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Abstract
The UK Met Office has a 300-m grid length numerical weather prediction
(NWP) model running routinely over London and, in research mode, city-scale
hectometric grid length NWP has become commonplace. It is important to
understand how moving from kilometre- to hectometre-scale grid length NWP
influences boundary-layer vertical mixing. For a clear-sky convective boundary
layer (CBL) case study, using 55- and 100-m grid length NWP, we demonstrate
that CBL vertical mixing of passive scalar is almost fully resolved. Passive scalar
converges near the surface after emission from an idealised pollution ground
source representing city-scale emissions, and is transported in updrafts pref-
erentially into the upper boundary layer. Approximately 8 km downstream of
the source edge, this causes 34% lower near-surface concentrations compared
with 1.5-km grid length NWP, where vertical mixing is fully parameterised. This
demonstrates that resolving ballistic-type dispersion, which is not typically rep-
resented in NWP vertical mixing parameterisations, can have a leading-order
influence on city-scale near-surface pollution concentration. We present a sim-
ple analytical model that is able to capture diffusive and ballistic dispersion
behaviour in terms of effective timescales. The timescale controlling how long
it takes passive scalar to become well mixed in the CBL is ≈ 3 times longer for
1.5-km compared with 100- and 55-m grid length NWP.
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2 BLUNN et al.

1 INTRODUCTION

Over the past decade, several studies have evaluated
kilometre- versus subkilometre-scale numerical weather
prediction (NWP) for different meteorological applications
(Belair et al., 2018; Boutle et al., 2016; Hagelin et al., 2014;
Hanley et al., 2015; Hanley et al., 2016; Leroyer et al., 2014;
Leroyer et al., 2022; Ronda et al., 2017). At subkilometre
horizontal grid lengths (Δ) urban areas are better rep-
resented in NWP, and therefore these models are often
referred to as “urban-scale”. For Δ = (100 m), unlike
Δ = (1 km), the majority of convective boundary layer
(CBL) turbulence is resolved explicitly (Boutle et al., 2014;
Honnert et al., 2020), and turbulent structures such as
horizontal convective rolls (HCRs) are simulated (Lean
et al., 2019). Until now, the influence of parameteris-
ing (Δ ≥ (1 km)) versus explicitly resolving CBL vertical
mixing of passive scalars in NWP has not been investi-
gated. This study assesses the potential improvements and
changes in vertical mixing behaviour when moving from
Δ = (1 km) to Δ = (100 m) NWP.

Turbulent dispersion of particles has two different
behaviours at long and short times after release. In the
long-time “diffusive” limit, defined as times greater than
the order of a decorrelation timescale 𝜏, dispersion is
less efficient, since particles have lost memory of the
initial eddy into which they were released. The parti-
cles undergo random motion, with the mean square dis-
placement of particles increasing proportional to time
(Taylor, 1922). In the short-time “ballistic” limit, par-
ticles travel at the velocity within the eddy they were
released into, and the mean square displacement of par-
ticles increases proportional to the time squared (Tay-
lor, 1922). First using large-eddy simulations (LES, Dear-
dorff, 1972b), then using a water convection chamber
experimentally (Willis & Deardorff, 1976), it was found
that ballistic-type dispersion results in passive scalar hav-
ing a “lift-off” behaviour when released near the surface.
At times of the order of a convective eddy turnover time (t∗)
(Deardorff, 1970; Lilly, 1968), particles have a larger likeli-
hood of being in the upper than the lower half of the CBL,
and there is a decrease in near-surface concentration.

Passive scalar dispersion in NWP can be used to under-
stand aspects of pollution dispersion in air-quality models
(AQMs), since chemical species in AQMs are treated as
passive scalars when transported (Baklanov et al., 2014;
Kukkonen et al., 2012; Warhaft, 2000). Also, like NWP,
regional to global-scale AQMs generally use K theory
(sometimes with an additional countergradient term) to
parameterise turbulent mixing (Baklanov et al., 2014;
Kukkonen et al., 2012), so results from NWP are applicable
to AQMs. City-scale AQMs that resolve urban topography
typically use advanced Gaussian plume-dispersion models

(Cimorelli et al., 2005; McHugh et al., 1997; Stockie, 2011),
which, like K-theory-based dispersion models, only rep-
resent diffusive-type dispersion. Exceptions to the rule
are Lagrangian stochastic models (LSMs: Thomson &
Wilson, 2012; Wilson & Sawford, 1996), such as the
UK Met Office’s Numerical Atmospheric-dispersion Mod-
elling Environment (NAME) model (Webster & Thom-
son, 2018), which can incorporate ballistic-type dispersion.

Here, for the first time it is possible to evalu-
ate city-scale CBL vertical mixing of passive scalar at
Δ = (1 km) and Δ = (100 m) within one NWP frame-
work (the UK Met Office Unified Model (MetUM)),
enabling investigation of the implications for AQMs when
ballistic-type dispersion is represented. Previous studies
employing methods capable of representing both diffusive
and ballistic dispersion have been for point sources or dis-
tributed sources, with study regions of limited streamwise
extent. The size restriction is caused by computational cost
(LES) or limited chamber size (experiments) (Deardorff,
1972b; Dosio et al., 2003, 2005; Gopalakrishnan & Avissar,
2000; Willis & Deardorff, 1976, 1981). Previous literature
has therefore not explored the full city-scale downstream
evolution of passive scalar from a city-scale ground source.

We study vertical mixing of continuous and
puff-released passive scalar from a homogeneous
ground-area source for a clear-sky CBL case study (May 4,
2016) at Δ = 55 m, 100 m, and 1.5 km. The idealised pol-
lution emissions (i.e., passive scalar) are transported by
NWP simulations that have fully realistic meteorology.
Our research questions are the following.

• Is the three-dimensional spatial structure and evolu-
tion of the passive scalar field realistic in Δ = (100 m)
NWP?

• Can a reduced analytical model capture timescales that
characterise the different vertical mixing regimes inΔ =
(1 km) and Δ = (100 m) NWP?

• Does resolving ballistic-type dispersion affect city-scale
evolution of near-surface pollution concentration?

The article is structured as follows: Section 2 describes
the case study, MetUM configurations, and passive scalar
sources, Sections 3.1.1 and 3.1.2 analyse the CBL and
passive scalar field structure in the vertical and horizon-
tal, respectively, Section 3.2 interprets the vertical mixing
dynamics qualitatively, Section 3.3 quantifies the vertical
mixing behaviour with timescales from a reduced ana-
lytical model, Section 3.4 investigates the importance of
ballistic-type dispersion on city-scale near-surface con-
centrations, Section 4 summarises and discusses the
article’s findings, and the Appendix A outlines the reduced
analytical model.
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BLUNN et al. 3

2 METHODS

2.1 Case study

The chosen case study date is May 4, 2016. Southeast
England was under a high-pressure system centred on con-
tinental Europe (Blunn, 2021). According to the London
Urban Meteorological Observatory (LUMO: Kotthaus &
Grimmond, 2014) it was a clear-sky day. This is based on
the definition that at least three of the four ceilometers had
no overhead cloud at any height more than 99% of the time.
A clear-sky day was chosen since clear-sky conditions are
conducive to strong CBL mixing. Also, they are the most
simple conditions in which to study CBL mixing, since
there is no influence from cloud-generated latent heating
or turbulence.

At the University of Reading Atmospheric Observa-
tory (URAO: ≈ 60 km west of Central London, 51.44◦N,
0.94◦W, blue cross in Figure 1a), the hourly-average 10-m
wind direction was predominantly from the south between
0800 and 2200 UTC, varying between 165◦ and 203◦, with
a mean of 186◦. Sensible heat flux (QH) observations were
available from a network of three scintillometers sepa-
rated by 1–3 km in Central London (Crawford et al., 2017).
Between 1100 and 1500 UTC, hourly averaged QH was
300–400 W m−2 for the different scintillometer paths. At

URAO the average 10-m wind speed was 2.8 m s−1 dur-
ing the same period. Given the moderate wind speeds and
large QH, the case date is suitable for the study of an
archetypal CBL. The aim of this study is not an evaluation
of the modelled convection, as Doppler lidar observations
are not available, unlike in Lean et al. (2019).

2.2 Model configuration

The MetUM (version 10.5) simulations are performed
using a one-way nested research suite centred on London.
See Table 1 and Figure 1a for the model configurations
and domains, respectively. The simulations contain

T A B L E 1 Model configurations.

