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[1] Tropospheric ozone (O3) is a pollutant and major greenhouse gas and its radiative
forcing is still uncertain. Inadequate understanding of processes related to O3 production, in
particular those natural ones such as lightning, contributes to this uncertainty. Here we
demonstrate a new effect of aerosol particles on O3 production by affecting lightning
activity and lightning-generated NO, (LNOy). We find that lightning flash rate increases at
a remarkable rate of 30 times or more per unit of aerosol optical depth. We provide
observational evidence that indicates the observed increase in lightning activity is caused
by the influx of aerosols from a volcano. Satellite data analyses show Oj is increased as a
result of aerosol-induced increase in lightning and LNO,, which is supported by modle
simulations with prescribed lightning change. O3 production increase from this aerosol-
lightning-ozone link is concentrated in the upper troposphere, where O; is most efficient as
a greenhouse gas. In the face of anthropogenic aerosol increase our findings suggest that

lightning activity, LNO, and Os, especially in the upper troposphere, have all increased
substantially since preindustrial time due to the proposed aerosol-lightning-ozone link,
which implies a stronger O historical radiative forcing. Aerosol forcing therefore has a
warming component via its effect on Oz production and this component has mostly been
ignored in previous studies of climate forcing related to O5 and aerosols. Sensitivity
simulations suggest that 4-8% increase of column tropospheric ozone, mainly in the
tropics, is expected if aerosol-lighting-ozone link is parameterized, depending on the
background emission scenario. We note, however, substantial uncertainties remain on the
exact magnitude of aerosol effect on tropospheric O3 via lightning. The challenges for
obtaining a quantitative global estimate of this effect are also discussed. Our results have
significant implications for understanding past and projecting future tropospheric O3
forcing as well as wildfire changes and call for integrated investigations of the coupled

aerosol-cloud-chemistry system.
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1. Introduction

[2] Tropospheric ozone (O3) plays a key role in atmo-
spheric chemistry, air quality, and radiative balance as an
oxidant [Thompson, 1992] and a greenhouse gas [Solomon
et al., 2007]. It is formed by photochemical oxidation of
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carbon monoxide (CO) and hydrocarbons in the presence of
nitrogen oxides (NOy) in the troposphere. Human activities
have significantly increased these ozone precursors, which
has resulted in a substantial increase in tropospheric ozone
concentration [Logan, 1985; Marenco et al., 1994; Lelieveld
et al., 2004; Oltmans et al., 2006]. Anthropogenic O;
increase and the corresponding radiative forcing are calcu-
lated using Chemical Transport Models (CTMs) by
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differentiating current and background O; levels. By
removing known anthropogenic emissions, natural back-
ground O3z can be inferred and the radiative forcing by
anthropogenic O3 can then be calculated. State-of-the-art
CTMs can simulate current global O3 distributions while the
simulated background O; is constantly higher than surface
measurements made over a century ago [Bojkov, 1986; Volz
and Kley, 1988; Marenco et al., 1994; Wang and Jacob,
1998]. Determining the natural background Oz concentra-
tion becomes a key source of uncertainties along with other
factors for assessing O forcing [Wang and Jacob, 1998;
Hauglustaine and Brasseur, 2001; Lamarque et al., 2005,
Gauss et al., 2006; Horowitz, 2006; Stevenson et al., 2006;
Wild, 2007].

[3] Natural sources of O3 precursors include NO, from
soil and lightning, CO from natural fire and methane oxi-
dation, and hydrocarbons from vegetation and ocean.
Lightning-generated NO, (LNO,), typically released in the
middle to upper troposphere [Pickering et al., 1998; Ott
et al., 2010], is crucial for the formation of the upper tropo-
spheric O3. O3 in this layer of atmosphere is particularly
efficient as a greenhouse gas. Upper tropospheric O3 forma-
tion is also particularly sensitive to LNO, because of a
combination of the low background concentration and long
lifetime of NOy in the upper troposphere [Lamarque et al.,
1996; Hauglustaine et al., 2001; Tie et al., 2001; Martin
et al., 2007; Ott et al., 2010], especially in the tropics
where anthropogenic sources are sparse [Schumann and
Huntrieser, 2007; Labrador et al., 2005; Sauvage et al.,
2007; Lamarque et al., 2010]. As such, LNOy is instrumen-
tal in understanding the dominant features in tropical tropo-
spheric O3 distribution [Thompson et al., 2000; Edwards
et al., 2003; Thompson et al., 2003; Sauvage et al., 2007;
Martin et al., 2002b]. Even over and downwind of midlati-
tude continents where anthropogenic sources are strongest
LNO; is critical in summertime O3 formations in the upper
troposphere [Zhang et al., 2003; Cooper et al., 2006; Allen
et al., 2010]. Much less well known, however, is the accu-
rate source strength of LNO, and its variability since the
preindustrial time [Mickley et al., 2001; Schumann and
Huntrieser, 2007]. The source strength of LNO,, regard-
less of its uncertainty, has been mostly assumed constant
with time because lightning is considered a natural process
with no clear mechanisms that link its frequency to human
activity at large scales [Schumann and Huntrieser, 2007].

[4] It has been proposed that acrosols can change lightning
activity [Lyons et al., 1998; Mickley et al., 2001; Altaratz
et al., 2010; Yuan et al., 2011; Sherwood et al., 2006].
This possibility has been under debate for some time
[Williams et al., 2002; Williams, 2005]. However, a causal
aerosol-lightning link is difficult to prove due to the strong
coupling between meteorology, deep convection, lightning
and aerosol concentration [Williams et al., 2002]. For
example, if meteorology is responsible for both the aerosol
and lightning anomaly the correlation between aerosol and
lightning could not be attributed to a physical cause.
Recently, we provide strong evidence of aerosols enhancing
lightning activity of tropical oceanic clouds, which avoids the
convolution [Yuan et al., 2011] (also see more discussions in
the following). Physically, more aerosols are shown to delay/
suppress the warm rain by increasing number of cloud dro-
plets and decreasing droplet size, enhance cloud mixed-phase
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activity, invigorate convection and increase lightning fre-
quency of pristine maritime cumulonimbus clouds [Yuan
et al., 2011]. Similar effects seem to exist for anthropogenic
biomass burning aerosols over land [Lyons et al., 1998;
Altaratz et al., 2010; Albrecht et al., 2011]. In light of the
physical link between aerosol and lightning, lightning activity
and LNOy can no longer be assumed to be constant in the face
of anthropogenic aerosol changes.

