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Abstract This paper describes the QUIC-URB fast response urban wind modeling tool
and evaluates it against wind tunnel data for a 7×11 cubical building array and wide building
street canyon. QUIC-URB is based on the Röckle diagnostic wind modeling strategy that
rapidly produces spatially resolved wind fields in urban areas and can be used to drive urban
dispersion models. Röckle-type models do not solve transport equations for momentum or
energy; rather, they rely heavily on empirical parameterizations and mass conservation. In
the model-experiment comparisons, we test two empirical building flow parameterizations
within the QUIC-URB model: our implementation of the standard Röckle (SR) algorithms
and a set of modified Röckle (MR) algorithms. The MR model attempts to build on the
strengths of the SR model and introduces additional physically based, but simple parameter-
izations that significantly improve the results in most regions of the flow for both test cases.
The MR model produces vortices in front of buildings, on rooftops and within street canyons
that have velocities that compare much more favorably to the experimental results. We expect
that these improvements in the wind field will result in improved dispersion calculations in
built environments.

Keywords Wind model · Fast-response · Urban dispersion modeling · Street canyon

1 Introduction

Airborne releases of toxic gases and aerosols may occur in cities and cause great harm to
the general population. Recent field experiments (e.g., New York City [26]; Oklahoma City
[2]; Salt Lake City [1]) and computational fluid dynamics modeling [14,16,27,46] of tracer
releases in built-up city centers indicate that the buildings significantly alter transport and
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dispersion. Near street level, for example, the plume may travel several blocks in a direction
opposing the prevailing wind and many blocks laterally. This topological dispersion can lead
to secondary sources and significantly alter the rate of lateral dispersion [6]. A ground-level
source can rise several hundred meters in depth in less than a block when caught in the updraft
just downwind of a tall building [27]. Buildings also alter the timing of the transport and
dispersion, generally resulting in much longer residence times as compared to open terrain
[17,28].

For applications where quick turn-around time is required (e.g., an emergency response to
a chemical accident in a city) or where thousands of simulations must be performed in a few
days or less (e.g., a vulnerability assessment of a particular urban site), computational fluid
dynamics (CFD) modeling is currently not fast enough. While “on demand” CFD calculations
are not practical for these applications, there are a number of research groups investigating
the use of computational fluid dynamics (CFD) models for fast response applications. Ideas
range from coarse resolution simulations using drag [13,38] to library approaches where a
large number of cases are pre-computed and results for specific cases are interpolated from
the library [46,54].

For many years, “urbanized” Gaussian plume models have been used for quick turn-around
applications using urban vertical and lateral plume spread parameters [39]. Evaluation stud-
ies have shown that at distances greater than about one kilometer from the source and/or
for low density urban areas Gaussian models perform fairly well when comparing maxi-
mum concentrations that are unpaired in space [25,58]. Since Gaussian plume models only
use a single wind speed and wind direction as input, they cannot represent the complex
three-dimensional wind and concentration fields that develop within the urban core around
buildings. To better account for the effects of buildings on near source transport and disper-
sion, a number of researchers have developed simple fast-running models to account for the
lateral displacement of a plume centerline due to off-axis channeling [57] and to compute
the concentration fields around a single isolated building [20,47,52,62] and within a street
canyon [7,15,18,63]. These models are capable of predicting dispersion for isolated build-
ings, two building street canyons, or for idealized building arrays, but not for the complex
arrangements and shapes of buildings that occur in real cities.

Over the past 10–15 years, there has been a considerable amount of effort placed in devel-
oping urban transport and dispersion models that run relatively fast but account for the effects
of groups of arbitrary shapes and arrangements of buildings in an approximated way. Hall
et al. [24] describe a Gaussian puff model called the Urban Dispersion Model (UDM) for
use on neighborhood to city scales (∼10 m to 10 km). The model accounts for building wake
cavity mixing and some along street channeling, but does not compute a 3D flow field around
the buildings. When a puff intercepts a building, it is instantaneously placed in the lee of
the building in the cavity and puffs are then emitted over time from the cavity. Brook et al.
[10] have evaluated the model against idealized building arrays in the lab and field as well
as against outdoor urban field experiment data. Another well known, but non-peer reviewed
modeling system, called MIDAS-AT, computes 3D wind fields around building complexes
using potential flow theory with dispersion modeled using a traditional three-term bound-
ary-layer random-walk model (http://www.absconsulting.com/midas/). The potential flow
approach allows for channeling of the flow down streets, but does not allow for important
rotational flow phenomena such as street canyon vortices that form between buildings or
recirculating cavities that develop downwind of an isolated building.

Röckle [48] derived a unique model that computes flow around buildings using empirical
equations and mass conservation. Röckle’s methodology was incorporated into the ABC and
ASMUS models which were intended for dispersion applications at industrial sites and have
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undergone several evaluation studies [22,23]. The ABC and ASMUS models accomplished
transport and dispersion through a K-theory Eulerian diffusion model. A small number of
urban wind models have been developed based on the Röckle approach which have all uti-
lized Lagrangian random-walk models to accomplish transport and dispersion [34,41,59].
Our team has also utilized the Röckle concept. Over the past 5 years, we have worked to
carefully evaluate the model, improve the original flow algorithms and implement new algo-
rithms. The wind model has been modified to work with complex arrangements of buildings
including the ability to stack buildings on top of one another to create semi-realistic city center
layouts. This article and Gowardhan et al. [21] represent the first peer-reviewed descriptions
of the model. The Gowardhan et al. [21] paper focuses on flow around individual buildings,
while this paper investigates flow through groups of buildings. The wind model, QUIC-URB,
is part of the Quick Urban & Industrial Complex (QUIC) dispersion modeling system which
contains an “urbanized” random-walk model called QUIC-PLUME and a graphical user
interface called QUIC-GUI. QUIC-PLUME is unique in that it contains a non-local mixing
scheme and more drift terms than the traditional random-walk model in order to account for
the inhomogeneous turbulence associated with urban flows [60]. QUIC has been applied to
neighborhood-scale problems in such places as New York City, Washington DC, Chicago,
Oklahoma City and Salt Lake City (see for example: http:/www.lanl.gov/projects/quic/).

