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Abstract

Most Lagrangian dispersion models represent free tropospheric turbulence
as a homogeneous steady-state process. However, intermittent turbulent mixing
in the free troposphere may be a significant source of mixing. We test a
new parametrization scheme that represents spatial- and temporal-varying
turbulence in the free troposphere in the Met Office’s Numerical
Atmospheric-dispersion Modelling Environment. We use semi-idealized emis-
sions of radon-222 (**?Rn) from rocks and soil in the United Kingdom to
evaluate the impact of using a variable free tropospheric turbulence parame-
terization on the dispersion of 22Rn. We performed two experiments, the first
using the existing steady-state scheme and the second using the newly imple-
mented spatio-temporal-varying scheme, for two case periods July 2018 and
April 2021. We find that the turbulence in the varying scheme (represented
by the vertical velocity variance) can range by two to three orders of mag-
nitude (10~* to 107! m? -s=2) when compared with the steady-state scheme
(1072 m? -s~2). In particular, low-altitude turbulence is enhanced when synoptic
conditions are conducive to forming low-level jets. This leads to a greater disper-
sion in the free troposphere, reducing the mean monthly ?2Rn concentration
above the boundary layer by 20-40% relative to the steady-state scheme. We con-
clude that without a space-time-varying free tropospheric turbulence scheme
atmospheric dispersion may be significantly underestimated under synoptic
conditions that are favourable for low-level jet formation. This underestimation
of dispersion may potentially result in inaccurate estimations of local emissions
in top-down greenhouse gas inventory studies.
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1 | INTRODUCTION

Turbulent mixing in the atmospheric boundary layer is
common. The resultant mixing affects the concentration
field of pollutants, such as smoke from fires, radioactive
material from nuclear accidents, and greenhouse gases.
Mixing in turbulent flows and its relationship to the dis-
persion of pollutants in the atmospheric boundary layer
have been widely studied (e.g., Barad (1958); Gifford
(1959); Hanna (1981); Mason (1992); Turner (1997);
Ott and Ejsing Jergensen (2002); Jones (2004); Ferrero
et al. (2023); and references therein). In the atmosphere
above the boundary layer, known as the free troposphere
(or the free atmosphere), turbulent mixing occurs in
localized, intermittent events. The study of turbulence
in the free troposphere and its effect on the dispersion of
pollutants has received relatively less attention.

Most numerical dispersion models do not represent
this free tropospheric intermittent turbulence and instead
assume steady-state conditions for turbulent mixing. This
is the case in a range of commonly used dispersion
models (Bonadonna et al., 2012). In a review of the lat-
est available documentation for the dispersion models
— Ash3D (Schwaiger et al., 2012), FLEXPART (Stohl
et al., 2005), HYSPLIT (Draxler & Hess, 1998), IMA-ATM
(Saito et al., 2015), MLDPO (D’Amours et al., 2015),
PUFF (Searcy et al., 1998), and Vol-CALPUFF (Barsotti
et al., 2008) — we conclude that only HYSPLIT in its
Lagrangian mode includes schemes that could represent
space-time-varying turbulence in the free troposphere.

Failure to represent this intermittent turbulence could
lead to the over- or underestimation of pollutant con-
centrations in dispersion forecasts (Dacre et al., 2015).
Sensitivity studies suggest that poor representation of free
tropospheric turbulence is a source of major uncertainty
in dispersion simulations (Harvey et al., 2018; Swallow
et al., 2017). This article aims to investigate a space- and
time-varying free tropospheric turbulence scheme in the
UK Met Office’s Numerical Atmospheric-dispersion Mod-
elling Environment (NAME) (Jones et al., 2007) and to
analyse the synoptic conditions under which turbulence
is significantly enhanced or suppressed in the free tropo-
sphere. The effect of space- and time-varying turbulence
on the mixing of pollutants is illustrated by quantify-
ing differences in Radon-222 (**2Rn) concentrations
in the free troposphere between simulations using the
steady-state turbulence and the new space-time-varying
turbulence.

Turbulence in the free troposphere is intermittent, with
regions forming sporadically, generating mixing in a local-
ized region, and then decaying. Thus, unlike the boundary
layer, there is no significant permanent background field of
turbulence in the free troposphere. If the free troposphere

is unstable then convection will occur, leading to localized
mixing over a large vertical extent of the atmosphere. In
a stably stratified free troposphere, the airflow is laminar.
The main mechanism for disrupting this laminar flow is
turbulence generation from wind shear instability (Lud-
lam, 1967; Roach, 1970). When the destabilizing effect
of wind shear is sufficient to overcome the dampening
influence of stability, turbulence will intensify. When tur-
bulent mixing sufficiently weakens the background wind
shear, the turbulence will decay and the flow will again
become laminar (Miles, 1961). Strong vertical wind shear
typically occurs on the edges of localized wind-speed max-
ima (known as jets). This mechanism of turbulent mixing
often occurs in the air that is cloudless and is known as
clear-air turbulence (CAT). Thus, CAT is frequently found
in the upper troposphere, near midlatitude jet streams; in
the midtroposphere, associated with frontal cyclones; and
in the lower troposphere, near low-level jets (LLJs).