[5] Here we explore and assess potential links among
aerosol loading, lightning frequency and concentrations of
O3 and its precursors using a suite of satellite data together
with a CTM, the Global Modeling Initiative (GMI) [Duncan
et al., 2007; Allen et al., 2010]. We first focus our analysis
on a specific region east of the Philippines (from 125°E to
150°E and from 5°N to 20°N) where increased lightning is
related to enhanced aerosol loading from the Anatahan
volcano (16.35°N, 145.7°E) [Yuan et al., 2011]. Global
implications are assessed with conceptual model sensitivity
experiments. In section 2, we introduce the data sets and the
model used in this study. In section 3, we present results
regarding the validity of associations among aerosol, light-
ning and O; with satellite data analysis as well as numerical
model simulations. Sensitivity model experiment results are
also provided in this section. In section 4, we discuss the
potential uncertainties, challenges and implications for future
studies. Summary is provided in section 5.

2. Data and Model

2.1. Data Sets

[6] In this study we utilize a suite of satellite data sets that
characterize aerosol, gas and lightning. For aerosols we use
aerosol optical depth (AOD) from the Moderate resolution
Imaging and Spectroradiometer (MODIS) product [Remer
et al., 2005) (from 2000 to 2009) and Global Aerosol Cli-
matology Project (GACP) [Geogdzhayev et al., 2005] as a
proxy for aerosol loading. Collection 005 MODISlevel 2
(daily) and level 3 (monthly) aerosol products are both used.
Level 3 monthly products are in 1° X 1° resolution and the
native resolution for Level 2 product is 10 km. We used
aerosol optical depth at 550 nm and aerosol Angstrom
exponent in the visible. The GACP product we used is
monthly mean data at 1° x 1° spatial resolution. The data set
is available from 1982 to 2005.

[7] The flash rate density is computed from the Tropical
Rainfall Measurement Mission (TRMM) Lightning Imaging
Sensor (LIS) total lightning global data set corresponding to
the MODIS 2000-2009 time period. The LIS was launched
in 1997 into a low inclination earth orbit of 35° at an altitude
of 350 km, later raised to 402 km in August 2001 to extend
the mission lifetime. From this altitude the LIS observed
total (in-cloud and cloud-to-ground) lightning from the
individual storms within in its 600 km x 600 km field-of-
view for about 90 s. The LIS orbit data were binned into
0.25° x 0.25° grids accounting for the total view time the
sensor observed the Earth and the total number of flashes
detected. LIS flashes were then corrected by the instrument
detection efficiency [Boccippio et al., 2002]. Monthly flash
rate densities (f1 km ™ month™') were calculated by a
cumulative method (sum of all flashes in a month in a grid
cell divided by the sum of LIS view time in the same grid
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cell). Finally, seasonal flash rate density was computed by
averaging the monthly flash rate densities.

[8] For gases, NO, measurements from the Ozone Moni-
toring Instrument (OMI) [Bucsela et al., 2006] (2004-2009)
are our main data source. They are taken as a NO, proxy.
Additional NO, data sets from three groups are used for con-
sistency check. The Dutch Tropospheric Emission Monitoring
Internet Service (TEMIS) team provide NO, retrievals from
OM]I, the Global Ozone Monitoring Experiment (GOME,
1996-2002) and SCanning Imaging Absorption SpectroMeter
for Atmospheric CartograpHY (SCIAMACHY, 2002-2009)
[Boersma et al., 2004] with different algorithms [Boersma
et al., 2007; Boersma et al., 2008]. A second SCTAMACHY
NO, product is provided by Dr. Randall Martin’s group at
Dalhousie University [Martin et al., 2002a, 2006]. A third
NO, data source is column retrievals from GOME and
SCIAMACHY produced by the University of Bremen group
[Richter and Burrows, 2002]. The University of Bremen
product derives an NO, anomaly instead of direct column
concentration. Different data sets are examined here to check
the robustness of our results. Because these data are derived
from different sensor and/or different retrieval algorithms
consistency using different NO, products increases our con-
fidence in our results.

[9] For O3 we use tropospheric O; concentration retrieved
from TOMS [Ziemke et al., 1998] (1979 to 2005 with a brief
break between 1994 and 1996) and from the combination of
OMI and Microwave Limb Sounder (MLS) [Ziemke et al.,
2006] (2004-2009). We use monthly data at 5° x 5° and
1° x 1.25° (latitude by longitude) resolution for TOMS and
OMI/MLS, respectively. Due to methodological constraints,
TOMS data cover only the tropical belt from 15°S to 15°N
while OMI/MLS data cover the latitudinal band between 60°S
and 60°N. An advantage of TOMS Oj is that measurements
are less prone to instrument absolute calibration errors because
it is a differential method using a single instrument to derive
tropospheric ozone (i.e., tropospheric ozone = TOMS total
ozone minus TOMS stratospheric ozone, this single-instru-
ment differencing removes any potential instrument measure-
ment bias or drift for TOMS). Instrument calibration problems
are also alleviated for OMI/MLS since stratospheric ozone
from OMI is used to cross-adjust MLS stratospheric ozone
prior to deriving the tropospheric ozone residual product (i.e.,
tropospheric ozone = OMI total ozone minus MLS adjusted
stratospheric ozone).

[10] Other trace gases such as SO, from OMI and CO from
Measurements of Pollution in the Troposphere (MOPITT)
and Atmospheric Infrared Sounder (AIRS) are used to char-
acterize air mass.

2.2. Model

[11] The NASA Global Modeling Initiative (GMI)
chemical transport model includes a combined stratosphere-
troposphere chemical mechanism with 124 species, 322
chemical reactions, and 81 photolysis processes [Duncan
et al., 2007]. The tropospheric portion of the chemical
mechanism includes a detailed description of tropospheric
ozone, NOy, and hydrocarbon photochemistry. It has been
updated with recent experimental data and data for the
quenching reactions of O(ID) by N,, O,, and H,O. It is
integrated using the SMVGEAR 1I algorithm [Jacobson,
1995]. Photolysis rates in the troposphere and stratosphere
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are calculated using the Fast-JX radiative transfer algorithm
[Wild et al., 2000; Bian and Prather, 2002], an efficient
algorithm that calculates photolysis rates in the presence of
an arbitrary mix of cloud and aerosol layers. The scheme
treats both Rayleigh scattering as well as Mie scattering by
clouds and aerosol. Heterogeneous chemistry and effects of
aerosols on photochemistry are considered [Jacobson, 1995].
Lightning flash rate in GMI is based on upward convective
flux in the upper troposphere (around 400 mb) [Allen et al.,
2010]. The magnitude of lightning rate is constrained by
observation on a grid scale and this approach gives good fit to
the climatology of observed lightning distribution.

