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Structure of the planetary boundary layer over Southeast England:
Modeling and measurements
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[1] The Weather Research and Forecasting model was applied to analyze variations in the
planetary boundary layer (PBL) structure over Southeast England including central and
suburban London. The parameterizations and predictive skills of two nonlocal mixing PBL
schemes, YSU and ACM2, and two local mixing PBL schemes, MYJ and MYNN2, were
evaluated over a variety of stability conditions, with model predictions at a 3 km grid
spacing. The PBL height predictions, which are critical for scaling turbulence and diffusion
in meteorological and air quality models, show significant intra-scheme variance (> 20%),
and the reasons are presented. ACM2 diagnoses the PBL height thermodynamically using
the bulk Richardson number method, which leads to a good agreement with the lidar data for
both unstable and stable conditions. The modeled vertical profiles in the PBL, such as wind
speed, turbulent kinetic energy (TKE), and heat flux, exhibit large spreads across the PBL
schemes. The TKE predicted by MYJ were found to be too small and show much less
diurnal variation as compared with observations over London. MYNN2 produces better
TKE predictions at low levels than MYJ, but its turbulent length scale increases with height
in the upper part of the strongly convective PBL, where it should decrease. The local PBL
schemes considerably underestimate the entrainment heat fluxes for convective cases. The
nonlocal PBL schemes exhibit stronger mixing in the mean wind fields under convective
conditions than the local PBL schemes and agree better with large-eddy simulation
(LES) studies.

Citation: Xie, B., J. C. R. Hunt, D. J. Carruthers, J. C. H. Fung, and J. F. Barlow (2013), Structure of the planetary
boundary layer over Southeast England: Modeling and measurements, J. Geophys. Res. Atmos., 118, 7799–7818,
doi:10.1002/jgrd.50621.

1. Introduction

1.1. Nonlocal and Local Mixing PBL Schemes

[2] Turbulent mixing of heat, momentum, moisture, and
air pollutants has a strong influence over both meteorology
and air quality in the planetary boundary layer (PBL)
[Nieuwstadt and Hunt, 2003; Baklanov et al., 2007]. The
Weather Research and Forecasting (WRF) model has shown
skills in predictive modeling of the main statistical atmo-
spheric quantities. A number of local closure mixing PBL
schemes (e.g., turbulent kinetic energy (TKE) closure schemes

– the Mellor-Yamada-Janjić (MYJ) PBL scheme [Janjić,
1990, 2002] and the Mellor-Yamada-Nakanishi-Niino level
2.5 (MYNN2) PBL scheme [Nakanishi and Niino, 2009])
and nonlocal closure mixing PBL schemes (e.g., the Yonsei
University (YSU) PBL scheme [Hong et al., 2006; Hong,
2010] and the Asymmetric Convective Model version 2
(ACM2) PBL scheme [Pleim, 2007a, 2007b]) have been de-
veloped to simulate the turbulent PBL processes. The local
closure PBL schemes are suited for shear turbulence in weakly
stable conditions [Mellor and Yamada, 1982]. However, in the
upper part of the convective PBL, the heat flux which is de-
termined by large eddies is often counter to the local gradient,
i.e., the flux can remain upward where the local potential tem-
perature gradients are typically zero or positive. The upward
heat flux arises from the nonlocal transport by buoyant plumes
that initiate near the surface. Hence, large eddies on the scale
of the convective PBL also produce turbulent mixing [Hunt
et al., 1988a]. Nonlocal closure PBL schemes are thus critical
to the realistic production of eddy structure in a convective
PBL. One kind of nonlocal schemes uses a countergradient
adjustment term to represent the nonlocal upward transport
by buoyant plumes [Troen and Mahrt, 1986; Holtslag and
Boville, 1993; Hong and Pan, 1996], such as in the YSU
PBL scheme. The other kind of nonlocal schemes represents
the nonlocal mixing by the explicit treatment of the upward
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and downward transport of conserved atmospheric scalars
[Stull, 1984; Pleim and Chang, 1992], such as in the ACM2
PBL scheme.

1.2. Objectives

[3] Although a number of studies [e.g., Shin and Hong,
2011; García-Díez et al., 2013] have been made to compare
the predictions of the PBL by various physics schemes in the
WRF model, many of them focus either on a case study of
a particular PBL, which can be stability dependent, or on a
statistical study by lumping different sky conditions over a
long period, which can be affected by the cloud simulations.
In addition, most of the studies have only compared the pre-
dictions with surface measurements of 2m temperature and
10m wind speed, because of the difficulty of obtaining
measurements of the vertical mean quantities and high-order
moments such as TKE and turbulent fluxes. Moreover, few
studies have elucidated the model processes or related the
modeled differences to the different parameterizations in
each PBL scheme and its tied surface layer scheme. The
PBL height is often defined as the mixed layer height plus
part of the capping inversion depth in a convective PBL
[Hong et al., 2006; Pleim, 2007a; Wyngaard and Brost,
1984]. The predictions of the PBL height are important for
estimating the mean quantities such as the temperature and
wind in meteorological models and are also critical for
modeling the air pollutant dispersion [Carruthers et al.,
1994; Cimorelli et al., 2005]. In this study, we consider the
physical characteristics that define the PBL height in order
to discuss the scheme-specific diagnostic methods.
Recently, WRF version 3.4.1 corrected a bug in the numeri-
cal codes of the YSU PBL scheme for the stable PBL, which
was predicted erroneously as always being neutral. ACM2
also has some updates in the eddy diffusivity in the new
codes. As a relatively new TKE PBL scheme in WRF,
MYNN2 was developed by considering effects of buoyancy
on pressure covariances and effects of stability on the turbu-
lent length scale, with a large-eddy simulation (LES) data-
base. Nakanishi and Niino [2009] showed that MYNN2
improved the TKE predictions over the Mellor-Yamada
model. All these PBL schemes require a rigorous evaluation
of their predictions of different types of the PBL.
[4] An important indicator of the stability of the PBL is the

dimensionless length scale h/L, defined as

h

L
¼ �κg w0θv 0ð Þ0h

θv0u3�
(1)

where h is the PBL height, L the Monin-Obukhov length, κ
the von Kármán constant (0.4), g the gravitational accelera-
tion, w0θv0ð Þ0 the surface kinematic heat flux, θv0 the virtual
potential temperature near the surface, and u* the friction ve-
locity. The range of stability conditions in a mid-high latitude
region dominated by maritime air masses, e.g., the United
Kingdom (UK), can be quite different from that in a tropical
or subtropical region (e.g., Hong Kong). With reference to
the modeling study of Xie et al. [2012], the surface heating
is usually strong in the tropics; thus, even in a winter month,
such as November, the simulated daytime peak value of � h/L
can be larger than 20, whereas in the UK, it is typically
smaller than 5. Furthermore, after sunset, the winds persist
in the UK, so that the nocturnal PBL is typically less stable

than that in the subtropics. Thus, computations here are
focused on the PBL structures in a region that is character-
istic of relatively weak heating and strong wind shear [cf.
Holtslag and Boville, 1993; Xie et al., 2012]. In addition
to comparing the simulation results with the standard mete-
orological measurements of 2m temperature and 10m wind
across Southeast (SE) England, comparisons are also made
with new field measurements [Harrison et al., 2012] and
new simulation results [Bohnenstengel et al., 2011] over
London using the UK Met Office Unified Model. We
evaluate the parameterizations of nonlocal and local mixing
PBL schemes in the WRF model for a range of stability
conditions. The modeled controlling variables of surface
sensible heat flux, PBL height h, convective velocity scale
w*, friction velocity u*, h/L and also the vertical profiles of
potential temperature, wind speed, eddy diffusivity,
turbulent length scale, TKE, and heat flux are presented.
Since the modeled vertical profiles of mean and turbulent
quantities vary greatly with different PBL schemes [Xie
et al., 2012], a detailed assessment is needed for improving
numerical weather prediction and air quality modeling [e.g.,
Kwok et al., 2012; Zhang et al., 2012]. This study discusses
the physical rationale of the profile differences, compares
the eddy structures and entrainment heat fluxes with
previous LES results, and validates the PBL height and
TKE predictions with a valuable data set over London.
[5] Section 2 briefly describes the meteorological sites,

instruments, and data selection. Section 3 provides descrip-
tions of the model setup and configurations including the
study’s domain definition and key physics options. Section
4 presents the surface and vertical meteorological predictions
with different PBL schemes and their comparisons with
observations across SE England. Concluding remarks follow
in the final section of the study.

