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Abstract. Downward transport of ozone (O3z) from the
stratosphere can be a significant contributor to tropospheric
O3 background levels. However, this process often is not
well represented in current regional models. In this study, we
develop a seasonally and spatially varying potential vortic-
ity (PV)-based function to parameterize upper tropospheric
and/or lower stratospheric (UTLS) O3 in a chemistry trans-
port model. This dynamic O3-PV function is developed
based on 21-year ozonesonde records from World Ozone
and Ultraviolet Radiation Data Centre (WOUDC) with cor-
responding PV values from a 21-year Weather Research and
Forecasting (WRF) simulation across the Northern Hemi-
sphere from 1990 to 2010. The result suggests strong spa-
tial and seasonal variations of O3 / PV ratios which exhibits
large values in the upper layers and in high-latitude regions,
with highest values in spring and the lowest values in au-
tumn over an annual cycle. The newly developed Oz / PV
function was then applied in the Community Multiscale Air
Quality (CMAQ) model for an annual simulation of the year
2006. The simulated UTLS O3 agrees much better with ob-
servations in both magnitude and seasonality after the im-
plementation of the new parameterization. Considerable im-
pacts on surface O3 model performance were found in the
comparison with observations from three observational net-
works, i.e., EMEP, CASTNET and WDCGG. With the new
parameterization, the negative bias in spring is reduced from
—20 to —15 % in the reference case to —9 to —1 %, while the
positive bias in autumn is increased from 1 to 15 % in the ref-

erence case to 5 to 22 %. Therefore, the downward transport
of O3 from upper layers has large impacts on surface con-
centration and needs to be properly represented in regional
models.

1 Introduction

Accurate characterization of distribution of tropospheric
ozone (O3) is of great interest because it not only im-
pacts human ecosystem health, but also affects the earth-
atmosphere radiation balance and global climate. In addition
to its well-known sources from the photochemistry involving
NO, and VOC, O3 in the troposphere can also originate from
stratosphere-to-troposphere exchange in tropopause folds
and in cut-off lows (e.g., Danielsen, 1968; Bamber et al.,
1984; Holton et al., 1995), which become important dur-
ing periods of significant downward transport or deep strato-
spheric intrusions (Roelofs and Lelieveld, 1997; Stohl et al.,
2000; McCaffery et al., 2004; Zanis et al., 2014; Neu et al.,
2014). The contribution of stratosphere-to-troposphere ex-
change to troposphere column Oz is estimated to be 20-
50% of all sources across the globe (Lelieveld and Den-
tener, 2000) and the fraction is becoming larger due to reduc-
tions in O3 precursor emissions and climate change (Collins
et al., 2003). Quantification of O3z contributions from the
stratosphere-to-troposphere exchange is crucial for air qual-
ity management strategies.
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Accurate O3 vertical profiles are also essential for specify-
ing lateral boundary conditions (LBCs) used in regional air
quality simulations to capture the amount of O3 imported to
a region (Lam and Fu, 2010). A dynamical model represen-
tation of free-tropospheric O3 variability becomes necessary
for regional model applications conducted over a large spa-
tial domain and long simulation periods wherein sufficient
opportunities exist for exchange between the boundary layer
and free troposphere. LBCs traditionally derived from global
model simulations, often can suffer from uncertainties asso-
ciated with the simulation biases at global scale and incon-
sistent downscaling methodologies. In order to reduce such
uncertainties and to adequately represent variability in the
free troposphere, a dynamic representation of the upper tro-
pospheric/lower stratospheric (UTLS) O3 is desirable in re-
gional models.

