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Abstract. Conventional footprint models cannot account for
the heterogeneity of the urban landscape imposing a pro-
nounced uncertainty on the spatial interpretation of eddy-
covariance (EC) �ux measurements in urban studies. This
work introduces a computational methodology that enables
the generation of detailed footprints in arbitrarily complex
urban �ux measurements sites. The methodology is based
on conducting high-resolution large-eddy simulation (LES)
and Lagrangian stochastic (LS) particle analysis on a model
that features a detailed topographic description of a real ur-
ban environment. The approach utilizes an arbitrarily sized
target volume set around the sensor in the LES domain, to
collect a dataset of LS particles which are seeded from the
potential source area of the measurement and captured at the
sensor site. The urban footprint is generated from this dataset
through a piecewise postprocessing procedure, which divides
the footprint evaluation into multiple independent processes
that each yield an intermediate result. These results are ul-
timately selectively combined to produce the �nal footprint.
The strategy reduces the computational cost of the LES–LS
simulation and incorporates techniques to account for the
complications that arise when the EC sensor is mounted on a
building instead of a conventional �ux tower. The presented
computational framework also introduces a result assessment
strategy which utilizes the obtained urban footprint together
with a detailed land cover type dataset to estimate the po-
tential error that may arise if analytically derived footprint
models were employed instead. The methodology is demon-
strated with a case study that concentrates on generating the
footprint for a building-mounted EC measurement station in

downtown Helsinki, Finland, under the neutrally strati�ed at-
mospheric boundary layer.

1 Introduction

Micrometeorological measurements in densely built city en-
vironments pose an antipodal problem: they are essential in
establishing the fundamental basis for the study of urban mi-
croclimates, but these measurements are endowed with pro-
nounced uncertainties, which mainly originate from the to-
pographic and elemental complexity of the urban landscape.
The resulting noncompliance between the theory and prac-
tice in urban micrometeorological measurements undermines
the study of how our cities interact with the surrounding at-
mosphere. At the very heart of this discord lies the prob-
lem concerning the determination of effective source areas,
or footprints, of urban �ux or concentration measurements.

The footprint is a concept used to describe the surface area
that contains the sources and sinks which contribute to the
measured quantity obtained by a sensor (Pasquill, 1972). In
another words, it is such a sensor's “�eld of view” whose
identi�cation is essential in interpreting the obtained �ux or
concentration values in their correct spatial extent (Schmid,
2002). Mathematically, the footprint is a transfer functionf ,
which relates the value of a measurement (of �ux or concen-
tration) � at locationx M D .xM ;yM ;zM / to the spatial distri-
bution ofQ from a volumetric domain• of interest:
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�. x M / D
Z

•

f . x M ; x0/Q. x0/ dx0; (1)

where f has dimensions of inverse of integration units
(m� 3/ . In the subsequent presentation the vertical dimension
of domain• is collapsed and therebyf has dimensions of
inverse area (m� 2/ . The footprint can also be interpreted as a
spatial weighting function that expresses the probability with
which a �uid element that coincides with an element ofQ
contributes to the measurement atx M (Pasquill and Smith,
1983). In accordance with Sogachev et al. (2005), this study
does not adhere to the strict interpretation where the foot-
print is only a function of turbulent diffusion and source-
sensor location, but allows the possibility that, for instance,
variations in source-area topography can in�uence the result.
In this context, topography refers to an elevation model of
the landand buildingstogether. Consequently, the footprint
should provide the critical link between the point measure-
ment and the geographical distribution of sources, yielding
a complete characterization of� with regard to its contents.
In an effort to achieve this, analytical closed-form solutions
have been derived for the footprint functions – see Schmid
(2002) for a comprehensive review – but only under the as-
sumptions that (1) steady-state conditions prevail during the
analyzed period, (2) turbulent �uctuations in the atmospheric
boundary layer (ABL) are horizontally homogeneous, and
(3) there is no vertical advection. These assumptions allow
the governing equations to be reduced to a time-averaged
balance between advection and turbulent diffusion which ad-
mits, with appropriate parametrization of the turbulent �ow
�eld, a closed-form expression for the footprint function.

