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Abstract
Understanding the physical processes that affect the turbulent structure of the nocturnal
urban boundary layer (UBL) is essential for improving forecasts of air quality and the air
temperature in urban areas. Low-level jets (LLJs) have been shown to affect turbulence in the
nocturnal UBL.We investigate the interaction of amesoscale LLJwith theUBL during a 60-h
case study.We use observations from twoDoppler lidars and results from two high-resolution
numerical-weather-prediction models (Weather Research and Forecasting model, and the
Met Office Unified Model for limited-area forecasts for the U.K.) to study differences in the
occurrence frequency, height, wind speed, and fall-off of LLJs between an urban (London,
U.K.) and a rural (Chilbolton, U.K.) site. The LLJs are elevated (≈ 70 m) over London, due
to the deeper UBL, while the wind speed and fall-off are slightly reduced with respect to the
rural LLJ. Utilizing two idealized experiments in the WRF model, we find that topography
strongly affects LLJ characteristics, but there is still a substantial urban influence. Finally, we
find that the increase in wind shear under the LLJ enhances the shear production of turbulent
kinetic energy and helps to maintain the vertical mixing in the nocturnal UBL.
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1 Introduction

Urban boundary layers (UBLs) differ substantially in their depth and vertical structure from
their rural counterparts (Pal et al. 2012; Barlow 2014) due to differences in the surface energy
balance (Arnfield 2003; Barlow et al. 2015). Nocturnal UBLs exhibit increased turbulent
mixing due to greater turbulence kinetic energy (TKE, variable notation as e) produced from
buoyancy, the nocturnal release of heat stored in buildings during daytime, anthropogenic
activities, and increased surface drag. Increased turbulent mixing over cities may delay the
collapse of the UBL after sunset and result in a deeper nocturnal UBL (Pal et al. 2012). Low-
level jets (LLJs) have the potential to affect vertical mixing in the nocturnal UBL (Lundquist
and Mirocha 2008; Barlow et al. 2015). Unravelling the physical processes that affect the
nocturnal production of TKE is essential to better understand and represent the evolution of
the nocturnal UBL, which can be beneficial for air quality and weather forecasts in cities.

Low-level jets are super-geostrophic wind-speed maxima that occur near the surface,
usually at the top of the nocturnal boundary layer (Blackadar 1957; Baas et al. 2009). They
are formed through: a) inertial oscillations due to the collapse of turbulent mixing after
sunset (Blackadar 1957) and b) baroclinicity from local topographic differences or large-
scale synoptic forcing (Holton 1967; Kotroni and Lagouvardos 1993). Shapiro et al. (2016)
unified both mechanisms and showed that their interaction leads to strong LLJs over the
Great Plains in the U.S.A. Low-level jets are known to increase shear production of TKE
(Banta et al. 2003, 2006; Wang et al. 2007; Lundquist and Mirocha 2008). Previous studies
have employed in situ observations (i.e. Doppler lidar, sodar) (Banta et al. 2003; Wang et al.
2007; Baas et al. 2009; Kallistratova and Kouznetsov 2012; Barlow et al. 2015; Banakh
and Smalikho 2018) and/or numerical models (i.e. numerical weather prediction, NWP, and
large-eddy simulation, LES) (Storm et al. 2009; Park et al. 2014; Vanderwende et al. 2015)
to study LLJs.

Many studies (Wang et al. 2007; Lemonsu et al. 2009; Kallistratova and Kouznetsov 2012;
Klein et al. 2016) have found that the enhanced turbulent mixing and deeper nocturnal UBLs
over urban areas can lead to elevated and slower LLJs compared to their rural counterparts
(see Fig. 1). The relation between the nocturnal boundary-layer height and the LLJ height
was also established by Pichugina and Banta (2010). Effects of LLJs on the depth of the
nocturnal UBL and the intensity of urban heat islands have also been reported (Wang et al.
2007; Lundquist andMirocha 2008; Hu et al. 2013). Barlow et al. (2015) suggested that LLJs
can increase verticalmixing over urban areas andmay form an ‘upside-down’ boundary layer,
where verticalmixing is driven from thewind shear at the boundary-layer top. This hypothesis
is also supported by several other studies that show increased shear production of TKE below
the LLJ (Banta et al. 2003, 2006; Lundquist andMirocha 2008; Banakh and Smalikho 2018).
In terms of air quality, Hu et al. (2013) showed this downwardmixing caused by the nocturnal
LLJ enhances near-surface ozone concentrations. Moreover, urban areas are often located in
areas ofmoderate topographic heterogeneity (hills, coast lines, etc.), where orographic effects
(i.e. orographic gravity waves, gap flows, blocking, form drag) can affect the low-level flow.
These orographic processes affect the vertical transport of momentum and turbulent mixing,
and can thus influence LLJ formation (Banta et al. 2004).

Despite this progress, our understanding of the interaction between LLJs and complex
urban morphology is still limited (Lundquist andMirocha 2008; Barlow et al. 2015). Thus, in
order to better understand howurban areas affect LLJswe investigate the interactions between
LLJs and enhanced turbulent mixing over an urban area surrounded bymoderate topographic
features in and around London, U.K. Urban and non-urban effects on LLJ characteristics are
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Interactions Between the Nocturnal Low-Level Jets...

Fig. 1 Conceptual illustration of an LLJ’s transition from a rural to an urban area and vice versa. The higher
turbulent mixing over the urban area is indicated with the larger mixing arrows, while the area of the stronger
turbulent mixing (urban plume) is coloured orange. The upwind urban area, where we expect the impact of
momentum advection, is indicated with the blue shade and arrows

identified using both field measurements and NWP models. We also investigate the spatial
variability of LLJ characteristics to identify whether the turbulent urban plume (Fig. 1) and
the momentum advection from upwind rural areas affect the LLJs. Finally, LLJ effects on
the shear production of TKE and turbulent mixing within the nocturnal UBL are identified.

Section 2 describes the methodology, while Sect. 3 presents the characterization of LLJs
based on the Doppler lidar observations. An evaluation of both NWP models with respect
to in situ Doppler lidar observations is conducted (Sect. 4), followed by the main analysis
of LLJ differences between the two sites (Sect. 5). A spatial analysis of LLJ characteristics
over London (Sect. 6) is followed by idealized experiments used to quantify non-urban
(topographic, coastline etc.) effects on LLJ characteristics over London (Sect. 7), before
the quantification of LLJs effects on vertical mixing in the UBL (Sect. 8), followed by a
discussion (Sect. 9), and conclusions (Sect. 10).

