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Abstract

Computational fluid dynamics predictions of urban flow are subject to sev-

eral sources of uncertainty, such as the definition of the inflow boundary con-

ditions or the turbulence model. Compared to Reynolds-averaged Navier-

Stokes (RANS) simulations, large eddy simulations (LES) can reduce tur-

bulence model uncertainty by resolving the turbulence down to scales in the

inertial subrange, but the presence of other uncertainties will not be reduced.

The objective of this study is to present an initial investigation of the rela-

tive importance of these different types of uncertainties by comparing urban

flow predictions obtained using RANS and LES to field measurements. The

simulations are designed to reproduce measurements performed during the

Joint Urban 2003 field experiments. The time-averaged velocity measured

at an upstream wind sensor is used to define the inflow boundary condition,

and the results are compared to time-averaged measurements at 34 locations
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in the downtown area. For the turbulence kinetic energy, the LES is found

to be more accurate than the RANS in 80% of the available high-frequency

measurement locations. For the mean velocity field, this number reduces to

50% of all stations. Comparison of the LES results with a previous inflow

uncertainty quantification study for RANS shows that locations where the

LES is less accurate than the RANS correspond to locations where the RANS

solution is highly sensitive to the inflow boundary conditions. This suggests

that inflow uncertainties can be a dominant factor, and that their effect on

LES results should be quantified to guarantee predictive capabilities.

Keywords: Large eddy simulations, uncertainty quantification,

atmospheric boundary layer, urban wind flows.

1. Introduction

Considering the projected urban area population growth of 2.5 billion

by 2050 [1], it is essential to design future cities for optimal air quality,

human comfort, energy efficiency and resiliency. Wind flow predictions in

urban canopies are relevant to a variety of sustainable urban design prob-5

lems, including pedestrian wind comfort, pollutant dispersion, and urban

wind energy harvesting. Improved wind forecasts using computational fluid

dynamics (CFD) can support urban planners and policy makers to identify

optimal design solutions and define best practice guidelines for sustainable

cities.10

However, CFD predictions of wind flow in urban environments present

several challenges, primarily because it is not feasible to represent the full

complexity of the urban flow phenomena in a numerical model. This results
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in several sources of uncertainty in the simulations, ranging from uncer-

tainties in the boundary conditions for the simulation to geometrical and15

physics model uncertainties. Given the high Reynolds number of urban

flow problems, the turbulence model can be a significant source of physics

model uncertainty. An important modeling choice is whether to perform

Reynolds-averaged Navier-Stokes (RANS) simulations, where all the turbu-

lent scales are modeled, or large-eddy simulations (LES), where the larger20

energy-containing scales are resolved and only the smaller scales are modeled.

LES has the advantage of providing a higher-fidelity solution with consider-

ably reduced uncertainties related to the turbulence model, but the high

Reynolds number of atmospheric boundary layer (ABL) flows, on the order

of 107, implies it is computationally expensive to resolve a sufficient por-25

tion of the turbulence spectrum. The turn-around time for the simulations

increases from a few hours for RANS to several days or weeks for LES.

Several validation studies have compared the performance of RANS and

LES to reproduce wind tunnel experiments of urban-type flows [2, 3, 4, 5, 6,

7, 8]. The general conclusion of these studies is that LES can provide con-30

siderably more accurate predictions than RANS. This indicates that the tur-

bulence model is a dominant factor when predicting urban flow wind tunnel

experiments. On the other hand, comparisons of LES to field measurements,

which represent the full complexity of urban flows, are more scarce and reveal

a more complex picture. Table 1 summarizes 6 published studies identified35

by the authors, including the type of comparison that was presented between

the LES results and field measurement data.
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LES study Urban area Type of comparison Field compared

Hanna et al., 2006[9] Manhattan Qualitative contours Wind

Patnaik et al. 2007[10] Los Angeles Congruency counts and mean Scalar concentration

Dejoan et al., 2010[11] MUST Mean vertical profiles and fluctuating intensity Scalar concentration

Neophytou et al., 2011[12] JU2003 Mean values Wind

Harms et al. 2011 [13] JU2003 Instantaneous values Peak concentration time

Nakayama et al., 2012[14] Tokyo Time series and gust factor Wind

Table 1: Summary of LES studies comparing with field measurements in urban areas.

