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ABSTRACT

Thiswork describesthe MCITY BRAZIL Project. The project designed to assess urban effects on the climate of the major Brazilian cities
and to systematize this procedure of investigation so it can be extended to other urban areasin Brazil. In this article, the implementations
in the Metropolitan Regions of Sdo Paulo and Rio de Janeiro are presented. A preliminary description of the surface radiation balance,
surface energy balance, surface wind pattern, urban heat island and urban boundary layers are discussed by considering the surface
observations carried out inthe MCITY BRAZIL project from 2013 to 2014 in four micrometeorological towersin these two metropolitan
regions. Despite nearly identical inputs of solar radiation at the top of the atmosphere, differences in the atmospheric attenuation and
emissions, and in the surface albedo and emissions resulted in significant differences in surface radiation balance components between
metropolitan regions and within each urban area. The diurnal evolution of the surface energy balance, friction velocity and carbon dioxide
vertical fluxes observed during the field campaignsindicate important seasonal and spatial variations associated with theland usein both
urban regions. Surface wind analyses for both metropolitan regions display similar seasonal and diurnal patterns as a result of the
combination of large-scal e systems and sea-breeze circulation present in both regions and modul ated by topography. The urban heat island
in Sao Paulo is greater than that in Rio de Janeiro as a result of different combinations of maritime and solar heating effects. The diurnal
evolution of the urban boundary layer height and surface inversion layer top estimated simultaneously by rawinsonde and Lidar displays
good agreement in both metropolitan regions. In Sdo Paulo, daytime urban boundary layer height responds to the sensible heat flux at the
surface. In Rio de Janeiro, despite of equivalent sensible heat flux, urban boundary layer is smaller due to the internal maritime boundary
layer effects. © 2020 Knowledge Empowerment Foundation
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INTRODUCTION

Theobservationd investigation of urban heatidands
(UHI) and other urban effects on the climate of cities
located intropical and subtropical areashasreceived
lessattention than for citieslocated at higher latitudes,
asaresult, lessisknown about the urban climatein
theseregiong®4346.9%6108110 Thisgtuationisparticularly
critical inthecaseof Brazil, wheretheurban fraction of
thepopul ation grew from 36%in 1950t0 84%in 2010
(last demographic census), surpassing developed
countriesat theend of the 1980sand South American
countriesat the beginning of the 1990s. In addition, the
urban populationfraction of Brazil isexpected toreach
91% in 2050, well abovethe expected fraction for the
world (66%), devel oped countries (86%) and South
American countries (89%)'%. Therefore, thelack of
scientificinformation about urban effectsontheclimate
of tropical and subtropical citieshasavery negative
impact on policiesto mitigate the adverse effects of
urbanization.

It isimportant to emphasizethat any actionstaken
toimprovelifequality in urban areaswill haveto be
based on policies strongly supported by scientific
knowledge about urban adverseeffectsontheir climate.
Thisknowledgewill depend on observingand modding
a wide range of meteorological scales and on the
effective integration of several interdisciplinary
areasd’>%%#4, Moreover, if the IPCC scenarios are
confirmed, asignificant fraction of thepopulationliving
inlargeconurbationsof Brazil arelikely to becomemore
exposed totheadverseeffectsof climatechange, further
aggravating socid and environmenta problemsand, the
need for government financial resourcesto alleviate
them”®. Thereis observational evidencethat the UHI
of Brazilian citieshas already increased theincidence
of dengue, mortality, hospital admissionsand suicide
ratel” 12118 contributed to theintensification of cloud
convection, causing severe precipitation eventsthat
resultinflooding, andasgnificantincreaseinthelightning
activity!2237:3888.125 The economicimpactsof floodsin
thecity of Sdo Paulo are significant®,

Following a worldwide trend reflecting the
economicand socia importance of theimpact of urban
population growth(81664107.109.117 “the ynderstanding
based on observation of urban effectson theclimate of

Brazilian citieshasimproved. However, most of the
observational work available in the literature is
concentrated over afew urban areaslocated inthesouth
md SOUtheag sates Of BraZl |[13,14,17,24,26,33,41,42,43,46,50,68,76,
81.8595,9499.1211 Fyen |ess observational work has been
conducted inthe northeastern® and northern™® parts
of the country. It should be emphasized that the above
review about observationa work on urban climatedoes
not consider observationa studiesabout air pollutionin
Braziliancities. A review of thissubject canbefoundin
Andradeet a ...

Most of the observationa works described above
arelimitedtotheanays sof conventiona meteorologica
variables, mainly air and surfacetemperature, obtained
by surface stations and satellite to monitor UHI of
BraZi | |an Ci tl es[l,4,9,14,17,24,30,36,42,43,46,56,57,63,67,74,76,85,99,
1211221 A much smaller number of works has
characterized the behavior of thedownward solar and
atmospheric radiations at the surface*®268.%1 and
surface wind circulation®. One study describesthe
vertical structure of the urban boundary layer, three
studiesfocus on surface radiation, energy budget and
anthropogenic heat“*3. None of them associates
surface energy balancewith boundary layer properties
andviceversa

It should bementioned at thispoint that very few of
these observational works have been used in the
modeling of urban effectsin Brazilian cities. Thisisa
critical point because the assessment of urban effects
ontheclimateof citiesrequires, besidesobservations,
the use of numerical mode ling5727382113122 Despite
theeffortsof thelocal research community, modelling
studiesfrom Brazil have not been strongly supported
by observations, and in many cases, the numerical
smulationsof small-scaleeffectsareeither carried out
using very smplified and coarseland usedataor using
numerica mode sthat havenot beenfully evaluated for
climate conditionsrepresentative of Brazilian citiesand
their biome!36:45.68.104,

TheMCITY (MegaCITY) BRAZIL Project was
designed to assess urban effects on the climate of the
major Brazilian citiesand to systematize thisresearch
sothat it can be extended to other urban areasin Brazil.
Thefocusof thisproject isto estimate observationa ly
the major components of the surface energy budget
(SEB) and associate them with the dynamic and
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thermodynamic properties of the planetary boundary
layer (PBL) over urban areas of Brazil. Thisprojectis
thefirst onein Brazil to address urban featuresin an
integrated way and performinglong-term measurements;,
anditisexpected to providerdevant climateinformation
about tropical and subtropical cities to loca and
international community by taking asreference other
urban studiescarried out in higher latitudescitieslike
METROMEX, BUBBLE and otherg16107.115117

The metropolitanregionsof thecitiesof Sao Paulo
(MRSP) and Rio de Janeiro (MRRJ) were chosen as
thestartingpointinMCITY BRAZIL becausethey are
thelargest conurbationsin Brazil. They arelocated at a
smilar subtropical zone (Figure 1), and together, they
occupy approximately 13,733 km?, with apopul ation
of 31.6 millioninhabitantsand afleet of 10.6 million
vehicles(TABLE 1). Thecity of Sao Paulo became a
megacity in the early 90s. It reached 11.3 million
inhebitantsin 2010 andisexpectedtogrowto 11.8 million
inhabitantsby 2020. Thecity of Rio de Janeiro reached
6.3 millioninhabitantsin 2010, anditisexpectedto grow
t06.7 millioninhabitantsby 2020723, In additiontosocid
and economic importance, these two metropolitan
regions are likely to contribute to climate change as
significant sources of greenhouse gases (GHGs).
According to Dodmant*¥, the emissionsper capitaof
GHGsfor the cities of Sdo Paulo and Rio de Janeiro
correspond respectively to 18.3% and 28.0% of the
national emissions, which are estimated tobe 8.2 tons
of CO, equivaent. Mot of theurban emissionsin Brezil
aredueto transportation®, although GHG emissions
a thenational level arebasically dueto rurd activities
(mainly deforestation and animal agriculture)®.
TABLE 1 : Major social and economic features of the

metr opolitan regionsof Sao Paulo (MRSP) and Rio de Janeiro
(MRRJ)®,

Features M RSP MRRJ
Number of cities 39 19
Area (km?) 8,051 5,682
Population 19,672.582 11,835,708
Number of vehicles 6,390,092 3,630,678

The main goa of this work is to describe the
implementation of theMCITY BRAZIL Projectinthe
MRSPand MRRJ. To complement thisdescription, a
preliminary characterization of thefollowingisreported:

(a) surfaceradiation baance; (b) surfaceenergy baance
and turbulent fluxes; (c) surfacewind pattern; (d) urban
heat island; and (e) urban boundary layer. This
characterization is based on observations from the
surface stationsin the two metropolitan regionsfrom
2013t0 2014, and rawinsondeand Lidar measurements
carried out during field campaignsinMRSPand MRRJ
in2013.

SITE,METHODSAND CLIMATE

TheMCITY BRAZIL Project beganin 2013 with
the incorporation of a new turbulence measurement
sysemintotheprevioudy existing micrometeorologica
platforms in the MRSP (PM IAG, “Plataforma
Micrometeorologica Instituto de Astronomia,
Geodfisica e Ciencias Atmosféricas”) and MRRJ (PM
IGEOQ, “Plataforma Micrometeorol ogica Ingtituto de
GEOciéncias”), along with the implementation of two
new platformsin the MRSP (PM ITU,”Plataforma
Micrometeorologica I1TUtinga” and PM
SFZ,”Platafor ma Micrometeorol ogica Secretaria da
FaZenda”). In the MRSP, all three platforms are placed
at amilar dtitudes, varyingfrom 741 mto 760 mabove
sealeve (ad) (Figure 1a,c,e). In the MRRJ, the PM
IGEO is located at sea level (Figure 1b,d,f). These
platforms were set up to measure conventional
meteorological variables, radiation components and
turbulenceto estimatethemain componentsof thesurface
energy (SEB) andradiation (SRB) badancefor fiveyears.
A complete description of the sensorsimplementedin
thePM IAG ITU, SFZandIGEOisgiveninTABLE 2.
Inaddition, four field campaigns (two in Sao Paulo and
twoinRiodeJaneiro) whererawinsondeswererd eased
every three hours over 10 consecutive days to
characterize the urban boundary layer (UBL) during
summer and winter werecarried in 2013.

The topography of the MRSP (Figure 1€) is
complex, which makesit very difficult to isolate the
topographic effects on the surface wind pattern from
the oneinduced by the land use®. The entire urban
portion of theMRSPisinaplateau approximately 700
m ad (“Paulista Plateau™), limited at the north and
northwest by achain of ridges approximately 1400 m
ad. TheMRSPischaracterized by threemgor valeys:
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Figurel: Locationsof municipalitiesin theM etr opolitan Regionsof (a) Sao Paulo (MRSP) and (b) Rio de Janeiro (MRRJ)
with thecitiesthemselvesindicated with red contour s. Positionsof (c) PM |AG, PM SFZ, PM ITU (red dots), “Campo de
Marte” airport (M ARTE, whitedot) and climatological stationsM IRANTE and PEFI (yellow dot) in the MRSP and (d) PM
IGEOQ, “Galeiio” air port (GALEAO, red dot) and climatological stations INMET1-4 (yellow dot) in the MRRJ. Topography
indicated in () MRSP and (f) MRRJ isbased on the highest-r esolution topogr aphic data (3-ar c-second Resolution -90 m)
generated from NASA’s Shuttle Radar Topography Mission (SRTM), available at https://www?2.jpLnasa.gov/srtm/. Lidar
position areindicated by L in (c) and (d).

EXPLORATORY ENVIRONMENTAL SCIENCE RESEARCH



https://www2.jpl.nasa.gov/srtm/.

42 Assessing urban effects on the climate of metropolitan regions of Brazl

EESR, 1(1) 2020

Original Research Article

theTiteRiver vdley, orientedintheeast-west direction;
the Tamanduatel River vdley, orientedinthenorthwest-
southeast direction, and the Pinheiros River valley,
oriented in the northeast-southwest direction. Inthe
south, there are large water bodies composing the
Billings Dam system, which occupies 582.8 km2%,
Similarly, thetopography of the MRRJisrather complex
(Figure 1f). It ischaracterized by chain of mountains
oriented inthe east-west direction. Theurban areasare
surrounded by mountains, with high cliffsconcentrated
at thenorth®J. There are high-elevation mountainsat
the north and south and aong the shoreline. The
GuanabaraBay regionisshdtered by themountainsat
the north and isolated cliffs at the south. Land use of
both metropolitan regions are very complex and
describing themisrather cumbersometask duetothe
lack of data. In the case of the MRSP the |l ocation of
the platformswas chosen to represent three classes of
land use: suburban (PM 1AG), urban (PM SFZ) and
rural (PM 1TU). Inthe case of theMRRJthelocation
of platform representsthe suburban class(PM IGEO).

