W) Check for updates

Received: 16 December 2025 Revised: 29 April 2026 Accepted: 13 May 2026

DOI: 10.1002/qj.70230

Quarterly Journal of the RMetS

Royal Meteorological Society

RESEARCH ARTICLE

The evaluation of boundary-layer turbulence in
high-resolution numerical weather prediction simulations
using Doppler lidar

Natalie J. Harvey'® | Helen F. Dacre!® | Kirsty E. Hanley?® |
Humphrey W. Lean? | Christopher J. Walden3# | Michael Baidu®® |
Steven Boeing®>® | Andrew N. Ross®

!Department of Meteorology, University

of Reading, Reading, UK Abstract

2MetOffice@Reading, Brian Hoskins This study introduces a new generalisable methodology for evaluating the repre-
Building, University of Reading, Reading, sentation of boundary-layer turbulence in sub-kilometre numerical weather sim-
UK

ulations through direct comparison with high-resolution Doppler lidar and sonic
3Science and Technology Facilities

; . anemometer measurements. We derive key boundary-layer parameters, such as
Council, Chilbolton Observatory,

Stockbridge, UK aerosol height, cloud-base height, turbulent mixing height, sensible heat flux, and
“National Centre for Atmospheric boundary-layer classification, using an established observational algorithm and sim-
Science, Leeds, UK ilar diagnostics from newly available high temporal resolution outputs from UKV
*Institute for Climate and Atmospheric (1.5km) and WMV (300 m) simulations of the Unified Model. For the case study

Science, University of Leeds, Leeds, UK considered here, there is agreement in the temporal evolution and magnitude of

Correspondence bulk boundary-layer characteristics for both simulations, including the timing of

Natalie J. Harvey, Department of the morning transition from stable to unstable surface conditions. However, signif-
Meteorology, University of Reading,

Berkshire, RG6 7BE, UK. . . . . . q q
Email: nj.harvey@reading.ac.uk variance profiles. In the UKV simulations, peak vertical velocity variance is under-

icant differences are found in both the shape and magnitude of vertical velocity

estimated by up to a factor of 5 compared with observations, while differences in
Funding information

Natural Environment Research Council,
Grant/Award Numbers: NE/X018555/1, turbulence is predominately unresolved (parametrized). By contrast, in the WMV

NE/Z503964/1, NE/X018539/1 over 90% of the vertical velocity variance is resolved explicitly in the middle of the

boundary layer once the convective regime is established. These results demonstrate

the WMV simulations are smaller (up to a factor of 3). In the UKV simulations,

that, for this case study, parametrized turbulence is underestimated in both numer-
ical weather prediction simulations. More broadly, this work highlights the value of
high-resolution observations in diagnosing model performance and provides a trans-
ferable evaluation framework applicable at any site with high-frequency simulation

data and Doppler lidar observations.

KEYWORDS

convective boundary layer, Doppler lidar, turbulence parametrization, vertical velocity variance

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.

© 2026 Crown copyright. Met Office and The Author(s). Quarterly Journal of the Royal Meteorological Society published by John Wiley & Sons Ltd on behalf of Royal
Meteorological Society. This article is published with the permission of the Controller of HMSO and the King’s Printer for Scotland.

QJ R Meteorol Soc. 2026,e70230. wileyonlinelibrary.com/journal/qj 10f18
https://doi.org/10.1002/qj.70230


https://orcid.org/0000-0003-0973-5794
https://orcid.org/0000-0003-4328-9126
https://orcid.org/0000-0002-1002-7667
https://orcid.org/0000-0003-3305-5633
https://orcid.org/0000-0003-3794-2563
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/QJ
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqj.70230&domain=pdf&date_stamp=2026-07-06

20f18 Quarterly Journal of the S RMets

HARVEY ET AL.

Royal Meteorological Society

1 | INTRODUCTION

With advances in computational capabilities, it is now
feasible to run operational global weather forecasts at
kilometre-scale resolution (e.g., Rackow et al, 2025;
Wedi et al., 2020; Zeman et al., 2021). At regional scales,
numerical weather prediction (NWP) simulations can
also be run (mostly in research or demonstration mode)
with grid lengths of order 100 m (e.g., Blunn et al., 2022;
Boutle et al., 2014, 2016; Hanley et al., 2016; Hanley &
Lean, 2024; Jayakumar et al., 2025; Joe et al., 2018; Pereira
Filho et al., 2018; Price et al., 2011; Valkonen et al., 2020;
World Meteorological Organisation, 2024). Although
these simulations typically improve the representation
of the atmosphere, they have a high computational cost.
They also come with other challenges: there are issues
with coupling the dynamical core to the model physical
parametrizations at this scale, due to increased tempo-
ral and spatial resolution of the simulation, plus existing
parametrizations for phenomena that would have been
subgrid in coarser models, but are now fully or partially
resolved, may not be suitable (e.g., Malardel, 2013).

One such phenomenon is convection. Convection is
important, as it can evolve into large organized mesoscale
convective systems, leading to high-impact severe weather
and precipitation events that cause flash flooding and
risk to life (e.g., Li et al., 2023; Rasmussen et al., 2015).
These events are expected to become more common in
a warmer climate (e.g., Houze Jr. et al., 2019). Therefore,
having simulations that can predict the onset of these
convective storms better is essential. Note that a more com-
plete description of the challenges and opportunities of
hectometric modelling can be found in Lean et al. (2024).

Previous studies have shown that some aspects of
convection are improved by using grid lengths less than
1km. For example, rainfall rate distribution, updraft
size and strength, precipitation onset and organisation
(e.g., Hanley et al., 2015, 2016; Hanley & Lean, 2024;
Nicol et al., 2015), plus orographic enhancement of pre-
cipitation (Bain et al., 2022) have seen improvements
in sub-kilometre simulations. Unfortunately perform-
ing simulations on a finer grid does not solve all the
deficiencies in sub-kilometre forecasting, due to the
grid length used in the simulations being compara-
ble with the dominant turbulence length-scales in the
atmospheric boundary layer. Sub-kilometre simulations
using the Met Office Unified Model (UM) typically
simulate too many small precipitating showers and
tend to have clouds that are too deep (e.g., Bergemann
et al., 2022; Hanley & Lean, 2024; Jucker et al., 2020).
This result points to the need for a boundary-layer tur-
bulence scheme that is better suited to sub-kilometre
resolutions.