2 Methodology

2.1 Case Study Selection

A 60-h period (0000 UTC 14 May 2019–1200 UTC 16 May 2019) is selected as the case
study. The period is characterized by a high pressure system (Online Resources 2, 3), located
over the North Sea, and easterly flow over south-east England with little cloud cover. During
the case study the high pressure system moves to the north-east, inducing a decrease in
baroclinicity during the second night (15–16 May 2019, Online Resource 3). This period
was selected as it is one of the few periods with clearly defined LLJs detected over both
Doppler lidar sites (London and Chilbolton) without frontal passages that could influence
the LLJ formation and characteristics.
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2.2 Model Description:Weather Research and ForecastingModel

We use the advanced research Weather Research and Forecasting (WRF) model version 4.1
(Skamarock et al. 2019) with an outer domain (7.5 km horizontal grid spacing, 200 × 200
grid cells) and a one-way nested inner domain (1.5 km horizontal grid spacing, 201 × 201
grid cells) centred over London (Fig. 2b). The model runs for a 60-h period, with the first
12 h considered as spin-up time. We use 90 vertical hybrid-eta grid levels up to 100 hPa,
with increased vertical spacing near the surface (10 levels in the lowest 500m). Initial and
boundary conditions are provided using the 6-h EuropeanCentre forMedium-RangeWeather
Forecasts (ECMWF) operational analysis at 10-km grid spacing.

In the outer domain, the surface and boundary layer are parametrized using the revised
MM5 model (Jimenez et al. 2012) and Mellor–Yamada–Nakanishi–Niino (MYNN) level
2.5 (Mikio and Hiroshi 2009) parametrizations, which have been shown to perform well in
recent LLJ studies (Kalverla et al. 2019a, b). Convection is parametrized using the Tiedtke
parametrization (Zhang et al. 2011), while for microphysics the Thompson et al. (2008)
parametrization is used. Shortwave and longwave radiation are parametrized using the Rapid
Radiative TransferModel (RRTMG) parametrization (Iacono et al. 2008). The urban surfaces
are represented using the single-layer urban canopy model (SLUCM) (Kusaka et al. 2001;
Chen et al. 2011) with the Noah land-surface model (Chen and Dudhia 2001) representing
the vegetated land-surface processes.

The inner domain uses the same physics suite, with a few exceptions. The TKE advection
and the eddy-diffusivity–mass-flux functionalities of the MYNN parametrization (Olson
et al. 2019) are active in the inner domain, but not in the outer domain. No convection
parametrization is used in the inner domain. The default urban WRF Moderate Resolution
Imaging Spectroradiometer (MODIS) land-use class (LUC) is modified by adding two addi-
tional urban LUCs to better represent the urban morphology of London in the inner domain.
The three dominant urban LUCs (low, middle, and high density urban areas) correspond to
local climate zones (LCZs) 6, 5, and 2, with a spatial distribution and surface parameters
following the World Urban Database and Access Portal Tools (WUDAPT) LCZ classifica-
tion of London (https://wudapt.cs.purdue.edu/wudaptTools/default/getlcz). The maximum
hourly anthropogenic heat flux in the WRF-SLUCM configuration is set to 15 W m−2 for
LCZ 6, 35 W m−2 for LCZ 5, and 70 W m−2 for LCZ 2 at the centre of London and follows
a diurnal cycle. The topography in the inner WRF domain is depicted in Fig. 2c.

2.3 Model Description: High-ResolutionMet Office U.K. Model

TheMet Office operational limited-area forecasts for the U.K. (UKV) runs use a limited area
set-up with 70 vertical levels and a grid spacing of 1.5 km at the centre of the domain, which
becomes more coarse towards the edges (Fig. 2a). A forecast is run every 3 h with a three-
dimensional variational (3D-VAR) data assimilation cycle. This study uses the 0900 UTC
forecasts. The atmospheric turbulence is parametrized using a blending approach described
by Boutle et al. (2014). The parametrization blends between a one-dimensional non-local
boundary-layer parametrization by Lock et al. (2000) and a Smagorinsky–Lilly parametriza-
tion dependent on the turbulent length scale and the grid length. The land-surface exchange
is parametrized using the JULES (Joint U.K. Land Environment Simulator; Best et al. 2011)
tiling approach with 10 tiles. The radiation and fluxes from the urban tile are calculated using
Met Office–Reading Urban Surface Exchange Scheme (MORUSES), which is a single-layer
urban canyon parametrization (Harman et al. 2004; Porson et al. 2010). The MORUSES
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Interactions Between the Nocturnal Low-Level Jets...

Fig. 2 Illustrations of a the model domain of the UKV model, b the outer (d01) and inner (d02) domains of
the WRF model, and c the terrain height (m) of the inner WRF model domain. The locations of the London
and Chilbolton Doppler lidar sites, as well as the North Sea and Thames Estuary are designated with dots and
a corresponding starting letter(s)

parametrization uses a temporally and spatially varying anthropogenic heat flux based on
emission bases for London. For more information, we refer to Bohnenstengel et al. (2014).
Finally, there is no shallow convection parametrization and the cloud parametrization by
Smith (1990) is used.

2.4 Doppler Lidar Observations

Wind profiles are observed at two locations, one in the centre of London, and one at a rural site
100-km south-west of the London site (Table 1). In London, a 1.5-µmDoppler lidar (HALO
Photonics Streamline, London, U.K.) is located at the London Southbank University (LSU)
roof-top site (51◦ 29′ 53.4′′ N; 0◦ 06′ 07.2′′ W). The roof level is 36.5 m above sea level (a.s.l)
and 33.5 m above ground level (a.g.l). The mean building height in a 1-km radius of the site
is 12.8 m, with a standard deviation of 9.5 m. The London wind profiles are calculated using
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Table 1 Properties of the two Doppler lidars

London Chilbolton

Type 3, HALO Streamline 118, HALO Streamline Pro

Wavelength 1.5 µm 1.5 µm

Pulse repetition rate 20 kHz 10 kHz

Range resolution 18 m 30 m

Maximum range 3600 m 9600 m

Focus Stare ∞ ∞
Focus VAD 75◦ 1000 m ∞
Lens diameter 6 cm 5 cm

a 6-point velocity azimuth display (VAD) scan at 75◦ elevation, which occurs every 6 min.
For both Doppler lidars, backscatter corrections and error estimates are calculated following
Manninen et al. (2016, 2018) and Vakkari et al. (2019). Additional filtering to remove points
with wind speed error larger than 1 m s−1. Then the data are averaged to 30-min intervals
using five 6-min scans around the 30-min points (i.e.,± 15 min around the 0000 timestamp).

