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Sensible, latent heat and store energy fluxes in
the suburban Sao Paulo Megacity: seasonal and
interannual variations and empirical modeling

Abstract

Half-hourly values of turbulent sensible (/) and latent (LE) heat fluxes, net radiation (Q*)
at the surface, and heat store in the canopy (4Q,) are used to characterize seasonal and
interannual changes during three not-consecutive years (2009—12) in a suburban area (LCZ
6) of the megacity of Sao Paulo. Turbulent fluxes are estimated applying eddy covariance
method to turbulence measurements performed with sampling rate of 10 Hz, between 25
and 26 m above the surface, and enforcing quality control procedures. The diurnal evolution
of monthly average hourly values of H, LE, Q" and AQ, observed in 2012 indicate a seasonal
variation with a daytime maximum with H varying from a maximum of 180 + 12 W m?
in October to a minimum of 80.1 + 9 W m? in June, LE varying from a maximum of 152.0
7.6 W m? in February to a minimum of 66.4 = 7.6 W m? in September, -Q* varying from a
maximum of 554 = 14 W m? in February to a minimum of 369+13 W m™ in July, and -4Q,
varying from a maximum of 249+ 47 W m? in April to a minimum of 181 + 58 W m? in
July. Monthly average daily values of H, LE and Q" corroborate seasonal pattern displayed
by monthly average hourly values, with maximum of 5 + 0.5 MJ m? day' for # and 5.3 +
0.6 MJ m? day™! for LE in November (summer), and minimum of 1.3 + 0.2 MJ m? day™' for
Hin June and 1.9 + 0.2 MJ m™ day™' for LE in August. —Q* shows a maximum of 11.6 + 1.1
MJ m? day! in March and a minimum of 4.5+£0.9 MJ m? day' in June. Similar patterns was
observed during 2009 and 2010. An empirical model based on Modified Priestly-Taylor
Method coupled to Objective Hysteresis Method was validated with observations carried
out during May and June (2009-2010, 2012) and applied successfully to estimate monthly
average hourly values of H, LE and AQ, during February—April and August-November
2012.

Keywords: sensible heat flux, latent heat flux, Sdo Paulo megacity, surface energy
balance, modified Priestley-Taylor method, objective hysteresis method

Highlights

I. Unique set of turbulence and net radiation data, covering measurements during 3 years
span (2009, 2010 and 2012), was used to estimate 15 months of half-hourly values of
vertical turbulent fluxes of sensible (/) and latent heat (LE), net radiation (Q*) at the
surface, and heat store in the canopy (4Q,) in a suburban area (LCZ 6) of the megacity
of Sao Paulo.

II. Seasonal variation of monthly average daily values of H and LE are close related
to -Q*, with maximum H =5 + 0.5 MJ m? day" and LE = 5.3 = 0.6 MJ m? day™' in
November (summer), and a minimum A = 1.3 + 0.2 MJ m? day' in June (winter) and
LE =1.9+ 0.2 MJ m? day" in August (winter). —Q* shows a maximum of 11.6 + 1.1
MJ m? day' in March and a minimum of 4.5 + 0.9 MJ m? day™' in June.

III. Empirical model, based on the Modified Priestly-Taylor Method coupled with the
Objective Hysteresis Method, was validated to estimate monthly average hourly
values of H, LE and AQ,in a suburban area of the megacity of Sdo Paulo, using as
input only monthly average hourly values of Q* and air temperature.
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s; q, specific humidity; /BGE, Brazilian Institute of Geography and
Statistic; UHI, urban heat island; UBL, urban boundary layer; MCITY,
MegaCITY; BIOMASP, BlOgenic emissions, chemistry and impacts
in the Metropolitan Area of Sdo Paulo; ECM, eddy covariance method;
USP, University of Sdo Paulo; PM, micrometeorological platform
(“Plataforma Micrometeorologica™); IAG, Institute of Astronomy,
Geophysics and Atmospheric Sciences of USP; P, air density (kg

m?); ¢p, specific heat at constant pressure of the air (1004 J K! kg);
L,, water vapor latent heat (2500 J kg'), (W) covariance between
turbulent fluctuations of air temperature and vertical components
of wind (Kms™); (wp,’)Covariance between turbulent fluctuation of
vapor density and vertical components of wind (mg m s™); p, Ma/
Myv; Ma molar mass for dry air (28.97 kg Kmol!); Mv, molar mass for
water vapor (18.02 kg Kmol"); o, p,/ p,; p,,dry air density; o,

water vapor density; B, Bowen ratio; PTM, Priestly-Taylor method;
MPTM, modified Priestly-Taylor method; HS, saturation energy flux
of sensible heat; LES, saturation energy flux of latent heat; @pr