Potential vorticity (PV) has often been used as an indi-
cator for air mass exchange between the stratosphere and
the troposphere due to its strong positive correlation with
O3 and other tracers transported from the lower stratosphere
to upper troposphere (Danielsen, 1968; Browell et al., 1987;
Ancellet et al., 1994). Previous studies used a linear scal-
ing with a constant O3 /PV ratio to parameterize the in-
fluence of stratosphere-to-troposphere exchange on O3 near
the tropopause (Ebel et al., 1991; Carmichael et al., 1998;
McCaffery et al., 2004). However, the reported O3 / PV ra-
tios vary depending on location, season, and altitude. For
example, Browell et al. (1987) suggested the average ratio
between O3 mixing ratios and PV is 50.2 ppbPVu~! (1PV
unit = 107°m?Kkg~!'s™!) from a study conducted over
southern Nevada and California in April, 1984, while An-
cellet et al. (1994) suggested that the O3 to PV ratios in the
tropopause fold were 30-40 ppb PVu~! at a European sound-
ing station during November 1990. Carmichael et al. (1998)
suggested an O3 / PV ratio in the range 50—100 ppb PVu~!
at two sites in East Asia during spring, with smaller values
at lower altitudes. Roelofs and Lelieveld (2000) reported a
strong seasonal variation of O3 / PV ratio ranging from 36—
76 ppb PVu~! with the largest in spring and the lowest in
autumn based on MOZAIC data across North America and
Europe. Clearly, the O3 /PV ratio varies significantly as a
function of location, altitude and time. However, to date, the
spatial and temporal variations of O3 / PV ratio have not been
not well quantified.

This study aims to analyze the relationship between PV
and UTLS O3 over a large spatial and temporal scale and
then to derive a spatially and temporally varying PV-based
function to parameterize UTLS O3 in a chemistry transport
model. One thing should be noted that such PV based param-
eterization only modifies the O3 mixing ratio, however, co-
variances between O3 and other species are not accounted for
in such modifications which might introduce some inconsis-
tencies in the chemistry in the model’s UTLS. The method of
development of the O3-PV function is described in Sect. 2.
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Figure 1. Simulation domain and spatial locations of the 44
WOUDOC sites used in this study.

The evaluation of the new function through a model simula-
tion is presented in Sect. 3, and summarized in Sect. 4.

2 Method
2.1 Ozonesonde observations and PV data

A 21-year air quality simulation across the Northern Hemi-
sphere from 1990 to 2010 has been conducted in our pre-
vious study (Xing et al., 2015) by using the Weather Re-
search and Forecasting (WRF) coupled with the Community
Multiscale Air Quality (CMAQ) model. Throughout the sim-
ulation, WRF was nudged towards NCEP/NCAR Reanaly-
sis data and NCEP ADP operational global surface and up-
per air observational weather data as described in Xing et
al. (2015). The model domain covers the Northern Hemi-
sphere (see Fig. 1) with a horizontal grid of 108 km x 108 km
resolution and 44 vertical layers of variable thickness be-
tween the surface and 50 hPa (approximately 3 vertical levels
above 100 hPa) (Mathur et al., 2012, 2014).

The model configuration and evaluation is detailed in Xing
et al. (2015). Anthropogenic emissions are derived from
EDGAR (Emission Database for Global Atmospheric Re-
search, version 4.2) and biogenic emissions are derived from
GEIA (Global Emission Inventory Activity) (Guenther et al.,
1995; Price et al., 1997). The model performance in the sim-
ulation of gaseous and particle concentrations was evaluated
thorough comparison with several ground observation net-
works.

www.atmos-chem-phys.net/16/10865/2016/
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Table 1. Parameterization of the O3 / PV ratio correlation function.
Nth of vector 0 1 2 3 4 5
p (hPa)
Horizontal (a) 58.56 203.53 —13.622 0.54157 —9.4264 x 1073 72990 x 1075 —2.0214 x 1077
7640 15122 —15.762 0.86918 —1.8049x 1072  1.8418 x 10~* —7.1408 x 10~
95.62 62217 —1.4435  3.0439x 1072 58000x 1074 —1.5410x 107> 82912 x 10~8
Vertical (b) 58096 —2.1902 4.5507 x 1072 —2.4557 x 10~4
Temporal (c) 58 to 96 2 0.22

Ozonesonde observations were obtained from the World
Ozone and Ultraviolet Radiation Data Centre (WOUDC). A
total of 44 sites (noted as red dots in Fig. 1) across the North-
ern Hemisphere were selected after applying screening cri-
teria which required at least 1 complete year covering all 12
months. The O3 / PV ratio used in this study is calculated by
using the O3 mixing ratio from WOUDC divided by the PV
estimated from WRF.