Sitedescription
Suburban sitePM 1AG

The PM IAG (23°33'34"S; 46°44'01"W; 744 m
ad) iscomposed of a10-mtower located in the center
of aconcreteplatform onthetop of a4-story building
(Figure 2a), 17 m above ground level (agl) in the
University of Sio Paulo campus, located in the western
part of Sao Paulo City. Within a 1 km-radius the PM
IAG area(Figure 3aouter circle) isoccupied by 25.4
% of trees, 64.1 % of imperviousbuilding and streets,
7.3% by grass, shrub and scrub, 2.3 % of water from
the university rowing track (Figure Clainner white
circle, TABLE C1, Appendix C). Increasingto 3km-
radius, the amount of land covered by treesdropsto
5.5 %, grass, shrub and scrub to 2.1 %, impervious
building and streetsrisesto 89.1%, and water t0 2.3 %
dueto theincorporation of the Pinheirosriver (Figure
Claouter black circle, TABLE C1, Appendix C). The
Locd ClimateZoned assification (Figure3binner cirde)
indicates that PM IAG is LCZ 6 which indicates

TABLE 2: Sensorsset up on themicrometeorological platformsof theM CITY BRAZIL Project implemented in 2013.

Description, modd, Accur acy or Variable Height* (m) Sé?g;le
manufactur er predsion IAG ITU SFZ IGEO  [ate (H.Z)
3D sonic anemometer and 1mmst 1 mms? u v, w,Ts, 840 9.55 8.00 8.50 10
as analyzer, IRGASON, CSl. . , 135° 270° 270° 0°
g y . 0.5 mm s 0.025°C 20, 002 (135°) (270°) (270°) (0%
Temperaure sensor, Vaisd a 0.2mgm s°3.50 mgm* T 7.50 7.50 8.20 8.00
Pressure sensor Vaisala 0.15°C 1.5 KPa p 7.00 7.00 5.85 8.00
Net radiometer, CNR4, o Ry, SWbw, SWue,
Kipp-Zonen Inc. % LWbw, LW 00 93 580 120
9.60 8.0
Temperdure and reldive R o
humidity sesor, CS215, CSI 0.4°C, 0.4% T, RH 8.45 1.60 155 6.0
1.70 3.0
Infrared surface temperaure, 9111, CSI. 0.2°C Tsre 5.00 3.85 5.0
3-cup anemometer and vane 034B, £0.11 ms™, 0.7998 ms* .
Me One I nstruments Inc +4° 0.5° Vvd, Dir 9.50 9.70 8.00 6.0 05
5.30 - -
3-cup anemometer, 014A, 15% Vel 30
MetOne I nstruments Inc 2.80 - -
Tipping bucket rain gauge, TB4 385, CS 2-3% (1 inch) prec 1.50 1.50 148 12
Barometric pressure sensor, CS106, CSI +0.3 mb p 1.50 1.50
PAR Sensor, Lite, Kipp-Zonen 5% SWear 1.50 9.70 - 12
UV Sensor, CUV5, Kipp-Zonen 1% SWuy 1.50 - - 12
Soi | Heat Hux meter, HFPO1, CSl -15%to 5% G -0.05 -0.05 -0.05
Soil Temperaure, 107, CS -0.4% T -0.05 -0.05
Déaalogger, CS CR5000 CR3000 CR3000 CR5000

(*) Above the platform surface. (*) Orientation (Geographic direction) of the 3D Sonic Anemometer. CSI, Campbell Scientific

Inc.
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(a) PM IAG, Sao Paulo, suburban
23°33'34"S 46°44'01"W 744m asl
10-m tower 4-story building

(c) PM SFZ, Sao Paulo, urban
23°33'01"S 46°37'49"W 741m asl

10-m tower 18-story building

suburban land use (TABLE B1, Appendix B).
Topography isslightly sloping to the Pinheirosriver
valley, withelevationvarying 718 mad inthenorth to
782 mad in south of the 500 m-radiuscircle centered
inPM IAG (Figure 3c). Thespatid distribution of the
buildings, indicated by the green areasin Figure 3d,
was estimated from digital maps and using a QGIS
algorithm developed by Ferreiraet a.[“?. It indicates
that most buildings, within a500 m-radius, have 3-4
soriesand are parsely distributed, with mean building
height of 6.6 m (TABLE B1, Appendix B).
Rural sitePM ITU

The PM ITU (23°49'32"S; 46°30'32"W; 760 m
ad) consistsof a10-mtower set up at thesurfacelevel
in avegetated area (Figure 2b) located south of the
MRSP on the border between the cities of Sio
Bernardo do Campo and Cubatdo. It is situated in
Itutinga Pildes State Park and in an area of
reforestation of the Brazilian Atlantic Forest™™. Within
a 1-km radius the PM 1TU area (Figure 4a,b outer

Figure2: Main featuresof the(a) PM 1AG, (c) PM ITU, (c) PM SFZ and (d) PM IGEO.

(b) PM ITU, Sao Paulo, rural
23°49'32"S 46°30'32"W 760m asl

10-m tower
TR

(d) PM IGEQ, Rio de Janeiro, suburban
22°51'26"S 43°14'01"W 10m asl
10-m tower 3-story building
x, il e T\ ~

F

circles) isoccupied by 87.6 % of trees, 4.9 % of grass,
shrub and scrub, 4.5 % of water fromtheBillingsDam,
and 2 % of imperviousroads (Figure C1b inner white
circle, TABLE C1, Appendix C). Increasing to 3-km
radius, the amount of land covered by trees drops to
69.9 %, water risesto 21.2 %, grassand shrub to 6 %,
andimpervioussurfaceto 2.5 % (FigureClb outer black
circle, TABLE C1, Appendix C). The Loca Climate
Zoneclassfication (Figure4b) indicatesthat PM ITU
belongsto LCZ Awhichindicatesrurd land use(Figure
4dbinner circle, TABLE B1, Appendix B). Within 1-km
radiuscircle, thetopography ischaracterized by gentle
hills(mean height 50 m) (Figure4c).

Urban sitePM SFZ

ThePM SFZ (2333'01"S; 46 37'49"W; 741 mad)
comprisesal0-mtower set upinthecenter of ametalic
platform on thetop of a 18-story building (Figure 2c),
77 magl in downtown Sao Paulo City. Within 1-km
radius the PM SFZ area (Figure 5a outer circle) is
occupied by 5.6 % of trees, 88.6 % of impervious

EXPLORATORY ENVIRONMENTAL SCIENCE RESEARCH




44 Assessing urban effects on the climate of metropolitan regions of Brazl EESR, 1(1) 2020

Original Research Article
(&
T e

.,

'v',’i--.‘\.-.

r L]
o . (d) p
o= -
[oF] ] . - L LY
?} r 1
L r L
r N .
- : L
x NW NE »
' ~ s
o ' .
] ' % .
= - ; - »
e w E E
T I
SW il SE

(7] B -3

=T

o2

46°44'30"W 46°44'0"W 46°43'30"W
Legend Elevation (m asl)

—— Streets 718-726  726-734 HM734 - 742

B Woodland Bl 742 - 750 WM750 - 758 Il 758 - 766

[ 1Building 782 -789 HM766 - 774 Wl 774 - 782

| ——
Figure3: PM IAG (a) land use, (b) LCZ, (c) land useand topogr
(f) 4" campaignsof 2013. Building distribution areawithin a500 mradiusin (d) correspondstoinner circleareasin (a) and
(b) and footprint areaswithin thewhitecirclesin (€) and (f). Land useand topography within a1-kmradiusin (c) correspond
toouter circlesin (a) and (b). Footprintsin (€) and (f) obtained from Flux Footprint Prediction model developed by Kljun et
al.®, correspond to areas delimited by white lines ranging from (e) 10 to 70 % and (f) 10 to 60% (© CNES (2018)
Distribution AirbusDS). Whitecirclesin () and (f) haveradiusequal to 500 m.
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23°49'00"S

23°4930"S

23°50'00"S

43°31'00"W

43°30'30"W

Elevation (m asl)
733-741 741-749 EET49-757
757-765 EM765-774 HM774-782
Il 782-790 790-798 798-806

Legend
Highway
I Woodland
Scrub
Water

43°30'00"W

(b)

Figure4: PM ITU (a) land use, (b) LCZ, (c) land useand topogr aphy and (d) footprint during 4" campaign of 2013. L egend and
elevation at right in thebottom correspond toland useand topography in (c). In (d) footprint, usng Flux Footprint Prediction
model developed by Kljun et al.[®, correspond to areasdelimited by whitelinesindicating increaseof 10% up to90% (©
CNES(2018) Distribution AirbusDS). Theyellow circlein (d) hasradiusequal to 300 m.

building and streets, 3.6 % of grass, shrub and scrub,
and 0.9 % of water (Figure C1c inner white circle,
TABLE C1, Appendix C). Increasing to 3 km-radius
area, the land covered by trees drops to 2.8 %, and
grass, shrub and scrub to 2.1 %, impervious building
and streetsrisesto 96.1%, and no significant water is
found (Figure Clc outer black circle, TABLE C1,
Appendix C). TheLocal Climate Zone classification
(FigureSbinnercircdle) indicatePM SFZisLCZ 8which
indicatesurban land use (TABLE B1, Appendix B).
Topography isdightly doping to the Tamanduatey river
valley, oriented inthe N-Sdirection at east of the PM
SFZ, with 718 m adl in the valley center the surface
elevationincreasesto 782 mad inthewest andto 762
mad intheeast (Figure5c). Thespatid distributionsof

buildingsinthe 500-mradiuscircleareacenteredin
PM SFZ, indicated by thegray areasin Figure 5d, was
estimated from digital mapsusing aQGIS agorithm
developed by Ferreira et al.[*?. It indicates that the
building-size distribution around PM SFZ is more
heterogeneous and concentrated, with mean building
heightsof 16.4 m, well below the height of PM SFZ
(TABLEB1,Appendix B).
Suburban sitePM |GEO

ThePM IGEO (22°51'26"S; 43°14'01"W; 10 m
ad) consistsof a10-m tower set up inthecenter of a
metallic platform located on thetop of a3-story building
(Figure2d), at 12.5m agl inthe Federal University of

Rio de Janeiro campusin the Funddo I1sland (Figure
1d,f).Within 1-kmradiusthe PM IGEO area(Figure
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23°33'0"S 23°32'30"S

23°33'30"S

A6°38'0"W 46°37'30"W

Legend Elevation (m asl)
—— Streets 724-728 728-733 [l 733-738
! Building BW738-743 Wl 743-748 Il 748-752
W 752-757 757-762  762-767

Figure5: PM SFZ (a) land use, (b) LCZ, (c) land useand topogr aphy, (d) building distribution, and (e) footprint during 4"
campaign of 2013. Building distribution within 2500 m radiusin (d) correspond toinner circleareasin (a) and (b). Land
useand topography within a 1000 m radiusin (c) correspond to outer circlesin (a) and (b) and whitecircleareain (e).In
(e) footprint, using Flux Footprint Prediction model developed by Kljun et al.[®, correspond to areasdelimited by white
linesindicating increase of 10 % up to 50 % (© CNES (2018) Distribution Airbus DS). White circle in (d) has radius
equal to 1 km.
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6aouter circle) isoccupied by 14.9 % of trees, 47.0%
of impervious building and streets, 10.4 % of grass,
shrub and scrub, and 21.2 % of water (Figure C2a
inner whitecircle, TABLE C1, Appendix C). Increasing
to 3km-radius area, the land covered by trees drops
to 7.5 %, and grass, shrub and scrub to 2.8 %,
impervious building and streetsrisesto 51.1%, and
water to 33.2 % of (Figure C2a outer black circle,
TABLE C1, Appendix C). The Local Climate Zone
classfication (Figure6binner circle) indicate PM IGEO
isLCZ 6 whichindicates suburban land use (TABLE
B1, Appendix B). Topography of theareaaround PM
IGEOisrdativdyflat with very gentlehills(Figure6c).
Unfortunately, digital mapsarenot available, anditis
not possibleto get amore preciseinformation about
thespatia distribution of buildingsasintheother sites.
However, LCZ classificationindicated that within a
300-m radius circle area around the PM IGEO the
building heightsvary from2.4mto 16.7 m, withamean
value equal to 6.1 m (TABLE B1, Appendix B).
Therefore, thereisnot significant obstacl eaffecting the
flow around thisgite.

Supporting sites
Meteorological sites

Inthecaseof theMRSP, theclimateischaracterized
by 30-yearsnormal based on observationscarried out
from 1961 t0 1990 (TABLE A2, Appendix A) at the
PEFI (23°39'04"S; 46°3720"W; 799 m asl) and
MIRANTE (23°29'47"S; 46°37'11"W; 792 m asl)
climatologica gationslocatedin southern and northern
Sdo Paulo. The PEFI (Parque Estadual das Fontes
do Ipiranga) belongsto the University of Sdo Paulo,
and it isthe oldest climate station in Sao Paulo City
(observations began in 1933). The MIRANTE
(Mirante de Santana) belongsto the Brazilian Ingtitute
of Meteorology network (“Instituto Nacional de
Meteorologiado Brasi|”, INMET, observations began
in1945. TheLoca ClimateZonedassificationindicates
PEFI as LCZ A and MIRANTE as LCZ 3 (Figure
Blabright pand, TABLE B1, Appendix B). PEFI can
be classified as suburban and MIRANTE as urban
(FigureC1d-e, TABLE C1, Appendix C).

