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a b s t r a c t

Site-specific meteorological forcing appropriate for applications
such as urban outdoor thermal comfort simulations can be obtained
using a newly coupled scheme that combines a simple slab convec-
tive boundary layer (CBL) model and urban land surface model
(ULSM) (here two ULSMs are considered). The former simulates
daytime CBL height, air temperature and humidity, and the latter
estimates urban surface energy and water balance fluxes accounting
for changes in land surface cover. The coupled models are tested at a
suburban site and two rural sites, one irrigated and one unirrigated
grass, in Sacramento, U.S.A. All the variables modelled compare well
to measurements (e.g. coefficient of determination = 0.97 and root
mean square error = 1.5 �C for air temperature). The current version
is applicable to daytime conditions and needs initial state condi-
tions for the CBL model in the appropriate range to obtain the
required performance. The coupled model allows routine observa-
tions from distant sites (e.g. rural, airport) to be used to predict air
temperature and relative humidity in an urban area of interest. This
simple model, which can be rapidly applied, could provide urban
data for applications such as air quality forecasting and building
energy modelling, in addition to outdoor thermal comfort.
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1. Introduction

Heat waves, such as the ones which occurred in Eastern Europe in 2010, North America and
Australia in 2012, and China in 2013, are expected to have a large impact on human health, well-being
and economic burden in the future (IPCC, 2012). Urban areas are particularly vulnerable to such effects
given the density of urban populations and the compounding effect of the urban heat island, which
will grow with increased population and greater urbanisation (McMichael et al., 2006; Pascal et al.,
2006). To inform climate sensitive planning, intra-urban climate conditions at local (102–104 m, e.g.
a district) and micro-scales (10�1–103 m, e.g. a street canyon) need to be predicted for building energy
applications and for estimating outdoor human thermal comfort in cities.

The thermal comfort at the neighbourhood to street level scale is chiefly influenced by urban struc-
tures. It varies greatly within short distances due to shadow patterns generated by urban surface
geometry and radiative properties related to materials and urban density (Lindberg and Grimmond,
2011a). For the estimation of thermal comfort, micro-scale modelling of mean radiant temperature
(Tmrt) is essential (Lindberg et al., 2008; Matzarakis et al., 2010). The Tmrt, which describes the radiant
(short-wave and long-wave) heat exchange between a person and his or her surroundings, is defined
as the ‘uniform temperature of an imaginary enclosure in which the radiant heat transfer from the
human body equals the radiant heat transfer in the actual non-uniform enclosure’ (ASHRAE, 2001).
It is considered to be one of the most important meteorological variables governing the human energy
balance and thermal comfort outdoors, especially during clear and calm summer days (Mayer and
Höppe, 1987).

Generally, in order to model Tmrt for the area of interest, the required meteorological variables
(short-wave radiation, air temperature, and humidity) are obtained from observations or models.
However, they are often not specific for the site (e.g. they are often derived from an airport), or rely
on the use of long-term mean variables rather than typical sequences of conditions. When data from
other areas are used (Erell and Williamson, 2006; Lindberg et al., 2013), often it is assumed that both
areas are exposed to the same regional conditions and land surface effects on the meteorological vari-
ables are ignored. As a result, these local-scale land cover and land use characteristics systematically
impact the accuracy of Tmrt calculations. If data are derived from atmospheric numerical simulation,
sometimes with coupled urban land surface schemes (Miao et al., 2009; Flagg and Taylor, 2011;
Loridan et al., 2013), this requires large computational cost.

Currently, only a few urban land surface models (ULSMs) are set up to rapidly calculate site-specific
air temperature within or above the canopy layer (Swaid and Hoffman, 1990; Erell and Williamson,
2006; Bueno et al., 2012; Bueno et al., 2013; Stewart et al., 2013). Of these, only Bueno et al. (2013)
and Stewart et al. (2013) take feedback from the land surface to the meso-scale atmosphere into
account. Both use the Town Energy Balance (TEB) scheme (Masson, 2000) coupled to different bound-
ary layer models.

In order to investigate daytime human thermal comfort in cities, simple methods to obtain more
site-specific input meteorological variables need to be explored. In this study a scheme is developed
to provide daytime meteorological variables representative of an urban area for a micro-scale urban
radiation model to simulate Tmrt. A meso-scale slab convective boundary layer (CBL) model is coupled
to two local-scale ULSMs (Section 2). Of interest is the ability of the combined model to simulate
meteorological variables, accounting for land surface changes, using minimal computer resources
(e.g. a personal computer), and simple inputs around meteorology, land surface cover, and initial state
conditions. The number of meteorological inputs is reduced compared to those required for the sep-
arate models included in the coupled scheme. The coupled models are tested at three sites (suburban,
irrigated sod-farm and unirrigated grassland) in Sacramento, CA (Sections 3 and 4). They replicate well
the local-scale urban meteorological variables (air temperature and relative humidity) from those
measured at rural sites (Section 6). Here the focus application is to obtain Tmrt, one of most critical
components of outdoor human comfort, by calculation with a micro-scale urban radiation model –
the SOlar and Long Wave Environmental Irradiance Geometry model (SOLWEIG) (Lindberg et al.,
2008; Lindberg and Grimmond, 2011b). SOLWEIG determines three-dimensional radiation fluxes
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