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ABSTRACT

In atmospheric dispersion models driven by meteorological data from numerical weather prediction
(NWP) models, it is necessary to include a parameterization for plume spread that is due to unresolved
mesoscale motions. These are motions that are not resolved by the input NWP data but are larger in size than
the three-dimensional turbulent motions represented by turbulence parameterizations. Neglecting the effect
of these quasi-two-dimensional unresolved mesoscale motions has been shown to lead to underprediction of
plume spread and overprediction of concentrations within the plume. NWP modeling is conducted at a range
of resolutions that resolve different scales of motion. This suggests that any parameterization of unresolved
mesoscale motions should depend on the resolution of the input NWP data. Spectral analysis of NWP data
and wind observations is used to assess the mesoscale motions unresolved by the NWP model. Appropriate
velocity variances and Lagrangian time scales for these motions are found by calculating the missing variance
in the energy spectra and analyzing correlation functions. A strong dependence on the resolution of the NWP
data is seen, resulting in larger velocity variances and Lagrangian time scales from the lower-resolution
models. A parameterization of unresolved mesoscale motions on the basis of the NWP resolution is proposed.
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1. Introduction

Variations in wind direction caused by quasi-two-
dimensional horizontal eddies can play an important role
in plume dispersion. These mesoscale eddies are not sup-
pressed by stability forces and are often attributed to gravity
waves, terrain interactions with the flow, mesoscale rolls and
cell patterns in the synoptic flow, or surface inhomogeneities
(Hanna 1983). They are particularly important in stable
light wind conditions when they dominate the transport and
dispersion of a plume, but they make some contribution
under all atmospheric conditions. In this paper we discuss
the effect of atmospheric motions of these scales on plume
dispersion and methods for parameterizing these effects
in atmospheric dispersion models. Spectral analysis tech-
niques are used to infer appropriate parameterizations
for dispersion models using input numerical weather pre-
diction (NWP) meteorological data of differing reso-
lutions. Higher-resolution NWP models are able to resolve
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smaller-scale atmospheric motions, and a parameterization
should only represent the effect of those motions that are
missing from the input meteorological data. The range of
motions considered here is resolved to varying degrees by
NWP models, and hence there is an expectation that the
parameterization of unresolved mesoscale motions will be
dependent on the NWP model resolution. An early version
of this work appears as a Met Office technical report
(Webster et al. 2015) and includes further discussion and
details of the results presented here. This technical report
constitutes part of the documentation for the Met Office’s
atmospheric dispersion model, Numerical Atmospheric-
Dispersion Modelling Environment (NAME), and, as
such, it has a particular focus providing specific and detailed
model information. While in progress, this work was pre-
sented at conferences (Webster and Thomson 2005;
Webster et al. 2014). Here we present this work in a general
modeling context, although there is a degree of overlap with
the technical report and the conference abstracts.

2. Plume meandering

The effect of mesoscale atmospheric motions on
plumes is usually to cause, at least relatively close to the
source, a slow meandering of the plume, in which the in-
stantaneous plume may be thin but over a time period of
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an hour or more may meander over a wide angle.
Plume meandering moves the plume around as a whole
and does not disperse the plume or affect its internal
structure. Observed concentrations in regions of
meandering plumes are often characterized by periods
of zero concentrations interspersed by periods of rel-
atively high concentrations (Mylne and Mason 1991;
Mylne 1992). Hourly averaged plumes are considerably
wider and have lower concentrations than observed
within the instantaneous plume. The mesoscale mo-
tions that cause plume meandering near to the source
can, however, result in plume diffusion farther down-
wind when the width of the plume has, because of dif-
fusion by small-scale turbulent eddies, increased to be
comparable in size to the mesoscale eddies.

These two-dimensional mesoscale motions are partic-
ularly relevant in stable light wind conditions when they
are the dominant cause of lateral spread of a plume.
However, the motions are usually neither resolved by the
meteorological data used to drive atmospheric dispersion
models nor covered by parameterizations of small-scale
three-dimensional turbulent motions. It has been shown
that neglecting these intermediate-scale motions leads to
an underestimation of plume spread (Gupta et al. 1997)
and an overestimation of air concentrations (Maryon
1997). Indeed, Kristensen et al. (1981) suggest that, in
strongly stable conditions with low wind speeds, estimates
of mean concentrations can easily be a factor of 4-6 too
high if these motions are not taken into account. It is
important, therefore, to parameterize these unresolved
mesoscale motions within atmospheric dispersion models.

