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Abstract A number of open questions remain regarding the role of low-level jets (LLJs) and

nocturnal mixing processes in the buildup of tropospheric ozone. The prevalence of southerly

winds and LLJs in the U.S. Southern Great Plains during summer makes this region an ideal

site for investigating the structure of the nocturnal boundary layer and its impacts on urban air

quality. Ozone (O3) and nitrogen oxide concentrations measured at regulatory monitoring

sites in the Oklahoma City (OKC) area and simulations with the Weather Research and

Forecasting with Chemistry (WRF/Chem) model were analyzed to show how the nocturnal

LLJ moderates boundary-layer mixing processes and air quality. Datasets collected during

the Joint Urban 2003 campaign, which took place in July 2003 in OKC, provided detailed

information about nocturnal boundary-layer structure and dynamics. In general, O3 time

series show the expected behavior that urban O3 concentrations decrease at night due to

nitrogen oxide titration reactions, but elevated O3 concentrations and secondary O3 peaks

are also seen quite frequently after sunset. LLJs developed on most nights during the study

period and were associated with strong vertical wind shear, which affected the boundary-layer

stability and structure. Near-surface O3 concentrations are higher during less stable nights

when active mixing persists throughout the night. The WRF/Chem model results agree well

with the observations and further demonstrate the role of LLJs in moderating nocturnal mixing

processes and air quality. The highest nocturnal O3 concentrations are linked to a strong LLJ

that promotes both nocturnal long-range transport and persistent downward mixing of O3

from the residual layer to the surface.
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1 Introduction

Photochemical pollutants, such as ground-level ozone (O3), are known to peak primarily

in summer during anticyclonic stagnation periods. During such episodes, ozone air-quality

standards are often exceeded in and downwind of major urban areas. Although air pollu-

tion control strategies over the past decades have been widely successful, recent years have

shown negligible or only slight improvements in air quality in many areas (EPA 2010). Thus,

the current paradigm for O3 formation, which focuses on the emission and accumulation of

ozone precursors picking up during the morning urban rush hour followed by photochemical

O3 formation throughout the day, must be expanded. Hidy (2000) points out the sensitivity

of O3 concentrations to meteorological conditions and lists the vertical structure of wind

speed and mixing processes as key factors. Athanassiadis et al. (2002) discussed uncertain-

ties in estimating the daytime mixing height of the atmospheric boundary layer (ABL) from

mesoscale model fields and its impact on O3 predictions. They further concluded that down-

ward mixing of O3 trapped overnight in the residual layer in the early morning strongly

influenced daytime O3 peak concentrations. Brown et al. (2006) identified the stratification

of the ABL at night as an important factor due to its impact on the dispersion of nitrogen

oxide (NOx ) emissions. The stable surface layer that develops at night due to radiative cool-

ing of the surface is frequently decoupled from the residual layer. The downward mixing

of NOx emissions from tall sources above the stable surface layer (e.g., from power plants)

may be limited, while near-ground NOx emissions in urban areas become trapped within the

stable surface layer, where they react with O3. Due to such titration reactions, very low O3

concentrations are typically observed at urban surface monitoring sites. Velasco et al. (2008)

measured O3 and meteorological vertical profiles in the Mexico City basin and concluded

that O3 concentrations remained elevated within the residual layer above 200–500 m, while

volatile organic compounds (VOCs) and NOx emissions at night became trapped within a

well-mixed urban surface layer that is decoupled form the residual layer. After sunrise, O3

is mixed down to the ground, where it is initially reduced due to reactions with accumulated

VOC and NOx emissions, before O3 production reactions start to dominate and trigger the

increase in O3 during the day. Based on O3 soundings in Switzerland, Neu et al. (1994)

concluded that more than 50 % of the daytime peak O3 concentrations at the surface could

be attributed to downward mixing of O3 from the residual layer, i.e., that contributions from

vertical mixing processes dominated over chemical production and advection in the daily O3

buildup.

Recent studies with remote sensing instruments (Stutz et al. 2000, 2009) also clearly show

pronounced vertical gradients of O3 and NO2 at night. In polluted and semipolluted areas,

the causes of this inhomogeneous behavior are often surface emissions of NO, which then

titrate O3 close to the ground. At higher altitudes O3 concentrations depend on the magnitude

of vertical mixing and advection in the nocturnal boundary layer (NBL) but typically remain

much higher throughout the night. During the morning transition of the NBL, air from

different altitudes with different spatial and chemical histories is then mixed to provide

the starting point for daytime O3 formation. Simulations with a one-dimensional chemical

transport model (Geyer and Stutz 2004a,b) further supported such experimental findings;

it was confirmed that nocturnal chemistry strongly depends on altitude. In addition to NO

emission rates, vertical mixing and its dependence on atmospheric stability were identified

as key parameters, and the authors concluded that further studies were needed to quantify

the influence of nocturnal mixing and chemistry on urban air quality.

Several studies have also shown that the chemistry and transport of polluted air at night

by accelerated flow above the surface, a phenomenon manifest as the low-level jet (LLJ),
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and related downward mixing of pollutants at night or during the next morning (Samson

1978; Banta et al. 1998; Zhang and Rao 1999; Solomon et al. 2000; Philbrick et al. 2003)

play an important role. Such LLJs are a prominent feature of the NBL in the Southern Great

Plains of the USA (Wexler 1961; Zhong et al. 1996; Whiteman et al. 1997; Higgins et al.

