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Abstract. The global source of lightning-produced NOy
(LNOy) is estimated by assimilating observations of NOg,
O3, HNO3, and CO measured by multiple satellite mea-
surements into a chemical transport model. Included are ob-
servations from the Ozone Monitoring Instrument (OMI),
Microwave Limb Sounder (MLS), Tropospheric Emission
Spectrometer (TES), and Measurements of Pollution in
the Troposphere (MOPITT) instruments. The assimilation
of multiple chemical datasets with different vertical sen-
sitivity profiles provides comprehensive constraints on the
global LNOy source while improving the representations
of the entire chemical system affecting atmospheric NOy,
including surface emissions and inflows from the strato-
sphere. The annual global LNO, source amount and NO
production efficiency are estimated at 6.3 TgNyr~—! and
310 molNOflash~?, respectively. Sensitivity studies with
perturbed satellite datasets, model and data assimilation set-
tings leads to an error estimate of about 1.4 Tg N yr~! on this
global LNOy, source. These estimates are significantly differ-
ent from those estimated from a parameter inversion that op-
timises only the LNO, source from NOs observations alone,
which may lead to an overestimate of the source adjustment.
The total LNOy source is predominantly corrected by the as-
similation of OMI NO5 observations, while TES and MLS
observations add important constraints on the vertical source
profile. The results indicate that the widely used lightning
parameterization based on the C-shape assumption underes-
timates the source in the upper troposphere and overestimates
the peak source height by up to about 1 km over land and the
tropical western Pacific. Adjustments are larger over ocean
than over land, suggesting that the cloud height dependence
is too weak over the ocean in the Price and Rind (1992) ap-
proach. The significantly improved agreement between the

analysed ozone fields and independent observations gives
confidence in the performance of the LNOy source estima-
tion.

1 Introduction

Lightning-produced NO, (LNOy) plays an important role in
tropospheric chemistry through influences on ozone forma-
tion and oxidation capacity (e.g. Schumann and Huntrieser,
2007, and references therein). LNOy accounts for only about
10-20 % of the global NO sources, but is the most dominant
source in the upper troposphere (e.g. Galloway et al., 2004).
A small fraction of LNOy can lead to significant ozone pro-
duction in the upper troposphere (Thompson et al., 1994),
because the O3 production efficiency per NOx molecule typ-
ically increases with height owing to the longer lifetime of
NOy and the highly non-linear dependence of ozone pro-
duction on NO, (Pickering et al., 1998; Martin et al., 2000;
Jenkins and Ryu, 2004). Therefore, accurate estimates of
LNOy source strength and its global distribution are impor-
tant for understanding tropospheric chemical systems and for
improving chemical transport models (CTMs).

The lightning and subsequent NO, formation are esti-
mated with the aid of parameterizations in CTMs. Various
schemes have been developed for determining the global dis-
tribution of flashes and LNO, sources on the basis of as-
sumptions regarding the NO, production efficiency per flash,
energy ratio of cloud-to-ground (CG) flashes to intra-cloud
(IC) flashes, and vertical source profiles (Schumann and
Huntrieser, 2007). The parameterizations are generally too
simplified and have large uncertainties. First, any lightning
parameterization cannot fully represent the regional variabil-
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ity of lightning activity (e.g. Boccippio, 2002; Jourdain et al., 120
2010). Second, most studies have assumed that the energy
ratio of CG flashes and IC flashes equals 10, but this ratio
is likely to have a much smaller value (e.g. DeCaria et al.,
2000; Fehr et al., 2004; DeCaria et al., 2005; Ott et al., 2007,
2010). Third, assumption of a C-shaped vertical LNOy pro- 12
file, with a first maximum in the upper troposphere and a sec-
ond maximum in the boundary layer as proposed by Picker-
ing et al. (1998), may place too much NO, near the surface
and too little in the middle and upper troposphere (e.g. Ott
et al., 2010). 130

The LNOy sources can be optimized through a top-down
approach, in which estimates of the LNO, sources are ob-
tained by finding the best match between model and observa-
tions. Tropospheric NO4 column observations from satellite
instruments have been used to constrain the global LNOy 135
source (e.g. Boersma et al., 2005; Beirle et al., 2006; Mar-
tin et al., 2007; Lin, 2012). In these estimates, however, the
mismatches between observed and simulated NO, concen-
trations are influenced by not only the LNO, sources but also
by other processes such as surface emissions, stratospheric
inflows, and chemical production and loss processes. Errors
in these processes other than those in the LNOy sources
could cause large uncertainties in the LNO, source estimates
when observations are used to constrain only the LNOy
sources.

Satellite measurements of chemical species other than
NOg provide important constraints on the LNOy source by
constraining the chemical interactions with NOy and by re-
ducing errors in other chemical species that influence the
NOy chemistry. Martin et al. (2007) demonstrated the ability
of satellite NOy, O3, and HNO3 measurements to constrain
the LNOy source. Advanced data assimilation techniques,
such as four-dimensional variation (4D-Var) and ensemble
Kalman filtering (EnKF), are powerful tools to combine mul-
tiple observations with models to obtain comprehensive con-
straints on LNOy sources. The 4D-Var requires minimiza-
tion algorithms to compute gradient information with adjoint
models, in which the necessity of the development and main-
tenance of the adjoint model is the main disadvantage of 4D-
Var. The EnKF differs from 4-D-Var by allowing us to take
advantage of the detailed chemical processes in a CTM with-
out developing an adjoint code.

Based on the EnKF approach, Miyazaki et al. (2012a) de-
veloped a data assimilation system (CHASER-DAS) using
a global CTM CHASER (chemical atmospheric general cir- 160
culation model for study of the atmospheric environment and
radiative forcing). CHASER-DAS simultaneously optimizes
the LNO, sources and the surface emissions of NO, and
CO as well as the concentrations of 35 chemical species in-
cluding the assimilated species (NO2, O3, HNOj3, and CO), 15
while taking into account the chemical interactions through
error covariance. The simultaneous optimization of various
chemical fields improves the representation of the whole
chemical system and thus reduces the model-observation
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mismatch arising from non-LNOy sources and chemical pro-
cesses. Therefore, this approach has the potential to improve
global estimates of LNO, sources when compared to previ-
ous top-down approaches that optimize LNOy sources only.
In this study, CHASER-DAS is utilized to assimilate mul-
tiple satellite datasets in order to analyse the global LNOy
sources, including the vertical profiles, for the whole year
2007. Compared to the system described in Miyazaki et al.
(2012a), several updates have been applied to the data assim-
ilation settings on the a priori emissions and the assimilated
measurements.

The rest of this paper is structured as follows: Section 2
describes the observations used for assimilation and valida-
tion. Section 3 introduces the data assimilation system. Sec-
tion 4 presents the results of the global LNO, source esti-
mation. Section 5 presents the regional LNOy, structure over
the Pacific and central Africa. Section 6 discusses the possi-
ble errors in the source estimation and the implications for
the lightning parameterizations. Section 7 summarizes this
study.

2 Data
2.1 Assimilated data

As depicted in Fig. 1, the LNOy source is estimated from
a simultaneous assimilation of NO5, O3, CO, and HNO3 re-
trievals from satellite measurements by the Ozone Monitor-
ing Instrument (OMI), Tropospheric Emission Spectrometer
(TES), Microwave Limb Sounder (MLS), and Measurement
of Pollution in the Troposphere (MOPITT) instruments.

This section describes the observations, with a focus on
the application of LNOy source estimation. More extended
descriptions of the observations, their quality, and the filter-
ing method used in CHASER-DAS are provided in Miyazaki
et al. (2012a). Figure 1 shows how the individual satel-
lite datasets provide information on different aspects of
the chemical system in the middle and upper troposphere.
Combined, these instruments provide useful constraints on
LNOy. The contributions from the individual satellite sen-
sors are highlighted below.

2.1.1 OMINO,

Tropospheric NO, column retrievals obtained from the
version-2 OMI DOMINO data product (Boersma et al.,
2011) are used to constrain the LNO, sources, the surface
emissions of NOy, and the concentrations of NO, species.
The overpass time of OMI (13:30) is more suitable for
LNOy source estimation than the morning time observation
by other satellite instruments (GOME, GOME-2, and SCIA-
MACHY), because lightning activity over land is strongest
in the late afternoon and very weak in the morning (e.g. Lay
et al., 2007). We employ the super observation approach to
produce representative data with a horizontal resolution of
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2.5°%2.5° for OMI NOg and MOPITT CO (c.f., Sect. 2.1.4)
observations, following Miyazaki et al. (2012b). A super ob-
servation is generated by averaging all data located within a
super observation grid cell. The measurement error for the
super observation is estimated by considering an error corre- 225
lation of 15% among data. A representativeness error is in-
troduced when the super-observation grid is not fully covered
by OMI pixels. This approach avoids complications caused
by the small (13-24 km) footprint of OMI at nadir. There-
fore, the data assimilation adjusts the LNOy sources at grid
scale rather than individually at the OMI footprint scale. Fur-
ther details are described in Miyazaki et al. (2012b). 230
Boersma et al. (2005, 2011) summarized the general er-
ror characteristics of tropospheric NOs retrievals. For re-
trievals with small values, as over the oceans, the uncer-
tainty is dominated by the combined error from spectral fit-
ting and stratospheric column estimation. For columns ex-
ceeding 0.5 x 10*® moleccm ™2, as over most continents, the
uncertainty grows due to increasing errors related to cloud e
fraction, albedo, and profile shape. Clouds have a large influ-
ence on the errors and sensitivity in the measurements of the
retrieved columns. Clouds below an NOg layer increase the
effective albedo of the scene and increase the detected slant
column, whereas high clouds partly screen the NOy column
below (Boersma et al., 2005). We employ both clear-sky data
and cloud-scene data in the LNO, estimation because both
are sensitive to NOg produced by lightning higher up in the
atmosphere. For the cloud-covered observations the averag-
ing kernel shows a sharp drop roughly in the middle of the
cloud, and very small sensitivities below. The location and
magnitude of the drop is based on the cloud fraction and ef-
fective top height retrieved from the observations. 245

240

2.1.2 TES Og

The TES Oj retrievals used are the version-4 level-2 nadir
data obtained in the global survey mode (Bowman et al.,2s0
2006). This product represents 16 orbits daily, with a hor-
izontal resolution of 5-8 km. Its vertical resolution is typi-
cally 6 km, with sensitivity to both the lower and upper tro-
posphere (Worden et al., 2004; Bowman et al., 2006; Jour-
dain et al., 2007). Jourdain et al. (2010) argued that thezss
TES provides direct observations of ozone-enhanced layers
downwind of convective events and thus is a valuable dataset
for estimating the vertical LNO, profiles. This can be at-
tributed to its high sensitivity to LNO, relevant altitude lay-
ers, typically with more than one degree of freedom (DOF) 260
for the middle and upper troposphere (from 500 hPa to the
tropopause).

2.1.3 MLS O3, HNOg3

265
The version-3.3 level-2 MLS products for O3 and HNOg
(Livesey et al., 2011) are used to constrain the LNO, sources
in the upper troposphere and the chemical concentrations

in the upper troposphere and the lower stratosphere. We
use data on O3 and HNOg only for pressures lower than
215hPa and 150 hPa, respectively, owing to data quality
problems for higher pressures. Martin et al. (2007) demon-
strated that O3 and HNO3 measurements by limb viewing
spaceborne sounders have a great potential to constrain the
LNOy sources in the upper troposphere, based on Atmo-
spheric Chemistry Experiment Fourier Transform Spectrom-
eter (ACE-FTS) measurements.

