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Abstract
Nitrogen oxides (NO+NO2=NOx) are important trace gases with impact on health, rain acidity and
especially ozone production and OH concentration in the troposphere. NO2 is detectable from satellite
platforms using differential optical absorption spectroscopy (DOAS). Tropospheric column densities
are retrieved by estimating and subtracting the stratospheric fraction of total columns, and accounting
for radiative transfer.
The global view offered by satellite observations provides new insights on the spatial distribution of
NOx sources. The analysis of characteristic temporal and spatial patterns has been used to identify
and quantify the magnitude of different NOx sources, e.g. continental anthropogenic emissions, ship
emissions, biomass burning or lightning. Furthermore, the satellite observations hold information on
the mean lifetime of boundary layer NOx.
Here we present the results of several studies using data from the instruments GOME (since 1996)
and SCIAMACHY (since 2002) to illustrate the enormous benefit of satellite remote sensing of
atmospheric trace gases.

THE GLOBAL PICTURE
Satellite measurements enable to compile global maps of the tropospheric NO2 distribution for the first
time. Fig. 1 shows the NO2 composite from SCIAMACHY measurements 2003-2004 (Beirle, 2004).

Figure 1: Mean tropospheric vertical column density (TVCD) from SCIAMACHY measurements 2003-2004 (10
2
molec/cm ).
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Shown are tropospheric vertical column densities (TVCDs) that have been averaged from
SCIAMACHY observations having a spatial resolution of 60x30 km2. Several hotspots show up, clearly
showing the emissions from congested areas and large cities.
A composite of similar spatial resolution was compiled using data from the GOME narrow swath mode
measurements (80x40 km2) (Beirle et al., 2004c).

WEEKLY CYCLE
The long time series of satellite measurements meanwhile available (since 1996) allows to analyze
temporal patterns of tropospheric NO2. One example is the weekly cycle of NO2 as seen from satellite
(Beirle et al., 2003).
Weekend levels of NO2 are generally lower compared to working days for the US and Europe due to
reduced emissions (Figs. 2, 3). In Israel, a minimum on Saturday can be found, while in the Islamic
cities of the Middle East Friday is the day with the lowest NO2 column densities. In China, no weekly
cycle was found.

Figure 2: Six years mean (1996-2001) of global tropospheric NO2 VCD over the weekend (Fri-Sun) in Europe (above)
and the US East Coast (below).
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Figure 3: Normalized weekly cycles of NO2 for different parts of the world

The weekly cycle also holds information on the lifetime of boundary layer NOx: In summertime, the
short lifetime leads to a measured cycle similar to the cycle of emissions, while in wintertime, the
longer lifetime results in e.g. reduced NO2 TVCDs on Monday, inheriting the relatively clean Sunday
air masses. We estimated the lifetime of tropospheric NO2 by analysing the mean weekly cycle
exemplarily over Germany, obtaining a value of about 6 hours in summer and 18-24 hours in winter.
(Beirle et al., 2003; Beirle, 2004).

IDENTIFICATION OF A SHIP TRACK
Spatial patterns of enhanced NO2 TVCDs can be used to identify and quantify different NOx sources.
For instance, we could report on the first detection of ship emissions of NOx in satellite data (Beirle et
al., 2004b).
In recent years, the role of ship emissions has attracted increasing attention. Recent inventories
estimate that they contribute significantly to anthropogenic emissions of nitrogen oxides, with a large
impact on composition and chemistry of the marine boundary layer. Nevertheless, the number of
observational studies is still rather small. For the detection of ship tracks in NO2 maps derived from
satellite data, we have used the congested track connecting Sri Lanka to Indonesia (Fig. 4), and
estimated the corresponding ship emissions of nitrogen oxides to 23 (10-73) Gg [N]/yr. In addition, we
were able to derive the mean lifetime of boundary layer NOx to be 3.7 (1.9-6.0) hours in the respective
region. Our estimates are in good agreement with ship emission inventories (about 22-54 Gg [N]/yr) as
well as the short lifetimes (of down to 2 hours at daytime) as recently modeled for ship plumes.

Figure 4: Nitrogen oxide emissions from ships in the Indian ocean. a) Inventory data (mg [N] per m2 and year) using
the AMVER distribution of ship reporting frequencies, weighted by the ship size (O. Endresen, personal
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communication, 2004). b) Tropospheric vertical column densities of NO2 (10 molec/cm ) of cloud free GOME
measurements of spring 1996-2001. For illustration, size and orientation of a single GOME pixel is displayed. c) Highpass filtered (along latitudinal component) NO2 VCD.

LIGHTNING
Lightning provides a natural source of nitrogen oxides, dominating the production in the tropical upper
troposphere, with strong impact on tropospheric ozone and the atmosphere’s oxidizing capacity.
Recent estimates of lightning produced NOx (LNOx) are of the order of 5 Tg [N] per year with still high
uncertainties in the range of one order of magnitude.
GOME NO2 data has been used to estimate the global LNOx production as 2.8 (0.8-14) Tg [N] per
year by correlating monthly mean flash rates from the satellite instrument LIS with monthly mean NO2
TVCDs over Australia (Beirle et al., 2004c).
In addition, recently we could detect and quantify freshly produced LNOx from GOME NO2
measurement directly over a large convective system over the Gulf of Mexico (Beirle et al., 2006). For
our quantitative estimate, cloud-to-ground (CG) flashes are counted by the U.S. National Lightning
Detection Network (NLDN™), and extrapolated to include intra-cloud (IC)+CG flashes based on a
climatological IC:CG ratio derived from NASA’s space-based lightning sensors. A series of 14 GOME
pixels shows largely enhanced column densities over thick and high clouds, coinciding with strong
lightning activity (Fig. 5). The enhancements can not be explained by transport of anthropogenic NOx
and must be due to fresh production of LNOx. A quantitative analysis, accounting in particular for the
visibility of LNOx from satellite, yields a LNOx production of 90 (32-240) moles of NOx, or 1.3 (0.4-3.4)
kg [N], per flash. If simply extrapolated, this corresponds to a global LNOx production of 1.7 (0.6-4.7)
Tg [N]/yr.

Figure 5: NO2 tropospheric slant column density, HICRU cloud fraction (Grzegorski et al., 2006) and NLDN flashes (time
color coded) for the convective system on August 30 2000. (Beirle et al., 2006)
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