However, the systematic evaluation of the turbulent
mixing in sub-kilometre NWP models compared with
observations is rare and often limited to case studies
or near-surface variables such as 2-m temperature (e.g.,
Bauer et al., 2020, 2023; Lean et al., 2019; Mat&jka &
Laska, 2022). Goger and Dipankar (2024) and Sakradz-
ija et al. (2025) assess the vertical structure of the atmo-
sphere using lidar, but for a limited number of case studies
within the Cross-valley flow in the Inn Valley investi-
gated by dual-Doppler lidar measurements (CROSSINN)
(Adler et al, 2021) and Field Experiment on subme-
soscale spatio-temporal variability in Lindenberg (FESST-
Val) (Hohenegger et al., 2023) field campaigns, respec-
tively. A recent study by Ahlgrimm and Pdschke (2026)
assessed winds, turbulent kinetic energy, and eddy dissi-
pation rate in the first 600 m of the boundary layer using
Doppler lidar for a five-day summer case study in Linden-
berg, Germany. Their focus was to compare two different
turbulence schemes for a range of horizontal resolutions
and to link this to applications in wind energy and disper-
sion modelling.

There is a larger body of literature that compares
sub-kilometre simulations with different boundary-layer
schemes with large-eddy case-study simulations as
truth (e.g., Doubrawa & Mufoz-Esparza, 2020; Shin &
Dudhia, 2016). These studies typically find that differ-
ent schemes perform better at different resolutions and
also conclude the need for a universal boundary-layer
parametrization that is scale-aware and works for all
prognostic variables. This view is also supported strongly
in Honnert et al. (2020). The methodology developed in
this study has been designed so that it can be applied to
long-term observational datasets to enable statistically
robust conclusions to be drawn for a variety of atmo-
spheric regimes, rather than focusing purely on case
studies.

Evaluation of sub-km simulations for moist convection
typically focuses on comparisons of precipitation struc-
tures such as the size of convective cells, number of cells,
and precipitation onset time (e.g., Hanley & Lean, 2024;
Stein et al., 2014) rather than the boundary-layer turbu-
lent structures themselves, which influence the time of
initiation of convection by modifying the vertical distribu-
tion of temperature and humidity. This suggests there is a
need to evaluate the pre-convective environment alongside
analysing the result of the convection initiated. One such
method to evaluate vertical mixing in sub-kilometre simu-
lations is to use high-frequency output from a simulation
to compare simulated vertical velocity with observations
from Doppler lidar more directly. These observations are
ideally suited to probing the atmospheric boundary layer,
due to their high temporal and vertical resolution, plus
these instruments tend to be very stable and can be used
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over an extended period time, not just for case studies (e.g.,
Harvey et al., 2015).

This study presents a new methodology for comparing
Doppler lidar observations of the turbulent character-
istics of the boundary layer with the same features in
sub-kilometre NWP simulations using high-frequency
simulation output. This approach enables the determi-
nation of turbulence diagnostics (e.g., vertical velocity
variance) from the simulations that can be compared
directly with observations. The boundary layer is classified
into different types, which allows seamless comparison
across horizontal grid spacings as well as testing the
underlying physics that links the boundary layer with the
surface and cloud layers. Here, a case-study day is pre-
sented to illustrate the key aspects of this new approach.
The horizontal grid spacings considered here are 1.5km
and 300 m, as these represent typical values for operational
or quasi-operational regional (e.g., Hanley & Lean, 2024;
World Meteorological Organisation, 2024) NWP models.
Therefore understanding the representation of turbulence
in these models is scientifically valuable. However, the
same approach could be applied to simulations with finer
horizontal resolution (e.g., 100 m), where the atmospheric
boundary layer would be resolved better, but these sim-
ulations are much more computationally expensive and
not feasible for operational use.

The article is organized as follows. Section 2 out-
lines the case-study day considered here, June 12, 2023.
The observational measurements and Met Office model
configuration used in this article, including model diag-
nostics, are described in Section 3, with a focus on
the boundary-layer scheme. Section 4 contains the main
results comparing the sub-kilometre simulations and the
observations. Finally, the conclusions are presented in
Section 5.

2 | CASE-STUDY DESCRIPTION:
JUNE 12, 2023

The case study analysed in this article is June 12, 2023.
This is the first intensive observation period of the Wessex
Convection Experiment (WesCon)-Observing the Evolv-
ing Structures of Turbulence (WOEST) field campaign that
took place in the south of England in the summer of
2023 (full details of the campaign can be found in Barr
etal., 2025).

The day was dominated by high pressure with south-
easterly flow over southern England (see Figure 1). Show-
ers, associated with upper-level trough features, initiated
over southern Wales and the Midlands at approximately
1230 UTC. These showers continued to develop and merge
into larger mesoscale convective systems (Figure 2). These
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systems evolved further into an organized convective line
orientated meridionally, concentrated over the West Mid-
lands, extending into the southern part of northwest Eng-
land. Forecasts of these mesoscale convective systems and
associated heavy precipitation led to an amber weather
warning being issued by the National Severe Weather
Warning Service for North Wales and the Midlands for
the late afternoon and early evening (National Severe
Weather Warning Service, 2023). There was local flash
flooding in northwest London and Bedfordshire and oper-
ations were interrupted at several UK airports (Slow &
Rhoden-Paul, 2023).

