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Photochemistry of NO2 (1)
Nitrogen dioxide (NO2) is an atmospheric constituent that plays a
major role in tropospheric and stratospheric chemistry.
- in the upper troposphere and lower stratosphere → NO2 partly
determines the ozone distribution in the Earth’s atmosphere
through catalytic ozone destruction
- in the lower troposphere and in the boundary layer → the
distribution of NO2 and O3 concentrations directly affect air
quality and human health
For example, observations over Boulder and Fritz Peak, Colorado,
showed that high concentrations of NO2, caused by pollution and
production by lightning in convective clouds, can reduce down
welling visible radiation by about 5–12% [Solomon et al., 1999],
corresponding to an estimated local radiative forcing effect that
exceeds that of increasing CO2 amounts.

Photochemistry of NO2 (2)

Tropospheric NO2 concentrations are highly variable in time and
space and are influenced by both natural and anthropogenic
emissions.

Sources of NO2 (1)
Fossil fuel combustion from transportation and industrial
activities (power generation) are the major sources of NO2,
contributing about 50% on a regional scale and up to about 80%
in local urban environments.
The main reactions and rates for daytime production and
destruction of NO2 [Sander et al., 2006] are
𝑁𝑂 + 𝑂3 → 𝑁𝑂2 + 𝑂2
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𝑁𝑂2 + ℎ𝜐 → 𝑁𝑂 + 𝑂
𝑇 = atmospheric temperature
K = reaction rate
ℎ𝜐 = photon flux

Sources of NO2 (2)
The time constant 𝑡𝑐 for conversion from NO to NO2 in the
boundary layer is approximately 𝑡𝑐 = 1/(𝐾 𝑁𝑂3 ).

EXAMPLE:
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
number density of O3, 𝑁𝑂3 = 8.5 𝑥 1011 𝑐𝑚3
𝑡𝑐 = 1 min.
For a typical wind speed of 5 m/s, NO emitted from a source will
be converted to NO2 within about 300 m.

Sources of NO2 (3)
Biomass burning is estimated to contribute about 20% of NO2
globally, while lightning and soil microbial production are also
important sources.

Other sources include aircraft
emissions of NO into the troposphere with rapid conversion to
NO2, and ammonia oxidation.

Sources of NO2 (4)
High concentrations of NO2 are typically confined to industrial
areas and have relatively short lifetimes (about 27 hours) in the
polluted boundary layer and much longer at higher tropospheric
altitudes (4–5 days).
This gives rise to strong local diurnal variation and limited longrange transport from its sources, depending on local wind speed.
Conditions where there are low OH and aerosol concentrations in
the middle and upper troposphere can lead to a longer NO2
lifetime (several days to a week).

Differential Optical Absorption Spectroscopy (1)
Retrievals of total vertical column amount of NO2 are usually
performed
applying
Differential
Optical
Absorption
Spectroscopy (DOAS).
The DOAS is a method to determine the concentrations and total
amounts of atmospheric trace gases from remote sensing
measurements of light in the UV, visible, and NIR spectral range.
The basic principle used in DOAS is absorption spectroscopy.
Advantage: it allows real-time measurements of several different
trace-gas species with a single instrument

Differential Optical Absorption Spectroscopy (2)
Light travelling through the atmosphere is partly absorbed by
trace constituents along the way following Lambert Beer's law of
absorption:
𝐼 𝜆, 𝑠 = 𝐼0 exp(−𝜎 𝜆 𝜌𝑠)
The intensity 𝐼 𝜆, 𝑠 at the end of a light path depends on:
- the absorption strength of the species of interest at the
wavelength λ observed 𝜎 𝜆
- the initial intensity 𝐼0
- the length of the light path 𝑠
- the total amount of the absorber along the light path which for
a constant concentration of the absorber ρ is just the product of
concentration and path length: 𝜌𝑠

The absorption Cross-Section
The absorption cross-section of a trace gas describes its ability to
absorb incoming photons as a function of wavelength and is given
in units of cm2 per molecule.
It can be determined in the lab and therefore here is considered as
well known. It usually depends on temperature and often also on
pressure which has to be taken into account in the data analysis.
The absorption crosssection of NO2 is
shown, both over the
complete wavelength
range covered by the
GOME instrument and
in the region often
used for NO2 retrieval
(inset).
The latter is already high pass filtered to highlight the differential
structures which are used to separate absorption by trace species
and extinction by scattering.