1997; Parish and Oolman 2010). Strong LLJs have been linked to enhanced nocturnal mixing

and downward transport of turbulence from the level of the jet nose to the surface (Banta et

al. 2003, 2006; Balsley et al. 2008), while the strongly stable, decoupled boundary layer is

typical for weak LLJs (Banta et al. 2007). A more extensive summary of results related to

the climatology, development, and impacts of LLJs in central Oklahoma can be found in Hu

et al. (2013b).

Reitebuch et al. (2000) and Hu et al. (2013c) linked nocturnal mixing processes related to

LLJ development or frontal passages to secondary, nocturnal O3 peaks at surface monitor-

ing sites. Secondary O3 peaks in the evening and at night were also observed during ozone

episodes in the OKC metropolitan area (Kastner-Klein et al. 2002). Simultaneous measure-

ments of elevated O3 concentrations at a rural site on a 620-m high mountain upwind of

OKC, supported the hypothesis that downward mixing of O3, transported aloft, triggered

the elevated surface concentrations, but the lack of profile measurements of winds and O3

prevented a more in-depth analysis of the role of nocturnal mixing. Eliasson et al. (2003)

analyzed nocturnal surface O3 concentrations observed in Gothenburg, Sweden, and identi-

fied both advection and vertical mixing as factors contributing to such events. They stressed

that the frequent occurrences of such nocturnal maxima with concentrations reaching regu-

latory standards should be further investigated and taken into account as appropriate. Tong

et al. (2011) conducted an extensive literature review and identified major gaps in the under-

standing of the formation of nocturnal O3 maxima; they concluded that a consensus on

the processes causing such nocturnal maxima is still lacking. Hu et al. (2013a) conducted

sensitivity tests with a one-dimensional air chemistry transport model, and were able to

show that enhanced nocturnal mixing in the presence of a LLJ produced nocturnal O3 peaks

observed at a site in the state of Maryland. Under such conditions, the residual layer and

surface layer remain coupled, a situation described by Hu et al. (2013a) as a leaky residual

layer.

In addition to the implications for urban air quality, NBL mixing processes are also known

to affect the nocturnal horizontal temperature distribution (e.g., Fitzjarrald and Moore 1994;

Acevedo and Fitzjarrald 2001). After sunset, during the early evening transition, turbulent

kinetic energy and mixing have been found to rapidly decrease in the stable surface layer,

which then often becomes decoupled from the residual layer aloft. Under such conditions,

the temperature difference between a city and its rural environment, the urban heat island

(UHI) intensity, is strongest at night and can be attributed to differences in the nocturnal

urban and rural cooling rates, particularly during the early evening transition (Oke 1982). Hu

et al. (2013b) investigated the role of mixing in the NBL in the formation of UHI events in the

OKC metropolitan area during July 2003. They found that in the presence of strong LLJs, the

NBL in rural terrain becomes deeper, more mixed, and less stable, leading to relatively small

contrasts in urban and rural temperatures. During nights with relatively weak or absent LLJs,

much larger temperature gradients and a much shallower, rural NBL are observed. Under

such conditions, enhanced mixing and heat releases in the urban canopy layer have a strong

influence on the temperature structure close to the surface, which causes larger contrasts

between urban and rural temperature vertical profiles and, thus, a stronger UHI signature.

An important finding was that NBL structure and mixing in rural areas, which was strongly

correlated to the temperature gradient at rural Oklahoma Mesonet sites, was a good indicator

of the UHI intensity.
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Fig. 1 Map of study area showing location of air-quality-monitoring sites (yellow squares), relevant meteo-

rological observation sites (green pentagons) operated during Joint Urban 2003, and Oklahoma Mesonet sites

(red triangles). The blue lines show major roads, black areas correspond to lakes, and the black line shows

the Oklahoma City (OKC) district

The current study focuses on testing the hypothesis that nocturnal mixing processes, which

are affected by LLJ development, also strongly influence urban O3 concentrations. We have

thus chosen the same study area (OKC metropolitan area) and period (July 2003) as Hu

et al. (2013b) and identified episodes with characteristic LLJ and ozone air-quality signa-

tures, which were studied in detail using Weather Research and Forecasting with Chemistry

(WRF/Chem) numerical simulations. More information about the study area and the datasets

analyzed is provided in Sect. 2, and the setup of the numerical simulations with WRF/Chem

is described in Sect. 3. The general pollution and meteorological patterns observed during

July 2003 in the OKC metropolitan area are discussed in Sects. 4.1 and 4.2, with Sect. 4.3

including the WRF/Chem results and detailed analysis of three selected episodes. A summary

and conclusions are given in Sect. 5.

2 Study Area and Available Datasets

The selected study area focused on central Oklahoma and included the OKC metropolitan

area (Fig. 1). In this region, high O3 concentrations are often observed in the summertime,

primarily during stagnant, high-pressure weather systems with clear-sky conditions and day-

time temperatures peaking above 35 ◦C (Kastner-Klein et al. 2002). Typically during these

types of weather systems, southerly winds prevail and signatures of strong LLJs have been

observed at night (Wexler 1961; Zhong et al. 1996; Whiteman et al. 1997; Higgins et al. 1997;
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Parish and Oolman 2010; Lundquist and Mirocha 2008). The known climatology of these

conditions and the flat, homogenous terrain were critical for choosing this domain. During

the Joint Urban 2003 (JU2003) tracer experiment (Allwine 2004), conducted from 28 June

through 31 July 2003, numerous instrumentation systems were deployed across the OKC

metropolitan area including sonic measurements on two tall towers (Grimmond et al. 2004;

Gouveia et al. 2007), and sodar and wind profiler measurements (De Wekker et al. 2004) that

quantified the structure, dynamics, and mixing in the NBL. July 2003 was thus selected as

the study period.