Hanna et al. [9] performed simulations over Manhattan, and presented

a qualitative comparison of the results of 5 different CFD models and field

data. While they retrieve the general flow patterns from the experiment, no40

conclusions on the quantitative predictive value of the simulations are pro-

vided. Nakayama et al. [14] used meteorological data as boundary conditions

for LES simulations to reproduce a strong wind event occurring in downtown

Tokyo during the passage of Typhoon Melor. A quantitative comparison of

the velocity field indicates that the LES consistently over predicted hori-45

zontal wind speeds. Dejoan et al. [11] modeled the idealized configuration

of the MUST experimental field campaign [15]. Their quantitative analy-

sis focuses on the concentration field, and shows that changes in the inflow

wind direction largely modify the dispersion patterns. This can be expected

to complicate guaranteeing predictive capabilities for full-scale urban flows,50

were accurate definition of the inflow boundary conditions is a challenge.

The studies by Patnaik et al. [10] and Harms et al. [13] consider validation

of the FAST3D-CT MILES model, an LES model for urban scale flows, for

prediction of puff dispersion field experiments in Los Angeles and in Ok-

lahoma City respectively. They address the difficulties encountered due to55
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the sparsity of the experimental data in field experiments by constructing

probability distributions from an ensemble of puff dispersion realizations to

compare with the field data. The resulting probability distributions encom-

pass the measured field data, which is an important step towards successful

validation of the model and indicates the potential of using a statistical ap-60

proach for validation with field experiments. Lastly, Neophytou et al. [12]

also used LES to model the Joint Urban 2003 (JU2003) experiment, focusing

on predictions of the mean velocity field. They compared a mass-consistent

empirical diagnostic code, a RANS approach, and LES with field measure-

ments in Oklahoma City, and found that the use of LES did not improve the65

comparison to the measurement data for the time-averaged velocity field.

They mentioned a suboptimal simulation set-up for LES, together with the

inherent uncertainty and natural variability in the wind field as reasons for

a lack in improvement of the results.

The difficulties encountered in validation of LES with field experiments70

as opposed to validation with wind tunnel measurements indicate that the

presence of additional uncertainties is an important outstanding challenge.

The primary gain when using LES as opposed to RANS, is a reduction in the

physics model uncertainty in the solution; the uncertainty in the definition of

the boundary conditions or the geometry, which can be significant for urban75

flows, is not reduced. Since quantifying uncertainties in the boundary condi-

tions inherently requires running a larger number of simulations [16, 17, 18],

this quickly becomes intractable using LES. The challenge therefore becomes

to balance the use of computational resources for reducing turbulence model

form uncertainties, versus using them for quantifying other types of uncer-80
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tainties.

The objective of the present study is to further support the importance

of striking this balance by comparing the predictive capabilities of LES to

those of RANS for real urban flows. To achieve this we present a comparison

of the performance of a single LES simulation and a single RANS simulation85

for predicting field measurements performed during the JU2003 field mea-

surement campaign in downtown Oklahoma City. The results complement

the previous work by Neophytou et al. [12] in several ways. First, the cur-

rent LES set-up has been designed to identify if the lack of improvement

previously observed could indeed be attributed to a suboptimal simulation90

set-up for the high-fidelity methodology. The computational mesh enables

resolving the turbulence into the inertial sublayer, and the inflow boundary

conditions realistically represent the neutral ABL flow at the time of the

field experiment, with turbulent structures that are correlated in space and

time. Second, the quantities of interest considered are both the mean velocity95

and the turbulence kinetic energy. In addition, turbulence spectra from the

LES and the field experiment are compared to determine the capability of

the LES to correctly predict the turbulence scales and their energy content.

Third, the LES results are compared to the results obtained from a previous

inflow uncertainty quantification (UQ) study, allowing to identify locations100

where the predictive capability of the LES might be hindered by the natural

variability in the boundary conditions.

The remainder of this article is organized in six sections. Section 2 briefly

introduces the JU2003 field measurement data used for validation [19]. Sec-

tion 3 summarizes the set-up of the RANS simulations, including a short105
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description of the previously published inflow UQ study for this simulation

[18]. Section 4 presents the governing equations and the computational and

numerical set-up for the LES. Section 5 compares the RANS and LES results

for the velocity and turbulence kinetic energy to the field measurement data.

In addition, the results are interpreted in light of our previous RANS inflow110

UQ results. Section 6 summarizes the results and presents the conclusions.

