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Abstract

The aim of this work was to characterize and to bring into relationship of the net radiation with
the latent heat flux equivalent to water (mm) in a patch of Atlantic Forest within the metropolitan
area of Sao Paulo (RMSP). The estimation of the latent heat flux (LE) was made by the energy bal-
ance equation with the Bowen ratio. Measurements of net radiation and psychometrics gradients
were made. Soil heat flux (G) was measured by temperature sensors in two depths. Measurements
were made at Park of Science and Technology of Sdo Paulo University (CIENTEC), Sao Paulo, Brazil,
between 2011 and 2013. Results indicated that evapotranspiration varies seasonally and the
amount of water evaporated exceeds 3.0 mm-day-! in spring/summer and in autumn/winter the
amount is approximately 1.0 mm-day-1. The evapotranspiration is increased under RMSP urban
climate conditions with higher air temperature and lower moisture especially in summer season.
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1. Introduction

The purposes of this work is the measurement and to analyze inedited net radiation data to estimate latent heat,
sensible heat and soil heating at the State Park and Ipiranga’s Springs (PEFI), located at southern part of city Sao
Paulo. There is a gap of such studies for areas of Atlantic Forest inserted in a complex metropolitan area (Figure
1). Pereira Filho et al. [1] analyzed significant micro climate changes in the past seven decades such as an in-
crease in air temperature of 2.17°C, a decrease in relative humid of 7%, and 400 mm increase in the yearly pre-
cipitation caused by anthropic impacts in soil usage and coverage, movement and the breeze from sea in the late
afternoon, local produce storms and severe floods and other major impacts in the metropolitan area. PEFI is
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Figure 1. Landsat-14 image of the metropolitan area of Sdo Paulo. The loca-
tion of the State Park and Ipiranga’s Springs (PEFI) is shown. Source: Pereira
Filho et al. [1].

a patch of reminiscent Atlantic Forest within the MASP and it is also affected by its local climate changes. The
aim of the present work is to study heat flux and the energy balance in PEFI under such urban humid tempera-
ture stresses.

The process of transferring water to the atmosphere through evaporation of water and liquid from the soil
surface and transpiration of the vegetables becomes evapotranspiration (Thornthwaite et al. [2] [3]). The main
weather variables considered in the study of evapotranspiration are: solar irradiance, insulation, air temperature,
relative humidity, precipitation and wind speed and direction. As the direct measurement of evapotranspiration is
quite difficult, costly, it requires special facilities and equipment at high cost (lysimeters, evapotranspirometers,
tanks, etc.) justifying only in experimental conditions. There are countless methods of estimating evapotranspi-
ration (Berlato & Molion, [4]), and they can be grouped into several categories: empirical, aerodynamic and
energy balance (Berlato & Molion, [4]). In this work, we emphasize the method of energy balance. In the large
cities there are so-called “heat islands” that are caused by intense urbanization, industrialization, heavy traffic,
which significantly after the environment, produce changes in weather elements. A study on the metropolis was
done by Lombardo [5]. An analysis on the measurements on the meteorological variables observed in Sao Paulo
was performed by Pereira Filho et al. [1], and then it observed a decrease of about 7% in relative humidity, and
an increase of 2.2 degrees Celsius in the average temperature and also an increase in the rate of precipitation. In
January 2010, a monthly total rainfall of 653.2 mm occurred, approximately three times as the normal (219.2
mm), with a major impact of change in urban space as flooding, floods, landslides etc. A survey of the maximum
intensities of rainfall and its probability of occurrence was conducted by two researches of IAG-USP, with the
use of rain gauge data (Garcia Occhipinti and Marques dos Santos [6]). This work has been used for planning
urban drainages and prevention of extreme rainfall events. Air pollution existing in large conurbations, enables
its condensation nuclei in the formation of a large amount of cloudiness, consequently altering the amount of
solar radiation that reaches the surface of the metropolitan area.

