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56 Abstract The main goal of  this work is to describe the diurnal and seasonal
v ariations of  the radiation balance components at the surf ace in the city  of
São Paulo that are described based on observ ations carried out during
2004. Monthly  av erage hourly  v alues indicate that the amplitudes of  the
diurnal cy cles of  net radiation (Q*), downwelling and upwelling shortwav e
radiation (SWDW, SWUP), and longwav e radiations (LWDW, LWUP) in
February  were, respectiv ely , 37%, 14%, 19%, 11%, and 5% larger than
they  were in August. The monthly  av erage daily  v alues indicate a v ariation
of  60% f or Q*, with a minimum in June and a maximum in December; 45%
f or SWDW, with a minimum in May  and a maximum in September; 50% f or
SWUP, with a minimum in June and a maximum in September; 13% f or
LWDW, with a minimum in July  and a maximum in January ; and 9% f or
LWUP, with a minimum in July  and a maximum in February . It was v erif ied
that the atmospheric broadband transmissiv ity  v aried f rom 0.36 to 0.57;
the ef f ectiv e albedo of  the surf ace v aried f rom 0.08 to 0.10; and the
atmospheric ef f ectiv e emissiv ity  v aried f rom 0.79 to 0.92. The surf ace
ef f ectiv e emissiv ity  remained approximately  constant and equal to 0.96.
The albedo and surf ace ef f ectiv e emissiv ity  f or São Paulo agreed with
those reported f or urban areas in Europe and North America cities. This
indicates that material and geometric ef f ects on albedo and surf ace
emissiv ity  in São Paulo are similar to ones observ ed in ty pical middle
latitudes cities. On the other hand, it was f ound that São Paulo city  induces
an urban heat island with day time maximum intensity  v ary ing f rom 2.6°C
in July  (16:00 LT) to 5.5°C in September (15:00 LT). The analy sis of  the
radiometric properties carried out here indicate that this day time maximum
is a primary  response to the seasonal v ariation of  daily  v alues of  net solar
radiation at the surf ace.
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11

12 Abstract The main goal of this work is to describe the
13 diurnal and seasonal variations of the radiation balance
14 components at the surface in the city of São Paulo that are
15 described based on observations carried out during 2004.
16 Monthly average hourly values indicate that the amplitudes
17 of the diurnal cycles of net radiation (Q*), downwelling and
18 upwelling shortwave radiation (SWDW, SWUP), and long-
19 wave radiations (LWDW, LWUP) in February were, respec-
20 tively, 37%, 14%, 19%, 11%, and 5% larger than they were
21 in August. The monthly average daily values indicate a
22 variation of 60% for Q*, with a minimum in June and a
23 maximum in December; 45% for SWDW, with a minimum
24 in May and a maximum in September; 50% for SWUP, with
25 a minimum in June and a maximum in September; 13% for
26 LWDW, with a minimum in July and a maximum in January;
27 and 9% for LWUP, with a minimum in July and a maximum
28 in February. It was verified that the atmospheric broadband
29 transmissivity varied from 0.36 to 0.57; the effective albedo
30 of the surface varied from 0.08 to 0.10; and the atmospheric
31 effective emissivity varied from 0.79 to 0.92. The surface
32 effective emissivity remained approximately constant and
33 equal to 0.96. The albedo and surface effective emissivity
34 for São Paulo agreed with those reported for urban areas in

35Europe and North America cities. This indicates that
36material and geometric effects on albedo and surface
37emissivity in São Paulo are similar to ones observed in
38typical middle latitudes cities. On the other hand, it was
39found that São Paulo city induces an urban heat island with
40daytime maximum intensity varying from 2.6°C in July
41(16:00 LT) to 5.5°C in September (15:00 LT). The analysis
42of the radiometric properties carried out here indicate that
43this daytime maximum is a primary response to the
44seasonal variation of daily values of net solar radiation at
45the surface.
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86 LWDW87 Incoming longwave radiation at the surface
88 (W m−2)
89 LWUP90 Outgoing longwave radiation at the surface
91 (W m−2)
92 SW*93 Net shortwave radiation at the surface
94 (W m−2)
95 LW*96 Net longwave radiation at the surface
97 (W m−2)
98 σ99 Stefan–Boltzmann constant
100 (5.67×10−8 K−4W m−2)
101 TAIR102 Air temperature (screen level=1.5 m)
103 TSUR104 Surface temperature
105 Γ106 Broadband atmospheric transmissivity
107 α108 Surface effective albedo
109 εATM110 Atmospheric effective emissivity
111 εSUR112 Surface effective emissivity
113

114

115 1 Introduction

116 According to the United of Nations, 85% of the Brazilian
117 population lived in urban areas in 2005, and this figure is
118 expected to have increased to approximately 87% in 2010.
119 In developed countries, the urban fraction of the population
120 is expected to grow from 75% in 2005 to approximately
121 78% in 2010 (Cohen 2004; Masson 2006; UN 2007). If
122 confirmed, the urban population growth may intensify the
123 substitution of naturally and artificially vegetated surfaces
124 by urban land use, favoring the formation of several
125 microclimates that may differ considerably from the climate
126 of the original and adjacent areas (Arnfield 2003; Kalnay
127 and Cai 2003; Collier 2006; Trusilova et al. 2009).
128 In general, urban surfaces absorb and retain more energy
129 than rural or naturally vegetated surfaces because their
130 geometry favors absorption of radiation by increasing the
131 interaction between radiation and the surface as a conse-
132 quence of multiple reflections and emissions (geometric
133 effect). In addition, large portions of the urban surfaces are
134 made of materials such as concrete or asphalt that are
135 characterized by albedo and emissivity smaller than
136 naturally or artificially vegetated surfaces (the material
137 effect; Landsberg 1981). Moreover, urban areas have an
138 extra input of energy due to the anthropogenic energy flux
139 associated with vehicular and stationary sources (Grimmond
140 1992; Sailor and Lu 2004; Ferreira 2010). As a consequence
141 of all these inputs of energy, the urban climate is characterized
142 by the urban heat island (ΔTu-r>0).
143 To understand the impact of urban growth on the local
144 climate, it is necessary to estimate objectively the exchange
145 of energy, momentum, and mass between the atmosphere
146 and the surface. The radiation balance at the surface is one

147of the most important parts of the energy balance because it
148defines the main input of energy at the interface between
149the atmosphere and the surface (White et al. 1978). The
150radiation balance at the surface can be estimated by adding
151the incoming and outgoing fluxes of shortwave and long-
152wave radiation at the surface as follows:

Q» ¼ SWDW þ SWUP þ LWDW þ LWUP; ð1Þ

153154where Q* is the net radiation; SWDW and SWUP are,
155respectively, the incoming and outgoing shortwave radia-
156tions; and LWDW and LWUP are, respectively, the incoming
157and outgoing longwave radiations. Hereafter, downward
158fluxes are negative, and upward fluxes are positive.
159At the surface, these radiation components can be
160observed directly using a set of radiometers (in situ
161measurements) or indirectly using empirical expressions
162based on meteorological parameters observed regularly by
163surface weather stations, specifically screen air temperature,
164screen air relative humidity, and cloud cover and type
165(Offerle et al. 2003; Diak et al. 2004; Oke 2004). Satellite
166estimates can also provide accurate information about all
167components of the radiation balance at the surface for urban
168areas with good spatial resolution and temporal continuity.
169However, in situ observations are preferred in urban areas
170because satellite measurements require frequent calibration to
171ground-basedmeasurements and are strongly affected by cloud
172cover, which is a significant issue in tropical latitudes (Garratt
173and Prata 1996; Gupta et al. 1999; Hinkelman et al. 2009).
174Net radiation at the surface in urban areas varies little
175compared to adjacent rural or naturally vegetated (non-
176urban) areas; nevertheless, when the four components
177indicated in Eq. 1 are considered individually over urban
178areas, they may differ considerably from their counterparts
179in non-urban areas due to differences in the surface
180emissivity, albedo, thermal properties of the substrate
181(thermal capacity, conductivity, and admittance) and atmo-
182spheric transmissivity and emissivity. In urban areas, the
183incoming and outgoing solar radiations at the surface are
184systematically smaller than they are in adjacent rural areas,
185whereas the incoming and outgoing longwave radiations
186over urban areas are larger than they are over adjacent non-
187urban areas. Observations indicate that the combined effects
188of solar radiation components (incoming and outgoing) and
189longwave radiation components (incoming and outgoing)
190yield values of net radiation at the surface over urban areas
191that are slightly larger than they are over adjacent non-urban
192areas located in middle and high latitudes and surround by
193vegetated areas (Oke 1974, 1982; White et al. 1978;
194Landsberg 1981; Estournel et al. 1983; Schmid et al. 1991).
195Very often, the presence of vegetation decreases the net
196radiation at the surface over urban areas mainly because the
197albedo of vegetated surfaces is larger than that of urban
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198 surfaces (vegetation effect; Brest 1987). However, varia-
199 tions in the net radiation due to the vegetation effect depend
200 strongly on the contrast between urban and non-urban
201 landscapes, mainly in vegetation height and soil moisture
202 content (soil moisture effect). In some cases, the presence
203 of vegetation combined with irrigation may unexpectedly
204 increase the net radiation at the surface over urban areas
205 (Grimmond et al. 1996). In other words, the complexity of
206 urban surfaces makes it difficult to infer general rules for
207 net radiation that can be generalized for all kinds of cities
208 and climates. So it is more appropriate to look at each of the
209 individual components of the radiation balance and at the
210 corresponding radiometric properties of the atmosphere and
211 surface that determine their behavior. Therefore, hereafter,
212 the downwelling solar radiation at the surface (SWDW) will
213 be linked to the atmospheric broadband transmissivity at
214 the surface (Γ); the upwelling solar radiation at the surface
215 (SWUP) to the effective albedo of the surface (α), the
216 downwelling longwave radiation at the surface (LWDW) to
217 the effective atmospheric emissivity at the surface (εATM),
218 and the upwelling longwave radiation at the surface (LWUP)
219 to the effective emissivity of the surface (εSUR).
220 As indicated in the brief review above, most of the
221 information available about radiation balance at the surface
222 is based on observations carried out in middle and high
223 latitude cities. However, it is very difficult to systematize
224 the available information because of the complexity
225 associated with all the physical processes that determine
226 the radiation balance at the surface over urban areas.
227 Moreover, very little is known about the radiation balance
228 at the surface in urban areas located in subtropical regions.
229 Therefore, the main objective of this work is to describe
230 the diurnal and seasonal variation of the radiation balance at
231 the surface in the metropolitan region of São Paulo
232 (MRSP), Brazil. This goal will be pursued using in situ
233 observations of net radiation and its four components
234 carried out continuously on the micrometeorological plat-
235 form located at the top of a building located in the city of
236 São Paulo. The description will include four bulk radio-
237 metric properties: atmospheric broadband transmissivity,
238 surface effective albedo, atmospheric effective emissivity,
239 and surface effective emissivity. These parameters offer
240 simple and physically sound information that can be used to
241 characterize urban effects on the radiation balance compo-
242 nents and for comparison to other urban regions. In this
243 paper, the basic features of these four radiometric bulk
244 parameters for urban surfaces are reviewed in Section 2.
245 Observations used in this work and a detailed analysis of
246 temporal and spatial representativeness of these observa-
247 tions are described in the Section 3. Section 4 describes the
248 time evolution (diurnal and seasonal) of the radiation
249 balance at the surface. The bulk radiometric properties are
250 shown in Section 5. Relationship between radiation balance

251at the surface and UHI in São Paulo city are explored in
252Section 6. Major finds are summarized in Section 7.

2532 Basic features of the radiation balance in urban
254surfaces

255The atmospheric broadband transmissivity at the surface is
256the ratio of the downwelling solar radiation at the surface to
257the solar radiation at the top of the atmosphere (Γ=SWDW/
258SWTOP). It varies in time and space depending on the
259atmospheric water vapor content, aerosol load, trace gas
260concentrations (such as CO2, CH4, NO2, and O3), and cloud
261amount, type, and altitude. Over urban regions, the
262variation is observed as a reduction in the downwelling
263solar radiation at the surface with respect to the adjacent
264non-urban areas due to the reduction of the atmospheric
265broadband transmissivity caused by the presence of larger
266concentrations of gases and aerosols in the urban atmo-
267sphere associated with vehicular and other urban air
268pollution sources (pollution effect; Rouse et al. 1973;
269Peterson and Flowers 1977; Peterson and Stoffel 1980;
270Estournel et al. 1983; Oke 1988; Stanhill and Kalma 1995;
271Oliveira et al. 1996, 2002; Jáuregui and Luyando 1999;
272Codato et al. 2008).
273Table 1 indicates that in some polluted urban areas, the
274reduction of SWDW reaches as much as 22% compared to
275adjacent rural areas due to pollution, mainly particulate
276matter. Under clear sky conditions, reductions on the order
277of 21% to 22% in the SWDW were observed over the
278Mexico City in comparison to non-urban areas in the
279vicinity. These reductions were also attributed to high levels
280of particulate matter (Jáuregui and Luyando 1999). Similar
281reductions due to air pollution were observed in the 5-min
282average values of beam radiation at the surface in the city
283of São Paulo during clear days (Oliveira et al. 1996).
284Diminutions between 5% and 13.4% in the monthly
285average hourly values of global solar radiation at the
286surface in São Paulo were observed during clear sky days,
287also in association with air pollution (Oliveira et al. 2002).
288On the regional scale (approximately 200 km), global solar
289radiation in São Paulo showed similar attenuation due to
290urban air pollution and the regional pattern of moisture
291(Codato et al. 2008).
292The upwelling solar radiation at the surface depends on
293the surface effective albedo (α=−SWUP/SWDW), which, in
294the case of urban areas, depends on the combination of the
295materials and the geometric effects. Urban materials (such
296as asphalt, concrete, and tile) and canopy geometry make
297the albedo over urban areas smaller than it is over surfaces
298covered by natural materials (such as those found in rural,
299forest or desert areas; Sailor and Fan 2002). As observed
300for all types of surfaces, the effective surface albedo over

Radiation Q1balance at the surface in the city of São Paulo, Brazil
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301 urban areas decreases with the sun elevation, showing
302 minima in the middle of the day (diurnal variation), in the
303 summer (seasonal variation), and at low latitudes (latitudinal
304 variation). The diurnal, seasonal, and latitudinal variations of
305 the surface albedo associated with the sun elevation are
306 strongly affected by the presence of clouds (cloud effect).
307 According to Yang (2006), only the beam component of the
308 solar radiation field at the surface shows sun elevation effects
309 on the albedo of the surface. The attenuation of the beam
310 component induced by clouds reduces the effects associated
311 with the elevation of the sun. The presence of vegetation in
312 the cities increases the effective albedo mainly because the
313 vegetation reflects a significant fraction of the near infrared
314 (0.7 to 3.0 μm) portion of the solar radiation spectrum (Brest
315 1987), and this part of the spectrum contributes approxi-
316 mately 50% of the global solar radiation at the surface
317 (Escobedo et al. 2011).