, Priestley-Taylor constant; a’, modified Priestley-Taylor constant;
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B’, constant factor urban SEB model; OHM, objective hysteresis
method; a,, OHM constant (0.56); a,, OHM constant (0.46 hours);
a,, OHM constant (-37.75 W m?)’; Mi, modeled value; Oi, observed
value; N, total number of values; MBE, mean bias error; RMSE, root
mean square error; FAPESP, state of Sao Paulo research foundation;
FAPERJ, state of Rio de Janeiro research foundation; CNPg, Brazilian
national council for scientific and technological development; CAPES,
coordination for the improvement of higher education personnel

Introduction

The interaction between surface and atmosphere in urban areas can
be described by the temporal and spatial variation of the surface energy
balance (SEB) components (Eqn. 1). Knowing the SEB components is
important to understand the role play by cities on the urban climate'-
and, to objectively establish actions to mitigate the adverse effects
induced by urbanization.> This knowledge is particularly vital in
Brazil, where more than 85% of population lives in urban areas.* The
SEB in urban areas can be expressed as:

O*+0r +H+LE=AQs +AQ, + S (1)

where Q" is the net radiation, @, anthropogenic heat, H and LE
are respectively the vertical turbulent fluxes of sensible and latent
heat, respectively, 4Q,is the heat stored in the urban canopy, 4Q,
horizontal advection of heat and S is the residue. By convention, in
this work upward energy fluxes are positive and vice versa.

In most studies carried out in urban areas, only three terms of Eqn. 1
are estimated directly through observations: Q*, H and LE.>° All other
terms are estimated indirectly; @, is estimated as a residual of SEB” or
by inventory methods;** AQ, is also estimated as a residual of Eqn. (1)
whenever independent estimates of Q*, H, LE and @Q, are available."
Alternatively, and as it will be explored in this work, 4Q, is evaluated
in terms of Q~ and land use features using empirical relationship.'!?
In general, 4Q, is neglected in observational investigations of SEB,
therefore the role of this term is not well documented in the literature
13. and, for this reason it will not be considered in this work.

The classification of land use is a fundamental information in
studies involving estimates of SEB components in cities. Most of these
studies use the traditional classification based on three categories:
urban, suburban and rural.® Recently, a more complete classification
of land use in cities become available." Known as the Local Climate
Zone (LCZ), it is made up of 17 categories: 10 indicate built-up areas,
4 vegetation, 2 bare soil and 1 water. Although expanding the land
use type from 3 to 17 increases the accuracy of describing cities’ land
use, applying the LCZ to Brazilian cities may not be straightforward
because the LCZ reflects typical characteristics of American and
European cities, which differ significantly from most Brazilian cities.
Furthermore, both data analysis and modeling can benefit from the
3-category classification, as there is a larger body of observational
and modeling work available in the literature that uses this type of
land use classification. Therefore, in this work the traditional land
use classification will be used as a reference to analyze the seasonal
and interannual variations of the SEB components and develop an
empirical model to simulate them for suburban areas of the megacity
of Sdo Paulo.

Although H and LE in Sao Paulo Megacity (23°30’S, 46°40°W,
760 m) follow diurnal patterns like cities at higher latitudes, there
are some differences in the portioning of other SEB components. The
SEB components estimated during Autumn 2009 indicate that 4Q,
corresponds to approximately 50% of Q*."
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Using the inventory method for the megacity of Sdo Paulo,
Ferreira et al."” found that Q, presents a bimodal diurnal evolution,
mainly associated with daytime vehicular heat emission, with average
maximum of 20 W m?. This diurnal pattern remains relatively
constant throughout the year and can be considered small compared
to mid-latitude cities, especially during winter. Despite this, Ribeiro
et al.!'® found that the Weather Research and Forecast model yields
more realistic numerical simulations of UHI intensity and UBL
height when @, amplitude of 20 W m™ is partitioned into 11.2 W m?
for low density residential fraction (66.4%), 33.5 W m? for high-
density residential fraction (29.9%), and 70 W m? for commercial/
industrial fraction (3.7%). More recently, Oliveira et al.'” documented
significant and unexpected spatial variations of SEB components
among urban, suburban, and rural sites in the metropolitan region
of Sao Paulo Megacity (MRSP), using observations made during the
MCITY BRAZIL project’s 10-day winter field campaign in August
2013. The observations carried out during the 2023 intensive field
campaign of BIOMASP+ project corroborate SEB observations made
earlier in 2013 (Oliveira, 2023)."