Similarly, theclimate of theMRRJis characterized
by 30 yearsnormal based on carried out from 1961 to

1990 at the INMET1 (22°53'43"S; 43°11'11"W; 11
m) climatological station (TABLEAZ2, Appendix A).
TheINMET1 isin the urban area of Rio de Janeiro
City near to the shoreline and also belongs to the
Brazilian Ingtitute of Meteorol ogy network. The Local
Climate ZoneclassificationindicatesINMET1isLCZ
3 (FigureBlcinner circleintheright panel, TABLE
B1, Appendix B). INMET1 can be classified as
suburban (FigureC2b, TABLE C1, Appendix C).

Three more climatological stations from the
Brazilian Institute of M eteorology network were used
inthiswork to estimatethe UHI: INMET2, INMET3
and INMET4. Meteorological data used here
correspond to observationscarried from July 1%, 2013
to December 31%, 2014 (TABLEA2). Details about
these measurements can befound inTABLEALin
the Appendix A. Station INMET2 (22°59'18"S;
43°11'26"W, 26 m asl) is in Copacabana
neighborhood, located 200 m from the shoreline
(FigureB1dI€ft pand, Appendix B). StationINMET3
(22°51'41"S; 43°24'41"W; 30 m asl) is in Deodoro
neighborhood, 17 km far from the shoreline (Figure
Ble left panel, Appendix B). Station INMET4
(22°45"28"S; 43°41'05"W; 35 m asl) is in Seropédica
Agricola neighborhood, located 21 km from the
shoreline (Figure B1f left panel, Appendix B). The
Loca Climate Zoneclassification indicatesINMET2
iIsLCZ G INMET3 LCZ 6 and INMET4 LCZ D
(FigureB1d-f inner circleintheright panel, TABLE
B1, Appendix B). INMET2 can beclassified asurban,
INMET3 assuburban and INMET4 asrura (Figure
C2c-e, TABLE C1, Appendix C).

Soundingand lidar sites

Four field campaignscarried out in 2013 provided
verticd profilesof temperaure, rdative humidity, wind
velocity and wind direction, from rawinsondesrel eased
every three hours over 10 consecutive days in Sdo
Paulo (February 19-28 and August 6-15) and Rio de
Janeiro (March 12-21 and July 9-19). Thesecampaigns
were designed to sampl ethe atmospheric conditions
during summer (February, March) and winter (July,
August) in both metropolitan regions. In Sao Paulo, all
rawinsondeswerereleased at the “Campo de Marte”
Airport (Figure 1c). In Rio de Janeiro, they were
released at the “Galedo” Airport (Figure 1d). The
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Figure6: PM IGEO (a) land use, (b) LCZ, (c) land useand topogr aphy, and (d) footprint during the4" campaign of 2013. Land
usewithin a1000 mradiusin (c) correspondsto outer circlesin (a) and (b). In (d) footprint, using Flux Footprint Prediction
model developed by Kljun et al.'®, cor respondsto areasdelimited by bluelinesindicatingincreaseof 10% upto90% (©
CNES(2018) Distribution AirbusDS). Yellow circlein (d) hasradiusequal to 1 km.

“Campo deMarte” Airport is located 11.6 km far from
PM IAG, 4.6 kmfrom PM SFZ and 37.4 km from PM
ITU. The“Galedo” Airport is located 5.3 km from PM
IGEO. Inboth arports, the sounding system cons sted
of radiosonde model RS92-GSP and a DIGICORA
[11, manufactured by Vaisala Inc. During these
campaigns, a Raman Lidar System MSP-lidar 2
monitoredthe PBL height at the University of Sao Paulo
campusgpproximately 1 kmfrom PM IAG (Figure 1c)
in Sao Paulo City and at the Federal University of Rio
deJaneiro campus(inthePM IGEO) inRiode Janeiro
City (Figure 1d). Land use and topography of these

sitesaredescribed inthe next sections.
Methods

Surfaceradiation balance

The SRB components are estimated here
condderingacontrol volumeinvolving theurban canopy.
Inthiscase, al energy fluxesacrossthehorizontd faces
of thisvolumeare assumed constant so that theenergy
conservation can beexpressed as.

Ry = SWpy + SWyp + LWy, + LW, €
whereR isthenet radiation at the surface, S\, and
S, areshortwave downward and upward radiation,
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and LW, and LW, are longwave downward and
upward radiation. Thesign convection adopted hereis
positive (negative) whenever theenergy flux isupward
(downward) with respect to the surface. All four SRB
components and net radiation are measured
smultaneoudy withasampling frequency of 0.5Hz and
storeas5-minutesaveragein al platformsusing net
radiometer model CNR4 at the four eddy covariance
stes(TABLE 2). These 5-minutesvaluesare checked,
and spuriousva uescaused by mafunctioning, shadows
and reflection effectsfrom nearby obstaclesand rainy
daysareremoved. Details about radiation sensors set
up canbefoundintheTABLEALinAppendixA. The
extraterrestria solar radiation (SVTOP) was estimated
accordingly to Igbal®®? and considering the solar
congtant asequal t0 1366 W m. TheresultingSix series
(SW, e SW,0 LW, LW, R, SW, ) are used to
estimate monthly averagehourly valuesconsideringthe
observation carried out from July 1%, 2013 to December
31¢, 2014.

Surfaceener gy budget and tur bulent fluxes

The SEB in an urban area can be estimated by
congderingacontrol volumeinvolving theurban canopy.
Inthiscase, al energy fluxesacrossthe horizontd faces
of thisvolumeare assumed constant so that the energy
conservation can beexpressed as.

Ry+Qr =H+ LE +AQS + A @)

where Q_ isthe anthropogenic heat, H and LE arethe
vertical turbulent energy fluxesof sensibleand latent
heat, AQSistheenergy flux soreinthecanopy (induding
soil heat flux G) and Aistheenergy flux advection®.

Vertica turbulent fluxesof sensibleand latent hest
and carbon dioxideare estimated according to theeddy-
covariance method. A sonic anemometer coupledtoa
gas analyzer provides times series of sonic air
temperature (T,), water vapor density (o, ,,), carbon
dioxide concentration (o) and thethree components
of wind speed (u,v,w) measured simultaneously witha
sampling frequency of 10Hz (TABLE 2). Accordingto
theeddy-covariance (EC) method, theturbulent vertica
fluxesof sensibleand latent heat and carbon dioxide
areestimated accordingto thefollowing:

H=pea(T'W) (©)
LE = Ly (P p20'W") )
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Feoz = (P'co2’' W) ()
where pisair density, ¢, isthe specific heat a constant
air pressure, and L, isthewater vapor latent heat. In
expression (3), theair temperature(T) isestimated from
the sonic temperature (Ts), water vapor density and
atmospheric pressure™,

Thefrictionvelocity isevauated by applying EC
methodtoestimatevertica turbulent fluxesof horizontal
components of wind speed asfollows:

u, = [(uWw)*+ (v’w’)z]o'25 (6)

Theturbulencemeasurementsat the PM IAG PM
SFZ,PM ITU and PM IGEO areperformed using sonic
anemometer model IRGASON, manufactured by
Campbell Scientific Inc (TABLE 2) set up on 10-m
micrometeorologica towers. InthePM IAG turbulence
measurementsare carried out at 25.4 magl, inthe PM
ITUat9.6magl,inthePM SFZ at 85.0magl andin
the PM IGEO at 22.7 m agl (TABLE Al in the
AppendixA). Inthecaseof PM ITU turbulence sensors
arelocated 2.5 m above the canopy top (7.1 m agl).
Soil hest fluxesaremeasuredin PM IAGand PM ITU
using soil fluxmeter, model HFPO1, CSl, setupat 5cm
below thesurface (TABLEAlintheAppendix A). The
soil heat measurements are performed with asample
frequency of 0.5 Hz and stored as 5-minutes mean.

All turbulent fluxesand other statisticsin thiswork
are estimated cons dering the algorithm devel oped by
the Laboratory of Micrometeorology of IAG (USP)
and named MBFlux (MCITY Brazil Flux)086:92120
Analysis of the turbulent fluxes include: (i) Webb
correction, (ii) aprocedureto removespikes, (iii) linear
detrending, (iv) skewnessand kurtosisthresholds, (v)
a procedure to classify and remove non-stationary
turbulent data, and (vi) aprocedureto remove tower
blocking effectsand (vii) rain effectg0®12 |n addition,
the performanceof theturbulence sensorswasverified
using (viii) theflags provided by the manufacturer?3,
and by takinginto consderation (ix) tilting effectscaused
by topography using aplanar fit*4 or doublerotation?"
procedures. Thetimeinterva used to calculatefluxes
was 30 minutes. Each campaign thus correspondsto
480 data points. For the observations carried out at
the PM IAG during the 1% and 4" campaigns, only
59.5% of the 962 blocks are considered valid after
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enforcing (i)-(ix). During the 4" campaign, only 39% of
the 481 blocks of data measured at the PM ITU are
considered vaid. Observationsgathered a thePM SFZ
show thelargest fraction of valid data (66.5%) for all
the criteria used here. More details about MBFlux
performance can befoundintheAppendix D.

Toavoidindividual building effects presentsinthe
roughness sublayer, turbulence measurements must be
cariedoutintheinertia layer abovetheblending height.
In practical termsblending heights correspond to 2-4
timesmean building heights'?4. Therefore, itisimportant
to estimate the geometric properties of buildingsand
other obstaclesinthevicinity of Sites. Sincethe spatia
digtributions of thebuildingsare highly heterogeneous
inPM IAG and PM SFZ, they wereorganized into 8
consecutive sectorsof 45° centered on and identified
by the corresponding geographic direction. Theradia
distribution of the 45° sector average for the building
geometric properties-building height (z,) and horizonta
fraction of built area to the total area (4,) -were
estimated by considering the 500 m radius circles
centered on the PM IAG and PM SFZ (Figures 3d
and 5d) using digital maps and a QGIS algorithm
developed by Ferreiraet al .9,

Thedigtribution of building heightsasafunction of
the 45°-sector indicateamean building height of 8.36
minthecaseof thePM |AG and amean building height
of 19.75mfor thePM SFZ (Figure 7a). Inthe case of
thePM |AG thebuilding heightsaremorehomogeneous
than those of the PM SFZ, but both regions’ building
heights vary with the sector direction. The radial
distribution of the horizonta fraction of thebuilt areato
thetota area(Figure 7b) inthevicinity of thePM IAG
isdifferent fromthat inthe PM SFZ (Figure7b). With
mean values equal to 0.18 (PM 1AG) and 0.33 (PM
SFZ) thehorizontal fraction of built areacorroborated
with theland useinventory analyses, which yield an
urban character for the PM SFZ and a suburban
character for thePM IAG (TABLE C1, Figure Clah,
Appendix C).

The zero-plane displacement height (z,) and
aerodynamic roughnesslength (z) wereestimated based
on morphometric proprieties of platforms in the
MRSP®3 and aerodynamic methods®2%2 for the
platforminthe MRRJ. In the case of the MRSP, the
average z, (Figure 7c) and z, (Figure 7d) are,

respectively 4.2mand 1.2 mfor thePM IAG and 9.9
m and 2.0 m for the PM SFZ. These estimates are
based on Kutzbach®? expression for PM IAG,
Macdonald et al.’7 and Hanna and Chang*®
expressionsfor PM SFZ. Inthecaseof thePM ITU z,
and z, equal to 0.8 m and 11.9 m respectively were
estimated in terms of tree canopy mean height and the
expression proposed by Hanna and Chang®™ and
Raupach et a.[**. In the case of PM IGEO z, was
estimated considering thefree convection similarity
rel ation between the stlandard deviation of vertica wind
vel ocity and the kinematic sensible heat flux, when H
exceeded 120 W m?*, The z, was estimated using
Monin-Obukov Similarity Theory predictions of the
mean horizontal wind speed under near-neutral
conditiong®. Theanayssof turbulencemeasurements
carriedout a PM IGEOin 2013 yieldsaverage z, and
z equal t09.4m and 1.2 m, respectively.
Footprintsof turbulencemeasurementsin PM IAG
PM SFZ, PM ITU and PM IGEO wereeva uated using
Fux Footprint Prediction (FFP) model developed by
Kljun et al.[®. They were estimated considering
observationscarried out during twofield campaignsin
the MRSP (1% Campaignin February 19-28, 2013 and
4" Campaign in August 6-15, 2013) and onein the
MRRJ (3% Campaignin July 9-19, 2013). Inthecase
of Sdo Paulo, the FFP model was run using 30-minutes
va uesof wind speed and direction, crosswind standard
deviation, friction velocity and Obukhov length (L),
every three hoursto include UBL height estimated by
Sanchez™Y, Inthecase of Rio deJaneiro (PM IGEQ)
UBL height (h) wasestimated as. (a) 1500 mfor (z—
z)/L <-0.05; (b) 0.3 u,/l f|for -0.05< (z- z))/L <

0.05, and (c) 0.3/ u,L/|f]| for (z- z))/L < 0.05,
wheref istheCoriolisparameter and zistheturbulence
measurements height. Two clipping approximations
were assumed: (d) h = 1500 m when h > 1500 m
during daytime and under neutral condition indicated
by criteria(b); () h =400 m during nighttime and
under neutral conditionindicated by criteria(b). It was
assumed also that f inthe expressions (b) and (c) are
equal to onefor latitude of 45°S (f =-1.0312 10*s
1. This approximation was applied successfully to
estimate PBL height at low latitudeslikeRio de Janeiro
by Oliveiraet al.[*d,
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As expected, the footprint indicated that the
contribution area in each site increases as the
messurement’s height increases. For instance, during the
4" campaign around 90 % of turbulent fluxesmeasured
a 9.6magl inPM ITU comefromareawithincircle
withradiusof 300 m (yellow circlein Figure6d). Inthe
caseof PM IAG only 60% of fluxesmeasured at 25.4
m agl comefrom an areawithinthecirclewithradius
equal to 500 m (whitecirclein Figure 4f). And, inthe
case of PM SFZ only 30 % of the fluxes measured at
86.0magl comefrom areawithinwith radiusequd to 1
km (whitecirclein Figure 5e). For PM IGEO only 90
% of thefluxesmeasured at 22.7 m agl comefrom area
withinthecircleof radiusequa to 500 m (whitecircle
Fgure6d) inthethird campaign. Inthiscase, theoceanic
water surfaceat southwest may marginaly contributeto
thefluxesmeasured a PM IGEO duringasmall fraction
of timeasthewind flow from thissector (Figure 13d).