To assess the air quality in the OKC metropolitan area during July 2003, O3 and NOx

time series measured at six regulatory monitoring sites in the greater OKC area (Fig. 1) were

analyzed. Four of the sites are along a 50-km long, north–south oriented transect, beginning

with the Goldsby site located in a rural environment south of the OKC metropolis, followed

by the suburban site in Moore, Oklahoma, the central OKC site near the urban core, and

the North OKC site, which is in suburban terrain. The two other sites are located 23 km

west (Yukon) and 17 km east (Choctaw) of the central OKC site. The concentration time

series collected at these sites were provided by the Department of Environmental Quality

in OKC and included hourly O3 concentrations at six sites. NOx concentration data were

only available for the central OKC and North OKC site. Unless otherwise stated, all times

provided in the remainder of the paper refer to local time (CDT for July in OKC).

Data measured at 80 m a.g.l. with a sodar, which was operated by the Pacific Northwest

National Laboratories (PNNL) and located approximately 2.5 km south of downtown OKC

during JU2003 (Allwine 2004; De Wekker et al. 2004), were used to determine the prevailing

wind direction and wind speed. Additionally, wind speed and wind direction, as well as heat

and momentum fluxes, all measured with sonic anemometers at two levels (37.3 and 79.6 m)

at the Tyler Media (TM) tower, were also analyzed. This tower was operated by the University

of Indiana and located 5.5 km south of the OKC central business district (Grimmond et al.

2004). Based on the TM tower sonic measurements, the flux Richardson number Ri f l was

calculated according to

Ri f l = −

g

Ts

w′T ′

s

(du/dz)u2
∗

, (1)

where all data were collected at the 37-m level, g is the acceleration due to gravity, Ts the

sonic temperature, u∗ =

√

u′w′ the friction velocity determined from the momentum flux

measurements, and w′T ′

s is the kinematic heat flux. The wind-speed gradient was estimated

as du/dz ≈ �u/�z = u37/z. In addition to the friction velocity u∗, the standard deviation

of the vertical velocity fluctuations σw observed at the 37-m level was also used as a turbulent

velocity scale.

To assess whether data collected at operational meteorological surface networks could

serve as an indicator of the nocturnal mixing processes, data from three Oklahoma Mesonet

sites located in the OKC metropolitan area (Fig. 1) – Norman (NRMN), Minco (MINC), and

Spencer (SPEN) – were analyzed. Information about the typical layout of Oklahoma Mesonet

sites and instrumentation used at these sites can be found in McPherson et al. (2007). Since

Hu et al. (2013b) concluded that the inversion strength at Oklahoma Mesonet sites could

serve as an indicator for mixing within the NBL, it was also used in the current study. The

inversion strength can be computed according to

dT

dz
=

T9 − T1.5

9 − 1.5
=

T9 − T1.5

7.5
, (2)

123



P. M. Klein et al.

where T9 and T1.5 are air temperatures measured at 9 and 1.5 m a.g.l. Additionally, it was also

tested whether the wind speed V2 measured at 2 m a.g.l. provided information about mixing

within the NBL. Unless otherwise stated, average Mesonet data, computed using data from

the NRMN, MINC, and SPEN sites, are presented hereafter.

The LLJ properties and its effect on turbulent mixing during JU2003 were investigated by

Lundquist and Mirocha (2008) using data from a boundary-layer wind profiler, which was

operated and maintained by PNNL and located approximately 2 km south–south-west of the

OKC downtown area. The presence of a LLJ was defined if (1) the wind speed in the lowest

1,000 m increases after sunset, attaining a maximum wind speed typically between 0200 and

0500 CDT, and (2) the maximum wind speed in a profile surpasses a threshold of 10 ms−1

[category LLJ-0 in Whiteman et al. (1997) and Song et al. (2005)], with a decrease above the

wind-speed maximum of at least 5 m s−1. Using these criteria, of the 27 nights examined,

only four nights (July 1, 11, 12, and 23) did not show LLJ signatures in the observed wind

profiles. However, the PNNL wind profiler (Lundquist and Mirocha 2008) datasets do not

provide wind speeds for the lowest 300 m and LLJs with a wind-speed maximum below this

limit can thus not be accurately detected. In the present study, we thus also used data from the

ANL wind profiler, which was located approximately 5 km north of OKC downtown (Fig. 1)

and provides coverage from 82 to ≈ 2,700 m (De Wekker et al. 2004).

3 Three-Dimensional Simulations

For three two-day-long episodes (July 7–8, 17–18, and 25–26) the impacts of the NBL

structure and mixing within the NBL on nocturnal O3 concentrations were further investigated

using three-dimensional simulations with WRF/Chem model version 3.4.1 (Skamarock et al.

2008). These three episodes were selected as study periods after analyzing air quality data

and JU2003 meteorological data for the whole month of July 2003 (Sect. 4.1). Two one-way

nested domains (Fig. 2) with horizontal grid spacing of 22.5 and 4.5 km were used in these

simulations. Each domain had 48 vertical layers extending from the surface to 100 hPa. The

lowest 20 model sigma levels and corresponding midlevel heights are given in Table 1. For the

initial and boundary conditions of all meteorological variables, the 1◦
× 1◦ National Centres

for Environmental Prediction (NCEP) Final (FNL) Global Forecast System (GFS) analyses

are used. The initial and boundary conditions for the chemical species are extracted from

the output of the global model MOZART4 with a resolution of 2.8◦
× 2.8◦ (Emmons 2010).