318Observations indicate that in urban areas located at
319middle latitudes and for snow-free conditions, the surface
320albedo ranges from 0.10 to 0.27, with an average of 0.15
321(Oke 1988). In this case, the surface albedo shows a
322maximum in the summer and a minimum during the winter
323(Table 2). This seasonal variation has been observed in St.
324Louis, MO, USA by White et al. (1978) and by Vukovich
325(1983); in Hartford, CT, USA by Brest (1987); and in
326Ibadan, Nigeria by Adebayo (1990). It is due mainly to the
327presence of vegetation (vegetation effect), which increases
328the albedo during summer in urban areas located at middle
329latitudes (Table 2). The vegetation effect in these urban
330areas seems to be strong enough to overcome the geometric
331effect, which tends to decrease the albedo during summer,
332when the sun elevation is higher (seasonal variation). In the
333presence of snow, the surface albedo in urban areas shows a
334seasonal variation with a minimum in the summer and a

t1.1 Table 1 Some typical variations in the incoming shortwave radiation at the surface in urban areas and their main causes

t1.2 City Latitude,
longitude, altitude

Reduction of SWDW Main cause

t1.3 Hamilton, Canada (Rouse et al. 1973) 43°16′ N, 79°54′ W, 106 m 12% Pollution

t1.4 St. Louis, MO, USA (Peterson and Stoffel 1980) 38°38′ N, 90°11′ W, 142 m 3–4% Pollution

t1.5 Toulouse, France (Estournel et al. 1983) 43°36′ N, 1°26′ E, 166 m 3.5% Pollution

t1.6 Hong Kong, China (Stanhill and Kalma 1995) 22°19′ N, 114°10′ E, 65 m 1.06% per year Cloud and pollution

t1.7 Mexico City, Mexico (Jáuregui and Luyando 1999) 19°36′ N, 98°57′ W, 2,235 m 21% (dry season)
22% (wet season)

Pollution (aerosol)

t1.8 São Paulo, Brazil (Oliveira et al. 1996) 23°33′ S, 46°38′ W, 792 m 18% Pollution (aerosol)

t1.9 São Paulo, Brazil (Oliveira et al. 2002) 23°33′ S, 46°38′ W, 792 m 10–12% Pollution (aerosol)

t1.10 São Paulo, Brazil (Codato et al. 2008) 23°33′ S, 46°38′ W, 792 m 13.4% (June),
5.0% (December)

Pollution (aerosol) and moisture

t2.1 Table 2 Seasonal Q3variations in the surface albedo over urban areas and differences between urban and rural areas

t2.2 City Latitude, longitude, altitude Urban [rural] albedo Main cause

t2.3Summer Winter

t2.4 Urban/rural differences and seasonal variations—snow-free conditions

t2.5 St. Louisa, MO, USA (White et al. 1978) 38°38′ N, 90°11′ W, 142 m 0.12 [0.16] + Vegetation effect

t2.6 St. Louisb, MO, USA (Vukovich 1983) 38°38′ N, 90°11′ W, 142 m 0.16 [0.19] 0.09 [0.10] Vegetation effect

t2.7 Hartfordb, CT, USA (Brest 1987) 41°46′ N, 72°45′ W, 22 m 0.12 [0.19] 0.08 [0.07] Vegetation effect

t2.8 Ibadanc, Nigeria, (Adebayo 1990) 7°24′ N, 3°55′ E, 234 m 0.15 [0.17] 0.14 [0.16] Vegetation effect

t2.9 Seasonal variations in the presence of snow

t2.10 Chicagod, IL, USA, (Offerle et al. 2003) 41°50′ N, 87°37′ W 177 m. 0.16 0.23 Geometric an snow effects

t2.11 Łódzd, Poland (Offerle et al. 2003) 51°47′ N, 19°28′ E, 200 m. 0.07 0.09 Geometric and snow effects

+ not available
a Aircraft measurements
b Satellite estimates
c In situ measurements
d In situ modeling

M.J. Ferreira et al.
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335 maximum in the winter. This effect has been observed in
336 Chicago, IL, USA by Offerle et al. (2003) and, with less
337 intensity, in Łódz, Poland by Offerle et al. (2003). The
338 presence of snow is the main reason for the increase of
339 albedo in the winter in these cities, even though the
340 effective albedo of the surface is expected to increase in
341 the winter, when the sun elevation is smaller than it is in the
342 summer (Table 2).
343 The downwelling longwave radiation at the surface, LWDW,
344 in the urban canopy (Table 3) is determined by cloud cover,
345 sky obstruction, thermal and moisture stratification of the
346 lowest layers, and air pollution load (Rouse et al. 1973; Welch
347 and Zdunkowski 1976; Dalrymple and Unsworth 1978;
348 Estournel et al. 1983; Jonsson et al. 2006). The presence of
349 air pollution and urban heat island (UHI) increases LWDW in
350 urban areas compared to adjacent rural areas. These effects
351 are amplified by the presence of moisture and vary with the
352 geographic position (Oke 1988). The effective atmospheric
353 emissivity, "ATM ¼ �LWDW sT 4

AIR

�
, where σ is the Stefan–

354 Boltzmann constant and TAIR is the air temperature at screen
355 level, indicates the capacity of lower layers of the atmosphere
356 to emit downward radiation to the surface as a consequence
357 of their composition and thermal stratification (Rouse et al.
358 1973; Oke 1988; Niemelä et al. 2001; Offerle et al. 2003;
359 Bárbaro et al. 2010).
360 The surface temperature and effective emissivity allow
361 quantification of the total amount of upwelling longwave
362 radiation at the surface (LWUP). However, measurements of
363 surface temperature over urban areas are rather cumber-
364 some because of the complexity of the buildings and other
365 urban structures and the variety of urban materials. In
366 general, the surface temperature in urban areas is higher
367 than in the adjacent rural areas during most of the day and
368 the year (White et al. 1978; Sellers et al. 1990; Voogt and
369 Oke 1997; Moriwaki and Kanda 2004).
370 It is observed that effective emissivity of a natural
371 surface varies seasonally due to surface cover (material and
372 geometry of the canopy) and surface moisture (Jin and

373Liang 2006; Mira et al. 2007). Estimates of the surface
374effective emissivity, "SUR ¼ LWUP s T4

SUR

�
, where TSUR is

375the surface temperature, are indicated in Table 4 for
376different urban regions. In general, the surface effective
377emissivity in urban areas is slightly lower than it is in the
378adjacent rural areas. This behavior is due to a trapping
379effect caused by canyon geometry.
380Over urban areas, the surface effective emissivity varies
381between 0.85 and 0.96, averaging 0.95 (Oke 1988). Some
382other studies have indicated surface effective emissivity
383ranging from 0.87 (Balling and Brazel 1988) to 0.97
384(Dousset 1989; Henry et al. 1989). In a recent review,
385Voogt and Oke (2003) indicated that for most urban areas,
386the surface effective emissivity values vary between 0.92
387and 0.95.

3883 Site and observations

389The city of São Paulo is located 60 km from the Atlantic
390Ocean and belongs to a conurbation of 39 cities (Fig. 1)
391where the largest industrial park of South America is
392located. The surface area is 8051 km2, and there are more
393than 19.6 million inhabitants (IBGE 2008). The city has
394undergone extensive economical development in recent
395decades, resulting in an intense and disordered population
396growth. It suffers from chronic environmental problems,
397mainly air pollution caused by more than seven million
398vehicles and 30,000 industries (CETESB 2009).