In this paper, our purpose is to evaluate the QUIC-URB wind model against mean veloc-
ity measurements obtained in a wind tunnel at fairly high spatial resolution for an incident
flow normal to a 7×11 array of cubes. A new street canyon algorithm for flow normal to
street canyons is presented and compared to the standard Röckle model. We also evaluate
QUIC-URB against wind tunnel data obtained for a street canyon region formed between
two wide buildings. Although a number of evaluation studies have been performed looking at
the performance of Röckle-style modeling systems using concentration measurements from
tracer experiments, relatively few detailed evaluations have included high resolution wind
measurements. We begin this paper by describing the QUIC-URB wind model, including
the standard Röckle street canyon algorithm. This section is followed by a brief description
of the 7×11 building array wind-tunnel experiment. The wind tunnel data for the 7×11
building array are compared with the standard Röckle algorithms to highlight the short-
comings of these algorithms. In the next sections, we describe the changes that our team
has made to the building flow algorithms and in the results section we compare the QUIC-
URB model output to the velocity measurements of 7×11 building array as well as a wide
buildings street canyon data set using both the original Röckle algorithms and our new
algorithms.

2 QUIC-URB model description

The modeling strategy adopted in QUIC-URB was originally developed by Röckle [48] and
uses a 3D mass consistent wind model to explicitly resolve time-averaged wind fields around
buildings. The mass consistent technique is based on Sherman’s [53] 3D complex terrain
diagnostic wind model. The basic methodology involves generating an initial wind field
( �V o = uoî + vo ĵ + wok̂) that includes various empirical parameterizations to account for
the physics of flow around buildings and then forcing this velocity field to be divergence free
subject to the weak constraint that the variance of the difference between the initial velocity
field and mass consistent final velocity field ( �V = uî + v ĵ + wk̂) is minimized. This is
done using a general variational analysis formalism originally developed by Sasaki [49–51]
in which Eq. 1 is minimized.
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In Eq. 1, λ’s are Lagrange multipliers (with units of inverse time) and αi ’s are Gaussian
precision moduli (weighting factors with units of inverse velocity). As noted by Kaplan and
Dinar [34], αi are variables that enhance or restrict the correction of the wind components
with respect to each other. In QUIC-URB, single building tests [3] confirmed that for most
cases αi = 1 produces optimal results in neutral stability flows.

The velocity field is updated using the Euler–Lagrange equations whose solution mini-
mizes Eq. 1. Namely,
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These equations are subject to the boundary conditions ∂λ/∂n = 0 at a solid boundary
(where n is the outward normal direction) and λ = 0 at inflow/outflow boundaries. An equa-
tion for λ is obtained by differentiating Eq. 2 and substituting the result into the continuity

equation for the final velocity field, ∇ · ⇀

V = 0 [53]. This procedure results in the following
Poisson equation that can easily be solved for λ using the specified boundary conditions:
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In QUIC-URB, Eq. 3 is solved using a simple iterative successive over-relaxation or SOR
solver [45] on a non-uniform staggered grid where velocities are face center values and
Lagrange multipliers are cell-centered quantities.

The ability of the QUIC-URB model to produce accurate wind fields around buildings
is dependent on the empirical wind parameterizations. These parameterizations introduce
rotation into the flow field and without these parameterizations the method is essentially a
potential flow solver. The upwind boundary-layer profile may be specified as a power-law,
log-law, urban canopy, or user-specified profile. This profile is applied uniformly in portions
of the domain that are not affected by building flow features. For problems in which the
flow varies spatially outside of the urban area (e.g., complex terrain), multiple data profiles
or point measurements can be assimilated to produce a spatially-varying wind field [8]. As
described by Gowardhan et al. [21], for isolated buildings, QUIC-URB utilizes a number of
empirical building algorithms for determining the initial wind fields of the vortex regions
associated with: the building rooftop [4,43], the upstream recirculation zone [5] and the
downwind recirculation cavity and the velocity deficit wake [48]. Details of these models
are given in Gowardhan et al. [21], but here we highlight a few points relevant to this test
case. The standard Röckle upstream recirculation zone model is an elliptical volume with all
initial velocity field components specified to be zero. For flow normal to a building face, the
improved QUIC-URB model separates the region upstream of the building into two elliptical
regions: a displacement zone where the velocities are reduced and a recirculation zone where
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the velocities are specified to form a vortex. The original Röckle formulation did not contain
a rooftop recirculation parameterization to account for separation at the leading edge of a
building. The complete details of the improved QUIC-model are described in Gowardhan
et al. [21] for both normal and off-angle winds. For normal incident winds, a rooftop vortex
region is specified following Wilson [61]. The velocity field in the vortex is applied uni-
formly across the width of the rooftop, and takes on a maximum negative value just above
the building rooftop and then increases monotonically to the upstream boundary layer veloc-
ity at the top of the cavity zone. The improved QUIC-model includes a rooftop recirculation
region with logic to determine when a rooftop recirculation cavity is necessary. This is quite
important for groups of buildings. For example, in the 7×11 test case presented here, only
the buildings in the first row have a rooftop recirculation zone. For flow normal to a building
face, the rooftop algorithm logic always applies a rooftop cavity if the building is isolated
and far from other buildings or if the building is greater in height than the nearby upwind
building.

2.1 Standard Röckle street canyon model

In this section, we describe our implementation of the Röckle [48] street canyon (SC) algo-
rithm for urban flows with multiple buildings (hereafter referred to as SR for standard Röckle
model). The empirical SC algorithm accounts for the generation of a classical SC vortex that
forms between two closely spaced buildings [42]. While 3D SC flow is extremely compli-
cated, it is convenient (and conventional) to break the flow into three phenomenological
flow regimes based on the spacing between the buildings: isolated roughness flow, wake
interference flow and skimming flow [31]. Following the notation in Fig. 1 these regimes
roughly correspond to cubical building ratios of spacing (S) to building height (H ) of about:
S/H > 2.5, 1.4 < S/H < 2.5 and S/H < 1.4 respectively [42]. Because the wake interfer-
ence flow regime is unsteady and difficult to parameterize, Röckle assumed that the canyon
flow could be simply modeled by two flow regimes: skimming and isolated flow. The decision
criteria used to determine which flow regime to implement is based on a non-dimensional
building spacing parameter that is a function of street canyon and building geometries. In our
implementation, canyon flow is parameterized by two flow regimes similar to Kaplan and
Dinar [34]: skimming (when S/H < 1.25 + 0.15 (W/H) for W/H < 2 and S/H < 1.55
for W/H ≥ 2) and isolated flow S/H > 1.25 + 0.15 (W/H), where W is the crosswind
width of the building. In the isolated flow regime, parameterizations for the upwind, roof-
top, and wake cavities are applied in the same manner as for the case when there are no
other buildings in the domain. In the skimming regime, a reverse flow is imposed between
the buildings below roof level (see Fig. 1a, b). The imposed reverse flow interacts with the
boundary layer flow at the sides of the street canyon to form two counter rotating vortices.
The streamwise initial velocity specification for the reverse flow within the canyon is given
by
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Fig. 1 Schematic showing the various flow regions and initial velocity field (prior to mass conservation)
associated with the Röckle parameterizations in (a) the horizontal and (b) vertical planes for normal flow

Here, xcan is the distance from the backwall of the upwind building, and the other
parameters are defined in Fig. 2.