2.14 MOPITT CO

The MOPITT CO retrievals employed are the version-5
level-2 thermal-infrared (TIR) data (Deeter et al., 2011,
2013). These observations are used for optimizing the sur-
face CO emissions and the concentrations of CO and non-
methane hydrocarbons (NMHCs). However, the covariances
between the CO observations and the NO sources are ne-
glected in the analysis, since the error correlations are not
expected to contain meaningful information, and the limited
ensemble size creates spurious correlations between non- or
weakly-related variables (see Sect. 3.1.2). Even so, the CO
observations indirectly affect the LNOy source estimation
through their influence on the oxidation capacity and the
NOy chemistry.

2.2 Validation data

Independent ozone observations are used to validate the
performance of the data assimilation. The spatial distribu-
tion of tropospheric O3 in the tropics is validated against
the monthly mean tropospheric ozone column (TOC) de-
rived using the OMI total columns and the MLS profiles
from Ziemke et al. (2006) with a horizontal resolution of
1°x1.25° (http://acd-ext.gsfc.nasa.gov/Data_services/cloud_
slice/new_data.html). Ozonesonde observations taken from
the database of the the Southern Hemisphere Additional
Ozonesondes (SHADOZ) project (Thompson et al., 2007)
are used to validate the vertical profile of O3 in the tro-
posphere and the lower stratosphere. The validation is
performed at five sites in different regions of the trop-
ics: Costa Rica in central America (10° N, 84° W), Irene
in South Africa (25.9°S, 28.2°E), Pago Pago in Ameri-
can Samoa (14.4° S, 170.6° W), San Cristobal in Ecuador
(0.9°S, 89.6° W), and Ascension in the tropical Atlantic
(8.0° S, 14.4° W). We also use the global ozonesonde obser-
vations from 39 locations taken from the World Ozone and
Ultraviolet Data Center (WOUDC) database, as in Miyazaki
et al. (2012a). For the purpose of comparison, all ozonesonde
profiles are interpolated to a common vertical pressure grid
with a cell size of 25 hPa. The model profiles are linearly in-
terpolated to the location and time of each observation point.
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3 Methodology
3.1 Data assimilation system

CHASER-DAS has been developed for the analysis of chem-

ical compounds in the troposphere (Miyazaki et al., 2012a, a2

b; Miyazaki and Eskes, 2013). This system simultaneously
optimizes the LNOy sources and surface emissions of NOy
and CO as well as the predicted concentrations of 35 chemi-
cal species. With the assimilation of data on multiple species,
an improved description of the chemical interactions can be
obtained, especially in relation to the NO4-CO-OH-O3 set
of chemical reactions.

Miyazaki and Eskes (2013) demonstrated that multi-
species data assimilation improves the analysis of surface
NOy emissions, in comparison with an inversion derived
from NO2 measurements alone. They showed that the assim-

ilation of measurements for species other than NOg changes **

the regional estimates of monthly mean surface NOy by up to
—58 % to +32 %. These large changes emphasize that uncer-
tainties in the model chemistry affect the quality of the emis-
sion estimates. Similar benefits may be expected from the

multi-species data assimilation to improve the LNO, source **°

estimation through corrections made to the concentrations of
various chemical species. This is especially true for LNO,,
because all satellite sensors are sensitive in the altitude range
where LNOy and the ozone produced by LNOy resides, see
Fig. 1.

3.1.1 A global chemical transport model CHASER

The forecast model used is the global CTM CHASER (Sudo

et al., 2002), which describes chemical and transport pro-**

cesses in the troposphere. The model has a so-called T42
horizontal resolution (2.8°) and 32 vertical levels from the
surface to 4 hPa. CHASER is coupled to the atmospheric
general circulation model (AGCM) version 5.7b of the Cen-

ter for Climate System Research and Japanese National In-**

stitute for Environmental Studies (CCSR/NIES). At each
time step of the model, the AGCM fields are nudged toward
the reanalysis (Kanamitsu et al., 2002) by the Atmospheric
Model Intercomparison Project II of the National Centers
for Environmental Prediction and US Department of Energy

(NCEP-DOE/AMIP-II). Hence, the model realistically re- seo

produces large-scale circulation while simulating sub-grid-
scale convection using the cumulus convection parameteriza-
tion (Arakawa and Schubert, 1974; Pan and Randall, 1998).

Anthropogenic NOy emissions are obtained from the

Emission Database for Global Atmospheric Research ses

(EDGAR) version 4.2. Emissions from biomass burning are
based on the Global Fire Emissions Data base (GFED) ver-
sion 3.1 (van der Werf et al., 2010). Emissions from soils are
based on monthly mean Global Emissions Inventory Activity

(GEIA) (Graedel et al., 1993). A diurnal variability scheme s

is implemented for the surface NO, emissions, depending on
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the dominant category for each emission category (Miyazaki
et al., 2012b). The total NOy emission by aircraft is obtained
from EDGAR as 0.55 TgNyr~!, which is similar to a more
recent estimate of 0.49 TgNyr—! for 2004 (Wilkerson et
al., 2010). Both the model simulation and the data assimila-
tion are conducted for the entire year 2007, because a large
amount of satellite data is available for this year.

3.1.2 Local ensemble transform Kalman filter

The EnKF uses an ensemble forecast to estimate the back-
ground error covariance matrix. The advantage of the EnKF
over 4D-VAR is its easy implementation for complicated sys-
tems; i.e., it does not require the development of an adjoint
code. The EnKF data assimilation technique employed is lo-
cal ensemble transform Kalman filter (LETKF, Hunt et al.,
2007). The LETKF scheme, which is based on the ensemble
square root filter (SRF) method (e.g., Whitaker and Hamill,
2002), generates an analysis ensemble mean and covariance
that satisfy the Kalman filter equations for linear models. The
LETKEF has conceptual and computational advantages over
the original EnKF. The analysis performed locally in space
and time reduces sampling errors caused by limited ensemble
size, which also enable us to perform parallel computation.
The computational advantages are important for this study
because of the large state vector size.

In the forecast step, a background ensemble, :cf(z =
1,...,k), is globally obtained from the evolution of each en-
semble model realisation, where x represents the model vari-
able; b the background state; and k the ensemble size (i.e., 48
in this study). An ensemble of background observation vec-
tors in the observation space, yé’ =H (w?), is then estimated
using the observation operator H. The observation operator
(H) is constructed on the basis of the spatial interpolation
operator (5), the a priori profile (€ 4prior:) and the averaging
kernel (A), which maps the model fields (x: N- (the system
dimension) dimensional state vector) into observation space
(y: p- (the number of observation) dimensional observational
vector) while taking into account the vertical averaging im-
plicit in the observations as follows:

Y= H(:B) = Zapriori + A(S(l) - "Bapriori)a (1)

The spatial interpolation operator () is first applied to the
model fields x in order to interpolate to the horizontal loca-
tion of each observation and the height of each of the vertical
layers. The averaging kernel (A) is then applied to define the
sensitivity of the satellite retrieved state to changes to the true
state. For weak absorbers, the a priori profile (€ 4priori) does
not, or only weakly, influence the relative model-observation
difference (Eskes and Boersma, 2003). The averaging kernel
(A) and the a priori profile (Zqprior;) information provided
for each retrieval is used in the data assimilation.

A background ensemble mean in the observation space,
yb = %Zle y?, or in the model space, z° = %Zle x?,
and an ensemble of background perturbations in the obser-
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vation space, YO = y? —qy®, or in the model space, X = 420
acf — xb, are also computed.

The ensemble mean analysis is then updated by
7@ =20+ X'P (YP) TR (y° — o), )
where y° is the observation vector, and R is the p X p obser- 425
vation error covariance. The observation error information is
obtained for each retrieval, which includes the smoothing er-
ror, the model parameter error, the forward model error, the
geophysical noise, the instrument error, and the representa-
tiveness error (see Miyazaki et al. 2012a, for details). P2 is

the local analysis error covariance in the ensemble space,
430

. -1
P = (k= DI+ (Y) ' RY!| 3)

The new analysis ensemble perturbation matrix in the
model space X?* is obtained by transforming the background s
ensemble X,

}1/2. @

X = X? [(k _1)pe

The new background error covariance used in the next fore- 4o
cast step is obtained from an ensemble simulation with the
analysis ensemble.

In the analysis, a covariance localization was applied to ne-
glect the covariance among non- or weakly-related variables.
This technique allows us to neglect the correlations among s
variables that may suffer significantly from spurious correla-
tions, by setting the covariance among non- or weakly related
variables to zero. For the optimization of LNO, sources, the
covariances with TES O3, OMI NO,, MLS O3, and MLS
HNOj3 observations are considered, while those with MO- sso
PITT CO data are not. MOPITT CO data affect the concen-
trations of CO, hydrocarbons, and formaldehyde only. Sur-
face emissions of NOy and CO are optimized using OMI
NO; data and MOPITT CO data, respectively (see Miyazaki
et al., 2012a, for details). The covariance localization helps sss
to avoid sampling errors resulting from the limited ensemble
size and to improve the LNO, analysis.

The localization is also applied to avoid the influence of re-
mote observations for improving the filter performance. The
influence of an observation is cut off when the distance be- 40
tween the observation and an analysis point is larger than
2L x 4/10/3 based on the formulation of Gaspari and Cohn
(1999). The localization scale L is 600 km in our setting. As
aresult, the analysis is solved at every grid point by choosing
nearby observations. The emission and concentration fields sss
are updated at an analysis interval of every 100 min.

In conclusion, the data assimilation updates model vari-
ables (the concentrations and the emission multiplication fac-
tors) for every grid point. This analysis is based on the ob-
servational information (i.e., the satellite retrievals) and the 470
background error covariance estimated from the ensemble

forecast with 48 members in our case. The estimated con-
centrations and emissions are used as initial conditions in the
next step of ensemble model simulations and updated at ev-
ery analysis step (i.e., 100 min.). Further details are described
in Miyazaki et al. (2012a).

3.2 LNOy estimation
3.2.1 Parameterization

Lightning is routinely monitored from ground-based net-
works and detected from satellite instruments. Nevertheless,
these data cannot be directly used in CTM simulations. The
ground-based operational lightning detection networks (e.g.,
the World Wide Lightning Location Network (WWLLN))
provide lightning maps but they have low detection efficien-
cies (Abarca et al., 2010), whereas satellite instruments pro-
vide limited coverage on a daily basis. Thus, a parameteri-
zation is required in order to estimate the lightning flash fre-
quency in CTM simulations. The global distribution of the
flash rate is calculated in CHASER for convective clouds
on the basis of the observed relation between the lightning
activity and the cloud top height (Price and Rind, 1992)
in the AGCM at each forecast step. In this approach, high
clouds are expected to exhibit strong lightning activity. The
frequencies of lightning over the continents and the oceans
are estimated separately as follows (Price et al., 1997): F. =
3.44 x 107° x H*92 (flashesmin—!) over continents; F},, =
6.40 x 104 x H'73 (flashesmin—!) over ocean, where F'
is the total flash rate (lashesmin~') and H is the cloud top
height (km). A globally and annually constant tuning factor
is applied for the total flash frequency in CHASER simula-
tions to obtain a realistic estimate of the global total flash
occurrence, whereas the spatial distribution of the flash fre-
quency is determined by the model parameterization.

The simulated average global flash rate for 2007 is
41.2 flashess ™!, which is comparable to the climatological
estimates of 4445 flashess ™! derived from the Optical Tran-
sient Detector (OTD) measurements (Christian et al., 2003)
and 46 flashess~! derived from the Lightning Imaging Sen-
sor (LIS) and OTD measurements (Cecil et al., 2014). The
difference between the model simulation and the observa-
tions is partly attributed to interannual variations in flash ac-
tivity; the annual total flash rate for the latitude band 35 ° S-
35 ° N in 2007 observed from the LIS measurement is about
3 % lower than those from the climatology. Because only LIS
measurements are available in 2007 and because the global
coverage was not obtained, this study uses the climatological
observations obtained from a combination of LIS and OTD
measurements to validate the global flash rate.