2.2 Parameterization of O3-PV correlations

We parameterize the O3 / PV ratio as a combination of one
spatial function and one temporal function, as shown below:

O3 / PV = F (spatial) x G (temporal) (1)

The spatial function is parameterized through an analysis of
O3 / PV correlations with latitude and air pressure on an an-
nual average basis. The spatial distribution of the O3 /PV
ratio at three vertical levels (58, 76 and 95 hPa) is presented
in Fig. S1 in the Supplement. At the top layer (58 hPa), most
sites exhibit a consistent O3 / PV ratio around 80 ppb PVu~!,
while larger values are noted in low-latitude (< 20° N) re-
gions where PV is small. At lower altitudes (i.e., 76, 95 hPa),
the O3 /PV ratio decreases to around 50 ppbPVu~!. The
03 / PV ratio against latitude on each of the three levels is
fitted by a 5th order polynomial function, as below:

Fp, (lat) = a (0) +a(1) x lat+a(2) x lat® + a(3) x lat®

+a(4) x lat* + a(5) x lat®;  lat = abs(latitude). )

The values of a (0)-a (5) are summarized in Table 1.

Decrease in the magnitude of the O3 / PV ratio with de-
creasing height is evident across the sites. In addition, sig-
nificant decreases are exhibited in low-latitude regions. Fig-
ure S2 displays the slope of the O3 / PV ratio vs. pressure at
different latitudes. These slopes are estimated from the slope
of the O3 / PV ratio at three vertical layers (i.e., 58, 76 and
95hPa), i.e.

F (lat, py) = Fp, (lat) + f (lat) x (px — po);
px € (50hPa, 100hPa), po = 58.56hPa (3)

A 2nd order polynomial function is then used to fit the
latitude-dependent decreasing rate of O3 /PV vs. pressure
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(i.e., vertical heights), as follows:
£ (lat) = min [(b () +b(1) x lat+ b(2) x lat2) , o] (4)

The values of b (0) — b (2) are summarized in Table 1.

To examine the pressure- and latitude-dependent spatial
function, we compared the measurement-based and function-
fitted O3 / PV values in Fig. 2. Generally, the new function is
able to capture the variation of O3 / PV ratio at different hor-
izontal and vertical locations. Large values are seen in up-
per layers and in low-latitude regions. The correlation coef-
ficients (R) between measurement-based and function-fitted
values are 0.5-0.9 and normalized mean biases (NMB) are
within £15 %. Poor correlation between O3 and PV is found
for latitudes south of 30° N (Fig. S2). This is in part because
in the tropics, convective transport plays a significant role in
shaping the vertical ozone profile. Consequently, PV alone
may not be able to robustly represent UTLS Oj3 in the trop-
ics.

The temporal function is parameterized through an anal-
ysis of O3 /PV ratios using seasonal cycles derived from
monthly mean values. As seen in Fig. 3, the O3 / PV ratio
exhibits significant seasonal variations over an annual cycle.
Consistent with Roelofs and Lelieveld (2000), the highest
O3 / PV ratios occur in spring and the lowest ratios in au-
tumn. A trigonometric function equation is used to represent
the seasonality of the O3 / PV ratio, as below:

G (mfrc) = 1+ sin (12O x (mfrc x 30+c(0))) x c(1);
__JulianDay
365

The values of ¢(0) and ¢(1) are summarized in Table 1.
The fitted function generally captures the seasonal variation
of O3 /PV, as seen in Fig. 3. The seasonal variability in
the O3-PV correlation also varies with latitude. The influ-
ence of convective transport on PV in the tropics, as dis-
cussed before, also results in weaker seasonal variations in
the O3-PV correlation at low latitudes. This is seen in Fig. 3,
which compares the seasonal variations in this relationship
inferred from (i) all sites, and (ii) sites at latitudes north of
40° N. Thus to ensure that the parameterization more faith-
fully captures the seasonality at the higher latitudes, where it

mfrc

®)
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Figure 2. Sensitivity of O3 / PV to spatial location (ppb Pvu—l).
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Figure 3. Seasonality of O3 / PV (Annual mean = 1, selected pres-
sure < 60hPa, black solid line=observed mean at all sites, grey
shadows represent 25 to 75 % of observed records, black dash line
= observed mean at sites at latitudes > 40° N, red line = fitted by
function).

is strongest, we parameterize the temporal variations only on
data at locations with latitudes north of 40° N.