Thornthwaite et al. [2] [3] introduced the concept of potential evapotranspiration to express evapotranspira-
tion that normally occurs in a fully vegetated terrain, freely exposed to the atmosphere and the place never lack-
ing moisture in the soil for use by plants. Thornthwaite and Mather [7], emphasized that evapotranspiration is in
the final analysis of the normal evaporation from the natural surface well supplied with moisture and the atmos-
phere that occurs when vegetation does not suffer restrictions moisture. Penman [8] [9] studied the evaporation
and evapotranspiration by associating the equilibrium water vapor pressure (es) with the existing vapor pressure
(ea). The Penman method takes into account the net energy availability. But since the Penman’s formulation was
laborious, Bavel [10] proposed a simplification through an abacus to consider insulation.

Blaney and Criddle [11] introduced a method similar to Thornthwaite, but used the average temperature and a
day light length factor. The energy balance method has its development after the work that Bowen [12] entitled
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“The ratio of heat losses by conduction and evaporation from any water surface”. Many researchers used this
method to retrieve data from evaporation and evapotranspiration, especially with agro-meteorological purposes.
Fritschen [13] studied different vegetation cultures using the Bowen ratio. Specifically in Brazil, many contribu-
tions have been given by Camargo [14]-[16], Villa Nova [17] to energy budget in rice cultivation. Sa et al. [18]
evaluated the energy flux in Central Amazonia Forest. Gielow et al. [19] used the Bowen ratio in researching
advection from tropical forests. Paiva et al. [20] determined the evapotranspiration of a wheat crop using the
method of energy balance.

The estimation of latent heat flux from a culture of chili using the method of energy balance (Bowen ratio)
was performed by Cunha et al. [21]. Boueri [22] estimated the crop evapotranspiration of Tagetes patula (a
flower called “marigold” in greenhouse and field). The estimated evapotranspiration in cerrado by the Bowen
ratio method was performed by Biudes et al. [23]. Silva et al. [24] investigated the flow energies to farmland
and forest in eastern Amazonia. An important contribution was made by Oliveira [25], who compared Penman
[8] [9] with an evaporating pan with measurements of net radiation. Measurements of temperature and humidity
to determine the Bowen ratio can be costly. Armani [26] [27] and Armani and Galvani [28] developed a low-cost
system termed abc that is used with a shelter in this research with compatible results when compared to a WMO
certified weather station [29] (Funari and Pereira Filho [30]). Under normal atmospheric conditions, the main
energy supplied to the surface is given by the solar short wave radiation which is partially reflected (albedo) as
the characteristics surface, establishing a shortwave balance (SWB). On the other hand, the surface also radiates
long-wave radiation to the atmosphere depending on the temperature that results in long waves balance (LWB).
Both SWB and LWB establish the so-called net radiation (Rn) balance. The consumptive use of the energy used
in the processes is the following form:

R,=LE+H+G+F 1)

where, R, = net radiation (W-m?); LE = latent heat (W-m?), used in evapotranspiration; H = sensible heat
(W-m?), air and surface heating; G = soil heating (W-m %), heat flow in the soil; F = photosynthetic heat
(W-m ), by biological processes.

Obtaining evaporation or evapotranspiration through energy balance is an alternative that has been considered
promising (Berlato and Molion, [4]), whenever variables can be measured or estimated with sufficient accuracy
for energy balance studies. Evapotranspiration can be determined with good accuracy as well (Villa Nova, [17]).
Additionally, this is a method that allows estimation of evaporation or evapotranspiration for short periods such
as a day for example (Berlato and Molion, [4]). Early studies of the energy balance were made by Bowen [12]
over liquid surfaces, determining the ratio between the fluxes of sensible and latent heat as a function of temper-
ature and vapor pressure gradients called “Bowen ratio”.

