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Abstract. This paper examines the effects of two different planetary boundary-layer (PBL) para-
meterization schemes – Blackadar and Gayno–Seaman – on the predicted ozone (O3) concentration
fields using the MM5 (Version 3.3) meteorological model and the MODELS-3 photochemical model.
The meteorological fields obtained from the two boundary-layer schemes have been used to drive the
photochemical model to simulate O3 concentrations in the northeastern United States for a three-
day O3 episodic period. In addition to large differences in the predicted O3 levels at individual
grid cells, the simulated daily maximum 1-h O3 concentrations appear at different regions of the
modeling domain in these simulations, due to the differences in the vertical exchange formulations in
these two PBL schemes. Using process analysis, we compared the differences between the different
simulations in terms of the relative importance of chemical and physical processes to O3 formation
and destruction over the diurnal cycle. Finally, examination of the photochemical model’s response
to reductions in emissions reveals that the choice of equally valid boundary-layer parameterizations
can significantly influence the efficacy of emission control strategies.
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1. Introduction

An air quality modeling system consists of a meteorological model, an emissions
processing model, and a photochemical model. It is well known that the ability of
any grid-based photochemical model to reproduce the observed ozone (O3) con-
centrations depends to a large extent on the accuracy of the meteorological fields
used as model inputs [1–4]. The uncertainties in the air quality modeling system
may arise from initial conditions [5], representativeness of the physical and chem-
∗Corresponding author, E-mail: strao@dec.state.ny.us
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ical processes, boundary conditions, and inaccuracies in the emissions inventory
[6]. The planetary boundary-layer (PBL) processes included in the meteorological
models dictate the temporal evolution and depth of the mixed-layer, intensity of
the turbulent mixing, and accuracy of the wind fields [7]. Because different PBL
schemes rely upon different parameterizations and emphasize different physical
processes, it is not surprising that the use of different PBL schemes can yield very
different vertical profiles of simulated parameters, including temperature, water
vapor mixing ratio, and horizontal winds, particularly during the daytime growth of
the mixed-layer [8–10]. These parameters exert a strong influence on the formation,
spatial distribution, and removal of airborne chemical species in the atmosphere
[11, 12].

In the photochemical model simulations, three important boundary-layer para-
meters for studying air pollution events are the mixing height, ventilation coeffi-
cient, and cloud cover [7]. The mixing height is the depth, measured upward from
the earth’s surface, through which air pollutants are mixed. The ventilation coeffi-
cient is defined as the product of the mixing height and average wind speed within
the mixed layer. Large ventilation coefficients suggest increased dilution, leading to
lower pollutant concentration levels. In a study of the summertime conditions over
the northeastern United States, Berman et al. [9] showed that average ventilation
coefficients during early morning hours in the Northeast were approximately 50%
lower on O3 episode days than on non-episode days. Clouds and precipitation
scavenge pollutants from the air. Clouds can also affect gas-phase chemistry by
attenuating solar radiation below the cloud base, having a significant impact on the
photolytic reactions.

Previous studies indicated that O3 concentrations simulated by the Urban Air-
shed Model (UAM-IV) are sensitive to errors and uncertainties in the specification
of the mixing-height profile [13]. Also, the selection of appropriate pollution con-
trol strategies seemed to depend on the spatial and temporal variability of the
mixing height over the modeling domain [14].

In this study, meteorological fields were simulated with the Fifth Generation
Penn State-NCAR Mesoscale Model (MM5, Version 3.3) [15], a three-dimensional
non-hydrostatic prognostic model, for a high O3 episode that occurred over the
northeastern United States during July 12-17, 1999. We employed two different
boundary-layer schemes for the MM5 simulations: the hybrid local and non-local
closure scheme proposed by Blackadar [16], and the 1.5-order turbulent kinetic
energy (TKE) closure scheme developed by Gayno et al. [17]. Zhang et al. [10]
described the MM5 simulations performed with these two PBL schemes and dis-
cussed the differences in the meteorological fields, including winds, temperature,
and water vapor for the July 12–17, 1999 period. In this analysis, we used these
MM5 fields as input to the U.S. Environmental Protection Agency’s (EPA)
MODELS-3 Community Multiscale Air Quality model (CMAQ) [18], for the July
12–17 period. These simulations were carried out in support of the North American
Research Strategy on Tropospheric Ozone’s NorthEast-Oxidant and Particle Study
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(NARSTO-NE-OPS) campaign [19], an intensive monitoring program located at
the Baxter Water Treatment Plant in Philadelphia, PA, hereafter referred to as the
‘Baxter site’.