Model
Horizontal
grid length

Domain
size
(grid points)

Time
step

Vertical
levels

UKV 1.5 km 744 × 928 60 s 70

UM500 500 m 600 × 600 10 s 140

UM300 300 m 430 × 430 10 s 140

UM100 100 m 800 × 800 3 s 140

UM55 55 m 1440 × 1440 2 s 140

F I G U R E 1 (a) Nesting suite schematic with urban fraction plotted. Each nest is highlighted in red. The outermost nest is UKV, and in
decreasing domain size order the other nests are UM500, UM300, UM100, and UM55. UM100 and UM55 have the same domain size. URAO
is highlighted with a blue cross and is just to the west of the UM100/UM55 domain. (b) UM55 wind-speed map at 1300 UTC at height 300 m.
The arrows are wind vectors. Highlighted are the puff-release ground-source area (red solid line, around the full region displayed in (b)),
continuous-release ground-source area (red dashed line), analysis region 1 (black dashed line), analysis region 2 (black solid line), horizontal
cross-section location (grey solid line; Figure 4), west–east vertical cross-section location (horizontal magenta dotted line; Figure 3), and
south–north vertical cross-section location (vertical magenta dotted line; Figure 6). [Colour figure can be viewed at wileyonlinelibrary.com]
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4 BLUNN et al.

idealised passive scalar emissions (see Section 2.3), but
fully realistic meteorology (e.g., microphysics, orography,
and land–atmosphere exchanges). The outermost nest
is the variable-resolution UKV model (Tang et al., 2013)
which has Δ = 1.5 km over southeast England. Archived
operational UKV model outputs are used to provide ini-
tialisation and hourly lateral boundary conditions (LBCs).
The UKV nest provides LBCs to the Δ = 500 m model
(UM500), which passes LBCs to the Δ = 300 m model
(UM300), which finally passes LBCs to drive both the
Δ = 100 m (UM100) and Δ = 55 m (UM55) models. LBCs
for the 500–55 m models have a frequency of 15 min. The
simulation start times are 0000 UTC for UKV and UM500,
0300 UTC for UM300, and 0600 UTC for UM100 and
UM55, so that the time period common to all models is
0600–2200 UTC, allowing at least 5 hr for the turbulence
to spin up in all of the models before the first model output
analysis (1100 UTC).

Lean et al. (2019) used an almost identical UM nest-
ing suite and tested a Δ = 100 m model domain with
(30 × 30 km)2 horizontal extent. Turbulence did not “spin
up” until 10–15 km downstream of the inflow bound-
ary. By extending the horizontal extent of the domain to
(80 × 80 km)2, the turbulence had developed fully before
it reached the London area (approximately (50 × 50 km)2).
The case study was a clear-sky CBL like the one presented
here, so the same (80 × 80 km)2 domain has been used for
the 100- and 55-m models. The domain top in all models
is at 40 km. A Charney–Phillips vertical grid is used where
there are half levels (containing, e.g., horizontal velocities
and pressure) that are staggered with full levels (contain-
ing, e.g., potential temperature, passive scalar, and vertical
velocity). Spacing is quadratic so that there is higher verti-
cal resolution within the boundary layer (BL) than above.
UKV uses a 70 vertical level set, which has 23 full levels
within the lowest 2 km at heights 5.0, 21.7, 45.0, and 75.0 m
within the lowest 100 m, and the other models use a 140
vertical level set, which has 52 full levels within the low-
est 2 km at heights 2.0, 5.3, 10.0, 16.0, 23.3, 32.0, 42.0, 53.3,
66.0, 80.0, and 95.3 m within the lowest 100 m.

The MetUM version 10.5 dynamical core
(“ENDGame”) solves fully compressible, nonhydrostatic,
deep-atmosphere dynamics using a semi-implicit
semi-Lagrangian (SISL) numerical scheme (Davies
et al., 2005; Wood et al., 2014). The scale-aware blended
boundary-layer scheme is used for subgrid turbulent
mixing (Boutle et al., 2014). With decreasing Δ more
turbulence is resolved and the blending is increasingly
weighted towards the local three-dimensional (3D)
Smagorinsky–Lilly turbulence scheme (Halliwell, 2017;
Lilly, 1962; Smagorinsky, 1963) rather than the nonlocal
one-dimensional (1D) BL scheme (Lock et al., 2000). The
land surface model is the Joint UK Land Environment

Simulator (JULES: Best et al., 2011; Clark et al., 2011) and
the module Met Office–Reading Urban Surface Exchange
Scheme (MORUSES) treats the urban aspects of the sur-
face (Bohnenstengel et al., 2011; Porson et al., 2010).
MORUSES parametrises interactions between the urban
surface and the atmosphere by assuming a 2D infinite
street canyon geometry that accounts for the height and
separation of buildings.

Analysis focuses on UKV, UM100, and UM55 because
of scalar nonconservation issues in UM500 and UM300.
At Δ = (500 m) the dominant CBL turbulence is in the
“grey zone” (Honnert et al., 2020; Wyngaard, 2004), and
updrafts become grid-scale. Also, SISL advection is not
inherently conserving, meaning that, when wind is inter-
polated from grid points straddling a departure point in a
single grid point updraft, there is cancellation of the wind,
resulting in insufficient scalar dilution in the updraft, and
excess scalar is produced (Blunn, 2021). The UKV, UM100,
and UM55 passive scalar is much less influenced by pas-
sive scalar nonconservation issues, because the updrafts
are not grid-scale in the mixed layer of the CBL. Also,
the excess passive scalar produced in UM500 and UM300
does not influence the other models, because the passive
scalar is not passed between model boundaries. There is
ongoing work at the UK Met Office on ameliorating scalar
nonconservation issues.

2.3 Source and analysis regions

Two passive scalars are included in the simulations, one
with continuous and the other with puff release from a
ground-area source. The same source areas and emission
rates are used in all models to facilitate comparison. The
continuous-release passive scalar is from a homogeneous
ground source with horizontal dimensions (50 × 50 km)2

(red dashed line, Figure 1b). The source provides a simple
framework in which to study idealised city-scale spatial
variation of passive scalar concentration over London.
The puff-release passive scalar is also from a homo-
geneous ground source, but with its horizontal extent
covering the entire UM100/UM55 domains (red solid line,
Figure 1b). The puff releases are used to analyse vertical
mixing timescales. Passive scalar is released on the hour
and at the end of the hour it is completely flushed from
the domain. An hour is long enough for the passive scalar
to become well mixed in the CBL. The large source area
enables an analysis region to be selected far enough in
from the source boundaries that zero passive scalar air is
not advected in within the hour.

Analysis region 1 (black dashed line, Figure 1b) starts
30 km downstream of the southern edge of the contin-
uous source, extends 15 km downstream, and is 40 km
in the cross-stream. It is large enough to contain > 10
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BLUNN et al. 5

F I G U R E 2 Horizontally averaged profiles in analysis region 1 at 1300 UTC: (a) continuous-release passive scalar concentration
normalised by the average concentration in the BL, (b) potential temperature, (c) x-component of wind u (dashed line), y-component of wind
v (dotted line), and wind speed (solid line), (d) subgrid passive scalar flux, (e) resolved passive scalar flux, and (f) total passive scalar flux. The
y-axis is height above the ground normalised by the horizontally averaged boundary-layer height, which is 1608, 1475, and 1439 m for UKV,
UM100, and UM55, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

CBL eddies (each with size of (1 km)), has minimal
flow variation (∼ 1 m s−1, Figure 1b) on the scale of the
analysis region, and has minimal zi variation (< 5%) on
the scale of the analysis region. This ensures that flow
statistics are robust and locally representative. Analysis
region 2 (black solid line, Figure 1b) is used to study
the evolution of the vertical passive scalar distribution
with downstream distance from the upstream edge of the
continuous-release source (Section 3.4).

3 RESULTS AND DISCUSSION

3.1 Convective boundary-layer
structure

In this section, the vertical (Section 3.1.1) and horizontal
(Section 3.1.2) structure of the CBL is analysed. Vertical
profiles and vertical cross-sections provide information on

the general structure of the CBL during the case study and
insights into vertical mixing and passive scalar distribu-
tion differences between model resolutions. Passive scalar
horizontal cross-sections and vertical velocity two-point
correlations elucidate these differences further.

3.1.1 Vertical structure

Vertical profiles of several variables are calculated
within analysis region 1 (Figure 1b) at 1300 UTC for
the continuous-release passive scalar and are plotted in
Figure 2. Height from the ground z on the y-axis is nor-
malised by ⟨zi⟩, where zi is the boundary-layer height,
horizontally averaged ⟨⟩ within analysis region 1. Con-
centrations are normalised by the average concentration
in the BL, cBL. zi is diagnosed by performing an adia-
batic parcel ascent until the parcel becomes negatively
buoyant.
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6 BLUNN et al.

F I G U R E 3 (a) UKV, (b) UM100, and (c) UM55 vertical
cross-sections at 1300 UTC approximately perpendicular to the
mean flow in the BL (see location in Figure 1b), showing
continuous-release passive scalar concentration normalised by the
average concentration in the BL. Black solid, dashed, and dotted
lines are −1, 0, and 1 m s−1 vertical velocity contours, respectively.
The lime solid line is BL scheme diagnosed zi. [Colour figure can be
viewed at wileyonlinelibrary.com]

The UM100 and UM55 passive scalar concentration c
(Figure 2a) decreases sharply in the surface layer (z∕⟨zi⟩ ≈
0.0–0.1) and is approximately constant in the mixed
layer (z∕⟨zi⟩ ≈ 0.1–0.8), before decreasing through the cap-
ping inversion layer (z∕⟨zi⟩ ≈ 0.8–1.2) to zero. Similar
behaviour can be seen for the UM100 and UM55 poten-
tial temperature 𝜃 in Figure 2b, except that 𝜃 increases in
the capping inversion layer. The UM100 and UM55 passive
scalar and potential temperature profiles exhibit classic
CBL structure (Garratt, 1994; Pleim, 2007).