3993.1 Observations

400The seasonal and diurnal variations of the radiation balance
401at the surface are based on in situ observations in the city of
402São Paulo carried out during 2004 (Fig. 1; Table 5). The
403data are 5-min average values of net radiation and shortwave
404and longwave incoming and outgoing radiation components
405at the surface at the IAG (site 1). To complement the

t3.1 Table 3 Variations Q4of the incoming longwave radiation at the surface (LWDW) in urban areas

t3.2 City Latitude,
longitude, altitude

Increase in LWDW Cause

t3.3 Hamilton, Canada (Rouse et al. 1973) 43°16′ N, 79°54′ W, 106 m 23.5% (daily values) Pollution (aerosol)

t3.4 Mainz, Germany (Welch and Zdunkowski 1976) 49°58′ N, 8°9′ E, 231 m 10% (RH=40%) Pollution and moisture
t3.535% (RH=90%)

t3.6 Sutton Bonington, England
(Dalrymple and Unsworth 1978)

52°50′ N, 1°15′ W, 65 m 20 Wm−2 Pollution (aerosol)

t3.7 Toulouse, France (Estournel et al. 1983) 43°36′ N, 1°26′ E, 166 m 15 Wm−2 (ΔTu-r=5°C) UHI
t3.825 Wm−2 (ΔTu-r=6°C)

t3.9 Dar es Salaan, Tanzania (Jonsson et al. 2006) 6°51′ S, 39°18′ E, 0 m LWDW Dar es Salaan>
LWDW Ouagadougou>
LWDW Gaborone

Altitude
t3.10 Ouagadougou, Burkina Faso (Jonsson et al. 2006) 12°20′ N, 1°40′ W, 300 m

t3.11 Gaborone, Botswana (Jonsson et al. 2006) 24°40′ S, 25°55′ E 1,000 m

Radiation Q1balance at the surface in the city of São Paulo, Brazil

JrnlID 704_ArtID 480_Proof# 1 - 01/07/2011



AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

406 characterization of the radiation balance at the surface, the
407 following data were also used: hourly values of surface and air
408 temperature observed at the climatological surface station
409 located at PEFI (site 2), hourly values of air temperature
410 observed at screen level at five surface stations belonging to
411 the air pollution network of CETESB (sites 3 through 7) and at
412 eight weather stations operated by ECOVIAS (sites 8–15),
413 and 3-h average values of net radiation and shortwave and
414 longwave incoming and outgoing radiation components at the
415 surface estimated at four grid points by the SRB project (sites
416 16–19). These complementary data were also collected in
417 2004.
418 In the IAG, measurements of radiation were carried out
419 on the micrometeorological platform located at the Institute
420 of Astronomy, Geophysics and Atmospheric Sciences of the
421 University of São Paulo (Figs. 1 and 2). The measurements
422 of net radiation and incoming and outgoing solar and
423 longwave radiation at the surface were obtained using a net
424 radiometer model CNR1 from Kipp–Zonen. The accuracy
425 of these sensors is ±10%. These measurements were taken
426 with a sampling frequency of 0.2 Hz and stored as 5-min
427 averages. At the same location, measurements of air
428 temperature using a thermistor from Väisälä were carried
429 out simultaneously and with the same sampling frequency
430 as were the solar and longwave radiation measurements

431described above. According to the manufacturer, the air
432temperature is measured with an accuracy of 0.1°C for a
433range of temperature between 0 and 40°C.
434At the PEFI, measurements of surface and air tempera-
435ture were carried out at the meteorological station of the
436Institute of Astronomy, Geophysics and Atmospheric
437Sciences of the University of São Paulo, located southeast
438of São Paulo city (site 2 in Fig. 1). Air temperatures were
439measured at the PEFI using a thermographer (Fuess).
440Surface temperature was measured with a geothermographer
441(Fuess). The accuracy of these sensors is 0.2°C.
442The CETESB air pollution network stations provided
443hourly values of air temperature measured at screen level at
444five sites located within the urban limit of the city of São
445Paulo (sites 3–7 in Fig. 1). These stations are part of the
446surface air pollution network operated by CETESB, the
447State of São Paulo Environment Protection Agency. The
448accuracy of the temperature sensors is 0.1°C.
449The ECOVIAS surface weather stations provided hourly
450values of the air temperature measured at screen level. Two
451weather stations operated by ECOVIAS (Company of
452Management of the Imigrante’s Thruway) and located
453within the urban area of the city of São Paulo were
454selected. Hereafter, these sites will be referred to as
455ECOVIAS (labeled 8 and 9 in Fig. 1 and Table 5). Hourly

t4.1 Table 4 Surface emissivity estimated for urban areas

t4.2 City Latitude, longitude, altitude εSUR Observation period (year/year day)

t4.3 Chicago, IL, USA (Offerle et al. 2003) 41°50′ N, 87°37 W, 177 m 0.93 1992/198–1993/158

t4.4 Los Angeles, CA, USA (Offerle et al. 2003) 34°03′ N, 118°15′ W, 100 m 0.94 1993/225–1994/206

t4.5 Łódz, Poland (Offerle et al. 2003) 51°47′ N, 19°28′ E, 200 m 0.92 2001/001–365

Fig. 1 Geographic position of
the city of São Paulo (gray
area). Measurements were
carried out at the microme-
teorological platform at the IAG
(site 1), the PEFI climatological
station (site 2), the CETESB air
pollution station network (sites 3
through 7), the ECOVIAS
weather station network (urban
sites 8 and 9 and rural sites 10
through 15), and the SRB grid
points (sites 16 through 19).
Dashed square indicates the
area represented by the SRB
estimates

M.J. Ferreira et al.
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456 values of air temperature at screen level measured in other
457 six weather stations operated also by ECOVIAS and
458 located over rural area at south of São Paulo (labeled 10
459 through 15 in Fig. 1 and Table 5) were used to estimate the
460 intensity of UHI (ΔTu-r ). The accuracy of the all these
461 temperature sensors is 0.1°C.
462 The SRB radiation data consist of three-hourly, daily, and
463 monthly values of incoming and outgoing shortwave and
464 longwave radiation at the surface estimated from satellite data
465 and provided by the SRB project of the Atmospheric Science
466 Data Center of NASA (http.//eosweb.larc.nasa.gov/HPDOCS/
467 projects/rad_budg.html). These estimates have a spatial
468 resolution of 1° of latitude by 1° of longitude and are derived
469 from the vertical structure of the atmosphere and surface
470 properties datasets combined with satellite observations and
471 radiation transfer equations for shortwave and longwave
472 radiation (Pinker and Laszlo 1992; Gupta et al. 1999;
473 Stackhouse et al. 2000). The shortwave and longwave
474 incoming and outgoing radiation at the surface provided by
475 SRB had been validated by comparison with in situ
476 measurements at several sites using ColoradoQ5 State University
477 general circulation model (Gupta et al. 1999). The results of
478 these validations indicated that the largest mean bias error is
479 on the order of 20 Wm−2 for incoming longwave radiation.
480 According to Gupta et al. (1999), the main sources of error
481 are related to the uncertainty in the parameters of absorption
482 and scattering of radiation in the atmosphere and to lack of

483information about cloud properties and aerosol extinction
484coefficients associated with local sources of air pollution.

4853.2 Climate

486According to Oliveira et al. (2002), the climate of São
487Paulo is typical of the subtropical regions of Brazil, being
488characterized by a dry winter from June to August and a
489wet summer from December to February.
490The patterns of circulation in the city of São Paulo indicate
491a predominance of northeasterly flow, with velocities at the
492surface varying from 1.5 to 2.0 ms−1 during the nighttime and
493the morning. The winds are associated with the semi-
494stationary subtropical Atlantic high pressure system (South
495Atlantic High). During the afternoon and early night, the sea
496breeze penetrates the MRSP, shifting the wind direction to
497southeasterly and increasing the surface wind velocity to 2.5
498to 3.0 ms−1. The large-scale pattern is frequently disturbed
499by the passage of cold fronts. The topography and land use
500also affect the wind in the MRSP. Blocking caused by
501buildings and channeling in canyons and valleys are the
502dominant effects when the winds are strong. When the winds
503are weak (<2 ms−1), the thermal circulation induced by
504mountain valley circulation plays a strong role in the local
505circulation (Oliveira et al. 2003).
506According to Ferreira (2010), the anthropogenic energy
507flux at the surface in the city of São Paulo shows a diurnal

t5.1 Table 5 Site and measurement information

t5.2 Label (Fig. 1) Site Latitude; longitude; altitude Parameter Measurements
frequency

t5.3 1 IAG 23°33′34″ S; 46°44′01″ W; 744 m Q*, SWDW, SWUP,
LWDW, LWUP, TAIR,

5 min

t5.4 2 PEFI 23°39′05″ S; 46°37′21″ W; 730 m TAIR, TSUR Hourly

t5.5 3 CETESB (Parque D. Pedro) 23°32′38″ S; 46°37′44″ W; 741 m TAIR Hourly
t5.6 4 CETESB (Ibirapuera) 23°35′28″ S; 46°39′36″ W; 755 m