The boundary-layer evolution at Chilbolton on June
12, 2023 can be seen in Figure 3. Cumulus cloud first
appears at approximately 0700 UTC and caps the bound-
ary layer through most of its development (boundary-layer
type VI). The sensible heat flux increases by 100 W-m~2
at approximately 1100 UTC at the same time as a large
non-precipitating cloud moves away and the boundary
layer is classified as well-mixed and cloud-free (type IIIa).
The growth of the convective boundary layer throughout
the morning is evident in the backscatter (Figure 3a), raw
vertical velocity (Figure 3c), and standard deviation of the
vertical velocity (Figure 3b). At 1300 UTC, the turbulence
driven by surface heating is associated with a skewness
value of 1 (Figure 3d) and a maximum vertical veloc-
ity standard deviation greater than 1m - s~ (Figure 3b).
The sensible heat flux peak is approximately 225 W-m~2 at
1100 UTC (Figure 3e). At 1900 UTC, there is a stratocumu-
lus cloud identified using the negative skewness at cloud
base. This coincides with the sensible heat-flux obser-
vations becoming negative, indicating a stable boundary
layer (type II). After this the cloud disperses. No precipita-
tion is recorded on the six rain gauges located at Chilbolton
on this day.

3 | METHODS AND DATA

This section outlines the boundary-layer observations and
simulations used in this study. Figure 4 shows schemati-
cally the evolution of the convective boundary layer and
highlights the key boundary characteristics that are used
to evaluate the simulations: aerosol height (height to
which aerosols extend vertically in the atmosphere, hye,),
cloud-base height (h.q), turbulent mixing height (height
to which turbulent eddies extend vertically into the atmo-
sphere, hy,1), and sensible heat flux.

3.1 | Doppler lidar observations

The instruments used in this article are located at the
Chilbolton Observatory in southern England (51°09'N,
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FIGURE 1

UK Met Office surface analysis chart at 0000 UTC on June 12, 2023. Mean sea-level pressure isobars overlaid with active

surface fronts (solid black lines with filled symbols) and upper-level troughs (solid black lines).

FIGURE 2

Rain rate (mm-h™!) from the Met Office radar
composite at 1500 UTC on June 12, 2023. Chilbolton is located at
the centre of the large white cross, with 50-km rings out to 200 km.

01°26'W). The lidar is a HALO photonics Streamline Pro
1.55-um heterodyne Doppler lidar (Pearson et al., 2009),
which records vertical profiles of attenuated backscatter
coefficient, #, and radial Doppler velocity for each 30m
range gate every 10s. Calibration of g is achieved using
the methodology described in Westbrook et al. (2010).
A scaling factor is applied to ensure the integrated
backscatter through a completely attenuating stratocu-
mulus cloud matches 1/2S, where S = 20 is the expected
extinction-to-backscatter ratio. The lidar is installed on
a flat roof 3m above ground level and is configured pri-
marily in zenith-staring mode to monitor vertical velocity
w and derive turbulence in the boundary layer, but it
also performs conical step-stare velocity—azimuth display
(VAD) scans to derive horizontal wind profiles once every
10min. Each VAD scan takes approximately 120s and
comprises a sequence of 24 stares 15° off-zenith spaced by
15° in azimuth.

The sonic anemometer is on a mast located in a
grassy area of the Chilbolton Obervatory. It is mounted
at a height of 5m above the ground and measures the
three components of the wind (u,v,w) and the sonic
temperature at a rate of 20 Hz. Hourly mean sensible

85U0|7 SUOWILLIOD BAIER.D (el dde ay} Aq peusenoh aJe e YO ‘8sn J0 S9N 10} Ariqi 8UljUO A1 UO (SUONIPUOD-PUR-SLLIBI WO A8 | 1M ARIq 1BU1|UO//SANL) SUORIPUOD PUe SWs | 38U} 88S *[9202/20/ST] U0 Akiqiauluo A8|IM 80Us|oXT 380 pUe UifeeH Jojainiisul euoieN ‘301N Aq 0202 b/z00T 0T/I0p/wiod A8 |imAeiq Ul juo SiauL//Sdny wo.y papeojumoq ‘0 ‘X0/8224T



HARVEY ET AL.

Quarterly Journal of the ERMets

(a)
lc Wala la la lalllallaVvi vI'vi VI ?IIaVI VIVE VI llalllall e la la la

=
o
1

IS

1075

Height (km)
Backscatter (m~1 sr™1)

10-°

Height (km)
Vertical velocity (m s™?)

|
N}

(e)

50 4

Sensible heat flux (W m=2)

o

)
5}

06 12 18 24
Hour (UTC)

FIGURE 3

Royal Meteorological Society

3.0

Vertical velocity variance (m? s=2)

locity skewness

-039

0.0

00 06 12 18
Hour (UTC)

Observations taken on June 12, 2023: (a) attenuated lidar backscatter coefficient with the most probable boundary-layer

type shown in Roman numerals, (b) hourly mean vertical velocity variance, (c) raw vertical velocity, (d) hourly mean skewness of vertical
velocity, and (e) hourly mean surface sensible heat flux with error bars showing the associated standard error. In (a), (b), and (d), the solid
green line indicates the diagnosed aerosol top, h,.,, the green dashed line indicates the diagnosed cloud base, h4, and the solid black line

indicates the turbulent mixing height, Ay
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Schematic of convective boundary-layer development with parameters that can be determined using the observations

outlined in this article. Note that Doppler lidar cannot penetrate through clouds, so the aerosol height and turbulent mixing height are
limited to cloud-base height when clouds are present. Arrows indicate turbulent eddies.

heat flux, H, and its standard error are estimated using
standard eddy-correlation techniques through the follow-
ing equation:

H=pCow'T', 1)

where p is the density of air, C}, is the specific heat capac-
ity of dry air, w’ is the fluctuation of vertical velocity from
its detrended hourly-mean value, and T” is the fluctuation
of sonic temperature (equivalent to virtual temperature,
not true air temperature) from its detrended hourly-mean
value.

