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h i g h l i g h t s
� GEOS-Chem updates over past decade have led to more active model ozone chemistry.
� V10-01 improves tropospheric ozone simulation relative to earlier model versions.
� A prominent flaw occurs at high northern latitudes, likely due to insufficient STE.
� GEOS-Chem ozone burden, production, & lifetime are on high side of other models.
� OMI data maintained persistent high quality and no significant drift over 2006e2013.
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a b s t r a c t

The global budget of tropospheric ozone is governed by a complicated ensemble of coupled chemical and
dynamical processes. Simulation of tropospheric ozone has been a major focus of the GEOS-Chem
chemical transport model (CTM) over the past 20 years, and many developments over the years have
affected the model representation of the ozone budget. Here we conduct a comprehensive evaluation of
the standard version of GEOS-Chem (v10-01) with ozone observations from ozonesondes, the OMI
satellite instrument, and MOZAIC-IAGOS commercial aircraft for 2012e2013. Global validation of the OMI
700-400 hPa data with ozonesondes shows that OMI maintained persistent high quality and no signif-
icant drift over the 2006e2013 period. GEOS-Chem shows no significant seasonal or latitudinal bias
relative to OMI and strong correlations in all seasons on the 2� � 2.5� horizontal scale (r ¼ 0.88e0.95),
improving on previous model versions. The most pronounced model bias revealed by ozonesondes and
MOZAIC-IAGOS is at high northern latitudes in winter-spring where the model is 10e20 ppbv too low.
This appears to be due to insufficient stratosphere-troposphere exchange (STE). Model updates to
lightning NOx, Asian anthropogenic emissions, bromine chemistry, isoprene chemistry, and meteoro-
logical fields over the past decade have overall led to gradual increase in the simulated global tropo-
spheric ozone burden and more active ozone production and loss. From simulations with different
versions of GEOS meteorological fields we find that tropospheric ozone in GEOS-Chem v10-01 has a
global production rate of 4960e5530 Tg a�1, lifetime of 20.9e24.2 days, burden of 345e357 Tg, and STE
of 325e492 Tg a�1. Change in the intensity of tropical deep convection between these different mete-
orological fields is a major factor driving differences in the ozone budget.

© 2017 Elsevier Ltd. All rights reserved.
gram, Princeton University,
1. Introduction

Tropospheric ozone (O3) is an important greenhouse gas, a
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Fig. 1. Evolution of the annual mean global tropospheric ozone burden and production
rate in successive versions of the GEOS-Chem model. Data are from benchmark sim-
ulations conducted when new versions of the model are released. All benchmark
simulations are done for the same meteorological and emission year of 2005, except
for the first two (2001 for v7-02-03 and v7-04-02) and the last one (2013 for v10-01).
All benchmark simulations are conducted at 4� � 5� horizontal resolution with 12
months of spin-up. Major model developments and the version previously evaluated
by Zhang et al. (2010) are identified with vertical arrows. Ozone production rate is for
the odd oxygen (Ox) chemical family to account for fast cycling between ozone and
short-lived reservoirs. Documentation for all versions and benchmarking procedure
are at http://www.geos-chem.org. A similar figure for pre-2006 versions of the GEOS-
Chem ozone budget is shown in Wu et al. (2007).
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surface pollutant, and the primary precursor of the hydroxyl radical
(the main atmospheric oxidant). Understanding the factors con-
trolling tropospheric ozone is a central problem in atmospheric
chemistry. Ozone is transported to the troposphere from the
stratosphere, and is also produced within the troposphere by
photo-oxidation of volatile organic compounds (VOCs) and carbon
monoxide (CO) in the presence of nitrogen oxides (NOx ≡
NO þ NO2). These precursors have both anthropogenic and natural
sources, and lifetimes ranging from minutes to years. Ozone has a
lifetime of a few weeks and is eventually removed by photo-
chemical loss and dry deposition. Here we use an ensemble of
satellite, aircraft, and sonde measurements to test our under-
standing of the tropospheric ozone budget as simulated by the
GEOS-Chem global 3-D chemical transport model (CTM), and we
examine the role of major new GEOS-Chem developments in
affecting the ozone simulation.

Simulation of global tropospheric ozone has long been a target
of atmospheric chemistry models. A large database of observations
is available from the ozonesonde network (Logan, 1999; Thompson
et al., 2007). Observations are also made from commercial aircraft
(Brenninkmeijer et al., 2007; Volz-Thomas et al., 2009; N�ed�elec
et al., 2015). Global mapping of tropospheric ozone from space
began in the 1980s (Fishman et al., 1986; Fishman and Larsen,
1987), and has since expanded with direct retrievals in both the
infrared (IR) (Worden et al., 2007) and the ultraviolet (UV) (Liu
et al., 2005, 2006). Current state-of-science CTMs typically show a
successful simulation of global tropospheric ozone including its
large-scale gradients and seasonal variations (Stevenson et al.,
2006; Fiore et al., 2009; Young et al., 2013). However, the global
ozone production and loss rates can vary by a factor of 2 or more
between models (Wild, 2007; Wu et al., 2007). Models are also
unable to reproduce observed centurial and multi-decadal trends
(Mickley et al., 2001; Parrish et al., 2014).