2. Meteorological Sites, Instruments, and
Data Selection

[6] The temperature measured at 2m above ground level
(AGL) and the wind measured at 10m AGL were collected
at eight meteorological sites across SE England for both
June and November 2007. Figure 1a depicts the distribution
of these sites. The red dots indicate urban grid sites and the
blue dots indicate rural grid sites. The PBL height determined
from the Doppler lidar observations of the vertical velocity
variance, and TKE measured by the sonics in central
London were taken during the REPARTEE 2007 campaign.
An overview of the campaign and the instruments such as the
Doppler lidar and sonics was described by Harrison et al.
[2012]. The rooftop and the British Telecom (BT) Tower
details were given in a study by Barlow et al. [2009]. The
rooftop conditions were monitored on the Westminster City
Council (WCC) building using sonics at a height of 2m
above the rooftop, i.e., 17m AGL. An additional sonic was
installed on the top of the BT Tower at a measurement height
of 190m AGL. This is the tallest building within several
kilometers of the site, with good exposure to winds in all
directions. As shown in Figure 1b, the BT Tower is approx-
imately 1.6 km to the east of the WCC building and 1.2 km
to the east of the lidar site. The TKE observations at the roof-
top are available for the first half of November, and the TKE
observations at the BT tower are available throughout
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November, although they are patchy (about 30% availability)
before mid-November.
[7] In line with Barlow et al. [2011], the vertical velocity

variance (w02) data measured by the lidar were used to deter-
mine the PBL height. The variance gives a measure of the
vertical turbulence intensity. Vertical profiles of the variance
from the ground up were examined. The height at which the

variance dropped below the threshold (w02 < 0:1 m2=s2 )
was assumed to be the top of the PBL. The analyses and pos-
sible errors of the measurements were given by Barlow et al.
[2009, 2011] and Harrison et al. [2012].

3. Model Setup, Configurations, and Physics
Options

3.1. Domain Settings

[8] Three nested domains with horizontal grid spacings of
27 km, 9 km, and 3 km, respectively, were used. Figure 2
shows the geographic coverage of the three domains.
Specifically, Domain 1 (120 × 120) covers much of Europe
and the Northeast Atlantic Ocean, Domain 2 (129 × 144)
covers the UK, and Domain 3 (96 × 102) covers SE
England centering on Greater London. A Lambert conformal
map projection was used with the projection parameters set
as follows: α= 40 °, β = 60 °, γ=� 0.1 °, center longitude =
0.1°W, and center latitude = 51.5°N.
[9] The terrain-following coordinate in the WRF model

setup contains 50 full sigma levels. The model’s lowest five
full sigma levels above the surface are 0.9979, 0.9956,
0.9931, 0.9904, and 0.9875. The corresponding heights are
around 17.5, 37, 57, 80, and 104m AGL, respectively. The
layer thickness increases gradually with height. The model
top pressure is set to 50 hPa, about 20 km AGL. Twenty-
one sigma levels were assigned to occupy the lowest
2 km AGL.

3.2. WRF Configurations

[10] The lateral boundary conditions for the outermost do-
main and the initial conditions for all of the domains were
obtained from the National Centers for Environmental
Prediction Final Operational Global Analysis data. The data
has a horizontal resolution of 1° in latitude and longitude

and a 6 h temporal resolution. WRF version 3.4.1 was used
in this study. The Rapid Radiative Transfer Model longwave
radiation scheme, the Dudhia shortwave radiation scheme,
the WRF single-moment three-class microphysics scheme,
and the Noah Land Surface Model were applied in all do-
mains. The Grell-Devenyi ensemble cumulus scheme was
applied in Domains 1 and 2. One-way nesting was applied
between the domains [Skamarock et al., 2008]. The simula-
tions were conducted for June and November 2007. Each
consecutive simulation ran for 4 days, with the first day con-
sidered as spin-up.

3.3. PBL and Surface Layer Schemes

[11] Four PBL schemes are studied here, including two
nonlocal mixing PBL schemes (YSU and ACM2) and two
local mixing PBL schemes (MYJ and MYNN2). Xie et al.
[2012] gave brief descriptions of the YSU, ACM2, and
MYJ PBL schemes and the surface layer schemes. Here,
we provide some key features of the MYNN2 PBL scheme.
The governing equations of TKE in the MYNN2 PBL
scheme are

Figure 1. (a) Meteorological sites distribution across SE England (red dots: urban grids; blue dots: rural
grids) and (b) site and instrument locations in central London.

Figure 2. Horizontal coverage used for the three domains
in the WRF simulations.
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Figure 3. 2 m temperature averaged (a) over November and (b) on a clear day, 12 November; cloud water
mixing ratio averaged (c) over November and (d) on 12 November; downward shortwave radiation at
surface averaged (e) over November and (f) on 12 November; downward longwave radiation at surface
averaged (g) over November and (h) on 12 November at Heathrow.
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∂q2

∂t
¼ � ∂

∂z
w0 q2 þ 2

p0

ρ0

� �
� 2 u0w0 ∂u

∂z
þ v0w0 ∂v

∂z

� �

þ 2
g

θ0
w0θv 0 � 2ε (2)

q2 ¼ u02 þ v02 þ w02 (3)

�w0 q2 þ 2
p0

ρ0

� �
¼ Kq

∂q2

∂z
(4)

�w0c0 ¼ Kc
∂c
∂z

(5)

Kc ¼ lEqSc (6)

where the small letters with prime denote turbulent variables,
the overbar an ensemble average, and the subscript 0 a refer-
ence state. q2/2 is the TKE per unit mass, (u ’, v ’,w ’) the
turbulent velocity components, p the pressure, ρ the air
density, θ the potential temperature, θv the virtual potential
temperature, and ε the TKE dissipation rate. The second-
and third-order turbulent fluxes in equations (4) and (5) are
expressed in the form of down-gradient diffusion, where c
represents the quantity u, v, or θ; Kc the eddy diffusivity; lE
the turbulent length scale; and Sc the stability function.
MYNN2 improves several weak points of the Mellor-
Yamada model such as the underestimations of the TKE
and the turbulent length scale, the neglect of buoyancy
effects on the pressure covariances, and the stability
functions for third-order turbulent fluxes [Nakanishi and
Niino, 2009]. Moeng and Wyngaard [1986] showed the
importance of the buoyancy correction on the pressure

covariances (e.g., 1
ρ0
θ0 ∂p

0
∂z ) in the scalar-flux equation.

[12] Note that there are limitations to the allowable combi-
nations of the PBL and surface layer schemes. To reduce the
impact introduced by different surface layer schemes, YSU,
ACM2 and MYNN2 were run with the MM5-similarity
surface layer scheme. MYJ, however, can only be run with
the Eta-similarity surface layer scheme. The differences
caused by these two surface layer schemes are also discussed
in this study (section 4.2).