One should note that the parameterization is based on lim-
ited air pressure values, thus it is only applicable for con-
ditions within the range from 50 to 100 hPa. Additionally,
since only the O3-PV correlation is considered in the param-
eterization, the potential trend driven by factors other than
PV (e.g., chemistry) cannot be captured by the current pa-
rameterization. However, the effects of processes which are
already reflected in the observation (e.g., seasonal variations

Atmos. Chem. Phys., 16, 10865-10877, 2016
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such as lower stratosphere ozone loss during Spring) are im-
plicitly captured in the parameterization. By combining the
spatial and temporal functions, the newly developed Oz / PV
function has been incorporated in the WRF-CMAQ model.

2.3 Application and evaluation

Simulations for the entire year of 2006 were conducted using
the WRF-CMAQ model with the newly developed O3 / PV
function (denoted as “Sim-new”), with a 3-month spin-up
period (October—December in 2005). O3 mixing ratios in the
upper layers only (for air pressure smaller than 100 hPa) are
scaled based on the time varying modeled PV values and the
function detailed in Sect. 2.2. The simulated O3 in the lower
layers are then impacted by the modeled dynamics such as
downwards transport.

A reference case (noted as “Sim-ref”) is conducted by us-
ing a previously developed time- and space-invariant scaling
ratio of 20 ppb PVu~! derived from limited ozonesonde mea-
surements from the IONS network and model PV estimates
over the CONUS during summer 2006 (Mathur et al., 2008).
The model simulations for which this 20 ppb PVu~! scaling
ratio was originally developed had a top level pressure of
100 hPa. Therefore, UTLS O3 is expected to be underesti-
mated in Sim-ref since the O3 /PV should be larger than
20 ppb PVu~! when the top pressure of the model configu-
ration is 50 hPa as in this study, particularly in high-latitude
regions and during spring time.

www.atmos-chem-phys.net/16/10865/2016/
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Table 2. Summary of ozone observations used for comparison with WRF-CMAQ simulations.

Network Region Number of sites  Record frequency Date sources
Vertical profile ~WOUDC Global 44 Several hourly data per month  http://www.woudc.org/
Ground WDCGG Global 12 Hourly http://ds.data.jma.go.jp/gmd/wdcgg/
US-CASTNET  United States 51 Daily 8-hour maxima http://epa.gov/castnet/
EU-EMEP Europe 117 Hourly http://www.emep.int/
WOUDC Sim-ref Sim-new
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Figure 4. Ozone spatial distributions (annual mean of measurement time period for each WOUDC site, ppb, January—December 2006).

To investigate the influence of downward transport of O3
through the stratosphere-to-troposphere exchange, we con-
ducted a controlled case (noted as “Sim-off””) in which no
UTLS O3 were simulated (i.e., the O3 /PV function was
turned off). The difference between Sim-new and Sim-off
represents the impacts of downward transport of O3 from the
upper layers.

All other model options are identical in Sim-new, Sim-ref
and Sim-off. The model configuration follows that described
by Xing et al. (2015). The anthropogenic emissions were
derived from EDGAR. Biogenic VOC and lightning NO,
emissions were obtained from GEIA. Sarwar et al. (2015)
reported that halogen chemistry and enhanced O3 deposi-
tion over sea-water can affect tropospheric O3 mixing ratios.
Thus, we included the impact of halogen chemistry and en-
hanced O3 deposition in the marine environment in all three
cases.

www.atmos-chem-phys.net/16/10865/2016/

The observed data used for the evaluation are summarized
in Table 2. The WOUDC global ozonesonde measurements
in 2006 are used for comparison with the predicted O3 verti-
cal profile. Surface O3z measurement networks, including the
European Monitoring and Evaluation Programme (EMEP,
http://www.emep.int), the Clean Air Status and Trends Net-
work (CASTNET, http://epa.gov/castnet/) and the World
Data Centre for Greenhouse Gases (WDCGG, http://ds.data.
jma.go.jp/gmd/wdcgg/) including a few sites in Asia and Eu-
rope, are used for comparison with the predicted surface O3
concentrations. Only data at sites that covered more than
75 % of entire year are selected for the comparison, except in
the case of CASTNET because most sites have no O3 records
in winter (criteria set as at least 50 % coverage).

Atmos. Chem. Phys., 16, 10865-10877, 2016


http://www.woudc.org/
http://ds.data.jma.go.jp/gmd/wdcgg/
http://epa.gov/castnet/
http://www.emep.int/
http://www.emep.int
http://epa.gov/castnet/
http://ds.data.jma.go.jp/gmd/wdcgg/
http://ds.data.jma.go.jp/gmd/wdcgg/

J. Xing et al.: Representing effects of stratosphere-troposphere exchange on O3

10870

Table 3. Statistics of model performances in ozone simulations.