Simulation of global tropospheric ozone has been a major
driver in the development of the GEOS-Chem CTM, starting from
the original model described by Bey et al. (2001). Wu et al. (2007)
showed the evolution of the global tropospheric ozone budget in
successive GEOS-Chem versions pre-2006 and Fig. 1 shows the
effect of more recent developments. These include in particular
updating Asian anthropogenic emissions, improving lightning NOx
emissions by using satellite data for individual years (Murray et al.,
2012), improving biogenic VOC chemistry (Paulot et al., 2009a,
2009b), implementing tropospheric bromine chemistry (Parrella
et al., 2012), and using newer-generation assimilated meteoro-
logical data. These changes have overall led to a gradual upward
creep in the global tropospheric ozone burden and production
rate.

The last global evaluation of the GEOS-Chem simulation of
tropospheric ozone was presented by Zhang et al. (2010) using v8-
01-04 of the model released in March 2009. That work used
worldwide ozonesonde data as well as satellite observations from
the TES and OMI instruments. It found that GEOS-Chem systemi-
cally underestimated ozone in the tropics and overestimated ozone
in the northern subtropics and southern mid-latitudes. Here we
revisit the global evaluation of the GEOS-Chem tropospheric ozone
simulation using ozonesonde, satellite, and aircraft data, to
examine in particular if the flaws previously identified by Zhang
et al. (2010) have been corrected and if new flaws have devel-
oped. We focus on the global ozone distribution. Other recent
GEOS-Chem studies have examined the capability of the model to
simulate ozone precursors for individual regions (Wang et al., 2011;
Marais et al., 2012; Hu et al., 2015; Jiang et al., 2015; Johnson et al.,
2016; Sofen et al., 2016; Yan et al., 2016) and the correlation of
ozone with its precursors regionally and globally (Kim et al., 2013;
Travis et al., 2016).
2. GEOS-chem chemical transport model

2.1. General description

We use GEOS-Chemv10-01 (http://www.geos-chem.org) driven
by assimilated meteorological data from the Goddard Earth
Observing System (GEOS) of the NASA Global Modeling and
Assimilation Office (GMAO). Operational GEOS data are produced
by GMAO with a grid resolution of 0.25� � 0.3125� (latitude by
longitude) and 72 vertical levels extending up to 0.01 hPa. They are
archived every 3 h (1 h for surface data). Here we conduct GEOS-
Chem simulations at 2� � 2.5� resolution for 2011e2013 by aver-
aging the native-resolution meteorological data, with time steps of
15 min for transport and 30 min for chemistry (Philip et al., 2016).
We use 12 months for initialization and report results for June
2012eMay 2013. This time period is chosen because of the overlap
of two versions of operational GEOS-5 meteorological data pro-
duced by GMAO, allowing us to examine the sensitivity to meteo-
rology. Hereinafter we refer to the latest version of meteorological
data (GEOS-5.7.2 and later versions) as GEOS-5 Forward-Processing
or GEOS-FP, and to the previous version (GEOS-5.2.0) as GEOS-5.
We will also show results from a sensitivity simulation with
older-generation GEOS-4 meteorological fields available through
2006.

Emissions in GEOS-Chem are computed by the Harvard-NASA
Emission Component (HEMCO) (Keller et al., 2014), which com-
bines and regrids ensembles of user-selected regional and global
emission inventories. Global emissions used here are given in
Table 1. The model includes detailed HOx-NOx-VOC-ozone-BrOx-
aerosol tropospheric chemistry with JPL and IUPAC recommenda-
tions for chemical kinetics (Sander et al., 2011; IUPAC, 2013). BrOx
chemistry is from Parrella et al. (2012) and isoprene oxidation
chemistry is from Mao et al. (2013). Photolysis frequencies are
calculated with the Fast-JX scheme (Bian and Prather, 2002), as
implemented in GEOS-Chem byMao et al. (2010) and Eastham et al.
(2014). Stratospheric chemistry is represented using the Linoz
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algorithm of McLinden et al. (2000) for ozone and monthly mean
production and loss rate constants for other stratospheric gases
(Murray et al., 2012). Dry deposition in GEOS-Chem is calculated
using a resistance-in-series model based on Wesely (1989) and
implemented by Wang et al. (1998), with recent updates for reac-
tive uptake by vegetation (Karl et al., 2010).

2.2. Recent model developments affecting ozone

Fig. 1 shows the evolution of the global tropospheric ozone
budget through the recent 10-year benchmark history of GEOS-
Chem standard model versions. Changes mainly reflect model ad-
vances, not the actual atmosphere, though the benchmark has been
updated to year 2013 since version v10-01. There is an increasing
trend in the tropospheric ozone burden. The ozone burden in
GEOS-Chem v10-01 benchmark (363 Tg; conducted at 4� � 5�

resolution) is at the high end of other models (337 ± 23 Tg ACCMIP
and 344 ± 39 Tg ACCENT ensemble model mean (Stevenson et al.,
2006; Young et al., 2013)). However, we will show that this value
is not too high relative to observations.