4. WRF Simulations Across SE England in June
and November

[13] The WRF simulations at a 3 km grid spacing were
compared with the surface measurements taken at eight sites
across SE England. Of these sites, Heathrow, Birmingham,
Hurn, and Shoreham are represented by urban grids, whereas

Andrewsfield, Bedford, Marham, and Wattisham are repre-
sented by rural grids in the model, as shown in Figure 1a.
The urban and rural grids in the model are distinguished by
parameterizations of albedo, roughness, stomatal resistance,
leaf area index, and green vegetation fraction. No buildings
are modeled explicitly in this study. All of the times refer to
UTC. The results at Heathrow and Andrewsfield are the
focus of this study and assumed to be representative of urban
and rural grids, respectively.

4.1. Monthly Mean 2m Temperature and 10m Wind

[14] In June, the differences in 2m temperature and 10m
wind speed across the PBL schemes are small. Model runs
for each of the PBL schemes broadly reproduce the diurnal
variations of 2m temperature and 10m wind speed in
comparison with the measurements. In November, all the
runs underestimate the peak daytime 2m temperature
(Figure 3a). This may stem from an under-prediction of the
simulated insolation, which is strongly dependent on the
simulated cloud cover [Xie et al., 2012]. It is possible that
all the simulations predict clouds that are too thick or produce
too much attenuation on the insolation. The local PBL
scheme MYJ considerably underestimates both the daytime
and nighttime 2m temperatures in November (Figure 3a).
This is partly related to its tied Eta-similarity surface layer
scheme, which is discussed in section 4.2. The diurnal varia-
tions in 10mwind speed simulated by all the runs are also not
as strong as the observations in November. The 10m wind
direction is well produced by all the runs in both June and
November, although the run with ACM2 is slightly better
than the others. Tables 1 and 2 summarize the statistics of
the WRF performances for the different PBL schemes. The
statistics were calculated using a time series of hourly 2m
temperatures and 10m wind speeds for the entire month at
each site and then averaged over the eight sites across SE
England. The statistics shown are the index of agreement,
root mean squared error (RMSE), and mean bias (MB). The
index of agreement reflects the degree to which the observed
variable is accurately estimated by the simulation [Willmott,
1981]. The boldface in the table indicates the best statistics
among the different runs. Overall, ACM2 performs best on
most of the statistical measures.
[15] An additional microphysics scheme and a cumulus

scheme were used to test their sensitivities to the temperature
simulations in November. However, in comparison with the
WRF single-moment three-class microphysics scheme used
in this study, theWRF single-moment six-class microphysics

Table 1. Model Performance in 2m Temperature for 3 km WRF
Simulations Averaged at Eight Sites Across SE England Over the
Period of June and November 2007

YSU ACM2 MYJ MYNN2

2m temperature (°C) in Jun
Index of Agreement 0.88 0.89 0.88 0.87
RMSE 2.10 1.99 2.14 2.14
MB �1.15 �0.99 �1.16 �1.18

2m temperature (°C) in Nov
Index of Agreement 0.91 0.93 0.87 0.91
RMSE 1.96 1.80 2.45 1.98
MB �0.74 �0.57 �1.52 �0.55

Table 2. Model Performance in 10m Wind Speed for 3 km WRF
Simulations Averaged at Eight Sites Across SE England Over the
Period of June and November 2007

YSU ACM2 MYJ MYNN2

10m wind speed (m/s) in Jun
Index of Agreement 0.83 0.85 0.82 0.83
RMSE 1.46 1.42 1.50 1.46
MB �0.47 �0.26 �0.50 �0.43

10m wind speed (m/s) in Nov
Index of Agreement 0.87 0.89 0.88 0.87
RMSE 1.45 1.30 1.36 1.37
MB 0.07 0.36 0.05 0.02
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scheme exhibits only a small impact on 2m temperature
simulations (< 0.5°C). Moreover, it does not strengthen the
diurnal variations. A comparison with an additional model
run using the Kain-Fritsch cumulus shows the temperature
simulations to be insensitive to the choice of cumulus scheme
for these simulation periods. To investigate the cloud impact,
the average WRF simulation results over the entire month of
November were compared with those over the clear days. A
clear day was defined as when the cloud water mixing ratio
predicted by all the runs and the observed cloud amount are
marginal, e.g., 12 November at Heathrow (Figure 3d).
The modeled downward shortwave radiation at surface
(Figures 3e and 3f) is attenuated on cloudy days, whereas
the modeled downward longwave radiation at surface
(Figures 3g and 3h) is intensified. The simulations involving
all the PBL schemes exhibit stronger diurnal variations in 2m
temperature on the clear day (Figure 3b) that fit well with
observations. The PBL schemes, especially ACM2, give
better predictions under a clear sky where the insolation is
not much affected by cloud cover. Therefore, the cloud or
its relation to insolation may not be well resolved across SE
England in November. However, the cloud processes,
which are coupled with microphysics, cumulus, radiation,
land surface physics, and PBL schemes in the WRF
model, are intricate and beyond the scope of this study.
Therefore, in the following sections, we will focus mainly
on the PBL structures modeled by different PBL schemes
under clear skies.

4.2. 2m Temperature Under a Clear Sky

[16] Model simulations are presented for 2 June and 12
November 2007 when all the runs involving different

PBL schemes predict marginal cloud water mixing ratios
and similar peak incoming radiations, including both
shortwave and longwave radiations (Figures 4a and 4b).
These 2 days exhibit strong diurnal variations in 2m
temperature (Figures 4c and 4d) and relatively low wind
conditions; there were no precipitation recorded affecting
the atmospheric conditions.
[17] Figure 5 depicts the simulated diurnal variations in the

surface sensible heat flux, near-surface temperature gradient
(Tsfc� T2m), heat exchange coefficient (Ch), and surface skin
temperature (Tsfc) at Heathrow under clear skies. The surface
sensible heat flux H0 is parameterized as

H0 ¼ ρCpChU z1ð Þ θsfc � θ z1ð Þ� �
∝ChU z1ð Þ Tsfc � T2m

� �
(7)

where Cp is the specific heat capacity of air at a constant pres-
sure, U(z1) the wind speed at the lowest model layer height
z1, and T the temperature. The subscripts sfc and 2m denote
the variables at the surface and at 2m. The latent heat flux
is parameterized similarly to be proportional to Ch and the
near-surface water vapor mixing ratio gradient. The modeled
latent heat flux is often small over the urban grid but large
over the rural grid. The MYJ run with the Eta-similarity sur-
face layer scheme (MYJ-Eta) computes smaller near-surface
temperature gradients (Figures 5c and 5d) and noticeably
larger heat exchange coefficients Ch (Figures 5e and 5f) in
the daytime than the other runs with the MM5-similarity
surface layer scheme. The larger Ch in the MYJ-Eta run lead
to larger surface sensible heat fluxes (Figures 5a and 5b) and
larger latent heat fluxes (not shown) than the other runs,
resulting in larger energy losses at surface, hence lower
surface skin temperatures (Figures 5g and 5h) during the

Figure 4. Incoming radiation on clear days of (a) 2 June and (b) 12 November; 2m temperature on clear
days of (c) 2 June and (d) 12 November at Heathrow.
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daytime. This impact introduced by different Ch was eluci-
dated by Xie et al. [2012]. With the larger Ch, the MYJ-Eta
run produces stronger mixing in the surface layer than the
other runs with the MM5-similarity surface layer scheme.

On the clear day in June, the MYJ-Eta run predicts larger
daytime 2m temperatures (Figure 4c) due to the stronger
mixing, even when its predicted daytime surface skin temper-
atures are smaller than the other runs (Figure 5g). This is

Figure 5. Surface sensible heat flux on (a) 2 June and (b) 12 November; near-surface temperature gradient
on (c) 2 June and (d) 12 November; heat exchange coefficient on (e) 2 June and (f) 12 November; surface
skin temperature on (g) 2 June and (h) 12 November at Heathrow.
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similar to both the June and November cases in Hong Kong
[Xie et al., 2012] in terms of the strong surface heat fluxes
and large near-surface temperature gradients. However, on
the clear day in November, due to the small near-surface tem-
perature gradients within 3°C (Figure 5d), the lower surface
skin temperatures in the MYJ-Eta run (Figure 5h) lead to
lower 2m temperatures (Figure 4d) despite the MYJ-Eta
run predicting larger Ch. Therefore, the large underestimation
of 2m temperatures predicted by the MYJ-Eta run in
November across SE England is partly attributable to the
Eta-similarity surface layer scheme.