For flow that is not normal to the SC, the velocity component normal to the axis of the SC
is specified by Eq. 4 and the component parallel to the SC is left unchanged, resulting in a
“channeling velocity.” The next section describes the SR model evaluation against the wind
tunnel data and highlight the various shortcomings present in the SR model.

3 Evaluation of the standard Röckle model against a 7×11 building array
wind-tunnel data set

3.1 Wind-tunnel experiment description

The experiments were carried out in a 3.7 m wide, 2.1 m high, and 18.3 m long open-return
meteorological wind tunnel at the U.S. Environmental Protection Agency’s Fluid Modeling
Facility [55]. The cubical building array examined in this study consisted of 11 rows of
blocks in the streamwise direction and seven columns of blocks in the crosswind direction
(Fig. 3). The building array was oriented perpendicular to the inflow wind. The blocks were
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Fig. 2 Schematic showing the notation and local coordinate system for the modified Röckle (MR) street
canyon model (a) side view and (b) plan view

of equal height, width and length (H = W = L = 150 mm) and were spaced S = H apart
in the along-wind and cross-wind directions. As discussed above, with a space-to-height
(S/H ) ratio of unity, the 7×11 array of cubes should be in the skimming flow regime [42].
The building models were immersed in a simulated 1.8 m deep neutral atmospheric bound-
ary layer which was created using spires near the tunnel entrance [32] and floor roughness
elements. Using a length scale equal to H and a reference velocity of 3 ms−1 at z = H ,
the Reynolds number was approximately 30,000, well above the critical value required for
Reynolds number independence [12,56]. The building height was less than 10% of the bound-
ary-layer depth, similar to the ratio in real downtown areas. While no specific scale ratio was
chosen, a representative value would be 250:1, hence the building models would correspond
to full-scale buildings on the order of 30–40 m in height.

A hot-wire anemometer with an X-array sensor was used to measure the mean velocity
and turbulence intensity profiles of the approach flow in the absence of any buildings. To
account for reversed flow and high turbulence intensity within the building array, measure-
ments were made with a pulsed-wire anemometer (PWA, Bradbury and Castro [9]). All PWA
measurements were obtained using a pulsing rate of 10 Hz and an averaging time of 120 s at
each measurement location. More information on the experiment can be found in Lawson
et al. [37] and Brown et al. [11].

3.2 Description of the model test case

In the section that follows, the standard Röckle (SR) model is compared to the wind-
tunnel data described in Sect. 3.1. Matching the inlet profile proved to be somewhat dif-
ficult because a 500 mm smooth wall gap existed between the upstream roughness elements
and the start of the 7×11 array in the wind tunnel. In this region, the experimental data
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Fig. 3 A schematic of the 7 × 11
building array used in the
wind-tunnel study is shown in
panel (a). The subset of gray
buildings in panel (a) are also
shown in panel (b) which is an
enlargement showing the 5 × 5
building array used in the
QUIC-URB simulations. In panel
(b), the gray highlighted area in
the first two columns at the center
of the computational domain is
the region where comparisons
have been made between the
model and the wind-tunnel data
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showed the development of an internal boundary layer that QUIC-URB is unable to simu-
late. Hence, the inlet profile was specified at x/H = −3.3 such that the solution matched
the experimental data at x/H = −1.5 as closely as possible. To match the data, the inlet
velocity profile was specified to be logarithmic with a roughness length of 2 mm and a ref-
erence velocity Uref = 2.82 ms−1 at the building height (H = 0.15 m). Figure 4 shows the
comparison of the velocity profile from the model and the experimental data at x/H = −1.5.
The profile is described well with the logarithmic fit shown (2.2% RMS error). The boundary
conditions on the velocity at the inlet, outlet and along the top of the domain are Dirchlet
and specified by the initial logarithmic profile. While QUIC has a variable grid resolution
capability, the simulations were run with a uniform grid resolution of 0.015 m such that the
buildings were resolved with 10 cells in each direction. Simulations were also run at double
and half of this resolution and the results for the finer grid were quite similar (<1% difference
in RMS error) to the 0.015 m grid.
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Fig. 4 Inflow profile comparison
between the experimental data
and the logarithmic velocity
profile used to initialize
QUIC-URB at x/H = −1.5
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The experimental measurements were made in a subset of the 7×11 array. The region
where measurement comparisons have been made to the simulations is highlighted in Fig. 3b.
Experience with the type of diagnostic urban wind model discussed here indicates that the
last column of buildings on either side of the array does not affect the simulated centerline
velocities. Hence, these buildings have been omitted from the simulations and the building
array of 5×5 (25 buildings) shown in Fig. 3b was used for all of the simulations. The domain
size used for the simulations was 2.295 m× 1.650 m×0.450 m (153×110×30 in grid cell
units) in the x, y and z directions respectively. The test case presented here took ∼26 s to run
on a 2.4 Ghz Intel Core 2 Duo Processor with 2 GB of random access memory (RAM).

3.3 Standard Röckle model evaluation—7 × 11 array

In this section, we evaluate the performance of the SR model qualitatively by comparing
general flow features. Figure 5a shows a velocity vector comparison between the experimen-
tal data and the SR model in the vertical plane along the centerline at the beginning of the
building array. The SR model does a reasonably good job of predicting the location of the
stagnation point on the upwind face of the first-row building (z/H ∼ 0.7). The experimental
data reveal a small, but well-defined recirculation zone upstream of the first building, whereas
the SR model results in a large unorganized cavity with no well-defined features (Fig. 5a, b).

The experimental data suggest that a recirculation zone may exist above the rooftop of
the first building (Fig. 5a). As expected, the SR model—which does not contain a rooftop
recirculation scheme—overestimates the streamwise velocity above the rooftop.