[12] CMIPS historical 1850 emissions of anthropogenic,
biomass burning, and ship for both gas and aerosol tracers
are used [Lamarque et al., 2010]. There was no aircraft
emission at that year. The continuously erupting volcanic
SO2 emission and oceanic DMS emission are also included.
The emissions of 2005 used in this work are constructed
from various emission inventories. The anthropogenic and
shipping emissions of CO, NOx, and non-methane hydro-
carbons (NMHC) are described in Duncan et al. [2008] and
their biofuel and biomass burning emissions are given in
Duncan et al. [2007]. The biogenic emissions simulated in
GMI use MEGAN algorithm [Guenther et al., 1995, 2006].
The emissions of aerosols and their precursors follow the
work of Bian et al. [2009] and Chin et al. [2009]. The model
accounts for time-varying emissions from anthropogenic,
biomass burning, biogenic, and volcanic sources for possible
BC, OC, SO2, NH3 and calculates wind-blown dust and sea
salt emissions using the GEOS-4 meteorological fields. The
GEOS-4 drives the GMI tracer transport as well. The vol-
canic SO, emission from the volcano in our study has not
been included in the emission data set yet. A future study
may include interactive aerosols including updated SO2
emissions from volcanoes.

[13] GMI will be used in this study to carry out sensitivity
studies on how lightning changes affect tropospheric ozone
chemistry. Specifically, we will examine how a fivefold
increase of lightning over our study region [S°N~20°N,
125°E~150°E] might affect tropospheric ozone production.
The increase is meant to mimic what is observed from
satellite. In addition, we will use the GMI model to spec-
ulate on the global impact of aerosol induced lightning
change for tropospheric ozone historical variation and cli-
mate forcing. We will determine the lightning difference
between 1850 and 2005 based on extrapolation of observed
aerosol-lightning frequency relationships. We then impose
the aerosol-induced lightning difference on atmospheres with
1850 and 2005 emission scenarios to gauge the possible
range of impact on Oj3.

3. Results

[14] Despite the frequent occurrence of deep convective
clouds, lightning activity is usually quite low in our study
region, which is true for other oceanic areas with weakly
electrified storms having weaker vertical motions and less
well-developed mixed-phase precipitation regions aloft than
their continental counterparts [Christian et al., 2003, Zipser
et al., 2006, Goodman et al., 2007]. We call this a ‘scarce
lightning ample convection (SLAC)’ conundrum. As a result,
O3 concentration during June—July—August (JJA) for the
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Figure 1. OMI tropospheric ozone JJA ‘climatology’
(mean of 2004-2009) [Ziemke et al., 2006]. Peak values are
observed over and downwind of northern midlatitude popu-
lation centers. In the tropics Western Pacific is the minimum
while the South Atlantic has maximum value. The focus area
of this study is outlined with a rectangular box.
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region of interest is typically very low (Figure 1) due to lack
of lightning and anthropogenic NO, sources as well as con-
vective transport of Oz-depleted maritime boundary layer air
[Solomon et al., 2005]. But in 2005 the areal mean lightning
activity is increased by 150%, which was linked to a 60%
increase in aerosol loading resulting from a low-altitude
volcanic source [Yuan et al., 2011].

3.1. Characteristics of Changes in Aerosol
and Lightning

[15] Here we provide further analysis on the corresponding
distribution of changes in both aerosol and lightning.
Figure 2a shows the spatial distribution of seasonal mean
MODIS aerosol optical depth anomaly for JJA 2005. The
climatology is based on JJA data between 2000 and 2009.
The positive anomaly shapes like a plume originating from a
point source situated at around 16°N and 145°E, the location
of the Anatahan volcano that was actively spewing SO, gases
during JJA of 2005 [Yuan et al., 2011]. The anomaly ranges
from 0.05 to greater than 0.2 units representing an increase of
50-200% above the climatology. Figures 2b and 2c¢ provide a
qualitative view of the strong lightning increase associated
with the aerosol anomalies. The lightning activity within the
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Figure 2. (a) Aerosol optical depth (AOD) anomaly map of June, July, and August of 2005 relative to
climatology (2000-2009). We can see a plume like feature originating from the volcano at around 16°N
and 145°E, marked by a star-dot. (b) The climatology of flash rate without 2005. Note the color scale is
exponential. (c) The flash rate in 2005 with the same color bar as Figure 2b. (d) Increase in flash rate
per unit of aerosol optical depth increase. The dotted areas represent where the correlation coefficient
between flash rate and aerosol optical depth exceeds 95% confidence level. We applied 2 x 2 window

smoothing in Figures 2b, 2¢, and 2d.
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Figure 3. (a) The ratio between flash rates of JJA 2005 and
that of the climatology between 1998 and 2007. The major-
ity of increase is between 5 and 7 times over areas where the
correlation between AOD and flash rate is statistically sig-
nificant at 95% level (Figures 2d and 3b). (b) Map of corre-
lation coefficients between times series of AOD and flash
rate at every grid point. The stippled (black dots) areas are
statistically significant at 95% level. Three by 3 window
smoothing is applied in both cases. (c) A scatterplot between
AOD and normalized flash rate (by the climatological aver-
age on the grid point of 130 E and 11 N). The dashed lines
represent one-sigma uncertainty of the fitted line. All points
are within these two lines.
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aerosol plume in JJA of 2005 (Figure 2c¢) is much higher than
the climatological mean level (Figure 2b), noting the color
scales. Flash rate density over heavily aerosol affected mar-
itime areas is almost on par with that of the Philippine Islands
more than 500 km to the west (Figure 2c). The seasonal
mean lightning flash rate density increases as much as 700%
or more in areas of 150% aerosol anomalies. The spatial
distribution of lightning increase also follows well that of
the aerosol anomaly (Figure 3a). We quantify the aerosol-
lightning relationship by calculating the correlation between
seasonal mean of aerosol optical depth and lightning flash
rate density in each 1° box. An example for the grid of 130E
and 11 N is given in Figure 3c, which is a typical grid with
a moderate correlation coefficient value. Statistically sig-
nificant (p < 0.05) correlations are found over many boxes
and on average the flash rate density increases at a rate of
2040 times per unit increase of aerosol optical depth
(Figures 2d and 3b). These results are important since typical
flash densities over maritime areas are almost an order
of magnitude smaller than that of maritime continents
(Figure 2b) [Zipser et al., 2006; Goodman et al., 2007] while
flash rates over polluted maritime locations in 2005 are
comparable to those over the Philippines Islands. The land-
ocean contrast in aerosol optical depth is about 0.2 between
the Philippines Islands and the oceanic areas [Remer et al.,
2005], which would translate into a 6 to eightfold increase
in lightning activity if we use the lightning-AOD ratios
derived from Figure 2d. Results here suggest, at least over
this area, aerosols are responsible for a large part of the land-
ocean contrast in lightning activity.