A summary of the parametrization schemes chosen for the simulations is given in Table 2.

The simulations are initialized at 0000 UTC on the first day of each episode and ended 54 h

later, and for each simulation, only results starting at midnight local time are included in the

comparison.

4 Results

4.1 General Air-Quality Trends During July 2003

To analyze the spatial and temporal variability of O3 air quality within the study area,

daily mean concentrations, daytime maximum concentrations (maximum O3 value recorded

between 0600 and 1800), and nighttime minimum concentrations (minimum O3 value

recorded between 2100 and 0600) for the six monitoring sites in the OKC metropolitan

area (Fig. 1) are compared in Fig. 3. The definition of the time windows for the three daily
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Fig. 2 Domain for WRF/Chem numerical simulations used in this study (left). The land-use categories as

defined in Hu et al. (2013b) within the red box around Oklahoma City (OKC) are zoomed in on right. The

locations of the six EPA sites in the OKC metropolitan area shown in Fig. 1 are indicated by the red squares,

and the Norman Mesonet site (NRMN) is marked by a yellow circle

O3 characteristics was based on the sunrise and sunset times for the study area and period,

which varied between 0618–0637 and 2049–2036, respectively. Additionally, the observed

trends in the time series of hourly O3 concentrations, which are shown in Figs. 4 and 5 and

discussed in more detail below, were also taken into account. Monthly averages of these

three daily concentration parameters, shown as bar graphs in Fig. 3, best highlight the spatial

variability within the study area. The monthly averages of the daily mean and daytime max-

imum O3 concentrations at the six sites varied by less than 7.1 ppb (≈ 18 %) and 5.3 ppb

(≈ 9 %). Larger differences can be noted for the nighttime minimum concentrations with the

monthly averages varying by 11.9 ppb (≈ 63 %), respectively. The daily mean and nighttime

minimum concentrations increased along the south–north transect (from Goldsby to North

OKC). At the sites east (Choctaw) and west (Yukon) of the OKC city limits the daily mean

concentrations were comparable to the OKC site but slightly lower than for North OKC. The

highest nighttime minimum concentrations were observed east of OKC at the Choctaw site.

Similar trends can also be observed for the daytime maximum concentrations. Interestingly,

the daytime maxima observed at the rural site, Goldsby, were slightly higher than at the

suburban site Moore, but the monthly averages differed by < 1 ppb.

For the further analysis only two monitoring sites, OKC and North OKC, were chosen.

The temporal variability during July 2003 was high with the daily mean O3 concentrations

at the OKC and North OKC sites (average values based on data recorded at these two sites)

varying between 25–57 ppb (≈ 55 %), the daytime maxima between 33 and 88 ppb (≈ 63 %),

and the nighttime minima between 7 and 42 ppb (≈ 83 %). When comparing the range of

values and time series (Fig. 3) for the three concentration statistics it can be noted that

the nighttime minimum concentrations often remained elevated, with values above 20 ppb
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Table 1 Sigma levels and

corresponding midlevel heights

of lowest 20 model layers

Sigma level Midlevel height (m a.g.l.)

1 12

0.997 37

0.994 61

0.991 86

0.988 111

0.985 144

0.975 186

0.97 227

0.96 290

0.95 374

0.94 459

0.93 545

0.92 631

0.91 717

0.895 826

0.88 958

0.865 1092

0.85 1226

0.825 1409

0.8 1640

Table 2 Overview of parametrization schemes selected for WRF/Chem simulations

Parametrized process Chosen scheme Reference

Shortwave radiation Dudhia algorithm Dudhia (1989)

Longwave radiation Rapid radiative transfer model (RRTM) Mlawer et al. (1997)

Microphysics WRF single-moment 6-class (WSM6)

scheme

Hong et al. (2004)

Planetary boundary layer Yonsei University (YSU) scheme Hong et al. (2006)

Land surface Noah land-surface scheme Chen and Dudhia (2001)

Gas-phase chemical reactions Regional Atmospheric Chemistry

Mechanism (RACM)

Stockwell et al. (1997)

Anthropogenic emissions of

chemical species

Hourly values from 4 km × 4 km

national emission inventory (NEI)

for year 2005

Biogenic emissions Algorithms established by Guenther

et al.

Guenther et al. (1994)

(15 days). Improving the physical understanding about relevant processes contributing to

these elevated nocturnal concentration levels motivated the current study.

4.2 Links Between Meteorological and Pollution Patterns During July 2003

To identify possible links between the observed temporal variability of O3 concentrations

and meteorological parameters, diurnal cycles of O3 and NOx concentrations, prevailing
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wind directions, wind speeds, turbulent velocity scales, and stability parameters are shown

in Figs. 4 and 5 for July 2003. Marked differences between weekend and workdays were not

observed. As expected, the highest O3 concentrations are typically observed in the afternoon

with peak values near 80 ppb. After sunset, O3 concentrations start to decline, but the diurnal

cycles reveal that secondary O3 peaks are often observed after sunset (at 2100 or later).

These trends formed the basis for defining the maximum daytime concentration between

0600 and 1800 along with the nighttime minimum concentration between 2100 and 0600 as

two important daily concentration characteristics, as discussed earlier. There is no indication

that the nocturnal O3 peaks are directly linked to NO emissions during the evening rush hour.