A number of experiments have been conducted to
study wind direction variability over different time pe-
riods and at a range of locations with varying terrain.
Large variations in wind direction have been observed in
stable light wind conditions (Smith and Abbott 1961;
Schacher et al. 1982; Moore 1975, 1976; Hanna 1983,
1990; Davies and Thomson 1999). At Porton, United
Kingdom, Smith and Abbott (1961) observed that the
wind direction variability increased at night as winds
became light. The standard deviation of the lateral wind
velocity (o,) was relatively insensitive to both wind
speed and stability and was found to have a constant
value of 0.3ms™ ! for all wind speeds in stable condi-
tions. At a complex terrain site in California, Hanna
(1981a) found similarly that a constant value for o, in-
dependent of wind speed, was appropriate during
nighttime conditions. However, a larger value for o,
than was obtained at Porton by Smith and Abbott (1961)
was found at this site (0, ~ 1ms~ ') and attributed to
lateral eddies induced by the terrain. For an overwater
diffusion experiment performed off the Californian
coast, Schacher et al. (1982) found that the wind
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direction variability was large and variable during stable
conditions. Here a representative o, value of about
0.5ms ™! was found by Hanna (1983) to be appropriate.
Overnight experiments on a flat plain in the Snake River
basin in Idaho suggested hourly averaged o, values of
~0.5ms ™' (Hanna 1983). Hanna (1983, 1990) provides
evidence that his formula for wind direction variability
over time periods of 1h, namely,

o, _05ms!
o tan(o,) = —
is valid over all types of terrain with the large values of
wind direction variability (o) over complex terrain
being due to lower wind speeds u. He notes, however,
that, for individual sites, o, values typically exhibit a
scatter of about +0.3ms ! about the o, ~ 0.5ms™!
relationship. Over longer time periods of several hours,
larger-scale meso- and synoptic-scale eddies contribute
to variation in the wind direction. Based on dispersion
experiments in the United Kingdom, Moore (1975,
1976) proposed parameterizations of wind variability
over a range of time periods up to 24 h,

7 12
,=0.065 (u—TA> : (1)

10m

where T4 is the averaging time in hours and u;, is the
magnitude of the average 10-m wind velocity over the
same period.

Measurements of wind direction variability from
these experiments and the reported formulas have
been used as the basis for parameterizations of two-
dimensional mesoscale motions within atmospheric
dispersion models. Moore’s parameterization [Eq. (1)]
has been widely used in dispersion modeling in the
United Kingdom [e.g., in the short-range models “R91”
(Clarke 1979) and Atmospheric Dispersion Modelling
System (ADMS; Carruthers et al. 1994)]. For many
years, o, = 0.5ms ! (as suggested by Hanna 1983, 1990)
was used in the Lagrangian dispersion model NAME
(Jones et al. 2007). The Lagrangian dispersion model
known as “FLEXPART” (Stohl 2000; Stohl et al. 2005)
analyses the variability in the input grid-scale winds
surrounding the particle location to estimate a suitable
value for o,.

3. Parameterizations in atmospheric dispersion
models

The aim of including a parameterization of unresolved
mesoscale motions in atmospheric dispersion models is
to represent diffusion by motions in the intermediate
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frequency range between the motions resolved by the in-
put meteorological data and small-scale three-dimensional
turbulent eddies. In reality, however, turbulent diffusion
cannot be split into well-defined spatial scales corre-
sponding to diffusion by resolved motions, unresolved
mesoscale motions, and turbulent fluctuations. The input
meteorological data for atmospheric dispersion models
commonly comes from NWP models of differing resolu-
tions. According to Maryon (1998), the required parame-
terization for unresolved mesoscale motions is mainly
constrained by the time resolution of the input wind fields,"
which tends to be coarse in comparison with their spatial
resolution. For input wind fields with a time resolution of
ATy, the highest-frequency motions that can be resolved
are those of period 2A Ty (although this is complicated by
the fact that, for low-frequency but instantaneous data
from the NWP model, the higher frequencies resolved by
the NWP model will be aliased to lower frequencies
rather than discarded). Furthermore, it is often not ex-
plicitly stated in the literature for which scales the tur-
bulence parameterizations have been developed (Stohl
2000). The result is an intermediate frequency range
between the resolved and turbulent motions that is not
well defined and is dependent on the input meteoro-
logical data and perhaps even the turbulence parame-
terization chosen.

Dispersion due to unresolved mesoscale processes can
be represented in most types of dispersion model, given
information on the velocity variance of the unresolved
motions and their correlation time scale. For example, in
Eulerian models one can use these quantities to estimate
the (horizontal) diffusivity due to unresolved mesoscale
motions, which can be added to any other diffusivity in
the model. In Lagrangian models such as NAME (Jones
et al. 2007) an extra stochastic component can be added
to the motion of the Lagrangian particles, independent
from any stochastic component used to represent the
turbulence. For example, at short ranges NAME uses
an extra fluctuating horizontal velocity w,, with in-
dependent components, each having an appropriate
standard deviation o, and integral time scale 7, and
evolving according to a Langevin equation

u_ . 2
du,,, = — ( ”"’)dt [,
’ Tu Tu

where the dW; are the increments of independent Wie-
ner processes with mean zero and variance df and i = 1

! The time interval between consecutive wind fields in the data
feed is expected to be much larger than the internal time step of the
NWP model.
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and 2 indicate the two horizontal components. This is
then added to the other elements of the particle’s ve-
locity (primarily mean advection and turbulence). At
long range, a diffusive process is used with increments
dx,, in the particle’s horizontal position corresponding
to a diffusivity K,,, that is,

dx, . =\/2K, dW, i=1,2.