The objectives of this paper are to examine the effects of the different PBL
schemes, as well as the effects of different PBL height diagnosis by different
methods on the simulated meteorological and O3 fields, and to characterize the
associated modeling uncertainties. In addition to examining the model’s response
to different meteorological inputs, we assess the sensitivity of the O3 predictions
to the emission reductions which result from the different PBL schemes.

2. Methods of Analysis

2.1. METEOROLOGICAL MODELING SYSTEM (MM5)

We performed two sets of meteorological modeling simulations with MM5 Version
3.3 [15] for the July 12–17, 1999 period using two different PBL schemes – the
Blackadar scheme [16, 20] and the Gayno–Seaman scheme [17]. The details of
these two simulations and the modeling results can be found in Zhang et al. [10].
Briefly, during the convective conditions, the non-local mixing of the Blackadar
PBL scheme assumes that buoyant plumes from the surface rise and mix across
all layers over the boundary-layer, exchanging momentum, energy, moisture, and
other scalar quantities. The intensity of mixing, defined as the fraction of mass ex-
changed between the surface layer and the other layers within the PBL, is based on
the surface heat flux. The result is that these parameters are distributed uniformly
throughout the boundary-layer within a short period of time. The local mixing
of the Gayno–Seaman PBL scheme calculates TKE prognostically. The vertical
diffusion coefficient (Kv) is then diagnosed based on the local value of TKE. The
scheme may not be simply regarded as a local scheme, since TKE may be gener-
ated elsewhere in the domain and transported to the local grid cell. The Blackadar
scheme differs from Gayno–Seaman scheme in that the latter mixes scalars only
between two adjacent layers at a time, while the former mixes across all layers
simultaneously under convective conditions. Hereafter, the two PBL schemes will
be referred to as ‘BL’ and ‘GS’, respectively.

2.2. PHOTOCHEMICAL MODELING SYSTEM (CMAQ/MODELS-3)

The CMAQ is a three-dimensional photochemical model of the EPA’s MODELS-3
system. The CMAQ’s 12 km horizontal grid structure follows that of MM5, con-
sisting of 163 cells along the east-west direction and 145 cells along the north-south
direction, covering a large portion of the eastern United States. Figure 1 displays
the modeling domain and the northeastern U.S. analysis subdomain. There are 16
layers in the vertical, with the first 12 layers (below 3124 m) identical to that of
MM5 to maintain high resolution within the PBL [10]. Note, the vertical diffu-
sion of CMAQ is based on the K-theory scheme which is different from MM5’s
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Figure 1. The 12 km modeling domain and the northeastern U.S. analysis subdomain in
MODELS-3.

approaches. For the convective boundary-layer, the eddy diffusivity is defined as
a function of surface convective velocity and PBL height. The Carbon Bond IV
(CB4) [21] chemical mechanism is used in the CMAQ simulations. Since a grid-
ded emissions inventory was not available for the July 1999 period, we used the
emissions inventory reported by Sistla et al. [3], for the mid-July 1995 period in
this study. Since the primary objective of this study is to examine the uncertainty
caused by the meteorological inputs, the same emissions were used all base case
simulations.

In order to assess the relative contributions of different physical and chemical
processes, we performed process analysis (PA) for each of the CMAQ simulations.
The process analysis feature of CMAQ allows the user to compare the relative con-
tributions of vertical diffusion, horizontal advection, in-situ chemical production,
and other processes relative to the formation or destruction of O3 at each grid cell
as a function of time. Thus, we can cross-compare the magnitudes and the diurnal
variations of the contributions of these processes to the predicted O3 formation
rates.

Since photochemical models are being widely used as tools to guide regula-
tory decisions, it is important to determine how the meteorological uncertainty
propagating into the photochemical model affects the simulations of O3 under
different emission control scenarios. Therefore, we investigated the response of
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the predicted O3 concentrations to different hypothetical anthropogenic emissions
reduction scenarios using the different meteorological inputs. We created two ad-
ditional sets of gridded emissions which incorporated spatially uniform reductions
in nitrogen oxides (NOx) and volatile organic compounds (VOC) emissions from
the base case; one of the emissions reduction scenarios is more NOx-focused (i.e.,
NOxreduced by 50%, and VOC reduced by 25%; hereafter referred to as N50V25),
while the other is more VOC-focused (i.e., 25% reduction in NOx , and 50% re-
duction in VOC; hereafter referred to as N25V50). Additional CMAQ simulations
were performed with these two sets of emissions reduction cases, and the effects of
emission changes on predicted O3 levels for the two sets of meteorological fields
are examined here.

