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[1] In previous studies, the Yonsei University (YSU) planetary boundary layer (PBL)

scheme implemented in the Weather Research and Forecasting (WRF) model was reported
to perform less well at night, while performing better during the day. Compared to
observations, predicted nocturnal low-level jets (LLJs) were typically weaker and higher.
Also, the WRF model with Chemistry (WRF/Chem) with the YSU scheme was reported to
sometimes overestimate near-surface ozone (O3) concentration during the nighttime. The
updates incorporated in WRF version 3.4.1, include modiﬁcations of the nighttime velocity
scale used in the YSU boundary layer scheme. The impacts of this update on the prediction
of nighttime boundary layers and related implications for wind resource assessment and air
quality simulations are examined in this study. The WRF/Chem model with the updated
YSU scheme predicts smaller eddy diffusivities in the nighttime boundary layer, and
consequently lower and stronger LLJs over a domain focusing on the southern Great Plains
area, showing a better agreement with the observations. As a result, related overestimation
problems for near-surface temperature and wind speeds appear to be resolved, and the
nighttime minimum near-surface O3 concentrations are better captured. Simulated vertical
distributions of meteorological and chemical variables for weak wind regimes (e.g., in the
absence of LLJ) are less impacted by the YSU updates.
Citation: Hu, X.-M., P. M. Klein, and M. Xue (2013), Evaluation of the updated YSU planetary boundary layer scheme
within WRF for wind resource and air quality assessments, J. Geophys. Res. Atmos., 118, 10,490–10,505, doi:10.1002/jgrd.50823.

1.

Introduction

[2] Accurate simulations and forecasts of boundary layer
winds are important for the wind power industry [Storm
and Basu, 2010; Carvalho et al., 2012], agriculture sectors
[Prabha and Hoogenboom, 2008; Prabha et al., 2011], and
air quality management [Bao et al., 2008; Cheng et al.,
2012; Gilliam et al., 2012]. Planetary boundary layer (PBL)
parameterization schemes are of vital importance for accurate
simulations of wind, turbulence, and air quality in the lower
atmosphere and thus play an important role for a number of
applications [Steeneveld et al., 2008; Storm et al., 2009;
Carvalho et al., 2012; Hu et al., 2012; García-Díez et al.,
2013]. PBL parameterization schemes have been steadily
improved over the past few decades. However, errors and
uncertainties associated with PBL schemes still remain one of
the primary sources of inaccuracies of model simulations
[Zhang and Zheng, 2004; Pleim, 2007a, 2007b; Teixeira
et al., 2008; Hu et al., 2010a, 2010b, 2012; Nielsen-Gammon
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et al., 2010]. While much progress has been made in simulating
daytime convective boundary layer (CBL), progress with the
modeling of nighttime boundary layer has been slower
[Salmond and McKendry, 2005; Beare et al., 2006; Brown
et al., 2008; Hong, 2010] and systematic overestimations of
near-surface winds during stable conditions have been noticed
in the simulations with several meteorological models [e.g.,
Zhang and Zheng, 2004; Miao et al., 2008; Han et al., 2008;
Shimada et al., 2011; Vautard et al., 2012; Garcia-Menendez
et al., 2013; Zhang et al., 2013; Wolff and Harrold, 2013].
[3] A few recent studies examined the sensitivity of the
Weather Research and Forecasting (WRF) [Skamarock
et al., 2008] model predictions to PBL schemes [Jankov et al.,
2005, 2007; Li and Pu, 2008; Borge et al., 2008; Hu et al.,
2010a, 2012; Gilliam and Pleim, 2010; Mohan and Bhati,
2011; Xie et al., 2012, 2013; Floors et al., 2013; Sterk
et al., 2013; Yang et al., 2013; Coniglio et al., 2013; Yver
et al., 2013]. The performance of different PBL schemes
varies depending on the meteorological conditions, e.g.,
nonlocal PBL schemes were reported to perform better than
local PBL schemes in the daytime CBL. However, Shin and
Hong [2011] discuss that excessive daytime mixing, simulated by some nonlocal PBL schemes, may also lead to
overly mixed vertical proﬁles in the residual layer. In general, local PBL schemes appear to provide a more realistic
representation of the nighttime boundary layer [Hu et al.,
2010a; Shin and Hong, 2011; Svensson et al., 2011; Kolling
et al., 2012; LeMone et al., 2013], but further improvement
of PBL schemes, especially for nighttime boundary layer, is
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Figure 1. Vertical proﬁles of dimensionless momentum
eddy diffusivity Km under different stabilities (different h/L)
computed by the YSU scheme implemented in (a) the earlier
versions of WRF (i.e., 3.4 and earlier) and (b) WRF 3.4.1.
urgently warranted [Hanna and Yang, 2001; Zilitinkevich
et al., 2007; Teixeira et al., 2008; Grisogono and Belusic,
2008; Fernando and Weil, 2010; Grisogono, 2010; Lareau
et al., 2013; Sterk et al., 2013].
[4] Most evaluation and improvement work of air quality
models focused on peak ozone (O3) values during the daytime (i.e., the maximum 1 h or maximum 8 h running average
O3 mixing ratios). As a result, some models are overtuned to
achieve acceptable model-to-data error statistics in terms
of maximum 1 h or maximum 8 h average O3, while they perform less well for periods with lower O3 concentrations (e.g.,
nighttime, Arnold and Dennis, 2001; Mebust et al., 2003;
Hu, 2008; Stockwell et al., 2013). Overestimation of nighttime
surface O3 is a common problem for many air quality models
[Mao et al., 2006; Chen et al., 2006; Chen et al., 2008;
Engardt, 2008; Zhang et al., 2009; Lin and McElroy, 2010;
Hu et al., 2010c; Žabkar et al., 2011]. Such overestimation
of nighttime surface O3 is speculated to be partially due to
incorrect model representation of the PBL [Eder et al.,
2006; Herwehe et al., 2011; Žabkar et al., 2011], underestimation of O3 dry deposition [Mao et al., 2006; Chen et al.,
2006; Chen et al., 2008; Zhang et al., 2009; Lin and
McElroy, 2010], and/or uncertainties in emissions [Žabkar
et al., 2011]. In this study we will examine the impact of vertical mixing treatment on the prediction of nighttime boundary layer structure and O3 concentration.
[5] The Yonsei University (YSU) [Hong et al., 2006;
Hong, 2010] PBL scheme is a ﬁrst-order nonlocal scheme,
with a countergradient term and an explicit entrainment term
in the turbulence ﬂux equation. It has been widely used in
meteorological and atmospheric chemistry simulations. The
WRF model with the YSU PBL scheme appears to realistically capture the vertical structure of meteorological and
chemical variables during the daytime, while it has been
shown to have larger biases during nighttime [Storm et al.,
2009; Hu et al., 2012]. Simulations with WRF versions 2.1,
2.2, and 3.1.1 using the YSU scheme are found to severely underestimate the nighttime wind speed shear exponent [Storm
and Basu, 2010]. Other studies [e.g., Storm et al., 2009; Shin
and Hong, 2011; Deppe, 2011; Hu et al., 2012; Schumacher
et al., 2013; Draxl et al., 2012; Floors et al., 2013] also
reported that WRF (versions 2.2, 3.1, 3.1.1, 3.2, 3.2.1, and
3.4) with the YSU scheme tends to destroy the boundary layer
vertical wind gradient during nighttime. As it turned out, such