2. Joint Urban 2003 experimental data

The JU2003 field measurement campaign was performed in Oklahoma

city during the summer of 2003. The main purpose of the campaign was to

provide quality-assured meteorological and tracer data sets for the valida-115

tion of indoor and outdoor dispersion models in urban environments. Wind

speeds, wind directions, and scalar concentrations were measured by sonic

anemometers, airplane-based meteorological sensors, and fast-response tracer

analyzers, respectively. The data also includes an accurate geometrical de-

scription; the geometrical complexity is related to the presence of buildings,120

since the state has a flat natural topography. The final data set provides a

unique test case for full-scale validation of computational models of urban

wind and dispersion.

The simulations are designed to reproduce the first half hour of Intensive

Observation Period 9 (IOP9) from the experiment, which took place on the125

27th of July from 04:00 to 04:30. This time period was selected for its

near-neutral atmospheric conditions; it was also the focus of the previously

published UQ study [18] that will be introduced in section 3 and used for

comparison to the results in section 5. The objective is to evaluate the
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capabilities of RANS and LES to predict the mean velocity field and the130

turbulence kinetic energy; for the LES we also consider a comparison of

turbulence spectra. The wind flow measurements of interest to this validation

effort were obtained by Dugway Proving Ground. Two different types of

measurement stations were used: the portable weather information display

system (P), and the super portable weather information display system (SP)135

[20]. Figure 1 shows the locations of both types of sensors.

Fifteen P stations were available during the experimental campaign. They

measured the velocity magnitude and direction each second, and averaged

the values over a 10 second interval before recording with a stated accuracy of

±0.3ms−1 and ±3◦. As can be observed in figure 1, the stations were located140

in downtown Oklahoma City at a height of 8m above ground level (with

the exception of stations P14, located on a building roof, and P15, located

at 30m height). Twenty SP stations were located in the downtown central

business district, also at an average height of 8m. Each station measured

with a sampling frequency of 10Hz, saving the data instantaneously for three145

velocity components with an accuracy corresponding to the highest value

between ±1%rms and ±0.05ms−1. Some of these stations were placed next

to P stations, such that their measurements could be compared; in section

5 we include results for turbulence spectra that compare the scales captured

by the LES and both types of measurement stations.150
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Figure 1: Downtown locations of the portable (P) and super portable (SP) weather display

system [19, 18].

3. Summary of computational set-up for the RANS simulation

This section briefly introduces the set-up for the RANS simulation per-

formed with the open source CFD solver OpenFOAM v4.0. A more detailed

description of the set-up can be found in [18], where the effect of inflow un-

certainties on velocity and concentration predictions in downtown Oklahoma155

City was quantified for the same 30-minute period of interest used in the

present study.
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3.1. Governing equations, discretization and solution method

The governing equations are the steady incompressible RANS equations

for neutrally stratified flow [16]. The simulations used the k-ε turbulence160

model, which computes the Reynolds stresses based on a linear eddy viscos-

ity hypothesis [21]. The equations were discretized using the finite-volume

method, with second order upwind schemes for velocity, turbulence kinetic

energy and turbulence dissipation. The simulations were run until the resid-

uals dropped below 10−6 for all variables.165

3.2. Computational domain and boundary conditions

The domain size was defined based on the COST action 732 best practice

guidelines [22], considering the full range of wind direction simulated for

the UQ study (70◦ − 120◦). Depending on the specific wind direction of a

simulation, the side boundaries are defined as either inlets or outlets (Figure170

2a).

Zero-gradient boundary conditions are imposed at the outlets, while fully

developed neutral surface layer profiles [23] are defined at the inlets for the

velocity (U), the turbulence kinetic energy (k), and the dissipation rate (ε):

U =
u∗
κ
ln

(
z + z0
z0

)
, k =

u2∗√
Cµ
, ε =

u3∗
κ (z + z0)

. (1)

κ is the von Karman constant(0.41), and Cµ a turbulence model constant

(0.09). The friction velocity u∗ is computed from the specified aerodynamic

roughness z0, and the reference velocity measured at 30m height(z) at P15.

At the top boundary a constant shear stress boundary condition is applied175

by specifying the velocity, turbulence kinetic energy and dissipation rate as

the values given by the inlet profiles at the height of the top boundary.
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The computational mesh, shown in Figure 2b consisted of 7.4 million cells;

a mesh dependence study has been presented in [18].

(a) (b)

Figure 2: RANS computational domain (a) and mesh view (b)[18].