Also shown in Fig. 1 is the trend in the ozone production rate (as
odd oxygen), which similarly shows a general increase. A review of
global models byWu et al. (2007) previously found a large increase
in global annual mean ozone production rates from pre-2000
models (3400 ± 800 Tg a�1) to post-2000 models (4600 ± 600 Tg
a�1) due to higher NOx emissions, better representation of VOC
chemistry, and lower (more realistic) stratospheric influx. Here we
find a continued growth in the ozone production rate over the past
decade of GEOS-Chem development, indicative of even more active
ozone chemistry. Several major new developments in GEOS-Chem
have driven these changes.

Anthropogenic emissions. NOx and CO emissions in East Asia
were updated in GEOS-Chem v9-01-01 (Li et al., 2014). This
Table 1
GEOS-Chem global annual emissions for 2013.

Species Emission References and notes

NOx (Tg N a�1)
Fossil fuel 28.1 EDGARv4.2 (Olivier and Berdowski, 2001) a

Soil b 7.9 Hudman et al. (2012)
Lightning 6.0 Murray et al. (2012)
Open fires 3.7 GFED4 (Giglio et al., 2013)
Fertilizer 1.8 Hudman et al. (2012)
Aircraft 0.8 AEIC (Stettler et al., 2011)
Biofuel 0.7 Yevich and Logan (2003)
Non-methane VOCs (Tg C a¡1) c

Isoprene b 418 MEGANv2.1(Guenther et al., 2012)
Other biogenic VOCs b 350 MEGANv2.1 (Guenther et al., 2012)
Fossil fuel 48.8 RETRO (Schultz et al., 2007) a

Open fires 14.3 GFED4 (Giglio et al., 2013)
CO (Tg a�1)
Fossil fuel 482 EDGARv4.2 (Olivier and Berdowski, 2001) a

Open fires 280 GFED4 (Giglio et al., 2013)
Biofuel 59 Yevich and Logan (2003)

a Supersededwith regional inventories for East Asia (MIX; Li et al. (2014)); Europe
(EMEP; Auvray and Bey (2005)); Canada (CAC; http://www.ec.gc.ca/inrp-npri/);
Mexico (BRAVO; Kuhns et al. (2005)); U.S. (US EPA NEI11; (http://www.epa.gov/ttn/
chief/net/2008report.pdf). We use themost recent year available for MIX (2010) and
EMEP (2012). CAC and BRAVO emissions are scaled to 2010 (van Donkelaar et al.,
2008) and US NEI emissions are scaled to 2013 (https://www3.epa.gov/airtrends/).

b Biogenic emissions depend on meteorological data set used and are given here
for GEOS-FP. With GEOS-5 these values are 9.6 Tg N a�1 for soil NOx, 574 Tg C a�1 for
isoprene, and 420 Tg C a�1 for other biogenic VOCs. With GEOS-4 the corresponding
values are 12.3, 548, and 404. Interannual variability for a given meteorological data
set is <5%.

c Emitted non-methane VOCs in GEOS-Chem include isoprene, �C4 alkanes, �C4
ketones, propane, acetone, �C3 alkenes, ethane, ethene, acetaldehyde, formalde-
hyde. The model uses fixed tropospheric methane concentrations of
1761e1893 ppb dependent on latitude (NOAA ESRL data), and fixed methanol
concentrations in the boundary layer and free troposphere (Heikes et al., 2002).
increased the global NOx emission from 21 to 28 Tg N a�1 and CO
emission from 340 to 500 Tg a�1, and increased the global tropo-
spheric ozone burden by 5% and ozone production rate by 7%.

Lightning. Lightning NOx emission (LNOx) in GEOS-Chem is
constrained by satellite lightning flash data in a way that preserves
the coupling of NOx release with deep convective transport
(Sauvage et al., 2007; Murray et al., 2012). A new LNOx represen-
tation fromMurray et al. (2012) to better couple lightning and deep
convection on regional scales was introduced in GEOS-Chem v9-
01-01 but had little impact on the global ozone budget. The global
LNOx has remained at ~6 Tg N a�1 in all versions (Martin et al.,
2007; Sauvage et al., 2007). The inferred NOx yield per flash is
500 mol N at mid-latitudes and 260 mol N in the tropics, consistent
with observations (Schumann and Huntrieser, 2007; Ott et al.,
2010).

Bromine. Tropospheric bromine chemistry was implemented
into GEOS-Chem v9-01-03 by Parrella et al. (2012). This decreased
the global tropospheric ozone burden by 6.5%, reflecting decrease
in both ozone production (4%) and the lifetime of ozone against
chemical loss (3%). The decrease in production was due to the
added NOx sink from BrNO3 formation and hydrolysis to HNO3. The
increase in ozone loss was due to bromine-catalyzed cycles, mainly
involving HOBr. The largest effect was in the northern extratropics
in spring where ozone decreased bymore than 8 ppb (Parrella et al.,
2012).