Network Season Sim-ref Sim-new
Vertical hour-specific O3 Npairs  Obs (ppb) 7 MB (ppb) NMB (%) NME (%) R 7 MB (ppb) NMB (%) NME (%) R
WOUDC - High layers Spring 249 1516.53 —1135.39 —74.87 67.43  0.90 26.07 1.72 21.05 0.94
(pressure < 100 hPa) Summer 243 1176.71 —776.68 —66.01 5897 0.93 84.47 7.18 22,58 0.93
Autumn 246 1155.66 —763.60 —66.08 59.30 0.92 -30.03 -2.60 17.67 0.96
Winter 243 1458.05 —1073.49 —73.63 63.86 0.91 -77.13 -5.29 2325 0.95
WOUDC - Middle layers Spring 504 72.27 —26.52 —36.70 34.63 0.67 -9.71 -13.44 21.78 0.61
(300 hPa < pressure < 500 hPa) ~ Summer 492 73.08 —19.79 —27.09 2793 0.56 -12.06 -16.51 21.37 0.70
Autumn 498 59.45 -9.99 —16.80 18.91 0.66 -4.29 -7.21 16.97 0.68
Winter 487 58.07 —15.28 —26.30 2445 0.67 -0.60 -1.04 18.52 0.74
WOUDC - Low layers Spring 1260 43.15 —6.65 —15.41 2648 0.52 -0.43 -1.00 2298 0.52
(pressure > 800 hPa) Summer 1222 39.65 —3.45 —8.71 2743 0.72 -2.10 -5.28 2584 0.74
Autumn 1241 34.66 3.22 9.28 2591 0.61 5.18 14.93 28.89 0.62
Winter 1229 33.80 —-2.23 —6.60 56.00 0.33 433 12.80 63.92 040
Surface 8 h max O3 Npairs Obs (uigm™) | MB (ugm™3) NMB (%) NME (%) R | MB (ugm™) NMB (%) NME (%) R
EU-EMEP Spring 10539 95.22 7 —14.31 —15.03 20.71 0.46 7 -0.67 -0.70 17.73  0.41
Summer 10663 96.44 —0.24 —0.25 22.29  0.66 2.62 2.71 22.36  0.66
Autumn 10469 69.26 10.07 14.54 3433  0.55 14.89 21.50 40.33 0.53
Winter 10173 64.65 —4.82 —7.45 35.63 0.46 9.85 15.23 4533  0.48
US-CASTNET Spring 3919 113.03 —19.54 —17.28 20.76  0.52 -9.61 -8.50 15.69 0.53
Summer 4456 115.58 —11.36 -9.83 19.48 0.62 -9.48 -8.20 18.81 0.63
Autumn 3279 89.21 4.60 5.16 2221 0.59 7.54 8.45 23.70 0.58
Winter 1094 89.23 —-9.09 —10.18 1646 047 5.09 5.71 1531 047
WDCGG Spring 1023 114.50 —22.46 —19.61 2352 053 -9.34 -8.16 17.25  0.57
Summer 1021 100.30 —1.62 —1.62 3393 0.55 0.80 0.79 32.57 0.60
Autumn 948 91.22 0.72 0.79 29.38 0.46 4.55 4.99 3042 046
Winter 939 84.84 —14.16 —16.69 3649 049 0.02 0.03 36.16 0.48

Note: bold = better performance in Sim-new than Sim-ref; italic = worse performance in Sim-new than Sim-ref

www.atmos-chem-phys.net/16/10865/2016/
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Figure 5. Zonal mean profiles of ozone and error metrics for the different cases. (a) Simulated ozone profile in reference case; (b) simulated
ozone profile in new case with updated O3-PV parameterization; (c) observed ozone profile, the annual mean of measurement time period for
each WOUDC site across the Northern Hemisphere; (d) normalized Mean Bias in the reference simulation; (e) normalized Mean Bias in the
new simulation with updated O3-PV parameterization; (f) difference in Normalized Mean Errors between the new simulation and reference
simulation (unit: ppb, 2006 January—December; NMB- Normalized Mean Bias; NME-Normalized Mean Error; *ASim = Sim-new minus

Sim-ref in NME).