In Chilbolton, a 1.5-µm Doppler lidar (HALO Photonics Streamline Pro, Chilbolton,
U.K.) is surrounded by grasslands (51◦ 08′ 40.2′′ N; 1◦ 26′ 13.2′′ W, 90 m a.s.l). At this site,
a 24-point VAD scan at 75◦ elevation occurs every 10 min from which wind profiles are
derived. The same backscatter corrections, error estimates, and filtering are used as in the
London Doppler lidar. Three 10-min wind profiles are used to compute the 30-min values at
each time step.

In between other scan patterns, the Doppler lidars operate in vertical stare mode, at an
elevation angle of 90◦ to measure the vertical velocity variance and derive the mixing height.
This scan returns the vertical velocity component at a high temporal resolution, i.e. 0.5–0.625
Hz for the London site and 0.048–0.055 Hz at Chilbolton. From the high-resolution vertical
velocity data, higher-order statistics are calculated over time periods of 30 min, i.e. variance,
skewness, kurtosis. Data where the signal-to-noise ratio (SNR) is low (SN R + 1 < 1.01)
are excluded. In order to compute the vertical velocity statistics for each 30-min time period
over each range gate, more than 30% of the data needs to be available. The vertical velocity
variance, corrected as in Barlow et al. (2015), is used as a measure for the turbulent mixing in
the boundary layer and a simple threshold (0.1 m2 s−2) is used to determine the mixing-layer
height (Barlow et al. 2015; Halios and Barlow 2018; Theeuwes et al. 2019). To calculate
the sensitivity of the mixing height to the threshold 0.1 m2 s−2, the value was perturbed by
30%. For each averaging period, 21 threshold values ranging from 0.069 to 0.129 m2 s−2

were used and the height where the velocity variance drops below each threshold is stored
as a possible mixing height. The final mixing height is the median of the 21 possible mixing
heights. At the London site a reduction of signal intensity at the capping inversion limited
the vertical velocity variance calculations during the deep convective boundary layer during
daytime. For those times, the mixing height is determined from the signal intensity. The
average signal intensity over a 30-min period was vertically smoothed with a 7-point moving
average. Theminimum gradient of the smoothed signal is determined to be themixing height,
where mixing heights from the vertical velocity variance profiles were missing.
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2.5 Low-Level-Jet Detection and Characterization

Low-level jets are identified using a slightly modified version of the Baas et al. (2009)
algorithm. A LLJ is defined as a low-level wind-speed maximum (> 4 m s−1; below 650
m) of at least 1.5 m s−1 (or 15%) more than the wind speed in any of the overlying vertical
levels (up to a height of 900 m). Previous studies (Baas et al. 2009; Kalverla et al. 2017) used
a slightly modified minimum fall-off speed threshold (2 m s−1). However, Kalverla et al.
(2019b) showed that the 2 m s−1 fall-off speed threshold might erroneously exclude LLJs
occurring higher than 400 m a.g.l.

The LLJ characteristics identified here are: a) the occurrence frequency, b) the peak-jet
speed (ULL J ), c) the LLJ height (zLL J ) a.g.l., and d) the fall-off speed (FLL J ). Here, fall-off
speed is defined as the difference between the peak wind speed at zLL J and the minimum
wind speed between zLL J and 900 m. Model and Doppler lidar data are interpolated to the
same vertical levels using a simple linear interpolation before the LLJ detection algorithm is
applied. The vertical levels start at 25 m a.g.l. (100 m a.g.l. for the lidar data) with a vertical
spacing of 25 m until 600 m and a 50-m resolution until 900 m. Models and observations
have a high vertical spacing near the surface and thus differences between linear and more
complex polynomial (i.e., cubic) interpolation are small (< 0.1 m s−1).

3 Low-Level-Jet Characteristics for London and Chilbolton

Low-level jets over London and Chilbolton are observed during both nights (Fig. 3e, f). Low
aerosol concentrations gave an insufficient SNR during the first night and prevented wind-
speed measurements above 450m a.g.l. Nevertheless, LLJs are identified in the Doppler lidar
observations from 0000 UTC 15 May 2019 over the urban site and 2200 UTC 14 May 2019
over the rural site. The LLJs last until 0700 UTC 15 May 2019 over both sites. During the
second night the LLJs are identified at 0000 UTC 16 May 2019 over both sites and last for
7 h.

At 0000 UTC 15 May 2019 the LLJ height (zLL J ) was higher over London (450 m) than
Chilbolton (300 m), while the value of ULL J was lower (10.0 m s−1 versus 11.5 m s−1)
(Fig. 3c, f). During the night, the value of zLL J decreases (Fig. 3e, f) over both sites. The
decrease of the boundary-layer height coincides with the decrease in zLL J over London. Over
Chilbolton the boundary-layer height (Fig. 3f) is located below the detection level (125 m
a.g.l) of the Doppler lidar. During the second night the observed descent is smaller (50–100
m) (Fig. 3e). The LLJ descent during the night is likely to be caused by the decrease in
the nocturnal boundary-layer depth and vertical mixing (inferred from the observed vertical
variance profiles) (Fig. 3f). A similar relation between the value of zLL J and the minimum
in the TKE vertical profile is reported over London and Chilbolton during the first night in
the WRF model.

