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Abstract. Ten different approaches for applying lateral enforced). The simulation using this model version had a
and top climatological boundary conditions for ozone haveone-hour daily maximum surface ozone bias of +8.6 ppbv,
been evaluated using the off-line regional air-quality modelwith small reductions in model correlation, and the best com-
AURAMS, driven with meteorology provided by the GEM parison to ozonesonde profiles. This recommended and orig-
weather-forecast model. All ten approaches employ the samial methodologies were compared for two further case stud-
climatological ozone profiles, but differ in the manner in ies: a high-resolution simulation of the BAQS-Met mea-
which they are applied, via the inclusion or exclusion of surement intensive, and a study of the downwind region
(i) a dynamic adjustment of the climatological ozone profile of the Canadian Rockies. Significant improvements were
in response to the model-predicted tropopause height, (ii) anoted for the high resolution simulations during the BAQS-
sponge zone for ozone on the model top, (iii) upward extrap-Met measurement intensive period, both in formal statistical
olation of the climatological ozone profile, and (iv) different comparisons and time series comparisons of events at sur-
mass consistency corrections. The model performance foface stations. The tests for the downwind-Rockies region
each approach was evaluated against North American suishowed that the coupling between vertical transport asso-
face ozone and ozonesonde observations from the BAQSeiated with troposphere/stratosphere exchange, and that as-
Met field study period in the summer of 2007. The origi- sociated with boundary layer turbulent mixing, may con-
nal daily one-hour maximum surface ozone biases of aboutribute to ozone positive biases. The results may be unique to
+15 ppbv were greatly reduced (halved) in some simulationghe modelling setup employed, but the results also highlight
using alternative methodologies. However, comparisons tdhe importance of evaluating boundary condition and mass
ozonesonde observations showed that the reduction in suconsistency/correction algorithms against three-dimensional
face ozone bias sometimes came at the cost of significardatasets.

positive biases in ozone concentrations in the free tropo-
sphere and upper troposphere. The best overall performance
throughout the troposphere was achieved using a methodo&
ogy that included dynamic tropopause height adjustment, no

sponge zone at the model top, extrapolation of 0zone whetkegional-scale chemical transport models (CTMs) require
required above the limit of the climatology, and no mass e gpecification of chemical concentrations on their lateral
consistency corrections (global mass conservation was stilk,q top boundaries, in order to accurately simulate con-
centrations of long-lived species within the model domain

(e.g. Brost, 1987). Most research to date on this topic has
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of a huge reservoir of ozone in the stratosphere. Accurateonditions were found to have a crucial effect on surface level
forecasting of ozone in the Los Angeles area was shown tdbackground concentrations” of ozone, in the same study.
be critically dependent on the treatment of ozone at inflowSimilarly, van Loon et al. (2007) compared seven different
boundaries for regional models studying reactive organic gasegional CTMs, and found that all tended to overestimate
and NQ, control strategies in that area (Winner et al., 1995). daytime ozone concentrations, moreover, for one CTM of
Mathur et al. (2005) noted that poor regional CTM ozone the ensemble this was the result of a systematic bias in its
performance for free tropospheric ozone could be linked toozone boundary conditions. The inclusion of day and night-
lateral boundary condition specification, as well as the modetime variation in ozone lateral boundary conditions has been
boundary layer — free troposphere exchange mechanismshown to improve regional model performance (Chen et al.,
and the chemical mechanisms used in the models. Sim2003).
ple boundary condition treatments such as “zero-gradient”, The ozone top boundary condition has been found to have
where the spatial gradients of the chemical species are as strong effect on ozone concentrations above 4km alti-
sumed to be zero on the boundaries, have been shown tmde, and the removal of the time variation of all bound-
be inadequate, but the quality of the data used for non-zeroary conditions resulted in a significant bias in variation pre-
gradient boundary conditions is of key importance (Tarasickdiction and sometimes affected the predicted mean (Tang
et al., 2007; Samaali et al., 2009). Consistent positive biasest al., 2007). The use of zero-flux conditions at the top
in regional model ozone simulations have also been linkedboundary was found to result in a significant negative ozone
to lateral boundary condition specification (Yu et al., 2007). bias in the upper troposphere due to the resulting exclu-
In the latter study, the linkage between the boundary condision of stratosphere-troposphere exchange events (Tong and
tions and transport and diffusion was found to be critical in Mauzerall, 2006). Such events inject stratospheric ozone into
improving ozone predictions. the upper troposphere episodically (cf. Holton et al., 1995;
Model performance is considerably improved with the useStohl et al., 2003). Thouret et al. (2006) found that the lo-
of time-invariant chemical lateral boundary conditions basedcation of the tropopause was a useful indicator in order to
on observations, compared to zero-gradient boundary condiremove synoptic and seasonal variations from ozone clima-
tions (Samaali et al., 2009). A comparison of regional CTM tologies.
simulations using predefined, fixed lateral boundary condi- An analysis of initial and boundary conditions for ozone
tions for relatively clean conditions, versus time-dependentsimulations of the northeastern Iberian Peninsula has shown
boundary-condition values provided by a global model, werethat the impact of ozone initial conditions lasts a few days,
compared for the Southern Oxidants Study (Song et al.whereas the impact of ozone boundary conditions remains
2008). The use of the boundary conditions provided by theimportant throughout a simulation, particularly in regions
global model improved the regional CTM’s predictions of in which the ozone precursors are dominated by short-to-
both diurnal variations and daily maxima of surface ozonemedium-range transport (Jimenez et al., 2007).
concentrations relative to time-invariant, fixed boundary con- In the current work, we examine the impact on tropo-
ditions. The global-model-derived boundary conditions alsospheric ozone forecasts of ten different model configura-
gave better agreement with the observed vertical structure itions. We introduce a new methodology, dynamic tropopause
the middle and upper troposphere. Model simulations us-eight adjustment, for the use of climatology-based ozone
ing lateral boundary conditions derived from time-invariant data as regional CTM lateral and top ozone boundary condi-
sources, global air pollution model simulations, and time-tions. This methodology uses tropopause-height forecasts at
varying ozonesonde data have been compared to observaflow boundaries to perform time-dependent adjustments of
tions (Tang et al., 2007, 2009). Correlation coefficients im-the climatological ozone profiles prior to their use as bound-
proved with the use of the global CTM output as regional ary conditions. Tests are performed for three cases; continen-
model boundary conditions, but positive mean biases also intal scale for North America for the summer of 2007 (BAQS-
creased for some of the global models employed, whereas thiglet monitoring period), at high resolution in Southern On-
boundary conditions derived from ozonesondes improved theario during the BAQS-Met field intensive (cf. Makar et al.,
upper Troposphere ozone correlations. Upper tropospherg007), and for a region east of the Canadian Rocky Moun-
negative ozone biases such as noted by Tarasick et al. (200%3ains during the summer of 2002. The tropopause-height-
have been decreased in magnitude through the use of labased dynamic adjustment allows a regional CTM to capture
eral boundary conditions provided by global CTMs (Mena- some of the variability of the upper troposphere at the in-
Carrasco et al., 2007). European regional ozone simulationflow boundaries, and results in significant improvements in
comparing the use of climatological ozone profiles versusboth upper and surface ozone simulations, relative to obser-
time-dependent profiles supplied by global CTM simulationsvations.
showed a slight improvement in correlation with the use of The work was motivated by the observation that the use
the latter, but no significant impact on the magnitude of sur-of realistic ozone boundary conditions in the place of zero-
face ozone peaks, which were found to result from surfacegradient boundary conditions (Samaali et al., 2009), while
ozone chemistry (Szopaet al., 2009). Ozone lateral boundargenerally improving model results, can sometimes result in
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Fig. 2. AURAMS 42 km, 15km and 2.5 km BAQS-Met domains.