3 Results and discussion
3.1 Comparison with O3 sonde data from WOUDC

Figure 4 displays the observed and simulated annual mean
O3 for three groups of layers, i.e., upper layers at pressure
< 100 hPa, middle layers at 300-500 hPa and low layers at
> 800 hPa, across the Northern Hemisphere. Seasonal com-
parisons for each group of layers are given in Figs. S3-S5
(Spring = MAM, Summer = JJA, Autumn = SON, and
Winter = DJF). Compared to the reference case (i.e., Sim-
ref), the case with new-function (i.e., Sim-new) exhibits bet-
ter agreement with observed UTLS Os, especially in high-
latitude regions where O3 levels are high. The statistics of
model performance for simulated O3 are summarized in Ta-
ble 3. Both cases exhibit large R (> 0.9) due to the strong
correlation between UTLS O3 and PV. However, the O3 at

www.atmos-chem-phys.net/16/10865/2016/

high layers is significantly underestimated in Sim-ref, es-
pecially during spring (by —75 %) when the UTLS O3 is
the highest across the year. The application of the dynamic
O3 / PV function significantly improves the model perfor-
mance for simulated O3, as indicated by the significantly re-
duced NMB and the Normalized Mean Errors (NME) and
slightly increased R values in Sim-new. Such improvements
are also evident in the simulated O3 in the middle layers. The
NMB-range is reduced from about —37 to —17 % in Sim-ref
to about —17 to —1 % in Sim-new. Changes in lower-layer
O3 are also noticeable. Because of the greater O3 burden in
upper layers, higher O3 is seen at low layers in Sim-new com-
pared to Sim-ref. Such increase of low-layer O3 improves the
model performance by reducing the negative biases in spring
and summer from —15 and —9 % in Sim-ref to —5 and —1 %
in Sim-new, but deteriorates the model performance in Au-
tumn as positive biases increase from 9 % in Sim-ref to 15 %
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in Sim-new. In winter, such increase of low-layer O3 results
in an overestimation of 13 % in Sim-new from an underesti-
mation of —7 % in Sim-ref.

The observed and simulated O3 vertical profiles at the 44
WOUDC ozonesonde monitor sites are compared in Fig. 5.
The simulated O3 in Sim-new has better agreement with the
WOUDC observations across most layers and latitudes. The
most significant improvement is seen in the high-latitude re-
gions (latitude > 45°) where the UTLS Os is significantly
underestimated in Sim-ref by up to —75% (Fig. 5d), as
the NMB is reduced to a moderate level (within +30 %)
in Sim-new. The overestimates in both low-level and UTLS
ozone mixing ratios exhibited in the C-shaped signature in
the NMB in Sim-ref is also indicative of the likely influ-
ence of convective transport on three-dimensional O3 dis-
tributions in the tropics (e.g., Doherty et al., 2005), that is
not adequately captured by the current parameterization. The
NME in Sim-new is reduced by 10-70 % (Fig. 5f), though
the overestimation of near-surface O3 in low latitude regions
(latitude < 45°) becomes even more evident in the Sim-new
due to more downward transport of O3 from the upper layers.
An increased NME in Sim-ref is found in the tropical UTLS,
indicating the uncertainty in applying the new O3 / PV pa-
rameterization in the tropics. The comparison of vertical pro-
files in the free troposphere between Sim-ref, Sim-new and
WOUDC is given in Fig. S6. The free-tropospheric ozone
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is significantly underestimated in Sim-ref. The low bias is
reduced in the simulation with the new O3-PV parameteriza-
tion, particularly in mid- and high-latitude regions.

Comparisons of O3 seasonal variations are displayed in
Fig. 6. With the application of dynamic O3 / PV function, the
Sim-new results in better performance (with larger R values)
in seasonality as well as magnitude at all layers for both low
and high-latitude regions compared to the Sim-ref case. More
importantly, the dynamic O3 / PV function derived from the
seasonal variation of UTLS O3, also improves the model per-
formance in the simulation of the seasonality of low-layer
O3, suggesting the importance of accurate representation of
downward transport of UTLS O3 to the ground. In summer,
the slight overestimation of high-layer O3 but underestima-
tion of middle-layer O3 is noticeable in high-latitude regions,
which might be associated with the underestimation of down-
ward transport of O3 among those layers. A better vertically
resolved model structure with higher resolutions may im-
prove representation of dynamics near the tropopause and
help reduce such discrepancy in the simulation of downward
transport of UTLS Os.