3.2. Examination of Alternative Hypotheses

[16] How do we know that aerosol increase in 2005 is
causing the enhanced lightning activity, which can be also
affected by meteorological factors and inter-annual vari-
ability caused by El Nino and La Nina [Yuan et al., 2011;
Goodman et al., 2000; Williams and Stanfill, 2002; Chronis
et al.,, 2008]? To add further evidence that meteorological
factors were not responsible for the changes beyond what is
presented in [Yuan et al., 2011], we first apply a lightning
parameterization based on assimilated meteorology [A4/len
and Pickering, 2002]. The parameterization is based on
upward convective mass flux calculated from global reanal-
ysis fields at every 3 h [Allen et al., 2010]. If meteorological
factors are responsible for the observed enhanced lightning
anomaly and the reanalysis data can reasonably capture this
variability, this approach would reflect these meteorology
related changes. We find no strong increase in computed
flash rate density using the convective flux approach in JJA
2005 compared to other years.

[17] Second, we carry out an observation-based analysis
of what nature was doing in 2005. Within our domain we
compute the number of potentially ‘lightning-producing
convective storms’ in each JJA season using TRMM radar
data. Two definitions are used for these storms in our study.
In one definition, we use the official product information on
whether a radar echo belongs to a convective or stratiform
precipitation/cloud system and we only include those con-
vective echoes that extend to higher than 5 km in height. The
number of such convective events is then calculated by
examining all oceanic observations in our region of interest.
In the other definition, we include all radar pixels (i.e., both
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Table 1. The Time Series of Number of Convective Events by Definition 1
TRMM
1999 2000 2001 2002 2003 2004 2005 2006 2007
Number of events 1,169,720 1,111,366 966,511 978,411 955,464 1,034,762 1,074,536 1,031,071 901,152

convective and stratiform echoes) whose heights are equal to
or greater than 5 km and have a reflectivity of at least 20dbz.
The number of events is then again calculated for our region
of interest. By carrying out this exercise we want to check
whether the increased lightning activity in 2005 is simply
due to more active and thus higher number of deep con-
vection events. Both definitions gave a close to average (less
than 5% higher than mean and within one standard deviation
of mean) number of convective storms in JJA 2005 and the
numbers for definition one are shown in Table 1. We note
that the slightly higher value in 2005 could be partially due
to the aerosol invigoration effect as discussed in Yuan et al.
[2011]. Results do not change if we increase or decrease the
threshold of altitude. This observationally based analysis
suggests that in nature the number of potentially lightning-
producing convective events did not significantly exceed the
average in 2005. This again suggests that meteorological
factors are not the dominant control on the anomalous
number of flashes observed in 2005. Rather, it is the change
in internal structure of convective storms that likely made
them more active in lightning generation [Yuan et al., 2011].

[18] Finally, we composite daily observations in JJA 2005
based on aerosol loading to investigate intraseasonal varia-
tions. In this analysis we use daily areal mean MODIS
aerosol optical depth data and separate the days in JJA 2005
into two categories: high aerosol or low aerosol. We use
fixed values of 0.25 and 0.15 as thresholds for high aerosol
and low aerosol days, respectively, to get approximately
equal sample sizes. This exercise serves as a random test at
the intraseasonal scale since the volcanic aerosol source has
no systematic dependence on dynamical and thermody-
namical conditions. If we consider the areal mean of the
whole region we find higher mean lightning count in high
aerosol days than that of low aerosol days (the difference is
statistically significantly at 99% confidence level). This is
true no matter if we use Terra or Aqua data. For example, the
mean flash count is 41 for high aerosol days as compared to
33 for low aerosol days if we use Terra MODIS. The
numbers become 33 and 24, respectively, if Aqua MODIS is
used (note that the sample days are changed when using these
two data sets because of aerosol sampling differences). Since
we know that most convection and lightning happen over the
area west of 135°E (Figure 2) we repeated the exercise for
the area bounded by 5°N and 20°N and 125°E and 135°E.
The numbers are 26 and 13 for Terra MODIS and they are
27 and 19 for Aqua MODIS. In any case, high aerosol days
have significantly higher lightning counts than those of low
aerosol days.

[19] The year 2005 is not significantly different than the
10-year record in terms of the number of storms, nor in the
meteorological environment in which those storms develop.
The only exceptional factor in 2005 is the aerosols from
volcanic activity that is independent of meteorology. There-
fore, the physical mechanism that links aerosol, cloud

properties and lighting activity provides the strongest expla-
nation for the enhanced lightning in 2005. As shown in Yuan
et al. [2011] aerosols decrease cloud droplet size, suppress
warm precipitation and delay cloud glaciation [Yuan and Li,
2010; Yuan et al., 2010], which invigorates convection,
triggers more active mixed-phase process and leads to light-
ning increase.

