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1 | INTRODUCTION

Predictability refers to the capability to predict the future
state of a system and the predictability horizon is the
time period within which the prediction errors do not
exceed some prechosen magnitude and a chaotic system

Abstract

The predictability of passive scalar dispersion is of both theoretical interest
and practical importance, for example for high-resolution numerical weather
prediction and air quality modeling. However, the implications for the numer-
ical modeling of urban areas remain relatively unexplored. Using obstacle-
resolving large-eddy simulations (LES), we conducted twin experiments, with
and without a velocity perturbation, to investigate how the presence of urban
roughness affects error growth in streamwise velocity (1) and passive scalar
(0) fields, as well as the differences between error evolutions in u and 0 fields.
The predictability limit is characterized using the signal-to-noise ratio (SNR)
as a continuous metric to indicate when error reaches saturation. The pres-
ence of urban roughness decreases T}, of the passive scalar by around 20%
compared to cases without them. The error statistics of 6 indicate that urban
roughness-induced flow structures and different scalar source locations affect
the scalar dispersion and relative fluctuations, which subsequently dictate the
evolution of the SNR. Analysis of the passive scalar error energy (ey*) budget
indicates that the contributions from advective transport by the velocity and
velocity error dominate. The error energy spectra of both u and 6 exhibit a —5/3
slope in flat-wall cases, but not in the presence of urban roughness, thereby high-
lighting the deviation from the assumption of locally isotropic turbulence. This
study reveals that urban roughness can decrease the predictability of the passive
scalar and destroy the similarity between the error statistics of the velocity and
the passive scalar.
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can be appreciably predicted (Lorenz, 1969; Kalnay, 2003;
Mukherjee et al., 2016). Understanding the growth of
errors, limitations to the predictability and extending the
predictability horizon are subjects of great fundamental
and practical importance in numerical weather predic-
tion. The pioneering work in a series of remarkable papers

994 | © 2023 Royal Meteorological Society

wileyonlinelibrary.com/journal/qj QJ R Meteorol Soc. 2023;149:994-1017.


https://orcid.org/0000-0003-4435-6220
http://wileyonlinelibrary.com/journal/QJ
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqj.4445&domain=pdf&date_stamp=2023-04-05

LUET AL.

Quarterly Journal of the SRMets

(Lorenz, 1963, 1965, 1969; Leith and Kraichnan, 1972)
has investigated the predictability of fully developed
homogeneous, isotropic turbulence using statistical turbu-
lence theory. It has been shown that an initial uncertainty
of arbitrarily small scale and amplitude spreads through
the entire inertial range in a finite time. The results have
obtained significant attention and were followed by a num-
ber of studies of chaotic dynamics, and of the predictability
of atmospheric phenomena across multiple scales rang-
ing from planetary to synoptic, with different atmospheric
forecast models (e.g., Ruelle and Takens, 1971; Eckmann
and Ruelle, 1985; Smith et al., 1999; Laprise et al., 2000;
Tribbia and Baumhefner, 2004; Ngan and Eperon, 2012).
While the characteristic grid resolution of numerical
weather prediction (NWP) models has increased, some
of them start to resolve atmospheric motions including
part of the boundary layer turbulence at unprecedented
fine scales (i.e., 10-100 m) (e.g., Hacker, 2010; Schalkwijk
et al., 2015; Lee et al., 2019; Wiersema et al., 2020). The
issues regarding how errors arising from initial and bound-
ary conditions grow and affect the predicted quantities
of interest are becoming more pressing with this devel-
opment of high-resolution NWP models. For example,
Mukherjee et al. (2016) observed that the characteristics
of error growth in convective boundary layer exhibits the
exponential error growth phase and saturation phase, and
it is independent of perturbation wavenumber but is sen-
sitive to the Reynolds number. It is expected that such
advancement in high-resolution NWP modeling will bring
about transformative changes to many meteorological
applications in urban areas, such as prediction of extreme
weather events and dispersion modeling of atmospheric
pollutants, which require fine-scale, intra-city-level pre-
dictions. For example, a 100-m resolution NWP model
was applied to study a clear convective boundary layer
over London, UK (Lean et al, 2019). As such, under-
standing how errors propagate in models is relevant to
high-resolution NWP modeling in cities. Nevertheless,
it is well known that the mean and turbulent flows in
urban areas differ from the non-urban counterpart and
influence other quantities of interest, for example, pol-
lutant dispersion (e.g., Tomas et al., 2015; 2016). Thus,
the characteristics of error propagation, predictability and
transient dynamics for flows in the urban context (e.g.,
Millward-Hopkins et al., 2012; Ngan and Lo, 2017) are
expected to deviate from that for canonical homogeneous,
isotropic turbulence. For instance, Lo and Ngan (2015)
found that the presence of urban street canyons induces
a strong shear layer, which profoundly alters the error
growth dynamics in the velocity field as errors are advected
from the roof level into the canyon. Moreover, studies of
these issues in the urban context are also relatively scarce
compared to those for canonical turbulence. Therefore,
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in this study, we are first motivated to investigate the
implications of the dynamical differences for behaviors
of error propagation in turbulence-resolved atmospheric
surface layer (ASL).

In addition, apart from the error propagation and
dynamic predictability in velocity, the error growth in
modeling passive scalar dispersion in the urban bound-
ary layer has received relatively little attention, despite its
theoretical and practical importance. This is perhaps due
to invoking the Reynolds analogy (e.g., Van Driest, 1959;
Brutsaert, 1965; Kays and Crawford, 1993), which assumes
that momentum and passive scalars are transported sim-
ilarly, especially at high Reynolds number when only
turbulent velocity and length scales dominate their effec-
tive diffusivities (Yang and Abkar, 2018). However, this
assumption may fail for high-roughness boundary layer
flows, since there is no counterpart of the pressure gradi-
ent (PG) term (in Equation 1; PG here represents —% %) in
the passive scalar equation (Equation 2) (van Ulden, 1578;
Horst, 1979; Sullivan et al.,, 2018). For incompressible
flows, the Navier-Stokes, scalar conservation, and conti-
nuity equations are

A AT
Dt 0x;
Do 9
D—t=S(Xi,f)5(xi_x0i)_a_i: @
aui
— =0 3
- 3)

where the subscript i represents the variables in stream-
wise, spanwise and vertical directions; u; is the velocity
vector; t refers to time; 7;; is the stress tensor; PG; is the
pressure gradient; 6 is the passive scalar; S (x;, t) is multi-
plied by the Dirac delta function, signifying that the source
is zero except for the region whose locus is xy; (Finnigan
et al., 2003).