2.3. EXPERIMENTAL DESIGN OF THE BASE CASE SIMULATIONS

In this study, the differences between the various meteorological and photochemi-
cal simulations are solely due to differences in the PBL schemes and the methods
for diagnosing the PBL height by MM5 and MODELS-3. In MM5, the convective
PBL height diagnosis depends on the PBL scheme used; the BL scheme relies on
the buoyant energy (θ-profile), while the GS scheme defines the PBL height either
at the level where the TKE has fallen to 0.1 m2 s−2 in the case of strong convection
(maximum TKE > 0.2 m2 s−2), or 50% of the maximum TKE in the case of weak
convection (maximum TKE < 0.2 m2 s−2) [22]. On the other hand, the MODELS-3
preprocessor defines the PBL height as the level where the bulk Richardson number
reaches a maximum of 0.7, regardless of the PBL scheme in the meteorological
model [18]. Therefore, the MODELS-3 pre-processor re-diagnoses the PBL height,
creating a potential dynamical inconsistency with the meteorological fields.

In this analysis, four base case photochemical simulations have been performed.
The purpose of the four simulations is to investigate the sensitivity of the CMAQ
simulations to the differences of PBL schemes and PBL height diagnosis, keeping
the input emissions unchanged. After the MM5 meteorological fields are generated
with the two PBL schemes, they are processed to create input files to the CMAQ. In
one pair of simulations, the MODELS-3 preprocessor is allowed to re-diagnose the
PBL heights, while for the other pair of simulations, the PBL heights from MM5
are directly imported into the photochemical model. The former simulations will
be referred to as BL/MODELS-3 and GS/MODELS-3, while the latter simulations
will be referred to as BL/MM5 and GS/MM5. This facilitates a comparison be-
tween the effects of the two different PBL schemes on predicted O3 concentration
fields, as well as the effects of different methods of PBL height determination for
a given PBL scheme.
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Figure 2. PBL heights at 1800 UTC on July 17 for each of the four base case simulations: (a)
BL/MODELS-3; (b) BL/MM5; (c) GS/MODELS-3; (d) GS/MM5.

3. Results and Discussion

3.1. DIFFERENCES IN THE METEOROLOGICAL INPUTS

As noted before, the success of an air quality simulation depends to a large de-
gree on the accuracy of the meteorological fields used as model inputs. Hence,
the photochemical model simulations are no more reliable than their respective
inputs. Figure 2 displays the calculated PBL heights at 1800 UTC on July 17, 1999
for the four simulations. In general, the bulk Richardson number method used in
MODELS-3 yields higher PBL heights than those from MM5 based on either the θ-
profile or TKE-profile. The GS/MM5 method generally calculated the lowest PBL
heights with isolated pockets of high values in certain geographic areas. Comparing
the outputs taken directly from MM5, the BL scheme is more efficient at vertical
mixing than the GS scheme, and is able to generate a deeper PBL [10]. On the other
hand, in the MODELS-3 re-diagnosis simulations, the GS fields yielded higher
PBL heights than those from the BL fields. This result is the opposite of what
was predicted by MM5, and is caused by the higher ground temperatures predicted
by the GS scheme which strongly affect the bulk Richardson number calculation.
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Figure 3. Diurnal variations in the PBL height for each of the four base case simulations at
the Baxter site on July 17.

The maximum difference in the mixing heights between the four simulations is on
the order of 2 km. These results indicate that substantial uncertainties in the PBL
height determination exist due to the differences in the methods of PBL diagnosis
and the differences in the meteorological fields.

Figure 3 depicts the diurnal variation of the PBL height for the four simulations
at the Baxter site on July 17. The predictions from the MODELS-3 re-diagnoses
exhibit a much earlier and dramatic rise, reaching a much higher level than those
of the MM5 methods. During the convective daytime hours, the GS/MODELS-3
and BL/MODELS-3 simulations predicted maximum PBL heights of about 3 km.
The rapid growth in the PBL height would allow for the entrainment of pollutants
trapped aloft, leading to an earlier rise in surface O3 concentrations; however, the
higher PBL height would tend to dilute O3 and its precursors during the afternoon
hours [23, 24]. Comparing with the direct MM5 outputs, the BL version tends to
stabilize the PBL earlier than the GS version, causing the earlier and more rapid
collapse of the convective boundary-layer.