3.3. UQ analysis180

The study included an investigation of the effect of uncertainty in the

inflow boundary conditions. We defined three uncertain parameters: the

velocity magnitude (U), direction (θ), and roughness length (z0). Probabil-

ity distributions for these uncertain parameters were defined based on the

available measurements at the inflow station (P15).185

A non-intrusive polynomial chaos expansion approach [24] was used to

propagate the uncertainties to the quantities of interest, i.e. the velocity and

concentration at the different measurement stations. The integrals defining

the Fourier coefficients were calculated using tensor grid quadrature. We

used 9 points for each uncertain parameter, leading to a total of 729 RANS190

simulations.
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4. Computational set-up for the LES simulation

The LES simulations were also performed with the open source CFD

solver OpenFOAM v4.0. The following sections present the governing equa-

tions and the computational set-up for the LES, identifying the main differ-195

ences with the RANS set-up.

4.1. Governing equations

LES relies on applying a filtering operation which decomposes the instan-

taneous fields into filtered, 〈̃ 〉, and subgrid scale, 〈 〉′, components: u(x, t) =

ũ(x, t) + u′(x, t); p(x, t) = p̃(x, t) + p′(x, t). This leads to the following set of

governing equations for a neutrally stratified surface layer flow:

∂ũi
∂xi

= 0, (2)

∂ũi
∂t

+ ũj
∂ũi
∂xj

= −1

ρ

∂p̃

∂xi
+ ν

∂2ũi
∂x2j
− ∂τij
∂xj

, (3)

where the large scales of motion are resolved explicitly, while the small scales,

represented by the subgrid stress tensor, τij, are parametrized through the

subgrid scale (SGS) model. Thus, the SGS model represents the only source

of turbulence modeling errors [25]. We use the Smagorinsky SGS model

[26, 27], which employs a linear eddy-viscosity model to relate the SGS stress

to the filtered rate of strain:

τij = −2νT S̃ij, (4)

where, νT is the eddy-viscosity coefficient, and S̃ij = 0.5
(
∂ũi
∂xj

+
∂ũj
∂xi

)
.
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In the Smagoringsky model the eddy-viscosity coefficient is computed as:

νT = l2SS = (CS∆)2 S (5)

where S is the characteristic filtered rate of strain, lS is the Smagorin-

sky length scale, which is proportional to the filter width ∆ through the200

Smagorinsky coefficient, CS. The implicit filter selected in OpenFOAM

uses ∆ = V
1/3
c , where Vc corresponds to the volume of the cells [28]. The

Smagorinsky constant, CS, is set to its original value of 0.167 [26, 27]. We

note that a variety of more advanced subgrid scale models are available in

OpenFOAM, but these were found to reduce stability of the simulations. In205

addition, previous work on arrays of cubes has shown that the Smagorinsky

model produces satisfactory results for urban canopy flows [29, 4].

4.2. Computational Domain and Mesh

The geometry is identical to the one used for the RANS UQ study [18],

but the size of the domain is slightly reduced to save computational time and210

resources. The RANS domain was set-up to run simulations with different

inflow wind directions, hence the domain size allowed the sides to become

inlet or outlets. The reduced LES domain size was designed to respect the

best practice guidelines for urban flows [22] for the simulated wind direction

of 97.86◦. The domain covers approximately 3km by 3km in the horizontal215

directions, and 900m in the vertical direction. Defining the region of interest

as downtown Oklahoma City, the lateral and inflow boundaries are located at

a distance larger than 5Hmax, while the top height is located at 5Hmax from

the tallest building. The outflow boundary condition is located at 11Hmax

from the center of the downtown area.220
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The parallel mesh tool SnappyHexMesh was used to build the compu-

tational grid [28]. The mesh is designed to balance resolving part of the

inertial subrange of the turbulence spectrum in the region of interest against

the computational cost. Different refinement areas were specified to allow a

progressive increase of the cell resolution towards the downtown area. Fig-225

ure 3 depicts the different refinement areas, while Table 2 includes additional

details on the mesh resolution. The resolution in the downtown area follows

available recommendations: the vertical resolution places approximately 6

mesh points within the first 2m from the ground [30], while the horizontal

resolution ensures that the number of grid points across all buildings is larger230

than 6-8 [3]. The resulting mesh consists of 87.4 million cells; the near-wall

resolution results in y+ values within the logarithmic layer, with minimal

values down to 30.

Figure 3: Mesh design composed of 4 refinement areas: city, downtown, center, and park.
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(a) (b)

Figure 4: 2D sketch of the mesh design in the LES simulation: (a) top view, (b) side view

and side view detail.