t5.7 5 CETESB (Pinheiros) 23°33′40″ S; 46°42′07″ W; 728 m

t5.8 6 CETESB (São Caetano do Sul) 23°37′12″ S; 46°33′22″ W; 744 m

t5.9 7 CETESB (São Miguel Paulista) 23°29′53″ S; 46°26′38″ W; 780 m

t5.10 8 ECOVIAS (SP 160 km 12.1) 23°39′17″ S; 46°38′02″ W; 791 m TAIR Hourly
t5.11 9 ECOVIAS (SP 160 km 24.4) 23°44′56″ S; 46°35′46″ W; 769 m

t5.12 10 ECOVIAS (SP 40 km 2.0) 23°52′29″ S; 46°30′46″ W; 736 m

t5.13 11a ECOVIAS (SP 150 km 38.8) 23°51′17″ S; 46°30′15″ W; 755 m

t5.14 12a ECOVIAS (SP 150 km 40.1) 23°51′50″ S; 46°29′50″ W; 740 m

t5.15 13a ECOVIAS (SP 160 km 32.3) 23°48′57″ S; 46°35′02″ W; 773 m

t5.16 14a ECOVIAS (SP 160 km 40.5) 23°53′32″ S; 46°33′51″ W; 758 m

t5.17 15a ECOVIAS (SP 160 km 44.4) 23°55′18° S; 46°33′19″ W; 736 m

t5.18 16 SRB 23° S; 47° W; 721 m SWDW, SWUP, LWDW,
LWUP, TSUR

Every 3 h, daily,
and monthlyt5.19 17 23° S; 46° W; 758 m

t5.20 18 24° S; 47° W; 734 m

t5.21 19 24° S; 46° W; 0 m

a Rural

Radiation Q1balance at the surface in the city of São Paulo, Brazil
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508 evolution with maximum value on the order of 20 Wm−2.
509 The energy released by mobile sources is the dominant
510 term, contributing 50% of the total anthropogenic energy
511 flux. Stationary sources and human metabolism represent
512 41% and 9% of the anthropogenic heat, respectively. The
513 annual value of the anthropogenic energy flux corresponds
514 to approximately 11% of annual value of the net radiation at
515 the surface, varying from 9% in December to 15% in June.

5163.3 Climate conditions in São Paulo during 2004

517Since the investigation carried out in this work is based on
518monthly average values of radiation components observed
519during 2004 at IAG, it is important to characterize how this
520year behaves with respect to the local climate. In this
521characterization, it will be considered as the reference of the
522climate of São Paulo city the seasonal variation given by
523the monthly averaged daily values of air temperature,
524relative humidity, and monthly accumulated values of
525precipitation estimated from hourly values of air temperature
526and relative humidity observed at PEFI (site 2 in Fig. 1). The
527hourly values of temperature and relative humidity were
528observed continuously during 75 years (from 1933 to 2008)
529and daily values of precipitation during 50 years (from 1958
530to 2008). Details about these observations are given in the
531previous subsection and by Pereira Filho et al. (2007).
532Hereafter, these monthly average values will be referred as
533climatological normal of São Paulo city.
534The seasonal variation of monthly averaged daily values
535of air temperature and relative humidity and monthly
536accumulate precipitation observed during 2004 at the IAG
537(Fig. 3, gray columns) indicates that the air temperature

Fig. 3 Seasonal variation of a monthly average daily values of air
temperature, b monthly average daily values of relative humidity, and
c monthly accumulated precipitation in the city of São Paulo.
Observations carried at the PEFI, between 1933 and 2008 for
temperature and relative humidity and between 1958 and 2008 for
rain, are indicated by continuous line. Observations carried out at the
IAG during 2004 are indicated by gray columns. Statistical errors are
indicated by vertical bars

Fig. 2 a The IAG building, b the micrometeorological platform, and
c the net radiometer. The land use of the University of São Paulo
campus is classified as suburban. In b, the view is from the parking lot
located east of the IAG building

M.J. Ferreira et al.
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538 reached a maximum of 21.3±0.5°C in February and a
539 minimum of 15.9±0.5°C in July (Fig. 3a). The relative
540 humidity reached a maximum of 84.3±1.7% in January and
541 a minimum of 74.1±3.0% in September (Fig. 3b). In
542 January occurred the maximum rainfall of 225 mm and in
543 August the minimum of 3 mm (Fig. 3c). Therefore, the
544 seasonal variation of temperature, relative humidity, and
545 precipitation observed at the IAG during 2004 confirm the
546 main climate features of São Paulo city described by
547 Oliveira et al. (2002).
548 Comparatively to the climatological normal of São Paulo
549 city, the air temperature observed at the IAG in 2004 is
550 slightly higher during second semester (Fig. 3a, continuous
551 line). The exception in 2004 is September. In this month,
552 the temperature at IAG is much higher than normal. During
553 this month in São Paulo, the precipitation was lower than
554 normal (Fig. 3c) indicating that much more solar radiation
555 has reached the surface. Excepted by July and September,
556 the seasonal variation of relative humidity in 2004 does not
557 show a significant discrepancy with respect to the climato-
558 logical normal.
559 In general, the seasonal variation of temperature, relative
560 humidity, and precipitation observed in during 2004
561 confirm the main climate features of São Paulo city, but
562 they also display significant differences that will be
563 important in the characterization of radiation balance and
564 the radiometric properties at the surface of São Paulo in the
565 next sections.

5663.4 Representativeness

567In this section, a statistical analysis is performed to compare
568measurements carried out at one point (net radiation
569components and air temperature measured at IAG and
570surface temperature measured at PEFI) with estimates
571representative of the urban area of São Paulo (satellite
572estimates of net radiation components corresponding to an
573area of 100×100 km) from the SRB project and spatially
574averaged air temperature and surface temperature using
575surface stations available in São Paulo (Table 5).
576To assess objectively the agreement between one-point
577measurements and area estimates, the mean bias error
578(MBE), root mean square error (RMSE), determination
579coefficient (R2), and test of variance (Snedecor and
580Cocharan 1989; Wilks 2006; Bárbaro et al. 2010) were
581used. Figures 4 and 5 display the dispersion diagrams and
582Table 6 the statistical parameters for all variables.
583The dispersion diagrams in Fig. 4 compare all four
584components of net radiation measured at the IAG and
585estimated from SRB. There one can see that in the case of
586monthly average hourly values, there is a good agreement
587for all components, with MBE and RMSE on the order 11.2
588and 45.2 Wm−2 for SWDW, 1.8 and 10.2 Wm−2 for SWUP,
5891.2 and 8.6 Wm−2 for LWDW, and −11.1 and 14.1 Wm−2 for
590LWUP. These values are on the same order of magnitude as
591the ones obtained in previous analyses for other regions by
592Gupta et al. (1999) and Stackhouse et al. (2000). The

Fig. 4 Dispersion diagram
comparing hourly values of in-
coming and outgoing shortwave
and longwave radiation mea-
sured at the IAG and estimated
by the SRB in 2004

Radiation Q1balance at the surface in the city of São Paulo, Brazil
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593 coefficients of determination varied from 0.95 for SWDW to
594 0.77 for SWUP. The variance test for all four components
595 shows that two data samples (one-point measurements and
596 area estimates) presented an F value equal to 1.03 and a P
597 value equal to 0.90 for SWDW, an F value equal to 1.01 and
598 a P value equal to 0.98 for SWUP, an F value equal to 1.42
599 and a P value equal to 0.09 for LWDW, and an F value equal
600 to 0.89 and a P value equal to 0.56 for LWUP. Therefore, it
601 is possible to assume, at the 5% level, that the variances of
602 monthly average hourly values of all four components of
603 net radiation are not significantly different.
604 Similarly, the dispersion diagram in Fig. 5a compares air
605 temperature measured at IAG and the average over all
606 surface stations available in the city of São Paulo, including
607 the IAG (sites 1 to 9 in Fig. 1 and Table 5). The diagram
608 indicates that monthly average hourly values of air
609 temperature measured at IAG show a good agreement with
610 monthly average hourly values of air temperature based on
611 the mean over all nine surface stations covering the entire
612 city of São Paulo, with MBE and RMSE on the order 0.56°C
613 and 1.02°C and R2 equal to 0.89 (Table 6). The variance test
614 shows that two data samples of TAIR presented an F value
615 equal to 0.96 and a P value equal to 0.70. Therefore, it is
616 plausible to assume, at the 5% level, that the variances are
617 not significantly different.
618 The comparison between surface temperatures measured
619 at PEFI (site 2, Fig. 1; Table 5) and surface temperature