The simulated cloud cover fractions at 1500 UTC and 2000 UTC re-diagnosed
by MODELS-3, representing the sum of the low, middle and high cloud cover
fields, are displayed in Figure 4. The GS scheme tends to simulate clearer skies
than the BL scheme due to its inability to efficiently transport water vapor from
the surface layer to higher levels [10]. Clouds play crucial roles in the transport
and removal of pollutants. Firstly, clouds are indicative of the vertical convec-
tive transport from the surface to the free troposphere. Secondly, clouds aid in
the removal of pollutants via scavenging and wet deposition. Thirdly, clouds can
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Figure 4. The cloud cover fraction diagnosed by MODELS-3 on July 17 by both PBL
schemes. The top two panels are for 1500 UTC, and the bottom two panels are for 2000 UTC.

substantially alter the photolysis rate coefficients. Hence, the CMAQ-predicted O3

concentrations would be sensitive to the cloud cover simulated by MM5.
The temporal variation in the vertical wind profiles, taken directly from MM5,

at the Baxter site on July 17 is depicted in Figure 5. During the morning hours,
both schemes simulated similar wind directions, with perhaps slightly higher wind
speeds in the lower levels predicted in the BL simulation. Above about 1.3 km
AGL, the wind direction changed from southwesterly into westerly. Figure 5 in-
dicates that the wind fields simulated by the two PBL schemes deviated during
the onset of the convective boundary-layer; the GS version simulated more south-
westerly flow while the BL version simulated more southerly flow during the
daytime convective periods. At the onset of convective conditions, the BL scheme
quickly brings the surface momentum flux to higher layers, with more southerly
flow and higher wind speeds from about 1400–1800 EST, while the GS scheme
still maintains southwesterly flow. During the daytime periods, the wind direction
further changes from westerly to northwesterly above about 1.7 km AGL. This is
more consistent with the PBL height diagnosed in the MM5 simulations with the
BL scheme than the GS scheme [10]. As a result of these wind field differences,
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Figure 5. Time series of wind profiles at the grid cell corresponding to the Baxter site on
July 17 from both PBL schemes, extracted directly from MM5. Both the model level and the
approximate height AGL are shown.

pollutants and precursors will be transported along different directions in the model
simulations, contributing to differences in the predicted O3 concentration fields.

The above analysis is limited to one grid cell. To illustrate the behavior of the
BL and GS wind fields spatially, Figure 6 depicts the wind fields in the analysis
subdomain at 2000 UTC on July 17. Large differences between the two simulations
occur along the coast of New Jersey and near Long Island. In these regions, the BL
simulation predicted a stronger sea breeze than the GS simulation due to the more
vigorous vertical mixing of the BL version, which maintained a much deeper layer
of temperature contrast between land and ocean than that of the GS scheme [10,
22].

3.2. COMPARISON BETWEEN O3 MODEL SIMULATIONS

3.2.1. Spatial Pattern of Maximum of Hourly O3 Concentrations

The model-predicted daily maximum surface O3 concentrations at each grid cell
over the analysis subdomain for the four simulations on July 17 are presented in
Figure 7. The GS versions (Figures 7b and 7e) generally simulated higher surface
1-h O3 concentrations than the BL versions (Figures 7a and 7d); the corresponding
model-to-model differences (expressed in percent) appear in the panels of Fig-
ures 7c and 7f. The differences in the vertical mixing processes as well as transport
within the PBL can contribute to the differences in the formation and accumulation
of O3 concentrations; for the MODELS-3 re-diagnoses (Figures 7a and 7b), the GS
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Figure 6. Near-surface wind fields predicted by both PBL schemes on July 17 at 2000 UTC
within the analysis subdomain, extracted directly from MM5.

simulated the peak in the Connecticut area, while the BL simulated the peak in the
southeastern Pennsylvania area. The BL/MODELS-3 and GS/MODELS-3 simu-
lations predicted only small isolated regions of daily maximum O3 concentrations
above 120 ppb. However, the daily 1-h maximum O3 patterns are qualitatively simi-
lar. The differences in the locations of the simulated peak concentrations are mostly
due to the differences in the wind fields, more southwesterly in the GS version and
more southerly in the BL version, especially during the daytime convective periods.