The UKV c (Figure 2a) and 𝜃 (Figure 2b) vary more
strongly with height in the mixed layer compared with
those for UM100/UM55. The capping inversion is nar-
rower for UKV, and there is less passive scalar concentra-
tion above ⟨zi⟩. This is because UM100 and UM55 have
greater zi heterogeneity due to updrafts and downdrafts.
Also, resolved motions in UM100 and UM55 sometimes
generate low-𝜃 anomalies in the middle of the CBL, lead-
ing to erroneously low parcel ascent zi diagnosis (see
Figure 3c) and low 𝜃 and high c above zi.

The UM100 and UM55 wind speeds are very simi-
lar (Figure 2c) and are ≈ 6 m s−1 for z∕⟨zi⟩ ≈ 0.1–1.2. The
UKV wind speed has a maximum of 7.8 m s−1 at z∕⟨zi⟩ ≈
0.2 and decreases to values (≈ 6 m s−1) similar to UM100

and UM55 by z∕⟨zi⟩ ≈ 1.0. The wind is predominantly
from the south in all models, as expected based on mea-
surements made at URAO (see Section 2.1). The UKV
x-component of the wind (u) decreases more strongly with
height and is∼ 2 m s−1 larger than u in UM100 and UM55.
Also, unlike UM100 and UM55, the UKV u has a dis-
tinct minimum in the capping inversion before increasing
rapidly above.

The UKV subgrid (i.e., parameterised) (Figure 2d) and
total (Figure 2f) turbulent passive scalar fluxes decrease
linearly with height from the ground to z∕⟨zi⟩ ≈ 1.1 where
c = 0, as expected for a quasi-steady-state CBL (Wyngaard
& Brost, 1984). The subgrid and total fluxes are equal to a
very good approximation, because at (1 km) grid lengths
turbulent transport is not resolved within the CBL, as seen
for UKV in Figure 2e.

The UM100 and UM55 subgrid fluxes (Figure 2d)
decrease rapidly in the surface layer (and slightly faster for
UM55), before decreasing more gradually to zero where
c = 0 at z∕⟨zi⟩ ≈ 1.2. Above the surface layer, the UM100
and UM55 resolved fluxes (Figure 2e) dominate the total
fluxes (Figure 2f). The total fluxes decrease approximately
linearly in the range z∕⟨zi⟩ ≈ 0.1–1.2. Unlike UKV, UM100
(in particular) and UM55 have a small increase in total flux
in the surface layer. This is likely due to nonconservation
issues with grid-scale turbulence close to the surface (as
discussed in Section 2.3). The subgrid/resolved flux par-
titioning for passive scalar here is consistent with that of
Lean et al. (2019) for heat fluxes.

By considering the flux profiles and theory, it is pos-
sible to interpret the differences between the UKV and
UM100/UM55 c and 𝜃 profile behaviour in the mixed layer.
In the MetUM, the total vertical turbulent flux for a scalar
variable 𝜒 is given by (Lock et al., 2016)

w′
𝜒
′
tot = w′

𝜒
′
res + w′

𝜒
′
sbg, (1)

where w′
𝜒
′
res is the resolved flux and w′

𝜒
′
sbg is the subgrid

flux given by

w′
𝜒
′
sbg = −max

[
W1DKNL

𝜒
,K𝜒 (Ri)

]𝜕𝜒

𝜕z
+W1DKNL

𝜒
𝛾𝜒 . (2)

The weighting function W1D controls the amount of sub-
grid flux mixing and is given by

W1D = 1 − tanh
(

0.15 zi

Δ

)

×max
{

0,min
[

1, 4
15

(

4 − Δ
zi

)]}

. (3)

It is a function of the dimensionless parameter Δ∕zi, and
is designed to give the proportion of turbulent kinetic
energy (TKE) that is resolved versus subgrid in LES at
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BLUNN et al. 7

various horizontal grid lengths (Boutle et al., 2014; Hon-
nert et al., 2011). Between 1100 and 1400 UTC, the aver-
age weighting function values are 0.15, 0.95, and 1.00
for UKV, UM100, and UM55, respectively. This means
that the mixed-layer turbulence is treated by UKV as 85%
parametrised, and is 95% and 100% resolved in UM100 and
UM55, respectively (i.e., to a good approximation, UM100
and UM55 are in LES mode). KNL

𝜒
is a nonlocal diffusiv-

ity, K𝜒 (Ri) is a local diffusivity, Ri is the local Richard-
son number, and 𝛾𝜒 is a height-independent parameter
determined by the surface and entrainment fluxes. In the
surface layer, the local subgrid flux term begins to dom-
inate the nonlocal subgrid flux terms (Equation 2), and
towards the surface the turbulence becomes increasingly
parameterised rather than resolved. The 𝛾𝜒 term is a coun-
tergradient flux term that is independent of local gradients,
and is included to make 𝜒 profiles more well mixed. How-
ever, it is only included when 𝜒 = 𝜃. Specific humidity
profiles tend to decrease in the upper CBL due to drying
at the mixed-layer top, so for them the extra nonlocal term
is not included (Lock et al., 2016). Passive scalars do not
have their own tailored treatment in the MetUM, so have
no countergradient term (Lock et al., 2016).

Given that the UKV 𝜃 profile (Figure 2b) increases
more than expected in the mixed layer based on the CBL
literature (Garratt, 1994; Pleim, 2007), and that UM100
and UM55 are more constant with height, it is likely that
the countergradient term is not large enough to maintain a
constant 𝜃 profile. Also, the absence of the countergradient
term for c is likely why it decreases by approximately half
in the mixed layer for UKV, but decreases by only≈ 10% for
UM100 and UM55 where mixed-layer turbulence is almost
all resolved.

Figure 3a–c shows vertical cross-sections approxi-
mately perpendicular to the mean flow of continuous-
release passive scalar concentration for UKV, UM100, and
UM55, respectively. The UKV field is smooth as expected,
because the CBL turbulence is not resolved at (1 km)
grid length. In UM100 and UM55, passive scalar converges
near the surface into updrafts that are associated with high
concentrations. The updrafts branch in the upper BL, due
to the capping inversion forcing air to spread horizontally,
before descending in downdrafts that are broader and have
lower concentrations. Sometimes updrafts do not span the
entire BL, which is expected because downdrafts act to
suppress the less energetic updrafts beneath, and instan-
taneous fields can contain updrafts that have not had
time to develop fully. The resolved motions in UM100 and
UM55 are typical of those observed in idealised LES and
experiments (Deardorff, 1972b; Willis & Deardorff, 1979).
This is perhaps not surprising, considering that UM100
and UM55 are approximately in LES mode, but nonethe-
less it is important to demonstrate that CBL turbulence

is well represented in hectometric NWP for realistic
meteorology.

There is clearly more spatial detail in UM55 than
UM100 concentration and vertical velocity fields.
However, it is not immediately obvious whether the
integral-scale turbulence (i.e., (zi) updrafts, downdrafts,
and their spacing) is the same in UM100 and UM55. The
convergence of UM100 and UM55 is examined in greater
detail in Section 3.1.2.

3.1.2 Horizontal structure

The nondimensional ratio −zi∕LO with LO the Obukhov
length (Garratt, 1994) can be used to characterise the
turbulent structure in CBLs (Salesky et al., 2017). We
use values from our simulations to interpret whether
the turbulence structure is as expected compared with
the literature. Figure 4 shows horizontal cross-sections
of continuous-release c and w for UM100 and UM55 at
z∕⟨zi⟩ = 0.1, z∕⟨zi⟩ = 0.5, and z∕⟨zi⟩ = 1.0 at 1300 UTC.
The ratio is approximately 28 and 30 for UM100 and
UM55, respectively. UKV is not shown, since the fields are
smooth (Figure 3). The UM100 and UM55 vertical velocity
fields at z∕⟨zi⟩ = 0.1 (Figure 4a,b) are qualitatively simi-
lar to Figure 4 of Salesky et al. (2017), where the same
field is shown, but generated using LES of a CBL with
−⟨zi⟩∕LO = 26. The turbulence, although elongated in the
streamwise direction, retains some open cell-like struc-
ture typical of buoyancy-dominated CBLs (−⟨zi⟩∕LO ≫

20). Salesky et al. (2017) showed that the largest changes
in CBL structure occur around −⟨zi⟩∕LO = 15–20, and for
more shear-dominated conditions (−⟨zi⟩∕LO < 15) hori-
zontal convective rolls develop with little or no turbulent
structure in the cross-stream.