3.3. Response in Chemistry

[20] Next we illustrate the ozone chemistry responses to
the aerosol generated lightning anomaly. Lightning can
generate NO, indirectly by releasing NO that is quickly
oxidized into NO,, which can be observed using satellite
and/or in situ measurements [Morris et al., 2010; Beirle
et al., 2010; Bucsela et al., 2010]. Figure 4a shows the dis-
tribution of OMI-derived tropospheric NO, column amount
anomaly based on JJA climatology of 2005-2009. The posi-
tive anomaly ranges from 0.3 to 0.9 x 10" molecules/cm?,
which is 6-15% above the climatology depending on the
location. Strong positive anomalies in NO, column amount in
JJA 2005 are inside the area of positive aerosol and lightning
anomalies. The areas of positive NO, anomaly occur over
those of positive aerosol optical depth and lightning flash rate
density anomalies [Figures 2 and 3]. Since satellite NO,
retrievals cannot operate in a cloudy environment we note the
observed changes are biased to clear sky values. This is why
in model simulations we sample the data on the satellite orbit.
We examine the robustness of the observed increase in NO,
using data sets from other sensors (SCHIAMACHY, GOME,
OMI) and/or algorithms (see section 2). We calculate the
areal mean of tropospheric column NO, amount (or anomaly
in the case of University of Bremen product) for each season.
Results are shown in Table 2 where data sets from indepen-
dent sensors and/or algorithms consistently indicate NO,
concentration in JJA 2005 is the highest in the record. This is
true even if data from GOME (data span from 1996 to 2003)
are included (not shown here). There are some differences
among results from different groups due to a host of factors
that are beyond our scope of discussion here [Boersma et al.,
2004; Martin et al., 2002a; Richter and Burrows, 2002], but
they all confirm 2005 has the highest value. This consistency
among different data sets increases our confidence in the
robustness of results from OMI alone.

[21] We propose that the observed NO, increase results
from increased lightning activity in JJA 2005. It will be
demonstrated later that observed lightning increase can
explain the observed NO, increase with a numerical model
experiment, but could the observed NO, increase in 2005
arise from enhanced non-lightning sources, such as indus-
trial and biomass burning emissions? If this were the case,
we would expect elevated concentrations of combustion
tracers such as CO. We use both MOPITT and AIRS CO
data since they are sensitive to different vertical layers of the
atmosphere. Both MOPITT and AIRS CO data show a
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Figure 4. Anomaly maps of (a) tropospheric NO, and (c) tropospheric O; and (b and d) corresponding
relative anomaly maps from OMI retrievals. Three by 3 smoothing is applied to Figures 4a and 4b.

slightly below average CO concentration in JJA 2005 over
our area. Furthermore, we directly examine the strength level
of upwind sources of pollution and/or biomass burning over
places such as China and Indonesia. Figure 5 shows a larger
scale view of the AOD anomaly (climatology is between
2000 and 2009) during JJA 2005. Major smoke source
regions over Indonesia and Borneo have a negative aerosol
optical depth anomaly during JJA of 2005, in contrast to the
positive anomaly in our study region. The major pollution
source over Eastern China is also below average. The dom-
inant aerosol anomaly is the volcanically induced positive
anomaly over usually pristine Western Pacific Ocean, which
is almost all surrounded by negative anomalies. Similar
results are also obtained using CO concentrations (not shown
here). This analysis suggests that the AOD anomaly in our
study region results from volcano activity, not from biomass

burning smoke or industrial pollution. Thus we argue that
lightning is the only observed parameter that could cause the
increased NO,.

[22] Figure 4c shows the tropospheric O3 anomaly pattern
in JJA 2005. The positive anomalY ranges from 1 to 2 Dob-
son Unit (DU, 1 DU =2.69 x 10'® molecules cm™?), about
3—6%, with a maximum exceeding 3 DU at the volcano, or
about 10%. Since most LNO is produced in the middle to
upper troposphere the increase in tropospheric O3 should also
be concentrated in the upper troposphere. The positive O3
anomaly pattern just east of the Philippines (Figure 4d) (from
125°E to 135°E), where lightning is most active, occurs
where anomalies of aerosol optical depth, lightning flash rate
density and NO, column amount are also seen (Figures 2, 3,
and 4). While some of the high O; anomaly at the volcano
location might result from effect of volcanic ash on retrievals,

Table 2. Tropospheric NO, Retrievals Over Out Study Region From Three Different Groups®

2003 2004 2005 2006 2007 2008 2009
NO; anomaly (University of Bremen) —0.31 —-0.24 0.03 —0.17 —0.50 —0.62 N/A
NO, (x10') (TEMIS) —433 N/A 10.39 8.78 1.26 1.86 4.66
NO, (x10"*) (Randall Martin) 1.65 221 335 271 2.35 2.02 2.39

*We highlight the 2005 values in bold since they stand out as the highest values for all three time series. We note the negative values in Tables 2 mean
that satellite observed whole column (including both tropospheric and stratospheric) NO, concentration is lower than transport model calculated
stratospheric concentration [Boersma et al., 2004]. The 2004 mean is not available because no quality measurements were made for June 2004 from

one retrieval group.
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Figure 5. A large-scale view of AOD anomaly in JJA
2005. The volcano influence stands out in the map and its
influence is not limited in our study region. AOD over major
sources over China, Indonesia, Borneo etc., is below average
in 2005.

volcanic ash is very unlikely to impact the retrievals west of
140°E. This is based on our analysis of OMI aerosol index
data. Aerosol index provides a semiquantitative measure for
both the presence and the loading of absorbing aerosols. The
absorbing aerosols are important since they might affect O;
retrieval if they are not properly accounted for, which will
introduce uncertainty to the interpretation of observed O;
patterns. Daily level-2 aerosol index data do not indicate high
values in the region except for a weak maximum immediately
downwind of the volcano. These maximum values only reach
1.5. Values around 1 or less are considered at or below the
noise threshold level. No high values are found over the
area west of 140°E. Therefore the absorbing ash close to
the source region only weakly affects the O; retrievals at the
same location and does not affect the overall result.

[23] Thus far the satellite observations are consistent with
an aerosol-lightning-chemistry link, where aerosol affects
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convective cloud microphysics, alters lightning activity and
LNOy production, and subsequently affects tropospheric O3
formation as a result. Next, we carry out numerical experi-
ments to further explore the proposed link.

3.4. Modeling the Impact Over the Focus Region

[24] We investigate the proposed link using numerical
simulations by the Global Modeling Initiative (GMI)
chemical transport model. We will first focus on the limited
study area and then conduct sensitivity test at a global scale.
GMI does not explicitly resolve cloud and lightning pro-
cesses, but does contain a full package of chemical reactions
and a lightning NO, parameterization scheme [Allen et al.,
2010]. Because of the missing cloud and lightning pro-
cesses we cannot directly test the aerosol-lightning link.
Instead, we mimic the observed lightning change (Figures 3a
and 2c) by increasing oceanic lightning flash rate density in
our study region by 5 times (5x). Figure 6b shows the NO,
anomaly distribution as a result of the 5x increase in light-
ning. The magnitude and the spatial pattern of increase
match the observation (Figure 4a). The spatial distribution of
modeled increase of tropospheric O; (Figure 6a) also agrees
reasonably well with that from observations (Figure 4d)
although the magnitude is somewhat smaller. We note that
the model run is only a sensitivity simulation to test the
response of ozone and its precursors to lightning increase.
The quantitative difference between modeled and observed
05 is expected because of factors such as the sampling dif-
ference, and uncertainties in model physics (e.g., cloud and
radiation processes), dynamics (e.g., stratosphere-tropo-
sphere exchange) and chemistry as well as in observation
itself. For example, if we use a previous version of the OMI
tropospheric O3 product the observed O increase is more
than doubled, suggesting a more sensitive response. Model
parameterization of convective transport process would have
significant impact on the sensitivity of O3 to lightning over
this region [Martin et al., 2002b]. Modeled cloud properties
and its associated radiative effect on photolysis rates can
also be an important source of uncertainties in simulations
[Tie et al., 2003; Voulgarakis et al., 2009]. As such,