Thegeometric properties, given by theturbulence
measurementsheight (25.4magl for PM IAG and 85.0
magl for PM SFZ) and mean building heights(8.36 m
for PM IAG and 19.75 m for PM SFZ) (Figure 7a),
indicate that turbulence measurementscarried in PM
IAG and PM SFZ are performed 3 timesin the case of
PM IAG and 2.9 times the mean building height
corresponding level intheinertial layer. Onthe other
hand, in PM I TU theturbulencemeasurementsarelikely
to be affected by the roughness sublayer of theforest
canopy®. In the case of PM IGEO turbulence
measurements height of 22.7 m agl and mean building
height of 12.0 m (within 1-kmradiuscircle) indicated
that these measurements correspond to 1.9 timesmean
building height, indicating that they may be affected by
roughnesssub-layer effects.

According Fortuniak et a.*" the systematic effects
caused building can be mapped by analyzing vertical
wind speed variancefor near neutral conditions(-0.01
<Z/L<0.01). Figure8d displaysthenormalized vertica
wind speed standard deviation by u, in terms of
horizontal wind direction for turbulence measurements
carried a the PM 1AG from January 1%, 2013 to
December 31%, 2014 for near neutral conditions. The
normalized vertical wind speed standard deviation
divergesfromtheempirical 1.25 (red line) proposed
by Roth*% for urban surfacelayer. Figure8edisplay
the sectors (shadow) where standard deviation deviated
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morethan onetimeitsblock average”. Turbulence
datawhen thewind isblowing from these sectorsare
likely to be affected by building distortion therefore,
they areremoved from the data set. Thecriteriaused
to define objectively the sectors are more clearly
indicated intheFigure 8f. The sectorsaregiven by the
deviationfromthe1.25 normalized by o> 1.5, where
o = +/0.0049 + SE2 and SE is the block standard
error.

Inthiswork 30-minutesvaluesof H, LE, F_,and
u, are estimated for MRSP (PM 1AG) during 1%
(summer) and 4" (winter) campaigns (respectively
February 19-28, 2013 and August 6-15, 2013) and
fortheMRRJ(PM IGEQ) during 2™ (summer) and 3¢
campaigns (respectively March 12-21, 2013 and July
9-19, 2013). Besides, SEB components: H, LE, G, R
areestimated during 1% and 4" campaigninthe MRSP
for PM IAG (1% and 4") and for PM ITU and PM
SFZ (4" only). Theanthropogenic heat (Q,) isbased
on estimatesby Ferreiraet a .Y,

Surfacewind pattern

Horizonta wind speed and direction aremeasured
smultaneoudy withasampling frequency of 0.5Hz and
storeas5-minutesaveraged inal four platformsusing
3-cup anemometer and vane model 034B MetOne
Instrumentsinc. (TABLE 2). These 5-minutesvalues
are checked, and spurious values caused by
madfunctioningandrainareremoved. Theresulting series
are used to estimate monthly average hourly values
considering the observation carried out from July 1%,
2013to December 31%, 2014. Moredetailsabout wind
observation set upscan befoundin TABLEAlinthe
AppendixA.

Urban heat idand

Urban heat island intensity is defined as the
difference between the near-surface air temperature of
urban (T ;) and non-urban (T_) environments:

AT = Ty — Ty @

Inmidlatitudecities, the UHI intensity ishighest
during nighttimeand inwinter, with anthropogenic heat
(house hesting) playing the most important rol g24:841001,
Theanthropogenic heet of tropica and subtropicd cities
isnot asimportant asin other regions, there UHI are
determined by solar heating (daytime maximum) and
diurna and seasond patterns of soil moisture content®?,
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Figure7: Radial distribution of (a) building height, (b) horizontal fraction of building areatototal area(4,), () zero-plane
displacement height (z,), (d) roughnesslength (z); (€) disper sion diagram of vertical wind speed standard deviation (s, ) in
termsof horizontal wind direction, and (f) vertical wind speed nor malized by itsblock aver agevaluesin termsof horizontal
wind direction. In (a)-(c) the45° sector average was estimated in a 500-m-radius circle centered over the PM IAG (blue) and

PM SFZ (red) indicated in Figures4c and 5crespectively. In (f) o = v/0.0049 + SEZ2, SE istheblock standard error. (€) and
(f) arebased on turbulence measurementscarried out from January 1%, 2013 to December 31%, 2014.

To estimate the UHI intensity in the MRSP, air
temperature observationsinthePM IAG at 18.7 magl
and PM SFZ at 78.6 m agl were used as areference
for suburban and urban areas, and air temperature
observationsinthePM ITU at 1.6 magl wereused as
referenceof rura area. For theMRRJ, air temperature
observationsinthePM IGEO a 17.2magl, INMET2
and INMET3 were used as areferencefor suburban
and urban areas, and INMET4 wasused asreference
of rural areas. Air temperature observations in the
INMET sitesinthe MRRJwerecarried out at 2.0 m
agl. In the PM IAG, SFZ, ITU and IGEO air
temperature measurementswerecarried by temperature
and relative humidity sensorsmodel CS219, Campbell
ScientificInc. IntheINMET gationsthey aremeasured
by atemperature and rel ative humidity sensorsmodel
QMH102, Vaisala. Details about set up of air
temperature sensorsinthesesitesaregivenin TABLE
2and TABLEALlintheAppendix A. Intheplatforms

ar temperaturewere measured with asamplefrequency
of 0.5 Hz and stored asa5-minute average and used
to estimatehourly va ues, after quaity control procedure
that removes malfunction and rain effects. In the
INMET?2-4 sites hourly values are obtained from
INMET®, After quality control procedure, dl hourly
valuesof air temperature are extrapol ated linearly to
1.5magl usingdry air lapserate. Inthiswork, the UHI
intensity iseva uated considering hourly valuesof air
temperatureat 1.5 m agl observedinthe MRSP (PM
IAG PM ITU, PM SFZ) andintheMRSP(PM IGEO,
INMET2, INMET3, INMET4) from July 1, 2013 to
December 31%, 2014.

Urban boundary layer

During daytime UBL height isestimated usngtwo
methods: air temperature gradient method for
rawinsondedatd™? and Wavel et Covariance Transform
Method (WCT) for lidar datal'*>¥. In the air
temperaturegradient method, the UBL height isgiven
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by thelevel wherethevertica gradient of temperature
becomes positive or equalsto zero by thefirst time.
Under stableconditionstheair temperaturegradient is
adapted to identify the top of the surface temperature
inversonlayer. TheWCT method wasapplied toidentify
the UBL height during the convective daytime period
only. Inthiscondition the UBL top isdetected by an
abrupt change in the function (W(a, b)), which is
obtained from the covariance between amother wavel et
function and the normalized Range Corrected Signa
(RXC) provided by thelidar system. Sothat, the UBL
height isthevaueof b correspondingto first maximum
of W(a, b). Theequation below describestheW(a, b):
Z
1 ‘ z—Db
W(ab) = — f RCS(2)HA (—) iz ©
a g a

where: HAistheHaar function (the mother wavel et),
z, and z, arethe bottom and upper limits, respectively,
of thebackscattered signal, aisthedilatation related
totheextent of thestepfunction and bisthetrandation,
or in other words, thelocation of the step. The RSC
profileusedinW(a, b) iscomposed by the average of
10 profiles. Detailsabout the Lidar characteristicsand
WTC method can be found in Landulfo et al.[",
Mariano et a.[" and Granados-Munoz et a .I*%. The
lidar used in both MRSPand MRRJisaM SP-2 lidar
is abiaxial system, which operates with a pulsed
Nd:YAG laser emittinginthewavelength 532 nm. Such
system operatesintheelastic channel 532 nmandin
the Raman-shifted channel 607 (fromN,). The M SP-
2full overlgpisreached around 180 mad. Thissystem
was operated with aspatial and temporal resolution
of 7.5 mand 1 min, respectively. Thissystemis part
of Latin American Lidar Network (LALINET)[®. In
thiswork UBL and surfaceinversion layer thickness
wereestimated for: February 20, 2013, July 12, 2013
and August 8, 2013, corresponding to 1% (summer,
MRSP), 2™ (winter, MRRJ) and 4" (winter, MRSP)
fiddd campaigns.
Climate

Using the Koppen classification Alvareset al .®
combined all dataavailable at the surface, including

thedataused here (TABLEA2, Appendix A), came
up with two predominant distinct climates for the
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metropolitan areas of Sao Paulo and Rio de Janeiro:
Cwb (Humid subtropical with dry winter and
temperate summer) for the MRSPand Aw (Tropical
with dry winter) for the MRRJ. However, the climate
in these two regions does not show such dramatic
differences. Both areas are characterized by awarm
and wet summer and amild cold and dry winter (Figure
8). Despitethesimilar latitude (Figure 1), the MRSP
islocated at amuch higher altitude (~750-800 m adl)
and at approximately 60 km far from the Atlantic
Ocean. Consequently, in average Sao Paulo is
gpproximately 4.6° C colder therethan Rio de Janeiro
(Figure 8d). Similarly, compared to the MRRJ the
relative humidity ishigher in MRSP, mainly inthe
southern portions (asindicated by PEFI in Figure 8b).
In general, this happens because in the MRSP
precipitationishigher (Figure 8c) and temperatureis
lower Figure 8a). Another important factor isthe sea-
breeze circul ation®**'?, Sea breeze penetratesin Sao
Paulo systematically after noon time, cooling and
wetting the regionl%4,

In general, the wind speeds are lower in both
regionsduring thedry season (minimumof 1.7 ms?tin
May in southern MRSP (PEFI) and 1.9 mstin Junein
MRRJ(INMET1)) and arehigher during thewet season
(maximum of 3.1 mstin November innorthern MRSP
(MIRANTE)) (Figure8d). ComparativelyintheMRSP,
the surfacewind is systematically lower in the south
(PEFI). Thesurfacewind in both metropolitan regions
show similar seasonal patterns associated with a
combination of large-scal e systemsthat are disrupted
by transient modifications such as synoptic scale
disturbances® and by mesoscaleandlocd circulations
associated with topography and land usefeaturesin
these two regiong®+96.104,

PRELIMINARY RESULTS

This section will focus on the observational
characterization of the following features: surface
radiation bal ance; surfaceenergy ba anceand turbulent
fluxes, surfacewind pattern; UHI; and urban boundary
layer. Monthly average values, mainly February and
August of SRB components, surface wind and UHI
described here correspond to observations carried out
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Figure8: Seasonal variation of monthly averagevaluesof (a) air temperature, (b) relative humidity, (c) rain and (d) wind
speed intheM RSPand MRRJ. Theperiodsof observation areindicated in TABLE A2 intheAppendixA.

between July 1, 2013 and December 31, 2014.
According to Ferreiraet al.*? and Marques Filho et
a 1B February and August are consi dered representative
of summer and winter for both metropolitan regions.

Surfaceradiation balance

The diurnal evolutions of all SRB components
(monthly averagehourly val ues) observed inthe MRSP,
a PM IAG ITU and SFZ and in the MRRJ at PM
IGEO during February and August are indicated in
Figure 9 and TABLE 3. There, negative (positive)
irradiancesindicate downward (upward) energy fluxes.