The structure of the CBL can be understood further by
inspecting the vertical velocity at z∕⟨zi⟩ = 0.5 (Figure 4e,f)
and z∕⟨zi⟩ = 0.1 (Figure 4a,b). With increasing height the
UM100 and UM55 updrafts become broader, updrafts and
downdrafts are stronger, and less smaller scale turbulence
is apparent. This is consistent with some updrafts not span-
ning the entirety of the CBL (Section 3.1.1) and the merg-
ing of smaller updrafts to form broader ones (Schmidt &
Schumann, 1989). At z∕⟨zi⟩ = 1.0 (Figure 4i,j) the updrafts
reach the capping inversion, where they spread horizon-
tally into domes, becoming less aligned with the flow.

It is clear from the c horizontal cross-sections in
Figure 4 that c correlates strongly with w. The standard
deviation of c normalised by the average concentration in
the layer (⟨c⟩) is calculated at z∕⟨zi⟩ = 0.1 at 1300 UTC in
analysis region 1 (Figure 1b). For both UM100 and UM55
the value is 0.32. Assuming a Gaussian distribution, one
would expect 2.1% of values to be greater than the mean
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8 BLUNN et al.

F I G U R E 4 Horizontal cross-sections of (a,b,e,f,i,j) vertical velocity (columns 1 and 2) and (c,d,g,h,k,l) continuous-release passive
scalar concentration normalised by the average concentration in the BL (columns 3 and 4), for (a,b,c,d) z∕⟨zi⟩ = 0.1 (row 1), (e,f,g,h)
z∕⟨zi⟩ = 0.5 (row 2), and (i,j,k,l) z∕⟨zi⟩ = 1.0 (row 3). The UM55 columns are (a,e,i) 1 and (c,g,k) 3, and the UM100 columns are (b,f,j) 2 and
(d,h,l) 4. See Figure 1b for location. [Colour figure can be viewed at wileyonlinelibrary.com]

plus twice the standard deviation (= 1.64⟨c⟩). However,
the distribution exhibits positive skewness, with approx-
imately 5% of values greater than 1.64⟨c⟩, making large
values of c more likely compared with a Gaussian distribu-
tion. It is perhaps surprising that, 30–45 km downstream of
the southern edge of the homogeneous continuous-release
source, c is often considerably larger than its mean value.
Passive scalar emitted near the southern edge of the source
region has time to become well mixed 30–45 km down-
stream, yet it does not totally dominate the near-surface
passive scalar concentration. This is because local emis-
sions that converge into updrafts can still lead to consider-
able horizontal heterogeneity. This raises the question of
whether convergence at the base of updrafts causes signif-
icant transient surface-level pollution concentration het-
erogeneity in cities. Investigation would need to account
for building-scale turbulence, so experimental methods or
building-resolving LES would be suitable.

We note that in the UM100 horizontal cross-sections
there is some evidence of grey-zone issues. Grid-scale
updrafts align with the grid at z∕⟨zi⟩ = 0.1 (Figure 4a,c),
causing large c and w throughout the CBL (Figure 4e,g,i,k)
(Blunn, 2021, their Figure 3.15).

There is more detailed turbulent structure in UM55
than in UM100 (Figure 4), but, as in Section 3.1.1,
it is not clear whether the integral-scale (zi) CBL
eddies are resolved fully by UM100. While we do not
assume that UM55 resolves the integral-scale turbu-
lence fully, it can be used as a reference for UM100,
to test convergence with decreasing Δ. Convergence is
investigated using the two-point cross-correlation func-
tion, which for two variables 𝜒1 and 𝜒2 at height z is
given by

R𝜒1𝜒2(L) =
< (𝜒1(l) − ⟨𝜒1⟩)(𝜒2(l′) − ⟨𝜒2⟩) >
< (𝜒1(l) − ⟨𝜒1⟩)(𝜒2(l) − ⟨𝜒2⟩) >

, (4)
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BLUNN et al. 9

F I G U R E 5 Vertical velocity two-point cross-correlation
functions plotted against L∕⟨zi⟩ at 1300 UTC for (a) z∕⟨zi⟩ = 0.1 and
(b) z∕⟨zi⟩ = 0.5. Black and red lines correspond to UM100 and
UM55, respectively, and dashed and solid lines correspond to
cross-correlations along the x- and y-axes, respectively. [Colour
figure can be viewed at wileyonlinelibrary.com]

where L ≡ l − l′ is the spatial separation between l and
another point l′, and ⟨⟩ is the horizontal spatial average.
When calculating Rww for l = x (i.e., Rx

ww cross-correlations
along the east–west axis), the cross-correlation is calcu-
lated at each y, then averaged, and vice versa for l = y
(i.e., Ry

ww cross-correlations along the north–south axis).
The term “turbulence integral length scale” will be used
to mean any length scale that characterises the largest tur-
bulence scale. This includes updraft width and separation
and statistical measures.

In Figure 5 we plot Rww for UM100 and UM55 in analy-
sis region 1 at 1300 UTC, for z∕⟨zi⟩ = 0.1 and z∕⟨zi⟩ = 0.5,
with l = x and l = y. The first Rx

ww zero-crossing corre-
sponds to the typical updraft width. Values are calculated
at 1100, 1200, 1300, and 1400 UTC, and the averages and
standard deviations (𝜎) (calculated over the four times)
for UM100 and UM55 are given in Table 2. The four times
are chosen because the CBL was fairly consistent then
(with −⟨zi⟩∕LO = 29.3 ± 2.6 and −⟨zi⟩∕LO = 29.8 ± 2.1 for
UM100 and UM55, respectively), and to enable the differ-
ences in Rww characteristics between the two models to
be compared with consideration of the statistical uncer-
tainty associated with using instantaneous snapshots.

At z∕⟨zi⟩ = 0.1, the first Rx
ww zero-crossing is (0.235 ±

0.006)⟨zi⟩ and (0.208 ± 0.005)⟨zi⟩, for UM100 and UM55,
respectively. The zero crossings at z∕⟨zi⟩ = 0.5 are (0.419 ±
0.026)⟨zi⟩ and (0.446 ± 0.044)⟨zi⟩, for UM100 and UM55,
respectively. Updrafts in both models are approximately
twice as wide at z∕⟨zi⟩ = 0.5 compared with z∕⟨zi⟩ = 0.1.

For L greater than the first Rx
ww zero-crossing and

smaller than the second Rx
ww zero-crossing, there is a

minimum where the updrafts are anticorrelated with the
downdrafts. The second Rx

ww zero-crossing corresponds to
where the updrafts come back in phase, and therefore
represents the cross-stream updraft separation. Its values
are given in Table 2. In both models the cross-stream
updraft separation increases only slightly from ≈ 1.5⟨zi⟩

to ≈ 1.74⟨zi⟩ between z∕⟨zi⟩ = 0.1 and z∕⟨zi⟩ = 0.5. The
updraft width increases more strongly with height than
the cross-stream updraft separation. The updraft width to
cross-stream updraft separation ratio is approximately 0.15
and 0.25 at z∕⟨zi⟩ = 0.1 and z∕⟨zi⟩ = 0.5, respectively, for
both UM100 and UM55.

The updrafts are generally aligned in the streamwise
direction, have finite streamwise length, and mean-
der in the cross-stream direction. As the w fields are
increasingly separated, the updrafts eventually become
uncorrelated, with the streamwise cross-correlations,
Ry

ww, having no prominent negative minima, since
there is little streamwise repetitive turbulence struc-
ture. Therefore, zero-crossings cannot be used to define
the turbulence integral length scale. A common alter-
native method for calculating the turbulence integral
scale is to integrate the two-point cross-correlation
function ∫ ∞0 RwwdL (Dosio et al., 2005). Here we take
the upper integral limit to be the separation at which
Ry

ww < 0.1 (L0.1), so that any large-scale structures
(L ≫ (zi)) in the w field unrelated to turbulence are
not included.

The streamwise turbulence integral length scale
∫

L0.1
0 Ry

wwdL at z∕⟨zi⟩ = 0.1 is (0.257 ± 0.016)⟨zi⟩ and
(0.213 ± 0.009)⟨zi⟩ for UM100 and UM55, respectively,
where the averages and standard deviations are over times
1100, 1200, 1300, and 1400 UTC. The values are > 2𝜎 from

T A B L E 2 The average and standard deviation of the turbulence integral length scale values for UM100 and UM55 calculated at
z∕⟨zi⟩ = 0.1 and z∕⟨zi⟩ = 0.5 from Rx

ww and Ry
ww.

z∕⟨zi⟩ = 0.1 z∕⟨zi⟩ = 0.5

Turbulence integral length scale UM100 UM55 UM100 UM55

First Rx
ww zero-crossing 0.235±0.006 0.208±0.005 0.419±0.026 0.446±0.044

Second Rx
ww zero-crossing 1.446±0.274 1.544±0.300 1.711±0.281 1.767±0.254

∫
L0.1

0 Ry
wwdL 0.257±0.016 0.213±0.009 0.371±0.025 0.359±0.070

Note: The average and standard deviation are calculated from values at 1100, 1200, 1300, and 1400 UTC. The unit of all length scales is ⟨zi⟩.
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10 BLUNN et al.

each other, suggesting that the UM55 streamwise turbu-
lence integral length scale is generally smaller than that of
UM100. The streamwise turbulence integral length scale
at z∕⟨zi⟩ = 0.5 is (0.371 ± 0.025)⟨zi⟩ and (0.359 ± 0.070)⟨zi⟩

for UM100 and UM55, respectively. Again, the UM55
streamwise turbulence integral length scale is slightly
smaller than the UM100 one, but they are within 𝜎 of one
another, so this could be due to statistical variation in time.