The jet speed (ULL J ) decreases by 2–3 m s−1 for the urban site (4–5 m s−1 for the rural
one) during the first night (Fig. 3e, f), but this should be handled with care due to limited data
above 450 m a.g.l. No clear decrease inULL J is observed during the second night (Fig. 3e, f).
The evolution of the value of ULL J over London could be affected by both the baroclinicity
over the North Sea (Online Resources 2, 3), evident from the variation of geostrophic wind
speedwith height over London (Online Resource 9), and by large-scalemomentum advection
(Online Resource 10). Both effects lead to a maximum ULL J at 0000 UTC 15 May 2019,
which immediately starts to decrease. On the contrary, during the second night, baroclinicity
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Fig. 3 Modelled (WRF,UKV) and observed (lidar) wind speed (m s−1) profile evolution over time for the two
locations London (LSU) (a, c, e) and Chilbolton (b, d, f) for the period 1200 UTC 14 May 2019 to 1200 UTC
16May 2019. Lidar measurements with large wind speed errors (> 1m s−1) are masked (white). Doppler lidar
wind speeds are 30-min averages, whileWRF and UKV use 30-min and 1-h instantaneous values respectively.
Modelled and observed boundary-layer height (red line) and zLL J (black dots) are shown

is weaker and the LLJ exhibits an intensification phase more closely associated with an
inertial oscillation, with wind speeds gradually increasing after sunset due to the difference
between the actual and the geostrophic wind speeds (Online Resource 8). This oscillation is
evident in the WRF results, through the increase in the u wind component from 7 m s−1 to
10 m s−1 between 1900 UTC and 2400 UTC (Online Resource 8b, d), but it is not easily
identified from the Doppler lidar due to larger variability in the measured wind speed. For
more detailed wind speed and turbulence profiles see the supplementary material (Online
Resources 4–7).

4 Model Evaluation

Here we evaluate the modelled LLJ characteristics (FLL J ,ULL J and zLL J ) against observa-
tions on both sites. A general evaluation of the modelled (WRF) 2-m temperature, urban heat
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Table 2 Bias (root-mean-square error) for the modelled (WRF and UKV) ULL J (m s−1), zLL J (m), and
FLL J (m s−1)

Site London Chilbolton

Model WRF UKV WRF UKV

zLL J (m) − 46.4 (77.7) − 53.1 (83.8) − 16.9 (41.5) 4.7 (37.2)

ULL J (m s−1) − 0.82 (0.95) − 0.93 (1.15) − 0.66 (1.14) − 0.59 (1.58)

FLL J (m s−1) 0.75 (1.15) 0.05 (1.78) − 0.23 (1.69) − 0.75 (2.00)

The comparison is based on the in situ Doppler lidars at London (LSU) and Chilbolton. Statistical scores are
an average of 13 h (UKV) and 26 30-min (WRF) bias estimations over London (17 and 25 over Chilbolton,
respectively) during both nights, calculated only at times when an LLJ is detected in both the Doppler lidar
and the modelled wind profiles

island intensity, and 10-m wind speed with respect to in situ observations is also provided
as supplementary information (Online Resources 1, 11–13). A comparison of modelled and
observed nocturnal vertical wind-speed profiles for London and Chilbolton is also provided
in supplementary material (Online Resources 14, 15).

The WRF and UKV models are able to reproduce the LLJs during the case study period
(Fig. 3 and Table 2). The formation and dissipation timing of the LLJ is similar during the
first night for both models and lidar observations (Fig. 3), but during the second night the
LLJ is formed 3 h earlier in both models and dissipates 1 h earlier than observed (Fig. 3).
Both models capture the decrease in the value of zLL J over London and Chilbolton during
the first night. However, during the second night the value of zLL J remains rather constant
according to the WRF model, while the UKV model is still able to capture the decrease in
the value of zLL J over London.

The value of zLL J is underestimated over London (− 46.2 m in WRF and − 53.1 m in
UKV) (Table 2). Both models underestimate zLL J , particularly between 0000–0400 UTC
(Fig. 3a, c, e). The temporal change in zLL J biasmatches the difference between themodelled
and observedUBLheight (Fig. 4). The earlier dissipation of the urbanLLJs in theWRF results
might be linked to the more rapid increases in UBL height (and thus vertical mixing) during
the early morning hours (Fig. 4). The delay in the collapse of the observed UBL is also
supported by the observed kinematic heat flux between 2000–0000 UTC during both nights
(Online Resource 16)measured at the British Telecom tower [175m a.g.l, site details atWood
et al. (2010)]. The bias in modelled zLL J over Chilbolton is substantially lower (− 16.9 m
in WRF and 4.7 m in UKV) than over London.

Although theWRF and UKVmodels successfully capture the value ofULL J over London
at midnight (Fig. 3), both models tend to dissipate the LLJ faster than observed leading to
an increasing underestimation of ULL J over the course of the night. The earlier collapse
of the modelled UBL during the first night may explain the earlier (3 h) LLJ formation in
both models. This could result in a lag between the modelled and observed evolution of
the LLJ, with modelled inertial oscillations starting earlier than observed. Consequently, the
LLJ in the WRF and UKV models reaches maximum speeds a few hours earlier than in the
observations, also leading to a faster dissipation of the LLJ. This would explain the lower
modelled ULL J between 0300–0700 UTC (Fig. 3a, c). Overall, the mean ULL J bias for the
WRF and UKV models over both nights is − 0.82 and − 0.93 m s−1, respectively (Table 2).
Over Chilbolton, the ULL J mean bias is slightly larger in the WRF model (− 0.66 m s−1)
than in the UKV model (− 0.59 m s−1).
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Fig. 4 Boundary-layer height (m) over London estimated fromWRF (red), UKV (blue) and the Doppler lidar
(black triangles) 50th percentile of the vertical variance method (green dots) for the period 1200 UTC 14 May
2019 to 1200 UTC 16 May 2019. The shaded gray area indicates uncertainty range (75th–25th percentile)
from the lidar-derived boundary-layer height when the vertical velocity variance profiles are used. Detailed
information on the lidar-derived boundary-layer height is provided in Sect. 2.4

The fall-off speed (FLL J ) is overestimated over London (0.75 m s−1 in WRF versus 0.05
m s−1 in UKV), but underestimated over Chilbolton (− 0.23 m s−1 in WRF and − 0.70
m s−1 in UKV) during both nights. During the second night, the positive bias in FLL J over
the urban site mainly originates from a strong negative bias in upper residual-layer wind
speed (Fig. 3a, b). TheWRF model also shows a negative bias during the first night, which is
caused by the advection of a low-momentum air mass between 700–900m around 2100 UTC
(Online Resource 10a). Over Chilbolton the underestimation in FLL J is partially caused by a
positive bias in the 700–900 m wind speed in both models during the first night. Considering
the observational uncertainty in measure wind speed (0.5 m s−1) it is difficult to conclude
whether one of the two models is better at capturing the LLJ.