At large travel times ¢, K,= (T?,Tu- However,
we damp the diffusivity near to the source with K, =
a27,[1 — exp(—t/r,)] to improve the prediction when < 7,,.
The u and v components (i = 1 and 2) of the velocity
variance, Lagrangian time scale, and diffusivity are
taken to be equivalent. For both long and short range,
the mean wind is obtained from the input NWP mete-
orological data and is interpolated in both time and
space to the particle position at each time step. The
dispersion model time step typically takes values be-
tween 1 and 15 min, although shorter time steps can be
enforced for more accurate modeling at short range.
Finally, a terrain-following coordinate system is used,
with the velocity u,, and position increment dx,,, acting
to change the horizontal position but not the terrain-
following vertical coordinate.

Our aim in this paper is to estimate appropriate o, 7,,,
and K, values for unresolved mesoscale motions from
wind velocity time series obtained from observations
and from NWP simulations, which will be suitable for
use in parameterizations within atmospheric dispersion
models. In principle the diffusivity and standard de-
viation could be made tensor quantities, potentially with
off-diagonal components, but we do not investigate such
directional dependences here. We use spectra and cor-
relation functions to study the motions resolved by the
NWP data, in order to gain some understanding of the
missing motions that need to be parameterized. Both
boundary layer and free-troposphere data are consid-
ered. NWP data from different NWP models (Met Of-
fice and ECMWEF; global and limited area) and with
various spatial and temporal resolutions are analyzed
for a range of years.

4. Boundary layer motions

Hourly “spot” (in reality, 10-min mean) wind obser-
vations at a height of 10m above ground level (AGL)
at Heathrow (51.48°N, 0.45°W), Wattisham (52.12°N,
0.96°E), and Aviemore (57.21°N, 3.83°W) in the United
Kingdom have been obtained from the Met Office’s
observations archive for a selection of years between
1998 and 2012. In general, missing values account for a
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small proportion of the observations (<2% in most ca-
ses), although linear interpolation in time is employed to
replace missing data values from any of the sites. Wind
observations from the Met Office’s Meteorological Re-
search Unit (MRU) at Cardington (52.10°N, 0.42°W),
England, were also obtained. The surface site instru-
mentation at Cardington logged data at a frequency of
4Hz in 1998-2004 and at a frequency of 10Hz since
2005, and from a range of observing heights. Data from
10m AGL are used here. These data are averaged over
various (sub-hourly) time intervals and use is made here
of data with averaging periods between 10 and 30 min
since this enables the atmospheric spectra to be ana-
lyzed within the frequency range of mesoscale motions.
NWP data were also retrieved at the locations and
heights of the observations and, if necessary, linearly
interpolated, in the same way as generally done within
atmospheric dispersion models, to match the time res-
olution of the observations.

Energy spectra are generated from yearly time series
of the wind components (1 and v) for both NWP and
observed data. To calculate spectra, a fast Fourier
transform routine was used and the variance at fre-
quencies f = gq/(NAt),q = 1, ..., N/2 computed, where N
is the number of data points in the time series and At is
the time interval between successive data values. The
highest frequency represented (the Nyquist frequency)
is f = 1/(2At). These values were then multiplied by NA¢
to get the variance spectral density ¢[f = g/(NA?)],
which is defined so that the area under the variance
spectral density curve (for f > 0);

o 1/(2A1) N2 1
J,enar= 3 o= 2 6(35) g

is the total variance. The raw spectral curve is noisy and
hence a block averaging method is applied, in which the
number of data values to be averaged increases by
approximately a factor of 4/3 from one block to the next
(i.e., the frequency boundaries of the blocks increase by
roughly a factor of 4/3 between blocks). The factor of 4/3
is chosen to be large enough to smooth out the noise but
small enough to keep the shape of the spectral curve. We
also take the average of the u and v spectra, since we do
not distinguish here between the 1 and v components.
The spectra obtained from NWP data were compared
with the spectra obtained from observational data. In
comparing the spectra, the NWP spectra are scaled to
visually match the observed spectra at low frequencies.
This accounts for the fact that local observing site
characteristics (e.g., roughness length) may differ
from that assumed in the NWP model, and for any an-
emometer calibration inaccuracies. Figure 1 shows
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example plots of NWP and observed horizontal wind
spectra for Wattisham and Cardington obtained using
data from 2012. NWP data for 2012 are obtained from
various configurations of the Met Office’s Unified
Model (MetUM) including the global model and a range
of higher-resolution limited area models (see Table 1).
In 2012 the global MetUM had a spatial resolution of
0.3516° X 0.2344° (approximately 25 km in midlatitudes)
and the time resolution of the data feed was 3h. Three
limited area models [the North Atlantic and European
(NAE), the “4km,” and the “UKV”’] were available, with
the data feed providing hourly input wind fields. The
NAE, 4km, and UKV models have spatial resolutions of
approximately 12, 4, and 1.5 km, respectively. The higher
temporal resolution (10min) of the (time averaged)
observations at Cardington allows the spectra in Fig. 1
to be calculated out to higher frequencies. We also note
that, for the hourly “‘spot” observations at Wattisham,
aliasing of high-frequency fluctuations occurs, resulting in
the representation of these eddies as lower-frequency
motions in the spectral curve. As expected, the spectra
generated from NWP data contain less energy at high
frequencies than the spectra generated from observa-
tional data. The resolution of the NWP model has a
noticeable impact on the motions captured at the higher-
frequency end, with less variance here in the spectral
curve for the lower-resolution models. The spatial reso-
lution of the NWP model and the temporal resolution
of the data from the model are both important. There
is, however, very little difference between the 4km and
UKYV model spectra, suggesting that the time resolu-
tion of the NWP data fields (both hourly) may be the
limiting factor for these models. The variation in the
missing variance between the different NWP models is
in line with the idea that the parameterization of un-
resolved mesoscale motions will depend on the NWP
model used.