The first Rx
ww zero-crossing is > 3𝜎 smaller for UM55

than for UM100 at z∕⟨zi⟩ = 0.1. However, the UM100
and UM55 values are within 𝜎 of each other for the
first Rx

ww zero-crossing at z∕⟨zi⟩ = 0.5 and the second Rx
ww

zero-crossings at z∕⟨zi⟩ = 0.1 and z∕⟨zi⟩ = 0.5.
For the Rx

ww first zero-crossing at z∕⟨zi⟩ = 0.1 and Ry
ww

integral length scale at z∕⟨zi⟩ = 0.1, where mean values
are > 3𝜎 and > 2𝜎 away from each other, respectively,
the UM55 turbulence scales are smaller than those for
UM100. This suggests that, near the top of the surface
layer (often considered to be z∕⟨zi⟩ ≈ 0.1), the UM100
integral-scale turbulence has not converged. However, in
the middle of the CBL, where smaller scale turbulence
associated with the surface layer has merged into larger
updrafts spanning the CBL, UM100 demonstrates signs of
convergence.

Lean et al. (2022) conducted 100-, 55-, and 25-m Δ
MetUM simulations for a clear-sky day with zi ≈ 750 m.
At z∕zi = 0.4 they found no signs of updraft width conver-
gence. This is consistent with the behaviour at z∕⟨zi⟩ = 0.1
rather than z∕⟨zi⟩ = 0.5 in our study. This could be due
in part to updrafts at z∕zi = 0.4 being nearer the surface
and therefore narrower than at z∕zi = 0.5, but more likely
it is because zi is approximately a factor of two smaller
in the Lean et al. (2022) simulations, so that the turbu-
lence is smaller scale and updrafts are narrower. From
power spectra at z∕zi = 0.25, at energy-producing scales
Lean et al. (2019) found modelled turbulence to be most
similar to observed turbulence for Δ = 25 m. This sug-
gests that, to represent the integral-scale turbulence in
the lower portion of the CBL fully, at least Δ = 25 m is
required. However, for deep CBLs ((zi = 1.4 km)), partic-
ularly towards the middle of the CBL, our study suggests
that some integral-scale properties of the turbulence (e.g.,
cross-stream updraft separation) start to show signs of
convergence at Δ = 100 m.

3.2 Vertical evolution following puff
release

In this section, the evolution of the vertical profile of the
passive scalar field is investigated for UKV, UM100, and
UM55. A qualitative investigation is made using verti-
cal cross-sections and vertical profiles of the puff-release

passive scalar concentrations. Timescales associated with
the vertical mixing in each model are investigated in
Section 3.3.

Figure 6 shows vertical cross-sections of (a–c) UKV
and (d–f) UM55 1300 UTC puff-release passive scalar at
5, 20, and 55 min since release. The cross-sections are
approximately perpendicular to the flow (see location in
Figure 1b). At 1305 UTC, the UKV passive scalar con-
centration is very horizontally homogeneous and high
near to the surface, but the UM55 concentration is much
more horizontally and vertically heterogeneous, with
high concentration values at greater heights than for
UKV. These high values can be found up to z = 1 km
and are associated with updrafts resolved in UM55. At
1320 UTC, the UKV concentration is still higher near
the surface and lower near the top of the BL, but the
vertical gradient is reduced. At the same time, there is
more passive scalar in the upper BL than lower BL for
UM55. Therefore, the lift-off behaviour seen in experi-
ments and LES is demonstrated here (Deardorff, 1972b;
Willis & Deardorff, 1976). By 1355 UTC, the UKV con-
centration field is very homogeneous throughout the BL.
The UM55 concentration field has become much more
homogeneous, but vertical and horizontal structure still
remains.

Differences in the vertical evolution of passive scalar
concentration between models can be further under-
stood by inspecting vertical profiles. Figure 7 shows the
1300 UTC puff-release concentration profiles for UKV,
UM100, and UM55 in analysis region 1 (Figure 1b) at
5-min intervals. The UKV concentration profiles decrease
and increase monotonically with time near the surface
and in the upper BL, respectively, and tend towards a
steady state. The UKV concentration decreases monoton-
ically with height at all times. The UM100 and UM55
profiles are most similar to the UKV profile at 5 min,
which is likely due to vertical mixing near the surface
being partly parameterised in all models. However, after
10 min UM100 and UM55 have a much larger propor-
tion of passive scalar in the upper BL than UKV. Between
approximately 15 and 30 min, UM100 and UM55 have
more passive scalar in the upper BL than the lower BL.
The surface-level concentrations 20 min after release are
approximately three times lower for UM55 than for UKV.
The lofting of passive scalar emitted at the surface is thus
an important process controlling surface-level pollution
concentration.

By 1340 UTC, the UM100 and UM55 profiles change
very little with time and decrease by less than 20% between
the surface and z∕⟨zi⟩ = 0.8 (i.e., are “well mixed”), despite
the passive scalar heterogeneity seen in Figure 6f. The
UM100 and UM55 profiles are very similar across times,
demonstrating that the lower resolution UM100 represents
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BLUNN et al. 11

F I G U R E 6 Vertical cross-sections approximately parallel to the mean flow in the BL (location Figure 1b) showing puff-release passive
scalar concentration normalised by the average concentration in the BL. (a,b,c) UKV at 1305, 1320, and 1355 UTC, respectively, and (d,e,f)
UM55 at 1305, 1320, and 1355 UTC, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 7 Time evolution of the 1300 UTC puff-release
concentration profiles for (a) UKV, (b) UM100, and (c) UM55
models. Profiles are calculated in analysis region 1 (see location in
Figure 1b). [Colour figure can be viewed at wileyonlinelibrary.com]

the most important passive scalar CBL turbulent mixing
processes.

3.3 Dispersion timescales

It was seen in previous sections that UKV and UM100/
UM55 have different vertical mixing behaviour, and that
passive scalar is mixed more efficiently in UM100/UM55
(e.g., Figure 2a). Here, a reduced analytical model is
developed that enables the vertical mixing characteristics
exhibited by the models to be attributed to different disper-
sion processes (i.e., diffusive and ballistic). Vertical mixing
timescales associated with the processes are derived by fit-
ting the reduced analytical model to the NWP output. The
differences in vertical mixing behaviour between models
are thus quantified.
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12 BLUNN et al.

The height of passive scalar may be characterised by
the centre of mass:

CoM =
∫A ∫

∞
0 c(x, y, z)z dz dA

∫A ∫
∞

0 c(x, y, z) dz dA
, (5)

where A is the area of the analysis region (taken here to
be analysis region 1). By tracking the CoM trajectory with
time, one can obtain an estimate of how well mixed the
passive scalar is, since, assuming that the amount of pas-
sive scalar that escapes the BL is negligible, CoM∕⟨zi⟩→
0.5 in the limit of being well mixed.

The Lagrangian stochastic modelling approach is
based on calculating an ensemble of particle trajecto-
ries through a turbulent flow, given knowledge of Eule-
rian velocity statistics. The ensemble average of such
trajectories defines the concentration distribution. The
mathematical form of most LSMs is that of the generalised
Langevin equation (Thomson & Wilson, 2012). Impor-
tantly, it has the correct dispersion behaviour in the ballis-
tic (t ≪ 𝜏) and diffusive (t ≫ 𝜏) limits.

As argued in the Appendix A, if various simplifying
assumptions about CBL turbulence hold, then the evolu-
tion of the CoM can be roughly approximated by

̈̃Z = −2𝛾 ̇̃Z − 𝜔2Z̃, (6)

where Z̃ ≡ z̃ − ⟨zi⟩∕2, z̃ is the ensemble average (tilde)
height of a LSM’s passive scalar particles and is equivalent
to the CoM, 𝜔 = 2𝜋∕𝜏𝜔 is the natural frequency (which
is related to the eddy turnover timescale), and 𝛾 = 1∕(2𝜏)
determines the amount of damping. This is the form of
a damped simple harmonic oscillator (DSHO). The first
“damping” term on the right-hand side represents the dif-
fusive dispersion caused by smaller eddies, which cause
particles to lose memory of the CBL-spanning eddy into
which each particle was initially released. The second term
on the right-hand side is an approximation to the LSM
drift term (see Appendix A), which offsets the tendency
of particles to accumulate in areas of low vertical veloc-
ity variance and is related to turbulent motions induced by
pressure gradients in the CBL, that is, (zi) overturning
eddies (Thomson, 1987).