We focus on LLJs in this article, as they are most
likely to influence near-surface air concentrations and
long-range transport of pollutants; for example, ozone,
mineral dust, and particulates (Wei et al., 2023). There are
several types of LLJ. Nocturnal LLJs occur at night and
are due to inertial oscillations when the air at the top of
the daytime boundary layer becomes decoupled from the
air below by the formation of a nocturnal temperature
inversion. This decoupling reduces the frictional drag on
air parcels at the top of the boundary layer, resulting in
an acceleration of the wind (Blackadar, 1957; Thorpe and
Guymer, 1977). Baroclinic (Holton, 2004) LLIJs, such as
coastal and ice-edge LLJs, are formed due to horizon-
tal temperature differences that arise from differential
heating and cooling of adjacent surfaces. This creates
shallow frontal zones, and hence vertical wind shear, at
the boundary between land-sea and ocean-ice (Beardsley
et al., 1987; Chechin & Liipkes, 2019; Dieudonné
et al.,, 2023; McNider & Pielke, 1981). Similarly, valley
LLJs are created by differential heating of sun-facing
sloped terrain and shaded valleys in mountainous regions
(Holton, 1967). All of these LLJs are associated with
enhanced vertical and horizontal wind shear generating
turbulent mixing.

Lagrangian dispersion models are used to forecast
the concentration field of various pollutants in the atmo-
sphere. In Lagrangian dispersion models, dispersion is
modelled by tracing the motion of a large number of virtual
particles that are tagged at the source to represent dust,
aerosols, or gases; for example, carbon dioxide, nitrogen,
or ozone. The mean particle positions are determined by
the mean atmospheric flow, which is typically provided by
output from a numerical weather prediction (NWP) model
or by meteorological observations. The turbulent disper-
sion is treated statistically; that is, the standard deviation of
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particle positions about their mean locations depends on
the statistical characteristics of the turbulent flow. Within
the boundary layer, semi-empirical parametrizations of
these statistical characteristics have been developed by fit-
ting theory to observations, resulting in expressions for the
variance of a particle position as a function of travel time
known as velocity variances o7, .. These velocity variances
depend on the meteorological conditions and are related
to the turbulent diffusion K, , of pollutants over a typical
time-scale of the eddy causing the diffusion: Lagrangian
integral time-scale 7, .. (For horizontal x, y and u, v, and
for vertical z and w components respectively.) In the free
troposphere, however, Lagrangian dispersion models typi-
cally assume that the velocity variances are “independent”
of the meteorological conditions and are thus constant in
space and time (referred to hereafter as a steady-state free
troposphere, SS). Several case studies, using observed dis-
tributions of tracers, have attempted to estimate the mag-
nitude of free-tropospheric diffusion (Legras et al., 2005;
Schumann, 1996; Sillman et al., 1990) and have found
that a large range of K, can result in agreement with
observed profiles for different cases, largely because they
consider very distinct meteorological situations (Hall &
Waugh 1997). Thus, the observations are inconsistent with
the use of spatially and temporally homogeneous K, .,
and therefore the free troposphere is not in a steady state.

For aviation forecasting, space- and time-varying CAT
parametrizations have been developed by combining the-
ory and observations. As discussed by Hoskins and
Bretherton (1972), horizontal deformation, horizontal
shear, vertical deformation, and vertical shear may all
form sharp gradients from initially weak gradients in both
dynamically active and passive tracers. Thus, most CAT
parametrizations include terms that represent these atmo-
spheric processes derived from NWP temperature and
wind fields (Sharman et al., 2006). For example, Ellrod and
Knapp (1992) developed a parametrization based on the
product of horizontal deformation and vertical wind shear.
Similarly, Brown (1973) combines horizontal deformation,
absolute vorticity, and vertical wind shear to estimate the
eddy dissipation rate e.