In fact, there is a tendency that preceding daytime (0600–1800) and concurrent nighttime

(2100–0600) maximum NOx concentrations are higher during the night with minimum O3

concentrations below 20 ppb. These tendencies could be interpreted as higher NO emissions

causing stronger O3 titration at night, which is plausible. However, the scatter is fairly large,

and clear correlations between NOx and O3 statistics were not observed, which may also

be explained by the lack of separate NO and NO2 measurements. Furthermore, higher NOx

values during nights with low O3 concentrations are also an indication for accumulation of

NO within a stable shallow surface layer (Geyer and Stutz 2004a,b).

The wind-direction data show that winds were primarily from the south during July 2003,

except for July 10 and 29, when frontal passages occurred, and during July 22–24, when

winds were primarily from the east–north-east. Near-surface air temperatures also varied

throughout the month, with the daily minimum temperatures ranging from 18 to 28 ◦C and

the daily maximum temperatures from 31 to 41 ◦C. Lower temperatures were observed at the

beginning of the month and after the winds shifted to the east–north-east on July 22. The wind

speeds V2 recorded at 2 m a.g.l. show the typical diurnal cycle, with wind speeds decreasing

to much lower values after sunset. The daily maximum wind speeds ranged between 3.4 and

7.8 m s−1, while the minimum values ranged between 0 and 3.1 m s−1, with an average value

of 1.44 m s−1.

By comparing the wind speed and O3 concentration time series, correlations between

nocturnal values of these two parameters can be noted: during nights with relatively strong

sustained nocturnal winds, such as during July 25–28 (Fig. 5), O3 concentrations were ele-

vated at night, while during nights with calm periods, such as during July 16–19 (Fig. 5),

concentrations showed a marked decrease at night. The friction velocity u∗ and standard

deviation of the vertical velocity fluctuations σw , which are both parameters that describe

the intensity of turbulent vertical mixing, follow the trends of wind speed, which indicates

that during nights with higher surface wind speeds, mixing within the NBL was stronger.

Accordingly, lower values of the flux Richardson number Ri f l (1) and near-surface inver-

sion strength dT/dz (2) were observed during nights with higher surface wind speeds and

O3 concentrations.

Similarly to the findings of Hu et al. (2013b), who concluded that dT/dz could be used

as an indicator of the intensity of mixing processes within the NBL, it appears that the near-

surface inversion strength can also serve as an indicator for nocturnal O3 concentration levels.

During nights with a strong inversion (large dT/dz) mixing within the NBL is very limited,

and O3 trapped within the decoupled, the shallow stable surface layer is depleted due to NO

titration reactions. In contrast, active downward mixing of O3 during nights with weak inver-

sions (small dT/dz) compensates the depletion of O3 near the surface, and O3 concentrations

remain elevated at night. However, while Hu et al. (2013b) found that the nocturnal UHI value

correlated well with parameters that characterize mixing within the NBL, O3 concentrations

are not only influenced by local meteorological conditions but also strongly depend on the

emission rates of anthropogenic and biogenic precursor pollutants, chemical reactions rates,
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Fig. 6 Wind profiles at Argonne National Laboratory (ANL) site (colour map), together with O3 (solid lines)

and NOx (dashed lines) concentrations at OKC (red) and NOKC (blue) monitoring sites, during three selected

episodes. The black dots show the observed and simulated friction velocities at the TM tower (to fit the axis

scale cm s−1 was chosen as the unit friction velocities in these plots). Observations (a–c) are compared against

the corresponding WRF/Chem simulation results (d–f)

and advection of O3 and its precursor pollutants at various heights within the atmosphere

(Geyer and Stutz 2004a,b). It is thus rather difficult to directly correlate nocturnal O3 concen-

trations with meteorological parameters, and the limited information of chemistry data (only

surface observations of O3 and NOx at a limited number of sites) further complicates a more

in-depth analysis of the observations. The role of LLJs in promoting mixing and downward

transport of O3 was thus further investigated with the three-dimensional air chemistry model

WRF/Chem.

4.3 Results of WRF/Chem Simulations for Three Selected Episodes

To further investigate how NBL structure and dynamics influence O3 pollution levels at night,

three 2-day episodes were selected for a more detailed analysis using also numerical model

fields from WRF/Chem simulations. A comparison of measured and WRF/Chem simulated

near-surface O3 and NOx concentration time series for the three episodes is shown in Fig. 6.

The colour map in the background of the plots illustrates the magnitude of measured and
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simulated wind speeds up to 2.8 km a.g.l., whereby the measured data stem from the ANL

wind profiler, which was continuously operated during JU2003. To illustrate the turbulent

mixing properties, observed and simulated friction velocities u∗ at 37 m a.g.l. at the TM

tower site are also plotted.

Episode 1 (July 7–8) was selected because the O3 time series show pronounced maxima

occurring just after sunset followed by a rather slow concentration decline throughout the

night (Fig. 6a). While the O3 concentrations were generally rather low during episode 1, it

is an interesting study period as the nighttime minimum concentration on July 8 was only

50 % lower than the daytime maximum on July 7. Friction velocities u∗ remained high after

sunset on July 7 and only dropped down to ≈ 0.4 m s−1 near sunrise on July 8. As seen in

Fig. 4, surface wind speeds V2 remained above 2 m s−1 and surface inversions dT/dz below

0.02 K m−1 throughout both nights.

Episode 2 (July 17–18) represents days during which an O3 peak/plateau is observed in

the afternoon (before 1800). During the first night, O3 concentrations consistently declined,

dropping to levels below 10 ppb before sunrise on July 17 (Fig. 6b). After sunset on July 17

the O3 concentrations also declined rapidly but remained above 20 ppb throughout the night

and a secondary maximum was observed after midnight in the early morning hours of July

18. This secondary maximum corresponds to a slight increase in u∗. Compared to episode

1, friction velocities u∗ were, however, clearly lower, and surface winds/inversion strength

were lower/higher, with a surface wind speed of V2 < 1 m s−1 and inversion strength dT/dz

becoming close to 0.15 K m−1 before sunrise on July 17 (Fig. 5).