Themagnitudesof thediurna evolutionof S, in
the MRRJin both February and August are higher than
the S\, magnitudeinany platformintheMRSP. This
is not the case for SV, which shows the highest
magnitudesinthePM SFZ andthelowestinPM ITU
in both February and AugustintheMRSP. The S
magnitudesfor theMRRJin February and August are
dightly higher thanthosefor theMRSPin February and
August (Figure9a-b, TABLE 3). Larger S\, values

intheMRRJwith respect totheMRSP canbeexplained

intermsof thedifferencesin the seasond variation of
cloud activity in these metropolitan regiong®-%. Since
it rainsmoreinthe RM SPin both February and August
(Figure8c), it seemsreasonabletoinfer that attenuation
of solar radiation by cloudsis greater in the MRSP.
High pollutionlevel$®, mainly inwinter months, may
asocontributedtolower SA/) magnitudeintheMRSP
comparatively to MRRJ. Indeed, according to Codato
et al.* the MRSP displays SW, , reductionupto 7.8
% compared to not-urban areas. Air pollution effects
can also explainthelocal variability observed inthe
MRSP, whereobservationsin PM ITU (rurd) display
the largest SW,, and PM SFZ (urban) displays the
smdlestone(TABLE 3).

The magnitudes of the diurna LW, and LW,
cyclesintheMRRJin February and August are higher
than the magnitudes on any platform in the MRSP
(Figure9c-9d, TABLE 3). Thesedifferencesinthe
magnitude of LW, occur mainly because the air
temperature in the MRRJ is systematically higher
(~4.6°C) than in the MRSP during all months of the
year (Figure8a). Thisbehavior reflectsasothelarger
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Figure9: Diurnal evolution of themonthly aver agehourly valuesof SRB componentsinthePM IAG (blue), PM I1TU (green),
PM SFZ (red) and PM I GEO (black) during February and August (TABL E 3). Vertical bar scorrespond to satigtical errors

(Ve?2/N),wheregisthestandar d deviation and N isthenumber of values. Negative (positive) ir radiancesindicate downwar d
(upward) ener gy fluxes. Observationscarried out from July 1%, 2013 to December 31%, 2014.

input of SV inthe MRRJdiscussed aboveandfact  August. Thisisaconsequenceof thefact that the PM
that MRSP islocated 60 km far from the shoreline 1TU is in a rural area where air temperature is
and about 700 madl. WithintheMRSP, thesmallest  systematically smaller due to the UHI effect (see
magnitude of thediurnal evolutionof LW, and LW,  section Urban heat island).

are observed at the PM I1TU in both February and As expected from the discussion above, the
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magnitudesof R intheMRRJin February andAugust
arelarger than the magnitudes of any platformlocated
inurban (PM SFZ) and suburban (PM IAG) areasin
theMRSP, wherethelargest R isobserved inthe PM
ITU (daytime) and smallest inthe PM SFZ (daytime)
(Fgure9e-9f). Therefore, thereismoreenergy avallable
to betranderred totheatmosphereassensibleand |l atent
hest and to bestored inthe canopy intheMRRJthanin
the MRSP. The consequencesof thiswill beanalyzed
inthe subsequent subsections.

Withinthe MRSP, there are significant differences
inall SRB components. These differencesreflect the
gpatial variation of theland use. For instance, at the
PM ITU (rural land use), the daytime the magnitude
of R issystematically larger thanin the urban and
suburban areas. Thishappensbecause R inPM ITU
closely follows SW,, since the albedo is small
(0.085+0.004) compared to the PM IAG
(0.121+0.004) and the PM SFZ (0.162+0.007).

During nighttime periodsthe magnitudeof R inrura
area(PM ITU) issystematically smaller thaninurban
and suburban of the MRSP. In general, theabedoin
urban areaslocated at middlelatitudeissmaller than
adjacent rura areasdueto acombination of geometric
and material effectd*>?, On the other hand, lower
albedo of forest canopy isaso commonly observed
at midlatitudesregionsin theabsence of snow®. The
albedoin TABLE 3 correspondsto themean ratio of
monthly average hourly values of SW, and SV, |
observed between 09:30 and 15:30 LT. Curiously, the
albedo at the PM IAG (0.121+0.004) is similar to
that at the PM IGEO (0.114+0.004). In this case,
both platformshavesmilar radiometric characteristics,
oncethey arelocated on thetop of buildingswith a
similar geometry and roof fabric (Figure 2a,d). No
significant seasonal variationsin the albedo measured
at the PM IGEO (~2%). On the other hand, the
albedo varied ~6% for the PM 1AG (TABLE 3).

TABLE 3: Seasonal variation of thediurnal magnitudefor SRB components (SW,,, SW ., LW, LW ., R,), shortwave

downward at thetop of theatmosphere (SW, )

and albedointheM RSP and M RRJ. Negative (positive) irradiances(W m?)

indicatedownward (upwar d) ener gy fluxes. Obser vationscarried out from July 1%, 2013 to December 31, 2014.

February

Radiation var iables

PM IAG (LCZ 6) PM ITU(LCZ A) PM SFZ (LCZ §) PM IGEO (LCZ 6)

SWow -833+46 -822452 -773£36 -952+24
SWyp 103.0+5.9 68.5+4.5 118.0+7.1 108.3+2.9
LWow -4275+3.0 -410.1+3.9 -419.7+2 3 -439.8+2.3
LWe 532.8+7.9 474.8+5.2 560.8+7.8 640.3+6.7

-611+33 -692+42 -484+31 -640+16
R* 47.0+4.2 28.2+£3.8 542433 54.9£2.2

658+94 720+140 538+67 695445
SWrop -1335.10+0.65 -1369.7+3.1
Albedo 0.124+0.002 0.085+0.001 0.160+0.004 0.115+0.002

Radiation variables August
PM IAG (LCZ 6) PM ITU(LCZ A) PM SFZ (LCZ 8) PM IGEO (LCZ 6)

o -658+28 -59243 5 -610+27 -654+37
SW,p 744+35 50.1+3.1 97.5+43 73.1+4.3
LWpw -368.6+3.1 -362.343.1 -359.7+2.8 -390.0+2.3
LWp 479.3+5.5 424.6+5.2 481.8+45.3 529.4+7.2

-464+21 -476+28 -389+17 -440+25
Ry* 60.8+£3.7 33.0£3.6 63.5+3.6 48.543.4

525+56 509+86 453+46 489462
SWrop -1039.8+1.5 -1067.6+4.1
Albedo 0.117+0.002 0.085+0.002 0.164+0.003 0.112+0.002

® Daytime minimum, nighttime maximum and magnitude (nighttime maximum minus daytime minimum).
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Differently from higher latitude cities, suburban areas
intheMRSP and MRRJdo not display large seasonal
variability associated to vegetation effect“?,

Surfaceener gy budget and tur bulent fluxes

Thediurnd evolutionsof H, LE, F__, and u, based
on 10-days average hourly values observed in the
suburban areaof theMRSP(PM IAG, LCZ 6) during
18 (summer) and 4" (winter) campaigns (respectively
February 19-28, 2013 and August 6-15, 2013) and of
the MRRJ (PM IGEO, LCZ 6) during 2™ (summer)
and 3" campaigns (respectively March 12-21, 2013

1* Campaign - Summer

(Feb. 19-28, 2013) (Mar. 12-21, 2013)

2" Campaign - Summer

and July 9-19, 2013) of the MCITY Brazil project are
indicated inthe Figure 10. There, positive (negative)
H, LEand F__, fluxesindicate upward (downward)
energy and massfluxes.

During the summer campaigns (1% and 2), the
magnitudes of H and LE at the PM IAG (February)
(Figure 10a,e) werelarger thanthose at the PM IGEO
(March) (Figure 10b,f). Thiswasunexpected because,
asdiscussed in previous section, the magnitude of the
net radiation in the PM IGEO is larger than those
observedinthe PM IAG during summer (Figure 9e).
One possible explanation for thisdiscrepancy isthat

4™ Campaign - Winter
(Aug. 6-15, 2013)

3™ Campaign - Winter
(Jul. 9-19, 2013)
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Figure10: Diurnal evolution of turbulent vertical fluxesof (a)-(d) sensible heat, (€)-(h) latent heat, (i)-(I) CO, and (m)-(p)
friction velocity observed during field campaignsin the M RSP (PM |AG) and MRRJ (PM IGEOQ). Red continuouslines
indicate mean values, bluesolid circleshourly values, and vertical barsthe statistical error of themean.
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during the 2™ campaign in the MRRJ (March), the
South Atlantic Convergence Zonewasinducing heavy
precipitation in Rio de Janeiro during the second half
of March (Figure8c). Thisanomal ous precipitation
may have altered the summer pattern of cloudsinthe
MRRJ, reducing the R and, consequently, the
magnitude of H and LE.

During the winter campaigns (3 and 4%), the
magnitudeof H inthePM IGEOin July (Figure 10c)
wassmaller thanthat at the PM IAG inAugust (Figure
10d). On the other hand, the magnitude of LE at the
PM IGEO (Figure 10g) waslarger than that at the PM
IAG (Figure 10h). August isthe driest month of the
year intheMRSP (Figure 8b), sothereislessmoisture
availabletoevaporateat the surface, justifying thesmall
LE observed at the PM IAG. On the other hand, the
PM IGEO in July iswetter than that at the PM IAG.
Another possibility isthe contribution of GuanabaraBay
to evaporation during winter; both wind rosesindicated
aggnificant fraction of thetimethewindsin PM IGEO
arefrom ENE and E (Figure 13d).

The F__, magnitude is larger at the PM IAG
(Figure 10i) compared to the PM IGEO during the
summer campaigns (Figure 10j). In both metropolitan
regions, thediurna cyclesindicateapositive CO, flux
(emission) during nighttime associated with local
vegetation respiration and a negative CO, flux
(reduction) during daytime associated with
photosynthesis. Thisdiurnal patternindicatesthat loca
vegetation playsanimportant rolein the CO, in both
areas, as expected for suburban areas®. For the
winter campaigns, theF ., magnitudesaresmaller in
both regionsand indicate much lessdaytime depletion
by photosynthesis (Figure 10k-1). According to
Cotovicz Jr et al.[?, there are indications that
Guanabara Bay isaffecting CO, behavior a Funddo
Island. Footprint analysis (Figure 6d) indicated that a
portion of the bay water islocated within the 90%-
contour lineareaat west of PM IGEO. Theboth F__,
pesksearly inthemorning and eveninginthe PM IGEO
and PM IAG correspond to the rush hours from
vehicular emissionsin these suburban areas. The net
daily CO, flux for PM IAG and PM IGEO during
summer campaignsare 3.27 kg m2day*and 3.56 kg
mr2day?, respectively. During thewinter campaigns

thenet daily CO, flux aimost doublewith 6.17 kg nr
2daytand 6.65 kgm2daytin PM IAG and PM IGEO,
respectively. According to Velasco and Roth™4 these
values are consistent, but smaller than the ones
expected for suburban areaswith vegetation fraction
between 25% and 33% like PM IAG and PM IGEO
(TABLE C1Appendix C).

Thetimeevolution of u, duringthefield campaigns
(Figure 10m-p) indicates a diurnal pattern with a
daytimemaximum and nighttimeminimum. Thefriction
velocity magnitudeislarger inthe MRSP and during
the summer campaign. Thisbehavior canbeexplained
by the seasond variation of thewind speed (Figure 13a
b). Thedaytime maximum wind speed magnitudeduring
summer monthsare produced by theintensification of
both sea-breeze circul ation and downward turbulent
flux of momentumin theconvective PBL during summer
months.

Themajor features observed in the mean diurnal
evolution of H and LE (Figure 10) can be better
identified by comparingthemean daily values (integrated
over a24-hour period) of Hand LEin TABLE 4. A
Bowen ratio value above 1 during winter in the PM
IAG indicated that in Sdo Paulo ground is drier than in
Rio deJaneiro. Besides, the presenceof large portions
of water may contribute the increase LE in the PM
IGEO site. Duringsummer, LE islarger than H because
theground iswetter in both metropolitan regionssothe
contributions of evapotranspiration of blowing local
vegetation arelargerd.

Figure 11 displays the diurna evolution of the
Bowenratio andratiosof sensbleand latent hest fluxes
to the net radiation (sign changed) observed in the
MRSPand MRRJduring summer andwinter campagns
of 2013. Thebehavior dl threeratiosdisplay smilarities
to theresultsobtained by Ferreiraet . for PM IAG
Bowen ratio isnegative during nighttime and positive
during daytime (Figure 11a-d) indl four cases, but high
magnitudes (greater than 2) like observed by Ferreira
et a.*¥ were obtained only in the 4" campaigninthe
PM IAG when RMSPisvery dry. Theupward spikes
observedinthebothratiosH/-R and LE/-R, (Figure
11e-h) indicated that both H and LE remain small but
positivewhen R passingthroughzeroin PM IGEQin
2" and 3 campaigns.
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Figure11: Diurnal evolution of (a)-(d) Bowen ratioand (€)-(h) ratio of sensbleheat and latent heat fluxestothenet radiation.
M ean hourly valuesobserved during thefield campaignsin 2013intheM RSP (PM 1AG) and RMRJ (PM IGEO).

TABLE 4: Mean daily valuesof H and LE, Bowen ratioand
daytimeand nighttimeratio of H and LE to-Rn measur ed at
thePM IAG (LCZ 6) and PM IGEO (L CZ 6) during 10-day
field campaignsin 2013.