a. Calculating velocity variances

To calculate the missing variance, the area between
the two spectral curves is determined over a frequency
range from a lower to an upper value. The lower point of
the frequency range is given by the point of divergence
of the NWP spectra from the observed spectra (illus-
trated by the colored dashed and dotted vertical lines in
Fig. 1). This was determined as the lowest frequency at
which the curves differed by 30% of the observed
spectra, with some judgment used to exclude occasional
high differences at isolated frequencies that are proba-
bly due to noise. In addition the point of divergence was
restricted to frequencies higher than that corresponding
to the diurnal cycle. The upper point of the frequency
range could be taken to be the high-frequency end
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FIG. 1. Example horizontal spectra at heights of 10m AGL generated from 2012 obser-
vations at Wattisham and Cardington and MetUM data [global (25 km, 3h), NAE (12 km,
1h), 4km (4 km, 1 h), and UKV (1.5km, 1 h)]. The dashed and dotted vertical lines [labeled
(a)-(d)] indicate the frequency at which the NWP spectra diverge from the observational

spectra.

(Nyquist frequency) of the spectral curves or the fre-
quency that the turbulence parameterizations cover, if
that was deemed to be lower. Here we choose the upper-
frequency point to be the Nyquist frequency of the
spectral curves and hence it is dependent on the time
resolution of the observations. The highest-frequency
observations used here are 10-min averaged winds
observed at Cardington with a Nyquist frequency of
8.3 X 10~*Hz (corresponding to motions with periods of
20min). Motions of such frequencies may possibly
overlap with the frequencies covered by the turbulence
parameterizations, particularly in convective conditions.

The lowest-frequency observations used here are hourly
“spot” values with a Nyquist frequency of 1.4 X 10~*Hz
(motions with periods of 2 h). However, the hourly
“spot” winds are in fact 10-min averages obtained at
hourly intervals and hence the variance in the hourly
observations will be similar to the variance in observa-
tions with a 10-min frequency, with the highest fre-
quencies being represented as lower-frequency motions
in the spectral curve because of aliasing. Hence, some
sub-two-hourly atmospheric motions, which, on first
glance, might be thought to be excluded from the miss-
ing variance calculation, are included except for the part

TABLE 1. NWP data used in this study.

Model Years Spatial resolution (km) Temporal resolution (h)
ECMWF ERA-Interim 2008, 2006, 2004, 2001, 2000, 1998 80 3
MetUM global 2004, 2001, 2000 60 3
MetUM regional 1998 50 3
MetUM global 2008, 2006 40 3
MetUM global 2012 25 3
MetUM mesoscale 2000 12 3
MetUM mesoscale 2006, 2004, 2001 12 1
MetUM NAE 2012, 2008 12 1
MetUM 4km 2012, 2008 4 1
MetUM UKV 2012 1.5 1
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aliased to below the divergence point. Hence the ques-
tion of whether the observations include a contribution
from turbulent motions applies here too. Fortunately,
however, the area between the observed and NWP
spectral curves is not strongly influenced by the upper-
frequency point (note the use of a log scale on the
spectral plots).

b. Calculating Lagrangian time scales

Treating the data as periodic with period NA¢t, the
velocity correlation function at time lag ¢ = mAt can be
written as

NI2

R0 = 2.0(55) g <o (Wi ) =] o0 eostemmyar
@)

We can use this to calculate correlation functions from
spectra. To estimate the correlation function of the un-
resolved motions we calculate the spectra of the ob-
served and NWP time series. The spectra are filtered to
remove the low-frequency motions by setting ¢[g/(NAf)]
to zero for wavenumbers g = 0, ..., (D — 1), where
f = DI/(NAt) is the frequency at which the modeled
spectrum is deemed to diverge from the observed
spectrum. The difference between the filtered spectra
obtained from observations and from NWP model
data is calculated, and Eq. (2) is applied to this dif-
ference to give the correlation function for the un-
resolved motions.

