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Abstract The Advanced Regional Prediction System (ARPS) is coupled with the tropical
town energy budget (tTEB) scheme to analyze the effects of the urban canopy circulation
over themetropolitan area of São Paulo and its interactions with the sea breeze andmountain-
valley circulation in the eastern state of São Paulo, Brazil. Two experiments are carried out for
the typical sea-breeze event occurring on 22 August 2014 under weak synoptic forcing and
clear-sky conditions: (a) a control run with the default semi-desert surface parametrization
and; (b) a tTEB run for the urban canopy of São Paulo. A realistic land-use database over
the south-eastern domain of Brazil is used in the downscaling simulation to a horizontal
grid resolution of 3km. Our results indicate that ARPS effectively simulates features of the
nighttime and early morning land-breeze circulation, which is affected by the surrounding
hills and the nocturnal heat island of São Paulo. By early afternoon, the south-eastern sea-
breeze circulationmoves inland perpendicular to the upslope of the Serra doMar scarp, which
generates a line of moisture convergence and updrafts further inland. Later, the convergence
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line reaches São Paulo and interacts with the circulation arising from the urban heat island
(UHI),which increases themoisture convergence and strength of updrafts. The surface energy
balance indicates that theUHI is caused by large sensible heat storagewithin the urban canopy
during the day, which is later released in the afternoon and at night. The simulations are
verified with available radiosonde and surface weather station data, land-surface-temperature
estimates from the moderate resolution imaging spectroradiometer, as well as the National
Center for Atmospheric Research reanalysis databases. The three-dimensional geometry of
the urban canyons within the tTEB scheme consistently improves the thermodynamically-
induced circulation over São Paulo.

Keywords Urban boundary layer · Urban energy fluxes · Urban heat island · Sea-breeze
circulation

1 Introduction

A sea breeze is a direct thermal circulation occurring near coastal areas from polar to equa-
torial regions, and develops during clear skies. As solar radiation heats the surface and the
adjacent atmospheric boundary layermore rapidly over land than over sea, which results from
the different heat capacities for land and water, the horizontal sea land temperature gradient
induces a pressure gradient that forces a shallow layer of cooler and moist marine air to move
inland (Simpson 1994). The governing features of a sea breeze are: (a) the diurnal cycle of
the surface temperature, (b) heat diffusion, (c) atmospheric stability, (d) the Coriolis force,
(e) the diffusion of momentum, (f) the topography and (g) the background flow. The first two
are essential for the formation of the sea-breeze circulation, while the third is essential for
its inland penetration.

The Coriolis force results in the change in direction of the sea-breeze flow over time and
shortens its penetration inland (Simpson 1996). In mountainous areas, the front of the sea-
breeze flow is intersected and channelled, which enhances flow convergence and updrafts.
Furthermore, temperature advection increases the sea-breeze penetration (Innocentini 1981),
while multiple sea-breeze fronts may collide and further strengthen updrafts (Melas et al.
2000). For Brazilian cities, Karam et al. (2003) used a single mass conservation model to
estimate the horizontal flow over the complex topography of São Paulo and found agreement
with observations. Therefore, the topographyof SãoPaulo induces flow features characteristic
of the surface.

Ribeiro et al. (2016) used a fully-coupled oceanic-atmospheric model to study the sources
and sinks of turbulent kinetic energy (TKE) and the effects of topography and sea-breeze
on the development of the planetary boundary layer (PBL) in the coastal area of Cabo Frio,
Brazil. Their results indicate that both a lower sea-surface temperature (SST) as well as lower
near-surface air temperatures are determined by coastal upwelling induced by strong wind
speeds, leading to an intense temperature inversion, and, hence, a well-defined PBL.

Surface heterogeneities in urban areas modify atmospheric circulation by changing, for
example, the momentum, latent and sensible heat fluxes, the boundary-layer height and
surface-flow convergence. Moreover, optical properties are modified in urban environments
(Synnefa et al. 2007; Ram et al. 2016), as well as in air pollution dispersion (Amorim et al.
2013; Moonena et al. 2013; Flores et al. 2016a), during thunderstorm initiation (Vemado
and Pereira Filho 2016) and related physical and chemical processes. Urban centres are
different from suburban regions in both material and geometry, with multiple intersecting
paved roads, impervious surfaces and denser irregular constructions in urban areas. Such
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differences modify the mass and energy budgets responsible for the urban heat-island (UHI)
effect, with higher temperatures in its centre than the surroundings. Although the tropical and
subtropical UHI effect is weaker than at higher latitudes, it is more intense in the summer
daytime, because of the absorption of solar radiation by urban canopies (Amorim et al. 2013;
Moonena et al. 2013; Flores et al. 2016a). However, the seasonal cycle is modulated by urban
rural soil-moisture gradients (Pearlmutter et al. 2005; Heisler and Brazel 2010).

Flores et al. (2016b) estimated the surface UHI intensity, which is defined as the difference
between urban and rural surface temperatures, for São Paulo and Rio de Janeiro cities using
land-surface temperature (LST) data from the moderate-resolution imaging s pectroradiome-
ter (MODIS) in combination with two methods: the first using a Gaussian surface to fit the
difference between urban and rural patterns of LST (Streutker 2002), and the second based
on statistical quantile analysis. For São Paulo, the diurnal maximum (minimum) surface
intensity of the UHI is found to be 10.4 ◦C (4.6 ◦C) in November (July); for Rio de Janeiro,
the diurnal maximum (minimum) surface intensity of the UHI is 7.9 ◦C (4.7 ◦C) in February
(June).

While urban areas are able to be modelled with fine-grid mesoscale numerical models
(Pielke et al. 1992; Dudhia and Bresch 2002; Xue et al. 2000a; Kusaka et al. 2001), the
soil classification for urban areas in the range 0.5–2km is unavailable in these studies. The
studies of Urano et al. (1999) and Yamada (2000) developed the first schemes to handle urban
boundary layers in mesoscale models. Chen et al. (2001) integrated several urban boundary-
layer schemes into theWeather Research and Forecasting (WRF) model with the intention of
bridging the gap between themesoscale andmicroscale. Simulations for several metropolitan
regions were realized to evaluate the sensitivity of urban parameters, the characterization of
the UHI, boundary-layer profiles and urban plumes. Ganbat et al. (2015) investigated the
interactions of the urban-breeze circulation with mountain-slope flow using the WRF model
coupled with the urban-canopy model of the Seoul National University, and found an inverse
relationship between the mountain height and urban fraction, and that the transition from an
urban-side upslope flow to downslope flow occurs earlier.

Freitas et al. (2007) simulated the circulation over São Paulo in winter with the Regional
Atmospheric Modeling System (Cotton et al. 2003) coupled with the town energy budget
(TEB) scheme (Masson 2000), and showed that the UHI effect accelerates the incoming sea-
breeze front towards the centre of São Paulo, with the induced circulation slowing the front
of the sea breeze, leading to intense low-level convergence. In a similar approach, Oliveira
de Souza et al. (2016) studied the urban evolution of Manaus City, Amazonas, and showed
its effects on microclimate changes.

We use the Advanced Regional Prediction System (ARPS) to simulate explicit urban-
canopy effects on the urban circulation to bridge mesoscale and microscale processes. The
system provides a new formulation of urbanization impacts on several climate conditions and
scenarios, which is used to analyze the interactions of the sea breezewith themountain-valley
and UHI circulation. A sea-breeze event in São Paulo on 22 August 2014 is simulated, as it
is a typical winter event without deep convection.