4.3. Boundary Layer Height

[18] The model predictions of the PBL height h vary con-
siderably, and this is a major cause of uncertainty of predic-
tions of weather and air quality. In the meteorological
context, the PBL height is important for scaling the turbu-
lence within a PBL as used in the nonlocal PBL schemes
YSU and ACM2. The eddy viscosity within a PBL in the
nonlocal PBL schemes is parameterized as

Km ¼ κu�z
ϕm

1� z

h

� �2
(8)

where the dimensionless stability function for momentum is
formulated asϕm ¼ 1� 16 zs

L

� 	�1=4
. ACM2 defines zs within

the surface layer, i.e., zs =min(z, 0.1h), whereas YSU defines
it within the PBL. In the air quality context, air quality
models usually use h to compute the eddy diffusivity for heat
and the eddy viscosity for momentum, depending on the ver-
tical diffusion schemes. Therefore, even though h is not used
in the prognostic equations in the TKE PBL schemes (e.g.,
MYJ and MYNN2) for meteorological modeling, it is still
important as input to the air quality models.
4.3.1. Boundary Layer Height Formulations Over Land
4.3.1.1. Formulations in YSU PBL Scheme
[19] The PBL height in YSU is diagnosed over land when

the bulk Richardson number Rib reaches a critical value Ribcr
as follows.
[20] In stable conditions,

Rib ¼ gz θv zð Þ � θv z1ð Þ½ �
θv z1ð ÞU zð Þ2 (9)

where U(z) is the wind speed at a height z and Ribcr = 0.25.

The PBL height is diagnosed as h ¼ Ribcr
θv z1ð ÞU hð Þ2

g θv hð Þ�θv z1ð Þ½ �.
[21] In unstable conditions,

Rib ¼ gz θv zð Þ � θs½ �
θv z1ð ÞU zð Þ2 (10)

where θs = θv(z1) + θT and Ribcr = 0. θT is the virtual
potential temperature excess [Hong et al., 2006], which
is defined as

θT ¼ a
w0θv 0ð Þ0
ws0

(11)

where a= 6.8 and ws0 is the mixed layer velocity scale.

4.3.1.2. Formulations in ACM2 PBL Scheme
[22] In stable conditions, ACM2 uses a similar formula to

that in YSU but takes into account the bulk wind shear
between a model layer and the lowest model layer,

Rib ¼ g θv zð Þ � θ z1ð Þ½ � z� z1ð Þ
θv u zð Þ � u z1ð Þ½ �2 þ v zð Þ � v z1ð Þ½ �2
� � (12)

where θv ¼ θv zð Þ þ θ z1ð Þ½ �=2 , u, and v are the zonal and
meridional wind components.
[23] In unstable conditions, ACM2 applies the bulk

Richardson number method over the stably stratified entrain-
ment layer only. First, the top of the convectively unstable
layer (zmix) is found as the height at which θv(zmix) = θs, where
θs is defined similarly as YSU. The bulk Richardson number
is then defined for the entrainment layer above zmix such that

Rib ¼ g θv zð Þ � θv zmixð Þ½ � z� zmixð Þ
θv u zð Þ � u zmixð Þ½ �2 þ v zð Þ � v zmixð Þ½ �2
� � (13)

[24] The PBL height is diagnosed when Rib is equal to
Ribcr, which is 0.25 for both unstable and stable conditions.
4.3.1.3. Formulations in MYJ PBL Scheme
[25] The PBL height is defined as the height of the model

layer where the TKE decreases to a minimum value of
0.1 m2/s2.
4.3.1.4. Formulations in MYNN2 PBL Scheme
[26] A hybrid definition is implemented that uses both the

theta-increase and TKE methods. The PBL height hθ diag-
nosed by the theta-increase method is defined as

θv hθð Þ ¼ θvmin þ 1:5 (14)

where θvmin is the lowest virtual potential temperature within
500m AGL. The PBL height he diagnosed by the TKE
method is defined as

TKE heð Þ ¼ TKEcr (15)

where TKEcr is the critical TKE value defined as the maxi-
mum TKE within 500m AGL divided by 20, with an upper
bound of 0.25 m2/s2 and a lower bound of 0.025 m2/s2. The
PBL height is then diagnosed with a weighting function wf,

wf ¼ 0:5 tanh
hθ � 200

400

� �
þ 0:5 (16)

h ¼ he 1� wf

� 	þ hθwf (17)

4.3.2. Boundary Layer Height Formulation Limitations
[27] The vertical profiles of θ and TKE in the convective

PBL at 2 P.M. on 3 November (Figures 6a and 6b) at
Heathrow and on 16 November (Figures 6c and 6d) at
Andrewsfield are depicted to show the differences in the
diagnosed PBL heights across the PBL schemes, and the lim-
itations of the PBL height diagnostic formulations in MYJ
and MYNN2. Although the skies are cloudy on 3 and 16
November, the focus here is on probing the limitations of
the PBL height diagnostic formulations. The horizontal
dashed lines in Figure 6 represent the PBL heights diagnosed
by each PBL scheme. The TKE (Figures 6b and 6d) are only
predicted by the local TKE PBL schemes MYJ andMYNN2.
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[28] The minimum TKE method in MYJ can yield a PBL
top that is much higher than the inversion base. On 3
November, all the runs with different PBL schemes estimate
the inversion base heights at about 120–170m AGL
(Figure 6a). The interfacial layer between the inversion base
and the PBL top is regarded as part of the entrainment layer.
However, MYJ predicts a PBL top at 344m AGL where the
TKE decreases to 0.1 m2/s2 (Figure 6b) and an interfacial
layer with a vertical extent of about 220m, which is about
twice the mixed layer depth. This seems unrealistic, as a

convective PBL normally consists of a relatively shallow en-
trainment layer above a mixed layer. Therefore, the PBL
height definition in MYJ is questionable, since above the
PBL top, the TKE can be produced by processes such as
wind shear and internal waves. On 16 November, the mini-
mum TKE method in MYJ produces a significantly lower h
(34m AGL) than the other PBL schemes because the pre-
dicted TKE is uniformly at the minimum value of 0.1 m2/s2

(Figure 6d). This implies that the TKE prognostic equations
in MYJ require modifications, since the wind shear near the

Figure 6. Vertical profiles at 2 P.M. on 3 November at Heathrow: (a) potential temperature and (b) TKE;
vertical profiles at 2 P.M. on 16 November at Andrewsfield: (c) potential temperature and (d) TKE
(horizontal dashed lines represent the PBL heights diagnosed by each PBL scheme).
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surface should produce TKE that is at least larger than the
minimum in this case.
[29] The MYNN2 PBL scheme can also overestimate the

entrainment layer depth. On 3 November, MYNN2 diagno-
ses an even higher PBL top at 610m AGL (Figure 6a) than
MYJ. In MYNN2, the PBL height hθ, computed using the
theta-increase method by equation (14), is about 250m
AGL, leading to wf= 0.56 in equation (16). The PBL height
he, computed with the TKEmethod by equation (15), is about
1100m AGL, where the TKEcr equals to 0.025 m2/s2 in this
case. The PBL height is then blended by equation (17), which
has two problems. First, the large difference between hθ and
he implies that they are not suitable to be blended. Second,
equation (16) gives too much weight to the TKE method,
producing a blended h that is much higher than the inversion
base (about 170m AGL) in this case. Since the TKE method
was designed for estimating the PBL height in low-level jets,
it should contribute much less to the weighting function
equation (16) in unstable conditions, where no low-level jets
exhibit. On the other hand, the relatively large TKE predicted
by MYNN2 (Figure 6b) above the inversion base, where the
wind shear is weak in this case, appears unphysical and is
related to the increase in the turbulent length scale. This is
discussed in detail in section 4.5. On 16 November, the
theta-increase and TKE methods in MYNN2 diagnose