Isoprene. An updated isoprene oxidation mechanism based on
recent laboratory work (Paulot et al., 2009a, 2009b; Crounse et al.,
2011) was implemented in GEOS-Chem v9-02 by Mao et al. (2013).
This includes in particular a decreased role of isoprene nitrates as
sink for NOx. The yield of isoprene nitrates from the reaction of
isoprene peroxy radicals with NO decreased from 18% to 12%, and
55% of these nitrates returned NOx through photolysis whereas
they were previously terminal sinks of NOx. Other isoprene
chemistry updates affected low-NOx conditions. The updated
isoprene chemistry increased the global tropospheric ozone burden
and production rate by 10% and 15% respectively.

Meteorology. NASA GMAO began producing operationally the
GEOS-FP meteorological data with 0.25� � 0.3125� resolution in
May 2012 (Molod et al., 2015). GEOS-Chem simulations can now be
conducted with GEOS-FP or with older/coarser GMAO meteoro-
logical data (GEOS-4, GEOS-5, MERRA, MERRA-2) but GEOS-FP is
the default. Switching from GEOS-5 to GEOS-FP meteorology
decreased the tropospheric ozone burden and production rate by
4% and 10% respectively. GEOS-FP has less subgrid convection than
the older GMAO products because part of the convection is resolved
on the grid scale as vertical advection (Yu et al., 2017). Surface
temperatures in the tropics are also lower, leading to 30% lower
global biogenic VOC and soil NOx emissions (Table 1).

3. Observational datasets for model evaluation

3.1. Sonde, aircraft, and OMI satellite observations

We evaluate our 2012e2013 simulation with ozone observa-
tions from (a) the worldwide network of ozonesondes, (b) the
MOZAIC-IAGOS commercial aircraft program, and (c) the OMI
(Ozone Monitoring Instrument) satellite instrument. Ozonesonde
locations and MOZAIC-IAGOS flight tracks are shown in Fig. 2.

Ozonesonde observations are taken from the World Ozone
and Ultraviolet Data Center (WOUDC, http://www.woudc.org)
and the NOAA Earth System Research Laboratory - Global Moni-
toring Division (NOAA ESRL-GMD, ftp://ftp.cmdl.noaa.gov/ozww/
Ozonesonde/). We only use data from Electrochemical Concentra-
tion Cell (ECC) and Carbon Iodine (CI) sonde types and do not apply
WOUDC-suggested correction factors as their effect is insignificant

http://www.woudc.org
ftp://ftp.cmdl.noaa.gov/ozww/Ozonesonde/
ftp://ftp.cmdl.noaa.gov/ozww/Ozonesonde/
http://www.ec.gc.ca/inrp-npri/
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https://www3.epa.gov/airtrends/


Fig. 3. Mean OMI ozone biases relative to coincident ozonesondes observations for
2008 and 2011e2013. Error bars show the 95% confidence interval for the OMI mean
bias. The number of coincidences is given.
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(Tanimoto et al., 2015). We have 1895 ~weekly profiles from 41
stations available from June 2012 to May 2013 (Table S1). These
stations are grouped into coherent regions (Fig. 2) following Tilmes
et al. (2012) to improve statistics.

MOZAIC-IAGOS aircraft observations for 2012e2013 (Thouret
et al., 1998; Nedelec et al., 2003; Volz-Thomas et al., 2009) are
extracted from http://iagos.fr/extract and we sample the model
outputs along flight tracks. We focus on the data at cruising alti-
tudes (300-200 hPa). Recent studies find good agreement between
ozonesonde and MOZAIC-IAGOS observations (Tilmes et al., 2012;
Tanimoto et al., 2015).

The OMI instrument is onboard the NASA Aura satellite with
Equator crossing time of ~13:45 LT (local time). Here we use the
OMI PROFOZ ozone profile (partial column) retrievals developed by
Liu X et al. (2010) with minor updates described by Kim et al.
(2013). The vertical profiles have ~1 piece of information in the
troposphere with maximum weight in the middle troposphere at
700-400 hPa. We grid the OMI data to 2� � 2.5� resolution and use
the 700-400 hPa partial column data for model evaluation. We
exclude data poleward of 60� where instrument sensitivity is very
weak, and also filter out retrievals with effective cloud fraction
greater than 30%, total degrees of freedom less than 0.5, and root
mean square fitting residuals greater than 3% of the measurement
error (Kim et al., 2013).
3.2. OMI validation with ozonesonde data

Zhang et al. (2010) demonstrated general consistency of the OMI
tropospheric ozone data for 2006 with concurrent data from the
TES thermal IR instrument aboard Aura and with ozonesondes. The
OMI bias relative to ozonesondes was 2.8 ± 6.6 ppbv and differ-
ences with TES were generally less than 10 ppbv. Starting in 2009
the OMI instrument began to experience a “row anomaly” error
(partial blockage of the field of view). Here we examine the im-
plications for the OMI tropospheric ozone retrieval by comparing
the 2011e2013 and 2008 OMI data at 700-400 hPa to collocated
sonde data. We apply the OMI averaging kernel smoothing to the
ozonesonde data following Zhang et al. (2010), and require coin-
cident measurements within 1.25� longitude, 1� latitude, and 10 h.
This results in 1311 coincidences for 2011e2013 and 889 for 2008.