Table 1 and Figure 2 compare the global flash rate between
the LIS/OTD high-resolution monthly climatology (HRMC)
data (Cecil et al.,, 2014) and the model parameterisation.
Compared with the observations, the global distribution of
the total flash rate is generally reproduced by the model. The
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simulated global flash rate shows a maximum in boreal sum-
mer and a minimum in boreal winter, with frequent occur-
rences over Central Africa, South America, and the maritime szs
continent. These features are commonly found in the clima-
tological observations. Conversely, in comparison with the
observed flash activity, the simulated flash activity is stronger
over Northern South America but weaker over central Africa
and most of the oceanic ITCZ. These systematic differences sz
found in studies using the scheme of Price and Rind (1992)
have been reported before (e.g. Allen and Pickering, 2002;
Labrador et al., 2005; Martin et al., 2007). Mainly because
of the low bias over central Africa, the model underestimates
the annual flash rate in the tropics (20° S—20° N) by about 27 sss
%, leading to about 13 % underestimation in the global total
flash rate.

The LNO, source is estimated at each grid point of
CHASER by using the simulated lightning activity and mak-
ing several assumptions. First, the CG proportion of total s«
flashes, z, is estimated as a function of the cold cloud thick-
ness (A H for < 0°C) on the basis of the following relation-
ship (Price and Rind, 1993):
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upper troposphere. The high correlations indicate the util-
ity of measurements of these species to constrain the LNOy
sources. The background error covariance varies in time and
space in the EnKF approach, reflecting variations in the light-
ning activity and the chemical concentrations. The data as-
similation optimizes the multiplication factors for the total
LNOy sources, and does not separately optimise for IG and
CG flashes.

In order to provide meaningful constraints on LNOy,
the observation error of each retrieval must be sufficiently
small compared to lightning signal. As shown in Fig. 4, the
CHASER simulations with and without the lightning signal
in the tropospheric NOs columns gives the magnitude of
the boreal summer (June—August) mean lightning signal as
roughly 1 ~ 5 x 10** moleccm~2 over the tropical Atlantic,
Africa, and India but roughly 1 x 104 moleccm =2 over re-
mote land sites. The large enhancements are over, and down-
wind of, active convective regions (e.g. over the tropical At-
lantic), as found by Martin et al. (2007). These signals are
large compared to the local super-observation error of the
OMI retrievals, in which the total super observation error is
computed as a combination of the measurement error and

— 4 3 2
2= 0.021xAH"~0.648x AH +T493x AH _36'54XA}élt()l?t&grepresentativeness error as in Miyazaki et al. (2012b).

&)

This relationship is applied for clouds with AH > 5.5 km,
while z is set to zero for clouds with AH < 5.5km based
on the observation that low clouds almost exclusively have
IC flashes during the growth stage. Second, following Price *
et al. (1997), the LNOy source amounts are calculated on the
basis of a lightning NO production of 1100 moles per CG
flash and 110 moles per IC flash, with a mean energy per CG
flash of 6.7 x 10 Jflash~L. Third, the vertical profiles of the
LNOy sources are determined on the basis of the C-shaped
profile given by Pickering et al. (1998), with a first maximum
in the upper troposphere and a second maximum in the lower
troposphere. The three profiles provided by Pickering et al.
(1998) is averaged and applied in the parameterization. The
global annual total amount of the LNO, source for 2007 was °
estimated at 4.7 TgNyr—"! in the CHASER simulations.

50
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3.2.2 Optimization by data assimilation

The multiplication factors for the LNO, production rate ses
(mols™') and the NO, surface emissions are optimized in
the assimilation analysis step, by adding them to the state
vector together with the forecast variables (i.e. concentra-
tions). In this approach, the background error covariance ma-
trix estimated from the ensemble simulations is used to ob-sn
tain best estimates of the source factors at each grid point of
the model. Figure 3 shows the mean background error co-
variance structure between the LNOy source and the con-
centrations of various species at different altitudes over cen-
tral Africa in July. The concentrations of chemical species s
such as Oy, NOy, N2Os, HNO3, HNO, exhibit high posi-
tive correlations with the LNO, sources in the middle and

The super observation error is relatively small because of the
large number of OMI observations per grid cell. Large en-
hancements in O3 due to lightning are observed in the tropi-
cal upper troposphere, with contributions as large as 13 ppbv
to the mean concentration, consistent with the analyses of
Sauvage et al. (2007). These signals are slightly less than or
nearly equal to the mean TES observation error. The mean
MLS observation errors are generally much larger than the
lightning signals, especially for HNO3. Although the mean
ratio of the lightning signals to the retrieval error is small,
a large number of observations can still provide constraints
on LNO, estimates.

The observed concentrations reflect contributions not only
from LNO,, but also from other sources such as surface emis-
sions and inflows from the stratosphere. Any model errors
in the other sources will produce model-observation mis-
matches that will negatively affect the accuracy of the esti-
mated LNO, source in the top down framework. To avoid
difficulties related to contributions from surface sources, for
instance, Boersma et al. (2005) focused on situations down-
wind of storm systems over areas relatively free of pollution.
In contrast, our analysis simultaneously corrects the various
model error sources, which benefits the LNOy source analy-
sis even over polluted regions. Moreover, the combined use
of the multiple datasets with different vertical sensitivities
is expected to facilitate the estimation of the vertical LNOy
profile and to distinguish between the surface NOy emissions
and LNO, sources. The MLS and TES data not only pro-
vides information on the NO, source amount in the middle
and upper troposphere, but also constrain the the lower tro-
pospheric source when combined with the OMI tropospheric
column NO, retrievals.
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The a priori error is set to 40 % for the surface emissions
of NO, and CO and 60 % for the LNO, sources, consider- s
ing the large uncertainties in the lightning parameterization.
Since no model error term is implemented for the source fac-
tors during the forecast step, the background error covari-
ance may continuously decrease and become underestimated
through the data assimilation cycle. Thus, we apply covari-
ance inflation to the source factors to prevent covariance un-
derestimation in the analysis step, as was done for the surface
emission in Miyazaki et al. (2012a). The standard deviation
is artificially inflated to a minimum predefined value (i.e.,
30 % of the initial standard deviation) at each analysis step
for both the surface and lightning sources. The sensitivity of ess
the analysis to the choice of these parameters is discussed in
Sect. 6.1.3.

4 Results 640
4.1 Global LNO, source distributions

Data assimilation increases the global annual LNO, source
from 4.7 to 6.3 TgNyr—!, as summarized in Table 2. The ess
instantaneous uncertainty estimated from the mean analy-
sis spread for the global source is 0.9 TgNyr—!, while
the chi-square (x?) diagnostic gives confidence in the esti-
mated analysis spread as a measure of the analysis uncer-
tainty (c.f., Sect. 6.1.3). This spread of the ensemble is rela- s
tively small, showing that LNOy is well constrained by the
assimilation. The Northern Hemisphere (NH, 20-90° N), the
tropics (20° S—20° N), and the Southern Hemisphere (SH,
90-20° S) contribute 31 %, 56 %, and 13 % to the analysed
global source, respectively. These relative contributions are ess
slightly modified from the a priori sources. The analysed
global source is maximal in July, primarily resulting from
the seasonal variation in the NH, as depicted in Fig. 5.

Figure 6 compares the simulation with the assimilation
in terms of the global distribution of annual total LNOy sso
sources. Data assimilation substantially increases the annual
sources over central Africa, the central and eastern United
States, northern Eurasia, South America, south and southeast
Asia, the maritime continent, and over the tropical oceans
around the ITCZ (left panels). The seasonal amplitudes are ess
also enhanced by 10-40 % over most of these regions (mid-
dle panels). Data assimilation introduces distinct seasonal
variations in sources over the oceans, especially along the
ITCZ. The maximum LNOy sources mostly appear in June
or July over the NH temperate regions and in December or 670
January over the SH continents (right panels). Compared to
those over most other NH regions, the peak sources over
northern Africa and India occur 1-2 months later (i.e., in
July—August), reflecting the local convective activity during
the African and Asian monsoons, respectively. The timing of e7s
the peak sources is very similar between the simulation and
the assimilation, because the seasonal variation of the light-

ning flash frequency is generally well predicted by the model
as compared with the OTD climatology (c.f., Table 1).

4.2 Regional LNO, source distributions

Figure 7 shows the seasonal variations of the LNO, source
over the 11 regions shown in the top panel. Over the NH con-
tinents (e.g. North America, Europe, and northern Eurasia),
the broad summertime source peak is predicted by the model,
where the monthly peak source strength is further increased
by 30-60 % due to assimilation. Over northern Eurasia, the
large increase in the summer dominates the approximately
40 % increase in the annual total source. The relative increase
is more constant with season over Europe.

The seasonal variations of the sources differ significantly
among the regions in the tropics, reflecting the locality of
convection and monsoon activity. The predicted sources ex-
hibit broad maxima in the rainy seasons over the tropical con-
tinental regions; that is, from October to April over South
America, from April to September over Northern Africa,
and from May to September over Southeast Asia. Data as-
similation generally enhances the seasonality of the tropical
sources, e.g. producing two source maxima in May and July
over northern Africa. The sources over South America are
increased by about 40 % from October to February, which
is primarily attributed to enhanced sources over the Amazon
during the South American monsoon.

Over the oceans, the retrieval uncertainties of OMI, TES,
and MOPITT measurements are generally larger compared
to over land. Nevertheless, substantial changes in the re-
gional LNOy sources are obtained by assimilation over the
Pacific, the Indian Ocean, and the Atlantic in the tropics,
especially along the ITCZ, because of large lightning sig-
nals in the chemical concentrations. Data assimilation pro-
duces obvious source maxima in boreal late winter over the
Atlantic and in boreal autumn—early winter over the Indian
Ocean. The west African and south Asian monsoons, respec-
tively, may be responsible for these enhancements where the
model failed to predict the distinct seasonality. Because the
predicted flash rate does not show such distinct seasonality
over the oceans, and because the seasonal amplitude of the
flash rate is generally smaller in the model simulation than
in the LIS/OTD measurements over the oceans (figure not
shown), these changes imply errors in the seasonal variation
of either the flash rate or the NOy production efficiency over
the oceans in the model simulation. The LNO, sources over
the tropical Pacific are largely increased throughout the year,
with a mean factor of about two. As a result, the data assimi-
lation increases the annual global source by about 56 % over
the oceans. The relative increase of the total source is smaller
over land (i.e., 32 %) than over the oceans.
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4.3 Vertical distribution of the LINO,source 730

Figure 8 shows the changes in the vertical profiles of
the LNO, sources. Data assimilation increases the LNO,
sources over most land regions by 20-50 % in the upper tro-
posphere, with a maximum increase at 240 hPa in the global 735
and annual mean, which is attributed to the source increase
in the tropical upper troposphere. The corrections below the
middle troposphere are much smaller. Compared to other
land regions, the source increase in the upper troposphere
is much smaller over Australia. Over the oceans, persistent 74
strong sources associated with the simulated low clouds and
the occurrence of IC flashes are predicted in the lower tropo-
sphere. Data assimilation further increases the lower tropo-
spheric sources by a factor of up to two. A roughly twofold
increase in the upper tropospheric sources occurs over the Pa- 75
cific. In the annual and global mean, the LNO, sources over
the oceans are increased by 40-50 % in the lower troposphere
and by up to 65 % in the upper troposphere. We note that er-
rors in the OMI tropospheric NO2 column retrievals could
cause large uncertainties in the analyzed LNOy sources over 7so
the oceans, as will be discussed in Section 6.1.1.

Table 3 summarizes the altitude (in km) with maximum
LNOy emission (i.e., source peak height). The predicted
source peak heights of the regional sources over land mostly
range from Skm to 12km but exceed 13 km locally over7ss
central Africa and central America. Data assimilation gen-
erally lowers the regional mean peak source heights, with
large decreases at low latitudes over land. Substantial de-
creases in the peak heights of the annual sources occur
over Southeast Asia (—0.74 km), Australia (—0.41 km), and 70
southern Africa (—0.38 km), whereas the changes are small
over North America and northern Eurasia. Over the oceans,
and in particular over the tropical western Pacific, the peak
height is substantially lowered by about 1.2 km.