The impact of the PBL schemes on O3 simulations is moderated considerably
by the MODELS-3 re-diagnosis of PBL heights (Figures 7a and 7b) compare with
(Figures 7d and 7e), which reflect the simulations when the MM5 PBL heights
are directly imported. The BL/MM5 simulated large areas of daily maximum O3

concentrations between 120–140 ppb along the urban corridor, while the GS/MM5
simulated large regions in excess of 140 ppb. When the MM5 outputs are used
directly, it is evident from Figures 7c and 7f that the differences between the
simulated daily maximum surface O3 concentrations are substantial, with the GS
simulations 30–40% higher than the corresponding BL simulations along the coast
and urban corridor, indicating the strong sensitivity of the simulated O3 to the PBL
scheme employed. The large differences between the BL/MM5 and GS/MM5 sim-
ulations, especially along the Atlantic coast, may be due to the higher PBL heights
and stronger sea breeze circulation in the BL scheme. However, in the MODELS-
3 re-diagnosis simulations, the differences between the BL and GS simulations
are generally within ±10% along the urban corridor, with the largest differences
(>10–20%) mostly confined to the Delmarva peninsula.
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Figure 8. Observed and predicted O3 concentrations on July 17, for each of the four base case
simulations. Data from all 118 monitoring sites within the analysis subdomain were averaged
here.

During the period of July 15–19, 1999, the eastern United States was under the
influence of a high-pressure system. The weather conditions for this episode are
characterized by high temperatures, strong shortwave radiation, low wind speeds,
and low inversion heights [10]. The GS/MM5 scheme simulated higher surface
temperatures, lower wind speeds during the morning hours, and less cloud cover
than the BL/MM5 scheme, but the simulated PBL heights were too low. The
BL/MM5 scheme diagnosed the PBL height comparable to the observed values
[10], but the strong vertical mixing may alter the surface wind direction too much.
Furthermore, the overestimated PBL heights by the MODELS-3 re-diagnosis tend
to dilute the O3 concentrations and smear out some of the differences between the
GS and BL schemes. Observations, having adequate spatial and temporal resolu-
tion over the diurnal cycle are, therefore, needed to properly evaluate these models
in light of the existing uncertainties.

3.2.2. Diurnal Behavior of Simulated O3

Figure 8 depicts the diurnal variations in the observed and predicted O3 concentra-
tions on July 17, averaged over all grids in the analysis subdomain, for each of the
four base case simulations. From midnight until early morning, all four simulations
significantly overpredicted the observed O3 concentrations; these overpredictions
may be attributable to the vertical eddy diffusivity in the surface layer and inad-
equate treatment of pollutant removal processes in the model’s first layer. In the
CMAQ, the vertical diffusivity in the surface layer is assigned a fixed minimum
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Figure 9. Histograms of the time of occurrence of the 1-h maximum O3 concentrations, for
each of the four base case simulations on July 17: (a) BL/MODELS-3; (b) BL/MM5; (c)
GS/MODELS-3; (d) GS/MM5.

value of 1 m2 s−1. Although CMAQ started with higher O3 concentrations than
those observed, the model seems to reproduce the observed 1-h O3 concentration
peak in the afternoon hours reasonably well, except for the GS/MM5 case. The BL
cases are more consistent with each other, generally capturing the observed peak
on average. Also, the GS simulations are very different from each other during
the convective time periods (see Figure 8). While the GS/MODELS-3 simulation
predicted an average peak concentration of about 120 ppb, the observations and
the other three simulations only reached about 100 ppb for the average daily maxi-
mum concentration. Note the simulations with overestimated PBL heights from the
MODELS-3 re-diagnosis tend to predict peaks earlier in time than those of lower
PBL heights provided by MM5.

The histograms of the time of occurrence of the simulated daily maximum 1-
h O3 concentrations on July 17 are presented in Figure 9. In general, both BL
and GS schemes with PBL heights diagnosed by MM5 (BL/MM5 and GS/MM5
cases) tended to simulate the timing of the daily peaks around 1300 and 1500 EST.
The GS/MODELS-3 case simulated an earlier peak around 1100 EST, while the
BL/MODELS-3 case simulated the peak at 1300 EST. With the MODELS-3 re-
diagnosis of the PBL heights (BL/MODELS-3 and GS/MODELS-3), the dynami-
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cal balance from MM5 is altered; MODELS-3 diagnosed the PBL heights as high
as 3 km during the daytime convective period, but the PBL height diagnosis based
upon both observations and MM5 predictions of temperature and wind profiles do
not indicate that the PBL is this deep [10]. The MODELS-3 re-diagnosis estimates
much higher PBL heights and an earlier rise in PBL evolution than does MM5.
Hence, it is important to insure dynamical consistency of the meteorological fields
in the air quality model to properly simulate the pollutant dynamics within the
boundary-layer.