Statistics summarized in Fig. 3 show that OMI ozone data quality
degraded only slightly over the 2006e2013 period. The global
mean bias relative to the sondes is 3.6 ± 8.5 ppbv for 2011e2013, as
compared to 2.7 ± 6.6 ppbv for 2008 and 2.8 ± 6.6 ppbv for 2006
reported by Zhang et al. (2010). The bias is similar at northern mid-
latitudes and in the tropics, and lower at southern mid-latitudes.
The results here are generally consistent with independent OMI
validation against ozonesondes (Huang et al., 2017). The larger
Fig. 2. Ozonesonde (circles) and MOZAIC-IAGOS aircraft (blue lines) data in June 2012eMa
et al., 2012) as analyzed in the text. (For interpretation of the references to colour in this fi
standard deviation in 2011e2013 is due to the increase of retrieval
noise and the impacts of OMI row anomaly.

Fig. 4 shows seasonal scatterplots of coincident OMI and ozo-
nesonde measurements at 700-400 hPa for 2011e2013. The OMI
ozone biases are consistent across sites and have little seasonal
variation. Thus the OMI data can be corrected for amean global bias
(3.6 ppbv) and then used for model evaluation to provide full
spatial coverage. An exception is for high northern latitudes
(>45�N) in winter-spring where OMI has large biases (Fig. 4). We
exclude these data from further analysis.

4. Model evaluation

4.1. Evaluation with OMI mid-tropospheric data

Fig. 5 shows the global distribution of tropospheric ozone at
700-400 hPa observed by OMI and simulated by GEOS-Chem
(sampled along the OMI tracks) for four seasons in 2012/2013.
OMI data have been reprocessed with a single fixed a priori profile
(annual mean profile for 30�S-30�N from McPeters et al. (2007)) so
that all patterns reflect the measurements themselves. We also
correct OMI data for their global mean bias relative to ozonesondes
as discussed above. Well-known major features of the ozone dis-
tribution are consistent between observations and the model.
Concentrations are elevated during MAM and JJA at northern mid-
latitudes, reflecting strong stratosphere-troposphere exchange
(STE) and high photochemical production. Concentrations are
enhanced downwind of South America and Africa during SON
because of biomass burning. Ozone is low over the Equatorial Pa-
cific because of fast photochemical loss but is relatively high over
the South Atlantic because of subsidence.
y 2013 used for model evaluation. Red boxes group sites by coherent regions (Tilmes
gure legend, the reader is referred to the web version of this article.)

http://iagos.fr/extract


Fig. 4. OMI ozone retrievals at 700-400 hPa compared to ozonesonde observations for four seasons of 2011e2013. Ozonesonde observations are smoothed by the OMI averaging
kernels. Each point represents the coincident measurements at a sonde launch site. Black dashed lines show the best fit (reduced major axis regression), with regression parameters
given inset. OMI winter (DJF) and spring (MAM), measurements north of 45�N have large errors and are not included in the regression fit. Numbers on the bottom right of each
panel are the global mean OMI bias ± standard deviation. The 1:1 line is shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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GEOS-Chem shows no significant global bias relative to OMI.
Seasonal biases are less than 1 ppbv and the global annual mean
bias is 0.6 ± 2.3 ppbv. Comparison to OMI on the 2� � 2.5� grid scale
Fig. 5. Mid-tropospheric ozone distribution at 700-400 hPa from OMI (left column) and simu
difference between GEOS-Chem and OMI (right column). OMI measurements use a single fix
bias of 3.6 ppbv. GEOS-Chem is sampled along the OMI tracks and the simulated ozone mixi
the mean model bias ± standard deviation. Gray shading indicates regions where OMI data a
round).
(Fig. 6) shows high spatial correlation for different seasons
(R ¼ 0.88e0.95). There are patterns of regional biases in Fig. 5
though these tend to be less than 10 ppbv. In particular, there is
lated by GEOS-Chem (middle column) for four seasons in 2012/2013. Also shown is the
ed a priori as described in the text, and have been corrected for a global mean positive
ng ratios are smoothed by the OMI averaging kernels. Numbers in the right column are
re unreliable and not used (poleward of 45� in winter-spring and poleward of 60� year-