765
4.4 Relative contributions of individual assimilated
datasets

The effects of individual assimilated datasets on the es-
timated LNO, sources were evaluated through observing 77
system experiments (OSEs) by separately assimilating each
dataset with CHASER-DAS (Fig. 9). The assimilation of
OMI NO5 measurements dominates the overall structure of
the total analysis increment. The spatial distribution in the
monthly mean analysis increment of the source column re- 77
veals a high correlation between the full assimilation and the
OSE with OMI measurements (r = 0.55—0.60). This demon-
strates the dominant role of the OMI NOs, retrievals in deter-
mining the LNOy source distribution in the analysis.

The measurements of species other than NOs also pro-7so
vide important constraints on the global source estimation.
The assimilated datasets all have an impact on the global
source analysis, but with different contributions from in-
dividual datasets, as summarized in Table 4. The vertical
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and latitudinal structure of the analysis increments obtained
from the assimilation of MLS O3 and HNOj3 data are gen-
erally similar (Fig. 9), revealing consistent constraints from
datasets gathered for different species but with the same in-
strument. In contrast, the respective corrections from MLS
O3 and TES O3 measurements show differences in magni-
tude and distribution. This arises from differences between
the two sets of measurements in the coverage, vertical sensi-
tivity, and systematic error. The negative analysis increments
in the upper tropospheric LNO, sources obtained from the
assimilation of TES Og data likely arises from the TES neg-
ative bias (up to 20 %) from the upper troposphere to the
lower stratosphere in the southern subtropics, see e.g. Nas-
sar et al. (2008), whereas those in the northern mid-latitudes
may be associated with the positive bias in the simulated O3
(Miyazaki et al., 2012a).

The influences measured by the OSEs mostly reflect the
effect of direct source optimization through the background
error covariance. In addition, each retrieval indirectly affects
the source estimation through adjustments made to the var-
ious concentration fields. For instance, the assimilation of
the MLS retrievals corrects the concentrations of O3 and
NO, species in the stratosphere, which has the potential to
improve the modelled impact of stratospheric air on tropo-
spheric concentrations and benefits the source estimate de-
rived from tropospheric column. Furthermore, the assimila-
tion of MOPITT CO data changes the free tropospheric OH
concentration by up to 5 %, corresponding to an increase of
about 25 % in the annual NH total CO emissions (Miyazaki
et al., 2012a), which changed the monthly global LNOy
source by up to 5 % in combination with the other satellite
datasets. The simultaneous assimilation also has the ability
to constrain ozone production efficiencies (OPE) through the
NO,-CO-OH-Oj set of chemical reactions, which may im-
prove the LNOy source estimation with the assimilation of
TES Oj3 data. Detailed analyses are required to measure the
impact of the simultaneous assimilation on OPE.

In most previous studies, NO, measurements were used
to optimise only the LNOy production. In this case, the
accuracy of the LNOy source estimates is negatively af-
fected by various sources of error, including the surface NOy
and CO emissions and inflows from the stratosphere. We
found differences reaching about 50 % on the regional scale
when comparing the multi-species assimilation and a simpler
LNOy source (i.e. single-parameter) inversion derived from
NO2 measurements only. The single-parameter approach
tends to have larger sources (e.g., the estimated global LNOy
source was 8.89 TgNyr~! for January and 12.8 TgNyr—!
for July), because of the analysis increment introduced to
compensate for other sources of error. Miyazaki and Eskes
(2013) showed that the a priori surface NO, emissions are
possibly underestimated by up to 67 % on the regional scale.
The simulated O3 concentrations in the stratosphere are also
biased (Miyazaki et al., 2012a). These sources of error leads
to an excessive model-observation mismatch in the LNO,
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source inversion. Note that, because of the short assimilation sss
cycle (i.e., 100 min.), the LNOy source can be frequently and
continuously increased to compensate for persistent model
errors. This situation may cause larger LNO, sources in our
estimates compared to those with a longer (e.g., one month)
assimilation cycle especially when only LNOy sources are s
optimized.

5 Tropical regions

845
Lightning strongly influences the O3 production and chem-
istry, especially in the tropical troposphere, as discussed in
Sect. 3.2.2 and suggested by Sauvage et al. (2007a). Light-
ning activity and surface NOy sources differ considerably
among the tropical regions, reflecting variations in the me-
teorological conditions including cumulus convection activ-
ity. This section demonstrates the ability of CHASER-DAS sso
to analyse the LNOy sources and Og distributions in several
tropical regions.

5.1 Validation of tropospheric ozone
855
The validation of ozone profiles provides useful information
on the performance of the LNO, source estimation, because
of the strong chemical links between the LNO, sources and
the O3 concentration, which influence the simultaneous op-
timization in the data assimilation. Figure 10 shows a com- ss
parison of modeled and analysed vertical O3 profiles with
the ozonesonde observations taken at five tropical SHADOZ
sites. The assimilation removes most of the O3 bias in the
upper troposphere when the predicted lightning activity is
maximal; namely, from June to August over Costa Rica, sss
from December to February over Irene, and from Septem-
ber to November over American Samoa. Data assimilation
also removed most of the free tropospheric negative bias
over San Cristobal throughout the year and over Ascension
from December to February and from September to Novem- sz
ber. Sauvage et al. (2007b) suggested great lightning con-
tributions to Og concentrations over the tropical Atlantic.
Conversely, the assimilation does not obviously improve the
lower tropospheric O3. Ozonesonde observations from 39 lo-
cations (9 locations in the tropics) have been used to validate s7s
the global ozone profiles (see Sect. 6.3). In the tropics, the
data assimilation reduces the mean ozone concentration bias:
by 11 % in the lower troposphere (750—450 hPa), by 63 %
in the middle troposphere (450-200 hPa), and by 79 % in
the upper troposphere (200-90 hPa) in January. Similar im- sso
provements were reported before by Miyazaki et al. (2012a).
Table 5 summarizes the validation results of the monthly
mean tropospheric ozone column (TOC) against the MLS
and OMI measurements in the tropics. The general spatial
structures observed are well captured by both the simulation sss
and the assimilation, as confirmed by the high spatial corre-
lation (r = 0.85 ~ 0.92). The CTM simulation overestimates

the TOC in the northern subtropics, especially over north-
ern Africa, India, and eastern Asia (figure not shown). Large
model errors are also found over the western Atlantic, where
the simulated ozone is too low in January and too high in
July. Data assimilation mitigates these errors, removing most
of the bias and reducing the global RMSE by 20-30 %. The
improved agreement with TOC data is mainly attributed to
the assimilation of TES O3 (Miyazaki et al., 2012a). Because
lightning substantially influences the amount of O3 in the
tropics, and because the data assimilation simultaneously op-
timizes the O3 and the LNOy source, significantly improved
agreement with independent ozone observations gives confi-
dence in the performance of the LNOy estimates.

5.2 The tropical western Pacific

The tropical western Pacific is a region with active cumulus
convection which substantially influences the vertical profile
of chemical compounds. The warm sea surface and high con-
vective available potential energy (CAPE) activate vertical
uplifting and lightning especially over the maritime conti-
nent. The parameterization for the flash rate estimation as-
sumes that the meteorological fields in the model represent
the deep convection that generates lightning. Large uncer-
tainties in the LNO, sources are expected over the tropical
western Pacific because of errors in the tropical Pacific ITCZ
cumulus clouds simulated by the AGCM (Emori et al., 2005).

Figure 11 shows the regional distribution of total cloud
fraction and tropospheric concentrations of NOs and Og
over the tropical western Pacific in mid-August. Compared
to the OMI cloud data, the AGCM shows systematic errors
in the location and total cloud fraction of the ITCZ. Although
the meteorological conditions in the AGCM are nudged to-
ward the NCEP-II reanalysis, the use of the cumulus param-
eterization causes a large uncertainty in the simulated cloud
and LNO, source structures. Accurate simulations of the
cloud position are important to properly distribute the LNO,
sources, while errors in the simulated cloud top height lead to
uncertainties in the total source strength. The regional mean
strength of the LNO, sources is increased by a factor of two
due to data assimilation, but the spatial distribution is only
slightly modified because of the sparse coverage of the ob-
servations and large uncertainty in individual data.

The analysed NOy and Ogs concentrations show better
agreements with the observations (Fig. 11) because of the si-
multaneous data assimilation. The simulation underestimates
the regional mean NOs concentration in the upper tropo-
sphere by 65 % compared to the OMI NOj, retrieval, whereas
data assimilation removes most of the bias. Agreements with
TES O3 fields are also greatly improved by data assimilation,
despite the sparse coverage of the TES measurements. Be-
cause of the simultaneous optimization of the LNO, sources
and these chemical concentrations, the improvements sug-
gest that the regional total LNO, sources are reasonably es-
timated by data assimilation. In contrast, to better represent
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the observed fine structure associated with individual occur-
rences of cloud, a high-resolution model is required. This is
discussed further in Sect. 6.1.2.

940

5.3 Central Africa

Africa is the region with the strongest lightning activity and
the largest source of biomass burning over the globe (e.g.
Christian et al., 2003). In this region, large uncertainties in oss
the simulated cumulus cloud and biomass burning activity
are expected, as suggested by Emori et al. (2005) and Strop-
piana et al. (2010), respectively, which will cause errors in
the predicted LNOy sources and chemical concentrations.
NOs concentrations exhibit distinct vertical and latitudinal 050
variations over western Africa (Fig. 12). These variations
are produced by various factors such as convective uplifting,
stratospheric inflows, surface sources, and lightning sources.
The lower tropospheric NOgy concentrations are maximal
over northern (around 5-20° N) and central (15° S—Equator)
Africa, owing to in situ emissions from biomass burning. In
the upper troposphere, strong LNO, sources cause a max-
imum NOs concentration over northern Africa (5-15°N).
Data assimilation increases the surface NO, emissions over
northern and central Africa by up to 90 % and the LNOy
source over northern Africa by about 50 %, which acts to
strengthen the local maximum in NO, concentrations.

The tropospheric O3 distributions also show distinct vari-
ations over central Africa. The surface NO, and CO emis-
sions and LNOy sources lead to Og production, whereas
the inflows from the stratosphere along the subtropical jet
stream predominantly determine the latitudinal O3 variations
in the upper troposphere. The multi-species data assimila-
tion provides comprehensive constraints on these processes
and the O3 variations. The assimilation of TES data modifies
the O3 distribution around the African monsoon circulation,
whereas the assimilation of MLS observations improves the
stratospheric inflow (figure not shown). Assimilation of MO-
PITT and OMI measurements provides important constraints
on the OH fields and chemical O3 production. These case
studies demonstrate once more the utility of the simultane-
ous data assimilation for regional process studies.
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6.1 Uncertainty of the LINO, source estimate
6.1.1 Systematic satellite observation errors

The quality of the assimilated measurements largely influ-sss
ences the LNOy source uncertainty. Boersma et al. (2011)
showed that the different OMI NOs retrievals have biases up
to 40 % because of errors in the retrieval processes. Although
this study uses the latest improved retrievals, systematic er-
rors will still be present in the retrievals. We performed a sen- sso
sitivity experiment by adding an artificial positive bias of
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15 % to the OMI NOy, retrievals. This increased the monthly
regional and global LNOy sources by up to 14 % and 3 %,
respectively, as summarized in Table 6. It is emphasized that
low NO4 concentrations over the oceans are mostly smaller
than the OMI noise level. Errors related to the separation of
stratospheric and tropospheric NOg could also cause errors
in the OMI tropospheric NO2 column retrievals (Lamsal et
al., 2010; Boersma et al., 2011). These may cause large un-
certainties in the analyzed LNOy sources, especially over the
oceans.