As shown above, understanding the behavior of SEB components is
essential to determine how land use modulates the input of energy into
the atmosphere and regulates the climate in urban areas, to develop
mitigation actions to reduce the adverse effects of urbanization on the
climate. In the case of Brazil there are very few observational works
that provide information such as SEB components with quality enough
and duration suffice to achieve this goal.'” Despite the encouraging
observational and modeling results described in previous paragraph,
more accurate and long-term estimates of SEB components, reflecting
local features of the urban fabric and vegetation, are still necessary in
the case of MRSP, as well as for other Brazilian larger conurbations.

Therefore, the present study aims to use observed values of H, LE,
AQ and Q" to:

I. Characterize the seasonal and interannual variations of H, LE,
AQ and Q" during 2009, 2010 and 2012.

II. Validate an empirical model, based on Modified Priestly-Taylor
Method (MPTM) coupled to Objective Hysteresis Method
(OHM), to estimate monthly average hourly values of H, LE and
AQ,in a suburban area of the megacity of Sao Paulo.

To achieve these goals, half-hourly values H, LE and Q"
are estimated directly, by applying eddy covariance method to
turbulence measurements performed with a sampling frequency of
10 Hz (H, LE) and by averaging Q" measurements performed with a
sampling frequency 0.05 Hz. Half-hourly values AQ, are estimated,
simultaneously to H, LE and Q", as residue of SEB Eqn. (1) neglecting
Q. and 4Q,. All measurements were carried out in a suburban site,
located on the campus of the University of Sdo Paulo (USP), in a
10-m tower at the top of a 4-story building, hereinafter indicated
by PM IAG, during 31 days in 2009 (~1 month), 115 days in 2010
(~4 months) and 303 days in 2012 (10 months). Major features of
observations, eddy covariance technique, footprint analysis and
empirical modelling formulation are described in section 2. Seasonal
and interannual variations of H, LE, Q*, AQ and MPTM-OHM model
validation for the megacity of Sdo Paulo are discussed in section 3.
Major results are summarized in the conclusion.

Materials and method
Observation

High-frequency measurements (10 Hz) of vertical wind speed
(w), air temperature (T) and water vapor density (p ) were carried
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out by a set of turbulence sensors (Table 1) in a 10-m height
micrometeorological tower located at the Micrometeorological
Platform (PM IAG). This platform is 17 m above the ground at the top
of the 4-story building of the Institute of Astronomy, Geophysics and
Atmospheric Sciences (/4G), in the Butantd Campus of the University
of Sdo Paulo (USP), west Sdo Paulo Megacity. Between 2009 and
2012 turbulence sensors were set at 26.0 m and 25.4 m above surface,
respectively (Figure 1). In 2010 only sonic anemometer was available
at 26.0 m above surface. According to Ferreira et al.,'”? within a 1-km
radius area centered in the PM IAG, the surface is occupied by 25.4%
of trees, 64.1% of impervious building and streets, 7.3% by grass,
shrub, and scrub, and 2.3% of water, indicating a suburban land use
around the PM IAG (Figure 1). The 1-km radius area is characterized
by Local Climate Zone classification LCZ 6, confirming the earlier
classification performed by Ferreira et al.,'> Oliveira et al.,'” and
Silveira et al."”

The topography is gently sloping towards the Pinheiros river
valley, with elevations ranging from 718 m in the north to 782 m in the
south (Figure 1a). Most buildings have 3-4 floors, sparsely distributed,
with an average height of 6.6 m (Figure 1b). According to Silveira et
al.” this area is characterized by roughness length equal to 0.52 +
0.17 m and zero-plane displacement 15.0 + 3.1 m. Therefore, between
2009 and 2012 turbulence measurements were performed majority
at heights above the roughness sublayer (Table 1). Turbulence, net
radiation, and air temperature measurements simultaneously cover
the following periods: May 18 to June 17, 2009; March 8 and June
30, 2010; and February 1 to November 30, 2012. Considering these
periods, it was possible to single out 27 days in 2009, 38 days in 2010
and 245 days in 2012 of continuous observation.
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Figure | (a) IAG-building landscape and (b) 10-m tower of the PM IAG looking
west.
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Table | Sensors used in the PM IAG. Levels correspond to the height above
ground

Item Sensor Level (m)

| 3-F) S:?nlc Anemometer, model CSAT3, Campbell 26.0-25 4
Scientific Inc

2 Open-Path Gas Analyzer, model LI-7500, Licor 26.0-25.4¢
Thermohygrometer, model CS215, Campbell

3 B 24.6
Scientific Inc

4 Net Radiometer, model CNRI, Kipp Zonen 24.0

5 3-Cup Anemometer and Vane, 034B, MetOne 2.5

Instruments Inc

(%) 26.0 m in 2009 and 2010,25.4 m in 2012. (¥) 26.0 m in 2009 and 25.4 m
in 2012.