In this article, we focus on the lower part of the free
troposphere as we aim to quantify the impact of a newly
implemented space- and time-varying free-tropospheric
turbulence parametrization scheme (hereafter VT) on
the dispersion of pollutants emitted at the surface.
Section 2 presents the dispersion modelling system,
VT parametrization and tracer experiments. Section 3
presents an analysis of our case studies for enhanced off-
shore and onshore turbulence and a discussion of results.
Section 4 quantifies the impact of the VT parametriza-
tion on the dispersion of a tracer released at the
surface.

Royal Meteorological Society

2 | METHOD

As noted in Section 1, CAT frequently occurs near the
edges of jets where horizontal and vertical wind shears are
large. Our study aims to evaluate the effect of a new VT
parametrization on the dispersion of pollution. We focus
on atmospheric conditions in which the effects of transient
synoptic-scale features, such as fronts, are weak to high-
light the potential impact of mesoscale LLJs. Thus, we have
chosen two case study months during which the atmo-
spheric conditions are largely quiescent, as we assume that
such stable conditions will bring to the foreground the
effects of the new VT parametrization.

In our case studies, we use NAME-III (v8.0) (hereafter
NAME), which is a Lagrangian dispersion model and the
Met Office NWP Unified Model (UM) in its global config-
uration (Walters et al., 2019). In Section 2.1 we detail the
NWP data used, in Section 2.2 we provide details of the
SS and VT turbulence parametrization, and in Section 2.3
we describe the tracer emissions. In Sections 2.4 and 2.5
we briefly describe the synoptic situation for each of the
case study months. In Section 2.6 we provide details of the
atmospheric monitoring used to validate our results.

We perform two experiments, the first using the exist-
ing fixed-value scheme, SS, and the second using the new
spatial- and temporal-varying scheme, VT. We use the dif-
ferences between these two experiments to quantify the
impact of the VT parametrization on the atmospheric dis-
persion of surface-emitted pollutants. We run the exper-
iments for the two case periods of July 2018 and April
2021.

The concentration fields from NAME are output on a
gridded domain for Great Britain and the island of Ire-
land (hereafter Ireland) (Figure 1). The domain of the
grid is from longitude —11.0° to +2.5° and latitude 49.0°
to 60.0° N; the grid spacing is 0.23° longitude and 0.16°
latitude (approximately 17 km), giving 58 points in lon-
gitude and 73 points in latitude; the vertical grid spac-
ing is 50m, with the lowest level at 25m and highest
level is at 2,975m. The concentration fields are output
hourly and represent the average over the hour. The
boundary-layer depth (BLD) has a minimum of 40 m and
a maximum of 4,000m. The NAME simulations were
performed on JASMIN (https://jasmin.ac.uk), the UK’s
collaborative data analysis and computing environment
(Lawrence et al., 2013).

We partition the atmosphere near the surface into two
regions, (i) the boundary layer and (ii) the free tropo-
sphere (Stull, 1999, chap. 1), using the BLD output from
the Global UM. The method used to diagnose BLD is
described in Lock et al. (2000); Lock (2001); and Brown
et al. (2008), in essence, uses one of two methods: (a)
for unstable conditions, it is the height at which an air
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parcel rising from the surface reaches neutral buoyancy;
and (b) for stable conditions, it is when the Richard-
son index R; is less than a critical value, set to 1 in the
Global UM. This occurs when the turbulence produced by
vertical wind shear overcomes the turbulent suppression
due to the effects of stability.

21 | NWPdata

The global NWP model incorporates observations using
a hybrid four-dimensional data assimilation system
(Clayton et al., 2013). Global NWP forecasts are initial-
ized every 6 hr. A subset of the global model’s fields is
generated for use with NAME at a temporal resolution
of 3 hr consisting of alternating model analyses and 3-hr
forecasts. The meteorological fields have a horizontal grid
length of 10km at the Equator and 70 levels from the
surface to 80 km, of which only the first 59 levels (surface
to 30km) are used for NAME applications. These
meteorological fields are linearly interpolated in time and
space within the NAME executable.

2.2 | Free-tropospheric turbulence
parametrization scheme

One mechanism regulating the variability in subgrid-scale
diffusion is Kelvin-Helmholtz instability, an instability
occurring when significant shear exists between two layers
of a fluid. If the shear is sufficiently large, it can distort the
boundary into an amplifying wave that eventually breaks

N
w
II

o

down into turbulence. In this section, we give a short
summary of the theoretical basis and main assumptions
used in the parametrization of CAT developed by
Brown (1973). We then outline how we implement this
parametrization in NAME.