5 Differences in Low-Level-Jet Characteristics Between London and
Chilbolton

In this section we analyze the differences in the LLJ characteristics between London and
Chilbolton for two periods: (a) 1900 UTC 14 May 2019 to 1000 UTC 15 May 2019 and (b)
1900 UTC 15 May 2019 to 1000 UTC 16 May 2019. We apply the LLJ detection algorithm
(Sect. 2.5) to the wind speed obtained from the WRF and UKV models and the Doppler
lidar (Fig. 5). For the WRF and UKV models, the LLJ characteristics are averaged over all
urban grid-cells of London within a 75×60 km2 area, for which an LLJ is detected. The LLJ
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Fig. 5 Modelled (red for WRF, blue for UKV) and observed (black) frequency distribution of the zLL J (a,
b), ULL J (c, d) and FLL J (e, f) for London (solid lines) and Chilbolton (dotted lines) during the first (1900
UTC 14 May 2019 to 1000 UTC 15 May 2019) and second period (1900 UTC 15 May 2019 to 1000 UTC 16
May 2019)
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Table 3 Mean values (standard deviation) forULL J (m s−1), zLL J (m), and FLL J (m s−1) over London and
Chilbolton, from the Doppler lidar and theWRF and UKVmodels for the first (1900 UTC 14May 2019–1000
UTC 15 May 2019) and second (1900 UTC 15 May 2019–1000 UTC 16 May 2019) nights

Site London Chilbolton

WRF UKV Doppler lidar WRF UKV Doppler lidar

(a) First night

zLL J 305 (64) 306 (63) 377 (74) 235 (61) 262 (58) 291 (44)

ULL J 8.5 (1.4) 8.5 (1.5) 8.5 (1.4) 10.7 (1.4) 11.1 (1.7) 10.8 (1.2)

FLL J 3.4 (1.0) 2.3 (0.5) 2.9 (1.0) 3.6 (1.1) 2.9 (0.7) 4.1 (1.6)

(b) Second night

zLL J 325 (64) 349 (79) 411 (56) 232 (86) 273 (86) 307 (78)

ULL J 9.4 (0.7) 9.0 (0.9) 9.8 (0.7) 9.7 (1.1) 8.6 (1.7) 10.3 (0.9)

FLL J 3.6 (1.1) 3.8 (1.2) 2.3 (0.6) 3.5 (1.4) 3.6 (1.3) 3.6 (1.4)

The observed mean values and standard deviations are based on 35 30-min profiles over London (17 for the
first night and 18 for the second night) and 32 over Chilbolton (15 for the first night and 17 for the second
night)

characteristics over Chilbolton are quantified over an area of 45× 45 km2. This ensures that
the modelled LLJ characteristics are not based on profiles from only one urban and one rural
point. The observed occurrence frequency of the LLJs is very similar for both London (34%)
and Chilbolton (32%). A non-parametric Mann–Whitney test is also conducted to evaluate
the statistical significance of the differences in LLJ characteristics between the two sites. The
modelled data have the potential to be spatially auto-correlated (i.e., reduced effective sample
size) and thus we used a randomly selected sample of 5% from all the quantified model data
for theMann–Whitney test. The test is iterated 100 times to yield robust statistical significance
scores.

The observed values of zLL J are higher over London for both nights (ΔzLL J = 85 m and
104 m, respectively) compared to Chilbolton, with a shift of the zLL J distribution towards
higher zLL J values (Fig. 5a, b and Table 3). In the UKV model, zLL J is higher over London
by 44 m (first night) and 75 m (second night), while in the WRF model the zLL J differences
between London and Chilbolton are 70 m and 92 m, respectively. These differences are
statistically significant (p < 0.05) for the WRF and UKV models, and the Doppler lidar
observations. However, significance tests for the Doppler lidar should be handled with care
due to the uncertainty of the measured wind speed and the low number of measured vertical
LLJ profiles. The zLL J differences can be partially attributed to the stronger turbulent mixing
and deeper boundary layer over London compared to Chilbolton (see Sect. 7).

During the first night, the observed value ofULL J is higher over Chilbolton (10.8 m s−1)
with the frequency distribution shifted towards higherULL J values compared to London (8.5
m s−1, p < 0.05) (Fig. 5c, d and Table 3). However, the second night ΔULL J is only 0.5
m s−1 (p > 0.05). The lack of consistent ΔULL J between the two sides indicates that the
value ofULL J is also affected by non-urban effects, such as the difference in the geostrophic
wind speed, the large-scale momentum advection, and topography around the two sites. Both
the WRF and UKV models show similar statistical significant differences (p < 0.01) in
ULL J between the two sites as the Doppler lidar observations (Table 3), but the UKV model
maintains a slightly higher ULL J value over London during the second night.

The average observed FLL J difference between London and Chilbolton amounts to
ΔFLL J = − 1.2 m s−1 and − 1.3 m s−1 during both nights (Fig. 5e, f and Table 3).
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The bimodal distribution over London (first night) and Chilbolton (both nights) is likely
to be caused by the lack of observed wind speeds above 500 m. The difference in the FLL J

distributions between the UKV and WRF models during the first night is attributed to an
underestimation of the wind speed between 700–900 m in the WRF model (Figs. 3a, c,
and 5e). This highlights the sensitivity of FLL J to momentum advection and the accurate
representation of the geostrophic wind speed.

6 Spatial Distribution of Low-Level-Jet Characteristics over London

This analysis is conducted in a 75 × 60 km2 area centred around London, so it excludes the
rural site of Chilbolton. The predominant wind direction at 850 hPa is easterly during both
nights, but can vary slightly from east-north-east to east-south-east during the night.

