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[ 1 ] The relationship between lightning and NO 2 over
Indonesia is examined on daily and intraseasonal time scales
based on lightning observations from the World Wide
Lightning Location Network (WWLLN) and tropospheric
NO2 column densities from the Global Ozone Monitoring
Experiment (GOME‐2) satellite mission. Composites of the
daily NO2 observations regressed onto lightning frequency
reveal a plume of enhanced NO 2 following a day of
enhanced lightning. Lightning and NO2 also vary coherently
with the intraseasonal Madden‐Julian Oscillation (MJO) in a
manner distinct from the cloudiness signature, with variations
of up to ∼50% of the annual mean. Citation: Virts, K. S., J. A.

near Indonesia based on regression analysis performed on
daily data and composite maps for various phases of the
Madden‐Julian Oscillation (MJO).
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[4] Based on an analysis of data from the SCIAMACHY
satellite by Beirle et al. [2010], we expect the correlation
between the frequency of lightning strokes and NO2 to be
weak, requiring a large sample size to detect a statistically
significant signal. Accordingly, we chose to utilize data
from the Global Ozone Monitoring Experiment (GOME‐2)
with its larger areal coverage, which enables us to sample
the NO2 response to 4–5 times as many lightning strokes as
would be possible using SCIAMACHY data (see Section 1
of Text S1 in the auxiliary material for a discussion of the
statistical significance of our results).1
[5] The GOME‐2 scanning spectrometer provides slant‐
path, total NO2 retrievals, from which tropospheric NO2
vertical column densities, hereafter referred to as NO2 columns or simply as NO2, are extracted [Boersma et al., 2004].
The Fast Retrieval Scheme for Clouds from the Oxygen A
band (FRESCO) algorithm derives radiance‐based effective
cloud fractions from GOME‐2 retrievals, and a different
algorithm indicates whether the tropospheric NO2 retrieval
was meaningful [Koelemeijer et al., 2001]. The collocation of
FRESCO cloud fraction with GOME‐2 NO2 observations
allows testing for the effects of cloud contamination.
[6] The World Wide Lightning Location Network
(WWLLN) is a network of 54 detector stations that monitor
very low frequency radio waves called lightning sferics. The
time of group arrival of the radiated waveform is used to
locate lightning to within ∼5 km. The average detection
frequency for all lightning strokes over Indonesia during the
period of overlap with GOME‐2 can be represented to first
order as ∼10% [Rodger et al., 2009] (see also Section 2 of
Text S1). Of the detected WWLLN strokes the median
stroke power in the area of this study was 2 · 106 W at the
end of 2009 [Hutchins et al., 2010], which is low enough
that nearly all lightning‐producing storms are detected
[Jacobson et al., 2006].
[7] The NO2 and lightning datasets were gridded and
averaged as follows. GOME‐2 tropospheric NO2 retrievals
flagged as not meaningful by the GOME‐2 quality control
algorithms were discarded, and the remaining data from April
2007 to October 2010 were averaged onto a daily 1° latitude ×
1° longitude grid; similar averaging was performed for
FRESCO cloud fractions. GOME‐2 overpasses are at 9:30 LT;
i.e., at 0130 UTC over the western part of our domain and
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1. Introduction
[2] Nitrogen oxide radicals (NOx = NO + NO2) catalyze
the production of ozone, a greenhouse gas, and, by regulating the partitioning of hydrogen oxide radicals, they
mediate the troposphere’s oxidizing capacity [Logan et al.,
1981; Mickley et al., 1999; Shindell et al., 2009]. Lightning is an important but uncertain natural source of NOx,
estimated to be on the order of 1–10 Tg N yr−1 globally
[Schumann and Huntrieser, 2007; see also Boersma et al.,
2005; Lamarque et al., 1996; Martin et al., 2007; Bucsela
et al., 2010], or about 5–10% of the present‐day global
tropospheric NOx source [Jaegle et al., 2005], and is
thought to be responsible for 20–45% of tropical upper
tropospheric ozone [e.g., Labrador et al., 2005; Grewe,
2007]. Existing uncertainties in the lightning NOx source
limit our ability to assess the degree to which the atmosphere’s energy balance and oxidizing capacity have been
perturbed by human activities [Mickley et al., 2001; Wang
and Jacob, 1998].
[3] The lightning NOx source remains uncertain for many
reasons, including the physics and detection of lightning
itself and the difficulty in detecting lightning NOx and distinguishing it from other NOx sources, such as surface combustion [e.g., Beirle et al., 2010]. Here we provide a unique
observational analysis of the relationship between tropospheric NO2 vertical column density and lightning frequency
1
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Figure 1. (left) Mean cloud fraction, (middle) lightning frequency (strokes day−1 deg−2), and (right) tropospheric NO2 column (1015 molecules cm−2) during (top) December–February
(DJF) and (bottom) June–August (JJA). Lightning color bar
is limited to lower values. In upper left panel, S and J indicate
locations of Singapore and Jakarta, respectively.
2330 UTC of the previous day in the eastern part of our domain
(10°S to 10°N; 90°E to 150°E). WWLLN strokes were counted
daily (from 0200 UTC to 0159 UTC so that each “day” ends at
approximately the time of the GOME‐2 overpass) in each 1° ×
1° bin of the study area for January 2005 to October 2010. An
80‐day high‐pass Lanczos filter was applied to the daily time
series of each variable, as indicated, to remove the poorly
sampled low frequency variability.
[8] In section 4, the Madden‐Julian Oscillation is represented by the daily Real‐Time Multivariate MJO index
developed by Wheeler and Hendon [2004], which is based
on the dominant modes of variability in near‐equatorial
outgoing longwave radiation (OLR, a measure of the prevalence of clouds with high, cold tops) and zonal winds in the
lower (850 hPa) and upper (200 hPa) troposphere.