large nighttime biases in all versions between 3.0 and 3.4 of
the WRF model were at least partially due to excessively
strong mixing during nighttime that can be attributed to a
coding bug in the YSU scheme implemented in the early versions of WRF. This bug has been ﬁxed in WRF version 3.4.1.
One of the goals of this paper is to document the impact of
this bug ﬁx on the prediction of boundary layer meteorology
and O3 in three-dimensional simulations using the WRF/
Chem model [Grell et al., 2005].
[6] The rest of this paper is organized as follows: in section
2, recent modiﬁcations to the YSU scheme and design of
simulation experiments are described. In section 3, results
of numerical experiments including prediction of boundary
layer wind, temperature, wind proﬁle exponent, and O3 are
presented. The paper concludes in section 4 with a summary
of the main ﬁndings and a discussion about the need for
future research.

2. The YSU PBL Scheme and Simulation
Experiments
2.1. Modiﬁcations to the YSU PBL Scheme in WRF
[7] In the YSU PBL scheme, the momentum eddy diffusivity for the stable boundary layer is formulated as

z 2
K m ¼ kws z 1 
;
h

(1)

where (ws = u*/ϕ m) is the velocity scale, k is the von Karman
constant, z is the height above ground, and h is the boundary
layer height diagnosed using a critical Richardson number
(0.25 over the land, while it depends on the surface winds
and Rossby number over oceans). In the WRF before version
3.4.1, the nondimensional proﬁle function, ϕ m, for stable
conditions in YSU was implemented as
z h′
ϕm ¼ 1 þ 5 · ;
L h

(2)

where L is the Monin-Obukov length, h′ is the boundary layer
height diagnosed using a critical Richardson number of
0 (S. Hong, personal communication, 2012). Since version
3.4.1, the formulation has been changed to
z
ϕm ¼ 1 þ 5 ;
L

(3)

which should be the correct implementation. Given the differ′
ent estimation of h′ and h, the factor hh is always smaller than 1
and could be as small as 0.05 in the presence of strong vertical
wind shear (e.g., in the presence of a low-level jet). Thus, the
values of ϕ m in the revised YSU scheme implemented in
WRF version 3.4.1 are always larger than the corresponding
values given by earlier versions. Example proﬁles of dimensionless Km using the two versions of ϕ m are shown in
Figure 1. The Km values using the updated ϕ m (Figure 1b)
are signiﬁcantly smaller than those given by the old formulation (Figure 1a); the peak values of the Km proﬁles are
generally reduced more than half, and are reduced even
more for higher stability (i.e., larger values of h =L ). The
heights of the proﬁle peaks are also lower; effectively bringing the strongest mixing closer to the ground. The updated
proﬁles (Figure 1b) appear to better capture the vertical
mixing characteristics in the stable boundary layer [Brost
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Table 1. Summary of Five Numerical Experiments Conducted
With WRF/Chem
Abbreviation
YSU3.4
YSU3.4+
YSU3.4.1
MYJ
BouLac

WRF Version

PBL Scheme

Surface Layer Schemea
(Option Number in WRF)

3.4
3.4
3.4.1
3.4.1
3.4.1

old YSU
updated YSU
updated YSU
MYJ
BouLac

MM5 similarity (1)
MM5 similarity (1)
MM5 similarity (1)
Eta similarity (2)
Eta similarity (2)

a
In the WRF model, some PBL schemes are tied to particular surface layer
schemes [Skamarock et al., 2008], so a single common surface layer scheme
could not be used here.