The initial Intensity
In a laboratory experiment, the initial intensity of the lamp can be
monitored and determined with high accuracy. Often it is
determined by removing the absorbing species from the light path
e.g. by filling a cell with nitrogen instead of NO2.
For atmospheric measurements, this is usually not an option, and
other approaches have to be taken to remove the unknown initial
intensity from the equation.
There basically are two options:
o use of measurements at different light paths.
o use of measurements at different wavelengths.

The Light Path
The length of the light path is a
simple geometric quantity in
the lab. It also can be
determined with high accuracy
if a lamp (A) or direct sun or
moon (B) light is used for
atmospheric
measurements.
However, if scattered light is
used as is the case for zenithsky (C) or horizon DOAS
observations and also for
satellite nadir (D) and limb
measurements, multiple paths through the atmosphere contribute
with different weights. For these applications, the effective light
path is determined using radiative transfer models.
It is often useful to express the light path not in absolute units
(such as km) but as an airmass factor which is defined as the ratio
of the number of molecules per cm2 seen in a measurement (slant
column density) relative to that expected for a single, vertical
transect of the atmosphere (vertical column density):

Airmass factor
Airmass factor: ratio of the number of molecules per cm2 seen in a
measurement (slant column density, SCD) relative to that expected
for a single, vertical transect of the atmosphere (vertical column
density, VCD):
𝑆𝐶𝐷 𝑠𝑑 𝑠 𝜌 𝑠
𝐴𝑀𝐹 =
=
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For scattered light radiance measurements, the AMF depends on
several atmospheric parameters:
- the NO2 vertical profile shape
- the ground surface reflectivity
- the assumption of horizontal homogeneity of the NO2
distribution.
Lack of accurate knowledge of the above factors for estimating the
AMF needed for zenith sky DOAS or satellite retrievals can lead to
errors on the order of 50 to 100% in determination of the vertical
amount of NO2. In addition to these sources of retrieval error, there
is dependence on unknown cloud or aerosol concentrations in the
field of view.

Aerosol and gases
The extinction cross-sections of aerosols can be approximated by
power laws (λ-4 for Rayleight scattering and λ-1..0 for Mie scattering),
the coefficients of which can be determined in the fit. The basic
principle behind the separation of aerosol extinction and trace gas
absorption is that the latter are identified using those parts of their
absorption cross-sections that vary rapidly with wavelength. The
more slowly varying parts of the absorption can not be separated
from extinction by aerosols which is why the absorption crosssections are often high pass filtered before use in a DOAS retrieval.
In addition to their effect on the spectral distribution of the
intensity measured, aerosols can also have a significant impact on
the light path of scattered light. This has to be modelled explicitly
when computing the airmass factors for the light path correction.

DOAS spectral analysis (1)
To perform DOAS, two spectra are necessary:
- one, referred to as the reference, in which the light has passed
through little (ideally none) of the absorber in question
- one in which the light has passed though a large amount of the
absorber.
The retrieved DOAS quantity is the apparent column density
(ACD).
When the instrument is pointed towards the sun the measured
signal comes from direct sunlight. In this case the physical
interpretation of the ACD is relatively straightforward: it
represents the difference in the column density of the absorber
between that along the line-of-sight and that in the reference.
Often, however, the viewing direction is away from the sun and so
the source of the measured signal is scattered light.
The ACD no longer has a clear physical interpretation as the path
of the light through the atmosphere is complex and the measured
sunlight may have been scattered in the atmosphere or reflected
by the surface several times. Despite this complication, the ACD
still represents the difference in absorber column density in the
viewing direction and that in the reference.