The sonic anemometer and Doppler lidar observations
are combined using the algorithm described in Harvey

et al. (2013) to create a dataset of hourly boundary-layer
classification, aerosol height, turbulent mixing height, sur-
face stability, and cloud-base height (described below). The
algorithm classifies the boundary layer into nine types
using the above information. The nine types diagnosed are
based on the six types described in Lock et al. (2000), with
their type I (stable) split into three types (Ia, Ib, and Ic)
and their type III (well-mixed) split into two types (IIla
and IIIb), based on the presence of cloud and the num-
ber of cloud layers present. A description of these types is
outlined in Table 1. Vertical velocity spectra and vertical
profiles of vertical velocity variance, vertical velocity skew-
ness, are used to evaluate numerical weather prediction
models.
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TABLE 1 Boundary-layer type descriptions used in this study, as in Harvey et al. (2013).
Boundary-layer type Description Diagnosis
Ia Stable, no cloud Negative sensible heat flux, no cloud
Ib Stable, stratus topped Negative sensible heat flux, cloud present
No significant cloud-base turbulence
Ic Stable, forced cumulus under stratocumulus Negative sensible heat flux, two cloud layers present
Negative cloud-base vertical velocity skewness
I Stable, stratocumulus topped Negative sensible heat flux, one cloud layer present
Negative cloud-base vertical velocity skewness
IIIa Unstable, no cloud Positive sensible heat flux, no cloud
IIIb Well-mixed, cloud topped Positive sensible heat flux, cloud present
v Decoupled stratocumulus Positive sensible heat flux, cloud present
Negative cloud-base vertical velocity skewness
v Cumulus under stratocumulus Positive sensible heat flux, two cloud layers present
Positive cloud-base vertical velocity skewness
VI Cumulus topped Positive sensible heat flux, one cloud layer present
Positive cloud-base vertical velocity skewness
3.1.1 | Aerosol Height, haer diagnosis of the boundary-layer type. Cloud is determined

There are many different definitions of boundary-layer
depth in the literature and methods to determine it
using remote-sensing instruments (Barlow et al., 2011;
Bonin et al., 2018; Davies et al., 2007; Davis et al., 2000;
Emeis et al.,, 2008; Flamant et al., 1997, Hennemuth
& Lammert, 2006; Kotthaus et al., 2018, 2020; Pearson
etal., 2010; Philibert et al., 2024; Steyn et al., 1999; Vakkari
et al., 2015). As in Harvey et al. (2013), this study con-
siders the aerosol height, h,e, as the lidar is sensitive to
aerosol. This height is determined using the attenuated
backscatter coefficient. It is defined as the lowest height
at which 80% of the lidar profiles within an hour have
no detectable backscatter. This is similar to using a gra-
dient method (e.g., Flamant et al., 1997) During the day,
haer and other measures of boundary-layer height can be
equivalent. However, during the night h,; gives a depth
representative of the residual layer rather than a measure
of the depth of the stable boundary layer. Also, note that
the lidar beam is rapidly attenuated by cloud, therefore in
the presence of thick cloud, h,e, Will be at cloud base (see
dashed pink contour in Figure 4).

3.1.2 | Cloud presence, height hq, and type

As in Harvey et al. (2013), all clouds with their base
at or below h, are considered to be generated by
boundary-layer processes and are therefore included in the

using a backscatter threshold of 5 x 10 > m~! - sr~1. This
threshold is consistent with that used in previous studies
(e.g., Hogan et al., 2004; Westbrook et al., 2010). Cloud is
considered to be present during a given hour if a cloud
is detected for more than 5% of the hour-long window.
Cloud-base height, hq4, is defined as the hour-mean low-
est height that exceeds the backscatter threshold for cloud
presence. For broken cloud, the backscatter information is
also used to determine the number of cloud layers present.
The cloud-base heights within each hour are binned into
intervals of 108 m (three lidar range gates) and a histogram
of these heights is created. Independent cloud layers are
identified as peaks in the histogram separated by at least
one bin where the probability of cloud is less than 5%.
This threshold is used to ensure that ascending or descend-
ing layer clouds (e.g., in the vicinity of fronts) are not
diagnosed as multiple layers.

3.1.3 | Turbulent mixing height, A

In this study, turbulent mixing height is defined as the
maximum height of the hour mean vertical velocity vari-
ance being greater than 0.1 m? - s~2. Where there is cloud
present, the turbulent mixing height is set to equal cloud
base, as above this the lidar experiences high levels of
extinction and is unreliable (Figure 4). This is consis-
tent with other approaches in the literature (e.g., Barlow
etal,,2011; Leanetal., 2019). As in Harvey et al. (2013), the
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FIGURE 5

The variable-resolution 300-m Wessex model (WMYV) domain. The red line shows the inner 300-m grid length region, the

region between the red line and the dashed black line shows the stretching zone, and beyond the dashed black line lies the 1.5-km grid length

region. Taken from Hanley and Lean (2025).

vertical velocity variance is calculated using spatial means
over each set of three adjacent range gates (covering 90 m).
Time means are one-hour averages centred on the hour of
interest.

Cloud type is determined using the sign of the mini-
mum of the vertical velocity skewness at cloud base. The
sign indicates whether stratocumulus or cumulus cloud is
present. Negative skewness indicates that the turbulence
is driven from cloud-top cooling and therefore stra-
tocumulus cloud is present. Positive skewness indicates
surface-driven turbulence associated with cumulus cloud
(following (Hogan et al, 2009; LeMone, 1990; Lothon
et al., 2009; Moeng & Rotunno, 1990).

3.1.4 | Surface stability

The stability of the surface layer is determined using the
sign of the sensible heat flux, H. The probability of H
being negative, that is, the surface layer being stable, is
found by calculating the sampling error of H using an
autocorrelation method (Wilks, 2019). Full details of this
calculation can be found in Harvey et al. (2013). Typi-
cally, H is negative at night and positive during the day
(Figure 4).

3.1.5 | Boundary-layer type

The vertical velocity variance measurements, cloud type,
number of cloud layers, and surface stability are combined,

as in Harvey et al. (2013), to determine the boundary-layer
types described in Table 1.