similar PBL heights. The difference between the PBL height
diagnosed by MYNN2 and those diagnosed by the nonlocal
PBL schemes (Figure 6c) can mainly be explained by the
virtual potential temperature excess. The value of 1.5 in
equation (14) for the temperature excess in MYNN2 may
be somewhat simplistic in not taking account of different
stability conditions as parameterized by equation (11) in the
nonlocal PBL schemes.
[30] Unrealistic high-frequency oscillations of the PBL

height are predicted in YSU and MYJ, as shown in
Figure 7a. The oscillation of the PBL height in YSU (e.g.,
an oscillation magnitude of 1000m from 10A.M. to 4 P.M.
on 8 November and from 10A.M. on 9 November to 0A.
M. on 10 November in Figure 7a) occurs when the predicted
surface kinematic heat flux varies between positive and
negative. As the surface moisture flux is very small in this
case, the sign of the surface heat flux depends on the surface
sensible heat flux (Figure 7b). In stable conditions, the
diagnostic formulation of h in YSU is dependent on the bulk
temperature gradient [θv(z)� θv(z1)] and the wind speed U(z)
in equation (9), but in unstable conditions, the diagnostic for-
mulation is only dependent on the bulk temperature gradient
[θv(z)� θs] since in equation (10) Rib =Ribcr = 0 at the PBL
top. Therefore, the transition between stable and unstable re-
gimes in the YSU PBL scheme is not continuous, especially

Figure 7. (a) PBL height in central London, (b) surface sensible heat flux in London, and (c) 10m wind
speed at Heathrow from 8 to 14 November.
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when the wind shear is strong (e.g., when 10m wind speed
exceeds 4m/s as shown in Figure 7c for Heathrow). The os-
cillation of a few hundred meters of h in MYJ (Figure 7a) is
related to the minimum TKE method and the vertical grid
spacing. Since MYJ diagnoses the PBL height at a model
layer where the TKE decreases to the minimum value, the
values of h are discrete and exhibit steps dependent on the
model’s vertical grid spacing, which near the convective
PBL top (e.g., 1500m AGL) is typically a few hundred me-
ters. This unphysical diagnosis of h in MYJ could be im-
proved by modifying the critical TKE value to be larger
than a set minimum value and interpolating the TKE between
the model layers.
4.3.3. Observed Boundary Layer Height andWind Shear
in London
[31] The blue dots in Figure 7a show the PBL height

observed by the lidar in London from 8 to 14 November
2007. Although this period exhibits variable cloud cover,
the comparison focuses on the high values of h during the
nighttime. The observed PBL height is determined as the
height at which the vertical velocity variance measured by

the lidar drops below a critical value (w02 < 0:1 m2=s2 ).
Values of h below 90m AGL, which cannot be measured
by the lidar, have been filtered out. The high values of h
above 1000m AGL on the night of 8 November and on the
early morning of 11 November (Figure 7a) are observed from
the lidar data and also captured by the simulations. This
indicates that when the wind shear is very strong at nighttime

(e.g., when 10m wind speed exceeds 4m/s as shown in
Figure 7c for Heathrow), the shear turbulence can contrib-
ute to a deep PBL, even though the surface sensible heat
flux is downward (Figure 7b) and the PBL is stably
stratified. The purely thermal methods such as equation
(14) cannot produce this high PBL height under stable
conditions. Note that in Harrison et al. [2012], a value of
h as low as 200m was recorded during several nights. It
can be seen from Figure 7a that the PBL height predicted
by ACM2 using the bulk Richardson number method does
not have the oscillation problem and shows a good
agreement with the lidar observations for both stable and
unstable conditions.
4.3.4. Boundary Layer Height Rediagnosed by the Bulk
Richardson Number Method Under a Clear Sky
[32] Due to the disparate definitions of the PBL top in each

PBL scheme and the formulation limitations in YSU, MYJ,
and MYNN2 as discussed above, the PBL heights on the
clear days in June and November at Heathrow were
rediagnosed by the bulk Richardson number method as used
in ACM2. The solid lines in Figures 8a and 8b represent the
rediagnosed PBL heights, and the symbols represent the
diagnoses by each PBL scheme. The spreads in the solid lines
are much smaller than that in the symbols, which implies the
differences in the PBL heights diagnosed by each PBL
scheme are primarily due to the disparate definitions. As
MYJ and MYNN2 can diagnose an unrealistically large
vertical extent between the mixed layer top and the PBL

Figure 8. PBL height on clear days of (a) 2 June and (b) 12 November (symbols: predictions by each PBL
scheme; solid lines: diagnoses by the bulk Richardson number method); PBL height over Greater London
(c) at 10 P.M. on 12 November 2007 from ACM2 predictions in WRF and (d) at 10 P.M. on 7 May 2008
from simulations of Bohnenstengel et al. [2011] (black contours circumscribe the urban grids area, and
black vectors indicate the 10m wind vectors).
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top and YSU can lead to an oscillation in the PBL height
(discussed in section 4.3.2), the bulk Richardson number
method in ACM2 is more physical by considering both ther-
mals and wind shear and produces PBL heights that agree
well with observations (Figure 7a).
[33] Figure 8c depicts the PBL height predicted by ACM2

over Greater London at 10 P.M. on 12 November. The sky
was clear across Greater London. An urban PBL formed
and increased in depth with urban fetch towards the eastern
side of Greater London. In the evening, the prevailing wind
over London changed from a northwest to a west flow after
9 P.M. Therefore, the western part of London formed the
upwind edge of London and the PBL was shallower over that
part of the city. The spatial variability of a shallower PBL
depth in the upwind edge and a greater PBL depth in the
downwind edge of London resemble the simulations of
Bohnenstengel et al. [2011] using the UK Met Office
Unified Model (Figure 8d).

4.4. Convective Velocity Scale w*, Friction Velocity u*,
and Dimensionless Length Scale h/L Under a Clear Sky

[34] The convective velocity scale w*, the friction velocity
u*, and the dimensionless length scale h/L on the clear days
were compared for the different PBL schemes (not shown).
Values of w*, u*, and h/L predicted by YSU, ACM2, and
MYNN2 are broadly similar. However, MYJ predicts com-
paratively higher values of w* and � h/L in the daytime due
to its surface sensible heat fluxes (Figures 5a and 5b) related
to the Ch (Figures 5e and 5f) and its higher diagnostic values
of h (Figures 8a and 8b). In order to estimate the representa-
tive values of w*, u*, w*/u*, and h/L over the urban and rural
grids for the clear days in June and November, ensemble
averages of these quantities in Table 3 were calculated
using the predictions from the runs with the YSU,
ACM2, and MYNN2 PBL schemes. The MYJ predictions
are not included because they are markedly different for
w* and h/L.

[35] w* is defined as w� ¼ gh w0θv 0ð Þo
θv z1ð Þ

h i1=3
, where w0θv0ð Þo≥0

(18)

[36] On the clear days, w* over the urban grid (Heathrow)
is larger than that over the rural grid (Andrewsfield) during
the daytime, inducing more turbulence if the TKE is param-
eterized with w*. During the daytime for the clear day in
June, the simulated value of w* is about 5 times the value
of u*, showing the dominance of convective mixing.
During the daytime for the clear day in November, the ratios
w*/u* are 2.0 over the urban grid and 1.4 over the rural grid so

that the convective mixing is less dominant and the shear tur-
bulence has more influence. It is notable that during the day-
time for the clear day in June, the predicted value of � h/L
can be larger over the rural grid than over the urban grid.
This is primarily due to the much smaller u* predicted over
the rural grid, giving rise to a larger L� 1 that is proportional
tou�3

� in equation (1). The values of h/L are used to define the
strongly convective, weakly convective and near-neutral
PBL in the next section.