Eddy covariance method

Vertical turbulent fluxes of H and LE are estimated from the
eddy covariance method (ECM) based on the statistics fluctuation of
vertical wind speed (W), air temperature (T") and water vapor density
(p,) with sampling frequency of 1 Hz or higher.>**

H=pc,(w'T") ()
LE =H,(w'pv') (3)

were p is the mean air density, ¢ the specific heat of air at
constant pressure and L, the water latent heat of evaporation. In Eqn.
(2) and (3) the (') indicated mean values over 30-min interval and ()’
the statistical fluctuation of the mean.

The ECM provides the best way to estimate vertical turbulent
fluxes if the average of the statistical fluctuations of air density and
vertical wind speed are zero.?? In general, both considerations are not
satisfied, to apply ECM is necessary to perform Webb correction in LE
as indicated in Eqn. 4.

LE:L(1+,uO')|:(w'pv')+%W} 4)

where p=M /M , M _is the molar mass for dry air (28.97 kg kmol
"), M molar mass for water vapor (18.02 kg kmol"), c=p,/p,
where p, and p, are water vapor and dry air densities.

In this work, half-hourly values of H and LE are estimated
using Eqns. (2) and (4) by considering dataset divided into 30-min
consecutive blocks. Besides Webb correction, several quality control
procedures were applied to estimate the H and LE to remove glitches,
linear trends, tower-blocking effects, signal saturation caused by rain
and dew deposition on sonic transducers and gas analyzer windows,
and to enforce skewness and kurtosis thresholds and stationarity."”
About 40% of the 30-min blocks were discard due to all these
unwanted effects.

Footprint analysis

Footprint analysis of turbulence measurements carried out in PM
14G was performed using Flux Footprint Prediction model developed
by Kljun et al.>® The areas delimited by the footprint contour lines
are centered on the PM [AG (Figure 2) and represent contributions
to the measured H and LE fluxes at this location ranging from 70%
(areas delimited by the outermost contour line) to 10% (yellow
areas). Annual footprint maps were estimated considering 30-min
blocks of turbulence measurements satisfying all the quality control
procedures described above. The maps indicated by 2009, 2010 and
2012 correspond respectively to the observations made on: May 18 to
June 17, 2009 (Figure 2a); March 8 to June 30, 2010 (Figure 2¢); and
February 1 to November 30, 2012 (Figure 2¢). The diurnal evolution

Citation: Torres FDR, de Oliveira AP, da Silveira LC. Sensible, latent heat and store energy fluxes in the suburban Sdao Paulo megacity: seasonal and interannual
variations and empirical modeling. Int | Hydro. 2023;7(4):151-158. DOI: 10.15406/ijh.2023.07.0035 |


https://doi.org/10.15406/ijh.2023.07.00351

Sensible, latent heat and store energy fluxes in the suburban Sao Paulo megacity: seasonal and interannual

variations and empirical modeling

of the UBL heights needed to estimate the footprint followed Silveira
et al."” The annual wind roses in Figure 2 correspond to wind
observations made at PM IAG (Table 1) during the same period of
turbulence measurements used to estimate the footprint. In general,
the shape of footprint areas corresponding to 70% of contribution
to the fluxes measured at PM [AG follows closely the most frequent
wind direction distributions (Figure 2). In 2009, 70%-footprint area is
elongated in the NNW-SSW axis induced by the most frequent wind
directions from N-NNE and S-SSW sectors (Figure 2a—b). In 2010 and
2012 the 70%-footprint area elongated in the NW-SE axis induced
in both years by the most frequent wind directions from N and SE
sectors (Figure 2c—f).

(a) 2009 {b) 2009

g

Figure 2 footprint maps and corresponding wind rose diagrams for (a)-(b)
2009, (c)-(d) 2010 and (e)-(f) 2012 in the PM IAG. Footprints obtained from
Flux Footprint Prediction model.” Areas delimited by white lines in (a), (c) and
(e) range from 10 (yellow) to 70% (blushed outermost) contribution to the
turbulent fluxes measured in the center (PM IAG).Yellow circles in have radius
equal to 500 m and land use photo was obtained from satellite (© CNES
(2018) Distribution Airbus DS).

Empirical modeling of SEB components in urban areas

Both empirical models used here, MPTM and OHM, were initially
developed to estimate H, LE and AQ_ on natural surfaces.***” One of
the first applications of the MPTM for urban areas was performed
by Hanna and Chang (1992)* to estimate H and LE in Indianapolis,
Indiana, USA. They found that H has a maximum discrepancy of 20%
under high wind conditions. Grimmond and Oke® applied MPTM to
estimate H and LE in 7 cities of North America with similar success.
The OHM was adapted by Grimmond et al." to estimate AQ_ and
validated by Ferreira et al.'? to the suburban region of Sdo Paulo
Megacity using measurements carried out in the PM IAG. In this work
the MPTM will be validated and used to simulate monthly average
hourly values of A and LE, in a suburban area of the megacity of Sao
Paulo by coupling it to the OHM validated previously by Ferreira et
al.”?