Hence, extrapolating conclusions regarding dynamic
predictability and error growth in velocity to the scalar
counterpart may be questionable if the Reynolds analogy
is violated. In fact, the error propagation and predictability
for momentum and passive scalar may indeed differ. From
the source term in Equation (2), S (x;, t), the specific details
of both the locations (i.e., as a function of x;) and the type
of the scalar sources/sinks (i.e., the time-dependent nature
of S) may be important in leading to different behaviors of
error propagation in the scalar field compared to velocity.
Therefore, the second motivation of this study is to further
quantify and analyze such distinctions.

By conducting numerical simulations using large-eddy
simulation (LES) of neutral, wall-bounded flows, we study
the evolution of error fields diagnosed from identical-twin
experiments in which small perturbations are added to a
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well-developed velocity field. Our analyses of the numeri-
cal experiments are guided by the following questions: (1)
how do the twin simulations of velocity and passive scalar
fields diverge and what are the differences between veloc-
ity and passive scalar in a neutral ASL? (2) how is the error
growth affected by the presence of urban street canyons
and different scalar source locations?

This paper is organized as follows. LES and the details
of simulations set up are introduced in Section 2, the
determination of the predictability horizon of dispersion
of the passive scalar and the difference between different
cases are analyzed in Section 3, and Section 4 presents the
summary and concluding remarks.

2 | METHODS
21 | LES

In the present study, we use an LES code which solves
the Navier-Stokes equation using a pseudospectral
discretization in the horizontal directions and a cen-
tered second-order finite difference in the wvertical.
The subgrid-scale LES model is the scale-dependent
Lagrangian dynamic model developed in Bou-Zeid
et al. (2005). For the simulations with building struc-
tures, the immersed boundary method (IBM) approach
following Tseng et al. (2006), Chester et al. (2007), and Li
et al. (2016a, 2016b) is adopted. It resolves the complex
building structure explicitly when solving the pressure
Poisson equation and enforces the velocity inside the
buildings to be zero. For the simulations without build-
ing structures, we used the same numerical scheme
and subgrid-scale model, but the code is based on the
open-source LESGO (LESGO, 2020).

The governing-filtered incompressible Navier-Stokes
equations with the continuity constraint and the scalar
advection-diffusion equation are given below:

ou
0xi

ou; ou; 0u; 0 oty
Qi (%) 1P %%,
ot ox;  0x; pox; O0x;

9 96 _ 9qi

— St U— = —
ot Mox T T ox

=0 4)

F;+ B; (5)

(6)

where the subscript i represents the variables in stream-
wise, spanwise, and vertical directions; u; is the resolved
velocity vector; ¢ refers to time; z;; is the deviatoric part
of the subgrid stress tensor; p is a constant of unity;
p is the modified pressure that includes the resolved and
subgrid-scale kinetic energy; F; is a constant pressure

gradient along the streamwise direction to drive the flow
(here a homogeneous steady horizontal pressure gradient
along the x direction with magnitude pu2/z;, for z; being
the boundary layer height in this study); B; is the immersed
boundary force representing the action of the obstacles on
the fluid; € is the resolved passive scalar; and g; denotes
the subgrid-scale scalar flux. The momentum equations
are solved in the rotational form to ensure the conserva-
tion of kinetic energy (Orszag and Pao, 1975), and all the
variables in the equations are filtered quantities.

2.2 | Simulation setup

For all the simulations, the computational domain dimen-
sions are (Ly, Ly, L) =(1,200, 600, 300) m with (192, 96,
48) grid points in the streamwise, spanwise, and vertical
directions. A prescribed constant streamwise pressure gra-
dient is imposed for all cases. The neutral condition is
considered, and there is no inversion layer. The bound-
ary layer height z; is 200 m, which is constrained by the
domain height and will be used for normalization. Periodic
boundary conditions are applied at the lateral boundaries
of the domain. The top boundary condition for momentum
is zero stress. An equilibrium logarithmic wall model is
applied for the ground and building surfaces. A roughness
length of 7o = 0.005 m, representing the microscale rough-
ness of the surfaces is used to parameterize the momentum
flux. The microscale is associated with its own local veloc-
ity, and the aggregate effects of the bluff-rough surfaces are
corresponding to macroscale roughness (Li et al., 2020).
The same domain dimensions and boundary conditions
are used in cases with the presence of urban roughness.
Here the urban structures are considered to be idealized
two-dimensional street canyons (Figure 1a), since it is a
prototype used for urban climate studies and is therefore
employed here as a necessary first step to investigate error
propagation induced by resolving urban roughness (Cui
et al., 2004). The width and height of buildings are both
equal to 50 m and represented by eight grid points, denoted
as H, and the distance between each array of buildings is
also H. The vertical profile of mean streamwise velocity
in the simulation domain, with and without urban rough-
ness, is shown in Figure 1c. The chosen resolution is based
on previous sensitivity studies using the same code (Tseng
et al., 2006; Li and Bou-Zeid, 2019).

The boundary condition for the scalar is zero flux
on the ground, the surface of buildings and top of the
domain, except for the source region we defined. The
passive scalar source, shown in Figure 1b, in the simula-
tion domain is represented by an area surface flux located
either on the ground or on the building roof. Similar to
Caulton et al. (2018), a Gaussian smoothing is applied to
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continues from M, to yield the control case. A perturba-
tion of small amplitude (to be defined later) is added to
the streamwise component of velocity to form a perturbed
state, which is integrated in time to yield the perturbation
run. This setup is used to mimic the practical problem of
predicting the dispersion given a known initial condition
of the velocity field with some uncertainty, which is repre-
sented by the added perturbation. The difference between
the control and the perturbation run, referred as the “er-
ror” hereafter, will propagate from velocity to the scalar

The initial perturbation is a two-dimensional sinu-
soidal field that is applied to the velocity only (Equation 7):

Up(X,y,2) = Uc(x,y,2) +Asin<4zkx> sin(zzky> (7)