8y

resolution domain meteorological simulations (Fig. 1). The
Fig. 1. GEM 15km (core portion of global-variable grid shown) Parameterizations of model physics change with resolution
and 2.5 km domains. in GEM; convective parameterizations are required in the
coarse resolution model, while these are no longer required
in the explicit physics of the high resolution model. The
erroneously large amounts of ozone being mixed downwardglobal variable-resolution configuration of GEM was con-
from the tropopause, for the modelling system described instrained by operational analyses at six hour intervals.
the following section. The use of potential vorticity as asur- A three level grid nesting setup was used for the
rogate for upper atmospheric ozone is examined separatel®tURAMS CTM simulations: an outer, 42km polar-
(He et al., 2010). stereographic gird, which covered a North American domain
(150x 106 grid points) and used a 15 min time-step drove
a smaller 15km grid that covered an Eastern North Ameri-

2 Methodology can domain (166 210 grid points) and used a fifteen minute
time-step; this second grid in turn drove a third, 2.5km
2.1 Modelling system description grid that spanned a southern Ontario domain (¢%2.1 grid

points) and used a 2-min time-step (Fig. 2). Similar to GEM,
AURAMS (A Unified Regional Air-quality Modelling Sys-  chemistry results from the coarser resolution CTM domains
tem, version 1.4.0) consists of three main components: (a) avere used as lateral boundary conditions for the two nested
prognostic meteorological model, GEM (Global Environ- domains. Upper boundary condition methodologies were ap-
mental Multiscale model; &é et al., 1998); (b) an emis- plied for all AURAMS domains.
sions processing system, SMOKE (Sparse Matrix Operator The two GEM domains share the same vertical coordi-
Kernel Emissions; Houyoux et al., 2000; CEP, 2003) ; andnate and layer structure, as do the three AURAMS domains.
(c) an off-line regional chemical transport model, the AU- GEM uses a type of pressure coordinat@;:i_hﬁ),
RAMS Chemical Transport Model (CTM; cf. Gong et al., where Py is the model pressure top am is the surfac
2006; Cho et al., 2009; Makar et al., 2009; Smyth et al.,pressure). AURAMS uses modified Gal-Chen coordinates
2009). (c= %m]ztop), wherezierrainis the local terrain height,

For the simulations of the Border Air-Quality — Mete- and zop is the model top. The level structure of the two

orology (BAQS-Met) study period (Makar et al., 2010), models may be compared usitigrain=0, Ps=1013.25 hPa,
GEM version 3.2.2 with physics version 4.5 was run on pr=10hPa (Fig. 3).
two domains: a variable-resolution, global, horizontal ro-
tated latitude-longitude grid with a uniform core grid cov- 2.2 Variations on a theme: ten methodologies
ering North America (57% 641 grid points over the globe,
with 432 x 565 grid points over North America, 0.1376r In our Base Case (original AURAMS configuration), the lat-
approximately 15.3 km grid spacing in the core region, 450 seral and top boundary conditions for ozone were extracted
time step), and a local domain covering the Great Lakes arefrom a global, monthly-varying gridded ozone climatology
(565x 494 grid points, 0.02250r approximately 2.5km developed by Logan (1999). The US standard atmosphere
grid spacing, 60 s time step). The coarse resolution domainvas used to map ozone profiles at different locations from the
output was used to provide boundary conditions for the highpressure levels used by the climatology onto model vertical
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AURAMS GEM day-to-day variations in tropopause height and by sporadic
' cross-tropopause events (Thouret et al., 2006). As a conse-
guence, the middle to upper tropospheric ozone in the clima-
tology will in general be higher than actual middle to upper
25000 25000 = tropospheric ozone concentrations. Moreover, if the model
predicts a tropopause height that is higher than the clima-
tological one, then a stratospheric values of ozone will be
applied to that part of the upper troposphere that is above the

30000 30000 |

20000 20000 1

I @ climatological tropopause. That higher ozone concentration
© © = o : . .
o1 — g 1w . air will then be available to be mixed downwards; in effect an
artificial STE event will have been generated by the model.
o _ oo The use of a non-tropopause-referenced ozone climatology
may thus result in positive ozone biases in the upper tropo-
sphere.
soon S0 = In order to test this hypothesis, a relatively simple ap-
proach was used to modify the existing boundary conditions.
o — - % Four observation-based concepts were used in devising the
- procedure.
Fig. 3. Comparison of Vertical coordinate for GEM and AURAMS,  First, the observation was made that the height of the
plotted relative to sea-level (1013.25 hPa). tropopause as indicated by temperature profiles was closely

linked to the ozone profile. Both fields show rapid increases
in magnitude with increasing height above the tropopause
levels; and ozone values above the 100 mb top of the clima{note that the air-quality model top in this case is well be-
tology were assumed to remain constant with height. The teflow the maximum in the ozone concentrations, which occurs
scenarios carried out here use same modelling structure (dext greater altitudes).
scribed above) for each simulation. The differences between Second, we noted that the inclusion of STE events will

the scenarios relate to four different factors: smoothed both the temperature and ozone climatology in
a similar way, relative to the background profile. A com-
(a) Dynamic tropopause-height adjustment parison of the “US Standard Atmosphere” temperature pro-

file to profiles in Logan’s data showed a good correspon-
This methodology still makes use of the Logan (1999) ozonedence: both show a relatively smooth increase in magni-
climatology in generarting boundary conditions, but the man-tude rather than the sharp transition of individual background
ner in which the climatology is applied differs from the stan- (non-exchange event) days. The US Standard Atmosphere’s
dard treatment in AURAMS. The concept arises from exam-tropopause height was therefore used here to represent the
ining an intensive series of twice-daily ozonesonde observaaverage tropopause height corresponding to ozone climato-
tions made in southwestern Ontario during the summer 200Togical data such as Logan’s, over North America. The issue
BAQS-Met field study, which suggest that the ozone profilesof smoothing of the tropopause location due to the use of
taken during short-lived stratosphere-troposphere exchangeoarse resolution satellite data in data assimilation has been
events differ from those representative of background condiidentified as a source of error in the prediction of tropopause
tions (He et al., 2010). During one of these events, ozone innversion layer strength (Birner et al., 2006), and in the cre-
the middle to upper troposphere may be increased by hunation of seasonal average ozone climatologies (Thouret et al.,
dreds of ppbv and may be a factor of four or more higher2006).
than typical values in the upper troposphere. The climato- Third, we note that the tropopause height may be esti-
logical ozone vertical profiles that are used in most limited- mated according to the revised World Meteorological Orga-
area regional air-quality models to specify boundary condi-nization criterion, specifically (JPL, 2010):
tions, however, are long-term averages. At an upper tropo-
spheric level close to the climatological tropopause level, the
time average will thus include “typical” upper-tropospheric
ozone concentrations (when the actual tropopause is located
at or above the climatological tropopause height), strato-
spheric ozone concentrations when the actual tropopause is
located below the height of the climatological tropopause, 2. If above the first tropopause the average lapse rate be-
and occasionally stratospheric ozone concentrations result-  tween any level and all higher levels within 1 km ex-
ing from stratosphere/troposphere exchange (STE) events. ceed 3K knT?, then a second tropopause is defined by
The average will thus be considerably altered (increased) by  the same criterion as under the statement above. This