Modified Priestley-Taylor method (MPTM)

This empirical model is based on an analytical solution of the
following system of two linear equations: a) SEB equation for an ideal
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surface (plane, homogeneous and opaque to radiation) given by Eqn.
(1) neglecting Q,, 4Q,,, and S. and b) f = H/LE ,where f5 is the Bowen
ratio. The general solution for this system is: H = —[BA1 + $)](Q*—
AQ) and LE = —[I/(1 + B)I(Q"— AQ,). The resulting expressions for
H and LE can be further simplified by parameterizing them in terms
of flux-gradient relationships assuming that the heat and water vapor
diffusion coefficients are the same. Furthermore, by considering the
atmosphere adjacent to the surface as saturated, the general solution
for the SEB system yields saturation values of sensible (H ) and latent
heat (LE ) fluxes given by H,= —[y/(y + $)](Q* — AQ,) and LE
= —[S/(r + Q" — AQ,), where y = c,/L, is the psychometric
constant and § = (dq/dT), the variation rate of specific humidity with
respect to the air temperature under saturated condition. Priestley and
Taylor* proposed corrections for H_and LE_ to estimate H and LE for
unsaturated conditions that satisfy the energy conservation principle.
In this more realistic approach, LE is set equal to a,, LE_where a,.is a
constant (Priestley-Taylor constant), greater than one, that depend on
the surface and local climate conditions. The well-known Priestley-
Taylor expressions become: H =—(1 —a,,) [v/(y + $)1(Q*— AQ,) and
LE ==a,,[S/(y + $)](Q" - AQ)).

De Bruin®*” modified the Priestley-Taylor expressions above based
on the observational fact that in most of the natural surfaces H and LE
do not tends to zero as Q" — AQ, tends to zero. To accommodate this
observational feature De Bruin®’ introduced a constant factor ' that
takes into consideration that / tends to zero before Q" — AQ_ in the
diurnal cycle so that:

H:—(l—a')HLS(Q*—AQS)—ﬂ' (5)

S «
LE=-a'——(0 —-AQs )+ p' 6
= (0 -20)+ 5 (6)
where &' is the modified Priestley-Taylor constant.

Should be emphasized that De Bruin and Holtslag? demonstrated
that the Priestley-Taylor expressions have the same skill as the
Penman-Monteith expressions, which in turn were recognized as
a more complete physical description of the surface atmosphere
interactions.

Description of OHM

This method is based on the observational fact that AQ, is related
to Q" by:

AQs =a Q*+a2%+a3 @)

where a,, a, and a, are parameters obtained from land used
analysis considering five categories: vegetated areas, pavement,
roof, and canyons. According to Ferreira et al."” a, a, and a, equal to
respectively 0.56, 0.46 hours and -37.75 W m?, produced the best fit
between point clouds on a scatterplot of simulated AQs (with OHM)
versus estimated AQs (as residuals of SEB equation using H, LE and
O* observed in the PM IAG).

Results
Seasonal variation of diurnal evolution

The analysis of the seasonal variation of diurnal evolution is based
on the monthly average hourly values of H, LE, Q*, and AQs, observed
in a suburban area of the megacity of Sdo Paulo from February to
November 2012 (Figure 3). The observations performed in 2009 (May
18 to June 17) and in 2010 (March 8 and June 30) are not displayed
here but will be used to complement and expand this analysis.

Citation: Torres FDR, de Oliveira AP, da Silveira LC. Sensible, latent heat and store energy fluxes in the suburban Sdao Paulo megacity: seasonal and interannual
variations and empirical modeling. Int | Hydro. 2023;7(4):151-158. DOI: 10.15406/ijh.2023.07.0035 |


https://doi.org/10.15406/ijh.2023.07.00351

Sensible, latent heat and store energy fluxes in the suburban Sdo Paulo megacity: seasonal and interannual

variations and empirical modeling

o 1B MaRRN 2012 .

a e - ol Tt

D ;,L._... o u........“""""'% s =)
.,_: "tﬁ:\ .r,; o W, /,’
] \ F
s W/ F — i o \\.. //
oy \, H —e | 9T ,«
5 f \\_