620provided by the SRB project are indicated in the dispersion
621diagram of Fig. 5b. The monthly average hourly values of
622surface temperature measured at PEFI agree very well with
623surface temperature estimated by the SRB project, with MBE
624and RMSE on the order −1.18°C and 1.62°C and a coefficient
625of determination equal to 0.93 (Table 6). The variance test on
626two data sets shows an F value equal to 1.04 and a P value
627equal to 0.84, indicating that the variances of these two data
628sets are not significantly different at the 5% level.
629Thus, one can assume that in the case of the monthly
630average hourly values, all four components of net radiation
631measured at IAG and surface temperature measured at PEFI
632are representative of the urban area of São Paulo located
633inside the SRB domain (Fig. 1). A similar inference applies
634for monthly average hourly values of air temperature
635measured at IAG. The weaker regional representativeness
636of SWUP is probably due to albedo differences between
637IAG rooftop and the urban area of São Paulo city.
638It should be emphasized that the one-point (IAG)
639description of radiation balance components and radiometric
640properties given in the following Sections 4 and 5 will be
641considered as representative of the entire urban area of São
642Paulo city for monthly average hourly values as indicated by
643the representativeness analysis carried out above.

6444 Radiation balance at the surface in the city
645of São Paulo

6464.1 Diurnal variation

647Figure 6 shows the diurnal variation of the monthly average
648hourly values ofQ* observed in the city of São Paulo during
649February and August of 2004. The amplitude of the diurnal
650cycle of Q* in February is 562 Wm−2 and in August it is
651524 Wm−2 (Table 7). During daytime, Q* in February is
652systematically larger than in August. During the night, this

Fig. 5 Dispersion diagrams comparing hourly values of a air
temperature measured at the IAG and the average over all the other
sites in the city of São Paulo and b surface temperature measured at
the PEFI and provided by the SRB project during 2004. The linear fit
and the diagonal are indicated by continuous and dotted lines,
respectively

t6.1Table 6 Statistical parameters based on monthly average hourly
values of the four components of surface radiation balance (SWDW,
SWUP, LWDW LWUP ) and air and surface temperatures (TAIR, TSUR)

t6.2Variable N MBE RMSE R2 F P

t6.3SWDW 96 11.2 Wm−2 45.2 Wm−2 0.95 1.03 0.90

t6.4SWUP 96 1.8 Wm−2 10.2 Wm−2 0.77 1.01 0.98

t6.5LWDW 96 1.2 Wm−2 8.6 Wm−2 0.84 1.42 0.09

t6.6LWUP 96 −11.1 Wm−2 14.1 Wm−2 0.89 0.89 0.56

t6.7TAIR 288 0.56°C 1.02°C 0.89 0.96 0.70

t6.8TSUR 288 −1.18°C 1.62°C 0.93 1.04 0.84

The columns indicate the number of values (N), the MBE, the RMSE,
the R2 , and F and P values estimated from the variance test

MBE mean bias error, RMSE root mean standard error, R2 determi-
nation coefficient

M.J. Ferreira et al.
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653 pattern inverts, and Q* in February becomes smaller than it
654 is in August. Figure 7 and Table 7 indicate the diurnal
655 variation of the monthly average hourly values of SWDW,
656 SWUP, LWDW, and LWUP observed in the city of São Paulo
657 during February and August of 2004. During the daytime, the
658 net radiation is determined by shortwave radiation compo-
659 nents, which in turn go through a minimum during the winter
660 months (August), whereas during the nighttime, the low
661 moisture content explains the maximum surface longwave
662 emission observed during the winter months (mainly August).

663 4.2 Seasonal variation

664 The seasonal variation of the monthly average daily values of
665 Q*, SWDW, SWUP, LWDW, and LWUP are displayed in Fig. 8.
666 The amplitude of net radiation in São Paulo is approximately
667 equal to 7.27 MJ m−2 day−1, with a maximum in December
668 and a minimum in June (Table 7).
669 As expected for all components of the radiation balance
670 at the surface, the monthly average daily values of SWDW

671 and SWUP show the largest seasonal variation of 45% and
672 50%, respectively, with higher values in the spring (September)

673and lower values during the fall and winter (respectively May
674and June). In 2004, the amplitude of the annual cycle for daily
675values of SWDW is 8.18 MJ m−2 day−1, with a maximum in
676September and a minimum in May (Fig. 8 and Table 7). The
677annual cycle for daily values of SWUP is 0.89 MJ m−2 day−1,
678with a maximum also in September but the minimum in June.
679The seasonal variation of SWDW in 2004 agrees with the one
680obtained from a longer period of observations (Oliveira et al.
6812002). The only exception is the maximum in September.
682Both maxima observed for the daily value of SWDW (and
683SWUP) occurred in this month because the relative humidity
684and rain (and consequently cloudiness) were below climato-
685logical normal in São Paulo (Fig. 3). The minimum SWDW in

Fig. 6 Diurnal evolution of net radiation at the surface in the city of
São Paulo during February (solid line) and August (dash line) in 2004.
Statistical errors are indicated by vertical bars

t7.1 Table 7 Typical monthly average hourly and daily values of net radiation and its components making up the surface radiation balance for the city
of São Paulo during 2004

t7.2 Variable Diurnal variation (W m−2) Seasonal variation (MJ m−2 day−1)

t7.3 February August

t7.4 Max Min Max Min Max Min

t7.5 Q* 41±6 −520±56 72±8 −452±31 12.10±0.82 (December) 4.83±0.40 (June)

t7.6 SWDW – −643±60 – −607±43 18.22±0.69 (September) 10.04±0.89 (May)

t7.7 SWUP 64±7 – 60±5 – −1.79±0.08 (September) −0.90±0.06 (June)

t7.8 LWDW −377±8 −436±3 −329±9 −388±5 36.19±0.18 (January) 31.42±0.44 (July)

t7.9 LWUP 513±10 429±2 497±8 400±3 −39.63±0.35 (February) −35.96±0.28 (July)

t7.10 Radiometric parameters

t7.11 Broadband atmospheric transmissivity 0.46 0.22 0.60 0.28 0.57 (September) 0.36 (October)

t7.12 Effective surface albedo 0.13 0.07 0.17 0.06 0.10 (April and September) 0.08 (June)

t7.13 Effective atmospheric emissivity 0.93 0.88 0.83 0.76 0.92 (December and January) 0.79 (September)

t7.14 Effective surface emissivity 0.98 0.96 0.99 0.94 0.97 (August) 0.95 (July)

Fig. 7 Diurnal evolution of the components of the radiation balance
at the surface in the city of São Paulo during a February and b August
of 2004. Statistical errors are indicated by vertical bars

Radiation Q1balance at the surface in the city of São Paulo, Brazil
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686 May is due to the high probability that cloudiness was above
687 normal during this month in 2004 (Fig. 3).
688 The seasonal variation of longwave components of radiation
689 in São Paulo is smaller than that of the shortwave components.
690 The amplitude of the annual cycle is 4.77 MJ m−2 day−1,
691 indicating that the daily value of LWDW in July is approxi-
692 mately 13% smaller than it is in January (Table 7). This
693 reduction is due mainly to the seasonal variation in the air
694 temperature (Fig. 3a). Another factor (which will be explored
695 in the next section) is that in São Paulo, the effective
696 atmospheric emissivity shows a maximum in the summer
697 months and a minimum in the winter. This pattern is associated
698 with the seasonal variation of moisture content of the
699 atmosphere and cloudiness in São Paulo. The seasonal
700 evolution of LWUP is smaller than that of LWDW. The
701 amplitude of the annual cycle is 3.67MJ m−2 day−1, indicating
702 that the daily value of LWUP in July is about 9% smaller than
703 it is in February (Table 7). This behavior reflects mainly the
704 seasonal evolution of surface temperature in the city of São
705 Paulo.