1. “The first tropopause (i.e., the conventional tropopause)
is defined as the lowest level at which the lapse rate de-
creases to 2 Kkm' or less, and the average lapse rate
from this level to any level within the next higher 2 km
does not exceed 2 K knt (WMO, 1966).
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Table 1. Description of boundary condition setup used for simulations in this study.

Description

Base Case Default AURAMS: includes sponge zone on the top boundary,
vertical wind field correction for mass consistency (OPT2),
fixed ozone climatology with no extrapolation of ozone values
for the heights above the climatology.

Optl As in the Base Case, but with no mass consistency correction.

Opt2.dyn As in the Base Case, but with DYN1 dynamic ozone boundary
conditions

Optldyn No mass consistency correction, DYN1 dynamic ozone
boundary conditions, includes sponge zone on the top
boundary.

Opt2wosp As in Base Case, but without the top boundary sponge zone.

Opt2 Wosp Extrap As above, but with ozone extrapolated within the model when

the model top exceeds the limit of the climatology.

Optl Dyn_ExtrapWosp No mass consistency correction, DYN1 dynamic ozone
climatology, ozone extrapolated within the model when the
model top exceeds the limit of the climatology, no sponge zone.

OptlDyn_Extrap2Wosp  No mass consistency correction, DYN2 dynamic ozone
climatology, ozone extrapolated within the model when the
model top exceeds the limit of the climatology, no sponge zone.

Opt3.Dyn_Extrap2Wosp  Density advection mass consistency correction, DYN2 dynamic
ozone climatology, ozone extrapolated within the model when
the model top exceeds the limit of the climatology, no sponge
zone.

Opt4 Dyn_Extrap2Wosp  Density*Jacobian advection mass consistency correction,
DYN2 dynamic ozone climatology, ozone extrapolated within
the model when the model top exceeds the limit of the
climatology, no sponge zone.

tropopause may be either within or above the 1 km layerUS Standard Atmosphere) was used to linearly scale all
(Roe and Jasperson, 1980). ozone climatology heights (“dynamic” scaling: DYN1, see
Table 1), prior to their application on the lateral and top
3. A level otherwise satisfying the above definition of model boundaries. In the second, the surface, the tropopause
tropopause, but occuring at an altitude below that of theneight, and the height of the top of the climatology were used
500 mb level, will not be designated a tropopause un-to create two regions of linear interpolation, above and below
less it is the only level satisfying the definition and the the tropopause respectively, to scale the heights of the ozone
average lapse rate fails to exceed 3 KKnover atleast  climatology (DYN2, see Table 1). Both of these approaches
1km in any higher layer (Roe and Jasperson, 1980)." dynamically shift the location of the ozone climatological
fields in the vertical, prior to their use as model boundary

Fourth and last, we noted that vertically stretching or Sh”nk'conditions at any given time step.

ing the climatological ozone vertical profile by the ratio of

tropopause heights (model-generated to US Standard atmgp) Extrapolation of the available ozone climatology to (or

sphere), resulted in climatological ozone profiles that were  peyond) the model top

much closer in appearance to the observed profiles in the

model domain. The default AURAMS 1.4.0 makes use of the static ozone
Two different approaches were taken to make use ofclimatology of Logan (1999), the top layer of which is at

these observation-based concepts: in the first, the ratid00mb. This climatological top level was often below the

of the tropopause height locations (time-varying model tomodified Gal-Chen coordinate AURAMS top of 18km: by

www.atmos-chem-phys.net/10/8997/2010/ Atmos. Chem. Phys., 10, 89952010
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default, AURAMS would use the uppermost climatological — that is, the error in mass consistency is assumed to reside
ozone value for all grid points above the 100 mb region. Thein one or more of the components of the 3-D winds, and cor-
(Extrap) and (Extrap2) methodologies extrapolate from therections to the wind field are applied in order to reduce this
existing climatology above that level, either internally to the error (Yamartino, 1993; Byun, 1999a,b). (2) The errors in
model at every gridpoint requiring extrapolation (Extrap), or mass consistency are assumed to be reflected by errors in
using a pre-processing step of extrapolating all climatologi-air density: the ratio of the meteorological model’s diagnos-
cal ozone values to 50 mb (well above the AURAMS model tically predicted air density to the air density that resulting
top, then interpolating within the resulting 50 to 100 mb re- from advection from the previous time step, is used to cor-
gion within the model, Extrap2). Both methodologies at- rect the advected tracers. (3) The errors in mass consistency
tempt to make the model's use of the upper portion of theare assumed to be reflected by errors in both air density and
available climatology more realistic (since the ozone pro-the vertical coordinate Jacobian transformation: the ratio of
file is known to continue increasing above 100 mb); a betterthe advected product of the Jacobian and density to the di-
longer-term solution would be to generate new climatology agnostically predicted product of the Jacobian and density is
from available data, that always extends above the AURAMSused to correct the advected product of the Jacobian and the
top. tracer of interest. Four different approaches were thus com-
pared here: no mass consistency correction (Optl), a vertical
(c) The use or absence of a sponge zone at the model lid  wind field correction (Opt2; Byun, 1999b), an air density ad-
vection and ratio correction (Opt3; Chang et al., 1997), and
Sponge zones are sometimes employed to smooth the trana-product of air density with Jacobian advection and ratio
ported field in the vicinity of a static boundary condition, to correction (Opt4; Byun, 1999b). Byun (1999b) refers to the
prevent spatial discontinuities between the boundary condiOpt3 approach as “an ad hoc empirical method”, “presented
tion and the time-dependent fields from resulting in errorswithout theoretical explanation”; we have included it here
(e.g. from over- and under-shooting in Semi-Lagrangian ad-out of completeness sake, and since it has been used in past
vection). However, the use of a sponge zone in a region withair-quality models (Chang et al., 1997).
a large gradient in concentration (as is the case for ozone, at The order of application of the mass consistency and mass
the model top) may de facto increase the transport of uppeconservation in AURAMS is of importance with regards to
boundary ozone into the model domain. The sponge zon¢he use of mass consistency algorithms. If the Opt2 strategy
blending will add additional mass to the inner grid points, is used, this correction takes place prior to the application
in addition to that from advection, when the latter is trans- of AURAMS’ semi-Lagrangian advection algorithm. If the
porting mass into the model domain. The default setting ofOpt3 or Opt4 strategies are used, the advection of air density
AURAMS 1.4.0 was to use a three-grid point sponge zone abr (air densityx Jacobian), and the calculation of the cor-
the model top: the top layer set by climatology, the next layerrection terms, are carried out prior to the advection of these
down being a parametric cosine blend of the last time-step’gjuantities, and the mass consistency corrections are applied
forecast and the climatology, and the 3rd layer down beingafter the subsequent tracer advection takes place. A final
completely determined by the forecast. The very coarse verstage of the processing is a global mass conservation correc-
tical resolution near the top of the model 8 km) implies  tion, which is applied after all mass consistency corrections
that errors of this nature associated with the sponge zone mayave been applied (Gong et al., 2003; Priestly, 1993).
be substantial. One set of tests (Wosp; “without sponge”) Combinations of the above methodologies) could