Any bias in the measurements of species other than NOy
also affects the quality of the sources estimated in the simul-
taneous assimilation framework. TES O3 data are known to
have positive biases in the upper troposphere compared to
ozonesonde observations (Worden et al., 2007; Nassar et al.,
2008). A sensitivity experiment was performed in which
a bias correction for TES O3 data was applied. This consisted
of a uniform 3.3 ppbv above 500 hPa and 6.5 ppbv below
500 hPa, as recommended by Worden et al. (2009). The re-
sult of this experiment suggests that such a bias in TES O3
increases the estimated monthly global LNOy source by up
to 14 % (Table 6). Implementing a reasonable bias correction
scheme for individual retrievals is therefore clearly important
to obtain unbiased source estimates.

The presence of clouds influences both the quality and sen-
sitivity of the satellite retrievals. The retrieval uncertainty is
increased by errors related to cloud fraction, while the re-
trieval sensitivity at cloud top or above is enhanced by mul-
tiple scattering and the high albedo (Boersma et al., 2005).
In situations of high cloud with strong lightning activity,
a large fraction of the LNOy reaches the top and anvil of
the cloud (Ridley et al., 1996). The LNOy produced can re-
side above the cloud for several days, because of the long
lifetime of NOy in the upper troposphere, and the enhanced
concentrations may be detected by remote observations. Fur-
thermore, an instrument like OMI is sensitive to NOy in the
upper part of thunderstorm clouds. In most previous studies,
however, cloud-covered observations were simply ignored to
avoid anticipated retrieval complications. A sensitivity ex-
periment was performed in which cloud-covered OMI NO,
observations were removed when the cloud radiance frac-
tion is larger than 50 %. This experiment confirmed that the
cloud-covered data have an impact on the LNO, source esti-
mation, as summarized in Table 6 and depicted in Fig. 13.
The large changes associated with the cloud-covered data
are found above roughly 450 hPa in the tropics and in the
NH, with source increases up to about 40 % in the NH sub-
tropical upper troposphere in July. The global LNO source
is increased by 12 % in July when cloud-covered observa-
tions are used. These results imply that cloud-covered OMI
NO; data contain important information on the LNOy source
amounts above and inside clouds. However, errors in the sim-
ulated cloud profiles (c.f., Fig. 11), and in the retrieved cloud-
altitude dependent averaging kernels, may cause biases in the
cloudy scene analysis.
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The lifetimes of NO,, HNOg, and O3 are much longeros
in the upper troposphere than in the lower troposphere, and
also the satellite observations (e.g. TES, MLS, and cloud-
covered OMI observations) show a higher sensitivity in the
middle to upper troposphere. This situation also helps to pro-
vide constraints on the LNO, source far from the convectiveioso
clouds that produced the LNOy. The large spread of the dif-
ferent estimates indicates that estimates of the LNO, source
distribution and the global LNOy source amount are highly
sensitive to the satellite data used. Subsequent use of new
measurements is expected to influence the source estimationioss
to a considerable degree.

6.1.2 Systematic model errors

The mismatch between the simulated and observed concen-ioso
trations is partly caused by various sources of error in the
model. For instance, errors in the lifetime of NO,, the emis-
sions of ozone precursors, the inflows from the stratosphere,
and the parameterization of convective transport will dom-
inate the mismatch and thus may have an impact on theioss
quality of the LNOy source estimation (e.g., Jourdain et al.,
2010). As suggested in Sect. 4.4, the use of multiple datasets
causes the analysis increment of the LNO, sources to be-
come smaller because several sources of error are corrected
simultaneously. In a parameter inversion that optimizes theioro
LNOy sources only, the analysis increments will compensate
for errors that occur not only in the LNOy sources but also in
the other sources and species concentrations. This will result
in overcorrections in the LNOy source estimation. Despite
this advantage of the simultaneous assimilation of multipleiors
satellite datasets, sources of error will remain because the
satellite data do not fully constrain the model. Possible sys-
tematic error sources are discussed below.

Cumulus convection plays an important role in determin-
ing the vertical profile of chemical concentrations. Becauseioso
the NO, chemical lifetime in the troposphere depends on al-
titude (i.e., longer at higher altitude), camulus convection af-
fects the total amount of NOy in the troposphere and, accord-
ingly, NOy source inversion. However, the cumulus param-
eterization is highly uncertain and leads to systematic errorsioss
in the simulated clouds (e.g., Emori et al., 2005). A sensi-
tivity experiment in which the convective mass flux from the
cumulus parameterization was increased by 20 % resulted in
a variation of up to 6 % in the tropical LNO, sources (Ta-
ble 6). The high sensitivity of the LNO, source estimation toroso
model convection is commonly reported by Lin (2012).

The model also shows systematic errors in the location of
cumulus clouds (c.f., Fig. 11). An accurate determination of
cloud positions is important for analysing the LNOy source
patterns. The location of the ITCZ clouds is sensitive to sea
surface temperature (SST) in the GCM simulation. A sensi-
tivity experiment using the SST data set obtained for 1997i0es
(a strong El Nifio year) showed a variation of up to 4 % in
the global LNOy estimates (Table 6). The impact of chang-
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ing the SST data was different for different regions; e.g., the
LNOy sources over the Pacific increased by 14 % in January.
This indicates that the uncertainty in the LNO, estimate due
to errors in the simulated clouds is significant.

The satellite measurements used in our analysis contain
limited information to constrain the influences of model
errors due to fast chemistry (e.g. which determines the
NO2/NO ratio) and transient transport processes (e.g. due
to convection and boundary layer mixing). On the ba-
sis of a comparison with aircraft measurements, Miyazaki
et al. (2012b) implied that the NO4 /NO ratio in the free tro-
posphere over Mexico is not realistically represented even
when observations of multiple species are assimilated. Ac-
cordingly, changes in the chemical scheme are expected
to affect the estimated sources. For instance, Stavrakou
et al. (2013) demonstrated the strong effect of NOy loss
uncertainties on top-down NO, source inversion by using
several different chemical schemes. In addition, the diurnal
variations of lightning activity are determined with the aid
of the parameterization in the model, since the assimilated
measurements provide constraints mainly around noon. Al-
though the departures (observation minus forecast) reflect
model errors accumulated over a period of several days, be-
cause of the long lifetime of the chemical constituents in the
upper troposphere, errors in the simulated diurnal variability
in the chemical concentrations and in the lightning activity
will lead to large uncertainties in the source estimate.

The actual spatiotemporal scale of lightning activity is
typically much smaller than the model resolution. A finer
resolution model is required to capture the influences of
lightning and atmospheric transport on the scale of indi-
vidual clouds and efficiently assimilate fine-scale retrievals.
We confirmed that in comparison with the GCM simula-
tion the high-resolution Weather Research and Forecasting
model (WRF-ARW) version 3.4.1 (Skamarock et al., 2008)
with 3 km horizontal grid spacing and without any cumu-
lus convection parameterization provides a better agreement
with the satellite observations in terms of the cloud distri-
bution over the western Pacific, by better representing the
small-scale cloud and wind structures (figure not shown).
Data assimilation with high-resolution models are expected
to improve the LNOy source estimate. Although the air-
craft NOy emissions likely have relatively small uncertain-
ties (e.g., Wilkerson et al., 2010), the LNO, source estimates
might be influenced by errors in the aircraft emissions espe-
cially along the major flight routes in the northern extratrop-
ics.

6.1.3 Data assimilation error modelling

x? diagnostic tests (e.g. Menard and Chang, 2000) are used
to measure the data assimilation statistics. The x? is esti-
mated from the ratio of the differences between the model
forecast and observations to the estimated background co-
variances. This measures whether the background covari-
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ance matrix producing realistic errors. The x? ratio becomes

1 if the background error covariance matches the model-
observation differences. The annual mean x2 was about 1.2:ss
for OMI NO,, 0.8 for TES Og, 0.7 for MOPITT CO, 2.1
for MLS Og, and 1.6 for MLS HNOj3, demonstrating that
the overall magnitude of the background error covariances
are reasonably modelled in the data assimilation. The too
large x? for the MLS data imply an overconfidence in theiso
model, and is largely attributed to the prescribed concentra-
tions for O3, NO4, HNOg, and N5Oj5 above 20 km altitude
in CHASER.

The mean analysis spread, as estimated by transforming
the background ensemble in the data assimilation (c.f., Eq.1es
(4)), is about 0.9 TgNyr—! for the annual global source
strength. This can be translated into an error estimate for
the total yearly source. The LNO, analysis is obtained
from information of roughly two weeks of measurements,
as demonstrated by the spin-up period of the assimilatiomizo
(i.e., the spin-up period was required to obtain a converged
solution in the analysis). If we assume that individual two-
weekly LNO, estimations are uncorrelated, then the impact
of the analysis spread on the uncertainty in the total yearly
LNOy can be estimated as 0.9/\/ﬂTgNyr*1, or about
0.2 TgNyr~!. This contribution is insignificant in compar-
ison to other error terms discussed in this section.

Although both the analysis mean and spread fields are up-
dated by the data assimilation, the a priori error assumption
may influence the analysis results. In our study, the a priori
error was set to 60 % for the lightning source and 40 % for
the surface emission. We confirmed that increasing the a pri-i1so
ori error of one of the surface or lightning sources of NO, by
20 % changes the global estimate of LNOy sources by not
more than a few percent, demonstrating the robustness of the
source analysis (Table 6). On the regional scale, however, the
impact is no longer negligible. For instance, over the tropi-iss
cal biomass burning regions and the mid-latitude polluted re-
gions, the change in the a priori error influences the monthly
regional source by up to 7 %. Therefore, the estimated LNO,
sources could have large uncertainties, especially where the
surface emissions are large and variable. The a priori error
dependence of the surface and LNO, sources in the analysisiiso
is related to the vertical sensitivity of the assimilated mea-
surements. Retrievals with a strongly varying vertical sen-
sitivity will help to separate the surface and LNOy sources
more efficiently. A sensitivity experiment in which the a pri-
ori global total LNO, source is increased by 15 % demon-
strates that the estimated LNO, source amount is influenced
by the a priori source setting (Table 6); the global a-posterioriies
LNOy sources are increased by 4 % in January and 10 %
in July. Further constraints from additional measurements or
longer assimilation cycles may be required to fully remove
the a priori setting dependence.

The data assimilation employs a localization techniqueizoo
to avoid sampling errors caused by the limited ensemble
size. The horizontal localization scale (L) of 600km ap-

1175

K. Miyazaki et al.: Lightning NO, production estimation

plied in this study was optimised based on sensitivity experi-
ments on the basis of comparisons with independent observa-
tions (Miyazaki et al., 2012a). In the upper troposphere, the
lifetimes of NO, HNOg3, and Og are generally longer than
a day, and long-range transport of LNOy can occur. A larger
localization length may be useful when satellite measure-
ments detect aged LNOy air. We confirmed that doubling
the localization scale (i.e. to 1200 km) changes the monthly
global source by up to 12 %, but this generally degrades the
agreement with the independent observations, especially the
ozonesonde observations made in the lower and middle tro-
posphere. Introducing an adaptive localization technique that
considers the structures of the chemical lifetime and atmo-
spheric circulation, or increasing the ensemble size may be
useful to improve the efficiency with which remote observa-
tions are used. The choice of the length of the data assim-
ilation cycle could also influence the data assimilation re-
sult associated with distinct diurnal variations in tropospheric
chemistry.