Fig. 6. Comparison of GEOS-Chem ozone with OMI measurements at 700-400 hPa for four seasons in June 2012eMay 2013, colored by the latitude of the observations. Each point
represents the seasonal mean for a 2� � 2.5� grid cell. Black dashed lines show the best fit (reduced major axis regression) with regression parameters given inset. Numbers on the
bottom right are the global mean model bias ± standard deviation. The 1:1 line is shown in red. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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indication of an underestimate at northern mid-latitudes.
We investigate further the latitudinal structure of the model

bias in Fig. 7. The major latitudinal features observed by OMI are
well reproduced, including the sharp tropical-intertropical
Fig. 7. Mean latitudinal variation of 700e400 hPa ozone in June 2012eMay 2013. The left p
bias of 3.6 ppbv relative to ozonesondes, and the GEOS-Chem simulation sampled along t
winter-spring are excluded because of large errors relative to ozonesondes (Fig. 4). The righ
(blue solid line; difference between the two curves on the left panel) and the local difference
biases for a given sonde launch site with at least 9 profiles per season). Positive values indi
legend, the reader is referred to the web version of this article.)
difference driven by tropical convection and subtropical subsi-
dence, and the northern hemispheric enhancement in spring and
summer due to photochemistry. Comparison to ozonesondes in
Fig. 7 allows us to extend the evaluation to high northern high
anel shows zonally averaged OMI observations, corrected for the global mean positive
he OMI orbit tracks and with averaging kernels applied. OMI data poleward of 45� in
t panel shows the zonally averaged model differences at 700-400 hPa relative to OMI
s relative to ozonesonde sites (green triangles; each triangle represents seasonal model
cate model overestimates. (For interpretation of the references to colour in this figure



Fig. 8. a. Mean ozone vertical profiles for representative global regions in JuneeAugust 2012. Ozonesonde observations are averaged over the regions in Fig. 2. GEOS-Chem model
output is sampled for the sonde launch time and locations, and is shown for the standard simulation driven by GEOS-FP meteorological fields and for sensitivity simulations driven
by GEOS-5 fields and by by GEOS-4 fields (the latter for 2005 and sampled only for sonde locations). b. Same as Fig. 8a but for DecembereFebruary 2012e2013.
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Fig. 9. Mean latitudinal distributions of ozone concentrations at 300-200 hPa along the cruise tracks of the MOZAIC-IAGOS aircraft in June 2012eMay 2013 (Fig. 2). Observations are
compared to GEOS-Chem model values sampled along the flight tracks, for the standard simulation using GEOS-FP meteorological data and a sensitivity simulation using GEOS-5
meteorological data. Stippling indicates standard deviations in the observations. The right panel excludes stratospheric conditions as diagnosed by either observed or simulated O3/
CO concentration ratios greater than 1.25 mol mol�1.

Table 2
Global budget of tropospheric ozone in GEOS-Chem a.

Sources, Tg a�1

Chemical production 4960
HO2 þ NO 66%
CH3O2 þ NO 25%
RO2 þ NO b 9%

Stratosphere-troposphere exchange c 325
Total 5290

Sinks, Tg a�1

Chemical loss 4360
O(1D) þ H2O 51%
HO2þ O3 27%
OH þ O3 15%
HOBr þ hv d 4%
Others 3%

Dry deposition 908
Wet deposition e 17
Total 5290

Burden, Tg 351
Lifetime, d 24.2

a From the standard GEOS-Chem v10-01 simulation for 2012e2013 as
described in the text. Budget is for the odd oxygen family Ox ≡ O3 þ NO2 þ
2NO3 þ 3N2O5 þHNO3 þ HNO4 þ PANs þ BrO þ HOBr þ BrNO2 þ 2BrNO3 to
account for rapid cycling between Ox components. Ozone accounts for >95%
of total Ox.

b RO2 ≡ organic peroxy radicals other than CH3O2.
c Inferred from the residual of mass balance between tropospheric chem-

ical production, chemical loss, and deposition, verifying that the accumula-
tion term (d[O3]/dt) is negligibly small on a global annual basis.

d BrO/HOBr catalytic cycle (Parrella et al., 2012).
e Mainly as HNO3.
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latitudes where OMI data quality is poor. The ozonesonde data
confirm the northern mid-latitudes model bias in winter-spring
and show that it extends to the Arctic.

4.2. Evaluation with ozonesonde and MOZAIC-IAGOS aircraft
observations

Fig. 8 provides further model evaluation of the ozone vertical
distribution in comparison to the sonde data in DJF and JJA. Also
shown are sensitivity simulations using different meteorological
fields, GEOS-5 and GEOS-4 (the latter for 2005). Biases are generally
less than 8 ppbv in the lower troposphere. Ozone is underestimated
throughout the troposphere at high latitudes and in Western
Europe in the standard GEOS-Chem simulation, but this bias is
highly sensitive to meteorological fields and is largely absent in the
simulation using GEOS-4 data. This may be due to differences in
stratosphere-troposphere exchange (STE), as discussed below in
the context of the global model budget. Large model biases over
Japan are also very sensitive to the choice of meteorological fields.
The lower tropospheric overestimate over the eastern US in sum-
mer is likely due to an overestimate of NOx emissions in the US EPA
inventory (Goldberg et al., 2016; Travis et al., 2016).