The value of zLL J is higher over the urban grid-cells and the rural areas downwind of
London, compared to the countryside north and south of London (Figs. 6c, d, and 7a, b). The
zLL J difference between urban and rural grid-cells, is 50 m in the WRF results and 47 m
in UKV results during both nights. Part of this difference can be attributed to the increased
values of TKE over London (discussed later in Sect. 8). The higher turbulent mixing over
London increases the height at which turbulent drag affects the flow, resulting in an increase
of zLL J . Analogousmechanisms between boundary-layer height and zLL J were also reported
by Pichugina and Banta (2010) and Klein et al. (2016). The urban plume transports air with
high TKE downwind of the urban area leading to elevated values of zLL J over the downwind
rural areas in both models (Fig. 6a, b, and Sect. 7). Overall, the modelled zLL J is positively
correlated with the modelled boundary-layer depth (r ≈ 0.80, p < 0.001 Online Resource
17a,b). Terrain height appears to be anti-correlated with zLL J (r = − 0.82, p < 0.001 for the
first night; r = −0.68, p < 0.001 for the second night, Online Resources 17c, d). The impact
of topography is also evident in the elevated zLL J values upwind of London. Here, blocking
effects from topographic features near the coast (Fig. 2c) result in an area of convergence
(51.5N, 0.75E in Online Resource 19) between the North Sea and the Thames estuary (see
Fig. 2c). The elevated LLJ flow from that area is channelled through the Thames valley into
London (see Sect. 7.2).

The difference in ULL J between London and the rural surroundings is small for the first
night (ΔULL J = 0.27m s−1 in the UKVmodel, 0.15m s−1 in theWRFmodel) and negligible
the second night (< 0.05m s−1). A decrease in the value ofULL J downwind of the city (west-
north-west) is visible the second night (Fig. 7e, f). The increase of the value ofULL J towards
the south (first night) is associated with larger geostrophic wind speed and baroclinicity south
of London.

The spatial variability of FLL J (Fig. 6a, b) can be partially explained by the changes in the
spatial distribution of the ULL J values over the domain. However, the spatial variability in
FLL J is also affected by the changes in the geostrophic wind speed andmomentum advection
above the height of the LLJ. The relation between the spatial variability in values of zLL J ,
ULL J and FLL J is further discussed in Sects. 7 and 9. Vertical distributions of geostrophic
wind andmomentum advection over London, alongwith vertical velocity spatial distribution,
are available in the supplementary material (Online Resources 9, 10, and 18).
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Fig. 6 Spatial distribution of the time-averaged zLL J (a, b), ULL J (c, d) and FLL J (e, f) within and around
London in the UKV (a, c, e) and the WRF (b, d, f) models, during the first night (2200 UTC 14 May 2019–
0600 UTC 15 May 2019). The boundary of London’s urban area is defined (black line) for both WRF (land
use grid-cell index is urban) and UKV domains (urban fraction > 0.4). The location of the Doppler lidar is
depicted with the black and white dot

7 Isolating Urban and Non-urban Effects on the Low-Level-Jet
Characteristics

In this section, we discuss results from two WRF sensitivity experiments to isolate the influ-
ence of urban and topographic effects on the difference in the LLJ characteristics between
the two sites. The experiments include: (a) the replacement of the urban LUCs of London
with the dominant surrounding vegetation (cropland experiment) and (b) reduction of topo-

123



Interactions Between the Nocturnal Low-Level Jets...

Fig. 7 As Fig. 6, but for the second night (2100 UTC 15 May 2019 to 0600 UTC 16 May 2019)

graphic height to 0 m in the inner domain (no-topography, hereinafter ‘notopo’ experiment).
As in Sect. 5, the differences are calculated for all grid-cells in the 75× 60 km2 area around
London. Frequency distribution plots for LLJ characteristics over London in the reference,
cropland and notopo experiments are also provided in the supplementary material (Online
Resource 19).
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7.1 Urban Effects on the Low-Level-Jet Characteristics over London

The LLJ characteristics over Chilbolton are nearly identical in the cropland and reference
experiments (< 3 m difference in zLL J and < 0.1 m difference in ULL J ) and are thus not
discussed.

Over the urban area of London the cropland run shows a statistically significant decrease (p
< 0.001) of around 37 m in zLL J during both nights compared to the reference experiments,
with a distribution shifting to lower zLL J . Differences in the value of zLL J between the
cropland and reference experiments are located mainly over the urban area and the rural
areas downwind (west), and can exceed 80 m in some locations (Fig. 8a, b). These difference
can be attributed to the stronger turbulent mixing over London in the reference experiment.

The jet speed (ULL J ) over the urban area of London is slightly shifted toward higher
values (0.26 m s−1, p < 0.01) in the cropland experiment compared to the reference (Fig.
8e, f). A slight increase in the values FLL J (0.2 m s−1) is seen in the cropland run, which is
likely to be caused by the increase in ULL J (see Sect. 6). We find increased values of ULL J

up to more than 20 km downwind (west-north-west) of London (Fig. 8c, e), which matches
the finding of Lemonsu et al. (2009) on the impact of Oklahoma City onULL J downwind of
the urban area.

In the cropland experiment, the LLJ is detected an hour earlier over London and approxi-
mately 15 km further downwind by 2300 UTC compared to the reference experiment during
both nights. This indicates that the turbulent mixing still present in the nocturnal UBL during
the evening (1800–2200 UTC) delays the decoupling of the flow and the inland propagation
of the LLJ. The faster LLJ onset in the cropland experiment and presence of strong momen-
tum advection over London in the reference experiment indicate that the LLJ could have
been formed earlier over the surrounding rural areas of London and then advected over the
city as proposed by Barlow et al. (2015).

The differences in the values of zLL J over London between the cropland and the reference
experiments (37 m) do not match the differences in the values of zLL J between London and
Chilbolton (75 m). Based on this analysis, increased turbulent mixing over the urban area
could be responsible for about 50% of the reported zLL J difference between the two sites
(Sect. 5). The urban effect on the ULL J over London is small (−0.26 m s−1) compared to
the difference reported between the two sites for the first night (− 2.1 m s−1). Due to the
nonlinear interactions between the urban surface, UBL dynamics, topography, and synoptic
flow this attribution should be handled with care. Still our results indicate that the differences
in LLJ characteristics between London and Chilbolton are not solely caused by urban effects.

7.2 Topographic Effects on the Low-Level-Jet Characteristics over London

In the notopo experiment the mean zLL J decreases over the urban area by 33 m compared
to the reference experiment. The difference in the spatial distribution of the values of zLL J
(Fig. 8d) cannot be explained solely by the changes in boundary-layer height between the
two experiments, because the latter is substantially smaller than the changes in zLL J (Online
Resource 20). Thus, it is necessary to discuss which orographic effects could explain the
difference in zLL J .