X y

where subscript p represents the perturbation case, and
c represents the control case. Its amplitude A is kept
small (value shown in Table 1) and k is the dimension-
less wavenumber in the x and y directions for all z, that
is, the perturbation is independent of height. We here
chose the same form of perturbation as what was applied
by Mukherjee et al., 2016 to their potential temperature
fields. The added small-amplitude perturbation has neg-
ligible effects on the divergence of the velocity field as
the current LES model applies a pseudospectral method,
with which incompressibility can be enforced to a high
degree of accuracy by applying the projection operator.
Note that a height-dependent perturbation can be applied
to study predictability within the urban canopy; however,
Lo and Ngan (2015) found that error propagation is not
sensitive to the location of the perturbation added to the
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FIGURE 1
cases; H indicates building height; the aspect ratio of building is 1;

(a) Domain setup of urban topography in urban

(b) 2D projection of the source for passive tracer, which is located
either on the ground or roof in different cases; (c) vertical profile for
mean streamwise velocity over the simulation domain, with and
without urban roughness [Colour figure can be viewed at
wileyonlinelibrary.com]

the area surface flux to avoid numerical errors caused by
grid discontinuities.

We set up identical-twin experiments to study the evo-
lution of initial perturbations to the streamwise velocity
component. First, the simulations are integrated over a
spin-up period to obtain a statistical stationary state M, for
the velocity field. Then the scalar starts to be continuously
released as described in Figure 1b. One of the simulations

streamwise velocity field. Thus, the perturbation for flat
and urban cases follows Mukherjee et al. (2016). It is added
to streamwise velocity only to facilitate analysis of the spa-
tial error propagation and the interaction between velocity
and scalar errors. Since the error growth rate is approxi-
mately independent of k (cf. Section 3.1.1), in agreement
with Mukherjee et al. (2016), only a fixed value of k is
considered.

The identical-twin simulations start to diverge after
the perturbation (Equation 7) is added. Notice that with
the same governing equation, boundary conditions and
forcing, the twin simulations will reach the same statisti-
cal stationary state and the ensemble-averaged statistics of
velocity and scalar will be independent of the initial con-
ditions. Here we focus on T}, the time elapsed between
seeding and error saturation (the growth rate of error tends
to zero, cf. Section 3.1.1). The error evolution and T, may
also be affected by the presence of the urban roughness and
the location of scalar source. Thus, several different cases
are examined (Table 1).

o ‘TSL *€TOT “XOLSLLY1
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TABLE 1 Summary of cases: Flat Control (FC), Flat
Amplitude (FA), Flat Wavenumber (FK), Urban Ground (UG),
and Urban Roof (UR)

‘Wave

Case Amplitude number Source
name Morphology (A/u*) (k) location
FC Flat 0.001 4 Ground
FA Flat 0.1 4 Ground
FK Flat 0.001 2 Ground
UG Urban 0.001 4 Ground
UR Urban 0.001 4 Roof

Note: u* is the friction velocity (here related to the background kinetic
mean pressure gradient driving the flow F;).

3 | RESULTS AND DISCUSSION

In this section, the evolution of errors in the velocity and
scalar fields is analyzed to understand their similarities
and differences. In addition, different metrics to recognize
the stages of divergence and quantify the predictability
horizon will be analyzed.

3.1 | Error evolution and predictability
horizon analysis
Error evolution

3.1.1 |

Here we first examine the volume-averaged errors, which
are defined as:
2
eg =< (6p — 0p)" > (8)

ey =< (up — uc)2 > (9)

(a)

Volume averaged error of streamwise velocity
T : . :

10"k !

t/t*

where subscript p represents the data from the
perturbation case, ¢ represents the data from the control
case, u and 0 stand for streamwise velocity and passive
scalar respectively, and <> refers to the spatial average
over the whole 3D computational domain, Dy. Figure 2
shows e, and ey, as a function of time ¢t normalized by the
characteristic time scale for wall-bounded flow, that is,
eddy turnover time t*, which is defined as the boundary
layer height in the simulations, z;, divided by the fric-
tion velocity u,. The dotted red line in Figure 2 indicates
t/t* = 1. The perturbation is added to the u field only.
Since the influence of the other two velocity components,
that is, the spanwise velocity and vertical velocity, on the
volume-averaged error is negligible (see Figure Al), the
analysis of velocity errors will focus on the u field.

As shown in Figure 2, the growth of e, and e, in all
cases is similar and can be divided into three phases as
in a convective atmospheric boundary layer (Mukherjee
et al. (2016)). First, there is an onset period showing con-
stant exponential-error growth, which is represented by
the linear increase rate in the log-log graph, after seed-
ing the perturbation; next, the error starts to saturate with
a decreasing growth rate; finally, the growth rate tends to
zero and the error approaches a plateau value, which can
differ significantly among the cases for e,.

All the cases share similar exponential growth in
the first phase for error fields (Figure 2a), which sug-
gests the loss of predictability is governed by a linear
instability. However, the growth rates differ: since flows
over the urban canopy exhibit analogous characteris-
tics to mixing-layer flows (Brunet et al., 1994; Raupach
et al., 1996; Roth, 2000), differences in the vertical shear
between flat and urban cases lead to different linear
instabilities. The plateau value of ey in the Urban Ground
(UG) case is two orders of magnitude larger than that of

(b)

Volume averaged error of passive tracer
T T T T

107°

& 10“0-//

-~

|
10~ 15 ¢

t/t*

—FC —FA

FK — UG

UR = = one eddy turnover time

FIGURE 2

Volume-averaged errors for (a) streamwise velocity, u, and (b) the passive scalar, 6, at different times, where one eddy

turnover time is indicated by t* = z;/u.. The red dotted line indicates t/¢* =1 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Correlation coefficient of (a,c) streamwise velocity, u, and (b,d) passive scalar, 6. The dotted line indicates ¢/t* =1 [Colour

figure can be viewed at wileyonlinelibrary.com]

the cases without urban roughness (i.e., the flat cases),
while the Urban Roof (UR) case falls between UG and
the flat cases (Figure 2b). It suggests that even though the
existence of urban roughness does not influence the sat-
uration plateau of error in velocity, it does increase the
magnitude of errors in the scalars (UG and UR), which are
highly related to the influence of building structure in the
canyon and roughness sublayers. In addition, these two
cases indicate a clear dependence on the location of the
scalar source, which is tied to the fact that error propaga-
tion near the shear-dominated building roof differs from
that inside the canyon (Lo and Ngan, 2015). The natural
evolution of tracer, that is, {(0c(t) — HC(O))2>1/ ? decorre-
lates on a faster timescale than the perturbation, as there is
almost no linear growth phase ifin a log scale. The detailed
physical meaning is discussed in Figure 4 (Section 3 below)
as RMSC. More statistics of scalar error evolution from the
physical perspective of scalar dispersion will be discussed
in Section 3.2.