Section 2.1 introduces the weather and climate features of São Paulo, while Sects. 2.2
and 2.3 describe the main features of ARPS and the urban parametrization, respectively, and
their coupling is described in Sect. 3.1. The model configuration and experimental design
are described in Sect. 3.2. A synoptic overview of the 22 August 22 2014 sea-breeze event is
described in Sect. 4. The simulated and observed variables are analyzed in Sect. 5, and Sect.
6 gives conclusions.
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2 Theoretical Elements

2.1 Site and Location

The metropolitan area of São Paulo is located in the south-eastern region of Brazil at
23◦35′55′′S, 46◦37′46′′W, at about 770m a.s.l., and a distance of 60km from the Atlantic
Ocean. São Paulo is composed of 39 municipals, with a total population of 20 million inhab-
itants, or 11% of the population of Brazil, and is the largest industrial complex of South
America. For instance, São Paulo City, which is the largest municipal, has had a growing
population and increasing urbanization throughout the 20th Century, resulting in significant
environmental impacts, with a higher air temperature by 2 ◦C, a lower relative humidity by
7% and a higher annual rainfall accumulation of 400 mm, among other changes (Pereira
Filho et al. 2004). Floods and significant air pollution are among the major environmental
impacts during the rainy season and winter, respectively.

São Paulo has a typical high-altitude tropical climate with two well-defined seasons: (1)
a dry winter (June to August) and (2) a wet summer (December to February). August is the
driest month, with an average precipitation of 35mm, while January is the rainiest month,
with an average precipitation of 255mm (Pereira Filho et al. 2004). The relative humidity is
highest between December and April.

The greater São Paulo region is under the influence of the South Atlantic anticyclone,
which transports large amounts of moisture through the Amazon, as well as through southern
and south-eastern Brazil. São Paulo is also influenced by polar fronts, bringing about drier
and colder air throughout the year, especially in autumn and winter. North-west low-level jets
transport moisture from the Amazon region to São Paulo, sometimes in association with the
so-called SouthAtlantic convergence zone (HidalgoNunes et al. 2015), and bringwidespread
summer precipitation.

The surface-flow in São Paulo is north-west to south-easterly associated with the South
Atlantic high-pressure system and the afternoon and early evening sea-breeze circulation
shifting the wind direction from north-west to south-east, and increasing the surface wind
speed (Fig. 6e). The sea-breeze front, which reaches São Paulo more than half the days of a
year after passing the Serra do Mar ridge, injects the city with cool and moist air from the
Atlantic Ocean. The intensity and penetration of the sea breeze have previously been related
to the intensity of the UHI effect of São Paulo (Pereira Filho et al. 2004).

2.2 The Advance Regional Prediction System

ARPS is a fully-compressible three-dimensional model formulated in generalized terrain-
following coordinates developed by the Center for Analysis and Prediction Storms of the
University of Oklahoma (Xue et al. 2000b). The integration of the sound-wave containing
equations is performed by a split-explicit scheme, which allows the efficient distribution of
memory for massively-parallel processing by the horizontal domain-decomposition strategy
(Xue et al. 2000b). Sound waves play a critical role in establishing mesoscale pressure
gradients that drive the sea breeze (Miller et al. 2003).

ARPS includes modern physical parametrization schemes. For instance, the planetary
boundary-layer and surface-layer parametrizations are used to evaluate the state of the land
surface, which has a direct impact on the sensible and latent heat exchange with the atmo-
sphere, as the soil-surface temperature andmoisture content directly appear in the calculation
of surface fluxes (Xue et al. 2001). In ARPS, the time-dependent state of the land surface
is predicted by the equations of the surface energy and moisture budget based on the force-
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restore scheme of Noilhan and Planton (1989) and Jacquemin and Noilhan (1990), which
includes prognostic equations for: (a) both the temperature of the soil and vegetation, and
(b) soil moisture using a two-layer force-restore algorithm. This scheme is designed to sim-
ulate the essential processes involved in surface-atmosphere interactions with the fewest
parameters and complexities possible.

Numerical weather prediction is sensitive to the surface fluxes of heat, momentum and
moisture. The ARPS has a stability and roughness-length dependent surface-flux scheme
(Businger et al. 1971), and a procedure of Byun (1990) is used in the flux calculations to
improve the efficiency with respect to the commonly-used iteration method. This procedure
is based on the exact analytic solutions of Monin-Obukhov similarity theory (MOST), as
well as stability parameters in terms of the gradient and bulk Richardson numbers for both
stable and unstable atmospheric conditions. In addition, Businger’s original formulation to
estimate surface fluxes was further modified by Deardorff (1972b), so that the results are
more realistic for both highly stable and unstable conditions.

Currently, as ARPS does not take into account the surface energy balance of urban
canopies, analysis of the effects of urban energy fluxes on the interactions of local circu-
lations requires the coupling of an urban energy budget scheme, such as the tTEB scheme
described below.

2.3 The tTEB Scheme

The surface energy balance for the urban canopy used in mesoscale modelling can be clas-
sified into three categories: (a) empirical models; (b) vegetation models with or without
drag-force terms adapted and modified for the urban canopy and; (c) urban-canopy models.
Urban-canopy models accurately represent the three-dimensional nature of urban canopies
by considering vertical and horizontal surfaces for improved representation of the specific
energetics of the urban canopy (Masson 2006). Such schemes share the following character-
istics: buildings have a three-dimensional shape, there are separate energy budgets for roofs,
roads and walls, and radiative interactions between roads and walls are explicitly treated.

Urban canopy models can be divided into two categories: (1) parametrized canopy atmo-
sphere or single-layer models where a single atmospheric layer interacts with the surface
above the roof level; (2) drag approaches (Martilli et al. 2002) or multilayer models, where
several atmospheric layers explicitly extend down to the canopy from the building level to
the road. The simplest single-layer model is the TEBmodel (Masson 2000), which simulates
turbulent fluxes of heat, momentum and mass into the atmosphere at the lower surface of the
mesoscale atmospheric model composed of buildings, roads and other artificial materials.
The TEB scheme parametrizes both the urban surface and the roughness sublayer. A constant
flux is input to the atmospheric model, which damps daytime turbulent heat fluxes caused by
the observed heat storage in urban areas.

The tTEB scheme (Karam et al. 2010) includes a broader range of surface characteristics
with respect to the original TEB model (see Table 1): (a) the increased aerodynamic con-
ductance for less stable conditions at the roughness sublayer; (b) a MOST formulation in the
inertial sublayer; (c) amodified urban sub-surface drainage system to transport the intercepted
rainfall by roofs to roads; (d) local scaling for flux-gradient relationships in the roughness
sublayer; (e) multi-reflections of longwave radiation within the urban canyon (Arnfield and
Mills 1994).