500 LN £20t

| N M

200 | 18 Apnl 2002 200 | (@) May 2012

&
s n"”““"‘-t".\" | Eii S
=
g 30 / aml \\ ~ /
: : '\\\_z
2w a0t
S
w

00 £00 4

6 3 B 8 42 & 18 ;M M0 3 & 5 12 1B 18 H M

ap0 |19 June 3013

\—:/ 201 "\-__.»//

Energy Mux 8V m
E &

o kS a Ll 2 15 1% I M a a L] 1) 12

ago |G August 2012

Energy fiue (W m ™)
: B

o 3 B 8 LI L L - a 3 L] 9 12 7% 18 o o
g 200 [ GhOsomei 202 20 | ) Nevember 2012
L] o =
E — . x—‘; o
s e -
= 0 — 'T'-.\ /-"' ==s | ol A ===
3 / 1:::|:rs§"\\H 7
£ 0 LR s / <200 |
: \ /
g 0o LY 400 |
i} o,
E00 Pt
0 3 6 B & 1 W on M D03 & 8 1 W B N M
Local bme Lasal time:

Figure 3 Seasonal variation of monthly average hourly values of H,LE,AQ_and
Q" observed in the megacity of Sio Paulo during 2012.Vertical bars indicated
the statistical error of monthly average hourly values.

During 2012, the amplitude of the diurnal cycle of H varied from a
maximum of 180 + 12 W m? in October to a minimum of 80.1 £ 9 W
m? in June. The amplitude of LE varies from a maximum of 152.0 +
7.6 W m in February to a minimum of 66.4 + 7.6 W m™ in September.

Similar patterns are observed in 2009 and 2010 with a tendency of
H and LE to increase in the wet-summer and decrease in the dry-winter
months. In the case of 2010, H displayed an amplitude maximum of
145.5 + 8.9 W m? in March and a minimum of 111.3 + 7.1 W m™ in
May. In 2009, H (LE) displayed an amplitude maximum of 122 + 26
Wm?2(97 + 16 W m?) in May and a minimum of 120+ 15 W m? (65.6
+5.9 W m?) in June.

Observations during both years were, restricted mostly to cold and
dry months (May 18 to June 17, 2009; March 8 to June 30, 2010),
explaining the differences in the seasonal variation of the amplitude of
H and LE between 2009-2010 and 2012. For 2009-2010 winter months
prevailed clear sky conditions in the megacity of Sdo Paulo favoring
radiative heating of the surface and large incursions of positive values
of H during daytime. Another effect that may be causing large values
of H and LE observed in 2009 is footprint. Prevailing winds from
SSW and NNE (Figure 2a) during May and June 2009 elongated the
footprint shape in these directions (Figure 2b) covering a different
land use area around PM IAG where predominates less vegetation
compared to 2010 (Figure 2c) and 2012 (Figure 2e).
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These seasonal variations indicate the amplitude of diurnal cycles
of H are either similar or larger than LE in most of the months (Figure
3). During driest months (August-October) the amplitude of H is
systematically larger than LE. Typical of suburban areas, this behavior
occurs because the land use in 36% of the measurements site area
is occupied by vegetation, responding to the seasonal variation of
moisture in the megacity of Sdo Paulo.'>!"?

Throughout 2012, the amplitude of A and LE vary proportionally
to Q*. Both H and LE daytime maxima occur 1 hour after Q*. In April,
June, and November, H and LE maxima occur 2 hours after Q* (Figure
3¢, €, j). According to Anandakumar,* the daytime lag between H and
Q" are close related to the lag between air and surface temperature.

Another important feature of the SEB components observed in the
megacity of Sdo Paulo is the fact that the diurnal evolution of 4Q are
in phase with Q* in most of the months of 2012 (Figure 3).

During 2012, the amplitude of the diurnal evolutions of -Q* varied
from a maximum of 554 + 14 W m? in February to a minimum of
369+13 W m™in July. On the other hand, -AQ, varied from a maximum
of 249+ 47 W m? in April to a minimum of 181 £ 58 W m™ in July.

As observed previously by Ferreira et al.'””> and Oliveira et al.,”
AQ, represents a significant fraction of Q*, The seasonal variation of
—AQ, in 2012 correspond to fraction of —Q* of 56.1 % in April and
49.1% in July, indicating that during summer months the heat store in
the suburban canopy of the megacity of Sdo Paulo is slightly larger
than in the winter months.

Seasonal and interannual variations of daily values and
Q* fractions

The seasonal and interannual variations of monthly average daily
values of H, LE and —Q* observed during 2009, 2010 and 2012 in the
PM IAG are indicated in the Figure 4. The seasonal variations of H
and LE are close related to the one for Q*, with maximum of 5 £+ 0.5
MJ m? day?! for H and 5.3 = 0.6 MJ m? day" for LE in November
(summer), and a minimum of 1.3 = 0.2 MJ m™ day"! for H in June and
1.9 £ 0.2 MJ m? day"! for LE in August (winter). In average, daily
values of —Q* show a maximum of 11.6 + 1.1 MJ m-2 day-1 in March
and a minimum of 4.5 £ 0.9 MJ m? day! in June. Daily values of H
are systematically larger than LE during August-October 2012 in the
suburban area of the megacity of Sdo Paulo.
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The temporal evolution of monthly average daily values of H in
2010 and H and LE in 2009 are alike 2012 (Figure 4). Comparatively,
daily values of H in May (June) 2009 are lower (higher) than in 2010
and 2012. In the other hand, monthly average daily values of LE in
2009 are lower than in 2012, during May and June. The major reason
for the interannual variation between 2009 and 2012 is the differences
in the footprint patterns between these years.