The underlying assumptions are often acceptable in mea-
surement sites where the sensors are mounted on towers that
have been appropriately placed above homogeneous forested
landscapes and well above the surface roughness sublayer
height where the effects of the individual roughness elements
disappear. However, due to practical regulations constraining
measurement campaigns in densely populated cities, suf�-
ciently tall �ux towers cannot be erected above the skyline of
central urban areas. It is often inevitable that if the urban mi-
croclimate is to be studied experimentally, the measurements
must be obtained near the border of the roughness sublayer
by sensors that are mounted either on low-rise towers or on
top of tall buildings. In these suboptimal conditions, assump-
tion (2) becomes strictly invalid and assumption (3) highly
questionable because urban boundary layer (UBL) �ows are
typically characterized by developing and strongly heteroge-
neous �ow conditions, particularly at lower elevations where
individual buildings in�uence the turbulence.

Considering that the analytical footprint models effec-
tively provide ellipse-shaped probability distributions for the
source contributions without any regard to topographic het-
erogeneities, it becomes clear that the use of such source-

area models becomes highly suspect in real urban conditions.
This is an unacceptable state of affairs in the urban microm-
eteorology research and immediately calls for targeted ef-
forts to alleviate the uncertainties associated with the invalu-
able urban �ux-measurement data. Although, the �rst efforts
by Vesala et al. (2008), utilizing the method by Sogachev
et al. (2002), already explored topography-sensitive urban
footprints, the applicability of the documented approach has
not reached the scale and accuracy requirement of the urban
footprint problems considered herein.

As a response, this works introduces a new numerical
methodology to construct detailed topography-sensitive foot-
prints for complex urban �ux measurement sites by the
means of pre- and postprocessing developments and a large-
eddy simulation (LES) solver suite that features an embed-
ded Lagrangian stochastic (LS) particle model. This coupled
model will be referred to with the acronym LES–LS. The
proposed methodology is designed to be �rst and foremost
a postprocessing procedure, which exploits the current state-
of-the-art LES–LS modeling framework in an urban setting
with a minimal investment in the initial setup.

The principal objective is to provide a reliable compu-
tational framework, founded on a high-resolution LES–LS
analysis, to generate the most accurate footprint estimates
feasible without the need to conduct tracer gas experiments,
which are nearly impossible to arrange in residential areas.
These computationally generated footprints open up the pos-
sibility to study the appropriate placement of new measure-
ment stations and to assess the magnitude of the potential
misinterpretation which may arise from the application of
closed-form footprint models to urban �ux or concentra-
tion measurements. The proposed framework is also supple-
mented by a convenient technique to approximate this error
with the assistance of a land cover classi�cation dataset.

The methodology is demonstrated with a numerical case
study, which is staged in Helsinki, the coastal capital city
of Finland, and focuses on the eddy-covariance (EC) mea-
surement site mounted on the roof of Hotel Torni (Nordbo
et al., 2015; Kurppa et al., 2015), which is the tallest acces-
sible building in the downtown region. The building height
is 57:7 m and the EC sensor is situated 2.3 m above it corre-
sponding to 74 m height above the sea level. Thus, the effec-
tive measurement height (a.g.l) iszM D 60 m –d D 45.1 m,
whered D 14:9 m is the displacement height of the site ac-
cording to Nordbo et al. (2013). The mean building height of
the surrounding area is 24 m. The site belongs to SMEAR III
(Station for Measuring Ecosystem–Atmosphere Relations,
Järvi et al., 2009) and is also part of the urban network of
atmospheric measurement sites (Wood et al., 2013). Its po-
tential source area closely resembles a typical European city
arrangement that features perimeter blocks with inner court-
yards.

This study employs the PArallelised LES Model PALM
(Maronga et al., 2015; Raasch and Schröter, 2001), which
has been previously applied to footprint studies by Steinfeld
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et al. (2008) and very recently by Hellsten et al. (2015), who
constructed footprints for an idealized city environment as
a precursor study to this work. The presented contribution
places special emphasis on the issue of composing footprints
for �ux measurement sites that are surrounded by arbitrar-
ily heterogeneous topography and may be compromised by
the fact that they are mounted on top of actual buildings in-
stead of conventional radio-mast-like towers. Such a com-
plex urban setting requires a new mechanism for construct-
ing footprints, which is accompanied by a requirement that
the associated LES–LS simulation is capable of resolving the
relevant turbulent structures ranging from the street-canyon-
scale phenomena within the roughness sublayer to the larger
ABL structures, while also accounting for the interaction be-
tween them (Anderson, 2016).