2. Materials and Methods

The meteorological variables data used in this manuscript were measured by an Automatic Weather Station in-
stalled in a weather enclosure together with an existing conventional WMO meteorological station (WMO
83004), located on the premises of the USP Science and Technology Park (CIENTEC). The latter is in patch of
Atlantic Forest (Parque Estadual das Fontes do Ipiranga) inserted in the southern region of Sao Paulo-SP Brazil.
The geographic coordinates are: Latitude = 23°39'04"S — Longitude = 46°3721"W — Altitude = 802.0 m. The
instruments used in the table below (Table 1). The measurements with the instruments of Automatic Weather
Station (AWS), were compared with those of the conventional Weather Station (WMO 83004) by Funari and
Pereira Filho [30].

2.1. Criteria for Selecting Data

To obtain satisfactory results some criteria are needed Funari, [31]: 1) days without rain in the day and the pre-
vious days; 2) remove days with negative R, at sun rise and setting (here from 08:00 to 16:00 LT); 3) insulation
greater than 70%; 4) identified predominant weather system over the region (air mass), discriminated by the
Naval Meteorological Service of the Brazil Navy at 00 UTC and 1200 UTC [29] and; 5) select data discrimi-
nated by season (spring, summer, fall and winter). All days were selected with the above criteria between May

2011 and June 2013.
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Table 1. Measurements and instruments required.

Variable Sensor Model Manufacturer Accuracy Unit
e TR wrse) e e
Wind Dir-Vel. 05103-5 Young Ml 20-1m/s Graus/m/s
Solar radiation Fotovolt. CS 300 Campbell 5% dia W/m?
Net radiation Thermopile NR-light-Net Campbell <30 W/m? W/m?
Temperature Res. platina HMP 45 C Vaisala 0.2°C Celsius
Relative humidity Capacitive HMP 45 C Vaisala 5% %
Atmospheric pressure Silicon cap. CS 105 Vaisala 2 mb (=hPa) Mb (hPa)
Soil temperature Termistor 107 Campbell 0.5°C Celsius
Humidity soil Dieletric CS 616/625 Campbell 2% g-cm®
Rain Béscula TB4 Campbell 0.2 mm mm

(*) Installed in particular shelter (“abc™) under 0.8 m above the ground.

2.2. Bowen Ratio Energy Balance Method

With measurements of net radiometer (R,), Equation (1) can be modified to estimate the energy balance:
R,=H+LE+G+F+M 2

where, F + M = heat flux by photosynthesis and other heating processes.

The term (F + M), are very small, about 1%, and may be disregarded. The value of G is also small and can be
determined by measurements with flow meters instruments, or from measurements of soil temperature and
physical characteristics of the same (Funari and Pereira Filho, [32]). The most important components of net
energy budget are the sensible heat flux and latent heat. Both the net radiation and soil heat flux can be meas-
ured. The laws governing the flow of heat in the gases cannot be applied to predict the flow of sensible heat in
the atmosphere, as this is an open system. The flow of air above the surface of the soil causes it to be continually
renewed and mix with the air from the higher layers (Mota, [33]). The sensible heat (H) can only be determined
estimate in practice. The latent heat flux (LE) is the most important and of the order of more than half of net
energy available. The heat to evaporate 1 mm of water is called latent heat of evaporation. It varies slightly with
temperature; being approximately 59 calories evaporate 1 mm of water. To resolve for H, it is used the Bowen
ratio, that also allows the calculation of the latent heat (LE). To determine the Bowen ratio, is necessary two
psychrometers (set of dry and wet thermometers) installed in two different height levels. Given the existence of
the Automatic Weather Station measurements of air temperature and relative humidity in the standard height of
1.5 m, sensors were installed to measure air temperature and relative humidity at the height of 0.80 m (HT-500)
(Funari and Pereira Filho, [34]). In summary Rn and G were measured and H and LE were determined using the
Bowen ratio. Bowen [12], listed the sensible heat flux (H) and latent (LE):

B =H/LE = y xAT/Aea (3)
where, B = Bowen ratio; AT = temperature gradient (°C) at two levels (0.8 m to 1.5 m) with psychrometers; Aea