and Wyngaard, 1978]. Starting with version 3.4.1, an artiﬁcial
lower limit for the velocity scale, ws ≥ u5 , found in the earlier
versions of the YSU scheme has also been removed in addition
to the change given in 3. The eddy diffusivity for scalars is
computed from Km by dividing it by the Prandtl number Pr.
It thus experiences a similar change as Km.
[8] In this study, the impact of the modiﬁcations to the YSU
scheme on the prediction of boundary layer meteorology and
air quality in the Great Plains for a low-level jets (LLJs) episode in July 2003 is investigated in three-dimensional simulations using the WRF model including its Chemistry model
component (WRF/Chem) [Grell et al., 2005]. The performance
of the YSU scheme is also assessed against simulations with
WRF/Chem 3.4.1 using the Mellor-Yamada-Janjić [Janjic,
1990] and Bougeault–Lacarrére [Bougeault and Lacarrere,
1989] PBL schemes. These two PBL schemes were selected
for the comparison because they both diagnose turbulent diffusion coefﬁcient for scalars, which is required for WRF/Chem
simulations [Hu et al., 2012; Pleim, 2011] and because they
were widely used/evaluated for both meteorology and air

quality applications [e.g., Shin and Hong, 2011; Xie et al.,
2012; LeMone et al., 2013; Žabkar et al., 2013]. MYJ and
BouLac are both local TKE closure (one-and-a-half order
closure) PBL schemes, but with different mixing length and
model parameters. MYJ showed better performance during
stable conditions than some nonlocal scheme [Shin and
Hong, 2011; Draxl et al., 2012] while BouLac had a nighttime overmixing problem when the mixing length is computed with the standard set of parameters of the scheme
[Bravo et al., 2008].
2.2. Three-Dimensional Simulations
[9] To investigate the impact of vertical mixing treatments in
the YSU scheme on nighttime boundary layer meteorology and
air quality, ﬁve simulations are conducted with different versions of WRF/Chem. The ﬁrst two simulations are conducted
with the ofﬁcially released WRF/Chem versions 3.4 and 3.4.1
and the YSU PBL scheme (these simulations are in the following referred to as YSU3.4 and YSU3.4.1). In addition to
the update to the YSU scheme, there are other updates in the
WRF/Chem model from versions 3.4 to 3.4.1. To isolate the
impact of the update to the YSU scheme, the YSU scheme
from WRF/Chem 3.4.1 is implemented into WRF/Chem 3.4.
This modiﬁed version of WRF/Chem is used for the third simulation (in the following referred to as YSU3.4+). Additionally,
two WRF/Chem 3.4.1 simulations with MYJ and BouLac
(in the following referred to as MYJ and BouLac) are conducted
to compare with the three YSU simulations and observations.
Table 1 summarizes all the ﬁve numerical experiments regarding
their abbreviations and differences.
[10] For all ﬁve simulations, two one-way nested domains
(Figure 2) are employed with horizontal grid spacings of 22.5
and 4.5 km, respectively. Each domain has 48 vertical layers
extending from the surface to 100 hPa. The lowest 20 model

Figure 2. (left) Map of model domains and terrain height (background color) used in this study. (right)
The zoomed in land use categories in the red box around Oklahoma City (OKC). The locations of the
six EPA sites in the OKC metropolitan area (i.e., Choctaw, Goldsby, Moore, OKC, OKC North, and
Yukon), six Mesonet sites around OKC (i.e., ELRE, GUTH, KING, MINC, NRMN, and SPEN), and the
ANL (Argonne National Laboratory) and PNNL (Paciﬁc Northwest National Laboratory) sites are marked.
10,492
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Figure 3. The 10 m wind speed at 0800 UTC on 18 July 2003 simulated by the numerical experiments
(a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac. The observed values are indicated
by shaded circles.
sigma levels are at 1.0, 0.997, 0.994, 0.991, 0.988, 0.985,
0.975, 0.97, 0.96, 0.95, 0.94, 0.93, 0.92, 0.91, 0.895, 0.88,
0.865, 0.85, 0.825, and 0.8 (the corresponding midlevel
heights of each model layer are about 12, 37, 61, 86, 111,
144, 186, 227, 290, 374, 459, 545, 631, 717, 826, 958, 1092,
1226, and 1409 m above ground). All model domains use the
Dudhia shortwave radiation algorithm [Dudhia, 1989], the
rapid radiative transfer model (RRTM) [Mlawer et al., 1997]
for longwave radiation, the WRF Single-Moment 6-Class
(WSM6) microphysics scheme [Hong et al., 2004], and
the Noah Land-Surface Scheme [Chen and Dudhia, 2001].
For urban regions within domain 2 (shown in purple in
Figure 2b), a single-layer urban canopy model (UCM) is used
for land surface treatment. The 1° × 1° National Centers for
Environmental Prediction (NCEP) Final (FNL) Global
Forecast System (GFS) analyses are used for the initial and
boundary conditions of all meteorological variables (including soil properties). The inner grid gets its boundary conditions from the outer grid forecast.

[11] To determine gas phase chemical reactions, the Regional
Atmospheric Chemistry Mechanism (RACM), [Stockwell et al.,
1997] implemented within WRF/Chem is used. Hourly
anthropogenic emissions of chemical species come from the
4 km × 4 km national emission inventory (NEI) for year 2005.
Biogenic emissions are calculated using established algorithms
[Guenther et al., 1994]. The focus of our modeling study is
an episode (17–19 July 2003) during the Joint Urban 2003
(JU2003) tracer experiment campaign in the Oklahoma City
(OKC) metropolitan area [Allwine et al., 2004]. During this
episode, the sky was clear, southerly/southwesterly wind dominated and moderate-strength LLJs occurred during the nighttime [Lundquist and Mirocha, 2008; Hu et al., 2013b]. Thus,
the episode is ideal for testing the impact of the update to
the YSU scheme for nighttime boundary layer, in particular
for examining if the updated YSU scheme has better skill in
simulating LLJs. The simulations are initialized at 0000 UTC
17 July and run until 0600 UTC 19 July 2003 without any
data assimilation. The initial and boundary conditions for the
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used to evaluate the modeling results in this study. With an
average spacing of approximately 30 km between the Mesonet
stations, there is at least one station in each Oklahoma county
[Fiebrich and Crawford, 2001]. In contrast, the EPA AQS sites
have a much more inhomogeneous distribution. They are clustered near urban areas and are relatively sparse in rural areas.
The meteorological variables considered in this study included
air temperature at 1.5 m above ground level (AGL) and wind
speed at 10 m AGL.