Total number of cells 87.4 · 106

BlockMesh number of cells [xyz] 140 x 160 x 100

Refinement zone names City Downtown Centre Park

Refinement level 1 2 3 5

∆x[m] 9.17 4.58 2.29 0.59

∆y[m] 9.53 4.75 2.38 0.57

∆z[m] 4.5 2.25 1.12 0.28

Table 2: Mesh design details.
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4.3. Boundary Conditions

At the inflow boundary we use the digital filter developed by Xie and235

Castro [31] to specify an unsteady ABL flow with turbulence structures that

are coherent in space and time. The method uses a 2D digital filter on a

random field to generate a signal with an exponential correlation function

in space and time. It requires inputs for the mean velocity and Reynolds

stress profiles, and for three Lagrangian time scales. It has has been used240

extensively for urban canopy flow simulations, and satisfactory results were

reported when comparing LES simulations to wind tunnel experiments for

urban test cases [4, 32, 33]. In those cases, the controlled wind tunnel envi-

ronment provided sufficient data to accurately define the input parameters.

This is more challenging in the present study, where limited data for the245

characterization of the inflow ABL is available.

For the mean velocity profile, we impose a logarithmic neutral surface

layer profile. The roughness height is set to 0.29m, corresponding to suburban

terrain upstream of the area of interest. The friction velocity is obtained

from the reference velocity measured at 30m height at P15, since winds were250

predominantly from the south and P15 is the south-most station.

Since the 10 second averaged velocity signal from P15 does not provide an

accurate estimate for the Reynolds stresses, the stress profiles were specified

following boundary layer similarity theory [34]. Based on the velocity scale

uL = κz(∂U/∂z) and assuming that w′2 = u′v′, we calculate the profiles as

follows:

u′2 + v′2

u2L
= 8.5 ; u′2 = 2/3(8.5u2L) ; w′2 = u′v′ = 2.5u2L (6)
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The Lagrangian time scale for the stream-wise velocity was estimated

based on the measurement data, since it is expected to be larger than the av-

eraging time used at P15. The integral of the auto-correlation of the stream-

wise velocity component corresponded to τu = 18.29s, and was converted to

a length-scale, Lu = 110m, using Taylor’s frozen turbulence hypothesis. The

corresponding τv and τw were calculated using the following relationships,

which are commonly applied in wind tunnel experiments:

Lv = 0.2Lu ; Lw = 0.3Lu (7)

The approximations used to define the Reynolds stresses and length scales

introduce additional uncertainty in the definition of the inflow boundary con-

ditions in LES. However, this uncertainty can be expected to mainly affect

the results in the most upstream part of the domain. When moving down-255

stream into the downtown area of interest, the influence of the turbulence

characteristics imposed at the inflow is likely to decrease; in this region the

local turbulence characteristics will primarily be governed by the upstream

urban geometry.

At the west, east, and top boundaries, symmetry conditions were applied,260

corresponding to a slip, or shear-stress free, boundary condition. Since the

lateral boundaries are far from the downtown area of interest, the definition

of these boundary conditions is not expected to influence the results. The

outlet is set-up as a zero-gradient boundary condition. Wall functions were

used since the high Reynolds number of urban canopy flows does not allow265

to resolve the laminar sublayer near the walls. At the ground boundaries, a

rough wall function for a neutral ABL flow is applied, while on the building

surfaces a smooth wall function was used. It is noted that more advanced wall

17
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functions exist (e.g. [35]), but they are not readily available in OpenFOAM,

and [29, 4] found satisfactory performance of the logarithmic wall functions270

when used for urban canopy flows.

4.4. Numerical settings

Second order schemes were applied for the discretization of the velocity

gradients. The simulation was run with a time step of 0.02s for a total

time of 1854s = 51τLES, where τLES is the the flow-through time scale based275

on the largest streamwise building dimension of 222m, and the velocity at

30m height. Statistics were computed over a time-period of 30τLES, after an

initialization period of 21τLES. The resulting LES required approximately

340.000 CPU hours on the Stampede cluster, which was built using Xeon

E5-2680 8-core Sandy Bridge processors [36].280

5. Results

The analysis of the results focuses primarily on comparing the LES to the

field measurement data and the nominal RANS simulation presented in [18].