6.1.4 Total systematic error

The total error on the estimate of the LNO, source will be
dominated by systematic errors such as the ones discussed
above. The uncertainty caused by the ensemble spread was
found to be small compared to the numbers given in Table 6.
From the systematic satellite and model uncertainties listed
in Table 6 we obtain an error estimate of about 1 TgNyr—!
(0.7 in January, 1.6 in July), if we assume that the individual
systematic error sources are uncorrelated. Apart from these
sensitivity experiments (summarised in Table 6) several other
sources of error may be introduced. In particular, Stavrakou
etal. (2013) claimed that the uncertainty in the loss processes
is very large for NOy resulting in a factor of 1.8 difference
(3.3-5.9 TgNyr—!) between upper and lower estimates of
the LNOy source. This would translate into an error bar of
about 1 TgNyr—!. If this is added as an independent source
of error on top of the ones listed in Table 6, the total error bar
would increase to about 1.4 (= /12 4 12) TgNyr—!.

6.2 Implication for the parameterization of LINO,
6.2.1 Flash activity

With respect to the climatology based on satellite observa-
tions, the scheme of Price and Rind (1992) overestimated
the flash activity over South America but underestimated that
over central Africa and over most of the tropical convergence
zones, as reported in previous studies (e.g. Allen and Picker-
ing, 2002; Labrador et al., 2005; Martin et al., 2007). Boc-
cippio (2002) also pointed out inconsistencies between the
scheme of Price and Rind (1992) and satellite observations
over the oceans. The modelling of the flash rate may be im-
proved by using a more advanced parameterization. How-
ever, Tost et al. (2007) concluded that the observed lightning
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distributions were not even approximately reproduced with
any of the lightning parameterizations based on either cloud-
top height, updraft velocity, updraft mass flux, or convective
precipitation.

Murray et al. (2012) demonstrated that applying monthlyizso
scaling factors obtained from the LIS/OTD satellite instru-
ments improves the tropical ozone simulation. However, we
found that the simulated concentrations are only slightly
changed by scaling the global lightning flash count to the
climatological observations from the LIS/OTD. The satel-zss
lite observations cannot be used to adjust the detailed spatial
structure of the flash frequency because of the small amount
of coverage on a daily basis. On the other hand, an increase
in the annual LNO, amount from 4.7 to 6.3 TgNyr—! is ob-
tained from assimilation but cannot simply be explained byiz7o
a roughly 4-9 % (=7-12 % minus 3 %) underestimation
of the global lightning flash frequency as compared to the
climatological observations (41.2 flashess™! v.s. 44 or 46
flashess—!) and considering about 3 % lower flash frequency
in 2007 compared to the climatology (c.f., Sect. 3.2.1). Var-izrs
ious factors, such as for instance the NO production per
flash, are responsible for uncertainty in the LNOy source pa-
rameterization. Meanwhile, the relative positive adjustment
of the lightning source is larger over the oceans compared
to land (58 % vs. 30 %). This finding may indicate that theizso
power 1.73 in the modelling of the height dependence of the
lightning activity over ocean is underestimated in the Price
and Rind (1992) approach. We note that comparisons against
the LIS/OTD observations consistently reveal a larger un-
derestimation in the parameterised global flash rate over theizss
oceans (about 27 %) than over land (about 5 %). On the other
hand, over the tropical oceans (Pacific, Atlantic, and Indian
Oceans), the difference between the observed and the param-
eterised flash rate is relatively small, as summarised in Table
7. This suggests that errors in the NO, production efficiencyizso
rather than those in the flash rate could be responsible for the
large increase in the LNO, sources over the tropical oceans.
This will be further discussed in Sect. 6.2.2.

6.2.2 NO, production per flash and CG/IC ratio 1205
Even if the flash frequency could be predicted accurately by
the model, an uncertainty in the amount of NOy produced per
flash would lead to an error in the LNO, source estimates.
The annual global LNO, source from our estimates corre-aoo
sponds to a mean NO production of about 350 molflash~!
based on the parameterized flash rate, as summarized in Ta-
ble 7. Because errors in the parameterized flash rate influ-
ence this estimation, we also use the LIS/OTD climatolog-
ical observations; a global mean NO production of aboutisos
310molflash~! is estimated using the flash observations.
Both these values are within the range of most other recent
estimates, as summarised in Table 8. For instance, Schu-
mann and Huntrieser (2007) suggested a best estimate of
250 mol NO flash~!. Ott et al. (2010) reported a mean valuessio
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of 500 molflash " from a cloud-resolved modelling analysis
of mid-latitude and sub-tropical storms. Hudman et al. (2007)
and Jourdain et al. (2010) showed, respectively, that a conti-
nental production rate of 500 or 520mol NOflash—! gives
reasonable performance in a chemical simulation over the
United States. Boersma et al. (2005) used the Global Ozone
Monitoring Experiment (GOME) NO, data and estimated
a global LNO, source strength of 1.1-6.4 TgNyr—!, imply-
ing a production rate of 82-328 mol NO flash ! based on the
LIS/OTD climatology.

The amount of NO, produced per flash may not be con-
stant over the globe. It varies with flash strength, extension,
type, branching, and other factors. Huntrieser et al. (2008)
suggested that tropical thunderstorms are less effective than
mid-latitude storms in LNO, production per flash due to
lower wind shears and smaller stroke lengths. Our analysis
for July consistently reveals a large production per flash of
430 and 350 mol of NO in the NH (20-90° N) compared to
360 and 240 mol of NO in the tropics (20° S—20° N) based
on the parameterised flash rate and the LIS/OTD observa-
tions, respectively. There are also obvious regional differ-
ences; e.g., a large production per flash of about 440 and 570
are estimated for the northern Eurasia continent based on the
parameterised flash rate and the LIS/OTD observations, re-
spectively, as summarised in Table 7 and shown in Fig. 14.
The detailed spatial structures in the production efficiencies
estimated from the analysed LINO, sources and the observed
and the parameterised flash rates (Fig. 14) may reflect not
only variations in flash characteristics but also noises and er-
rors in the assimilated and flash measurements (c.f., Section
6.1.2). Note that the local production efficiency estimated
using the observed flash rate becomes unrealistically large
where the observed flash rate is much smaller than the model
flash rate (e.g., over most of the remote oceans).

The NO production efficiencies estimated using the sim-
ulated total LNOy sources and the simulated flash rate by
the model parameterization (without any assimilation) are
about 20 % lower over land and about 11 % lower over the
oceans, compared with those estimated using the analysed
LNOy sources and the flash observations. The obtained re-
sults imply general underestimations in the NO, production
efficiency simulated by the model, although there are obvi-
ous regional differences in the estimates (Table 7). The un-
derestimation could be attributed to errors either in the pa-
rameterised IC/CG flash ratio (c.f., Eq. (5)) or in the assump-
tions on the production efficiency of IC and CG flashes (c.f.,
Section 3.2.1). Detailed analyses of individual storms with
a high-resolution model are required to provide further in-
sights into the NO production efficiency for individual cases.

A large uncertainty remains regarding the ratio of NOy
production per flash by IC and CG flashes. Follow-
ing Price et al. (1997), a lightning NO production of
1100 mol (CGflash)~! and 110mol (ICflash)~! was as-
sumed in the parameterisation. However, it has been sug-
gested that the ratio should be closer to 1 than to 10 (Gallardo
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and Cooray, 1996; Fehr et al., 2004; DeCaria et al., 2005), al-
though a more recent estimate by Koshaz et al (2014) showedisss
the ratio to be closer to 10. We attempted to optimize the
production per flash parameters separately for IG and CG
flashes from the multi-species data assimilation but could not
find any significant differences between the two parameters
in the analysis. The observational constraints still seem in-
sufficient for optimizing such detailed parameters. Further
insights may be obtained with observations that are higheriszo
in accuracy, density, and vertical resolution.

6.2.3 The C-shaped vertical profile

The assumption of a C-shaped vertical profile as proposed byiszs
Pickering et al. (1998) implies that a majority of the LNOy
is present in the upper troposphere, while a secondary maxi-
mum occurs in the boundary layer as a result of downdrafts.
Our data assimilation analysis suggests that the C-shape as-
sumption underestimates the source strength in the middleisso
and upper troposphere over land. Ott et al. (2010) reported
a consistent result from analyses of a cloud-scale chemical
transport model. They also suggested that the upper tropo-
spheric maximum in LNOy mass may be located too high be-
cause of the C-shape assumption at mid-latitudes. Our analy-isss
sis also revealed that the peak source height is overestimated
by up to about 1 km over land and the tropical oceans. Ott
et al. (2010) suggested that the simplified treatment of LNOy
and wind fields by Pickering et al. (1998) will cause errors in
the vertical LNOy source profile.
When the observational constraints are insufficient to ad-
just the vertical profiles, changes in a priori LNOx source
profiles (e.g., from the profiles of Pickering et al. (1998)
to those of Ott et al. (2010)) or changes in the verti-
cal structure of the covariance matrix will affect the anal-iass
ysed profiles. The robustness of the analysed vertical pro-
file of the LNOy source in the assimilation was evaluated
with an assimilation sensitivity experiment that optimized
height-independent source scaling factors for each grid point.
Compared to the height-independent analysis, the height-iao
dependent analysis (i.e. the standard data assimilation) pro-
duces sources larger by 24 % at 300 hPa in January, and
sources smaller by 14 % at 200 hPa in July in the tropics
(20° S-20° N) for grid points with the LNO source col-
umn greater than 5 x 10715 kgm~2s~! (figure not shown).
In both seasons, the height-dependent analysis generally pro-
duces a lower peak height for the source in the upper tro-ios
posphere. The global sources also exhibit systematic differ-
ences between the assimilations with height-independent and
height-dependent source factors (Table 4). The two estima-
tions show a large discrepancy especially when TES O3 data
are assimilated. In the height-dependent analysis, it was es-i1o
timated that the TES data assimilation mostly decreases the
LNOxy sources in the upper troposphere (c.f., Fig. 9). In con-
trast, in the height-independent analysis, the LNO, sources
are increased throughout the troposphere, because positive
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increments obtained by the constraints in the middle tropo-
sphere mostly dominate the total adjustment. These results
demonstrate the capability of the simultaneous assimilation
of multiple datasets to modify the vertical source shape.

6.3 Validation using forward CTM simulations

The O3 concentrations simulated using the estimated light-
ning and surface sources in CHASER are used to indirectly
validate the performance of the estimated sources, as summa-
rized in Table 9. In the validation, the multiplication factors
for the LNO, sources and the surface emissions estimated
from the assimilation are used as inputs to forward CHASER
simulations without adjusting the chemical concentrations by
assimilation. This validation demonstrates the importance of
correcting the NOy sources for reproducing the O3 fields.
The validation is made when lightning is most active; e.g.
for July in the NH and for January in the tropics and the
SH. The ozonesonde observations from 39 locations were
taken from the WOUDC/SHADOZ database, as in Miyazaki
et al. (2012a). By using the estimated LNO, sources in-
stead of the sources predicted by the model parameterization,
CHASER simulations showed improved agreement with in-
dependent global ozonesonde observations. The improved
agreement includes 13 % reductions in the negative bias in
the middle/upper troposphere for the NH, 17 % reductions
in the positive bias in the upper troposphere for the tropics,
and about 25-50 % reductions in the positive bias in the mid-
dle/upper troposphere for the SH. The CHASER simulation
showed further improved agreement with the ozonesonde ob-
servations, by using the surface NO, emission data from
the multiple data assimilation instead of the emission in-
ventories, together with the estimated LNO, sources. This
reduced the ozone bias in the NH and the tropics through-
out the troposphere. These results demonstrate the improved
consistency of the concentrations and emissions through the
multiple datasets assimilation and confirm the quality of the
estimated sources as inputs to CTM simulations. We note
that the concentration adjustment by the simultaneous data
assimilation play an important role in further improving the
ozone fields especially in the upper troposphere and the lower
stratosphere.