B CNO2(5xflashrate) - CNO2(base) (1.00000e+14 molecules/cm?)
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Figure 6. Modeled tropospheric (a) O; and (b) NO, changes when lightning flash rate of maritime con-
vection is increased 5 times in our domain. The model data are sampled along the Aura satellite orbit.
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Figure 7. Correlations between (a) MODIS aerosol optical depth and (b) GACP aerosol optical depth
and tropospheric ozone from TOMS. (c¢) Time series of TOMS tropospheric O3 concentration for the past
27 years during the summer averaged over the region of interest. The dotted line is the climatological
mean and the two dashed-dot lines are one standard deviation away from the mean.

previous modeling studies using different models seem to
show different sensitivities of O3 to lightning released NO,
[Martin et al., 2002b; Sauvage et al., 2007; Wild, 2007]).
Further investigation on these fronts to improve our quan-
tification of this sensitivity and its temporal and geographic
distribution is needed, which is beyond the scope of this
manuscript. Nevertheless, if we focus on the area west of
135°E where most lightning increase takes place, the ratios
between O; anomaly and NO, anomaly are within a factor
of 2 from satellite analysis and model results. Therefore,
despite the quantitative difference the model results support
the proposed aerosol-cloud-ozone chemistry link based on
observations. This link represents a new indirect effect of
aerosols on ozone chemistry via lightning and resultant
LNO, emissions.

3.5. Long-Term Perspective

[25] The relationship between aerosols and tropospheric
ozone manifests itself not just in the anomaly seen in 2005
against the backdrop of the 5-10 year of “climatology.”
Figures 7a and 7b shows correlations between aerosol opti-
cal depth and TOMS tropospheric ozone using MODIS and

GACP data, respectively, over the same region. The corre-
lation coefficients for these two plots are significant at 95%
(> = 0.67) and 98% (> = 0.41), respectively. In Figure 7b
we exclude data from two 3-year periods (1982—-1984 and
1991-1993) due to eruptions of El Chichon and Pinatubo.
Sensitivity of tropospheric O; to aerosols, measured as DU
per unit of aerosol optical depth, equals 60 and 30 in
Figures 7a and 7b, respectively. If we focus on the MODIS
period (2000-2005) the sensitivity based on GACP data
gives the same sensitivity of 60 DU per aerosol optical depth.
Both values, however, demonstrate the strong sensitivity of
tropospheric O; concentration to changes in aerosol. This is
in line with the strong sensitivity of lightning to aerosols and
high efficiency of LNOy in O3 formation over clean regions.
We find insignificant correlation between O3 concentration
and El Nino and Southern Oscillation indices for this par-
ticular region (r = 0.38, p > 0.15). Figure 7c provides a long-
term perspective on the time evolution of tropospheric O3
over the region (0°—15°N, 125°~150°E) for the last 27 years.
Tropospheric O3 in 2005 stands out as the all-time high and
its value is more than two standard deviations above the cli-
matological mean, implying a significant impact of the
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aerosols on ozone through lightning or at least suggesting the
aerosol-ozone link proposed here is consistent with the data
we have. However, we also note some of the correlation
might also be due to the effect of pollution on O3 production
as discussed in section 3.3.

3.6. Estimate of Global Impact

[26] We estimate the global impact of this aerosol-ozone
connection with GMI model. Many previous studies have
been carried out using different chemical transport models to
understand the sensitivity of tropospheric ozone to lightning
[e.g., Lamarque et al., 1996; Mickley et al., 2001; Martin
et al., 2002b; Zhang et al., 2003; Horowitz, 2006; Wild,
2007; Wu et al., 2007]. Here we utilize the quantitative
relationship between aerosol loading and lightning flashes
counts reported here and in Altaratz et al. [2010] to give an
estimate of the aerosol induced tropospheric ozone change
since 1850. For this we briefly review current and previous
works. In this work and in Yuan et al. [2011] the focus is on a
very clean region of the West Pacific. These studies, in this
region, show convincing positive correlation between AOD
and flash counts, through the range of AOD encountered in
this situation. The AOD range spans approximately 0.05 to
0.25 for biweekly averages of AOD, 0.10 to 0.16 for seasonal
averages, which is shown in Yuan et al. [2011, Figures 1c and
1d]. However, it is unreasonable to expect the increase of
flash rate with aerosols to continue without limit. Indeed,
flash rate is expected to decrease once an optimum aerosol
concentration is met because further increase in droplet
concentration will decrease collision efficiency between
cloud hydrometeors and thus suppress charge separation and
lightning flash rate. Altaratz et al. [2010] studied an area with
a much wider AOD range than the present work and their
results are consistent with the expectation that lightning flash
counts reach a maximum, and then decrease with increasing
AOD. The turning point of increase to decrease occurs at
approximately AOD = 0.25. Furthermore, we note that
aerosol types in Yuan et al. [2011] and Altaratz et al. [2010]
are sulfate and smoke, respectively. These two studies are
also over different surfaces, tropical ocean and tropical for-
est/savanna, respectively. Despite these differences, both
studies show strong increase in flash rate with aerosol con-
centration when AOD is smaller than 0.25 or so. The simi-
larity in the two studies thus encourages speculation toward a
global estimate.

[27] We use the following scaling approach to conduct our
sensitivity simulations and gauge the impact of aerosol
induced lightning change on Os:

L=20%*L,* (40D — 0.05) when AOD is less than 0.25;
L = Ly (1 — (40D — 0.25)/5) when AOD is greater than 0.25.