2.2.1 | Brown’s (1973) turbulence
parametrization

The CAT parametrization developed by Brown (1973) is
determined empirically but is based on a theory relating
three mechanisms to turbulence generation: wind speed
difference across a vertical layer, horizontal deformation,
and absolute vorticity. The wind speed difference across
a vertical layer represents vertical wind shear generation
of turbulence. Horizontal deformation is included since
it increases the horizontal temperature gradient, which,
by thermal wind balance, also leads to enhanced vertical
shear. The absolute vorticity term is included since posi-
tive vorticity advection, when the wind is perpendicular to
the vorticity axis, enhances large-scale ascent in the atmo-
sphere leading to atmospheric mixing that can generate
CAT. This parametrization does not account for the gen-
eration of turbulence due to inertial instability. Inertial
instability depends on the Earth’s rotation and horizon-
tal shear and/or curvature of the horizontal wind. It can
generate turbulence wherever anticyclonic relative vortic-
ity becomes larger than the Coriolis parameter. Thus, it
occurs primarily in the Tropics, where the Coriolis param-
eter is small, but it can also generate turbulence in the
extratropics near intense anticyclones.
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2.2.2 | Parametrization of free tropospheric
turbulence in NAME

NAME parametrizes free-tropospheric turbulence as a dif-
fusion process represented by a turbulent diffusion param-
eter K, (Stull, 2000), where,

Ky, = (oﬁru, 6Ty, oﬁ,fw) . (1)

In the SS scheme, NAME uses fixed values for 67, and 7,,,;
the current default values for o7 , are 0.25 and 0.01 m?* -s~2
for u and w respectively, and fixed values for 7, are 300 s
and 100s for u and w respectively (Jones, 2017). We test a
new parametrization scheme that parametrizes the spatial
and temporal-varying free-tropospheric turbulence (VT).
We do this by allowing 67, to vary depending on the eddy
dissipation rate ¢ (m? -s73), such that

02 = €Ty, (2)

Thus, in our new varying turbulence scheme both the ver-
tical and horizontal diffusivities are modified. However,
we note that turbulence does not play such a critical role
in horizontal dispersion, as larger mesoscale motions typ-
ically dominate, so we focus on the implementation of the
vertical component. We express ¢ using Brown’s (1973)
scheme,

L (AVy

24 e, ®)

where AV is the change in the horizontal wind speed in
the vertical, normalized across a depth of 500m, and ®
represents the atmospheric horizontal deformation and
absolute vorticity:

1/2
© = (034‘3 + Dghear + Dgtretch) ’ (4)
where
oV ou

=l=-=+ 5
2 ( e f) (s)

is the vertical component of the absolute vorticity,

ou , 6v

Dghear = <5 + a) (6)

is the horizontal shearing deformation, and

ou ov
Dgtreten = <5 - 5) (7)

is the horizontal stretching deformation, where f is the
Coriolis parameter, u is the zonal (x) wind speed, and v is
the meridional (y) wind speed. Note that we normalize AV

Royal Meteorological Society

to a depth of 500 m, since it has been found that 95% of
turbulent patches are less than 500 m thick (Anderson,
1957). The parametrization has been implemented using
finite differences between adjacent grid points.

2.3 | Tracer emissions description

We use an atmospheric tracer method to evaluate the
impact of using VT on the dispersion of virtual particles.
The atmospheric tracer we use is ??’Rn as it is a nat-
urally occurring chemically inert radioactive gas with a
half-life of 3.8days (PubChem, 2023). As 2?2Rn gas is
chemically inert it is a useful tracer for studying atmo-
spheric dynamics; for example, boundary-layer evolution
(Galmarini, 2006; Vinuesa & Galmarini, 2007) and for
estimation of local and regional greenhouse gas emissions
(Grossi et al., 2016, 2018; Van Der Laan et al., 2010). A
semi-idealized model is used to represent the uniform
emission of 222Rn from soil and rocks. The model emits
222Rn at a constant rate of 1 g-hr~! over the land surface
represented at each land grid point of the Global UM
land surface elevation map (Figure 1). The uniform emis-
sion uses virtual particles, with a maximum of 2 x 10°
particles circulating within the domain; particles older
than 48 hr are removed; these constraints are for computa-
tional efficiency and have no adverse effects on our results.
The dispersion of ???Rn is represented as an hourly air
concentration on the output domain defined in Section 2.