evaluates the effect of removing this sponge zone. lead to many different approaches for making use of clima-
tological boundary conditions. Processing-time constraints

(d) The choice of mass consistency correction led us to examine a sub-set here. Our tests thus represent im-
methodology provements and additions along a particular line of enquiry

rather than an exhaustive examination of all possible combi-
The meteorological model does not formally conserve airnations. Table 1 describes the individual scenarios, and gives
density in its prognostic equations, and interpolation errorstheir designators used in subsequent analysis.
in the wind fields resulting from interpolation between me- Each methodology was used in a separate 2.5 month sce-
teorological model and air-pollution model grids will also nario simulation (subsequent to two weeks spin-up) for the
occur. The consistency between wind fields and air denBAQS-Met 42 km domain (Fig. 2). The results were com-
sity may be reduced by these considerations; previous worlpared using standard statistics to surface observations from
(Byun, 1999a,b; Odman and Russell, 2000; Lee et al., 2004the AIRNow network, and to ozonesondes released at the
Hu et al., 2006) has shown that correcting for these effectBAQS-Met study’s Harrow site (42.0N, 82.9 W). The
improves the accuracy of air-quality forecasts. To examinebase case, and the methodology deemed to have the best
the potential impact of mass consistency corrections on theverall performance, were then used for 15km and 2.5km
transported chemical species, three different methodologieBAQS-Met simulations (only the latter will be discussed
will be considered here: (1) The wind fields may be correctedhere), and for a separate set of simulations at 36 and 12 km
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grid spacing along a domain _|n western Canada. The Iatte'rrable 2. Evaluation statistics for 42km grid simulations for Ozone.
shows the effects of the choice of boundary conditions onyig: mean bias, NMB: normalized mean biag, correlation coef-

ozone originating from exchange events and the importanccient, RMSE: Root Mean Square Error. 1167 stations.

of the coupling between boundary layer and free troposphere

on the forecasted ozone concentration.

Daily 1 h maximum Q

Simulation MB NMB R RMSE
3 Model performance evaluation Base Case 150 0.28 048 228
Optl 10.2 0.19 047 20.0
3.1 North American domain: 42 km grid BAQS-Met Opt2.Dyn 123 023 047 215
simulations compared to AIRNow Opt1Dyn 89 017 046 197
Opt2Wosp 88 0.16 047 20.0
AIRNow data between 3 June 2007 and 31 August 2007 Opt2WospExtrap 65 012 046 195
were used to evaluate each of the model scenarios described OPtL-Dyn-ExtrapWosp 8.4 0.16 046 195
. . . Optl Dyn_Extrap2Wosp 86 016 0.46 195
above, for the largest domain shown in Fig. 2. The mean
bi MB lized bi NMB lati f Opt3 Dyn_Extrap2Wosp 11.6 0.22 0.41 221
ias (MB), normalized mean bias ( ), correlation coef- Opt4Dyn Extrap2Wosp 11.6 022 038 226
ficient (R), and root-mean-square-error (RMSE) were calcu- _
lated for the daily 1-h maximum, daily mean, and hourly (all Daily mean Q
values) of both ozone and RM, with the results given in Simulation MB NMB R RMSE
Tables 2 and 3, respectively. . Base Case 16,0 053 045 198
The ozone results (Table 2) show that all methodologies Opt1 124 042 044 168
have a positive MB and NMB, for all three ozone metrics  op2 pyn 135 045 044 17.9
evaluated. Opt1Dyn 11.3 039 043 161
The original model setup, Base Case (Table 1), has the Opt2Wosp 104 035 043 1538
highest MB, NMB and RMSE of all methodologies. The Opt2WospExtrap 80 028 043 144
Base Case also has the highest correlation coefficient for the OptlDyn ExtrapWosp 108 0.37 043 158
daily 1 h maximum and daily mean, though the variation in ~ OptLDyn.Extrap2Wosp  11.0  0.38 043  15.9
correlation coefficients between the different methodologies ~OPt3Dyn-Extrap2Wosp 135 0.45 040 183
is usually small. Opt4 Dyn_Extrap2Wosp 134 0.45 0.37 18.7

The simulation with the best overall performance (based
on these surface observations alone) is OMZspExtrap;

Hourly O3 (all values)

Simulation MB NMB R RMSE
incorporating a vertical velocity wind-field mass consistency
correction, no sponge zone at the model top, and climatolog- gai‘f Case 1;52'7 Otﬁl 006?1 2?32.8
ical ozone concentrations extrapolated in instances where the OStZDyn 13 '4 0 '45 0 '61 29 '4
model top is above the top of the climatology. This simula- OptLDyn 11:0 0:37 0:61 20:6
tion has the lowest magnitude MB, NMB and RMSE, with- Opt2 Wosp 102 034 061 205
out a significant decrease ficompared to the base case (for  opt2 WospExtrap 78 027 062 194
hourly ozone, this simulation has the high&sscore). OptLDyn_ExtrapWosp  10.6 0.36 0.60 20.5
A second group of methodologies (Oddyn, Opt2Wosp, OptlDyn_Extrap2Wosp 10.7 0.36 0.61 20.5
Opt1 Dyn_ExtrapWosp, and OptDDyn_Extrap2Wosp) Opt3 Dyn_Extrap2Wosp  13.2 0.44 057 227
have similar overall performance, worse than Opt4 Dyn_Extrap2Wosp  13.2 0.44 056 23.0

Opt2WospExtrap, but better than the other scenarios
and the Base Case. These scenarios still show a significant
improvement in the MB, NMB, RMSE relative to the base

case, again with relatively little change in the correlation 2. Removing the sponge zone also helps to reduce the pos-

coefficient.
A final group of methodologies (Optl, Opyn,

itive ozone bias at the surface;

3. Extrapolating @ climatology beyond 100 mb (as op-
posed to simple extension), helps reduce the model bias
at the surface, and there is a small but significant differ-
ence between the two different extrapolation method-
ologies;

Opt3.Dyn_Extrap2Wosp, Opt4dDyn_Extrap2Wosp) also
have similar overall performance, and are the closest to the
relatively poor performance of the original Base Case.