3.
Figure 4. Observed and simulated average 10 m wind speed
at the six Mesonet sites around OKC.
chemical species are extracted from the output of the global
model MOZART4 with a resolution of 2.8° × 2.8° [Emmons
et al., 2010]. Similar model conﬁgurations were used in previous similar type of studies [e.g., Hu et al., 2010c, 2012, 2013c;
Klein et al., 2013].
2.3. Data Sets for Model Evaluation
[12] During the JU2003 tracer experiment, multiple meteorological observation systems were deployed across the OKC
metropolitan area. Boundary layer radar wind proﬁlers and
radiosonde are most relevant to the present study. The boundary layer wind proﬁler was operated almost continuously
during the entire month of July 2003 in OKC at the Argonne
National Laboratory (ANL) site [De Wekker et al., 2004].
The wind proﬁler collected data with a vertical resolution of
55 m and an average interval of 25 min, providing coverage
from 82 m to ~ 2700 m [De Wekker et al., 2004]. Radiosonde
proﬁles were taken at the Paciﬁc Northwest National
Laboratory (PNNL) site during four nighttime intensive observational periods (IOPs). The episode chosen for this study is one of
the IOPs, and temperature proﬁles from the radiosonde releases
during the night are included for our model evaluation. The
PNNL and ANL sites were located approximately 2 km south
and 5 km north of downtown OKC, respectively (Figure 2).
[13] Meteorological data collected by the Oklahoma Mesonet
[McPherson et al., 2007] and O3 data collected at the
Environmental Protection Agency (EPA) Air Quality System
(AQS) sites (available at http://www.epa.gov/ttn/airs/airsaqs/
detaildata/downloadaqsdata.htm) were additional data sources

Results of Numerical Experiments

3.1. Prediction of Boundary Layer Wind
and Temperature
[14] Figure 3 shows the 10 m wind speeds at 0800 UTC
(0200 LST), 18 July 2003 from the ﬁve simulations, as compared to Mesonet observations shown by colored circles. It is
clear that the simulated nighttime near-surface winds are improved considerably with the updated YSU PBL scheme. In
the YSU3.4 simulation, near-surface winds are signiﬁcantly
overestimated, especially for central and western Oklahoma
where Mesonet data are available (Figure 3a); this problem
is virtually eliminated in the YSU3.4.1 results (Figure 3c).
The YSU3.4+ run, for which the updated YSU PBL scheme
was implemented into WRF/Chem 3.4, shows similar results
as the YSU3.4.1 simulation, indicating that the update to the
YSU scheme plays a dominant role for the performance improvement from WRF versions 3.4 to 3.4.1. A more detailed
investigation of the differences between the YSU3.4+ and
YSU3.4.1 results is beyond the scope of the study. For the
experiments with two other PBL schemes, MYJ simulates
similar nighttime 10 m wind as YSU3.4+ and YSU 3.4.1,
while BouLac simulates the highest 10 m wind speed, especially for the western Oklahoma (Figure 3e).
[15] Diurnal cycles of observed and simulated 10 m wind
speeds averaged over the six Mesonet sites around OKC
are compared in Figure 4. The impact of the update to the
YSU scheme is most prominent during nighttime, while
its impact on daytime prediction is negligible in terms of
near-surface wind speeds. Detailed evaluation statistics based
on nighttime, meteorological near-surface variables at the
111 Mesonet sites in Oklahoma are presented in Table 2.
The WRF models capture the diurnal variation of surface wind
speed well, with maximum/minimum wind speed during the
daytime/nighttime (Figure 4). However, the WRF with the

Table 2. Statisticsa for Nighttime 2 m Temperature and 10 m Wind Speed at All the Mesonet Sitesb in Oklahoma for Five Simulations, i.e.,
YSU3.4, YSU3.4+, YSU3.4.1, MYJ, and BouLac
2 m Temperature
Mean Obs
Mean Sim
Number of data
corr
MB
MAGE
RMSE
NMB

YSU3.4
25.713
27.94
2436
0.86
2.226
2.351
2.732
0.087

YSU3.4+
25.713
25.761
2436
0.871
0.048
1.168
1.51
0.002

YSU3.4.1
25.713
25.732
2436
0.869
0.018
1.181
1.519
0.001

10 m Wind Speed
MYJ
25.713
25.172
2436
0.862
0.541
1.301
1.619
0.021

BouLac
25.713
26.441
2436
0.85
0.727
1.388
1.745
0.028

a

YSU3.4
2.656
4.181
2412
0.643
1.525
1.682
1.951
0.574

YSU3.4+
2.656
2.99
2412
0.579
0.334
1.052
1.343
0.126

YSU3.4.1
2.656
2.943
2412
0.582
0.287
1.039
1.325
0.108

MYJ
2.656
3.362
2412
0.662
0.706
1.071
1.325
0.266

BouLac
2.656
3.99
2412
0.597
1.334
1.564
1.912
0.502

The statistical metrics include: correlation coefﬁcient (corr), mean bias (MB), mean absolute gross error (MAGE), root mean-square error (RMSE), normalized mean bias (NMB). Formulas for these metrics can be found in Seigneur et al. [2000]. These statistical metrics are commonly used in numerical model
evaluations [e.g., Yu et al., 2006; Han et al., 2008].
b
Data from total 111 Mesonet sites are available for the studied episode.
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Figure 5. The 2 m temperature (T2) at 0800 UTC on 18 July 2003 simulated by the numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac. The observed values are
indicated by shaded circles.