706 5 Radiometric properties of São Paulo city

707 Diurnal and seasonal variations of four radiometric properties
708 were estimated for São Paulo city: broadband atmospheric
709 transmissivity, surface effective albedo, and atmospheric and
710 surface effective emissivity. Both emissivities are estimated by
711 considering the air and surface temperatures to be represen-
712 tative of the urban area of São Paulo city, as indicated in
713 Section 3.4.

714 5.1 Broadband atmospheric transmissivity

715 Figure 9 shows the diurnal variation of atmospheric broad-
716 band transmissivity (Γ) estimated in February (Fig. 9a) and in

717August (Fig. 9b) using monthly average hourly values of
718SWDW observed in the city of São Paulo and monthly
719average hourly values of SWTOP estimated according to
720Iqbal (1983). The amplitude of the diurnal cycle of Γ is the
721highest in August because the moisture content of the
722atmosphere and the cloudiness in São Paulo city are
723somewhat reduced in this month (Table 7). Figure 9c shows
724the seasonal variation of monthly average daily values of Γ,
725estimated from the monthly averaged daily values of SWDW

726and SWTOP. The annual cycle of daily values of Γ has the
727highest value of 0.57 in September, a minimum of 0.36 in
728October, and a mean value of about 0.45. This seasonal
729pattern reflects mainly the variation in the moisture content
730of the atmosphere and cloudiness observed in 2004 (Fig. 3).

7315.2 Effective surface albedo

732The diurnal evolution of monthly average hourly values of
733effective surface albedo (α) in São Paulo is indicated in
734Fig. 10a, b for February and August. The hourly values of
735α shows the largest amplitude in August (Table 7). This
736behavior is due mostly to the seasonal variation in solar
737altitude. The asymmetry in α (Fig. 10a, b) is caused by a
738building effect on the SWUP (Fig. 2b, c). The monthly
739averaged daily values of α indicate an annual variation of
74020% in 2004, with the smallest value of 0.08 (June) and the

Fig. 8 Seasonal variation of the monthly average daily values of net
radiation (gray column), incoming shortwave radiation (solid line),
outgoing shortwave radiation (dashed-dotted line), incoming long-
wave radiation (dotted line), and outgoing longwave radiation (dashed
line) at the surface in the city of São Paulo in 2004. Statistical errors
are indicated by vertical bars

Fig. 9 Diurnal and seasonal variations of the atmospheric broadband
transmissivity at the surface in a February, b August, and c 2004 at
São Paulo
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741 largest value of 0.10 (April and September; Fig. 10c). This
742 seasonal variation is associated with the combined vegeta-
743 tion and geometric effects. In the case of São Paulo, the two
744 effects act in the opposite direction, canceling each other
745 out during the year. The behavior of α in São Paulo is
746 comparable to that found in other cities located at different
747 latitudes (White et al. 1978; Vukovich 1983; Brest 1987;
748 Oke 1988; Offerle et al. 2003), as displayed in Table 2.

749 5.3 Effective atmospheric emissivity

750 Figure 11a, b indicates the diurnal evolution of monthly
751 average hourly values of atmospheric effective emissivity
752 (εATM) for São Paulo during February and August. The
753 hourly values of εATM are larger during February (Fig. 11a)
754 due to a higher moisture content of the atmosphere during
755 the summer months. In February, the amplitude of the
756 diurnal cycle of εATM in São Paulo is small. During
757 summer, the contribution of clouds is distributed equally
758 during the day, masking the diurnal cycle. However, in
759 August (Fig. 11b), the diurnal cycle is well-defined, with a
760 minimum during the daytime and a maximum during the
761 nighttime. This behavior is related to the diurnal evolution
762 of thermal stratification of the local UBL that reflects the
763 low content of moisture typical of urban regions and the
764 small cloud activity in the winter (Bárbaro et al. 2010). The

765monthly averaged daily values of εATM (Fig. 11c) show a
766maximum of 0.92 (in December and January) and a
767minimum of 0.79 (in September). This oscillation is due
768to the seasonal evolution of air temperature, water vapor
769content, and cloudiness (Fig. 3).

7705.4 Effective surface emissivity

771Figure 12a, b shows diurnal evolution of the monthly
772average hourly values of the effective surface emissivity
773(εSUR) in São Paulo during February and August of 2004.
774The amplitude of the diurnal cycle of εSUR is slightly larger
775in August (about 1%) than it is in February. Figure 12c
776shows the seasonal variation of daily values εSUR. The daily
777values of εSUR show a seasonal variation of about 2% with
778a maximum value of 0.97 in August and a minimum of
7790.95 in July (Table 7). Apparently, εSUR did not display
780diurnal or seasonal variations in 2004. These results
781indicate that the εSUR in São Paulo is not affected by land
782use variation due to the seasonal variation in vegetation and
783surface moisture as observed in other urban regions (Jin and
784Liang 2006). However, the values of εSUR estimated for São
785Paulo are comparable to those at other cities (Table 4)
786indicating that the effects associated to the material and
787geometry of the urban canopy are similar.

Fig. 10 Diurnal and seasonal variations of the surface effective
albedo in a February, b August, and c 2004 at São Paulo. The vertical
lines indicate statistical errors

Fig. 11 Diurnal evolution and seasonal variation of the atmospheric
effective emissivity at the surface in a February, b August, and c 2004
at São Paulo. The vertical lines indicate statistical errors
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788 6 Radiation balance and UHI in São Paulo

789 Urban effects in cities located at low latitude are less
790 documented than in middle and high latitudes (Roth 2007;
791 Arnfield 2003). The UHI in tropical and subtropical cities is
792 less intense than in higher latitude cities, and it is more
793 pronounced during daytime and strongly regulated by the
794 moisture content of the atmosphere and soil in adjacent
795 rural regions (Imamura 1991; Arnfield 2003; Roth 2007;
796 Heisler and Brazel 2010). In the case of São Paulo, the
797 urban effects on the temperature field have been investi-
798 gated by several authors (Monteiro 1976, 1986; Lombardo
799 1984; Gonçalves et al. 2002; Pereira Filho et al. 2007;
800 Freitas 2003). However, a clear picture of São Paulo UHI
801 nature and intensity is not available so far. For instance,
802 some authors believe that the UHI in São Paulo has a
803 behavior typical of the middle latitude cities with maximum
804 intensity during nighttime associated to the release of
805 energy storage in the urban canopy and from anthropogenic
806 sources (Monteiro 1976, 1986; Freitas et al. 2007Q6 ). Other
807 authors claim that the maximum intensity of UHI in São
808 Paulo reaches as much as 12°C (Lombardo 1984; Monteiro
809 1986). On the other hand, more recent investigations have
810 shown that the minimum value of air temperature in the city
811 of São Paulo increased only about 2°C in the last 75 years
812 as consequence of the urbanization, indicating that São
813 Paulo city has much less intense impact in the local climate

814than indicated by the previous work (Gonçalves et al. 2002;
815Pereira Filho et al. 2007). Besides, according to Ferreira et
816al. (2011), the intensity of anthropogenic energy flux in the
817city of São Paulo has maximum amplitude of about
81820 Wm−2. This maximum occurs during daytime and it
819does not seem to be strong enough to sustain a nighttime
820UHI maximum in São Paulo, even during the winter when
821it represents as much as 15% of the daily value of the net
822radiation at the surface.
823To clarify the nature and intensity of the UHI in the city
824of São Paulo, the diurnal evolution of UHI intensity was
825estimated for each month of 2004 as the difference between
826the urban and rural air temperature. Here, the difference is
827evaluated by the mean air temperature observed over the
828urban area of São Paulo city (using sites 1–9, Fig. 1) and by
829the mean temperature observed over the rural portion
830located at south of São Paulo city (sites 10–15, Fig. 1).
831Contrarily to the previous works, the observations
832analyzed here indicate that the UHI in the city of São
833Paulo has a predominant daytime character, with a
834maximum intensity during afternoon (14:00–16:00 LT)
835and a minimum during morning time (07:00–08:00 LT) in
836almost all months of 2004. In January, November, and
837December, the minimum UHI intensity occurred at night-
838time period (03:00–05:00 LT; Fig. 13a). The maximum
839intensity varied from 2.6°C in July (16:00 LT) to 5.5°C in
840September (15:00 LT) while the minimum intensity varied
841from −0.26°C (09:00 LT) in June to 0.94°C in November
842(03:00 LT).