Compared to other cases, the Flat Amplitude (FA)
case has a larger initial volume-averaged error in both u
and 6. This is due to the larger magnitude of the initial
perturbation. The larger initial error in 6 also indicates that

the initial error in the streamwise velocity field propagates
quickly to the scalar field. The Flat Control (FC) and
Flat Wavenumber (FK) cases always show the same trend
and almost identical values, which is consistent with the
insensitivity to the wavenumber k (Section 2.2; see also
Figure A2).

Differences between the error growth in u and 0 are
revealed by considering the correlation coefficient ry of X,
with X being u or 6 from the control (X;) and perturbed
(Xp) simulations. ry is defined as:

cov (Xe, Xp)

()'XCO'Xp

rx (10)

where oy, ox, are the standard deviation of X. and X,
respectively, and cov (X, X} ) is their covariance. ox_, ox,
and cov (Xc, Xp) are computed from the three-dimensional
snapshots at time ¢ of u(x,y, z, t) and (x, y, z, t).

Figure 3b shows that for both u and 6, the evolution
of r,(t) and ry(¢) can be divided into three stages, as with
the volume-averaged errors of Figure 2. For ¢ /t* < 0.5, 1,(t)
and ry(t) almost remain constant at around one. Then
there is a rapid decrease followed by oscillations around
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some plateau value. In all cases, ry(t) is less than r,(t) for
t/t* > 1 and reaches the plateau levels much more rapidly.
This indicates that passive scalar dispersion is much more
sensitive to initial error compared to velocity. In gen-
eral, the correlation coefficients of different cases indicate
more distinctions compared to the volume-averaged errors
of Figure 2. First, r,(t) and ry(t) in the FA case start to
decrease earlier and more rapidly than in other cases,
which is consistent with the trend in volume-averaged
error and related to a non-linear effect. Secondly, the pres-
ence of street canyons significantly decreases ry(t) but
slightly increases r,(t) during the final phase. The value at
which oscillations around a constant level occurs is about
0.3 for the scalar in the UG case, and 0.5 in the UR case.
Both are significantly lower than those in the flat cases
(Figure 3b). The lower correlation coefficients in UR and
UG are consistent with the large volume-averaged errors
depicted in Figure 2b.

In summary, the volume-averaged error and correla-
tion coefficient both indicate clear diverging behaviors of
the twin simulations and some differences between u and
0 across all cases. In the next section, we apply two meth-
ods to quantify the predictability horizon, T, — that is the
duration over which deterministic prediction of passive
scalar dispersion can be made.

3.1.2 | Predictability horizon analysis

The noise-to-signal ratio (NSR), which is the inverse of
the signal-to-noise ratio (SNR), is used to analyze outputs
from the twin simulations and determine the predictabil-
ity limit. NSR is defined as the ratio of the amplitude of
noise power to the amplitude of the signal power. The sig-
nal refers to the root-mean-square difference of the scalar
field between time ¢t and the initial time in the control sim-
ulation (RMSC). The noise refers to the root-mean-square
difference of the scalar field between the perturbed sim-
ulation and the control simulation (RMSP). This method
has been applied in mesoscale modeling to indicate
the divergence of twin simulations, such as in Zeng
and Pielke (1993, 1995). The relevant formulas are listed
below:

- 1/2
RMSC(0) = | Y (0c(t) - 9c<0>>2] (11)
L DO

1/2
RMSP(0) = | - ) 0r(0) - 0c<t))2] (12)
L DO

_ RMSP

NSR = SNR™! =
SR=5 RMSC

(13)

where subscripts C and P denote the control and per-
turbed simulation respectively, and D, refers to the spatial
domain in which these metrics are calculated. D, is taken
to be the whole computational domain here, and N rep-
resents the number of grid points in D,. These statis-
tical metrics (i.e., RMSC, RMSP and NSR) quantify the
divergence between the twin simulations. Moreover, they
embody physical significance, which can be understood
by connecting their analogous behaviors to the mean con-
centration (0), root-mean-square concentration (c,) and
the concentration fluctuation intensity (¢ /8) respectively,
for a surface point-source plume in a neutral atmospheric
boundary layer (ABL). Further analysis regarding this
later point will also be examined in the next section (cf.
Section 3.2) by dividing D, into different subdomains to
understand the reasons for the differences among cases.

First, we use the NSR to quantify how T, varies
across different cases. Based on the definitions, the noise
power will exceed signal power when NSR > 1 (Zeng and
Pielke, 1993), and we thus use NSR(f = T,) =1 to indicate
the threshold of predictability. Note that although differ-
ent threshold values can be chosen, we choose NSR =1 to
denote the level above which the predicted scalar fields in
the twin simulations diverge more than the variability of
the control case.

From Figure 4a, the trend of NSR is almost the same for
all the flat-wall cases, which increases first and then grad-
ually decreases after t = t*, and tends to a constant value
(~0.55) at large times t/t* = 9 or 10. It can be understood
by the temporal variation of RMSC and RMSP in Figure 4b:
RMSP and RMSC both increase rapidly right after the seed-
ing of the perturbation, and the value of RMSC is larger
than that of RMSP during this stage. At around one eddy
turnover time, the difference between RMSC and RMSP
is very small and as a result, NSR almost reaches one.
However, as t approaches and goes beyond T}, the volume
error ey reaches a plateau (e.g., Figure 2b); thus RMSP,
which is related to ey, also tends to a constant level. RMSP
slightly increases with time afterwards while RMSC mono-
tonically increases since the scalar continuously released
from a constant source is mixed within the domain D,.
Therefore, NSR gradually decreases.