old YSU (i.e., 3.4) signiﬁcantly overestimates the nighttime
wind speeds with a mean bias (MB) of ~1.5 m s1 and a normalized mean bias (NMB) of ~57% at all Mesonet sites
(Table 2). This may indicate that the vertical coupling of horizontal momentum in the old YSU scheme is too strong during
the simulated nighttime LLJ case, as was also pointed out by
Shin and Hong [2011]. The excessive downward transport of
momentum leads to the overestimation of near-surface wind
speeds. The update to the YSU scheme in WRF 3.4.1 significantly improved the forecasting skill for the nighttime nearsurface wind (NMB reduced to 12.6%, 10.8% for YSU3.4+,
and YSU3.4.1, respectively) and did not affect the skill in
daytime wind prediction. For the two experiments with other
PBL schemes, BouLac overestimates nighttime wind speeds
with a MB of 1.3 m s1 and a NMB of 50.2%, while MYJ

Figure 6. Observed and simulated average near-surface
temperature (2 m AGL from simulations and 1.5 m from
observations) at the six Mesonet sites around OKC.
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Figure 7. Time-height diagrams of wind speed at the ANL site simulated by the numerical experiments
(a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac and (f ) observed by radar wind proﬁler,
and (g) time series of observed and simulated maximum wind speed in the lower 2 km AGL. During the
nighttime, the maximum wind speed is at the jet nose and it is deﬁned as LLJ strength.

performs similar as YSU3.4+/YSU3.4.1 in terms of RMSE
(1.3 m s1) but worse in terms of MB (0.7 m s1) and NMB
(26.6%) (Table 2).
[16] Similar to near-surface winds (Figure 3), the WRF/
Chem simulations with the updated YSU PBL scheme (i.e.,
YSU3.4+ and YSU3.4.1) show much better performance
in predicting nighttime near-surface temperature than the
YSU3.4 run (Figures 5, 6). The overestimation problem for
the nighttime 2 m temperature (T2) for YSU3.4 (with a MB
of 2.2 °C at 111 Mesonet sites in Oklahoma) is nearly eliminated in the other two simulations (with a MB of 0.05, 0.02°C
for YSU3.4+ and YSU3.4.1 respectively, Table 2). BouLac
also overestimates nighttime T2 by 0.7°C. Thus, BouLac has
a similar, but less severe, problem as the old YSU scheme to
overestimate nighttime near-surface wind speed and temperature. MYJ gives a cold bias during nighttime with a MB of
0.5 °C presumably due to insufﬁcient vertical mixing [Hu
et al., 2010a]. All the simulations underestimate the daytime
peak temperature (Figure 6), which might be due to other
model errors (including the treatment of daytime boundary
layer) and/or inaccuracy in model initial conditions (e.g.,
excessive soil moisture, [Hu et al., 2010a]).

[17] Nocturnal LLJs are known to play important roles
in modulating the nighttime boundary layer structure [Hu
et al., 2013a, 2013b]. In the presence of LLJs, strong shear
on the underside of the jet often produces turbulent mixing that
can propagate downward, even to the surface [Smedman et al.,
1993, 1995; Banta et al., 2002, 2003; Lundquist and Mirocha,
2008; Hu et al., 2013b]. In such cases, the turbulence in
the boundary layer is generated aloft and not necessarily in
signiﬁcant communication with the surface. During these
conditions, the boundary layers are called “upside-down”
boundary layers [Ha and Mahrt, 2001; Mahrt and Vickers,
2002]. The development of nocturnal LLJs, documented by
high-resolution radar wind proﬁler measurements (Figure 7f),
is an interesting aspect of the selected study period. YSU3.4
successfully captures the occurrence of the nocturnal LLJs
on each night (Figure 7a) but underestimates the LLJ strength
by 3–4 m s1 (Figure 7g). Underestimating the strength of
LLJs was a longstanding problem for the WRF model with
the YSU PBL scheme as recognized by a number of authors
[Storm et al., 2009; Shin and Hong, 2011; Floors et al.,
2013; Schumacher et al., 2013]; but the exact cause was not
clear to the authors. With the updated YSU PBL scheme,
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Figure 8. Wind proﬁles over the ANL site at 0300–0600 UTC on 19 July 2003 simulated by the numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac and (f ) observed by
the ANL radar wind proﬁler.
WRF/Chem simulates stronger LLJs (Figures 7b, 7c, 7g) that
peak at lower levels, thus exhibiting a better agreement with
the observations (Figure 7f) in terms of the LLJs maximum
wind speeds as well as their elevations. BouLac shows a similar behavior as YSU3.4, simulating weaker and higher LLJs
(Figures 7e, 7g), while the MYJ results are again very similar
to YSU3.4.1 (Figures 7d, 7g).
[18] While wind proﬁles were measured continuously by
the radar wind proﬁler at the ANL site during the study episode, temperature proﬁles were only measured by radiosondes
released at the PNNL site at certain times during the night of
18–19 July [De Wekker et al., 2004]. The simulated proﬁles
of wind speed and temperature at those radiosonde release
times are evaluated. In addition to the improvement seen in
Figure 7, Figure 8 shows more clearly that the height of the
jet nose is also in better agreement with observations for the
simulations with the updated YSU PBL scheme (Figures 8b,
8c). The YSU3.4 simulation (Figure 8a) conﬁrms the previously reported deﬁciencies of WRF predicting weaker and
higher LLJs [Storm et al., 2009; Richardson, 2012], likely
caused by an overestimation of vertical mixing [Storm et al.,
2009; Deppe, 2011]. As seen in the comparison of eddy diffusivities from the simulations with the three WRF versions