To illustrate the effects of different vertical mixing mechanisms on the diurnal
evolution of the O3 concentrations, the time-height cross-sections of O3 on July
17 at the Baxter site are displayed in Figure 10 for each of the four simulations. In
CMAQ, the vertical diffusion is parameterized by the K-theory. The convective ver-
tical diffusivity is calculated as a function of surface heat flux and the PBL height.
The stronger vertical diffusion in the MODELS-3 re-diagnosed simulations leads
to the deeper PBL heights, allowing high winds aloft to transport pollutants farther
downwind from the source region. Note the presence of very high O3 concentra-
tions aloft (>120 ppb) in the re-diagnosed simulations near 2 km, which persist
throughout the second half of the day. Comparing the BL/MM5 and GS/MM5
simulations, the earlier collapse of the mixed layer of the BL scheme depletes
the surface O3 level much earlier than the GS scheme. The GS/MM5 simulation,
having the weakest vertical diffusion, predicts very stratified O3 concentrations
throughout much of the day, and permits high concentrations (>110 ppb) to be
trapped below about 1 km with much lower O3 levels aloft then BL/MM5. This will
certainly have an impact on the predicted surface concentrations farther downwind
of the source region on the following day.

The scatter plots of the predicted daily maximum 1-h O3 concentrations at each
grid cell within the analysis subdomain are depicted in Figure 11 for the four sim-
ulations, along with the least-squares fit line on July 17. Figure 11a displays the
comparison between the two BL simulations. The correlation coefficient of 0.93
indicates that there is similar performance between the two BL simulations, esti-
mated either from the bulk Richardson number or the θ-profile. A large difference
occurs in the performance between the two GS simulations (see Figure 11b). The
difference is mainly caused by the large discrepancy in the PBL height, since the
same meteorological fields were used in both simulations; the lower PBL height
estimated by TKE-profile method resulted in much higher predicted surface O3

concentrations than in the MODELS-3 re-diagnosis simulation. The correlation is
the lowest of the four comparisons in Figure 11. Figures 11c and 11d display the
effects of the different PBL schemes on O3 simulations. The correlation coefficients
in Figures 11c and 11d are higher than in Figure 11b, since the differences between
the two BL and GS schemes for a given method of PBL diagnosis are smaller than
the differences between the MODELS-3 and MM5 methods associated with the
GS scheme.
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Figure 10. Time-height cross section of O3 concentrations at the Baxter site on July 17, for
each of the four base case simulations: (a) BL/MODELS-3; (b) BL/MM5; (c) GS/MODELS-3;
(d) GS/MM5.
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Figure 11. Scatter plots of the predicted daily maximum 1-h O3 concentrations on July 17: (a)
BL/MM5 versus BL/MODELS-3; (b) GS/MM5 versus GS/MODELS-3; (c) GS/MODELS-3
versus BL/MODELS-3; (d) GS/MM5 versus BL/MM5.

3.3. PROCESS ANALYSIS

To examine the importance of the different physical and chemical processes that
lead to the formation, distribution, and destruction of O3 in the CMAQ simula-
tions, we applied process analysis (PA) to quantify the relative contributions of
individual processes. Figure 12 shows the temporal variation of the contributions
based on the values at the model’s second layer (about 50 m AGL) from four
processes – chemical reactions, vertical diffusion, cloud effects and horizontal
advection – averaged over the analysis domain for the four simulations. The two
re-diagnosed simulations, BL/MODELS-3 and GS/MODELS-3, had smaller con-
tributions from chemical formation, which may be due to the higher PBL heights
diagnosed with the MODELS-3 preprocessor, leading to higher dilution of O3 and
precursor concentrations during the daytime convective period. These two simula-
tions also predicted an earlier rise in the PBL, evident in the important contributions
of vertical diffusion from 0700–0900 EST to O3 formation. The GS/MM5 simula-
tion predicted the shallowest PBL heights, the largest contributions from chemical
reactions (O3 formation), and the largest contributions from horizontal advection
(O3 destruction) during the daytime.
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Figure 12. Time series of the relative contributions of chemical reactions, vertical diffusion,
and horizontal advection, for each of the four base case simulations: (a) BL/MODELS-3; (b)
BL/MM5; (c) GS/MODELS-3; (d) GS/MM5.
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Table I. Predicted daily 1-h maximum ozone concentration (ppb) on July 15, 1999,
for the base case and two emissions control cases. The two control cases re-
fer to different amounts of anthropogenic emissions reductions: N50V25 = 50%
NOx reduction, 25% VOC reduction; N25V50 = 25% NOx reduction, 50% VOC
reduction.