In the areas upwind (to the east) of London, the value of zLL J is lower in the notopo
experiment compared to the reference, which may be caused by the lack of orographic
blocking/drag effects in combinationwith gap flowalong the ThamesValley (see Sect. 6). The
positive vertical velocity component at 300 m a.g.l over the Thames Estuary (51◦ 30′ 00′′ N;
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Fig. 8 Spatial distribution of the difference in modelled WRF zLL J (a, b), ULL J (c, d), FLL J (e, f) over
London between the reference and cropland (cropland - reference) (a, c, e) and the reference and notopo
(notopo - reference) (b, d, f) WRF experiments averaged during the both nights (2100 UTC 14 May 2019–
0600 UTC 15May 2019 and 2100 UTC 15May 2019–0600 UTC 16May 2019). The boundaries of London’s
urban area are defined (black line) using the land-use index from the WRF model, while the location of the
Doppler lidar is depicted with the black and white dot
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0◦ 45′ 00′′ E inOnlineResource 18) just ahead of the increase in terrain elevation, can enhance
vertical momentum transport leading to elevated LLJs and increased values of zLL J . In the
areas north and south of London, the correlation between vertical velocity component and
terrain height (Online Resource 18) hints to the presence of orographic gravity waves. These
waves can affect the vertical transport of momentum leading to subsidence in the leeward
side and convergence in the windward side of the topography. In addition, turbulence from
breaking waves can influence the wind profile (as seen in Steeneveld et al. 2008; Lapworth
et al. 2016) and thus the value of zLL J .

The removal of topographic features also increases themodelledULL J over London by 0.3
m s−1 (Fig. 8f) compared to the reference experiment. A larger increase in the value ofULL J

is visible south and north of London, which reinforces the hypothesis that the topography
impacts the wind flow over these areas. The increase in ULL J in the notopo experiment also
increases the value of FLL J (Fig. 8b, f). However, since FLL J increases more than ULL J in
the notopo experiment (Fig. 8b, f), this indicates that the wind speed in the upper part of the
residual layer also decreases. This is an effect of the lower geostrophic wind speed (≈ 0.5
m s−1) in the notopo experiment.

From our previous analysis it is clear that topography has a substantial effect on the LLJ
characteristics and their spatial distribution via orographic effects (i.e., flow blocking, gap
flows, and orographic gravity waves) and potential changes in the surface energy balance.
The topographic effect on LLJ characteristics is dominant upwind (east), south, and north of
London, while over the city and downwind (west) the effects of urban and topography are
comparable in magnitude.

8 Low-Level-Jet Effects on the Turbulence Kinetic Energy in the
Nocturnal Boundary Layer

The temporal evolution of TKE (variable notation e) and its shear and buoyancy pro-
duction terms within the nocturnal UBL offers insight into the turbulent mixing effects on
the LLJ and the possible presence of an ‘upside-down’ UBL structure. Thus, we investigate
the nocturnal production of TKE between 50 m and the boundary-layer top over London
and the surrounding rural areas utilizing the reference and two idealized (cropland, notopo)
experiments. We exclude the lowest level (25 m) as the urban roughness effects might be
dominant there. Note that the shear and buoyancy production of TKE in the MYNN scheme
are proportional to the mixing length and

√
e. Thus, differences in the production terms of

TKE between the experiments are not only driven by changes in wind shear and buoyancy,
but also by the value of e.

The value of e is higher over London during the course of the night in the reference and
notopo experiments compared with the cropland experiment (Fig. 9a, b). This supports the
hypothesis that the stronger turbulent mixing over London increases the value of zLL J and
slightly reduces in the value of ULL J . Klein et al. (2016) also showed that an increase in
the value of zLL J and a decrease in the value of ULL J for higher eddy diffusivity in their
study over Oklahoma City. The increased value of e over London in the reference and notopo
experiment is primarily originated from a stronger buoyancy production of TKE during
daytime. The contribution of wind shear to the production of TKE is visible during the night.

Shear production of TKE over London increases during the course of the night, due to the
increase in wind shear (Fig. 9c, d). The increase is stronger during the second night because
of the larger increase in wind speed between 1800 UTC 15May 2019 and 0100 UTC 16May
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Fig. 9 Average e (a, b), shear (c, d), and bouyancy (e, f) production of TKE, and dissipation (g, h) fromWRF
model between 50 m a.g.l until the boundary-layer top, averaged over an 30 × 30 km2 area centred around
London during the first (a, c, e, g) (1800 UTC 14 May 2019 to 0500 UTC 15 May 2019) and second night (b,
d, f, h) (1800 UTC 15 May 2019 to 0500 UTC 16 May 2019) of the case study period for the reference (red),
cropland (blue), and notopo (black) experiments
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2019 (Fig. 3a, b). Note that in the notopo experiment the shear production of TKE is larger
after midnight. This might be due to larger wind shear (higherULL J and lower zLL J values)
in the notopo experiment compared to the reference (Fig. 8). A similar effect occurs in the
cropland experiment, but the lower value of e present within the boundary layer counteracts
the effects of larger wind shear leading to lower shear production of TKE. The increase in
shear production of TKE is the hours after sunset (2000 UTC to 0000 UTC) counteracts the
destruction of TKE due to buoyancy suppression and dissipation, leading to a slower decay
rate for TKE (Fig. 9e, f).

The effects of the LLJ-induced shear are prevalent over the urban area of London, due
to the already higher TKE over London (Online Resource 21a, b) an affect of the higher
buoyancy production of TKE over the urban area during daytime. Areas with high shear
production of TKE are also present in the rural region south of London (Online Resource
21a, b), where wind shear within the boundary layer is large due to lower zLL J and higher
ULL J compared to the other rural surroundings. This explanation is in agreement with the
results of the notopo experiment (Sect. 7.2), that reveals higher zLL J values south of London.

9 Discussion

The WRF and UKV models are initialized at different times. An initialization time of 0900
UTC is not possible for theWRFmodel as the ECMWFoperational analysis data are available
every 6 h. A comparison between the reference WRF run (initialized at 0000 UTC) and a
run initialized at 0600 UTC showed a slightly worse performance at capturing the LLJ
characteristics. Therefore we use 0000 UTC run as reference. The UKV model also utilizes
a different model suite, is nested in a different global model, and uses data assimilation,
while the WRF model is initialized with operational ECWMF analysis fields. These model
differences make it difficult to meaningfully discuss the difference in LLJ characteristics
between the two models. Yet, the fact that two independent model suites show a similar
spatial distribution in LLJ characteristics over London and the same differences between the
rural and the urban site strengthens our conclusions on the impact of urban areas on LLJs.