(Figures 9a, 9b, 9c), the updates in the YSU PBL scheme
reduce the eddy diffusivities by a factor of nearly 10, and the
new version limits the depth over which enhanced values
occur. The artiﬁcially high eddy diffusivities in the old YSU
scheme too strongly mix LLJ momentum toward the surface,
resulting in underprediction of the LLJ strength (Figure 8a)
and overprediction of near-surface wind speed (Figure 3a).
Many PBL schemes implemented in numerical models artiﬁcially enhance vertical mixing in stable boundary layers to circumvent the “runaway cooling” problem (i.e., unrealistic cold
bias near the surface, [Beljaars and Holtslag, 1991; Viterbo
et al., 1999; Van de Wiel, 2002; Steeneveld et al., 2006;
Teixeira et al., 2008; Hu et al., 2010a; Grisogono, 2010;
Atlaskin and Vihma, 2012]). Likewise, the enhanced nighttime
mixing in the older YSU scheme alleviated the near-surface
cold bias problem [Hu et al., 2010a] but at the expense of
predicting too weak and too deep LLJs. Consequently, nighttime boundary layer height also tends to be overestimated with
the older version of the YSU PBL scheme. Similar as YSU3.4,
BouLac simulates weaker LLJs (Figure 8e), which is likely
due to its overly strong vertical mixing in the nighttime boundary layer (Figure 9e). A tendency for overpredicting nighttime
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Figure 9. Vertical proﬁles of eddy diffusivity over the ANL site at 0300–0600 UTC on 19 July 2003 simulated by the numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac.
mixing with the BouLac scheme was also reported in Bravo
et al. [2008].
[19] The artiﬁcially strong vertical mixing (illustrated by
eddy diffusivities shown in Figure 9a) also affects the temperature structure resulting in an underprediction of nighttime
near-surface inversion strength (Figure 10a). With the updated
YSU PBL scheme, temperature proﬁles in the boundary layer
compare better with the radiosonde observations, showing a

more stable regime near the surface (Figures 10b, 10c). Due
to its strong vertical mixing (Figure 9e), BouLac also simulates weaker stratiﬁcation below 0.2 km AGL (Figure 10e)
than the other PBL schemes. The vertical structure of the
boundary layer plays an important role and should be carefully
considered during model evaluation and improvement studies,
while previous operational studies typically exclusively focused on near-surface variables [Draxl et al., 2012; Sterk

Figure 10. Proﬁles of potential temperature over the PNNL site at 0300–0600 UTC on 19 July 2003 simulated by the numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac,
and (f ) observed by radiosondes.
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Figure 11. Spatial distribution of sensible heat ﬂux (HFX) at 0800 UTC on 18 July 2003 simulated by the
numerical experiments (a) YSU3.4, (b) YSU3.4+, and (c) YSU3.4.1. Three locations chosen for comparison in Figure 12 are marked in red.
et al., 2013; Zhang et al., 2013]. An elevated inversion layer
was observed at ~1.6 km AGL (Figure 10f). All ﬁve simulations capture this elevated inversion, but differences can be
noted in the predicted strength and height of the inversion
layer. During nighttime, vertical mixing at this altitude is
suppressed and the elevated inversion is the remnant of the
top boundary of the daytime CBL. Thus, strength and height
of the simulated elevated inversion are affected by the treatment of the daytime CBL. The MYJ and BouLac schemes
simulate a lower daytime PBL (ﬁgure not shown) due to their
weaker daytime vertical mixing and weaker entrainment at the
CBL top [Hu et al., 2010; LeMone et al., 2013]. Consequently,
MYJ and BouLac predict the inversion layer at lower elevations (just above 1 km) (Figures 10d, 10e). All the schemes
tend to underestimate the strength of the elevated inversion,
which might be due to model uncertainties associated with
vertical mixing in the residual layer and the free troposphere
[Hu et al., 2012] and/or insufﬁcient vertical model resolution.
[20] Vertical mixing in the boundary layer also impacts the
surface energy balances. The surface energy balances are
of fundamental meteorological interest [Steeneveld et al.,
2006]. The updated YSU scheme predicts smaller downward
sensible heat ﬂux during the nighttime compared to the old
version, especially in the area with stronger wind (e.g., in
the northwestern part of domain 2, Figures 11b, 11c), due
to weaker vertical mixing (Figures 9b, 9c). As a result, lower
near-surface temperature is simulated, leading to a better
agreement with the Mesonet observations (Figures 5b, 5c).
[21] The different impacts of the update to the YSU scheme
in different regimes are a concern. On the night of 17–18 July
2003, the strength of the LLJ shows an east-to-west gradient
(ﬁgure not shown). Such wind speed gradient associated with
the LLJs over the Great Plains is also noticed in other studies
[e.g., Hu et al., 2013b], which is speculated to be related to
the dynamics of the LLJs [Wexler, 1961]. The vertical wind
proﬁles at three locations with different wind speeds (see
Figure 11a for their locations) during this night are examined
in Figure 12. For the OKC site and the site west of OKC (with
stronger LLJs), the impact of the update of YSU is similar as

that seen in Figure 8, i.e., WRF/Chem with the updated YSU
predicts lower and stronger LLJs. For the site east of OKC
(with weaker wind speeds), the difference predicted with the
old and the updated YSU is diminished.
3.2. Prediction of the Boundary Layer Wind
Proﬁle Exponent
[22] Accurate predictions of near-surface wind shear are
critical for wind resource assessment, short-term wind power
forecasts, and wind-turbine design [Storm et al., 2009; Storm
and Basu, 2010]. For wind resource assessment, it is a common practice to use a power law relation like the following
U ðzÞ ¼ U r