L, and L, are local lightning flash rates when AOD is 0.05
and 0.25. We set L to L, when AOD is less than 0.05.
Therefore, 0.05 is the baseline aerosol optical depth. The
threshold of 0.25 is roughly based on results from Altaratz
et al. [2010]. Our scaling formula is a conservative estimate
compared to the results from two studies. For example, we
apply an increasing rate of 20 per unit of AOD when AOD
is less than 0.25, which is smaller than both the average
value of stippled areas in Figure 2d and what is reported in
Altaratz et al. [2010]. Also, decreasing rate of lightning flash
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rate is such that it becomes 0 when AOD is equal to 5, i.e.,
the decreasing rate is about 5% of that for increasing rate,
which is smaller than what is estimated from Altaratz et al.
[2010]. This scaling is applied locally to individual grids
while the meteorology is kept the same. With this approach,
lightning changes will have strong spatial heterogeneity that
highlights the sensitivity of lightning to aerosol loading,
which is different from most previous works where lightning
is perturbed by the same magnitude everywhere. However,
this exercise only represents a sensitivity study with a few
important limitations as discussed in Section 4. Also, the
simulated impact would obviously depend strongly on the
scaling formula adopted.

[28] Applying the proposed formula the aerosol differences
between 1850 and 2005 (Figure 8a) are transformed into
lightning changes (Figure 8b). Aerosol loading has for the
most part increased substantially since 1850 with only a few
exceptions like over Southern U.S. and Northern Argentina
[Bian et al., 2009, 2010]. Due to the nonlinear relationship
between aerosol loading and flash rates, however, large
increases in AOD do not automatically translate into strong
increases in lightning (e.g., Northern China and India).
Largest increase in lightning frequency occurs over biomass
burning regions in the tropics because of the clean back-
ground and strong increase of biomass burning aerosols.
Using the same 2005 meteorology and trace gas emission
differences of column NO, and tropospheric O; between runs
with 2005 and 1850 lightning are plotted in Figures 8c and 8d
for the JJA season, respectively. Depending on location this
experiment suggests a lightning induced change of O3 by 1—
2 DU, or 1-6%, and of NO, by 0-20%. Pronounced het-
erogeneity is noted for these lightning induced changes in O3
and NO, fields. The most sensitive areas are places down-
wind of active lightning producing continents in the tropics
such as the tropical East Pacific downwind of Central
America, the South China Sea and southern Indian Ocean,
and Central Atlantic downwind of central Africa. Lower
concentration of background O precursors, strong anthro-
pogenic biomass burning and ample convection all contribute
to large sensitivity of LNOy to aerosol loading. The increases
are particularly pronounced when changes within the upper
troposphere (the layer between 200 mb and 400 mb) are
considered (Figure 9). At this level, the sensitivity of O3 to
lightning can be seen throughout the tropics and is also nearly
exclusively confined within the tropical belt, where the tro-
popause is higher. The magnitude of sensitivity at upper
troposphere is higher than that of total column Oj;.

[20] The sensitivity of ozone to aerosol concentrations via
the nonlinear aerosol-lightning link is likely to have been
greater in 1850 than 2005 due to lower anthropogenic emis-
sions during the pre-industrial period. In another experiment,
we estimate the sensitivity of the 1850 atmosphere to aerosol-
induced lightning changes. We find that the sensitivity is
almost doubled (Figure 10) while the overall structure of
change is quite similar with the exception of the area down-
wind of Eastern U.S. The nonlinear dependence of ozone
production rate on NO, and other precursors is likely
responsible for this. The 1850/2005 contrast is also illustrated
in Figure 11 where we show the sensitivity of O3 concentra-
tion to aerosol induced LNOy in DJF using 1850 and 2005
emissions. When lightning perturbation is applied to 1850
emission, Oz concentration is strongly increased due to
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Figure 8. (a) JJA AOD difference between 2005 and 1850 based on GMI simulation. (b) Scaled light-
ning flash rate relative to 1850 in 2005. Except over Southeast U.S. and Northern Argentina lightning
activity was lower due to cleaner air in 1850. (c) Relative change in tropospheric NO, resulting from

the aerosol induced lightning change. (d) Same as Figure 8c, but for tropospheric O3. The 2005 emission
is used for this simulation.

increase of biomass burning aerosol induced LNOy increase 4. Discussion and Implication
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simulations are shown in Table 3.
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Figure 9. Same as Figures 8c or 8d, but for tropospheric  ground emission the sensitivity of model fields to aerosol-
05 in the layer between 200 mb and 400 mb. induced perturbation is roughly doubled.
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Figure 11. A further illustration of emission background
dependence of aerosol effect on Oz. These two maps are for
December, January and February. (a) 1850 emission, and
(b) 2005. Beside the overall higher sensitivity (Figure 11a
compared to Figure 11b) the main feature over Indian Ocean
(Figure 11a) is completely missing in Figure 11b, reflecting
the nonlinearity and competing direct and indirect effects of
biomass burning on Os.

aerosol indirect effect on tropospheric ozone concentration,
however, faces further challenges and uncertainties. For
example, the background conditions such as aerosol type
and concentration as well as background meteorology could
affect how aerosols affect convective clouds [Fan et al.,
2009]. Because of this the formula proposed here may not
hold everywhere. Moreover, tropospheric ozone concentra-
tion is controlled by a set of nonlinear complex processes
such as cloud radiative effects, photochemistry, convective
transport and stratosphere-troposphere exchange. These
processes may alter the details of aerosol-O; link demon-
strated here. For example, the radiative effect of aerosol and
cloud condensate can have an impact on the ozone related
chemistry as shown by many studies [e.g., Wang and Prinn,
2000; Martin et al., 2003; Barth et al., 2007]. Furthermore,
because both aerosol and O3 have relatively short lifetimes
and the aerosol effect on clouds depend on background
environmental conditions we expect the effect aerosols on
05 to be highly heterogeneous both in space and time. These
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complexities will require more advanced models and further
observational studies to better quantify the processes at work
and project global consequences. For example, compared to
previous modeling results, the ratio of O; to NO, change
reported here is smaller. As discussed above, this ratio may
be model dependent because of many physical and chemical
processes are modeled differently. Further investigations and
comparisons are needed to elucidate the model difference
and to improve our understanding. Finally, the change in O;
will affect characteristics of other chemical trace gases and
species such as methane and carbon monoxide etc., which
will require a coupled chemistry-climate model to under-
stand these interactions.