Looking at the flow in the first street canyon (Fig. 5a), the SR model produces some-
what stronger downdrafts and backflow as compared to the experimental data. Moreover,
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(a)

(c)

(b)

Fig. 5 Comparison of the SR model-computed velocity vectors (gray) with the experimental measurements
(black) (a) in the x–z plane along the building centerline, (b) in the x–y plane at z/H = 0.2 upwind of the
central building in the first row and (c) in the x–y plane at z/H = 0.2 in the first row street canyon
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the center of the SC vortex simulated by our implementation of the SR model is raised well
above the height yielded in the experimental data. The SR scheme results in winds that too
quickly revert to the purely horizontal flow above the canyon, whereas the measurements
show a significant downward component at the midpoint of the canyon. Figure 5c depicts the
wind patterns in the first canyon near ground level at z/H = 0.2. The SR scheme generates
counter-rotating vortices in agreement with the measurements however, the modeled winds
are too strong and the vortex centers are too close to the street canyon ends as compared to
the experimental data.

4 Modified Röckle street canyon model

To address the various shortcomings present in our implementation of the SR model, a mod-
ified Röckle street canyon model (hereafter referred to as MR for modified Röckle model)
has been developed and evaluated prior to incorporating it into the operational version of the
QUIC modeling system. Our implementation of the SR model does not account for diffusion
of streamwise momentum into the SC from aloft resulting in a sharp transition between the
street canyon velocity and the air aloft. It also tends to over predict the velocities within
the central part of the canyon. The modified SC algorithm for the skimming flow regime
suggested here extends the Röckle model to include parameterizations that more effectively
approximate the physics observed in field and wind-tunnel data. As shown in Figs. 2 and 6,
the SC is broken up into three physically-based regimes: (i) a central canyon region dom-
inated by the classical SC vortex, (ii) a vertical turbulent diffusion region associated with
the transport of momentum into and out of the canyon from above, and (iii) a horizontal
turbulent diffusion region associated with the lateral transport of momentum into and out
the canyon. The vertical and horizontal diffusion regions are defined by triangular prisms or
wedges that extend from the leeward edge of the upstream building. Conceptually, the flow
within each of these wedges is modeled as a single stream shear layer (or mixing layer). The
width of the mixing region within plane mixing layers is well known to grow linearly with
distance downstream of the start of the layer and to have a velocity profile that takes on a
hyperbolic tangent shape [44]. We use these physically-based concepts to develop a model
for the mixing region at the edges of the SC.

As illustrated in Fig. 2, the vertical wedge is a right-angled wedge with length S, and max-
imum height, δvw|xcan=S = 0.2S [44]. The vertical wedge extends across the entire width
W of the street canyon. Within the wedge, the velocity is specified to behave similar to a
classical single-stream shear layer and is given by the following hyperbolic tangent model
[40]:

uo(x, y, z)

Uroof
= tanh [(δvw (xcan) − zcan) /δvw (xcan)]

tanh(1.0)
. (6)

Here, the vertical wedge depth δvw(xcan) = 0.2xcan is a linear approximation to the depth
of the shear layer. Uroof is a reference velocity in the streamwise direction obtained by gen-
erating a displaced logarithmic profile over the canyon. The displacement height (d) is taken
as the height of the shortest building making up the street canyon and the reference wind
direction is given by the local wind direction at the center of the canyon at rooftop level of
the shortest building. We recognize that typical measured values of the displacement height
are closer to d/H ∼ 0.7 [33], however for modeling simplicity we use d/H = 1. Within the
wedge, the vertical winds are specified to be zero. Currently, for flow that is not normal to
the SC the MR model is identical to the SR model described above.
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Fig. 6 Schematic illustrating the flow regions and initial velocity fields associated with the MR street canyon
parameterization in (a) the horizontal and (b) vertical plane

Similarly, the lateral wedge is also a right angled wedge with maximum width δlw|xcan=S =
0.2S. The streamwise velocity in the shear layer is specified using the following hyperbolic
tangent model:

uo (x, y, z)

uo
bl (z)

= γ

[
tanh [Ylw/δlw (xcan)]

tanh (1.0)

]
. (7)

In Eq. 7, uo
bl (z) is the upstream boundary layer velocity that is unaffected by buildings

and γ = 0.3 is a velocity reduction correction factor that has been empirically determined
with the present 7×11 data set to account for the SR model’s over prediction of the strength
of the velocities in the canyon. Ylw = [|ycan| − δSC (xcan)/2] , δSC (xcan) = W −2δlw (xcan)

and δlw(xcan) = 0.2xcan, where δlw(xcan) is the width of the lateral wedge. As in the vertical
wedge, the vertical component of the velocity is set to zero.

As shown in Eqs. 4 and 5, the original SR model does not explicitly parameterize a lateral
variation in the wind speed within the street canyon. Including a lateral diffusion wedge
provides a smooth transition of the flow between the wedge and the street canyon inte-
rior (see cross hatched region in Fig. 2) that approximates the momentum diffusion process.
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This lateral diffusion is accomplished by modeling the along-wind component of the velocity
within the street canyon core to incorporate lateral variation:

uo(x, y, z)

uo (H)
= −γ

xcan

(0.5S)

(
S − xcan

0.5S

)
FSC (ycan) . (8)

In Eq. 8, γ is the same velocity reduction factor from Eq. 7 and is applied throughout
the canyon. FSC is a continuously-varying function that reduces the velocity in the lateral
direction with distance from the center of the canyon and is given by:

FSC (ycan) =
[

1 − |ycan|
δSC (xcan)/2

]p

. (9)

The empirical coefficient p is a parameter that was adjusted to improve the final compar-
ison with the 7 × 11 data set. The best match to the experimental data was obtained with the
exponent p set to 0.25. Note that the algorithms are applied in sequential order: the central
SC is calculated first, then the lateral wedge and finally the vertical wedge; in this process,
the velocities computed with the later algorithms overwrite the earlier ones in regions of
overlap. This new algorithm is only applied to flows that are near normal to the building face
(±5◦). Within this range, the velocity component normal to the axis of the SC is specified
by Eqs. 6–8 and the component parallel to SC is left unchanged, resulting in a “channeling
velocity.” Outside of this range, the model reverts to the SR model.