The integral of the correlation function cannot be
used directly to compute an integral time scale since the
correlation function with these periodicity assumptions
has zero integral. Hence we need to consider other
methods of estimating the integral time scale. We de-
termine the integral time scale from the time at which
the correlation function R(¢) falls to e~ ' of its original
value R(0) as is appropriate when the correlation func-
tion takes the commonly assumed form

R(t) = o exp <—Ti) . 3)

The unresolved velocity variances () can also be de-
termined from this method and are given by the initial
value of the correlation function R(0).

Figure 2 shows example correlation functions (nor-
malized by the variance) for the motions corresponding
to the missing energy in the 2012 NWP spectra in Fig. 1.
These correlation functions show evidence of negative
lobes, in line with the oscillatory behavior seen in cor-
relation functions obtained from observational data
in other studies (Oettl et al. 2001; Anfossi et al. 2005;
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Luhar 2012). It seems likely that this oscillatory behav-
ior is due, at least partly, to the sharp spectral cutoff that
is not vastly different to the scales of motion of interest.
With a sharp cutoff, the correlation function will have a
zero integral scale and so will always have negative
lobes, if only a result of the filtering process. Despite this
oscillatory behavior, the e-folding time seems an ade-
quate measure of the time scale of the correlation decay
for the purpose of estimating the enhanced dispersion.

In general, the higher-resolution NWP models have
the smallest predicted time scales for the missing energy,
in agreement with the higher frequencies for the point of
divergence. The time scale determined by this correla-
tion method, using wind data at a fixed point in space, is
an Eulerian time scale (7g); the Lagrangian time scale
(tr) is generally larger than the Eulerian time scale.
Pasquill and Smith (1983) and Hanna (1981b) discuss
the relationship between Eulerian and Lagrangian time
scales. Theory suggests that 7,/7x « u/o,, and hence
smaller values of 7, /7x might be expected in stable, light
wind conditions. However, for simplicity (and because
our approach only gives a single value of 7 rather than
one that can vary with wind speed and stability) we
choose to use 7;/7z = B, where B is a constant value.
There is some scatter in 8 obtained from observations
(see Hanna 1981b and references therein). Here we use
B = 3 to determine a Lagrangian time scale from the
calculated Eulerian time scale. This value is a midvalue
within the range of average values indicated in Hanna
(1981b). However, we note that there is some un-
certainty in this 8 value.

c. Boundary layer results

The velocity variances o2 and Lagrangian time scales
7, of the unresolved mesoscale motions are obtained
using observations at a number of locations and over a
number of years and using NWP data from a range of
models of differing resolutions (see Table 1). Appro-
priate diffusivities K,, are determined from the velocity
Variances and the Lagrangian time scales using
K, 0' Ty = 302 7. For some NWP model resolutions, a
wide range of values are obtained for the parameters of
the missing motions over the sites, years and, for Car-
dington, averaging times considered here (see Table 2).
Smaller velocity variances, Lagrangian time scales
and diffusivities are, however, obtained with higher-
resolution NWP data. Results obtained from the
MetUM and from ERA-Interim at similar resolution
are consistent. We recommend the values given in
Table 3, which are based on the mean values calculated
over the different years, different sites, averaging times,
and different NWP models with similar resolution
(where appropriate), although there is obviously some
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FIG. 2. Example normalized correlation functions for the unresolved mesoscale motions at
a height of 10 m AGL at Wattisham and Cardington, generated from 2012 observations and
MetUM data [global (25 km, 3 h), NAE (12 km, 1 h), 4km (4 km, 1 h), and UKV (1.5 km, 1 h)].
The horizontal 1/e line (black) is used to determine the time scale.

uncertainty in these parameters because of the range of
values obtained.

5. Free-tropospheric motions

Most parameterizations of mesoscale motions are
based on near-surface observations and the applicability
of these parameterizations within the free troposphere is
questionable. In comparison with the boundary layer,
mesoscale motions in the free troposphere are not fre-
quently measured. It is a nontrivial exercise to obtain
good, reliable, and frequent wind observations over a
significant period of time in the free troposphere that are
suitable for spectral analysis. Instrumentation on tall
towers (such as the 200-m Cabauw tower in the Neth-
erlands) is not situated high enough to consistently

measure above the boundary layer. Radiosondes pro-
vide atmospheric profile data but only infrequently
(often twice a day) and furthermore, they are advected
downwind, and hence do not give observations at a fixed
location. Free-tropospheric wind data [atmospheric
motion vectors (AMVs)] can be derived from satellite
data by tracking tracers (usually clouds or water vapor)
through a sequence of images. While this can result in
some cases in hourly data, the location and height of
observations is variable and determined by the cloud
location and cloud top. Furthermore, the resolution
is relatively coarse with significant spatial and tempo-
ral averaging. In addition, the data can have rather
complicated error characteristics. This suggests that
satellite-derived wind data are not well suited to the
spectral analysis conducted here. Wind data determined

TABLE 2. The ranges of velocity variances (m?s”?) and diffusivities (m?s ') obtained using boundary layer observations.