4.5. Vertical Profiles in the Strongly Convective,
Weakly Convective, and Near-Neutral PBL

[37] The modeled vertical profiles of potential temperature
θ, wind speed, eddy diffusivity, turbulent length scale, TKE,
and heat flux as functions of the normalized height z/h in the
strongly convective (� h/L ≈ 34), weakly convective (� h/
L ≈ 3), and near-neutral (� h/L ≈ 0.3) PBL are depicted in
Figures 9–11, where the PBL heights are diagnosed by
each PBL scheme. In addition to the clear days on 2
June and 12 November, the PBL at 2 P.M. on another
clear day (9 November) at Andrewsfield is included
(Figure 11). This near-neutral PBL exhibits a low value
of � h/L with weak surface heating and relatively strong
wind. The simulated values of h/L are similar across the
PBL schemes except MYJ for the three convective cases
under clear skies.
[38] Displayed in Figure 9a for the strongly convective

PBL, the local PBL schemes exhibit negative gradients ∂ θ/
∂ z throughout the mixed layer below the inversion base,
whereas the nonlocal PBL schemes exhibit zero or slightly
positive gradients ∂ θ/∂ z. The unstable profiles of θ in the
mixed layer produced by MYJ and MYNN2 are attributable
to the problem of the turbulence being parameterized as
down-gradient throughout the PBL. The θ profiles need to
be slightly unstable in order to transport heat and moisture
upward, as nonlocal mixing is not permitted in these local
PBL schemes [Hong and Pan, 1996; Nakanishi and Niino,
2009]. The wind profiles simulated by the nonlocal PBL
schemes are more well-mixed in the PBL interior than those
simulated by the local PBL schemes (Figure 9b).
[39] Figure 9c depicts the dimensionless eddy diffusivity

Kh normalized by the turbulent velocity scale for heat wt

and the PBL height h. In both the YSU and ACM2 PBL
schemes, the eddy diffusivity is parameterized as

Kh ¼ κwtz 1� z

h

� �2
(19)

although they differ in their parameterizations of wt. wt in the

Table 3. Ensemble Average of YSU, ACM2, and MYNN2 Predictions

Clear Days
2 June 12 November

Hour Daytime (2 P.M.) Nighttime (2A.M.) Daytime (2 P.M.) Nighttime (2A.M.)

Sites
Heathrow
(urban)

Andrewsfield
(rural)

Heathrow
(urban)

Andrewsfield
(rural)

Heathrow
(urban)

Andrewsfield
(rural)

Heathrow
(urban)

Andrewsfield
(rural)

w* (m/s) 2.35 1.67 0 0.24 0.97 0.59 0.29 0
u* (m/s) 0.53 0.3 0.1 0.1 0.49 0.43 0.49 0.43
w*/u* 4.4 5.6 0 2.4 2.0 1.4 0.6 0
h/L �34.2 �68.0 0.96 �5.2 �3.2 �1.1 �0.1 1.0
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YSU PBL scheme is defined as the turbulent velocity scale
for momentum divided by the Prandtl number. Since we are
interested in the profile shape of the dimensionless eddy
diffusivity Kh/wth, we adopted the simpler definition of wt

as used in the ACM2 PBL scheme to normalize the eddy

diffusivities predicted by the local PBL schemes MYJ and
MYNN2.

wt ¼ u�
ϕh

(20)

where ϕh ¼ 1� 16 zs
L

� 	�1=2
is the dimensionless stability

Figure 9. Vertical profiles of (a) potential temperature, (b) wind speed, (c) normalized eddy diffusivity,
(d) turbulent length scale, (e) TKE, (f) normalized kinematic heat flux, and (g) length scale in the surface
layer at Heathrow at 2 P.M. on 2 June 2007 for the strongly convective PBL.
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function for heat and zs =min(z, 0.1h). Therefore, the
normalized eddy diffusivities for the YSU and ACM2
PBL schemes employ the same equation

Kh

wth
¼ κz

h
1� z

h

� �2
(21)

whereas the normalized eddy diffusivities for MYJ and
MYNN2 were computed with wt in equation (20) and their
own diagnosed PBL heights. Note that the eddy diffusivities
are used differently in the prognostic equations across the
PBL schemes and that ACM2 uses another parameterization
based on the Richardson number for the eddy diffusivity near
the PBL top. The evaluation here therefore focuses on com-
paring the shapes and magnitudes of the normalized eddy dif-
fusivities. Figure 9c shows that the normalized eddy
diffusivity predicted by MYNN2 is higher than the other
PBL schemes above 0.3 h. It increases with height and peaks
at about 0.75 h. This increase as in equation (6) is due to the
increase in the turbulent length scale, which should decrease
in the upper part of the convective PBL. The turbulent length
scale lE in the MYNN2 PBL scheme is parameterized as

1

lE
¼ 1

lS
þ 1

lT
þ 1

lB
(22)

[40] lE is designed to be controlled by the smallest length
scale among the three length scales lS, lT, and lB. lS is the
length scale in the surface layer. lT is the length scale dependent
on the PBL depth and is independent of height. lB is related to
the buoyance length scale q/N, where N is the Brunt-Väisälä
frequency, and is effective only in a stable layer, i.e., lB=∞
when ∂ θv/∂ z≤ 0 [Nakanishi and Niino, 2009]. In the convec-
tive PBL (L< 0),

lS ¼ κz 1� c1
z

L

� �0:2
(23)

where the constant c1 is adjusted to 20 in WRF version 3.4.1
from 100 determined in Nakanishi and Niino [2009]. For this
strongly convective PBL, lT ≈ 190m. The smaller c1
increases the weighting of lS in equation (22). Therefore, in
the upper part of the convective PBL, where MYNN2 pre-
dicts ∂ θv/∂ z ≤ 0 (similar to ∂ θ/∂ z in Figure 9a) and lB =∞,
lS (Figure 9g) determines that lE (Figure 9d) increases with
height. However, this increase is unexpected and conflicts

Figure 10. Vertical profiles of (a) potential temperature, (b) wind speed, (c) normalized eddy diffusivity,
(d) turbulent length scale, (e) TKE, and (f) normalized kinematic heat flux at Heathrow at 2 P.M. on 12
November 2007 for the weakly convective PBL.
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with the current theory. Nevertheless, MYNN2 predicts a
larger turbulent length scale lE throughout the PBL than
MYJ (Figure 9d), which primarily produces a larger TKE
(Figure 9e) [Nakanishi and Niino, 2009]. The MYNN2 eddy
diffusivity decreases to almost zero near the PBL top
(Figure 9c) due to the stability function for heat Sh in equa-
tion (6), leading to a near-zero kinematic heat flux
(Figure 9f), where the gradient ∂ θv/∂ z> 0. The near-zero en-
trainment/surface flux ratios modeled by MYNN2 and MYJ
near the PBL top (Figure 9f) do not fit with the LES results
of Moeng and Sullivan [1994], where the entrainment/sur-
face flux ratio can be represented as

w0θv0ð Þi
w0θv0ð Þ0

¼ �0:2� T0u3�
gh w0θv0ð Þ0

≈� 0:2� κ � h

L

� ��1

(24)

[41] w0θv0ð Þi denotes the minimum kinematic heat flux at
the capping inversion layer. Therefore, the ratio w0θv0ð Þi=
w0θv0ð Þ0 in equation (24) should be�0.2 for a free convective
PBL and smaller than �0.2 for a shear convective PBL. The
near-zero ratios modeled by MYJ and MYNN2 are consider-
able underestimates.