The framework ofMOSTwith characteristic scales (Garratt 1980; Rotach 1995) is used to
calculate turbulent fluxes in the surface layer under different stability conditions. The surface
layer has a quasi-stationary constant flux over a horizontally homogeneous surface (Oke

123



88 J. L. Flores Rojas et al.

Table 1 The main characteristics of the TEB (Masson 2000) and tTEB (Karam et al. 2010) schemes. Here,
RN is the net radiation flux, and QH is the sensible heat flux

Approach TEB (Masson 2000) tTEB (Karam et al. 2010)

Infrared irradiances First-order reflections Multiple reflections (Arnfield and
Mills 1994)

Water budget Infinite draining of the
sub-surface ducts

Limited draining of sub-surface ducts
(Grimmond and Oke 1991)

Sky-view factors
Noilhan (1981) Oke (1987)

Free convection Polynomial approach of free
convection (Mascart et al.
1995)

Asymptotic behaviour of MOST
(Grachev et al. 2000)

Urban-canyon
temperature

Divergence of QH Divergence of QH and RN

Surface roughness
and displacement

Constants (user defined) Morphometric relations
(Kastner-Klein and Rotach 2003)

Sensible heat flux Modified flux-profile relation
in the surface layer
(Mascart et al. 1995)

Local scaling in the roughness
sublayer and MOST in the inertial
sublayer (Kastner-Klein and
Rotach 2003)

Latent heat flux As above As above

Momentum flux As above As above

Table 2 Main ARPS-tTEB configuration

Category Options

Governing equations Three-dimensional, non-hydrostatic, compressible

Grid staggering Logarithmic vertical stretching

Time differencing Leapfrog and forward time differences

Turbulence closure 1.5-order turbulent closure

Upper boundary Global Forecast System (resolution: 1◦)
Lateral boundaries Global Forecast System (resolution: 1◦)
Mycrophysics Schultz (1995) ice microphysical scheme

Cumulus parametrization Kain and Fritsch (1993) scheme for the domain of 27km

Radiation physics Atmospheric radiation transfer parametrization

Surface physics tTEB scheme for urban canopy and two-layer
force-restore model for the vegetation canopy

1976). Since the urban surface layer is complex, it is divided into two sublayers (Rotach 1995):
(a) the roughness sublayer where vertical turbulent fluxes are not constant, but generated by
heterogeneous elements of the urban canopy (roads, houses, trees, etc.) and, (b) the inertial
sublayer formulated by MOST is appropriate (Table 2).

Further details on turbulent energy fluxes in the inertial sublayer, in the roughness sublayer
and the evolution of the water reservoir used in the tTEB scheme are to be found in Karam
et al. (2010).Higher-resolutionmodels down to 100mexplicitly represent certain urban areas.
Thus, modelling of the urban canopy using the surface energy budget becomes necessary for
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simulations with fully-compressible models. A step-by-step procedure to integrate ARPS is
presented in Sect. 3.1.

3 Methodology

3.1 The Coupled System

Urban-canopy effects on atmospheric dynamics can bemodelledwith energy budget schemes
coupled with compressible atmospheric models. Here, we present a step-by-step procedure
for the integration of ARPS (Sect. 2.2) and the tTEB scheme (Sect. 2.3). Figure 1 shows a
diagram with the main steps.

Firstly, variables in the tTEB scheme are transferred to the surface-physics module of
ARPS, and secondly, ARPS dynamics and radiative variables are transferred to the tTEB
scheme, where urban-type vegetation (semi-desert in the original ARPS) is located within the

Fig. 1 Flow diagram of the integration of the tTEB scheme and ARPS. Arrows indicate the direction of
variables and the transfer of parameters
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model domain. Thirdly, the physical urban parameters of the tTEB scheme are set constant.
Fourthly, the surface energy fluxes over the urban canopy are recalculated using surface
variables modified by the output variables of the tTEB scheme. Finally, the urban energy
fluxes are transferred to ARPS to complete the cycle.

Version 5.3.4 of ARPS uses global land-use data and global top-layer soil-type data from
the U.S. Geological Survey at a 30-s resolution. These datasets are used by the surface sub-
routine of ARPS to derive soil features, such as the soil-type, vegetation type, the leaf area
index and the roughness length.

The canyon surface temperature in the TEB scheme has three components: the substrate
temperature, the external surface temperature and the canyon air temperature, while in the
tTEB scheme, there are prognostic equations for the external temperatures at each surface
(roofs, walls or roads) and a diagnostic equation for canyon temperature (Masson 2000). A
soil temperature equation couples the output temperatures of roofs, walls and roads from the
tTEB scheme with the surface temperature of ARPS, using

Tsurface = abldTroof + (1 − abld)Tcan, (1)

where Tcan is the canyon temperature driven by entrainment of the urban boundary-layer
air into the urban canopy, anthropogenic heat and humidity fluxes and the divergence of
radiation (infrared) density flux through the surfaces of the urban canopy (Nunez and Oke
1976) [see Eq. 13 of Karam et al. (2010)]; Troof is the roof surface temperature and abld is
the fractional artificial area occupied by buildings. The tTEB scheme uses a variable draining
ratio (Grimmond and Oke 1991) to estimate the time evolution of rainfall accumulation over
roofs and roads. Surface variables, such as the soil water content and the surface specific
humidity, are updated to couple ARPS with the tTEB scheme. The surface water content is
modified by,

qsurface = abldqroof + (1 − abld)qcan, (2)

where qcan is the canyon air specific humidity that modifies the surface specific humidity
qvs f c, and is a function of the turbulent water vapour flux QE determined locally, and of the
anthropogenic water vapour flux QEA released inside the urban canopy. In addition, qroof is
the roof-water moisture and abld is the fractional artificial area occupied by buildings.

Surface variables modified by the tTEB scheme (Tsurface, qsurface) are updated each
timestep, and the surface fluxes of heat, momentum and moisture are calculated using a
stability and roughness-length-dependent surface-flux model using the modified Businger
formulation (Businger et al. 1971). Traffic and industrial sensible and latent heat fluxes are
added to the surface energy fluxes and then transferred to the land-surface sub-routine of
ARPS. Moreover, the Kastner-Klein and Rotach (2003) morphometric relations drive the
complex surface drag in atmospheric flow using the ratio between the building area Ap and
city total area At and the height of the buildings to calculate the zero-plane displacement d and
the roughness length z0. The variation of z0 and d with increasing building density is consid-
ered to provide a more realistic estimation than the other approximations. The configuration
and experimental designs of the coupled system are described below.

3.2 Model Configuration and Experimental Design

The performance of the coupled system in simulating the effects of urban energy fluxes on
local circulations in São Paulo is carried out with two realistic experiments for a typical
sea-breeze event on 22 August 2014. The control experiment uses the original ARPS without
any urban-canopy effects, but with a semi-desert canopy with biophysical parameters (see
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Table 3 Biophysical parameters for three different types of vegetation cover in ARPS

Parameter class Albedo Emissivity Leaf area
index

Roughness
length z0 (m)

Zero-plane
displacement
d (m)

Grassland shrub cover 0.18 0.96 5 0.51 3.6

Grassland tree cover 0.2 0.95 6 0.06 0.7

Semi-desert (urban) 0.15 0.9 4.8 0.8 1.1

Table 4 Parameters of urban areas over São Paulo (Tarifa and Azevedo 2001) and the average values used in
simulations with urban canopy

Parameter Urban 1 Urban 2 Average

Building height (m) 50 5 10

Building aspect ratio (height/length) 2 1 1.2

Canyon aspect ratio (height/width) 3 0.5 0.9

Fractional area covered by artificial material 0.9 0.8 0.8

Fractional area covered by buildings 0.9 0.8 0.8

Traffic sensible heat release (W m−2) 30 20 21

Traffic latent heat release (W m−2) 7 5 5.3

Industrial sensible heat release (W m−2) 20 30 28.5

Industrial latent heat release (W m−2) 40 50 48.5

Table 3). The full experiment includes the effects of the urban scheme and urban-canopy
parameters (Table 4).