Another change that we have made to our implementation of the SR algorithm is a mod-
ification to the criteria to determine the existence of a street canyon; it is now based on the
single building wake recirculation cavity length formula of Fackrell [19], namely

S∗

H
= 1.8 W

H( L
H

)0.3 (
1 + 0.24 W

H

) . (10)

Here, S∗ is the length of recirculation cavity in the wake of an isolated building, L is the
streamwise length of the upwind building in the lateral direction and W is the width of the
building in the crosswind direction. If S < S∗, then a street canyon vortex flow parameteri-
zation is implemented, otherwise the building is assumed to be isolated and cavity and wake
algorithms are utilized [34].

4.1 Modified Röckle model evaluation—7×11 array

In this section, the performance of the MR model is evaluated both qualitatively by comparing
general flow features and quantitatively through point-by-point mean velocity comparisons.
Our write-up focuses on specific regions of the flow field beginning with the region just
upwind of the first row of the 7×11 cube array, followed by the rooftop zone, and ending
with the flow in the first street canyon. We begin by looking at the overall flow patterns
around the first two rows of buildings.

4.1.1 General comparison of the mean flow field

Figure 7a shows a velocity vector comparison between the experimental data and the MR
model in the vertical plane along the centerline at the beginning of the building array. Similar
to the case of the SR model, the MR model does a reasonably good job of predicting the loca-
tion of the stagnation point on the upwind face of the first-row building (z/H ∼ 0.7). Upwind
of the first building, the MR upwind cavity algorithm significantly improved the results by
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producing a smaller recirculation cavity, which is in agreement with the experimental data.
The plan view in Fig. 7b illustrates the flow structure improvement of the MR model over
the SR model (Fig. 5b). The MR scheme agrees well with the strength and direction of the
winds that were measured on the front side near ground level at z/H = 0.2. The SR scheme
(Fig. 5b), however, shows an overly large region of near-zero winds upwind of the building
that disagrees with the measurements.

While the experimental data do not show the recirculation region expected along the roof-
top of the first building (possibly do to a lack of spatial resolution of the measurements), the
velocities decay substantially and show vertical velocity components. As compared to the SR
model (Fig. 5a), the MR model (Fig. 7a) improves the results by producing a rooftop recir-
culation zone and more realistic updrafts and downdrafts. Figure 7a shows that the rooftop
recirculation scheme is correctly turned off on row 2 (and beyond) through logic integrated
into the MR model.

As compared with the SR model (Fig. 5a), the SC vortex computed by the MR model
(Fig. 7a) matches the wind-tunnel data better by reducing the SC vortex strength. The MR
street canyon model predicts the center of the vortex to be slightly closer to the experimental
data due to the wedge scheme that mimics diffusion of winds from aloft, although it is still
shifted to the right compared to the data. Both the SR as well as the MR schemes produce
winds that revert to purely horizontal flow too quickly, while the measurements show a signif-
icant downward component at the midpoint of the canyon. Figures 5c and 7c depict the wind
patterns in the first canyon near ground level at z/H = 0.2. Both the SR and MR schemes
generate counter-rotating vortices in agreement with the measurements. As compared to the
SR scheme (Fig. 5c), the MR scheme (Fig. 7c) matches the strength of the wind and the
vortex location better, in part due to the lateral diffusion wedges and the lateral velocity
gradient described above.

4.1.2 Upstream flow field

Figure 8 shows a velocity profile comparison of the normalized (a) streamwise and (b) ver-
tical velocities upstream of the building along the centerline of the domain. The streamwise
and vertical velocity measurements show that the upwind recirculation zone starts at about
x/H ∼ −0.5. As shown in the Fig. 7 vector plot, the MR model predicts the upwind extent
to be x/H ∼ −0.7. It is clear from Fig. 8 that the upwind cavity zone computed by the SR
model is apparent much further upstream (x/H = −1.0), where near zero velocities are
found between the ground and z/H ∼ 0.25. At this upwind distance, both the experimental
data and the MR model show a logarithmic behavior in the streamwise velocity.

At x/H = −0.5, the SR model predicts a near-zero streamwise velocity between the
ground and z/H ∼ 0.5 (Fig. 8a). The experimental data and the MR model, however, con-
tinue to show a positive velocity gradient in this region, although the MR model shows more
reduction in wind speed compared to the measurements. Above z/H ∼ 0.5, the experi-
mental data, the SR model and the MR model are all in agreement. At x/H = −0.25 and
−0.1, the SR model continues to produce near-zero streamwise velocities below z/H = 0.6.
In contrast, the experimental data and the MR model show reverse flow near the ground. At
x/H = −0.1, significant reverse flow is still not apparent near the ground in the SR model
results. It is interesting to note that at this distance the MR model has a smoother transition
into the boundary-layer flow above the building height, likely due to upstream propagation
of the effect of the rooftop recirculation found in the MR model. Unphysical kinks in both
the SR and MR model-produced streamwise velocity profiles at x/H = −0.1 and −0.5 are
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(a)

(c)

(b)

Fig. 7 Comparison of the MR model-computed velocity vectors (gray) with the experimental measurements
(black) (a) in the x–z plane along the building centerline, (b) in the x–y plane at z/H = 0.2 upwind of the
central building in the first row and (c) in the x–y plane at z/H = 0.2 in the first row street canyon
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(a)

(b)

Fig. 8 Centerline profiles of (a) streamwise and (b) vertical velocities at five streamwise locations upstream
of the building—experimental data (open circles), SR (dashed line) and MR (solid line)

found at the transition between the upwind cavity zone and ambient flow due to a lack of
momentum diffusion in Röckle-style models.

The upstream vertical velocity profiles in Fig. 8b at x/H = −1 demonstrate that the SR
model slightly overestimates the vertical velocity from 0.3 < z/H < 1, whereas the MR
model and the experimental data are near-zero and in much better agreement. A small kink
in the vertical velocity profiles (also seen in the u velocity in Fig. 8a) is observed in both
the SR and MR model near z/H ∼ 0.6 at x/H = −0.5 as a result of insufficient model
diffusion between the interface of the recirculation zone and the boundary layer. Both the
SR and MR models underestimate the magnitude of the vertical velocities near the ground
at x/H = −0.25 and −0.1, but both models are in general agreement with the experimental
results above the stagnation point location, where a strong updraft is observed.