3.2 | Model description

The simulations were performed using version 13.0 of the
UM (Davies et al., 2005; Wood et al., 2013) and used the
Regional Atmosphere and Land (RAL) version 3.2 sci-
ence configuration (Bush et al., 2025). The sub-kilometre
simulations were performed using the variable resolu-
tion 300-m Wessex model (WMV: Hanley & Lean, 2025).
The WMV domain, shown in Figure 5, consists of
three regions: a high-resolution fixed-grid-length inner
region with a grid length of 300m, a variable-resolution
stretching zone, which uses an inflation factor of 1%
to increase the grid length from 300 m to 1.5km, and a
fixed-grid-length outer region of 1.5km. The WMV was
one-way nested inside the 1.5-km grid length UKV (Tang
et al., 2012), with initial data provided by the 0000 UTC
operational UKV analysis and lateral boundary conditions
updated every 15 min. Both the UKV and WMV domains
have 70 vertical levels on a stretched grid, with 23 lev-
els in the lowest 2km. The UKV was run using a time
step of 60s while the WMV used a 12-s time step. Both
models included the Met Office-Reading Urban Surface
Exchange Scheme (MORUSES) urban scheme (Porson
et al., 2010) used operationally in the UKV; however, the
WMV land use was derived from the 300-m resolution
European Space Agency (ESA) Climate Change Initiative
(CCI) land-cover dataset (Swinnen et al., 2023), whereas
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simulations for June 12, 2023. The magenta contour shows where cloud liquid water is greater than 0.012 g-kg!. Vertical velocity is shown in
(c) for UKV and (d) for WMV. The solid green line indicates the diagnosed aerosol top, h,e,, the dashed white line indicates the diagnosed
cloud base, hgq4, and the solid black line indicates the diagnosed turbulent mixing height, h,.

the UKV land use was derived from the 1990 25-m res-
olution Institute of Terrestrial Ecology (ITE) land-cover
dataset. MURK aerosol (a single prognostic aerosol tracer
used primarily for visibility prediction, Clark et al., 2008)
and soil moisture are both downscaled from the UKV
analysis. This setup is similar to that used to produce
the 300-m ensemble forecasts that were used to inform
the selection of intensive observation periods during the
WesCon—-WOEST field campaign (Hanley & Lean, 2025)
and in the Met Office London Model (Hanley &
Lean, 2024).

A full description and evaluation of RAL3 is pro-
vided in Bush et al. (2025). This configuration uses
both the new bimodal cloud scheme (Van Weverberg
et al., 2021) and the Cloud AeroSol Interacting Micro-
physics (CASIM) multimoment microphysics scheme
using double-moment capability (Field et al., 2023). The
boundary-layer scheme in RAL3.2 blends 1D vertical
mixing together with a Smagorinsky subgrid turbulence
scheme (Boutle et al., 2014). The blending uses a weight-
ing that tends to 1 (i.e., the 1D boundary-layer mixing
length) outside turbulent layers. Within turbulent layers,
the blending depends on the ratio of the boundary-layer
depth to the simulation grid size (Boutle et al., 2014).
The blending weight is based on the turbulent kinetic
energy partitioning within the boundary layer given
by Honnert et al. (2011). RAL3.2 also includes changes
to remedy issues with the semi-Lagrangian advection
scheme, which leads to non-conservation, and other
updates to bring together the science configurations
used in regional and global configurations of the UM
(see Bush et al., 2025).

3.3 | Model boundary-layer diagnostics
In the absence of a forward model for lidar backscat-
ter, MURK aerosol (Clark et al., 2008) is used as a proxy
for backscatter and a simple percentile threshold method
is used to determine h.. in the simulations. For each
simulation output time, the lowest height where the
MURK aerosol falls below 20% of the value in the lowest
model level is found. h,e, heights are then averaged over
each hour to give h,e, as in the observational algorithm
(Figure 6a,b). There are other more complex algorithms
(e.g., Glazer et al., 2025) that could be used to determine
haer, but this approach is chosen as it mimics most closely
what is done in the observational algorithm. The value of
h,er determined here is largely insensitive to small changes
in the percentage threshold chosen.

Cloud presence and cloud base are determined using
the high-frequency diagnostic of cloud base for cloud
cover greater than 0.1 oktas. This diagnostic is averaged
over each hour to give an hourly mean value. Over each
hour, the number of cloud layers is also determined.
This is calculated by determining whether the distribu-
tion of cloud-base heights for each hour is bimodal. As
in the observational algorithm, independent cloud layers
are identified as peaks in the distribution separated by at
least 150 m (Figure 6a,b). This separation is chosen as, in
the height range of interest, it is always greater than the
vertical grid spacing.

The simulated turbulent mixing height, h,w, is deter-
mined using a vertical velocity variance threshold of
0.1 m?2 - s72 as in the observations (Figure 6c,d). The total
vertical velocity variance is composed of unresolved and
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TABLE 2
cloud-base skewness calculated using the raw Doppler lidar

The contingency table comparing the sign of the

observations of vertical velocity and an estimate of cloud-base
skewness using the gradient of the vertical velocity variance profile
when the surface is considered unstable for June, July, and August
2023.

Observed skewness
Positive Negative
Diagnosed skewness Positive 109 111
Negative 189 494

resolved components. The resolved component is cal-
culated directly from the high-frequency vertical veloc-
ity data on all 70 model levels. This is added to the
unresolved component from the subgrid parametrization
within the UM, which is an instantaneous diagnostic avail-
able hourly.

The sign of the vertical velocity skewness at cloud base
is used to determine whether a cloud is cumulus or stra-
tocumulus. As there is no diagnostic available in the UM
for unresolved vertical velocity skewness, it is estimated
using the negative gradient of the vertical velocity variance
(following Moeng & Wyngaard, 1989). Using an estimate
of the skewness from the resolved vertical velocity is not
appropriate here, especially in the UKV, as so much of the
vertical mixing is done by the parametrization scheme and
therefore would not be representative (see Section 4.1).
This approach has been tested using three months of ver-
tical velocity data from Chilbolton over June, July, and
August 2023. Table 2 shows the contingency table com-
paring the sign of vertical velocity skewness at cloud base,
calculated directly from the observed vertical velocities
from the Doppler lidar, with an estimate of the sign of
the skewness using the negative of the gradient of vertical
velocity variance when the surface is unstable. Although
this is not a one-to-one relationship, the relationship holds
approximately 67% of the time. This increases to 73%

Positive

Height (km)

Negative

12
Time (UTC)

FIGURE 7
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when only including hours where the absolute magnitude
of the observed skewness is greater than 0.3 (not shown).
Figure 7 shows the sign of the vertical velocity skewness
for the case-study day of June 12, 2023 for the UKV and
WMV simulations, respectively.