Three nested horizontal grids at 27, 9 and 3km are used within the domain at 23.54◦S,
46.63◦W (Fig. 2a). The 27-km grid domain has 143 × 143 points covering eastern South
America and a 10-s timestep, while the same number of grid points are used for the 9-km
and 3-km grids, but with a 6-s timestep. A 43-layer hyperbolic vertical grid is used, starting
at 20m (bottom) and increasing to a minimum resolution at an altitude of 20.5km. The
innermost domain corresponds to São Paulo. The vegetation cover at the 3-km grid is shown
in Fig. 2b with semi-desert type set to 13, and topographic and atmospheric pressure fields
over São Paulo are shown in Fig. 2c. The simulations were initialized for 1800 UTC, 21
August 2014, ending at 0000 UTC, 23 August 2014 (30h).

Initial and boundary conditions for horizontally inhomogeneous initialization are obtained
from the global forecast system, which is a global weather prediction system used by the
US National Weather Service, containing a global numerical weather prediction model with
variational analysis, generating data with a resolution up to 0.25◦ (Wang et al. 2013).

A 1.5-order TKE closure scheme is used for the subgrid boundary-layer turbulence (Xue
et al. 2001). The Coriolis force and surface properties, with a sandy loam soil type and semi-
desert vegetation cover, are used in the control and tTEB experiments. ARPS uses the Global
Ecosystems Database, which adapts biophysical parameters, such as albedo and emissivity,
displacement height, leaf area index, fractional coverage and roughness height, to the urban
and vegetation canopies. The main land-use classes are semi-desert canopy (urban) within
São Paulo, but otherwise grassland and deciduous forest (Fig. 2b); the biophysical parameters
of the vegetation types are given in Table 3.
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Fig. 2 a Vegetation types in ARPS for the 3-km domain with the urban canopy in red. b Simulation domains
for the 27-km, 9-km and 3-km with the topography. c Three-dimensional view of the topography in the greater
São Paulo area for the 3-km domain. Longitudes, latitudes, altitudes and geographical boundaries are indicated

For regularly built towns, roughness lengths are found to be between 0.7 and 1.5 m. and
for high-rise urban surfaces (building heights ≥20m), which is the case for part of São
Paulo, Grimmond and Oke (1999b) suggested roughness lengths ≥2 m. However, we use
the morphometric relations of Kastner-Klein and Rotach (2003) to estimate the roughness
length and the zero-plane displacement (see Table 3).

The São Paulo urban area is 2700 km2 (Flores et al. 2016b) when taking into consider-
ation its recent urbanization growth (IBGE 2008). Tarifa and Azevedo (2001) divided the
greater São Paulo region into two different land-use classes to obtain a more realistic UHI
effect (Table 4): (1) urban type I mostly high-rise buildings (400 km2); (2) urban type II
residential and industrial areas (2300 km2). These two areas are defined based on satellite
imagery and classified according to the original land-cover categories provided by the Inter-
national Geosphere–Biosphere Programme. The average values for these two urban areas are
calculated for the parameters displayed in Table 4.

The input parameters used in the tTEB scheme related to buildings, road materials and the
average geometry of the urban area are given in the Online supplementary material. These
parameters were obtained fromMasson (2000) and Oke (1987), which provide several values
for construction materials. Other parameters used in the tTEB scheme, such as the building
height, the canyon and building aspect ratios, are related to the geometry of urban areas and
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the heat fluxes released by traffic and industrial sources, and are estimated as averaged values
proportional to the urban areas of São Paulo (Table 4). We note that, as these average values
are associated with a high degree of approximation, more accurate morphological datasets
for urban modelling are required.

Lei et al. (2008) concluded that the urban landscape by itself did not enhance precipi-
tation over Mumbai, India, on 26 July 2005. Instead, the SST updated with data from the
Tropical Rainfall Measuring Mission and urban effects prescribed by their urban model, cre-
ated realistic air-temperature gradients that contribute to sustaining a convergence zone over
Mumbai.

The default SST data used in ARPS (Global Forecast System model with 1◦ resolution),
are replaced with daily SST data from the Tropical Rainfall Measuring Mission (0.25◦ res-
olution), which, when compared with the Global Forecast System data, show a lower SST
(close to 1 ◦C) and larger horizontal gradients of SST around the coast of the state of São
Paulo. These differences in SST create realistic air-temperature gradients that help maintain
the convergence zone over São Paulo.

4 Synoptic Analysis of 22 August 2014

The wind vectors and pressure reduced to sea level of the Global Forecast System over South
America for 22 August 2014 at 1800 UTC are shown in Fig. 3a. The relatively high surface

Fig. 3 aReduced pressure to mean sea level (hPa) and horizontal vectors (wind speed inm s−1).Cold colours
indicate lower values, and warm colours higher values. b Moisture divergence flux (g kg−1 s−1) at the level
of 1000hPa. c Spatial distribution of convective available potential energy (J kg−1). d Spatial distribution of
convective inhibition (J kg−1). The data are obtained from the Global Forecast System model for 22 August
2014 at 1800 UTC. Longitudes, latitudes and geopolitical contours are indicated. The dashed circles indicate
the region around São Paulo
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pressure over theAtlantic Ocean (23◦S, 30◦W) induced a north-west/north-east flow over São
Paulo during the day. The high pressure region (1016hPa) oriented south-west to north-east
increased instability and clear-sky conditions during the day over São Paulo.

Figure 3b shows the wind speed and moisture divergence flux fields over south-eastern
Brazil at 1800 UTC on 22 August 2014. The wind-speed field near São Paulo indicates a
sea-breeze circulation and a weak moisture convergence (−0.3×10−6 g kg−1 s−1). The con-
vective available potential energy is the energy a parcel acquires by lifting and the convective
inhibition is the energy inhibiting an air parcel lifting from the surface to the level of free
convection. Both fields obtained from the Global Forecast System at 1800 UTC are shown
in Fig. 3c and d, respectively. Over São Paulo, the convective available potential energy and
the convective inhibition are close to 200 J kg−1, implying deep convection was unlikely.

Figure 4a shows the mean vertical cross-section of mass divergence between 47.5◦S and
45.5◦S, as a function of latitude and atmospheric pressure obtained from the National Center
for Atmospheric Research reanalysis data (at 0.5◦ resolution) for 22 August 2014 at 1800
UTC. A high divergence zone associated with sea-breeze circulations is observed over the
ocean with values close to 1.2 s−1 and a weak convergence zone over São Paulo (marked
with black triangles), with values close to −0.3 s−1 in agreement with the Global Forecast
System data (Fig. 3b).

The convergence at 800hPa and the surface divergence are observed over the ocean, and
Fig. 4a shows themean vertical cross-section of the zonal wind between 47.5◦S and 45.5◦S as
a function of latitude and atmospheric pressure, also obtained from the 0.5◦ reanalysis data.
A low-level jet of 10m s−1 is associated with the convergence between 850 and 800hPa.
Figure 4c, d shows the reanalysis data for the 1000-hPa wind field and the same field for
the ARPS 9-km grid simulation, respectively, at 1800 UTC on 22 August 2014, with both
showing the sea breeze across São Paulo. Figure 4e shows the wind rose for a weather sta-
tion (23◦29′00′′S, 46◦30′03′′W) for 22 August 2014 with the wind direction veering from
the north-east and shifting, with increasing wind speed (to 8m s−1), to the south-east dur-
ing the passage of the sea-breeze front. Hence, ARPS simulated these features reasonably
well.