2 Materials and methods

2.1 Numerical modeling framework

The PALM model utilized in this study is an open-source nu-
merical solver for atmospheric and oceanic �ow simulations.
The software has been carefully designed to run ef�ciently
on massively parallel supercomputer architectures and it is
therefore exceptionally well suited for high-resolution UBL
simulations considered herein. The LES model employs
�nite-difference discretization on staggered Cartesian grid
and utilizes an explicit Runge–Kutta time-stepping scheme
to solve the evolution of velocity vectoru D .u;v;w /, mod-
i�ed perturbation pressure� � , potential temperature� , and
speci�c humidity qv �elds from the conservation equations
for momentum, mass, energy, and moisture, respectively. The
conservation equations are implemented in an incompress-
ible, Boussinesq-approximated, non-hydrostatic, and spa-
tially �ltered form, which indicates that the conservation of
mass is imposed by the solution to a Poisson equation for� � .
The �ltering refers to the separation of scales in LES where
the turbulent scales containing the majority of energy are re-
solved by the grid while the diffusive effect of the unresolved
subgrid-scale (SGS) turbulence is accounted for by a SGS
turbulence model. To achieve closure in the �nal system of
equations, PALM implements the 1.5-order SGS turbulence
model by Deardorff (1980), modi�ed according to Moeng
and Wyngaard (1988) and Saiki et al. (2000). The model in-
volves an additional prognostic equation for SGS turbulent
kinetic energy (SGS-TKE)e.

The embedded Lagrangian particle model in PALM imple-
ments the time-accurate evolution of discrete particles (either
with or without mass) through a technique that conforms to
the LES approach: the trajectories are integrated in time such
that the transporting velocity �eld is decomposed into de-
terministic (i.e., resolved) and stochastic (i.e., subgrid-scale)
contributions. The deterministic velocity components are di-
rectly obtained from the LES solution, while the random

components are evaluated according to Weil et al. (2004).
Although LS modeling approaches that are less computation-
ally expensive exist (Glazunov et al., 2016), warranting fur-
ther investigation on their applicability to urban problems,
the presented high-resolution urban �ow problem is assumed
to require the highest level of description also from the LS
model; the interaction between the atmospheric wind and the
cascade of multistoried buildings and street canyons gives
rise to strongly anisotropic turbulence structures, which are
not reliably amendable to parametrization.

While the LES–LS simulations are carried out in large su-
percomputing facilities, the preprocessing of the urban to-
pography model and the postprocessing of the �nal footprint
from raw data is performed on a personal workstation utiliz-
ing freely available numerical scripting and data visualiza-
tion technologies. See the paragraph on code availability at
the end of this paper.

2.2 Urban LES setup and analysis

2.2.1 Urban topography model

The urban topography model, used in describing the bottom
wall boundary of the LES domain, is prepared from a de-
tailed 2 m resolution laser-scanned dataset of the Helsinki
area (Nordbo et al., 2015). The data are conveniently avail-
able in raster map format and, in addition to the height distri-
butionh.x;y/ , also include a distribution of land cover types
LC.x;y/ 2 f 1; 2; : : :;N LC gwhereNLC is the number of land
cover classes in the dataset. Both raster maps are shown in
Fig. 1. Access to similar surface data source is a critical pre-
requisite for the presented methodology.

The horizontal domain for the LES analysis extendsL x D
4096 m in the mean wind direction andL y D 2048 m in the
crosswind direction and is spatially oriented such thatx axis
is coincident with the geostrophic wind direction of the case
study. The EC measurement site at Hotel Torni is pivotally
located in the LES domain to facilitate the determination of
its footprint. However, the extracted raster map has to be �rst
purposefully preprocessed to attain a form that complies with
the LES analysis-speci�c requirements. The following ma-
nipulations were applied to obtain the �nal topography model
depicted in Fig. 2.

1. The �rst half of the topography model (wherex <
L x=2) is �attened for the purpose of generating phys-
ically realistic ABL conditions at the inlet through tur-
bulence recycling technique (see below).

2. The lateral sides were made identical for cyclic bound-
ary condition treatment by applying a zero-height mar-
gin that smoothly blends toward the values in the inte-
rior.

3. Immediately upstream of the outlet boundary, a margin
with sloping terrain height is applied to force the highly
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