Episode 3 includes the 48-h time period consisting of July 25–26. During both nights,

O3 concentrations remained above 30 ppb and after sunset on July 25, the friction velocity

u∗ remained above 0.6 m s−1 throughout the night (Fig. 6c). Nocturnal dT/dz values are

comparable to those observed during episode 1 (Fig. 5). During episode 3, pollution levels

were overall highest compared to the two other episodes, whereby the daily concentration

peaks occurred later than during episode 2 but earlier (before sunset) than during episode 1.

The prevailing wind directions were quite similar during all three episodes, with primar-

ily southerly winds occurring. Air temperatures were similar during episodes 2 and 3 but

lower during episode 1, which could partially explain the trend toward lower O3 concen-

trations during that episode. A positive correlation between air temperature and surface O3

concentrations has been observed in numerous studies (e.g., Kastner-Klein et al. 2002) and

can be explained by several factors including increasing emission rates for certain precursor

pollutants as well as air temperature being an indicator for enhanced solar radiation and the

presence of high-pressure stagnation systems (Bloomer et al. 2010). The emission data used

were identical for the simulations of all three episodes. Any observed differences between

simulations for the three episodes were thus caused by differences in meteorological patterns

and cannot be explained by variations in the emission rates.

A direct comparison of simulated and measured O3 concentrations and their rates dO3/dt

at the OKC site are shown in Fig. 7 together with time-height plots of simulated O3 con-

centrations and simulated boundary-layer heights. The agreement between measured and

simulated O3 concentrations and wind speeds is overall fairly good as the general trends

are reproduced for all three episodes. Differences can, however, be noted in the timing of

the daytime O3 buildup (primarily for episodes 1 and 3), with WRF/Chem predicting earlier

concentration peaks than what is observed. At night, observations and simulation results

also deviate, which is discussed in more detail further below. Larger differences between

observations and simulations can be noted for the NOx concentrations. The WRF/Chem sim-

ulations predict values that are roughly twice as high as the observations. The general trends

of higher NOx concentrations within a shallow, stable boundary layer (episode 2, Figs. 6e
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Fig. 7 ANL wind profiles (colour map) together with measured (blue solid line) and simulated concentration

rates dO3/dt (blue dashed line) at OKC monitoring site during three selected episodes (a–c). Additionally,

observed (blue solid line) and simulated (blue dashed line) O3 concentrations at OKC site are plotted together

with simulated boundary-layer heights (black) and a time-height plot of simulated ozone concentrations (d–f)

and 7e), within which surface O3 concentrations decrease rapidly, are, however, captured by

the simulations.

Among the three episodes, clear differences can be noted in the wind profiles at night,

with strong LLJs developing quickly after sunset (at around 2000 hours) during episodes 1

and 3, while during episode 2 a much weaker jet is observed several hours later (at around

2300). The timing and strength of the LLJ appears to be strongly correlated with the O3

concentration level observed near the ground at night. During nights with an early onset

of a strong LLJ (episodes 1 and 3), during which mixing persists (Fig. 6), boundary-layer

heights remained high and only decreased to less than 400 m around sunrise (Fig. 7). For such

deep NBL, surface O3 concentrations decreased slowly and generally remained elevated. In

the case of the weak, later LLJ (episode 2), the boundary layer was less than 400 m deep

throughout most of the night and surface ozone showed the expected fast decrease after

sunset (Fig. 7e). While the overall trends in dO3/dt are well captured by WRF/Chem, the

model fails to reproduce particular features of the individual episodes such as the increase

of ozone during 1800–2100 hours on July 7 and the increase in the early morning hours of
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July 18 related to the late LLJ development. Also, during 2100–0000 hours on July 25, the

model predicted a concentration increase, while the O3 observations steadily declined. A

number of factors could contribute to these differences in observed and simulated nocturnal

concentration values and trends, including model errors associated with vertical mixing of

chemical species (Pleim 2011; Hu et al. 2012), uncertainties in the emission factors at the

regional scale that might cause differences in the upper layer concentration values, and

the strength of the elevated O3 advection by the LLJ. The time-height concentration plots

(Fig. 7) nicely illustrate that in the simulations elevated advection of O3 did play a role during

episode 3. Simulated O3 concentrations between 400–1,000 m increase after 2100 on July

25 (Fig. 7f), which can only be explained by advection.

To further evaluate the WRF/Chem model results, spatial O3 concentration distributions

for the lowest model level at 0000 CDT on the second night of each of the three episodes are

compared with observations in Fig. 8a–c. The spatial patterns generally agree well with the

observed trends. For individual sites, the model predictions deviate from the observations,

which can be expected as some measurements sites might be strongly influenced by local

emissions that are not accurately resolved in the model. When comparing the three episodes,

it becomes very clear that during episode 3 elevated O3 concentrations were observed over a

large area extending from northern Texas through to Michigan, which coincides with a region

of high wind speeds at 533 m a.g.l. (Fig. 8f), the height that corresponds to the LLJ nose with

peak velocities (Fig. 9c). During this episode, O3 concentrations were elevated within the

region characterized by high jet speeds and upwind (southeast) of central Oklahoma (Fig. 8i),

which promoted elevated, long-range transport of O3 by the LLJ. During episodes 1 and 2,

the areas affected by LLJs were much smaller (Fig. 8g, h) and long-range transport of O3 by

the LLJ appeared to play less of a role in the OKC metropolitan area as the concentration

levels at the height of the jet nose tended to decrease upwind of the study area (Fig. 8d, e).