Comparing the above statistics, a few observations may be
made:

4. Removal of the mass consistency adjustment (regardless

1. The incorporation of dynamiC tropopause improves the of type) reduces the positive bias at the surface.

model prediction at the surface;

www.atmos-chem-phys.net/10/8997/2010/ Atmos. Chem. Phys., 10, 89952010
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Harrow: 2007-06-20 to 2007-07-07

Table 3. Evaluation statistics for 42 km grid simulations for B}
MB: mean bias, NMB: normalized mean bidg, correlation coef-
ficient, RMSE: Root Mean Square Error. 1167 stations.

.120

1100

Daily 1 h maximum PM 5 180

Simulation MB NMB R  RMSE & "
Base Case —486 -0.151 0256  17.4 £ - it

Opt1 -558 —0.190 0249  17.4 5t ol 1 g
Opt2Dyn —475 —0.145 0253 175 -

Opt1.Dyn —543 -0.181 0.248 175 .

Opt2 Wosp —526 -0.172 0256  17.4 = |

Opt2 WospExtrap 539 -0178 0257 17.4 Dumlh = Sz B8 1
OptlDyn ExtrapWosp ~ —5.46 —0.183 0.248  17.5 S F R E I E § 3 3

OptlDyn Extrap2Wosp —5.45 —-0.182 0.248 17.5
Opt3.Dyn_Extrap2Wosp —4.76 —0.152 0.256 17.3
Opt4 Dyn_Extrap2Wosp —4.69 —0.149 0.254 17.3

Daily mean PM 5
Simulation MB NMB R RMSE
Base Case —-1.00 -0.010 0.361 8.1 %
Optl —1.47 -0.058 0.354 8.0 E
Opt2.Dyn —0.86 0.004 0.357 8.2
OptlDyn —1.32 -0.043 0.354 8.1
Opt2Wosp —1.15 -0.024 0.360 8.1
Opt2Wosp Extrap -1.19 -0.029 0.361 8.1
OptlDyn_ExtrapWosp —1.33 —-0.044 0.354 8.1 Vi ) )
OptlDyn_Extrap2Wosp —1.33 —0.044 0.354 8.1 2 s e

Jun 22
Jun 24
Jun 26
Jun 28
Jun 30 +

Opt3.Dyn_Extrap2Wosp —0.86 —0.008 0.364 8.0
Opt4 Dyn_Extrap2Wosp —-0.82 —-0.004 0.361 8.1

Hourly PM, 5 (all values)

Fig. 4. Comparison of ozone frorfa) observations (ozonesondes)

Simulation MB NMB R  RMSE and(b) 42 km AURAMS Base Case, BAQS-Met Intensive, Harrow
Base Case -0.79  0.014 0.296 10.7  site.

Optl —-1.27 -0.036 0.293 10.6

Opt2.Dyn -0.18 0.076 0.242 11.8

Opt1Dyn -1.13 -0.022 0.293 10.6 in the mid-to-upper troposphere, precluding its use in subse-
Opt2Wosp —0.50 0.042 0.254 11.6 quent ana|ysis_

Opt2Wosp Extrap —0.99 -0.006 0.299 10.6

OptLDyn_ExtrapWosp  —0.69  0.023 0.250  11.4

OptlDyn Extrap2Wosp  —1.13  —0.023  0.294 106 32 North American domain: 42 km grid BAQS-Met

Opt3.Dyn_Extrap2Wosp —0.67 0.013 0.299 10.7 ; ;
simulations compared to Harrow ozonesondes
Opt4.Dyn_Extrap2Wosp —0.63 0.018 0.299 10.7 P

Twice daily ozonesonde measurements were carried out at

the Harrow BAQS-Met site. A comparison between the Base
The corresponding scores for Biare shown in Table 3. Case ozone and the observations is shown in Fig. 4. The
The changes to the PM are relatively small compared to most striking feature about the comparison is the extent to
ozone (compare NMB columns, Tables 2 and 3); the changewhich the model ozone is biased high in the free and up-
in methodology have a much larger impact on ozone forecasper troposphere. In the observations (Fig. 4a), ozone in the
accuracy, than on that of particulate matter. region between 3 and 10km is rarely greater than 80 ppbv,

If the analysis of surface sites alone is used to evaluate th&vhile the Base Case values (Fig. 4b) are often greater than

model methodologies, the OpW®ospExtrap methodology 120 ppbv, especially above 7km. The observations show
has the best performance, and results in the greatest improvéhe presence of high concentration ozone resulting from tro-
ment in MB, NMB and RMSE compared to the other scenar-posphere/stratospheric exchange (He et al., 2010) — similar
ios. However, subsequent comparisons to ozonesondes (disvents are depicted in the Base Case simulation, but are much
cussed below) show that this improved performance at thestronger than in the observations, resulting-it20 ppbv be-
surface comes at the expense of greatly reduced performandgeg brought down to within 2km of the surface, rather than

Atmos. Chem. Phys., 10, 8999815 2010 www.atmos-chem-phys.net/10/8997/2010/
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Fig. 5. (a)and(b): Model-derived ozone profiles for comparison to ozonesondes(left), 42 km domain statistics (upper right), and kriged

mean bias of surface maximum daily ozone (lower right), for Base Case and Optl methodologies, 3 June—31 Aug{e3ta2@l{d): As

in (a) and (b), but for Opt2vosp and Optavospextrap methododologies.

the 7 to 8 km lower reach of these intrusions depicted in thehave been contoured using kriging in order to better show
observations. The Base Case scenario is clearly biased higihe spatial pattern, and a mask has been applied to show
throughout the ozone profile, not just at the surface as sugenly the part of the domain containing station data. These
figures show that the surface performance (images on the
Figure 5 compares model-generated ozone profiles at Hafight-hand-side of Fig. 5 and in the summary statistics of Ta-
row, the surface network mean biases of the daily 1 h maxible 2) is sometimes at odds with the performance through-
mum ozone, and the ozone statistics, for each of the methocRut the profile (images on the left-hand-side of Fig. 5). The

gested by Table 2.

ologies considered here. The surface network mean biasd3ase Case, and all of the methodologies thandomake

www.atmos-chem-phys.net/10/8997/2010/
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Fig. 5. (e)and (f): As in (a) and (b), but for Opt2lyn and Optldyn methodologies. (g) and (h) As in (a) and (b), but for
Optldyn_extrapwosp and Optldyn extrap2wosp methodologies.