The main objective is to evaluate the predictive capabilities of high-fidelity

LES compared to traditional RANS simulations, when used in a deterministic285

framework that does not account for uncertainties in the boundary conditions

or geometrical characterization. The LES results are first evaluated quali-

tatively using flow field visualizations to reveal the level of detail resolved

in the turbulence flow field. Subsequently, we compare the mean wind and

turbulence kinetic energy fields from the LES and RANS simulation to the290

field measurement data recorded during the period of interest.
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5.1. Flow field visualization

Figure 5 presents instantaneous contours for the velocity magnitude on

a horizontal plane at 8m height and a vertical plane through the center of

the domain. The contours show how the flow impacts the buildings, gener-295

ating recirculation areas with large-scale unsteady structures in the wakes of

the geometries. In the vertical direction, the velocity magnitude increases,

following the logarithmic profile for the mean velocity imposed at the inlet.

v

vv

11.1

8.3

5.6

2.8

0

u(t)

Flow direction

Figure 5: Instantaneous contours for velocity magnitude for planes at 8m height above

ground level (z=8m) and at the center of the domain (y=0m).

The Q-criterion, or second invariant of the velocity, ∇U , was computed

following equation 8,

Q =
1

2

(
||Ω||2 − ||S||2

)
(8)

where S and Ω are the symmetric and antisymmetric components of ∇U .
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Consequently, Q defines the local balance between shear strain rate and vor-300

ticity magnitude. Figure 6 shows iso-surfaces of the Q-criterion above 20m

height in the downtown area colored by velocity magnitude. The iso-surfaces

were generated for Q = 0.35s−2, hence revealing structures where the vor-

ticity magnitude is larger than the shear strain rate. The structures mainly

appear near the sharp building edges and in the building wakes, generally ex-305

hibiting an increasing velocity magnitude with height. Close to the ground,

the velocity is small and the structures are smaller in size.

4.0 0  8
U Mag [m/s]

Flow direction

Figure 6: Q contours (Q = 0.35s−2) colored by velocity magnitude in downtown Oklahoma

City.

5.2. Comparison of time-averaged velocity field

Figure 7 shows contour plots for the time-averaged velocity magnitude at

8m height from the LES and RANS predictions. The plot shows very similar310
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patterns for the velocity field around the buildings, with relatively small local

differences at specific locations in the city. For example, on the west side of

the building indicated by number 1, we can observe a wider region with

reduced velocities in the LES. In locations 2 and 3, the LES predicts higher

wind speeds through the corridors parallel to the wind direction.315

(a) (b)

Figure 7: Time-averaged velocity contours at 8m height from the LES and RANS simula-

tions. N: north orientation.

The differences between both results in the downtown area are highlighted

in figure 8, using contour plots of the relative difference in the local velocity

magnitude and the absolute difference in the local wind direction. Generally,

good agreement between the LES and RANS results is obtained, except in

localized areas where the LES predicts a stronger acceleration compared to320

the RANS simulation. For the wind direction, larger differences are observed
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in the building wakes, where recirculation areas are present. Some of the

locations with larger discrepancies, such as P2, P3 or P12, correspond to P

stations where large turbulence model form uncertainty has been observed

previously [17]. Consequently, RANS simulations are unlikely to correctly325

predict the flow behavior in these locations.

We note that in the most upstream parts of the domain, larger differences

are observed in the velocity magnitude predicted by the LES and RANS than

observed in figure 8. These differences are mainly attributed to the fact that

the required averaging time for the unperturbed ABL, which has a large330

streamwise length scale, is longer than for the flow in the downtown area.

(a) (b)

Figure 8: Contours of the relative difference in velocity magnitude (U) and absolute

difference in velocity direction (θ) between the LES and RANS results at 8m height.

Figures 9, 10 and 11 compare the discrepancies between the simulation
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results and the field measurement data for the time-averaged velocity. In

figures 9 and 10, the differences for the velocity magnitude and direction

at all P and SP locations are plotted. The line indicates zero discrepancy335

from the experimental data; points located above the line indicate an over-

prediction, while points below the line indicate an under-prediction with

respect to the measurements. For the velocity magnitude 17 points show a

larger discrepancy in RANS, in the remaining 17 points the LES discrepancy

is larger. These numbers indicate an overall comparable performance between340

both methods, although it should be noted that the RANS discrepancies are

significantly larger in 6 out of 34 points, while for the LES this only occurs in

1 point. The results do not reveal a dominant over- or under-prediction. The

velocity direction also shows similar performance between both models, the

scatter in the data is smaller than for the velocity magnitude implying a closer345

agreement in the wind direction predicted by RANS and LES. The models

generally seem to predict a wind direction that is rotated counterclockwise

compared to the experimentally measured data.
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Figure 9: Scatter plot of the discrepancies in velocity magnitude from the LES and the

experiment and from the RANS and the experiment at the field measurement sensors.