As can be seen in Fig. 9b, the LLJ was also much shallower during episode 2 than during the

other two episodes. While during episodes 1 and 3 (Fig. 9a, c) the level of peak velocities

was around 500 m, it was only at approximately 250 m a.g.l. during episode 2 (which is why

a different layer is shown in Fig. 8e, h for episode 2).

The comparison of observed (o) and simulated (s) wind profiles, also shown in Fig. 9,

is overall very good. To present a quantitative evaluation, the observed wind profiles were

interpolated to the same grid used in the simulations, and statistical performance parameters

were computed using the six wind profiles for each episode (Table 3). For all three episodes,

the comparisons of the average (data from all profiles up to 2 km height were included)

observed (Uo,av) and simulated (Us,av) wind speeds are very similar (differences range

between 4 and 8 %), which is also true for the corresponding maximum (Uo,max and Us,max)

and minimum (Uo,min and Us,min) wind-speed values. However, during episode 1 the WRF

simulations underestimate the maximum wind speeds, while during episode 3 maximum wind

speeds are overpredicted and the simulated minimum wind speeds are lower than the observed

values. The average ([Us/Uo]av), maximum ([Us/Uo]max), and minimum ([Us/Uo]min) ratios

of simulated to observed wind speeds are overall acceptable with the best agreement for

episode 1, followed by episode 2 and then 3. The corresponding factor of two values (FA2)

range between 100 % (episode 1) and 93 % (episode 3). The bias, FB, and NMSE further

confirm that the model predicted the wind speeds during episodes 1 and 2 very well, and that

model performance was only slightly worse for episode 3.

The joint analysis of the wind and O3 profiles throughout the nights (Fig. 9) provides further

insight into how the structure and development of the LLJ impact nocturnal air quality. During

episode 1 (Fig. 9a), a strong and deep LLJ develops after sunset (for 2200 the simulations

show a clear jet profile) and persists throughout the whole night (by 0700 the predicted jet
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Fig. 8 Comparison of simulated near-surface O3 concentrations (a–c) with observations (circles); and O3
concentrations (d–f) and wind speeds (g–i) predicted by WRF/Chem at the height of the LLJ nose. The results

correspond to 0000 CDT on July 8 (a, d, g), 18 (b, e, h), and 26 (c, f, i)
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Fig. 9 Vertical wind and O3 profiles predicted by WRF/Chem for the time period 1900 to 1000 during the

nights on July 7–8 (a), 17–18 (b), and 25–26 (c). The symbols shown in the left plots correspond to the

observed wind profiles at the ANL site

is still very strong). The vertical gradients of O3 are very small during this episode, which

indicates that O3 is actively mixed within a deep NBL. At the surface, O3 titration is partially

compensated by the downward transport from higher elevations, which results in a slow

but more gradual reduction of O3. During episode 2, a weaker and shallower LLJ develops

between 2200 and 0100 (Fig. 9b). The simulated O3 profiles have marked gradients with a

strong O3 reduction near the ground: by 2200 surface O3 concentrations are reduced by more

than 50 %, and by 0700 surface ozone is fully depleted. However, above 250 m, the height of

the LLJ nose, concentration levels are high and remain nearly unchanged (reduction less than

10 ppbv) throughout the night. This vertical structure of the O3 concentrations agrees with

the traditionally expected nocturnal trends in NOx-rich areas under stable conditions with

limited vertical mixing (Geyer and Stutz 2004a,b). The strongest LLJ was observed during

episode 3 (Fig. 9c). Just as during episode 1, wind speeds peak at approximately 500 m

a.g.l. However, the wind profiles show a much larger, negative gradient above the level of

peak wind speeds, which results in much lower wind speeds above ≈ 800 m than during
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Table 3 Statistical model

performance parameters

computed using observed and

simulated wind profiles shown in

Fig. 9

Performance parameter Episode 1 Episode 2 Episode 3

Uo,av (m s−1) 11.08 7.90 8.52

Uo,av (m s−1) 11.41 8.13 9.18

Uo,max (m s−1) 18.26 14.36 16.64

Us,max (m s−1) 16.65 14.61 18.31

Uo,min (m s−1) 5.51 2.95 1.92

Us,min (m s−1) 5.54 2.50 0.58

[Us/Uo]av 1.06 1.05 1.13

[Us/Uo]max 1.99 1.74 2.77

[Us/Uo]min 0.66 0.38 0.12

FA2 (%) 100.00 98.61 93.06

Bias (m s−1) 0.34 0.23 0.66

Fractional bias (FB) (%) −2.99 −2.88 −7.48

Normalized mean square

error (NMSE) (%)

3.68 4.63 8.89

episode 1. The LLJ is also less persistent; by 2200 it is not yet fully developed, and by 0700

it has already weakened. The O3 profiles indicate that the strong LLJ triggered active mixing

of O3 toward the surface. However, as mentioned earlier, elevated long-range transport by

the LLJ also seems to play a role during this episode, as the concentration increase at the

height of the jet nose (≈500–600 m) at around midnight cannot be explained by chemical

production. It appears that O3 transported by the LLJ is mixed both downward and upward,

which results in the simulated ground-level O3 maximum having a secondary maximum at

night and a slight increase in O3 concentrations above ≈1.2 km. The combination of active

downward mixing and elevated O3 transport contributes to the highest nocturnal surface O3

concentrations, which in the WRF/Chem fields still remain above 20 ppbv by 0700 during

this episode. The observed values at 0700 hours are even higher (≈ 35 pbbv), even though

the secondary maximum at midnight predicted by the WRF/Chem simulations is lacking

(Fig. 7f).