The seasonal and interannual variations of Bowen ratio (H/LE),
and net radiation fractions of sensible (H/—Q+*), latent (LE/—Q*) and
store energy (AQ /Q*) fluxes, based on monthly averaged daily values
of H, LE, —=AQ_and —Q*, for 2009, 2010 and 2012, are also indicated
in the Figure 4. During 2012, the Bowen ratio display a maximum
of 2.0 = 0.5 in August and a minimum of 0.63 £ 0.40 in June. From
August to October the Bowen ratio remains above unity reflecting the
fact that these months are the driest months of 2012 in the megacity
of Sdo Paulo. The seasonal variation of —Q* fractions of H and LE are
given by the seasonal variation of their daily values modulated by
seasonal variation of —Q*.

Empirical modeling of diurnal evolution

The MPTM-OHM empirical models (Eqn. 5-7) are calibrated using
hourly values of H, LE, Q* and air temperature measured at PM [4AG
(Table 1) during May and June 2009, 2010, and 2012. It is assumed
OHM-parameters that a, = 0.56, a, = 0.46 hours and a, = -37.75 W
m, as proposed by Ferreira et al.,'? are valid to estimate AQs (Eqn. 7)
in a suburban area of Sao Paulo Megacity like PM IAG.

Figure 5 shows the diurnal evolution of observed (Obs) and
modeled (Mod) monthly average hourly values of SEB components
during calibrations months, obtained by trial-and-error as the best
performance with #= 10 W m? and &' = 0.55 (1.0) for day (night)
period. One criterion adopted in the trial-and-error procedure was to
enforce A slightly higher than LE as an expected behavior of these
SEB components in a suburban area and observed in the PM IAG
(Sect. 3.1) and in other studies.'>!” The diurnal evolutions of modeled
SEB components display a phase among Q* and H, LE and AQ_ during
all 6 months (Figure 3b, d, f, h). The absolute maximum of AQ_ occurs
1 hour before Q*, whereas for H and LE occurs 2 hours after Q™.
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Figure 5 Diurnal evolution of monthly average hourly values of Q*, 4Q,, H
and LE observed (Obs) and modeled (Mod) in the megacity of Sao Paulo
during May and June in 2009,2010 and 2012. In (e) and (g) observed LE is not
available in 2010.

To evaluate the performance of empirical model, monthly
average hourly values of observed and modeled H, LE and AQ, from
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February to April and July and November of 2012 (data not used in
the calibration) are objectively analyzed (Figure 6, Table 2). Figure
6 indicates the dispersion diagrams between observed and modeled
hourly values of H, LE and AQ . Table 2 displays the typical statistical
parameters, Mean Bias Error (MBE) and Root Means Square Error
(RMSE), estimated according to the following expressions: MBE =

IN YN _(0,—M)and RMSE = \/1 /NYY,(0,-M;)2 , where M, and

0, are the modeled and observed values respectively and N is the total
number of values.
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Figure 6 Dispersion diagram between modeled and observed monthly
average hourly values of (a) H, (b) LE and (c) 4Q, from February to April and
July to November 2012 in the megacity of Sao Paulo. Dashed lines correspond
to the main diagonal and solid red lines to the linear fit.

Table 2 Statistical parameters for observed (Obs) and modeled (Mod)
monthly average hourly values of turbulent fluxes of sensible (H), latent (LE)
and store energy (4Q,) fluxes from February-Abril and July-November of 2012

2012
Statistical parameter
H LE AQS
MBE (W m?) 7.64 -4.37 -2.32
RMSE (W m?) 19.03 20.92 3225
R? 091 0.72 0.93
N 192 191 190
Mean (W m?) Obs 40.07 39.75 -21.78
Mod 3244 43.96 -20.49
Median (W m?) Obs 5.53 2381 41.39
Mod  -2.85 24.81 49.86
Maximum Obs 181.72 175.19 124.22
(W m?) Mod 186.5 164.2 7222
Minimum Obs -9.14 -6.73 -339.15
(W m?) Mod  -1848 -7.13 -303.3
Amplitude (W m?) Obs 190.88 181.92 463.37
Mod  204.98 171.33 375.52
RMSE% (%) * 10 1.5 7

* (RMSE/Amplitude,, ) x 100%.