Campaign (daily values)

SEB [E] ond 34d 2T
(MJ _qTZ (Feb. 19-28) (Mar.12-21) (Jul.9-19) (Aug.6-15)
d&y”)  (MRSP) (MRRJ) (MRRJ)  (MRSP)

PMIAG PMIGEO PMIGEO PM IAG

H 3876036  2.1041.74  178+082 2.33+0.31

LE 430:0.03  3.9B+1.09 264+129 1.10+0.17

Bowen 0.90+0.09 0.6240.57 0.83+049 2.12+0.61
Daytime (08:00-16:00 L T)

Ratio 1¢ 2 3d 4t
Bowen  1.10:0.01  0.83:0.04 1054009 3.24+0.62
H-FRy  029:0.02  0.25:0.03 0.22+004 0.31+0.04
LE-Ry  025:0.01  0.31#0.05 0.22+005 0.11+0.01

Nighttime (00:00-04:00 LT and 20:00-24:00 L T)

Ratio 1¢ 2n 3d 4t
Bowen  -0.44+006 -0.41+0.03 -0.32:0.13 -210:0.60
H-Ry  015:0.02  0.3440.08 007004 0.07+0.07
LE/Ry  -0.34£002 -0.82:0.16 -0.33:0.04 -0.04:0.02

TABLE 4 showsthat the mean Bowen ratio, mean
daily valuesof H and LE ratio, varied from 0.90+0.09
(1%) t0 2.12+0.61 (4" inthe PM IAG in the MRSP,
and from 0.62+0.57 (2™) to 0.83+0.49 (3") in PM
IGEO inthe MRRJ. Considering that all threeratios
changesignduringtheday-night trangtions(Figure 11a
d), itisconvenient to split their average valuesinto

daytime and nighttime values (TABLE 4). Daytime
values of Bowen ratio in PM IAG during 1%
(1.10+0.01) and in PM IGEO during 2™ (0.83+0.04)
and 39 (1.05+0.09) campaigns are smaller than 1.57,
observed by Ferreiraet al.* from May 18 and June
17 of 2009 in the PM IAG. These values differ also
fromtypica Bowenratio vauesobservedin midlatitudes
cities(1.27-9.85)3, Only inthe 4™ campaignin PM
IAG and IGEO the Bowen ratio displayed values
comparableto observed previously in Sao Paulo and
withininterva of valuesexpected for suburban areasin
midlatitudescities*d. Theother ratios (H/-R and LE/-
R arevery smilar to the ones obtained by Ferreiraet
a .. Thisindicated that partition of R betweenH and
LE inboth PM IAG and PM IGEO are consi stent with
expected for suburban areas.

Thediurna evolution of the SEB componentsduring
the 1% Campaign (February 19-28, 2013) and the 4"
Campaign (August 6-15, 2013) in the MRSP are
indicatedin Figure 12. During thesummer campaign of
February, only the PM IAG was set up in Sio Paulo.
During the winter campaign of August, al three
platforms(PM IAG PM ITU, PM SFZ) wereworking.
Inthesummer campaign LEand H aresimilar, indicating
aBowen ratio on the order of 1. During the winter
campaignthemagnitude of LE islower than H, and the
Bowenratioisgreater than 1. Theresidue - estimated
as: R + Q.- (H+LE+G), where Gisthe soil heat
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measured only inthePM IAG and PM ITU -isassumed
asanindication of stored heat flux inthe canopy. Heat
flux to the buildings was not measured in both urban
and suburban sites. The anthropogenic heat estimated
by Ferreiraet a.! for the City of Sdo Paulo was used
inthe SEB of the urban (PM SFZ) and suburban (PM
IAG) sites. Asindicated in Figure 12, theinclusion of
Q. (magnitude~ 20 W m?), doesnot affect significantly
the SEB inboth sites. Similarly, GinPM IAG and PM
ITU correspondtoasmall fraction of SEB inthesesites.
Duringthewinter campaigntheresidueintherurd site
(PM ITU) issmaller thaninthe suburban (PM IAG)
and urban (PM SFZ) sites. Intherura sitetheresidue
disolaysamaximuminthemorningindicatingthestored
energy flux thereisused to heat the forest biomass.
Duetoadenser distribution of taller buildings (Figure
5), themagnitude of the stored energy flux islargestin
theurban site (PM SFZ).
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Figure12: Diurnal evolution of mean valuesof the SEB componentsobser ved during the 13 Campaignin theM RSP at (a) the
PM 1AG (February 19-28, 2013) and the 4" Campaign (August 6-15, 2013) intheM RSPat (b) thePM |AG, (c) thePM ITU
and (d) thePM SFZ. Vertical barscorrespond tothestatistical error of the mean.
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Figure 13 displaysthewind rosesfor thePM IAG
ITU, SFZ and IGEO. In the case of Sdo Paulo, the
frequency distribution of thewind speed and direction
observedinthePM IAG and PM SFZ aresimilar, with
the most frequent direction from the SE. In the PM
ITU, themost frequent wind directioniseast. The SE
windin Sdo Paulo indicates the presence of sea-breeze
circulaion shiftingthewind direction at the surfacefrom
NE to SE and the passage of cold fronts shifting the
wind direction at the surfacefrom NW to SE®1%, |n
the case of the PM ITU, thewind intensity is much
lower becauseinthisstemeasurementswere performed
about 2.5 m abovethe mean forest canopy height. As
result of thisproximity with forest canopy top direction
changes associated with sea-breeze areless pronounced
than in the other sitesin the MRSP. Besides, at this
platform, thewindsmay beunder theinfluenceof loca
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Figure13: Wind rosesfor (a) PM IAG, (b) PM ITU, (c) PM SFZ and (d) PM IGEO. Based up on measurementscarried out by
3-cup anemometer and vanefrom July 1%, 2013 to December 31%, 2014 (TABLE 2and TABLEAlintheAppendixA).

circulationsassociaed withthelargewater body (Billings
Dam) located at the north and UHI circulation. This
local circulationislikely toinduceaNW wind that may
be offset by astronger SE flow from seabreeze. Inthe
case of Rio de Janeiro (Figure 13d), the highest
frequency wind direction is from the ENE and is
associated with acombination of large-scale NE flow
(section Climate), sea-breeze circulation (from
GuanabaraBay a east, Figure 1d) and blocking effects
induced by achain of cliffsand mountainsat the south
(Figure 1f). The sea-breezecirculation from theAtlantic
Oceanislessfrequent in the PM IGEO than the sea
breezefrom GuanabaraBay because of blocking effects,
but it contributes to a secondary maximum of the
frequency inthe SE direction (Figure 13d). Urban and
other land-use effectsare unclear in thesewind roses.

Thediurna evolutions of monthly averagewind
speed and direction are indicated in Figure 14 for
February (summer) and August (winter) intheMRSP
and MRRJ. There, one can seethat thewind speedin
the PM SFZ (measured at 85 m agl) has the largest
magnitude in February (Figure 14a), varying from
2.5+0.2 m stduring nighttime (03:30LT) to 6.4+0.3
m s*by theend of theafternoon (16:30 LT). Thewind
speed at thePM ITU (measured at 9.7 magl) displays
the smallest magnitude, varying from 0.20+0.07 m s
during nighttime (02:30 LT) to 1.7+0.1 m s*around
noon (11:30 LT). The wind speed at the PM 1AG
(measured at 26.5 m agl) shows an intermediate
magnitudevaryingfrom 1.1+0.1 m s during nighttime
(02:30 LT) to 3.6+0.2 m s™in the afternoon (16:30
LT). InAugus, thenighttimewind speedindl platforms
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aregreater than that in February and the daytimewind
speed are smaller. In both months, the wind speed
displaysamaximum intensity inthe middle of the day
(Figure14ab)inthePM ITU. InthePM IAG and PM
SFZ, thewind speed displays aminimum during the
night-to-day transition and amaximum between 15:00
and 18:00LT.

Thediurnd evolutionof thewinddirectionindl three
platformsshiftsanti-clockwisefrom E-NE to SE from
mid-morning to mid-afternoon (Figure 14c,d) in
association with the sea breeze penetration into Sao
Pauld®, Inthe PM IGEO, the daytime maximum of 3
m s occurs between 15:00 and 16:00 LT and is
associated with thewind direction fromthe SE quadrant,
indicating seabreezeintensification during theafternoon.
Thispaternisclearer in February thanAugust. InAugudt,
the nighttime windsfrom W are associated with the
intensification of theland-breeze at thePM ITU and
PM IGEO (Figure 14d). In February, the nighttime
thermal contrasts associated with land-breezewerenot
observed at either metropolitan region. Windsfromthe
S-SE sectors are an indication that post-frontal
anticyclonic circulation isafrequent feature of both
metropolitan regiong3-941251,

It isimportant to emphasizethat correctionfor over
speeding effects were not carried out here.
Unfortunately, we could not find any empirical
correction for over speeding and other similar building
effectsintheliterature. However, according to Giometto
et a.*¥ buildingswith flat roof, asused here (Figure
2a,c,d), display minimal over speeding effect, soit can
be assumed that wind speed measurements used here
are not substantially affected. On the other hand,
according to Okel®Y, these effects can only be taken
into cons deration properly by performing wind tunnel
experiment and CFD numerical smulations, takinginto
consideration the building geometry. The analysis of
these effects is underway, and the results will be
addressed in anear future publication.

Urban heat idand

The seasonal variation of the UHI intensity inthe
MRSP and MRRJareshown intheFigure 15. In both
metropolitan regions, ageneral pattern ariseswith a
daytimeminimum dternated by nighttimemaximum.

IntheMRSP both estimates (Figure15a,b) indicate
asmilar pattern with daytime positiveminimum (09:00
and 13:00LT) and maximum (14:00and 17:00LT). In
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January and August thereis a secondary maximum
during nighttime. The daytime maximum (~5.0°C) is
largest in October (Figure 15a) when suburban site PM
IAG is used as urban reference and the nighttime
maximum (~6.0°C) in August (Figure 15b) when urban
sitePM SFZ isused asurban reference. This seasonal
pattern differsfrom that found previoudy with only one
maximum | atein the afternoon(“?43, The presence of
secondary maximum during thenight showsthat UHI in

SAo Paulo may behave like in the cities located at higher
latitudes. Inthiscasethe anthropogenic hest flux adopted
here as valid for Sio Paulo by Ferreira et al.* is
underestimated and needsto bereviewed.

Inthe MRRJ, the UHI intensity using PM IGEO
and INMET2 as urban reference (Figure 1d) shows
gmilar diurnd pattern withadaytimenegativeminimum
and nighttime positivemaximum. Using PM IGEO as
urban reference the daytimeminimumis~-1.0°C and
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the nighttime maximum ~ 2.5°C (Figure 15c¢). Using
INMET2 asurban reference, asitecloser to the ocean,
amore intense daytime minimum (~ -5.0°C) and a
nighttime maximum (~ 2.5°C ) are observed, mainly
during warmer months (Figure 15d). In the case of
suburban referenceINMET3, asitelocated 17 km far
from the ocean, the minimum (~ -1.5°C) occurs at the
dawn and the maximum (~ 1.5°C) at the evening and
during thesummer (Figure 15e).

In Sdo Paulo the daytime minimum (~ 1.5°C using
PM IAG asreferenceand ~ 0.5°C using PM SFZ as
reference) isawayspositive. Ontheother hand, inRio
de Janeiro thedaytime minimum isnegative, reaching ~
-1.0°C using PM IGEO as urban reference and ~ -
5.0°C using INMET2 as urban reference. When
INMET3 (LCZ 6) is used as urban reference the
daytime minimum s negative only during the winter
months (Figure 15€).

Theseresultsindicatethat in coastal citiesthat sea
breeze cooling effect isasimportant as surfacefestures
in defining the pattern of urban anomalies in the
temperaturefield so that the maximum positive UHI
early inthe morning becomes negative during therest
of theday!?. Inthe case of Sdo Paulo, 60 km far from
the ocean, the sea breeze effect modul ates daytime
evolution of the UHI, but surface effects are
predominant. Another factor that may systematically
increasethe UHI intensity isthat theair temperatures
used as areference of rural areas were taken at the
PM ITU, asite located in the southern edge of the
Paulista Plateau (Figure 1c,e). Theair temperaturein
theregionof PM ITU islikely to be more affected by
cold and moisture advections caused by sea-breeze
circulation. In addition, the high frequency of fogin
thePM ITU region may systematicaly reducethe solar
heating early inthe morning and latein the afternoon.
All thesepreiminary resultswill haveto beinvestigated
further inorder to clarify themechanismthat regulated
the behavior of theUHI inthesemetropolitans’ regions.
For instance, thealtitude correction performedin PM
SFZ and PM IAG based on extrapolation of dry
adiabatic lapse rate down to the surface will be
investigated and presented in a future work by
cond dering observationsusngameteorologica station
set up at the surfaceinthe site PM SFZ.