[42] The wind speed profiles produced by the nonlocal
PBL schemes exhibit more unstable shapes than the local
PBL schemes for the weakly convective (Figure 10b) and
near-neutral (Figure 11b) PBL. The more well-mixed wind
profiles for the weakly convective PBL (Figure 10b)
simulated by the nonlocal PBL schemes resemble the cases
(� h/L= 4.5 and � h/L= 1.5) presented by Deardorff
[1972]. Moeng and Sullivan [1994] also observed that a
small amount of buoyancy forcing is sufficient to create a
mixed layer in the mean wind field based on their SB1 and
SB2 LES simulations (� h/L ≈ 1.5). As shown in
Figures 10c and 11c, the normalized eddy diffusivities
modeled by the local PBL schemes exhibit similar U curves
which are narrower than the nonlocal PBL schemes. The nor-
malized eddy diffusivities modeled by MYNN2 exhibit
larger peak magnitudes than the others for the weakly con-
vective and near-neutral PBL. The peak magnitude of the
eddy diffusivity modeled by MYJ is significantly lower than
the others for the near-neutral PBL (Figure 11c). The near-
zero values of the normalized eddy diffusivities at about 0.7
hmodeled by MYJ (Figures 10c and 11c) are consistent with
that its minimum TKE method yielding an unrealistically
high PBL height in November across SE England, as
discussed in section 4.3.2. The turbulent length scales

Figure 11. Same as Figure 10 but for Andrewsfield at 2 P.M. of 9 November 2007 for the near-neutral
PBL.
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modeled by MYNN2 are larger than MYJ throughout the
PBL for the weakly convective PBL (Figure 10d) and above
0.4 h for the near-neutral PBL (Figure 11d). The TKE values
predicted by MYNN2 are larger than MYJ throughout the
PBL (Figures 10e and 11e). The TKE predictions will be fur-
ther discussed in section 4.6.
[43] The entrainment/surface flux ratios computed by

equation (24) for all three convective cases are summarized
in Table 4. For the strongly convective and weakly convec-
tive PBL, the computed ratios indicate that both MYJ and

MYNN2 significantly underestimate the entrainment fluxes.
The PBL height (hmhfx) in the LES study is defined as the
height at which the minimum heat flux exists [Moeng and
Wyngaard, 1989; Moeng and Sullivan, 1994]. hmhfx in MYJ
and MYNN2 are very close to those rediagnosed by the bulk
Richardson number method, and they are lower than those
defined by the diagnostic formulations of MYJ and
MYNN2, as shown in Figures 10f and 11f. This strengthens
the conclusion that the entrainment layer depths are
overestimated by MYJ and MYNN2. In Table 4, the

Figure 12. TKE predicted byMYJ andMYNN2 and observed TKE (blue dots) from 1 to 30 November at
(a) rooftop and (b) BT Tower; mean diurnal TKE in November at (c) rooftop and (d) BT Tower in central
London.

Table 4. Entrainment/Surface Flux Ratios

PBL Schemes MYJ MYNN2

Entrainment/Surface
Flux Ratio Modeled

Equation (24) With
MYJ-Diagnosed
PBL Height h

Equation (24) With the PBL
Height Defined by the

Minimum Heat Flux hmhfx Modeled

Equation (24) With
MYNN2-Diagnosed

PBL Height h

Equation (24) With the PBL
Height Defined by the

Minimum Heat Flux hmhfx

Strongly
Convective PBL

�0.0018 �0.2101 �0.2121 (hmhfx= 0.84h) �0.0168 �0.2103 �0.2100 (hmhfx= 1.04h)

Weakly
Convective PBL

�0.07 �0.26 �0.30 (hmhfx= 0.57h) �0.19 �0.31 �0.37 (hmhfx = 0.63h)

Near-Neutral PBL �0.86 �0.86 �1.34 (hmhfx= 0.58h) �1.53 �1.03 �1.25 (hmhfx = 0.79h)
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entrainment/surface flux ratio computed with hmhfx in the
weakly convective PBL for MYNN2 (� hmhfx/L=2.3) is
�0.37, which is close to the value of �0.5 in the SB1
and SB2 LES simulations (� h/L≈ 1.5) of Moeng and
Sullivan [1994]. The ratio computed with hmhfx indicates
that MYJ also underestimates the entrainment flux for the
near-neutral PBL.

4.6. Turbulent Kinetic Energy

[44] The TKE measured every 30min at the rooftop and the
BT Tower sites in central London in November were com-
pared with the modeled TKE. The TKE values at the rooftop
were measured before mid-November, and the TKE values
at the BT Tower were patchy before mid-November but avail-
able after mid-November. The sonic anemometer used to mea-
sure TKE is mounted at 2m above rooftop (17m AGL).
Therefore, the rooftop observations were compared with the
modeled TKE at the lowest full sigma level (about 17.5m
AGL). The BT Tower observations (190m AGL) were com-
pared with the simulations at the ninth full sigma level (about
198m AGL). Note that because the rooftop site in central
London may be within the urban canopy layer, one should ex-
pect limitations in the predictions since buildings are not
modeled explicitly [Chan et al., 2013; Ng et al., 2011].
[45] The TKE are predicted by the local TKE PBL schemes

MYJ and MYNN2. In Figure 12a, the modeled TKE are much
lower than the observations at the rooftop. This may be due to
the fact that the considerable shear and/or buoyancy production
of TKE at the rootop within the urban canopy layer are
underestimated by the two PBL schemes. Nevertheless,
MYNN2 produces TKE values that are twice as large as those
produced by MYJ during the daytime, as shown in
Figures 12a and 12c. At the BT Tower, the larger TKE values
predicted by MYNN2 are in much closer agreement with the
observations than MYJ. The flat diurnal variations of the TKE
values predicted by MYJ at both the rooftop (Figure 12c) and
the BT Tower (Figure 12d) indicate that the buoyancy produc-
tion of TKE during the daytime with surface heating may not be

well parameterized by MYJ. The better agreement with
observations and stronger diurnal variations of the TKE pre-
dicted by MYNN2 imply that the modifications in the turbulent
length scale and TKE prognostic equations improve the TKE
predictions at low levels over the MYJ PBL scheme.
[46] It is interesting to compare the turbulence structure in

the PBL predicted by WRF with that of a one-dimensional
boundary layer model [e.g., Driedonks, 1982; Nieuwstadt,
1981] such as that used in the Atmospheric Dispersion
Modeling System (ADMS) [Hunt et al., 1988b; Carruthers
et al., 1994]. The ADMS is a Gaussian plume air dispersion
model that simulates a wide range of buoyant and passive re-
leases to the atmosphere. It uses the PBL height h and the
Monin-Obukhov length L to describe the PBL and a skewed
Gaussian concentration distribution to calculate dispersion
under convective conditions. The TKE values predicted by
MYJ and MYNN2 were compared with those parameterized
with the modeled u* and w* following well-established equa-
tions [e.g., Lenschow et al., 1980; Hunt et al., 1988a] as used
in the ADMS. Hunt et al. [1988b] parameterizes the velocity

variancesu02,v02, andw02 according to the ranges of h/L; how-
ever, due to the uncertainty in estimating h across different
PBL schemes, we used TKE parameterizations similar to
those of Hunt et al. [1988b] but categorized only by the
Monin-Obukhov length L. The constant 0.8 in equations
(25) and (26) is empirically based [Lenschow et al., 1980].
[47] In unstable conditions (L< 0),

u02 ¼ v02 ¼ 0:3w2
� þ 4:0u2� 1� 0:8

z

h

� �2
(25)

w02 ¼ 1:764w2
�

z

h

� �2=3
1� 0:8

z

h

� �2
þ 1:69u2� 1� 0:8

z

h

� �2
(26)

TKE ¼ u02 þ v02 þ w02

2
(27)