3.2 Comparison with surface O3 observation networks
Increased UTLS O3 burden leads to more downward trans-

port of O3 to the surface. To investigate such impacts on the
model performance in simulation of ground-level O3 con-
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Figure 7. Comparison with EMEP surface daily maximum 8 h average O3 concentrations (ASim = Sim-new minus Sim-ref in NME).

centrations, we compared the simulated surface O3z from two
cases, i.e., Sim-ref and Sim-new, with observations from
three surface networks. The observed surface daily maxi-
mum 8 h average O3 (noted as “8 h max O3”), the NMB in
Sim-ref, and the difference between the NMEs from two sim-
ulations (i.e., NME in Sim-new minus Sim-ref) are presented
in Fig. 7 (for EMEP), Fig. 8 (for CASTNET) and Fig. S7
(for WDCGAQG). Statistics of the comparison are summarized
in Table 3.

For EMEP sites in Europe, the 8 h-max O3 concentration
in spring and summer is higher than in fall and winter. The
Sim-ref underestimates O3 by —15 % in spring but overesti-
mates O3 by +15 % in autumn. The application of dynamic
03 / PV function reduces the low biases (NMB is reduced
from —15 to —1 %) in spring but increases the high biases
(NMB is increased from +15 to +22 %) in autumn, because
of more O3 downward transport from upper layers. In sum-
mer and winter, the overall performance in O3 simulations
changes from slight underestimation (NMB = —7 to —0.3 %)
to slight overestimation (NMB = +3 to +15 %). In most
cases, better performance in Sim-new is noticeable at sites
where the O3 is underestimated in Sim-ref (See Fig. 7).

Similar results are presented at CASTNET sites across
the United States, as seen in Fig. 8. The 8§ h-max O3 in the

www.atmos-chem-phys.net/16/10865/2016/

simulation of Sim-ref is largely underestimated by —17 and
—10 % respectively during spring and summer when the O3
is the highest across the year. The Sim-new exhibits relatively
better results, as the NMB is reduced to —9 and —8 % respec-
tively in spring and summer (see Table 3). In addition, lower
NME:s and larger Rs are noted in Sim-new compared to Sim-
ref. During autumn, O3 is mostly overestimated at the eastern
sites in the Sim-ref case and such overestimation becomes
more pronounced in Sim-new, as the NMB is increased from
+5 % in Sim-ref to 48 % in Sim-new. However, the perfor-
mance for surface O3 improved at the western U.S. sites in
Sim-new. The O3 in winter is underestimated by —10 % in
Sim-ref but overestimated by +6 % in Sim-new.

At the WDCGG sites in Asia and Europe (see in Fig. S6),
the underestimation of O3 during spring and winter is evident
in Sim-ref. Better representation of UTLS O3 and its subse-
quent downward transport in Sim-new improves the model
performance, as the NMB is reduced from —20 % (spring)
and —17 % (winter) to —8 % (spring) and —0.03 % (winter).
The overestimation of O3 in autumn becomes greater in Sim-
new, as the NMB is increased from +0.8 to +5 %.
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Figure 8. Comparison with CASTNET surface daily maximum 8 h average O3 concentrations (ASim = Sim-new minus Sim-ref in NME.)

3.3 Impacts on surface O3 from the downward
transport

The relative change from the Sim-off to Sim-new, as dis-
played in Fig. 9, can be used to investigate the influence of
exchange process between the free troposphere and boundary
layer on surface O3 concentrations. High impacts are evident
in high-latitude regions where UTLS O3 is high. Also the ex-
change between the free troposphere and boundary layer is
much stronger during spring and winter. The increasing per-
centages from Sim-off to Sim-new in east China, the U.S.,
Europe and the Northern Hemisphere are estimated to be
about 7.4, 13.3, 16.4 and 11.5 %, respectively, on an annual
basis. The downward transport from upper layers has even
larger impacts on surface O3z during spring and winter, and
the increasing percentages in four regions are, respectively,
about 10.5, 17.0, 21.0 and 15.1 % in spring, and 15.4, 25.5,
32.3 and 20.4 % in winter.