Fig. 9 compares the model to the MOZAIC-IAGOS commercial
aircraft observations at 300-200 hPa. Comparison for the ensemble
of data shows little model bias except for an underestimate north of
45�N in JJA. The extratropics at 300-200 hPa are variably in the
troposphere or stratosphere, and this is reflected by the large
standard deviations in the observations (Fig. 9). A small upward
shift in the location of the tropopause would be enough to explain
the model underestimate in JJA. Indeed, this shift is apparent in the
ozonesonde profiles of Fig. 8. When stratospheric air is removed on
the basis of [O3]/[CO] > 1.25 mol mol�1 (either in the model or in
the observations), the model can reproduce the large tropics-to-
extratropics gradient in JJA when photochemical formation domi-
nates (Fig. 9, right panel). In DJF, the model is too high at all
latitudes.
5. Global budget of tropospheric ozone

The model evaluation presented here suggests that the v10-01
version of GEOS-Chem improves the simulation of global tropo-
spheric ozone relative to earlier GEOS-Chem model versions. The
previous evaluation of Zhang et al. (2010) using v8-01-04 found
systematic underestimate of ozone in the tropics by ~10 ppbv and



Table 3
Global budgets of tropospheric ozone in the literature a.

Sources, Tg a�1 Sinks, Tg a�1 Burden, Tg Lifetime, d

Chemical production Stratosphere-troposphere exchange Chemical loss Dry deposition

IPCC TAR b 3420 ± 770 770 ± 400 3470 ± 520 770 ± 180 300 ± 30 24.0 ± 2.0
ACCENT c 4970 ± 220 560 ± 150 4570 ± 290 950 ± 150 336 ± 27 22.2 ± 2.2
GEOS-Chem v7-02-04 d 4470 ± 180 520 ± 15 3940 ± 175 1050 ± 45 310 ± 10 22.3 ± 0.9
ACCMIP e 4880 ± 850 480 ± 100 4260 ± 650 1090 ± 260 337 ± 23 23.4 ± 2.2
IPCC AR5 f 4620 ± 380 490 ± 90 4190 ± 380 960 ± 140 330 ± 17 N/A
GEOS-Chem v10-01 (this work) g 4960 325 4360 910 351 24.2

a Model intercomparisons, with standard deviations describing the spread between models. Entries are listed chronologically.
b Prather et al. (2001).
c Stevenson et al. (2006).
d Wu et al. (2007).
e Young et al. (2013).
f Myhre et al. (2013).
g From Table 2.
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overestimate in the northern subtropics and at southern mid-
latitudes by ~4e8 ppbv. A prominent flaw in the current version
is the underestimate at high northern latitudes particularly in
winter-spring. This may reflect insufficient STE, as discussed
below.

Table 2 shows the global tropospheric ozone budget in GEOS-
Chem v10-01 and the contributions from individual reactions.
Table 3 compares to the budgets from several community in-
tercomparisons. The global tropospheric chemical production of
4960 Tg a�1 is consistent with the current generation of models.
The STE ozone flux in GEOS-Chem v10-01 is 325 Tg a�1, lower than
other models or the observational constraint of 550 ± 140 Tg a�1

(Gettelman et al., 1997; Olsen et al., 2001), although that constraint
is for the downward flux at extratropical latitudes and would not
include compensation for tropical upwelling. Older models
reviewed in the IPCC TAR had much higher STE (770 ± 400 Tg a�1)
which may have been caused by errors in cross-tropopause
transport.

We examined the sensitivity of the GEOS-Chem ozone budget
to recent model developments including meteorological fields
(Table 4). There is strong sensitivity to meteorological fields
alone. The ozone production rate increases from 4960 Tg a�1 in
the standard simulation driven by GEOS-FP to 5440 Tg a�1 in
GEOS-5 and 5530 Tg a�1 in GEOS-4. At the same time, the ozone
lifetime decreases from 24.2 days in GEOS-FP to 22.5 days in
GEOS-5 and 20.9 days in GEOS-4. The difference is likely driven
by deep convection frequency in the tropics (Liu J et al., 2010).
Table 4
Global budget of tropospheric ozone in GEOS-Chem sensitivity simulations a.

Simulations GEOS-FP b GEOS-5 c GEOS-4 d No con

Sources, Tg a�1

Chemical production 4960 5440 5530 4780
Stratosphere-troposphere exchange 325 360 492 314
Sinks, Tg a�1

Chemical loss 4360 4800 4960 4220
Dry deposition 908 967 1040 864
Wet deposition 17 28 28 6
Burden, Tg 351 357 345 355
Lifetime, d 24.2 22.5 20.9 25.5

a Sensitivity simulations are relative to the base GEOS-Chem v10-01 simulation using G
Table.