[48] In Figure 13, the vertical profiles of TKE are nor-
malized by w2

� for dimensionless analysis. The dashed red,

Figure 13. Vertical profiles of TKE for the (a) strongly convective PBL, (b) weakly convective PBL, and
(c) near-neutral PBL (solid lines represent TKE predicted by MYJ and MYNN2; dashed lines represent
TKE parameterized following equations (25)–(27) with u*, w*, and h modeled by each PBL scheme).
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purple, green, and black lines represent the normalized TKE
parameterized following equations (25)–(27) with u*, w*,
and h modeled by YSU, ACM2, MYJ, and MYNN2, respec-
tively. The solid green and black lines represent the TKE pre-
dicted by MYJ and MYNN2, respectively. The TKE values
predicted by MYJ are much lower than those predicted by
MYNN2 and those parameterized for the strongly convective
(Figure 13a), weakly convective (Figure 13b), and near-neutral
(Figure 13c) PBL. The vertical profiles of the normalized TKE
in the strongly convective PBL (Figure 13a) exhibit prominent
maxima near the surface because of the vertical component, as
did the observations of Caughey and Palmer [1979]. The nor-
malized TKE monotonically decrease with height in both the
weakly convective (Figure 13b) and near-neutral (Figure 13c)
PBL. Note that in Figure 13c, the normalized TKE parameter-
ized with YSU (dashed red line) are higher than those parame-
terized with the other PBL schemes because the u*/w* predicted
by YSU is higher. The larger TKE predicted by MYNN2 and
that parameterized by equations (25)–(27) for the three cases
strengthen the conclusion that MYJ underpredicts TKE. Note
that there are other ways to enhance the TKE predictions from
MYJ; for example, Foreman and Emeis [2012] modified the
closure constants and the surface length scale in MYJ and
obtained larger TKE predictions that are closer to the observa-
tions. Those suggested modifications for the Mellor-Yamada
model will be evaluated against LES results and observations
over different stability conditions in a future study.

5. Conclusions

[49] This study evaluates the parameterizations and prog-
nostic skills of the nonlocal and local mixing PBL schemes
in the WRF model over various stability conditions in the
mid-high latitude region of SE England in the UK. To avoid
further uncertainties associated with the simulated cloud
cover, particularly modeling radiation, the study focuses on
the PBL structures under clear skies. The nonlocal PBL
schemes YSU and ACM2 predict a more realistic eddy struc-
ture of the convective PBL. The PBL heights, estimated by
scheme-specific formulations, exhibit more than 20% vari-
ance. ACM2 presents a physical diagnosis of the PBL height
using the bulk Richardson number method above the surface
for stable conditions and over the stable entrainment layer for
unstable conditions. The specific points from our study are as
follows.
[50] 1. In June, the differences in 2m temperature and 10m

wind among the simulations with different PBL schemes are
relatively small. In November, the cloud cover and insolation
may not be well modeled, as all the PBL schemes underesti-
mate the daytime 2m temperatures. Nevertheless, the
nonlocal PBL scheme ACM2 exhibits better 2m temperature
and 10m wind predictions than the other PBL schemes as
compared with the measurements across SE England.
[51] 2. The Eta-similarity surface layer scheme, which is

tied to the MYJ PBL scheme, produces stronger mixing in
the surface layer with a larger heat exchange coefficient Ch

and a smaller near-surface temperature gradient in the day-
time compared with the MM5-similarity surface layer
scheme. The larger Ch yields a larger surface sensible heat
flux, a lower surface skin temperature, and a higher 2m
temperature in the MYJ-Eta run in June, but a lower 2 m
temperature in November when the near-surface temperature

gradient is smaller. The large underestimation in 2m temper-
ature in theMYJ-Eta run in November is partly attributable to
the Eta-similarity surface layer scheme.
[52] 3. The observations and WRF simulations both show

that in stably stratified but windy conditions (e.g., 10m wind
speed> 4m/s), shear turbulence can produce PBL heights of
greater than 1000m AGL in SE England. It is also shown in
this study and in the simulations by Bohnenstengel et al.
[2011] and Hunt et al. [2012] that the nocturnal PBL heights
over Greater London vary spatially with the prevailing flow.
As the thermal plume extends towards the downwind edge of
the city, the urban PBL depth increases.
[53] 4. The MYJ minimum TKE method and the MYNN2

hybrid method can diagnose PBL heights that are much
higher than the inversion base for the convective PBL,
especially for the weakly convective PBL in November.
The oscillation of the PBL height in YSU in the neutral
windy conditions stems from the discontinuous transition of
the diagnostic formulations from unstable to stable condi-
tions. The discrete form and oscillation of the PBL height
in MYJ are related to the minimum TKE method and the
vertical grid spacing. The PBL heights rediagnosed by the
bulk Richardson number method show much smaller spreads
and imply the differences in the PBL heights are mainly
caused by the disparate definitions across the PBL schemes.
[54] 5. The unstable profiles of θ in the upper part of the

convective PBL modeled by MYJ and MYNN2 exhibit the
well-known problem of down-gradient-parameterized
turbulence in the local PBL schemes. The eddy diffusivity
modeled by MYNN2 increases in the upper part of the
convective PBL due to the unphysical increase of the
turbulent length scale, as parameterized by equations (22)
and (23). The turbulent length scale should be modified
to decrease with height in the upper part of the
convective PBL.
[55] 6. The more well-mixed wind profiles modeled by the

nonlocal PBL schemes for the strongly convective, weakly
convective, and near-neutral PBL agree with the LES results
of previous studies and corroborate the conclusion that a
small amount of buoyancy is sufficient to create a mixed
layer in the mean field.
[56] 7. The entrainment/surface flux ratios estimated by

equation (24) from Moeng and Sullivan [1994] indicate
that the entrainment fluxes are underestimated by MYJ
and MYNN2 for the strongly convective and weakly
convective PBL.
[57] 8. The observed TKE in November, the MYNN2 pre-

dictions, and the parameterized TKE following equations
(25)–(27) such as that in the ADMS model, all indicate
MYJ considerably underestimates TKE in both June and
November. Compared with the observations and MYNN2
predictions, the flat diurnal variations in the MYJ TKE pre-
dictions imply that the buoyancy production of TKE is not
well parameterized by MYJ. The vertical profiles of the
modeled and parameterized TKE exhibit maxima near the
surface for the convective PBL, which agree with the obser-
vations of Caughey and Palmer [1979].
[58] The local TKE PBL schemes which do not consider

large-scale eddies are insufficient for modeling the convec-
tive PBL [Hunt et al., 1988a; Moeng and Sullivan, 1994].
Although some studies [e.g., Zilitinkevich et al., 1999] have
included nonlocal transport in high-order TKE closure
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models, existing observations of the second- and third-order
moments seem inadequate for a definitive validation of these
more complicated PBL models. Therefore, we suggest fur-
ther developing the nonlocal PBL schemes such as YSU
and ACM2 because of their consistency with the observed
fluxes and coherent structure of the convective PBL. This re-
quires further studying the correlation of the eddy diffusivity

and the vertical velocity variancew02 [Hunt et al., 1988a], the
shape and magnitude of the nonlocal fluxes for heat, mois-
ture, and momentum (B. Xie et al., Nonlocal momentum
mixing in the planetary boundary layer, manuscript in prepa-
ration, 2013), and the entrainment physics with varying
heating and shear [Sullivan et al., 1998], by LES data sets
and field experiments. The current PBL schemes in the
WRF model are developed for clear skies, the cloud induced
eddies can be considered to be parameterized. In light of the
simulated PBL structure’s strong dependence on sky condi-
tions and solar radiation, accuracy in cloud cover predictions
is important. Possible physical parameterizations that should
be considered for improvements to cloud predictions include
microphysics, cumulus, and radiation processes.
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