Base case (ppb) N50V25 case (ppb) N25V50 case (ppb)

BL/MODELS-3 118 96 107

BL/MM5 125 99 111

GS/MODELS-3 138 148 135

GS/MM5 145 157 133

Note that throughout the day, the differences between the two BL simulations
are smaller than the differences between the two GS simulations, both in terms of
the magnitudes and diurnal variations of the individual contributions. This is not
surprising, since the differences in simulated PBL evolution and heights are smaller
between the BL simulations. During the daytime, the largest O3 destruction rates
due to vertical diffusion are about −5 ppb h−1 (∼1400 EST) for the GS/MM5 case
while the highest formation rates due to chemical reactions, nearly 10 ppb h−1,
occur from 0900 to 1100 EST. The largest contributions to O3formation from
horizontal advection occur between 1500 and 1700 EST. For the GS/MODELS-
3 case, only the afternoon loss rate due to horizontal advection is similar to the
GS/MM5 case, while the morning formation rates from chemical reactions are
lower; however, the loss rate due to vertical diffusion is substantial from 1200 to
1500 EST, with the maximum contribution shifted two hours earlier.

3.4. RESPONSE OF O3 SIMULATIONS TO EMISSION REDUCTIONS

Table I lists the predicted maximum 1-h O3 concentrations on July 15 over the
analysis subdomain for each of the base cases, and the corresponding anthro-
pogenic emission reduction scenarios – NOx-focused (N50V25) controls and VOC-
focused (N25V50) controls. Although the O3 episode was only beginning in the
northeastern U.S. on July 15, we chose this day to illustrate the sensitivity of
the CMAQ to different emissions reduction cases. Table I indicates that the GS
scheme simulated higher 1-h daily O3 maxima than the BL scheme over the analy-
sis subdomain. Also, the NOx-focused controls are more effective in reducing the
domain-wide maximum in the BL simulations when compared with the GS simula-
tions; the NOx-focused control scenario actually led to an increase in the peak 1-h
O3 over the New York City area for the GS case, due to the reduced NO scavenging.
Also, the NOx-focused controls were more effective than the VOC-focused con-
trols in reducing O3 in the BL simulations. The responses of the emission changes
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are greater in the MM5 PBL hight cases than the MODELS-3 PBL height cases in
both the BL and GS PBL schemes.

While Table I only reflects the changes in the daily maximum O3 occurring at
any grid cell within the analysis subdomain, it is important to examine the over-
all spatial patterns in the model predictions. The relative response of the model
to the different emission reduction scenarios is defined in terms of the index of
improvement:

Index of improvement = (O3)base − (O3)control

(O3)base
× 100%. (1)

Figure 13 (MODELS-3 PBL height cases) and 14 (MM5 PBL height cases) display
the index of improvement for 1-h O3 concentrations for the VOC-focused controls
and the NOx-focused scenarios as difference plots, defined as ‘BL minus GS’, for
all of the four simulations.

The NOx-focused controls show an overall larger index of improvement than
the VOC-focused controls with both PBL schemes, although the effects of the
reduced NO scavenging (resulting in O3 increases from the base case) are evident
in the vicinity of and downwind of the New York City metropolitan area. Note the
different scales in Figures 13 and 14 for the two emissions reduction scenarios.
Qualitatively, for a given emissions control scenario, the overall patterns for the
index of improvement are similar for the cases of MODELS-3 PBL heights (Fig-
ure 13), while they show significant differences for the MM5 PBL height cases
(Figure 14) over much of the domain. The differences between the BL and GS
schemes are within ±5% for the N50V25 scenario, and within ±2.5% for the
N25V50 scenario in the cases of MODELS-3 processed PBL height cases (Fig-
ure 13). These differences are doubled in the MM5 PBL height cases (Figure 14).
For the NOx-focused control, there are large differences in complex geographical
areas such as the Long Island Sound area, where the BL scheme predicted indexes
of improvement which were about 10–20% lower than those predicted by the GS
scheme. This is not unexpected, since the PBL processes can substantially alter the
meteorological fields on the smaller scale. Also, significant differences are evident
in the Catskills and Hudson Valley regions of New York State, where the BL
scheme predicted indexes of improvement which were about 5–15% higher than
in the GS scheme. For the VOC-focused control case, the differences in the index
of improvement simulated by the two PBL schemes were always within ±10%
across the entire analysis subdomain.