Figure 10: Scatter plot of the discrepancies in velocity direction from the LES and the

experiment and from the RANS and the experiment at the field measurement sensors.

24



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 11: Comparison of LES and RANS model performance for predicting the velocity

magnitude and direction measured during the field experiment. Full marker: P stations;

marker: SP stations.

Figure 11 visualizes spatial variation in the model performance compar-

ison by classifying the prediction at each measurement station using: (1)350

|∆LES| << |∆RANS|, hence LES outperforms RANS; (2) ||∆LES| − |∆RANS|| ≤

ε, where ε is 0.1%Uexp or 5o, hence LES and RANS are comparable ; (3)

|∆RANS| << |∆LES|, hence RANS outperforms LES. The plot shows how

the velocity magnitude prediction using LES is better in stations located at

the outskirts of the downtown area, such as P1, P6, P11, SP2 or SP20. For355

the velocity direction, the LES results show consistent improvements at the

south most sensor locations. In the center of the downtown area the model

performance is highly variable.

These results demonstrate that the application of high-fidelity LES to

resolve the mean flow does not consistently guarantee a better prediction of360
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flow measurements in complex urban canopy geometries. An interesting ob-

servation is that the areas where the predictions deviate more strongly from

the experimental results correspond to the locations with larger uncertainty

identified in previous uncertainty quantification studies [16, 18]. In these sta-

tions the results are highly sensitive to variability in the inflow conditions,365

and simulation results with low turbulence model uncertainty can therefore

still deviate considerably from the experimental data. The resulting improve-

ment in the agreement with the experimental data is small compared to the

RANS simulation, and comes at a considerable increase in computational

cost.370

5.3. Comparison of turbulence kinetic energy field and velocity spectra

Figure 12 shows contour plots for the turbulence kinetic energy at 8m

height from the LES and RANS predictions. The RANS simulation qualita-

tively indicates locations where the turbulence kinetic energy increases, but

it predicts a lower turbulence kinetic energy in all areas compared to the375

LES simulation. We note that the time statistics for the turbulence kinetic

energy at the available SP stations were converged, but the results in the

upstream part of the domain again indicate that the required averaging time

for regions with relatively unperturbed ABL flow might be longer than for

the flow in the downtown area.380
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(a) (b)

Figure 12: Time-averaged turbulence kinetic energy contours at 8m height from the LES

and RANS simulations. N: north orientation.

Figures 13 and 14 compare the discrepancies between the simulation re-

sults and the field measurement data for the turbulence kinetic energy. We

only consider the SP sensors, since the 10 second averaged measurement from

the P sensors would underestimate the turbulence kinetic energy. Figure 13

shows a scatter plot of the discrepancies between the simulation results and385

the experimental mean at the stations. The plot clearly demonstrates the

superior performance of the LES for predicting the turbulence kinetic energy:

the LES value is closer to the measurement in 80% of the points. Both the

RANS and LES results consistently underestimate the value of the turbulence

kinetic energy.390
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Figure 13: Scatter plot of the discrepancies in turbulence kinetic energy from the LES and

the experiment and from the RANS and the experiment at the field measurement sensors

SP.

Figure 14: Comparison of LES and RANS model performance for predicting the turbulence

kinetic energy measured during the field experiment. Full marker: P stations; marker: SP

stations.
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Figure 14 visualizes spatial variation in the model performance compar-

ison by classifying the prediction as in Figure 11. The plot confirms that

improved predictions for the turbulence kinetic energy can be obtained with

LES throughout the urban canopy geometry.

To further analyze the turbulence predicted by the LES, figure 15 presents395

power spectral densities for the streamwise velocity component at four differ-

ent locations in Oklahoma City. In the LES, the areas around stations 1 and

4 have a lower mesh resolution than those around stations 2 and 3, which

are closer to the downtown area of interest. This is reflected in the fact that

the energy content at stations 1 and 4 decays at smaller frequencies than at400

stations 2 and 3. Locations 2, 3 and 4 show both P and SP measurements,

indicating the effect of the 10 second averaging in the P data. At lower

frequencies, all plots show good agreement between the experiments and the

simulations, which proves that the numerical approach can produce the same

intensity of turbulence fluctuations measured by the wind anemometers. All405

measurements and numerical results exhibit the −5/3 slope in the inertial

subrange, where energy is transfered from the larger eddies in the production

range to the smaller eddies in the viscous dissipation range.
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1