5 Analysis of the Results

5.1 Sounding and Surface Measurements

Surface measurements of temperature, relative humidity and wind speed from two auto-
matic weather stations are used to verify simulations, namely the EACH station (station
1) (23◦29′00′′S, 46◦30′03′′W), located in the north-eastern region of São Paulo close to
the boundary with a rural area (labelled 1 in Fig. 7) and the CINTEC station (station 2)
(23◦39′05′′S, 46◦37′21′′W) located in the south-western region of São Paulo close to the
centre of the urban area (labelled 2 in Fig. 7). Important instrumental characteristics at both
stations are shown in the Online supplementary material (Funari and Pereira Filho 2014).

The time series of surface (10m) air temperature, relative humidity and wind speed for
the tTEB and control simulations are obtained from the grid point closest to each station.
The diurnal cycle of air temperature obtained at station 2 (Fig. 5a) is better simulated by the
tTEB experiment with a maximum of 28 ◦C and minimum of 12 ◦C, while the control run
underestimates temperatures by 2–4 ◦C. The correlation coefficients (R2) for the tTEB and
control simulations are 0.92 and 0.81, respectively.
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Fig. 4 Mean vertical cross-section of a mass divergence (s−1), and b zonal wind speeds (m s−1). The fields
are averaged between 47.5◦S and 45.5◦S (marked with red lines in c and d). Black triangles at the bottom
indicate the location of São Paulo. The data are obtained from the Global Forecast Systemmodel for 22 August
2014 at 1800 UTC. Comparison of c NCEP reanalysis data (resolution 0.5◦) and d the simulated results of
flow circulation at 1000hPa for the grid of 9km at 1800 UTC. Longitudes, latitudes and geopolitical contours
are indicated. e Wind rose for 22 August 2014 at the EACH weather station

Similar results are obtained for the relative humidity (Fig. 5c), with themaximum andmin-
imum relative humidity at 85 and 25%, respectively, for the tTEB experiment. In contrast, the
control experiment underestimates the relative humidity by 10–15% at night. The correlation
coefficients (R2) are 0.88 and 0.72 for the tTEB and control experiments, respectively.

The diurnal cycle of wind speed (Fig. 5e) indicates two patterns: (1) low wind speeds
between 0.5 and 2m s−1 and, (2) higher wind speeds between 3 and 6m s−1 associated with
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Fig. 5 Comparison of the observed with the simulated air temperature (◦C), relative humidity (%) and wind
speed (m s−1) from the (a, c, e) EACH and (b, d, f) CINTECweather stations, respectively. Black dashed lines
indicate observed data. Red dashed lines indicate results with the tTEB scheme and blue dashed lines indicate
the results of the control experiment. Simulations are performed for the period 1800 UTC on 21 August 2014
to 2400 UTC on 22 August 2014 (30h)

the sea breeze. The first pattern is better represented by the tTEB experiment, while the
second is better represented by the control experiment. While this may be related to drag
effects of the urban canopy, which are homogeneous for the tTEB experiment (Table 4),
the tTEB experiment did yield a higher correlation coefficient (R2 = 0.46) than the control
experiment (R2 = 0.38).

The diurnal cycle of air temperature at station 1 (Fig. 5b) is better represented by the
tTEB experiment, with a maximum near 28 ◦C and minimum under 12 ◦C. Both experiments
overestimate the air temperature by 2 ◦C in the afternoon and at night since station 1 borders
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Fig. 6 Comparison between the observed and simulated sounding results for the tTEBand control experiments
at the Campo deMarte weather station (23.53◦S, 46.63◦W) at 1200UTC on 22August 2014 for a temperature,
b potential temperature, c equivalent potential temperature, and d wind speed. Black dashed lines indicate
observed data. Red dashed lines indicate the tTEB experiment and blue dashed lines indicate the control
experiment

the rural and urban areas. The correlation coefficients are 0.92 and 0.85 for the tTEB and
control experiments, respectively.

The diurnal cycle of relative humidity compares better with the tTEB simulation (Fig. 5d)
with a maximum of 85% and a minimum of 25%, and the control experiment underestimates
the relative humidity by about 15–20% in the afternoon and night. The correlation coefficients
are 0.90 and 0.81 for the tTEB and control simulations, respectively.

The diurnal cycle of wind speed (Fig. 5f) indicates lower and higher wind-speed ranges,
with the first between 0.5 and 1m s−1 and the second between 1.5 and 5 m s−1. The latter
wind-speed range is associated with the sea breeze. Similarly for station 2, the lower range
of wind speed is better simulated with the tTEB experiment, while the higher range with the
control experiment. The correlation coefficients are 0.52 and 0.46 for the tTEB and control
simulations, respectively.

The sounding profiles provided by the University of Wyoming are useful for quantifying
the vertical structure of the atmosphere. Figure 6a compares the observed sounding data with
the results of the tTEB and control experiments for the air temperature at the Campo deMarte
(23.52◦S, 46.63◦S) station at 1200 UTC. For the first atmospheric levels (around 940hPa),
the results of the tTEB experiment match better with observations than the results of the
control experiment, with temperature differences close to 2 ◦C.

Similar results are obtained for the potential temperature (Fig. 6b), which indicates a
well-defined shallow mixed layer up to 920hPa. The results of the tTEB experiment are
generally closer to observations, with the control results being about 2 ◦C lower. Results for
the equivalent potential temperature show a stable boundary layer up to 900hPa, with the
tTEB results better matching observations. For the wind speed, the sounding data indicate
a low-level jet with maximum values close to 5m s−1 at 880hPa. This structure is well
simulated by both the tTEB and control experiments, and above 860hPa, the maximumwind
speeds are underestimated in both experiments.

5.2 Land-Surface Temperature from the Moderate Resolution Imaging
Spectroradiometer

The MODIS instruments on board the Terra and Aqua satellites provide measurements of
surface variables at 36wavelength bands, including near infrared and visible spectra. TERRA
satellite has a near polar sun-synchronous orbit, which passes in view of any point on Earth
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Fig. 7 (first row) Spatial distribution of the LST (◦C) at 1930 UTC (day) of 22 August 2014 from MODIS
data for an eight-day period (left), and the tTEB (centre) and control (right) experiments. (second row) Spatial
distribution of LST (◦C) at 0600 UTC (night) on 22 August 2014 from MODIS data of an eight-day period
(left), and the tTEB (centre) and control (right) experiments

twice daily at 1030 LT and 2230LT. TheMODIS thermal infrared sensorsmeasure the top-of-
the-atmosphere radiances, fromwhich brightness temperatures are derived. These brightness
temperatures differ from the actual LST by 1–5K, due to the non-vertical satellite viewing
angle, the urban geometry, the sub-pixel variation of the surface temperature, the variable
surface emissivity and several atmospheric effects (Dousset and Gourmelon 2003).

These effects are removed in estimations of the LST from space using a day-night method
designed to take advantage of the unique capability of the MODIS sensor (Wan 1999). This
method uses day-night pairs of thermal infrared data in seven MODIS bands to simultane-
ously retrieve the LST and band-averaged emissivities without knowing the water vapour
and atmospheric-temperature profiles to a high degree of accuracy (Wan and Li 1997).
Furthermore, to generate more regionally-representative urban-temperature estimates, the
three-dimensional roughness of urban surfaces were considered, which is scale dependent in
the satellite images (Voogt and Grimmond 2000).