The general solution to Equation 6 is given by

Z̃∕⟨zi⟩ = Aep+t + Bep−t = e−𝛾t
(

Ae
√
𝛾

2−𝜔2t + Be−
√
𝛾

2−𝜔2t
)
,

(7)
where A and B are dimensionless constants and p± = −𝛾 ±√
𝛾

2 − 𝜔2. We can consider two regimes: overdamped (𝛾 >
𝜔) and underdamped (𝛾 < 𝜔), where dispersion is dif-
fusive and ballistic-dominated, respectively. In the diffu-
sive limit (𝛾 ≫ 𝜔) p+ → 0 and p− → −2𝛾 , so that there is
effectively one decay term in Equation 7. We define two

timescales 𝜏p± = −1∕p±, such that in the diffusive limit
𝜏p+ →∞ and 𝜏p− → 1∕(2𝛾) = 𝜏. 𝜏 is a memory timescale
characterising how long it takes the motion of a particle
to become uncorrelated with the motion of the particle
immediately after release (see Appendix A).

For a ground release z̃(0)∕⟨zi⟩ = 0, it follows from
Equation 7 that A + B + 0.5 = 0. The overdamped case of
Equation 7 can then be written as

z̃∕⟨zi⟩ = 0.5 + Aep+t − (0.5 + A)ep−t
, (8)

where p+, p− < 0, and the underdamped case can be writ-
ten as

z̃∕⟨zi⟩ = 0.5
[

1 − e−𝛾t cos(Ωt + 𝜙)
cos(𝜙)

]

, (9)

where 𝜙 is a phase constant and Ω =
√
𝜔

2 − 𝛾2. Both
solutions have two effective time parameters: 𝜏p− = −1∕p−
and 𝜏p+ = −1∕p+ (overdamped), and 𝜏 = 1∕(2𝛾) and 𝜏Ω =
2𝜋∕Ω (underdamped). A critically damped solution occurs
when 𝛾 = 𝜔, and is given by

z̃∕⟨zi⟩ = 0.5 + (−0.5 + Jt)e−𝛾t
, (10)

where J is a constant.
The overerdamped solution (Equation 8) decays expo-

nentially with two timescales towards z̃∕⟨zi⟩ = 0.5 without
oscillating. When 𝜔 is only slightly smaller than 𝛾 , then
the two timescales 𝜏p± in the exponential terms are both
approximately equal to 2𝜏. As 𝜔 becomes increasingly
smaller than 𝛾 , 𝜏p+ becomes larger than 𝜏p− , until, as dis-
cussed previously, in the diffusive limit 𝜏p+ →∞ and 𝜏p− →
𝜏. The underdamped solution (Equation 9) oscillates at
frequency Ω (slower than 𝜔) with amplitude exponen-
tially decaying to zero with e-folding lifetime 1∕𝛾 = 2𝜏, so
that z̃∕⟨zi⟩ tends towards 0.5. For a near-ground release,
increasing𝜔 results in z̃ moving more quickly from the sur-
face, since the oscillations are faster. Also, as 𝜔 becomes
larger relative to 𝛾 (i.e., increasingly ballistic-dominated
dispersion), the oscillations are more prominent and z̃∕⟨zi⟩

overshoots 0.5 more, since the solution has undergone less
decay by the time of maximum amplitude.

The optimal fits between Equations 8 and 9 and the
UKV, UM100, and UM55 puff-release z̃ time series are
found by varying the parameter values and minimising
the root-mean-square error. Figure 8 shows these time
series and the fitted analytical solutions for a puff release
at 1300 UTC. The solutions reproduce the salient features
of the simulation results. UKV is fitted best by the over-
damped solution, and z̃∕⟨zi⟩ tends increasingly slowly with
time towards 0.5. UM100 and UM55 are fitted best by the
underdamped solution, where z̃∕⟨zi⟩ increases rapidly and
overshoots z∕⟨zi⟩ = 0.5 after ≈ 15 min, before settling at ≈

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4632 by T
est, W

iley O
nline L

ibrary on [25/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BLUNN et al. 13

F I G U R E 8 UKV, UM100, and UM55 model CoM trajectories
for a puff release at 1300 UTC (solid) with optimal DSHO solutions
(dashed). The trajectories and optimal solutions are also
qualitatively representative of releases at 1100, 1200, and 1400 UTC.
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 9 (a) UKV and UM55 continuous-release passive
scalar concentration profiles normalised by the average
concentration in the BL at 1300 UTC. Concentrations are calculated
in five west–east bands across analysis region 2 (see location in
Figure 1b): 0–10, 10–20, 20–30, 30–40, and 40–50 km downstream of
the southern edge of the source. (b) Ratio of the UM55 to UKV
continuous-release passive scalar concentration at z∕⟨zi⟩ = 0.02
normalised by the average concentration in the BL at 1300 UTC.
The ratio is calculated in analysis region 2 at 0.5-km intervals
downstream of the southern edge of the source. [Colour figure can
be viewed at wileyonlinelibrary.com]

0.5. Also, the eddy turnover timescale 𝜏w = 105.2 min is
much slower than the decorrelation timescale 𝜏 = 6.7 min,
consistent with the lack of ballistic-type dispersion in UKV.

The best-fitting parameter values for puff releases at
1100, 1200, 1300, and 1400 UTC are calculated, and their
average values are given in Table 3. These times are
selected as they are highly convective and the CBL is qua-
sistationary with 1.4 < zi < 1.6 km across all models. For
UKV, 𝜏p− and 𝜏p+ are 8.4 and 33.6 min, respectively. The 𝜏p−
term in Equation 8 decays quickly and largely determines
the short-timescale dispersion behaviour. The 𝜏p+ term

decays more slowly and largely determines the time it
takes for passive scalar to become well mixed.

For UM55, 𝜏 and 𝜏𝜔 are 4.6 and 33.3 min, respectively,
and for UM100 𝜏 and 𝜏𝜔 are 5.7 and 36.0 min, respec-
tively. This means that the resolved overturning motions
associated with ballistic dispersion have a short enough
timescale (𝜏𝜔 < 4𝜋𝜏, i.e., underdamped 𝛾 < 𝜔) to cause
the CoM to overshoot ⟨zi⟩∕2 (see Figure 8), so that more
passive scalar is in the upper than the lower half of
the CBL. The 𝜏 decay term in Equation 9controls how
quickly z̃∕⟨zi⟩ reaches a steady-state value of 0.5 (i.e.,
becomes well mixed). Thus the timescale that determines
how quickly the models become well mixed is 𝜏p+∕(2𝜏) ≈
three times longer for UKV than for UM100/UM55, con-
sistent with the UKV vertical mixing being less effi-
cient in Section 3.1.1. UM55 having slightly smaller
𝜏 and 𝜏Ω than UM100 is consistent across times (not
shown), suggesting that the UM100 and UM55 verti-
cal mixing has small differences and has not converged
at Δ = 100 m.

The convective timescale t∗ = ⟨zi⟩∕w∗, where w∗ is
the convective velocity scale (Garratt, 1994), is 11.9 and
11.6 min for UM100 and UM55, respectively. Its value is
t∗ ≈ 2𝜏 in the UKV overdamped solution, while t∗ ∼ 𝜏𝜔∕3
for the underdamped cases.

At very short times (0–5 min), the vertical mixing is
slightly more efficient in UKV than in UM100/UM55
(Figure 8). This is possibly due to the vertical grid
length being ∼ two times larger in UKV compared with
UM100/UM55, influencing parameterised vertical mixing
near the surface. The best-fitting UM100/UM55 solutions
have 𝜙 = −44◦ on average. This results in z̃∕⟨zi⟩ becoming
negative for a very short time, before becoming positive
and increasing rapidly. This unphysical behaviour is a lim-
itation of the model. That the optimal fit has 𝜙 ≠ 0 is likely
a consequence of assuming that turbulence is vertically
homogeneous in the first and third terms on the right-hand
side of Equation A3.

3.4 City-scale near-surface
concentration dependence on vertical
mixing

It was demonstrated in Sections 3.2 and 3.3 that, unlike
passive scalar in UKV, passive scalar in UM100 and UM55
has higher concentrations in the upper half of the CBL at
times ≈ 𝜏Ω∕2 since puff release (i.e., half the time period
of the underdamped DSHO). This is due to UM100 and
UM55 representing the lift-off behaviour that occurs in
the ballistic dispersion limit. In this section, we investigate
the influence of representing (UM100 and UM55) versus
not representing (UKV) the lift-off effect on passive scalar
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14 BLUNN et al.

T A B L E 3 Average optimal-fit DSHO parameter values for the UKV, UM100, and UM55 CoM trajectories.