Models Resolution a2 (m*s™?) K, (m?*s™h
MetUM global, MetUM regional, and ERA-Interim =60km, 3 h 0.63-1.23 5882-16 882
MetUM global ~40km, 3 h 0.66-0.92 5977-9965
MetUM global ~20km, 3 h 0.55-0.81 4905-7911
MetUM mesoscale ~10km, 3 h 0.59-0.98 5350-9466
MetUM mesoscale and MetUM NAE ~10km, 1 h 0.19-0.88 852-10439
MetUM 4km and MetUM UKV <4km, 1h 0.11-0.42 312-3873
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TABLE 3. Recommended parameter values for the parameteri-
zation of unresolved mesoscale motions based on NWP model
resolution.

Resolution a2 (m?s %) 7, (s) K, (m?*s™h
=60km, 3 h 0.90 10000 9000
~40km, 3 h 0.81 10000 8100
~20km, 3 h 0.64 10000 6400
~10km, 3 h 0.64 10000 6400
~10km, 1 h 0.49 8000 3920
<4km, 1h 0.30 6500 1950

from wind profilers, however, result in high-temporal-
resolution data at fixed locations, measured at fixed
heights, and therefore can be used for spectral analysis.
We discuss this data source further in the next section.

a. Wind profiler data

A number of authors have studied the accuracy of
horizontal winds measured by wind profilers. These
wind observations have been compared with indepen-
dent measurements from other wind profilers and from
rawinsonde measurements (Strauch et al. 1987; Weber
and Wuertz 1990; May 1993). Further studies comparing
wind profiler observations with model analyses have
also been conducted. Pauley et al. (1994) compared
wind profiler observations with operational regional
analyses at a site in Illinois. Schafer et al. (2003) studied
the differences between wind profiler measurements
and model winds (from the NCEP-NCAR reanalysis) at
locations in the tropical Pacific, which is a region with
few observations. Both studies showed that assimilation
of wind profiler observations resulted in an improve-
ment to the model analyses.

Wind profilers are designed to detect the motion of
the air due to refractive index irregularities (Bragg
scattering; Bailey 2000). Data can, however, be con-
taminated by competing motion from objects in the
air such as birds and, more important, hydrometeors
(Rayleigh scattering). The wind data utilized here
were measured in 2012 by a network of wind profilers
around the United Kingdom: Aberystwyth (52.424°N,
4.005°W); Camborne (50.219°N, 5.327°W); Douglas,
Isle of Man (54.107°N, 4.553°W); Dunkeswell
(50.860°N, 3.240°W); South Uist (57.254°N, 7.375°W);
and Wattisham (52.124°N, 0.956°E). Data at each location
are available at fixed heights above mean sea level. The
data from Aberystwyth and South Uist have an averaging
time of 30min, while the data for the other sites are
available as both 15- and 30-min averages. There are
some differences among the instrumentation at the
various sites.

The wind profilers at Camborne, Douglas, Dunkeswell,
and Wattisham are all Vaisala LAP3000 wind profilers
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with an antenna array about 5 m across. These operate at
either 1290 or 915MHz and routinely measure up to
heights of around 3 km. They are capable of measuring up
to around 3 km in ““normal” clear-sky conditions, as long
as the atmosphere is sufficiently moist. If the atmosphere
is dry, the returned power is lower and this can result in
layers of missing data or a reduction in the maximum
measurable altitude. Because of their operating fre-
quency, they are significantly affected by scattering from
hydrometeors, but otherwise measure scattering from the
air. Thick clouds produce strong scattering at the wind
profiler’s operating frequency, and, as a result, under
these conditions the wind profilers are capable of pro-
ducing data up to approximately 8km.

The wind profiler at South Uist is a 64-MHz LAP12000
system, designed to be able to measure up to around
12 km, although it rarely reached that height in 2012 be-
cause of a gradual decline in performance because of age
and difficulties in “‘tuning” the phase of the system’s
transmitters during scheduled maintenance. The profiler
has a powerful antenna array comprising a field of 144
antennas, each 2m high, and the array is about 40m
across. The operating frequency is too low for the wind
profiler to be affected by rainfall unless it is very heavy, so
it generally only yields returns from the air. The profiler is
affected by areas of dry air and certain types of flow that
result in low returns, so gaps are sometimes seen in
the data.

The wind profiler array at Aberystwyth is larger still
with 400 antennas, each about 4 m tall, with a total array
width of 110 m. This gives a maximum measurable alti-
tude of around 20 km, although it is typically only used
up to 16km. It operates at 46.5 MHz, so it is even less
likely to be affected by rainfall than the wind profiler at
South Uist. When it is, however, it tends to mask the
clear-air returns (resulting in gaps in the data) rather
than contaminating them with scattering from the pre-
cipitation. It is a much more powerful array—the most
powerful in the United Kingdom—so it rarely suffers
from gaps in the data.

b. Free-troposphere results

The Aberystwyth and South Uist wind profilers con-
sistently report data above the boundary layer, and data
from these two wind profilers are available at 30-min
intervals. Figure 3 compares spectra at selected example
heights at Aberystwyth and South Uist, calculated
from wind profiler observations during 2012 and from
MetUM NWP data.