The MOD11 product contains level-2 and level-3 LST and emissivity retrieved from
MODIS data at spatial resolutions of 1 and 5km over global land surfaces under clear-sky
conditions.We use the level-3MODIS global LST data (MOD11A2), which are composed of
a daily 1-km LST product (MOD11A1), and stored on a 1-km sinusoidal grid as the average
value of the clear-sky LST during an eight-day period. Figure 7 shows the spatial pattern of
LST obtained from theMODIS sensor in comparison with the tTEB and control experiments
around São Paulo at 1930 UTC (day) and 0600 UTC (night).

At 1930UTC (day), the LST is overestimated by the tTEB experiment due to the use of the
same averaged urban parameters (Table 4) for the entire urban canopy, which is unrealistic
due to the marked heterogeneity of the urban surface. However, the spatial pattern of the
LST is better represented in the tTEB experiment in comparison with the control experiment.
The two-dimensional correlation coefficient at 1930 UTC (day) for the tTEB experiment
(control experiment) is 0.84 (0.81), and at 0600UTC (night), the two-dimensional correlation
coefficient for the tTEB experiment (control experiment) is 0.74 (0.68).
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5.3 Impact of Topography

Air motion induced by topographic features depends on the morphology, such as height,
length, width and spacing between successive ridges, as well as on the properties of the
airflow itself, such as the wind direction relative to the barrier, and the vertical profiles
of wind speed and stability (Barry 2008). The general classes of flow for an ideal fluid
encountering an obstacle, are described with reference to the Froude number Fr , which is
the ratio of internal viscous forces to gravitational forces (Barry 2008),

Fr = 2 π U / h S1/2, (3)

whereU is the undisturbedflowspeed, h is themountain height and S is the static stability. The
Froude number can also be interpreted as the ratio of kinetic energy of the air encountering
a barrier to the potential energy necessary to surmount the barrier. For stratified flows, Fr
tends to zero, and the flow tends to go around the obstacle.

The atmosphere over São Paulo was highly stable during the morning on 22 August 2014
with north-westerly flow associated with the land breeze channelled by the hills around São
Paulo (Fig. 2c). Figure 8 (first row) shows the surface wind vectors and wind speeds at 0900
UTC (early morning) for both the tTEB and control experiments. The circle indicates the
centre of the urban canopy where wind speeds are reduced by 2.5m s−1 in comparison with
the semi-desert canopy, due to the higher frictional drag of the canyon walls. Moreover, the
circulation of the mountain-valley inversion increases the wind speeds at the edge of the hills
up to values close to 5m s−1.

In general, local flow perturbations over hills are related to two basic processes thatmodify
the pressure gradient on a local scale. Taylor (1977) shows that, for two-dimensional flows in
a neutral atmosphere (ignoring the shear stress and Coriollis effects), the dynamic pressure
gradient PD on the upwind side of the hill and the hydrostatic pressure gradient induced by
heating PH are related by,

Fig. 8 (first row) Surface wind vectors and wind speed (m s−1) over São Paulo for 22 August 2014 at 0900
UTC (night) for the tTEB and control experiments, and their difference. (second row) Surface wind vectors
(m s−1) and wind speed over São Paulo for 22 August 2014 at 1600 UTC (day) for the tTEB and control
experiments, and their difference. The black circle indicates the centre of the urban area of São Paulo
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PD = −ρ U 2 h / L2, (4a)

PH = −ρ g Δθ h∗ θ L (4b)

where L is the width of the hill, h is the height of the hill, ρ is the air density,U is the upwind
flow speed, θ is the upwind potential temperature,Δθ is the increase of potential temperature
over the hill, h∗ is the smaller of h and hs , which is the height of the superadiabatic layer near
the surface, and g is the acceleration due to gravity. By a dimensional analysis of the ratio of
PD /PH for the selected values of L , h and h∗, Taylor (1977) showed that for steeper slopes
of 1:10, the dynamic and thermal effects have similar magnitudes, while for large-scale hills
(L ∼ 10km, h = h∗ = 100m), thermal effects dominate.

The topographic barrier of the Serra do Mar mountain range separating São Paulo from
the ocean (Fig. 2c) is a large-scale hill with L ≈ 200 km and h ≈ 800m, which extends
along the coast with its normal vector oriented in the south-east direction. Provided there
is sufficient daytime heating, at approximately 1300 UTC, the sea breeze ascends the slope
of the Serra do Mar, develops into a well-defined mountain-plain circulation, and forms a
lee-side convergence zone, which propagates inland.

Due to the horizontal extension of the Serra doMar mountain range, the thermal pressure-
gradient effects dominate over the dynamic effects. Figure 8 (second row) shows the surface
wind vectors around São Paulo at 1600 UTC for the tTEB and control experiments, where
it is observed that the sea breeze flows inland along the coast of São Paulo. In the tTEB
experiment, the horizontal wind speed is reduced by up to 3m s−1 over urban areas along
the coast due to the higher surface roughness.

Figure 9 (first row) shows the cross-section of the vertical wind speed for the tTEB and
control experiments at 1500 UTC, where a well-defined positive value at the boundary of the
Serra do Mar mountain range (≈23.95◦S) is observed up to 2000 m above sea level, with
maximum values close to 0.25m s−1 at 500 m. The vertical wind speeds of both experiments
are similar, but higher in the tTEB experiment due to the effects of the urban canopy along
the coast, which changes the thermal and dynamic conditions of this area (Fig. 2a).

The vertical cross-section of the mean moisture divergence flux for the TEB and control
experiments is shown in Fig. 9 (second row). The pattern of convergence divergence associ-
ated with the mountain-plain circulation, extends from the Serra do Mar to the urban area of
São Paulo. The strong convergence zone above the Serra do Mar, which is associated with
the sea breeze and differential heating, reaches values close to −7 g kg−1 s−1 up to 600 m
above sea level, while the divergence zone over the centre of São Paulo reaches values close
to 2 g kg−1 s−1.

The heating and dynamic pressure gradients on the upwind side (Eq. 4) of the Serra do
Mar mountain range generate a flow acceleration zone in the tTEB and control experiments,
as can be observed in Fig. 9 (third row), which shows the surface acceleration vectors and
acceleration at 1600 UTC. The maximum acceleration magnitudes reach values close to
2.4× 10−3 m s−2. For the tTEB experiment, the surface acceleration vectors are channelled
by the topography (Fig. 2c) and directed towards the urban area of São Paulo, and are slightly
advanced in relation to the acceleration vectors for the control experiment (see the third row
of Fig. 9).

The patterns of the vertical wind speed and moisture divergence flux (Fig. 9) reveal the
faster propagation of the sea breeze when passing through the Serra do Mar mountain ranges
according to the tTEB experiment, which is caused by the greater horizontal pressure gradient
that exists between this region and the coast, as a consequence of the dynamic and thermal
effects generated by the urban canopy.
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Fig. 9 (first row) Vertical cross-section of the mean vertical wind speed (m s−1). (second row) Vertical
cross-section of mean moisture divergence flux (g kg−1 s−1). (third row) Surface acceleration vectors and
acceleration (m s−2) around São Paulo. The mean values are averaged from 46.9◦W to 46.42◦W (showed
as blue lines) at 1500 UTC for the tTEB (first column) and control (second column) experiments, and their
difference (third column)

5.4 Impact of Coupling ARPS with tTEB

The simulation results discussed above indicate that the non-hydrostatic mesoscale model,
when coupledwith the explicit urban energy budget schemedemonstrates an enhanced ability,
in comparisonwith the default option. Improvements are observed in time series of the surface
temperature, relative humidity andwind speed asmeasured at two automaticweather stations,
and the observed vertical profiles of temperature, equivalent potential temperature and wind
speed over São Paulo for the typical sea-breeze event of 22 August 2014. Here, we discuss
the effects of the coupled system.