However, for cases with street canyons, the evolution of
these quantities is different. First, the NSR becomes larger
than one for urban cases at around ¢/t* = 0.6, and then
levels off with more oscillations. This is more obvious for
the UG case while the UR case falls between UG and the
flat-wall cases, whose trend is similar to those of flat cases
but with more oscillations and higher NSR value. More
subdomain analysis to reveal the physical reasons for the
different performance is in next section (cf. Section 3.2).
The trend of RMSC is non-monotonic in the UG case
(Figure 4c), while being almost monotonic for the case
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UR (Figure 4d) although increasing more slowly than for
flat cases (Figure 4b). Notice that the magnitude of RMSC
and RMSP in the UR case is of the same order as in the
flat cases, that is, about twice the flat-case value, whereas
those in case UG are about one order of magnitude larger.
This can be explained by a significant fraction of the scalar
being trapped within the canopy and the reduced scalar
dispersion above the canopy sublayer in UG as shown in
Figure 5 that the scalar error, 8, — 6., is one order of magni-
tude larger than UR. Thus, higher concentration inside the
canyon and near-source high scalar fluctuations give rise
to large RMSC and RMSP. In addition, oscillations of larger
amplitude and lower frequencies are observed for cases
UG and UR after one eddy turnover time, For example,
the deviation of UG RMSC is up to 20% of the average
value of approximately 1.7 x 1073, The larger amplitude of
these oscillations than for the flat cases may be due to the
turbulence-organized motions leading to ejections (Ina-
gaki et al., 2012; Li and Bou-Zeid, 2019). These motions
cause the mean concentration () and root-mean-square
concentration (oy) to fluctuate more strongly than in the
flat cases. The UR case shares features of both the flat and
UG cases, and the characteristic values of all properties lie
between them.

Royal Meteorological Society
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In summary, initial velocity errors propagate very
quickly to the scalar field and subsequently influence the
dispersion of the passive scalar. The continuous metric
NSR conveys the message about the predictability horizon,
T, differences among cases. The urban roughness tends
to decrease Tp, and if the source of the passive scalar is
located within the canyon (i.e., case UG) rather than on
the roof (i.e., case UR), the characteristics of predictabil-
ity will be more significantly modified compared to the
flat-wall cases. On the other hand, the exact magnitudes
of T, can depend on the Reynolds number (Re) of the LES
results as discussed in Mukherjee et al. (2016). They con-
cluded that the error growth and predictability horizon,
Ty, is expected to be resolution-dependent using LES since
the effective Re of LES is inherently resolution-dependent,
and the time of the initial-error growth phase is propor-
tional to Re~/2. Although a neutral flow over the urban
canopy is considered here, which is different from their
convective boundary layer setup, a similar conclusion of
reduction in T, by about 50% is found in double-resolution
cases (see Figure A3). This is as expected since Re of
LES is physically related to the scale separation between
the smallest scale resolved in LES (i.e., scales modeled
by the subgrid-scale model) and the energy-containing
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scale (Sullivan and Patton, 2011; Li et al., 2018), where
4

AT
commensurate with the LES grid resolution. Thus, for the
same z;, T}, is proportional to A/ 2 and doubling the res-
olution leads to (1/2)"%/3T, ~ 0.6T,. While the predictabil-
ity of velocity and scalar are dependent on Re and reso-
lution as described above, we found that the differences
between the predictability of velocity and scalar remain
independent of Re and the resolution (see Figures A4
and A5). Furthermore, a test run of a small ensemble
of eight realizations is conducted for ground-level source
release with different initial conditions by adding noise to
the velocity field. The probability density function of the
spatially averaged scalar for each realization shows sim-
ilar performance with weak variabilities (see Figure A6),
which indicates that a scalar continuously released in a
statistical stationary flow is not sensitive to the initial con-
ditions. Conclusions drawn based on the performance of
RMSC, RMSP, NSR in one pair of twin simulations are
representative.

Re = (i) *, z; is the outer scale and A is the filter size

3.2 | Factors influencing the divergence
of 0 and T}

Next, we examine the effects of canopy and roughness
sublayers on error evolution for different height intervals,
that is, different subdomains D, (Figure 6). The height of
the buildings is represented by H and we consider three
subdomains: inside canyon, Dg;, (i.e., the canopy sub-
layer), between building height H and 2H, Dy, (i.e., the
roughness sublayer) and above 2H, Dy; (i.e., the upper half
of the boundary layer).

For the upper half of the boundary layer, that is, Dy €
Z > 2H, the source in all cases appears more like a scalar
released from the surface. Thus, the UG and UR cases are
expected to look more like the results in the flat cases,
and as shown in Figure 6¢c, NSRs do share a similar trend
across all cases. Large differences seen between the urban
and flat cases are for Dy € z < 2H. To explain the dif-
ferences, we make connections between RMSC, RMSP,
NSR and their analogous behaviors to the mean concen-
tration (5), root-mean-square concentration (oy) and the
concentration fluctuation intensity (o, /6) respectively, for
a surface point-source plume (Fackrell and Robins, 1982;
Sykes, 1988; Weil et al., 1992) in a neutral ABL.

First, for flat cases (Figure 6d-f), these metrics gener-
ally resemble those at larger z, except with earlier attain-
ment of a plateau with higher magnitudes, for RMSC and
RMSP, due to the proximity (in z) to scalar source loca-
tions. The length of time for attainment of the constant
for RMSC is due to the plume evolution with distance and
time. The region nearer the source tends to reach a statis-
tically steady state earlier. With a continuously releasing
scalar source, the more distant region will continue to
grow or evolve even though further concentration changes
may be small for statistics averaged over the whole domain
(i.e., Figure 5). The attainment of an approximately con-
stant NSR far downstream (Figure 6d-f) is analogous to
the finding of a constant fluctuation intensity (oy /0) for
a continuous surface point source in neutral boundary
layer experiments (Fackrell and Robins, 1982). In the case
of 65/0, Sykes (1988) argues that the plume is always
about the same size as the local turbulent eddies, which
leads to self-similar behavior and a constant ¢ /6 with dis-
tance (x < 7z;). A key difference between the fluctuation
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[Colour figure can be viewed at wileyonlinelibrary.com]

intensity and NSR is that the former is based on “point”
concentration values in a steady-state plume, whereas the
NSR is determined from volume-averaged concentrations
of a time-evolving plume. Nevertheless, the NSR (= 0.55)
at large times, L =9or 10, is close to the fluctuation
intensity (0.5) in the plume experiments.