3. Seasonal Mean and Daily Variability
[9] Seasonal‐mean cloud fraction, lightning frequency, and
tropospheric NO2 column over the Maritime Continent are
shown in Figure 1. Lightning tends to be more frequent in the
summer hemisphere, with maxima along the coasts of the
larger islands. In contrast, the NO2 seasonal cycle is anchored
to sources such as urban areas and ship tracks (e.g., extending
west from the northern tip of Sumatra during DJF [Richter
et al., 2004]).
[10] Coupled day‐to‐day variability in lightning and NO2 is
revealed by lag‐regression analysis of daily, 80‐day high‐pass
filtered data. The 100 1° × 1° grid boxes with the highest
annual‐mean lightning frequency are designated as “reference
grid boxes;” most are over land, but similar results are obtained
using ocean reference boxes (see Section 3 of Text S1). NO2
time series for each grid point within a 20° × 20° box centered
on the reference grid point are regressed onto time series of
lightning at the reference grid point summed over the 24 hours
before and after the GOME‐2 overpasses. The 100 regression
maps for NO2 observations prior and subsequent to the lightning observations are then centered on their respective reference grid boxes and averaged to form the composite lag
regression maps shown in Figure 2.
[11] NO2 observations subsequent to days of enhanced
lightning reveal enhanced NO2 around the reference point.
The westward shift of the NO2 feature relative to the reference
grid box likely reflects advection by winds in the middle and
upper troposphere, which have an easterly component during
all months. The weaker NO2 maximum near the reference
grid box on the day prior to the lightning observations is
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likely due to day‐to‐day autocorrelation of both lightning
frequency and NO2. Similar patterns are obtained when the
analysis is performed with NO2 observations for which the
FRESCO cloud fraction was <0.1 (see Section 3 of Text S1).
Hence, cloud contamination does not appear to be a significant issue.
[12] An accurate determination of the average impact of a
single lightning stroke on NOx in the surrounding region
requires a detailed accounting of the WWLLN detection
efficiency, systematic uncertainties in the NO2 retrievals,
and consideration of NOx partitioning, chemistry, and
transport on the timescale of ∼1 day, all of which are beyond
the scope of this paper. However, as a check on whether the
above results are reasonable, NO2 production in this region
can be roughly estimated from the subsequent regression
map. Summing the regression coefficients for both lightning
and NO2 within 5° relative latitude and longitude of the
reference boxes and assuming that WWLLN detected ∼10%
of the lightning strokes over Indonesia during the period of
overlap with GOME‐2, we estimate between 1.7 and 2.5 ×
1025 NO2 molecules are produced per stroke regardless of
whether we use all retrievals classed as meaningful in
accordance with the FRESCO criterion or whether we
sample only retrievals with cloud fractions < 0.1. Our estimates also fall within this range if we sample only reference
grid boxes that lie over water. Further specifics of these
sensitivity tests are reported in Section 3 of Text S1. If we
use results from Beirle et al. [2009] for estimating the
production of NOx per lightning stroke (LNOx) from satellite observations of NO2, our LNOx estimates generally lie
on the lower end of the range of 0.2 to 4.0 × 1026 molecules
per stroke summarized previously [Schumann and
Huntrieser, 2007, and references therein] and within the
range of values reported by Beirle et al. [2010] based on an
analysis of the WWLLN data in conjunction with individual
overpasses of the SCIAMACHY instrument. All else the
same, these lower LNOx values would correspond to a
global LNOx source ∼1.5 Tg N yr−1 for an average global
lightning frequency of 44 s−1 [Schumann and Huntrieser,
2007; Beirle et al., 2009].