 α
z
;
zr

(4)

to extrapolate the observed wind speed at a low level (typically 10 m) to turbine-hub heights (normally ~80 m) [Storm
et al., 2009; Archer and Jacobson, 2003]. In 4, Ur is the wind
speed at a reference height (zr) and U(z) is the wind speed at
height z above ground. In the past, the shear exponent, α, was
often assumed to be 1 =7 , but it is well-known that α varies
with atmospheric stability as well as surface roughness
[Sisterson and Frenzen, 1978; Irwin, 1979; Storm et al.,
2009; Storm and Basu, 2010].
[23] The average shear exponents between 10 m and ~82 m
above the ground, estimated from different WRF/Chem simulations and the observations, are compared in Figure 13. For
the hub-height observations, the wind speeds at the lowest
level (82 m) detected by the radar wind proﬁler above the
ANL site are used while the 10 m data are computed as the
average value of observations at the six Mesonet sites around
the OKC metro area. When the daytime wind speeds are
relatively low, negative shear exponents are sometimes computed based on the average Mesonet 10 m wind speed and
82 m wind speed measured by the proﬁler at the ANL site,
indicating that the average Mesonet 10 m wind speed is
larger than the 82 m wind speed measured by the proﬁler at
the ANL site. This may be due to two reasons: ﬁrst, different
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Figure 12. Vertical proﬁles of wind speed at 0300–0600 UTC on 18 July 2003 simulated by the numerical experiments (left column) YSU3.4, (middle column) YSU3.4+, and (right column) YSU3.4.1 at three
locations (top to bottom). The three locations are marked in Figure 11a.
instrument errors from the Mesonet and the radar wind proﬁler; second, the wind speed at 82 m above the ANL site
is different from the average wind speed at 82 m above the
six Mesonet sites around the OKC metro area, likely due to
the urban effects. Despite these issues, strong diurnal cycles
of the shear exponent with much larger values (~0.4) at night
than during the day can clearly be noted (Figure 13). Due to
the diurnal variation of vertical coupling strength, i.e., strong
coupling in daytime and weaker coupling at nighttime, the diurnal cycle of surface wind and wind at 82 m are out of phase,
with the former exhibiting a maximum/minimum in the daytime/nighttime (Figure 4) in contrast to the latter showing a

maximum/minimum in the nighttime/daytime (ﬁgure not
shown). Such diurnal variations explain the diurnal cycles
of the shear exponent.
[24] The YSU3.4 and BouLac simulations fail to reproduce
the diurnal variation and signiﬁcantly underestimate the
nighttime shear exponents (Figure 13). The poor performance of YSU3.4 is consistent with the study of Storm and
Basu [2010] and indicates that the old YSU scheme does
not properly parameterize the vertically decoupled/weakly
coupled ﬂows at night. Similarly as MYJ, the YSU3.4+ and
YSU3.4.1 simulations signiﬁcantly improve the skill in
predicting the shear exponent.
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Figure 13. Observed and simulated average shear exponent
at the ANL site.
3.3. Prediction of Near Surface O3 Concentration
[25] The structure and dynamics of the nocturnal boundary
layer also have important implications for the dispersion of pollutants; in the case of tropospheric O3, the interplay between atmospheric chemistry and meteorology at night makes accurate
forecasts particularly challenging [Stutz et al., 2004; Brown
et al., 2007; Ganzeveld et al., 2008; Herwehe et al., 2011; Hu
et al., 2012, 2013a]. On the nights of 16–17 July and 17–18
July, surface O3 at six EPA AQS sites in the OKC metro area
were depleted to quite low levels (Figure 14f), which is typical
for conditions with limited mixing between the surface and
residual layer. Within the surface layer, the NO titration reaction
and dry deposition cause the O3 depletion, while the limited
vertical mixing hinders both the upward transport of NO into
the residual layer and the downward mixing of O3. YSU3.4

overpredicts the nighttime minimum O3 concentrations at most
of the EPA sites (Figure 14a), while the updated YSU PBL
scheme more accurately simulates the decreasing trend of O3
concentrations in the early evening as well as the nighttime
minimum O3 concentration near the surface (Figures 14b,
14c). Such an improvement is consistent with the reduced vertical mixing associated with the updated YSU PBL scheme.
Due to the O3 removal processes near the surface, near-surface
O3 concentration is normally lower than that aloft at night. The
stronger vertical mixing of the old YSU scheme replenishes
near-surface O3 by providing more downward transport of
O3-richer air (Figure 15a) while the updated scheme reduces
this effect (Figures 15b, 15c). While improvement is achieved
at most sites with the updated scheme, YSU3.4+ and
YSU3.4.1 underpredict the nighttime minimum O3 concentrations at particular sites (e.g., OKC). Note that during the night
of 17–18 July, nighttime O3 peaks are observed at a few sites
(Figure 14f). These secondary nocturnal O3 peaks are correlated with the onset of the LLJ as discussed by Hu et al.
[2013a] and Klein et al. [2013], although at the same time,
other processes including atmospheric chemistry, urban heat
island circulations, and anthropogenic emissions also affect
O3 concentration. These processes are probably not accounted
for in sufﬁcient detail in our simulations and the updates of
YSU in 3.4.1 do not necessarily always lead to a better performance of simulating the variation of nighttime O3 concentrations (e.g., development of nighttime O3 peaks). Note that
in the current implementation of WRF/Chem, the turbulent diffusion coefﬁcient is diagnosed in some PBL schemes (e.g.,
YSU, MYJ, MYNN2, BouLac, QNSE, and UW but not
GFS, ACM2, and TEMF) and passed to a separate subroutine