Fig. 12 Diurnal evolution of the surface emissivity during a February
and b August and c seasonal variation at São Paulo. Continuous lines
in a and b indicate the sixth-order polynomial fit. The vertical lines
indicate statistical errors

Fig. 13 Seasonal variation of the diurnal evolution of a UHI intensity
(degree Celsius) and b net radiation (watts per square meter) at the
surface in the city of São Paulo during 2004
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843 These observations indicate also that the diurnal evolution
844 of UHI intensity follows the diurnal evolution of the net
845 radiation at the surface for all months of the year (Fig. 13b). In
846 general, daytime UHI maximum occurs around 3 h after the
847 maximum intensity of Q* in 2004. The role played by the
848 solar radiation in the UHI in São Paulo can be seen
849 comparing the seasonal variation of monthly averaged daily
850 values of net radiation, net longwave, and net shortwave
851 (Fig. 14).
852 The UHI maximum intensity (5.5°C) occurs simulta-
853 neously to the net solar radiation maximum (September).
854 Comparatively to the net solar radiation, the correlation
855 between UHI and net radiation is less robust but still
856 significant. The maximum net radiation happens during
857 summer period (December, January, and February) when
858 the UHI intensity is not a maximum.
859 To understand the net solar radiation, contribution to the
860 UHI in São Paulo is necessary to consider the radiometric
861 properties described in the previous section. The observa-
862 tions indicated that the albedo and emissivity of the surface
863 in the urban area of São Paulo remains relatively constant
864 during the entire year (respectively 0.09 and 0.96, Table 7).
865 On the other hand, the atmospheric broadband transmissivity
866 and effective emissivity show a significant seasonal variation.
867 Amaximum atmospheric broadband transmissivity (0.57) and
868 a minimum atmospheric effective emissivity (0.79) occur
869 simultaneously in September when the relative humidity
870 reaches the minimum in São Paulo (73%) well below the
871 climatological normal value (81%, Fig. 3b).
872 Comparatively to other months, in September arrives
873 more solar radiation and leaves more longwave radiation.
874 Assuming that the effective surface albedo is about 0.20 in
875 rural areas near São Paulo urban region (Escobedo 2011,
876 personal communication) and that the rural atmosphere
877 emissivity value is unlikely to be smaller than its urban
878 value, it is plausible to infer that there is a large inflow of

879energy in the urban canopy that yields a daytime UHI
880intensity of 5.5°C in September.
881The inference described above assumed that the seasonal
882variation of the atmospheric broadband transmissivity over
883the rural areas is similar to the one observed over urban
884region. Similar considerations were carried out for other
885cities (Rouse et al. 1973; Peterson and Flowers 1977;
886Peterson and Stoffel 1980; Estournel et al. 1983; Oke 1988;
887Stanhill and Kalma 1995; Jáuregui and Luyando 1999;
888Christen and Vogt 2004; Giridharan et al. 2004; Rizwan et
889al. 2008).

8907 Conclusions

891The main objective of this work was to describe the diurnal
892and seasonal variations of the radiation balance at the
893surface in the city of São Paulo using in situ measurements
894of net radiation (Q*) and its four radiation components
895(SWDW, SWUP, LWDW, LWUP ) and air (screen level) and
896surface temperatures carried out during 2004.
897A statistical analysis considering the MBE, the RMSE,
898the R2, and a variance test between in situ measurements
899and estimates representative of large portions of urban
900region of São Paulo was carried out. The results show that
901one-point measurements are representative of the entire
902urban region for monthly average hourly values of SWDW,
903SWUP, LWDW, LWUP, and air and surface temperature.
904The seasonal variation of the monthly average hourly
905values indicated that the amplitudes of the diurnal cycles of
906Q*, SWDW, SWUP, LWDW, and LWUP in February (the wettest
907month of summer in São Paulo) are 37%, 14%, 19%, 11%,
908and 5%, respectively, larger than they are in August (the
909driest month of the winter in São Paulo). The seasonal
910evolution of the monthly average daily values indicated a
911variations of 60% for Q*, with a minimum in June and a
912maximum in December; 45% for SWDW, with a minimum in
913May and a maximum in September; 50% for SWUP, with a
914minimum in June and a maximum in September; 13% for
915LWDW, with a minimum in July and a maximum in January;
916and 9% for LWUP, with a minimum in July and a maximum
917in February.
918Monthly average hourly and daily values of extraterrestrial
919solar radiation, SWDW, SWUP, LWDW, LWUP, and air and
920surface temperature were used to estimate hourly and daily
921values of atmospheric broadband transmissivity (Γ), effective
922surface albedo (α), atmospheric effective emissivity (εATM),
923and surface effective emissivity (εSUR). It was verified that Γ
924varies from 0.36 to 0.57, α from 0.08 to 0.10, and εATM from
9250.79 to 0.92, while εSUR remains approximately constant and
926equal to 0.96.
927Based on patterns described above, one may conclude
928that, in addition to astronomical factors, the seasonal

Fig. 14 Seasonal variation of the monthly average hourly value of
maximum UHI intensity (ΔTu-r max), monthly average daily values of
net radiation (Q*), net shortwave radiation (SW*), and net longwave
radiation (LW*) at the surface in the city of São Paulo during 2004.
The numbers inside the gray columns indicate time of the maximum
ΔTu-r. Net radiation and net shortwave radiation are multiplied by −1
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929 variations of Q*, SWDW, SWUP, LWDW, and LWUP depend
930 strongly on the seasonal variations of the radiometric
931 properties of the atmosphere, mainly atmospheric broad-
932 band transmissivity and effective emissivity.
933 The seasonal variations of SWDW and SWUP depends
934 more on the atmospheric broadband transmissivity and less
935 on the surface effective albedo. In 2004, the maximum in
936 the broadband transmissivity occurs in September as a
937 result of the low moisture content of the atmosphere in São
938 Paulo in this month.
939 The seasonal variations of LWDW depend basically on
940 the atmospheric effective emissivity while LWUP reflects
941 predominantly the seasonal variation of surface tempera-
942 ture. The maximum atmospheric effective emissivity occurs
943 in September as a result of the low moisture content of the
944 atmosphere in São Paulo in this month during 2004.
945 The values of radiometric properties of the atmosphere
946 and the surface in the city of São Paulo agree with those
947 reported from urban areas in Europe and North America.
948 This indicates that the material and geometric configuration
949 of the city of São Paulo do not differ much of the other
950 cities. On the other hand, it was observed in 2004 that the
951 UHI induced by São Paulo city varied between 2.6°C in
952 July (at 16:00 LT) and 5.5°C in September at (15:00 LT).
953 Contrarily to the previous work, the combination of the
954 radiometric characteristics of the local atmosphere and
955 surface result into a larger input of energy in the urban area
956 of São Paulo generating UHI maximum intensity during
957 daytime that is determined mainly by the seasonal variation
958 of the daily values of the net solar radiation.
959
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