Table 1 summarizes the RMS error difference between the MR and SR models for the
available experimental data upwind of the first building. The average error in the MR model
is approximately 60% of the SR model.
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Table 1 Cumulative average RMS error for the two models compared to the 7×11 experimental data

Upstream Rooftop Street canyon Total

% Error (RMS)
Standard Röckle 10.4 13.7 20.2 17.2
Modified Röckle 6.1 7.2 9.5 8.4

4.1.3 Rooftop flow field

Figure 9 shows model-produced and measured vertical profiles of the normalized (a) stream-
wise and (b) vertical velocities at the rooftop of the first building along the centerline of the
domain. As the upwind flow strikes the front building, the flow separates from the rooftop.
The separated flow reattaches near the end of the rooftop forming a recirculation region.
As noted earlier, the SR model does not simulate a recirculation region on the rooftop.
Hence, the streamwise velocity profile in Fig. 9a confirms that the SR model overestimates
the streamwise velocities above the rooftop, while MR model produces better agreement
with the experimental data for the u velocity at all streamwise locations due to the rooftop
recirculation algorithm. At x/H = 0.3, 0.5 and 0.7, the MR model shows a slight increase
in the streamwise velocity at about 0.25H above the rooftop (z/H = 1.25) compared to
the SR model, but there is not enough experimental data to corroborate this feature. Further
downstream (x/H = 0.7 and 0.9) just above the rooftop (z/H = 1.1), the MR model over
predicts the strength of the recirculation. It is interesting to note that at this resolution, the
experimental data do not actually show any reverse flow.

Vertical velocities along the rooftop are shown in Fig. 9b. The SR model underestimates
the vertical velocities (updraft strength) above the rooftop at x/H = 0.1 and 0.3, whereas the
experimental data and the MR model are in fair agreement. At x/H = 0.5, 0.7 and 0.9 the SR
model predicts slightly positive vertical velocities, while the data show a downdraft. The MR
model produces a very small slightly positive vertical velocity at x/H = 0.5, while the mea-
surements show a very small negative velocity near the rooftop. The MR scheme predicts the
vertically velocity very well at x/H = 0.7, but over predicts the strength of the downdraft
at the end of the building (x/H = 0.9).

Figure 10 shows a comparison of vertical profiles of normalized streamwise velocity above
the rooftop of the second building along the centerline of the domain. Due to the shielding
effect and advection from the rooftop of the first building, the flow striking the second build-
ing does not form a recirculation region above the rooftop. The flow forms a wall-normal
logarithmic layer on the rooftop of the second building. The streamwise velocity comparison
in Fig. 10 shows that the SR model slightly overestimates the velocities above the rooftop,
while the MR model generates velocities that agree better with the experimental data. As
shown in Table 1, the average RMS error of the MR model is roughly half that of the SR
model for the available profiles.

4.1.4 Street canyon flow field

Figure 11 shows a comparison of vertical profiles of normalized (a) streamwise and (b)
vertical velocities in the first SC along the centerline of the domain. As demonstrated earlier
in Fig. 5a, our implementation of the SR model produces a SC vortex with an elevated core,
a region of streamwise flow above the vortex core that is too small, and a region of backflow
below the vortex core that is too large compared to the measurements. As shown in Fig. 11a,
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(a)

(b)

Fig. 9 Centerline profiles of (a) streamwise and (b) vertical velocities at five streamwise locations on the
rooftop of the first building—experimental data (open circles), SR (dashed line) and MR (solid line)

the SR model is in reasonably good agreement with the experimentally measured streamwise
velocity within the SC below z/H ∼ 0.6 at all locations, although at x/H = 1.25 and 1.5, the
SR model slightly overestimates the magnitude of backflow in the canyon. Near z/H ∼ 1,
the SR model results in a strong shear in streamwise velocity due to the lack of downward
diffusion of streamwise momentum from aloft. The MR model is in excellent agreement with
the streamwise velocity data in the canyon and is in better agreement than the SR model near
the building height (z/H ∼ 1). The streamwise velocities calculated using the MR model
yield a smoother transition from the canyon flow to the boundary-layer flow aloft due to the
incorporation of the wedge diffusion parameterization.

The vertical profiles of the vertical velocities shown in Fig. 11b at x/H = 1.1 and 1.25
indicate that both models overestimate the vertical velocities, although the MR model per-
forms better in the vicinity of the canyon top. Near z/H ∼ 1, both models give rise to
vertical velocities of opposite sign compared to the experimental data. This is a result of an
over prediction of the height of the center of the canyon vortex as illustrated in the vector
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Fig. 10 Centerline profiles of streamwise velocities at five streamwise locations on the rooftop of the second
building—experimental data (open circles), SR (dashed line) and MR (solid line)

plots in Figs. 5 and 7. At x/H = 1.5, the SR and MR models generate near zero w veloci-
ties as opposed to the negative velocities obtained in the experiment. This is a result of the
models predicting a more symmetric vortex about the canyon center, while the experimen-
tal data indicate the center of the vortex is shifted slightly upstream. Both the SR and MR
models overestimate the w velocity within the canyon at x/H = 1.75 and 1.9. A significant
improvement is seen in the results of the MR model at x/H = 1.75 and 1.9 compared to
the SR model, where the w velocity follows the experimental results more closely between
z/H ∼ 0.6 and z/H ∼ 1.6.

Figures 5c, 7c and 12–15 show velocity vector and profile plots within and just outside of
the first street canyon for three different horizontal planes above the ground (z/H = 0.2, 0.5
and 0.8). Figures 5c and 7c show the plan view of the model-computed and measured veloc-
ity vectors at z/H = 0.2 for the SR and MR models respectively. The SR model’s SC
parameterization significantly overestimates the magnitude of the backflow in the SC near
the ground (Fig. 5c). This result stems partly from the strong lateral flux of momentum into
the street canyon from the street intersection (|y| /H > 1) and partly from the lack of a
laterally-varying velocity reduction factor in the SR model. The SC parameterization in the
MR model accounts for the advection and diffusion from the intersections as well as from
above the SC; this shifts the center of the vortices well inside the SC (see Fig. 7c). The MR
model shows a significant improvement in simulating the strength and direction of the mean
flow measured in the canyon.