use of some form of dynamic ozone climatology (Fig. 5a—of negative mean bias values in much of the domain,
d; Base Case, Optl, Opi®osp, Opt2WospExtrap, Opt2)  while still being biased high through much of the middle
all significantly overestimate the ozone concentrations in theto upper troposphere (compare simulated ozone profiles,
model profile. Fig. 5d, to observations, Fig. 4a). With the exception
The response at the surface (right-hand surface mapg),f the “density advection” and “density*Jacobian” simula-
Fig. 5) is varied between the different simulations. For tions (Fig. 5i and j, respectively), those simulations em-
example, the “Opt2NospExtrap” simulation, which had ploying some form of dynamic ozone climatology adjust-
the best overall statistical scores from the above analyment have more realistic ozone profiles (Fig. 5e—h). Those
sis (Fig. 5d), has achieved that end through the creationvith the closest appearance to the measured ozone profile
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(i) ] VME{ppbv) R PPbV,
O, daily 1 hr max: 11.6 041 0.22 221

Opt3_dyn_extrap2_wosp | Daily Mean 0,: 13.5 0.40 0.45 18.3
Hourly O, (all values): 13.2 0.57 0.44 22.7

=
o

20 3ol Mean Bias, Daily 1 hr maximum O,, ppbv
e

1500 \j
ofl 10 3

—
=)

Alfiggdle (km)

Saoo
[___ =
A
&
g
jriss
) 5

Jun22
Jun24 1"
Jun26
Jun28
Jun30
Jul 2
Jul4] ~
Jul 6
&

P|

O, daily 1 hr max: 11.6 0.38 0.22 22,6
Daily Mean O,: 13.4 0.37 0.45 18.7
Hourly O, (all values):  13.2 0.56 0.44 23.0

Mean Bias, Daily 1 hr maximum O,, ppbv

s
IR N, EZOI :}L‘m{ T

-

n20
n22
n24
n26
n28i:
n30.
Jul 218

Jul4

Jul 6
&

333333

Fig. 5. (i) and(j) As in (a) and (b), but for Opt8lyn_extrap2wosp and Opt4lyn extrap2wosp methodologies.

are Optldyn, and OptlDyn_Extrap2Wosp. Of these, in similar surface statistics, yet very different ozone profiles
Optl Dyn_Extrap2Wosp has the better surface performance,in the upper Troposphere.
from the statistics of Table 2. Time-specific ozone profiles are examined in more de-
Comparing different simulations in Fig. 5 allows further tail in Figs. 6 and 7, which show the observed ozone (di-
analysis of the different methodologies. For example, com-amond symbols) and the simulated ozone from each of the
paring the simulated ozone profiles of Fig. 5a and b: an undifferent methodologies, throughout the entire modelled pro-
desired result of the use of the vertical velocity mass con-file (a,b) and in the lowest 2km of the atmosphere (c,d).
sistency is an increase in the downward transport of ozoneFigure 6 shows the behaviour when the ozone is perturbed
ozone concentrations are higher at any given altitude in théy a stratospheric exchange event, while Fig. 7 depicts the
Base Case (Fig. 5a) than in the mass-consistency-less Optiore typical behaviour in the absence of intrusions. Fig-
scenario (Fig. 5b). Similarly, comparing Fig. 5a with Fig. 5¢ ures 6a and 7a show that the best surface-performance sce-
shows that the use of a top layer sponge zone results in excegario (Opt2WospExtrap) is biased very high above 6 km
sive downward ozone transport, regardless of whether or nogltitude. The methodologies with the best fit to the observa-
extrapolation of the ozone climatology is employed (Fig. 5d). tions up to 12 km all incorporate dynamic ozone climatology
A substantial improvement over the Base Case profile value$Figs. 6 and 7a,b). Figures 6 and 7 (c,d) show that the choice
results from the incorporation of a dynamic ozone climatol- of boundary condition methodologies has a strong impact on
ogy methodology (compare Fig. 5a with Fig. 5e, or Fig. 5f the model results close to the surface; the shape of the sim-
with Fig. 5b), though high concentration ozone is still mixed ulated profiles and their proximity to the observations vary
down to the surface. If the mass consistency correction on th®y 20 ppbv when the profile is perturbed by the exchange
vertical velocities is then removed, an ozone profile similarevent (Fig. 6¢,d), and 12 ppbv under more “normal” condi-
to the observations results (compare Fig. 5e and f). Figure 5¢fons (Fig. 7¢,d). The simulation with the best fit at the-
and h are variations on this latter theme; no mass consistend@ce (Opt2 Wosp Extrap, here, Figs. 6¢ and 7c), tends to be
correction, but without the top sponge zone, with different biased high in the middle to upper troposphere.
methods of doing the extrapolation, resulting in only minor  We suspect that the improved surface performance for the
changes to both profiles and surface statistics. Mass con@pt2 methdologies may be due to compensating errors in
sistency is again explored in Fig. 5i and j. Here, the den-the advection algorithm. The very large upper to middle
sity and density*Jacobian advection methodologies were aptroposphere concentration gradient introduced by the use of
plied, but these reduce the overall accuracy of the resultsthe Opt2 methodology results in vertical advection under-
high ozone concentrations are again brought down from upshooting in the semi-Lagrangian advection’s interpolation
per levels. Note that these two different approaches resultedear the surface, hence driving the overall surface ozone
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Fig. 6. (a)and(b) Comparison between observed ozone profile andFig. 7. (a)and(b): Comparison between observed ozone profile and
12km grid simulations, 00:40Z, 21 June 2007. (a) Entire model12 km grid simulations, 13:00Z, 25 June 2007. (a) Entire model
vertical domain, first five scenarios; (b) Entire model vertical do- vertical domain, first five scenarios. (b) Entire model vertical do-

main, second five scenario) and(d): As in (a) and (b), lowest

2km of the

atmosphere.
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were averaged to hourly values (Fig. 8). The surface ozone
concentrations in the study region are strongly affected by
lake- and land-breeze circulations (Makar et al., 2010): the
summary statistics for the two runs are compared here to de-
termine the relative impact of the modified boundary condi-
=] j AN tions (indirectly, through transfer on the lateral boundary, and
‘ / s S B s directly, through the top boundary) on the very local ozone
\ P e ? predictions. Table 4 summarizes the comparison for the
+ / VA different metrics and statistical measures. Bold-face num-
A . | alcrooncror T bers within the table identify which of the two high reso-
L ’/ lution simulations (Base Case or Ogblyn_Extrap2Wosp)
S >

% had the better score. For this small subdomain, the original
MBS N7 PAmra PAY Base Case had better MB and NMB scores for the hourly
2 Lighthouse Cave LIG) | average ozone, the daily mean ozone, and the daily 1 h min-
imum ozone than the Optldyn_Extrap2Wosp scenario, but
the latter had betteR and RMSE values. For the daily 1-h
maximum ozone, the OptDyn_Extrap2Wosp scenario out-
performed the Base Case for all metrics. These results show
that the choice of ozone climatology methodology can have
® «/ﬂ{ a significant impact even at the local scale (through the lat-
75 eral transfer from lower-resolution domains, and through the
top boundary condition). From the forecasting standpoint,
Fig. 8. Locations of BAQS-Met mesonet stations and the Harrow 50 rate prediction of the maximum ozone is of key impor-
ozonesonde release site. tance: the OptDyn_Extrap2Wosp scenario significantly
improves the model results, relative to the Base Case.

concentrations downwards. The Opt2 methodologies tend The above analysis suggests that the best overall perfor-
to accumulate errors with increasing distance from the surmance,both at the surface and throughout the profile, is

face (the mass consistency discretization is applied first apPtained through using the methodology which combines
the surface, and then at increasingly higher layers in the atthe use of dynamic ozone climatology, no sponge zone at

mosphere). The Opt2, Opt3, and Opt4 methodologies all rethe model top, extrapolat_ion of the exis_ting_ climatqlogy to
sult in significant positive biases in ozone in the middle to 90 MP, and no mass consistency correction in the wind fields

upper troposphere in our modelling system. Our high resolu{methodology OptIDyn.Extrap2Wosp). Two further anal-

tion tests therefore do not make use of these methodologiesySeS Of case studies follow, comparing this recommended
methodology to the Base Case, at higher resolution.