The determination of whether a cloud is decoupled
from the surface is performed in the same way as in the
observational algorithm. The cloud is considered as decou-
pled if the sign of the second derivative of the vertical
velocity at the height of maximum curvature in the lower
half of the boundary layer is negative. Note that the vertical
resolution in the simulations is greatly reduced compared
with the lidar vertical resolution, with only 12 levels in the
first kilometre.

The simulated surface stability is determined using the
high-frequency sensible heat flux diagnostic. The data are
averaged to give an hourly mean, with the uncertainty esti-
mated from its standard error over the hour of interest
(Section 4.2). Finally, the boundary-layer classification for
each hour is determined by combining surface stability
with vertical velocity variance and skewness in the same
way as the observational algorithm to give one of nine
possible types given in Table 1 (see roman numerals in
Figure 6a,b).

3.4 | Spectral analysis of resolved
vertical velocity

Comparing the spectra of resolved vertical velocity
between observations and the model simulations provides
insight into how the resolved turbulence is represented
across different scales. Figure 8 shows a comparison of the
resolved vertical velocity spectra at 555 m for the whole of
June 12, 2023 for the observations and simulations. Note
that the spectral energy density has been multiplied by the
frequency to highlight the most energetic scales. The UKV
and WMV resolved vertical velocity spectra are created
from 60-s and 12-s outputs, respectively. This model time

3.0

Positive

| velocity skewness

Ical

Negative :

vert

12
Time (UTC)

Sign of the estimated simulated vertical velocity skewness for (a) UKV simulation and (b) WMV simulation for June 12,

2023. The solid green line indicates the diagnosed aerosol top, h,e, and the dashed white line indicates the diagnosed cloud base, k.
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FIGURE 8 Resolved vertical velocity spectra at 555 m for

June 12, 2023 for the observations (cyan), the WMV simulation
(blue), and the UKV simulation (orange). All spectra have been
smoothed using a 20-point moving average. The dashed black line
indicates a —5/3 slope.

step output is similar to the 10-s temporal resolution of the
vertical velocity from the Doppler lidar.

The observations show a continuous energy cascade,
capturing the full turbulent spectrum, following a —5/3
slope in the inertial subrange. The UKV and WMV simu-
lations have been bias-corrected so that the three datasets
have the same magnitude at the lowest frequencies. How-
ever, at intermediate frequencies the simulations start
diverging from observations, with the UKV simulation
diverging with a slope closer to —7/2. The WMV simu-
lation stays close to the observations, following a —5/3
slope until a frequency of approximately 1 x 1073, and
then drops off with a slope close to —13/2. At high fre-
quencies, the observations continue with a power-law
slope but the simulations continue to drop off, indicat-
ing that they cannot resolve small-scale turbulent motions.
Although the WMV simulation is better at reproducing
spectral energy than the UKV simulation, it still misses
some higher-frequency variability and therefore is not
resolving the full range of turbulent motion observed
fully. The UKV simulation is able to resolve structures
on a time-scale of approximately 2.5 hours, whereas this
time-scale is approximately 15 minutes for the WMV. Sim-
ilar behaviour is seen at all heights throughout the atmo-
spheric boundary layer (up to approximately 1500 m).
The missing high-frequency energy in the model simula-
tions corresponds to unresolved subgrid turbulence, which
affects vertical mixing, boundary-layer development, and
the formation of boundary-layer clouds. We investigate
the model parametrized turbulence further in the next
section.

4 | COMPARISON OF OBSERVED
AND SIMULATED BOUNDARY
LAYERS

4.1 | Evaluation of resolved
and unresolved boundary-layer turbulence

The structure of the total vertical velocity field is simi-
lar in both the UKV and WMV simulations (Figure 9a,b).
The variance is greater than 0.1m?-s~2 between 0700
and 1800 UTC, with peak values of vertical velocity vari-
ance greater than 1.0m? - s at 1100 UTC. The peak at
1100 UTC is likely to be due to mixing within the cumulus
clouds that are present at that time. In the UKV simula-
tions, the vertical velocity variance is dominated by the
unresolved component even when the boundary layer is
fully developed (Figure 9e,g). In the WMV simulation, the
resolved and unresolved contributions have more simi-
lar magnitudes but have different structures (Figure 9d.f).
The resolved variance extends throughout the depth of
the boundary layer, but is only significant between 0800
and 1600 UTC (Figure 9d), and at some times and heights
there is no contribution from the unresolved component
(Figure 9h). The unresolved variance has a contribution
near the surface, which dominates at the beginning and
end of the day, and a contribution near the top of the
aerosol layer likely to be linked to entrainment across the
interface between the boundary layer and the free tropo-
sphere (Figure 9f,h).

4.2 | Evaluation of boundary-layer
characteristics

Figure 10 compares boundary-layer diagnostics from the
1.5-km UKV and 300-m WMV model time series and
the observations for June 12, 2023. The observed aerosol
height (Figure 10a) ranges between 1000 and 1500 m (after
an initial height of 2500 m related to a high-level cloud).
The aerosol height in both simulations has a larger range
(750-2000 m) than in the observations. The closest match
between observations and the simulation is between 1300
and 1700 UTC, once the convective boundary layer is fully
developed. The discrepancies seen between the simula-
tion and observations are likely due to the differences in
the diagnostic and associated thresholds used to determine
aerosol height, although there may be prediction errors
in the simulations and the simulated prediction of cloud
cover. The observations are also impacted by the extinction
of the lidar beam by hydrometeors, which limits the height
to which aerosol can be detected. h,e; and hgq vertical res-
olution matches the resolution of the lidar, which is 30 m.
huurp vertical resolution is 90 m, due to the determination
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FIGURE 9 Total simulated vertical velocity variance evolution from the (a) UKV and (b) WMV simulations, resolved vertical velocity

variance calculated from the (c¢) UKV and (d) WMV simulation time series, and unresolved vertical velocity variance from the (¢) UKV and
(f) WMV simulations (UM diagnostic) for Chilbolton on June 12, 2023. The fraction of unresolved vertical velocity variance is shown in (g)
for the UKV and (h) for the WMV. The solid green line indicates the aerosol top, h,,, diagnosed from the time series of MURK aerosol and

the solid black line indicates the turbulent mixing height, hyy.

of the observed vertical velocity variance. The differences
between model levels in the simulated boundary layer
(below 2km) range between 16 and 170 m. It is possible
to get a closer match between the observations and sim-
ulations by further changing the thresholds (not shown)
but the aerosol heights presented here use thresholds
that give subjectively closest to what would be diagnosed
by eye.