Figure 14. Time series of ozone at the six EPA sites in the Oklahoma City metropolitan area simulated by
the numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac compared to
(f ) observations.
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Figure 15. Vertical proﬁles of ozone over OKC at 0300–0600 UTC on 19 July 2003 simulated by the
numerical experiments (a) YSU3.4, (b) YSU3.4+, (c) YSU3.4.1, (d) MYJ, and (e) BouLac.

to compute the vertical mixing of chemical species using a simple ﬁrst-order closure scheme. As a result, only local mixing
is considered while nonlocal mixing and entrainment processes
are neglected for chemical species even though they are all
considered for meteorological variables in some PBL schemes,
e.g., YSU [Hu et al., 2012; Pleim, 2011]. Adding nonlocal
mixing of chemical species in a global chemical-transport
model appears to improve the vertical distribution of chemical
species [Lin and McElroy, 2010]. Nonetheless, the strong impact of PBL vertical mixing on the skill of forecasting nearsurface O3 concentration is clearly demonstrated in this study
(Figures 14, 15). Due to its strong vertical mixing at night,
BouLac also predicts higher nighttime minimum O3 on the
night of 17–18 July than the updated YSU and MYJ PBL
schemes (Figure 14e) and weaker vertical gradients of O3
in the nighttime boundary layer (Figure 15e). Despite these
facts, BouLac captures the secondary O3 peaks on the night
of 17–18 July reasonably well.
[26] All the schemes simulate the daytime maximum O3
concentration reasonably well even though there are large
model bias for meteorological variables during certain time periods (e.g., 1200–1800 CST 18 July, see Figures 4, 6). This is
probably due to the fact that daytime O3 concentration in this
area is around regional average and photochemical production
of O3 is not intense. Thus O3 simulation does not show much
sensitivity to meteorological simulation during the daytime of
this episode.

4.

Summary and Discussions

[27] In version 3.4.1 of the WRF/Chem model, the previously erroneously formulated nighttime nondimensional
proﬁle function, ϕ m, that appears in the vertical velocity scale
(ws = u*/ϕ m) in the YSU PBL parameterization scheme is
corrected. This correction signiﬁcantly reduces the vertical
velocity scale and the effective vertical turbulent mixing
within nighttime boundary layer. The impacts of this update
on the simulations of nighttime boundary layer wind and
temperature structures, as well as air quality in terms of O3
concentration, are investigated through three-dimensional
WRF/Chem simulations over the southern Great Plains, for
a period (0000 UTC 17 July–0600 UTC 19 July 2003) from
the Joint Urban 2003 ﬁeld experiment over the Oklahoma

metropolitan area. The nighttime boundary layer ﬂows during
the period were characterized by LLJs on each night. Model
simulations using the old and updated YSU PBL formulations
are evaluated using surface measurements from the Oklahoma
Mesonet sites and the EPA AQS sites as well as vertical proﬁles of wind and temperature obtained by a radar wind proﬁler
and from radiosonde launched during the ﬁeld experiment.
Numerical experiments with WRF/Chem 3.4.1 with two
other PBL schemes (i.e., MYJ, BouLac) are also conducted
for comparison.
[28] With the reduced velocity scale, simulated nighttime
vertical mixing strength is reduced, especially in the presence
of strong wind shear. As a result, the prediction of boundary
layer wind is much improved. The WRF model with the
updated YSU scheme predicts stronger LLJs over the southern Great Plains with jet noses closer to the ground. The
longstanding problem of the YSU PBL scheme’s predicting
too weak and too elevated LLJs appears to have been resolved
with the ﬁx. The predicted nighttime near-surface wind speeds
are lower and in better agreement with observations, due to
weaker coupling with stronger winds aloft. The improved
prediction for boundary layer wind is signiﬁcant for wind resource assessment. The shear exponent within the power law
formulation commonly used in wind energy applications to
extrapolate wind speed from a reference height is better simulated during nighttime with the updated YSU scheme. The
thermal structure of the boundary layer is also improved, with
the commonly observed problem of excessive nighttime vertical mixing alleviated, leading to a better agreement of surface
temperature predictions with observations. The associated
downward heat ﬂux within the boundary layer is reduced.
Due to the reduced vertical mixing, downward transport of
O3-richer air is also reduced, leading to improved predictions
of the early evening decline of surface O3 concentrations and
the nighttime minimum O3 concentration near the surface.
However, deﬁciencies could still be noted in reproducing
details in the O3 variability at night (e.g., development of
nighttime O3 peak) with the current model conﬁgurations.
For locations within the simulation domain where LLJ is
weaker or absent, the impact of the YSU update is smaller.
Among the two other PBL schemes tested, BouLac gives the
strongest vertical mixing in the nighttime boundary layer, similar to the old YSU scheme. It consequently also overestimates
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near-surface wind and temperature and underestimates the
wind shear exponent at night. However, BouLac captures the
nighttime secondary O3 peaks reasonably well.
[29] In most previous model evaluation studies [e.g., Berg
and Zhong, 2005; Srinivas et al., 2007; Sanjay, 2008; Hu
et al., 2010a], PBL schemes are mostly evaluated for the “traditional” boundary layer, in which turbulence is generated at
the surface and transported upward. There are very few comprehensive evaluations of PBL schemes for the “upsidedown” boundary layer, in which turbulence is produced aloft
and transported downward [Todd et al., 2008; Carter et al.,
2011]. Further evaluation of model simulations with different
PBL schemes, along with the collection of more suitable
observations (e.g., turbulence proﬁles in the presence of
LLJs), for the “upside-down” boundary layers is warranted
for providing guidance to future model improvement [Deppe,
2011; Deppe et al., 2013; Banta et al., 2013].
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