Figure 9 shows example ozone time series from the Bear
4 Case study 1: AURAMS high resolution simulations Creek site (42.54N, 82.39 W); the improvement to the
compared to BAQS-Met Mesonet surface magnitude of the peak values and the overall fit to the ob-
observations servations being noticeable in both examples.

aquette Comers (PAQ) V

%oz /71 Wheatley (WHE) |
s~ |_eamington (LEA}

o |\

This case study examines the impact of improved model fore-

casts at coarse resolution (transferred to the high resolutioB Case study 2: AURAMS simulations over the Rockies
domain as lateral boundary conditions) on the model fore- compared to local Mesonet, summer 2002

cast at the nested higher resolution, as well as that of the

top boundary condition, applied at all resolutions. The BaseThis second case study was chosen to analyse the persistent
Case and OptDyn_Extrap2Wosp 42 km simulations were positive bias just east of the Canadian Rockies noticeable in
used to provide the lateral boundary conditions for 15 kmthe kriged mean bias surfaces in all of the simulations of
and thence 2.5 km simulations (domains shown in Fig. 2).Fig. 5. This region is of particular interest from the stand-
The top boundary condition within all three domains made point of ozone forecasting in Canada, due to the known oc-
use of the Base Case or Opbiyn_Extrap2Wosp method-  currence of stratosphere/troposphere exchange events in the
ologies. All domains use the same vertical layering struc-measurement record (cf. Chung and Dann, 1985). The pe-
ture in GEM, and also in AURAMS. The GEM meteoro- riod simulated was 8 June to 31 August 2002, and the 36 km
logical parameterizations change going to higher resolutionand 12 km domains used in the simulations are shown in
to account for the now-explicit resolution of convective pro- Fig. 10. These simulations made use of GEM version 3.2.0
cesses. Surface ozone measurements (5min sampling), o853 x 415 grid points over the globe, with 2%0353 grid
tained using a local mesonet during the BAQS-Met study,points over North America, 0.22or approximately 24 km
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Table 4. Ozone statistics for 10 BAQS-Met and OME surface ozone monitoring sites in southern Ontario during the summer of 2007,
comparing Base Case and Ofdyn_Extrap2Wosp simulations to observations, 2.5 km grid spacing domain. The run with the better value
is shown in bold face, for each metric._bbs: mean observed value, Mod: mean model value, MB: mean bias, NMB: normalized mean
bias, R: correlation coefficient, RMSE: Root Mean Square Error.

O3 hourly averages ~ @daily mean @ daily 1-h max @ daily 1-h min

Statistic Base Optl.. Base Optl.. Base Optl.. Base Optl..
M _obs (ppbv) 41.1 41.8 63.2 2

M_mod (ppbv) 41.1 374 418 38.1 66.6 61.2 21.0 18.7
MB (ppbv) 0.036 —-3.77 0.046 -3.78 414 —-193 -043 -2.83
NMB 0.001 —0.092 0.001 -0.090 0.066 —-0.031 -0.02 -—-0.132
R 0.59 0.63 0.53 0.60 0.51 0.57 0.57 0.60
RMSE (ppbv) 19.3 176 148 13.2 203 17.9 14.1 13.2

Table 5. Ozone statistics for 23 surface ozone monitoring network sites in Alberta, summer 2002, comparing Base Case and
OptlDyn_Extrap2Wosp, 12 km grid spacing domain. The run with the better value is shown in bold face, for each metiis: Mean
observed value, Mnod: mean model value, MB: mean bias, NMB: normalized mean B®asorrelation coefficient, RMSE: Root Mean
Square Error.

Statistic Q hourly averages  @daily mean @ daily 1-hmax @ daily 1-h min
Base Optl.. Base Optl.. Base Optl.. Base Optl..
M _obs (ppbv) 27.19 26.73 42.07 10.65
M_mod (ppbv) 31.50 28.64 30.99 28.18 50.62 46.25 10.10 9.32
MB (ppbv) 431 145 434 148 8.69 425 —-056 —-1.35
NMB 0.159 0.053 0.160 0.054 0.203 0.099 -0.052 -0.125
R 0.691 0.683 0.627 0.603 0.576 0.563  0.338 0.321

RMSE (ppbv)  15.44 13.66 10.44 8.93 18.11 15.30 9.73 9.31

grid spacing in the core region, 450s time step) to provideThe use of the OptDyn_Extrap2Wosp boundary condi-
the driving meteorology. The same version of AURAMS as tions (Fig. 12b) reduces the overall negative bias relative to
the previous tests was used. The 24 km GEM meteorologyhe base case (Fig. 12a), though positive bias regions remain.
was used to drive both the 36 (8105 grid points) and the These regions, like those for the simulations shown earlier
12 km (75x 115 gridpoints) AURAMS simulations. (see Fig. 5h), are centered on major industrial areas (from
Figure 11 shows the locations of the 23 surface mesonesouth-west to north-east these are the cities of Calgary, Red
observation sites used for statistical evaluation, and arDeer, Edmonton, and the Oil Sands (see Fig. 11 for loca-
ozonesonde release site. The analysis which follows is basetibns), suggesting that at least part of the remaining biases
on the 12 km domain simulations. may be the result of errors in the anthropogenic ozone forma-
Table 5 shows the comparison results for the same statision processes, as opposed to boundary condition-dominated
tical quantities as Table 4 for this second case study. Botltauses.
simulations have positive mean biases, normalized mean bi- Figure 13a compares modelled and measured surface
ases, and root mean square errors, but these are greatly rezone concentrations at the Edmonton East station during a
duced in the OptDyn_Extrap2Wosp scenario compared to series of high ozone days between 9 and 15 July. Overall,
the base case. Mean biases and normalized mean biases @he new methodology gives a closer fit to the observations,
reduced by more than a factor of two, and RMSE values arg¢hough the maximum during the time period (11 July) was
reduced by more than 1.5 ppbv, for all metrics. Correlationbetter simulated by the Base Case.
coefficients have decreased slightly with the use of the new An examination of the time series at different monitor-
dynamic boundary condition. As in the simulations exam- ing stations suggested that one troposphere/stratosphere mix-
ined in the previous sections, the adoption of the new bounding event may be responsible for part of the remaining pos-
ary condition methodology significantly improves the model itive biases in both simulations. Figure 13b compares the
performance. observations and the two model-simulated ozone concen-
Figure 12 compares the kriged daily 1-h surface maxi-trations at Steeper station, with the event in question oc-
mum ozone mean bias values between the two simulationsurring between 11 June and 14 June. Two stages in the
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Fig. 11. Mesonet (green triangles) and ozonesonde location (red
star), western Canada summer 2002 simulations. City and Oil
Sands sites identified with yellow text boxes.