2.4 | Summary of the synoptic
conditions for July 2018

During July 2018, the synoptic conditions were dominated
by high-pressure regions over Scandinavia and northern
Europe, which were the main influences for weather con-
ditions over the East Coast of England. These were broken
with a few periods of unsettled weather, mostly towards
the end of the month. The mean daytime UK temperature
for this month was 17°C, which is 2°C above the 1981-2010
climate average. Most of the month was dry, with rain-
fall that was 70% of the climate average of 80 mm. The
East Coast region was particularly dry for the month (Met
Office, 2018; Prichard, 2018). This month was also notable
for the sharp contrast in the NWP BLDs over the marine
and land environments, with monthly means of 100 m and
2,000 m respectively. The low BLDs over the marine envi-
ronment may be due to low sea-surface temperatures. The
largely clear-sky conditions during this month result in
strong surface heating during the daytime over the land
when compared with the marine environment (due to the
relative difference in their heat capacities), giving rise to a
temperature gradient between land and sea.
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2.5 | Summary of the synoptic
conditions for April 2021

The month of April 2021 was dominated by anticyclonic
conditions; high pressure was situated to the west of Great
Britain at the start of the month and migrated eastwards
towards the middle of the month. There was a short period
when low-pressure systems brought unsettled conditions,
but these were transient features, being replaced by a
further high-pressure region migrating from west to east.
The anticyclonic conditions were also dominated by clear
sky during the day and night times, resulting in a strong
diurnal temperature cycle, with night-time temperature
minima being up to 3.0°C below the 1981-2010 climate
average of 3.7°C, whereas daytime temperatures were
close to the climate average of 10.9°C (Met Office, 2021;
Prichard, 2021).

2.6 | Monitoring sites

Figure 1 shows the observation monitoring sites and NWP
point locations used for assessing the effect of the VT
scheme. The monitoring sites used are (a) radiosonde sta-
tions at Castor Bay, Camborne, and Herstmonceaux, used
to obtain vertical profiles of wind and temperature; (b) tall
tower sites, at Ridge Hill and Tacolneston, used to mea-
sure air concentrations of greenhouse gases and which are
part of the UK’s network for Deriving Emissions linked to
Climate Change (DECC) (O’Doherty et al., 2020; Stanley
et al., 2018; Stavert et al., 2019); and (c) sample points for
NWP vertical profiles of wind and temperature. These lat-
ter points are chosen to assess the generality of our analysis
within the NWP model domain and act as an indepen-
dent sense at locations where there are likely to be no
observations assimilated by the NWP model.

3 | RESULTS

We focus our analysis on the region of the free tropo-
sphere just above the BLD. We calculate monthly diur-
nal averages so that we can identify any systematic effect
the new parametrization has on the dispersion of the
radon tracer. We compute the monthly diurnal aver-
age for (a) the difference in the vertical velocity vari-
ance, which we define as Ac2 = ¢2[VT] — 62[SS], and (b)
the relative magnitude (RM%) of the monthly diurnal
mean difference in the air concentration of 22Rn (C) just
above the BLD as
C[VT] - C[SS]

RM% = SV L = CISSE 0.
°= ovT + ciss)

where VT indicates the space-time-varying scheme and
SS the steady-state scheme. The free troposphere is iden-
tified as being the first grid box in the output grid
that is immediately above the grid box in which the
NWP BLD is found. The free tropospheric turbulence
parametrization in NAME is only applied at heights above
the NWP BLD.

3.1 | Case study period July 2018

Figure 2 shows the monthly diurnal mean vertical veloc-
ity variance difference just above the BLD for July 2018.
This shows that Ac2 has a diurnal pattern. At 0600 UTC,
the magnitude of Ac? has values between —0.01 and
+0.04 m? -s72. By 1200 UTC, Ac? over land has decreased.
VT is smaller than the SS, as indicated by negative value
(—0.01 m? -s~2), whereas around the coastal regions there
is an increase in VT as Ac?2 is mostly positive (0.02-0.06 m?
-s72), an increase of 200-600% on the SS default value. By
early evening, 1800 UTC, the magnitude of Ac2 around
the coast has increased to between 0.02 and 0.10 m? -s2.
By 0000 UTC, this enhancement of turbulence around the
coast decays (0.02-0.06 m? -s~2), and by early morning,
0600 UTC, it has returned to a more quiescent state. Over-
all, these results show that As2 remains positive around
the coast; that is, the vertical velocity variance is greater in
the simulation with the VT scheme by up to two orders of
magnitude.

We show in Figure 3 the effects of using the VT
parametrization on the ?22Rn concentration. We interpret
the results as follows. When RM% < 0, the air concen-
tration C[VT] < C[SS]; that is, the *22Rn concentration
is higher using the SS scheme than when using the VT
scheme for the same location and period. The opposite
case applies when RM% > 0. These instances are depicted
in Figure 3 as the dark and light regions respectively and
follow the diurnal pattern of the AcZ shown in Figure 2,
where regions of enhanced o2 lead to a reduced mean
air concentration of ?22Rn. (A similar diurnal pattern, not
shown, is also evident for August 2018.) The ??2Rn con-
centrations are reduced over coastal regions by up to 40%,
peaking at 1800 UTC.