To further investigate the role of vertical mixing and horizontal advection, the concentra-

tion rates dO3/dt at midnight due to vertical mixing and horizontal advection were computed

based on the WRF/Chem model output (Fig. 10). Horizontal advection was evaluated both

for the lowest model level and for the height of the LLJ nose. During episode 3, the concen-

tration changes dO3/dt due to advection at the height of the LLJ nose (Fig. 10i) in central

Oklahoma and upwind areas were higher than during the other two episodes (Fig. 10g, h),

which confirms that the LLJ supported advection of O3 during epsiode 3, while the role

of elevated advection appears negligible during the other episodes. However, the computed

advection rates are spatially rather inhomogeneous, which is even more pronounced near the

surface (Fig. 10d–f). Since upper-layer measurements are lacking and the observations near

the surface are very sparse, these calculations could also not be evaluated and should thus be

interpreted with caution. However, it can be clearly noted that vertical mixing (Fig. 10a–c)

affects surface ozone much more than horizontal advection and that clear differences in the

strength of vertical mixing emerge among the three episodes. During episode 3, the elevated

advection of O3, along with sustained vertical mixing triggered by a strong LLJ, promotes

the strongest downward transport of O3 to the surface. Earlier in the night (at about 2100,
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Fig. 10 Simulated concentration rates dO3/dt due to vertical mixing in lowest model level (a–c), horizontal

advection in lowest model level (d–f), and horizontal advection at height of LLJ nose (g–i) at 0000 CDT on

July 8 (a, d, g), 18 (b, e, h), and 26 (c, f, i)

not shown), the downward transport of O3 to the surface is comparable during episodes 1

and 3, but the lack of elevated advection during episode 1 results in declining concentrations

and smoother vertical gradients up to 2.5 km (Figs. 7 and 9), which causes reduced vertical

transport later at night. During episode 2, the rate of change of O3 due to vertical transport is
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two to three times lower and likely compensated by the combined effects of deposition and

chemical reactions (primarily between O3 and NO) within a shallow surface layer in which

surface O3 concentrations then remain low at night.

5 Conclusions

Ozone concentrations measured at regulatory monitoring sites in the greater OKC metropol-

itan area and WRF/Chem simulations illustrate the impact of nocturnal mixing and transport

regimes on air quality. Datasets collected during the JU2003 campaign provided detailed

information about the temporal evolution, vertical structure, and strength of the LLJ in the

OKC area. As discussed in the literature (Banta et al. 1998; Zhang and Rao 1999; Reitebuch

et al. 2000; Solomon et al. 2000; Philbrick et al. 2003; Geyer and Stutz 2004a,b; Tong et al.

2011; Hu et al. 2013a), elevated O3 concentrations and secondary, nocturnal peaks are linked

to strong mixing and downward transport of O3 from higher elevations to the surface. Our

results confirm these findings and clearly demonstrate the important role of LLJs, a promi-

nent feature in the Southern Great Plains, in promoting persistent mixing and downward O3

transport in the NBL. A statistical evaluation of the WRF simulations, which was based on

observed and simulated wind-speed profiles for the time period from 1800 to 0900, showed

that the model reproduced the LLJ structure very well.

The simulations further provided new insights, showing that the timing, strength, and

vertical extent of the LLJ strongly influence the O3 profiles. The highest nocturnal, near-

surface O3 concentrations are found in the case of a strong but vertically confined LLJ that also

triggers elevated, nocturnal long-range transport. A strong, persistent, and deep LLJ promotes

strong mixing, which results in gradually decreasing O3 concentrations from the surface

throughout the residual layer for the entire night. The lowest near-surface concentrations

occur for a weak, shallow LLJ due to limited vertical mixing between the stable surface layer

and residual layer. However, in the latter case O3 concentrations within the residual layer

remain relatively high and decline only slowly throughout the night.

Overall, the simulated surface O3 concentrations agree well with observations. However,

while the WRF/Chem numerical model is able to capture general trends, difficulties in repro-

ducing small-scale changes at night can be noted for all three simulated episodes, and the

simulated NOx concentrations are about twice as high as the observed values. An in-depth

analysis of possible reasons for these differences and suggestions for model improvements

will require profile measurements of additional pollutants along with detailed meteorological

observations.

Since O3 concentration levels are strongly influenced by emission rates and air chem-

istry, but only limited chemistry observations were available, it is difficult to establish direct

correlations between O3 concentrations and meteorological parameters. However, trends of

increasing nocturnal O3 levels for increasing friction velocities u∗ and near-surface wind

speeds V2 but decreasing near-surface temperature inversion dT/dz can clearly be noted. As

stability increases, near-ground O3 concentrations decrease due to NO titration reactions that

actively deplete O3 within a shallow, decoupled stable surface layer, while O3 concentrations

remain high and nearly unchanged throughout the night within the residual layer.

Our study demonstrates that detailed meteorological information can provide new insights

into nocturnal mixing processes and related air-quality problems, but the lack of vertical con-

centration profiles still leaves a number of questions concerning the interplay between the

ABL structure and air chemistry. Specifically, this lack hinders a more in-depth, quantitative

analysis of the ozone budget. More detailed datasets are also essential for evaluating and
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improving the WRF/Chem model simulations. Future studies should thus focus on simulta-

neous, high-resolution measurements of meteorological and air chemistry profiles.
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