= gradient of vapor pressure (mmHg) at two levels considered; y = psychometric constant (0.47 mmHg/°C).
According to Villa Nova [17], Equation (3) can be simplified:

B=1/[(s+y/y)x(ATU/AT)]-1 (4)

where, s = tangential to saturation curve of water vapor in the moist point average temperature (MTU). The term
(s+y/y) are calculated from table (Villa Nova, [17] and Ferreira, [35]); ATU=TU2-TUL is the humid dif-
ference measured at two levels Z2 (1.5 m) and Z1 (0.8 m); AT =T2-T1=is the dry temperature difference
measured at Z2 and Z1.
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The equation used to calculate the latent heat flux (LE), which is the fraction of energy used for evaporation
and evapotranspiration is the following:

LE=Rn-G/1+B (5)

In Equation (5), Rn and G are derived from measurements and B of Equation (4).

In Equation (5) to obtain the value of LE have the value of G (ground heat flux), it may be obtained by mea-
suring soil temperature selected in two levels (the soil surface and 20 cm depth), knowing the type and soil
physical properties, which are determined in the laboratory. At springs of the Ipiranga State Park, Sao Paulo
Brazil, the soils are predominantly Oxisol and Clay type, Funari and Pereira Filho [32]. The term G is obtained
from:

G =KxAxdT/dZ (6)

where, G = heat flow in soil (cal-cm™-min™); A = area through which to study the variation in flow (= 1 cm?);
dT = temperature difference between two levels (0 cm and 20 cm); dZ = difference between two levels (0 cm
and 20 cm); K =(10 exp—4)x (1275 logu —0.71)x (10 exp 107 p) (cal-cm *s™*), where, x = (0 cm - 20 cm) =
8.27 (Wt% moisture); p = (0 cm - 20 cm) = 1.14 glem® (density).

The values of u and p, are for the soil near the Automatic Meteorological Station, the value of K = 0.0459
cal-cm 2-min ™.

Equation (6) becomes:

G =(0.0459)dT/dz 7
With the use of Equations (5) and (7), one can write the equation to obtain the latent heat of evaporation (LE):
LE = Rn—(0.0459xdT/dZ)/{1+[1/(s+y/y)x(ATU/AT)] -1} (8)

3. Results

The results for selected days according to the criteria Section 2.2 are shown in Table 2. An important factor that
should be considered is the n/N ratio which indirectly indicates the amount of cloudiness that influences the in-
coming solar radiation and, consequently, the evapotranspiration. An example is Figure 2 for 19/12/2011 with

Table 2. Selected days and results from meteorological variables measured. AMT is the air mass type. Qg is the global solar
radiation (ly-day™); n/N id the ration of actual hours of sunshine (n) and maximum hours of sunshine (N); Rn is the net radi-
ation (ly-day™); G is the = soil heat flux (ly-day %); B is the Bowen ratio (H/LE); LE/Rn is the percentage of latent heat flux
in the total net radiation; LE is latent heat flux of evaporation (ly-day %); EV is the evaporation (mm-day 2).

Data AMT Qg (ly-d™?) n/N Rn(ly-d™® G (lyd™? B LE/Rn % LE (ly-d™) EV (mm-d?)
23-05-11  MPV 332.3 0.856 133.5 314 0.494 51.2 68.3 1.2
21-10-11  MPA 540.9 0.880 353.7 19.9 0.530 53.0 187.3 32
23-10-11  MTA 473.7 0.632 293.0 58.4 0.559 51.3 150.4 2.5
28-10-11  MTC 431.0 0.783 242.4 47.5 0.711 47.0 113.9 1.9
12-12-11  MPA 553.1 0.707 358.3 48.3 0.603 54.0 193.4 33
19-12-11  MTC 577.5 0.840 392.3 19.11 0.646 64.6 253.6 43
07-05-12  MPA 309.8 0.782 124.3 24.4 0.540 53.0 65.9 11
24-05-12 MTA 220.5 0.363 104.3 14.9 0.441 59.4 62.0 1.1
26-05-12  MTC 295.4 0.878 182.9 6.2 0.635 63.5 116.1 2.0
05-07-12  MTA 289.2 0.870 96.3 17.2 0.511 55.2 53.2 0.9
08-06-13  MPV 236.7 0.671 153.5 8.2 0.607 60.7 93.2 1.6
09-06-13  MPA 245.0 0.614 90.2 19.4 0.503 51.8 46.7 0.8