We consider next the synoptic conditions that may
give rise to this diurnal pattern. The general synoptic
conditions for the UK are described in Section 2.4. In
Figures 4 and 5 we examine the vertical cross-sections
of the NWP climate at a sample latitude of 52.5° N,
and where longitude points <10° W, 7° W to 4° W, and
>1° E correspond to the North Atlantic Ocean, the Irish
Sea, and the North Sea respectively (see also Figure 1).
Figure 4 shows a vertical (z) cross-section of the monthly
mean potential temperature (¢) at the hours corresponding
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FIGURE 2

Diurnal evolution of the monthly mean difference of the vertical velocity variance (space-time varying minus steady state)

just above the boundary-layer depth at three-hourly intervals for July 2018. [Colour figure can be viewed at wileyonlinelibrary.com]

to the NWP fields. These show that the free tropo-
sphere is stable (df/dz > 0) and suppresses vertical mix-
ing. However, between 1200 UTC and 1800 UTC and
from the surface to 1,500 m there is a horizontal tem-
perature gradient; thus, the atmosphere is baroclinic and
there is vertical wind shear through thermal wind bal-
ance. The horizontal temperature gradient arises from
the thermal contrast between the land and sea. The
enhanced mixing peaks in the late afternoon, 1500 UTC,
which is consistent with the maximum thermal contrast
between land and sea. As the evening progresses, the

BLD decreases, resulting in a decoupling of the air above
the BLD from the effects of surface friction, causing it to
accelerate. Figure 5 shows the corresponding cross-section
for wind speed. Between the surface and 500 m, it is clear
that LLJs form during the course of the day, and these are
predominately at the coast.

We conclude from this case study that when the syn-
optic conditions are dominated by high pressure and weak
synoptic-scale winds then we can expect to find enhance-
ment of the vertical velocity variance due to the presence
of coastal LLJs arising from baroclinic instability around
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FIGURE 3

Diurnal evolution of the monthly mean relative difference of the radon-222 concentration (space-time varying minus steady

state) just above the boundary-layer depth at three-hourly intervals for July 2018. [Colour figure can be viewed at wileyonlinelibrary.com]

the coast. The enhancement of vertical velocity variance is
due to an increase in the vertical gradient of the horizontal
wind speed.

3.2 | Case study for April 2021
In this section, we consider a similar
high-pressure-dominated situation that arose in April
2021, as described in Section 2.5.

In Figure 6 we show A2 for April 2021. Here, we start
our sequence at 1800 UTC, as we wish to emphasize the

development of Ac? that occurs overnight. We note that
at 1800 UTC there is enhancement of the Ac? around the
coast. This enhancement is due to the presence of coastal
LLJs, as discussed for case study 1, although their intensity
is weaker by a factor of 2, which may be due to the weaker
solar heating for this time of year. Around 0000 UTC there
is an evolution of the Ac? overland, especially in Scot-
land and northern, western, and southwestern regions of
England. By 0600 UTC, there are indications that Ac? is
increasing in these regions, in addition to an increase in
the geographic distribution of lower intensity Ac?2 around
the south and southeast. By 1200 UTC, the enhancement
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North Sea respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

of the Ac? over land has reduced. Figure 7 shows the
corresponding effect on the air concentrations for 222Rn,
expressed as the relative magnitude. At 1800 UTC, we
see that there is a higher concentration of ?>2Rn around
the coastal regions when using the SS scheme. In con-
trast, between 0000 UTC and 0600 UTC we note the
greater 22Rn concentration that evolves over land, which
does not occur in case study 1. By 1200 UTC, the higher
concentrations of ?22Rn over land have largely dissipated.

We suggest that the cause of the enhancement of the
vertical velocity variance over land is due to the night-
time synoptic conditions that give rise to nocturnal LLJs.
From late evening (>2100 UTC), radiative cooling
over the land gives rise to the formation of temperature
inversions. This has the effect of decoupling the air
above the temperature inversion from the surface friction,
leading to an acceleration of the wind. The peak of this
effect is in the hours before sunrise. After sunrise, with
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FIGURE 5

Diurnal evolution of the monthly mean of the vertical profile windspeed (latitude 52.5° N) at three-hourly intervals for

July 2018. Longitude points are the same as in Figure 4. [Colour figure can be viewed at wileyonlinelibrary.com]

surface heating, the resulting increase in vertical mixing of
warm air erodes the temperature inversion, dissipating the
nocturnal LLJs.