5.4.1 Temperature and Energy Fluxes (Simulation of the Effect of UHI)

A valid simulation of the surface air temperature is important because the heat flux from
the surface influences the lower boundary-layer stability. The UHI effect appears to be well
simulated by the coupled system around São Paulo, for both day and night. Figure 10 shows
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Fig. 10 Horizontal spatial distribution of the 10-m surface air temperature (◦C) at 0900 UTC (first row)
and 2000 UTC (third row) on 22 August 2014. Vertical cross-section of air temperature (◦C) from 46.9◦W
to 46.42◦W at 0900 UTC (second row) and 2000 UTC (fourth row) on 22 August 2014 for the tTEB (first
column) and control (second column) experiments, and their difference (third column)

the surface air temperatures at 0900 UTC (early morning) and 2000 UTC (late afternoon) for
the tTEB and control experiments, and their difference.

At 0900 UTC (Fig. 10, first row), the land breeze is channelled by the hills around São
Paulo (Fig. 8). At this time, the air-temperature difference between both experiments reaches
close to 6 ◦C. At 2000 UTC (Fig. 10, third row), the sea breeze passes over the centre of São
Paulo. At this time, the air-temperature difference between the experiments reaches close to
3 ◦C. Throughout the day, the warming zone extends from the city centre to the north-west,
with 1–3 ◦C higher temperatures than the surroundings. During the night, the warming zone
extends from the city centre to the south-west with 1–6 ◦C higher temperatures than the
surroundings.
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Fig. 11 (first row) Vertical cross-section of the mean vertical wind speed (m s−1). (second row) Vertical
cross-section of mean moisture divergence flux (g kg−1 s−1). (third row) Vertical cross-section of wind speed
(m s−1). The mean values are obtained from 46.9◦W to 46.42◦W (Fig. 9) at 2000 UTC on 22 August 2014
for the tTEB (left) and control (centre) experiments and their difference (right). Black triangles indicate the
limits of the urban canopy

The UHI effect is apparent for most of the day, and is more significant downwind of the
city. Figure 10 (second row) shows the vertical cross-section of air temperature at 0900 UTC
for the tTEB and control experiments and their difference. The higher air temperatures are
found at the surface with values close to 4 ◦C, with the warming effects decreasing by up
to 0.5 ◦C at 300m above the surface. In contrast, at 2000 UTC (Fig. 10 fourth row), the
higher air temperatures are typically found up to 700m above the surface, and extend to the
north-west direction, with warming effects from 0.5 ◦C up to 2 ◦C.

To investigate the effects of heating of the urban surface on the evolution of the UHI
intensity, we analyze the surface energy budget in the urban area. The energy components
are averaged over the entire urban area for the entire diurnal cycle. The surface energy budget
is

Q∗ + QF = QH + QE + ΔQS, (5)
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Fig. 12 a Diurnal cycle of mean net radiation flux absorbed by the surface. b Diurnal cycle of mean storage
heat flux. c Diurnal cycle of mean sensible heat flux. d Diurnal cycle of mean latent heat flux. The mean values
are calculated over the entire urban and semi-desert canopy for 22 August 2014

where Q∗ is the net all-wave irradiance, QF is the anthropogenic heat flux, QH is the surface
sensible heat flux and QE is the surface latent heat flux. The storage heat fluxΔQS represents
the total heat transfer to/from the urban surface/ground, which includes buildings (roofs and
walls) and roads, and is equivalent to the ground heat flux. The net all wave irradiance Q∗ is
composed of the net shortwave QK and longwave irradiances QL ,

Q∗ = QK + QL = (K↓ − K↑) + (L↓ − L↑), (6)

where K↓ and L↓ are the incoming short wave and longwave irradiances, and K↑ and L↑
are the outgoing shortwave and longwave irradiances, respectively. Figure 12a shows the
diurnal cycle of the mean net radiation flux absorbed by surface for the tTEB and control
experiments.

During the day, the differences of the net irradiance between the semi-desert and urban
canopy reach values close to 45W m−2 due to the reduced albedo of the urban canopy, and
consequently the decrease of shortwave irradiance (K↑). At night, the increase of outgoing
longwave radiation (L↑) is observed, because the urban area is warmer than the semi-desert
canopy, and consequently, the net radiation flux is more negative. In this case, the differences
of net irradiance between semi-desert and urban canopy reach values close to −40W m−2

(Oke 1987).
The urban-source terms at night are very different to those during the daytime. A nocturnal

excess in heat storage, which accumulates during the day, is balanced by an increase of net
outgoing longwave irradiance and sensible heat flux. The impact on the 10-m temperature is
increased further during the night (Fig. 5), even though the differences between the sensible
heat flux are smaller than during the day (Fig. 12c). This fact may be explained by the stable
stratification during the night, which retains the urban-source termsmuch closer to the ground
than for the unstable stratification during the day (Bohnnenstengel et al. 2011).

For the control experiment, the semi-desert canopy exhibits a thermally-extreme climate,
with higher temperatures at day and lower temperatures at night, as a result of the lack of
moisture, and the concentration of heat in the uppermost sand layer. In contrast, for the

123



Effects of Explicit Urban-Canopy Representation on Local… 105

tTEB simulation, the turbulent sensible heat flux within the urban canopy is the primary
factor removing the daytime surplus of net radiation. However, in contrast to a semi-desert
canopy, the evapotranspiration in the urban canopy,which is generated by traffic and industrial
sources (Table 4), is the next largest heat loss for the system, indicating that water is still
readily available, despite the waterproofing effects of urban development.

As illustrated in Fig. 12c,d,which shows the time series of turbulent sensible and latent heat
fluxes over urban and semi-desert canopies, the turbulent sensible heat flux has a significant
phase lag, with maximum values close to 240W m−2 detected, which remains positive into
the late evening (after sunset) in the urban canopy. The continued warming of the atmosphere
by turbulent heat transport is important for the growth of the nocturnal heat island typical of
urban environments.

For the turbulent latent heat flux, the semi-desert canopy shows a lower diurnal variation
resulting from the lack of moisture. In contrast, for the urban canopy, there is a significant
transport of latent heat at both day and night, with maximum flux values close to 50W m−2

and a minimum of −30W m−2. Because of the absence of precipitation during the day, the
latent heat flux is largely produced by the moisture generated by the exhaust from traffic and
industrial sources inside the urban area (see Online supplementary material).

The spatial distribution of the sensible and latent heat fluxes at 1830 UTC around São
Paulo for the tTEB and control experiments are shown in Fig. 13 (first and second rows,
respectively). For the sensible heat flux, the higher values are located in the south-east region
of the city with values close to 360W m−2, which is then advected by the sea breeze to the
north-west region (Fig. 10). For the latent heat flux, the higher values are located in the centre
of the city, with maximum values close to 60W m−2.

A vertical cross-section of the mean TKE for the tTEB and control experiments at 1915
UTC is shown in Fig. 13 (third row),with the tTEB experiment generating stronger turbulence
over São Paulo with TKE values from 1.4 m 2 s−2 at 400m to 0.2m2 s−2 at 2000m. The
enhanced TKE generates an effective mixing of pollutants inside the urban region.