In urban cases, RMSC and RMSP have larger
fluctuations and exhibit different temporal trends. The
RMSC does not increase monotonically with time in
all height intervals, rather RMSP and RMSC are almost
synchronized in their fluctuations (e.g., Figure 6h,k). For
Figure 6j, RMSP has a greater value than RMSC, which is

especially different from the flat-case counterparts and is
tied to the trapping of the scalar in the canopy and the low
transport in and out of the canopy. Also, the magnitudes
of RMSC and RMSP for Dy € H < z < 2H is one order of
magnitude smaller than in the region Dy € z < H for the
UG case (Figure 6j compared to k). This is physically con-
sistent with the fact that most of the production of scalar
fluctuations occurs near the source (i.e., hence large RMSP
for z < H). The scalar from the near-surface source is effec-
tively mixed within the canopy but little escapes above
given the current geometry of street canyons, thus a large
RMSC for z < H. On the other hand, in the UR case with
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roof-level source location, the magnitudes of RMSC are
comparable for Do € 0 < z < H and for Dy € H < 7z < 2H
in Figure 6g,h. This is because the scalar from the roof
level can be entrained into the street canyon and mean-
while can be transported downwind above the canopy.
Similarly, scalar fluctuations in both Dy € 0 < z < H and
D, € H < z < 2H are comparable, leading to RMSP of the
same order of magnitude in both subdomains.

Next, to better understand how errors propagate after
the initial seeding, the error budget is now investigated.
The starting point for the error budget analysis is the
filtered equation for the passive scalar that is solved:

00

aq; 9 00
ot "o T o

-~ =s5+-—D—= 14
0x1- S dxi axi ( )

where 8 refers to the resolved passive scalar, subscript
i represents the variables in streamwise, spanwise and
vertical directions, #; refers to the resolved velocity field,
and s is the source of the scalar and will be zero for the
locations where there is no release. % is the subgrid-scale
scalar flux and it is calculated by %D%, in which D is

i

the subgrid-scale scalar diffusivity. Superscripts ¢ and p
are used to represent the control case and perturbed case
respectively, and therefore we have 6°, op, u; and ﬁf. Then
the differences between % and ﬁf’ (6° and 6P) in the twin
simulations (here also referred to as errors) are represented
by & = — U (0= 6P — 6°). The equation of gy can
then be obtained by subtracting equation Equation (14)
for 6 and 6°, while substituting &; = ﬁf — ¢ whenever
appropriate:

Jgg  ~c0gp Ogy déc
R S P S
ot Loox; 0x; 0x;
9 0 500
=9 (pedd _prdY (15)
()xi axi 0xl-

Multiplying Equation (15) by £y and defining the scalar

1 .
error energy as 553, then gives:
12 12 12
2(328) _ _g¢ 2(328) _ e, 2(3¢8)
at Loox; boaxg

| T Y
M ) (1)
— & Sg%-l— E,gaixi[Dca—ec— Dpﬂ

axl‘ axl‘

L J \ )
Y

av) W) (16)

On the left-hand side, term (I) is the local storage of
scalar error “energy”. This quantity is also related to RMSP

examined above, which is important to understand the
transition of NSR and T}. On the right-hand side, term (II)
denotes the advection by the velocity of the control case,
term (I1I) is the transport by error of velocity, term (IV) rep-
resents the interaction between errors of the scalar and the
velocity acting on the scalar gradient, and term (V) is the
subgrid-scale scalar flux between twin simulations.

The contributions of different terms in Equation (16)
are calculated for each grid point and averaged over the
whole computational domain, Dy,. Their changes with time
are shown in Figure 7. First, the change of scalar energy
has a constant exponential growth rate (Figure 7b) for
t/t* < 0.5 in most cases, which is consistent with Figure 2,
even though it looks almost identical to zero because of the
linear scale of axes. However, the oscillations and differ-
ent term contributions for the error energy become clear
after error starts to saturate. It takes a finite time for the
seeding perturbation in the velocity field to propagate to 6
and become saturated, and this timeframe is significantly
reduced in FA with large amplitude of initial error. For
the flat cases, term (IV) and term (V) dominate, which
means that the scalar error energy is produced by errors of
both u and 6 acting on the local scalar gradient, which is
dissipated by the subgrid-scale motions. The relative mag-
nitudes of these terms change significantly from flat cases
to urban cases. For the urban cases, all terms are of sim-
ilar orders of magnitude. In other words, term (II) and
term (III), representing the advective transport by veloc-
ity and error of velocity, become more important than in
the flat cases, which is a key difference of the scalar error
energy budget between the flat-wall and urban cases. This
difference is directly attributed to the horizontal spatial
inhomogeneity introduced by the street canyons. In the
flat cases, with horizontally homogeneous advective trans-
port, all terms with the oixi component will be small with

i=1,2, except the ‘;—i because of the local scalar source
in the domain. At the same time, the magnitude of the
vertical velocity is small, which means that ﬁg and e; are
close to zero. Therefore, only the horizontal components
of ? matter in the flat cases. However, in urban cases, the

i

urban street canyon introduces horizontal inhomogeneity
for z < 2H and strong vertical motions within the canopy
sublayer are expected because of continuity, which will
increase the amplitude of the vertical velocity. Therefore,
term (II) and term (III) become non-negligible in urban
cases.

Apart from the differences, they do share similarities.
Term (IV) is always positive, while term (V) is always nega-
tive. Term (II) is positive for most of the time, even though
itis small in the non-urban cases. Term (IIT) does not show
a consistent sign but oscillate around zero. Therefore, the
interactions of scalar errors and the transport of scalar by
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FIGURE 7
budget change with time for case (a,b)
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the velocity error (i.e., term IV) and advective transport
by the velocity error (i.e., term II in urban cases) provide
dominant sources to the scalar error magnitude, while the
subgrid-scale transport (i.e., term V) is the main sink.

The vertical profiles of these terms are shown in
Figure 8, which are averaged over both the horizontal
plane and the time of 0~10¢* after perturbation. They fur-
ther confirm the above observations. In addition, all the
terms only have a large value near the source level and
almost zero for other height.

3.3 | Spectral analysis

All above analyses in Sections 3.1 and 3.2 are conducted
for quantities in physical space. To further understand
how errors diverge and propagate among different scales
in velocity and scalar fields and find out if the build-
ing structures influence the error spectra, the spectral

correlation coefficient and power spectra of error are
investigated.