DOAS spectral analysis (2)
The most common DOAS geometry is a ground-based instrument
pointed at the zenith sky.
The effective path along which the light travels is determined
primarily by the solar zenith angle. As the sun rises or sets the
path length will change by an order of magnitude.
The reference spectrum is obtained in the afternoon for solar
zenith angles less than 80° and the retrieval is performed on
spectra obtained at larger solar zenith angles, typically 88-95°. For
the zenith-sky geometry, care must be taken when obtaining ACDs
of species which possess a large diurnal variation, such as NO2.

Another geometry for which DOAS is used is nadir. An example of
this is the Global Ozone Measurement Experiment (GOME) on the
ERS-2 satellite (Munro et al., 1998). GOME uses an extraterrestrial
solar spectrum, obtained with the GOME instrument, as a
reference. In the nadir, apparent path length enhancements are
not as large, which will reduce the signal-to-noise ratio and the
vertical resolution is reduced due to the increased width of the
weighting functions.
The main advantage in using nadir geometry is that better
horizontal resolution can be achieved.

Spectral regions for gases

DOAS spectral analysis (3)
Resuming…

The DOAS method retrieves the ‘‘slant-path optical depth
spectrum’’, i.e., the optical depth as a function of wavelength along
the average path of the measured photons through the
atmosphere.
The result is compared to a reference calculation of the optical
depth spectrum based on laboratory cross sections to obtain the
best fitting slant-path column amount of the absorbing species.
The conversion from slant-path column to vertical column
amounts is achieved by calculation of the air-mass factor (AMF).

The Pandora project (1)
The launch of PGN in mid-2019 represents a programmatic shift
by NASA and ESA towards establishing long-term fixed locations
focused on providing long-term quality observations of total
column and vertically resolved concentrations of a range of trace
gases. A major joint objective is to support the validation and
verification of more than a dozen low-earth orbit and
geostationary orbit based UV-visible sensors.

The Pandonia Global network (PGN)
This project uses spectroscopy to study ultraviolet (UV) and
visible wavelengths of light to determine the composition of the
atmosphere and its interactions with Earth’s environment. The
Pandora Spectrometer System was designed to specifically look at
levels of ozone, nitrogen dioxide and formaldehyde in the
atmosphere.
PGN provides real-time, standardized, calibrated and verified
QA/QC AQ data. PGN also seeks to coordinate and implement
network standards regarding common algorithms and data
processing, instrument operating routines, QA/QC, real-time data
processing and data archiving.
PGN participants are primarily comprised of governmental and
academic researchers and technicians

The Pandora instrument (1)
The Pandora 2S (dual spectrometer system) is a spectrometer
system taking measurements in the spectral range 290-900 nm
with a resolution of 0.6 nm.
The spectrometers are spectrally oversampled: multiple detector
elements permits each spectrometer’s slit function to be
determined in the laboratory using spectral line lamps and lasers,
and improves the capability to match the spectrometer’s
measurements with laboratory absorption coefficients and
independently measured extraterrestrial solar irradiances.
Working in a wide spectral range, the instrument measures total
columns and vertical profiles of trace gases such as nitrogen
dioxide (NO2), ozone, formaldehyde (HCHO) and spectral aerosol
optical depth (AOD) in the ultraviolet (>300 nm) and visible
range.

The Pandora instrument (2)

The Pandora instrument (3)

It consists of a head sensor with fore-optics, mounted on a suntracker and sky-scanner controlled by a computer and connected
to two array spectrometers by means of a 400 micron single
strand multimode optical fiber.
The system is capable of pointing anywhere in the sky in order to
perform direct sun, zenith sky, principal plane, or almucantar
observations with a 0.01° pointing precision.

The Pandora instrument (4)

Pandora vs TROPOMI measurements

Time series of summed NO2 columns collected by Pandora and
TROPOMI-Sentinel 5 during the period 15 April to 30 September
2018 in Helsinki.

Pandora measurements during fires

Fire at a waste depot 50 km south of Rome on 05 May, 2017. The
fire lasted 2 days.
Time series of NO2 tropospheric column (top) and formaldehyde
(bottom) measured by Pandora #115 (semi-rural) and
Pandora#117 (urban) during the fire.