The spectra from wind profiler observations and from
NWP data were calculated with the same method as
used for the boundary layer data, except that the point of
divergence was not limited by the diurnal cycle (in fact
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this would have made no difference) and no scaling
factor was applied to the NWP spectra to ensure a match
at low frequencies. The scaling factor should not be
necessary as there are no local site effects, and in fact the
spectra agree remarkably well at low frequencies. We
note that there is more energy in motions of all fre-
quencies in the free troposphere when compared with
boundary layer motions (note the difference in the
vertical axis values between Fig. 1 and Fig. 3), which is
consistent with higher wind speeds in the free tropo-
sphere. In addition, Fig. 3 shows that the NWP spectra
begin to divergence from the observations spectra at a
higher frequency in the free troposphere. We see also
that the spectra from hourly sampled NAE (12-km
resolution) and UKV (1.5-km resolution) data are very
similar, but both differ significantly from the spectrum
obtained from 3-h sampled global (25-km resolution)
data, which diverges from the observed spectra at a
lower frequency and has noticeably more missing en-
ergy. This suggests that the time frequency of the NWP
data is the limiting factor here in representing the
higher-frequency motions in the free troposphere.
Based on this, the NWP spectra obtained using hourly
sampled 4km data are expected to be very similar to the
spectra from hourly NAE and UKV data.

The missing variance in the NWP free-tropospheric
spectra is calculated using the same method employed
with the boundary layer spectra. A summary of the ranges
of the velocity variance obtained across the different
sites, a selection of heights above the boundary layer up
to about 6km and different averaging times is given in
Table 4. As expected, and as seen within the boundary
layer, larger velocity variances for the unresolved motions
are obtained from the global spectra than from the higher-
resolution NAE and UKV models. The missing energy in
the NAE and UKV models is, as expected, similar. In
general, for a particular NWP model, the missing energy is
similar at various free-tropospheric heights at any one
wind profiler location (not shown) but there is significant
variation in the missing energy between different locations
(e.g., between Aberystwyth and South Uist). The data
from South Uist have more missing observations than the
data from Aberystwyth, but investigations, in which extra
missing observations were artificially added to the Aber-
ystwyth dataset, showed that this fact cannot explain the
lower missing energy values. These differences between
results from different wind profiler sites are not really
understood, but it is possible that they may be due to dif-
ferent instrumentation or that results may be affected by
calibration errors or model biases.
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TABLE 4. The ranges of velocity variances (m?s”2) and diffusivities (m?s ') obtained using wind profiler observations.

Model Resolution a2 (m*s™?) K, (B =3) (m*s™ 1 K, (B =9) (m*s™ 1
MetUM global 25km, 3 h 0.77-2.79 5248-22102 15 744-66 306
MetUM NAE 12km, 1 h 0.16-0.92 407-2963 1221-8889
MetUM UKV 1.5km,1h 0.11-1.17 243-4614 729-13 842

Figure 4 shows the correlation functions (normalized
by the variance) for the motions corresponding to the
missing energy in the free-tropospheric NWP spectra
shown in Fig. 3. As before, the time taken for the nor-
malized correlation function to fall to 1/e gives an
Eulerian time scale that is used to determine an appro-
priate Lagrangian time scale. The largest time scales are
obtained for the 3-hourly global NWP data. The simi-
larities between the missing variance in the NAE and
UKV data (both hourly) are also seen in the correlation
functions, with similar time scales obtained.

Horizontal diffusivities are obtained from the velocity
variances (calculated from the missing variance in the
energy spectra) and the Lagrangian time scales (calcu-
lated from the correlation functions) using K, = 27,.
Within the boundary layer, a Lagrangian time scale 7,
was obtained from the Eulerian time scale 7 using 7, =
Bt and assuming B = 3. The time scales 7, and 7 are

expected to satisfy 7, /7g « u/o,, and an analysis of the
observations used in this study, both at heights in the
boundary layer and in the free troposphere, indicates
that u/o, can be larger in the free troposphere by
approximately a factor of 3 (not shown). Assuming
71, = B7E, Table 4 gives the range of diffusivities, obtained
over the different wind profiler locations, observing
heights and averaging times studied, for two values of
B: 3 (as chosen for the boundary layer) and 9 (based on
the expected larger values of u/c, in the free tropo-
sphere). As was the case for the study of missing motions
in the NWP data in the boundary layer, a wide range of
diffusivities is obtained that is, in this case, due primarily
to the differences seen between different wind profiler
locations. The diffusivity values recommended for use
within the boundary layer (see Table 3) lie within the
B = 3 free-tropospheric ranges given in Table 4, except
in the case of the NAE model. In the free troposphere,
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the diffusivity due to the missing motions in the NAE
model is much more similar to that in the UKV model
than is the case for a similar comparison made within the
boundary layer. This would be expected given the sim-
ilarities seen between the NAE and UKV in the free-
tropospheric energy spectra and correlation functions.
The range of NAE diffusivity values obtained from data
within the boundary layer do, however, overlap to some
degree with the B = 3 range of NAE diffusivity values
obtained from data within the free troposphere (see
Tables 2 and 4) and agree quite well with the 8 = 9NAE
diffusivity values. The UKV free-tropospheric diffusiv-
ity values for B = 9 are somewhat larger than the cor-
responding boundary layer values, although with a wide
range that is not inconsistent with the boundary layer
range. For the global model with ~25-km resolution, the
free-troposphere results for 8 = 9 are significantly larger
than the boundary layer results. Given the significant
uncertainty in the free-tropospheric diffusivities, and the
simplicity of adopting the same approach throughout, it
is proposed that the recommended boundary layer dif-
fusivities (see Table 3) be applied throughout the at-
mosphere. However, there could be a case for larger
values above the boundary layer for models with coarser
resolution.