Cloud is more prevalent in the simulations than in
the observations between 0000 and 0700 UTC. However,
during the development of the convective boundary layer
(0700-1200 UTC), the cloud-base height (Figure 10b) and
turbulent mixing height (Figure 10c) have a very similar
evolution in both simulations and observations, with the
WMV having slightly higher values (100-750 m) than the
observations despite having lower peak sensible heat flux
values, likely due to differences in cloud cover or advec-
tion of clouds from elsewhere in the domain. Brooke and
Osborne (2022) found that, for a similar site in the south
of England, the diagnosed boundary layer developed too

early in the UKV compared with observations, leading to
the onset of convection occurring on average 67 min too
early and the overprediction of boundary-layer heights of
up to 450 m. For this case study, differences of this mag-
nitude are not seen for the UKV simulation; however,
the boundary layer in the WMV simulation does grow
more quickly than both the observations and UKV sim-
ulation. Using the same definition of onset as in Brooke
and Osborne (2022), that is, the time at which the verti-
cal velocity variance at a height of 200 m is greater than
0.12 m - s71, this onset difference is not seen in this case
study, as the onset time in both the simulations and
observations is within the hour centred on 0900 UTC (not
shown).

The evolution of the surface sensible heat flux is also
very similar for the observations and the 300-m WMV
simulation, but the 1.5-km UKV simulation has a much
flatter evolution (Figure 10e). During the first five hours
of the case-study day, the sensible heat flux is only just
stable in the observations and both simulations (in fact, at
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FIGURE 10

Observed (cyan), WMV simulation (blue), and UKV simulation (orange) (a) aerosol height, h,,, (b) cloud-base height,

heg, (c) turbulent mixing height, hy,, (d) boundary-layer type, and (e) surface sensible heat flux for June 12, 2023.

0100 UTC the observations are slightly positive, indicating
an unstable surface). The transition from stable to unsta-
ble occurs at the same time (0500 UTC) in all datasets. The
values of sensible heat flux in the observations and WMV
simulation increase in a similar way until 1200 UTC, when
the observations have a peak value that is over 50 W - m~2
higher than in the simulation. However, in the UKV simu-
lation the peak value occurs at 0900 UTC at approximately
100 W - m~2. This suppressed evolution is likely due to the
presence of more cloud in the UKV simulation than in
the observations and WMV simulation. It is also possible
that the evolution is being influenced by surface prop-
erties such as soil moisture, which are not investigated
here. The transition from unstable back to stable occurs at
approximately 1800 UTC in both simulations. A previous
study has found that the UM with a 1.5-km grid length
has the transition time from stable to unstable too early
by 18 minutes and the transition back to stable 55 min too
early on average (Brooke & Osborne, 2022). This is consis-
tent with the findings here, which have a time resolution
of 1 hour.

The close agreement between the bulk boundary-layer
parameters, Raer, Reurb, Med, and sensible heat flux, is also
reflected in the evolution of boundary-layer classification.
The WMV simulation starts as type Ib (stable with cloud)
and then transitions to type IIIb (unstable with cloud)
before becoming type VI (cumulus-capped) at 0700 UTC.

At 0900 UTC, the type changes back to I1Ib and then back
to VI (cumulus-capped) until 1800 UTC, when it changes
to type Ia due to the surface becoming stable again, and
the clouds have dispersed. The UKV simulation transi-
tions from stable to unstable and back to stable again
at the same time as the WMV simulation. However, the
transitions between IIIb and VI throughout the unsta-
ble period are not at the same time, due to the different
cloud structures present in the simulations. Due to the
observations having less cloud at the beginning of the
case-study period, the observed boundary-layer classifi-
cation initially transitions between Ia (stable, no cloud)
and IITa (unstable, no cloud) based on the sign of the
sensible heat flux. During the development of the convec-
tive boundary layer, the classification oscillates between
VI (cumulus-capped) and IIla based on the presence of
cloud. The observations have cloud that persists after
the sensible heat flux changes from unstable to stable.
This is reflected in the cloudy-stable types (Ic, II) being
diagnosed.

Although the overall development of key boundary
properties between the observations and simulations fol-
lows a similar evolution, there are differences in the evolu-
tion of the vertical velocities and their associated statistics.
This is highlighted when inspecting the vertical profiles of
the vertical velocity variance (Figure 11). To account for
differences in the boundary-layer depth, the height axis
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Vertical velocity variance (m? - s2) profiles at (a) 0900, (b) 1200, and (c) 1500 UTC for the UKV and WMV at 0900, 1200,

and 1500 UTC. The dot-dashed cyan line is from the lidar observations and the cyan star is vertical velocity variance calculated from the
sonic anemometer. The blue solid line is the vertical velocity variance from the WMV simulation and the solid orange line is from the UKV
simulation. Panel (d) shows the fraction of unresolved variance as a function of height for both the UKV (dashed lines) and WMV

simulations (solid lines) at 0900, 1200, and 1500 UTC.

has been scaled by h,., for both the simulations and the
observations.

At 0900 UTC, the lidar has a peak vertical velocity vari-
ance value of 0.46 m? - s72 at h/hue = 0.35, larger in mag-
nitude than both the UKV and WMV simulations, which
have peak values of 0.11 and 0.43 m? - s72, respectively.
The simulations both have a vertical profile that has a dou-
ble peak not seen in the lidar observations. This structure
may be present in the real world, but the lidar observations
are not reliable below 200 m. There is good agreement
between the near-surface sonic anemometer estimate of
the variance and the WMV simulation. The underestima-
tion of vertical velocity variance magnitude and vertical
distribution is similar to that presented in Lean et al. (2019)
and potentially contributes to the early onset of convection
seen in previous studies (e.g., Hanley & Lean, 2024, 2025).