2
3

4

(a)

(b)

Figure 15: (a) locations in the downtown area where the spectra are calculated, (b) cor-

responding power spectral density plots: 1) north, SP1; 2) east, P3 and SP6; 3) west, P2

and SP5; 4) south, P11, SP17.
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In summary, we can conclude that the turbulence spectra produced by

the inflow generator and the building geometries is very realistic compared to410

the measurements. The large eddy simulation results predict a similar range

of scales and corresponding energy content as the experimental data.

5.4. Comparison of LES time-averaged result with previous uncertainty quan-

tification study

In order to further assess the predictive capabilities of the current LES415

approach, we compare the mean LES wind predictions with a previous RANS

inflow UQ study performed for the same period of interest, summarized in

section 3 and published in [18].

Figure 16: Comparison between experimental data, LES time-averaged velocity and UQ

study results for the wind prediction at the P stations [18]. Black: experiments, magenta:

uncertainty quantification: green: LES.
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Figure 16 presents the results at 13 P stations in the downtown area. The

black arrows show the velocity vectors from the field measurements, time-420

averaged over the experimental period of interest. The green arrows represent

the mean velocity predicted by the LES at the stations, while the magenta

arrows show the mean from the UQ study. The magenta arcs represent the

95% confidence intervals for the predicted velocities, which are calculated as

the values where the cumulative density function is 0.025 and 0.975. The425

95% CI of the velocity magnitude is represented by the radii of the annulus,

while the 95% CI for the wind direction is represented by the sector angle.

In stations where the inflow uncertainty has limited influence such as P6,

P10, P13 or P14 it can be observed how the LES mean prediction is close

to the RANS results and the field measurement. However, in stations that430

are highly sensitive to changes in the inflow boundary conditions, such as

P3, P4, P8 or P12, both the LES and RANS simulations have difficulties to

predict the experimental value. This suggests that UQ studies will also be

required to improve the predictive capabilities of higher fidelity simulation

approaches such as LES.435

6. Conclusions

The objective of this study was to compare urban flow predictions ob-

tained using RANS and LES to field measurements, and interpret the results

to identify outstanding challenges in LES simulations of urban flows.

The LES simulations were carefully designed to have a grid resolution440

that resolves the turbulence down to the inertial subrange in the downtown

area of interest, and they used an inflow boundary condition that gener-
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ates turbulence representative of an ABL flow. The results show negligible

improvement in the LES prediction of the mean velocity field compared to

the RANS result, improving the wind flow predictions in only 17 out of 34445

stations. In contrast, there is a clear improvement in the prediction of the

turbulence kinetic energy: the LES outperforms the RANS simulation in 80%

of the available measurement locations. In addition, the LES produces tur-

bulence spectra that are in good agreement with the measurements regarding

the scales and energy content of the turbulence.450

This study highlights the need for further validation of numerical simu-

lations with field measurements that represent the full complexity of urban

flows. While LES is an essential tool to improve our understanding of flow

patterns in complex configurations, there are considerable challenges when

predicting field measurements of urban flow. In particular, it was found that455

the locations where LES does not provide a better prediction of the mean ve-

locity field than RANS, correspond to the locations where the RANS results

are highly sensitive to the inflow boundary condition. This suggests that a

higher-fidelity turbulence model does not guarantee a better prediction of the

flow in areas with large uncertainty related to the inflow boundary condition.460

Hence, there are significant opportunities to improve the predictive capabili-

ties of LES for urban flows by using the simulations in a UQ framework that

can reflect the influence of these uncertainties on the results. Currently, the

considerable computational cost of LES makes such UQ studies, which can

require hundreds of simulations, intractable. In this respect, multi-fidelity465

simulation strategies for uncertainty quantification are a promising alterna-

tive to explore: improved predictive capabilities could likely be obtained
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using a small number of high-fidelity LES simulations to complement a large

number of low-fidelity RANS model results [37].
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• RANS and LES results for the flow in Oklahoma City are compared to field 
measurements 

• LES mean velocity predictions are more accurate in 50% of the measurement stations

• LES turbulence kinetic energy predictions are more accurate in 80% of the stations

• LES mean velocity is less accurate in stations sensitive to inflow variability in RANS

• Accounting for the different uncertainties in urban flow simulations is essential  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