMA-2006 field campaign. Theor.
Appl. Climatol. 103, 501-517.

Wilks D. S., 2006. Statistical methods in the atmospheric
sciences. Academic Press, 627 pp. (International Geo-
physical Series, 91).