Urban boundary layer

Timeevolution of the potentid temperature, Specific
humidity, wind speed and direction profiles observed
during daytime (06:00-18:00 LT) in the MRSP on
February 20, 2013 (1% Campaign — summer) and
August 8, 2013 (4™ Campaign — winter), and in the
MRRJon July 12, 2013 (3" Campaign — winter) are
indicated inthe Figure 16. They exemplify thedaytime
UBL evolution observed under undisturbed condition
during summer and winter campaignsintheMRSPand
MRRJ.

IntheMRSPthe UBL height, easily identified by
visua ingpection of potentia temperature profilesasthe
top of themixing layer, reached 2166 m at the end of
the day on February 20 (Figure 16a). Thetop of the
mixing layer candso beidentified visudly by thesharp
dropintheverticd profileof thespeafichumidity (Figure
16b). Onthisday aLow-Leve Jet (LLJ) blowingfrom
NE was observed early inthemorning (06:00 LT) at
357 mwithintendty of 4.7 ms?*(Figure 16c). Themixing
effects due to daytime convective turbulence are
noticesbleinthewind speed and wind direction profiles
(Figure 16¢,d). During thewinter campaign, the UBL
height reached approximately 1436 mat 15:00 LT on
August 8 (Figure 16i,j). AnLLJwasa so observed in
themorning soundings (Figure 16g) withamaximum
intensity of 12.8 mstat 515 m and blowing from NE
(Figure 16h). During winter in Sao Paulo turbulent
mixingisstrong enoughto dilutethenocturna LLJthat
propagates upwards as the mixing layer increases
(Figure16k,l). Inthe MRRJthe UBL height reached
approximately 488 mat 15:00 LT onJuly 12 (Figure
16€). The convectiveturbulent mixing doesnot seem
to be strong enough to homogenizethe mixing layer
(Figure 16f). AnLLJwasobserved inthemorningwith
intensity of 8.4 ms? (Figure16g) at 917 mand blowing
fromN (Figure 16h).

Thetimeevolution of thedaytime UBL height and
nighttime surfaceinversionlayer thicknesson February
20, 2013, July 12, 2013 and August 8, 2013 are
indicated in Figure 17. The daytime UBL heights
estimated fromtheair temperature gradient method are
comparable with the ones obtained from the Lidar,
located at approximately 1 km fromthe PM IAG in
thesummer campaign (Figure 17a). Diurna evolution
of seng bleheat flux observed during both experiments
isindicatedin Figure 17c,d. In both daysthe diurnal
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evolution of the sensible heat flux followsthediurnal
evolution of the 10-daysaverage values, indicating that
they arerepresentative of mean behavior of H during
thesethreefield campaigns.

Thereisanexcdlent agreement between UBL haght
and surface inversion layer estimates using the
rawinsondedata(air temperature gradient method) and
visud ingpection during February 20 (Figure 17a) and
August 8 (Figure17e) inthe MRSP. Similarly, agood
agreement is observed in the MRRJ during July 12

(Figure 17b). The Lidar estimates of the UBL height
agreevery well with therawinsonde estimatesduring
themorning period and underestimate them during the
afternoon on February 20 (Figure 178). Theagreement
inthewinter day in MRSPismuch better thanin the
summer example. Thevertical evolution of the UBL
observed in the MRSP during these campaigns are
cons stent with thediurnd evol ution of the sensible hest
fluxesobservedinthe PM IAG with higher UBL inthe
summer campaign (Figure 17a,€) associated to higher
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indicate statisticerror.

sensiblehest flux magnitudes (Figure17b,f). Duringthe
winter campaignsthe UBL inthe MRSPishigher than
intheMRRJ (Figure 16¢,d) athough the magnitude of
thesengblehest flux intheMRSPissmdler thaninthe
MRRJ(Figure 17b,d). Thebehavior of theUBL inthe
MRRJ may be explained as sea breeze effect that
transport shalower maritime PBL fromrelatively cold
coastal oceanic watersduring winter®1%, Sea-breeze
circulationinthiscaseispreventing the UBL to respond
thermal convection caused by the solar heating of the
surfacewhere PM IGEQ islocated (Figure 6). During
nighttimein both metropolitan regionsaformation of
shdlow inversonlayer duringtheearly evening degpens

progressiveto morethan 500 mat dawn. Deep surface
inversion layer in the MRSP associated to seabreeze
effect isacommon feature of the lower atmosphere
during the end of daytime and early evening**. The
observationsanalyzed hereindicated that this effect
remainsduring alonger period a nighttimein Sio Paulo.
Thesepreiminary anayses of the urban effectson
the climatein the MRSP and MRRJindicate several
features. Eventhough theagreement of the UBL height
estimates displayed hereis quite encouraging, these
findingswill haveto beinvestigatedin greater detail ina
futurework for both metropolitan regionsby anayzing
theentireset of datafromall four field campaigns.
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SUMMARY AND CONCLUSIONS

The main goa of this work is to describe the
implementation of theMCITY BRAZIL Projectinthe
metropolitan regionsof Sdo Paulo and Rio de Janeiro.
Observationd studiesabout urban climate of Brazilian
citiesreviewed hereindicated that most of theworks
avallableintheliteraturearelimited to the analysis of
conventiona meteorologica variables, mainly air and
surface temperature, obtained by surface stationsand
satelliteto monitor UHI intensity and itsimplications.
They areconcentrated inthe southeast and south regions
of Brazil, mainly Sao Paulo and Rio de Janeiro. Few
works describe the vertica structure of the urban
boundary layer, surface radiation and energy flux
budgets, and none of them associates surfacefeatures
with boundary layer properties and vice versa. The
MCITY BRAZIL Project was designed to overcome
theobservational gap by assessing urban effectsonthe
climate of theMRSP and MRRJasagtarting point and,
systematizing thisresearch soit can beextended to other
urban areasin Brazil. In thiswork, it is presented a
preliminary anaysisfor both metropolitan regionsof:
(a) Surface radiation balance; (b) Surface energy
balance and turbulent fluxes; (c) Surfacewind pattern,
(d) Urban heat idand; (f) Urban boundary layer. They
were selected as key featuresin theidentification of
urban effectsonthe climate of citiesin the context of
theMCITY BRAZIL Project. Thisanalysisisbased on
observations carried out from July 1%, 2013 to
December 31%, 2014 in both metropolitan regions,
including rawinsonde and Lidar measurementsduring
field campaignsin 2013.

The analysis of the seasonal variation of SRB
components, measured by thefirst times multaneoudy
inthreesitesintheMRSP and onesiteinthe MRRJ,
showsimportant differences. Considering asreference
observations carried out in the suburban sites (PM
IAG and PM IGEOQ) it isobserved that the magnitude
of SW,,, inthe MRRJis larger than in the MRSP.
The magnitude of SW followsthe SW,, because
the albedo in the suburban areas of Sao Paulo and
Rio deJaneiro aresimilar. These differenceson SW
componentsarelinked to differencesin the seasonal
variation of cloud activity in these metropolitan
regions, mainly in the summer. During winter higher
pollution levels may contribute to increase the

attenuation of SW, in Sao Paulo. The magnitudes
of LW, and LW, inthe MRRJ are systematically
higher thaninthe MRSP. The behavior of both LW, |
and LW, are linked to differences in the surface
temperaturefieldsin these two metropolitan areas.
Asconsequence of thedifferencesin the SWand LW
components, during daytimethe magnitudeof R in
Ao Paulo is smaller (higher) than in Rio de Janeiro in
the summer (winter). Withinthe MRSPall regional
differences in the magnitude of SW and LW
components are less significant, however the
magnitudes of R are systematically higher (lower)
during daytime (nighttime) in the rural areaof the
MRSPin both summer and winter.

The diurnal evolution of H and LE during the
summer field campaignsin 2013 show alargemagnitude
inthe MRSP, During thewinter campai gnthemagnitude
of Hislarger inthe MRSP however LE islarger inthe
MRRJ. Part of these differences is related to the
presence of alargefraction of water inthecaseof Rio
deJaneiro. Thediurnal evolution of frictionvelocity in
both metropolitan regionsdisplay daytimemaximumand
anighttimeminimum that iscons stent with thediurna
evolution of thewind speed. Thenet daily CO, fluxin
the suburban areaof theMRSP and MRRJ arelarger
duringwinter withvauesvaryingfrom 6.17 kg nr2 day
for Sao Paulo to 6.65 kg m2day*in Rio de Janeiro,
indicating that despitethelargefraction of vegetation
other sources, mainly traffic of vehicleduring rushhours
in both regionsand Guanabarabay inthe case MRRJ,
are contributing to CO, emissioninthismetropolitan
regions. The SEB intheMRSPindicated that theresdue,
considered asurrogate for stored energy!®, islarger
over urban and suburban areas.

Thefrequency distribution of wind intensity and
direction at the surfaceinthe MRSPissimilar to the
MRRJ, indicating that both regions are under the
influence of similar large and mesoscal e phenomena,
modulated by local topography andland use. Seabreeze
definesthediurnd evolution of wind speed and direction
in both metropolitan regions. In the case of Rio de
Janeiro, the complexity of coastline and the presence
of GuanabaraBay makethe seabreeze effectsmuch
morecomplex thanin Sao Paulo. The diurnal evolution
of thewind speedin both metropolitan regionsdisplayed
adaytimemaximum and anighttimeminimum assodated
typicd of flat regions.
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Theseasond evolution of the UHI intendty indicates
agenera patternin both Sao Paulo and Rio de Janeiro
with adaytimeminimum and anighttime maximum. In
Sdo Paulo, the daytime minimum is always positive,
variesfrom0.5°C to 2.0 °C and occurs between 09:00
and 13:00LT. A daytimelocal maximum varying from
3.5°C and 5.0 °C and occurs in S3ao Paulo between
14:00 and 17:00 LT. Thisdaytime maximum extends
throughout the night in January and August. IntheRRio
deJaneiro, the daytime minimum variesfrom-4.5°C
t0 0.5 °C and occurs between 09:00 and 18:00 LT.
Thenighttimemaximumvariesfrom1.5°Cto0 2.5 °C
and occurs between 18:00 and 09:00 LT. The UHI
intensity decreasesin Sao Paulo during daytime due
to cooling effects caused by inland penetration of the
sea breeze. In Rio de Janeiro, the maritime effect
modul ates the magnitude of the UHI so that during
daytime areas far from coastline are warmer than
closer areas, reducing or even changing thesign of the
UHI intensity. During nighttimein both metropolitan
regions the air temperature field responds
predominantly to the urban heat exchangeand UHI
intensity remains positivemost of thetime.

Theair temperature gradient and WTC methods
used to estimate UBL height performed equal ly well
for rawinsondes and Lidar monitoring in both
metropolitan regions. Theanalysisof these estimates
indicatesthat under undisturbed conditions, both UBL
and surfaceinversion layer in Sao Paulo are deeper
than in Rio de Janeiro. In Sdo Paulo daytime UBL
respondsto the sensible heat flux at the surface. In
Rio de Janeiro, UBL is smaller due to the internal
maritime boundary layer effects. Despitethe similar
intensity and direction, the LLJheightsin Sao Paulo
areshallower thanin Rio de Janeiro.

Itisimportant to emphasizethat theresultsdisplayed
herearepreiminary and amoredetailed investigation
based on amore completedataset (5 years) isbeingin
progress. Besides, an important step towards the 5-
year study inthispaper such asland cover classfication
and EC post-processing toolswere devel oped.
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APPENDIX

AppendixA

TABLEAZ1: Description of the sensor sused in the MRSPand M RRJ between July 1%, 2013 and December 31%, 2014.