As the twin simulations begin to diverge, the cor-
relation of cases for both the velocity and scalar fields
decreases in three similar stages as described (cf.
Section 3.1) but has a different rate of decrease and plateau
value. Here we calculate the spectral correlation coeffi-
cient between the twin simulations, which is defined as
Equation (17), to further understand the divergence in
spectral space.

Ecp(k,z,t)
\/Ec(k» Z’ t)Ep(k7 za t) ,

plk,z,t) = a7)

where p(k,z,t) is the spectral correlation coefficient at
wavenumber k, height z and time ; E, is the cospectrum
for the velocity or scalar field of twin simulations; and E;
and E}, are the power spectra of the control and perturbed
simulation respectively. Considering the discontinuities
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induced by the building structures, the p(k,z,t) is only
calculated for a height z above the roof level.

The vertically averaged spectral correlation coefficient
for above roof level, that is, p(k, t) =< p(k,z,t) >, for the
velocity and scalar in all cases shares an identical trend.
The correlation decreases for all wavenumbers but with
different rates among scales. Higher wavenumbers drop
to p =0 more quickly, which means that the decorre-
lation time is shorter for small scales (see Figures A7
and A8). This feature was consistent with the paper of
Mukherjee et al. (2016), in which they proposed that there
is a Reynolds-dependent regime for small scales and a
Reynolds-independent regime for larger scales when con-
sidering decorrelation time.

The power spectra-of-error field, that is, the differ-
ence in the twin simulations, is Fourier-transformed in the
streamwise direction, and then averaged over the spanwise
direction. To analyze the vertical variability, the results of
three different heights (z = 1.125H, 2H and 4H) are shown
below. The definition is given by:

AE,(k,z,t) =< %eu -Ep > (18)

AEy(k,z,t) =< %ee £y > (19)
where AE, and AEj are error energy spectra, €, and gy are
the Fourier transform of errors in u and 0, respectively, and
<> represents averaging in the spanwise direction.

The existence of buildings can induce high-order
harmonics for spatial spectra analysis; z = 1.125H, that is,

just above the roof level, is therefore chosen to understand
the influence of urban structures. The evolution of AE,, in
the first two eddy turnover times after seeding of perturba-
tion for case FC and case UG is shown in Figure 9, and the
color map represents the normalized time after the seed-
ing. The growth of the error spectra in both cases among
different scales is similar, but the existence of building
affects the error propagation to large scales. The perturba-
tion added to a certain wavenumber appears as the peak
for AE, for t =0 (i.e., the lowest line in Figure 9), and
the perturbation in both cases spreads to all scales within
t = 0.1t*, that is, cascades both upscale and downscale
simultaneously. After the initial adjustment, AE,, increases
with time and the rate of increase is similar across a wide
range of scales prior to saturation. Such self-similar spec-
tral shape is also reported by Mukherjee et al. (2016) in the
potential temperature error spectrum during the constant
error growth phase. Then, the error will first saturate at
smaller scales and at larger scales saturate at a slower rate.
Another trend that can be noticed is that the error growth
rate decreases with increasing height, thus a longer time
is needed to reach saturation for higher regions. A k=/3
scaling can be observed in the inertial subrange when the
error spectrum becomes saturated. This range is almost
the same for the different selected heights in the flat cases
but changes in the urban cases as height changes. Build-
ings affect the error propagation to large scales inside
the canyon, and further influence the roughness sublayer.
Therefore, a shorter subrange follows k=5/3 after saturation
and tends to be flat for large scales.
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As height increases, this subrange for urban cases
increases and becomes similar to the flat cases. This per-
formance is also consistent with the previous results that
the influence of buildings cannot be perceived above 2H.

Similarly, the AEjy is analyzed and shown in Figures 10
and 11. The scalar error energy propagated from the
velocity field is evenly distributed over all scales in the
beginning with almost identical magnitude. Similar to
the evolution of AE,, the error growth rate for the scalar
field is also identical for a wide range of scales prior to
saturation, and the smaller scales saturate first. However,
the spectral slope of AE, is different between urban and
flat cases, which indicates that building structures can
influence the propagation of error among scales. For the
flat cases (Figure 10, FK is not shown here because of
the similarity with FC), AEy(k, z) at different heights also
follows the k=3/3 scaling after saturation, like the velocity
field. For the urban cases (Figure 11), though, the spec-
tral shape in terms of the power exponent changes with
height. It has a smaller absolute value at lower height but
becomes k~/3 above 2H.

From the definition of AE, and AEy, it is expected
that after the twin simulations become essentially uncor-
related for ¢> T,, the error energy spectra exhibit a
return-to-turbulence feature (Mukherjee et al, 2016),
which attains the k~3/3scaling in the inertial subrange.

This could be understood by considering:

/ AEx(k, z, t)dk = Var [X, — X| = Var [X;] + Var [X]
0

(20)
where Var represents the variance for X being u or 6. Note
that the covariance term is not included in Equation (20)
because it is zero as the twin simulations eventually
become uncorrelated. Since Var [Xp] andVar [X.] can be
related to their respective energy spectra, it is expected that
the error energy spectra eventually will follow the behavior
of the energy spectra Ex (k). For flat cases, the error energy
spectra of u and 6 both show a —5/3 spectral slope, which
is consistent with the —5/3 spectral slope expected in the
inertial and inertial-convective subrange of the energy
spectra of the streamwise velocity and passive scalar (see
Figures 12 and A9). However, when an urban canopy
is present, E, still exhibits a —5/3 slope, but a spectral
slope of —1, which is shallower than —5/3 is seen in both
AE, (Figure 11) and E, (Figure 12) below z = 2H. This is
consistent with Batchelor’s prediction that the slope is —1
in the canyon (Batchelor, 1959; Warhaft, 2000). In gen-
eral, passive scalars mixed by complicated turbulent flows
within the canopy sublayer can violate the locally isotropic
condition, and the spectral slopes of E, can also be
affected by Reynolds number and turbulent intermittency,
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especially in shear turbulence (Sreenivasan, 1996). Also,
a —5/3 spectral slope present in E, (and hence AE,) is
not a sufficient condition for the passive scalar to fol-
low similar behavior, since the non-universal large-scale
fluctuations can affect the passive scalar in the inertial
range. Therefore, the error energy spectrum AE, at dif-
ferent scales could be highly impacted by these different
turbulent structures appearing in the urban cases, leading
to distinct errors of u and 6 in spectral space.