4. Intraseasonal Variability
[13] The Madden‐Julian Oscillation [Zhang, 2005] dominates tropical atmospheric variability at intraseasonal time
scales (30–90 day periods). Its dominant features are often

Figure 2. Composites of daily NO2 field regressed onto
daily lightning time series at the 100 grid points with highest
lightning frequency (units are molecules cm−2 stroke−1; both
variables have been 80‐day high‐pass filtered); regressions
are performed for NO2 overpasses prior to and following
lightning observations. See text for details.
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Figure 3. 80‐day high‐pass filtered 5° latitude × 5° longitude Global Precipitation Climatology Project precipitation
(mm day−1) regressed onto time series representing phases
1–4 (top to bottom) of MJO index. Adapted from Virts
and Wallace [2010].
represented as a cycle made up of eight phases. A characteristic feature of the MJO, shown in Figure 3, is an area of
enhanced precipitation that develops over the Indian Ocean
during phase 1 and propagates eastward across Indonesia
during phases 3 and 4. By construction, the MJO precipitation pattern during the remaining phases (5–8) is identical
to those for phases 1–4 but with sign reversed.
[14] MJO cloud, lightning, and NO2 patterns over Indonesia are shown in Figure 4. The regression coefficient at
each grid point has been divided by the annual mean for that
point so that, for example, a lightning regression coefficient
of 0.5 indicates an MJO perturbation equivalent to 50% of
the climatological mean lightning frequency at that point.
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[15] In MJO phases 1 and 2, cloudiness is enhanced west of
Sumatra and over western Borneo (Figure 4). More extensive
clouds are present in phase 3 and cover the marine portion of
the domain by phase 4. In association with the enhanced
cloudiness, lightning frequency and NO2 concentrations are
also enhanced west of Sumatra and, less prominently, over
western Borneo during MJO phase 1. However, lightning and
NO2 both decrease as MJO‐related cloudiness and precipitation develop over the study area in MJO phases 2–4. A
decrease in lightning during the period of enhanced MJO
precipitation has previously been noted in analyses of data
from the Tropical Rainfall Measuring Mission [Morita et al.,
2006; Kodama et al., 2006]. MJO‐induced variations in NO2
have not, to our knowledge, been discussed, and the patterns
in Figure 4 cannot be explained by MJO‐related variations in
tropopause height (see Section 5 of Text S1). With the
exception of western Borneo, the strongest and most coherent
MJO cloud, lightning, and NO2 signals in Figure 4 (and in
corresponding correlation maps, see Section 4 of Text S1)
are observed over marine areas and not over the areas that
exhibit a particularly high annual‐mean frequency of occurrence of lightning in Figure 1. The MJO‐related variations in
NO2 columns and lightning frequency range up to ±50% of
their respective annual mean values.

5. Conclusions
[16] Elevated NO2 concentrations observed following days
of frequent lightning suggest that lightning is an important
source of NOx over Indonesia. The similar evolution of the
lightning and NO2 fields during the MJO offers further confirmation of their covariability. Indeed, it is difficult to
imagine how day‐to‐day changes in surface NO2 emissions
and transport could conspire to create the large scale pattern
of NO2 variability observed in association with the MJO, with
perturbations ranging up to 50% of the climatological mean.
Such large intraseasonal variability in tropospheric NOx has
implications for oxidants and other trace gases, which could
be explored and quantified in conjunction with the methodology used in this paper.

Figure 4. 80‐day high‐pass filtered (left) cloud fraction, (middle) lightning, and (right) NO2 regressed onto time series
representing MJO phases (top) 1 to (bottom) 4. Regression coefficients are scaled by the annual mean; gray shading indicates areas of low annual mean tropospheric NO2 column density, where the MJO NO2 signal is noisy and not statistically
significant.
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