5.4.2 Flow Convergence

The convergence zone created by the advance of the sea breeze over the Serra do Mar
mountain range, propagates inland to the centre of São Paulo. From the simulation results,
the sea breeze arrives at the centre of São Paulo between 1830 UTC and 1900 UTC, and a
vertical updraft is apparent in both the control and tTEB simulations (not shown).

Figure 11 (first row) shows the vertical cross-section of vertical wind speed at 2000 UTC
for both experiments, and their difference. The enhancement in vertical wind speed for the
tTEB experiment reaches close to 0.45m s−1 from the surface up to 2400m above ground.
In contrast, for the control experiment, the vertical velocity component reaches values close
to 0.15m s−1 up to 1500m above the surface.

Urbanization increases the flow convergence in the upwind direction due to roughness
changes and the thermal conditions inside the urban canopy. Figure 11 (second row) shows
the vertical cross-section of the mean moisture divergence flux for the tTEB and control
simulations at 2000 UTC. For the tTEB experiment, a significant convergence zone develops
over São Paulo from the surface to a height of 1000 m, with maximum values close to
−6 g kg−1 s−1. A corresponding divergence zone developed above up to 2500m above the
surface, with maximum values close to 3 g kg−1 s−1.

In contrast, for the control experiment, the convergence and the vertical wind speed are
lower, with values close to−3 g kg−1 s−1 and 0.15m s−1, respectively. In addition, the diver-
gence zone at 2500m above ground is weaker in comparison with the divergence in the tTEB
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Fig. 13 (first row) Spatial distribution of the turbulent sensible heat flux. (second row) Spatial distribution
of turbulent latent heat flux (TLHF). (third row) Vertical cross-section of mean TKE between 46.9◦W and
46.42◦W (Fig. 9). All variables are obtained at 1830 UTC on 22 August 2014 for the tTEB (left) and control
(centre) experiments, and their difference (right). Black triangles indicate the limits of the urban canopy

experiment. Moreover, the sea-breeze front slows towards the urban canopy due to changes
of roughness and thermal conditions. The low-level offshore wind speeds are lower for the
tTEB experiment in comparison with the control experiment.

Figure 11 (third row) shows the vertical cross-section of the wind speed for the tTEB and
control experiments at 2000 UTC. The control run produces wind speeds from 8m s−1 to
2.5m s−1 below 650m, with the sea-breeze front located at ≈23.4◦S. In contrast, the tTEB
experiment gives wind speeds from 7m s−1 to 2.5m s−1 below 850m, with the sea-breeze
front located at 23.55◦S. As a consequence, the sea-breeze front in the tTEB experiment
is delayed by a distance of ≈0.15◦ in comparison with the sea-breeze front in the control
experiment. Figure 14 (first row) shows the surface wind vectors and wind speeds over São
Paulo at 2000 UTC. For the tTEB experiment, wind speeds are up to 6m s−1 lower over
the urban area in comparison with the control experiment, resulting from the urbanization
converging flow upwind of São Paulo.

For the tTEB experiment, the UHI circulation prevents the advance of the sea-breeze front,
as mentioned above, because of the opposite acceleration of the sea-breeze cell in the centre
and northern part of São Paulo (Freitas et al. 2007). In the control experiment, there is no
acceleration counteracting the propagation of the sea-breeze front. Figure 14 (second row)
shows the acceleration vectors and magnitudes over São Paulo at 2000 UTC for the tTEB
and control experiments and their difference.
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Fig. 14 (first row) Surface wind speed over São Paulo for 22 August 2014 at 2000 UTC (day) for the tTEB
and control experiments, and their difference. (second row) Surface acceleration over São Paulo for 22 August
2014 at 2000 UTC (day) for the tTEB and control experiments, and their difference. The black circle indicates
the centre of the urban area of São Paulo

The sea-breeze front is decelerated and retarded over the urban canopy of São Paulo up to
3.2 × 10−3 m s−2 for the tTEB experiment in comparison with the flow acceleration of the
control experiment. After the UHI effects disappear, the sea breeze continues its propagation
inland, and is slightly more intense in the control experiment in comparison with the tTEB
experiment (not shown).

6 Conclusions

We provide a detailed description of the coupling between the mesoscale atmospheric model
ARPS and the tTEB urban energy budget scheme. The coupled system is used to simulate the
interaction between the sea-breeze, mountain-valley and UHI circulations for the typical sea-
breeze event on 22August 22 2014without deep convection over themetropolitan area of São
Paulo, Brazil. Experiments are performed with urban-canopy scheme (the tTEB experiment)
and with the semi-desert scheme (the control experiment), which is the default type used in
ARPS.

For the nighttime and early morning periods, the model generates a well-defined land-
breeze circulation, which is channelled by the hills around São Paulo. For the tTEB
experiment, the wind speeds are reduced around the urban canopy due to frictional effects
of the urban roughness. At 1300 UTC, the sea breeze ascends the slope of the Serra do
Mar mountain range, and generates a well-defined moisture convergence zone, with vertical
velocity components, that propagates inland. The sea-breeze front is then accelerated due to
the dynamic and thermal pressure gradients generated by the Serra do Mar mountain range.

When the sea breeze and the associated convergence system arrive at the centre of the
urban area, the thermal and dynamic effects of the UHI increase the moisture convergence
and vertical wind speeds at 1800 UTC. This causes the sea breeze to stall over the city for
two hours, reducing the flow speed and acceleration, and the transport of a large amount of
moisture from the surface to the upper levels of the atmosphere.
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The contrasting thermal effects of the UHI effect for day and night show that the dense
urbanized regions generate higher air temperatures by up to 3 ◦C (6 ◦C) at day (night) com-
pared with the default case with the semi-desert canopy parametrization. The comparison
of the spatial pattern of the soil temperature with LST data from MODIS for day and night
shows an acceptable level of agreement. The urban area of São Paulo also alters the diurnal
phase of terms of the surface energy balance. Over the urban surface, the net radiation flux
at the surface increases during the day because of the reduced albedo of the urban canopy in
comparison with the semi-desert canopy.

Analysis of the diurnal cycle of the surface energy balance during the day reveals a large
increase in the sensible heat flux and the heat storage for the urban canopy compared with the
semi-desert canopy, with the sensible heat flux also exhibiting a significant phase lag, which
remains positive into the late evening. Hence, the continued warming of the atmosphere by
turbulent heat exchange leads to the formation of the nocturnal heat island.

The increased uptake of heat during the day, which is subsequently released at night, is the
most important reason for the difference in surface sensible heat at night, which stems from
the reduced evapotranspiration in the urban area. For the urban canopy, the diurnal cycle of
the latent heat flux exhibits a higher amplitude than the values for the semi-desert canopy.
Because of the absence of rainfall during the day, the latent heat flux is mainly produced by
anthropogenic sources inside the urban area.

The comparison between themodelled and observed time series of air temperature, relative
humidity and wind speed at the surface of São Paulo, and the simulations of the interactions
between the sea-breeze, mountain-valley and UHI circulations for both the day and night,
suggest that the explicit representation of the urban canopy improves the simulation of the
local circulations.

An important limitation of the present study is the poor representation of the urban area
with constant values for specific parameters, such as geometric features, albedo and the emis-
sivity of the urban canopy, as well as anthropogenically generated fluxes. As a consequence,
additional research using more detailed urban features is necessary. Another limitation is the
omission of urban aerosols that affect precipitation processes. The generation of a smaller
size distribution of droplets is caused by the increase in aerosol concentrations resulting from
anthropogenic sources, which can suppress rainfall above and downwind of urban areas.
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