In general, the dispersion of these points around the linear fit
curve are small, and the linear fitted curves are very close to the 1:1
diagonal (Figure 6). Positive values of MBE indicated that model
underestimates observations and vice versa. Small values of RMSE,
comparatively to the mean values of M, and O, indicate model
performs well (Table 2).

The model performance is excellent for monthly average hourly
values of H and AQ_, with correlation coefficient equal to 0.91 and
0.93, respectively (Table 2). The model underestimates H (MBE > 0)
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and overestimates LE and AQ_ (MBE < 0). Values of RMSE% < 11.5%
indicates that the empirical model MPTM-OHM performs well for
monthly average hourly values of H, LE and AQs. It is interesting to
note that the mean values of H and LE display the largest discrepancies,
while the maximum and minimum values show the smallest.

Conclusion

The surface-atmosphere interaction can be evaluated by the
temporal and spatial description of SEB components, mainly H, LE, Q*
and AQ_. Knowing these SEB components in urban areas is important
to understand the role of cities in the climate of urban areas and to
objectively define actions to mitigate the adverse climate effects
induced by urbanization. This knowledge is particularly important in
Brazil where more than 85% of population leaves in urban areas.

In this work, the seasonal and interannual variations H, LE, Q*,
and AQ_ are observationally characterize during 2009, 2010 and
2012 in a suburban area of the megacity of Sdo Paulo, Brazil. This
characterization is based on monthly average hourly values of H and
LE, estimated by applying eddy-covariance method to turbulence
measurements. Simultaneous measurements of Q*, air temperature
and wind speed, were used to estimate AQs, as residual of the SEB
equation, and perform a footprint analysis. Furthermore, monthly
average hourly values of H, LE and AQ_, estimated during May and
June 2009, 2010, and 2012, were applied to validate the empirical
model MPTM-OHM to estimate monthly average hourly values of
SEB components in a suburban area of the megacity of Sdo Paulo,
using monthly average hourly values of Q* and air temperature as
input parameters.

The diurnal evolution of monthly average hourly values of H,
LE, Q" and AQ_ observed in 2012 indicate a seasonal variation with a
daytime maximum with H varying from a maximum of 180 + 12 W
m? in October to a minimum of 80.1 =9 W m? in June, LE varying
from a maximum of 152.0 + 7.6 W m in February to a minimum of
(369+13) W m™ in September, -Q* varying from a maximum of 554
+ 14 W m? in February to a minimum of 369+13 W m? in July, and
-AQs varying from a maximum of (249+ 47) W m™ in April to a
minimum of 181 =58 W m? in July.

The seasonal and interannual variations of monthly average daily
values of H, LE and —Q*, and respective fractions (Bowen ratio,
H/=Q%*, LE/—Q*,AQs/Q%) observed during 2009, 2010 and 2012 are
consistent observed diurnal cycles of monthly average hourly values.
The seasonal variations of H and LE are close related to the one for Q*,
with maximum A=5+ 0.5 MJ m? day"' and LE=5.3 £ 0.6 MJ m? day
!in November (summer), and a minimum A =1.3 0.2 MJ m* day™ in
June and LE = 1.9 + 0.2 MJ m? day! in August (winter). In average,
daily values of —Q* show a maximum of 11.6 = 1.1 MJ m? day-' in
March and a minimum of 4.5 = 0.9 MJ m day! in June. Daily values
of H are systematically larger than LE during August-October 2012 in
the suburban area of the megacity of Sdo Paulo.

These observations indicated that H, LE, Q* and AQ, display
seasonal and interannual variations consistent with typical features of
local climate and land use of the suburban area of the megacity of
Sao Paulo. During driest months (August-October) the amplitude of
H is systematically larger than LE, with a Bowen ratio varying from
a maximum of 2.0 + 0.5 in August and a minimum of 0.63 + 0.40
in June, because the vegetation fraction in the area investigated (PM
14G) is large enough to respond to the seasonal variation of moisture
content of both lower-atmosphere and canopy-soil. As observed
previously by Ferreira et al.'”’, Rabelo® and Oliveira et al.,'”” A4Q
represents a significant fraction of @, The seasonal variation of —4Q,
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in 2012 correspond to fraction of —Q* of 56.1 % in April and 49.1%
in July, indicating that during summer months the heat store in the
suburban canopy of the megacity of Sdo Paulo is slightly larger than
in the winter months.

The MPTM-OHM empirical model was able to simulate the diurnal
evolution of monthly average values of H and LE in the suburban
areas of the megacity of Sdo Paulo considering as input the monthly
average hourly values of Q* and air temperature and considering f =
10 W m™ and ' equal to 1.0 for nighttime period and 0.55 for daytime
period.
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