b Base simulation described in the text and Table 2 for 2012e2013.
c With GEOS-5 meteorological data.
d With GEOS-4 meteorological data for 2005.
e Without subgrid convective transport but with identical lightning as the base simul
f With global anthropogenic NOx and CO emissions reduced by 30%.
g Without tropospheric bromine chemistry.
h With a higher yield of isoprene nitrates (18%) and no NOx recycling from these nitra
GEOS-FP has much weaker subgrid parameterized convection
than either GEOS-5 or GEOS-4, in part because of its higher
horizontal resolution resolving convective motions on the grid
scale, and this is not fully compensated by grid-scale vertical
advection (Molod et al., 2015). Averaging native meteorological
inputs to coarse resolution in GEOS-Chem further weakens ver-
tical advection as eddy fluxes are averaged out (Yu et al., 2017).
Deep convection decreases the ozone lifetime by bringing upper
tropospheric ozone down to the lower troposphere where loss is
fast (Lawrence et al., 2003). At the same time, deep convection
injects NOx to the upper troposphere where the ozone produc-
tion efficiency is high (Pickering et al., 1990). A sensitivity
simulation with no convection yields an ozone production rate of
4780 Tg a�1 and lifetime of 25.5 days (Table 4). Meteorological
fields also affect the STE (325 Tg a�1 in GEOS-FP, 360 Tg a�1 in
GEOS-5, 492 Tg a�1 in GEOS-4). The higher STE in GEOS-4 may
reflect in part the strong deep convection in the tropics, resulting
in low ozone in the tropical upper troposphere (Fig. 8) and hence
a low tropical upwelling flux to compensate for the mid-latitudes
downwelling flux.

6. Conclusions

Improvements in the GEOS-Chem chemical transport model
over the past 10 years have led to a gradual increasing trend in the
model-calculated tropospheric ozone burden and production rate.
These improvements relate in particular to anthropogenic
vection e Reduced emission f No bromine g Increased isoprene nitrates h

4690 5080 4630
353 304 337

4170 4420 4090
860 943 856
14 17 16
340 361 338
24.7 24.5 24.9

EOS-FP meteorological data as summarized in Table 2 and in the first column of this

ation.

tes, as in Zhang et al. (2010).
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emissions, lightning, bromine chemistry, isoprene chemistry, and
driving meteorology. The increase in the tropospheric ozone
budget continues a trend that was already apparent in pre-2006
versions of GEOS-Chem as reported by Wu et al. (2007). Here we
present a thorough evaluation of the v10-01 standard version of
GEOS-Chem for global tropospheric ozone in 2012e2013 using an
ensemble of observations from ozonesondes, satellite (OMI), and
aircraft (MOZAIC-IAGOS). We interpret the results in terms of their
implication for the global budget of tropospheric ozone in GEOS-
Chem and place the results in context of the literature.

OMI satellite data provide a particularly extensive data set for
evaluation of mid-tropospheric ozone starting in 2005. There has
been concern over instrument degradation starting in 2009. Here
we validated the PROFOZ OMI 700-400 hPa retrieval for 2011e2013
with coincident ozonesondes. We find excellent agreement except
at high latitudes in winter-spring. The global mean OMI bias rela-
tive to the sondes is 3.6 ± 8.5 ppbv for 2011e2013, as compared to
2.7 ± 6.6 ppbv for 2008 and previously reported 2.8 ± 6.6 ppbv for
2006. The bias has no apparent seasonal or latitudinal structure and
can therefore be corrected as a uniform offset.

We find that the current GEOS-Chem simulation has no signif-
icant bias relative to the OMI 700-400 hPa ozone observations and
high spatial correlation (R ¼ 0.88e0.95 on a 2� � 2.5� grid). It im-
proves on previous versions of GEOS-Chem (Zhang et al., 2010). The
most pronounced flaw in the current version is an underestimate at
high northern latitudes revealed by comparison to ozonesondes
and MOZAIC-IAGOS data. This may reflect an underestimate of
stratosphere-troposphere exchange (STE).

Tropospheric ozone in GEOS-Chem driven by the current-
generation NASA GMAO GEOS-FP meteorological data has a
global burden of 351 Tg, a global production rate of 4960 Tg a�1, and
a lifetime of 24.2 days. These values are on the high side of other
models and higher than older versions of GEOS-Chem. Upward
revisions of anthropogenic emissions in East Asia and improved
isoprene nitrate chemistry have played a major role in increasing
ozone production in GEOS-Chem. The ozone lifetime is sensitive to
the intensity of deep tropical convection, and is shorter (20.9 days)
when the same GEOS-Chem version uses older-generation GEOS-4
meteorological fields where convection is much stronger. We find
that the STE is strongly anticorrelated to tropospheric ozone life-
time, implying that upward transport across the tropical tropo-
pause may offset some of the stratospheric influx at extratropical
latitudes.

Significant changes to the model tropospheric ozone budget
may be expected in the near future with updates to tropospheric
halogen chemistry. Bromine chemistry in the current standard
GEOS-Chem simulation is from Parrella et al. (2012), but an
improved representation of chlorine-bromine-iodine chemistry
with better match to halogen radical observations has been
developed recently for GEOS-Chem by Schmidt et al. (2016) and
Sherwen et al. (2016a, 2016b). This causes further depletion of
tropospheric ozone, particularly at high latitudes. On the other
hand, STE in the current version of GEOS-Chem appears to be
underestimated. Additional perturbations to the ozone budget may
arise from updates to ozone deposition (Clifton et al., 2017; Luhar
et al., 2017) and to NOx chemistry (Ye et al., 2016; Reed et al.,
2017). The ability of models to simulate long-term ozone trends
must also be revisited (Young et al., in review). Better under-
standing of tropospheric ozone is likely to remain an important
topic for research in the decade to come.
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