Nocturnal LLJs typically form below 900m and are
characterized by wind speed maxima just above the loca-
tion of a temperature inversion above the surface. Figure 8
shows the radiosonde vertical profiles for three meteoro-
logical observation stations: Castor Bay, Herstmonceaux,
and Camborne, located in Northern Ireland, the south
and southwest of England respectively. Each figure shows
a maximum wind speed and a temperature inversion just

above the BLD estimated from NWP. These profiles are
characteristic of the presence of a nocturnal LLJ.

For case study 2, the synoptic conditions result in
a strong temperature difference between the land and
marine environment. However, unlike in case study 1,
the land surface is much cooler, due to strong radia-
tive cooling overnight, which gives rise to near-surface
temperature inversions and low BLDs. The atmospheric
flow just above the BLD becomes decoupled from the
frictional effect of the surface. This leads to an increase in
the horizontal wind speed just above the boundary layer,
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FIGURE 6

Diurnal monthly mean vertical velocity variance difference (space-time varying minus steady state) just above the

boundary-layer depth at three-hourly intervals for April 2021. [Colour figure can be viewed at wileyonlinelibrary.com]

with a maximum speed below 1,000 m, which peaks in the
early morning hours and decays rapidly shortly after sun-
rise. From these conditions, we infer the presence of noc-
turnal LLJs, which enhances the vertical velocity variance
due to the increase in the vertical gradient of the horizon-
tal wind speed. We conclude that, again, when the synoptic
conditions are predominantly stable then we can expect to
find enhancement of the vertical velocity variance due to
the presence of nocturnal LLIJs.

3.3 | Analysis of results

The lack of representation of space-time-varying
turbulence in the free troposphere may lead to inaccurate
estimations of local emissions in greenhouse gas inventory
studies. Our case studies suggest that these inaccuracies
may arise when the synoptic conditions are conducive to
the formation of an LLJ just above the BLD that persists
or reoccurs over an extended period; for example, several
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FIGURE 7

Diurnal monthly mean radon-222 concentration difference (space-time varying minus steady state) just above the

boundary-layer depth at three-hourly intervals for April 2021. [Colour figure can be viewed at wileyonlinelibrary.com]

weeks. Figure 9 shows the monthly mean vertical pro-
files for NWP wind and temperatures at two DECC 2020
greenhouse gas monitoring sites and a radiosonde station.
These profiles indicate that atmospheric conditions are
conducive to the formation of nocturnal LLJs. (See Sup-
porting Information Figure S1 for additional profiles.) It
is during such periods that vertical velocity variance may
be enhanced, leading to greater dispersion. This may be
detected at tall tower monitoring stations (e.g., the DECC
monitoring network), as the BLD falls below the inlet sen-
sor height thus exposing it to free tropospheric turbulence
(Arnold et al., 2022, personal communication). We note

in Table 1 the number of occasions when the Met Office’s
NWP model BLD is estimated to fall below the inlet sen-
sor height at the DECC monitoring sites; this occurs on
average 15% of the time in the global NWP model.

We note, however, that the NWP BLD climatology
may not perfectly represent the observed BLD climatology.
Furthermore, the climatology of LLJs around the islands
of Great Britain and Ireland is unknown. A recent study by
Dieudonné et al. (2023), at Dunkerque, a coastal location to
the English Channel, found LLJs occur on average around
5% of the time during year; occurring mostly during the
late night (0000 to 0700 UTC) and the afternoon (1200
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to 1800 UTC); and during the spring and summer peri-
ods, when they are at their most intense, with a frequency
two to three times greater than that of the autumn and
winter periods. Our case studies appear to be consistent
with these observations.

It is clear from our results that the inclusion of the
free tropospheric VT parametrization has incorporated
turbulent mixing that has hitherto not been represented
within the dispersion model; that is, that associated with
LLJs. In their review article, Wei et al. (2023) suggest
that LLJs are a common feature and they discuss the

implications this may have on the dispersion of gases and
particulates. Wei et al. (2023) indicate that LLJs have at
least two effects on air concentrations: (a) decreases due
to long-range advection of pollutants above the LLJ (Banta
et al., 1998; Corsmeier et al., 1997; Klein et al., 2019; Mar-
tins et al., 2018) and (b) increases below the LLJ due to
downward momentum brought about by the enhanced
vertical wind shear (Fiedler et al., 2013; Karipot et al., 2006;
Kulkarni et al., 2016; Schepanski et al., 2009). Our results
are consistent with the first of these effects. We find
no evidence of a significant increase in concentrations
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TABLE 1 Percentage of time the NWP BLD was below the inlet sensor height at the DECC greenhouse gas monitoring sites.