Mean 0.565 Mean 2.0

1Wm?=206ly; 1 ly=0.485 W-m 2
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n/N = 0.840 under a continental tropical air mass (hot and dry) when the evaporation was 4.3 mm. On the order
hand, in winter on 08/06/2013 (Figure 2), there was an evapotranspiration of 0.8 mm at lower n/N = 0.614 with
more cloudiness and under a polar air mass. The Bowen ratio indicates that evapotranspiration varies seasonally.
It is higher in spring and summer due to higher solar energy. The global solar radiation reaching 400 to 500
ly-day * and LE greater than 100 ly-day *, and even to 200 day *. As a consequence, water evaporation exceeds
3.0 mm-day * easily. In autumn and winter, due to the smaller solar radiation given the lowed altitude of the sun,
the global radiation is less than 300 ly-day . The latent heat flux is generally below 100 ly-day . The evapora-
tion is about 1.0 mm-day . On a water balance work at Springs of the Ipiranga State Park (PEFI), Pereira Filho
et al. [36] determined by measurements of precipitation and stream flow in IAG’s watershed, the evapotranspi-
ration in the period of 396 days (June 1999 to June 2000), was 1004.9 mm or 2.54 mm-day*. Using data from
measurements of meteorological variables from the same period by calculating the radiation balance, the evapo-
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Figure 2. Net radiation (Rn), latent heat (LE), sensible heat (H) and
soil heat (G) for selected days of spring (21/10/2011); summer (19/12/
2011); autumn (26/05/2012) and winter (08/06/2013).

transpiration was 1021.7 mm (2.58 mm-day ™).

Figure 2 shows the daily level and time flows Rn, G, H and LE, numerically and graphically on representa-
tive days of the seasons, spring, summer, autumn and winter. In the graphs we can see the time change (ly-h ™) of
multiple streams. We can notice the difference between the values of flows from one station to another. The soil
heat flux is always small barely exceeding 50 ly-day *. The LE/Rn ratio varied between 50% and 65%. The LE
flux presented in Figure 1 shows it is higher for higher Sun elevation from 10 A.M. to 2 P.M. or with higher net
energy. The Bowen ratio (B) ranged from 0.441 to 0.771 with an average of 0.565 that is higher than the one
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observer in the Amazon rainforest where the average is about 0.3 (Molion, [37]), and slightly higher than the one
found for the Pantanal region (below 0.5) according to Souza et al. [38].

4. Conclusions

The Energy Balance using the Bowen ratio for the determination of evapotranspiration is quite satisfactory and
continues to be widely used for various agricultural crops and natural vegetation areas. The methodology shows
the practicability and economy of time and maintenance costs, and the employment of evapotranspirometers, ly-
simeters and evaporation pans. The advantage is the possibility of obtaining the evaporation at shorter time in-
tervals such as a day. The necessary instrumentation and technique involved in the measurements, however,
have limited the use of the method in research.

The selected days studied by season (autumn-winter and spring-summer) and synoptic maps showed that the
dominant weather system over the study area was not very significant to determine the evapotranspiration. The
selection of days with enough sunshine and no precipitation was the key to consistency in comparing results.
Evapotranspiration on selected days showed values that show the seasonal effect: autumn-winter evapotranspi-
ration average of 1.45 mm-day *, while spring-summer of 3.15 mm-day *. The Bowen ratio was on average of
0.565 higher than that in the Amazon (~0.3). However it can be explained by greater solar radiation, higher alti-
tude and less vegetated than that in the Amazon.
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