Model A 𝝓 𝝉p+ 𝝉p− 𝝉 𝝉𝛀 𝝉
𝝎

t∗

UKV −0.21 — 33.6 8.4 6.7 — 105.2 11.9

UM100 — −38◦ — — 5.7 41.8 36.0 11.9

UM55 — −44◦ — — 4.6 40.8 33.3 11.6

Note: The average is over the values at 1100, 1200, 1300, and 1400 UTC. 𝜏p+ = −1∕p+, 𝜏p− = −1∕p−, 𝜏Ω = 2𝜋∕Ω, 𝜏 = 1∕(2𝛾), and 𝜏
𝜔
= 2𝜋∕𝜔. B = −A − 0.5. Also

included is the convective timescale t∗ = ⟨zi⟩∕w∗. The unit of all timescales is minutes.

vertical distribution evolution with downstream distance
over London. A homogeneous continuous ground source
of passive scalar represents idealised city-scale pollution
emissions. Figure 9a shows the UKV and UM55 profiles
normalised by the mean concentration within the BL at
1300 UTC. The profiles are calculated in five west–east
bands across analysis region 2 (see location in Figure 1b)
at 0–10, 10–20, 20–30, 30–40, and 40–50 km downstream
distance from the southern edge of the source.

The downstream distance (D) at which the profiles
become steady state can be used to understand the effi-
ciency of vertical mixing. Profiles become steady state
when the majority of passive scalar is well mixed, which
occurs at smaller D with increasing vertical mixing effi-
ciency. For all models, immediately downstream of the
source edge the passive scalar is near the surface, and, with
increasing D, more of the passive scalar has time to become
well mixed. The UKV profiles tend towards (but do not
reach) a steady state with increasing D. The UM55 profiles
change with D more quickly and reach an approximate
steady state by the 10–20 km profile. The UKV vertical mix-
ing is less efficient than that in UM55 (as discussed in
Section 3.3) so the profiles take longer to adjust. Unlike the
UM55 puff-release passive scalar profiles (see Figure 7c),
due to the continuous ground-source emissions of pas-
sive scalar, there is never more UM55 passive scalar in
the upper CBL than the lower CBL (Figure 9a). However,
ballistic-regime turbulent mixing is still occurring, as will
be explained.

The influence of resolving ballistic dispersion on
near-surface concentration is investigated. Figure 9b
shows (⟨c0.02⟩∕cBL)UM55∕(⟨c0.02⟩∕cBL)UKV, the ratio of the
UM55 to UKV ⟨c⟩∕cBL at z∕⟨zi⟩ = 0.02 at 1300 UTC. The
ratio is calculated in analysis region 2 at 0.5-km inter-
vals downstream of the southern edge of the source. At
D = 1 km, the proportion of passive scalar at the surface
in UM55 is ≈ 20% lower than in UKV. This is likely a
consequence of differences in vertical grid resolution near
the surface. By D = 8 km, the ratio has decreased from
≈ 0.8 to ≈ 0.53. Using an average CBL advection speed
of U ≈ 6 m s−1 (Figure 2c), this corresponds to air that
has been travelling ≈ 22 min since crossing the south-
ern edge of the continuous source region. For UM55, this
agrees well with 𝜏Ω∕2 (Table 3) and the time at which the

largest amounts of passive scalar are lofted in the CBL in
Figure 7c. This is consistent with UM55 resolving ballis-
tic dispersion, causing UM55 to have lower near-surface
concentration compared with UKV at D ≈ 8 km.

For D > 8 km, the proportion of passive scalar at the
surface in UM55 relative to UKV starts to increase again.
Although the emission of passive scalar and ballistic mix-
ing at short times continues downstream, the proportion
of passive scalar that has had long enough to become well
mixed increases.

By explicitly resolving rather than parameter-
ising vertical mixing within the CBL, up to 34%
(100 × (0.53 − 0.80)∕0.80) decreases in near-surface con-
centration can be expected. If the parameterised vertical
mixing efficiency in UKV were increased, it is pos-
sible that (⟨c0.02⟩∕cBL)UM55∕(⟨c0.02⟩∕cBL)UKV would be
closer to 1, since the parameterised near-surface con-
centrations would be lower. However, the minimum in
(⟨c0.02⟩∕cBL)UM55∕(⟨c0.02⟩∕cBL)UKV at D ≈ U𝜏Ω∕2 would
still occur. The K-theory vertical mixing parameterisa-
tion used in many NWP and AQM schemes (Kukkonen
et al., 2012) cannot produce the elevated concentra-
tions in the upper CBL, since quantities cannot be
transported against their local vertical gradient. “Coun-
tergradient” schemes, which are examples of “nonlocal”
vertical mixing parametrisations, aim to represent the
BL-scale coherent convective motions that lead to “lift-off”
behaviour. The lift-off behaviour (where passive scalar
is preferentially transported to the upper BL) is a conse-
quence of passive scalar transport by coherent motions at
short times since release (i.e., the t ≪ 𝜏 ballistic dispersion
limit). Simple gamma-type countergradient parameterisa-
tions (i.e., those with similar form to the second term on
the right-hand side of Equation 2: Deardorff, 1972a; Lock
et al., 2016) do not move quantities preferentially from the
ground to the upper (rather than the lower) CBL. It is pos-
sible that TKE (Ito et al., 2015; Mellor & Yamada, 1982) or
eddy-diffusion mass-flux (Pergaud et al., 2009; Siebesma
et al., 2007) CBL turbulence schemes could represent this
ballistic dispersion behaviour, but, to the authors’ best
knowledge, whether they do so accurately has not been
investigated.

Lift-off behaviour can be expected to have the largest
influence on near-surface air-pollution concentration
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BLUNN et al. 15

when there is a low proportion of well-mixed pollution:
for example, when there is low background pollution con-
centration (i.e., little long-range transported pollution) and
at short distances downstream (D ≈ UtΩ∕2) of a strong
source. The lifetime of individual pollutant species can
also be expected to have an effect.

4 CONCLUSIONS

CBL dispersion of passive scalar from a homogeneous
city-scale ground source is simulated using hectometre-
and kilometre-scale horizontal grid length NWP. We
explain the differences in vertical mixing between these
scales, develop a reduced analytical model to quantify dif-
ferences in vertical mixing efficiency, and demonstrate
that, for certain conditions, resolving “ballistic” type dis-
persion can have a leading-order effect on city-scale
near-surface pollution concentration. The case study (May
4, 2016) is centred on London and has clear-sky condi-
tions, with simulated ⟨zi⟩ = 1.4–1.6 km (1100–1400 UTC)
and −⟨zi⟩∕LO ≈ 30.

CBL turbulent mixing of scalar in UKV (Δ = (1 km))
is subgrid and therefore parameterised, so the passive
scalar field varies smoothly in the horizontal. However,
in UM100 and UM55 (Δ = (100 m)) the majority of
CBL vertical turbulent mixing is resolved above the sur-
face layer. Passive scalar converges near the surface and
ascends in updrafts, before spreading horizontally at the
capping inversion. This results in large passive scalar
horizontal heterogeneity (e.g., for the continuous-release
source, 2.6% of values are > 1.64⟨c⟩ at z∕⟨zi⟩ = 0.1
(Section 3.1.2)).

The vertical mixing of passive scalar in UKV is param-
eterised using K theory, where movement of particles
follows local concentration gradients (i.e., “diffusive” dis-
persion). For the hour following puff (i.e., instantaneous)
release of passive scalar at the ground, this means that the
concentration decreases and increases in the lower and
upper CBL, respectively. However, in UM100 and UM55,
where CBL-scale overturning eddies are resolved, parti-
cles undergo ballistic as well as diffusive dispersion. For
times of the order of the turbulence memory timescale,
particles retain memory of the eddy they are released into.
The largest eddies transport particles into the upper CBL
preferentially over the lower CBL. This “lift-off” behaviour
for times (𝜏Ω∕2 ∼ 20 min) results in higher concentra-
tion in the upper than the lower BL. To the best of our
knowledge, this is the first time that lift-off behaviour has
been demonstrated using NWP.

Starting from Langevin’s equation, a reduced ana-
lytical model that takes the form of a damped simple
harmonic oscillator is developed. It predicts the CoM

trajectory of the puff-released passive scalar. The CoM
increases ever more slowly with time from the ground
towards z∕⟨zi⟩ = 0.5 for UKV, but it overshoots z∕⟨zi⟩ = 0.5
(due to ballistic dispersion) before tending towards
z∕⟨zi⟩ = 0.5 for UM100 and UM55. This dispersion
behaviour is captured by the overdamped (UKV) and
underdamped (UM100/UM55) solutions with remarkable
accuracy for such a simple model. The overdamped and
underdamped solutions each have two timescales. UKV
has two e-folding timescales, one longer (33.6 min) than
the other (8.4 min), explaining why the vertical mixing
is efficient initially but becomes less efficient with time.
UM100 and UM55 have one e-folding timescale (≈ 10 min)
that is much shorter than the longer UKV timescale,
which explains why, at very short times (0–5 min), their
vertical mixing is less efficient than UKV, but for greater
times their vertical mixing is approximately three times
more efficient. The other vertical mixing timescale for
UM100 and UM55 is ≈ 40 min and represents the fre-
quency of the CoM oscillations. With increasing time,
the vertical concentration gradient reduces in all mod-
els, which makes UKV less efficient at vertical mixing,
but UM100 and UM55 keep mixing efficiently due to
the resolved (often counter-concentration-gradient) CBL
overturning eddy transport.