Figure 12 shows a comparison of lateral velocity profiles of normalized (a) streamwise
and (b) crosswind velocities in the first SC at z/H = 0.2. As shown in Fig. 12a, the SR
model creates a strong streamwise velocity gradient near the sides of the SC, while the
lateral diffusion associated with the MR model produces a smoother profile that is in better
agreement with the experimental data in the interior of the canyon and outwards into the
intersection (|y| /H > 0.5). The SR model slightly underestimates the streamwise velocities
near the center of the canyon at x/H = 1.25 and 1.5, while at x/H = 1.1, 1.75 and 1.9
the SR model is in agreement with the experimental data. However, the curvature of the SR
velocity profile is opposite to the MR model and the experimental data in the canyon.
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(a)

(b)

Fig. 11 Centerline profiles of (a) streamwise and (b) vertical velocities at five streamwise locations in the
first street canyon—experimental data (open circles), SR (dashed line) and MR (solid line)

The crosswind velocity profiles in Fig. 12b show that the MR model captures the lateral
flow better than the SR model at z/H = 0.2. As explained earlier, the SR model signif-
icantly overestimates the magnitude of the crosswind velocity from 0.2 < |y| /H < 0.8
at x/H = 1.1 and 1.25. Downstream of the canyon center, an opposite trend in the cross-
wind velocity profile is observed in the SR model at x/H = 1.75 and 1.9. The SR model
agrees with the experimental data in the interior of the canyon (|y| /H < 0.2) at x/H = 1.1
and 1.25. The magnitude of the lateral velocity computed by the MR model is in better
agreement with the measurements at all the streamwise locations, but of opposite sign from
1.1 < x/H < 1.75.

Figures 13 and 14 show plan view comparisons of the velocity vectors at z/H = 0.5
and z/H = 0.8, respectively, from the (a) SR and (b) MR models with the experimental
data. The plots clearly illustrate the behavior of the wall normal vortices formed in the SC.
Similar to the z/H = 0.2 case, the SR model significantly over predicts the magnitude of the
velocities within the SC and poorly predicts both the streamwise and lateral locations of the
center of the wall normal vortices. Again, due to the lack of lateral diffusion into the street

123



Environ Fluid Mech (2008) 8:281–312 301

(a)

(b)

Fig. 12 Lateral profiles of the (a) streamwise and (b) crosswind velocities at five streamwise locations at
z/H = 0.2 in the first street canyon—experimental data (open circles), SR (dashed line) and MR (solid line)

canyon associated with the SR model, the simulated velocity vectors near the end of the SC
do not match the experimental results in direction or magnitude. The MR model, however,
significantly improves the direction as well as magnitude of velocity vectors at the lateral
ends of the SC compared to SR simulation. The downstream centers of the lateral vortices in
the experimental data show a systematic shift upstream with height above the canyon floor.
This behavior is similar to the “rainbow vortex” identified in the wake of an isolated cube by
Hunt et al. [30]. This phenomena, which is associated with the change in flow direction near
x/H = 1.5 (in the z/H = 0.8 slice), is a result of downward diffusion of momentum that is
better captured in the MR model than in the SR model.

Figure 15 shows a comparison of the lateral velocity profiles of the normalized streamwise
velocities in the first SC at (a) z/H = 0.5 and (b) z/H = 0.8. The comparison of the models
with the experimental data is quite similar to the descriptions given above for z/H = 0.2
with overly strong shear at the lateral edges of the canyon and incorrect prediction of the
curvature of the velocity profile. However, the under estimation of the u velocity by the SR
model within the SC becomes much more pronounced higher up in the canyon and further
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(a)

(b)

Fig. 13 Plan view velocity vector comparison of (a) the SR and (b) MR models (gray) with the experimental
data (black) at z/H = 0.5 in the first street canyon

downstream, while the MR model agrees quite well with the experimental data. As shown in
Table 1, the average RMS error in the SC for the MR model is slightly less than half that of
the SR model for the available profiles.

4.2 Wide building test case

4.2.1 Wind-tunnel experiment

As a second evaluation test case, a wide building street canyon experimental data set was
utilized. The data were obtained by researchers in the Institute of Hydromechanics at Uni-
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(a)

(b)

Fig. 14 Plan view velocity vector comparison of (a) the SR and (b) MR models (gray) with the experimental
data (black) at z/H = 0.8 in the first street canyon

versity of Karlsruhe (for details, see [35,36]). The researchers used a 2 m wide by 1 m high
test section in a neutrally stratified atmospheric boundary layer wind tunnel. Two building
rows were mounted on the floor of the test section surrounded by homogenously distributed
roughness elements. The street canyon was oriented normal to the incident wind. The build-
ings were wide with widths ten times the building height (i.e., W = 10H ; H = L), and
the distance between the buildings was S = H (see Fig. 16). The boundary layer flow was
generated by employing vortex generators at the tunnel entrance and roughness elements on
the floor. According to Kastner-Klein and Plate [36], the inlet mean velocity profile can be
described by a power law with an exponent of 0.23. The Reynolds number for this flow was
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(a)

(b)

Fig. 15 Lateral profiles of the streamwise velocity at five streamwise locations at (a) z/H = 0.5 and (b)
z/H = 0.8 in the first street canyon—experimental data (open circles), SR (dashed line) and MR (solid line)

approximately 56,000 with a reference velocity of 7 ms−1 at a reference height (H ) of 0.12 m.
The measurements were taken using Laser-Doppler velocimetry (LDV) and a single hotwire.

4.2.2 Description of the test case

Following Kastner-Klein and Plate [36], a power law profile with an exponent of 0.23 was
specified as the inlet velocity profile for running the SR and MR models. Similar to the 7×11
building array test case, the velocity boundary conditions at the inlet, outlet and along the top
of the domain were Dirchlet and specified by the initial power law profile. The simulations
were run with a grid resolution 0.012 m such that the buildings were resolved with 10 cells in
each direction. The domain size used for the simulations was 0.960 m×1.680 m×0.240 m
(80 × 140 × 20 in grid cell units).

123



Environ Fluid Mech (2008) 8:281–312 305

Fig. 16 Schematic of the wide
building street canyon
computational domain used in the
QUIC-URB simulations
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4.2.3 Model-measurement comparison

Unfortunately, this wide building data set did not include measurements immediately
upstream or along the rooftop of the buildings, hence this section only discusses the
comparison between the results obtained from the SR model, MR model and the wind-tunnel
experiment in the street canyon region between the two wide buildings.

Figure 17 shows a velocity vector comparison between the experimental data, the (a) SR
and (b) MR models in the vertical plane along the centerline of the domain. Like the 7×11
array test case, the SR model produces stronger downdrafts and backflow as compared to the
experimental data for the wide building case. The center of the SC vortex computed using the
SR model is raised well above the height of the vortex center indicated by the experimental
data. The MR model predicts the center of the vortex to be slightly closer to the experimental
data due to the wedge scheme that mimics the diffusion of winds from aloft, although it is
still higher than the experimental data.