Percentage Time NWP BLD < Sensor Height (%)

UKV Global model
Monitoring site Sensor height (m) 2015-2020 July 2018 April 2021
Bilsdale 248 44 18 26
Tacolneston 175 33 21 21
Heathfield 100 25 16 12
Ridge Hill 75 20 10 17
Sample size (hr) 48,168 744 720

Note: Monitoring sites at Mace Head and Weybourne are excluded as their inlet sensor heights are less than 40 m, which is the minimum BLD set in the UK
Met Office’s Numerical Atmospheric-dispersion Modelling Environment.

Abbreviations: BLD, boundary-layer depth; DECC, UK’s Deriving Emissions linked to Climate Change network; NWP, numerical weather prediction; UKV,
Met Office limited-area model.
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below the LLJ, but we note that this may be because
we are considering a ground release of radon. Pollutants
such as ozone, with a tropospheric reservoir, may well be
mixed downwards towards the surface by the enhanced
turbulence associated with LLJs (Corsmeier et al., 1997;
Klein et al.,, 2019). Wei et al. (2023) conclude their
review with the recommendation that current turbulence
parametrizations should be improved to capture and
represent the interaction between LLJs and the boundary
layer and its effects on the dispersion of atmospheric gases
and particulates.

4 | CONCLUSIONS

In this study, we have tested a new parametrization
scheme to represent the spatial and temporal variabil-
ity of atmospheric turbulence in the free troposphere
within the Met Office’s atmospheric dispersion model
NAME. We have investigated the synoptic conditions in
two case studies, July 2018 and April 2021, in which
the free-tropospheric turbulence parametrization scheme
gave rise to an enhancement of the vertical velocity vari-
ance, which has a diurnal cycle. The synoptic conditions
are characterized by high-pressure regions (situated in
and around the islands of Great Britain and Ireland) that
persisted for several weeks, resulting in a strong diurnal
temperature gradient between the land and marine envi-
ronments and the subsequent formation of LLJs due either
to baroclinic instability or inertial oscillations. The pres-
ence of the LLJs leads to an enhancement of the vertical
velocity variance, and thus low-altitude atmospheric tur-
bulence in the free troposphere. This had the effect of
decreasing air concentrations of modelled >2Rn in regions
where this atmospheric turbulence occurs and increasing
it elsewhere.

We conclude that without a space-time-varying
free-tropospheric turbulence scheme the atmospheric
dispersion may be significantly underestimated under
synoptic conditions that are favourable for LLJ for-
mation. Underestimation of dispersion can potentially
result in inaccurate, systematic overestimation of local
pollution concentrations, which, from our case stud-
ies, may be as much as 20% to 40% just above the BLD,
whereas below the BLD our case studies suggest a vari-
ation of +10%. Such inaccuracies may affect the results
of studies that use dispersion modelling; for example,
top-down greenhouse gas inventory studies or long-range
transport of polluting gases and radionuclides. Fur-
thermore, without a space-time-varying scheme, the
background free-tropospheric turbulence may also be
overestimated.

Royal Meteorological Society

We note that different NWP models will use different
schemes and criteria to estimate the boundary layer depth,
for example, the Met Office limited area model, UKV, uses
R; < 0.25 whereas their global model uses R; < 1.0. There-
fore the activation of the new turbulence scheme will be
dependent on the NWP model. Nonetheless, these NWP
models are used to inform studies on the source attribu-
tion of greenhouse gases and are an additional source of
uncertainty.

Therefore, we suggest further studies are required.
For instance, using a wider domain should be investi-
gated; for example, the European mainland. The results
from our second case study suggest that similar atmo-
spheric behaviour may be found over land, thus affect-
ing dispersion over a wider domain. Also, the impact of
the new turbulence scheme for inverse modelling using
the latest version of NAME (v8.3+) should be evaluated,
wherein the new parametrization can use the Met Office’s
limited-area model, UKV (Milan et al., 2020), which has
one-hourly NWP fields and a horizontal grid spacing
of 1.5km.

Validation of our study is difficult to assess for at
least two reasons: (a) the transient nature of the atmo-
spheric phenomenon we seek to detect; and (b) the
limited availability of near-surface observations for ver-
tical profiles of wind and temperature over Great Britain
and Ireland, and the surrounding marine environment.
Therefore, further research in obtaining upper air
observations from which the free-tropospheric ver-
tical velocity variance could be obtained directly or
derived would help with the verification of the modelled
values.
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