By 1200 UTC, the simulated peak variances are both
less than the peak value in the observations, which has
a maximum value of 1.03m? -s72 at h/hue = 0.37. The
simulations both still have vertical profiles with double
peaks, with the peak near the top of the boundary layer
being more pronounced (0.68 m?-s=2 at h/hue = 0.69 in
the WMV and 0.36 m?-s~2 at h/h,e; = 0.84 in the UKV). At
this time, the UKV simulation matches most closely the
variance calculated using the sonic anemometer. Note that
at this time there is cloud present in both the observations
and the simulations, which may be influencing the shape
of the variance profiles.

At 1500 UTC, the convective boundary layer is well
developed, and this is the time at which the WMV pro-
file matches the observations best in both magnitude and
shape. The peak magnitude in the observations within the
boundary layer is 0.9 m2.s72 at h/h,e; = 0.27, compared
with 0.84m?-s72 at h/haer = 0.28 in the WMV. The UKV
profile is much less peaked and has a maximum value of
0.45m?-s72 at h/h,e = 0.82, with variance values below

0.1 m2-s72 through most of the boundary layer. At this
time the WMV simulation matches most closely the vari-
ance calculated using the sonic anemometer. The evolu-
tion of the fraction of unresolved vertical velocity variance
is shown in Figure 11d. This again highlights that the
turbulence in the UKV simulation is mostly represented
by the subgrid turbulence scheme, with the fraction of
unresolved turbulence being close to 1 apart from when
the convective boundary layer is fully developed (e.g.,
1200 UTC), when the fraction of unresolved turbulence
can be as low as 0.25. In the WMYV simulation, much more
of the turbulence is resolved, especially once the convec-
tive boundary layer has developed, when the fraction of
unresolved turbulence is less than 0.1 (and as low as zero
at some heights and times).

Despite the magnitude of the vertical velocity vari-
ance being almost a factor of two larger in the obser-
vations at the scaled height of the observational peak
than in the simulations, cloud initiates earlier, plus
the cloud base is higher, in the sub-kilometre WMV
simulation. This is potentially due to the simulated
boundary-layer moisture being higher than in reality, due
to reduced entrainment of relatively dry free tropospheric
air. Increased boundary-layer moisture may also be related
to errors in the soil moisture. It has been shown that
increased soil moisture can impact boundary-layer evo-
lution significantly during the morning transition (e.g.,
Brooke et al., 2024). Alternatively, cloud may be initiated
non-locally and advected over Chilbolton.

5 | CONCLUSIONS

In this article, we have demonstrated how the represen-
tation of turbulence in sub-kilometre numerical weather
simulations can be evaluated using high-frequency
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model output and comparison with continuously oper-
ating Doppler lidar and sonic anemometer observations.
Designing the simulation output data to match the
observational dataset as closely as possible allows the
boundary-layer parametrization scheme to be veri-
fied in a direct and consistent way. It also enables an
assessment of resolved and unresolved vertical velocity
variance.

Firstly, the case study, June 12, 2023, used to illus-
trate the methodology is presented. This is followed by
a brief description of how the observations are used to
derive the boundary-layer quantities of aerosol height,
cloud-base height, turbulent mixing height, sensible heat
flux, and boundary-layer category. The same treatment
is then applied to new high-frequency output of vertical
velocity and aerosol fields from the sub-kilometre WMV
simulation to determine analogous quantities. Compar-
isons between these fields for the case study, June 12, 2023,
are favourable for the broad boundary-layer characteristics
of aerosol height, cloud-base height, and turbulent mixing
height for both the UKV and WMV simulations. For this
case, the WMV simulation has a higher cloud-base height
and turbulent mixing height than both UKV and observa-
tions. Despite this good agreement on bulk characteristics,
there is a discrepancy in the magnitude of the peak sen-
sible heat flux of approximately 100 W - m~2 for the UKV
and 50 W - m~2 for the WMV, respectively, but the times of
transition from stable to unstable and back again happen
in the same hour in both simulations and observations.
The boundary-layer classification evolution is also similar,
with small timing differences in the presence of cumulus
clouds, which is expected.

The simulated and observed vertical velocity variance
profiles have large differences in magnitude and vertical
structure. The UKV simulations have much lower vari-
ance values than the WMV and observations. The majority
of the turbulence in the UKV simulation is unresolved,
with more turbulence being resolved when the convective
boundary layer is established. The WMV variance peak
values are also lower than the observations, but the shape
of the variance profile is more similar to the observations
than the UKV. During the times when the convective
boundary layer is well developed, more than 90% of the
turbulence is resolved in the WMV. The application of
this methodology to a year-long dataset of simulations of
varying grid lengths (1.5km to 100 m) and observations
will be the focus of future work. This will enable the iden-
tification of model bias and areas that should be focused
on for model development and improvement. Condition-
ally sampling by time of day, boundary-layer type, and
time of year will allow the identification of which part
of the boundary-layer parametrization is leading to any

systematic errors. The impact of the representation of
turbulence on the development of convective clouds and
precipitation will also be assessed using the year-long
dataset. Furthermore, the 1D boundary-layer scheme,
which is part of the blended scheme used here in this
study, is also used in global NWP and climate simulations,
so there is potential to give insights into the systematic
biases in those too (e.g., initiation time in tropical deep
convection Hohenegger & Stevens, 2013 and warm/dry
bias in regional climate simulations over land (Maraun
et al., 2021; Van Weverberg et al., 2018). Evaluating model
grid points at nearby observation sites could also enable an
assessment of the predictability of the onset of convection
and aid comparisons with ensemble NWP simulations.

The method presented here highlights the usefulness
of Doppler lidar for the evaluation of boundary-layer tur-
bulence schemes. It could easily be applied to new turbu-
lence parametrization schemes or other NWP simulations.
Similar analysis could also be performed where long-term
Doppler lidar observations are available (e.g., from the
Cloudnet Data Portal).! Improvements in the representa-
tion of boundary-layer turbulence are wide-ranging and
have implications for many applications such as renewable
energy and air-quality forecasts.
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