Figure 18 shows a comparison of vertical profiles of normalized (a) streamwise and (b)
vertical velocities in the SC along the centerline of the domain. As in the 7×11 test case,
the SR model produces a SC vortex with an elevated core and a region of streamwise flow
above the vortex core that does not penetrate far enough down into the canyon. As shown in
Fig. 18a, the SR model is in reasonably good agreement with the experimentally-measured
streamwise velocity within the SC below z/H ∼ 0.6 at all locations. Near z/H ∼ 1, the SR
model produces large streamwise velocity gradients due to the lack of downward diffusion of
streamwise momentum from aloft. Similar to the SR model, the MR model is in agreement
with the streamwise velocity data within the canyon. The MR model, however, is in better
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Fig. 17 Centerline velocity vector comparison of (a) the SR and (b) MR models (gray) with the experimental
data (black)

agreement than the SR model near the building height (z/H ∼ 1). The MR model yields
a smoother transition of streamwise velocities from the canyon to the boundary-layer flow
aloft due to the incorporation of the wedge diffusion parameterization.

The vertical profiles of the vertical velocities shown in Fig. 18b at x = −0.25 indicate
that both models slightly underestimate the vertical velocities below z/H ∼ 0.4. The MR
model performs slightly better than the SR model from 0.6 < z/H < 1.4. In addition, the
SR model over predicts the updraft close to the height of the building (z/H ∼ 1.0). At
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Fig. 18 Centerline profiles of (a) streamwise and (b) vertical velocities at three streamwise locations in the
wide street canyon—experimental data (open circles), SR (dashed line) and MR (solid line)

x/H = 0, both the models underestimate the vertical velocity within the canyon yielding
similar results, however the SR model performs better than the MR model above the street
canyon region. This is likely the result of an overly intense rooftop recirculation region on the
upwind building. At x/H = 0.25, both models slightly overestimate the vertical velocities
below z/H ∼ 0.4. The MR model performs better than the SR model from 0.6 < z/H < 1.4,
where the SR model over predicts the downdraft velocities.

Figure 19 shows a comparison of lateral profiles of normalized streamwise velocities over
half of the SC at z/H = 0.25. As shown in Fig. 19, the SR model creates a strong streamwise
velocity gradient near the sides of the SC due to the absence of lateral diffusion, while the MR
model produces a smoother profile that is in better agreement with the experimental data at
the sides of the canyon (y/H ∼ −5.0). Both models are in agreement with the experimental
data within the SC, however they overestimate the streamwise velocity outside of the canyon
(y/H < −5.0). The MR model performs slightly better than the SR model outside of the
canyon. Similar to the 7×11 array case, the curvature of the SR velocity profile is opposite
to the MR model and the experimental data in the canyon. As summarized in Table 2, the
RMS error of the MR model is about ∼30% less than the error associated with the SR model.
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Fig. 19 Lateral velocity profiles of streamwise velocities at three streamwise locations in the wide street
canyon-experimental data (open circles), SR (dashed line) and MR (solid line)

While this is not quite as good as the results from the 7×11 array, it represents a substantial
improvement.

5 Conclusions

Transport and dispersion in urban environments is extremely complicated. Buildings alter
the flow fields and deflect the wind, causing updrafts and downdrafts, channeling between
buildings, areas of calm winds adjacent to strong winds, and horizontally and vertically
rotating-eddies between buildings, at street corners, and other places within the urban can-
opy (see review by Hosker [29]). This makes it very difficult to devise fast response urban
dispersion models that will work at the street canyon to neighborhood scales.

Röckle [48] developed a methodology for quickly computing 3D wind fields around build-
ings using an empirical-diagnostic approach. The Röckle modeling strategy is a unique and
potentially powerful tool because it rapidly produces spatially-resolved wind fields in urban
areas that can be used to drive urban dispersion models. Röckle-type models do not solve
transport equations for momentum or energy; rather, they rely heavily on empirical parame-
terizations and mass conservation. In this paper, we evaluate a fast-running wind model that is
based on the Röckle formulism called QUIC-URB using wind measurements from two wind
tunnel data sets: an idealized 7×11 cubical building array and a wide building street canyon.
In the model-experiment comparison, we test two empirical building flow parameterizations
within the QUIC-URB model: the standard Röckle (SR) algorithms and the modified Röckle
(MR) algorithms.

To our knowledge, this is the most rigorous comparison of a Röckle-type wind model in
the literature. The results indicate that our implementation of the SR model produces wind
fields that are in reasonable agreement with experimental data within the urban street canyon,
however the velocities are generally too strong and the location of vortex centers in various
planes are shifted toward the edges of the street canyon where the wind shear is highest.
Upstream of the first building, the SR model produces a recirculation cavity that is larger
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Table 2 Cumulative average
RMS error for the two models
compared to the wide building
experimental data

Street canyon

% Error (RMS)
Standard Röckle 23.9
Modified Röckle 16.9

than experimentally expected and poorly predicts the velocities in this region. Above the
buildings along the rooftop, the SR does not account for the potential of rooftop recircula-
tion.

The MR model attempts to build on the strengths of the SR model and introduces addi-
tional physically-based, but simple parameterizations that significantly improve the results
in most regions of the flow in the 7×11 array and wide street canyon. The MR model pro-
duces vortices within street canyons that have velocities that compare much more favorably
to the experimental results with the vortices shifted inward away from the edges of the street
canyon. This is largely accomplished by modeling the effect of advection and momentum
diffusion from outside the street canyon into the street canyon on the sides and from aloft.
Upstream of the first building, a reduced velocity displacement zone and simple trigonometric
vortex parameterization produce greatly improved results. Above the first rooftop, the rooftop
recirculation zone improves the results. In addition, logic that removes the recirculation zone
from downstream buildings produces physically realistic results in groups of buildings.

We expect that these improvements in the wind field will result in improved dispersion
calculations in built environments. A future paper will include dispersion comparisons using
the QUIC-Plume Lagrangian dispersion model in the same 7×11 array. As a final note,
we stress the importance of testing multi-building parameterizations under a wide range of
non-idealized conditions. Since it is quite rare that buildings in real cities take on the form
that the original parameterization were developed from, the model may not yield physically
reasonable results when generalized. Hence, it is imperative to rigorously evaluate the model
for a wide range of scenarios. This is one of the greatest challenges in utilizing Röckle type
wind models.
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