4 | CONCLUSION

The divergence of both the velocity and scalar fields after a
small-amplitude perturbation and the corresponding pre-
dictability limit of the passive scalar in the atmospheric
boundary layer is studied by simulations conducted at
high spatiotemporal resolution and a turbulence-resolving
model, the LES. With the identical-twin simulation
method, an initial perturbation is added to one of the simu-
lations and the evolution of error is analyzed. Overall, this
study highlights that the presence of large roughness struc-
tures can lead to diverging behaviors of error propagation,
saturation and hence predictability between the veloc-
ity and passive scalar in the ASL. The following specific
remarks can be made regarding the questions raised in the
introduction.

1. The evolution of volume errors and correlation coeffi-
cients with time indicates three phases of error growth
in both the flat-wall and urban cases for both u and 6.
The volume errors of velocity are similar in all cases,
but scalar source locations (e.g., rooftop vs near the
ground) affect their magnitudes. A significant decrease
in correlation coefficients of the passive scalar is seen
compared to the high value for velocity. To quantify the
predictability limit and analyze the differences among
cases for a passive scalar, the NSR is used to resolve
when error saturation is reached and how the urban
roughness influences it.

2. Tp determined from the proposed methods indicates
that presence of an urban canopy decreases T, for
0 compared to the flat-wall case by around 20%. In
addition, a larger amplitude of the initial perturbation
further decreases Tp, while the predictability time is
not sensitive to the frequency of the initial perturba-
tion. Different source locations influence the evolution
of the error field locally but do not impact T, quanti-
fied with the methods above. The magnitude of T}, is
affected by the Reynolds number of the LES and thus
can be sensitive to resolution.

3. The presence of urban canyons does not significantly
change the magnitude of the volume error of veloc-
ity, but the scalar error field is affected within the
roughness sublayer height. Analysis of the height
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dependency of statistics of errors (i.e., the RMSC,
RMSP, and NSR) indicates that below z = 2H, urban
and flat-wall cases show different evolution. This can
be attributed to the effects of the same large-scale
flow structures in the twin simulations transporting
the scalar plume, resulting in an almost synchronized
mean concentration and fluctuations or analogously
synchronized RMSC and RMSP values. Analysis of the
scalar-error energy budget also indicates that advective
transports by velocity and the velocity error signifi-
cantly increase in urban cases compared to the flat-wall
cases.

4. Spectral space analysis indicates that beyond z = 2H,
the urban canopy effect does not affect the error spec-
tra, and thus results are similar to those in the flat-wall
cases. However, below z = 2H, the velocity and scalar
in flat cases both show a —5/3 spectral slope but not
in urban cases. A shallower than —5/3 spectral slope
in the scalar error spectra for urban cases implies that
a—5/3 range in velocity error spectra is not a sufficient
condition for similarity of the passive scalar error spec-
tra due to the influence of the non-universal large-scale
motions when urban roughnesses are present.

This study is limited by conducting experiments under
an idealized domain setup, where a horizontal periodic
boundary condition is imposed for both the momentum
and passive scalar. Dispersion from a point source, which
yields as single plume, can be considered in future stud-
ies. The simulations only consider neutrally stratified
flows, and the effect of buoyancy is deliberately neglected.
Under unstably stratified conditions, for instance, we can
conjecture that the coupling between potential temper-
ature and momentum may further change how errors
transmit between the velocity and active scalar fields,
as backscatters of turbulent kinetic energy from the
small-scale eddies to large-scale coherent ones (Zilitinke-
vich et al., 2021) may facilitate error propagating from
velocity to scalar fields. This consequently modifies errors
in passive scalar dispersion. Thus, future studies can
further explore the predictability limit of both active
and passive scalar dispersion under unstable conditions.
In addition, the idealized two-dimensional urban street
canyons cannot account for the irregularities at different
scales (e.g., variations in building heights, street canyon
widths, and surface roughness) and how these irregu-
larities impact the predictability remains an open ques-
tion. However, it can be deduced from results of the cur-
rent study that error propagation in tracer dispersion is
significantly tied to the spatial variations of the mean
and variance of scalars, which is dependent on both the
street canyon configurations and source locations. Thus,
future research may benefit from a systematic sweep of

the parameter space of urban form for better understand-
ing.

As a final remark, despite its somewhat idealized set-
ting and theoretical motivation, this study is intended
to address an important practical problem, namely the
response of the system to a perturbation. Our results may
not be directly applicable to the issue of predictability in
current NWP models, but will shed light on future NWP
models, in which buildings and turbulence down to cer-
tain scales will be resolved. Since the analysis increments
are not guaranteed to be turbulence-free, at least with
existing assimilation systems, results for random pertur-
bations, such as those of this study, are relevant to data
assimilation in practice when higher temporal and spatial
resolution measurements become available.
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APPENDIX A

The almost identical trends and plateau values show
the insensitivity of error fields growth of perturbation
wavenumber k.
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We conducted a doubled resolution simulation for
urban cases to highlight that the differences between
velocity and tracer error growth are resolution indepen-
dent. We name them UGH (urban ground high-resolution)
case and URH (urban roof high-resolution). The results
are as expected. The volume averaged error, and the error
spectra are shown below:

The results for the same resolution are overlapped
in Figure 6a, which make it looks like only two lines.
The doubled resolution cases need less time to reach the
plateau value.

a . . b .
@ Volume averaged error of streamwise velocity () 107 Volume averaged error of passive tracer
: 0 .
1 1 - o - o
10 F 1 -
I [ S 4 /’ 1
i ,' i
107F ! 1 ) !
= 1 ! |
. 4 i & 10710 i y
107 F ‘ !
1 i I
| i |
105§ ' 1 i
i f |
f ! [ 1
107 t 1 i 10715 1 L
1 2 3 1 2 3
t/t* t/t*
e LG e e LIGH UR URH = = one eddy turnover time
FIGURE A7 Volume-averaged error for urban cases [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE A8 Error spectra of the scalar at different heights and times for case (a,c,e) UGH and (b,d,f) URH; eddy turnover time:

t* = z;/u*. The blue solid line indicates kP°"*" [Colour figure can be viewed at wileyonlinelibrary.com]
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Error spectra of the streamwise velocity at different heights and times for case (a,c,e) UGH and (b,d,f) URH; eddy
= z;/u*. The blue solid line indicates k=3 [Colour figure can be viewed at wileyonlinelibrary.com|
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