4 Summary and conclusion

A seasonally and spatially varying PV-based function was
developed from an investigation of the relationship between
PV simulated by WRF and UTLS O3 derived from the
WOUDC sonde observations over a 21 year period across
the Northern Hemisphere. This new generalized dynamic

Atmos. Chem. Phys., 16, 10865-10877, 2016

O3 / PV function is successfully applied in the WRF-CMAQ
model to parameterize O3 in the upper troposphere. The im-
plementation of the new function significantly improves the
model’s performance in the simulation of UTLS O3 in both
magnitude and seasonality compared to observations, which
then enables a more accurate simulation of the vertical dis-
tribution of O3 across the Northern Hemisphere. These can
then be used to derive more realistic vertically and tempo-
rally varying LBCs for regional nested model calculations.
It is important to note that we attempted to use all possible
available data in developing the O3-PV relationship in this
study. Thus we leveraged the existence of a 21-year simu-
lated record of PV in the UTLS with corresponding O3 ob-
servations. The relationship developed can thus be consid-
ered to be “climatologically” representative rather than repre-
senting a specific time period or location. No particular year
is used as a training data set. The stability of the function
has been examined by leaving out the year of 2006 for pa-
rameterization, and results show that the resulting function
barely changed due to this perturbation, suggesting the func-
tion parameterized in this study is not specific to a time or
location, but rather designed to capture the average variabil-
ity represented in the long-term record. Figure S8 presents a
comparison of the O3-PV functions developed using differ-
ent lengths of data records. As illustrated by the results, the
inferred functions are quite similar across these different data
sets, thereby providing some confidence in its robustness in
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Figure 9. Relative changes in surface O3 due to dynamic O3 / PV function (unit: %, *changes = (Sim-new minus Sim-oft)/Sim-new ).

representing the seasonal and latitudinal variations in O3-PV.
Further improvements to the parameterization should be ex-
plored through more detailed analysis of mixing process in
the UTLS, through more detailed investigation of the impact
of stratospheric chemistry, and improvements in the perfor-
mance of the parameterizations for conditions representative
of the tropical UTLS. A limitation of this study is that the
current model setting lacks sufficient vertical resolution in
the lowermost stratosphere. To minimize effects of artificial
numerical diffusion associated with the current limited verti-
cal resolution employed in the model, we limit the applica-
tion of the parameterization to between 100 and 50 mb. Fu-
ture studies with a much finer vertical resolution, especially
to adequately capture the seasonal variation in the tropopause
height are suggested to further help evolve the O3-PV param-
eterization and its practical use.

Impacts on ground-level O3 concentrations from the
implementation of this dynamic function were evaluated
through the comparison with three observation networks:
EMEP, CASTNET and WDCGG. Compared to Sim-ref,
more O3 is transported downward to the surface due to a
larger UTLS Os burden in Sim-new in which the dynamic
O3 / PV function was applied. The implementation of the

www.atmos-chem-phys.net/16/10865/2016/

new dynamic function results in better performance in O3
simulations in spring when O3 is underestimated in Sim-ref
relative to all networks, but worse performance in autumn
when O3 is overestimated in Sim-ref at most sites; the over-
estimation in autumn in Sim-ref suggests that processes other
than free-troposphere-to-boundary-layer exchange are dictat-
ing this model bias.

The O3 downward transport has strong spatial and tempo-
ral variations, as its impact is more evident in high-latitude
regions and during spring. Impacts of the downward trans-
port can contribute to the background surface O3 concentra-
tions by 7.4, 13.3 %, and 16.4 % in east China, the U.S. and
Europe, respectively, on an annual basis and with even larger
contributions in spring. Thus, the improvement of UTLS O3
simulation is important to provide a better assessment of
background O3 levels.

Atmos. Chem. Phys., 16, 10865-10877, 2016
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5 Data availability

The 21-year observational ozonesonde record used in this
study is available from the World Ozone and Ultraviolet Ra-
diation Data Center (WOUDC) website: http://www.woudc.
org. Additional observational data sets used in evaluation of
the model results are available from the individual network
websites: CASTNET (http://epa.gov/castnet/); EMEP (http:
/lebas.nilu.no/default.aspx); WDGCC (http://ds.data.jma.go.
jp/gmd/wdcgg/pub/data). Model outputs are available upon
request from the corresponding author.

The Supplement related to this article is available online
at doi:10.5194/acp-16-10865-2016-supplement.
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