6. Conclusions

Spectral analysis has been used to compare NWP and
observed winds. This analysis has enabled the velocity
variance, time scale, and implied diffusivity of the at-
mospheric motions that are missing in the NWP data to
be estimated. Despite some uncertainty resulting from
variations between results at different observing sites
and from different time periods, there is strong evidence
to suggest that the parameterization of unresolved me-
soscale motions in atmospheric dispersion models
should depend on the resolution of the input NWP data,
with smaller parameterized variances and diffusivities
required with data from higher-resolution NWP models.

In the boundary layer the results show that both the
spatial resolution of the NWP model and the time in-
terval at which data are extracted are important. How-
ever, for 3-h data, spatial resolution has little effect for
grid spacing below ~20km (see Tables 2 and 3) and, for
hourly data, spatial resolution has little effect below
~4km. This suggests that for these cases the time sam-
pling is the dominant factor limiting the fidelity of the
data. While the scatter is such that very definite con-
clusions are not possible, this is consistent with the idea
that, for optimal results, the time resolution of the
data should be proportional to the spatial resolution,
reflecting the need to represent the time evolution
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caused by advection of spatial structures by the large-
scale wind.

In the free troposphere there is a large variation be-
tween results from different wind profiler sites that is not
understood. This leads to significant uncertainty in the
determined time scales and variances of the missing
motions in the NWP data. For hourly NWP data within
the free troposphere, spatial resolution has little clear
effect below a resolution of ~12 km (and we do not have
hourly NWP data available to test coarser resolutions).
In comparison with the boundary layer results, this
probably reflects the higher wind speeds in the free
troposphere. Overall, the missing motions in the free
troposphere have more variance, consistent with higher
wind speeds aloft. The resulting diffusivities are, how-
ever, not too dissimilar to those obtained in the
boundary layer, with the possible exception of the re-
sults from the coarsest NWP model that we considered
in the free troposphere (with resolution ~25km and
3-h data).

Taking account of the uncertainties involved and
the benefits of a simple scheme that is spatially
homogeneous, a parameterization of unresolved meso-
scale motions is proposed, giving estimates for the ve-
locity variance, Lagrangian time scale, and diffusivity
based on the temporal and spatial resolution of the input
NWP data. The values proposed are recommended for
use in parameterizing unresolved mesoscale motions in
atmospheric dispersion models driven by NWP wind
fields. The results presented in this study are based on
data within the United Kingdom but for a range of
conditions, locations, altitudes, different terrains, in-
strumentation, and periods of time. In addition, NWP
data from different models and centers are included. As
such, results are expected to be applicable to NWP data
of similar resolutions from other centers and at other
geographical locations outside the United Kingdom.
Nonetheless, to test this, further analysis at locations in
other regions with different terrain features and climate
would be beneficial.

As both the analysis in the boundary layer and the free
troposphere showed, the key limiting factor in repre-
senting the higher-frequency atmospheric motions is the
time sampling of the NWP data. Despite significant
advances in NWP, with modeling being conducted at
increasingly higher spatial resolution, the time sampling
of the NWP data used for atmospheric dispersion
models has not kept pace. This work suggests that to
gain the full benefit of increases in spatial resolution
of NWP modeling, more frequent time sampling is
required. There would, therefore, be interest in re-
peating the analysis conducted here with higher-
time-resolution NWP data. Increases in the temporal
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resolution of input NWP data bring similar challenges
to those encountered with spatial resolution increases,
notably data storage, data transfer, and atmospheric
dispersion model runtime.

Our focus in this paper has been to estimate, direct
from wind velocities from NWP data and observations,
the velocity variances and Lagrangian time scales for use
in a parameterization of unresolved mesoscale motions.
An alternative approach is to investigate the parameter
values that lead to the best agreement between disper-
sion model predictions and tracer dispersion experi-
ments. This is beyond the scope of this paper but is being
considered in a separate study (V. Selvaratnam et al.
2018, unpublished manuscript in progress) using mea-
surements from the Cross-Appalachian Tracer Experi-
ment (CAPTEX) and the Across North America Tracer
Experiment (ANATEX).
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