[31] Nevertheless, the aerosol effect on O; via lightning
demonstrated here opens up a new set of possibilities for
aerosol, O3 and lightning studies (Figure 12). For example,
the aerosol-lightning-ozone link offers a physical mecha-
nism that may account for a part of the difference between
modeled and observed background O in the later 19th
century [Marenco et al., 1994], which is however dependent
on shape of the vertical profile of LNO,. Surface con-
centrations should not change by more than a few ppbv and
a considerable bias is likely to remain given our current
understanding of the vertical profile of LNO,. The proposed
aerosol-lightning-ozone link would have its strongest impact
in the mid- and upper-troposphere. The link implies lower
LNO, source strength in the 19th century [Mickley et al.,
2001] given the lower aerosol concentration, which would
mean a substantially lower upper tropospheric O; concen-
tration in preindustrial era. This would imply a larger tro-
pospheric O; radiative forcing than current estimate
[Mickley et al., 2001; Shindell et al., 2003], e.g., 0.5 Wm 2
larger according to [Mickley et al., 2001]. Interestingly, the
stronger ozone forcing would improve agreement between
model and observed climate change in the 20th century
[Shindell et al., 2006]. Due to the vertical distribution of
LNOy its impact on tropospheric ozone may have a strong
influence on mid-to-upper troposphere O; production
[Pickering et al., 1998; Ott et al., 2010] although curiously,
stronger thunderstorms (e.g., invigorated by aerosols) in the
midlatitudes might induce ozone loss in the lower-strato-
sphere due to injection of water vapor there [Anderson et al.,
2012]. As implied by our sensitivity simulations, aerosol
introduced O3 change may not be well detected by historical
observations because its major influence is over remote
oceanic areas and within the upper troposphere. In addition,
anthropogenic emissions are undergoing a profound change:
decreasing in the midlatitudes (with the exception of North-
east Asia where trends are unclear) and increasing in the

Table 3. The Total NO Productions From Lightning From Two
Seasons Shown Using 2005 Emission®

Summer (TgNO/month) July August September
Control 0.73 0.66 0.72
Adj 0.50 0.44 0.48

Winter (TgNO/month) December January Feburary
Control 0.39 0.50 0.36
Adj 0.27 0.35 0.25

“Numbers in the ‘adj’ rows refer to lightning NO production when 1850
AOD values are used to scale the lightning.
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Figure 12. A conceptual diagram of how anthropogenic aerosols and emissions directly and indirectly
affect tropospheric O;. The indirect pathway is through aerosol impacting deep convective cloud proper-
ties and lightning activity, which leads to LNO, perturbation and therefore tropospheric O; production.
The feedback link between lightning and fire activity over the higher latitude boreal forest region warrants

further investigation.

lower latitudes [Shindell et al., 2006; Lamarque et al., 2010].
As emissions shift equator-ward, anthropogenic aerosols
may strongly affect tropical convective clouds, enhance
LNOx production as well as NO, from other sources and
result in more tropospheric Oz [Lelieveld and Dentener,
2000; Lelieveld et al., 2004; Yuan et al., 2011]. The aerosol
effect on O3 is a positive component to the overall negative
aerosol radiative forcing and the intricate aerosol-cloud-
chemistry interactions make it imperative to study them with
an integrated approach in our climate system.

[32] The aerosol-lightning-ozone connection for maritime
convection may also be valuable for understanding ozone
long-range transport and the O; trend in relatively clean
regions [Cooper et al., 2010; Lelieveld et al., 2004]. Over
the North Pacific, for example, studies have shown that
storm track clouds are invigorated by outflow of Asian
pollution aerosols in recent decades [Zhang et al., 2007].
Given the high sensitivity of lightning and LNO, to aerosol
input over maritime convective clouds, it could be specu-
lated that the anthropogenic increase of aerosol influx into
the North Pacific region could have contributed to increase
of tropospheric ozone production and transport to the west
coast of North America [Zhang et al., 2008]. Aerosol
increase introduced by biomass burning of tropical and
boreal forests in the last decades may also impact convection
and lightning activity. However, it will be challenging to
untangle the direct effect and indirect effect (through aerosol-
lightning-ozone) of biomass burning on tropospheric ozone
production since both are positive effects. It probably could
only be solved through model simulations with appropriate
physical and chemical processes. Over the higher-latitude
boreal forest area, we note a potential positive feedback
between fire activity and aerosol concentration. Increased
aerosol loading (initiated by pollution and/or climate change
induced fire activity [Flannigan et al., 2005] enhances the

chance of lightning, which in turn increases fire activity and
biomass burning aerosol concentration (Figures 8c and 12).
This is a potentially strong feedback loop because dry thun-
derstorms (thunderstorms without or with little precipitation)
are the major source of ignition for wild boreal forest fires
[Flannigan et al., 2005]. Both precipitation suppression and
lightning enhancing effects of aerosols work to increase fire
activity. This positive feedback can have important impact on
atmosphere chemistry and forest ecosystem in high latitude
regions.

[33] We summarize this paper with a conceptual diagram in
Figure 12. Increase of aerosol concentration within convec-
tive clouds modifies cloud microphysical processes and
invigorates convection. This in-turn enhances lightning
activity and increases LNO, release into the atmosphere,
especially in the clean upper troposphere, which generally
favors tropospheric O; production. Over the boreal forest
aerosol-induced dry thunderstorms can positively feedback to
fire ignition and biomass burning aerosol production, which
increases ozone precursors among other impacts on atmo-
spheric chemistry. These integrated aerosol-cloud-chemistry
interactions demand more investigations to fully characterize
its impact.

5. Summary and Conclusion

[34] We demonstrate an aerosol indirect effect on atmo-
sphere chemistry, particularly tropospheric ozone, by affecting
convective cloud lightning activity. Strong sensitivity of
lightning flash rate, on the order of around 30-fold increase
per unit of aerosol optical depth, leads to significant release
of LNO,, which increases tropospheric ozone production,
especially in the upper troposphere. Careful analyses are
carried out to examine and reject alternative hypotheses.
Model simulations corroborate the aerosol-lightning-ozone
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link demonstrated by satellite data analyses. Long-term sat-
ellite measurements show a significant correlation between
aerosol concentration and tropospheric ozone concentration,
lending further support for the hypothesized link. This link is
currently not considered in global models and preliminary
model sensitivity experiments indicate it has important
implications for understanding past and projecting future
tropospheric ozone forcing changes. This link also implies a
potential positive feedback between boreal forest fire and
lightning. The potential of and the challenge of characteriz-
ing this aerosol-lightning-ozone link are discussed.
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