SRB components

Sensor Platform Oper ation period Orientation Height*(m) Height® (magl) location
PMIAG  Dec21,2012-Dec 31, 2014 FacingN 7.0 24.0 Tower
CNRA PM ITU Apr 1, 2013 -Dec31, 2014 Fa_:i ng E 94 94 Tower™
PM SFz July 1, 2013 -Dec 31, 2014 Facing SW 58 83.8 Towe™
PMIGEO  Feb 4, 2013-Dec 31, 2014 Facing NW 17 15.9 Pole®
H, LE, G, friction vdocity and Fco»
Sensor Platform Oper ation period Orientation  Height (m) Height (magl) position
PMIAG Dec 21, 2012 -Dec 31, 2014 Facing S 84 25.4 Tower
IRGASON® PM ITU Apr 1, 2013 -Dec31, 2014 Fa:? ng W 9.6 9.6 Tower™
PM SFZ July 1, 2013 -Dec 31, 2014 FacingW 8.0 85.0 Tower?
PMIGEO  Feb4, 2013 -Aug 28, 2014 FacingN 85 22.7 Tower”
HEFOL* PMIAG May7,2013 -Dec 31, 2014 - - -0.05 so@l
PM ITU Apr 3, 2013 -Dec31, 2014 - - -0.05 soil
Sur face wind patterns
Sensor Platform Oper ation period Orientation  Height (m) Heght (magl) Position
PMIAG  Dec 21, 2012-Dec 31, 2014 Facing SE 84 25.4 Tower'
0345@ PM ITU Apr 1, 2013 -Dec31, 2014 FacingN 9.7 9.7 Tower™
PM SFz July 1, 2013 -Dec 31, 2014 Facing NE 8.0 85.0 Tower”
PMIGEO Feb4, 2013 -Aug 28, 2014 FacingN 6.0 20.2 Tower”

(TABLE A1 CONTINUE)
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UHI

Sensor Platform Operation period Orientation  Height (m) Height (magl) podtion
PM IAG Dec 21, 2012 -Dec 31, 2014 Facing S 1.7 18.7 Tower”

CS215% PMITU Apr 1, 2013 -Dec 31, 2014 Fac? ng SE 1.6 16 Tower'*
PM SFZ Jul 4, 2013 -Dec 31, 2014 Facing SE 1.6 78.6 Tower'?
PM IGEO Feb 4, 2013 -Dec 31, 2014 Facing SE 3.0 17.2 Tower'?
INMET2

QMH102° INMET3 May 20, 2011 -Dec 31,2014  Notavalable 2.0 2.0 Pole™

INMET4

® Net radiometer, model CNR4, Kipp-Zonen Inc. © 3D sonic anemometer, model IRGASON, Campbell Scientific Inc. © Soil
Heat Fluxmeter, model HFPO1, Campbell Scientific Inc. @ 3-cup anemometer and vane, model 034B M etOne I nstruments I nc.
*) Temperature and relative humidity sensors, model CS215, CSI. ® Temperature and relative humidity sensors, model
QMH102, Vaisala. (TABLE 2). @ Height above platform level. @ Height above ground level. ® 10-m tower in the center of a
concrete platform. @ 10-m tower at the surface. ®? 10-m tower in the center of a metallic platform. @ 2-m pole located in the
facade of the IGEO building. ® 4-m pole located at the surface

TABLEAZ: Period of observationscorrespondingtothedata  Appendix B
used to char acterizetheclimatesof theM RSP and MRRJ. ] ]
Wi Thelocal climate zones*® was provided by the

humidity speed TPt \World Urban Database and Access Portal Tools

Station ~ Temperature

PEFI (WUDAPT)819 Besidesthe LCZ, WUDAPT yields
MIRANTE 1961 -1990 severa geometric properties® with spatial resolution
INMET1 inthecase of theMRSPand MRRJof 300m. TABLE
PM IAG B1 summarizes the geometric properties and LCZ
Jul 1€, 2013-Dec 314, 2014 TP : .
PM IGEO classficationfor al Stes. Corresponding landscape, land
TABLEBL1: Local climatezone (L CZ) for theMRSPand MRRJ.
MRSP
Circular area (radius =300 m) Circular area (radius =500 m)
site Building height (m) Building height (m) _
Minimum Maximum Mean Stand"f‘rd Lez Minimum Maximum Mean Starjdard LCZ (Fraction %)
deviation deviation
PM IAG 3.0 33.9 8.8 6.3 6 3.0 33.9 6.6 4.7 A(2.4), 6(97.6)
PM ITU No buildings A No buildings A
PM SFz 29 108.7 15.9 16.9 1,38 2.9 108.7 16.4 16.3 1(33.2), 3(3.3), 8(63.4)
PEF 2.7 21.7 4.9 3.2 A, 4 2.7 21.7 4.4 29 A(73.5), 4(22.8), 6(2.5), 9(1.1)
MIRANTE 2.8 50.9 6.5 5.4 3,6 2.8 87.5 6.3 5.5 3(91.8), 6(6.6), 8(1.6)
MRRJ
] Circular area (radius =300 m) Circular area (radius =500 m)
site Building height (m) Building height (m)
- ) Standard Lcz - . Standard LCZ (Fraction %)
Minimum Maximum Mean o Minmum Maximum Mean .
deviation deviation
PM IGEO 2.4 16.7 6.1 3.3 G,3,6,8,10 2.4 39.9 6.6 4.6 G(26.5), 3(4.3),6(54.5), 8(10.5), 10(4,2)
INMET1 22 52.7 9.9 7.2 G, 3,10 2.2 74.1 8.3 6.1 G(26.5), 1(1 3), 3(52.6), 10(19.7)
INMET2 2.3 75.6 21.0 16.1 G, 1 2.2 75.6 23.8 16.4 G(69.2), 1(30.8)
INMET3 28 6.1 3.8 0.9 3,6 2.3 7.6 3.7 11 C(1.1), D(8.3), 3(32.2), 6(57.2), 10(1.2)
INMET4 No bui ldings D, 6 No buildings B(5.1), C(0.1), D(85.5), 6(9.3)

useand spatia distribution of LCZ dassficationforal —around PM IAG while LCZ A occursin 73.5% of the
surfacewesther stationsareindicated intheFigureB1.  areaaround PEFI (TABLE B1).

TheLCZ for each siteis given by its predominance  Appendix C

within 500-m radius circle area (Figures 3b, 6b and

B1). For instance, LCZ 6.0ccUrsin 97. Theland use classification, based on Ferreiraet

6%of thisarea al.[* indicatesthat theareawithinacircleof 1 km
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(a) PEFI, Sao Paulo, suburban
23°39'04"S 46°37'20"W 799m asl
Land use

Landscape

(b) Mirante, Sao Paulo, urban
23°29'41"S  46°37'11"W 792m asl
Land use

Landscape

(c) INMET1, Rio de Janeiro, urban
22°51'26"S 43°14'01"W 11m asl
Land use LCZ

(d) INMETZ2, Rio de Janeiro, urban
22°59'17"S  43°11'24"W 26m asl

Land LCZ

(e) INMET3, Rio de Janeiro, suburban
22°51'35"S  43°24'30"W 30m asl

Landscape Land use

(f) INMET4, Rio de Janeiro, rural
22°45'23"S  43°41'07"W 35m asl

Land use LCZ

£ I

N2 H: B2 B> Nes @Ms[]° o HA H:s Ec @Oo WME[]F WG
FigureB1: Landscape, land useand L CZ for surfaceweather stationslocated in the(a) M RSP and (b) M RRJ. Whiteand
black circleshavearadiusof 0.5km and 1 km, respectively. (Google Earth June 1%, 2015).
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TABLE C1: Land usecharacterization of theobservational sitesbased on surface-typefractions(%) within 1-km and 3-km

radiuscirclesareas.

M er opolitan Region of Séo Paulo

Ste fraction (%) (Land use)

PM I AG (Suburban)

PM 1TU (Rurd)

PM SFZ (Urban)

PEFI (Subur ban)

MIRANTE* (Urban)

Qurface type 23°33' 34" S 23°49'32" S 2333 01" S 23°39'04" S 23°29'47"S
46° 44' 01" W 46°30'32'"' W 46 37' 49" W 46°37'20" W 46°37' 11"W
744 m® (17 m®) 760 m (0 m) 741 m (77 m) 799 m (0 m) 792 m (0 m)
1km 3km 1km 3km 1km 3km 1km 3km 1km 3km
Tree 254 55 87.6 69.9 5.6 2.8 835 284 57 7.0
Grass and herbaceous ground cover 6.6 2.0 20 12 3.6 0.6 20 1.0 0.0 0.0
Impervious bui lding (roof) 15.1 78.0 0.4 0.5 45.2 87.5 72 52.8 87.4 86.2
Impervious road and street 49.0 11.1 16 24 434 8.6 04 14.2 6.8 6.7
Water 23 32 45 212 09 0.0 45 31 0.0 0.0
Soi | end bareground 0.9 0.1 10 0.0 13 0.2 00 0.0 0.0 0.0
Shrub and Scrub 0.7 0.1 2.9 4.8 0.0 0.3 24 0.5 0.1 0.1
M etr opolitan Region of Rio deJ aneiro
Stefradion (%) (Land use)
PM | GEO (Suburban)  INMET1** (Urban) INMET2& (Urban)  INMET3$(Suburban) INM ET4# (Rur &)
Surface type 22°51' 26" S 22°53'43" S 22°59'18" S 22°51'41" S 22°45'28" S
43° 14' 01" W 43 11' 11" W 43°11' 26" W 43°24' 41" W 43°41' 05" W
10 m (12.5m) 11 m (0 m) 26 m (0 m) 30m (0 m) 35m(0m)
1km 3km 1km 3 km 1km 3 km 1km 3km 1km 3 km
Tree 149 75 21 34 21 45 214 34.9 19.4 139
Grass and herbaceous ground cover 10.3 2.7 0.4 12 0.2 0.4 15.6 9.1 56.3 55.0
Impervious bui lding (roof) 29.6 333 314 20.2 25.0 135 348 40.6 18.1 24.9
Imperviousroad and street 174 17.8 233 21.3 8.2 59 76 6.9 24 35
Water 21.2 33.2 39.3 50.9 62.0 74.4 00 0.0 0.0 0.0
Soi | and bare ground 6.5 54 35 3.0 25 13 122 71 21 0.3
Shrub and Scrub 0.1 0.1 0.0 0.0 0.0 0.0 83 14 1.7 2.4

) MIRANTE (Mirantede Santana); ¢ INM ET1 (Downtown); ) INM ET 2 (Copacabana); © INM ET 3 (Deodoro); ® INM ET4 (Seropédica Agricola). ® Above sea level

(asl). ® Above ground level (agl).

FigureC1: Landscapeand land use surface of theplatforms (PM 1AG,

(c) PM SFZ

(a) PM IAG

¥

A

(b) PMITU

PM ITU, PM SFZ) and weather stations (PEFI,

MIRANTE) located inthe M RSP. Whiteand black circleshavearadiusof 1 kmand 3km, respectively (Google Earth June

1%, 2015).
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(a) PM IGEO

A

Googleeartn

(b) INMET1

FigureC2: Landscapeand land usesurfaceof thePM 1GEO and weather stations(lNM ET1-INMET4) located inthe M RRJ.
Whiteand black circleshavearadiusof 1 km and 3km, respectively (Google Earth June 1%, 2015).

around PM IAG (Figure C1a) hasasuburban character
(TABLE C1). The PM ITU (Figure C1b) is
predominantly rurd, whilethe PM SFZ isurban (Figure
C1c). Inthecaseof MRRJ, the classification indicates
asuburban character for the PM IGEO (Figure C2a),
despitethesignificant fraction (21.3%) of water. If the
land useinventory areaisincreased to acirclewith a
3-kmradius (indicated by black circlesin Figures 19-
20), theland use of most sites changes considerably
(TABLE C1). For example, the PM IAG becomes
urban, sincethe areaoccupied by treesdecreasesfrom
25.4% to 5.5%. On the other hand, the PM 1TU
increasesthefraction of surface occupied by water from
4.5% to 21.2% (TABLE C1). This land use
classficationisavaid dternativefor urban areeswhere
LCZ dlassficationisnot available.

Appendix D

To verify the performance of MBFlux, turbulent
fluxes of sensible and latent heat, CO2 and friction
vel ocity were estimated from turbulence observations
carried out at the PM IAG on August 7, 2013 (year

day 219) during the 4" Campaigninthe MRSP. The
performance of thisa gorithm was compared with the
TK3dgorithm®, AscanbeseeninFigureD1, MBHux
performswell comparedto TK 3. Thelargest difference
occursduring daytimefor CO, flux.

Toexemplify atypical outcome of the dataquality
control performed by the M BFlux, thefraction of the
dataproblemsisindicated in FigureD2 for turbulence
observationscarried out inthethreeplatformslocated
intheMRSP during al field campaignsin 2013 and
corresponding to four setsof 481 blocksof 30-minutes
each. For the observationscarried out at the PM IAG
during the 1% and 4" campaigns, only 59.5% of the
962 blocksare consdered valid (DATA-OK inFigure
D2). During the 4" campaign, only 39% of the 481
blocksof datameasured at thePM ITU areconsidered
valid. The signal saturation caused by moisture
deposition over thetransducer and gasandyzer sensors
(indicated by CAMPBELL in Figure D2) contributes
thelargest reductionin thedataset consdered vaid for
the PM ITU. Observations gathered at the PM SFZ
show thelargest fraction of valid data (66.5%) for al
thecriteriaused here.
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FigureD1: Timeevolution of (a) sensbleheat, (b) latent heat, (c) friction velocity and (d) vertical flux of CO, estimated by the
M BFlux (blueline) and TK 3 (red star). Observationscarried out duringAugust 7, 2013 (year day 219) in the4™ Campaign

inMRSPatthePM IAG.
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FigureD2: Digribution of dataremoved by thedata quality
control procedureused inthe M BFlux. SPIKESindicates
dataremoved duetothe presenceof spikes, SKEW-KURT
data outside of the skewness (-2, 2) and kurtosis (1, 8)
thresholdsintervals TOWER isthedataaffected by thetower
blocking effects; NO-STAT correspondsto the fraction of
non-gationary blocks(Nongtationary Ratio >2) and RAIN is
thefraction removed becauseit wasaffected by rain. GAP
correspondstothefraction of blocksremoved becausethey
have gaps larger than 15%. DATA-OK indicates the
per centageof dataaccepted by all criteria.
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