Saskatchewan. This first stage resulted in 150 to 200 ppbv
ozone at the 3000 ma.g.l. (above ground level). The sec-
ond stage was the creation of a deep surface-based unsta-
ble planetary boundary layer (due to daytime heating), be-
hind the passing upper low. The turbulent mixing asso-
ciated with this second stage allowed the model-simulated
ozone to reach the surface. This final stage of the transport
has a strong diurnal trend, with mixing to the surface ceas-
ing in the evening. Tephigrams, derived from rawinsondes
launched at the Stony Plain site west of Edmonton (Fig. 11,
_ . _ ) star symbol) confirm the presence of the deep well-mixed
Fig. 10. 36- and 12-km domains, summer 2002 simulations over|ayer up to 3200m on 12 and 13 June, but this weakened
western Canada. to 2200 m on 14 June. Observed and simulated ozonesonde
values at Stony Plain (Fig. 14) show the presence of high
model transport resulted in the simulated event. The firsiconcentration ozone at 6000 m. Both simulations are biased
stage was the passage of an upper low, with an associatddw above 5500 m, the base-case has positive biases below
ridge creating a deep layer of subsidence, with downwards500 m, while the OptDyn_Extrap2Wosp simulation has
vertical velocities extending from as high as 10000 m tolower positive or negative biases below 5500 m. The location
the surface, over central Alberta, northern Alberta, andof the observed mid-troposphere ozone peak in the profile
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associated with the event at 5800 m is well predicted by the 5% G
Optl.Dyn_Extrap2Wsop methodology, but its magnitude is 1000 I 9
biased low for both simulations. Given the negative biasesin  °, . & & @ w1 we  w  w m
the upper free troposphere, the remaining model positive bi- 03 (ppb)

ases at the surface during this event are thus likely due to the
simulated boundary layer being less stable than the ambierft
atmosphere, on 14 and 15 June. The event illustrates the im-
portance of the timing and strength of the coupling of upper
level and lower level ozone transport to the middle Tropo-
sphere, during STE events.

ig. 14. Profile of ozone at Stony Plain, 12:00 Z, 12 June 2002.
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6 Discussion and conclusions of a domain-wide mass conservation correction subsequent
to mass consistency corrections; the former may help con-
Our analysis shows that considerable improvements in modedtrain the model mass when the latter was absent.
ozone simulation accuracy were achieved in our regional Nevertheless, the methodologies quoted from the litera-
air-quality model through the careful choice of the method- ture and tested here were intended for use with any combina-
ology used to specify lateral and top boundary conditionstion of air-quality and meteorological models; in our partic-
from ozone climatologies. Substantial improvements wereular combination, specifically for ozone simulations, some
obtained by using dynamic tropopause-height adjustment obf these methodologies resulted in erroneously high ozone
the ozone climatology in the vertical, by removing the top concentrations throughout the troposphere. Further research
sponge zone, and by removing mass consistency correctiongs needed with coupled meteorological/air-quality models in
Using extrapolation to extend the ozone climatology in theorder to determine whether differences between the meteoro-
vertical also improved the fit to observations in the top partlogical and air-quality model grids used here resulted in the
of the model domain. The improvements of this overall increase in middle and upper troposphere ozone bias with the
methodology were significant, particularly in the reduction use of mass consistency corrections. We also note the impor-
of mean biases and RMSE for the lower resolution simula-tance of the use of 0zone observations in the vertical dimen-
tions, and improving correlation coefficients and RMSE at sjon in model evaluation; the use of surface ozone concen-
higher resolutions (and for all statistical measures, at hightrations alone may mask deficiencies in the methodologies
resolution). Examination of a case study along the Rockyemployed.
Mountains has suggested that the degree of coupling between The concept of dynamic, tropopause-referenced adjust-
the planetary boundary layer and the free troposphere is a kegnents to climatological ozone boundary conditions has been
factor in determining the extent to which stratosphere-originintroduced here and has been shown to have a significant
ozone is brought to the surface. improvement on surface ozone prediction accuracy. The al-
It should be noted that other combinations and permutagorithm used here is relatively simple — future research on
tions of methodologies tested here are possible, and the imthe specification of ozone boundary conditions from ozone
pact of an individual component of a combined methodologyclimatologies should attempt to resolve the median and
will vary for different levels of the atmosphere. extreme-event ozone climatology, as well as the more tra-
One surprising outcome of the work was that all three of ditional average, and consider the removal of seasonal and
the mass consistency corrections examined, resulted in exsynoptic variations (cf. Thouret et al., 2006), and examine
cessive downward transport of ozone downwards from thethe use of surrogate fields such as potential vorticity as prox-
upper part of the model. The best model performance folies for setting ozone boundary conditions. Here, we have
surfaceozone resulted from the use of a methodology com-examined the impacts of variations in boundary condition
bining a vertical velocity mass consistency correction, themethodology for the summer season. These impacts may
absence of sponge zone at the model top, and extrapolatiowell be stronger in the spring, when stratosphere/troposphere
of the ozone climatology above 100 mb. However, we alsoexchange events are known to maximize, and spring-time
demonstrate the fallacy of using surface observations alongimulations and comparison with observations would be a
for model evaluation of ozone; the comparison to BAQS-Metworthwhile expansion of the work performed here. The use
ozonesondes showed that this improved performance at thef improved climatological data would likely improve model
surface came at the expense of large positive biases in ozorgerformance in a similar manner to the model-internal cor-
concentrations in the middle to upper troposphere, precludrections shown here.
ing the use of this method in our subsequent high-resolution
analysis. AcknowledgementsThe authors would like to acknowledge the
ginancial support of Environment Canada and the Ontario Ministry
of the Environment for the BAQS-Met study. We gratefully
acknowledge the assistance of the AIRNow program and its
articipating stakeholders in providing near-real-time ground-level
zone observations across North America.

It is important to note that at least some of these result
may depend on the particular combination of meteorological
model and CTM grids and grid projections, as well as their
respective vertical coordinates and resolutions, the advectioE
algorithm employed, and the height of the model top. AU-
RAMS has relatively low resolution in the vicinity of the Edited by: D. Hastie
model top compared to the driving meteorological model
GEM (Fig. 3); this may resultin larger errors in the mass con-
sistency corrections than might have been the case had the
two models used the same vertical and horizontal coordinate
system. Similarly, models having a top below the typical cli-
matological tropopause height (approximately 10 km, here)
would be less likely to be affected by the downward ozone
transport related to mass consistency. AURAMS makes use
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