In our case study, the LLJ characteristics are strongly affected by the surrounding topog-
raphy during both nights. This is in contrast to the findings of Banta et al. (2003) for the
Cooperative Atmospheric Surface Exchange Study October 1999 (CASES-99), but eleva-
tion differences over the CASES-99 site were typically smaller than 50 m, while terrain
heights around London can exceed 300 m (Fig 2c). The topographic orientation with respect
to the background flow might be important for the spatial distribution of LLJ characteristics
(as seen in Banta et al. 2004). More case studies, with different background wind directions,
are needed to test whether topographic effects on the LLJs are wind direction dependent. The
complex topography around London and its proximity to the coast makes it very difficult to
apply LLJ scaling approaches derived from studies over homogeneous and flat terrain (Banta
et al. 2006; Klein et al. 2016), or to compare the results directly with more conceptual (Van de
Wiel et al. 2010) and analytical LLJ models (Shapiro et al. 2016). This inhibits the compari-
son of the current results with those of the Joint Urban 2003 campaign over Oklahoma City
(Wang et al. 2007; Lundquist and Mirocha 2008).

Section 6 shows an anti-correlation between spatial changes in zLL J and ULL J within
and around London (Figs. 6c–f and 7c–f). To test this hypothesis we performed correlation
tests between the derivatives of the WRF-derived ULL J (dULL J /dx) and zLL J (dzLL J /dx)
across the x (west–east) direction for the first (r = −0.66, p < 0.001) and second night
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(r = − 0.78, p < 0.001). A similar, yet weaker, anti-correlation is reported along the
y (south–north) direction for the first (r = − 0.48, p < 0.001) and second night (r =
− 0.50, p < 0.001). We offer a few hypothesises that explain this anti-correlation, which
address both orographic and urban effects.

Regarding the topographic effects, we hypothesize that the increase in terrain elevation
represents an obstacle that the flowhas to overcome.Under stable atmospheric conditions, the
high-momentum jet layermust ascend (increase in zLL J ) over the topography. To conserve the
flow energy, the flow must decelerate (decrease in ULL J ) according to Bernoulli’s equation.
In the leeward side of the mountain, the flow descends and gains momentum. The ascending
motion and descending airmotion at thewindward and leeward side of the topography are also
visible in Online Resource 18 and hints to the presence of gravity waves (discussed in Sect.
7.2). The higher TKE during the night over the urban area, caused by larger buoyancy during
daytime, results in more turbulent drag over the city than over the surrounding rural areas.
As the high momentum of the jet layer is advected from areas with lower TKE (less turbulent
drag—lower boundary-layer height) to areas with higher TKE (more turbulent drag—higher
boundary-layer height) the increase in turbulent drag decelerates the jet flow (lower ULL J )
(see Sect. 6.1). The change in vertical profile of the wind speed can also affect the zLL J . This
LLJ flow behaviour has been observed over Oklahoma city (Wang et al. 2007), and would
be consistent with the findings of (Klein et al. 2016).

The changes in the shear production of TKE over the urban area are derived solely through
the WRF simulations and should be handled with care. Thus, it is not possible to confirm the
effects of wind shear on the TKE in the nocturnal UBL. As the shear production of TKE in
the WRF model is dependent on the mixing length and the TKE itself, it is also likely that
other processes (i.e., advection) might contribute to the increase in shear production of TKE
after sunset. Thus the effect of the shear production of TKE in the UBL needs to be tested
further with an eddy-resolving model (e.g. an LES model).

During the Joint Urban 2003 campaign over Oklahoma City, Lundquist and Mirocha
(2008) reported LLJ cases that exhibit an ‘upside-down’ turbulent structure in the nocturnal
UBL with turbulent motions driven by the shear generated under the LLJ nose. Similar
evidence has been presented by Banta et al. (2006) for the CASES99 campaign. However,
we do not find any consistent evidence of similar turbulent structure in the nocturnal UBL
over London using the value of e derivedwith theWRFmodel or the vertical velocity variance
and skewness from the Doppler lidar. The generally lower ULL J (10 m s−1) during our case
study could be the reason for the lack of ‘upside-down’ UBL structure, as Banta et al. (2006)
reported that this effect usually occurred when the wind speed was larger than 15 m s−1.

10 Conclusions

We investigate the interactions between LLJs and the nocturnal urban boundary layer during
a 60-h case study period over London. Two Doppler lidars, in combination with two NWP
models (WRF andUKV) are used to identify differences in the LLJ occurrence frequency and
characteristics (fall-off, height, speed) between an urban (London) and a rural (Chilbolton)
site. Two idealized WRF experiments are used to isolate urban and non-urban (i.e. topo-
graphic) effects on the LLJs. Moreover, the impact of the LLJ on shear production of TKE
in the nocturnal UBL is analyzed using the WRF model and two sensitivity experiments.

Both models were able to capture the timing and characteristics of the LLJs, but dissipated
the LLJ earlier than observed, causing a negative bias in jet speed. Moreover, both models
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had difficulties capturing the residual-layer wind speed, causing a bias in the fall-off speed.
Low-level jets over London were located 60–90 m a.g.l. higher than over Chilbolton. This
difference was observed using the Doppler lidar and was also simulated by both models. The
difference inULL J between the two sites is large during the first night (2 m s−1), but smaller
during the second night (< 0.3 m s−1).

Through a series of sensitivity tests we identified that: a) the topography around London
has a stronger impact on LLJ characteristics than the urban-related processes, b) but the
urban area has a significant impact on LLJs over the city and in the downwind urban areas
due to urban plume effects. We find that increased turbulent mixing over the urban area of
London increases the value of zLL J and decreases the value ofULL J not only over the urban
area but also in the rural areas downwind of the city (up to a distance of 20 km). Our results
suggest that it is essential to isolate urban from non-urban processes on the LLJ over cities
with moderate topographic surroundings.

Finally, we find that shear production of TKE within the boundary layer increases during
the course of the night due to the increase in wind shear. The increase in shear production of
TKE results in a slower decay rate of TKE. This indicates that the LLJ together with nocturnal
heat release from the urban surface could delay the collapse of the UBL and maintain part
of the turbulent mixing in the nocturnal UBL.
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