6.4 Comparisons with previous estimates

Based on various estimation results, Schumann and
Huntrieser (2007) have provided a best estimate of 5+
3TgNyr~! for the annual global LNO, source. Our esti-
mate of 6.3+ 1.4TgNyr~! is well within the range of the
best estimate. This is small compared to recent estimates
of the uncertainty in the lightning sources (Schumann and
Huntrieser, 2007). More recently, Murray et al. (2012) and
Stavrakou et al. (2013) estimated a global annual LNO,
source of 6 +0.5 TgNyr~! and 3.3-5.9 TgNyr—!, respec-
tively. These estimates are also close to our estimate. The
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annual global LNOy source from our estimates corresponds
to a mean NO production of about 310 molflash~! based
on the LIS/OTD climatological observations. This value is
also within most of the recent estimates (c.f., Table 8). Inuzo
spite of the good agreement in the estimates of the annual
global source and the NO production efficiency, the light-
ning activity and the LNOy source varies significantly with
season and year (e.g., Cecil et al., 2014), and differences
will be more pronounced when comparisons are made re-i7s
gionally. The amount of NO, produced per flash may also
vary considerably with season and region (c.f., Table 7). De-
tailed comparisons on monthly and regional scales including
those seasonal and inter-annual variations remain an impor-

tant topic for future studies. 1480

7 Conclusions

The global source of lightning-produced NOy (LNOy) is es-ss
timated from an assimilation of multiple chemical species
based on an ensemble Kalman filter approach. NOg, Os,
HNOg3, and CO measurements obtained from multiple satel-
lite instruments (OMI, MLS, TES, and MOPITT) provide
comprehensive constraints on estimates of the global LNOy14s0
source. This approach has the potential to reduce the influ-
ence of model errors on the LNO, source estimation by si-
multaneously optimizing various aspects of the chemical sys-
tem, including the surface emissions of NO, and CO as well
as the concentrations of 35 chemical species. Errors in theseisss
model fields other than the LNO, sources introduce addi-
tional model-observation mismatches into the inversion and
degrade the LNOy source estimation. In most previous top-
down estimates, only LNOy sources were optimized from
NO; measurements. In such cases, the LNO, sources mayiso
be overcorrected since analysis increments are introduced to
compensate for various sources of model error. Substantial
differences in the estimated LNO, sources are obtained be-
tween the single-parameter (LNOy) inversion and the com-
bined optimization of sources and concentrations, which em-isos
phasizes the ability of the assimilation system presented in
this paper to improve the LNO source estimation.

The assimilation provides substantial adjustments to the
NOy sources both at the surface and in the middle—upper
troposphere, because of the use of multiple satellite datasio
sets with different vertical sensitivities, see Fig. 1. The rel-
ative importance of the individual assimilated datasets varies
with height and season, reflecting the measurement sensitiv-
ity and its relation to lightning activity. The cloud-covered
OMI NOs, retrievals provide important constraints on the es-ss
timation of the LNOy above, and inside the upper part of
clouds, because of the enhanced measurement sensitivity of
air masses transported upward by the deep convection. TES
and MLS measurements add important constraints on the
vertical profiles of the LNO sources, especially in the upperiszo
troposphere. Regional studies of the atmosphere over Africa
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and the western Pacific demonstrated that the optimization of
multiple chemical aspects is a powerful approach for correct-
ing various processes controlling variations in O3 and NOs.

The annual global LNO, source amount and NO produc-
tion efficiency based on the LIS/OTD observations are es-
timated by the assimilation system to be 6.3 TgNyr—! and
310 molNOflash~1 for 2007, respectively, which are within
the ranges of recent values from top-down estimations and
cloud-resolving simulations. The total error on the mean
global LNO, source due to uncertainties in the observation,
the model, and the assimilation settings have been studied
with a series of sensitivity experiments and is estimated as
1.4TgNyr— L

The annual LNOy source columns are increased over most
parts of the land by up to about 40 % compared to the a priori
emissions predicted using the LNO, parameterization. The
analysed LNOy sources exhibit obvious regional differences
in the tropics, reflecting the regionality of cumulus convec-
tion and monsoon circulation. The analysis increments sig-
nificantly differ between land and the oceans, with annual
global source increases of about 56 % over the oceans and by
about 32 % over land. These increases are largely attributed
to the positive increments in the lower troposphere over the
oceans and in the upper troposphere over land. We find that
the relative positive adjustment of the lightning source is
significantly larger over the oceans compared to land. This
finding may indicate that the power 1.73 in the modelling
of the height dependence of the source over ocean is under-
estimated. The significantly improved agreement with inde-
pendent ozone observations from ozonesondes and TOC re-
trievals gives confidence in the performance of the data as-
similation.

The analysed LNOy sources have important implications
for improving LNOy parameterisations. First, errors in flash
rates can explain only a small fraction of the uncertainty in
LNO, estimates, as the main observed features of the annual
global flash rate are generally reproduced by the model, ex-
cept for the large low bias over central Africa. The remaining
uncertainty in estimates from the bottom-up approach arises
from the NO production efficiency that can be very differ-
ent for individual storms. Our analysis suggests that tropical
thunderstorms are less effective than mid-latitude storms in
generating NO with each flash in boreal summer, as com-
monly suggested by previous studies. It is also suggested
that the model parameterisation may underestimate the an-
nual and global mean NO production efficiency by about 10
% over land and 20 % over the oceans. Second, the widely
used C-shape assumption underestimates the source strength
in the upper troposphere and overestimates the peak source
height over land and the tropical oceans, especially along the
ITCZ. Finally, as the two types of discharges (IC and CG)
behave differently, these should be considered separately. Al-
though parameters related to these different types are hardly
discriminated with the currently available observations, the
approach of combining all available satellite datasets is ex-
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pected to provide further insights into such detailed processes
in future studies with measurements that are more advanced
(i.e. higher in accuracy, density, and vertical resolution).
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Table 1. The annual and seasonal total flash rate (in flashess ') estimated from the LIS/OTD high-resolution monthly climatology (HRMC)
data (Cecil et al., 2014) and the model simulation for the Northern Hemisphere (NH, 20-90° N), the tropics (TR, 20° S-20° N), the Southern
Hemisphere (SH, 90-20° S), and the globe (GL, 90° S-90° N) for 2007 and for four seasons of the year: December—February (DJF), March—
May (MAM), June—August (JJA), and September—November (SON).

LIS/OTD Model

Annual DJF MAM JJA SON Annual DJF MAM JJA SON

NH 12.7 2.5 11.6 284 8.0 12.7 6.6 126 222 95
TR 27.1 229 274 257 326 21.3 235 221 189  20.7
SH 6.8 11.0 6.1 3.1 7.0 7.2 8.6 7.1 5.5 7.5
GL 46.5 363 450 571 477 41.2 3877 418 467 37.6

Table 2. The annual total LNO, sources (in TgNyr~!) obtained from the CTM simulation and the data assimilation for the Northern
Hemisphere (NH, 20-90° N), the tropics (TR, 20° S-20° N), the Southern Hemisphere (SH, 90-20° S), and the globe (GL, 90° S-90° N).
The analysis uncertainty estimated from the mean analysis spread is shown in brackets.

NH TR SH GL

CTM 1.4 2.7 0.6 4.7
Assimilation 2.0 (£0.3) 3.5(£0.49) 0.8 (£0.10) 6.3 (£0.9)

Table 3. The regional averages of the mean altitude (in km) with maximum annual LNOy emission (i.e., source peak height) estimated from
the CTM simulation and the data assimilation and the corresponding analysis increments (the data assimilation minus the simulation). The
definitions of the regions are same as for Fig. 7, except for the tropical western Pacific (130-165° E, 1-18° N). Grid points without any LNOx
sources or with peak height for pressures higher than 850 hPa are removed from the average, in order to measure the upper tropospheric
peak height.

CTM  Assim Increment

North America 7.82 7.85 +0.03
Europe 5.72 5.58 —0.14
Northern Eurasia 9.39 9.39 +0

Tropical Western Pacific  11.15 9.96 —1.19
South America 9.97 9.83 —0.14
Northern Africa 11.00 10.83 —0.17
Southern Africa 9.36 8.98 —0.38
Southeast Asia 11.51 10.77 —0.74

Australia 8.01 7.60 —0.41
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Table 4. The monthly LNOy sources (in Tg N) for the Northern Hemisphere (NH, 20-90° N), the tropics (TR, 20° S-20° N), the Southern
Hemisphere (SH, 90-20° S), and the globe (GL, 90° S—90° N) as obtained from the CTM simulation, the OSEs with TES O3, OMI NOo,
MLS O3, and MLS HNOj3 observations, and from the assimilation of all the datasets. Also shown are results for data assimilation that
optimizes a height-independent LNOy source scale factor (2-D). Standard deviations obtained from all the data assimilation estimates are

also listed.

Jan Jul

NH TR SH GL NH TR SH GL
CTM 0.58 2.82 095 435 3.17 241 031 5.89
TES O3 0.64 234 1.01 4.00 321 321 034 6.76
OMI NO» 0.78 325 120 522 399 351 051 8.01
MLS O3 0.74 489 121 6.84 482 469 031 9.83
MLS HNO3 0.82 489 189 17.56 433 366 031 8.30
ALL 078 399 139 6.15 469 299 050 8.18
TES O3 (2-D) 0.72 335 1.67 5.5 494 374 037 9.05
OMI NO2 (2-D) 078 329 1.12 5.18 280 354 049 6.89
MLS O3 (2-D) 0.85 392 1.07 5.85 546 4.10 037 9.92
MLS HNO3 2-D) 0.74 3.66 1.34 5.75 393 280 033 7.07
ALL (2-D) 0.84 356 123 5.63 3.00 3.14 051 6.65
Standard dev. 0.07 077 028 0.96 0.89 056 0.09 1.23

Table 5. The spatial correlation (Corr), mean difference (Bias), and mean root-mean-square error (RMSE) of the three-monthly mean tro-
pospheric O3 columns (TOCs) for the OMI/MLS data of December—February (DJF) and June—-August (JJA) in 2007. The results of the
CTM simulation and data assimilation are shown for the latitude band 30° S—30° N for the globe (180° W—180° E), Africa (15° W-50° E),
India (50° E-90° E), the maritime continent (90° E-140° E), Pacific (140° E-80° W), South America (80° W—40° W), and Atlantic (40° W-

15°W).

DIJF JJA

Corr Bias RMSE Corr Bias RMSE
Globe CTM 0.85 1.92 4.16 0.92 1.41 3.26
Assim.  0.86 —0.55 2.85 0.92 0.19 2.59

Africa CT™ 0.65 3.26 22.22 0.88 3.54 18.91
Assim.  0.75 0.78 6.96 0.84 2.92 15.64

India CTM 0.83 2.15 24.36 0.96 291 16.28
Assim.  0.84 0.25 8.67 0.95 1.03 4.67
Maritime CTM 0.88 1.23 14.26 0.96 1.49 8.38
continent  Assim. (.87 0.00 5.78 094 -—-1.03 5.52
Pacific CT™™ 0.89 0.27 9.83 096 —0.15 8.41
Assim.  0.89 —1.35 8.24 097 -—1.67 4.92

South CTM 0.80 3.36 15.83 0.61 1.18 13.98
America  Assim.  0.75 —0.13 5.32 0.81 0.12 6.46
Atlantic CT™™ 0.01 4.10 25.64 0.74 1.91 8.18
Assim.  0.32 0.62 542 0.83 1.56 5.84




22 K. Miyazaki et al.: Lightning NO, production estimation

Table 6. Similar to Table 4, but lists the LNOy sources obtained from the control data assimilation run (Control), with a 15 % addition of
artificial OMI NOx bias (w/ OMI bias), with the TES O3 bias correction (TES bias correction), without the OMI cloud-covered observations
(w/o OMI cloud), with the SST data for 1997 (year 1997 SST), with 20 % increases in the convective mass flux (+20 % convection), with
20 % increases in the a priori errors of the LNOy source and the surface NOx emissions (+20 % LNOx a priori error and +20 % SNOx a
priori error), and with 15 % increases in the a priori values of the LNOy sources (+15 % LNOy a priori source). The total bias due to all
terms is computed as a random addition of the individual biases. See the text for details.