Qualitatively, from horizontal (Figure 4) and vertical
(Figure 3) cross-sections it is seen that more fine-detail
structure in both the vertical velocity and passive scalar
concentration fields is resolved in UM55 than in UM100.
Using two-point cross-correlation functions (Figure 5)
it is demonstrated that, near the top of the surface layer
(z∕⟨zi⟩ = 0.1), the integral-scale turbulence is slightly
larger in UM100 than in UM55. However, at z∕⟨zi⟩ = 0.5
the integral-scale turbulence has similar size in UM100
and UM55, suggesting that in the middle of the mixed
layer the integral-scale turbulence has converged or is
close to converging with Δ. The fact that the integral-scale
turbulence in UM100 and UM55 is similarly well resolved
in the mixed layer is consistent with UM100 and UM55
having qualitatively similar dispersion behaviour (e.g.,
Figures 2a,c, 7,8) and similar vertical mixing timescales
(Table 3).

For an idealised source representing city-scale pol-
lution emissions, it is demonstrated that representing
ballistic-type dispersion reduces near-surface passive
scalar concentration by up to 34%. At ∼ U𝜏Ω∕2 = 8 km
downstream of the upstream edge of the sources, the
emissions occurring near the upstream edge have had
time to be lifted into the upper CBL, and thus there
is time for a reduction in near-surface concentration
to develop. This lift-off behaviour can be expected to
have its greatest influence on near-surface air-pollution
concentration when contributions to the concentration
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are dominated by local emissions (e.g., for strong city
emissions with low-concentration air transported in by
mesoscale/synoptic-scale flow).

Given that the turbulent structure of the CBL is influ-
enced by the amount of surface sensible heating and
wind shear, it would be worth investigating other atmo-
spheric conditions to find out whether the NWP disper-
sion behaviour exhibited here holds more generally. For
example, does UM100 still behave similarly to UM55 for
less convective conditions and during the morning neu-
tral/convective transition, when zi and the turbulence inte-
gral scales are smaller? Also, more realistic scenarios that
include chemistry and heterogeneous pollution sources
could be investigated, to see if ballistic-type dispersion
still has a large influence on near-surface concentrations.
There is evidence that the roughness of the urban sur-
face makes horizontal convective rolls more likely than
over rural areas (Miao & Chen, 2008), and that anthro-
pogenic heat emissions in cities can cause weakly con-
vective conditions to occur more often at night (chap. 7,
Oke et al., 2017). Therefore, the extent to which the urban
increment changes resolved passive scalar dispersion is
of interest. The MetUM does not have a countergradient
vertical mixing term for passive scalars. Inclusion of such
a term would likely increase parametrised CBL vertical
mixing efficiency, so that the UKV and UM100/UM55 ver-
tical mixing efficiencies become more similar. However,
current countergradient parameterisations used in NWP
(e.g., Lock et al., 2000; Pleim & Chang, 1992) do not move
passive scalar preferentially to the upper (over the lower)
CBL, so do not fully represent the dispersion behaviour
caused by ballistic dispersion. Assuming that representa-
tion of ballistic-type dispersion is important for predicting
surface-level concentrations in general, new CBL vertical
mixing parameterisations (e.g., based on fractional calcu-
lus: Paradisi et al., 2001) should be developed for NWP.
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APPENDIX A. REDUCTION OF THE GEN-
ERALISED LANGEVIN EQUATION TO A
DAMPED SIMPLE HARMONIC OSCILLATOR

In this section, the generalised Langevin equation
(Thomson & Wilson, 2012) is reduced to a DSHO describ-
ing the CoM evolution of particles puff-released at some
height in the CBL. In Section 3.3 the DSHO is solved
and used to estimate vertical mixing timescales for UKV,
UM100, and UM55.

LSMs are able to produce the correct dispersion
behaviour in the diffusive and ballistic limits. The gen-
eralised Langevin equation is the usual starting point for
modern LSMs, and for vertical dispersion is given by
(Thomson, 1987)

dw = a(z,w, t) dt + b(z,w, t) d𝜉, (A1)

where d𝜉 are random velocity increments and a and b are
functions that need to be parameterised. Once w (the ver-
tical velocity of the particle) has been determined, one can
integrate dz = w dt to find the particle position.

The second term on the right-hand side of Equation A1
is the diffusion term and represents the small-scale tur-
bulent motions. Thomson (1987) showed that the random
velocity increments must be Gaussian if w is to evolve
continuously in time without jumps. More specifically, d𝜉
becomes a Gaussian random forcing with zero mean and
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variance dt. b is generally taken to be

b = (C0𝜖)1∕2
, (A2)

so that it is consistent with the Lagrangian structure func-
tion in the inertial subrange (Weil, 1990). C0 is often
treated as a dispersion parameter, but more strictly is a
universal constant (Monin and Yaglom, 1975), and 𝜖 is
the local ensemble-averaged dissipation rate (Weil, 1990).
It is common to express b in terms of the decorrela-
tion timescale 𝜏 = 2𝜎2

w∕(C0𝜖), so that b = (2𝜎2
w∕𝜏)1∕2 (Ten-

nekes, 1979; Thomson & Wilson, 2012).
It is well known in CBLs that vertical velocity prob-

ability density functions (PDFs) are positively skewed
(Weil, 1990). However, to obtain a reduced analyti-
cal model we assume Gaussian vertical velocity PDFs
throughout the CBL and note that asymmetries between
updrafts and downdrafts and between the lower and upper
BL will not be represented. For stationary, horizontally
homogeneous flows, with Gaussian vertical velocity PDF
(Thomson, 1987; Weil, 1990),

a = −C0𝜖w
2𝜎2

w
+ 1

2

(

1 + w2

𝜎
2
w

)
𝜕𝜎

2
w

𝜕z
. (A3)

The first term on the right-hand side of Equation A3 is the
damping term and represents the fading memory of the
turbulence. This can be seen by writing it in terms of the
decorrelation timescale so that it equals−w∕𝜏. The second
term on the right-hand side of Equation A3 is the so called
drift term and offsets the tendency of simulated particles
to accumulate in areas of low 𝜎w.

Let us take Equations A1–A3 as the starting point
for the reduced analytical model. Except near the ground
and the top of the CBL, the ensemble average of the sec-
ond term on the right-hand side of Equation A1 is zero,
since the Gaussian forcing has equal probability of dis-
placing particles upwards and downwards. This term will
be neglected. The drift term simplifies upon ensemble
averaging, so that Equations A1–A3 can be written as

̃̈z = −
̃̇z
𝜏

+
𝜕𝜎

2
w

𝜕z
, (A4)

where z̃ is the ensemble average particle position (or CoM
of the particles). We assume that 𝜏 is constant, which is

likely a poorer assumption near the ground and top of the
CBL, where turbulence characteristics are most different
compared with the rest of the CBL.

Turbulence is not vertically homogeneous in the CBL,
otherwise the drift term in Equation A4 would be zero and
the characteristic lift-off behaviour of puff-released passive
scalars near the surface would not be reproduced (Luhar &
Britter, 1989; Weil, 1990). Passive scalar would not spread
faster than ⟨z2⟩ ∝ t at times shortly after release. For a
CBL, the damping and drift terms on the right-hand side of
Equation A4 are of the same order of magnitude, so both
should be represented. Here, a heuristic approximation is
made to the drift term, allowing some representation of the
vertical heterogeneity in CBL turbulence, even though it
is neglected in the damping term and diffusion term (sec-
ond term on the right-hand side of Equation A1). In CBL
turbulence, 𝜎2

w tends to have a maximum at approximately
⟨zi⟩∕2 (Salesky et al., 2017). The drift term is therefore pos-
itive and negative in the bottom and top halves of the CBL,
respectively, and acts to move particles towards ⟨zi⟩∕2. It
is as if the drift term is a restoring force. On this basis the
drift term will be represented as being proportional to the
negative displacement from the middle of the CBL.

Another argument for representing the drift term as a
restoring force can be made. The main energy-producing
eddies under convective conditions span the entire CBL
depth, and might be roughly approximated as circular in
an x–z plane. A particle released into such an eddy (in the
absence of the influence of other eddies) would undergo
perpetual circular motions with angular frequency𝜔 anal-
ogous to simple harmonic motion when projected onto the
z-axis.

The LSM has been reduced to a DSHO of the form

̈̃z = −2𝛾 ̇̃z − 𝜔2(z̃ − ⟨zi⟩∕2), (A5)

where 𝜔 = 2𝜋∕𝜏𝜔 is the natural frequency, 𝜏𝜔 is expected
to be of the order of the eddy turnover timescale, and
𝛾 = 1∕(2𝜏) determines the amount of damping. The first
and second terms on the right-hand side are the damp-
ing and restoring forces, respectively. The −⟨zi⟩∕2 fac-
tor places the DSHO equilibrium at the middle of the
BL. Note that the time derivative and ensemble average
operator orders have been swapped from Equation A4,
assuming that they commute, at least to a reasonable
approximation.
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