The uncertainty in the estimation of PBL heights will influence the model’s re-
sponse to emission reductions. The higher ventilation in the BL case tends to favor
NOx reductions over VOC reductions; when the morning time ventilation is high
(i.e., high mixing height and/or high wind speed), freshly injected NO emissions
tend to be dispersed so that reductions in NOx emissions lead to a greater reduction
in the daily maximum 1-h O3 concentration; on the other hand, when the morning
time ventilation is low (i.e., low mixing height and/or low wind speed), freshly
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Figure 15. Mean and standard deviation of the index of improvement from all four simulations
for the NOx-focused and VOC-focused control cases.

injected NO emissions lead to NO titration so that reductions in NOx emissions can
actually increase the daily maximum O3 concentration [24]. As stated earlier, the
MODELS-3 pre-processor tends to reduce the differences between the two PBL
schemes at the expense of internal consistency. When the index of improvement
with same the PBL scheme but different PBL height diagnosis (i.e., BL/MODELS-
3 vs BL/MM5, or GS/MODELS-3 vs GS/MM5) are plotted against each other (not
shown here), they are highly correlated with each other in the BL cases but not in
the GS cases. In the lower PBL height cases of GS/MM5, they increase the areas
of greater benefit from both NOx and VOC reduction cases when compared to
GS/MODELS-3, and they also increase the areas with negative benefits, especially
near the source areas.

The uncertainty of the meteorological inputs caused the deviations in the sim-
ulated index of improvement from the emission reductions. It is of interesting
to investigate the ‘ensemble’ of all simulations. Figure 15 shows the mean and
standard deviation of index of improvement from all four simulations for the NOx-
focused and VOC-focused controls. The mean values of the index of improvement
for the NOx-focused case (Figure 15a) range between −15% to 25%, with larger
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negative values located in New York City and downwind. The standard deviations
(Figure 15b) are also very high in those areas. The VOC-focused cases (Figures 15c
and 15d) show similar results with smaller range of the mean and standard devia-
tion. Although only four cases of PBL treatment are considered here, the simulated
results illustrate the potential for a large uncertainty in the efficacy of NOx controls
in the areas often associated with high O3 concentrations (for example, New York
City and downwind), due to the complex emissions pattens and geographic fea-
tures (e.g., land-water). Therefore, it is important to have observations of the PBL
evolution to validate the PBL schemes used in the meteorological model if we are
to reduce these uncertainties.

4. Summary

In this paper, we examined the uncertainties in air quality modeling stemming
from the differences in the PBL schemes considered in the meteorological model.
The different methods of treating subgrid-scale vertical mixing processes in MM5
would result in different vertical profiles of temperature, cloud cover, and winds.
The uncertainties in the meteorological parameters will, in turn, propagate through
the photochemical model simulations. The modeling results presented in this study
demonstrate that the differences in the predicted peak O3 concentrations can be as
high as 40 ppb. In addition to the differences in the magnitudes of peak predicted
O3, the time of occurrence of peak O3 concentrations at a given grid cell or re-
gion can differ by several hours. Thus, the predictions of absolute levels of daily
maximum 1-h O3 concentrations at individual grid cells on individual days by the
current generation of photochemical modeling systems will be highly uncertain.

To date, episodic air quality modeling studies have been performed in a deter-
ministic sense in the regulatory setting using certain choices of the model physics
and data [25]. In reality, it is impossible to exhaust all possible combinations of
the air quality modeling system, which couple the meteorological model and pho-
tochemical model. It is essential to characterize the uncertainty in the modeling
results due to the choices of equally valid sources of data and model physics. In
this study, we demonstrated the importance of the PBL height, which defines the
vertical extent of the well-mixed layer on the results of the air quality simulation.
To reduce the uncertainty caused by errors in the PBL height, a more realistic
formulation for the PBL height – requiring observations having a high degree
of temporal, horizontal, and vertical resolution – is essential for photochemical
modeling. The proper dynamical balance of the meteorological fields is needed to
provide the air quality model with the correct physical processes in simulating the
behavior of the pollutants within the boundary-layer. It is, therefore, essential that
the pre-processor of the air quality model not alter the outputs of the meteorological
model.
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