Jan Jul

NH TR SH GL NH TR SH GL
Control 078 399 139 6.15 469 299 050 8.18
w/ OMI bias 087 397 146 631 461 3.08 050 8.18
TES bias correction 068 379 136 5.83 419 274 029 7.21
w/o cloud OMI 076 4.04 131 6.09 413 289 029 1733
year 1997 SST 076 3.89 137 6.03 471 3.06 051 8.26
+20 % convection 080 3.76 137 5.89 427 299 050 8.09

+20 % LNOxy a priori error 083 375 132 590 459 293 051 8.03
+20 % SNOx a priori error 081 3.77 127 585 458 2.83 050 7.90
+15% LNOx apriori source  0.83 4.10 148 6.41 529 3.16 057 9.02

Total bias 0.16 047 020 0.66 1.06 038 031 1.58

Table 7. The global and regional total flash rate (FR, flashes s71) estimated from the model parameterization (1st row) and the LIS/OTD
climatological observations (2nd row), and the NO production efficiency (NO prod., mol NO flash ~!) estimated from the total LNOx sources
analysed from data assimilation with the model flash rate (3rd row) and with the LIS/OTD observations (4th row). The NO production
efficiency predicted by the model, as estimated from the simulated LNOx sources and the model flash rate, is also shown (5th row). The
definitions of the regions are same as for Fig. 7 and Table 1. The analysis results as measured from the LIS measurements for 2007 for
regions within latitudes between 35° S and 35° N are shown in brackets.

FR [flashess™!] NO prod. [molNOflash™!]
Model LIS/OTD Assim. w/ model FR  Assim. w/ LIS/OTD FR  Model
NH 12.7 12.6 351 353 256
TR 21.3 27.1 (26.2) 377 296 (306) 285
SH 7.2 6.8 246 261 179
GL 41.2 46.5 347 308 258
Land 322 33.9 388 368 294
Ocean 9.1 12.5 201 145 128
North America 2.4 49 385 191 282
Europe 0.7 0.9 383 268 244
Northern Eurasia 2.8 2.2 443 574 311
Pacific 1.6 0.9 (0.9) 268 460 (487) 143
South America 7.9 8.1(7.8) 389 379 (394) 304
Atlantic Ocean 0.3 0.3 (0.3) 194 215 (194) 117
Northern Africa 5.0 6.2 (6.0) 364 393 (304) 288
Southern Africa 4.3 7.7(1.5) 399 224 (228) 306
Indian Ocean 0.5 0.1 196 883 121
Southeast Asia 3.0 4.5(3.9) 363 224 (280) 280

Australia 1.5 2.0 270 202 226
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Table 8. A comparison of estimates of NO, amount produced per flash (molNO flash ™), adapted from Peterson and Beasley (2011) and
Koshak et al. (2014).

First author  Year Methodology  Moles/flash
Levine 1981 Laboratory 8.30
Kumar 1995 Field study 8.30
Dawson 1980 Theoretical 13.28
Beirle 2010 Satellite 16.61
Tuck 1976 Theoretical 18.27
Hill 1980 Theoretical 19.93
Koshak 2010 Theoretical 23.40
Cooray 2009 Theoretical 33.21
Lawrence 1995 Review 38.19
Nesbitt 2000 Field study 44.25
Huntrieser 2002 Field study 44.84
Wang 1998 Laboratory 51.48
Peyrous 1982 Laboratory 53.14
Ridley 2004 Field study 53.14
Beirle 2006 Satellite 89.67
Koshak 2014 Theoretical 101.17
Sisterson 1990 Theoretical 136.17
Noxon 1976 Field study 166.06
Chameides 1977 Theoretical 166.06
Kowalczyk 1982 Theoretical 166.06
Bucsela 2010 Satellite 174.36
Schumann 2007 Review 249.09
Huntrieser 2011 Field study 250.00
DeCaria 2000 Theoretical 258.39
Miyazaki (This study)  Satellite 307.55
Fehr 2004 Field study 348.72
Rahman 2007 Field study 398.54
Chameides 1979 Theoretical 415.14
DeCaria 2005 Theoretical 460.00
Martini 2011 Theoretical 480.88
Hudman 2007 Theoretical 500.00
Ott 2010 Theoretical 500.00
Jourdain 2010 Theoretical 520.00
Drapcho 1983 Field study 664.23

Franzblau 1989 Field study 4981.73
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Table 9. The mean ozone concentration bias (in ppbv) between the CHASER simulations and the global ozonesonde observations for January
2007 in the NH (25° N-90° N) and for July 2007 in the tropics (TR, 25° S-25° N) and the SH (90° S-25° S). The CHASER simulation results
using the a priori emissions sources (A priori), the LNOy sources (LNOy), and the LNOx sources and surface NOx emissions (L + SNOy)
are shown. The results from the CHASER-DAS simultaneous assimilation are also listed (DAS).

NH in Jul TR in Jan SH in Jan
Apriori LNOx L+SNOyx DAS Apriori LNOx L+SNOyx DAS Apriori LNOx L+SNOyx DAS
750-450hPa —12.3 —11.7 —-0.2 —1.8 18.5 20.2 16.6 16.4 —4.1 2.0 —2.8 —4.9
450-200 hPa —6.8 -5.9 0.7 1.3 8.9 9.5 33 33 9.9 7.4 34 —-1.0

200-90 hPa 19.8 19.7 4.8 4.5 422 34.9 21.7 10.4 219.5 136.2 149.5 45.3
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Fig. 1. Schematic diagram of the constraints on LNOy brought by
the different satellite retrieval products. The vertical bars indicate
the vertical sensitivity range for the species observed. Through these
different sensitivities the assimilation system extracts information
about the total LNOy source and its profile, the surface emissions,
inflows from the stratosphere, and the chemical interactions in the
troposphere through the observation of multiple species. Because
these sensitivity ranges cover a large part of the troposphere, it is im-
portant that the analysis simultaneously optimises the LNOx source
strength, surface emissions as well as concentrations of the reactive
gases involved.
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(a) LIS/OTD
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Fig. 2. Global distributions of the mean annual flash rate (in flashes
km~2 yr~!) estimated from (a) the LIS/OTD high-resolution
monthly climatology (HRMC) data (Cecil et al., 2014) and (b) the
model simulation for 2007.
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Fig. 4. Global maps of (left) the concentration differences between the CHASER simulations with and without lightning sources and (right)
the mean ratio of the lightning signals to the measurement errors as estimated along each satellite track by applying the averaging kernels
of OMI NO (in 10'* moleccm™2), TES O3 (ppbv) at 300 hPa, MLS Og (ppbv) at 215 hPa, and MLS HNO3 (pptv) at 150 hPa for June,
July, and August in 2007. A super observation approach is employed to the OMI measurements, whereas individual observations are used in
the analysis of the others.
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Fig. 5. Seasonal variations of the total LNOy sources (in TgN) anal-
ysed from the data assimilation (solid lines) and estimated from
the model simulation (dashed lines) over the globe (90° S-90° N),
the Northern Hemisphere (NH, 20-90° N), the tropics (TR, 20° S—
20° N), and the Southern Hemisphere (SH, 90-20° S) for 2007.
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Fig. 6. Global distributions of the annual LNO, source (left, 1072 kgm™2s™"), its seasonal amplitude (centre, in 10~ > kgm=2s7"),
and the timing of peak sources (right, in months) for 2007. Shown are the a priori sources estimated from the CTM parameterisation
(upper), the a posteriori sources from the data assimilation (middle), and the analysis increment (lower). The analysis increment equals the
a posteriori sources minus the a priori sources. The peak timing is estimated for regions with the analysed annual sources of LNOy greater
than 0.7 x 10" ¥ kgm 2571
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Fig. 7. Seasonal variations of the regional LNOy sources (in TgN) for (1) North America (120-65° W, 20-60° N), (2) Europe (10° W-
30° E, 35-60° N), (3) northern Eurasia (60-130° E, 30-68° N), (4) the Pacific (154-180° E, 35° S—20° N and 180° E-88° W, 35° S—-12° N),
(5) South America (77-39° W, 35° S—10° N), (6) the Atlantic ocean (35° W—8° E, 30° S-3° N), (7) northern Africa (15° W—48° E, 3-25° N),
(8) southern Africa (10—48°E, 30° S—3° N), (9) the Indian ocean (52-108° E, 40-9° S), (10) Southeast Asia (95-146° E, 9° S—26° N), and
(11) Australia (112-154° E, 40-12° S) analysed from the data assimilation (black) and estimated from the model simulation (red). The total
annual values (in TgNyr~') are displayed in each panel. Results for all land areas and for all the oceans are also plotted.
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Fig. 9. Latitude-pressure cross-sections of the monthly mean analysis increment (the assimilation minus the CTM simulation) for the LNOy
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Fig. 10. Vertical O3 profiles (in ppbv) obtained from ozonesondes (black), the CTM simulation (blue), and the data assimilation (red) for
Costa Rica (left), Irene in South Africa (2nd from left), American Samoa (center), San Cristobal in Ecuador (2nd from right), and Ascension
in the tropical Atlantic (right) during December—February (DJF, top), March-May (MAM, 2nd from top), June—August (JIA, 2nd from
bottom), and September—November (SON, bottom) in 2007. The error bars represent the standard deviation of all the data within one bin.
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Fig. 11. Spatial distributions of tropospheric NO3 column concentration (upper, 10*® moleccm ~2), O3 concentration at 300 hPa (middle, in
ppbv), and cloud fraction (lower) over the western Pacific. Each is averaged over 14-21 August 2007. For the NO2 and O3 concentrations,
the results obtained from the OMI and TES satellite retrievals (left), the CTM simulation (centre), and the data assimilation (right) are
shown. For the cloud fraction, the results obtained from the OMI retrievals (left) and the GCM simulation (centre) are shown. The numbers
in brackets represent the regional mean value for each plot.
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Fig. 12. Latitude-pressure cross-section of the longitudinal-mean (6° W-30° E) of the LNO, source (upper, in pptvday '), NO2 con-
centration (middle, in pptv), and O3 concentration (lower, ppbv) over Africa. The results obtained from the CTM simulation (centre) and
analysed from the data assimilation (right) are presented. The lower left panel shows the result obtained from the TES measurement for
O3 concentration. Also shown are the latitudinal distributions of (upper left panel) the longitudinal-mean surface emissions of NOy (in
10~ kg m™2 s_l) as obtained from the a priori emissions constructed based on the EDGAR 4.2, the GFED 3.1, and the GEIA inventories
(see text in Sect. 3.1.1) (blue line) and analysed from the data assimilation (red line) and (centre left) the longitudinal-mean tropospheric
NO; columns (in 10 molececm™2) as obtained from the OMI measurements (black line), the CTM simulation (blue line), and analysed
from the data assimilation (red line). The vectors represent meridional-vertical winds. Each is averaged over 10-20 July 2007.
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Fig. 13. Latitude-pressure cross-section of the LNOy source differences between the data assimilations with and without (with minus
without) the cloud-covered OMI NO, observations (in pptv day ~') for January and July in 2007. The increases and decreases in the source
due to assimilation of the cloud-covered observations correspond to positive and negative values represented by red and blue, respectively.
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Fig. 14. Global distributions of the NO production efficiency
(molNOflash™1) estimated from the annual total LNOy sources
analysed from data assimilation for 2007 with (a) the LIS/OTD
HRMC flash climatology data (Cecil et al., 2014), and with (b) the
model flash rate for 2007. The results in (a) are shown for the re-
gion with the observed annual flash rates of greater than 0.44 flashes
km ™2 yr~! to avoid unrealistically large estimates.



